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Spectroscopic studies for the changes of a Cr(II) compound in
solution triggered by the deprotonation of an aqua ligand
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Deprotonation of the aqua ligand in [Cr(OH2)(L
ISQ)2] (1) is found to be essential for its dioxygen

binding and activation or to undergo anaerobic change in solution. In either case the final species is
found to contain reduced −NH2 ligand owing to spontaneous electron transfer followed by proton
addition to the oxidized −NH moiety that was initially present in 1.

Recently, we reported dioxygen binding and its activation by the Cr(II) compound [Cr(H2O)(L
ISQ)2]

(1) [(LISQ)1− is o-iminothionebenzosemiquinonate(1–) π-radical]. In this work, we report the exis-
tence of ferromagnetism in its solid form. The plot of (χm)

−1 versus T from 250 to 20 K reveals a
Curie–Weiss constant of θ ~26 K suggesting a ferromagnetic coupling. A theoretical simulation on
the susceptibility curve and the fitting of the χm versus T yielded g = 1.83 ± 0.002, J = 33.4
± 0.001 cm−1, and θ = 25.2 ± 0.02 K with J >> D. Increase in EPR line width on cooling helped us
calculate the Cr(II)–Cr(II) distance in the proposed dimer. Also we find that deprotonation of the
aqua ligand in 1 is essential for dioxygen binding and its activation. Reaction with dioxygen is com-
pletely inhibited when there is no deprotonation. Reaction of 1 with dioxygen in pyridine (py)
resulted in isolation of the O=Cr(IV) compound [O=Cr(LAP)2(py)] (2) [(L

AP)1– is o-aminothiopheno-
late anion] and no monomeric O=Cr(V) has been detected by EPR. 1H NMR study of 1 in
d6-DMSO with time shows increase in intensity of the –NH2 peak at 5.46 ppm, suggesting gradual
reduction of the –NH groups in (LISQ)1– ligands.
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1. Introduction

Earlier studies on the interaction of O2 with Cr(II) compounds reveal that either it pro-
duces superoxo-Cr(III) or oxo-Cr(IV) species with different stabilities depending on the
reaction conditions, solvents, and the ligand environment around Cr(II) [1–9]. Recently,
we reported [10] the dioxygen binding and its activation by [Cr(H2O)(L

ISQ)2] (1). We
have now discovered that unless this compound [Cr(H2O)(L

ISQ)2] undergoes deprotona-
tion in solution to produce the [Cr(OH)(LISQ)2]

– (B) species, there is no dioxygen
binding and its activation or there is no spectral change in the absence of air. This is
intriguing because active sites containing water-coordinated metal complexes play a
crucial role in the catalytic centers of many natural systems where electron transfer
reactions involving the metal center are coupled to proton transfer [11]. Deprotonation
of 1 in DMF was experimentally suggested from conductance and pH measurements
[10], and the formation of this deprotonated species B, which shows a strong charge
transfer band at 476 nm, was strongly favored in the presence of [N(n-Bu)4]PF6 and
KSCN as well as the dioxygen binding to this deprotonated species. Similar result is
obtained in the presence of sodium oxalate. However, the deprotonation of 1 in DMF
is inhibited completely in the presence of oxalic acid as evident from the absence of
any peak at 476 nm in the electronic spectral result (vide infra) and no other signifi-
cant spectral change is observed with time. This clearly suggests that deprotonation of
1 in solution is crucial to bind to dioxygen or to undergo further change.

To elucidate the magnetic behavior, temperature-dependent magnetic studies were
performed on 1 from 20 to 300 K. We have also performed proton NMR studies with time
for 1 in d6-DMSO to monitor its conversion to final species containing the reduced –NH2

ligand. Also electronic spectral studies for 1 in pyridine in the presence of air, and in DMF
and DMSO solutions in the absence and presence of air have been performed with time to
get better understanding of the stability of the deprotonated species B in the absence of air
and its reactivity in the presence of air. Attempt has been made based on theoretical studies
to understand the mechanism involved and the nature of species generated during
spontaneous spectral change of 1 in DMF in the absence of dioxygen.

2. Experimental

2.1. General remarks

Cr compounds are carcinogenic. Necessary precautions must be taken to avoid skin contact
and inhalation of their solutions and dust.

2.2. Materials

o-Aminothiophenol, triphenylphosphine, triphenylphosphine oxide, tetrabutylammonium
hexafluorophosphate ([N(n-Bu)4]PF6), and d6-DMSO were obtained from Aldrich. Cr
(NO3)3⋅9H2O was obtained from Merck. Absolute ethanol (GR), methanol (GR), pyri-
dine (GR), N,N-dimethyl formamide (DMF) (GR), and acetonitrile (HPLC) were also
obtained from Merck. All other chemicals were of reagent grade and were used as
obtained.

2066 M.K. Koley et al.
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2.3. Synthesis of [Cr(H2O)(L
ISQ)2] (1)

This compound was synthesized and characterized as reported earlier [10].

2.4. Synthesis of [O=Cr(LAP)2(py)] (2)

A sample of 25 mg of 1 was dissolved in ~50 mL of pyridine (py) in a stoppered conical
flask in the presence of air and this solution was slowly stirred using a magnetic stirrer for
47 h at RT and filtered through a G4 sintered glass crucible. The filtrate was evaporated in
vacuum to a small volume (~2 mL) and this was treated with 25 mL of CH3CN and filtered.
The CH3CN soluble part was then concentrated in vacuum to get a dark compound. Yield:
12 mg. Anal. Calcd for C17H17N3S2OCr (%): C, 51.63; H, 4.34; N, 10.63. Found (%): C,
52.01; H, 4.40; N, 10.93. IR (KBr pellet, cm−1): 3352br, νas(N–H2); 3200br, νs(N–H2);
1616s, δ(N–H2); 920 m, ν(Cr=O); 536 m, br ν(Cr–N).

When a portion of the above-mentioned CH3CN soluble part was collected in a 25-mL
conical flask and kept at RT in air for slow evaporation, a dark compound was obtained
after several days. This compound (2a) was found to be different from 2 mentioned above.

2.5. Synthesis of [{Cr(LAP)2(py)}2(μ-OH)](OH) (3)

Fifty milligrams of 1 was dissolved in 75 mL of pyridine (py) in a stoppered conical flask in
the presence of air and stirred at room temperature for 96 h. This solution was then filtered
through a G-4 sintered glass crucible, and the solvent was evaporated in vacuum to complete
dryness. To this dry mass, 15 mL of CH3CN was added, stirred, and the dark residue (2a)
was filtered, washed with CH3CN, and dried. The pink CH3CN solution was collected
separately and used later for recording the electronic spectrum and then reacted with PPh3.
The residue (2a) obtained after washing with CH3CN was then dissolved in a minimum
volume of DMF, filtered, and the solution was left for crystallization under vacuum for
several weeks while a dark compound was obtained. This was collected by filtration, and
washed with CH3CN, and dried. Yield: 20 mg. Anal. Calcd for C34H36N6S4O2Cr2 (%): C,
51.50; H, 4.58; N, 10.60. Found (%): C, 51.71; H, 4.52; N, 10.92. IR (KBr pellet, cm−1):
3448 br ν(O–H); 3345br, νas(NH2); 3200br, νs(NH2); 1605s, δ(NH2); 1305s, ν(C–NH2);
530 m, br ν(Cr–O) and ν(Cr–N).

2.6. Physical measurements

Elemental analyses (for C, H, and N) were performed on a Perkin–Elmer model 2400 series
II CHNS analyzer. Infrared spectra were measured with Jasco IR report-100 and Shimadzu
IR Affinity – 1 FT-IR spectrometers using KBr pellets. Static susceptibility measurements
were made with the help of a Lakeshore VSM 7410 Vibrating Sample Magnetometer.
Electronic spectra were recorded with a Jasco V-570 UV/VIS/NIR spectrophotometer using
a pair of matched quartz cells of path length of 1 cm. EPR spectra were recorded using
a Varian E-112 X/Q-band spectrometer. Instrumental parameters: modulation
frequency = 100 kHz, modulation amplitude = 1 G, microwave power = 20 mW. Solution
EPR spectra at RT were recorded using an aqueous cell. Diphenylpicrylhydrazyl (DPPH)
was used as an internal field marker. Proton NMR spectra were recorded using a Bruker
AVANCE III 500 MHz (AV 500) multi nuclei solution NMR spectrometer. Conductivity
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measurement was done using a Mettler Toledo dual conductivity/pH meter model
SevenMulti equipped with Inlab 730 and Inlab 413 electrodes. Electrochemical measure-
ments were done with the help of a Bioanalytical system CV-27 electrochemical analyzer
and a BAS model X–Y recorder at 298 K under dinitrogen. A standard three electrode cell
consisting of a platinum working electrode, a platinum auxiliary electrode, and a Ag/AgCl
reference electrode was used. Tetrabutylammonium hexafluorophosphate ([N(n-Bu)4]PF6)
was used as supporting electrolyte.

