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ABSTRACT: The synthesis and X-ray structure of a new
member of the series of oxo-bridged, dinuclear chromium(III)
c omp l e x e s , t h e m e t h y l i s o c y a n i d e c omp l e x
[(CH3NC)5CrOCr(CNCH3)5](PF6)4·2CH3CN, is reported.
This constitutes only the third oxo-bridged, dinuclear
chromium(III) complex with a homoleptic auxillay ligand
sphere. Experimentally, the system shows unshifted narrow
nuclear magnetic resonance (NMR) spectra that are consistent
with calculations using broken symmetry density functional
theory (DFT), which suggests it to be the strongest coupled,
dinuclear chromium(III) complex known. Furthermore, we
report the crystal structure and computed magnetic properties for [(bpy)2(SCN)CrOCr(NCS)(bpy)2](ClO4)2·2H2O (bpy =
2,2′-bipyridine), which differs from other reported oxo-bridged species by featuring a bent CrOCr4+ core. We also interpret the
spectacular 10-orders-of-magnitude variation in acid dissociation constant of the bridging hydroxo ligand in mono hydroxo-
bridged dinuclear chromium(III) complexes, in terms of a valence bond model parametrized by metal-to-metal charge transfer
(MMCT) and ligand-to-metal charge transfer (LMCT) energies.

■ INTRODUCTION
The complex ion [(NH3)5CrOCr(NH3)5]

4+ (1), traditionally
referred to as “basic rhodo”, was first synthesized by Jørgensen
in 1882,1 and for a long time, it was the only known oxo-
bridged dinuclear chromium(III) complex with a homoleptic
outer ligand sphere. Since then, many oxo-bridged dinuclear
chromium(III) complexes have been synthesized. Selected
complexes are listed in Table 1, with the most recent being the
acetonitrile analogue [(CH3CN)5CrOCr(NCCH3)5]

4+ (10).2

The magnetic exchange coupling between the two
chromium(III) centers has been measured by various
techniques, in most cases by susceptibility measurements.
The exchange coupling has also been determined by high field
and frequency electron paramagnetic resonance,13 but it was
successful because the coupling was smaller in magnitude than
for the oxo-bridged systems here. Therefore, we are limited to
magnetic susceptibility measurements. Antiferromagnetic cou-
pling in 1 was recognized early to be very strong and quantified
as J = 450 cm−1 (Ĥ = JS1·S2),

3 while the value in 10 was
determined to be, via susceptibility measurements, J = 650
cm−1,11 which is the highest reported for an oxo-bridged
dinuclear chromium(III) complex to date. We have previously
demonstrated that density functional theory (DFT) is able to
reproduce, within 10%, the experimental values of J for a range
of complexes of this type,11 with the calculated values of J in 1
and 10 being 441 and 685 cm−1, respectively.
In constrast to 1, the acetonitrile analogue (10) was found to

be nonbasic, with the pKa value for the corresponding hydroxo-

bridged species (see eq 1) being below −2,12 compared to 7.6
for the protonated form of 1, the “acid rhodo”.4

⇄ ++ + + K[L Cr(OH)CrL ] [L CrOCrL ] H5 5
5

5 5
4

a
(1)

It is well-established that the acidity of coordinated water
molecules depends on the chemical nature of the remaining
ligand sphere, because of differences in hydration energy
between the protonated and the unprotonated form. Table 2
demonstrates this by listing the acidity of a series of
mononuclear, tricationic, aqua complexes of chromium(III).
However, it is seen that the values of pKa1 spans a range of only
two pKa units, depending on the nature of the ligands; this
variation is not at all comparable to the huge difference
between 1 and 10. In the present work, we have synthesized a
new basic rhodo analogue with methyl isocyanide as the
auxiliary ligand, [(CH3NC)5CrOCr(CNCH3)5]

4+ (11), in
which the antiferromagnetic coupling is even stronger than in
10 and the basicity of the oxo bridge is still lower than in 10.
Earlier, we suggested a correlation between the π acidity of the
auxiliary coligands and the values of J in terms of
nephelauxetism.11,12 Moreover, Holwerda, on the basis of a
series of dinuclear, oxobridged polypyridyl complexes of
chromium(III), has tentatively suggested a correlation between
the π acidity of the auxiliary ligands, the value of J, and the
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basicity of the oxo bridge.7−10 In Table 1, we have listed
relevant data for selected dinuclear, oxo-bridged complexes of
chromium(III). The variation of more than 10 orders of
magnitude of the basicity of the oxo bridge and the 85%
increase in the value J of upon changing the ligands from
ammonia to methyl isocyanide is remarkable. Concerning the
basicity of the oxo bridge, it should be noted that the charge of
the cation cannot be the source of the variation of the acid
strengths, because both the weakest acid (1) and the strongest
acid (11) are the most positively charged (+5) cations, whereas
the remaining ones have a positive charge of +3. It should
furthermore be mentioned that the magnetic properties of 1,23

8,8 and 10,12 in their protonated forms, have been investigated.
The reported J values are in the range of 22−36 cm−1. In this
work, we present a model based on valence-bond-configuration
interaction that explains the variation of more than 10 orders of
magnitude for the basicity of the oxo bridge in the oxo-bridged
dinuclear chromium(III) complexes and, in a consistent way,

correlates this basicity with the antiferromagnetic coupling and
with features in the optical absorption spectrum.

