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ABSTRACT: The reaction of 3 equiv of the ligand 2-[(2-chlorophe- o 1
nyl)azopyridine (L*) or 2-[ (4-chlorophenyl)azo |pyridine (L") with 1 6°*€1 Ar
equiv of Cr(CO) s or Mo(CO);s in boiling n-octane afforded [Cr(L*");]° ed?‘e 1%« fégm
(1a and 1b) and [Mo(L*");]° (2a and 2b). The chemical oxidation Ge“xe‘ Ar %_ Ar
reaction of these neutral complexes with I, in CH,Cl, provided access \‘-\9’«\“& T < A $=34,
to air-stable one-electron-oxidized species as their triiodide (I3~ ) salts. ‘) fr CAr %’ Ar
The electronic structures of chromium and molybdenum centers co- I !f'A s=1

ordinated by the three redox noninnocent ligands L® along with their Ar £z '
. . g " Ar X s=1
redox partners have been elucidated by using a host of physical Tt /

Ar <
thods: X- tall hy, ti tibili ts, L= Ar
methods: A-ray crystallography, magnetic susceptibility measurements \»%Arﬁ s=0 for Cr, S=1/2,0, 1/2, 1,3/2
r

Mo, g- 1/2,0, 1&

nuclear magnetic resonance, cyclic voltammetry, absorption spectros-

copy, electron paramagnetic resonance spectroscopy, and density s= 1/2
functional theory. The four representative complexes, 1a, [1a]l;, 2a,

and [2a]l;, have been characterized by X-ray crystallograph?r. The results indicate a predominant azo-anion-radical description
of the ligands in the neutral chromium(III) species, [Cr' (L*~);], affording a singlet ground state through strong metal—
ligand antiferromagnetic coupling. All of the electrochemical processes are ligand-based; i.e., the half-filled (tzg) set of the Cr™ d°
ion remains unchanged throughout. The description of the molybdenum analogue is less clear-cut because mixing between metal-
and ligand-based orbitals is more significant. On the basis of variations in net spin densities and orbital compositions, we argue that
the oxidation events are again primarily ligand-based, although the electron density at the molybdenum center is clearly more
variable than that at the chromium center in the corresponding series [1a]”, 1a, and [1a] .

B INTRODUCTION

Transition-metal complexes with redox noninnocent ligands
have generated much interest in recent years because of an in-
creased curiosity about the potential role of ligand/metal-centered
redox events in biological processes, organic transformations, small-
molecule activation, and so forth.' > The close energetic proxi-
mity of the metal d and frontier ligand orbitals creates a com-
plicated situation with several close-lying electronic states.* °
Establishing the exact metal—ligand valence-state balance in each
redox state therefore requires a careful evaluation of structural,
spectroscopic, and theoretical data. The chelating 0-quinone/
o-semiquinone/catecholate-type redox system has been most
thoroughly studied, and statistically derived guidelines to aid in
structure—oxidation state correlations have been presented.*’

In recent years, we and others® have explored the chemistry
of coordination complexes of azoaromatic ligands, potential mem-
bers of the redox noninnocent family of ligands. Although the
azo-anion-radical oxidation state has been known in solution'’
for many years, its isolation in the pure crystalline state was first
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reported only in 1998."" Chemical or electrochemical transfer
of one or two electrons to the acceptor azo function of these
azoaromatics results in either a radical monoanion or a hydrazido
dianion, respectively.® > The electrochemical series in a representa-
tive example, 2-(arylazo ) pyridine (pap), is depicted in Scheme 1.5'°
It is now well established that azoaromatic ligands also have the
fundamental ability to stabilize low-oxidation-state'® metal cen-
ters via d7r (metal) —psr (azo) back-donation. Conversely, the
reduced ligands prefer high-valent metal centers.>"*

Two decades ago, Ackermann et al. reported " the synthesis of
neutral trischelates [M(L);] of Cr, Mo, and W, where the ligand
L is 2-(phenylazo)pyridine. These compounds were primarily
characterized by their spectroscopic properties. Subsequently, in
2002, the X-ray structure of a related compound, [Mo(4-methyl-
2-(phenylazo)pyridine);], was reported.'® The most notable fea-
ture of the structure is the unusual elongation of the N=N bond
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lengths relative to those in the free ligand,17 an observation that
would be consistent with the radical monoanionic character in
the coordinated ligands. These authors, however, described these
systems as zerovalent complexes of group VI metal ions, and the
bond length elongation in the reference complexes was ascribed
to extensive Mo — L 77 back-donation."® The electrochemical
oxidation processes were therefore interpreted as metal-based,
whereas the reductions were ligand-based. The ligand radical for-
mulation of the neutral species would necessarily imply the opposite,
that the oxidation process is ligand-based. This example neatly
illustrates the ambiguity in describing the electronic structure of
this class of systems: the crystallographic experiment is sensitive
only to the total electron density in the N=N sr* orbital and thus
cannot easily distinguish a ligand-radical situation (where a single
electron is transferred to the 7% orbital) from strong back-
bonding (where a pair of electrons is shared between the metal
d orbital and the 7z* unit of the ligand).

In recent years, the use of low-valent metal precursors has
allowed us to isolate several stable azo-anion-radical complexes.*”
We have also shown that internal electron transfer in these
complexes is common, resulting in the isolation of azo-anion
metal complexes in which the actual oxidation state of the metal
ions is higher than that in the starting complexes. With this
background in mind, we set out to revisit the systems M(L);
(M = Cr, Mo) with the aim of establishing a definitive assignment
of their electronic structures. In addition to the neutral compounds,
we have also isolated the chemically oxidized monocationic com-
plexes as pure crystalline salts, and several other members of the
redox series have been generated and characterized in solution.
Their structural and spectroscopic properties, along with a detailed
analysis of their electronic structures using density functional theory
(DFT), provide a platform for understanding the detailed nature of
the redox-induced electron redistributions in these compounds.

Structural parameters, spectroscopic data, and DFT calcula-
tions all point to a predominant azo-anion-radical description8 of
the ligands in the neutral chromium(III) species [cr™(L);].
Moreover, all of the electrochemical processes are ligand-based;
i.e, the half-filled (t,,) set of the Cr'" d” ion remains unchanged
throughout. In this regard, it should be mentioned that examples
of neutral complexes of chromium with three radical ligands
are scarce in the literature.'®'? In related cases, the electronic
structures were presented in the closed-shell form such as in
[Cr¥!(dithiolene);]7*" and [Cr®(bpy);]."* This may primarily
be due to a lack of availability of their single-crystal X-ray structures.
Stronger mixing of the metal and ligand orbitals in the molybdenum
complexes makes analysis of their electronic structure more com-
plicated, although it is clear that the redox events remain primarily
ligand-based.

