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The installation of cationic pendant groups proximal to catalyst active sites has resulted in improved per-

formance for electrocatalytic CO2 reduction (CO2R) by molecular catalysts. It is not well understood how

pendant cationic groups, designed to stabilize anionic CO2 reduction intermediates, interact with the axial

halide ligands of M(diimine)(CO)3X (M = Re, Mn; X = Cl, Br), an important class of molecular CO2R elec-

trocatalysts. We observe that in [M(tmam)(CO)3X]
2+ complexes (1: M = Re, X = Cl; 2: M = Mn, X = Br,

tmam2+ = 4,4’-methylenetrimethylammonium-2,2’-bipyridine) bearing the dicationic tmam2+ ligand, the

cationic pendant groups facilitate the spontaneous exchange of the axial halide for solvent molecules

(MeCN or H2O), a highly unusual behavior for this class of complexes. We present a study of the thermo-

dynamics and kinetics of these reactions under aqueous and non-aqueous conditions. The extent to

which this reaction occurs was found to depend on the identity of the metal, with substitution being

more favorable for Mn than Re, and the solvent and halide substitution was more favorable in H2O than

MeCN for both complexes. 1H NMR kinetics experiments for axial chloride substitution for 1 in D2O

suggest a second-order dependence on complex concentration, indicating an intermolecular process.

The halide-substitution reaction had little effect on the electrochemistry of the complexes in cyclic vol-

tammetry experiments due to the reductive instability (deamination) of tmam2+. This study demonstrates

that cationic pendant groups are noninnocent, actively modulating the coordination environment of the

catalyst, which provides key insights into their potential roles in catalyst activation.

Introduction

Carbon dioxide reduction (CO2R) is a critical reaction for the
creation of carbon-neutral fossil fuels. However, due to the
inert structure of carbon dioxide, large overpotentials are gen-
erally required for catalysis, making CO2 reduction at scale
economically challenging. As one of the prototypical CO2

reduction (CO2R) electrocatalyst, group 7 M(bpy)(CO)3X (bpy =
2,2′-bipyridine)1–3 complexes have been useful models to test
concepts in catalyst design, owing to their well-defined catalyti-
cally active sites and the readily modifiable bipyridine ligand

scaffold. Ligand modification strategies have provided insights
into how to influence and improve electrocatalytic CO2

reduction via modifications of the ligand electronic structure
through the introduction of electron-donating or -withdrawing
groups,4–6 introducing steric hindrance near the catalytic center,7

and groups that modify the secondary coordination sphere.8–11

One promising approach has shown that ligands modified with
positively charged groups can reduce the overpotential required
for CO2R through secondary-sphere electrostatic interactions that
stabilize the negatively charged CO2 reduction intermediate.12–17

This electrostatic effect has been shown to significantly improve
catalytic activity and lower overpotentials for CO2 reduction in
both iron tetraphenylporphyrin12 and Re(bpy-R)(CO)3Cl

13–17

derivatives using ligands modified with cationic pendant groups
positioned near the metal center. Recent work by Thoi and co-
workers sought to study the effects of the cationic groups of the
tmam2+ (tmam2+ = 4,4′-methylenetrimethylammonium-2,2′-bipyr-
idine) ligand on the electrocatalytic CO2R performance of
rhenium tricarbonyl catalysts.18 This work found that the tri-
methyl ammonium functional groups are prone to reductive dea-
mination of the pendant groups at potentials significantly posi-
tive of the onset of CO2R catalysis, making the study of their
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effect on CO2R impossible. Nonetheless, this work highlights
both the promise and challenges of incorporating charged func-
tional groups into ligand frameworks. In particular, the tmam2+

scaffold provides a valuable model for understanding how
charged pendants can tune the electronic structure, coordination
environment, and ultimately the catalytic behavior of transition
metal complexes.

An understudied aspect of cationic pendant groups in the sec-
ondary coordination sphere is how these groups affect the
ligands in the primary coordination sphere. In the parent
complex, Re(bpy)(CO)3Cl, the first 1-e− reduction is localized on
the bipyridine ligand, resulting in the formation of [ReI(bpy•−)
(CO)3Cl]

−, while the second 1-e− reduction is Re-centered and
results in [Re0(bpy•−)(CO)3]

−. The dissociation of the axial Cl− is
necessary to open a coordination site for CO2 binding. Several
groups have shown that the use of bipyridine ligands functiona-
lized with cationic groups can promote the dissociation of halide
following the first reduction by stabilizing the release of the
anion and lowering the onset potential of CO2R.13–17 The
binding affinity between halide ions and the cationic ligand
binding pockets has been shown to aid the dissociation of the
axial halide of the group 7 tricarbonyl catalysts upon reduction.16

Anion binding with the tmam2+ ligand has been studied in some
detail for a series of [Ru(tmam)n(bpy)3−n]

(2+2n)+ complexes.19–25

This work demonstrated that halides have a greater binding
affinity with the cationic binding pockets of the tmam2+ ligands
than the larger PF6

− anions used to solubilize the complexes in
non-aqueous solvents. The ligand’s greater affinity for binding
halides in its binding pocket, and proximity to the active site of
the [M(tmam)(CO)3X]

2+ complex may interact with the axial
halide. However, the extent to which cationic groups of these
complexes interact with the axial halide in their unreduced state
has not been investigated.

To this end, we have synthesized a series of Re and Mn trica-
bonyl complexes with the tmam2+ ligand [M(tmam)(CO)3X](Y)2 (M
= Mn, Re; X = Br, Cl; Y = PF6

−, Cl−) to study their behavior in H2O
and MeCN. Through 1H NMR, IR, and UV-vis spectroscopy, we
have measured the effect of proximal positively charged groups
on the lability of the axial halide. Interestingly, halide substitution
by the solvent is observed for all complexes. We find that the
extent of substitution depends on both the identity of the metal
(with Mn being far more favorable to substitution than Re) and
the solvent. The thermodynamics of this halide exchange process
has been quantified using 1H NMR studies. Based on 1H NMR
kinetics, a second order mechanism for halide dissociation invol-
ving two M(tmam)2+ complexes is proposed. Additionally, electro-
chemical studies in both aqueous and non-aqueous solvents were
used to understand the influence of halide substitution chemistry
on the electrochemical response of the complexes.

