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Alexander J. Heyer,t Philip J. Shivokevich,t Shelby L. Hooe, Kevin D. Welch, W. Dean Harman,* and

The large-scale synthesis of the scorpionate ligand Ttz (hydrotris(1,2,4-triazol-1-yl)borate) is reported as well as syntheses

of Group VI complexes K[M(L)(CO);] and M(L)(NO)(CO), (L = Ttz or Tp (hydrotris(pyrazol-1-yl)borate), M = Mo or W). The
redox characteristics of the metal in these Ttz complexes are shown to be reversibly modulated by interactions between

the exo-4-N lone pairs of the triazolyl rings and Brgnsted or Lewis acids. The basicity of the scorpionate ligand in

[M(Ttz)(CO)s] is quantified (pKa"°

values range from 1.1 to 4.6) and found to be dependent on both the oxidation state

and identity of metal. In the presence of Brgnsted acids, the observed redox behavior for the one-electron oxidation of the

Group VI metal center is consistent with a proton-coupled electron transfer (PCET). Indeed, for both Mo and W

derivatives, a one-electron

Introduction

Since their introduction in 1966,1 scorpionate ligands have
enjoyed widespread popularity in applications ranging from
catalysis to enzyme active-site modeling. The bulk of research
done with these versatile ligands has been with the pyrazole
analogue, hydrotris(pyrazol-1-yl)borate (Tp), and derivatives
made from substituted pyrazoles (Figure 1).1'7 Despite being
introduced by Trofimenko along with Tp in his original repor‘tsal
hydrotris(1,2,4-triazol-1-yl)borate (Ttz), was largely ignored for
two decades until a detailed synthesis for the free ligand was
reported by Lobbia and co-workers.® Since then, dozens of
reports have appeared describing transition metal complexes
with Ttz"™ and alkylated analogues.l‘t"21 The additional
nitrogen in this triazole-based scorpionate causes the ligand to
be less electron-donating, but more water-soluble than the
more ubiquitous pyrazole cousin (Figure 1).
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Figure 1. Structure of scorpionate ligands [Tp] and [Ttz] .
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oxidation decreases the ~3.5 units.

pKa by

Significantly, several recent studies have explored the
modulation of the o-donor properties of Ttz via chemical
interactions of the exo-nitrogen (4-N). Pioneering work by
Papish and co-workers found that ligand protonation of Ttz
complexes of first-row metals can have a significant effect on
the electron density at the metal center,l'r”lg’u'23 and that
these properties can be used to influence catalytic behavior.””
2% 2 Based on these prior results, we were interested in
quantifying the effects of metal oxidation state on the ability
of the Ttz ligand to interact with exogenous acids (Figure 2).

Herein we report the electrochemical modulation of the
basicity of the exo-N atoms of the Ttz ligand based on the
oxidation state of the Group VI metal centers. Titration studies
and thermochemical cycles have enabled direct quantification
of the pK, of the protonated exo-4-N atoms for the M(0)
oxidation state, and the subsequent decrease in pK, of ~3.5
upon oxidation to the M(l) state, for both Mo and W.
Interestingly, these redox-induced acidity changes behave as
proton-coupled electron transfer (PCET) reactions in cyclic
voltammetry (CV) experiments.
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Figure 2. Possible chemical interactions with d°® metal complexes using the Ttz ligand
framework that could alter the metal-based redox potentials.

Results and Discussion
Synthetic Procedures

Using a modified literature procedure,3' 8 K[Ttz] (1) was
isolated by bringing a mixture of 1,2,4-triazole and KBH, to a
molten flux at 190 °C until H, evolution ceased. The resulting
solid was purified under vacuum with heating to remove
excess triazole. Ligand 1 was then recrystallized from acetone.
This procedure obtains reproducible results on a >100 g scale
(up to 168 g, ~2/3 mole K[Ttz] isolated) with a consistent >80%
yield (based on KBH,) and high purity (See Experimental
Section).

With large quantities of K[Ttz] in hand, eight model
complexes were subsequently isolated to compare the Tp” and
Ttz ligands: [M(Tp)(CO);] (M = Mo (27), W (4)), [M(Ttz)(CO);]
(M = Mo (3), W (5)), M(Tp)(NO)(CO), (M = Mo (6), W (8)), and
M(Ttz)(NO)(CO), (M = Mo (7) or W (9)). The Tp complexes 2°, 4
, 6, and 8 were first reported by Trofimenko, McCleverty and
co-workers,>%%
synthetic procedure,11 with the exception of complexes 7 and

and the Ttz analogues follow a similar

9, which were produced using the nitrosylation process
reported by Dilsky and co-workers (Scheme 1).7 All analyses of
anionic species were performed with potassium as the
counterion except for those of 5 in acetonitrile, where the
potassium was exchanged for tetraethylammonium to improve

solubility.

Scheme 1. Synthesis of molybdenum and tungsten nitrosyl complexes of the
scorpionate ligand Ttz.