Chart 1
Ligand Metal Complex
R L M = Chromium M = Molybdenum
[Cr(L*)s] la [Mo(L*" )] 2a
0-Cl L a— a a— a
[CrL* (LY | [1a]l; | [Mo(L*™ )(LY]I; | [2a]l3
. [Cr(L");] 1b [Mo(L");3] 2b
pc L [Cr(L™ )@Y | (0] | [Mo(LP (LY | [2b]15
Bl RESULTS

Syntheses and Characterization. Two isomeric chloro-sub-
stituted ligands, L* (ortho) and L® (para), have been used in this
work. The ligands and isolated complexes are collected in Chart 1.
The choice of chloro-substituted ligands was prompted by our
previous observations that they generally produce high-quality
crystals for X-ray structure determination. It may be relevant to
add here that the isolated species are a valuable tool in evaluating
the extent of electron transfer to the ligand (vide infra).&"’13 The
reactions of M(CO)4 (M = Cr, Mo; 1.0 mmol) with the ligands
L* or L° (3.0 mmol) in boiling n-octane produced green M(L*®);
complexes (la, 1b, 2a, and 2b) in almost quantitative yields
(>90%). Complexes 1a, 1b, 2a, and 2b gave satisfactory ele-
mental analyses (see the Experimental Section). Electrospray
ionization mass spectrometry (ESI-MS) sl?ectra of the complexes
corroborate their formulation as [M(L*")]: for example, com-
plexes 1a and 2a showed intense peaks due to the molecular ions
at m/z 705 amu ([1a]") and m/z 750 amu ([2a]"), respectively.
The isotope patterns of the complexes correspond very well to
the simulations. Representative spectra of 1a and 2a along with
the simulations are submitted as Figures S1 and S2 in the Sup-
porting Information. One-electron oxidation of 1a and 2a with
iodine in a dichloromethane solvent produced the cationic com-
plexes [1a]l; and [2a]l;, respectively, in nearly quantitative yields.

X-ray Crystallography. Single-crystal X-ray structure deter-
mination of the chromium and molybdenum complexes 1a and
2a revealed coordination geometries similar to that of the pre-
viously reported'® Mo (4-CHj;-2-(phenylazo ) pyridine) 5; they are
considered together for comparison. Oak Ridge thermal-ellip-
soid plot (ORTEP) and atom numbering schemes of the above
complexes are shown in Figures 1 and 2, and selected bond
parameters are collected in Table 1. In both complexes, the central
metal ions are coordinated by the three azoaromatic ligands L.
X-ray crystallographic analysis of the complexes reveals consider-
ably distorted octahedral structures. The averages of the chelate bite
angles® are significantly smaller than the ideal octahedral angle of
90°%; N(pyridyl)—Cr—N(azo) = 76.41° N(pyridyl)—Mo—N-
(azo) = 72.95°. Moreover, the average trigonal twist angle (©,,)
is 39.4° for 1a and 34.5° for 2a (Table 1). In both structures, each
azo nitrogen atom lies trans to a pyridyl nitrogen atom. The most
notable feature of these two structures is the unusual elongation
of the N—N bonds of the azo chromospheres compared to that
of the free ligand: in complex 1a, the three N—N bond lengths
are 1.345(3), 1.345(3), and 1.341(3) A (Table 1). The vibra-
tional frequency ¥(N=N) in 1a is lower (1180 cm ") compared
to that of the uncoordinated ligand salt [HL*]ClO,, [v(N=N) =
1437 cm']."” The elongation of the azo unit is even more
pronounced in 2a: two of the azo bond lengths are identical at
1.356(2) A, while the third one is a bit longer at 1.361(2) A.
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Figure 1. ORTEP representation and atom numbering scheme of com-
plex 1a- CH,Cl,. Hydrogen atoms and solvent molecules are omitted for

clarity.

Figure 2. ORTEP representation and atom numbering scheme of com-
plex 2a-2CH,Cl,. Hydrogen atoms and solvent molecules are omitted
for clarity.

The one-electron-oxidized complexes [1a]l; and [2a]l; were
isolated in highly crystalline forms. The ORTEP representations
with atom numbering schemes of the complexes [1a]l; and [2a]l;
are displayed in Figures 3 and 4, respectively. The coordination
geometries of the oxidized complexes are similar to those of the
neutral analogues 1a and 2a with average trigonal twist angles
(©,,) 39.3° and 35.4° for [ 1a]1; and [2a]l;, respectively (Table 1).
The most striking difference between the neutral 1a and cationic
[1a]l; species is the notable contraction of the average N—N
bond lengths and also the emergence of a small degree of asym-
metry (Table 1; d(N—N) lengths in [1a]l; are 1.314(5), 1.316(5),
and 1.334(5) A). A similar oxidation-induced contraction of
d(N—N) is observed in [2a]l; but with a larger degree of asym-
metry with d(N—N) = 1.339(5), 1.341(5), and 1.383(6) A. The
asymmetry observed in the N—N bond lengths is clearly reflec-
ted in their IR stretching frequencies: 2a, 1140 and 1165 cm
[1a]l;, 1180 and 1215 cm ™ '; [2a]l;, 1140 and 1195 cm™ "%

Magnetic Susceptibility. Variable-temperature magnetic sus-
ceptibility measurement on a polycrystalline sample of 1a (2—290 K)
indicates that the effective magnetic moment of 1a is constant at
~0.24 up over the range 35—240 K but drops to a limiting low-
temperature value of 0.22 uy at 2 K (Figure S3 in the Supporting

Information). Above 240 K, an increase in the effective magnetic
moment is consistent with the population of an excited state.
Complex 1a, therefore, has an S = 0 ground state (Figure S3 in
the Supporting Information) but with substantial temperature-
independent paramagnetism. Wieghardt and co-workers have
noted very similar features in a closel?r related [Cr'™(SQ);]
complex (where SQ = o-semiquinone).'® The singlet ground
state can be interpreted in terms of strong antiferromagnetic
coupling between the metal and ligand radicals, a situation that
is typical of this class of complexes.'®'? The Heisenberg spin
Hamiltonian for la can be represented as?®H =-2J; (§Cr *SLig +
Scr*Suigz + SCr'SLig3) + zfz(SLigl’SLigz + Siiga* Suigs + Sviga*
SLigl). The metal—ligand and ligand—ligand couplings are, of
course, intimately linked, and supposing that the ligand—ligand
coupling is negligible relative to that of the chromium—ligand
coupling, the Hamiltonian is simplified to 72].§Cr(§mg1 + gLigZ +
Siigs)- Furthermore, the three ligand spin vectors can be com-
bined into one total ligand spin vector Si;, (where S, = 3/,)
because they are effectively ferromagnetically coupled as a result
of their strong antiferromagnetic interactions with the chromium
center. Using the simplified Hamiltonian®* H = —2JSc:* Siig the
experimental data can be fit with yrp = 0.596 X 10~ *ecm® mol ™Y,
0 = —2K, g=2.00 (fixed), and J = —700 cm ' (see Figure S3 in
the Supporting Information for simulations using various values
for J) and a small amount of paramagnetic impurity (S = '/,,
1.9%). The residual paramagnetism in compound 1a resulted in a
broadening of the "H NMR spectrum. In comparison, the molyb-
denum complex 2a displays sharp "H NMR signals in the normal
range for diamagnetic compounds. The "H NMR spectra of 1a and
2a are submitted as Supporting Information (Figures S4 and SS).

