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ABSTRACT: The members of the electron transfer series
[Mn(bpy)3]" (n =2+ 1+, 0, 1-) and [Mn(tPY)Z]m (m =2+,

1+, 0) have been investigated using a combination of

magnetochemistry, electrochemistry, and UV—vis—NIR spec-
troscopy; and X-ray crystal structures
[Mnl'(bpy), (Mbpy)1°,  [Li(THE),][Mn'(bpy*),], and
[Mn"(tpy®),]° have been obtained (bpy = 2,2'-bipyridine;
Mehpy = 4,4'-dimethyl-2,2'-bipyridine; tpy = 2,2:6,2"-terpyr-
idine; THF = tetrahydrofuran). It is the first time that the latter
complex has been isolated and characterized. Through these
studies, the electronic structures of each member of both series
of complexes have been elucidated, and their molecular and
electronic structures further corroborated by broken symmetry
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(BS) density functional theoretical (DFT) calculations. It is shown that all one-electron reductions that comprise the
aforementioned redox series are ligand-based. Hence, all species contain a central high-spin Mn" ion (Sy;, = 5/2). In contrast, the
analogous series of Tc"" and Re" complexes possess low-spin electron configurations.

B INTRODUCTION

Octahedral tris(2,2'-bipyridine) and bis(2,2":6,2"-terpyridine)
complexes are known for all transition metals, and they
frequently form electron transfer series [M(bpy);]" and
[M(tpy),]™ (bpy = 2,2"-bipyridine; tpy = 2,2":6,2"-terpyridine)
in which their charges (n and m) can, in principle, range from
4+ (in a few cases) to 3—, thereby yielding up to seven (or
eight) individual species." This has already been demonstrated
for [Cr™(bpy)?®]” (n = 3+ to 3—) and [Cr"!(tpy),]™ (m = 3+ to
1—).>* The electronic structure of a given species is determined
by the dV electron configuration at the central metal ion (its
oxidation state), which can vary in a given series, and the redox
state of the individual bpy or tpy ligands, which are now
recognized to bind either as diamagnetic neutral (bpy°)/(tpy°)
ligands, as z-radical monoanions (bpy®)'”/(tpy®)'”, or as
diamagnetic dianions (bpy*~)>™/(tpy*")*".** In other words,
bpy and tpy are redox-active (noninnocent) ligands.

Herein, we report our efforts to clarify the electronic
structures of the series of group 7 transition metal ion
complexes [M(bpy);]" and [M(tpy),]"™ (M = Mn, Tc, Re; n =
2+, 14, 0, 1—; m = 2+, 1+, 0). The previously isolated and
characterized members of these series are summarized in Chart
1.57%° Note that the strongly reduced species Na,[Mn(bpy);]-
3THF-5(1,4-dioxane) has also been reported.12a Here we
prepared the neutral complexes [Mn(Mbpy);]° (Mbpy =4,4'-
dimethyl-2,2'-bipyridine) and [Mn(tpy),]° for the first time.
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B RESULTS AND DISCUSSION

The [Mn(bpy);]” (n = 2+, 1+, 0, 1-) Series. It is well
established that the colorless dication [Mn"(bpy®);]** (S = 5/
2) contains a high-spin 3d° central manganese(II) ion and three
neutral N,N’-coordinated bpy ligands. In the potential range of
0 to —2.5 V vs the ferricenium/ferrocene redox couple (Fc*/
Fc), this species can undergo three successive reversible one-
electron reductions (Table 1)*' to sequentially yield an
unstable monocation, a stable neutral species, and a stable
but highly oxygen sensitive monoanion, which possess S =2, 3/
2, and 1 electronic ground states, respectively.’™'>'%"*! With
the exception of the monocation [Mn(bpy);]'*, which is
unstable in solution due to either disproportionation or loss of
a coordinated neutral (bpy°) ligand, all the other species have
been isolated as solid materials (Chart 1). In addition, Herzog
and Grimm'** have reported the synthesis of black crystals of
the complex Na,[Mn(bpy);]-3THF-5(1,4-dioxane), which
possesses an S = 5/2 ground state, via reduction of the neutral
species [Mn(bpy);]° in THF solution using sodium metal.

In an effort to obtain single crystals suitable for X-ray
crystallography, the neutral complex [Mn(Mbpy);]° was
prepared by reaction of 3 equiv of neutral ligand with 1
equiv of MnBr, and 2 equiv of sodium amalgam in anhydrous
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Chart 1. Synthesis, Magnetism and X-ray Structures of
[M(bpy)5]" and [M(tpy),]"

Synthesis and X-Ray Structure

a
Complex Properties Ref. Ground State (S) Ref.
[Mn(bpy)s]** 6.8 512 7
[Mn(bpy)s]° 9,10 32 not known
[Mn(™bpy)s]° this work 3/2 this work
[Mn(bpy)s]"~ 10,11 1 this work
[Mn(bpy)s]* 12 512 not known
[Te(bpy)s]** 13 12 13b
[Re(bpys)I** 14 not known not known
[Re(bpys]** 15,16 12 15
[Re(bpy)s]'* 16 0 16
[Re(bpy)s]’ 17 tteir = 4.0 (300 K) not known
[Mn(tpy)2]° this work 32 this work
[Mn(tpy)]** 18 512 18a—d
[Mn(tpy)2]** 19 2 19
[Mn(tpy)]** 20 312 not known
[Te(tpy)]** 13 12 not known
[Re(tpy)]" 16 0 not known

“The abbreviations bpy and tpy are used in a generic sense without
specifying their oxidation level. When we wish to specify the oxidation
level in a complex we use (bpy®)/(tpy®) for the diamagnetic neutral
ligand, (bpy*)'~/(tpy®)'~ for the m-radical anion, and (bpy*~)*~/
(tpy*")*” for the diamagnetic dianion. Additionally, Mbpy = 4,4'-
dimethyl-2,2-bipyridine.

THF under strictly anaerobic conditions. From the crude
product, single crystals of the target compound were grown as
the solvate [Mn(™bpy);]%(n-pentane)-0.5THF-0.25(*bpy).
Further recrystallization and drying in vacuo provided pure
[Mn(*bpy);]°.

The electronic spectra of the neutral and monoanionic
species [Mn(bpy);]*'~ are similar to one another (Table 2 and
Figure 1) but starkly different from that of the dication
[Mn(bpy);]**, which is pale yellow in color and does not
possess intense (&, > 10 M™' cm™) transitions in the visible
region. (The spectrum of the monocation has not been
recorded due to its inherent instability in solution.) More
specifically, both the neutral species [Mn(bpy);]°,'** whose
spectrum is near identical to that of [Mn(™bpy);]°, and the
monoanion [Mn(bpy),;]'~ possess three intense bands (&, =
10* M~ cm™") in the visible and near-infrared region, each of
which display vibrational fine structure. These spectral features
are indicative of the presence of N,N'-coordinated (bpy®)'~ z-
radical anions, as previously observed for [M(bpy);]”'~ (M =
Fe,”® Ru*®), and closely resemble those reported for alkali metal
salts of (bpy®)'” in 1,4-dioxane solution by Konig and Kremer

Table 2. Electronic Spectra of Complexes

complex Anag . (€ 10* M7 em™!)
[Mn(bpy),]* 286 (2.5), 345 sh, 385 (1.4), 526 (0.5), 833 (10.2)
[Mn(Mebpy),]% 350 (3.8), 400 (3.1), 495 (1.8), 510 (2.7), 580 sh, 870

sh, 980 (0.9), 1400 (0.25) sh

[Mn(bpy);]'~* 39(})1 ((3673)), 530 (1.5), 750 sh, 815 (0,75), 920 (0.7), 1200
S. .

