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Synthesis, structural studies, and redox chemistry of bimetallic
[Mn(CO)s] and [Re(CO)s] complexest

Wade C. Henke,? Tyler A. Kerr,®" Thomas R. Sheridan,®* Lawrence M. Henling,® Michael K. Takase,”
Victor W. Day,? Harry B. Gray,® and James D. Blakemore®®*

Manganese ([Mn(CO)s]) and rhenium tricarbonyl ([Re(CO)s]) complexes represent a workhorse family of compounds with
applications in a variety of fields. Here, the coordination, structural, and electrochemical properties of a family of mono- and
bimetallic [Mn(CO)s] and [Re(CO)s] complexes are explored. In particular, a novel heterobimetallic complex featuring both
[Mn(CO)s] and [Re(CO)s3] units supported by 2,2'-bipyrimidine (bpm) has been synthesized, structurally characterized, and
compared to the analogous monomeric and homobimetallic complexes. To enable a comprehensive structural analysis for
the series of complexes, we have carried out new single crystal X-ray diffraction studies of seven compounds:
Re(CO)sCl(bpm), anti-[{Re(COs)Cl}2(bpm)], Mn(CO)sBr(bpz) (bpz = 2,2'-bipyrazine), Mn(CO):Br(bpm), syn- and anti-
[{Mn(CO3)Br}2(bpm)], and syn-[Mn(COs)Br(bpm)Re(CO)sBr]). Electrochemical studies reveal that the bimetallic complexes
are reduced at much more positive potentials (AE > 380 mV) compared to their monometallic analogues. This redox behavior
is consistent with introduction of the second tricarbonyl unit which inductively withdraws electron density from the bridging,
redox-active bpm ligand, resulting in more positive reduction potentials. [Re(COs)Cl]2(bpm) was reduced with cobaltocene;
the electron paramagnetic resonance spectrum of the product exhibits an isotropic signal (near g = 2) characteristic of a
ligand-centered bpm radical. Our findings highlight the facile synthesis as well as the structural characteristics and unique

electrochemical behavior of this family of complexes.

1. Introduction

Tricarbonyl complexes of the Group 7 transition metals
(manganese, technetium, and rhenium) represent a privileged
class of complexes that show remarkable versatility in studies
of energy science,23 therapeutics,*> and electrocatalysis.®?
The facile syntheses and numerous spectroscopic handles
presented by these compounds have enabled fundamental
insights to be gained over the years into how their structures
give rise to useful properties as photosensitizers, carbon
monoxide releasing molecules (CORMs), and electrocatalysts.
The synthetic chemistry for the tricarbonyl complexes, which
was developed early by Wrighton,® Meyer,° and Miguel,1° has
led to explosive growth in research on [Re(C0O)3]11.12.13,14,15 gnd
[Mn(CO)3]16:17.18,19,20 chemistry.

In particular, diimine ligands are often used to support these
tricarbonyl complexes; these ligands are attractive because
they are readily prepared, easily derivatized, and make stable
chelate complexes. Notably, 2,2°-bipyridyl (bpy) and 4,4'-
disubstituted-2,2"-bipyridyl (Rbpy) ligands have been frequently
used in this area; installation of electron-donating or electron-
withdrawing groups on the bpy ligand can readily tune the
chemical, photophysical, and redox properties of the resulting
complexes.?! In one study, Kubiak and co-workers utilized a
range of electron-donating and electron-withdrawing Rbpy
ligands to generate a series of [Re(CO)s] complexes that
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revealed ligand influences on the production of carbon
monoxide (CO) from carbon dioxide (CO,).22 Bocarsly and co-
workers carried out related work with the [Mn(CO)s] unit; the
electron-donating and electron-withdrawing Rbpy ligands were
shown to modulate the electrocatalytic properties of these
complexes in a similar fashion.23 More recently, some of us have
been exploring the related coordination chemistry of [Mn(CO)s]
complexes bearing 4,5-diazafluorene (daf) ligands.2* In
comparison to Mn(CO)sBr(bpy), Mn(CO)s(daf)Br displays an
increased bite angle which moderates the o-donating and &-
accepting abilities of daf, resulting in a unique electrochemical
profile. Use of daf thus represents a complementary method for
tuning often accomplished via traditional inductive effects.
Considered together, these cases provide an appealing
snapshot of the influence that diimine-type ligands can have on
the properties of Group 7 tricarbonyl complexes.

An alternative strategy for tuning the properties of metal
complexes involves development of heteromultimetallic
systems.25.26|n such structures, the influence of one metal upon
a second can be leveraged to engender new properties that are
inaccessible with a single metal center alone. To accomplish
work in this area, ditopic ligands are needed which can bring
two metals into close proximity.27.28.29.30 |n part thanks to their
stability, [Mn(CO)s] and [Re(CO)s] moieties can be brought into
close proximity. Several approaches have been employed for
this purpose, including tethering alkyl groups,3! metal organic
frameworks (MOFs),32 and multidentate ligands.33 In particular,
the chelating ligand 2,2'-bipyrimidine (bpm) is attractive for this
purpose, as it offers direct synthetic access to both
monometallic and bimetallic complexes. Superficially, bpm and
bpy are similar ligands; however, the additional N-atoms in the
bpm framework result in modulated donor properties
compared to bpy. Synthetically, bpm is perhaps best known for



effectively bridging Ru centers,3435 but it has also been
successfully deployed to bridge between [Re(CO)s3] motifs.36.37