Variable-temperature magnetic susceptibility measurements were
also carried out on polycrystalline samples of the one-electron-
oxidized analogues [1a]l; and [2a]l; in the temperature range
2—290 K: p.qg is plotted against T for [la]l; and [2a]l;
(Figure S). At ~10 K, [la]l; displays an effective moment
approaching the spin-only value for an S = '/, system (Ug =
1.73 ug). However, U g rises to a plateau of 1.93 up above
50 K (Figure S). Analogous behavior has been reported for a
manganese(IV) diradical system, also with S = '/,, where the
increase above the spin-only value was ascribed to temperature-
independent paramagnetism.22 The magnetic data for [1a]l; can
be fitted to an energetically isolated S = */, ground state with g =
2.03 (fixed), @ = —3.8 K, and yrp = 0.3x 10 > cm® mol ' and a
small amount of paramagnetic impurity (S = >/, 5.8%). For
[2a]l;, the best-fit values are g = 1.99 and 6 = —2 K, where the g
value is fixed from the electron paramagnetic resonance (EPR)
spectrum. The absence of any significant rise in the effective
magnetic moment even at 290 K (for either [1a]l; or [2a]l;)
indicates that there is no significant population of higher rungs
on the Heisenberg ladder in the temperature range of these ex-
periments.

Cyclic Voltammetry and EPR Spectroscopy. Cyclic voltam-
mograms of 1a, 1b, 2a, and 2b were recorded in CH,Cl, solu-
tions containing 0.1 M tetrabutylammonium perchlorate (TBAP)
as the supporting electrolyte using platinum as the working
electrode at 25 °C. The potentials are referenced to the saturated
calomel electrode (SCE), and the results are summarized in Table 2.
The segmented voltammograms (for 1a and 2a) are displayed in
Figure 6. 1a exhibits three reversible oxidation waves and one
reversible cathodic process at 0.01, 0.81, 1.31, and —1.05 V, res-
pectively. In addition, an irreversible cathodic response at —1.59 V
was also observed. The one-electron redox processes were confirmed
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Table 1. Selected Bond Distances (A), Bond Angles (deg), and Trigonal Twist Angles (©) of 1a: CH,CL,, [1a]l3, 2a-2CH,CL,

and [2a]l;
la-CH,ClL, [1a]ly [1a]™ 2a-2CH,Cl, [2a]14 [2a]
bond exptl caled exptl caled caled exptl caled exptl caled caled
M-NI1 2.069(2)  2.09 2.049(4) 2.08 2.05 2.1529(17)  2.17 2.173(4) 2.17 2.17
M—N3 1.940(2)  2.04 1.994(4) 205 2.05 2.0170(17)  2.08 1.980(4) 209 2.05
M—N4 2040(2)  2.09 2.059(4) 2.08 2.09 2.1603(17) 217 2.158(4) 217 2.17
M—N6 1954(2)  2.04 2.023(4) 205 2.09 2.0172(17)  2.08 2.022(4) 209 2.05
M—N7 2.048(2)  2.09 2059(4) 208 213 2.1597(17) 217 2141(4) 217 217
M—N9 1.948(2)  2.04 1.979(4) 2.05 2.06 2.0209(17)  2.08 2.017(4) 2.09 2.05
N2—N3 1.345(3) 133 1.314(5) 1.29 1.40 1.361(2) 1.34 1.383(5) 1.30 1.37
N5—N6 1.345(3)  1.33 1.316(5) 1.29 1.33 1.356(2) 1.34 1.339(6) 1.30 1.37
N8—N9 1341(3) 133 1.334(5) 129 133 1.356(2) 1.34 1.341(6) 1.30 1.37
NI-M-N6 168.15(9) 166.6 164.86(14)  166.6 1674 161.33(6)  163.1 161.60(15) 1634 161.6
N3—M-N7 165.06(8) 1664 167.90(15)  167.0 166.7 160.92(6)  163.0 165.53(15) 1633 1615
N4-M-N9  16532(9) 1667 167.24(14)  167.1 164.9 161.81(7) 1629 160.11(15)  163.5 161.6
0, 39.20 39.84 32.72 33.17
0, 39.92 38.88 34.84 36.07
O 39.30 39.28 36.09 3722
p M/L 2.98/—-0.99 2.81/—-0.61 2.99/0.04 1.86/—0.62 1.46/—0.16 1.13/—0.04
—0.99 —0.60 —1.00 —0.62 —0.16 —0.04
—0.99 —0.60 —1.03 —0.62 —0.16 —0.04
($» 2.48 2.08 2.51 129 0.87 0.79

Figure 3. ORTEP representation and atom numbering scheme for
complex [1a]” in [1a]l;. Hydrogen atoms are omitted for clarity.

by constant-potential electrolysis for the reversible waves at 0.3,
1.0, 1.5, and —1.2 V, respectively. The electron-transfer series for
la is displayed in Figure 7. Complex 2a, on the other hand,
showed two reversible one-electron waves: one oxidative response
at 0.28 V and a reductive response at —1.1 V. In addition, an
irreversible anodic response at 1.06 V and a quasi-reversible
cathodic response at —1.81 V were also noted. The redox potential
of the first oxidation process is low, allowing us to isolate the two
cationic complexes [1a]l; and [2a]l; in a crystalline pure state
using I, as the oxidizing agent. Our attempts to isolate the other
redox partners were, however, unsuccessful.

At 120 K, the EPR spectrum of [1a]l; displayed” an axial
signal with g; = 1.995 and g = 1.993 having hyperfine couplings

9996

N3 C12

Cc14

Figure 4. ORTEP representation and atom numbering scheme for
complex [2a]” in [2a]l;. Hydrogen atoms are omitted for clarity.

of A| =20 X 10°*em 'and Ay =7 x 10 *em ™, respectively.
The hyperfine interactions appear as satellite lines flanking
narrow peaks because of coupling of the >>Cr (I = */,, 9.54%
natural abundance) isotope. The monoanion [1a]~, generated
by exhaustive electrolysis, shows a metal-centered axial signal
with g, = 1.996 and gj = 1.991 (A; =19 x 10 *cm™ ' and A4y =
8 x 10 *cm™ ") foran S = '/, state (Figure S6 in the Supporting
Information). The coulometrically generated (at 120 K) dication
[1a]** is EPR-silent at X band, but the trication [1a]>* is EPR-
active. Its spectrum at 120 K (Figure S7 in the Supporting
Information) is typical of a Cr'" S = */, ground state with
signals at gz = 4.75 and geg)| =1.98, due to the Mg = +'/,

dx.doi.org/10.1021/ic200708c |Inorg. Chem. 2011, 50, 9993-10004
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Figure S. Temperature dependence of the magnetic moment, t.¢ (¢z),
of polycrystalline samples of [1a]l; (black) and [2a]1; (blue). The filled
squares represent experimental data, whereas the solid lines represent
simulations.

