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ABSTRACT: Heterobimetallic complexes composed only of
first-row transition metals [(TMTAA)VY=0—M"Py,Me,]-
(OTf), (TMTAA = 7,16-dihydro-6,8,15,17-
tetramethyldibenzo[b,i][1,4,8,11]tetraazacyclotetradecine;
Py;Me, = 2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine; M = Mn",
Fe, Co", Ni', Cu'; OTf = trifluoromethanesulfonate) have
been synthesized through a dative interaction between a
terminal oxido and M" metal centers. This is the first series of
VV=0-M" heterobimetallic complexes containing an
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unsupported oxido bridge. Among these five complexes, only V'V=0—Fe" (3b) has a clear new absorption band upon
formation of the dinuclear species (502 nm, £ = 1700 M~' cm™"). This feature is assigned to a metal-to-metal charge transfer
(MMCT) transition from V'V to Fe', which forms a V'—O—Fe' excited state. This assignment is supported by electrochemical
data, electronic absorption profiles, and resonance Raman spectroscopy and represents the first report of visible-light induced
MMCT in a heterobimetallic oxido-bridged molecule where the electron originates on a d' metal center.

B INTRODUCTION

Heterobimetallic oxido-bridged complexes are an important
area of transition metal chemistry due to the unique reactivity
that can result from the presence of two distinct metal centers."
Molecular systems containing a M;—O—M, fragment have
been successfully applied as cooperative catalysts for alcohol
oxidation,” olefin polymerization,” and CO, reduction.*”®
Light-driven charge separated excited states induced by
intramolecular metal-to-metal charge transfer (MMCT) are
also possible, and have been shown in the solid-state to drive
photochemical processes such as artificial photosynthesis.*~**
Redox-active heterobimetallic molecules that contain unsup-
ported oxido bridges are a continued area of interest;">”"
however, no molecular systems have been definitively shown
that possess visible-light induced MMCT transitions.'® In
recent decades a few oxido—brid§ed complexes containing
vanadium have been developed.'” >' However, structurally
characterized mono-oxido—brid§ed heterobimetallic complexes
containing VYV remain rare.**?

Here we report a straightforward synthesis of unsupported
oxido-bridged heterobimetallic complexes containing V=
O—M" (M = Mn, Fe, Co, Ni, and Cu), using (TMTAA)V=0
(1) (TMTAA = 7,16-dihydro-6,8,15,17-tetramethyldibenzo-
[b,i][1,4,8,11]tetraazacyclotetradecine) and [M"Py;Me,]-
(OTf), (2a—e) (Py;Me, = 2,6-bis(1,1-bis(2-pyridyl)ethyl)-
pyridine) as precursors. These compounds can serve as
structural and functional models for photochemically important
solid-state MMCT chromophores. The formation of these five
new species (3a—e) has been confirmed by UV—vis, XRD,
FTIR, ESI-MS, and cyclic voltammetry. We find that only
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VV=0-Fe" (3b) has a new, broad feature in the electronic
absorption spectra at 490 nm, which is sufliciently described by
two Gaussian curves centered at 459 and 502 nm. We have
identified that the low-energy portion of this feature is a visible-
light induced MMCT transition, where the electron originates
from the d' vanadium center and is transferred to Fell, reducing
it to Fe' in the excited state. This assignment is supported by
electrochemistry and resonance Raman (rRaman) spectrosco-
py, with only the V—Fe transition being consistent with the
observed low-energy excitation. This result is an unusual
example of an MMCT transition where the electron transfers
from an early to late metal, with all previous studies examining
excited states where there is reduction of the early transition
metal (such as Ti'*'® and Zr*).