[Mn(tpy),]®® 390 (3.1), 420 sh, 595 (2.1), 700 sh, 890 (0.8), 1724°,
1923¢, 2634°
[Re(bpy);]2** 298 (4.3), 398 (1.1), 526 (0.8), 668 (0.9) [302 (1.4),

375 (2.5), 495 (0.2)]¢

[Re(bpy);]** 290 (3.0), 444 (2.0), 506 (1.7), 823 (1.3)

[Re(tpy),]"* 206 (3.8), 226 (4.1), 284 (3.3), 314 (3.2), 438 (2.0), 558
(1.1), 706 (1.0)
[Re(bpy),CL]"* 296 (0.6), 392 (1.1), 596 (0.9)

“References 12b and 21a. “This work; spectrum recorded in toluene
solution (20 °C). “Recorded in the solid-state as a KBr pellet.
9Reference 16, recorded in CH,CN solution. “Reference 185, recorded
in aqueous solution in the presence of O,.
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Figure 1. Electronic spectra, recorded in toluene solution at 20 °C, of
[Mn"'(Mbpy®),(bpy”)]° (top), [Li(THF),][Mn"(bpy*);]° (middle),
and [Mn"(tpy®),]° (bottom). The inset in the bottom panel contains
the near IR spectrum of the latter complex.

in 1970.>* These authors observed three intense (e, ~ 10*
M~ ecm™) bands at ~820, 530, and 385 nm for the z-radical
anion (bpy®)'~ and two intense bands at ~610 and 373 nm for
the dianion (bpy*™)*".

Table 1. Redox Potentials (E,/,, V vs Fc*/Fc) of Complexes”

complex solvent Ei;,(3+/2+)
[Fe(bpy),]" DMF/AN
[Ru(bpy)s] DMEF/AN
[Mn(Mebpy),]™” AN +1.85¢
[Te(bpy)s]" AN d
[Re(bpy);] DMA/acetone —-0.05
[Mn(tpy),]" AN +0.86°
[Re(tpy),]" DMA

E},(2+/1+) E3,(1+/0) E},(0/1-) ref
—1.66 —1.94 -2.10 22
—1.65 —1.83 —2.08 23
—1.74 -1.92 —2.13 this work
—0.74 -1.76 —2.10 13b
—0.83 -1.77 -2.12 16
-1.52 —1.86 —2.37 20, 21
—0.43 -1.97 -2.31 16

“Abbreviations: DMF = N,N-dimethylformamide, AN = acetonitrile, DMA = N,N-dimethylacetamide. YValues for [Mn(bpy);]" are similar and given
in refs 21 and 22b. “Quasi-reversible. “Not available. A reversible one-electron redox couple at +1.67 V corresponding to E,/,(4+/3+) has been

reported.”!
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The magnetic properties (Table 3) of the dication, the
neutral, and the monoanionic species have been previously

Table 3. Experimental and Calculated Magnetic Properties
of Complexes

complex s%ifeur(lg) (c{relxl)&[)“ Jeated (cm™)% ref
[Mn"(bpy”);]** 5/2 18
[Mn"(bpy*) (bpy’),]'"" 2 b —194 (=197)° this
work
[Mn"(bpy*),(bpy®)]° 3/2 —140  —156 (=207)° 10
[Mn"(Mbpy);]° 3/2 <—200 this
work
[Mn"(bpy*);]'~ 1 —108  —100 (=126)° 10
[(Mn"(bpy*),]* 5/2 12
[Mn"(tpy*),]° 3/2 <=200  —223 (—247)7  this
work
[T (bpy®)s]** 1/2 27
[Re'(bpy”);]** 1/2 16
[Re"(bpy*) (bpy”),]"* 0 16

“Experimental (exptl) and calculated (calcd) magnetic coupling
constants J in cm™' obtained using the spin-Hamiltonian H =
=2 S'S; (S;=1/2; i = 1, 2, 3 (the number of unpaired electrons on
the ligands); Sy; = local spin at the metal ion). *Not measured. “Values
in parentheses were obtained from single point calculations using
geometry o;timized structures calculated with inclusion of COSMO
for water. “Value in parentheses was obtained from a single point
calculation using atomic coordinates of an X-ray structure.

investigated. The dication was found to possess an S = 5/2
ground state (high-spin d°),'"® whereas the neutral species
exhibits an S = 3/2 ground state, which was proposed to derive
from intramolecular antiferromagnetic coupling of the unpaired
spins of two (bpy®)'” z-radical anions with the five unpaired
electrons of the high-spin Mn" ion (J = —140 cm™; eq 1),"

I:I == ZJZ SMn.Si

i (1)
where Sy, = 5/2, S; = 1/2, and i = 1, 2. Similarly, the
monoanion has an § = 1 ground state due to intramolecular
antiferromagnetic coupling of the spins of three (bpy®)'~
ligands (i = 1, 2, 3) with the five unpaired electrons of the
central high-spin Mn" ion (J = —122 em™)." Our own
magnetochemical measurements (4—300 K) display excellent
agreement with the aforementioned data (Figure 2), thereby
confirming the presence of S = 3/2 and 1 ground states for
[Mn(Mbpy),]° and [Mn(bpy);]'", respectively. Although an
antiferromagnetic coupling constant of ] = —108 + 10 cm™
was observed for the monoanion, in excellent agreement with
the previous measurement,'’ the magnetic moment of
[Mn(Mbpy),;]° was found to be effectively temperature
independent. This suggests that | for the latter complex is
less than —200 cm ™. Once again, the monocation has not been
experimentally investigated for reasons outlined previously, but
it is reasonable to assume that it possesses an S = 2 ground state
resulting from antiferromagnetic coupling of a high-spin Mn"
ion with a single (bpy®)'” z-radical. This postulate is
corroborated computationally (see below). Inoue et al.'® have
correctly inferred from the above data that “excess electrons are
mostly localized in the antibonding 7 orbitals of bipyridine
rather than in the orbitals of manganese.” Thus, the electronic
structures of this series of complexes are best descibed as
[Mn"(bpy”);]** (S = 5/2), [Mn"(bpy")(bpy®),]' (S = 2),
(M (bpy™)2(bpy®)]° (S = 3/2), and [Mn(bpy*)s)'~ (5 = 1).

2278

WO = N W H

Het ( s’
N

0
0 50 100 150 200 250 300
T (K)

Figure 2. Temperature dependence of the magnetic moments (i) of
(top) S = 3/2 [Mn"(Mbpy*),(*bpy°)]° (simulation parameters, g =
2.0; IDI = 0.32 cm™; paramagnetic (S = 5/2) impurity ~1%), (middle)
S =1 [Li(THF),][Mn"(bpy*),] (simulation parameters, g = 2.0; J =
108 cm™; IDI = 0.33 cm™), and (bottom) S = 3/2 [Mn"(tpy®),]°
(simulation parameters, g = 2.0; IDI = 1.3 cm™} paramagnetic (S = S/
2) impurity ~1%). Open circles represent measured data, and solid
lines correspond to simulations.

The [Tc(bpy)s]” (n = 2+, 1+, 0, 1) Series. Dilworth et
al."® have described the preparation of blue-black [Tc(bpy),]-
(PFq), in good yield by reaction of [Tc"™Cl(CH,CN)-
(PPh;),]° with an excess of bpy in dry methanol. The
accompanying single crystal X-ray structure of this complex is
of relatively good quality and exhibits an average C,,—C,,’
bond distance of 1.482(16) A that is indicative of three neutral
(bpy®) ligands being present. Additionally, the Tc—N bonds are
equivalent and short at 2.077(10) A, from which a low-spin d°
Tc" (S =1/2) electron configuration can be inferred. A doublet
ground state was later confirmed by EPR spectroscopy.”” On
the basis of the aforementioned data, the electronic structure of
[Tc(bpy),](PFg), can be assigned as [Tc"(bpy®);](PF),.

The cyclic voltammogram of [Tc(bpy);][BPh,],, recorded in
CH;CN solution containing 0.2 M [N(Bu),][BF,] electrolyte
under a dinitrogen atmosphere, displays three reversible one-
electron reduction waves (Table 1). These results show that the
monocationic, neutral, and monoanionic species are electro-
chemically accessible. Although the series [Tc(bpy);]" (n = 2+,
1+, 0, 1—) exists, with the exception of the dication
[Tc"(bpy®);]**, none of these species have been isolated or
spectroscopically characterized.