2.7. Computational details

Quantum mechanical calculations have been carried out at the density functional theory
(DFT) [12] and time-dependent density functional theory (TD-DFT) [13, 14] level using
Gaussian 09 program [15]. Becke’s [16] three parameter exchange function (B3) with
Lee–Yang–Parr correlation [17] function (LYP) has been employed using LANL2DZ basis
sets for the geometry optimization calculations. The excited state analysis has been per-
formed at the Td-B3LYP/LANL2DZ level. The relevant molecular orbitals are analyzed
through the visualization software Chemcraft. The UV–vis λmax value corresponding to the
vertical excitation energy and the oscillator strength values are reported at the ZINDO/CI
[18] (using Arguslab 4.0.1) and TDDFT level of calculations.

3. Results and discussion

3.1. Magnetic moment and possible structures at room and low temperatures

We proposed in our previous report [10] that 1, the possible structures of which are shown
in scheme 1, contained an antiferromagnetically coupled Cr(II) ion with two π-radical
o-iminothionebenzosemiquinonate(1–) (LISQ)1– ligands [19] and a coordinated water in
solid state. To confirm this, temperature-dependent magnetic studies were performed on 1
in the temperature region of 20–300 K. The results are given for χmversus T as well as
μeff versus T in figure 1. The susceptibility data were corrected for diamagnetism using
Pascal’s constants.

Figure 1. Variable temperature magnetic susceptibility results for 1 from 20 to 300 K. (a) Plot of diamagnetism
corrected experimental susceptibility, χm vs T and its inverse 1/χm vs. T from 20 to 300 K; (b) Plot of μeff vs. T, as
calculated from experimental susceptibility using the spin-only formula μeff = 2.828(χmT)

1/2 from 20 to 300 K; (c)
Fitting of experimental susceptibility using a S1 = S2 = 1 dimer model of interaction for suggested structure in
figure 3 using Hamiltonian (2). Black squares (■) represent experimental and red circles (•) represent calculated
values (see http://dx.doi.org/10.1080/00958972.2015.1033412 for color version).
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A detailed study of the compound by temperature-dependent magnetic susceptibility
followed by simulation indicates the existence of paramagnetism from a two electron
system with μeff value of 2.95 to 2.75 BM at 300–250 K. This suggests the presence of a
Cr(II) ion in a tetragonal N2S2O coordination from the two organic radical ligand anions
and water, having an electronic configuration d2xyd

1
xzd

1
yz. It further appears that the two

radical ligands interact in the manner of metal-mediated antiferromagnetism [19c, 20]; in
other words, for 1 the spin arrangement can be represented by:

Radical 1ð Þ # ½ dxy
� �2#" dxzð Þ1" dyz

� �1"� Radical 2ð Þ "

In giving the above arrangement of electron spins, we have taken into consideration that the
metal ion is in a low-spin crystal field arrangement with CS symmetry given the coordinate
system (figure 2) for the OCr(II)N2S2.

Though both cis- and trans-structures are possible as shown in scheme 1, it was found
from the optimized geometry of this compound (and also other species) that the organic
N–S donor ligands are cis (vide infra). Hence, based on theoretical calculations, we
hereafter restrict our discussion assuming a cis structure for 1 as shown in figure 2; here,
the ligating atoms and the phenyl rings, i.e. from the free radicals, (LISQ)1– provide their pπ
orbitals to facilitate a strong and weak dπ–pπ interaction, respectively, with their electrons
in the dxz and dyz orbitals of the Cr(II) ion of 1. This in essence leads to the presence of
two unpaired electrons in the metal ion itself and a metal-mediated antiferromagnetically
coupled system in 1, a kind of distant coupling facilitated by metal electrons which provide
an exchange pathway for coupling the free radical electrons in the two LISQ units [19c].

Figure 1 (panel a) represents the experimental magnetic susceptibility corrected for
diamagnetism, χm and inverse susceptibility 1/χm as a function of temperature. From 250 to
300 K, the solid lattice behaves like a pure paramagnetic S = 1 system with μeff = 2.75–2.95
BM in accord with the spin arrangement given above for the molecule with the proposed
structure of figure 2. However, at temperatures below 250 K, if we use the simple spin-only
formulation using

Figure 2. The coordinate system for the cis structure of 1.

Scheme 1. Proposed structures of 1.

Spectroscopic studies for the changes of a Cr(II) compound 2069
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leff ¼ 2:828 vmTð Þ1=2 (1)

the μeff value shoots up to 3.5 BM (see figure 1, panel b) and falls down to a low value
indicating it to be due to an exchange coupled system with the TN being around 50 K.
There is no indication of this in χm versus T plot given in figure 1, panel a. Furthermore,
the plot of (χm)

−1 versus T for the temperature region of 250–20 K reveals a Curie–Weiss
constant of θ ~26 K suggesting a ferromagnetic coupling. So a theoretical simulation was
done on the susceptibility curve using a magnetic interaction Hamiltonian between two
nearby Cr(II) spin systems S1 = S2 = 1,

H ¼ g0 � b � B � S1 þ g � b � B � S2 þ J S1 � S2 þ S1 � D � S2 (2)

where the first two terms are Zeeman terms for S1 = S2 = 1 of the two Cr(II) centers, the
third one represents the exchange interaction between the two spin systems, and the last
term is the dipolar interaction.

The simulation was done using a program from one of our laboratories [20d]. The fitting
of χm versus T shown in figure 1(c) was extremely good with the least amount of error with
g = 1.83 ± 0.002, J = 33.4 ± 0.001 cm−1, and θ = 25.2 ± 0.02 K with J >> D, the calculated
Curie–Weiss constant from simulation is very close to the prediction from plot of (χm)

−1

versus T. We have tried fitting also with an antiferromagnetic interaction model, Bonner–
Fisher model [20d], and some more, but nothing works as well as the one originating from
ferromagnetic coupling between two such molecules. Following the suggested and most
probable structure of the dimer as in figure 3, the origin of the ferromagnetism could be
explained by (i) the overlap involving the dxz–dxz and dyz–dyz orbitals centered on two
nearby Cr(II) centers and (ii) direct interaction of the 4pπ–3pπ orbitals, respectively, from
Cr(II) and S centers. Here, (i) and (ii) may be equal or (ii) > (i), the spin pathway being Cr
(II)–S–Cr(II). This structure also proposes a longer distance for Cr(II)–Cr(II) justifying the
observed ferromagnetic interaction.

Such a structure [19c] is possible in solid state to accommodate close packing in view of
the sixth position being vacant in 1. Furthermore, cooling creates compactness in the lattice,
though leading to a rather long-distance interaction between two Cr(II) ions. This structure
has been suggested to represent direct dπ–dπ interaction between the two dxz and dyz orbi-
tals centered on the two Cr(II) ions and pπ–pπ interaction between the pπ orbitals of the

Figure 3. Proposed structure of a possible (μ-S,S)-bridged dimer using the cis disposition of the ligands to explain
ferromagnetism.

2070 M.K. Koley et al.
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corresponding ligands in the two constituent molecules of [Cr(H2O)(L
ISQ)2], predicting a

rather longer Cr(II)–Cr(II) bond and hence ferromagnetic coupling. Had the interionic bond
Cr(II)–Cr(II) been stronger, we could have ended up with antiferromagnetic coupling. The
total magnetism can be explained by the Hamiltonian (2), where S1 = S2 = 1 from the indi-
vidual molecules 1 of the dimer before coupling, J represents the intermolecular exchange
coupling between the two S = 1 systems. The first two terms in equation (2) will become a
single term g·β·B·S for understanding the magnetic property above 250 K. Hence, the gʹ for
the dimer will be different from the g value of the monomeric molecules. Hence, the
proposed structure at low temperatures will be represented by figure 3 though at higher tem-
peratures, the intermolecular interaction is weaker or simply absent. In this context, it is
necessary to recall the change of g values and the line widths (ΔHpp) of [Cr(H2O)(L

ISQ)2] at
RT and LNT [10]. The values are, respectively, 1.972 and 500 G and 2.039 and 800 G at
these two temperatures, both EPR spectral lines being isotropic. The differences in g value
as well as, most importantly, increased EPR line width are justified by the proposed struc-
ture in figure 3. The increase in-line width from 500 G at RT to 800 G at low temperature
should be due to dimer formation and this increase can be used to calculate the Cr(II)–Cr
(II) distance in the dimer. Such calculations have been earlier done by groups of workers
[20e, f] to calculate interdimer distance using the following equation (3):

Ddipðin 10�4 cm�1Þ ¼ 0:4333 g2=r3 (3)

where r is the interdimer distance in Å. The increased line width of 300 G corresponds to
285.59 × 10−4 cm−1. Cr(II)–Cr(II) distance by this calculation is 3.98 Å. It is comparable to
Cu(II)–Cu(II) distances of the order of 3.55–3.77 Å [20f]; this value is an indication of
dimer formation. In fact, D and J values suggest the formation of dimer on cooling due to
contraction of the lattice. If it is natural dimers, the distance value could have gone down
further. The change in the two parameters at LNT is most likely due to a transformation
from a monomeric entity to a dimer because of lattice contraction at lower temperatures,
especially below 250 K, where the exchange and dipolar interactions from the compacted
dimers prevail with J dominantly contributing to the experimental susceptibility and the
dipolar term being very small, i.e. D << J but contributing to increased EPR line width at
LNT. The use of Hamiltonian (2) is justified by the fact J >> D.