B EXPERIMENTAL SECTION

General Considerations. All of the reactions described were
carried out in an Innovative Technology glovebox or under an
atmosphere of dinitrogen using standard Schlenk techniques. Acetone
was dried with CaSO, and distilled prior to use. Diethyl ether was
dried with Na/benzophenone ketyl, distilled, degassed, and stored in
the glovebox. Acetonitrile, dichloromethane, toluene, tetrahydrofuran,
and pentane were purified using a Grubbs-type, two-column
purification system (Innovative Technologies) and stored over 4 A
molecular sieves. All other solvents were purchased from Alfa Aesar
and used without further purification. H;,TMTAA,** (TMTAA)V=
0,% PysMe,*® metal precursors (for Mn, Fe, and Co),”” and metal
coordinated PysMe, complexes®® were synthesized via previously
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published synthetic routes. Tetra-n-butylammonium hexafluorophos-
phate (TBAHFP) used for cyclic voltammetry was recrystallized from
ethanol and dried under vacuum. Other commercially obtained
chemicals were used as received.

Measurements. Electronic absorption spectra (EAS) were
recorded using an Olis RSM1000 spectrophotometer with a 1 mm
cuvette. ATR-FTIR spectra were obtained on a Bruker Vertex 80 V
infrared spectrometer equipped with a Platinum diamond ATR
attachment. Electrospray ionization mass spectrometry analyses were
carried out on a Thermo Fisher Scientific Exactive Plus MS
spectrometer using heated electrospray ionization (HESI) with the
compounds dissolved in dichloromethane that had been dried as
previously described. Electrochemical data were acquired under
anaerobic conditions using a BioLogic S200 potentiostat with glassy
carbon as the working electrode, Ag/Ag" as the reference electrode,
and a Pt wire counter electrode. Cyclic voltammograms were obtained
in a nitrogen atmosphere and referenced to added Fc/Fc* (0 V) in
0.01 mM TBAHFP dichloromethane solution. Crystal structures were
determined by single crystal X-ray diffraction using Bruker-Nonius X8
Kappa Apex II diffractometer with Mo Ka radiation (4 = 0.71073 A)
at 110(2) K. Crystal structures were solved by direct methods
(SHELXS-97) and expanded using difference Fourier techniques. The
structures were refined with SHELXL-2013 using full-matrix least-
squares calculations.”® Unless otherwise noted in the Supporting
Information, hydrogen atom positions were placed in chemically
reasonable positions and refined using geometric constraints using a
riding model (Ug, of 12X or 1.5X parent atom depending on
context). H atoms participating in hydrogen bonding were refined
freely unless otherwise stated. rRaman spectra were recorded using a
custom built system composed of a Princeton Instruments IsoPlane
SCT 320 sgectrograph and a PIXIS CCD camera with eXcelon
technology.3 Samples were excited using a Coherent Innova 70C Ar/
Kr ion laser. Semrock MaxLine laser line filters were utilized to filter
the excitations. The rRaman pump was reflected from a 90/10 beam
splitter and focused into the sample by a 10X microscope objective.
Data was collected at a 180° back scattering geometry. The rRaman
signal was collimated by the same objective, and Semrock RazorEdge
long pass filters were used to filter the Rayleigh scatter from the
rRaman signal in the collection path. The signal was focused into an
optical fiber using a SX microscope objective.

(TMTAA)V=O0 (1). This was synthesized using Yang’s method,25
with a modification in the purification conditions. A 15 mL portion of
dry toluene was sparged for 20 min with dinitrogen, at which time
H,TMTAA (300 mg, 0.871 mmol), oxidovanadium acetate (180 mg,
0.973 mmol), and triethylamine (88.1 mg, 0.871 mmol) were added.
The resulting mixture was heated at reflux for 1 day, during which time
a deep green precipitate slowly formed. This crude product was filtered
out, washed 3 times with 3 mL of dry toluene, and dried under
vacuum. Column chromatography with neutral alumina (50—200
mesh) was used to obtain the pure 1, washing with dichloromethane
to remove unreacted ligand followed by tetrahydrofuran to elute the
product as a green band. After the solvent was removed in vacuo, the
solid was further dried under vacuum at 80 °C for 3 h. Typical yields
for 1 are 30% (107 mg). UV—vis (dichloromethane), 4,,, (nm) (e
(M em™)): 308 (17 800), 375 (45 500), 416 (10200). ATR-FTIR:
Vy—o (ecm™): 971. HR ESIMS (M+) m/z caled for C,,H,,N,OV
409.1228, found 409.1224. Anal. Calcd for C,,H,,N,OV: C, 64.55; H,
5.42; N, 13.68. Found: C, 65.61; H, 5.55; N, 13.92.