Results and discussion
Synthesis and characterization

Dicationic [M(tmam)(CO)3X](PF6)2 complexes were prepared by
refluxing a solution of [tmam](PF6)2 and the appropriate

M(CO)5X (M = Re, X = Cl; M = Mn, X = Br) in acetone as shown
in Scheme 1. Acetone was chosen as the solvent for this reac-
tion to promote the solubility of the tmam2+ ligand. The pro-
ducts, [Re(tmam)(CO)3Cl](PF6)2 (1|PF6) and [Mn(tmam)
(CO)3Br](PF6)2 (2|PF6), were precipitated from the reaction
mixture by the addition of Et2O. The H2O-soluble salts, [Re
(tmam)(CO)3Cl](Cl)2 (1|Cl) and [Mn(tmam)(CO)3Br](Cl)2 (2|Cl),
were precipitated from the acetone reaction mixture by the
addition of excess TBACl. The various salts of these metal com-
plexes were obtained in 76–92% yields. [Mn(tmam)(CO)3Br]
(Br)2 (2|Br) was prepared by treating a concentrated acetone
solution of 2|PF6 with excess TBABr to afford 41% yield. The
lower yield of 2|Br stems from its increased solubility in
acetone, leading to loss of product during purification. The
identity and purity of all complexes were confirmed using 1H
and 13C NMR, FTIR, mass spectrometry, and elemental ana-
lysis. 1H NMR and FTIR data for 1|PF6 agree with previously
published spectroscopic data for [Re(tmam)(CO)3Br] [PF6]2.

18

The MeCN adducts of 1 and 2 were prepared by treating MeCN
solutions of complexes 1|PF6 and 2|PF6, respectively, with
AgPF6.

X-ray quality crystals of 1 and 2 were grown by slow
diffusion of Et2O into MeCN. Interestingly, crystals of the trica-
tionic MeCN adduct [Re(tmam)(CO)3(MeCN)](PF6)3 (1-MeCN+)
were grown by slow diffusion of Et2O into a MeCN solution
containing 1|PF6 and excess NH4PF6. Typically, Ag salts are
required to remove the chloride from these Re complexes.26

X-ray quality crystals of 1|Cl, 2|Cl, and 2|Br could not be
grown. X-ray crystal structures of 2|PF6 are shown in Fig. 1,
and those of 1|PF6 and 1-MeCN+ are shown in Fig. S1 and S2.
The solid-state structures of 1|PF6 and 2|PF6 show the pendant
trimethylammonium groups oriented opposite the bipyridine
plane from the axial halide. M–X bond distances (1|PF6: Re–Cl

Scheme 1 Synthesis of cationic [Re(tmam)(CO)3Cl]X2 (1|X) and [Mn
(tmam)(CO)3Br]X2 (2|X) complexes.

Fig. 1 ORTEP structures (50% thermal probability for all non-hydrogen
atoms) of [Mn(TMAM)(CO)3(Br)](PF6)2 (2|PF6) showing PF6

− in the cat-
ionic pocket.
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= 2.487 Å, 2|PF6: Mn–Br = 2.534 Å) agree with those of compar-
able Re and Mn tricarbonyl complexes.3,27,28 In all three struc-
tures, a PF6

− anion is situated in the dicationic binding pocket
of the tmam2+ ligand. This close pairing of the PF6

− is typically
observed in the crystal structures of tmam2+ complexes.18,20,25

Spectroscopic characterization

The ATR FT-IR spectra of 1|X and 2|X complexes are shown in
Fig. S3 and S4 and the CO stretching frequencies are listed in
Table 1. The solid-state FT-IR spectra of 1|PF6 and 1|Cl show
three dominant CO stretches as expected for a fac tricarbonyl
complex. However, the lower energy CO stretches are signifi-
cantly broadened, and in the spectrum of 1|Cl, both peaks
display clear shoulders. The ATR spectra of the 2|X complexes
still show three major peaks, but the spectra are complicated
by additional CO stretches around the low energy CO. The
presence of these broadened spectra and additional CO peaks
may indicate that the complexes have adopted multiple
packing arrangements in the solid state.29 The IR spectra of 1|
PF6, 1-MeCN+, 2|PF6, and 2-MeCN+ exhibit a P–F stretch at
823 cm−1, and this signal is absent from the spectra of 1|Cl, 2|
Cl, and 2|Br, confirming complete salt metathesis. The solu-
tion phase FTIR spectra of 1|PF6 and 2|PF6 in MeCN (Fig. S5)
are comparable to the solid-state spectra but are significantly
sharper. The FTIR spectrum of 1|PF6 shows three sharp peaks.

For 2|PF6, more complex behavior is observed in the solu-
tion phase. The FTIR spectrum of freshly prepared solutions
shows three CO stretches at 2030, 1941, and 1929 cm−1.
However, over time, additional peaks emerge at 2051 and
1961 cm−1. As shown in Fig. 2, these new peaks correspond to
the presence of 2-MeCN+ in solution. Addition of TBABr to the
sample shifts the spectrum back towards the original,
suggesting a ligand substitution equilibrium in which the
axial Br− ligand is displaced by MeCN. This phenomenon is
discussed in more detail below.

The UV-vis spectra of 1|X and 2|X were obtained in DMSO
and are shown in Fig. 3. Peak maxima are given in Table 1. For
both 1|X and 2|X, the identity of the counterion X− had only
minor effects on the absorption spectrum of the complex. All

salts of compound 1 display an MLCT absorption at 390 nm
and a tmam2+ π–π* transition at 303 nm with a shoulder at
326 nm. For compound 2 salts, the MLCT band of 2|Cl
(433 nm) is blue-shifted by 4 nm compared to 2|PF6 and 2|Br
which both appear at 437 nm. All three compounds exhibit a
tmam2+ π–π* transition at 305 nm. Though the effect is small,
the identity of the counterion primarily affects the molar
absorptivity of the complexes. The near uniformity of the
absorption spectra of the 1|X and 2|X salts suggests that ion

Fig. 2 Solution FTIR spectra showing a freshly prepared solution of 2|
PF6 in MeCN (blue), 2|PF6 after 1 h in MeCN (grey), following the addition
of excess TBABr to the t = 1 h solution of 2|PF6 (black), and an ATR spec-
trum of 2-MeCN+ (green).

Table 1 Collected FTIR and UV-vis data for complexes 1|X, 1-MeCN+,
2|X, and 2-MeCN+

Complex νCO (cm−1) λ/nm (ε/M−1 cm−1)

1|PF6
a 2018, 1919, 1891,

(2025, 1923, 1904)b
302 (14 000), 390 (3800)

1|Cla 2023, 1910, 1873 303 (16 000), 390 (3400)
1-MeCN+ b 2039, 1919br 249 (18 000), 284 (15 000),

312 (13 000),
326 (13 000), 359 (4300)

2|PF6
a 2023, 1944, 1931, 1911,

(2030, 1941, 1929)b
305 (23 000), 437 (3400)

2|Cla 2024, 1934, 1924, 1901 305 (21 000), 433 (3200)
2|Bra 2023, 1934(sh), 1907 305 (22 000), 437 (3300)
2-MeCN+ b 2049, 1941 br 246 (15 000), 296 (20 000),

389 (3700)

a Spectra collected in DMSO. b Spectra collected in MeCN.