In the 1980s, Vogler and co-workers first prepared the
monometallic complex Re(CO)sCl(bpm) (1).3¢ Taking advantage
of the additional bis-chelate site contained within 1, they also
synthesized the homobimetallic complex [Re(CO)sCl]>(bpm).3¢
This species was also explored by Juris and co-workers38 as well
as Kaim and Kohlman.3? In their report, elemental analysis data
and emission spectroscopic properties were described for the
characterization of [Re(CO)sCl]>(bpm). However, considering
the structure of [Re(CO)sCl].(bpm), there are two possible
isomers, a situation recognized early by the others working in
this arena.3839 A syn isomer is possible which orients the halide
ligands in the same direction (2-syn), as well as an anti isomer
that orients the halides in opposite directions (2-anti).40.41
Vogler and co-workers did not explicitly state whether they
were working with isomerically pure complexes, but based on
previous studies37.383940 and our work here (vide infra), we
conclude that they were indeed studying a mixture of the 2-syn
and 2-anti isomers (see Chart 1). More recently, Bocarsly and
co-workers23 and Jain and co-workers*2 showed that the related
monometallic Mn complexes Mn(CO)sBr(bpz) (3) and
Mn(CO)3Br(bpm) (4) can be prepared. In light of the
considerable interest in [Mn(CO)s;] complexes as catalysts and
photoactive compounds,’.21 we were surprised to see that
bimetallic complexes containing [Mn(CO)s] moieties bridged by
the bpm ligand have not been reported. Furthermore, there
have been no prior crystallographic studies of either mono- or
bimetallic [Mn(CO)s] bpm complexes, motivating structural
work to complement findings available regarding the structures
of [Re(CO)s3] complexes with bpm 40:43,44,45,46,47

Here, we report the syntheses, solid-state structures, and
electrochemical properties of a family of [Re(CO)s] and
[Mn(CO)s] complexes, including compounds [Mn(CO)3Br],(bpm)
(isolable as a mixture of b5-syn and 5-anti) and
[Re(CO)3Br(bpm)Mn(CO)3Br] (also isolable as a mixture of 6-syn
+ 6-anti, see Chart 1). Consistent with prior work on homo-
bimetallic Re compounds of bpm, both the syn and anti isomers
of [Mn(CO)s3Br]a(bpm) and [Re(CO)3Br(bpm)Mn(CO)sBr] are
accessible based on NMR spectroscopy; the isomers are
confirmed here by crystallographic studies of 5-syn, 5-anti, and
6-syn. New solid-state structures of 1,36 2-anti, 36, 3,23 and 442
have also been collected for comparison to these new bimetallic
compounds. In agreement with prior findings on
[Mn(CO)s(diimine)] complexes,2148 all of the [Mn(CO)s]-
containing compounds reported here are acutely light-
sensitive. We find that the homo- and hetero-bimetallic Mn
complexes undergo reduction at more positive potentials
compared to their monometallic counterparts. Related electron
paramagnetic resonance (EPR) studies reveal that chemical
reduction of [Re(CO)sCllz(bpm), which displays similar
electrochemical properties to our new Mn compounds, involves
a first ligand-centered reduction.#950 Taken together, our
studies suggest that the presence of a second tricarbonyl unit
leads to a strong inductive effect that shifts the ligand-centred
reduction process to more positive potentials in the cases of all
the bimetallic compounds.
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Chart 1: [Rey], [Mn,], and [ReMn] bimetallic complexes described in this study. The
dirhenium compounds were prepared according to Vogler and co-workers.36

2. Results and Discussion
Synthesis and spectroscopic characterization

The synthons Re(CO)sCl, Re(CO)sBr, and Mn(CO)sBr were
obtained from commercial suppliers, and monometallic 1, 3,
and 4 were prepared according to the literature.23.36.42 Of
particular interest to our group was the work carried out by
Vogler and co-workers,3¢ who reported the synthesis of the
bimetallic complex, [Re(CO)sCl]>(bpm). Following their reported
synthetic procedure, we isolated [Re(CO)s3Cl],(bpm) as a mixture
of 2-syn and 2-anti isomers; the appearance of the 1H nuclear
magnetic resonance (NMR) spectrum of the isolated material
(see Figure S7) and the solid state structural data (see Figures
$35-536) confirm the presence of both the expected isomers.37
Encouraged by these previous reports and keeping in mind that
[Re(CO)sCl]2(bpm) can be isolated as a mixture of syn and anti
isomers, our group pursued the synthesis of new homo- and
heterobimetallic complexes bearing the [Mn(CO)3] moiety using
the bpm framework (see Scheme 1).
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Scheme 1: Synthetic pathway for the generation of homo- and hetero-bimetallic
complexes.

Due to the light sensitivity of these complexes, all reactions
containing Mn were performed in the dark. In a refluxing
suspension of toluene, Mn(CO)sBr and bpm were combined in
the appropriate stoichiometry (2 equiv. to 1 equiv,,
respectively) to generate [Mn(CO)3Br],(bpm), resulting in the
formation of a mixture of the syn and anti isomers (5-syn and 5-
anti) in a good yield of 91%. The synthesis of the syn and anti
isomers that are contained in the analogous
[Re(CO)3Br(bpm)Mn(CO)sBr] (6-syn and  6-anti) was
accomplished by first generating the light-stable monometallic
complex 1-Br (Re(CO)3Br(bpm)); Re(CO)sBr was selected as the
transition metal precursor to ensure that there would be no
halide scrambling in solution upon formation of the bimetallic
complex. Following the generation of 1-Br, 1 equiv. of
Mn(CO)sBr was added to the solution to generate
[Re(CO)3Br(bpm)Mn(CO)3Br], also as a mixture of 6-syn and 6-
anti isomers in a good yield of 89%. Following successful
generation of the mixtures of the desired complexes, they were
each fully characterized (see Experimental Section and
Supporting Information). Separation of the isomers of these
new compounds was not pursued, although it may be possible
based on our crystallographic studies (vide infra).