The [Re(bpy);]” (n = 2+, 1+, 0, 1-) Series. Biirgi et al."
and Harman et al."® have reported the synthesis of a few salts
containing the dication [Re'(bpy®);]**. For example,
[Re''(bpy®);][Re0,],-H,O has been structurally characterized,
its electronic spectrum in H,O solution in the presence of O,
(Table 2) has been recorded, and its effective magnetic
moment (4 4) has been determined to be 1.6 yy between 2 and
70 K, which indicates that it possesses a doublet (S = 1/2)
ground state.'> Its crystal structure contains three equivalent
neutral (bpy°) ligands and exhibits short Re—N bond lengths;
hence the Re center possesses a low-spin 5d° electronic
configuration.
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Inorganic Chemistry

The corresponding monocationic species [Re(bpy);]'* has
been isolated as a PF4” salt, and a rather low-quality X-ray
structure was reported, from which little can be concluded
except that the Re ion possesses a low-spin ground state.'® Its
electronic spectrum (Table 2) displays features characterlstlc of
at least one (bpy®)'~ 7z-radical anion being present,'® and its
“normal” '"H NMR spectrum points to a diamagnetic ground
state. Although on the basis of this data its electronic structure
cannot be unequivocally assigned, the aforementioned elec-
tronic spectrum suggests that [Re'(bpy°);]'* proposed by the
orlgmal authors 16 is unlikely. Instead, we favor [Re'(bpy®)-
(bpy®),]"*, wherein the singlet ground state is obtained by
antiferromagnetic coupling of the one unpaired electron at the
low-spin Re" ion with that on the single (bpy®)'~ ligand.
Neutral [Re(bpy);]° has also been prepared, for which a room
temperature magnetic moment of ¢ = 4.01 piz was reported. 7
Its molecular and electronic structure has yet to be investigated.

The electrochemistry of [Re(bpy),] (PF¢),"® in CH,CN
solution is remarkably similar to that of [Tc(bpy);](BPh,),,"?
with three reversible one-electron reduction processes being
observed at redox potentials near-identical to those reported for
[Tc(bpy);]** (Table 1). In addition, a reversible one electron
oxidation wave at +0.10 V (vs Fc*/Fc), corresponding to eq 2,
has been reported for the rhenium complex.

[ReH(bpyO)3]2+ ;_1 [ReIII(bpy0)3]3+
+e” ()
Thus, the complete five-membered series [Re(bpy);]" (n = 3+,

2+, 14, 0, 1—) is electrochemically accessible. Although a solid
claimed to be [Re(bpy);]Cl; and displaying a  magnetic
moment of 1.0 py at 295 K has been reported,'* further
spectroscopic characterization is required to confirm its identity
and assign its electronic structure. Even less information is
available for the monoanion, with no material isolated or
spectroscopic information reported thus far.

Interestingly, Harmann et al.'® have also reported the
synthesis of the paramagnetic complex cis-[Re(bpy),Cl,](PFy)
and its one-electron reduced form cis-[Re(bpy),CL]°. The
structure of the former has been determined crystallo-
graphically and found to contain two neutral (bpy®) ligands,
as is indicated by the long C,,~C,,’ bond distance of 1.48(1)
A, and a central low-spin Re ion. The corresponding
molybdenum complex cis- [MOIH(MebpyO)ZCIZ]Cl'Z.SCH3OH
has recently been described by us. 8 Neutral cis- [Re(bpy),Cl,]°
was isolated as black crystals, but further spectroscopic
characterization was not provided.'® Given that the monocation
possesses the electronic structure [Re™(bpy°),CL]"" (S = 1),
its one-electron reduced form can be formulated as either
[Re"(bpy°),CL]° (S = 1/2) (metal-centered reduction) or
[Re™(bpy®) (bpy®)CL]° (S = 1/2) (ligand-centered reduction).
The black color and the associated reduction potential E;, of
—0.60 V vs Fc*/Fc may point to the latter electronic structure.
Regardless, further reduction to give the monoanionic form
[Re(bpy),Cl,]'~ proceeds at a redox potential (E{, = =14 V
vs Fc*/Fc) that suggests that it almost certainly proceeds via a
hgand centered reduction and yields either [Re"(bpy®)(bpy°)-
CL]"" or [Re™(bpy*),CL,]"".

The [M(tpy),]™ (M = Mn, Tc, Re; m = 4+, 3+, 2+, 1+, 0)
Series. It has been firmly established electrochemically that the
series [Mn(tpy),]" encompasses five redox states (n = 4+ to
0),*' and a sixth monoanionic species [Mn(tpy),]'™ has been
suggested to form at very negative potentials (—2.8 V vs Fc*/
Fc).”**' Whereas the tri- and dicationic species have been
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isolated and characterized by X-ray crystallography (see below),
the reduced species (n < 2+) have not.

Here we report the synthesis and characterization of neutral
[Mn(tpy),)°. It was prepared by reaction of MnBr, in
anhydrous THF with 2 equiv each of sodium amalgam and
tpy, and upon recrystallization it was isolated as the dark green
crystalline solid [Mn(tpy),]°0.7STHF. Magnetic susceptibility
measurements (4—300 K, using a2 SQUID magnetometer with
fixed magnetic field of 1.0 T) vyielded a temperature-
independent magnetic moment of 3.9 py (Figure 2), which is
indicative of an S = 3/2 ground state. Its electronic spectrum,
recorded in the range 300—1600 nm in toluene solution, plus
that measured in the near IR region (2500—7000 cm ") as a the
solid state sample (KBr disc), is displayed in Figure 1. In
addition to the three bands observed in the UV—vis region,
three additional distinct transitions are seen in the near IR
(Table 2). These spectral features are similar to those observed
for alkali metal salts of (tpy®)'™ and are indicative of the
presence of (tpy®)'~ z-radical anions in [Mn(tpy),]°.

From the above data and analogy to the corresponding bpy
compounds, we tentatively assign the electronic structure of the
neutral complex as [Mn"(tpy®),]°, where the S = 3/2 ground
state of the complex is attained via antiferromagnetic coupling
of the five unpaired electrons at the high-spin Mn" ion with the
unpaired spin of the two (tpy®)'” ligands. Given that the pale
yellow dication is accepted to possess a [Mn"(tpy®),]** (S =5/
2) electronic structure, assignment of the monocation as
[Mn"(tpy®) (tpy°)]'* (S = 2) seems reasonable. By further
extrapolation, the monoanionic species is most likely
[Mn"(tpy®) (tpy**)]'~ (S = 1), wherein the unpaired spins of
the triplet excited state of the dianion (tpy**)*~ (S, = 1) plus
that of (tpy®)'~ couple antiferromagnetically with a high-spin
Mn" ion to yield a triplet ground state. A similar scenario has
been described for neutral [Cr™(tpy®)(tpy®*)]°, which
possesses a singlet ground state.’ Finally, the tetra- and
tricationic species have been well characterized and are best
described as [Mn" (tpy”)]** (S 3/2) and [Mn"(tpy°),]** (S
= 2), so contain high-spin d® and d* electron configurations,
respectively.'”*® Hence, the two electron transfer processes
that link these two species with the dicationic complex are
firmly metal-based.

[Tc(tpy®),](BPh,),-H,O (S = 1/2) has been isolated, 3 byt
no further characterization was provided. Harmann et al.'®
reported the synthesis and characterization of [Re(tpy),]PFy,
which they formulated as [Re'(tpy°),]'*. The accompanying
electrochemical data'® also suggests that in addition to the
monocation, stable tricationic, dicationic, and neutral [Re-
(tpy),)™ (m = 3+, 2+, 1+, 0) species are accessible. Indeed, the
neutral complex has been synthesized and isolated.'” Contrary
to the electronic structure assignment provided by the original
authors, the reported UV—vis spectrum of the monocation
appears to be compatible only with the presence of (tpy®)'~
ligand(s). In analogy with the manganese compounds, we
propose the electronic structures [Re"(tpy®)(tpy°)]'* (S = 0)
and [Re"(tpy?),]** (S = 1/2) for the monocation and dication,
respectively.