[/\/I”(Py5/\/lez)](CF3SO3)2 (2a—2e). Sun’s work on [Co(H,0)-
(PysMe,)](CF;S0;), was applied and extended to the other four
metals with minor modifications.”® Equal molar quantities (0.450
mmol) of metal precursor (2a, Mn(CF;SO;),(CH;CN),; 2b,
Fe(CF;S0,),(CH,CN),; 2d, Ni(CF,S05),; 2e, Cu(CE,S03),) were
combined with Py;Me, in 10 mL of anhydrous acetone. The mixture
was stirred at 20 °C for 12 h. After removing the solvent under
vacuum, the resulting solid was washed with a minimum amount of
acetone and dried under reduced pressure. The products were used
without further purification.

[(TMTAA]V=0—-Mn(PysMe,)](CF350;), (3a). Equimolar quantities
of 1 (70 mg, 0.171 mmol) and 2a (136 mg, 0.171 mmol) were added
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to 6 mL of toluene. The mixture was stirred at 100 °C for 12 h, during
which time the mixture slowly turned brown in color. The product was
collected over a fritted funnel after being cooled to room temperature,
and then washed with minimum amount of toluene and dried under
reduced pressure resulting in a light brown solid. Crystals suitable for
X-ray diffraction were obtained by slow diffusion of diethyl ether into a
dichloromethane solution of 3a. Yield: 158 mg, 77%. UV—vis
(dichloromethane), A, (nm) (¢ (M™' cm™)): 308 (17000), 375
(44 600), 418 (9700). ATR-FTIR: 1y_q (cm™): 901. HR ESIMS (M
+) m/z caled for [C5H,;MnNyOV]* 453.636, found 453.635. Anal.
Caled for Cy3H,FMnNyO,S,V-C;H,O: C, 53.22; H, 4.23; N, 9.97.
Found: C, 53.29; H, 4.20; N, 10.09.

[(TMTAA]V=0— Fe(Pys;Me,)](CF;50;), (3b). This was synthesized
via a similar approach as 3a using 1 (70 mg, 0.171 mmol) and 2b (136
mg, 0.171 mmol) in 6 mL of dry toluene, forming an orange-brown
solid. Crystals suitable for X-ray diffraction were obtained by slow
diffusion of diethyl ether into a dichloromethane solution of 3b. Yield:
167 mg, 81%. UV—vis (dichloromethane), A, (nm) (¢ (M'em™)):
307 (17 700), 375 (41200), 417 (13200), 502 (1700). ATR-FTIR:
Uy—o (ecm™!): 903. HR ESIMS (M+) m/z calcd for
[CsH,,FeNyOV]** 454.1352, found 454.1343. Anal. Calcd for
Cy3H, FgFeNyO-S,V-H,0: C, 51.98; H, 4.03; N, 10.29. Found: C,
52.03; H, 4.19; N, 10.35.

[(TMTAA]V=0-Co(PysMe,)](CF;SOs), (3c). This was synthesized
via a similar approach as 3a using 1 (70 mg, 0.171 mmol) and 2c (140
mg, 0.171 mmol) in 6 mL of dry toluene, forming a light brown solid.
Crystals suitable for X-ray diffraction were obtained by slow diffusion
of diethyl ether into a dichloromethane solution of 3c. Yield: 153 mg,
74%. UV—vis (dichloromethane), 1., (nm) (¢ (M~ ecm™)): 308
(18 100), 375 (43000), 419 (9500). ATR-FTIR: vyy—q (cm™): 914.
HR ESIMS (M+) m/z calcd for [Cy;H,,CoNy,OV]** 455.6343, found
455.6331. Anal. Calcd for Cg3H, FsCoNyO,S,V-H,O: C, 51.85; H,
4.02; N, 10.26. Found: C, 51.22; H, 4.17; N, 10.27.