To begin characterization of the newly synthesized
bimetallic complexes, we turned to *H NMR spectroscopy (see
Figures S1-S7). In solution, complexes [Mn(CO)3;Br],(bpm) and
[Re(CO)3Br(bpm)Mn(CO)3Br] exist as a mixture of isomers with
resonance splitting patterns arising from the 3Jyu and “Jun
coupling in the aromatic region of their tH-NMR spectra. These
signals correspond to the hydrogen atoms on the bpm ligands
coordinated to their corresponding Mn and Re centers. The
isomers 5-syn, 5-anti, 6-syn and 6-anti exhibit Cs,, Cz, Cs, and C;s
symmetry in solution, respectively, and this results in
resonances that clearly distinguish the isomers of the
homobimetallics 5-syn and 5-anti from the heterobimetallics 6-
syn and 6-anti. The 1H-NMR spectrum of the mixture containing
5-syn and 5-anti exhibits four unique protons in total which
confirms that both the isomers are present. The different
isomers of [Mn(CO)3Br],(bpm) are discernible from one another
based on their different signal intensities; each isomer has a
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corresponding triplet at & 7.85 or 7.88 ppm (integrating to 2H)
and doublet at 6 9.43 or 9.46 ppm (integrating to 4H) in the
aromatic region. The isomers of [Mn(CO)3Br]>(bpm) are present
in an approximately 3:1 ratio based on the relative integration
of the separated resonances at 6 9.43 and 9.46 ppm. ldentifying
which pair of resonances belongs to the 5-syn or 5-anti isomers
based on the *H-NMR spectrum alone was not pursued here.
Nonetheless, the expected connectivity of both isomers in
solution is confirmed.

Considering the change in symmetry from C, and C,, for 5-
syn and 5-anti to C; symmetry for 6-syn or 6-anti, we observed
a significant change in the number of unique protons in the
aromatic region of the *H-NMR spectrum. The decrease in the
symmetry for 6-syn and 6-anti of [Re(CO)s;Br(bpm)Mn(CO)3Br]
in comparison to the 5-syn and 5-anti isomers of
[Mn(CO)3Br]z(bpm) results in a *H-NMR spectrum with peak
groupings at 9.52, 9.27, and 7.86 ppm (integrating to 2H, 2H,
2H, respectively). Additionally, there is another resolved isomer
with peak groupings at 9.55, 9.30, and 7.89 ppm (integrating to
2H, 2H, 2H). The isomers are present in an approximately 2:1
ratio based on the integration of the separated resonances at &
9.52 and 9.55 ppm. 'H-NMR alone did not identify which set of
resonances belongs to 6-syn or 6-anti, but did confirm the
expected connectivity in solution.

The bimetallic complexes [Mn(CO)sBr]x(bpm) and
[Re(CO)3Br(bpm)Mn(CO)3Br] have carbonyl ligands and are
vividly colored in solution and thus we next turned to
investigate their vibrational and absorption characteristics
using infrared (IR) and electronic absorption (EA) spectroscopy
(see Figure 1, and Figures S9 and S10-S13). The IR spectrum of
5-syn and 5-anti exhibits CO vibrational bands at 2031, 1952,
and 1936 cm?, while the spectrum for 6-syn and 6-anti displays
bands at 2028, 1951, 1935, and 1914 cm!. The observation of
the additional band in the analysis of 6-syn and 6-anti compared
to 5-syn and 5-anti is consistent with the decrease in symmetry
for the heterobimetallic compounds (Cz, and C, for 5-syn and
5-anti to Csfor 6-syn and 6-anti).
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Figure 1: Electronic absorption spectra for 4, 5-syn + 5-anti, and 6-syn + 6-anti in
MecCN solution.
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The EA spectrum of the mixture of 5-syn and 5-anti isomers
of [Mn(CO)s3Br]z(bpm) exhibits two transitions in the visible
region at 369 nm and 510 nm with molar absorptivities of 1600
M-1cm-tand 800 M-t cm-l, respectively. The values of the molar
absorptivities and the similarity of the spectrum to those of
Mn(CO)3Br(bpy) and 4 (337 nm, 800 Mt cm-; 430 nm, 600 M1
cm) enables their assignment as metal-to-ligand charge
transfer (MLCT) transitions.>! Notably, the molar absorptivities
associated with the charge transfer transitions in the syn and
anti isomers of [Mn(CO)sBr]o(bpm) are greater than those
observed for the analogous monometallic 4, which confirmed
that the presence of the additional [Mn(CO)s] unit plays a role
in the light absorption properties of these complexes. We also
investigated the EA properties of the mixture of 6-syn and 6-
anti in the heterobimetallic compound
[Re(CO)3Br(bpm)Mn(CO)3Br]; the spectrum displays a similar
absorption profile to 4 and the isomers of [Mn(CO)3Br]>(bpm),
with features at 364 nm (5800 M- cm?) and 515 nm (2300 M?
cm). The molar absorptivities of the electronic transitions
associated with the syn and anti isomers of
[Re(CO)3Br(bpm)Mn(CO)3Br] are three times greater than the
comparable peaks in [Mn(CO)3Br],(bpm), and seven times
greater than those associated with the monometallic complex
4. These results suggest that the presence of a second
tricarbonyl moiety increases the EA intensity, and suggest a
distinct role for the heavier metal rhenium in engendering
efficient light absorption.52