■ EXPERIMENTAL SECTION
Materials. [Cr(NCCH3)4](BF4)2, methyl isocyanide, and

[(bpy)2(SCN)CrOCr(NCS)(bpy)2](ClO4)2·2H2O (8(ClO4)2·2H2O)
were synthesized according to literature methods.24,25,9 Acetontrile
and methanol was dried over molecular sieves. The reactions were
carried out in standard Schlenk equipment, and solvents were purged
with dinitrogen (N2) prior to use.

Synthesis of [(CH3NC)5CrOCr(CNCH3)5](PF6)4·2CH3CN
(11(PF6)4·2CH3CN). Under a dinitrogen (N2) atmosphere, [Cr-
(NCCH3)4](BF4)2 (2.0 g, 5.1 mmol) was placed in a Schlenk tube and
CH3NC (2.6 mL, 50 mmol) and CH3CN (5 mL) was then added to
afford a dark green solution. The solution was then exposed to the
open atmosphere and air was bubbled through the solution for 30 min,
during which the color of the solution changed to red-brown. Diethyl
ether (40 mL) was then added dropwise under stirring and the
resulting precipitate was filtered off, washed with diethyl ether, and
dried in vacuo, yielding 2.2 g of a crude, brown product. For
purification, a small portion (∼100 mg) was washed four times with
CH3OH to afford a red product. Single crystals were grown via the
layering of a solution of the red product in CH3CN with a
concentrated solution of tetrabutylammonium hexafluorophosphate
in CH3CN. After 2 h, a small crop of the crystals of 11(PF6)4·
2CH3CN suitable for X-ray crystallography could be isolated. 1H
NMR ([D6]dmso): 2.08 (1H, s, CH3CN), 3.19 (5.5H, t, CH3NC).
Anal. Calcd for C21H31.5N10.5Cr2F24OP4: C, 22.30; N, 13.01; H, 2.81.
Found: C, 22.59; N, 12.80; H, 2.92.

X-ray Crystallography. Racemate crystals of 8(ClO4)2·2H2O
(Δ,Δ/Λ,Λ) were grown by taking a small amount of reaction mixture,
before boiling it, containing [(bpy)2Cr(OH)2Cr(bpy)2](ClO4)4 and
combining it with thiocyanate in water in a small closed vial in an oven
at 60 °C. Small crystals formed overnight. Crystals of 8 and 11 were
mounted, and intensity data were collected at 123(2) K on an Enraf-
Nonius KappaCCD area detector, using ω and θ scans with a scan
width of 1.0° and exposure times of 60 s, using the program COLLECT.26

The crystal-to-detector distance was 35.0 mm. The program EVALCCD

was used for data reduction, and the data were corrected for
absorption by integration.27 The structures were solved with direct
methods utilizing SHELXS

28 and refined by least-squares methods using
SHELXL9729 for 11 and Olex230 for 8. All non-hydrogen atoms were
refined using anisotropic displacement parameters of 1.2Ueq of the

Table 1. Oxo-bridged Dinuclear Chromium(III) Complexes for Which the Acid/Base Properties Have Been Investigated; Acid
Dissociation Constants for the Hydroxo-bridged Complexes (pKa) are Collected, along with Available Cr−O Bond Distances
(r), Experimental and Calculated Values of the Exchange Coupling Constants (Triplet Energy, J), and Cr←O Charge-Transfer
Energies (ECT)