[(TMTAA]V=0-Ni(PysMe,)](CF3SOs), (3d). This was synthesized
via a similar approach as 3a using 1 (70 mg, 0.171 mmol) and 2d (137
mg, 0.171 mmol) in 6 mL of dry toluene forming a greenish brown
solid. Crystals suitable for X-ray diffraction were obtained by slow
diffusion of diethyl ether into a dichloromethane solution of 3d. Yield:
153 mg, 74%. UV—vis (dichloromethane), 4,5, (nm) (¢ (M~ em™)):
306 (17 100), 375 (45400), 419 (9600). ATR-FTIR: vy_q (cm™):
931. HR ESIMS (M+) m/z calcd for [CqH,,NiNyOV]** 455.1343,
found 455.1341. Anal. Calcd for C;H,,FsNiN,O,S,V-H,O: C, 51.86;
H, 4.02; N, 10.27. Found: C, 51.17; H, 4.05; N, 10.22.

[(TMTAA]V=0-Cu(PysMe,)](CF;S0;), (3e). This was synthesized
via a similar approach as 3a using 1 (70 mg, 0.171 mmol) and 2e (138
mg, 0.171 mmol) in 6 mL of dry toluene forming a greenish brown
solid. Crystals suitable for X-ray diffraction were obtained by slow
diffusion of diethyl ether into a dichloromethane solution of 3e. Yield:
162 mg, 78%. UV—vis (dichloromethane), 4,,,, (nm) (¢ (M~ em™)):
306 (19 000), 376 (46 500), 414 (10 500). ATR-FTIR: vy—q (cm™):
921. Anal. Caled for CyH,FCuN,O,S,V: C, 52.42; H, 3.90; N,
10.38. Found: C, 51.19; H, 3.94; N, 9.98.

B RESULTS AND DISCUSSION

Synthesis of VV=0-M" Complexes. Goedken and co-
workers have previously reported that 1 can act as a Lewis base
to coordinate oxophilic Lewis acids such as B(C¢H;); and
Si(CH,)3.> Here, 1 is used similarly, reacting with Lewis acidic
first-row transition metals to form heterobimetallic coordina-
tion complexes. The Lewis acidic metals are supported by the
Py;Me, ligand, which has been shown to accommodate metals
of different atomic sizes in stable 2+ oxidation states®’ and is
electrochemically silent over a wide potential range.”*>* These
properties make it an excellent ligand environment for studying
heterobimetallic photophysics. Moreover, the Py;Me, ligand
has only one vacant site available for coordination by a Lewis
base, preventing the formation of polymetallic species.”®
Metalation of H,TMTAA with oxidovanadium acetate and
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Scheme 1. Formation of Heterobimetallic Complexes 3a—e“

a.M=Mn, X =OTf
b. M =Fe, X = OTf
¢. M=Co, X=H,0
d. M =Ni, X =0Tf
e. M =Cu, X=0Tf

| >_/\\/ 2
7

3a-e

@ For complexes 2, n = 1 for 2a, 2b, 2d, 2e and n = 2 for 2c. For 3e, Cu" is five coordinate, with only four of the pyridyl groups of the Py;Me, ligand
binding to Cu, which is not schematically shown. Conditions: (i) oxidovanadium acetate, triethylamine, 24 h reflux in toluene; (ii) corresponding
metal precursor in acetone at room temperature; (iii) 12 h reflux in toluene.

Py;Me, ligand with the corresponding M" precursor results in
complexes 1 and 2a—e. We have found that careful purification
of 1 using a neutral alumina column is necessary for successful,
subsequent heterobimetallic formation. Combining equal molar
ratios of 1 and 2 in refluxing toluene for 12 h gives the
corresponding heterobimetallic products 3 as the only isolable
product in good yields (~80%), Scheme 1.

