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UV-visible, infrared (IR), and resonance Raman (RR) spectra were measured and analyzed for a high-valent
molybdenum(V)—oxo complex of 5,10,15-tris[3,5-bis(trifluoromethyl)phenyl]corrole (1) at room temperature. The
strength of the metal—oxo bond in 1 was found to be strongly solvent-dependent. Solid-state IR and RR spectra
of 1 exhibited the MoY=0 stretching vibration at »(MoY0) = 969 cm~1. It shifted up by 6 cm~* to 975 cm™ in
n-hexane and then gradually shifted to lower frequencies in more polar solvents, down to 960 cm~? in dimethyl
sulfoxide. The results imply that stronger acceptor solvents weaken the MoY=0 bond. The 45-cm~ frequency
downshifts displayed by 1 containing an 80 label in the molybdenum(V)—oxo unit confirmed the assignments for
the observed IR and RR »(MoVO) bands. The solvent-induced frequency shift for the (Mo"0) RR band, measured
in a series of 25 organic solvents ranging from n-hexane (AN = 0.0) to N-methylformamide (AN = 32.1), did not
decrease in direct proportion to Gutmann’s solvent acceptor numbers (ANs). However, a good linear correlation of
the »(MoV0) frequency was found against an empirical “solvent polarity” scale (A + B) of Swain et al. J. Am.
Chem. Soc. 1983, 105, 502—-513. A molecular association was observed between chloroform and oxomolybdenum-
(V) corrole 1 through Mo=0--+H/CCl; hydrogen-bonding interactions. This association manifested itself as a shift
of the »(M0¥0O) RR band of 1 in CDCl; to a higher frequency compared to that in CHCI,.

Introduction sis1523 chemical transformatiorfé?>electrochemistry® and
other propertie€—32 have been studied in great detail. In
particular, progress in the coordination chemistry of cor-
role$3 has led to their use as catalysts in hydrocarbon
oxidations?% as well as to the controversy over the
“innocence” of their tetrapyrrole cofe’ 42

Corroles, analogues of porphyrins that are one carbon
shorter, emerged recently as an independent area of rekéarch.
Their coordination chemistry,*? photophysicg314 synthe-
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High-Valent [((CF3),Ph);Cor]MoV=0

Molybdenum complexes of corroles, although known for electronic transitions in the visible regiéhHowever, in
some time'? have only recently been intensively studféd® contrast to extensively studied biological, geological, and
Currently, two different methods to incorporate molybdenum synthetic metalloporphyrin systerffs?! including high-
into the corrole core are known: Mo(COin decalin at valent metalloporphyrin oxide;5” only sparse RR spectra
200 °C*45 and MoCHK(THF), (THF = tetrahydrofuran) in  have been reported for metallocorro¥<! In particular,
CH,Cl, at 40 °C.** X-ray crystallography of one of the there appears to be only one such work on tetrapyrrole
molybdenum corroles revealed a highly domed ring with a complexes of oxomolybdenum(V) published in 1979, in
very large out-of-plane metal displacement (0.73%3R). which Nakamoto and co-workers measured the RR spectra
Interestingly, regardless of the oxidation state of molybdenum of MoVO(MEC) (MEC = 2,3,17,18-tetramethyl-7,8,12,13-
in the starting material, oxomolybdenum(V) complexes are tetraethylcorrole) and M@ (OEP)(OMe) (OEPR= octaeth-
always obtained and easily identified using electron para- ylporphyrin) in the solid staté® Both MoO(MEC) and
magnetc resonance. However, all attempts to prepare comMoYO(OEP)(OMe) showed relatively strong RR bands at
plexes with different oxidation states or with chlorine as an 950 and 910 cmt, respectively, in the 457.9-nm excitation
axial ligand failed***> Molybdenum corroles attracted at- spectra that have been assigned to the/Mo stretching
tention as potential catalysts, as enzyme models, and asnode,»(MoVO). However, no confirmation of such a band
analogues of corresponding molybdenum porphyrins. The assignment had been obtained via ffi@-isotope-edited
main purpose of this paper is to report the results of vibrational spectra.
solvent-dependent resonance Raman (RR) spectroscopic In the present work, we report the Fourier transform