a

i oxo-bridged complex pKa r (Å) J(exp) (cm−1) J(calc) (cm−1)b ECT (cm−1)c ref

1 [Cr(NH3)5]2O
4+ 7.63 1.803 450 441 36200 3−6

2 [Cr(tpa)N3]2O
2+ 4.25 7

3 [Cr(tpa)(NCO)]2O
2+ 4.09 7

4 [Cr(tpa)Cl]2O
2+ 4.01 7, 8

5 [Cr(tpa)(NCS)]2O
2+ 2.05 1.8001 510 487 8, 9

6 [Cr(tpa)(NCSe)]2O
2+ 1.48 8

7 [Cr(tpa)(CN)]2O
2+ 0.64 580 7

8 [Cr(bpy)2(NCS)]2O
2+ ∼0 1.799d 494 468 10, this work

9 [Cr(phen)2(NCS)]2O
2+ ∼0 542 10

10 [Cr(NCCH3)5]2O
4+ less than −2e 1.7556 650f 685 31800 2, 11, 12

11 [Cr(CNCH3)5]2O
4+ much less than −2g 1.7712 825 29150 this work

aAbbreviations used: tpa = tris(2-pyridylmethyl)amine; bpy = 2,2′-bipyridine; phen = 1,10-phenanthroline. bThis value is obtained using broken
symmetry DFT calculations with a level of theory known to accurately reproduce exchange coupling constants for this particular type of dinuclear
chromium(III) complexes.11 cThe position of this absorption band cannot be determined for the tpa, bpy, and phen complexes, because these
ligands have intense absorption in this energy region. dΔ,Δ/Λ,Λ isomer. eValue is estimated from absorption spectra recorded in 1 M perchloric acid
wherein the spectrum showed no trace of hydroxo-bridged complex. fAbsorption spectra of the BF4

− salt in frozen solution indicate a larger value.
gValue is estimated from absorption spectra recorded in concentrated perchloric acid wherein the spectrum of the dinuclear complex did not change.

Table 2. Values for the First Acid Dissociation Constants
(pKa1) for Selected Aqua Complexes of Chromium(III)a

complex pKa1 ref

[Cr(NH3)5(OH2)]
3+ 5.18 14

trans-[Cr(NH3)4(OH2)2]
3+ 4.38 15

cis-[Cr(NH3)4(OH2)2]
3+ 4.96 15

trans-[Cr(en)2(OH2)2]
3+ 4.11 15

cis-[Cr(en)2(OH2)2]
3+ 4.75 15

cis-[Cr(phen)2(OH2)2]
3+ 3.4 16

fac-[Cr(NH3)3(OH2)3]
3+ 5.00 17

mer-[Cr(NH3)3(OH2)3]
3+ 4.46 17

fac-[Cr(NH2CH3)3(OH2)3]
3+ 4.78 18

mer-[Cr(NH2CH3)3(OH2)3]
3+ 4.06 18

[Cr(tacn)(OH2)3]
3+ 4.57 19

[Cr(tame)(OH2)3]
3+ 4.93 20

[Cr(Me3-tame)(OH2)3]
3+ 4.78 21

[Cr(OH2)6]
3+ 4.29 22

aAbbreviations used: en = ethane-1,2-diamine; tacn = 1,4,7-
triazacyclononane; tame = 1,1,1-tris(aminomethyl)ethane; Me3-tame
= N,N′,N″-trimethyl-1,1,1-tris(aminomethyl)ethane.
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parent atom, except for methyl and water hydrogens, which were
constrained to 1.5Ueq of the parent atom. Crystallographic data are
given in the Supporting Information (Table S-1).
Calculation of Exchange Coupling Constants. The J

calculations were performed using the ORCA 2.7 program, as
described earlier.11 Although tempting, straightforward attempts at
calculation of the pKa values of the hydroxo-bridged compounds by
density functional theory (DFT) were not fruitful.

■ RESULTS AND DISCUSSION
Syntheses. The reaction between the sky-blue complex

[Cr(NCCH3)4](BF4)2 and a 10-fold excess of CH3NC in a
CH3CN solution under a dinitrogen (N2) atmosphere results in
the immediate formation of a green complex, most likely the
cation [Cr(CNCH3)6]

2+ (cf. the absorption spectrum in the
Supporting Information). It is noteworthy that the chromium-
(II) ion apparently coordinates CH3NC much more strongly
than CH3CN. However, this complex was not isolated in the
solid state. The subsequent reaction between this complex and
molecular dioxygen (O2) results in the formation of the red
complex [(CH3NC)5CrOCr(CNCH3)5]

4+ (11). This reaction
is similar to the reaction between [Cr(NCCH3)6]

2+ and
molecular dioxygen (O2) in CH3CN, which leads to the
formation of the green complex [(CH3CN)5CrOCr-
(NCCH3)5]

4+ (10).2 Elemental analysis of the bulk product
suggested the stoichiometry 11(PF6)4·0.5CH3CN. In the case
of the single crystals, having the stoichiometry 11(PF6)4·
2CH3CN, the rapid loss of solvent CH3CN from the crystals
precluded satisfactory elemental analyses, and this may also be
the explanation for the deviation from the expected ratio of 1:5
of the integrated intensities of the 1H NMR spectra.
Interestingly, addition of the strong acid HBF4 (in diethyl
ether) to a CH3CN solution of 11 does not result in a color
change. This contrasts the behavior of 10, where a color change
from green to red has been observed as a result of a protonation
of the oxo bridge.12 Accordingly, the oxo bridge in 11 is less
basic than in 10.
Crystal Structures. An ORTEP plot of 11 is shown in