ESI-MS was performed in dichloromethane solution as
summarized in the Experimental Section. Complexes 3a—d
clearly show their molecular-ion peak corresponding to
[(TMTAA)VIVZO—>MH(P)75M(=_2)]2+ species, demonstrating
their stability in solution. In contrast, 3e only displays the
two mononuclear complexes, suggesting that the O—Cu"
dative bond does not survive under ESI-MS conditions.
However, the observation of a 60 cm™ red shift of the
signature vy_o in 3e is observed by ATR-FTIR, which in
combination with the X-ray crystal structure and EA clearly
indicates the formation of the heterobimetallic linkage (Table 1,

Table 1. vy_g for Complexes 1 and 3a—e

Complex Dy—o (ecm™)
1 (V=0)* 971
3a (V=0-Mn) 901
3b (V=0—Fe) 903
3¢ (V=0-Co) 914
3d (V=0-Ni) 931
3e (V=0-Cu) 921

see Supporting Information for complete spectra). This red
shift, which is present in all heterobimetallic complexes, is due
to coordination of the M" center to the oxygen via a dative
interaction; an example of this shift can be seen in Supporting
Information Figure S23. This weakens the vanadium oxido
bond. Similar behavior is observed in oxido-bridged systems
containing VV=0% and Ti"V=0.***

Crystal Structures. Crystalline materials of sufficient
quality for XRD were prepared by vapor diffusion of diethyl
ether into dichloromethane solutions. The structures of 1 and
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3a—e were determined by single crystal X-ray diffraction
measurements. Two examples (3a and 3e) are shown in Figure
1. Selected parameters are summarized in Table 2. Structures
for 3b—d and detailed unit cell information for 1 and 3a—e are
provided in the Supporting Information.

Figure 1. Crystal structures of complex 3a (left) and 3e (right) with
thermal ellipsoids drawn at the 50% level. Hydrogen atoms and
counterions have been omitted for clarity.

This structural data allows for an understanding of
unsupported oxido-bridged heterobimetallic V'V=0-—M"
complexes. 3a crystallizes in the space group P1 with two
molecules present per unit cell, whereas 3b—d are monoclinic
P2,/n with four molecules present per unit cell. Structurally,
3a—d display a similar bonding pattern, with the coordination
geometry around vanadium being a distorted square-based
pyramid (N—V"V—O around 110°) and the M" center
maintaining a pseudo-octahedral geometry (N(eq)—M"—O
~90°, Figure 1 and Table 2). In 3e, Cu" is five coordinate,
forming a nearly square-based pyramidal geometry (z
0.083)”° with one of the pyridyl arms of PysMe, remaining
uncoordinated (Figure 1). This is due to significant Jahn—
Teller distortion, as expected for a d° Cu" center, in spite of the
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Table 2. Selected Structural Parameters of 1 and 3a—e

1 3a 3b 3c 3d 3e

Distances (A)

vV-0 1.6090(9) 1.6578(12) 1.6571(19) 1.6475(18) 1.6438(16) 1.6513(12)

VV-N av 2.0168(11) 2.0087(17) 2.009(2) 2.005(2) 2.0086(19) 2.0006(15)

M'-0 n/a 2.0870(12) 1.9457(19) 2.0244(18) 2.0344(16) 1.9528(12)

M"-N av n/a 2.2326(15) 1.993(2) 2.123(2) 2.0862(19) 2.0411(14)

vV-m" n/a 3.6644(4) 3.5810(6) 3.6523(6) 3.6584(5) 3.5922(4)
Angles (deg)

vV—o-M" n/a 156.04(8) 167.37(12) 168.09(11) 168.02(10) 170.67(8)

N-VV-0 av 109.79(5) 109.87(6) 109.75(10) 109.37(9) 109.45(8) 109.41(6)

N(eq)—M"-0 av n/a 97.36(5) 90.44(9) 92.97(8) 91.65(7) 94.01(5)

N(ax)-M"-0 n/a 178.21(5) 173.87(9) 172.95(8) 172.91(7) 171.38(5)

highly rigid ligand environment.”**” This effect also leads to
the observed shorter M—O bond length in 3e when compared
to that in 3a, with the lower coordination number of 3e leading
to a shorter M—O bond.*® In the case of 3b, the shorter bond
lengths around Fe'' are consistent with a low-spin config-
uration. The influence of spin state has been observed for
similar monometallic complexes using the Pys ligand
architecture, with significantly shorter bond lengths being
observed when antibonding orbitals are not occupied, such as
in d¢, low-spin Fell 3139