X-ray diffraction studies

The syntheses of the monometallics 1, 3, and 4, and the
bimetallic complex [Re(CO)s;Cl]>(bpm) (2-syn and 2-anti) have
been previously described, but their solid-state structures have

not been reported to the Cambridge Structural Database
(CSD).53 To gain further insight into the properties of both the
newly prepared and previously reported complexes, we turned
to single crystal X-ray diffraction (XRD) analysis and report here
seven new solid-state structures (see Figures 2 and S33-543).
The results confirm the expected fac-geometry of 1, 3 and 4
with two equatorial CO ligands, an axial CO ligand, an axial
halide, and the associated k2-diimine ligand surrounding the
rhenium or manganese center in each case. Based on the
previous NMR analyses of [Re(CO)sCl]a(bpm),
[Mn(CO)3Br]z(bpm), and [Re(CO)sBr(bpm)Mn(CO)sBr], we
anticipated that either or both of the syn and anti isomers could
in principle be present in the solid-state. The results here
confirm the presence of 2-syn, 2-anti, 5-syn, 5-anti, and 6-syn
in our solid-state samples; the syn isomers feature halides
oriented in the same direction, and the anti isomers feature
halides oriented in opposite directions. The structure for 2-anti,
in particular, reveals packing disorder (apparent in the axial
chloride and CO ligands) driven by the presence of both 2-anti
and 2-syn in the crystal unit cell; 2-anti and 2-syn are present in
an 80:20 ratio. As 2-anti predominates in the structure, we will
refer to the structure here as being associated with the 2-anti
isomer. On the other hand, the packing disorder encountered
for 2-anti was not present in the data for 5-syn, 5-anti, or 6-syn
(see Figures $S39-543). Indeed, we were pleased to find that the

individual crystals of 5-syn and 5-anti were Vvisually

distinguishable from one another in the vial; careful crystal
harvesting ultimately led to their separate and unique solid-
state structures. In the case of the heterobimetallic complex,
only crystals of 6-syn could be obtained.

The structures of the monometallic complexes 1, 3, and 4
closely
Re(CO)sX(bpy) (X = Cl,

resemble the well-known bpy-based complexes
Br) and Mn(CO);Br(bpy).5455.56 A

Figure 2: Solid-state structures of 2-anti (upper-left), 5-syn (upper-right), 5-anti (lower-right), 6-syn (lower-left). Displacement ellipsoids are shown at 50% probability level.

Hydrogens and co-crystallized solvents are omitted for clarity.
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Table 1: Selected bond lengths and distances in complexes 1, 2-anti, 3, 4, 5-syn, 5-anti, and 6-syn.

Compound Re-COax Re-COeq Re-N Re-Halide Mn-COax Mn-CO¢eq Mn-N Mn-Halide BPMc.c
(R) (R) (A) (R) (R) (R) (R) (R) (R)
1 1.894(6) 1.920(3), 2.171(2), 2.4837(10),  -eemem e 1.484(4)
1.926(3) 2.172(3) 2.31(3)
2-anti 1.894(15), 1.934(7), 2.192(5), 2.455(3), = semeeeem e 1.456(12)
1.96(4) 1.911(7) 2.189(5) 2.434(15)
3 1.8132(14) 1.8253(14), 2.0277(11), 2.5255(2) 1.4602(18)
1.8272(14) 2.0379(11)
4 1.8257(17) 1.8115(16),  2.0450(12), 2.5332(3) 1.481(2)
1.8197(15) 2.0478(12)
5-syn 1.805(14) 1.806(9), 2.062(6), 2.521(2) 1.46(2)
1.806(9) 2.062(6)
5-anti 1.843(10) 1.812(10), 2.061(7), 2.5025(17) 1.435(17)
1.818(11) 2.061(7)
6-syn 1.933(14) 1.921(12), 2.161(3), 2.614(2) 1.825(16) 1.818(15), 2.092(8), 2.497(9) 1.451(7)
1.921(12) 2.161(3) 1.818(15) 2.092(8)

comparison of relevant bond lengths and angles of the
monometallic Re complex 1 from this study with the structurally
analogous complexes Re(CO)sX(bpy) (X = Cl, Br) revealed very
similar average Re—N distances of 2.172(4) A (1), 2.175(7) A (Cl),
and 2.166(16) A (Br) with N—Re—N bite angles of 74.85(9)° (1),
74.9(2)° (Cl), and 74.7(4)° (Br), respectively. Comparing the
monometallic Mn-based complex 4 with the structurally similar
complex Mn(CO)Br(bpy) revealed average Mn—N distances of
2.046(2) and 2.043(6) A, and N-Mn—N bite angles of 79.5(3)°
and 78.9(15)°, respectively. For both Re and Mn, we thus found
that the presence of the additional nitrogen atoms on the bpm
ligand does not changes in
comparison to the complexes ligated with bpy. However, the
bpm ligand has the attractive ability to chelate an additional
tricarbonyl moiety to generate homo- and hetero-bimetallic
complexes (see Table 1 and Figure 2).

Comparison of 1 with the homobimetallic 2-anti revealed
similar Re—COax and Re—CO¢gq bond distances between the two
complexes. A similar evaluation of the Mn-based monometallic
complex 4 with the bimetallic complexes 5-syn and 5-anti
showed that the Mn—COax and Mn—CQO¢gq bond distances remain
indistinguishable within error as well. Thus, although the
introduction of a second tricarbonyl moiety has a large effect on
the electronics of the bimetallic complexes, this does not
appear to correlate to significant structural changes when
comparing the [M(CO)s] units within 1, 2-anti, 4, 5-syn and 5-

induce significant structural

Table 2: Selected bond angles in complexes 1, 2-anti, 3, 4, 5-syn, 5-anti, and 6-syn.

