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ABSTRACT: Dimetal paddlewheel complexes with bicyclic guanidine ligands are extremely strong
thermodynamic electron donors. As a probe of the chemical potential and sites for chemical reactivity of these
complexes, the interaction of Mo,(TEhpp), with weak acids was investigated (TEhpp is the anion of the bicyclic
guanidine 3,3,9,9-tetraethyl-1,5,7-triazabicyclo[4.4.0.]dec-4-ene). Mo.(TEhpp), is readily protonated by acetic
acid and trifluoroacetic acid as expected, but surprisingly by a mechanism that is more complicated than a
simple acid-base proton exchange. Electrochemistry measurements of the shifts in potentials with successive
additions of acid reveals that the conjugate base of the acid plays a critical role throughout the reaction.
Computations indicate that initially the acid hydrogen bonds to a TEhpp nitrogen atom bound to the metal,
and then a facile rearrangement of the conjugate base toward the axial site of the Mo—-Mo bond concomitantly
results in protonation of the nitrogen atom. Interestingly, the dimetal complex is bifunctional in this process,
acting as a nucleophile at the nitrogen atoms of the TEhpp ligands, and as an electrophile at the Mo-Mo axial
bond sites. The protonation requires a novel synergism of these disparate bonding interactions, in which
protonation is not favored without enhancement by the coordinated base, and coordination of the base is
enhanced by the protonation.
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1. Introduction

The complexes Mo»(TEhpp), 1 and W>(TEhpp), 3 have extremely low gas-phase vertical ionizations energies for
neutral molecules of 4.31 eV for 1and 3.71 €V for 3, the latter being lower than cesium.[1,2] These low electron
detachment energies are unique to the bridging bicyclic guanidinates because of their destabilizing interaction with
the 8-orbital of the M,#* core.[3] In the oxidized M.>* core, the guanidinates act as a source of stabilization via n-
donation into the §-orbital hole. These low electron detachment energies translate to extremely negative (low
energy) solution oxidation potentials[2,4] for 1 (-1.83 V) and 3 -2.34 V) relative to the oxidation potential of
ferrocene (the reference for all potentials reported in this paper). These potentials are on either side of the
commercially available Co(Cp*). (-1.94 V in dichloromethane[s]), which is a common strong chemical reductant in
organic solvents. Neutral organic molecules that are termed super-electron-donors generally have oxidation
potentials more negative than about -0.8 V.[6]

These complexes are expected to have a rich chemistry, and there are hints of this chemistry from indirect
observations in the literature. Dissolution of 1 and 3 in dichloromethane and o-dichlorobenzene, respectively, yields
Mo.(TEhpp),Cl:[4,7] and W.(TEhpp),ClL.[2] (Scheme 1). In each case a difficult dechlorination of either alkyl or aryl
chlorides takes place. Another example shows H. production takes place through the reduction of Hhpp in the
course of the synthesis of W.(hpp), (hpp is the non-alkylated, less soluble analogue to TEhpp).[8] Surprisingly,
further chemical reactivities of these materials have yet to be explicitly explored. These preliminary observations
demonstrate the potential for difficult processes like dehalogenation and cross-coupling reactions, or more simple
processes like the hydrogen evolving reaction (HER).
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Scheme 1. The reactivity of 1 and 3 towards dechlorination of C-Cl bonds of dichloromethane and o-
dichlorobenzene, respectively.

The aim of the current study is to characterize the sites, mechanisms, and energies of interaction of protons
with Mo.(TEhpp), as an initial step in an extended investigation of the reduction of protons from weak acids to
molecular hydrogen by dimetal paddlewheel complexes. Of course, the hydrogen evolving reaction (HER) is
receiving intense study from numerous directions.[g] An advantage of the dimetal paddlewheel complexes for this
study is that they have a relatively rigid, well-defined structure to serve as a template on which the chemistry takes
place, with little change in structure as a function of the active oxidation states that involve addition and removal of
electrons from the dimetal 8-bond orbital. These systems also show the ability to tune the chemical potential with
only moderate change in structure. Mo-(TEhpp), 1 allows characterization of the interaction of the dimetal complex
with low concentrations of acetic acid without catalytic production of hydrogen. The electrochemical results
reported in this study were not anticipated and required detailed computational evaluation. Future studies of
W.(TEhpp), 3, which has the potential to produce hydrogen electrocatalytically, build on the new insights gained
from compound 1.