3.2. 1H NMR results

We reported earlier [10] that 1 undergoes spontaneous change in solution, either in the
absence or presence of air and it was inferred from the conductivity and pH measurements
of its DMF solution at RT that the coordinated water undergoes rapid deprotonation to pro-
duce a Cr(OH) species. To confirm the generation of a Cr(OH) species in solution, we have
now studied the change of this compound in DMSO at RT using UV–visible and NMR
spectroscopies. The UV–visible spectroscopic change in the NIR and visible region clearly
show (figure S1 [see online supplemental material at http://dx.doi.org/10.1080/00958972.
2015.1033412]) that the compound behaves very similar as observed in its DMF solution
[10] except that the change in DMSO is much slower than that observed in DMF. We have
recorded the 1H NMR spectra of this compound in d6-DMSO in the absence and presence
of methanol, a scavenger of CrO2+ species, with time to study this change. The NMR spec-
tra of the fresh solution in the absence of methanol clearly displayed a weak broad peak at

Spectroscopic studies for the changes of a Cr(II) compound 2071
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10.32 ppm which is shifted to 10.01 ppm in the presence of methanol [figure 4 (panel A,
top red curve a)] and this peak slowly decreases in intensity and ultimately disappears
completely after 24 h [figure 4 (panel A, bottom dark blue curve g)].

Thus, the appearance of this OH peak clearly suggests the presence of a coordinated –
OH in the initial species present in the fresh solution and it slowly disappears with time.
The gradual disappearance of this OH peak at 10.01 ppm is due to the formation of new
species upon O2 binding to the deprotonated species followed by its conversion to other
products as described earlier by Koley et al. [10]. On the other hand, a sharp peak at
5.21 ppm (5.46 ppm in the absence of methanol) which also grows with time suggests the
presence of –NH2 protons in the final product [figure 4 (panel B)]. There is another peak
appearing at 2.04 ppm and its intensity increases with time as shown in figure 4, panel C.
This peak most likely arises due to coordinated water [21] in the final product generated in
solution. When this solution is treated with D2O for 24 h, this peak at 2.04 ppm disappears
completely and a new peak appears at 4.48 ppm with a shoulder at 4.6 ppm [figure 4 (panel
D)], possibly due to the presence of HOD. Also, the intensity of the –NH2 signal at
5.21 ppm drastically reduced, as expected, on treatment with D2O [figure 4 (panel D)].

Figure 4. 1H NMR results of 1 in d6-DMSO (300 μL) containing methanol (200 μL). Panel A: Disappearance of
OH peak with time. Top red curve a recorded within 15 min of making the fresh solution, cyan curve was recorded
after 5 h, and the dark blue curve g at the bottom was recorded after 24 h. Panel B: Appearance of NH2 signal with
time. Bottom red curve was recorded within 15 min of making the fresh solution, pink curve was recorded after
5 h, and the dark blue curve on the top was recorded after 24 h. Panel C: Formation of the 2.04 ppm peak with
time. Bottom red curve was recorded within 15 min of making fresh solution, pink curve was recorded after 5 h,
and the dark blue curve on the top was recorded after 24 h. Panel D: After treatment with D2O. A new peak
appeared at 4.48 ppm with a shoulder at 4.6 ppm while the peak at 2.04 ppm disappeared when the final solution
after 24 h mentioned above was equilibrated with D2O for 24 h (see http://dx.doi.org/10.1080/00958972.2015.
1033412 for color version).

2072 M.K. Koley et al.
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Comparisons of the 1H NMR spectra of 1 in d6-DMSO (300 μL) containing methanol (200
μL) recorded with time are shown in figures S2–S4 of the Supplementary Material.

3.3. Electronic spectra

A freshly prepared DMF solution of [Cr(H2O)(L
ISQ)2] (1) shows a strong charge transfer

band at 476 nm (figure 5 curve a) that abruptly changes in the second scan (within 2 min of
the first scan) in the presence of dioxygen (figure 5 curve b). In the absence of dioxygen,
the intensity of the peak at 476 nm increases and remains steady up to 13 min in DMF
(figure 6, top panel A) and then starts decaying as evident from the decrease of this peak at
476 nm (figure S5, panel B of the Supplementary Material). Data for the plot of absorbance
change (increase in absorbance at λmax = 476 nm) with time were fitted (figure 6, inset in
top panel A) using the single exponential model

DAt ¼ cþ að1� e�ktÞ (4)

which resulted in the kinetic parameters: c = 0.5 ± 0.2, a = 2.4 ± 0.1, k (min−1) = 0.32 ±
0.02 indicating a slow process.

Compound 1 undergoes spontaneous deprotonation due to the following equilibrium [10]

Cr H2Oð Þ LISQ
� �

2

� �
Að Þ� Cr OHð Þ LISQ

� �
2

� ��
Bð Þ þ Hþ (5)

and the deprotonated species B that displays a strong charge transfer band at 476 nm readily
reacts with dioxygen; this peak at 476 nm abruptly changes in the second scan (figure 5).
This does not happen in the absence of air as evident from figure 6. In aerobic condition,
the change of the 476 nm peak is found to be faster in DMF in the presence of sodium oxa-
late than in its absence [10] as evident from the rapid growth of the 548 nm peak reaching
its maximum intensity and then decaying with time (figure 7, panel A). This suggests that
the deprotonation is favored in the presence of sodium oxalate and the equilibrium shown
in equation (5) is shifted to the right since the deprotonated species B readily binds to

Figure 5. Electronic spectral changes of a freshly prepared DMF solution of 1 (7.20 × 10−4 mol L−1) in the
presence of air. (a) First scan within 2 min and (b) second scan within 5 min.
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dioxygen when the 476 nm peak rapidly changed and the peak at 548 nm reached maxi-
mum intensity and then started decaying with time. However, the deprotonation of 1 in
DMF is completely inhibited in the presence of oxalic acid as evident from the absence of
any peak at 476 nm and only a broad peak centered around 562 nm is observed in the
electronic spectrum in the presence of air with little spectral change with time as monitored
for a period of 210 min (figure 7, panel B). This broad peak at 562 nm likely arises due to
the protonated original compound 1 containing the aqua ligand because this peak is also
observed as a broad shoulder around 562 nm along with the 476 nm peak in the first scan
of the electronic spectrum of 1 in DMF in dinitrogen (figure 6, bottom black curve in panel
A). This is more prominent in the electronic spectrum of 1 in DMSO in dinitrogen (figure
6, bottom curve in panel B) where this broad band is red shifted to ~571 nm and is clearly
observed along with the peak at 476 nm in the very first scan due to slow deprotonation of
1 in DMSO as compared to that in DMF. It is highly unlikely that this contrasting spectral
behavior of 1 in DMF containing oxalic acid from that containing sodium oxalate (figure
7), both in the presence of air originates from the coordination of oxalate, in that case, we
should have similar results using sodium oxalate also. Thus, it is strongly indicative that the

Figure 6. Electronic spectral changes of 1 in the absence of air showing the increase in intensity of the 476 nm
peak reaching a maximum intensity with time before it starts decaying. Panel A shows the change of 1 in DMF
(8.12 × 10−4 mol L−1) and panel B shows the change of 1 in DMSO (1.27 × 10−3 mol L−1), both in dinitrogen.
Inset shows the plot of absorbance change at 476 nm with time in each case.
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difference originates due to the addition of H+ ions from the dissociation of the oxalic acid
in DMF that suppresses the deprotonation of 1 and its subsequent binding to dioxygen. So
it is clear that unless there is deprotonation of 1, it does not undergo any significant change
in the absence or presence of dioxygen.

We have also studied the stability of the deprotonated species in DMF containing
different alcohols (2:1 v/v) in the presence of dioxygen and noted that the peak at 476 nm
did not change abruptly in the presence of any of these alcohols mentioned and the intensity
of the peak at 476 nm continued increasing up to certain time depending on the alcohol,
and then its position started changing slowly after reacting with dioxygen (figure 8). The
reaction of the deprotonated species with dioxygen is delayed in the presence of the alco-
hols, thereby increasing the concentration of the deprotonated species; it is found to be
maximum (20 min) for ethanol before it appreciably reacts with dioxygen as seen from the
spectral changes (figure 8). The stability in the presence of these alcohols follows the order:

ethanol[ isopropanol� n-butanol[methanol� t-butanol (5)

and the stability in the presence of ethanol is almost double than that in the presence of
methanol or t-butanol.