KTtz + M(CO)s "% KIMTiz(CO)q]
1 3: M = Mo; 87%
5: M =W; 88%
overall: acetic acid
7: M = Mo; 83% NaNO,
9: M =W; 79%
MTtz(CO),(NO)

Table 1 compares the M(l)/(0) reduction potentials (EO Vs
NHE) carbonyl nitrosyl IR absorption bands
(wavenumbers, cm'l) of the complexes 2-9. Replacing Tp with

and and
Ttz results in an increase of the observed CO stretching
frequencies by 10-20 cm'l, similar to the shift reported by
Papish and co-workers for Cu(thtB“‘Me)(CO) in comparison to
the Tp analogue.21 A similar shift occurs for the nitrosyl stretch
of 6 and 7, where the observed IR absorption band for
Mo(Ttz)(CO),(NO) (7) at 1654 em™? s significantly higher in
energy than what we recorded for the Tp analogue (6) (1642
cm'l; Nota bene: this value differs from a previously reported
value for 6 recorded under different conditions).11
Significantly, the M(1)/(0) reduction potentials of the d® Ttz
complexes are 0.15 — 0.25 V more positive than the
comparable Tp derivatives, consistent with a more electron-
deficient metal center in the Ttz systems. These findings are in

2| J. Name., 2012, 00, 1-3

agreement with calculations performed by Lu and co-
workers.”® To simplify subsequent analyses, we focused on the
tricarbonyl derivatives to limit the scope of possible IR-active
isomers in solution and because of the chemical irreversibility
in the 1/0 couple for the nitrosyl derivatives.

Table 1. Comparison of CV and IR data for Mo and W complexes with Tp and Ttz.

Complex Veo (cm™)’ wno (em™)’  Eyog (V)°
[Mo(Tp)(CO)5] (2) 1761, 1894 - 0.02°
[Mo(Ttz)(CO)s] (3) 1773, 1905 - 0.22°
[W(Tp)(CO)s] (4) 1750, 1882 - -0.07
[W(Ttz)(CO)s] (5) 1772, 1905 - 0.17°
Mo(Tp)(CO),(NO) (6) 1898, 2001 1642 1.18"
Mo(Ttz)(CO),(NO) (7) 1910, 2010 1654 1.30"
W(Tp)(CO),(NO) (8) 1874, 1986 1624 1.12"
W(Ttz)(CO),(NO) (9) 1884, 1994 1636 1.26*r
3"+ DPhAT® 1791, 1918 - 0.43"
5 + DPhAT® 1791, 1918 - 0.38"
3"+ BF3Et,0° 1787, 1920 - 0.43"
3"+ Sc(OTf)s 1792, 1919 - 0.51"
5 + BF3;eEt,0° 1788, 1911 - 0.39"

a IR spectra recorded from glaze on salt plate b, CV recorded af 100 mV/s in
acetonitrile solution with TBAH electrolyte (NHE). indicates Ey indicates E,
c. 0.00003 M acid to 0.00001 M 3 and 5. In-situ for CV, glaze for IR

Chemical Acid-Base Modulation

Previously, Papish and co-workers demonstrated that the
Ttz®*™® ligand in the complex Cu(Ttz®™“M®)(CO) could be
protonated at an exo nitrogen (4-N) using one equivalent of
HBF4.21’22 Solution IR data obtained in CH,Cl, indicated that
two equivalents of acid resulted in an additional protonation,
and the assignment of the observed vibrational frequencies
were corroborated by DFT calculations. The authors also
confirmed the reversibility of the protonation reaction by
adding an appropriate amine base, whereupon the exo
nitrogen was deprotonated.ZL22 Titration of HBF, in a
CH5CN/H,0 solvent mixture with Cu(Ttz"*M¢)(CO) suggested
that that the first and second protonation of the ligand
framework happen at similar pH such that pK,(1) ~ pK,(2) ~
3.5.

In our initial experiments, when complexes 3" or 5 were
added to an acetonitrile solution of diphenylammonium
triflate (DPhAT pKaAN =5.97) and dropcast onto a salt plate, a ~
+20 cm™ Veo shift from the starting material was observed
(Table 1), analogous to carbonyl IR absorption band shifts
reported for a single protonation of the Cu(Ttz"“M¢)(cO)
system.21'22 Interestingly, the protonation reaction also caused
a shift in the M(1)/(0) reduction to more positive potentials by
200 mV according to CV data (Figure 3). We assign these new
redox features to a monoprotonated product of the starting
materials: Mo(HTtz)(CO); 3H and W(HTtz)(CO); B5H,
respectively.

Remarkably, exposure to stronger acids, e.g. triflic acid
(pkaAN = 0.7),29‘30 showed no further change in the cyclic
voltammogram (up to 0.1 M HOTf (10 eq)) beyond the single
protonation product. This observation is in contrast to the

This journal is © The Royal Society of Chemistry 20xx
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double-protonation observed by Papish and co-workers.'®

Protonation of 3 and 5 was reversible upon addition of the
base triethylamine (TEA) (Figure 3).