In addition, a significant update to the cyclization of the triamine 5 to form HTEhpp 6 with improved yields is
included in this study. This new synthetic route provides a more accessible and reproducible approach towards
synthesizing bicyclic guanidines.

2. Materials and methods
2.1 General procedures

Mo-(TEhpp), 1 was synthesized according to the literature.[4] All procedures were carried out using rigorous
Schlenk techniques with argon unless otherwise noted. The triamine, N,N-bis(3-amino-2,2-diethyl-propyl)amine,
was synthesized according to the literature.[10] Guanidine hydrochloride was recrystallized in methanol and dried
in vacuo prior to use. Trifluoroacetic acid was purchased from Fisher Scientific. For electrochemical studies, the
trifluoroacetic acid was distilled over P.O5 and degassed using the freeze-pump-thaw method. The concentration of
n-BuLi was determined via titration with diphenylacetic acid prior to use. Toluene was purchased extra dry over
molecular sieves and degassed using the freeze-pump-thaw method. THF (unstabilized) was purchased from Fisher
Scientific, distilled over Na/benzophenone, dried over 3 A sieves, and degassed using the freeze-pump-thaw
method. All solvents were stored in a Strauss flask fitted with a Kontes valve. Acetic acid (99.998 %) was purchased
from Fisher Scientific, transferred to a 5 mL Schlenk tube and freeze-pump-thawed.

2.2 Synthesis of 3,3,9,9-tetraethyl-1,5,7-triazabicyclo[ 4. 4.0]- dec-4-ene (HTEhpp)

The cyclization of the triamine uses a similar procedure described in the literature.[11] To a 10 mL round bottom
flask was added N,N-bis(3-amino-2,2-diethyl-propyl)amine (0.9723 g, 4 mmol) along with guanidine hydrochloride
(0.4197 g, 4.4 mmol). The flask was fitted with a condenser, and the mixture was pump-purged. After stirring for 15
min, trifluoroacetic acid (0.15 mL, 2 mmol) was added. After which, all solids dissolved and the solution was stirred
at 175 °C overnight. The next day the solution was cooled to 70 °C open to air and 4 mL methanol was added
followed by 1.7 eq NaOMe with stirring. The cloudy mixture was concentrated in vacuo, 10 mL dichloromethane was



added and the mixture was filtered. Concentration of the filtrate and washing with hexanes yielded the ligand
HTEhpp (1.4 mmol, 36%). This compound can be recrystallized with toluene.

2.3 Electrochemical materials and methods

Electrochemical data were collected using Gamry Interface 1000 and Gamry Reference 3000 potentiostats with
the Gamry Framework 6 software. All electrochemical studies were conducted either under a positive Ar
atmosphere or inside a glovebox using a custom 4-necked flask. A 3-electrode setup was employed with a silver wire
reference electrode separated from the bulk solution by a Vicor glass frit, a 3 mm diameter disc glassy carbon
working electrode, and a Pt counter electrode. Ferrocene was used as an internal reference throughout the
experiments. All solutions were 0.3 M n-Bu,NPFs in THF (10 mL) and prepared in the glovebox. Acetic acid was
dispensed via 10 pL or 200 pL Eppendorf auto pipettes. Successive CV scans were reproducible without electrode
polishing between scans.