investigations on a molybdenum(¥pxo corrole complex, infrared (FT-IR; solid state) and RR spectra (both solid state
[((CF3)2Ph)Cor]Mo¥=O0 [1; (CFs).Ph = p-3,5-bis(trifluo- and solution) for oxomolybdenum(\fesetriarylcorrole 1
romethyl)phenyl; Cor= corrole)])# (Figure 1) at room temperature. The solution RR spectra were

RR spectroscopy has been very successful in the structurameasured and analyzed in a wide range of different organic
and electronic elucidation of transition-metal tetrapyrrolic solvents in order to assess the solvent-induced frequency
systems because of strong enhancement of the tetrapyrrolahifts (SIFSs) of the M6—0O stretch. The room-temperature
core andr-axial ligand vibrations via coupling to the—x* UV —visible spectra ol in the same set of 25 solvents were
also measured and compared. Vibrational assignment for the
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Figure 1. Structural diagram of oxomolybdenum(V) corrdle

of 1 was made with the aid dfO/*®O-isotope substitution
at the oxo group. The influence of the solvents on the
MoV—0O bond strength in oxomolybdenum(V) corrolate

Czernuszewicsz et al.

sample ofl dissolved in cyclohexane<0.5 mL) and equilibrating
it with ~20 uL of pure K0 (97 atom %-80; Isotec, Miamisburg,
OH) for 24 h at room temperature under aaimosphere. Periodic
recording of in situ RR spectra of the mixture using the 457.9-nm
excitation line monitored the progress80/80 exchange. After
the RR spectrum showed thaB5% of 180 was incorporated into
1 (24 h), the reaction was stopped and the solution was evaporated
to dryness under a vacuum. The resulting [R@-1 solid samples
were pressed into KBr and KCI pellets to record the solid-state
FT-IR and RR spectra, respectively, or redissolved in cyclohexane,
chloroform, and dichloromethane to record the solution RR spectra.
The RR spectra were obtained using lines from Coherent Inova
K-2 Kr* (406.7 and 413.1 nm), Coherent Inova 90-6"A#57.9
nm), and Liconix 4260 HeCd (441.6 nm) ion lasers by collecting
backscattered (135illumination angle) photons from spinning
samples in pressed KClI pellets (solid samgfes) in 5-mm NMR

was readily monitored with RR spectroscopy. The solid-state tubes (solution sample¥)Sample concentrations in the pellets were

FT-IR (KBr pellet) and RR (KClI pellet) spectra of [M®]-

1 exhibited an intense(MoVvO) vibrational band at 969.0
cm ! that shifted by—45 cni? to lower frequency in the
corresponding [M&Q]-1 spectra. In the RR spectra af
dissolved in cyclohexane, dichloromethane, and chloroform,
the analogously8O-sensitiver(MoVO) bands occurred at
974.5, 964.0, and 963.8 cr respectively. Such high
frequencies of the(MoVO) stretch are consistent with the
presence of a triply bonded M&O unit in 1. The resonance-
enhancedv(MoYO) mode in solutions exhibited strong
solvent dependence, witlffMoVO) frequencies varying from
975.4 cm in n-hexane (Gutmann’s solvent AN 0.0¥? to
961.9 cm! in N-methylformamide (AN= 32.1) and 959.9
cm! in dimethyl sulfoxide (AN= 19.3). However, in
contrast to the ¥V —0O stretching mode of vanadyi-oc-
taalkyl- andmesetetraarylporphyrins (3dmetal-oxo sys-
tems)?* a plot of the »(MoVO) frequency against the
Gutmann solvent ANs did not give a straight line for the
molybdenum(V)-oxo mesetriarylcorrole 1, a 4d metak-
oxo species. A good linear correlation of théMoVO)
frequency was found fat by using a two-parameter “solvent
polarity” scale A + B) of Swain and co-workers, based on
the sum of anion4) and cation B) solvation parameters
derived from solvent effects on chemical reactiityl his