Table 2. Cyclic Voltammetry Data®” of 1a, 1b, 2a, and 2b

oxidation E; /5," V reduction E, 5, V

Compound (AE,, mV) (AE,, mV)
la 0.01 (84), 0.81 (90), 1.31 (85) —1.05 (88), —1.59
1b 0.01 (90), 0.79 (95), 1.28 (95) —1.09 (90), —1.61
2a 0.28 (90), 1.06 —1.1 (90), —1.81
2b 0.27 (100), 1.01 —1.18 (85), —1.88

“In a CH,Cl, solution, su%porting electrolyte Buy,NClO, (0.1 M), and
reference electrode SCE. ”Solute concentration ca. 107> M. °E, )=
0.5(E,, + E,), where E,, and E,. are anodic and cathodic peak
potentials, respectively; AE, = E,, — E,,¢; scan rate = 50 mV sk

Kramers’ doublet with large zero-field splitting (D > hv). A sharp
well-resolved peak at g.q = 5.65 originates from the Mg = +3/,
Kramers’ doublet, which loses intensity with increasing tempera-
ture (150 K; inset in Figure S7 in the Supporting Information).
Thus, the |3/ 5, £3/,) doublet is the ground state and D is negative.
E/D and D have been estimated from Rhombogram for the § =3/,
system, and the values are ~0.1 and ~—3 cm ™', respectively. For
the molybdenum complexes, both the monocationic and mono-
anionic species are EPR-active and showed metal-centered axial
signals with g = 1.998 and g, =2.010 for [2a]"and g = 1.995 and
g1 = 2.001 for [2a] ", respectively, signifying S = "/, electronic
ground states in both cases (Figure S8 in the Supporting
Information).” The EPR-simulated parameters for S = '/,
complexes are given in Table 3.

UV—Near-IR (NIR) Spectroelectrochemistry. Electronic
spectra of the chromium complexes 1a, [1a]ls, [1a]**, and [1a]**
are displayed in Figure 8. The spectra for 2a, [2a]l;, and [2a]
are collected in Figure 9. The dication, trication, and monoanion
were generated electrochemically in CH,Cl, using TBAP (0.1 M)
as the supporting electrolyte at —5 °C. The data are summarized
in Table 4. The neutral and tricationic chromium complexes show
weak features in the region 600—800 nm that are typical of a Cr'™
ion. The mono- and dication also have a broad absorption band
in the NIR region (~1500 nm) that has Ereviously been assigned
as an interligand charge-transfer band. " In the molybdenum

4pA
}

T T T T T T T
1. 10 0.5 00 05 10 1.5
EQ)

(a)

Figure 6. Segmented cyclic voltammograms of 1a (a) and 2a (b) in
CH,CL,.

analogue, the near-IR band is conspicuously absent, but the
cation shows a broad absorption centered on 800 nm containing
two overlapping peaks.>*

l DISCUSSION

Electronic Structures of Chromium Compounds 1a, [1a]",
and [1a] . Optimized structural parameters for the computed
ground states of the 1a, [1a]", and [1a]~ (Ms=0, '/,, and '/,,
respectively) along with net spin densities are collected in Table 1.
Plots of the net spin densities are shown in Figure 10 (isosurface
contour 0.006 e au” ). The optimized N—N bond length of
1.33 A for the broken-symmetry (Mg = 0) ground state of the
neutral species is marginally shorter than that obtained from the
X-ray experiment [1.342(3) A], but the elongation relative to the
free ligand [caled d(N—N) = 124 A] is well reproduced
(Scheme 1). Net spin densities of 2.98 and —0.99 on the metal
and each ligand, respectively, in 1a are emphatically in favor of a
ligand-radical formulation, with the Cr'™ center antiferromagne-
tically coupled to three ligand radicals (a full spin-density plot is
shown in Figure 10). The ferromagnetically coupled high-spin
(S = 3) state lies 0.84 eV higher in energy, corresponding to a
Jvalue of =706 cm ™' [H = fZJ(SCr . SLig)]. This relatively strong
exchange coupling is fully consistent with the observed diamag-
netism of the compound and also the substantial overlaps, S, be-
tween the corresponding orbitals (0.16—0.52; Figure S10 in the
Supporting Information).

One-electron oxidation of la generates [la]” in a broken-
symmetry doublet ground state. The spin density at the metal is
similar in the cation and the neutral species (pc, = 2.81; Table 1
and Figure 10), offering a strong indication that the oxidation
is a ligand-based redox event. The structural impact of the oxida-
tion is therefore localized entirely in the ligand array, where the
N=N bonds contract by 0.04 A (cf. ~0.03 A in the X-ray data).
The suitability of time-dependent DFT (TD-DFT) based on a
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Table 3. Simulated EPR Spin-Hamiltonian Parameters g and Table 4. UV—NIR Data”
A(x10 *ecm ™) for S = '/, Complexes
( ) /2 P compound Amaw nm (&, M~ " cm™ ")
d A
B 8 &L -] + [1a] 600 (6910), 480 (15010), 415sh
[1a]L, 1.993 1.995 7 20 [1a]ly 1505 (2380), 875 (3660), 660sh, 530 (8140), 480sh
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Figure 8. Electronic spectra of 1a (black), [1a]l; (blue), [1a]** (red),
and [1a]** (green) in CH,Cl,.

2.5+
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2.0 Figure 10. Net spin densities of [1a]", 1a, [1a] 7, [2a]", 2a,and [2a] .
= Isosurface = 0.006 e au™>.
< 154
= charge-transfer (LLCT) excitation energies and features in the
e NIR spectrum of closely related complexes has been reported.”
% 101 In the case of [1a]”, we compute an absorption feature at 0.7 eV
(1760 nm) corresponding to a transition within the N=N 7*
0.5 array, in excellent agreement with the weak feature at ~1500 nm
assigned to a LLCT band in the NIR spectrum of [ 1a]” (Figure S9
0o in the Supporting Information). The ferromagnetically coupled

counterpart of the ground state of [1a]” with Mg = %/, lies 0.88
eV higher in energy, corresponding to a J value of —1052 cm ™.
Higher states on the Heisenberg ladder are therefore clearly in-
accessible in the temperature range of the magnetic measurements.
One-electron reduction to form the anionic species [1a]  also
results in negligible changes in the spin density at the metal (p¢, =
2.99; Figure 10) and is therefore unambiguously ligand-based. A

750
Wavelength/nm

500 1000

Figure 9. Electronic spectra of 2a (black), [2a]l; (blue), and [2a]™
(red) in CH,CL.