Figure 1. This complex has a linear CrOCr4+ core with the
CH3NC ligands in an eclipsed conformation, which is a
geometry also found in the analogous chromium complexes 1
(see ref 5) and 10 (see ref 2) and in [(CH3CN)5MOM-
(NCCH3)5]

4+ (M = V,31 Mo,32 Re33). The Cr−O bond

distance of 1.7712(5) Å is longer than that observed in 10
(1.7556(5) Å).2 The trans influence of the oxo bridge has the
consequence that the Cr−C9 (Cr−Ctrans) distance of 2.101(3)
Å, on average, is 0.016 Å longer than the four Cr−Ccis
distances. This elongation is shorter than those found in the
five complexes mentioned above, where elongations in the
range of 0.040−0.105 Å have been observed. The Cr−C−N
geometries are essentially linear. The C−N bond distance in
the isocyanide groups is not significantly dependent on being
cis or trans to the oxo bridge. This parallels the situation in the
only structurally analogous molybdenum isocyanide complex
[(xyl-NC)5MoOMo(CN-xyl)5]

2+ (xyl = 2,6-dimethylphenyl),
where the internal bonding in the isocyanide ligands, similarly,
is unaffected by their disposition (cis or trans) to the oxo
bridge.34 Conversely, the oxo bridge exhibits a pronounced
trans influence (∼0.08 Å) on the axial Mo−C bonds. It is also
noteworthy that, for molybdenum, the dinuclear Mo(III)
acetonitrile complex has been isolated,32 but not the dinuclear
Mo(III) isocyanide complex.35

Complex 8 has previously been synthesized,10 but no crystal
structure was reported. The crystal structure of 8 is shown in
Figure 2. The most notable feature in this structure is the slight

deviation from linearity of the CrOCr4+ core, with the Cr−O−
Cr angle being 169.46(15)°. This deviation must be ascribed to
the π−π stacking of the bipyridine groups (vide infra). The
Cr−O distances are 1.795(3) and 1.803(3) Å. The trans
influence of the oxo bridge results in an elongation of the Cr−
Ntrans bond of 0.07 Å, on average.

Optical Absorption Spectra. The optical absorption
spectrum of 11 is shown in Figure 3. For comparison, the
spectra of 1 and 10 also are shown. All of the optical absorption
data are listed in Table 3. The three spectra exhibit the same
gross features, in which the absorption bands are shifted to
lower energies upon going from 1 to 10 and further to 11. The
features have been assigned to ligand-field, pair-excitation, and
charge-transfer transitions, as explained in the caption to Figure
3. The “e” band is a Cr←O charge-transfer band and the
observed reduction in transition energy (ECT) through the
series can explained by increasing nephelauxetism along the
ligand series NH3 < CH3CN < CH3NC. Furthermore, a higher

Figure 1. Molecular structure of 11, showing 50% probability
displacement ellipsoids. Important distances and angles: Cr1−O2,
1.7712(5) Å; Cr1−C3, 2.083(4) Å; Cr1−C5, 2.081(4) Å; Cr1−C7,
2.077(4) Å; Cr1−C9, 2.101(3) Å; Cr1−C11, 2.085(4) Å; Cr−O−Cr,
180°.

Figure 2. Molecular structure of the Δ,Δ isomer of 8, showing 50%
probability displacement ellipsoids. The H atoms have been removed
for clarity. Important distances and angles: Cr2−O1, 1.795(3) Å;
Cr1−O1, 1.803(3) Å; Cr2−N4, 2.126(4) Å; Cr1−N9, 2.122(4) Å;
Cr2−N6, 2.076(3) Å; Cr2−N3, 2.065(3) Å; Cr2−N5, 2.049(3) Å;
Cr1−N7, 2.085(3) Å; Cr1−N10, 2.061(3) Å; Cr1−N8, 2.073(3) Å;
Cr2−N2, 2.017(3) Å; Cr1−N1, 2.013(3) Å; Cr1−O1−Cr2,
169.46(15)°.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic4027927 | Inorg. Chem. 2014, 53, 2996−30032998



π acidity of the terminal ligands will lower the energy of the t2
metal orbitals resulting in a lowering of the energy gap between
the oxygen p-orbitals and the t2 metal orbitals. In single-ion
notation (Oh), the transition designated “a” corresponds to the
transition 2E2,