30
20
10
<
-~ 0
=
= -10
3
20 + No Acid
. DPhAT Added
-30 - Base Added
-40
0.7 0.4 0.1 -0.2 -0.5 -0.8 -1.1

Potential (V,NHE)

Figure 3. Cyclic voltammogram of reversible acid addition to MoTtz(CO)s. Base:
triethylamine; acid: DPhATt; 10 equivalent portions with respect to 3. Colbatocenium
hexafluorophosphate was used as internal standard, E;, = -0.78 V vs NHE. The
irreversibility of the cobaltocene redox wave in the presence of acid is attributed to a
chemical reaction under these conditions; control experiments in the absence of 3°
show an identical response with added acid.”

To quantify the basicity of the exo nitrogen, the pKaAN and

PMS0 \vere determined for 3H and 5H using the method of
DMSO

pKa
equilibration with an acid of known pKaAN and pK,
(pyridinium triflate: pKaAN = 12.53 and pKaDMSO = 3.4).31'33 In
DMSO, the conjugate acid of the Mo and W analogues were
both found to have a pKaDNISO of 1.8.3%% Shifting to the more
acidic solvent system MeCN, pKaAN values were determined to
be 11.0 for 3H and 11.9 for 5H (also using pyridinium triflate;
pKaAN =12.53). Converting these values to an aqueous scale by
the method of Leito and co-workers,33 where pKaAN = 6.04 +
1.269(pKaH20), we find that complexes 3™ (3.9) and 5™ (4.6) are
notably more basic than CuTtz®M%(CO) (3.5), despite the
latter system having alkyl substituents on the triazole rings.u'23

The H NMR spectrum obtained for 5 in the presence of
weaker acids than DPhAT exhibits two pairs of broadened
triazolyl resonances in an approximately 2:1 ratio, consistent
with the anticipated reduced symmetry of a monoprotonated
complex such as W(HTtz)(CO); 5H. The monoprotonation of 5°
is observed using either pyridinium triflate or (p-
methoxyanilinium)[BF,] (pKaAN = 11.86) as the acid source.
Equilibration with either acid gives a pKaAN for 5H of 11.9.
Similar results are obtained for related experiments using 3’;
however, the broadening of 5 on the NMR timescale is
suggestive of a slower rate of proton exchange than that for 3,
which shows a sharp pair of averaged Ttz resonances under
analogous conditions.

With the reduction potentials for both protonated and
deprotonated complexes (37, 3H, 5, 5H) and pK, values for the
conjugate acids (3H, 5H) in hand, a thermodynamic cycle could
be constructed to determine the pK, for their oxidized forms,
[Mo'(HTtz)(CO)s]" 3H* and [W'(HTtz)(CO)s]" 5H*. An example of
this calculation is provided in Figure 4 for the Mo analogue (3"

This journal is © The Royal Society of Chemistry 20xx

), where the pK, of 3H" is estimated to be 7.5 (See Supporting
Information). By an analogous process, the complex 5H was
determined to have a pKaAN of 8.4. These results are
summarized in Table 2. Notably, a ApKaAN of 3.5 is obtained for
both Group VI
pointing to a similar electronic influence of the metal centers
on the basicity of the ligand.

congeners upon one-electron oxidation,

E0O— 021V AGO keal/mol
[MoTtz(CO)s] [Mo'Ttz(CO)3] + e npgy 5.0
[Mo!(HTtz)(CO)s]* + & (i Eoii1 v [MoO(HTtz)(CO)4] -9.8
[Mo%(HTtz)(CO)g] P [MoTtz(CO)3 + H*an) 15.1
[Mol(HTt2)(CO)sJ* PKS=75 MoTz(CON] + Hiwy 103

Figure 4. Determination of pK,™ of [Mo(HTtz)(CO)s]* (3H").

Table 2. pK, values for several Ttz complexes.

Complex pK AN pK,H20
[Mo(HTtz)(CO)q] 11 3.9
[Mo!(HTtz)(CO)s]* 75 1.1
[WO(HTtz)(CO)s] 1.9 46
[W!(HTtz)(CO)g* 8.4 18
[Cu'(HTtzBuMeycoyr  10.5 35

Electrochemical Control of Acidity

The large difference in pK, values between the neutral and
oxidized species in Table 2 that with
concentrations of weaker acids, the anionic starting materials

indicates low
are protonated, but their corresponding oxidized forms are
not. To further understand the difference in basicity of the Ttz
ligand in 3" and 5" compared to Cu(Ttz"*"™°)(CO), the effects of
metal-based oxidations on the acidity of the protonated ligand
framework were also investigated by CV through titration
studies. Indeed, titration experiments with weaker acids
exhibit the characteristics of concentration-dependent
reduction potential for the half reaction by CV:

[M'Ttz(CO);] + H' + & > [M°(HTtz)(CO)s] (1)

Using a procedure described by Dempsey and co-workers
for the examination of proton-coupled electron transfer (PCET)
reactions in non-aqueous systems,34 a solution of complex 3
was examined across a log;o([Al/[HA']) range of -1.0 to 0.4
using  2-methoxypyridinium  triflate  (HA®) and  2-
methoxypyridine (A). The resulting 1/0 potentials, as
determined CV, were plotted against the logio([Al/[HA']) to
generate the Nernstian plot shown in Figure 5. The given slope
of 55 mV/decade suggests a single proton transfer reaction per
electron, which is indicative of PCET. Repeating this

J. Name., 2013, 00, 1-3 | 3
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experiment for the W analogue 5, from log;,([A]/[HA"]) = -0.15
to 0.45 (Figure 5, bottom), generated a slope of 66
mV/decade, consistent with a single proton donor-acceptor
interaction for every electron transferred.