X-ray Structure Determinations. X-ray crystal structures
of the homoleptlc group 7 pr complexes Mn(bpy)3] (ClO,),
0.5H,0,” [Tc(bpy);)(PF), "™ [Re(bpy);][ReO, ], and [Re
(bpy)s] (PF(,) have previously been reported (Chart 1); and
selected C,,—C,/, C—N, and M—N bond lengths averaged
across the three five-membered M(bpy) chelates in these
compounds are summarized in Table 4. Herein we extend this
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Table 4. Selected X-ray Crystallographically Determined Average Bond Lengths (A) in [M(bpy);]" (M = Mn, Tc, Re)

complex M-N Coy—Cyy' C-N T (K)* ref
[Mn"(bpy®);](ClO,),-0.5H,0 2.245(5) 1.491(7) 1.343(7) 295 7
[Li(THF),][Mn"(bpy®),] 2.281(1) 1.425(2) 1.381(2) 100 this work
Mo (Mebpy*),(Mbpy®)]° 2.230(3) 1.450(5) 1.372(4) 100 this work
[T (bpy®);](PFy), 2.08(1) 1.48(2) 1.35(1) b 13b
[Re"(bpy®);](ReO,), 2.094(8) 1.482(2) 1.36(1) 295 15
[Re"(bpy®) (bpy®),](PFq) 2.06(1) 1.42(2) 1.39(2) 180 16

“Temperature of data collection. “Not provided.

series by determination of the structures of [Li(THF),][Mn-
(bpy);] and [Mn(Mbpy),]° (Figure 3). Importantly, whereas
X-ray structures recorded at room temperature possess bond
lengths with relatively large estimated standard deviations (esd
~0.01 or 0.02 A), for the structure of [Li(THF),][Mn(bpy),]
determined at cryogenic temperatures of 100(2) K this value
(~0.002 A) is much smaller (Table 4).

In a recent paper,”® we demonstrated that the average ligand
oxidation level in [M(bpy);]™ complexes can be determined
experimentally using the average C,,—C,," or C—N distances of
the M(bpy) chelates because they vary linearly with p in
{(bpy);}?. This trend originates from the fact that the same
correlation between charge and C,,—C,' or C—N bond
lengths exists in uncoordinated (bpyos and alkali metal salts of
(bpy*)'~ and (bpy*")*".*’ More specifically, successively filling
the LUMO of (bpy®) with one electron and then a second
elicits a concomitant contraction of the C,,—C,,' bond from
~1.48 to 1.43 and then 1.36 A, and conversely elongation of the
intrachelate C—N bonds from ~1.35 to 1.39 and then 1.43 A.
Hence, the average C,,—C,,' or C—N distances in {(bpy);}/-
containing compounds are simply the arithmetic mean of their
constituent ligands. In other words, a compound for which p =
0 contains three neutral (bpy°) ligands, a complex possesses
three (bpy®)'” z-radical anions when p = 3—, and p = 6—
indicates a complex with three (bpy*”)*” dianions. The
intermediate cases with p 1— and 2— correspond to
complexes containing radical anions (one and two, respec-
tively) and neutral ligands, and those with p = 4— and S—
contain dianions (one and two, respectively) and z-radical
anions.

Based on the aforementioned arguments, it can be seen that
the long average C,,—C,," bond lengths of 1.491(7) A and the
short average C—N distance of 1.343(7) A in the dication
[Mn"(bpy®);]**” are consistent with the presence of three
neutral (bpy’) ligands. This renders the oxidation state of the
central manganese ion +II (d°), and the long average Mn—N
bond of 2.243(S) A indicates that it is high-spin (S = 5/2).

The X-ray structure of [Li(THF),][Mn(bpy),], recorded at
100 K, is well resolved with o = 0.002 A for the C—C and C—N
distances. The M(bpy) chelates therein are equivalent (C,-
symmetric), and the long average Mn—N distance of 2.239 A is
comparable to that in the dication above, which is consistent
with the central ion retaining a high-spin Mn" state. Most
saliently, the structural parameters of the N,N'-coordinated bpy
ligands in the monoanion [Mn'"(bpy);]'~ differ significantly
from those of [Mn"(bpy’);]**, with C—C and C—N bond
lengths that closely resemble those determined e)g;])jerimentally
for the (bpy®)!~ anion in the salt K(en)(bpy®).*”® The large
difference in the average C,,—C,.' bond lengths between the
dication and anion (1.491 and 1.424 A, respectively) of 0.067 A
is well within the resolution of the experiment, and it can be
irrefutably concluded that the monoanion contains three
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(bpy®)'~ anions, which leads to assignment of its electronic
structure as [Mn"(bpy®);]"".

The structure of the neutral complex [Mn(Mbpy),]°
contains two crystallographically independent molecules per
unit cell. Their geometric features are identical, within 3¢, and
we will, therefore, subsequently discuss only the data for
molecule 1. Remarkably, the three M(Mbpy) chelate rings are
not identical (see Table S), with one containing a neutral
(Mbpy°) ligand exhibiting a characteristically long C,—C,,’
distance of 1.501(S) A and two short C—N bond lengths of
1.352(S) and 1.341(4) A, and the other two displaying bond
lengths typical of (Mbpy®)!~ z-radical anions.>*™< All six Mn—
N bond lengths are >2.15 A, which is typical of a high-spin Mn"
ion, and whereas the average length of the four Mn—N bonds
in the two Mn(Mbpy®) chelates are 2.191(3) A, the two Mn—
N bonds in the Mn(Mbpy®) chelate ring are very long at
2.319(3) and 2.314(3) A. This is primarily an electrostatic
effect, with the neutral (bpy®) ligand binding more weakly to
the positively charged central metal ion than a (Mbpy®)'~ z-
radical anion. Thus, the electronic structure of the neutral
complex is best described as [Mn"(Mbpy”) (Mbpy*),]°, where
the § = 3/2 ground state arises from antiferromagetic coupling
of the five unpaired electrons of the high-spin Mn' ion with
unpaired spins of the two (bpy®)!” z-radicals. This electronic
structure was previously forwarded by Inoue et al.'® based
solely upon magnetochemical data but has now been
structurally confirmed.

Following the same rationale published structures of the
dications [Tc(bpy);]** and [Re(bpy);]** can be analyzed.wb’16
Both contain three neutral (bpy’) ligands and a central low-spin
divalent metal ion (Table 4), which leads to formulation of
their electronic structures as [Tc"(bpy®);]** and
[Re"(bpy®);]**. This corroborates the assignments previously
forwarded by the authors of the publications in which these
compounds were originally described.'>'>'¢

The crystal structure of [Re(bpy);](PFg), which is of
relatively poor quality, is worthy of comment. The original
authors'® assigned the reversible one-electron reduction of the
dication [Re"(bpy°);]>* as being a metal-centered process,
thereby yielding [Re'(bpy®);]'* containing three neutral (bpy°)
ligands and a low-spin Re' ion (S = 0). Within the 3¢ limits,
quite substantial differences are observed between the C—C
and C—N bond distances in the dication and monocation and
have been interpreted as a z-back bonding effect from a filled
tzgs level into the LUMO of the neutral (bpy®). However, as
we>™* and Goicoechea et al.>*® have recently shown, neutral
(bpy®) is a very weak z-acceptor and does not show observable
structural differences between electron poor and being bonded
to electron rich metal ions. The same holds true for the N,N’-
coordinated z-radical anion (bpy®)'”. Strictly speaking, the
present crystal structure'® does not allow an unambiguous
assignment of the electronic structure for the monocation, but
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Figure 3. Structures of the complexes [Mn"(Mbpy®),(Mbpy°)]1° (top,
40% probability ellipsoids), [Li(THF),][Mn"(bpy®);] (middle, 50%
probability ellipsoids), and [Mn"(tpy*),]° (bottom, 40% probability
ellipsoids). Hydrogen atoms have been omitted for clarity, and only
one of two crystallographically independent molecules is shown for the
neutral species.

it seems unlikely the sum charge (p) of {(bpy);}’ in the
monocation [Re(bpy);]* is zero (i.e., three neutral (bpy’)
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Table 5. Selected Bond Distances (A) from the Crystal
Structures of [Mn(bpy);]'~ and [Mn(**bpy),]°