Figure 7. Panel A: Electronic spectral change of a freshly prepared DMF solution of 1 (1.02 × 10−3 mol L−1)
containing twofold excess sodium oxalate in the presence of air. The peak at 476 nm, as shown in figure 5, very
rapidly changed after reacting with dioxygen producing a peak at 548 nm that reached maximum intensity within
10 min and then started decaying with time. Total time taken for the decay is 280 min. Panel B: Electronic spectral
change of a freshly prepared DMF solution of 1 (7.02 × 10−4 mol L−1) containing twofold excess oxalic acid in the
presence of air. Top black curve was recorded within 2 min that changes very slowly with time (recorded up to
270 min).
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3.3.1. Pyridine solution in the presence of air. The spectrum of a fresh solution of 1 in
pyridine in the presence of air was recorded immediately after making the solution. This
spectrum [figure 9 (curve a in panel A)] displays a strong band at 401 nm followed by
strong absorption in the UV region and shows only weak absorption in the NIR and lower
energy of the visible region. However, the spectrum slowly changes with time as evident
from the second and third scans [figure 9 (curves b, c in panel A)], and the color of the
solution gradually became dark within 30 min and new absorptions then start appearing at
1249, 853, 692, and 482 nm in the NIR and visible regions [figure 9 (curve d in panel A)].
The intensity of the bands at 1249 and 853 nm rapidly increases and reaches a maximum
and becomes steady within 75 min [figure 9 (curves g-i in panel A)]. The intensity of these
two bands then decreased followed by increase in intensity of a band at 692 nm [figure 9
(curves j–w in panel B)]. Finally, the intensity of the latter band at 692 nm became steady
while the band at 853 nm becomes weak and the band at 1249 nm almost disappears after
about 47 h [figure 9 (curve y in panel C)]. The second phase of this spectral change, i.e.
decrease in intensity of the bands at 853 nm and 1249 nm proceeded via at least one
isosbestic point at 759 nm [figure 9 (curves j–w in panel B)], indicating a direct conversion
without the involvement of a third species in this phase. The plot of absorbance change
with time for the appearance of the peak at 1249 with time [shown in figure 9 (panel A)] is
found to be sigmoid, and the disappearance of the peak at 1249 nm [shown in figure 9
(panel B)] was exponential and fitted using the two exponential model
DAt ¼ a1e�k1t þ a2e�k2t, which yielded a1 = 0.55 ± 0.02, k1 = 0.0061 ± 0. 0.0004 min−1,
a2 = 0.92 ± 0.02, and k2 = 0.00060 ± 0.00002 min−1, respectively. This clearly shows the
involvement of two species that are associated with the very slow decay of the 1249 nm
peak. These results are presented in figure S6 of the Supplementary Material.

The spectrum became steady after ~47 h [figure 9 (curve y in panel C)], then solid PPh3
was added to this solution and spectrum was recorded [figure 9 (curve z in panel C)]. A
significant change in spectrum was observed. Evaporation of this solution yielded an
unknown chromium compound and O=PPh3. This latter compound was isolated from the
reaction mixture, purified from CH2Cl2-toluene, and characterized by comparing its IR and
electronic spectra with that of an authentic sample of triphenylphosphine oxide. In the

Figure 8. Electronic spectral change of 1 (9.2 × 10−4 mol L−1) in DMF containing C2H5OH (2:1) in the presence
of air at RT showing the increase in intensity of the 476 nm peak with time up to 20 min before it appreciably
changes in contrast to that shown in figure 5 in the absence of C2H5OH where the peak at 476 nm abruptly chan-
ged in the second scan within 5 min.
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absence of PPh3, the absorbance change in the last phase is very slow, indicating that the
decay of the O=Cr(IV) species (vide infra) that was formed in the second phase is also very
slow leading to another product (2a) isolated from the pyridine solution after 96 h
(experimental). Since the decay of the intermediate formed after 47 h was very slow, we
could isolate this intermediate (2) from pyridine solution and characterize it (experimental).
Attempt to recrystallize 2 from CH3CN by keeping the solution at RT for several days
resulted in the formation of 2a as indicated from its electronic spectrum and its reaction

Figure 9. Electronic spectral change of 1 in pyridine. Concentration used for experiment in Panel A was
0.75 × 10−3 mol L−1 and that for Panels B and C were 0.86 × 10−3 mol L−1. Panel A shows increase in intensity at
1249, 853, and 692 nm to reach a steady state: (a) within 2 min, (b) at 12 min, (c) at 22 min, (d) at 32 min, (e) at
42 min, (g–i) 60–80 min. Panel B shows decrease in intensity at 1249 and 853 nm while increasing in intensity at
692 nm: (j) at 75 min when reached maximum intensity, (w) after 10 h. Panel C shows the spectral change at the
end of the second phase for the conversion of 1 possibly to a O=Cr(IV) species and its reaction with PPh3 in pyri-
dine at RT: (y) after ~47 h, (z) after adding PPh3 (at completion of its reaction with PPh3 within 15 min).

Scheme 2. Proposed structures of 2.
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with PPh3. However, both 2 and 2a when dissolved in DMF and allowed to stand at RT for
several days led to the isolation of 3 (vide scheme 3).

The IR spectrum of 2 clearly shows the presence of δ(NH2) at ~1610 cm−1 indicating the
presence of the –NH2 groups in aromatic ligands and another strong band at 1440 cm−1

indicating the presence of pyridine. Also, the intense band at 1116 cm−1 in the IR spectrum
of 1 (supplementary figure S7) indicates the presence of ν(C=S�) and has been established
as a marker for the presence of the π-radical anion [10] and is found to be absent in the IR
spectra of the isolated 2 and 3. Apart from these, a medium intensity broad band observed
around 920 cm−1 is absent in the IR spectrum of 3. The band at ~920 cm−1 likely arises
due to ν(Cr=O) of this O=Cr(IV) species. The lowering of the ν(Cr=O) may be attributed to
coordination of the pyridine ligand trans to oxo [22]. Similar results are reported for O=Cr
(V) salen [salen = N,N′-ethylenebis(salicylideneaminato)] complexes by Kochi and cowork-
ers [22b, c] where pyridine N-oxide (and also other monodentate ligands) coordination
trans to oxo causes weakening of the Cr-oxo bond that was readily apparent in the infrared
spectrum by a shift of ν(Cr=O) from ca. 1004 cm−1 in the five-coordinate precursor to
943 cm−1 in the six-coordinate adduct formed upon ligation of pyridine N-oxide. Also,
there are reports of O=Cr(IV) complexes in which the ν(Cr=O) is observed in the range of
922 and 905 cm−1 [3a, 4].

The electronic spectrum of 2 in CH3CN (red-purple solution) displays a strong band
(figure 10, curve a) at 500 nm (ε = 1249 M−1 cm−1) and a medium intensity band at
705 nm (ε = 716 M−1 cm−1) as observed after 47 h during the change of 1 in pyridine
solution, apart from a broad band around 1000 nm (ε = 398 M−1 cm−1).

Addition of solid PPh3 (1:2) to this CH3CN solution led to immediate disappearance of
all these three bands in the visible and NIR regions (figure 10, curve b), as observed in case
of addition of PPh3 in pyridine solution after 47 h (figure 9, curve z) and the color of the
solution was discharged from red-purple to pale yellow. This solution was evaporated in
vacuum to dryness and then treated with dry toluene. The toluene soluble part yielded a
white organic compound that was purified and characterized by IR and electronic spectra
and turned out to be O=PPh3. To ensure that the source of oxygen for the oxide formation
is from the Cr complex, and not from air, we carried out the reaction of isolated 2 with
PPh3 in carefully degassed CH3CN solution purged with nitrogen and evaporated the sol-
vent in vacuum and then extracted O=PPh3 using degassed toluene. No O=PPh3 formation

Figure 10. Electronic spectrum of (a) [O=Cr(LAP)2(py)] (2) (1.01 × 10−3 mol L−1) in CH3CN in the presence of
air; (b) after adding twofold excess of solid PPh3.
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was observed when the same experiment was carried out in the absence of 2. Thus, it is
strongly suggestive that the intermediate Cr compound 2 is responsible for this rapid oxo
transfer reaction, which is possible only by a O=Cr(IV) or a O=Cr(V) species under the
experimental conditions. The CH3CN solution of 2 does not exhibit any EPR signal at RT,
indicating the absence of any d1 O=Cr(V) species. It is to be recalled here that the pyridine
solution also did not exhibit any d1 Cr(V) EPR signal at RT at any stage during the conver-
sion of 1 in pyridine at RT in the presence of air. Conductance measurement shows 2 is a
nonelectrolyte in CH3CN. Thus, it is a O=Cr(IV) compound and the oxo transfer is due to
the following reaction

½O=Cr LAP
� �

2 pyð Þ� þ PPh3 ! Cr LAP
� �

2 pyð Þ� �þ O=PPh3 (6)

Since all three bands at 1000, 705, and 500 nm disappeared upon reaction with PPh3, it is
strongly suggestive that these three bands are associated with CrIV=O and most likely the
latter two bands at 705 and 500 nm originating from CrIV=O charge transfer transitions.
The resultant Cr(II) compound [Cr(LAP)2(py)] displays only a weak band at ~540 nm
(figure 10, curve b) in this region.