2.4 Computational Methods

DFT computations were performed using the Amsterdam Density Functional (ADF) software version
2017.107.[12-14] The basis set was valence Slater-type function triple-zeta (inner shells treated as core) with one
polarization function for all atoms (TZP) adapted for relativistic corrections according to the zeroth-order
relativistic approximation (ZORA),[15,16] as available in the ADF package. The geometries and energies of
Mo.(hpp)4 were initially refined in THF solution (the solvent for experiments) with the PBE functional[17] with
dispersion corrections according to the method of Grimme using the B] damping function (PBE-D3-B]J).[18]
Solvation Gibbs energies are estimated by the conductor-like screening model (COSMO) of solvation[19,20] using
the Delley surface[21] with atomic van der Waals radii from Allinger,[22] the default dielectric constant of 7.58 for
THF, and rsov for hydrogen for determining the solvent accessible surface[23] set to 1.2 Angstroms[24].

The Mo.(TEhpp)4 complex was modeled by Mo.(hpp)4, in which the ethyl groups were replaced by hydrogen
atoms in order to significantly reduce the computational time. Geometry optimization of the dimolybdenum
complex started from the crystal structure of Mo.(hpp)4[25] adjusted to C, symmetry. The structure is close to D,
symmetry but the slightly nonplanar central N atoms of the hpp ligands reduces the symmetry to C,. The
experimental (and calculated in THF) Mo-Mo bond distance is 2.07 (2.13) A and the average Mo-N bond distance is
2.16 (2.15) A. Subsequent computations found that the energies in this model were matched within 0.1 eV with
much less computational time by gas phase geometry optimizations followed by single point solvation energies, and
by gas phase frequency computations at the lower level of the VWN functional and double-zeta functions on all but
Mo. The latter model was used for all energies reported in this work.

Calculations of the Gibbs energies, oxidation potentials, and equilibrium constants for reactions included the
optimized electronic energies calculated by the PBE-D3-BJ/TZP method described above, the zero-point vibrational
energies unscaled from harmonic frequency calculations at the lower VWN level, and the corresponding thermal
enthalpy and entropy contributions in solution at 298.15 K. Uncorrected gas phase translational and rotational
entropies can introduce substantial error in the determination of Gibbs energies for solution reactions, especially in
cases where the number of reactant molecules and product molecules differ.[26] The solution translational and
rotational entropies were estimated as described and tested before, in which the gas phase values are scaled by one
half, and associative and dissociative reactions include explicit solvent interactions to cancel entropy errors from
reactants to products.[26]

Figures of the optimized geometries, molecular orbitals, and the charge potential surface were created with the
program Visual Molecular Dynamics.[27]

3. Results and Discussion

3.1 Synthesis

Inconsistent results in cyclizing N, N-bis(3-amino-2,2-diethyl-propyl)amine 5 to form HTEhpp 6 using CS. as a
carbon source led us to explore other sources, namely guanidine hydrochloride 8 (Scheme 2). Previous synthesis of
6 required CS. and p-toluenesulfonic acid in p-xylene solvent.[10] Moving to 8 allowed for a simpler procedure
where no solvent was necessary. Use of trifluoroacetic acid as an acid catalyst instead of p-toluenesulfonic acid
proved much simpler to remove. If necessary, toluene can be used as a recrystallization solvent. Complex 1 was
synthesized according to the literature via a rapid substitution reaction in which the guanidinate displaces the



acetates from Mo.(trifluoroacetate), at room temperature in THF and precipitates at -30 °C. The precipitate can be
washed with cold toluene to obtain pure 1.
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Scheme 2. Cyclization of 5 to form the ligand HTEhpp 6.

3.2 Electrochemical characterization of 1

The first two oxidation potentials of 1 were previously measured using differential pulse voltammetry (DPV)[4],
which showed two chemically reversible redox processes at -1.83 and -1.05 V vs Fc/Fc* for Mo,#/5* and Mo,5+/¢*,
respectively. The cyclic voltammogram of 1 presented in Fig. 1 provides additional information. Note that the scans
begin at very negative potentials of around -2 V relative to the oxidation of ferrocene (Fc/Fc*) and sweep positive.
The need to start at this very negative potential underscores the ease of oxidation and by corollary the strong
reducing power of this complex. There are two chemically reversible redox processes for 1. The first redox couple,
Mo.#*5*, occurs at Ey> = -1.77 V vs Fc/Fc* and the second, Mo,5*/%*, at E,/» = -1.00 V. The intensities of the peaks
showed a linear dependence on the square root of the scan rate consistent with a diffusion-controlled
homogeneous solution process (see Supporting Information, SI). An overlay of multiple sequential scans showed
less than 1% change in current, so the surface of the electrode was not being altered and polishing of the electrode
between scans was not necessary. The two electrons in these redox processes originate from the M-M 6-bond