(Mn(bpy),]*~
Mn—N(12) 2.230(1) C(8)-C(9) 1.365(2)
Mn-N(21) 2.236(1) C(9)—C(10) 1.408(2)
Mn—N(1) 2.252(1) C(10)—C(11) 1.374(2)
N(1)-C(2) 1.349(2) C(11)-N(12) 1.350(2)
N(1)-C(6) 1.381(2) N(21)-C(22) 1.351(2)
C(2)-C(3) 1.374(2) N(21)-C(26) 1.383(2)
C(3)—-C(4) 1.412(2) C(22)-C(23) 1.376(2)
C(4)—C(5) 1.365(2) C(23)—C(24) 1.407(2)
C(5)-C(6) 1.420(2) C(24)—C(25) 1.362(3)
C(6)-C(7) 1.427(2) C(25)—C(26) 1421(2)
C(7)-N(12) 1.378(2) C(26)—C(26)’ 1.422(3)
C(7)-C(8) 1.425(2)
[Mn(Mbpy);]*™

Mn—N(52) 2.177(3) C(6)—-C(7) 1.434(S)
Mn—N(41) 2.182(3) C(7)-N(12) 1.383(4)
Mn—N(1) 2.192(3) C(11)-N(12) 1.339(5)
Mn—N(12) 2.213(3) N(21)-C(22) 1.346(5)
Mn—N(32) 2.314(3) N(21)—C(26) 1.352(5)
Mn-N(21) 2.319(3) C(26)—C(27) 1.501(S)
N(1)-C(2) 1.347(5) C(27)-N(32) 1.341(4)
N(1)-C(6) 1.379(5) C(47)-N(52) 1.376(5)
C(31)-N(32) 1.339(5) C(51)-N(52) 1.354(5)
N(41)-C(42) 1.352(4)

N(41)—C(46) 1.387(4)

C(46)—C(47) 1.432(5)

“Data are given for ordered molecule 1.
ligands). Instead, p = 1— corresponding to the electronic

structure [Re"(bpy®)(bpy°),]'* seems more probable.

The crystal structure of neutral [Mn(tpy),]°-0.7STHF
presented here is of good quality, so it can be freely compared
with that of [Mn"(tpy®),]1,-3H,0,"®* which is of excellent
quality. All six Mn—N distances in the latter are longer than
2.20 A; hence the Mn ion can be unequivocally assigned as
possessing a +1I (high-spin d°) oxidation state. As observed for
all structurally characterized M(tpy) chelates, the Mn—N
distance to the central pyridine ring is significantly shorter
than those to the two terminal pyridine rings (in this case
{(Mn—N,) — (Mn—N,)} ~ 0.044 A). Furthermore, the average
C,,—C,,’ distance of 1.482 A clearly indicates that, consistent
with the anticipated [Mn"(tpy°),]** (S = 5/2) electronic
structure, both tpy ligands are neutral. Similar results have been
reported for [Mn"(tpy®),]3* (S = 2),"® for which the average
C,,—C,,  distance of 1.474 A is also indicative of the presence
of two neutral (tpy°) ligands.

The crystal structure of the neutral species [Mn(tpy),]°
(Figure 3) contains two crystallographically independent
neutral molecules per monoclinic unit cell, one of which
(molecule 1) is fully ordered. The other (molecule 2) displays
some static disorder, which manifests as thermal parameters
approximately 40% larger than those in “molecule 1”. For
example, carbon atom C(54) in molecule 2 has an U(eq) value
of 50(1), whereas the value for the same atom C(14) in
molecule 1 is only 35(1). Once again, the six Mn—N distances
in molecule 1 are all >2.10 A (Table 6), consistent with the
presence of a high-spin (S = 5/2) Mn" ion, and the two Mn—N
bonds to the two central pyridine rings are significantly shorter
than the four to the terminal pyridine rings. The most novel
feature of this structure is the observation that for both tpy
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Table 6. Selected Bond Distances (A) in the Neutral
Complex [Mn(tpy),]%0.7STHF*

Mn-N(12) 2.148(2) N(21)-C(26) 1.357(3)
Mn—N(32) 2.151(2) C(26)—-C(27) 1.468(3)
Mn—N(38) 2.238(2) C(27)-N(32) 1.366(3)
Mn—N(1) 2.251(2) C(31)—C(33) 1.431(4)
Mn-N(18) 2.291(2) C(33)-N(38) 1.371(3)
Mn—N(21) 2.300(2) C(31)-N(32) 1.384(3)
N(1)-C(6) 1.365(3)
C(6)-C(7) 1.443(3)
C(7)-N(12) 1.376(3)
C(11)-N(12) 1.368(3)
C(11)—C(13) 1.472(3)
C(13)-N(18) 1.353(3)

“Only data for molecule 1 is provided.

ligands the two five-membered chelate rings formed upon their
coordination are not equivalent. Instead, in each tpy ligand one
C,,—C,,’ bond is significantly shorter than the other (1.436 A
vs 1.470 A) and can be envisaged as being a (bpy®)'™ z-radical
anion with a fully aromatic pyridine ring attached at the 6’
position. In molecule 2, the C,,—C,  bonds in the two tpy
ligands do not significantly differ from one another in length,
which is a consequence of static disorder (resolution of the
ligand bond lengths is insufficient for tpy asymmetry, of the
type seen in molecule 1, to be discerned), but the average
distance of 1.448 A is effectively the same as that in molecule 1
(average 1.453 A). The asymmetry observed in the tpy ligands
of molecule 1 also manifests in a significant difference between
the length of the Mn—N bonds to the terminal pyridine rings,
with them being an average of 2.244 and 2.295 A long. The
overall average of 2.270 A for these four bonds in molecule 1
closely matches the corresponding value of 2.239 A in molecule
2. Not only that, but the average of all six Mn—N bond
distances in molecule 1 of 2.230 A is also very similar to the
corresponding value of 2.200 A in molecule 2. In summary, the
electronic structure of the neutral species is best described as
[Mn"(tpy*),]° with the experimentally observed S = 3/2
ground state (Figure 2) resulting from antiferromagnetic
coupling of a high-spin Mn" ion with two (tpy®)'~ z-radical
anions.

As shown by us previously,”® the average C,,—C,, bond
length in [Cr™(tpy),]***"'*° (Figure 4), [Mow(tpyz_sz]o, and
(WY (tpy*")(tpy*")]° varies linearly with the overall charge (p)
of the {(tpy),}¥ unit (p = 0, 1—, 2—, 3—, 4—, 5—). Pleasingly,
the average C,,—C, ' distances in the dication [Mn"(tpy°),]**
and the neutral species [Mn"(tpy®),]° (1.482 and 1.450 A,
respectively) fall on this line at p = 0 in the former case and p =
2— in the latter. This demonstrates that it is possible to
experimentally determine the average oxidation state of the tpy
ligands in [M(tpy),]" complexes, regardless of the identity of
the metal, using high-quality X-ray crystallography alone.

DFT Calculations. When the above experimental data for
all members of the series [Mn(bpy);]" (n = 2+, 1+, 0, 1—) and
[Mn(tpy),]" (m = 4+, 3+, 2+, 1+, 0) are taken together, a
picture emerges wherein consecutive one-electron reductions
from the dicationic starting complexes occur at localized ligand-
centered orbitals to yield ligand #-radicals, which antiferro-
magnetically couple to a central high-spin Mn" ion, thereby
yielding the experimentally observed electronic ground states.
To test the validity of this picture, we have undertaken a broken
symmetry (BS) density functional theoretical (DFT) study of
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Figure 4. Experimental (red circles) and calculated (black circles)
average C, —C,.’ bond lengths (A) as a function of the total charge
(p) of the {(tpy),}” ligands in [Mn"(tpy),]™ and [Cr™(tpy),]™ (m =
2+, 1+, 0). The data for [Cr(tpy),]” is taken from ref 3, and the
correlation produced using the experimental data (red line) exhibits an
R* = 0.991.

these compounds at the B3LYP level of theory (see
Experimental Section for further details). Where possible, the
accuracy of our computational results was gauged by comparing
calculated intrachelate bond lengths from geometry optimized
structures with those obtained by X-ray crystrallography. Good
agreement between theory and experiment was, in general,
obtained using the broken symmetry formalism to approximate
the true multiconfigurational electronic structures of the neutral
and monoanionic species. This single determinant approx-
imation for the calculation of di- and triradicals was originally
developed by Noodleman for calculating antiferromagnetically
coupled di- and polymetallic clusters (i.e, metal-metal
diradicals).>" However, this approach has also been successfully
applied by a number of other groups to describe metal—ligand
and ligand—ligand diradicals. Calculation of spin-exchange
coupling constants, J (Table 3), was performed using the
Yamaguchi method (eq 3).** A detailed description of the
meaning of the spin expectation values (S*) and the energies
Eyg, and Egg have been described in ref 32.