0.28
[Mo(Ttz)(CO),]
0.27 ]
n T v =-0.0545x +0.2194
> 026 .. R*=0.9779
g L2
ur “®.
0.25 .9
0.24 . . °
-1 0.8 0.6 0.4
logo([AV[HA™])
0.25
L] [W(Ttz)(CO)sJ
0.24
— ‘® y=.0.0662x + 0.2402
2 023 ~.. R®=0.9795
S ®.
L
0.22 o
9
0.21 : : ht
015 005 0.25 0.45
logo([AV[HA™T)

Figure 5. Nernst plots for 3" (top) and 5 (bottom).

Journal Name

by DFT are in qualitative agreement with the experimental
values (Table 4). If the cell potential is increased stepwise
towards 0.8 V vs NHE, where the proposed one-electron
oxidation is observed by CV, these bands diminish in intensity
with the concomitant appearance of new absorbance bands.
The most intense bands are centered around 2021 and 1894
cm™. A similar shift to higher energies was observed for the
two carbonyl IR absorption bands of the W analogue 5 upon
oxidation (Figure S1; Table 3).

Table 3. CO stretches observed for 3" and 5 under different IR-SEC cell
conditions.

Cell conditions: 0.1V 0.8V 0.1V 0.8V
DPhAT added: no no yes yes
Compound: Vo Veo Veo Veo
K[MoTtz(CO);] 1774, 1894, 1792, 1911,
(3) 1905 2021 1919 2036
Cell conditions: 0.1V 0.6V 0.1V 0.7V
Acid added”: no no yes yes
Compound: Veo Vco Veo Veo
K[WTtz(CO)s] 1766, 1880, 1791,° 1911,
(5) 1895 2003 1919° 2016
Assignment: IM°Ttz  M'Ttz MPHTtz  [M'HTtz]

? Minor peaks; major peaks occur at 2022, and 1936 cm™, indicating oxidation 2.
methoxypyridinium triflate

To validate the mechanistic assignments for the one-
electron oxidized species 3, 3H", 5, and 5H" obtained using
different acids, electrochemical speciation was examined
through IR-SEC. IR-SEC enables changes in an analyte of
interest to be monitored as a function of potential and time.>
Using this technique, CV data can be directly correlated to
spectra detailing molecular composition. A customized
electrochemical cell was charged with an acetonitrile solution
of either 3" or 5 with TBAH electrolyte. IR spectra were
recorded at a series of potentials to monitor transformations
at the electrode surface (see Supporting Information).35

At resting potential without added acid, two intense bands
assigned to carbonyl modes are observed at 1905 and 1774
em™ for 3 (Figure 6; Table 3). DFT calculations suggest that the
band at 1906 cm™ corresponds to a single symmetric
stretching mode, whereas the broad and more intense band at
1774 cm™ is a combination of two asymmetric stretching
modes, vide infra. Generally, the carbonyl IR modes calculated

4| J. Name., 2012, 00, 1-3

Consistent with our earlier observations for the Mo-based
3, treatment with acid in the IR-SEC cell with electrolyte
resulted in monoprotonation, as evidenced by a modest shift
Avco to higher frequency (Table 1). However, in the case of the
W-based analogue 5, data collected in the IR-SEC cell differed
significantly from the salt plate data (Table 1). Even without a
cell potential applied, as well as at 0.1 V vs NHE, the dominant
IR bands at 2022 and 1936 cm™ suggest that oxidation of the
tungsten metal center occurred in the presence of the acid and
electrolyte. An additional set of less intense (~¥20% of major)
bathochromic absorbance bands at 1791 and 1911 cm™ are
fully consistent with glaze data, as well as DFT calculations for
[WO(Hth)(CO)3], 5H. When the potential of this sample is
shifted to 0.7 V (NHE), the feature at 1936 cm™ diminishes in
intensity, suggestive of a further oxidation process occurring.
Oddly, the feature at 2022 em™ shifts only slightly, but does
not decrease in intensity.

Of note, the oxidation of the Mo complex 3™ to 3 seems to
result in a loss in symmetry, as signalled by the splitting of the
absorbance bands seen in Figure 6. DFT calculations suggest
that one of the M-CO bonding distances shortens upon
oxidation for both Mo and W, a Jahn-Teller distortion of the
low-spin octahedral o complex, vide infra. Given that this
occurs both under neutral and acidic conditions, the loss of
symmetry cannot be attributed to protonation alone. For both
Mo and W metal centers, the calculated Avg for protonation
ranged from 9-17 ecm™, similar to that observed
experimentally. Regarding the metal oxidation, calculations
predict a Avcy of 100-134 cm'l, slightly larger than our
observed values.