4A2←
4A2,

4A2, a single excitation. Both terms
originate from the t2

3 electron configuration and, in the strong-
field approximation theory, the energy difference is 9B + 3C,
where B and C are Racah parameters.36 With this assignment,
the average B value (assuming C = 4.25B) for the compounds
1, 10, and 11 is 598 cm−1. Assuming the transitions labeled “b”
provide Δ (vide supra), an average value for Δ can be
approximately taken as 17 000 cm−1. Using these values, a
rough check on the strong field approximation, can be made.
Indeed, diagonalization of the full LF matrices yield a cubic
subconfiguration description of the 2E state as t2

2.97e0.03 and in
parallel ∂[E(2E) − E(4A2)]/∂Δ = 0.026.37 Experimentally, this
energy varies by ∼2600 cm−1 from 14 290 cm−1 in 1 to 11 640
cm−1 in 11. This variation is, by far, too large to be explained by
differences in the ligand field strength of the different ligands,
given the very low sensitivity of this energy difference toward
the octahedral ligand field splitting. Accordingly, it is explained
by differences in nephelauxetism. Similarly, the double
excitations designated with “c” (such as 2E,2E← 4A2,

4A2) and
“d” (such as 2T2,

2E← 4A2,
4A2) in Figure 3 involve terms from

the t2
3 electron configuration.6,38 Experimentally, these energies

vary by ∼5000 cm−1 and ∼4000 cm−1 for “c” and “d”,
respectively. This is roughly twice the variation on the energy of
the “a”-labeled transitions, which is consistent with the

assignment of the “c” and “d” bands as double excitations.
Notice that the energies of “c” is slightly less than twice the
energy of “a”, the reason being that the configurational mixing
with the charge-transfer states of the double excitations is larger
than that of the ground state.39 The “b” feature corresponds to
the single center transition 4T2(t2

2e1)← 4A2(t2
3). Both terms

originate from the free ion 4F state, and in the strong-field
approximation the energy of this transition is independent of
the Racah parameters, which is consistent with the energy being
approximately the same for 1 and 10.

Calculation of the Exchange Coupling Constants. In
compounds that are strongly coupled antiferromagnetically, the
determination of the singlet−triplet energy gap (J), using
magnetic susceptibility measurements, is very difficult at best, as
the compounds are almost diamagnetic in the experimentally
accessible temperature range, and it is therefore desirable to
evaluate the coupling strength by other means. We have
calculated the exchange coupling constant for 11 with broken
symmetry DFT with a level of theory that has previously shown
to give quantitatively accurate values for this particular type of
dinuclear chromium(III) complexes.11 Using this method and
the experimental geometry determined by X-ray diffraction, we
calculate the exchange coupling constant of 11 to be 825 cm−1.
In comparison, calculated values for 10 and 1, are 685 and 441
cm−1, respectively.11 An alternative, computationally less costly,
approach based on effective Hamiltonians parametrizing the LF
and LMCT/MMCT function spaces was recently shown to
provide almost equally good reproduction of experimental
exchange couplings.40 However, for the present fairly small
dinuclear systems, brute force application of BS-DFT is both
accurate and feasible. It should be noted that the exchange
coupling constant is computed to be significantly larger for 11
than for 10 despite the larger Cr−O bond lengths in the former
system, demonstrating the importance of the auxiliary ligand
sphere in defining the coupling strength. Using an identical
computational approach, the value for J in nonlinearly bridged
8 was based on the X-ray geometry and was determined to be
468 cm−1, in good agreement with the experimentally
determined value of 494 cm−1.10

Bridge Basicity and Electronic Structure. In this section,
we devise a model that semiquantitatively relates the variation
in the optical absorption spectra and the variation in the
antiferromagnetic exchange coupling constant to variations in
the basicity of the oxo-bridge.
A discussion of absolute values of acid dissociation constants

is inherently complicated by the rather large solvation energies
pertinent to all involved species. Therefore, we would rather
focus on the variation of the Ka values in Table 1 and the
corresponding free-energy variation ΔG°. The variation of ΔG°
inferred from the values of Ka for 1 (Ka1) and 10 (Ka10) is
obtained as

Δ Δ ° = − −G RT K K( ) (ln ln )a1 a10 (2)

amounting to Δ(ΔG°) = 59 kJ mol−1 at 298 K with Ka1 and
Ka10 being 10−7.63 M and ∼103 M (conservatively estimated
lower bound on Ka10), respectively (see Table 1). For easy
reference below, this corresponds to 4900 cm−1 per molecule.
This change in ΔG° is composed of a change in ΔH° and in

TΔS°, i.e.,

Δ Δ ° = Δ Δ ° − Δ Δ °G H T S( ) ( ) ( ) (3)

Figure 3. Optical absorption spectra of 1 (L = NH3),
6 10 (L =

CH3CN),
12 and 11 (L = CH3NC) with data listed in Table 3. In

accordance with previous assignments, the “a” bands are single
excitations, the “b” bands correspond the first spin-allowed ligand field
transition, the “c” and “d” bands are double excitations, and the “e”
bands are charge-transfer bands. See text for details. The spectrum of
11 was measured in MeCN at room temperature.