orbital, and thus as the complex becomes oxidized from Mo.#" to Mo.°* the quadruple bond weakens to a triple
bond.
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Fig. 1. Cyclic voltammogram of 11 mM 1 in 0.3 M nBu,NPFs THF with E./. values of -1.77 V for [Mo.]*/5* and -1.00 V
for [Mo.]5*/¢* on a glassy carbon electrode (A = 0.071 cm?) at 100 mV s™ scan rate.

3.3 Electrochemical studies of 1 with acetic acid

Acid studies were conducted via cyclic voltammetry by incremental additions of low acid concentrations (i.e. 1-4
equivalents) of acetic acid. These additions provided evidence of the formation of several species in equilibrium in
solution (Fig. 2). The measured oxidation potentials are collected in Table 1. The bottom of Fig. > contains the CV of



1 from Fig. 1 without acid. Addition of 1 equivalent of acetic acid produces a new quasi-reversible oxidation peak b
(red trace). The peaks a and a’ representing the [Mo.]+/5* and [Mo.]5*/¢* redox couples from 1 persist, suggesting an
equilibrium between 1 and a species resulting from the interaction of acetic acid with 1. The concentration and
kinetics of the equilibrium process allow observation of both the original and interacted species. The nature of this
interaction is clarified in the following section. When the acid concentration is doubled to 2 equivalents the current
of peak b increases (blue trace), as expected for a shift of equilibrium toward the species with acid interaction with
1. Additionally, a new chemically reversible peak ¢ appears corresponding to a third species in solution. The shift in
oxidation potential from b to c is similar to the shift from a to b, suggesting c represents the oxidation of a new
species resulting from a second acetic acid interaction with the complex. The hint of additional oxidation current in
the vicinity of 0.7 to —0.8 V that appeared with the addition of one equivalent of acid now becomes a clear quasi-
reversible oxidation peak d with the addition of two equivalents of acid. The shift of peak d from peak a’ is similar
to the shift of peak b from peak a, suggesting that peak d corresponds to the second oxidation of the species
resulting from acetic acid interaction with the complex. The original redox events from 1 are no longer present once
4 equivalents of acetic acid are added (grey trace). Peak b remains, peak c increases, and peak d is now the highest
current in the CV, indicating substantial shifts in the equilibrium concentrations toward species with acetic acid
interacting with 1. Although peak d is now electrochemically irreversible with excess acid concentration, perhaps
due to excess protonation of an hpp ligand and partial or complete dissociation, the species that oxidized in regions
c and b are observed on the return reduction through these potentials, indicating that the overall process starting
from -2 V and back is chemically reversible.
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Fig. 2. Cyclic voltammograms of 1 interacting with increasing concentrations of acetic acid. Black trace shows both
redox events of 1 with no acid. The following traces show new quasi-reversible peaks indicating association of the
acid to 1: red trace, 1 eq. acid; blue trace, 2 eq. acid; grey trace, 4 eq. acid. (See Fig. 1 for conditions)



Table 1. Experimental redox potentials of 1,
1in the presence of acetic acid (AcOH), and
1in the presence of trifluoroacetic acid

(TFA).