The V=0 bond lengths for 3a—e increase by ~0.04 A after
formation of the dinuclear complexes, which is consistent with
the observed decrease of vy_g by FTIR. The M"—O distances
(~2.00 A) are significantly longer than VVV=0 (~1.65 A),
which leads us to conclude that the structure is best defined as
VV=0-M"?**" The VV—M" distances vary from 3.58 to
3.66 A depending on the M" center. 3a—e each shows a slightly
bent structure for the oxido bridge, with the VV—0o—ME
angle in a range 156—170°. This is consistent with other
hetezroozkiigsletallic oxido-bridged systems containing vanadi-

m.” "

Electrochemistry. In order to probe the electrochemical
behavior of these new heterobimetallic systems, cyclic
voltammetric measurements were performed on mononuclear
1, 2a—e, and binuclear 3a—e (see Supporting Information
Figures $39 and $40). The vanadium precursor, 1, has a single
quasireversible oxidative redox event at —0.22 V (vs Fc/Fc" = 0
V as for all other potentials; Fc = ferrocene), which was
previously assigned as VV/IV.** An irreversible oxidation at 1.27
V is assigned to ligand oxidation processes, and is in agreement
with a previous assignment from the related titanium complex
(TMTAA)Ti=0.>* As summarized in Table 3, complexes 2a—
e demonstrate metal-based one-electron oxidative and reductive
redox waves. The quasireversible Mn"1 BeVIL Co/I Nt/ 1
oxidative couples are observed at 0.76, 0.83, 0.44, and 1.42 V,
respectively, while the irreversible reductive Fe’, Co, Ni'!
couples are identified at —2.09, —1.52, and —-1.73 V.
Compound 2e has only one quasireversible wave at —0.36 V,
corresponding to Cu’".

The electrochemical behavior of binuclear complexes 3a—e
are depicted in Supporting Information Figure S40, and their
featured redox couples are summarized in Table 3. The
binuclear complex 3e has two quasireversible redox processes
that are assigned to Cu™' and VYV, respectively. When
compared to the mononuclear (TMTAA)V=O0 species, the
VYV redox couple is anodically shifted from —0.22 to —0.15 V
and Cu"! redox couple shifts anodically from —0.36 to —0.22
V. For complexes 3a—d, the redox behavior is classified into
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Table 3. Summary of Electrochemical Potentials of
Complexes 1, 2a—e, and 3a—e”

complex M"Y (E,./V) VYV (E,;,/V) M"™" (E,,/V) L oxidation (V)

1 —0.22 127
2a 0.76

2b —2.09% 0.83

2c —1.52% 0.44

2d —1.73% 1.42

2e —0.36

3a —1.99° —0.15 0.81

3b —1.97% 0.13° 0.64 121°
3c —1.55° —0.18 0.41 1.26°
3d —1.75" —0.17 1.44 125%
3e —022 —0.15

“All values are referenced vs Fc/Fct =0 V. PDenotes an irreversible
transition. “Determined by variable-rate voltammetry.

four voltage regions (Figure 2) for comparison purposes.
Process I is an irreversible reductive event that happens at

—3b

v 11 II

0.5

T T T T T T T T T T T 1
00 -05 -1.0 -15 -20 -25
Potential (V)

Figure 2. Cyclic voltammogram of 3b, with four redox regions labeled.
Fc/Fc* = 0 V which was added after this voltammogram was recorded
as an internal standard.