Fig. 3 UV-vis spectra of complexes 1|X and 2|X obtained in DMSO.
Molar absorptivity of each complex was calculated from a linear fit
derived from absorbance at 5 different concentrations.
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pairing with the tmam2+ ligand has little effect on the elec-
tronic structure of the complexes. Minor changes in the
absorption spectrum of [Ru(tmam)n(L)m]

(2+2n)+ complexes
upon anion exchange have been observed.20 The UV-vis
spectra of 1-MeCN+ and 2-MeCN+ in MeCN are shown in
Fig. S6 and peak data are summarized in Table 1. For 1-
MeCN+, the MLCT peak appears at 359 nm, and the π–π* tran-
sitions are split into several distinct peaks. The UV-vis spec-
trum of 2-MeCN+ also displays a blue-shifted MLCT
absorption at 389 nm and a broadened π–π* transition cen-
tered at 296 nm with a shoulder at 324 nm (not observed in
the spectrum of 2|PF6).

The 1H NMR spectra of all 1|X and 2|X complexes in deute-
rated dimethylsulfoxide (DMSO-d6) are shown in Fig. S7–S11
and chemical shifts are tabulated in Table 2. All complexes in
DMSO-d6 show a single species consistent with the crystal
structures. For all complexes, the methylene protons of the
tmam2+ ligand appear in a roofed doublet pattern (Fig. S7–
S11). This is consistent with the presence of an anion in the
tmam2+ binding pocket. This locks the pendant arms in place
and renders the two methylene protons inequivalent.20 While
the identity of the anion did not have a significant impact on
the UV-vis spectra of these complexes, the NMR spectra are
more sensitive to electrostatic interactions between the anion
and the binding pocket and are, therefore, more sensitive to
changes in the counterion. For both 1 and 2, substitution of
PF6

− for Cl− results in a large downfield shift for the 3,3′
protons of the bipyridine. While the 5,5′ peak shifts slightly
upfield, the 6,6′ protons are unaffected by anion exchange.
Smaller downfield shifts were also observed for the protons of
the pendant groups. Similar downfield shifts are observed for
2|Br in comparison with 2|PF6, though the shifts are smaller
than those observed for 2|Cl. The extent of the downfield shift
is correlated with the strength of the interaction between the
anion and the electropositive 3,3′ protons.20–22 The trend in
the position of the 3,3′ peaks of the 2|X complexes, Cl−

(9.27 ppm) > Br− (9.11 ppm) > PF6 (8.66 ppm), correlates with
increasing anion sizes. This behavior is consistent with obser-
vations of [Ru(tmam)(L)2]

4+ complexes titrated with TBAI or
TBACl.20–22

Halide substitution equilibria

Halide substitution in MeCN. Consistent with the solution-
phase FTIR spectra of 2|PF6 in MeCN solution, unusual halide
substitution behaviour was observed in the 1H NMR spectra of
complexes 1|PF6 and 2|PF6 collected in MeCN-d3. All samples
were prepared at a concentration of 10 mM, and prior to
sample preparation the complexes had not been previously
exposed to MeCN. The 1H NMR spectrum of 1|PF6 in MeCN-d3
taken immediately following sample preparation shows a
small doublet at 7.85 ppm—downfield of the 6,6′ peak of 1|PF6
(7.78 ppm)—that was not observed in the DMSO-d6 spectrum
of 1|PF6. New 3,3′ and 5,5′ peaks are evident, but the new
peaks significantly overlap with the original peak or their 13C
satellite peaks (Fig. 4). Over a period of hours, the secondary
peaks became sharper. As the new doublet grew, a small down-
field shift of the 3,3′ peak (Δδ = 0.03 ppm) was observed. The
evolution of the 1H NMR spectrum of 1|PF6 in MeCN-d3 is
shown in Fig. S12. The appearance of a new species in solution
and the downfield shift of the protons in the tmam2+ binding
pocket suggest the presence of free Cl− formed by a substi-
tution reaction with MeCN to form 1-MeCN+ as shown in
Scheme 2. Comparing the 1H NMR spectra of the equilibrated
sample of 1|PF6 to the spectrum of 1-MeCN+ (Fig. S13) shows
that the chemical shifts of new species are identical to those of
1-MeCN+, supporting the proposed halide substitution reac-
tion. The equilibrium constants for the halide substitution
reactions were determined according to the general equili-

brium expression Keq ¼ M�Solvþð Þ Z�ð Þ
Mð Þ using the average nor-

malized peak areas for the aromatic protons of the parent
complex (M), M = 1 or 2, and the solvato species (M-Solv+),
Solv = MeCN or H2O. The concentration of the liberated axial
halide (Z− = Cl− or Br−) is assumed to be [Z−] = [M-Solv+]. Keq =
7.94 ± 0.84 × 10−4 for the equilibrium between 1 and 1-MeCN+.
Equilibrium constants and thermodynamic data for these
halide substitution reactions are given in Table 3. This behav-
ior is rare for Re(L)(CO)3X complexes.30 Preparation of solvato
complexes for this class of compounds generally requires the
use of Ag salts. We hypothesize that the cationic pendant
groups of the tmam2+ ligand enable the halide substitution
chemistry observed for 1 via their capacity to stabilize the
release of the halide into the dicationic binding pocket.
Qualitatively similar behavior was noted for a recently reported
[Re(L2+)(CO)3Cl]

2+ (L2+ = 6,6′-(2-((trimethylamonium)-methyl)
phenyl)-2,2′-bipyridine) complex, which showed a slow evol-
ution of its 1H NMR spectrum that was attributed to intercon-
version between rotamers of the large pendant groups.13

However, in light of our observations, it is possible that the
authors were observing a slow chloride substitution reaction in
MeCN-d3.

Complex 2|PF6 also displays halide substitution behavior in
MeCN, but with a larger Keq compared to 1|PF6. The initial 1H
NMR spectrum of 2|PF6 in MeCN-d3 showed significantly
broadened peaks. Over the course of one hour, the peaks shar-
pened and peaks corresponding to a second Mn(tmam)

Table 2 Tabulated 1H NMR peak data for complexes obtained in
DMSO-d6

5,5′ 3,3′ 6,6′ CH2 N(CH3)3

1|PF6 9.22 8.75 7.94 4.74 3.18
1|Cl 9.18 9.51 7.94 4.84 3.23
2|PF6 9.4 8.66 7.90 4.73 3.18
2|Cl 9.34 9.27 7.90 4.82 3.22
2|Br 9.38 9.11 7.90 4.81 3.22
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species grew. The concentration of the new species continued
to increase over the course of several days until equilibrium
was reached as shown in Fig. 4. The 5,5′ peak of the new
species is shifted upfield of the corresponding peak of 2. All
other resonances, including the 6,6′ peak which was insensi-
tive to the identity of the counterion in DMSO, appear down-
field of peaks belonging to the parent complex. This behavior
is consistent with partial dissociation of the axial Br− from the
complex to generate a mixture of 2 and 2-MeCN+. The equili-

brium constant for the reaction of 2 with MeCN is Keq = 4.51 ±
0.94 × 10−2, more than two orders of magnitude greater than
that of 1|PF6. Comparison of the equilibrated sample of 2|PF6
to the spectrum of an independently prepared sample of 2-
MeCN+ (Fig. S14) supports the assignment of the new species
as the product of a halide substitution reaction. The positions
of the 6,6′ protons of the pure 2-MeCN+ sample is identical to
those of the new species (7.83 ppm), and the 5,5′ protons that
appear are shifted by less than 0.01 ppm. The 3,3′ protons in

Fig. 4 1H NMR spectra in MeCN-d3 of (a) 1|PF6 under various conditions, highlighting the presence of 1-MeCN+ in solution and an authentic
sample of 1-MeCN+ for comparison. The 6,6’ peak is highlighted due to its relative insensitivity to changes in ion pairing strength. (b) 1H NMR
spectra of 2|PF6 in dry MeCN-d3 showing increasing concentrations of 2-MeCN+ over time.