Table 3. Electronic Transitions Referring to Figure 3 (ν, ε)
in the Three [L5CrOCrL5]

4+ Complexes 1, 10, and 11a

1 (L = NH3) 10 (L = CH3CN) 11 (L = CH3NC)

transition
ν

(cm−1)
ε (M−1

cm−1)
ν

(cm−1)
ε (M−1

cm−1) ν (cm−1)
ε (M−1

cm−1)

a 14290 72 12900 57 11640 13
b 16800 154 16200 86
c 25380 782 22300 640 20280 844
d 29950 880 27700 2080 ∼26000 ∼3700
e 36200 16000 31800 17000 29150 20400

aData pertinent to 1 and 10 were taken from refs 6 and 12,
respectively.
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and, below, we argue that this change is mainly due to the
enthalpy term Δ(ΔH°). We therefore neglect Δ(ΔS°), with the
following justifications.
Accurate thermodynamic data pertinent to acid dissociation

of a wide variety of organic acids were determined by Wynne-
Jones.41,42 For each class of acids, including organic carboxylic
acids, as well as the first and second acid dissociation of amino
acids, they found TΔ(ΔS°) < Δ(ΔH°). With a comparable
class of data, such as those relevant for the first acid dissociation
of amino acids, typical values of TΔ(ΔS°) ≈ 10 kJ mol−1 (at
300 K) were found, which is significantly smaller than Δ(ΔG°)
obtained above.
Detailed studies of acid dissociation constants involving

dinuclear transition-metal complexes are not plentiful. Inves-
tigations by Spiccia and Marty43 of the acidity of terminal water
ligands in [(H2O)5Cr(OH)Cr(OH2)5]

5+ resulted in thermody-
namic parameters for the first and second acid dissociation of
ΔH° = 47.6 and 68.2 kJ mol−1, respectively, and ΔS° = 141 and
147 J K−1 mol−1, respectively. These data illustrate again that
the variation in TΔS° is significantly smaller than the
corresponding variation in ΔH°. Therefore, we confidently
assume that Δ(ΔG°) ≈ Δ(ΔH°); furthermore, we approximate
the enthalpy change with a reduction in the energy of the
ground state of the oxo-bridged complex, relative to the ground
state of the hydroxo-bridged, and this reduction in energy will
now be interpreted using the valence-bond configuration
interaction model.
In the framework of the valence-bond configuration

interaction model,44−46 the ground-state manifold of spin
multiplets experiences a lowering and a splitting in energy, as a
result of the interaction between the ground-state (GS)
electron configuration and a ligand-to-metal charge transfer
(LMCT) electron configuration, which, in turn, interacts with a
metal-to-metal charge transfer (MMCT) electron configura-
tion. In the following, the GS, LMCT, and MMCT electron
configurations have the zeroth-order energy of 0, ECT, and U,
respectively. The hybridization one-electron matrix element
between a metal d orbital and a ligand p orbital is designated V.
In our specific situation, V describes the one-electron matrix
element between a metal dπ orbital and a ligand pπ orbital, with
π indicating the symmetry along the metal−ligand axis.
The energetic consequence of the GS-LMCT interaction is a

spin-independent reduction in energy of all the ground-state
manifold spin multiplets. This reduction in energy may be
expressed as

=E
V

E
4

1

2

CT (4)

(see Figure 4). This expression quantifies, via second-order
perturbation theory, the interaction via the two oxide pπ
orbitals between the GS electron configuration t2

3(pπ)4t2
3 and

the relevant terms from the charge-transfer configurations
t2
4(pπ)3t2

3 and t2
3(pπ)3t2

4.47 We notice that ECT is an
experimentally accessible parameter, see the intense bands in
the region of 29 000−36 000 cm−1 in Figure 3 and Table 3;
furthermore, the ratio V2/ECT may be identified as the angular
overlap model parameter eπ pertinent to the chromium(III)-
oxide bond. Glerup6 has estimated eπ ≈ 4000 cm−1 which is
fairly consistent with the later44 estimate of V being in the range
of 10 000−11 000 cm−1. V describes an interaction between the
orbitals centered on different atoms and, consequently, the
value depends strongly on the Cr−O bond distance (r). In the

following, we model this dependence with an exponential as
follows:

=V a brexp( ) (5)

The Lande ́ splitting of the GS manifold E2 can be calculated
using eq 6 from the experimental value of J (see Figure 4).