This journal is © The Royal Society of Chemistry 20xx
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Table 4. DFT predicted CO stretches for the protonation and one-electron

oxidation products of 3" and 5.

Compound Veo Vo
[Mo’Ttz(CO),], 3 1936 1769
[Mo'Ttz(CO)s), 3 2063 1879
[Mo’HTtz(CO)s), 3H 1945 1786
[Mo'HTtz(CO),]", 3H" 2073 1937
W°Ttz(CO),], 5 1915 1745
[W'Ttz(CO)s), 5 2037 1879
[WPHTtz(CO)s], 5H 1926 1762
[W'HTtz(CO)5]", 5H* 2047 1900
0.8 T T T T T
—04V
—06V
| —o7v |
o 061 __osv
o
c
(1]
2 041
)
7]
K]
< o2
0.0+ T T T T T
2100 2000 1900 1800 1700
Wavenumber (cm™)
0.8 ; : i .
—01V
—08V
0.6 .
(]
o
o
(1]
£ 04 i
o
(7]
o) -
< 02 §
0.0- T T T T T
2100 2000 1900 1800 1700

Wavenumber (cm™)

Figure 6. IR-SEC spectra of K[MoTtz(CO)s] (3°) (0.013 M) showing the oxidation process
(top) and the spectra obtained before and after oxidation (bottom). Conditions: glassy
carbon working electrode, glassy carbon counter electrode, Ag bare metal pseudo-
reference electrode; internal ferrocene reference; referenced to NHE.

Given the Nernstian relationship of the oxidation potentials
of 3" and 5 to the presence of different concentrations of acid,
as well as the 3.5 order of magnitude shift in acid pK,, IR-SEC
was also used to monitor for possible products of proton-
coupled electron transfer (PCET). This PCET reaction is
mechanistically best described as proton donation from an

This journal is © The Royal Society of Chemistry 20xx
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exo-4-N atom, induced by the one-electron oxidation of the
Mo° or W° metal center.

At a concentration of 0.013 M analyte and 0.04 M 2-
methoxypyridinium triflate, the IR spectrum indicates that the
Ttz ligand is largely monoprotonated 3H (Figure S5). Upon the
application of potentials capable of oxidizing the Mo center,
only the deprotonated and oxidized form of the Mo' complex 3
is observed, consistent with the half-reaction in eq 1 (Figures
7, S4 and S5). This result is consistent with the PCET reaction
predicted by the Nernstian concentration diagrams detailed
above. If a much stronger acid, DPhAT, is used, deprotonation
upon oxidation does not occur (Figure S6 and S7), resulting in
the observation of 3H®. These cationic species exhibit a
consistent shift to higher wavenumbers that is also predicted
by the DFT results relative to the neutral species 3 (Table 4).
Similar data is obtained for 5 under these conditions: 2-
methoxypyridinium is only capable of protonating the anionic
starting complex (Figures S2, S$S8-S11) with deprotonation
observed upon oxidation (Figure 7).

0.8 ; : ;
o —— Acid Oxidation Product
g —— No Acid Oxidation Product
o
8 06 1
[
]
2
< 044 .
]
Q
N
© 0.2 E
£
™
o
Z 0.0
0.6 1
o
2 o041 1
(1]
o
S
2
o 0.2 g
<
0.0
2100 2000 1900 1800 1700

Wavenumber (cm™)

Figure 7. Infrared spectra of [MoTtz(CO)s] (3") and [WTtz(CO)s] (5) comparing the
electrochemical oxidation products with and without addition of 2-methoxypyridinium
triflate. Conditions: 5~ (normalized): with (0.013 M analyte; 0.058 M acid) and without
(0.019 M analyte). 3": (0.013 M) with and without added 2-methoxypyridinium triflate
(0.04 M); glassy carbon working electrode, glassy carbon counter electrode, Ag bare
metal pseudoreference electrode; internal ferrocene reference; referenced to NHE.

The observation of a monoprotonated product for the Mo
and W congeners is in contrast to the results obtained for
Cu(Ttz™M®)(C0), which reported two accessible protonations
with similar pKaHZO values ('“3.5).22 The data obtained for the
Cu-based system used HBF, in CH,Cl,, a superacid under these
conditions,®® with an estimated pKaDCE of -10.3. The authors

J. Name., 2013, 00,1-3 | 5
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also performed the titration in an AN/H,O mixture, where the
acidity is leveled to that of aqueous H'. Experimentally, a
second protonation of a Ttz ligand is possible under those
conditions, but with the weaker acids and Group VI metals
used in this report, it is likely separated in pK, from the first
protonation.

DFT Results

The results from DFT calculations mentioned above were also
used to provide insight into the changes in electronic structure
induced by protonation and oxidation. The optimized structure
of 3" is shown in Figure 8; Kohn-Sham orbitals for the HOMO
suggest electron density primarily on the Mo metal center and
molecular orbitals involving the lone pair of the exo nitrogen
atoms are not observed until HOMO-7. Consistent results are
obtained for similar calculations on 5 (Figure S12).