broken-symmetry ground state has been debated, but, never-
theless, excellent agreement between computed ligand—ligand
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broader survey of redox isomers (see Figures S11—S14 in the

Supporting Information) indicates that the Cr'™ jon remains
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Figure 11. Frontier Kohn—Sham orbitals for 2a.

invariant across the entire series [1a] /% */**/3*  with all redox

events localized on the ligands. As a result, the N=N bond lengths
contract upon successive oxidation, and those in the trication
(Mg = */,) approach the values for the free ligand (~1.24 A).
The robustness of the Cr'" center results largely from the very
high exchange energies associated with the t2g3 configuration.
Electronic Structures of Molybdenum Compounds 2a,
[2a]*, and [2a]". Turning to the molybdenum analogues, a
comparison of the optimized geometry of 2a with that of 1a
(Table 1) confirms that the more pronounced elongation of the
N=N bond in the molybdenum systems is well reproduced, as
are the key trends in the M—N bond lengths. Thus, while all
Mo—N bonds are longer than their Cr—N counterparts, the
elongation is more prominent in M—N,, (AM—N = 0.10 A)
than in M—N,,, (AM—N = 0.06 A). The frontier Kohn—Sham
orbitals of 2a are shown in Figure 11, and their compositions,
along with those of [2a]*and [2a] ), are collected in Table 6. The
orbitals of 2a show the symmetry breaking typical of a metal-
radical complex, with the spin-a and spin-f3 components of each
orbital localized in different regions of the molecule. Thus, the
three occupied spin-a orbitals [1a(a) and le(a)] are polarized
toward the metal center and lie ~3.0 eV below their vacant spin-
[ counterparts [2a(3) and 2e(f3)]. Conversely, the three singly
occupied spin-f3 orbitals, [1a(/3) and 1e(f3)] are linear combina-
tions of N=N 5* orbitals (>80% L) and lie only ~2.0 eV below
their vacant spin-a counterparts [2a(a) and 2e(c)]. The smaller
exchange splitting in the ligand-based orbitals reflects the more
diffuse nature of the singly occupied orbitals. The compositions
of the la(a/f) and le(a/f3) orbitals also reveal a distinct
anisotropy, in so much as the symmetry breaking is much less
pronounced in the degenerate e orbitals, 1e(a) and 1e(3) (Mo:L =
51:49 and 20:80) than in la(a) and 1a(B) (69:31 and 5:95).
This anisotropy within the octahedral t,, set has been noted by
Ackermann and co-workers'® and stems from the presence of
only a single orbital of 7t symmetry on each of the nitrogen-donor

atoms of the N=N unit. The result is that, despite sharing the
same symmetry (a), the Mo d,. orbital (z defined here as the
trigonal axis) is poorly oriented to overlap with the totally
symmetric linear combination of N=N 77* orbitals. This distinc-
tion between the orbitals of a and e symmetry is further emphasized
by the overlap (S) between the corresponding orbitals (Figure 12),
which is 0.36 for the a-symmetric pair but 0.89 for the e set.

In the chromium system 1a, the assignment of the oxidation
state was unambiguous: the spin-density ]?attern, om PL = +3.0,
—1.0 is clearly consistent only with a [Cr (L°7);] formulation.
In cases such as 2a, where the radical character is not so pronounced,
the oxidation state is more open to debate because it inevitably
involves the somewhat arbitrary assignment of the shared electron
density to one center or the other. In the limit of complete sym-
metry breaking (ie., where the spatial parts of the two spin
components are quite distinct), as they are in 1a (pyy, pr = +3.0,
—1.0),a [Mo"™{L3}*"] formulation is clearly appropriate. How-
ever, when le(a) and le(f) are identical, the limiting spin
densities of oy, pp, = +1.0, —0.33 could correspond to any point
on a [Mo"{Ls}* ] <> [Mo™{Ly}""] <> [Mo"{Ls}""] con-
tinuum, depending on whether the four electrons are viewed as
being primarily ligand- or metal-based. We note that localization
of the occug)ied la(a) orbital on the metal center precludes a
[Mo""{L;}°"] formulation. The computed values of +1.86 and
—0.66 for 2a lie almost exactly midway between the two limits
identified above, indicating substantial but not complete sym-
metry breaking in the 1e(c./[3) orbitals. We return to the question of
the oxidation state following a discussion of the related cation
and anion.

Oxidation of 2a generates [2a]" in an Mg = '/, ground state,
and the redox event can again be considered, at least to first order,
as ligand-based because the redox-active orbital, 1a(/3), remains
strongly localized on the ligand array (96%). However, the changes
in the spin density at molybdenum (1.46 vs 1.86 in 2a; see
Figure 10)*° indicate that the metal is far from innocent, and the
compositions of the orbitals in Table 6 confirm a substantial
redox-induced redistribution of the charge. Compared to 2a, the
occupied spin-3 components of the le orbital are now much
more evenly distributed over Mo (32%) and L (68%) and are
spatially rather more similar to their spin-& counterparts (45%
Mo and 41% L). The equalization of the spatial parts of le(a)
and le(f3) is reflected in a further increase in the overlap of the
corresponding orbitals (S = 0.97 vs 0.89 in 2a). These trends can
be interpreted in terms of the redox-induced stabilization of the
ligand-based orbitals resulting from removal of the electron in
1a(f3), which enhances back-bonding from molybdenum via the
orthogonal degenerate e orbitals. Symmetry breaking is therefore
less pronounced and metal and ligand character more evenly
distributed among le(a/f3) and 2e(a/f3).

We can again use the contrasting limits of complete symmetry
breaking and complete delocalization of the electrons in the le
orbitals to define the possible range of spin densities. In the case
that the spin components of the le orbital have identical spatial
components, the limiting net spin densities would be +1.0 and
0.0. Complete symmetry breaking [i.e., localization of le(a) and
le(f8) on metal and ligand, respectively], in contrast, would
generate limiting spin densities of +3.0 and —0.66, very close to
the values computed for [1a]”. The computed values of +1.46
and —0.16 for [2a]" clearly lie much closer to the former limit,
reflecting the pronounced back-bonding in this case.