Compound Ni-Re-N: Ni-Mn-N:
1 74.85(9)° e
2-anti 75.15(19)° -

3| 79.04(4)°

a4 | 78.68(5)°
LY S R — 79.5(3)°
Santi 0 | 0 - 79.7(3)°
6-syn 75.94(14)° 78.9(4)°

This journal is © The Royal Society of Chemistry 20xx

anti. On the other hand, there is a slight contraction in the
metal-halide distances between the monometallic and
homobimetallic complexes bearing the same transition metals,
suggesting modulation of the donor power of the bpm ligand
upon coordination of a second tricarbonyl unit. Furthermore,
there are changes associated with the M—N bond distances, N—
M-N bond angles, and dc-c bond distances (dc refers to the
distance between the two central carbons connecting the
individual pyrimidine rings) that result from the introduction of
the second tricarbonyl unit.

In accord with these findings, comparison of 1 with 2-anti,
and 4 with 5-syn and 5-anti revealed elongation of the M—N
bond lengths upon introduction of the second tricarbonyl unit.
This likely occurs because initial introduction of a transition
metal causes the bpm bite angle to narrow in an effort to
facilitate metal binding. However, when a second metal
tricarbonyl unit is introduced into the open site of a
monometallic bpm complex, the nitrogen atoms are pulled back
so that the optimal bite angle for both metal centers is
established. Consistent with this proposal, we see a small
increase in the bite angle upon generation of the
homobimetallic complexes (see Table 2).

Further examination of the bond lengths around the bpm
ligand for our series of complexes revealed a trend in the dc—c
bond distances; a slight contraction was observed when
comparing the monometallic complexes to the bimetallic
complexes. The solid-state structure of free bpm showed that
the dc_c bond length is 1.497(4) A.57 When we introduce Re or
Mn to form a monometallic complex, we observed a small initial
contraction of dc-c, which is exacerbated further with the
addition of a second metal to form the bimetallic complexes.
This indicates that there is active backdonation from the
transition metal to bpm and suggests that backbonding is
further increased when a second metal is present. This trend
was exciting to see since the C—C bond that binds the two
pyridyl rings of bpy has also been observed to contract when
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[Cp*Rh(bpy)CIIPF¢ is reduced to Cp*Rh(bpy).58>° Thus, some
degree of backdonation from the electron-rich Re(l) and Mn(l)
metal centers into the ni* orbitals of bpm may be present in
these systems.

Overall, there are similar trends in the metrical parameters
for both the manganese- and rhenium-containing species
characterized here. This speaks to the modularity of the
[M(CO)s3] units (M = Mn, Re) as judged by this structural work on
the bpm framework. The inductive presence of an additional
metal tricarbonyl unit, although giving rise to subtle changes to
the solid-state structures, provides more pronounced effects on
the electronic structure, as assessed by the EA spectroscopy.
Consequently, we turned to cyclic voltammetry to identify
further features that could distinguish the monometallic and
bimetallic complexes.

Electrochemistry

The electrochemical properties of 1, 3 and 4 have been
previously described and were reconfirmed here for
comparison to results on our new compounds (see Figures S17-
S$31).2349 Cyclic voltammetry (CV) experiments using the
monometallic complexes 1 and 4 were conducted with specific
interest in determining the impact the additional nitrogen
atoms on the bpm ligand could have on their electrochemical
behavior with respect to the well-known analogues,
Re(CO)sCl(bpy)é22 and Mn(CO);Br(bpy).7-24 Based on prior
studies, the electrochemical profile of Re(CO)s;Cl(bpy) exhibited
an initial quasi-reversible ligand-centered reduction at -1.78 V
followed by an irreversible metal-centered reduction at-2.16 V
(all potentials are quoted versus ferrocenium/ferrocene,
denoted Fc*/9).22 As expected, the CVs of 1 are strikingly similar
to Re(CO);Cl(bpy); an initial quasi-reversible reduction centered
at—1.42 V was followed by an irreversible reduction at—-1.91 V.
These results indicate that Re(CO)sCl(bpy) and 1 behave in a
similar fashion.

Mn(CO)3Br(bpy) and 4 exhibit comparable CVs. Based on
previous reports regarding Mn(CO)sBr(bpy), the CV of this
compound exhibits two irreversible reductions at —1.61 V and
—1.83 V, coupled with an oxidation at —0.61 V.7:24 The presence
of two irreversible reductions, while a more challenging case,
can be readily explained and is consistent with a previously
proposed mechanism.”.60 For the purpose of subsequent
comparisons, the first irreversible wave can be attributed to a
Mn-centred reduction that results in a 19e~ complex that loses
the bound halide ligand, generating a transient 17e~ complex
that dimerizes to form the 18e~ complex, [Mn(CO)s(bpy)l..
[Mn(CO)s3(bpy)]. can then be reduced at the more negative
potential, a process that results in cleavage of the dimer to
generate the formally 18e~ complex [Mn(CO)s(bpy)]-. Scanning
anodically, the oxidation of [Mn(CO)s(bpy)]> can also be
observed at a more positive potential. 4 thus behaves similarly
to Mn(CO)sBr(bpy), showing two irreversible reductions at
—-1.37 V and —-1.58 V, and two irreversible oxidations at —1.36
and —0.42 V. Notably, in comparison to Mn(CO)s;Br(bpy),
complex 4 shows an additional oxidative feature at —1.36 V,
suggesting that the electron-withdrawing ability of the
additional nitrogen atoms present on bpm stabilizes one of the
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reduced forms. Nonetheless, these findings suggest that the
presence of the additional nitrogen atoms on bpm do not
significantly impact the electrochemical profile, in terms of the
number of the observable reduction events. However, the
presence of the nitrogen atoms on the bpm ligand results in a
noticeable inductive effect that shifts the reduction potentials
of complexes 1 and 4 by ca. 250 mV in comparison to their
corresponding bpy-based complexes.