~1 mg of corrole/200 mg of salt. Solution concentrations we@el

mM for all excitation lines. All spectra were recorded at room
temperature with 15150-mW laser power and-%6-cn?t slit
widths under the control of a Spex DM 3000 microcomputer system
using a scanning Raman instrument equipped with a Spex 1403
double monochromator (with a pair of 1800 grooves/mm gratings)
and a Hamamatsu 928 photomultiplier detector, as described in
detail elsewheré® The spectrometer was advanced in 0.5-Em
increments with integration timeg @ s for all spectra. To improve

the signal-to-noise ratio multiple scans{@) were collected and
then averaged. For some spectra, the slowly sloping baselines were
subtracted from the digitally collected spectra us®BAMS/AI
(version 7.01) software package (Thermo Galactic, Inc.). IR spectra
were measured in KBr pellets at room temperature with a Nicolet
Avator 360 FT-IR spectrophotometer. Electronic absorption spectra
(250-800 nm) were obtained on a Cary 50 spectrophotometer
(Varian) in 0.1-mm quartz cuvettes using freshly distilled solvents.
The concentration of in each solvent was adjusted such that the
maximum absorbance of the Soret band was about 1 absorbance
unit. Resolution of the spectra was 0.5 nm. The-tisible (350

625 nm) and RR spectra (962000 cn1?) were fitted with a curve-
fitting subroutine of theaGRAMS/Al(version 7.01) softwarédGOR

Pro (version 4.0) software (Wave Metrics, Inc.) was used to prepare
the spectral figures.

Results and Discussion

study yields a detailed solvent-dependent characterization of Electronic Absorption Spectra and Soret-State RR

the high-valent [((CE).PhxCor]MoV=0 complex.

Experimental Section

All chemicals were used as received unless otherwise noted.

Reagent- or spectroscopic-grade solvents were distilled from

appropriate drying agents prior to use. The free base of 5,10,15-

tris[3,5-bis(trifluoromethyl)phenyl]corrole was synthesized as de-
scribed earlief* The synthesis of the molybdenum(V) oxo complex
1 was achieved by refluxing the free base corrole with MOIGHF),

and diisopropylethylamine in Gi€l, at 40°C, followed by flash
chromatography (silica eluted with 1:9 ethyl acetate/cyclohexane)
and recrystallization from Cjl,/ethanol** Isotopic labeling of
the oxo group witht80 was carried out by preparing a millimolar

(62) Gutmann, VThe Donor-Acceptor Approach to Molecular Interac-
tions Plenum: New York, 1978.

(63) Swain, G. C.; Swain, M. S.; Powell, A. L.; Alumni, $. Am. Chem.
Soc.1983 105 502-513.

(64) Gryko, D. T.; Koszarna, BOrg. Biomol. Chem2003 1, 350-357.
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Signatures. The molybdenum(\/-oxo corrolel was first
examined with electronic absorption spectroscopy over the
range of 256-800 nm. The UWvisible spectra were
recorded at room temperature in 25 organic aprotic solvents
and were fitted with a computer deconvolution program in
order to determine the wavelengths of the absorption bands.
The results from the curve fits are compiled in Table 1 for
the main bands in the 37%25-nm absorption region. Five
representative UV visible spectra in this spectral region are
shown in Figure 2, which compares the spectra obtained from
solutions of molybdenum(\joxo corrolel in n-hexane,
cyclohexane, dichloromethane, benzene, and carbon disul-
fide. It can be seen there that distinctive single Soret and
severalQ absorption bandéin the violet and greenorange
regions, respectively, characterize each solution of [{{£F

(65) Czernuszewicz, R. S\ppl. Spectrosc1986 40, 571-573.
(66) Walters, M. A.Appl. Spectrosc1983 37, 299-300.