_ Eps — Eps
<52>Hs - <82>BS (3)

The unrestricted Kohn—Sham (UKS) optimized geometry of
the dication [Mn"(bpy®);]** (S = §/2) displays excellent
agreement with experiment, with both the calculated and
experimental C,,—C,,,’ distances being 1.485 + 0.006 A and the
corresponding average intrachelate C—N bond lengths being
1.35 + 0.01 A. These structural parameters closely resemble
those reported for uncoordinated (bpy®) and indicate that three
neutral ligands are present in the complex.”™ As is typically
observed for B3LYP functional, the calculated M—N distances
are slightly overestimated, in this case by approximately 0.05 A.
Regardless, the long Mn—N distances, both experimental and
calculated, are emblematic of a high-spin d° electron
configuration at Mn. These conclusions are corroborated by
the calculated Mulliken spin density distribution (Figure $),
which places five unpaired electrons on the Mn" center and
negligible spin density on the bpy ligands, thereby confirming
that the correct [Mn"(bpy°);]** (S = 5/2) electronic structure
was obtained.

]:
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Figure S. Calculated Mulliken spin density plots (yellow, a-spin; red,

B-spin), plus spin density populations, for [Mn(bpy);]" (m = 2+, 1+,
0, 1, 4-).

Geometry optimization for the monocation
[Mn"(bpy®),(bpy*)]'* (S = 2), using the UKS formalism and
including a conductor like screening model (COSMO)*® for
water, yielded a BS(S 1) solution containing two neutral (bpy°)
ligands (C C,, = 1485 A) and a single charge localized
(bpy®)'~ Jtradlcal anion (C C,, = 143§ A). This charge
localization was also reﬂected in the Mn—N bonds with those
to the (bpy®)'” ligand being significant shorter than those to
the neutral ligands (average values of 2.198 and 2.332 A,
respectively), but both sets being long and characteristic of a
central high-spin Mn" ion. Interestingly, performing an
analogous calculation without COSMO yielded a structure
with the same average C,,—C,/, C—N, and Mn—N bond
distances but with a lesser degree of localization of the ligand-
centered electron (Figure S1, Supporting Information). These
structural parameters indicate that the electronic structure of
the monocation is, as we suggested earlier, composed of two
(bpy°) ligands and one localized (bpy®)'” z-radical anion,
whose unpaired spin antiferromagnetically couples to a high-
spin Mn" ion. The Mulliken spin density analysis (Figure $),
qualitative frontier molecular orbital (FMO) diagram (Figure
S11, Supporting Information), and relatively large Yamaguchi
antiferromagnetic coupling constant, J4 ,of —194 cm™
calculated using the localized geometry optimized structure
are congruent with this idea. It should be reiterated that to date
the monocation has yet to be isolated or spectroscopically
characterized, so our calculated [Mn"(bpy®),(bpy®)]"* (S = 2)
ground state is in need of experimental verification.

Geometry optimization for [Mn"(bpy*),(bpy)]° (S = 3/2)
using the UKS and BS(5,2) formalisms afforded two distinct
solutions, with the former containing a low-spin Mn" center

2283

and two (bpy®)'” z-radical anions and being 24 kcal mol™
higher in energy than the latter. In contrast, the BS(S,2)
energetic ground state structure was found to possess a long
average Mn—N distance of 2.275 A, characteristic of high-spin
Mn", and three equlvalent bpy ligands with a relatively short
average C,,—C,,’ distance of 1.450 A, which is the arithmetic
mean of those for two (bpy®)'” anions and one (bpy°) ligand.
Inclusion of the COSMO model for water caused localization
of the ligand-centered charge, yielding two (bpy®)'~ ligands
with an average C, —C, ' distance of 1.433 A and a single
neutral ligand with a C,,—C,,’ bond length of 1.484 A. This is
reflected in the corresponding spin density plot and FMO
diagram (Figure S and Figure S12, Supporting Information,
respectively), both of which place five unpaired electrons of a-
spin on the Mn ion and two electrons of #-spin on the ligands,
one on each of two of the bpy ligands. The experimentally
observed S 3/2 ground state is then attained via
antiferromagnetic coupling of the metal- and ligand-centered
spins, for which a J .4 of =156 cm™ was calculated. This is in
excellent agreement with the experimental value of —140 cm™
(Table 3).

Similarly, a UKS calculation for [Mn"(bpy®);]'~ (S = 1)
provided a geometry optimized structure containing a low-spin
Mn" ion and three (bpy®)'” ligands (Figure S4, Supporting
Information), but it was found to be 26 kcal mol™ higher in
energy than the BS(S,3) solution. The structural parameters of
the BS(5,3) ground state display excellent agreement with the
X-ray structure of the monoanion detailed above. For example,
the average calculated and experimental intrachelate C—N bond
lengths of 1.385 and 1.381 A, respectively; and the long average
calculated Mn—N distance of 2.275 A nicely reproduces the
corresponding experimental value of 2.239 A. Furthermore, the
average calculated C,,—C,,’ bond length of 1.433 A is very
similar to the value of 1431(3) A found in the (bpy")'” =
radical anion in the X-ray structure of K(en)(bpy®). These
structural parameters are all consistent with the previously
forwarded formulation [Mn"(bpy®);]'~, wherein three equiv-
alent m-radical (bpy®)'” ligands antiferromagnetically couple
with the high-spin Mn" center to produce the observed S = 1
ground state. The qualitative FMO diagram (Figure S13,
Supporting Information) and spin density plot (Figure S)
confirm this scenario, and the accompanying antiferromagnetic
coupling constant of —100 cm™" is in excellent agreement with
experiment (Table 3), thereby validating the quality of the
calculations.

Finally, UKS geometry optimization of [Mn"(bpy*~),]* (S
= 5/2) converged to a structure containing three equivalent bpy
ligands possessing a very short average C,,—C,' distance of
1.381 A and a very long average intrachelate C—N bond length
of 1.426 A, which are typical of diamagnetic (bpy*~)*" ligands.
Combined with the long average Mn—N distance of 2.356 A,
which is consistent with retention of a high-spin Mn! center, it
is clear that the electronic structure description
[Mn"(bpy*~);]*" is most appropriate. Consistent with this
notion, a Mulliken spin density analysis (Figure 5) places 4.9
unpaired spins on the metal ion and virtually no spin density on
the ligands, and the qualitative FMO diagram (Figure S14,
Supporting Information) contains three doubly occupied bpy
m*-orbitals.

Figure 6 shows the experimentally determined and calculated
average C,,—C,,/ bond lengths in [Mn"(bpy);]" (n = 2+, 1+, 0,
1-,4-) as a function of the total charge (p) of the three bpy
ligands {(bpy);}, where p = O corresponds to three neutral
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Figure 6. Experimental (black triangles) and calculated (red circles)
average C, —C,.’ bond lengths (A) as a function of the total charge
(p) of the {(bpy);} ligands in [Mn(bpy),]™ (m = 2+, 1+, 0, 1—, 4—).
The correlation produced using the calculated data (red line) exhibits
an R* = 0.993. The black circle represents the corresponding
experimental values for [M(bpy);]**, where M = Tc'® and Re.'*

(bpy°) ligands, p = 1— to one (bpy®)'~ and two (bpy®), p = 2—
to two (bpy*)'” and one (bpy’), p = 3— to three (bpy*)'", and
p = 6— to three diamagnetic (bpy*~)*~ dianions. As previously
demonstrated for other [M(bpy);]" complexes, the calculated
average C,—C, ' distance varies linearly with p (red line).
Gratifyingly, the arithmetic mean of the experimental C(},Y—CPY’
distances for dicationic (p 0) [Mn"(bpy®),]*",”
|:TcH(bpy°)3]2+,13 and [ReII(bpy0)3]2+,16 the neutral complex
[Mn"(Mbpy*),(Mbpy")° (p 2—), and the monoanion
[Mn"(bpy®);]'™ (p = 3—) all fall on this line. This is strong
evidence to support the notion that the sum charge p of the
three coordinated bpy ligands, from which their individual
oxidation states can be extrapolated, can be determined
experimentally by high-resolution X-ray crystallography.