Scheme 2 Halide substitution equilibrium reactions of 1 and 2 in coordinating solvents.

Table 3 Equilibrium constants and thermodynamic parameters for halide substitution of complexes 1 and 2 under various conditions

Keq ΔGrxn/kJ mol−1 ΔHrxn/kJ mol−1 ΔSrxn/J mol−1 K−1

1|PF6 7.94 ± 0.84 × 10−4 17.7 ± 2.7 — —
"wet” 1.36 ± 0.32 × 10−3 16.4 ± 0.6 — —
+TBAPF6

a 5.12 + 0.84 × 10−3 13.1 ± 0.4 — —
+NH4PF6

a 8.50 ± 0.44 × 10−2 5.78 ± 0.20 — —
1|Cl 2.21 ± 0.10 −2.00 ± 0.12 −4.32 ± 0.26 −8.28 ± 0.88
2|PF6 4.51 ± 0.94 × 10−2 7.71 ± 0.52 — —
"wet” 1.42 ± 0.05 × 10−1 4.83 ± 0.09 — —
+TBAPF6

a 1.63 ± 0.05 × 10−1 4.50 ± 0.07 — —
2|Cl 12.4 ± 0.4 −6.23 ± 0.08 — —
2|Br 14.5 ± 0.6 −6.62 ± 0.10 −10.4 ± 1.0 −12.7 ± 3.3

a The concentration of salt in these samples was 100 mM (10 equivalents vs. complex).
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the pure 2-MeCN+ sample are significantly upfield of both 3,3′
peaks in the equilibrated sample of 2|PF6 due to the absence
of free Br− in solution. The increasing concentration of Br− in
solution results in a downfield shift of the peaks associated
with protons in the cationic binding pocket. As the reaction
progressed towards equilibrium a large downfield shift in the
position of the 3,3′ peaks from both species was observed. The
magnitude of the shift was greater for 2-MeCN+ (Δδ2|PF6 =
0.20 ppm, Δδ2-MeCN+ = 0.34 ppm) implying that more of the lib-
erated Br− end up associated with the cationic binding pockets
of the more highly charged 2-MeCN+ complexes.

For both 1 and 2, an increase in the equilibrium constant
was observed when the spectra were obtained in MeCN-d3 satu-
rated with atmospheric H2O (Keq,1 = 1.36 ± 0.32 × 10−3, Keq,2 =
1.42 ± 0.05 × 10−1) compared to samples prepared using dry
solvents in an N2-filled glovebox. In DMSO-d6, the spectra of
the 1|X and 2|X complexes are unaffected by the presence of
ambient H2O as shown in Fig. S15 and S16. In wet solvent, the
methylene protons of the halide and solvent-bound complexes
appear as a singlet rather than the roofed doublet observed in
DMSO-d6, or the weaker splitting observed in dry MeCN-d3,
indicating weaker ion pairing between the tmam2+ and PF6

−

ions, possibly due to stronger ion–dipole interactions between
the counterion and the H2O in solution. The observation of
increased Keq alongside weaker tmam-halide ion pairing
suggests that the dicationic binding pockets are better able to
participate in halide dissociation in wet samples. This com-
bined with the faster halide substitution in wet solvent
suggests that halide dissociation is rate limiting in the substi-
tution reaction.

The equilibrium between 2 and 2-MeCN+ was observed
using UV-vis spectroscopy in anhydrous MeCN over a period of
eight hours. The reaction proceeds very slowly, but subtle
changes in the UV-vis spectrum were apparent. A spectrum
recorded 65 h after sample preparation shows that the substi-
tution continued to progress slowly. The changes over time in
the UV-vis spectrum of 2|PF6 map neatly to those observed in
the UV-vis spectrum of 2-MeCN+ (Fig. 5). This is shown more
clearly in the difference spectrum of 2|PF6 (Fig. 5, inset),
which is qualitatively identical to the difference between the
initial spectrum of 2|PF6 (t = 1 min) and the spectrum of 2-
MeCN+, further supporting the proposed halide substitution
reaction. In agreement with the smaller substitution Keq for 1
in MeCN observed by NMR, the UV-vis spectrum of 1|PF6 in
MeCN (Fig. S17) was stable over time and is comparable to the
absorption spectrum of 1|PF6 in DMSO.

The 1H NMR spectra of 1 and 2 were collected in MeCN-d3
with 10 equivalents (100 mM) of TBAPF6 (Fig. 4 and S18,
respectively) to examine the effect of excess PF6

− on Keq. The
added TBAPF6 had very little effect on the 1H NMR spectrum
of 1, though a minor upfield shift of the protons in the
tmam2+ binding pocket was observed, likely due to greater
[PF6

−] increasing the occupancy of the tmam2+ binding pocket.
For 2, the 3,3′ peak of the parent complex still shifts downfield
(Δδ = 0.17 ppm) as the sample reaches equilibrium, but at
equilibrium the 3,3′ peak of 2 in the 100 mM TBAPF6 solution

appears slightly upfield (by 0.02 ppm) of the same peak in
neat MeCN-d3. This difference is more dramatic for the 3,3′
protons of 2-MeCN+ which shift 0.12 ppm upfield after the
addition of TBAPF6. A minor increase in Keq was observed for
both 1|PF6 and 2|PF6 compared to samples without TBAPF6 in
wet MeCN-d3 (Table 3). Despite the small Keq measured for the
halide substitution reaction of 1|PF6 in MeCN, crystals of 1-
MeCN+ were grown from an MeCN solution with excess
NH4PF6, suggesting that the presence of the electrolyte shifts
the equilibrium towards 1-MeCN+. The 1H NMR spectra of 1|
PF6 in MeCN-d3 with 100 mM NH4PF6 initially showed similar
concentrations of 1-MeCN+ to samples with TBAPF6. However,
after sitting at room temperature in the dark for 12 d, the
sample containing NH4PF6 displayed significantly higher con-
centrations of 1-MeCN+, whereas with TBAPF6 no increase in
[1-MeCN+] was observed after eighty days, as shown in Fig. 4.
Under these conditions, Keq = 9.72 ± 0.80 × 10−2 is two orders
of magnitude greater than Keq for 1|PF6 in wet MeCN-d3.
Weaker ion pairing was observed in samples containing
NH4PF6 as an upfield shift of the 3,3′ protons compared to the
complex in neat MeCN-d3 despite much higher [Cl−]. The
increase in Keq and the weaker ion pairing can both be attribu-
ted to the formation of NH4Cl (which has limited solubility in
MeCN) upon release of Cl−, pushing the substitution equili-
brium towards 1-MeCN+.