High-Valent [((CF3),Ph);Cor]MoV=0

Table 1. Electronic Absorption Maxima (nm) and Me-O Stretching Frequencies (ci) of the Oxomolybdenum(V) Corrolé in 25 Organic Solvents

entry solvent AN A+ BP Amass »(MoO)d
1 n-hexane 0.0 0.00 432.6506.7, 535.3, 550.8, 574.3, 592.8 975.4 (7.2)
2 cyclohexane 0.0 0.09 433.6 506.9, 535.8, 551.7, 574.7, 593.0 975.4 (7.3)
3 triethylamine 14 0.27 432.8 508.9, 535.2, 550.2, 574.6, 593.1 972.0 (8.7)
4 diethyl ether 3.9 0.46 432.4 505.7,534.5, 550.8, 574.0, 592.0 970.0 (9.1)
5 tetrahydrofuran 8.0 0.84 434.4 508.2,535.1, 550.3, 574.9, 592.9 966.5 (9.5)
6 benzene 8.2 0.73 437.7,510.2, 538.2, 553.2, 577.9, 595.7 966.0 (11.4)
7 tetrachloromethane 8.6 0.43 436.2 509.4, 537.4, 554.3,576.1, 595.2 971.9 (12.9)
8 ethyl acetate 9.3 0.79 432.5506.2,534.5,549.9, 574.5, 591.6 966.7 (10.3)
9 hexamethylphosphoroamide 9.8 1.07 435.1 508.2, 535.4, 551.8, 575.4, 592.5 961.7 (10.9)
10 methyl acetate 10.7 e? 431.9506.2, 535.0, 548.5, 573.9, 591.3 965.8 (10.6)
11 acetone 12.5 1.06 432.3504.9, 533.9, 549.2, 574.5, 590.8 964.5 (10.5)
12 N,N-dimethylacetamide 13.6 1.23 434.3507.1, 534.9, 550.4, 575.5, 591.7 961.7 (12.2)
13 pyridine 14.2 1.20 438.3511.4,537.8, 553.5,578.1, 595.5 961.6 (13.1)
14 benzonitrile 15.5 1.16 438.9 510.9, 538.5, 553.5, 578.7, 596.6 962.3 (14.2)
15 N,N-dimethyformamide 16.0 1.23 430.9 507.3, 542.7, 560.2, 576.9, 591.9 961.6 (12.7)
16 1,2-dichloroethane 16.7 1.12 435.2 507.6, 536.0, 551.1, 574.9, 593.8 964.4 (13.3)
17 propylene carbonate 18.3 ? 433.3 506.8, 536.2, 550.9, 574.7, 590.9 960.8 (15.5)
18 acetonitrile 18.9 1.22 431.4 506.2, 534.3, 550.6, 573.7, 590.1 962.6 (11.2)
19 dimethyl sulfoxide 19.3 141 436.0 507.7,538.1, 552.0, 576.7, 593.0 959.9 (12.7)
20 dichloromethane 20.4 1.13 435.8 509.4, 535.7, 551.0, 576.0, 594.0 964.0 (13.0)
21 nitromethane 20.5 1.31 433.2 507.3,534.7,549.5, 574.5, 591.9 962.1 (11.9)
22 chloroform 23.1 1.15 435.8510.0, 536.1, 551.7, 576.8, 595.0 963.8 (17.6)
23 N-methylformamide 321 ? 433.6511.2,536.1, 551.7, 575.5, 593.4 961.9 (15.3)
24 toluene ? 0.67 437.5509.7,537.8, 552.5, 577.8, 595.6 967.5 (11.0)
25 carbon disulfide ? 0.48 442.5512.5,541.3, 557.2, 580.5, 599.5 967.2 (10.0)