Peak El/z

Label (V vs Fc/Fc*)
[Mo,]4+/5+ a -1.77
[Mo,]5+/6+ a' -1.00
[AcOH][Mo,]4+/5* b -1.54
[AcOH],[Mo,]++/5+ ¢ -1.27
[ACOH]I,Z[MOZ]S+/6+ d -0.82
[TFA][Mo,]4+/5+ e -1.38
[TFA][Mo,]5+/6+ f ~-0.65

3.4 Interaction of acetic acid with 1

Several different interactions of acetic acid with 1 were explored computationally. Coordination of neutral
donor Lewis bases to the axial sites of Mx*" cores, namely THF, has been shown.[2,28] Anionic donors (Cl, TFPB)
also occur, but only in the complexes with ligand systems that support M.** cores such as 1 and 3.[2,7,26]
Consequently, acetate coordination through its oxygen atom to the axial sites was considered, but computations
indicate that acetate substitution for THF at the axial sites is not favored:

Mo.(hpp),(THF). + AcOH =
Mo.(hpp),(THF)(AcOH) + THF AG = 8 kcal/mol

The Gibbs energies of all species in the above reaction are determined with their solvation Gibbs energies in THF
solution as described in the experimental section. An important factor in this consideration is the solvation energy
of acetic acid in THF. In addition to the polarization and other contributions to the solvation energy in the
continuum model for solvation, acetic acid has an explicit hydrogen bonding interaction between its OH group and
the oxygen atom of THF:

AcOH:-0C4Hg = AcOH + OCsHs  AG = ~7 kcal/mol

The solvent hydrogen bond acceptor (HBA) ability of THF is even greater than that of water (0.48 vs. 0.35).[31] As a
consequence of these implicit and explicit (H-bonding) solvation energies, dimerization of acetic acid is very small
at these concentrations (0.1% by these computations). The energy to break this hydrogen bond is included in the
equilibrium of the association of acetic acid with 1 in the equation above and in all subsequent equilibria involving
solvated acetic acid discussed below.

Even if association of the oxygen atom of acetic acid to the axial site of the metal-metal bond were favored, the
addition of this Lewis base would not explain the increasing difficulty of oxidation with addition of acid. The more
positive oxidation potential with acid addition indicates a stabilization of the electron density in the complex.

Protonation of 1 is a natural expectation that would stabilize the charge density, and was considered as shown
by the calculated Gibbs energies in Table 2. Structures of all species can be viewed in the Supporting Information
and the Cartesian coordinates are provided for viewing in modeling programs. Of the five sites investigated, the
most favored protonation site was at the N» atoms of the TEhpp ligand (i.e. N bound to Mo). This follows from the
Nb atom being the most negatively charged atom in the complex (charge control for protonation) and also having
direct overlap with the 3-orbital to give it some character in the HOMO (frontier orbital control). Surprisingly
however, as Table 2 shows, none of the protonation sites are favored for direct proton abstraction from acetic acid.

Hydrogen bonding of the OH group of AcOH with the nitrogen atoms of the hpp ligands is weakly favored
(Table 2) and some stabilization of the charge density leading to more positive oxidation potentials of the complex
are found, but the hydrogen bonds are not sufficiently strong to account for the equilibria observed in the CVs. In
particular, for the addition of two equivalents of acetic acid, the CV experiment shows an oxidation for the
interaction of a second acid with the complex, but the computations do not predict the addition of a second



hydrogen-bonded acetic acid to the complex. The addition of a second hydrogen-bonded acetic acid to the complex
is calculated to be disfavored by 7 kcal/mol relative to acetic acid in solution.

Table 2. Computed Gibbs energies
(kcal/mol) of one equivalent of acetic acid
(AcOH) interacting with Mo.(hpp), in THF
at 298°K.

Protonation: Mo, (hpp), + AcOH = [HMo,(hpp),]*

+AcO-

Hydrogen location in product kcal/mol
M-H axial 26
u-H-M, 24

M-H (delta lobe) 15

N—~H 13

Np—-H 1
Association: Mo, (hpp), + AcOH =
“Mo.(hpp),(H)(OAc)”

Associated structure kcal/mol
AcOH H-bonded to M, axial site 6

AcOH H-bonded to N, -2
AcOH H-bonded to N -4

Np-H bond formed, acetate axial -7

See figures for optimized structures. Ny, is a
nitrogen atom of hpp bound to Mo, N is a central
nitrogen atom of hpp. Each energy includes the
energy to break the H-bond of AcOH with THF in
solution, AG = 7 kcal/mol, and the protonations
include product stabilization by H-bonding to
THF.