Figure 8. Kohn-Sham orbital representations of [MoTtz(CO);] 3" (A); LUMO (B); HOMO
(C); and (D) HOMO-7. ORCA 4.0.0; B3LYP/G; ZORA; def2-TZVP; CPCM(Acetonitrile).

A comparison of calculated Mulliken charges between 3°
and the product of protonation 3H suggests that a minimal
change in charge on the Mo center occurs (Table S1). As
expected, the SOMO of the oxidized 3 is almost exclusively
metal-based, with corresponding increase in charge and spin
population on the Mo predicted by Mulliken analysis (Figure
S13; Table S1). The low-lying HOMO-7 orbital of 3" is altered
significantly by protonation in 3H, as well as the LUMO, which
both become predominantly localized on the protonated
triazolyl ring. Minimal changes in N—-Mo bond length are
observed upon protonation, suggesting that the change in the
interaction strength between the Ttz ligand and the metal
center is relatively minor (N—Mo distance for 3™ : 2.302, 2.303,
and 2.298 A; 3H 2.305 (protonated exo N), 2.297, and 2.296 A).
The one-electron oxidation product 3, however,
diminished bond lengths, consistent with a stronger
interaction between the now cationic metal center and the

shows

6 | J. Name., 2012, 00, 1-3

anionic Ttz ligand (N-Mo distance for 3: 2.229, 2.232, and
2.2654).

The protonation product 3H and the corresponding one-
electron oxidized 3H" show analogous changes in the
electronic structure of the Mo center to those observed
between 3" and 3, with the exception of the protonated
triazolyl ring, which has miminal contribution to the HOMO-7
orbital level (Figures S14 and S15). Consistent with the
experimental data described above, similar trends are
observed for 5 (Figures S16-S18). These results suggest that
the protonation-induced redox behavior of the framework is
largely the result of an electrostatic effect; the primary
bonding interactions between the ligand and metal center are
predicted to remain intact at this level of theory. Consistent
with the splitting of the low frequency absorbance bands
observed by IR for the oxidized species, the DFT calculations
show the effects of Jahn-Teller distortion: one of the three M-
CO bonds in 3, 3H", 5, and 5H" decreases relative to the others
(see Figures S13, S15, S16, and S18).

Lewis Acid-Induced Redox Modulation

Having demonstrated a reversible Brgnsted acid-induced
modulation of the redox behavior for the Ttz complexes 3" and
5, we were interested in exploring the generality of these
observations with respect to Lewis acids. As a proof of
concept, we initially explored the use of trifluoroborane
etherate (BF;*Et,0) as a Lewis acid additive. When one molar
equivalent (0.01 M) of BF;¢Et,0 was added to 3 or 5, a new
redox feature began to develop in the voltammogram, with an
E;» ~200 mV positive of the original feature. This feature
continued to grow proportionally with concomitant loss of the
redox wave corresponding to the starting material as more
BF;¢Et,0 was added. Once 5 molar equivalents of the BF;¢Et,0
had been added (final concentration 0.05 M), the
voltammogram showed only the new redox couple (Table 2;
Figures S19 and S20). IR data for the purported [3]*BF; show
peaks at 1787 and 1920 cm™, while [57]BF; IR data show
absorbance bands at 1788 and 1911 cm'l, a similar shift to that
observed with Brgnsted acids.

In the case of Mo, the use of BF;*Et,0 at
concentrations produces changes in the 'H NMR spectrum
consistent with the formation of a monoadduct. The addition
of 1 equivalent of BF3;*Et,0 to 3  produced distinct new
triazolyl signals, appearing in a 2:1 ratio, reminiscent of the
monoprotonated product  described above. Higher
concentrations (up to 0.1 M; 10 eq) of the Lewis acid
generated multiple sets of proton resonances, but no species
consistent with triadduct formation was observed (Figure $22),
suggesting that BF;*Et,O is only capable of generating a
diadduct under these conditions.

low

Conclusions

The use of exogenous acids to tune redox behavior via
chemical interactions with the exo N atoms of the Ttz ligand
framework was explored using the tricarbonyl species
[Mo(Ttz)(CO)s]” 3" and [W(Ttz)(CO);] 5 as model compounds.

This journal is © The Royal Society of Chemistry 20xx
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When the weak Brgnsted acids pyridinium triflate and (p-
methoxyanilinium)[BF,] were added to a solution of 3" and 5,
shifts in the observed 'H NMR resonances consistent with
monoprotonation were observed. Equilibration with these
acids under these conditions also enabled the determination
of the pK, values for 3H and 5H.

Examination of this monoprotonation reaction by
electrochemical techniques revealed that the M(1)/(0) redox
feature shifted to positive potentials by ~200 mV. Notably, the
electrochemical response showed a Nernstian proton donor to
electron ratio when E;;, was plotted against log1o([Al/[HA']),
consistent with a PCET reaction upon one electron oxidation of
the parent species 3H and 5H. These data were used to
construct a thermochemical cycle that determined the pK, 3H"
and 5H" to be lower than 3H and 5H by 3.5.