Using the computational methodology described above for
the [Mn"(bpy),]" series, we have also calculated the optimized
geometries and electronic structures of the three complexes
[Mn"(tpy);]™ (m = 2+, 1+, 0). Calculations for the dication
[Mn"(tpy°),]** (S = 5/2) converged to a structure displaying
excellent agreement with experiment,'® containing two neutral
C,-symmetrically N,N’,N"-coordinated (tpy’) ligands bound to
a high-spin Mn" ion. This is reflected in the calculated Mulliken
spin density plot, shown in Figure 7, which carries effectively
zero spin density on the (tpy°) ligands and five unpaired
electrons at the Mn center.

UKS calculations of the corresponding monocation, carried
out with the inclusion of COSMO for water, yield a optimized
geometry possessing a charge localized structure containing one
neutral (tpy®) ligand and one (tpy®)'” z-radical anion
coordinated to a high-spin Mn" ion. This is evident in their
respective average C, —C, ' distances of 1.466 A for (tpy*)'~
and 1.487 A for (tpygg, which are clearly different, and the fact
that all the Mn—N distances are long (>2.19 A). Thus, the
electronic structure of this complex is best described as
[Mn"(tpy®) (tpy°)]"*, wherein the unpaired electrons of the
high-spin Mn" center couple antiferromagnetically to a ligand-
centered spin on the z-radical anion (Jeq = —200 cm™) to
yield an § = 2 ground state. The calculated Mulliken spin
density plot and qualitative FMO diagram (Figure 7 and Figure
S16, Supporting Information, respectively) corroborate this
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Figure 7. Calculated Mulliken spin density plots (yellow, a-spin; red,
B-spin), plus spin density populations, for [Mn(tpy),]" (m = 2+, 1+,
0).

assertion. This electronic structure description is in stark
contrast to that of the analogous monocationic complex
[Mn""(pdi®),]'* (S = 0; pdi = 2,6-bis[1-(4-
methoxyphenylimino)ethyl]pyridine), which contains a low-
spin. Mn"™" ion antiferromagnetically coupled to two ligand
radicals. The difference between the electronic ground states of
these two closely comparable complexes can be attributed to
the greater ligand field strength of the pdi ligand relative to tpy.
This is nicely illustrated by the corresponding dicationic cobalt
complexes [Co"(pdi®),]** and [Co"(tpy®),]*!, where the
former is low-spin (S = 1/2) at room temperature®* and the
latter is widely known to display spin-crossover below ambient
temperatures.

Finally, geometry optimization of the neutral complex
[Mn"(tpy*),]° (S = 3/2), using the BS(S,2) formalism and
the COSMO for water, affords a structure in which the two tpy
ligands differ. As shown in Figure 8, one (tpy*)'” ligand is
asymmetrically N,N’,N”-coordinated and has two different
C,,—C,, bond lengths of 1.467 and 1.453 A, whereas the other
N,N',N"-coordinated (tpy*)'~ ligand is C,-symmetric and has
two equal C,—C, ' distances of 1.46 A. However, in both
ligands, the average C,,—C,,’ distance is the same (i.e,, 1.46 A),
which indicates that both ligands possess the same oxidation
level, namely, that of a (tpy®)'~ z-radical anion. Once again, all
Mn—N bonds are long (>2.17 A) and indicate that a high-spin
Mn" ion is present. Taken as a whole, the calculated geometry
is in excellent agreement with experiment (Figure 8), with the
specific structural parameters of the asymmetrically coordinated
Mn(tpy) chelate ring closely resembling those of molecule 1 in
the X-ray structure (Figure 8A) and the symmetrically
coordinated Mn(tpy) chelate ring resembling those of molecule
2 (Figure 8B). The Mulliken spin density plot and qualitative
FMO diagram (Figure 7 and Figure S17, Supporting
Information, respectively) confirm this picture with the
different distribution of spin density in the two tpy ligands
readily apparent.

B CONCLUSION

The most prominent feature of this investigation is the
observation that it is possible to assign the redox states of the
three bpy ligands in [Mn(bpy),]" (n = 2+, 1+, 0, 1—, 4—) and
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Figure 8. (A) Asymmetric coordination of (tpy*)'~ seen in molecule 1
of the X-ray structure of [Mn"(tpy*),]°, and one of the ligands in the
BS(S,2) DFT geometry optimized structure of this complex calculated
with inclusion of COSMO for water. (B) Symmetric coordination of
(tpy*)"™ seen in molecule 2 of the X-ray structure of [Mn"(tpy®),]°,
and the second ligand of the aforementioned DFT geometry
optimized structure of this complex. Values in red are DFT calculated
and those in blue are from the X-ray structure.

two tpy ligands in [Mn(tpy),]" (n = 3+, 2+, 1+, 0) solely using
X-ray crystallographically determined intraligand structural
parameters. More specifically, the arithmetic mean of the
C,y—C,,’ distances in {(bpy);}* and {(tpy),}’ decreases
linearly with increasing total charge (p). Second, the Mn
center in all complexes with charge (n/m) < 2 retain the high-
spin d° electron configuration of the dicationic species. In other
words, as previously 0postulated by Inoue and co-workers for the
[Mn(bpy),]" series'’ and observed for a number of other series
of [M(bpy);]" and [M(tpy),]” complexes, reduction of the
dications to more negatively charged species is purely ligand-
centered. Hence, the [Mn(bpy),]" series members possess the
electronic structures [Mn"(bpy®);]** (S = 5/2), [Mn"(bpy*)-
(bpy°),]'" (S = 2), [Mn"(bpy*),(bpy”)]° (S = 3/2),
[Mn(bpy®),)"~ (S = 1), and [MnT(bpy* )aJ*~ (S = 5/2);
and the electronic structures of the [Mn(tpy),]” series are
[Mn"(tpy*), ] (5 = 2), [Mal(tpy")]?* (5 = 5/2),
[Mn"(tpy®) (tpy°)]** (S = 2), and [Mn"(tpy*),]° (S = 3/2).
The electron spin ground states are determined throughout by
antiferromagnetic coupling of the high-spin Mn" center (Sy;,
5/2) with any z-radical anions (S; = 1/2) present.

These conclusions were fully supported by BS-DFT
calculations, with the agreement between calculated and
experimentally determined structural parameters and elec-
tron—electron exchange coupling constants (J) being excellent.
A further point of note is that inclusion of COSMO for water in
geometry optimizations for the complexes containing ligands of
differing valency (i.e., the monocations and the neutral complex
in the bpy series) causes charge localization. Assorted
experimental evidence supports this picture, and based on the
relatively large number of X-ray structures of bpy and tpy
complexes of this type that we have now collected,”® charge
localization appears to be the norm. The structures for which
charge localization was not observed are, by-and-large, poor
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quality structures plagued by static disorder or those belonging
to a symmetry group that renders the ligands equivalent.

For the analogous Tc and Re series of complexes, the
dicationic species clearly contain three neutral (bpy°) or two
neutral (tpy®) ligands and a central low-spin 4d° or 5d° metal
ion, but more experimental work (spectroscopy) is required
before concrete assignment of the electronic structures of more
reduced species (n/m < 2) will be possible. However, by
comparison of the electrochemistry reported for these species
with that of their Mn analogues, it seems likely that species with
a charge <2+ will once again contain reduced ligands and not
metal ions with an oxidation state of < I+.

B EXPERIMENTAL SECTION

Synthesis of Compounds. Unless stated otherwise, all syntheses
were carried out in the absence of water and dioxygen, under an argon
atmosphere, using standard Schlenk techniques or a glovebox. The
ligands 4,4'-dimethyl-2,2"-bipyridine (Mbpy), 2,2'-bipyridine (bpy),
and 2,2":6',2"-terpyridine (tpy), the starting material MnBr,, and the
reductants lithium metal and 10% sodium amalgam were all purchased
from commercial vendors and used without purification. The complex
[Li(THF),][Mn(bpy);] was prepared using a published procedure.'!