The net spin densities for the anion [2a]™ (Mg="/, ground
state) show striking similarities to the cation (pp, pr = +1.13,

9999 dx.doi.org/10.1021/ic200708c¢ |Inorg. Chem. 2011, 50, 9993-10004



Inorganic Chemistry

Table S. Crystallographic Data of 1a: CH,Cl,, [1a]l, 2a:2CH,Cl,, and [2a]l;

[1a]-CH,Cl, [1a]1; [2a]-2CH,CI, [2a]1;
empirical formula C34H,6ClsCrNg C33H,,CLCrl; Ny C35H,3Cl;MoNg C33H,,4ClIMoNg
mol mass 789.89 1085.66 918.75 1129.60
temperature (K) 150(2) 150(2) 150(2) 150(2)
cryst syst triclinic monoclinic monoclinic monoclinic
space group P1 P21/n P21/c P21/n
a(A) 9.9804(6) 14.205(5) 9.8375(3) 10.0086(11)

b (A) 10.1877(7) 16.937(3) 32.0144(8) 19211(2)
c(A) 18.9810(12) 16.102(5) 12.0829(3) 19.417(2)
a (deg) 79.0880(10) 90.0 90.0 90.0

B (deg) 78.4510(10) 99.699(5) 100.0880(10) 92.017(2)
¥ (deg) 64.2980(10) 90.0 90.0 90.0

Vv (A%) 1692.27(19) 3819(2) 3746.58(17) 3731.0(7)
V4 2 4 4 4

Deyea (g cm™) 1.550 1.888 1.629 2,011

cryst dimens (mm) 0.18 x 0.24 x 0.30 0.16 x 0.18 x 0.24 0.18 x 0.20 x 0.32 0.20 x 0.24 x 0.30
0 range for data colln (deg) 1.1-25.0 1.8—254 1.3-25.0 1.5-25.0
GOF 1.06 1.07 1.04 1.05

reflns collected 16029 34388 44121 34967
unique reflns 5954 6967 6600 6567
largest diff between peak and hole (e A7) 1.02, —0.77 1.61, —1.31 0.46, —0.39 0.95, —1.03
Rint 0.031 0.058 0.032 0.050

final R indices [I > 20(I)]

R1=0.0388, wR2 = 0.1084 RI1 =0.0396, wR2 = 0.1138 RI1 =0.0254, wR2 = 0.0621 RI1 = 0.0352, wR2 = 0.0849

—0.04 vs +1.46, —0.16; see also Figure 10) and are quite different
from those of the neutral species (py, o, = +1.86, —0.66). The
Kohn—Sham orbital compositions summarized in Table 6 con-
firm that the redox-active orbital is again the totally symmetric
ligand-based combination, in this case the spin-a component
2a(a) and that this orbital remains almost entirely ligand-based
(96% L) in the anion. The degree of symmetry breaking in the
occupied le orbitals is again lower than that in the neutral species
[1e(a), 35% Mo, 65% L; le(f8), 27% Mo, 73% L], and the
overlap of the corresponding orbitals approaches unity (S =
0.99). The reduced molybdenum character in the le() orbital
(relative to 2a) is offset by an increase in the vacant 2e(a) orbital
(38% Mo vs 24% in 2a), indicative of more effective back-bonding
in the anionic case.

The conclusion that a primarily ligand-based oxidation process
to form [2a*] should induce further transfer of the electron
density from metal to ligand via a back-bonding mechanism is
intuitive and can readily be rationalized on the basis of the stabi-
lization of the ligand /7% manifold relative to the metal d orbitals.
That a one-electron reduction should cause the same effect is
somewhat counterintuitive, as we might expect a destabilization
of the ligand 77* manifold to reduce the effectiveness of the back-
bonding pathway. However, while one-electron oxidation and one-
electron reduction clearly have very different effects on the total
electron density at the ligand, both serve to reduce the net spin
density and therefore, by extension, the exchange splitting between
the occupied spin-f3 and vacant spin-0. components of the ligand
7r* manifold. The reduction in the spin density that accompanies
either redox event therefore enhances the ability of the ligand array
to both donate electron density to and accept electron density
from the metal through the e orbitals, where overlap is effective.
In this context, the neutral system emerges as the outlier in the
series [2a]", 2a, and [2a]" because the half-filled (N=N 7*)*

Table 6. Compositions of the Frontier Kohn—Sham Orbitals
for [2a]*, 2a, and [2a]*

[2a] * 2a [2a]

MO Mo L Mo L Mo L
3e(f) 48 52 39 61 34 66
3e(a) 56 44 31 69 31 69
2¢(f) 43 57 46 54 41 59
2a(B) 65 35 62 38 58 42
2e(at) 30 70 24 76 38 62
2a(a) 2 98 3 97 4 9
1a(B) 4 96 s 95 9 91
le(B) 32 68 20 80 27 73
le(a) 49 s1 s1 49 3 65
la(a) 69 31 69 31 68 32

“The horizontal line indicates the HOMO—LUMO gap in each case.

shell makes the ligand array unusually resistant to the loss or gain
of further electron density from the metal.

Throughout the previous paragraphs, we have avoided an assign-
ment of oxidation states to the molybdenum centers, beyond noting
that the neutral species lies somewhere along a continuum linking
the three resonance structures [Mo™{L;}*" ] <> [Mo"V{L;}* ] <
[MoY{L;}°"]. The redox-active orbital is almost entirely
ligand-based and therefore does not have any first-order impact
on the physical oxidation state of the metal. The assignment
therefore rests on whether the four electrons in the 1e orbitals are
allocated to the metal or ligand in each case. In the anion [2a]
le(a) and 1le(f3) are both strongly localized on the ligand (65%
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and 73%, respectively), and so a limiting Mo form seems most
realistic. The same is true of the cation [2a]”, although in this
case, the localization of the le(c) orbitals on L is less clear-cut
(49 51). Both cation and anion therefore appear to lie toward the
Mo" end of the [Mo™{L;}* ] < [Mo"™{L;}* ] < [Mo"{L;}* "]
spectrum.

In neutral 2a, the process is further complicated by the sym-
metry breaking in the le orbital: the spin-5 component is sub-
stantially localized on the ligand, while the spin-a counterpart is
delocalized over both the metal and ligand (51:49). We noted
above that the limit of complete symmetry breaking would
correspond to a [Mo™{L;}*"] situation, comparable to
[Cr™{L3}*"] (1a). The net spin densities of 2a are clearly far
from this limit, but nevertheless there is a distinct shift to the left
in the continuum, with more ligand-radical character relative to
either [2a]" or [2a] . The presence of a half-filled (7*)* shell in
the neutral case appears to confer a degree of stability on the
ligand array, blocking further electron transfer from the metal via

back-bonding.