These assignments were verified using IR-SEC, which
confirmed changes in protonation upon oxidation. Further, the
use of DPhAT and triflic acid (which have much lower pK,
values than (2-methoxypyridinium)[BF,] and (p-
methoxyanilinium)[BF,]), showed that these compounds can
remain protonated upon oxidation in the presence of a
suitable acid. Preliminary studies with the Lewis acid BF;
suggest that this behavior at the exo-4-N atom may be
generalizable with respect to other additives, studies exploring
this are currently underway.

Experimental Section

General Methods. NMR spectra were obtained on 600 or 800
MHz spectrometers. shifts
tetramethylsilane (TMS) utilizing residual 'H signals of the
deuterated solvents as internal standards. Chemical shifts are
reported in ppm and coupling constants (J) are reported in
(Hz). (IR)
spectrometer as a glaze on a Horizontal Attenuated Total
Reflectance (HATR) accessory, or as a glaze between two NacCl

Chemical are referenced to

hertz Infrared Spectra were recorded on a

plates, with peaks reported in cm™.  Electrochemical
experiments were performed under a nitrogen atmosphere.
Cyclic data recorded at
temperature at 100 mV/s unless otherwise noted, with a
standard three electrode cell from +1.8 V to -1.8 V with a
platinum working electrode, N,N-dimethylacetamide (DMA) or
(MeCN) solvent, tetrabutylammonium
hexafluorophosphate (TBAH) electrolyte (~1.0 M). For CV data
recorded in aqueous solutions, sodium triflate (NaOTf) was
used as the electrolyte. All potentials are reported versus the
hydrogen electrode (NHE)
hexafluorophosphate (E;;, =-0.78 V, -1.75 V) or ferrocene (E;,,
= 0.55 V) as an internal standard. Peak separation of all
less than 100 mV. All synthetic
reactions were performed in a glovebox under a dry nitrogen
atmosphere unless otherwise noted. All solvents were purged

with nitrogen prior to use. Deuterated solvents were used as

voltammetric were ambient

acetonitrile and

normal using cobaltocenium

reversible couples was

received from Cambridge Isotopes. Compounds 2', 4, 6, and 8
were prepared according to previous literature methods,s'26

This journal is © The Royal Society of Chemistry 20xx

and characterization of 1, 3', and 7 by 'H and c NMR, as well
as CV and IR, is consistent with the findings reported by Shiu
and co-workers.™
K[Ttz] (potassium hydrotris(1,2,4-triazol-1-yl)borate) (1) A mixture
of 1,2,4-triazole (250 g, 3.62 mol) and KBH, (43.4g, 0.804 mol)
was added to a 1 L round bottom flask and placed in an oil
bath preheated to 125 °C. The flask was fitted with a N, line
and a cold-finger condenser containing dry-ice/acetone. The
1,2,4-triazole melted over 10 min and dissolved the KBH,,
giving a colorless and H,
(CAUTION!). The oil bath temperature was then slowly
increased to 200 °C over the course of 15 min, with continuous

molten solution evolution

H, evolution. The molten solution was allowed to stir at 200 °C
for 2 h. The N, line was then removed and the excess 1,2,4-
triazole was removed in vacuo for 20 min, until the molten
solution became a white solid, and triazole began to deposit
on the cold finger. The reaction mixture was then removed
from the oil bath and allowed to cool to room temperature.
The resulting solid was washed with acetone (4 x 200 mL) and
desiccated giving (1) (168.17 g, 82%).

K[MoTtz(CO);] (potassium tricarbonyl(hydrotris(1,2,4-triazol-1-
yl)borate)molybdenum(0)) (3°) Compound 1 (69.58 g, 0.237 mol),
Mo(CO)g (68.98 g, 0.261 mol), and MeOH (700 mL) were added to a
2 L round bottom flask charged with a stir bar, giving a yellow
mixture. The flask was fitted with a reflux condenser and was
placed in a heating mantle. The reaction mixture was refluxed
overnight (16 h), giving a bright yellow mixture, which was removed
from heat and cooled to room temperature. The mixture was
filtered through a 600 mL fine frit, and the filtercake was washed
with MeOH (2 x 250 mL) followed by Et,0 (3 x 250 mL). The yellow
solid (3) was collected and desiccated (87%, 89.71 g, 0.206 mol).
K[WTtz(CO);] (potassium tricarbonyl(hydrotris(1,2,4-triazol-1-
yl)borate)tungsten(0)) (5) Compound 1 (38.61 g, 0.151 mol),
W(CO)s (51.85 g, 0.147 mol), and diglyme (250 mL) were added to a
1 L round bottom flask charged with a stir bar, giving a yellow
mixture. The flask was fitted with a reflux condenser and was
placed in a heating mantle. The reaction mixture was refluxed
overnight (16 h), giving a bright yellow mixture, which was removed
from heat and cooled to room temperature. The mixture was
filtered through a 350 mL fine frit and the filtercake was washed
with MeOH (2 x 150 mL) followed by Et,0 (3 x 150 mL) and the
product (5) was desiccated and collected. (88%, 67.65 g, 0.129 mol).
'H NMR (DMSO-dg, 8): 8.15 (s, 3H); 8.61 (s, 3H). *>C NMR (DMSO-dj,
8): 148.5, 154.5. CV: Ey;, = -0.07 V. IR: v = 1684, 1856 cm™; vy =
2481 cm™. Reactivity of 5 with air prevented a satisfactory CHN
analysis.