With these results in hand, we investigated the cyclic
voltammetry of the synthesized homo- and hetero-bimetallic
complexes (see Figure 3). In each instance, [Re(CO);Cl]2(bpm),
[Mn(CO)3Br]z(bpm), and [Re(CO)3Br(bpm)Mn(CO)sBr] were
interrogated as the mixture of their corresponding syn and anti
isomers. These bimetallic compounds exhibit distinct
electrochemical profiles in comparison to their monometallic
analogues 1 and 4 (see Figure S24). In particular, the initial
reduction for each of the bimetallic systems is quasi-reversible
and at much more positive potentials than their comparable
monometallic complexes (see Figure 3). The observation of an
initial, quasi-reversible reduction is common for monometallic
[Re(CO)s]-based diimine systems, but is not observed for most
[Mn(CO)s]-based diimine systems. This suggests that the
presence of an additional tricarbonyl moiety results in an
inductive effect that shifts the initial reduction to much more
positive potentials, significantly moderating the potential
needed to introduce an electron into these systems. As a result,
the first reduction for the isomers of [Re(CO)sCllz(bpm) is
shifted by +600 mV and the first reduction for the isomers of
[Mn(CO)3Br]>(bpm) is shifted by +380 mV in comparison to 1
and 4, respectively. Intriguingly, the first reduction of the
mixture of syn and anti isomers of [Re(CO)3Br(bpm)Mn(CO)3Br]
falls in between the two homo-bimetallic complexes, further
signifying that the electronic characteristics of this system are
averaged between the two homobimetallics.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1: Cyclic voltammetry of [Re(CO)sCll;(bpm) (2-syn and 2-anti, black),
[Re(CO)3Br(bpm)Mn(CO);Br] (6-syn and 6-anti, blue), and [Mn(CO);Brl,(bpm) (5-syn and
5-anti, red), in MeCN solution with 0.1 M TBAPFs supporting electrolyte (working
electrode: highly oriented pyrolytic graphite; pseudo reference electrode: Ag*/%; counter
electrode: Pt wire). Ferrocene was used as an internal potential reference.

More negative cathodic scans with each bimetallic complex
led to further unique electrochemical reductions; these are
mostly irreversible and can tentatively be assigned to metal-
centered events (see Figures S22-S23). In particular, after the
initial quasi-reversible reduction, the isomers of
[Re(CO)sCl]2(bpm) undergo a further quasi-reversible reduction
at —1.46 V followed by an irreversible reduction at —2.37 V. CVs
of the homobimetallic Mn species are more complex; the
mixture of isomers displayed irreversible reductions at —=1.49 V
and -2.14 V, as well as several oxidations, suggesting that there
are coupled chemical reactions that result in formation of
multiple new species. For the mixture of syn and anti isomers of
[Re(CO)3Br(bpm)Mn(CO)3Br], three additional irreversible
reductions are observed at—1.40V,-1.93V, and-2.27V, as well
as several oxidations, implying that this complex also undergoes
reduction-induced chemical reactivity, the products of which
have not been investigated here. However, the value of the
comproportionation constant K¢ for the singly reduced,
paramagnetic intermediate (vide infra) can be computed for
[Re(CO)3Cl]2(bpm) based upon the difference between the first
and second reduction potentials.5! This value is estimated to be
10108, 3 high value consistent with the large separation (640 mv)
between the first and second reductions of [Re(CO)sCl]z(bpm)
that indicates strong coupling between the redox-active centers
here.

Electron paramagnetic resonance studies

Based on the electrochemical profile of the mixture of syn
and anti isomers of [Re(CO)sCl]>(bpm), we next set out to study
the chemical reduction of these complexes in order to provide
evidence for the assignment of the initial reductions as either

This journal is © The Royal Society of Chemistry 20xx

ligand- or metal-based. Specifically, we targeted the 1le-
chemical reduction of the mixture of syn and anti isomers of
[Re(CO)s3Cl]2(bpm) to complement previously reported
spectroelectrochemical (SE) electron paramagnetic resonance
(EPR) results of 1 and [Re(CO)3Cl](bpm).3949.50.62 |n an in situ
reduction experiment, treatment of the mixture of syn and anti
isomers of [Re(CO)sCl]o(bpm) with 1.0 equiv. of cobaltocene
(Cp2Co, E1j2 = —1.34 V vs. Fc*/9)63 in CD3CN resulted in a rapid
color change; analysis by H NMR revealed the presence of
cobaltocenium ([Cp,Co]* at 5.66 ppm, see Figures S8 and S32)
as the primary diamagnetic product.®* Simultaneously, the
disappearance of the signals associated with the mixture of syn
and anti isomers of [Re(CO)sCl]>(bpm) confirmed conversion of
the diamagnetic starting materials into paramagnetic products.
Although these products could not be isolated cleanly due to
similar solubility profiles with [Cp.Co]*, EPR was used to
interrogate the mixture further. For the EPR analysis, the syn
and anti isomers of [Re(CO)sCl],(bpm) were dissolved in
toluene, frozen in a quartz EPR tube held at 78 K, and an
equimolar solution of Cp,Co was layered on top; the entire
sample was then refrozen. The air-sensitive sample was then
brought out of the glovebox, frozen in liquid nitrogen, and
transported to the EPR spectrometer. When the sample was
ready for measurement, it was briefly thawed to allow the two
layers to mix and then quickly refrozen before interrogation by
EPR spectroscopy.