Based on the physicochemical properties, the proposed structure for 2 is shown in
scheme 2. Though both cis- and trans-isomers are possible for 2, optimized geometry from
the theoretical calculations led to the cis isomer I (vide infra).

It appears from the solution EPR results that 2 does not undergo disproportionation to
produce a Cr(III) and a O=Cr(V) species as usually observed for other O=Cr(IV) species in
aqueous solution that is normally catalyzed by Mn2+ ions [10, 23]. This is not surprising
because this is not the case always in nonaqueous solutions. For example, there is no report
of such disproportionation for [CrIV=O(TPP)] (TPP = dianion of αβγδ-tetraphenylporphyrin)
[7, 8] and it is highly stable in toluene or in dichloromethane. In fact, the corresponding
chromium(V) porphyrinate complex, on standing, decomposed to the highly stable oxochro-
mium(IV) complex [CrIV=O(TPP)] and this latter compound undergoes oxo transfer with
PPh3 in degassed dichloromethane purged with nitrogen producing O=PPh3 [8].

A freshly prepared DMF solution of 2 displays bands at ~1000, 702, and 497 nm (figure
11, curve a). When reacted with twofold excess of solid and dry MnCl2, the intensity of the
bands at 702 and 497 nm increased and became steady within a few minutes with little
change in the 1000 nm band but the peak at 497 nm is slightly blue shifted to 494 nm
(figure 11, curve b). This is in contrast to those observed in the reaction of Mn2+ ions with
other O=Cr(IV) species in nonaqueous media where the absorbance was either decreased
[10] or increased [24] over a period of time to reach the steady state. These observations
strongly suggest that Mn2+ forms a bridging complex CrIV–O–MnII which does not undergo
internal electron transfer [23], resulting in CrIII–OH and MnIII species in the present case
because the electronic spectrum (figure 11, curve b) clearly shows the presence of the bands
at 702 and 494 nm with increased intensity while the band at 1000 nm remained unaffected
after reacting with Mn2+, and this spectrum is typical for the presence of oxo-Cr(IV) species
as observed in figure 11, curve a as well as in figure 10, curve a. Reaction of this resultant
solution with solid PPh3 led to decrease in intensity of the band at 494 nm while the bands
at 702 and 1000 nm disappeared (figure 11, curve c) when allowed to stand overnight; addi-
tion of excess solid PPh3 did not cause any further change in the spectrum. This indicates
the formation of an oxo- or hydroxo-bridged dimeric species where Cr(IV) is reduced to Cr
(III) after reacting with PPh3 in the present case.
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We have also studied the change of 2 in pyridine at RT. A freshly prepared solution of 2
in pyridine in the presence of air at RT exhibited bands at ~1000, 702, and 503 nm
(figure 12, curve a). On standing, the intensity of the peak at 503 nm slowly increased with
time and became steady within 48 h while the intensities of the peaks at 1000 and 702 nm
remained almost unchanged (figure 12, curve b). Then, solid PPh3 (1:2 ratio) was added to
this solution and spectrum was recorded. There was a decrease in the intensity of the
503 nm peak but the peaks at 1000 and 702 nm disappeared (figure 12, curve c) in contrast
to that happened in the case of a freshly prepared CH3CN solution of 2 with PPh3 where all
these three peaks disappeared immediately and completely (figure 10, curve b). During the
study of the electronic spectral change of 1 in pyridine, the species generated in solution
after ~47 h when the spectrum became steady [figure 9 (curve y in panel C)] also displayed
bands at ~1000, 695, and 500 nm. All these bands completely disappeared when solid PPh3
was added and spectrum was recorded [figure 9 (curve z in panel C)]. These results clearly
indicate that 2 slowly forms a oxo-bridged Cr(IV)–Cr(IV) dimer on standing in pyridine

Figure 11. Electronic spectrum of (a) [O=Cr(LAP)2(py)] (2) (7.0 × 10−4 mol L−1) in DMF in the presence of air;
(b) after adding twofold excess of solid Mn2+, when 497 nm peak reaches maximum intensity after reacting with
Mn2+; and (c) after recording curve b, excess solid PPh3 was added and recorded when there was no further change
in the 500 nm peak intensity.

Figure 12. Electronic spectrum of (a) freshly prepared solution of [O=Cr(LAP)2(py)] (2) (7.4 × 10−4 mol L−1) in
pyridine in the presence of air, (b) after allowing it to stand at RT for 48 h, (c) after recording curve b, twofold
excess of solid PPh3 was added, and (d) after 12 h from the time of addition of PPh3 and recording the spectrum
shown in (c).
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and this dimer undergoes reduction upon reacting with PPh3 producing an oxo- or hydroxo-
bridged Cr(III)–Cr(III) compound and O=PPh3. The formation of this latter compound has
been confirmed after its isolation and purification from solution. Formation of either an
oxo- or hydroxo-bridged Cr(III)-Cr(III) compound is suggested from the disappearance of
the bands at 1000 and 702 nm but with the presence of the band at 503 nm (figure 12,
curve d). It may be mentioned here in this context that Creager and Murray [25] have
reported the formation of an oxo-bridged Cr(IV)–Cr(IV) dimer Cl(TPP)Cr–O–Cr(TPP)Cl in
the reaction of a 2:l mixture of [Cr(TPP)CI] and iodosobenzene that exhibits remarkably
similar electronic spectrum with that of [O=Cr(TPP)] (where TPP = meso-tetraphenylpor-
phinato) but is distinctly different in reactivity toward olefins.

Very recently Veige and coworkers [26] have shown the marked influence of μ-oxo CrIV

dimer formation ([CrIV]2(μ-O)) and donor ligands in oxygen-atom-transfer reaction of
[tBuOCO]CrV(O)(THF) (where tBuOCO = [2,6-C6H3(6-

tBuC6H3O)2]
3–, THF = tetrahy-

drofuran) to PPh3. This Cr
IV–O–CrIV dimer, {[tBuOCO]CrIV(THF)}2(μ-O), was formed dur-

ing the O2 activation by the trianionic pincer chromium(III) complex [tBuOCO]CrIII(THF)3
to form [tBuOCO]CrV(O)(THF) and was found to be in equilibrium with the reactant and
the product. This compound {[tBuOCO]CrIV(THF)}2(μ-O) has been isolated as a solid for
the first time and structurally characterized using X-ray crystallography [27].

A freshly prepared pink solution of 2a in CH3CN produces two weak bands at ~1000
and 700 nm and a medium intensity band at 501 nm (ε = 1366 M−1 cm−1) followed by
strong charge transfer bands with a shoulder at 340 nm (ε = 7205 M−1 cm−1) in the UV
region (figure 13, curve a of panel A). When twofold excess of solid PPh3 was added to
this pink solution and the spectrum was recorded, the intensity of the peak at 501 nm
decreased with time (figure 13, curves b–e of panel A) and became steady on standing over-
night while the shoulder at 340 nm and the weak peaks ~1000 and 700 nm disappeared
completely (figure 13, curve e of panel A). This clearly shows that reaction of 2a with PPh3
in a freshly prepared CH3CN solution is very different from that of 2 with PPh3 in the same
solvent (figure 10), clearly showing the differences in their molecular and electronic struc-
tures. As observed from its behavior in pyridine, 2 has a spontaneous tendency to form an
oxo-bridged Cr(IV)–(Cr(IV) dimer; it is proposed that 2a, which was isolated from the
CH3CN solution of 2 on prolonged standing, is also the same dimer, possibly with the for-
mula [{CrIV(LAP)2(py)}2(μ-O)](OH)2 because both 2 and 2a when dissolved in DMF and
left in air for slow evaporation for crystallization led to the isolation of the powder sample
[{CrIII(LAP)2(py)}2(μ-OH)](OH) (3) (experimental).