The optimum interaction of acetic acid with 1 is found to be a combination of protonation of the N atom (N
bonded to the metal) and association of the acetate ion with one oxygen of the acetate at the M-M axial site and the
other oxygen atom directed toward the hydrogen atom of the H-Nb group (see Fig. 3). This structure reveals a
synergistic interaction for this type of paddlewheel complex, which draws some similarities with the intramolecular
deprotonation in the concerted metalation-deprotonation mechanism (CMD).[32,33] The interaction for the
protonation of 1 is more closely associated with the proposed carboxylate exchange mechanism, which involves acid
attack of the bound carboxylate leading to labilization and replacement of the bound carboxylate with the excess
carboxylate:[34,35]

Mo.(0.CMe), + excess HO.CR — Mo.(O.CR), + displaced HO.CMe

In contrast to the carboxylates, the guanidinates in this work are far more basic and bind tighter to the dimetal
core. Here the association of the acetate ion with the axial site helps promote protonation, and in turn the
protonation helps promote acetate ion association with the axial site. The protonation does not occur without
association of the acetate ion. The concept also bears a relationship to a frustrated Lewis pair (FLP),[36] where the
Lewis base site of the guanidinate is separated from the Lewis acid axial site of metal-metal bond by the constraint
of the geometry, and the two act together to allow protonation. The protonated structure with associated acetate
can be written as Mo.(hpp)s;(Hhpp)(OAc), but it should be remembered that the acetate association in this formula
is essential for stabilization of the protonated Np atom.



Fig. 3. Simplified bond line structure (top) and converged geometry (bottom) of the synergistic interaction where
protonation at the nucleophilic position N» on the bicyclic guanidinate is interdependently promoted by acetate
bonding to the electrophilic Mo-Mo axial site with one oxygen, and the Ny—H group is H-bonding with the other ox-
ygen atom of the acetate. The green lines show the interactions, and the other hydrogen atoms of the hpp ligands are
omitted for clarity.

Mechanistically the initial attraction of the acetic acid to the complex is the hydrogen bonding of the OH group
with the negatively charged N atom of the complex. After the acetic acid transitions from a solvated species with
hydrogen bonding to THF to association with the metal complex, there are several paths differing by only a few
kcal/mol that lead to the protonated complex depicted in Fig. 3. Two lowest-energy paths are shown in Fig. 4. Path
a is an approach toward the vacant axial site of the metal-metal bond with the acetic acid favoring an orientation
with the oxygen atom directed toward the vacant site and the O-H bond vector pointing toward an N atom of an
hpp ligand. This axial approach leads to concerted protonation of the N atom and coordination of the acetate at
the axial position (structure in Fig. 3). At long distances the initially favored approach is path b which is side-on to
the complex with the O-H bond vector of the acetic acid perpendicular to the Mo-Mo bond vector and pointed at
the Nb atom (images of these geometries are shown in the SI and coordinates are provided that animate the full
path). In this perpendicular approach the oxygen atom is far from the axial site, but when the Np-H distance
shortens to ~1.2-1.4 A the oxygen atom can bend to the axial site with only less than 2 kcal/mol activation energy
above path b. Fig. 4 shows that the protonated species is rapidly stabilized only when the approach of the H atom
of the acetate to the Nb atom and the approach of the O atom of the acetate to the axial site are acting together
synergistically (solid purple line).
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Fig. 4. Energy profile for associationof acetic acid with Mo.(hpp),. Path a is an approach of acetic acid toward the
vacant axial site of the metal-metal bond. Path b is an approach of acetic acid perpendicular to the metal-metal bond
and pointed at H-bond formation with an N atom of hpp. Region c is the synergistic stabilization obtained with
acetate simultaneously oxygen-coordinating at the axial site and protonating the Ny site.