To determine the reversibility of the bromide substitution
of 2|PF6, TBABr was added to equilibrated samples of 2|PF6 in
MeCN-d3 with and without TBAPF6. As expected, the addition
of TBABr caused the equilibrium between 2 and 2-MeCN+ to

Fig. 5 UV-vis spectra of 2|PF6 in MeCN collected over 65 h as an equili-
brium between 2 and 2-MeCN+ is reached. The absorbance spectrum of
2-MeCN+ is included for comparison (dashed). (inset) Difference spectra
highlighting the change in the spectra from t = 0 to t = 8 h (black), and
the inset spectrum shows the difference between 2|PF6 at t = 0 h and an
authentic sample of 2-MeCN+.

Paper Dalton Transactions

5202 | Dalton Trans., 2026, 55, 5197–5209 This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 9
:0

1:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt02433a


shift back towards 2. As shown in Fig. S19, addition of one
equivalent of TBABr (10 mM) results in a decrease in 2-MeCN+

in both samples, and a second equivalent (20 mM TBABr)
almost completely reverses the dissociation reaction. The pres-
ence of additional Br− in solution results in a large downfield
shift of the 3,3′ proton resonances due to strong ion pairing
between tmam2+ and the halide. Notably, the presence of
excess TBAPF6 in solution slowed the shift, suggesting com-
petitive binding between PF6

− and Br− and the binding
pocket. Increasing the concentration of TBABr to 5 eq. in the
100 mM TBAPF6 sample led to the precipitation of 2|Br.
Without excess PF6

−, 2|Br began to precipitate with only two
equivalents of TBABr.

Halide substitution in H2O. The halide salts of 1 and 2 are
highly soluble in H2O, allowing for the study of halide substi-
tution under aqueous conditions. In D2O, the equilibrium for
the halide dissociation reaction of 1|Cl and 2|X complexes
shifts in favor of the solvato species. One recent study of Re
(CO)3 complexes bearing ester modified diimine ligands
demonstrated similar halide substitution equilibria in
aqueous solution.31 Additionally, this behavior has been
reported for an Mn(CO)3 complex bearing a carboxylic acid
modified bipyridine. The authors observed the spontaneous
formation of the aquo complex ([Mn(bpy(COOH)2)
(CO)3(H2O)]

+) upon dissolution of the neutral bromide
complex in H2O, and its presence was confirmed using mass
spectroscopy, FTIR spectroscopy and UV-vis spectroscopy.32

The initial NMR spectrum (t = 10 min) is sharp and shows the
presence of two distinct [Re(tmam)(CO)3L]

2+ species, which are
denoted as 1 and 1-H2O

+. After one hour, 1-H2O
+ was the

dominant species in solution and its concentration continued
to increase until reaching an equilibrium after three hours
with Keq = 2.21 ± 0.10 (Fig. S20). The position of the 3,3′ peaks
in the D2O spectrum of 1|Cl changed very little over the course
of the reaction but, as with 2|PF6 in MeCN-d3, the downfield
shift of the solvato species (Δpeak,1-H2O+ = 0.12 ppm) is greater
than that of the parent complex (Δpeak,1 ≥ 0.01 ppm). For 2|X
complexes, the 1H NMR spectra in D2O show one dominant
species in solution as shown in Fig. 6. However, another,
much smaller set of tmam peaks upfield from the primary
peaks is also visible in the spectrum, indicating that 2 rapidly
converts to 2(H2O)

+. No change in the concentration of the two
species was observed over the course of one day. Keq values for
2|Br and 2|Cl in D2O are nearly identical (Keq, 2|Cl = 12.4 ± 0.4
and Keq,2|Br = 14.5 ± 0.6). The 3,3′ peaks of all three complexes
appear much further upfield in D2O than in DMSO-d6, indicat-
ing that anion pairing with the tmam2+ binding pocket is
much weaker in D2O. This is attributed to a more favorable sol-
vation free energy of the halide in H2O.

33 No ligand substi-
tution was observed for 1|Cl or 2|Cl in CD3OD (Fig. S21 and
S22), despite MeOH and H2O possessing similar Cl− and Br−

solvation free energies.33 This indicates that the stability of the
solvato complexes is also key to the thermodynamics of the
reaction.

Equilibrated NMR samples of 1|Cl and 2|Br were titrated
with halide salts to evaluate the reversibility of the halide sub-
stitution reaction. KCl was added to a sample of 1|Cl in D2O at
equilibrium. As expected, the addition of one equivalent of
KCl increased the concentration of 1 over the course of
90 minutes as the sample reached an equilibrium. Subsequent

Fig. 6 1H NMR spectra showing the changes to the tmam2+ ligand resonances of (a) 1|Cl at equilibrium with various amounts of added KCl and (b)
2|Br at equilibrium with various amounts of added NaBr.
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additions of KCl further shifted the equilibrium concentration
of 1 as shown in Fig. 6. For 2 the Br− salt of the complex was
used in titration experiments to avoid complications that could
arise from the difference in the ion pairing strengths of Cl−

and Br−. Increasing [Br−] with additions of NaBr resulted in an
increase in the concentration of 2 compared to that of 2-D2O

+,
but 2-D2O

+ remained the dominant species in solution up to
20 eq. of Br− (Fig. 6). For both 1 and 2, increasing [X−] in the
solution resulted in downfield shifts of the 3,3′, and N(CH3)3
resonances in the tmam2+ binding pockets. The ability to shift
the concentration of the equilibrium species confirms that a
halide–solvent exchange reaction is in fact the equilibrium
being observed. As a control experiment, TBABr was added in
aliquots to 2|Br in DMSO-d6 (Fig. S23). Outside of the expected
downfield shift of the protons in the binding pocket, no other
changes were observed with increasing [Br−].

Variable temperature (VT) 1H NMR experiments were con-
ducted to determine the enthalpic and entropic contributions
to ΔG for the halide displacement reactions. VT experiments
for 1|PF6 and 2|PF6 were frustrated by the slow interconversion
between the parent and solvato complexes in MeCN. For both
1|Cl and 2|Br, the concentration of the halide-bound complex
increased with increasing temperatures. The spectra and van’t
Hoff plots for 1|Cl and 2|Br are displayed in Fig. S24 and S25,
respectively. Halide substitution is slightly exothermic for both
complexes and larger for 2 versus 1 (ΔHrxn,1 = −4.32 ± 0.26 kJ
mol−1; ΔHrxn,2 = −10.4 ± 1.0 kJ mol−1). The more favorable
ΔHrxn for 2 can be rationalized by considering the greater
hard–soft mismatch between Mn(I) and Br− than between Re(I)
and Cl−. Both reactions display negative entropy of reaction
(ΔSrxn,1 = −8.28 ± 0.88 J mol−1 K−1; ΔSxn,2 = −10.4 ± 3,3 J mol−1

K−1) suggesting an entropic penalty associated with solvation
of the tricationic metal complexes and liberated halide, and
the greater entropy cost for 2 is consistent with the larger sol-
vation shell needed for the larger Br− anion.