MoTtz(NO)(CO), (dicarbonylnitrosyl(hydrotris(1,2,4-triazol-1-
yl)borate)molybdenum(0)) (7) Compound 1 (50.17 g, 0.197 mol),
Mo(CO)g (49.93 g, 0.189 mol), and MeOH (500 mL) were added to a
1 L round bottom flask charged with a stir bar, giving a yellow
mixture. The flask was fitted with a reflux condenser and was
placed in a heating mantle. The reaction mixture was refluxed
overnight (14 h), giving a bright yellow mixture, which was removed
from heat and cooled to room temperature. The mixture was then

J. Name., 2013, 00, 1-3 | 7
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poured into a 1 L Erlenmeyer flask, in an ice bath, and charged with
NaNO, (14.51 g, 0.210 mol) and a stir bar. Acetic acid (50 mL, 0.874
mol) was added to the stirring solution, giving a color change to
orange and the evolution of gas. After stirring for 30 min, the
mixture was filtered through a 600 mL medium frit, and the product
(7) was washed with H,0 (5 x 400 mL) followed by Et,0 (3 x 400 mL)
and then desiccated. (83%, 62.75 g, 0.158 mol). 'H NMR (DMSO-dg,
8): 8.90 (s, 2H); 8.75 (s, 2H); 8.85 (s, 1H); 8.73 (s, 1H). *C NMR
(DMSO-dj, 6): 150.5, 150.6, 156.1, 156.3. CV: £, , = +1.30 V. IR: vy
= 1654 cm™ veo = 1910, 2010 cm’™; gy = 2533 cm™. Anal. Caled for
Cg H,BN;;,0O3Mo: C, 24.14; H, 1.77; N, 35.2 Found: C, 24.42; H, 1.57;
N, 35.22.

WTtz(NO)(CO)2 (9) Compound 1 (44.37 g, 0.174 mol), W(CO)e
(58.77 g, 0.167 mol), and DMF (500 mL) were added toa 1 L
round bottom flask charged with a stir bar, giving a yellow
mixture. The flask was fitted with a reflux condenser and was
placed in a heating mantle. The reaction mixture was refluxed
overnight (16 h), giving a bright yellow mixture, which was
removed from heat and cooled to room temperature. The
mixture was then poured into a 2 L Erlenmeyer flask, charged
with NaNO, (12.11 g, 0.176 mol) and a stir bar, and placed in
an ice bath. Acetic acid (50 mL, 0.847 mol) was added to the
stirring solution, giving a color change to orange and evolution
of gas. After stirring for 30 min, the mixture was filtered
through a 600 mL medium frit, and the filtercake was washed
with H,O (5 X 400 mL) followed by Et,O (3 X 400 mL). The
orange solid was desiccated giving (9) (79%, 68.99 g, 0.1342
mol). 'H NMR (DMSO-ds, 5): 8.80 (s, 1H); 8.84 (s, 2H); 8.90 (s,
1H); 8.95 (s, 2H). *C NMR (DMSO-d,, &): 150.1, 150.1, 156.1,
156.4. CV: E,, = +1.26 V. IR: vyo = 1636 cm™ veo = 1884, 1994
em™; Vgy = 2550 cm™. Anal. Caled for Cg H;BN;,05;W: C, 19.78;
H, 1.45; N, 28.83 Found: C, 19.89; H, 1.25; N, 28.67.

Infrared Spectroelectrochemistry. All IR-SEC experiments
were conducted using a custom cell based on a previously
published design.34’36 A Bruker Vertex V80 with LN,-cooled
detector was used to collect all spectra. The three-electrode
set-up consists of an inner glassy carbon working electrode
disc (10 mm diameter), a central circular silver bare metal
pseudoreference electrode, and an outer circular glassy carbon
counter electrode embedded within a PEEK block. All data
were internal standard
(ferrocinium/ferrocene potential stated
conditions); obtained by taking a CV with a blank solution in
the cell prior to injecting analyte for IR-SEC experiments)
unless otherwise specified. All spectra were processed by
subtraction of a data obtained without analyte present at
resting potential.

Computational Methods. DFT calculations were performed on
the Rivanna High-Performance Computing Cluster at the
University of Virginia using ORCA 4.0.0.% Geometry
optimizations were performed unrestricted with the
B3LYP/G*** and ZORA-def2-Tzvp*? set
(defZ/J44 and SARC/J45'47auiniary basis sets where necessary)
with  the RIJCOSX approximation, D3BJ dispersion
correction48'49, and CPCM*® to model the AN solvent.
Numerical frequency calculations at the same level of theory

referenced to an ferrocene

reduction under

functional basis
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were performed to validate the optimized geometries as
minima on the potential energy surface and to generate
thermochemical data.
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