The protonated Mo.(hpp);(Hhpp)(OAc) structure (Fig. 3) leads to a straightforward account of the trends in the
CVs as a function of acid concentration as shown in Scheme 3. The left column shows the computed oxidation
potentials for 1 with no acid. Moving to the right in the diagram shows the successive additions of acetic acid and
the calculated equilibria for association with 1. The middle column shows the oxidation potentials for a singly-
protonated species with acetate association. Experimentally, the first oxidation potential shifts 0.23 V from 1 to the
first protonated species (peak a to peak b, Fig. 2), and computationally the shift is 0.2 V. In general, it appears that
the computations underestimate the oxidation potential shifts and strengths of protonation/acetate stabilization,
but the trends are consistent with experiment. With the addition of two equivalents of acetic acid, access is gained
to the double-protonated species in the far-right column, and the first oxidation potential of this species is again
shifted positive. The computations indicate peak d with the addition of two equivalents of acid is likely the second
oxidation potential of both the single protonated species [Mo.(hpp);(Hhpp)(OAc)]* and the double protonated
species [Mo.(hpp).(Hhpp).(OAc).]*. Both oxidations lead to computationally stable dications and chemical
reversibility as indicated experimentally with the observation on the return CV scan of reductions corresponding to
the species in regions ¢, b, and the starting complex. With the addition of excess acid peak d becomes
electrochemically irreversible as pointed out previously.
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Scheme 3. DFT-calculated equilibria (to the right) and oxidation potentials (going down, vs. Fc/Fc*) for the
addition of acetic acid to 1 in THF.

3.5 Association of trifluoroacetic acid with 1

The addition of 1 equivalent of TFA to a solution of 1 yielded peak e in addition to peaks a and a’ (Fig. 5). This
shift of peak e from peak a is more positive than the shift of peak b observed with acetic acid, consistent with the
stronger acid strength of TFA and the weaker donor trifluoroacetate ion. An overlay illustrating the shifts from both
acids is presented in Fig. 5. Note that if the interaction were a simple protonation without concomitant stabilization
by the conjugate base, peaks b and e would occur at the same potential, being the same protonated species. The
association of the less electron rich trifluoroacetate group with the protonated complex is the reason that the
oxidation becomes more difficult.

Scheme 4 shows the computed equilibria and the oxidation potentials of the associated TFA species in an
analysis similar to Scheme 3. In the presence of TFA the equilibrium favors association to {Mo.}(H)(TFA), which is



calculated to be oxidized 0.12 V positive of the corresponding oxidation with AcOH. The experimental shift between
these peaks is 0.16 V.
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Fig. 5. Effect of trifluoroacetic acid on 2 mM 1 vs acetic acid (See Fig. 1 for conditions).
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Scheme 4. DFT-calculated equilibria (to the right) and oxidation potentials (going down, vs Fc/Fc*) for the associa-
tion of trifluoroacetic acid (TFA) and oxidations of 1 in THF

A comparison of the pK’s in Schemes 3 and 4 shows that with moving to stronger acid the association is more
favored. The equilibrium of {Mo.} to {Mo:}(H)(OAc) (top left reaction of Scheme 3) has a pK of -5, which favors
association. That same equilibrium with TFA in Scheme 4 is 6 pK units more favorable (pK = -11). This trend
continues onward towards the associated dication. Two equivalents of TFA drive the concentrations further to the
right in the diagram such that peak e weakens and additional oxidations are observed at more positive potentials
(see SI).

Conclusions

The conclusions of this work are illustrated by the electrostatic potential map shown in Fig. 6. Areas of high elec-
tron density potential are shown in red and areas of positive potential are shown in blue. High electron density is
found throughout the guanidinate core and into the 3-lobes of the metal-metal bond. These sites can be thought of
as nucleophilic. Protons and hydrogen bonding are drawn to these nucleophilic sites. In contrast, the M-M axial
sites are electrophilic, attracting electron pairs and anions. Hence these complexes are two-faced bifunctional, with
a nucleophilic face in the guanidinate cores and an electrophilic face at the M-M axial sites. The HOMO and LUMO
orbitals illustrate the elements of the frustrated Lewis pair (FLP). The HOMO contains the Lewis base sites and the
LUMO represents the Lewis acid sites. These sites are constrained from each other by the rigidity of the structure
rather than by steric repulsions of other FLPs. These two functional sites conspire together to protonate the com-
plex. The most nucleophilic site is the nitrogen bound to the metals, which is the lowest energy site for hydrogen
bonding and protonation. This interaction alone is not enough to deprotonate the acetic acid and protonate the
complex. Protonation is thermodynamically favored once acetate association with the axial site is achieved. The
path to this structure from the hydrogen bonding structure is facile. This is a novel example of synergism in chemi-
cal bonding; protonation is promoted by concomitant acetate association, and acetate association to the vacant ax-
ial site is promoted by protonation.