potential between —1.97 and —1.55 V. Since these redox waves
are at the similar range as M™/' (M = Mn, Fe, Co, Ni) redox
couples of 2a—d, they have been assigned as Mn"/! (—1.99 V),
Fe”' (=197 V), Co™ (~1.55 V), and Ni/' (-1.75 V),
respectively. Process II is in the range between —0.20 and 0.20
V, which is assigned as V'V, Compound 3b has two
distinguishable electrochemical responses within this range.
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The first redox wave at approximately —0.20 V is assigned to
VYV of 1, a result of the dissociation of the complex to form
the mononuclear (TMTAA)V=O0 under electrochemical
conditions. The second redox wave at ~0.13 V is assigned to
VYW in intact 3b (Figure 2), and is significantly shifted (~0.35
V) compared to 1. The V¥V couple for 3a and 3c—e do not
shift significantly upon heterobimetallic formation. This
assignment for 3b is supported by a variable scan rate study
(Supporting Information Figure S41), with the reported E,
value for Fe'”! being determined using this experiment. As the
scan rate increases, the wave at 0.20 V (assigned to 3b) changes
from irreversible to quasireversible; by controlling the range of
scan potential, the intensity of the reduction wave at —0.20 V
(assigned to 1) increases after the potential passes the region of
V™ oxidation in 3b. This phenomenon is consistent with slow
dissociation in solution under the electrochemical conditions.
Similar dissociation reactions are also observed in Ti=0—Cr
systems.”* Process III is assigned to the range 0.44—1.44 V,
which is attributed to M/ (M = Mn, Fe, Co, Ni). The redox
couples of Mn"™ (0.81 V), Co™™ (0.41 V), and Ni"" (1.44
V) undergo only minor shifts upon formation of the binuclear
complexes (3a = 0.76 V, 3c = 044 V, and 3d = 142 V,
respectively), consistent with the absence of substantial shifts in
VYV In contrast, Fe™™ cathodically shifts by 0.19 V upon
formation of the bimetallic 3b (2b = 0.83 V and 3b = 0.64 V),
which when combined with the observation of V¥V in 3b
indicates the presence of an interaction between V'V and Fe
that is not present in the other heterobimetallic complexes.
Process IV is due to ligand oxidation events which normally lie
at ~126 V, and undergo only minor shifts from 1 upon
formation of the bimetallic species. Overall, the electrochemical
data shows that small, but tangible changes occur for the AALS
ML and M"™™ in all systems other than 3b. In 3b significant
changes in the redox behavior of both metal centers occur upon
formation of the bimetallic species. In the absence of water or
oxygen, solutions of 3a—e did not undergo any changes in their
absorption features or electrochemical responses even after
several weeks in solution.

MMCT in VV=0-Fe" System. Electronic absorption
spectra were measured for 3a—e to probe the electronic
transitions of these heterobimetallic systems. For 3a, 3¢, 3d,
and 3e, the absorption profiles are nearly indistinguishable from
the 1 (see Supporting Information for full spectrum), with
minor changes in molar absorptivity observed due to the
changes in symmetry upon formation of heterobimetallic
species. In contrast, the spectrum of VIY=0—Fe"" complex
3b shows significant differences when compared with the two
starting mononuclear complexes (Figure 3). In particular a new
broad absorption is observed which extends from 400 to 550
nm, roughly centered at 490 nm.

In order to elucidate this new feature, a mathematic
difference spectrum (3b — 2b — 1) was computed (Figure
4). This method has been previously utilized to assign new
electronic transitions due to MMCT.'""'*'*'® The negative
components at energies higher than 3.00 eV correspond to
intensity losses in the mononuclear-based (TMTAA)V=0
transitions. The positive region between 3.00 and 2.10 eV
indicates new electronic transitions upon formation of 3b. This
new feature could be adequately fit by two Gaussian peaks
centered at 2.70 eV (459 nm) and 2.47 eV (502 nm). The 2.70
eV (459 nm) peak is assigned to a red-shifted ligand-to-metal
charge transfer (LMCT) at vanadium, and is consistent with
the observed anodic shift of V¥/IV. The peak at 2.47 eV (502
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Figure 3. Electronic absorption spectra of 1, 2b, and 3b. A new, broad
absorption feature is observed that is approximately centered at 490
nm.
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Figure 4. Electronic absorption difference spectrum resulting from
subtracting the sum of 1 and 2b from the spectrum of heterobimetallic
3b. The result was fit to a combination of two Gaussian peaks centered
at 2.70 eV (green) and 247 eV (orange).

nm) is assigned to a new MMCT transition from V'V to Fe,
forming a charge separated excited state composed of V¥ and
Fel. To make this assignment, we examined the electro-
chemistry of 3b and found that only the V¥V and Fe! redox
couples have a plausible energy gap to explain this transition
(AE = 2.10 V). This provides a good match for the 2.47 eV
band. All alternative assignments result in energies that are
larger than 2.5 eV. The most likely alternative assignment, an
MMCT from Fe" to VI, would involve VIV/™, which is not
observed throughout the solvent window (~—1.5 V). This
means that the energy difference between V™ and Fe™" can
be no smaller than 2.90 eV, and therefore cannot explain the
observed absorption features.