[Mn("ebpy),]°. A mixture of 3 equiv of Mbpy (0.55 g, 3.0 mmol), 1
equiv of MnBr, (0.21 g, 1.0 mmol), and 2 equiv of sodium amalgam
(10 wt %; 0.5 g, ~2.0 mmol) in 25 mL of THF was stirred at ambient
temperature for 48 h. The resulting purple solution was filtered, and all
volatiles were removed in vacuo. The residue obtained was dissolved in
dry toluene and filtered, and the solvent was removed under reduced
pressure to yield solid, which was washed with n-pentane and dried to
give 0.14 g (22% yield) of dark purple product. Unfortunately, a
satisfactory elemental analysis could not be obtained. Vapor diffusion
of n-pentane into a saturated toluene solution of crude material
obtained directly from the reaction mixture at —20 °C provided single
crystals of [Mn(Mbpy);]%(n-pentane)-0.STHF-0.25(Mbpy) suitable
for X-ray crystallography.

[Mn(tpy)z]o. This complex was prepared using an analogous
procedure to that described for [Mn(™bpy),]°, but with 2 equiv of
tpy in place of the 3 equiv of ™bpy. Yield: 0.16 g (31%). X-ray quality
dark green crystals of the solvate [Mn(tpy),]-0.7STHF were grown by
vapor diffusion of n-pentane into a saturated THF solution of complex
at —20 °C. Anal. Calcd for C;,H,,MnNj: C, 69.10; H, 4.25; N, 16.12.
Found: C, 68.75; H, 4.12; N, 15.96.

X-ray Crystallographic Data Collection and Refinement of
the Structures. Single crystals of complexes [Mn(*bpy),]°,
[Li(thf),][Mn(bpy);], and [Mn(tpy),]° were coated with perfluor-
opolyether, picked up with nylon loops, and mounted in the nitrogen
cold stream of the diffractometer. Graphite monochromated Mo Ka
radiation (4 = 0.71073 A) from a Mo-target rotating-anode X-ray
source was used throughout. Final cell constants were obtained from
least-squares fits of several thousand strong reflections. Intensity data
were corrected for absorption using intensities of redundant reflections
with the program SADABS.*® The structures were readily solved by
Patterson methods and difference Fourier techniques. The Siemens
ShelXTL*® software package was used for solution, refinement, and
rendering of the structures. All non-hydrogen atoms were anisotropi-
cally refined, and hydrogen atoms were placed at calculated positions
and refined as riding atoms with isotropic displacement parameters.

The unit cell of [Mn(*bpy);]° contains eight neutral complex
molecules and at least four pentane, four tetrahydrofuran (THF), and
two bipyridyl (bpy) molecules. A similar situation applies for
[Mn(tpy),]°, which contains eight neutral complex molecules and
six THF molecules per unit cell. Both structures, including solvent
molecules, were fully refined. However, the solvent molecules were
found to be severely disordered and could not be satisfactorily refined
by split atom models, so a Platon-Squeeze®” was used to refine the
solvent-free structures. Crystallographic data of the compounds are
listed in Table 7.
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Table 7. Crystallographic Data of Complexes

[Li(THE),]

[Mn(Mbpy);] (Mn(bpy);] [Mn(tpy),]
chem. formula C;6H3sMnNg C4HsLiMnNO,  C;0H,,MnNy
Fw 607.65 818.84 648.65
space group P2,/n, No. 14 Pbcn, No. 60 P2,/¢, No. 14
a, A 19.400(3) 12.841(3) 16.321(4)

b, A 14.171(2) 17.827(4) 18.167(4)

o A 30.796(4) 18.182(4) 18.187(4)

B, deg 94.807(3) 90 95.479(4)

Vv, A 8437(2) 4162(2) 5368(2)

VA 8 4 8

T, K 100(2) 100(2) 100(2)

pcaed, g em™ 09577 1.307 12014

reﬂg)s collected/ 107225/52.04 103534/62.15 113559/53.61
2 max

unique reflns/I > 16613/10815 6664/4851 11407/7402
26(1)

no. of params/ 787/0 276/11 668/0
restraints

A A/gl(Ka), 0.71073/3.39%  0.71073/3.68 0.71073/5.21¢
cm

Rla/GOFb 0.0693/1.038 0.0409/1.028 0.0427/1.021

wR2¢ (1> 20(I))  0.1594 0.0906 0.0905

+0.55/-0.73 +0.57/-0.30 +0.43/-0.55

residual density,
e A
“Observation criterion: I > 26(I). R1 = YIIF,| — IFJI/ Y IF,. bGOF =
[(Xlw(Ee — F21/(n = p)]% wR2 = [F[w(F, — F2))/
S [w(F,})?*]1"? where w = 1/6*(F,?) + (aP)* + bP, P = (F,> + 2F.2)/
3. “Data given for the solvent-free crystal.

Calculations. All DFT calculations were performed using version
3.0 of the ORCA software package.*® The geometries of all complexes
were optimized in redundant internal coordinates without imposing
geometry constraints, and all subsequent sin3gle point calculations were
performed at the B3LYP level of theory.” In all calculations, the
TZVP basis set was applied to all atoms.** Auxiliary basis sets, used to
expand the electron density in the calculations, were chosen to match
the orbital basis sets.* The RIJCOSX approximation was used to
accelerate the calculations.

The self-consistent field calculations were tightly converged (1 X
1078 E;, in energy, 1 X 1077 E; in the density charge, and 1 X 1077 in
the maximum element of the DIIS* error vector). In all cases, the
geometries were considered converged after the energy change was
less than 1 X 107 E,, the gradient norm and maximum gradient
element were smaller than 3 X 105 and 1 X 107* E, bohr™},
respectively, and the root-mean-square and maximum displacements of
all atoms were smaller than 6 X 10™* and 1 X 107 bohr, respectively.
The authenticity of each converged structure was confirmed by the
absence of imaginary vibrational frequencies.

Interestingly, performing4 identical calculations using the more
diffuse def2-TZVP basis set™" resulted in incorrect electronic structures
and manifested as a large disparity between the calculated and
experimental structural parameters. For example, geometry optimiza-
tion for S = 5/2 [Mn(bpy);]**, which is known to contain high-spin
Mn" and three neutral (bpy°) ligands and to exhibit average Mn—N
distances of approximately 2.2 A, yielded a Mn' species containing
one (bpy’) and two (bpy*)'” ligands and an average Mn—N bond
length of 1.88 A. It was found that this problem could be corrected by
implementation of the zeroth-order regular approximation (ZORA)
method,** but given that the results obtained were qualitatively
identical to those using the computationally less demanding TZVP
basis set, the latter was preferentially used throughout. Additionally,
the gas-phase calculations for the ground states of both types of
complex [Mn(bpy);]" and [Mn(tpy),]" were repeated using the
conductor-like screening model (COSMO),** with water as the
solvent. This caused charge localization and concomitant structural
changes in all cases.
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Throughout this study, our computational results are described
using the broken symmetry (BS) approach.>* The following notation
is used to describe the BS solutions, where the given system is divided
into two fragments. The notation BS(m,n) refers to an open-shell BS
state with m unpaired a-spin electrons localized on fragment 1 and n
unpaired f-spin electrons localized on fragment 2. In this notation, the
standard high-spin, open-shell solution is written as BS(m + n,0). The
BS(m,n) notation refers to the initial guess for the wave function. The
variational process does, however, have the freedom to converge to a
solution of the form BS(m — n,0), in which the nf-spin electrons
effectively pair up with n < m a-spin electrons on the partner fragment.
Such a solution is then a standard M 2 (m — n)/2 spin-unrestricted
or spin-restricted Kohn—Sham solution. As explained elsewhere,46 the
nature of the solution is investigated from corresponding orbital
transformation (COT), which from the corresponding orbital overlaps
displays whether the system should be described as a spin-coupled or a
closed-shell solution. Orbitals and density plots were created using
Chimera.*’

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic information files (cif) for the complexes
[Mn"(Mbpy®),(Mbpy°)]°, [Li(THF),][Mn"(bpy*);], and
[Mn"(tpy*),]° and further information regarding the DFT
calculations, including tables of atomic coordinates, bond
distances, and energies, and additional Mulliken spin density
plots and qualitative frontier molecular orbital diagrams. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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