The halide substitution equilibrium was also observed
using UV-vis spectroscopy. Fig. 7 shows the progression of the
absorption spectrum following injection of a DMSO stock solu-
tion of 1|Cl into H2O over the first two hours of the reaction.
Isosbestic points are observed at 385 nm, 312, and 287 nm.
Over time, the spectra show a blue-shift of the MLCT and peak
π–π* absorptions and increasing prominence of the shoulders
in tmam2+ π–π* transitions. The UV-vis spectrum of 2|Cl in
H2O (Fig. S26) shows an MLCT absorption at 400 nm, which is
consistent with other [Mn(diimine)(CO)3(H2O)]

+ species in the
literature, demonstrating complete conversion of 2 to 2-
H2O

+.32,34

The kinetics of the chloride substitution reaction between
1|Cl and D2O was monitored using 1H NMR. A time series of
spectra is shown in Fig. 8a. Typically, under reaction con-
ditions in which [1] ≪ [D2O], the forward rate should only
depend on [1], and we expect a first-order dependence on [1].
However, the data were better fit by plotting [1]−1 vs. t (Fig. 8b),
indicating that the halide dissociation is second order in [1]
and the involvement of a second equivalent of 1 in the halide
substitution. One potential explanation for this second-order

dependence is a bimolecular interaction shown in Fig. 8d.
Such 1–1 dimers may be supported by favorable π-stacking
interactions between the bpy core of the tmam2+ ligand and
electrostatic interactions between the halides and the tmam2+

binding pockets. In this configuration, the pendant
ammonium arms of the tmam2+ ligand of one complex could
stabilize the release of the Cl− from the other. This hypothesis
was based on the observation of a similar interaction between
complexes of 1 in a crystal structure of 1|Cl grown in H2O with
excess NaCl (Fig. 8c). However, disorder in cocrystallized H2O
and NaCl prevented adequate refinement of the data, and this
is only circumstantial evidence for the proposed mechanism.
Furthermore, the NMR experiments were performed at a single
concentration (10 mM), and it is possible that this cooperative
reactivity is concentration dependent, and the second order
mechanism only dominates at higher concentrations. The
observation of halide substitution in UV-vis experiments—in
which [1] ranged from 0.051 to 0.009 mM—shows that the
reaction proceeds at much lower concentrations. Additional
experimental work is required to provide a more complete ana-
lysis of this substitution mechanism. At this point, we cannot
rule out alternative halide substitution mechanisms.

Electrochemical characterization

Non-aqueous electrochemistry. Group 7 tricarbonyl com-
plexes are well-known CO2 reduction electrocatalysts.1–9,13–17,35

However, previous studies have shown that the tmam2+ ligand
is reductively unstable.18,20 More specifically, a recent report
on a close analogue of 1|PF6—differing only in the identity of
the axial halide (Cl vs. Br)—provides evidence that the tmam2+

Fig. 7 UV-vis spectra of 1|Cl in H2O showing the change in absorbance
over 25 min. The arrows indicate the direction of the change in that
region. (inset) Difference spectra showing the evolution of the equili-
brium between 1|Cl and 1-H2O

+.

Paper Dalton Transactions

5204 | Dalton Trans., 2026, 55, 5197–5209 This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 9
:0

1:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt02433a


ligand undergoes reductive deamination, releasing NMe3 and
generating a methylene radical, which is proposed to ulti-
mately form Re(dmb)(CO)3Br (dmb = 4,4′-dimethyl-2.2′-bipyri-
dine).18 Considering this, the electrocatalytic properties of
these complexes will not be discussed. For all peaks in the CVs
of 1 and 2, plots of peak height vs. ν1/2 (50–1600 mV s−1) are
linear for the initial voltage sweep consistent with the com-
plexes being freely diffusing species (Fig. S27 and S28).
However, evidence for deposition was observed for 1|PF6 in
MeCN when the CVs were repeated for multiple cycles
(Fig. S29) and, care was taken to polish the glassy carbon (GC)
working electrode surface between each scan to ensure that
the measurements reflect the behavior of the bulk solution.
Cyclic voltammograms (CVs) of 1|PF6, 1-MeCN+, 2|PF6 and 2-
MeCN+ were obtained in N2-purged MeCN with 0.1 M TBAPF6
as the supporting electrolyte and are shown in Fig. 9, and all
potentials for non-aqueous experiments are reported versus a

ferrocene/ferrocenium internal standard (V vs. Fc+/0). Neither
the solvent nor the electrolyte was rigorously dried prior to
these measurements.

The CV profile of 1|PF6 (Fig. 9a) shows a broad irreversible
reduction with Epc = −1.38 V and a second partially reversible
reduction with E1/2 = −1.86 V. The use of the term “partially
reversible” here indicates the observation of some return
current on the reverse scan, but the redox couple is not strictly
electrochemically reversible. Two, smaller reductions appear at
more negative potentials; the first of these is irreversible (Epc =
−2.05), and the second is partially reversible (E1/2 = −2.26 V).
Return scans show a small anodic peak (Epc = −0.50 V) corres-
ponding to the Re0–Re0 dimer.18,36 The reduction at −1.38 V
has been previously assigned to be a 1-electron reduction of
the tmam2+ ligand and results in ligand degradation. However,
there is a cathodic shoulder of the main peak at −1.45 V which
is visible at 100 mV s−1 and the peak height of the combined

Fig. 8 (a) 1H NMR spectrum of 1|Cl (10 mM) in D2O showing the evolution of the equilibrium between 1 and 1(H2O)+. (b) Linear second-order fit of
the kinetics data from (a) (inset top) and non-linear first-order fit (inset bottom) plot of concentration vs. time of 1 from the NMR data in (a). (c)
Disordered crystal structure that supports the observed second-order dependence of 1 on the rate of chloride substitution. (d) Proposed 1–1 inter-
molecular interactions that could support halide dissociation.
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feature is ∼2 times that of the subsequent peak at all scan
rates (50–1600 mV s−1). At scan rates > 400 mV s−1, the
shoulder becomes the dominant peak, providing additional
support for the assignment of the peak as two overlapping
reductions. This behavior likely arises from sequential EC pro-
cesses in which reduction (electrochemical step, E) localized
on the tmam2+ ligand leads to reductive deamination of the
tmam2+ ligand (chemical step C) to generate a monocationic
ligand that can undergo a second EC process (generating a
second equivalent of NMe3) at more negative potentials due to
the reduced positive charge on the ligand. At low scan rates
(ν ≤ 200 mV s−1), the voltammograms show little change when
the voltage range is swept a second time, but when ν ≥ 400 mV
s−1, the magnitude of the first reduction feature is significantly
smaller in the second cycle (Fig. S30). Peak heights for the
other features do not change with multiple scans. This is con-
sistent with the assignment of the first cathodic feature as a
ligand degradation process. At faster scan rates, the deami-
nated complexes produced in the first sweep do not have time
to fully diffuse away from the electrode surface, and there is a
lower concentration of 1 in the diffusion layer leading to
decreased current for the reduction associated with the reduc-
tive deamination.