EPR data for the sample revealed an isotropic signal at g = 2
(see Figure 4), consistent with formation of a bpm ligand-
centered radical. This result mirrors findings from the prior work
based upon spectroelectrochemical methods carried out by
Kaim and Kohlmann.3® Our experimental data was modelled
using the Easyspin®> package in MATLAB; a satisfactory match
between the experimental data and the simulated data was
obtained with a single-component system centered at g =
1.999, consistent with the expected similarity of the singly
reduced forms of the syn and anti isomers of [Re(CO)3Cl]2(bpm).
Thus, the EPR signal observed upon the first electrochemical
reduction can be assigned to a ligand-centered radical. Based
on the similar voltammetric properties among all the bimetallic
species, we anticipate that the first reductions of
[Mn(CO)3Br]z(bpm) and [Re(CO)sBr(bpm)Mn(CO);3Br] are also
ligand centered.

3. Conclusions

The novel bimetallic complexes [Mn(CO)sBr]>(bpm) and
[Re(CO)3Br(bpm)Mn(CO)3Br] were synthesized as an
inseparable mixture of syn and anti isomers in solution; the
compounds displayed characteristic spectra that confirm their
expected symmetry characteristics. The solid-state structures of
1, 2-anti, 3, 4, 5-syn, 5-anti, and 6-syn provided data for
comparison of metrical parameters that differentiate the
monometallic and bimetallic complexes. In particular, the data
suggest that an inductive effect arises from incorporation of an
additional tricarbonyl unit in the bimetallic compounds. The
inductive effect was confirmed using cyclic voltammetry; shifts
of greater than 380 mV were measured for the initial reductions
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of the bimetallic species in comparison to their monometallic
analogues. Experimental EPR data and simulations for one
derivative suggest that these initial reductions are ligand
centered. Taken together, these studies confirm that 2,2'-
bipyrimidine is a useful ligand for formation of modular
bimetallic metal tricarbonyl complexes.

4. Experimental Section
General considerations

All manipulations were carried out in dry N»-filled gloveboxes
(Vacuum Atmospheres Co., Hawthorne, CA, USA) or under an N,
atmosphere using standard Schlenk techniques unless
otherwise noted. All solvents were of commercial grade and
dried over activated alumina using a PPT Glass Contour
(Nashua, NH, USA) solvent purification system prior to use, and
were stored over molecular sieves. All chemicals were obtained
from major commercial suppliers. Manganese pentacarbonyl
bromide (98%, Strem Chemical Co.) rhenium pentacarbonyl
bromide (98%, Strem Chemical Co.), rhenium pentacarbonyl
chloride (98%, Strem Chemical Co.), 2,2 -bipyrimidine (95%,
Sigma Aldrich), and 2,2"-bipyrazine (97%, TCI Chemicals) were
used as received. Re(CO)s;Cl(bpm),3¢ [Re(CO)sCl]z(bpm),3®
Mn(CO)3Br(bpz),2> and Mn(CO)s;Br(bpm)42 were prepared
according to previously reported literature procedures.
Deuterated solvents for NMR studies were purchased from
Cambridge Isotope Laboratories (Tewksbury, MA, USA); CDsCN
was dried and stored over 3 A molecular sieves.

IH NMR spectra were collected on 400 MHz Bruker
spectrometers (Bruker, Billerica, MA, USA) and referenced to
the residual protio-solvent signal. Infrared spectra were
collected on a PerkinElmer Spectrum 100 Fourier transform
infrared spectrometer. Electronic absorption spectra were
collected with an Ocean Optics Flame spectrometer equipped
with a DH-Mini light source (Ocean Optics, Largo, FL, USA) using
a quartz cuvette. Experimental high resolution mass
spectrometry data were collected on a LCT Premier mass
spectrometer equipped with a quadrupole, time-of-flight mass
analyzer, and an electrospray ion source, or with a PE SCIEX API|
365 triple quadrupole spectrometer. Predicted mass
spectrometry data were obtained from
Informatics’ ChemDraw Professional Suite. Continuous-wave
electron paramagnetic resonance spectra were collected at X-
band with a Bruker EMX spectrometer using a high-sensitivity
perpendicular-mode cavity (4119HS-W1). Temperature control
was achieved with an Oxford ESR 900 flow-through cryostat.
Elemental analyses were performed by Midwest Microlab, Inc.
(Indianapolis, IN, USA).

PerkinElmer

X-Ray diffraction procedures

Crystals were mounted on polyimide MiTeGen loops with STP
Oil Treatment and placed under a nitrogen stream. Low
temperature (100 K) X-ray data were collected on a Bruker AXS
D8 KAPPA diffractometer with an APEX Il CCD detector and
TRIUMPH graphite monochromator running at 50 kV and 30 mA
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with Mo radiation (K =0.71073 A) for 1 and on a Bruker AXS D8
VENTURE KAPPA diffractometer with PHOTON 100 CMOS
detector and Helios focusing multilayer mirror optics running at
50 kV and 1 mA using Cu radiation (K« = 1.54178 A) for 5-syn
and 5-anti and using Mo radiation (K, = 0.71073 A) for 2-anti,
3, 4, and 6-syn. Totals of 2374 (1), 2053 (2-anti), 2444 (3), 1206
(4), 1338 (5-syn), 2013 (5-anti), 884 (6-syn), 0.5° or 1.0°-wide
- or ¢-scan frames were collected with counting times of 10-
20 seconds (1), 4-30 seconds (2), 1-10 seconds (3), 1-20 seconds
(4), 5-60 seconds (5-syn), 1-15 seconds (5-anti), and 2-60
seconds (6-syn). Preliminary lattice constants were obtained
with the Bruker Apex2 Software Suite.5¢ Integrated reflection
intensities for all compounds were produced using SAINT in the
Bruker Apex2 Software Suite. Each data set was corrected
empirically for variable absorption effects with SADABS®7 using
equivalent reflections. The Bruker software package SHELXTL
was used to solve each structure using intrinsic direct methods
phasing. Final stages of weighted full-matrix least-squares
refinement were conducted using F,2 data with SHELXTL®8 or
the Olex2 software package equipped with XL®. All non-
hydrogen atoms were refined anisotropically. All hydrogen
atoms were included into the model at geometrically calculated
positions and refined using a riding model. The isotropic
displacement parameters of all hydrogen atoms were fixed to
1.2 times the U value of the atoms they are linked to. The
relevant crystallographic and structure refinement data for all
seven structures are given in Table S1.