aSolvent ANs Acceptiities) as determinedP NMR spectroscopically at 25C by Gutmann and co-workef370.71 b Empirical “solvent polarity”
parametersA + B) (A = the solvent’s anion-solvating tendency awidity, andB = the solvent’s cation-solvating tendency lmasicity), as developed by
Swain and co-worker& ¢ Electronic absorption maxima from room-temperature-tisible spectra, obtained by curve deconvolution of the-3586-nm
regions. The Soret bands are highlighted in b8Nibrational frequencies from room-temperature RR spectra (6Lafit widths) excited at 441.6 nm.
Numbers in parentheses are the effective bandwidths (feehfidl width at half-maximum in cm?) of the corresponding(MoO) RR bands, obtained from

the curve fits® ? = value unknown.

Figure 2. Room-temperature electronic absorption spectrd afi (a)
n-hexane, (b) cyclohexane, (c) dichloromethane, (d) benzene, and (e) carborpf these solvents were comparable and also slightly blue-

disulfide.

PhxCor]MoY=0. Then-hexane solution ofl exhibits the
Soret band at 432.6 nm (Figure 2a), which undergoes a reddissolved in triethylamine match those observed in the
shift by ca.+1 to 433.5 nm, withl being dissolved in
cyclohexane (Figure 2b). THF aiddN-dimethylacetamide

shifted the Soret band by c&2 nm to longer wavelengths,
while dimethyl sulfoxide, hexamethylphosphoroamide, and
chlorinated solvents (tetrachloromethane, 1,2-dichloroethane,
dichloromethane, and chloroform) all induced a slightly
larger red shift of ca+3 nm (Table 1), as exemplified by
the spectrum in dichloromethane in Figure 2c. In comparison
to the n-hexane solution, Table 1 and the BVisible
spectrum of the benzene solution in Figure 2d show that the
largest bathochromic effect on the Soret band of molybde-
num(V)—oxo corrolel is found for aromatic solvents and,
surprisingly, carbon disulfide. Relative to the absorption
maximum observed in-hexane 433 nm), the Soret band

of 1 in benzene, toluene, pyridine, and benzonitrile is red-
shifted by ca+5 nm to~438 nm and by nearly-10 nm to
~443 nm in carbon disulfide (Figure 2e). In general, similar
bathochromic effects due to solvents discussed above were
also found for theQ absorption bands in the 5625-nm
region (Table 1), again with the carbon disulfide solution
exhibiting the greatest effect (ca&.7 nm; Table 1). On the
other hand, the U¥visible spectra ofl recorded in such
solvents as diethyl ether, methyl and ethyl acetates, acetone,
acetonitrile, andN,N-dimethylformamide all displayed slightly
blue-shifted Soret as well & bands by ca—0.5to—2 nm
when compared with the spectrum irhexane (Table 1).
The Q absorption bands in the greearange region in all

shifted relative to those seeniirhexane. Finally, the results
in Table 1 show that the electronic absorption band4 of

n-hexane solution and that nitromethane, propylene carbon-
ate, and\-methylformamide solutions df absorb at nearly
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Figure 3. Soret-state RR spectra df(~1 mM) in dichloromethane in the 16A.675-cnT* region, obtained with three indicated excitation wavelengths.
Conditions: backscattering from a spinning NMR tube;00-mW laser power~15 mW for a 441.6-nm line); 6-cnt slit widths; average of 24 scans,
1-s integration time at 0.5-cm increments. Asterisks indicate dichloromethane solvent bands.