In CVs of Re(bpy)(CO)3Cl, substitution of the axial Cl− for
MeCN produces a large positive shift in the Re-centered
reduction, from −2.14 to −1.78 V, but the ligand-centered
reduction is less sensitive to axial ligand substitution.36–38 For
1-MeCN+ (Fig. 9a), a small positive shift of the tmam-centered
reductions is observed (Epc = −1.36 V). A new irreversible
reduction with Epc = −1.69 V vs. Fc+/0 appears between the
tmam2+ reductions, which may be a ReI/0 feature. A reduction
at −1.84 V appears at very similar potentials to the corres-
ponding reduction of 1. The peak at −2.23 V is consistent
between CVs of 1 and 1-MeCN+, but the reduction at −2.05 V is
no longer observed for 1-MeCN+. The conservation of the
reduction at −1.84 V indicates that this is not a Re centered

reduction. Instead, it is likely a reduction of the neutral, dea-
minated bipyridine ligand, and its reduction potential is very
close to the ligand centered reduction of Re(dmb)(CO)3Cl
(E1/2 = −1.89 V).5,38 This assignment agrees with the ligand
degradation pathway proposed by Thoi et al. However, unam-
biguous assignment of the catalytically relevant redox events
of 1 is made difficult by those reductions occurring at poten-
tials cathodic of the reductive degradation of the ligand.
Additionally, because the reductive deamination of the
tmam2+ ligand may be accompanied by halide dissociation, we
are unable to make claims regarding the effect of the ligand
substitution equilibrium on the electrochemical behavior of
these complexes, unless the identity of the axial ligand results
in notable differences in the deamination events.

The CVs of 2|PF6 are shown in Fig. 9b. Cathodic scans
reveal an irreversible, 2-electron reduction with Epc = −1.40 V,
which is attributed to the tmam2+ reductive deamination. In
this case, there is no apparent potential difference between the
first and second EC steps. As with 1|PF6, a decrease in peak
current is observed in subsequent scans following the first
voltage sweep (Fig. S31). At more negative potentials, there is a
broad, irreversible, cathodic feature (Epc = −1.66) and a par-
tially reversible 1-electron reduction (E1/2 = −1.92 V). In the
return scan, the dimer oxidation is observed at −0.69 V.
Previous studies have established the reductive electro-
chemistry of Mn(dmb)(CO)3Br (dmb = 4,4′-dimethyl-2,2′-bipyri-
dine). The complexes undergo an irreversible, 1-e−, L(π*)-loca-
lized reduction at Epc = −1.73 V, which induces rapid dis-
sociation of that axial bromide, producing a Mn0(dmb)(CO)3
metalloradical species that then forms a Mn0–Mn0 dimer.
Subsequently, the dimer is reduced in an irreversible, 2-e−

process (Epc = −1.90 V), fragmenting the dimer into two
[Mn(dmb)(CO)3]

− species.39 The reported electrochemical be-
havior of [Mn(dmb)(CO)3(MeCN)]+ is nearly identical to its
neutral analogue, (Mn(dmb)(CO)3Br).

39 The first reduction is
shifted 140 mV more positive, but the potential of the dimer
reduction is unchanged. Similarly, voltammograms in Fig. 9b
show that the electrochemical behavior of 2-MeCN+ is, broadly,
like that of 2. The CVs of 2-MeCN+ (Fig. 9b) show two irrevers-
ible reductions near the potential at which the first tmam2+

reductions were observed for 2. Interestingly, in the reductive
deamination, events are split in the solvato complex. The first
reduction is shifted more positive than the 2-electron feature
of 2 (Epc = −1.27 V), and the second reduction is at nearly the
same potential as the corresponding reduction of 2 (Epc =
−1.38 V). The irreversible reduction at −1.65 V vs. Fc+/0 is still
present in the CVs of 2-MeCN+. A complicated mixture of over-
lapping reductions between −1.88 V and −2.05 V vs. Fc+/0 is
observed at similar potentials to the Mn-centered, third
reduction of 2. The splitting of this reduction into several new
signals with similar potentials implies the presence of
multiple Mn species in the diffusion layer.

The changes in the 2-electron reductive deamination of
tmam2+ between the 2 and 2-MeCN+ complexes allowed for the
observation of the halide substitution equilibrium on the
electrochemical behavior of 2. The CVs of samples of 2 that

Fig. 9 (a) Cyclic voltammograms of 1|PF6 (black) and 1-MeCN+ (red). (b)
Cyclic voltammograms of a freshly prepared solution of 2|PF6 (black), a
solution of 2|PF6 that had been in solution for 1 d (red), and 2-MeCN+

(blue). All data were collected at a scan rate of 100 mV s−1 in N2-purged
MeCN with 0.1 M TBAPF6 supporting electrolyte with 1 mM complex.

Paper Dalton Transactions

5206 | Dalton Trans., 2026, 55, 5197–5209 This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 9
:0

1:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt02433a


were stored in electrolyte solution in the dark for 2 days prior
to data collection were obtained and compared to those CVs
taken immediately after sample preparation. Qualitatively, the
CVs of the two samples are very similar; however, CVs of the
equilibrated sample (Fig. 9b) show a small anodic shoulder at
the foot of the 2-electron tmam2+ reduction (−1.27 V), which
reveals the presence of 2-MeCN+. Indeed, this feature is often
observed in samples of 2|PF6 within one hour of solution
preparation. In agreement with observations via 1H NMR and
IR, this shoulder was not observed in samples that were
allowed to reach an equilibrium in the presence of two equiva-
lents of TBABr (Fig. S32). As noted above, further analysis of
the effects of the ligand exchange on the electrochemistry of 2
is prevented by the irreversibility of the ligand degradation
process.

Aqueous electrochemistry. Due to their low solubility in
H2O, the aqueous electrochemical properties of M(diimine)
(CO)3X (M = Re, Mn) complexes have primarily been studied
heterogeneously, with complexes immobilized on an electrode
surface.40–43 A few examples of homogeneous, aqueous electro-
chemical characterization of these complexes have been
reported.32,44,45 The high solubility of the halide salts of 1 and
2 in H2O allows for the collection of homogeneous, aqueous
CV data for these complexes. The CV of 1|Cl (1 mM) in N2

purged 0.1 M NaClO4 electrolyte solution is shown in Fig. 10.
All potentials for aqueous electrochemistry are reported versus
a saturated calomel reference electrode (V vs. SCE). Complex 1
displays two reductions within the solvent window. The first
reduction is a broad peak with Epc = −1.16 V and is attributed
to a reduction of the tmam2+ ligand. A second reduction (Epc =
−1.41 V) is also observed. If the voltage was scanned past
−1.50 V, a large increase in current (likely hydrogen evolution)
was observed. Interestingly, no dimer oxidation was detected,
but on the return anodic scan an oxidation was observed at Epa
= −1.01 V. It is possible that this oxidation is related to the
absence of a dimer signal, and the substitution of the halide
ligand in a chemical step before the reduction may contribute
to this behavior. The first reduction of 1 is likely the same
ECEC reductive deamination process observed in MeCN.