We have also monitored the electronic spectral change for conversion of 2 to 3 in DMF
at RT. A fresh solution of 2 in DMF shows a weak but broad band around 1000 nm, a weak
band at 703 nm, and a medium intensity band at 498 nm followed by another charge trans-
fer band in the UV region with a shoulder at 350 nm (figure 13, curve a of panel B). The
intensity of these peaks started decreasing very slowly with time and became steady only
after 14 days when the weak peaks around 1000 and 703 nm disappeared completely
(figure 13, curve d of panel B). Addition of excess PPh3 to this solution further decreased
the intensity of the 498 nm peak while the shoulder at 350 nm completely disappeared on
standing overnight at RT (figure 13, curve f of panel B). Thus, the behavior of 2 in DMF is
different from that observed in CH3CN and pyridine where 2 spontaneously dimerized to
Cr(IV)–O–Cr(IV) with the metal ions in the same oxidation states as indicated from the
presence of all these bands around 1000, 703, and 498 nm, but in DMF slow reduction
takes place as indicated from the disappearance of the bands around 1000 and 703 nm

Spectroscopic studies for the changes of a Cr(II) compound 2081

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
34

 2
8 

D
ec

em
be

r 
20

15
 



followed by dimerization as indicated from the presence of the 498 nm peak with reduced
intensity, ultimately resulting in [{CrIII(LAP)2(py)}2(μ-OH)](OH) (3).

3.3.2. DMF solution in the presence of helium. We have already described in our
previous report [10] the behavior of 1 in DMF in the presence of dry nitrogen using
electronic spectral studies. It displayed a peak at 476 nm that started growing in inten-
sity and reached a maximum intensity and then slowly started decreasing in intensity
with time until it became steady within 3 h (figure S5, panel B of Supplementary
Material). However, a more careful experiment revealed that after reaching a minimum,
the intensity of all peaks started growing again then became steady (figure S5, panel C
of Supplementary Material). This observation was very intriguing and prompted us to
study the electronic spectral change of 1 in degassed DMF using helium that led to
surprising results shown in figure 14. Initially, the intensity of the peak at 476 nm
started increasing and reached maximum intensity within 11 min (figure 14, panel A),
then started decreasing in intensity and reached a minimum, shown in figure 14, panel
B, and then all the bands started growing again as observed in the case of nitrogen
atmosphere. However, the overall intensity for all the peaks in helium atmosphere kept
on increasing and became more than double the initial intensity with a blueshift of the

Figure 13. Panel A: (a) Electronic spectrum of 2a (4.01 × 10−4 mol L−1) in CH3CN in the presence of air. Then,
twofold excess of solid PPh3 was added and spectral change was recorded with time: (b) immediately after adding
PPh3, (c) after 30 min, (d) after 3 h, and (e) after 12 h from the time of adding PPh3. Panel B: Electronic spectrum
of 2 (3.16 × 10−4 mol L−1) in DMF in the presence of air: (a) fresh solution, (b) after 25 h, (c) after 6 days, and (d)
after 14 days. Then, excess of solid PPh3 was added and spectral change was recorded with time: (e) 2 h after
adding PPh3, and (f) after 20 h from the time of adding PPh3.
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charge transfer bands (figure 14, panel C) and then after reaching a maximum intensity,
the absorbance of all the peaks started decreasing again (figure 14, panel D) and
became steady only after 24 h, ultimately resulting in a low absorbing species in the
visible region (figure 14, bottom black curve in panel D).

It appears the overall process is very complicated and it is difficult to propose a
mechanism for all the changes involved. The conversion of 1 to the square pyramidal
deprotonated complex B was experimentally suggested from conductance and pH mea-
surements [10] and now further supported by the proton NMR results. We have carried
out theoretical studies to get an understanding of the species generated during the
entire change in DMF in helium atmosphere. Ground state geometries of all the species
(A–H) are optimized at the B3LYP/LANL2DZ level of theory (figure 15). First, let us
start with the analysis of the experimentally verified conversion step of the initial
complex A having a triplet ground state to the square pyramidal complex B. The
DFT-optimized ground state of B has a triplet spin state with a deformed, asymmetrical
structure. However, its lowest singlet state geometry (figure 15) has a highly symmetri-
cal square pyramidal structure, situated roughly 0.9 eV above the triplet state. The theo-
retically predicted peak positions corresponding to singlet–singlet transitions at the
ZINDO/CI and TDDFT levels were close to the experimentally observed peak position
of this complex. We have considered that this is due to the presence of OH– ligand

Figure 14. UV–vis spectral change of 1 (7.25 × 10−4 mol L−1) in DMF in helium atmosphere at RT. Immediately
after making the solution spectra were recorded with time: The intensity of the peak at 474 nm reaches maximum
intensity within 7 min (panel A), then started decreasing in intensity and reached a minimum, shown in panel B,
and then all the bands started growing again and the overall intensity was more than double the initial intensity
with a blueshift of the charge transfer bands (panel C) and then the intensity after reaching a maximum started
decreasing again (panel D). Total time taken for this entire process shown in these four panels is about 9 h when it
reached a steady state (blue curve y). Then, it slowly decomposes with time when bottom black curve z in panel D
was recorded after 24 h (see http://dx.doi.org/10.1080/00958972.2015.1033412 for color version).
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(which replaces H2O in A) in B which is a potential π-donor. The pπ–dπ donation to
the metal-based orbital is responsible for favoring the singlet spin state which gets
populated. The observed peak is due to intense charge transfer of ligand–metal type
[figure 16(a)], which is expected as ligands with lone pairs of relatively high energy
(sulfur, selenium, etc.) are known for intense LMCT bands. This peak decreases after a
certain period of time and then rises once again. The overlap of sulfur- and nitrogen-
based orbitals with the metal can be seen from the figure of the HOMO [figure 16(a)]
of complex B. The excited state LUMO [figure 16(a)] clearly shows an overlap of the
metal orbital with a nitrogen-based orbital having an unpaired electron. Probably this

Figure 15. Ground state optimized geometries at the B3LYP/LANL2DZ level. The numbers indicate the distances
between the respective atoms in Å.
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overlap is not happening immediately after the vertical excitation, as no similar overlap
is seen in the LUMO figure [figure 16(a)] at the ground state geometry, which means
that the initial photo-excitation to the Franck–Condon excited state geometry is not
involved in such metal-nitrogen overlap. It seems, at the relaxed excited state, a back
donation to the nitrogen orbital from the electron-rich metal center takes place after the
initial photo-excitation. This will certainly create a lone pair electron cloud on nitrogen
and consequently a Cr(III) species may form with one of the two nitrogens; this will
subsequently weaken the Cr–N overlap on that particular nitrogen. The singlet excited
state species in this complex is expected to face a forbidden singlet–triplet transition
which will increase the lifetime of this state and eventually it might get involved in a
bimolecular process by attracting a proton from the medium to the lone pair on the
nitrogen. As soon as this happens, there is an imbalance between the two ligand sides;
one side now becomes reducing while the other is oxidizing. This five-coordinated Cr
(III) complex (C) has been optimized at the B3LYP/LANL2DZ level and is found to
be puckered (figure 15), as substantial Cr–N overlap is seen on one side, whereas no
such overlap is on the other side. The predicted peak of this complex has lower absor-
bance than B. This charge transfer band is of ligand–metal (L-M) type and found to
be primarily arising due to the HOMO–LUMO transition [table 1, figure 16(b)]; the
HOMO–LUMO gap in C is lower (2.3 eV) than that of B. This predicted puckered
complex (TBP-type) cannot accommodate another ligand at the sixth position to gain
stability due to the lack of any possible accommodation space. Therefore, for better
stability, it can be expected to attain a square pyramidal form; however, there exists no
such ground state geometry for this complex as evidenced by the DFT results. If we
replace OH– by H2O, the ground state geometry of the resulting complex (D) becomes
symmetrical square pyramidal with triplet spin state, which is probably responsible for
the intense charge transfer band at the lower wavelength side. The singlet state geome-
try of this complex is substantially higher energy in comparison with the triplet ground
state. Presence of HOMO–1→ LUMO+1 (ΔEH–1→L+1 = 2.59 eV) and HOMO–1→
LUMO (ΔEH–1→L = 2.44 eV) excitations have significant contributions in its absorption
band. Intensity of a CT band depends on the extent of the transfer of charge from one
end to the other. A closer look at the H–1 and L/L+1 in D clearly shows a complete
transfer of electronic charge from left to the right side (donor to acceptor) and justifies
the presence of this species (D) as the potential candidate for the unusually intense
charge transfer band. This excitation is associated with a charge transfer of ligand–
metal–ligand (LMLCT) [28a] type or ligand–ligand [28b,c] type with participation of
the metal ion; the charge transfers in the earlier complexes are of ligand–metal (L-M)
types. The nature of the double-peaked absorption maxima (figure 14, panel C) is quite
similar to the peaks which usually arise from spin-orbit coupling [29] of two excited
states with different spin multiplicities. It has been found that at the ground state
(triplet) equilibrium geometry, a triplet excited state and the lowest singlet state have
almost identical energies. These two states of different spin multiplicities are situated
2.01 eV above the ground state and may get involved (near 600 nm) in spin-orbit
mixing which seems to be a reasonable explanation of the double-peak shaped maxima
of the LMLCT band. However, ZINDO/CI studies on the singlet–singlet transitions
have also predicted intense peaks for D at 465 and 497 nm (530 and 462 nm at
TDDFT level). This intense peak decays slowly with time and the experimental results
on the final product after completion of this change reaching a steady state after 9 h
indicates the presence of only –NH2 species rather than one –NH and one –NH2
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Figure 16. Important molecular orbitals responsible for charge transfer bands in (a) complex B, (b) complex C,
and (c) complex D. The circle in (a) shows that filled metal and singly occupied nitrogen orbital overlap takes place
in the LUMO of B. The portions marked with the box in (c) shows that the charge from the left hand side ligand
portion of HOMO–1 is completely shifted to the other side of the ligand in LUMO+1 through the metal ion during
the HOMO–1 – LUMO+1 transition in D. The circle in (c) shows that a filled metal and singly occupied nitrogen
orbital overlap takes place in the LUMO of D which was not present in the HOMO.
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group, which indicates that the second –NH also gets protonated. According to our
proposed scheme, this is possible if another electron from Cr(III) is donated to the
ligand-based orbital having the remaining unpaired electron and becomes Cr(IV).