identical wavelengths as a cyclohexane solution, except forbands emerge in the 413.1-nm resonant spectrum at higher
the Q-band region, where small differences do exist. frequencies (663, 752, 1006, 1110, 1294, and 1555'tm
The molybdenum(\A-oxo corrolel dissolved well in all Similar to the closely related metalloporphyrins, the in-plane
of the solvents listed in Table 1. All solutions &fwere stretching and deformation vibrations involving double €
stable under the laser irradiation, allowing for high-quality and C-N bonds of the corrole macrocycle should show the
RR spectra to be measured without any difficulties. Figure strongest increase in Raman intensity because of the interac-
3 shows the RR spectra in paralld) &nd perpendicular) tions with thex—a* resonant electronic transitions, which
scattering for the molydenum()pxo corrolel in a dichlo- are also polarized in the corrole plane. Although there is no
romethane solution in the 16A670-cnm* region obtained doubt that this is the case for [((@EPhkCor]MovV=0,
with excitation wavelengths at 413.1 (top), 441.6 (middle), because its RR spectra exhibit a very rich array of strongly
and 457.9 (bottom) nm, in near-resonance with the Soretresonance-enhanced polarized Raman bands, no assignment
absorption band 436 nm). All three excitation lines to specific corrole skeletal vibrations can be made at this
produce mainhA-term (Franck-Condon) scattering, which  time because of the lack of a quantitative understanding of
results in RR spectra that are dominated by polarized Ramarnthe corrole vibrational spectrum.
peaks (p, with depolarization ratiop, = Ig/l;, of <1/3) Nevertheless, Figure 3 demonstrates that one of the
arising from totally symmetric vibratiorf§:5” The spectra  strongest polarized bands in the Soret-band-excited spectra
excited at 457.9 and 441.6 nm are very similar in terms of of 1 in dichloromethane occurs at 964 tinThis charac-
their band frequencies and intensities (Figure 3b,c). A nearly teristic RR band has unequivocally been attributed to a
identical and complex set of the same vibrational modes is stretching vibration of the M6-O bond, »(MovO), as
also strongly enhanced by the 413.1-nm line (Figure 3a), described in detail below.
but notable differences are quite apparent, particularly in the Identification of the MoY—0O Stretching Vibration, v-
low-frequency region. The most striking difference occurs (MoVO). Vibrational spectroscopy can provide direct evi-
among the bands below 350 cinwhere an intense trio of  dence for the MY—O bond through its characteristic
p bands at 250, 267, and 276 chdominates the 457.9-  stretching frequency in the IR and Raman spectra. Figure
and 441.6-nm excitation spectra. As Figure 3 demonstrates,S-1a in the Supporting Information displays the 40®50-
these bands become dramatically weaker and a new p bangm™ FT-IR spectrum of solid. in a KBr pellet. There are
appears very strongly at 327 chwith a 413.1-nm excitation ~ a few candidate bands in the 96980-cn* region where
radiation. Besides the 327-cthband, several additional p  the stretching vibration of the Me-O unit, »(MovO), is
expected to occlh®%8and the moderately strong band at 969

(67) Czernuszewicz, R. S.; Maes, E. M.; Rankin, J. GTle Porphyrin
Handbook Kadish, K. M., Smith, K. M., Guilard, R., Eds.; Academic  (68) Barraclough, C. G.; Lewis, J.; Nyhlom, R. &. Chem. Soc1959
Press: New York, 2000; Vol. 7; pp 29337. 3552-3555.
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1 in KClI pellet
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Figure 4. Effects of'80-isotope substitution on the 760100-cnT! RR
spectrum of solidl excited at 413.1 nm: (a) natural abundadcand (b)

1 substituted withtO at the oxo group. Conditions: backscattering from
a spinning KCI pellet~100-mW laser power; 4-cni slit widths; average
of 6 scans; 1-s integration time at 0.2-chincrements.