Bl CONCLUSIONS

We have established the concepts of redox noninnocent behavior
in the ligand 2-(arylazo)pyridine and its ability to form metal-
stabilized azo-anion-radical complexes when reacted with elec-
tron-rich metal carbonyls via intramolecular electron exchange.
In this paper, we have revisited earlier work by Ackermann et al.
with the aim of fully characterizing the accessible redox series for
both chromium and molybdenum. From a combination of struc-
tural and spectroscopic investigations and DFT calculations, it
has been possible to unequivocally establish the electronic struc-
ture of the neutral chromium complex [Cr(L);]° It contains a
high-spin chromic ion (S¢, = 3/5) coupled to three ligand-radical
anions, leading to an § = 0 ground state, and is essentially
identical with the well-characterized neutral chromium com-
plexes with catecholate ligands. Instances of isolation and struc-
tural characterization of the chromium complexes of three radical
ligands are rare in the literature. The four redox events that
connect the electron-transfer series [Cr(L);]" (n = 3+, 2+, 1+, 0,
1—) correspond to entirely ligand-based redox processes, with
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the central chromium ion remaining in the III oxidation state
throughout. The electronic structure of the molybdenum systems is
more complex because of extensive mixing of metal- and ligand-
based orbitals of e symmetry. The three redox isomers [Mo(L);]"
(n=1+,0,1— ) lie on a continuum connecting the resonance forms
(ML} 8] o [Mo™{L5} ] = [Mo"{Ls} "],
with the orbital compositions and spin densities being most con-
sistent with the higher-oxidation-state end of the spectrum.
While the electron density distribution in the cation and anion
[2a]" and [2a] ™ is remarkably similar (differing only in the oc-
cupatxons of the totally symmetric combination of ligand-based
7* orbitals) and is close to the [Mo"{L; } - ")7] limit, the inter-
vening neutral species has much more extensive ligand-radical
character.

Finally, we note that the ability to undergo facile multiple
electron-transfer reactions within a relatively narrow electroche-
mical window is a fundamental requirement for molecular infor-
mation storage applications. We are currently exploring how these
redox-responsive molecules respond when immobilized on a
surface, with the ultimate goal being to find possible applications
as memory devices.”®

B EXPERIMENTAL SECTION

Materials. The metal carbonyls M(CO)s (M = Cr, Mo) were
Aldrich reagents, and n-octane was obtained from Spectrochem, India.
The ligands L*® were prepared by following the reported procedure.””
Tetrabutylammonium perchlorate was prepared and recrystallized as
reported earlier.'”” Caution! Perchlorates have to be handled with care and
appropriate safety precautions! All other chemicals and solvents were of
reagent grade and were used as received.

Physical Measurements. 'H NMR spectra were taken on a
Bruker Advance DPX 300 spectrometer, and SiMe, was used as the
internal standard. IR spectra were obtained using a Perkin-Elmer 783
spectrophotometer. A Perkin-Elmer 240C elemental analyzer was used
to collect microanalytical data (C, H, and N). ESI-MS spectra were
recorded on a micro mass Q-TOF mass spectrometer (serial no. YA
263). UV—NIR absorption spectra were recorded on a Perkin-Elmer
Lambda 950 UV—vis spectrophotometer and a J&M TIDAS instru-
ment. Cyclic voltammetry was carried out in a 0.1 M Buy,NClO, solution
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using a three-electrode configuration (platinum working electrode, plati-
num counter electrode, a SCE reference electrode) and a PC-controlled
PAR model 273A electrochemistry system. E; /, for the ferrocenium—
terrocene couple under our experimental conditions was 0.39 V. Variable-
temperature (2—290 K) magnetization data were recorded in a 1 T
magnetic field on a SQUID magnetometer (MPMS Quantum Design).
The experimental magnetic susceptibility data were corrected for under-
lying diamagnetism using Pascal’s tabulated constants. Simulation and
analysis of the magnetic susceptibility data were made using the program
julX written by E. Bill calculating through full-matrix diagonalization of
the spin Hamiltonian.”® EPR spectra in the X band were recorded with a
JEOL JES-FA200 spectrometer, and EPR simulations were done using
the software provided with it. Electrical conductivities were measured by
using a Systronics 304 direct reading conductivity meter.

Syntheses. Preparation of [Cr(L"™);] (1a). A mixture of 218 mg
(1.00 mmol) of Cr(CO)s and 652 mg (3.00 mmol) of L* was refluxed in
30 mL of n-octane for 7 h. The solution was cooled, and the solid was collected
by filtration. The crude complex was crystallized by the slow diffusion of a
dichloromethane solution of the compound into hexane. Yield: 96%.

IR (KBr,cm ™ '): 1597 [¥(C=N) + v(C=C)], 1180 [v(N=N)]. ESI-
MS: m/z 705 [M]". Anal. Calcd for C33H,,NoCl;Cr: C, 56.20; H, 3.43;
N, 17.88. Found: C, $6.21; H, 3.46; N, 17.86. '"H NMR (300 MHz,
CDCls, 300 K): 0 7.6 (d, ] = 6.6 Hz, 1H), 7.4 (t, ] = 7.7 Hz, 1H), 7.31
(broad peak for 1H), 7.11 (broad peak for 1H), 6.99 (t, ] = 7.5 Hz, 1H),
6.84 (t,J="7.1 Hz, 1H), 6.26 (broad peak for 1H), 5.29 (d, ] = 6.6 Hz, 1H).

Preparation Of[Cf'(Lb.i)gj (1b). Compound 1b was synthesized and
crystallized following procedures similar to those for 1a. The yield and
characterization data are as follows. Yield: 91%. IR (KBr, cm™'): 1605
[v(C=N) +v(C=C)], 1176 [¥(N=N)]. ESI-MS: m/z 705 [M]". Anal.
Calcd for C33H,4NyCl;Cr: C, 56.20; H, 3.43; N, 17.88. Found: C, 56.18;
H, 3.45; N, 17.86. "H NMR (300 MHz, CDCl;, 300 K): 6 8.67 (d,] = 6.1
Hz, 1H), 8.08 (d,J=8.7Hz,2H),7.90 (t,J = 7.4 Hz, 1H), 7.81 (d,] = 7.1
Hz, 1H), 7.39 (broad peak for1H), 7.03 (d, J = 8.5 Hz, 2H).

Preparation of [1a]l5. To a solution of S0 mg (0.07 mmol) of 1a in
10 mL of dichloromethane was added dropwise a slight excess solution
of 40 mg (0.15 mmol) of iodine in the same solvent. The solution turned
reddish-brown, and the solvent was evaporated in a rotary evaporator.
The crude product thus obtained was thoroughly washed with hexane to
remove excess iodine and was purified through crystallization by the
slow diffusion of a dichloromethane solution into hexane. Yield: 94%.
IR (KBr, cm™'): 1654, 1614 [v(C=N) + »(C=C)], 1215, 1180
[v(N=N)]. ESI-MS: m/z 705 [M]". Molar equivalent conductance,
A (CH;CN, Q' em® M™): 141. Anal. Caled for C33H,,NoCl;Crl,: C,
36.51; H, 2.23; N, 11.61. Found: C, 36.52; H, 2.24; N, 11.59.

Preparation of [1b]l;. Compound [1b]l; was synthesized and
crystallized following procedures similar to those for [1a]l;. The yield
and characterization data are as follows. Yield: 85%. IR (KBr, cm™'):
1625 [v(C=N) + »(C=C)], 1220, 1180 [v(N=Nz)]. ESI-MS: m/z
705 [M]*. Molar equivalent conductance, A (CH;CN, Q' cm® M ):
143. Anal. Caled for C33H,4NoCl;Crly: C, 36.51; H, 2.23; N, 11.61.
Found: C, 36.49; H, 2.26; N, 11.59.