It must be noticed from figure 16(c) that filled metal and singly occupied nitrogen orbital
overlap takes place in the LUMO of D. This indicates the formation of a lone pair orbital
on nitrogen and thereafter protonation. Two possibilities (F and G) exist for a product of
this process. None of these complexes have any peak between 300 and 700 nm at the
ZINDO/CI level of calculation, which clearly suggests that the finally obtained species is
not likely to be one of these two possibilities. The conversion of D to F can arise through
an intermediate, denoted as E. It is well known that five-coordinate Cr(III) complexes are
not very stable and it is probable that a H2O gets attached to the sixth coordination site of
D. Now, the conversion from E to F may happen due to electron donation of Cr(III) and
subsequent proton transfer on nitrogen leaving one hydroxo ligand on Cr(IV). Conversion
of D to G may also take place, which may again produce F, which is stable and the
optimized geometry of F shows that this species is a highly symmetrical octahedral com-
plex (figure 15). However, the possibility of this species as the stable final product is ruled
out since it does not have any peak between 300 and 700 nm at the ZINDO/CI level of cal-
culation and also the proton NMR spectrum that was recorded after the final change of 1 in
d6-DMSO in the absence of methanol did not display a peak around 2 ppm due to
coordinated water, and also the broad peak that was initially observed at 10.32 ppm due to
coordinated –OH was absent in the final spectrum recorded (figure S7 of the Supplementary
Material), strongly suggesting that F is not the final product. There remains possibility of

Table 1. Predicted position of the peaks corresponding to singlet–singlet transitions, oscillator strength, and
excitations involved in the respective transitions.

Complex
Level of
calculation

Predicted peak positions
(nm) of singlet–singlet
transitions between 400
and 600 nm

Oscillator
strength (f)

Dominating configurations of the
respective transitionsa

B ZINDO/CI 479 0.18 H–1→ L+1(0.65), H→ L+2(0.46),
H→ L(0.38)

464 0.14 H–1→ L+2(0.85), H→ L(0.21)
TDDFT 452 0.13 H–3→ L(0.42), H–1→ L(0.32),

H→ L+2(0.30)
C 584 0.14 H→ L(0.74), H→ L+2(0.43)

ZINDO/CI 445 0.12 H–1→ L(0.66), H–2→ L(0.60)
425 0.12 H–2→ L(0.60), H→ L(0.29)

D ZINDO/CI 497 0.21 H–1→ L+1(0.68), H–2→ L(0.45),
H→ L+1(0.31)

465 0.27 H–2→ L(0.54), H→ L(0.40),
H–1→ L+1(0.35)

TDDFT 530 0.18 H→ L+1(0.50), H→ L(0.18),
H–1→ L+1(0.16)

462 0.04 H–5→ L(0.60)
H TDDFT 762 0.001 H–2→ L+1(0.50), H–1→ L+1(0.29)

481 0.001 H→ L+1(0.63), H–1→ L+2(0.16)
I (H with

pyridine)
TDDFT 540 0.01 H→ L+1(0.58), H–2→ L+5(0.27)

511 0.04 H–1→ L(0.52), H→ L+1(0.28)

aThe last column shows the contribution of the dominating configurations associated with the singlet–singlet transitions in the
respective complexes, where H stands for HOMO and L stands for LUMO. As an example, H–1→ L+1(0.65) in complex B corre-
sponding to the 479 nm peak in ZINDO/CI means that this particular singlet–singlet transition originates from the electronic excita-
tion from HOMO–1 to LUMO+1 and its contribution is 0.65 (42%).
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another symmetrical neutral oxo species H as the final product which may arise from the
deprotonation of –OH in G. Costentin et al. [11f] have demonstrated proton-coupled elec-
tron transfers using electrochemistry for [OsII(bpy)2py(OH2)]

2+ in water and have proposed
the mechanisms of successive proton-coupled electron transfers for the conversion of the
OsII-aquo complex into the OsIII-hydroxo complex and finally into the OsIV-oxo complex.
Also, the mechanisms of proton-coupled electron transfers for oxidation of MII(OH2)/
MIII(OH)/MIV(O) have been studied extensively with ruthenium complexes [11g–j]. Thus,
the formation of an oxo-Cr(IV) complex H in the present case, owing to internal electron
transfer and proton transfer, is not unlikely and this is most likely the case since the elec-
tronic spectrum recorded after 9 h (figure 14, bottom blue curve y in panel D) when it
reached a steady state contains a band at 690 nm (absorbance ≈ 0.72) and another band at
478 nm (absorbance ≈ 1.8), very similar to those observed for 2 in the visible region
strongly suggesting that H is the final product. This then slowly decomposes with time,
resulting in a low absorbing species on standing in solution (figure 14, bottom black curve
z in panel D). There are remarkable similarities in the electronic spectra of H with that of 2
except that the band positions are slightly red shifted (figure 10, curve a) in the latter com-
pound due to coordination of pyridine trans to oxo as observed for other oxochromium(V)
compounds [22c]. We have also done the calculation for pyridine coordinated H. The
optimized geometry of this species I (= H + py) clearly shows the Cr=O bond is slightly
elongated upon pyridine coordination trans to the oxo group shown in figure 15. The
HOMO–LUMO gap in H is 3.29 eV while that in I is 2.95 eV. This lower gap in the latter
complex is due to the higher stabilization of its LUMO, caused by better charge delocaliza-
tion on HOMO–LUMO excitation. During this electronic excitation from HOMO to
LUMO, the electronic cloud shifts toward the pyridine and consequently the overall charge
becomes distributed throughout the molecule (figure 17). This causes a red-shift of the
absorption peak with respect to that of H. Attempt was also made to check for the possibil-
ity of formation of another species where DMF is coordinated to H in place of pyridine.
The optimized structure of H + DMF complex has shown the inability of DMF to coordi-
nate strongly with chromium (rCr-DMF = 3.40 Å); this is probably due to steric hindrance
caused as the DMF approaches the metal ion. In contrast, the approach of pyridine which is
planar is not sterically hindered (figure 15) and resulted in better metal-ligand binding
(rCr-N = 2.37 Å). Also, it was found from the optimized geometry of all these species that
the organic N–S donor ligands are cis in all cases (figure 15).

A possible scheme of the whole process for conversion of A to H is shown in figure 18.
Overall, the intense charge transfer band can be attributed to a ligand–ligand charge transfer
(LLCT) through the metal ion, and the responsible HOMO–1→ LUMO/LUMO+1 excita-
tions allow a complete transfer of charge from one end to the other. It is to be noted here
that intermediate species containing ligands in two different oxidation states display strong
intervalence charge transfer (IVCT) transitions [30], which disappear when both the ligands
are reduced and protonated leading to the coordinated monoanion (LAP)1– in the final
species (figure 14, blue curve y in panel D).

3.4. EPR results

A freshly prepared solution of 1 in pyridine in the presence of air displayed only a weak radi-
cal signal at g ~ 2 and the intensity of this line did not change with time. The frozen glass
spectrum of this pyridine solution exhibited a broad line along with a sharp central line
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(g = 2.05), possibly originating from an intermediate metal complex containing radical
ligand(s). However, 3 exhibits very strong and broad X-band EPR signals at both RT and
LNT (figure 19). The powder EPR spectrum of 3 shows a peak-to-peak line width of ~410 G
with g = 1.98 at RT. This line becomes even broader when the powder spectrum is recorded

Figure 17. Important molecular orbitals responsible for charge transfer bands in (a) complex H and (b) complex I.

Figure 18. A possible scheme of the whole process.
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at LNT, as evident from the peak-to-peak line width of 620 G with g = 2.04. This low tem-
perature behavior of 3 is similar to that of 1, suffering a contraction of lattice [20e, f].

Thus, the behavior of 1 in pyridine at RT is quite different from that observed [10] in its
DMF solution in the presence of air, which is evident not only from the electronic spectral
results but also from their EPR results. First, the pyridine solution of 1 did not exhibit the
EPR spectrum of a d1 Cr(V) species [31] as observed [10] in a freshly prepared DMF solu-
tion of 1 and only a weak radical spectrum was observed in pyridine solution during the
entire process; the intensity of this line does not change with time. The DMF solution of 1
not only exhibited a monomeric Cr(V) EPR signal, its intensity initially increased and then
started decreasing with time resulting ultimately in a weak radical signal at RT [10].