=E J62 (6)

In the absence of an experimental value of J, the value of J can
be estimated by fourth-order in perturbation theory48 to be
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Combination of eqs 5 and 7 gives eq 8
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The radial dependence of J for 1 and 10 was studied earlier,11

using broken symmetry DFT (vide supra) and the calculated
values of J were analyzed with the exponentials

=J c brexp(4 ) (9)

Herein, we have performed the same analysis on 11, with the
results (including the results for 1 and 10) being collected in
Figure 5. All three curves were modeled with eq 9 with the
same exponent b (−1.24 Å−1),49 but with clearly different
prefactors c varying by a factor of approximately c(11)/c(1) =
1.6. The prefactor c obtained in this way can be modeled as
follows: With ECT taking the experimental values 29 150 and
36 200 cm−1 for 11 and 1, respectively, and a constant U
estimated44 to be 90 000 cm−1, we find the ratio d(11)/d(1) =
1.8. Via combination of eqs 8 and 9, we obtain the correlation c
= da4. From the fact that the ratio c(11)/c(1) is in good

Figure 4. Graphical illustration of the small exchange splittings, 6J, for
the hydroxo-bridged complex in comparison with the relatively larger
exchange splittings, J, for the oxo-bridged complex and of the
reduction in the energy of the ground-state (GS) manifold of the oxo-
bridged complex.
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agreement with the ratio d(11)/d(1), the value of a can be
approximated to be constant and estimated by eq 10 to be, on
average, a = 1.04(1) × 105 cm−1 in 1, 10, and 11.

=
+( )

a
cE9

8
E U

CT
2

1 1

CT

4

(10)

Hence, to the lowest-order in perturbation theory, the energy
difference between the ground states of the hydroxo-bridged
and oxo-bridged complex amounts to E = E1 + E2 and E can
accordingly be calculated from eqs 4−7, using the parameters a
= 1.04 × 105 cm−1, b = −1.24 Å−1, and experimental values of at
least two of the parameters r, ECT, and J.50 Now, we may assess
the relative importance of E1 and E2. Using the average values
of V, ECT, and J (10 500, 33 000, and 600 cm−1, respectively),
we obtain E1 = 13 360 cm−1 and E2 = 3600 cm−1. Despite E1
and E2 being of the same order of magnitude, the total
reduction in the energy of the S = 0 spin multiplet in the oxo-
bridged complex, relative to the hydroxo-bridged complex, is
dominated by E1. Now, we can estimate, from the experimental
data, the E1 and E2 values for each of 1 and 10. Using eqs 4−7
and the values of ECT being 36 200 and 31 800 cm−1, we obtain
E1 values of 13 660 and 17 490 cm−1 and E2 = 2410 and 4340
cm−1 for 1 and 10, respectively. The sum of the changes in E1
and E2 in which the change in E1 is the dominating factor,
amounts to 5760 cm−1 corresponding to Δ(ΔG°) = 68.9 kJ
mol−1 or ΔpKa = 12.1 (T = 298 K). Hence, we have justified
the variation in the energy lowering of the ground state, as a
result of a deprotonation of the hydroxobridge. Finally, we
introduce an energy parameter Eo, which allows us to express
the absolute value of ΔG°:

Δ ° = − −G E E E0 1 2 (11)

where E0 accounts for the differences in hydration energies of
the involved species in eq 1 and the entropy term. This
parameter is assumed the same for all the compounds.
Therefore, the pKa values may be obtained as

=
− −

K
E E E

RT
p

ln 10a
0 1 2

(12)

where E0 = 235.8 kJ mol−1 was chosen to fix pKa = 7.63 for 1,
using the values of E1 and E2 mentioned above.

■ DISCUSSION
Using eq 12, the value of pKa = −4.4 for protonated 10 is in
accordance with our experimental finding that pKa < −2.
Similarly, it can be calculated that protonated 11 is more acidic
(3.4 pKa units) than protonated 10, despite the fact that r(11)
> r(10), which is also in qualitative agreement with our
experimental findings. These results are presented in Figure 6,