Preparation of [Mo(L™~);] (2a). A mixture of 264 mg (1.00 mmol)
of Mo(CO) and 652 mg (3.00 mmol) of L* was refluxed in 30 mL of n-
octane for 12 h. The solution was cooled, and the solid was collected by
filtration. The crude complex was crystallized by the slow diffusion of a
dichloromethane solution of the compound into hexane. Yield: 89%. IR
(KBr, em™"): 1600 [v(C=N) + v(C=C)], 1140, 1165 [v(N=N)].
ESI-MS: m/z 750 [M]*. Anal. Calcd for C33H,,NoCl;Mo: C, 52.92; H,
3.23; N, 16.80. Found: C, 52.90; H, 3.26; N, 16.78. "H NMR (300 MHz,
CDCls, 300 K): 6 7.53 (d, ] = 5.9 Hz, 1H), 7.40 (m, 2H), 7.10 (d, ] = 7.3
Hz, 1H),7.02 (t,]=7.9 Hz, 1H), 6.85 (t, ] = 7.4 Hz, 1H), 6.50 (td,J= 1.8
and 6.1 Hz, 1H), 5.25 (d, ] = 7.5 Hz, 1H).

Preparation of [Mo( Lb'_) 3] (2b). Compound 2b was synthesized and
crystallized following procedures similar to those for 2a. The yield and

characterization data are as follows. Yield: 87%. IR (KBr, cm™'): 1610
[V(C=N) + v(C=C)], 1140, 1160 [v(N=N)]. ESLMS: m/z 750
[M]*. Anal. Calcd for C33H,4NoCl;Mo: C, 52.92; H, 3.23; N, 16.8.
Found: C, 52.94; H, 3.26; N, 16.77. "H NMR (300 MHz, CDCl,, 300 K):
8871 (d, ] = 5.8 Hz, 1H), 8.06 (d, ] = 9.0 Hz, 2H), 7.89 (t, ] = 8.1 Hz,
1H),7.80 (d, J=7.3 Hz, 1H), 7.4 (t, ] = 6.0 Hz, 1H), 7.03(d, ] = 8.8 Hz, 2H).

Preparation of [2a]l;. To a solution of S5 mg (0.073 mmol) of 2a in
15 mL of dichloromethane was added dropwise a slight excess solution
of 45 mg (0.17 mmol) of iodine in the same solvent. The solution turned
reddish-brown, and the solvent was evaporated in a rotary evaporator.
The crude product thus obtained was thoroughly washed with hexane to
remove excess iodine and was purified through crystallization by the
slow diffusion of a dichloromethane solution into hexane. Yield: 89%. IR
(KBr, cm™'): 1596 [v(C=N) + v(C=C)], 1140, 1195 [¥(N=N)].
ESI-MS: m/z 750 [M]". Molar equivalent conductance, A (CH;CN,
Q 'em®> M "): 139. Anal. Caled for C33H,,NyClsMol,: C, 35.09; H,
2.14; N, 11.16. Found: C, 35.11; H, 2.17; N, 11.18.

Preparation of [2b]l;. Compound [2b]l; was synthesized and
crystallized following procedures similar to those for [2a]l;. The yield
and characterization data are as follows. Yield: 85%. IR (KBr, cm™'):
1598 [v(C=N) +v(C=C)], 1135, 1195 [¥(N=N)]. ESI-MS: m/z: 750
[M]". Molar equivalent conductance, A (CH;CN, Q' cm® M) 138.
Anal. Calcd for C33H,4NyClsMol;: C, 35.09; H, 2.14; N, 11.16. Found:
C, 35.08; H, 2.16; N, 11.17.

Crystallography. Crystallographic data for compounds [ 1a] - CH,Cl,,
[1a]l;, [2a]+-2CH,Cl,, and [2a]l; are collected in Table S. Suitable
X-ray-quality crystals of these compounds are obtained by the slow
evaporation of a dichloromethane—hexane solution of the compound.
All data were collected on a Bruker SMART APEX-II diffractometer,
equipped with graphite-monochromated Mo Ka radiation (1 =
0.71073 A) and were corrected for Lorentz polarization effects.
[1a]-CH,Cl,: A total of 16029 reflections were collected, of which
5954 were unique (R, = 0.031), satisfying the I > 20(I) criterion,
and were used in subsequent analysis. [la]l;: A total of 34388
reflections were collected, of which 6967 were unique (R, = 0.058).
[2a]-2CH,CL,: A total of 44 121 reflections were collected, of which
6600 were unique (R, = 0.032). [2a]l5: A total of 34967 reflections
were collected, of which 6567 were unique (Ry, = 0.050). The structures
were solved by employing the SHELXS-97 program package® and
were refined by full-matrix least squares based on F* (SHELXL-97).*°
All hydrogen atoms were added in calculated positions.

B COMPUTATIONAL METHODS

All DFT calculations presented in this paper were carried out using
the Gaussian 03 program package.31 Geometry optimizations were per-
formed without imposing geometric constraints (C; symmetry), and
obtained stationary points were subsequently confirmed to be minima
by vibrational analysis (no imaginary frequencies). All calculations utilized
the B3LYP hybrid functional** The TZVP basis set* of triple-C quality with
one set of polarization functions was used on chromium and nitrogen atoms
(all except one nitrogen atom in each of the three azo units are directly
coordinating to the metal center). The def2-TZVP basis set™ as
obtained from the EMSL Basis Set Library™® was used for molybdenum.
This basis set is of triple-C quality with an effective core potential (ecp-
28) for core functions.>® For the carbon, chlorine, and hydrogen atoms,
slightly smaller polarized split-valence SVP basis sets>” were used, which
are of double- quality in the valence region and contain a polarizing set
of d functions on the non-hydrogen atoms. The broken-symmetry
approach first proposed by Ginsberg®® and Noodleman et al.*” has been
employed for all chromium and molybdenum complexes. A range of
spin-polarized initial densities was tried in each case [BS(3,3), BS(2,2),
etc.], but in all cases, different guesses (with the same total multiplicity)
converged to the same minimum. Exchange coupling constants | were
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calculated from the energy differences between the high-spin and
corresponding broken-symmetry state according to the approach of
Yamaguchi et al.*°

Hipw = —2J81+5,

Ens — Eps
(S s — (S*)ps

where (§) is the expectation value of the square of the total spin angular
momentum operator. Percentage compositions of canonical and corre-
sponding molecular orbitals were calculated using the AOMix program.**
Mulliken spin densities were used for analysis of the spin populations on
ligand and metal centers.*

J= -

B ASSOCIATED CONTENT

(5 ) Supporting Information. Experimental and DFT char-
acterization details and X-ray crystallographic files in CIF format
for 1a, [1a]l;, 2a, and [2a]l5. This material is available free of
charge via the Internet at http://pubs.acs.org.
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