Electrochemistry

Electrochemical experiments were carried out in a nitrogen-
filled glove box (in the dark for Mn-containing samples). 0.10 M
tetra(n-butylammonium) hexafluorophosphate (Sigma-Aldrich;
electrochemical grade) in acetonitrile served as the supporting
electrolyte. Measurements were made with a Gamry Reference
600 Plus Potentiostat/ Galvanostat using a standard three-
electrode configuration. The working electrode was the basal
plane of highly pyrolytic graphite (HOPG,
GraphiteStore.com, Buffalo Grove, Ill.; surface area: 0.09 cm?),
the counter electrode was a platinum wire (Kurt J. Lesker,
Jefferson Hills, PA; 99.99%, 0.5 mm diameter), and a silver wire
immersed in electrolyte served as a pseudo-reference electrode
(CH Instruments). The reference was separated from the
working solution by a Vycor frit (Bioanalytical Systems, Inc.).
Ferrocene (Sigma Aldrich; twice-sublimed) was added to the
electrolyte solution at the conclusion of each experiment (~1
mM); the midpoint potential of the ferrocenium/ferrocene
couple (denoted as Fc*/9) served as an external standard for
comparison of the recorded potentials. Concentrations of
analyte for cyclic voltammetry were typically 1 mM.

oriented

Synthetic procedures

Synthesis of [Mn(CO)3Br],(bpm)] (5). In the dark, 2,2°-
bipyrimidine (0.0996 g, 0.630 mmol) was dissolved in toluene
(35 mL). Mn(CO)sBr was added (0.3563 g, 1.30 mmol) and the
solution refluxed under N, for 4 hours. The solution was then
allowed to cool, the precipitate collected by vacuum filtration,
and washed with diethyl ether. The pure solid was then dried
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under vacuum before storing in the dark (0.3408 g, 91% yield).
1H NMR (400 MHz, CD3CN) 6 9.43 (d, 3Jun= 5.5 Hz, 4H), 7.85 (t,
3Jun=5.5Hz, 2H). Resolved isomer: 6 9.46 (d, 3Ju,n= 5.5 Hz, 4H),
7.88 (t, 3Juu= 5.5 Hz, 2H). A comparison of the resolved doublet
peaks near 6 9.45 ppm revealed that the desired product was
present in two isomeric forms in the ratio 3.14 to 1. High
Resolution ESI-MS (positive) m/z: expected 555.8497; found
555.8495 (5 — Br- + NCMe). Electronic absorption spectrum
(MeCN): 250 (4200), 369 (1600), 510 nm (750 M1 cm1). IR
(THF): vc=02031 (M), Vc=01952 (M), and vc=01936 (m) cmL. Anal.
Calcd. for Mn;C14HeBraN4Osg: C, 28.22; H, 1.01; N, 9.40. Found:
C, 28.00; H, 1.11; N, 9.21.

Synthesis of [Re(CO)3Br(bpm)Mn(CO)3Br] (6). 2,2 -bipyrimidine
(0.1516 g, 0.959 mmol) was dissolved in toluene (35 mL).
Re(CO)sBr was added (0.3478 g, 0.856 mmol) and the solution
refluxed under N5 for 22 hours. The solution was then allowed
to cool and the resulting precipitate collected by vacuum
filtration and washed with diethyl ether. The pure solid was
then dried under vacuum. In the absence of light, a portion of
pure product (0.0996 g, 0.245 mmol) was dissolved in toluene
(35 mL). Then Mn(CO)sBr was added (0.0557 g, 0.203 mmol) and
the solution refluxed under N; for 12 hours. The solution was
then allowed to cool and the resulting precipitate collected by
vacuum filtration and washed with diethyl ether. The pure solid
was then dried under vacuum before storing in the dark
(0.1313g, 89% yield). *H NMR (400 MHz, CDsCN) 6 9.52 (dd, 3Jun
=5.6 Hz, 4Jyu=1.7 Hz, 2H), 9.27 (dd, 3Jy,u=5.6 Hz, “Jyn= 1.7 Hz,
2H), 7.86 (t,3Ju,n= 5.6 Hz, 2H) ppm. Resolved isomer: 6 9.55 (dd,
3-/H,H =56 HZ, 4-IH,H= 1.7 HZ, ZH), 9.30 (dd, 3-/H,H =56 HZ, 4-IH,H= 1.7
Hz, 2H), 7.89 (t, 3Jun = 5.6 Hz, 2H) ppm. A comparison of the
resolved doublet peaks near 6 9.54 ppm revealed that the
desired product was present in two isomeric forms in the ratio
1.80 to 1. High Resolution ESI-MS (positive) m/z: expected:
687.8674; found: 687.8672 (6 — Br- + NCMe). Electronic
absorption spectrum (MeCN): 243 (28000); 365 (5800); 515 nm
(2200 M~1cm™1). IR (THF): vc=02028 (m), Vc=01951 (m), and vc-o0
1935 (m), 1914 (m) cm. Anal. Calcd. for MnReC14He¢BraN4Oe: C,
23.12; H, 0.83; N, 7.70. Found: C, 23.14; H, 0.85; N, 7.61.
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