where plots of pKa vs r are displayed for values of ECT found in
1, 10, and 11. An additional plot of the results is shown in the
Supporting Information. Values for ECT for the complexes 2−9
are not listed in Table 1. Assignments of the bands in the UV
range are difficult, because of the presence of intense
intraligand transitions in the tpa, bpy, or phen ligands. An
estimation of pKa for protonated 2−9 requires accordingly
experimental values of both r and J, which is the case only for 5
and 8.50 In these two cases, the value of E2 can be obtained
from the experimental value of J (being 510 and 494 cm−1,
respectively) and eq 6, whereas the value of ECT needed to
calculate E1 in eq 4 can be obtained from J and eq 7. This gives
the value of ECT to be 33 330 and 33 790 cm−1 in 5 and 8,
respectively, from which the pKa values can be calculated to be
3.6 and 4.1, respectively. The calculated values of pKa are
somewhat higher than the values determined experimentally,
especially for 8. This deviation may be explained in terms of
energetically favorable π−π stacking interactions in 2−9. In the
deprotonated forms, it has a linear Cr−O−Cr core; a stacking
of parallel aromatic rings is found in the structures of 5 and 8
with an interplanar distance of ∼3.6 Å. This distance falls in the
range typically found in π−π stacking (3.3−3.8 Å).51 In the
protonated forms, having a bent Cr−O−Cr core, this stacking
is more or less disrupted. With regard to the interaction energy,
it should be mentioned that Sun recently52 calculated an energy
of 24 kJ mol−1 (corresponding to ΔpKa = 4.2) for the
formation of a sandwich dimer of two parallel 2,2′-bipyridine
molecules with an interplanar distance of 3.67 Å, which is close

Figure 5. Theoretically computed values of J for 1 (□), 10 (○), and 11
(△) as function of the Cr−O bond distance (r). The curves
straddeling the points are least-squares refinement of J = c exp(4br) to
the r, ln(J) data.

Figure 6. Values of pKa, as a function of the Cr−O bond distance (r).
The curves represent calculated values determined using eq 12, with
the selected values ECT = 29 150, 31 800, and 36 200 cm−1 (the values
of ECT for 11, 10, and 1) The points denoted by open squares (□)
represent calculated values for 5, 8, 10, and 11 and the points denoted
by open circles (○) represent experimental values of 1, 5, and 8.
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to the distance found in 7. Furthermore, Sherrill53 calculated an
energy of 6.5 kJ for the formation a sandwich dimer of two
parallel pyridine molecules separated by 3.8 Å. It should be
noted that, in tpa complexes 2−7, there are two such
interactions per molecule. In summary, π−π stacking
interactions in the deprotonated forms could explain the
higher acidity of protonated 2−9 than that predicted from eq
12. The pKa values for the complexes 2−7 fall in the range of
0.64−4.25 and depend accordingly on the nature of the
terminally coordinated, anionic ligand. Holwerda discussed this
observation earlier, and he noted, in accordance with our
model, that higher π acidity of the anionic ligand leads to lower
pKa values.7 The energy of the 4T2←

4A2 transition of the
hydroxo-bridged complex was used as an experimentally
available measure of the π acidity. However, this, in our view,
is somewhat misleading, since this transition energy, which is
equal to the ligand-field parameter Δ, also depends on the σ
donor properties of the ligand (in angular overlap parameters:
Δ = 3eσ − 4eπ). Instead, the value of ECT should be used as a
measure of the π acidity of the ligands as described above.
Holwerda also used the value of J as a measure of the π bonding
in the CrOCr core and thereby obtained a correlation between
J and pKa.

8 In our model, J and pKa are inherently correlated in
the way that the Lande ́ splitting E2 = 6J is but one of two
contributions to the reduction in the energy of the S = 0 state
in the GS manifold.

■ CONCLUSIONS
A new, dinuclear oxo-bridged chromium(III) complex (11) has
been prepared employing the strong π-acidic methyl isocyanide
as a homoleptic auxiliary ligand. This complex exhibits the
greatest antiferromagnetic coupling observed thus far for such
systems. From computational modeling in conjunction with
spectroscopic data, a pronounced dependence of coupling
strength on the auxiliary ligand sphere was inferred for oxo-
bridged dichromium(III) systems. This implies that electronic
properties of nonbridging ligands, which are not directly
involved in exchange pathways, can have profound importance
for magnetic couplings and provides a strong case for design in
magnetochemistry.
We have presented a model that explains the intriguing, >10-

orders-of-magnitude variation of the acid dissociation constant
of the hydroxo bridge in the dinuclear chromium(III)
complexes, in terms of differences in the reduction in energies,
in addition to the Lande ́ splitting of the ground-state manifold.
This model requires only experimental data for two of the
following parameters: Cr−O distance (r), energy of the Cr←
O charge-transfer band (ECT), and triplet energy (J). Based on
the present model, and in contrast with previous attempts at
rationalizing these properties, it is concluded that the reduction
in energy of all spin states by configuration interaction between
the ground state and ligand-to-metal charge transfer (LMCT)
states dominates the influence of electronic structure on the
bridge basicity in these oxo-bridged dinuclear systems.
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