To further support our assignments, rRaman spectra of 3b
was mapped at three different wavelengths throughout the new
transitions.””*'~* Normalized rRaman spectra are shown in
Figure 5, with a superimposition of difference spectra and the
relative rRaman intensity of vy—o (Figure 6). A significant
enhancement is observed at 910 cm™’, which corresponds to
Dy—o as observed by FTIR (see ref 22 and Table 1).
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Figure S. Normalized resonance Raman spectra of 3b in dichloro-
methane. Black, 488 nm excitation; red, 514 nm excitation; blue, 568
nm excitation. Wavelength and intensity were referenced and
normalized to the rRaman signal of dichloromethane (703 cm™).
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Figure 6. Resonance Raman enhancement profile (M) overlaid with
the difference spectra (3b — 2b — 1, solid curve). Plotted rRaman
intensities vy_q (910 cm™) are relative to the solvent reference peak
and intensity matched to the difference spectrum at $16 nm, showing
that only the low-energy band is associated with the oxido bridge
distortion.

This enhancement would only be possible for a transition
where the structural distortions during excited state electron
transfer coincide with vibrations localized on the bridge. Of the
two assignments (LMCT and MMCT), only a MMCT
transition (502 nm) would result in distortions coupled to
the bridge modes. Since only excitation in the low-energy
portion of the new absorption results in resonant enhancement,
this result supports our assignment that the lower energy
transition is due to MMCT. The higher energy band (459 nm)
appears to not contribute to this feature and therefore cannot
involve transitions that distort the V—O—Fe bond, supporting
our assignment of this transition as being due to LMCT from
the TMTAA ligand. No rRaman enhancement at 910 cm™" is
observed for either of the mononuclear components (1 or 2b)
when excited in this range (Supporting Information Figure
$43). The small (8 cm™) difference vy_q between the FTIR
and rRaman spectra is a result of FTIR being a solid-state
measurement while rRaman was measured in a saturated
dichloromethane solution.
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The observation that only 3b has new transitions ultimately
raises the question of why is the V=0—Fe complex different
from the other species? Upon examination of the crystal
structures, only 3b is found to be low-spin. As a result, 3b is the
only complex in the series that definitively has an unoccupied
o* orbital (d® low-spin). We therefore speculate that such
unoccupied orbitals are necessary for the observation of
MMCT transitions in these oxido-bridged heterobimetallic
molecules, potentially acting as the orbital into which the
electron transfer occurs.

B CONCLUSION

Five new heterobimetallic oxido-bridged complexes containing
d' vanadium have been synthesized and structurally confirmed.
All five species are formed through a dative interaction between
the oxido and a M" metal center, with a slightly bent V=0—
M angle varying from 156° to 170°. A Jahn—Teller distortion
was observed in the Cu center of V=0—Cu, resulting in five
coordinate Cu". Cyclic voltammetry reveals clear V¥V, M1,
and M"™" redox couples in four voltage regions. Surprisingly,
only the V=0O-—Fe system is found to have a strong
interaction between the two metal centers, with a significant
shift of redox potentials on both sides of the oxido bridge and
the appearance of a new optical transition in the visible region
(502 nm, £ = 1700 M~ cm™") which we assign to a V'V to Fe'
MMCT. This assignment is supported by rRaman spectrosco-
py, which shows that this transition is associated with
vibrational modes from the oxido bridge. We speculate that
the presence of an MMCT transition in the Fe" complex is due
to the presence of empty o* orbitals in this low-spin d°
complex. To our knowledge, this is the first observation of a
MMCT transition from a d' metal center, opening up a new
direction for the study of visible-light induced MMCT.
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