When the potential range was scanned a second time, the
height of the first reduction decreased significantly (Epc does
not change), and a slight shoulder appears at potentials more
positive of Epc; the second reduction was unaffected by
repeated cycling (Fig. S33). To assess the effect of the halide
substitution equilibrium on the electrochemical behavior of 1
in H2O, CVs were obtained for a sample that was allowed to
equilibrate in the dark for a period of 1 day. Only minor
changes were observed in the CVs of the equilibrated sample
(Fig. S34). There was no shift in the potential of the first
reduction. Voltammograms of 1 were also collected in 0.1 M
NaClO4 with 5 mM and 20 mM added KCl, and in 0.1 M NaCl
electrolyte (Fig. S35). Despite the observation of the shifting
equilibrium by NMR, CVs of these complexes in the presence
of added halide show no change compared to the sample in
0.1 M NaClO4. Although spectroscopic evidence suggests there
should be a sizable concentration of 1-H2O

+ in the solution
shortly after the sample is dissolved in water, the presence of
multiple species is not readily apparent in the electrochemical
data. This indicates that the aqueous electrochemical behavior
of 1 is largely independent of the identity of the axial ligand in
H2O.

The CV 2|Cl in N2 purged pH 4.75, 0.1 M NaClO4 (Fig. 10b)
shows two overlapping, irreversible reductions at −1.01 V and
−1.08 V. These peaks appear similar to peaks assigned to
tmam2+ reductions for 1|PF6 in MeCN. At a scan rate of
100 mV s−1, no other reductions are visible on the first scan,
but scans at 50 mV s−1 (Fig. S36) reveal an additional broad
reduction at −1.22 V; this is likely a metal centered reduction.
Unlike with 1, aqueous CVs of 2 show a clear dimer oxidation
peak at −0.26 V. Significant changes in the voltammogram are
observed on a second scan of the voltage range (Fig. 10b). In
accordance with observations for 1, the tmam2+ reductions
show diminished peak height after the first cycle, which is
consistent with ligand degradation. Additionally, the Mn cen-
tered reduction becomes significantly more prominent and is
shifted, cathodically, to −1.28 V in the second cycle. This be-
havior may arise from the conversion of multiple Mn species—
which would result in multiple smaller peaks that could be
lost in the baseline current—to a single, more well-defined
species. This would also explain the observation of the more
well-defined Mn-centered reduction at slower scan rates. CVs
of 2 were also collected in 0.1 M NaClO4 with 5 mM and
20 mM of added NaBr. As with 1, the addition of NaBr had
little effect on the CVs of 2 in aqueous solution (Fig. S37).

Conclusions

Complexes 1|X and 2|X have allowed us to investigate the
effect of proximal positively charged groups and their counter-
ions on the electronic, structural, and electrochemical charac-
teristics of Re and Mn tricarbonyl complexes. Using the 1H
NMR shifts of bipyridine protons as a measurement of anion
binding strength with the cationic binding pockets of tmam2+,
we observe that the size of the ion is a major factor in binding

Fig. 10 (a) Cyclic voltammogram of a freshly prepared solution of 1|Cl.
(b) Cyclic voltammogram of a freshly prepared solution of 2|Br, the
feature at −1.28 V vs. SCE appears in the second cycle. All data shown
were collected at a scan rate of 100 mV s−1 in an N2-purged aqueous 0.1
M NaClO4 electrolyte solution with 1 mM complex.
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strength. The identity of the anion has little effect on the elec-
tronic structure of the complexes as evidenced by the lack of
changes in the UV-vis spectra of the complexes. However, the
cationic pendant groups of tmam2+ facilitate spontaneous
exchange of the axial halide for solvent molecules in an equili-
brium process. Equilibrium constants determined using 1H
NMR spectroscopy show that the favorability of the exchange
depends on the metal and the solvent. Halide exchange was
only observed in MeCN and H2O, but not in DMSO or MeOH.
Weaker anion-tmam ion-pairing in MeCN than in DMSO was
observed in 1H NMR, and anion binding was still weaker in
D2O. This is the inverse of the trend in halide lability for these
complexes. The lower ion-pairing strength is also indicative of
the stability of the solvated anion. Solvents that can better
support the free anion pull the counterion away from the
tmam2+, which may then drive the substitution in part to
stabilize the empty cationic binding pockets.

The strength of the M–X bond is also a key factor in halide
substitution. Thermodynamic parameters obtained from
VT-NMR studies of 1|Cl and 2|Br in H2O demonstrate that
halide substitution is more enthalpically favored for 2 than 1.
The greater hard–soft mismatch in Mn–Br likely contributes to
the more favorable halide dissociation observed for Mn than
Re. Additional studies using a series of Re–X complexes (X =
Cl, Br, I) would be required to better understand this aspect of
chemistry. Time course 1H NMR data for 1 in D2O suggest that
the ligand substitution is second-order in 1, which suggests an
intermolecular process in which halide dissociation from one
complex is stabilized by the dicationic binding pocket of a sep-
arate complex. Our hypothesis is based on the observation of
this interaction in low-quality X-ray crystal structures of 1. A
more detailed study would be required to confirm this
hypothesis.

The observed halide substitution reaction had little effect
on the observed electrochemical response of complexes 1 and
2 in both MeCN and H2O. This is due to the reductive instabil-
ity of the tmam2+ ligand, which is observed to undergo reduc-
tive deamination at potentials anodic of the ligand- and metal-
centered reductions of the catalyst. If halide dissociation
occurs alongside the reductive deamination (producing a
solvato complex), one would expect the potential of sub-
sequent reductions to have little dependence on the identity of
the axial ligand in the bulk sample. An alternative ligand
framework is required to study the potential effects of pendant
group-assisted ligand substitution on the electrochemical and
electrocatalytic behavior of these catalysts.

The installation of pendant functional groups that can par-
ticipate in catalytic reactions through the secondary coordi-
nation sphere has been fruitful in improving the performance
of molecular electrocatalysts for a variety of reactions. This
study shows that these functional groups can produce unex-
pected reactivity. Our examination into the effects of the cat-
ionic pendant groups of the tmam2+ ligand on the coordi-
nation chemistry of Re and Mn M(DI)(CO)3X complexes has
shown that these groups are noninnocent in their interactions
with the X-type halide ligand. Understanding these inter-

actions can suggest how these functional groups support cata-
lytic reactions by participating in catalyst activation and their
ability to stabilize charged catalytic intermediates.
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