It strongly suggests that conversion of oxygen-bound species of 1 in pyridine to a final
species does not proceed via formation of Cr(V) intermediate since it was not detected by
EPR during the entire process. The aerial oxidation of the Cr(III) corrole complex, reported
by Meier-Callahan et al. [32], to a Cr(V) species was inhibited by pyridine coordination. So
the absence of any Cr(V) species in pyridine in the present case is not surprising. Thus, it
appears that a Cr(IV) oxo species is generated in pyridine solution, otherwise rapid oxo
transfer to PPh3 for the formation of O=PPh3, mentioned above in figures 9 and 10, would
not occur.

It is evident from the electronic spectral change of 1 in pyridine in the presence of air
that it slowly binds to dioxygen forming a superoxo or hydroperoxy species as indicated
from the strong charge transfer bands [33] in the NIR region (1249 and 853 nm), which in
turn is converted to a O=Cr(IV) species 2. The presence of an isosbestic point in the second
phase of the electronic spectral change of 1 in pyridine [figure 9 (curves j–w in panel B)]
also indicates formation of the O=Cr(IV) species without the presence of any other inter-
mediate. This is further supported by isolated 2 from the pyridine solution after 47 h. 2
undergoes slow but spontaneous change in pyridine forming an oxo-bridged Cr(IV)–Cr(IV)
dimer (figure 12). The isolated product 2a from this pyridine solution of 2 after 48 h is
identical to that isolated from the pyridine solution of 1 after 96 h at RT. Both 2 and 2a are
converted to 3 on standing in DMF solution for several days. Compound 3 is consistent
with the formulation of [{Cr(LAP)2(py)}2(μ-OH)](OH) and inconsistent with the formulation
of a μ-oxo[Cr(LAP)2(py)]2, as indicated from the following observations. It is to be noted
here that the IR spectrum of reported dinuclear Cr(III) compounds with a linear oxygen
bridge [22, 34] exhibit asymmetric and symmetric Cr–O–Cr bands in the 860–790 cm−1

Figure 19. X-band EPR spectra of powder sample of 3: (a) at RT and (b) at LNT.
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region. Compound 3 does not exhibit any IR band in this region (figure S8 of Supplemen-
tary Material). IR spectrum of 3 clearly shows the presence of –NH2 as well as pyridine.
Apart from these, the far-IR spectrum of 3 shows a strong but broad band at 530 cm−1

(figure not shown), possibly arising due to overlapping of ν(Cr–O) and ν(Cr–N) with the
out-of-plane ring deformation mode of pyridine because this mode at 405 cm−1 for free pyr-
idine shifts to higher frequency on coordination [22a, 35]. The powder sample of 3 exhibits
a strong and broad X-band EPR signal which is further broadened at LNT (figure 19). The
DMF solution of this compound does not display an EPR signal at RT, but the frozen glass
in DMF at LNT showed a strong and broad spectrum (figure not shown). The magnetic sus-
ceptibility measurement for this compound at RT (300 K) shows μeff ≈ 5.1 BM per dimeric
unit, indicating the presence of weak antiferromagnetic interactions [20, 36, 37] between
the metal ions in the solid state. Reported bimetallic Cr(III) compounds have μeff = 5.3 BM
per bimetallic unit at RT [37]. The measured magnetic moment for 3 is much higher than
that reported for linear oxo-bridged dinuclear Cr(III) compounds possessing strong anti-
ferromagnetic coupling between the Cr ions due to the presence of dπ(Cr)–pπ(O)–dπ(Cr)
orbital overlaps. For example, the μeff values for all salts of oxo-bridged Cr(III) dimer
[(tmpa)(SCN)CrOCr(NCS)(tmpa)]2+ (tmpa = tris(2-pyridy1methyl)amine) at 300 K were
0.8 ± 0.1 μB, corresponding to approximately 0.3 unpaired electrons per chromium. Also,
no EPR signal could be detected for [(tmpa)(SCN)CrOCr(NCS)(tmpa)](ClO4)2·0.5H2O at
ambient and liquid-nitrogen temperatures [34c]. In contrast, 3 exhibits a strong EPR signal
even at RT. Thus, taking this and μeff ≈ 5.1 BM into consideration and keeping in mind the
tendency of 2, the precursor of 3 to spontaneously dimerize in solution, it is suggested in
the absence of a crystal structure that 3 is a OH-bridged dinuclear Cr(III) compound. The
overall change for the conversion of 1 to 3 via 2 is presented in scheme 3.

3.5. Electrochemical results

The electrochemical behavior of 2 has been studied in DMF containing 0.1 M N(n-Bu)4]
PF6 at a platinum working electrode using cyclic voltammetry (CV) in dinitrogen, and this
whole experiment was completed within 5 min. For an initial negative scan between 0 and
–1.50 V, there is a reduction peak near –0.90 V; reversal of the scan gives a weak anodic
peak at –0.69 V. For an initial positive scan between 0 and + 1.50 V, there is an anodic peak
at + 1.195 V; reversal of this scan gives a reduction peak at + 1.037 V (figure 20).

Besides these cathodic and anodic peaks already mentioned, two successive weak oxida-
tive responses are observed at –0.001 and + 0.604 V, respectively, when the potential is
scanned between –1.50 V and + 1.50 V, and another broad reduction wave at –0.225 V.
However, these two successive weak oxidative responses at –0.001 and + 0.604 V observed
after an initial negative scan disappear in the second cycle. The reduction peak near –
0.90 V is coupled to the weak anodic wave at –0.69 V, and the anodic peak at + 1.195 V is

Scheme 3. The overall changes for the conversion of 1 to 3 via 2.
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coupled to the reduction wave at + 1.037 V. The reduction peak at –0.225 V appears only
after a positive scan and it is not observed if the potential is scanned only between 0 and –
1.50 V, indicating that the species reduced at + 1.037 V is further reduced at –0.225 V. The
reduction at –0.90 V is due to the process

½O¼Cr LAP
� �

2 pyð Þ� þ e� ! ½O¼Cr LAP
� �

2 pyð Þ�� (7)

while the oxidation wave at +1.195 V is due to

½O=Cr LAP
� �

2 pyð Þ� ! ½O¼Cr LAP
� �

2 pyð Þ�þ þ e� (8)

and this oxidized species [O=Cr(LAP)2(py)]
+ is reduced at + 1.037 V and is a quasi-

reversible process (ΔEp = 158 mV) indicating that the oxidized species is not stable.
Recalling the noninnocent nature of the chelating ligands, it is difficult to assign the exact
nature for the observed oxidations and reductions based only on this CV result.

4. Conclusion

Temperature-dependent magnetic studies on 1 from 20 to 300 K suggest a ferromagnetic
coupling. Also, it is found that 1 undergoes spontaneous change only after deprotonation of
the aqua ligand in solution prompting internal electron transfer followed by proton addition
to the initially oxidized –NH moieties leading to product(s) in which the coordinated chelat-
ing ligands are found to be in their reduced form o-aminothiophenolate(1–) (LAP)1– as
revealed from the 1H NMR results of 1 in d6-DMSO as well as from IR spectra of the iso-
lated 2 and 3, the products from pyridine and DMF, respectively. 2 is stable in solid but

Figure 20. Cyclic voltammogram of 2 (2.53 × 10−3 mol L−1) in DMF containing 0.1 M N(n-Bu)4]PF6 at a scan
rate of 100 mV s−1.
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undergoes dimerization on standing in pyridine or CH3CN producing 2a. 2 and 2a have
very similar electronic spectra and both of them are converted in DMF to the OH-bridged
Cr(III) dimer 3. Several attempts to grow single crystals for 2 and 3 were unsuccessful, so
all the studies were confined to powder samples and solutions. Theoretical studies give a
fairly good idea about the possible species involved in the spontaneous change of 1 in
DMF in the absence of air. Optimized geometries of all these species suggest that the
organic N–S donor ligands prefer to have a cis configuration in all cases.

Supplementary material

Figure S1: Electronic spectral change of 1 in DMSO in presence of air at RT. Figures
S2–S4: Comparison of the 1H NMR spectra of 1 recorded in d6-DMSO (300 μL) containing
methanol (200 μL) with time. Figure S5: Electronic spectral change of 1 in DMF in nitro-
gen atmosphere at RT. Figure S6: Plot of absorbance change at 1249 nm with time for the
formation and for the disappearance of the species formed in the reaction of 1 with pyri-
dine. Figure S7: Comparison of the 1H NMR spectra of 1 recorded in d6-DMSO in the
absence of methanol with time: (a) within 1 h, (b) after 24 h. Figure S8: IR spectra of 1 and
3 in KBr.
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