Fig. 6. The frontier orbitals of Mo.(hpp),; An electrostatic potential map (bottom) shows nucleophilic sites (red) and
electrophilic axial site (blue).
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Appendix A. Supplementary data

Scan rate studies of the first oxidation of Mo.(TEhpp), 1, CVs of 1 with one and two equivalents of trifluoroacetic
acid, images of the protonated structures of 1 and the starting geometries for the transits for acetic acid approach to
the complex, along with full DFT optimized geometry coordinates and transit coordinates in files for convenient
visualization and animation, can be found in the supplementary data in the online version.
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Novel Two-Faced Synergism

Electrochemical and computational studies of Moy(TEhpp)., a dimetal paddlewheel complex, show novel two-faced bifunctional synergism.
Protonation of the nucleophilic face requires concomitant association of the conjugate base to the electrophilic face.



Scheme 1. The reactivity of 1 and 3 towards dechlorination of C-Cl bonds of dichloromethane and o-
dichlorobenzene, respectively.

Scheme 2. Cyclization of 5 to form the ligand HTEhpp 6.

Fig. 1. Cyclic voltammogram of 1.1 mM 1 in 0.3 M nBuy,NPFs THF with E./. values of -1.77 V for [Mo.]+/5* and -1.00 V
for [Mo.]5*/¢* on a glassy carbon electrode (A = 0.071 cm?) at 100 mV s scan rate.

Fig. 2. Cyclic voltammograms of 1 interacting with increasing concentrations of acetic acid. Black trace shows both
redox events of 1 with no acid. The following traces show new quasi-reversible peaks indicating association of the
acid to 1: red trace, 1 eq. acid; blue trace, 2 eq. acid; grey trace, 4 eq. acid. (See Fig. 1 for conditions)

Fig. 3. Simplified bond line structure (top) and converged geometry (bottom) of the synergistic interaction where
protonation at the nucleophilic position Ny on the bicyclic guanidinate is interdependently promoted by acetate
bonding to the electrophilic Mo-Mo axial site with one oxygen, and the Nb-H group is H-bonding with the other ox-
ygen atom of the acetate. The green lines show the primary electrostatic interactions, and the other hydrogen atoms
of the hpp ligands are omitted for clarity.

Fig. 4. Energy profile for associationof acetic acid with Mo.(hpp),. Path a is an approach of acetic acid toward the
vacant axial site of the metal-metal bond. Path b is an approach of acetic acid perpendicular to the metal-metal bond
and pointed at H-bond formation with an N atom of hpp. Region c is the synergistic stabilization obtained with
acetate simultaneously oxygen-coordinating at the axial site and protonating the Ny site.

Scheme 3. DFT-calculated equilibria (to the right) and oxidation potentials (going down, vs. Fc/Fc*) for the
addition of acetic acid to 1 in THF.

Fig. 5. Effect of trifluoroacetic acid on 2 mM 1 vs acetic acid (See Fig. 1 for conditions).

Scheme 4. DFT-calculated equilibria (to the right) and oxidation potentials (going down, vs Fc/Fc*) for the associa-
tion of trifluoroacetic acid (TFA) and oxidations of 1 in THF

Fig. 6. The frontier orbitals of Mo.(hpp), 1;. An electrostatic potential map (bottom) shows nucleophilic sites (red)
and electrophilic axial site (blue).
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