cmtis assigned as thelMoYO) mode. A positive identi-
fication of the 969-cm! IR absorption band as th€MoVO)
stretch comes from the solid-state RR spectrunl af a
KCI pellet (Figure S-1b in the Supporting Information), in
which thev(MoVO) mode gives rise to one of the strongest
bands at 969 cnt when excited by the 441.6-nm line. More
importantly, we attribute the 969-crhband to the stretching
vibration of the M&—O unit because it shifts to 924 cth
when the oxo group inl is substituted with'®0, as
demonstrated in Figure 4. The obserVé@-isotopic shift
of »(MoVO) (—45 cn1?) is in very close agreement with
that calculated for an isolated M@ diatomic oscillator
(=47 cml). Calculation of the force constant for the 969-
cm ! mode is a direct spectroscopic probe for a\W®
triple bond with the value of 7.58 mdyn/A. This force

pically labeled [Md8Q]-1 is dissolved in dichloromethane
and chloroform, the RR spectra display similar bands@it9
cm™t in both solvents. The observed shifts b5 cnt?
toward lower frequencies unequivocally validate the
(MoV0) vibrational assignment. In contrast, [MO]-1 gives
the »(MoVO) band of markedly narrower width (fwhms
7.2 cnl) at higher frequency;-974 cnmt, when the RR
spectrum is measured in cyclohexane (Figure 5, left panel).
Again, the identity of the 974-cnd band in cyclohexane as
thev(MoVO) stretch is firmly established by th&-isotopic
shift to ~928 cnT? in the spectrum of [M&O]-1.

SIFSs for the »(MoVYO) Stretch. The most obvious
finding of the present RR study is that the ¥480 bond of
mesetriarylcorrole 1 is susceptible to solvent-induced po-
larization. Because of the polar character of theV®
bond, it is possible for electron-donating and -accepting
molecules to interact at the partially positive Mo and partially
negative O ends, respectively. Both kinds of interactions are
expected to weaken the M=O bond by counteracting the
02~ — Mo®°" charge donation in the bond. In fact, Su et al.
have previously published magnitudes of the SIFS involving
a VW-0 stretching RR band of vanadyl porphyrins and
showed that polar solvents increase the SIFS in proportion
to the electron acceptor strengthin a series of 10 organic
solvents, thev(V'VO) frequency decreased nearly linearly
with increasing Gutmann’s AN%;7%71from 1007 cm? in
hexane (AN= 0.0) down to 982 and 992 crhin chloroform
(AN = 23.1) for VO(OEP) and VO(TPP) (TPR mesoe
tetraphenylporphyrin), respectively.

Herein, we have measured thhMoVO) stretching RR
band of corrolel in 25 aprotic organic solvents. Figure S-2
in the Supporting Information compares the resulting RR
spectra in 21 solvents in the 925025-cn1! region obtained
with an excitation wavelength at 441.6 nm, sorted out (top
to bottom) by the ascending Gutmann solvent ANs (Figure
S-2a in the Supporting Information) and by the ascending
Swain et al. solvent polarity parametefs{ B) (Figure S-2b
in the Supporting Information). The frequencies are listed
in Table 1 and plotted in parts a and b of Figure 6 against
respectively the acceptor number AN and polarity parameter
(A + B) of the solvent. Also listed in Table 1 are the observed

constant is consistent with those calculated for the other effective bandwidths (fwhm full width at half-maximum)

known triply bonded, high-valent metabxo tetrapyrrole
complexe$69

The solution RR spectra of isotopically labeled [¥10]-
1 were recorded in three solvents, cyclohexane AR.O),
dichloromethane (AN= 20.4), and chloroform (AN= 23.1),

for the ¥(MoVO) RR bands in all considered solvents.
As expected, ther-hexane (AN= 0.0) solution ofl
produced the sharpesfMoVO) stretching RR band (fwhm
= 7.2 cnl) at the highest frequency, 975.4 ch{Table 1).
In all other solvents, the(MoVO) band increased in width

using excitation laser lines at 441.6 (cyclohexane) and 457.9and decreased in frequency. The reduction imtfhoYO)

(CH.CIl, and CHC}) nm. The results, which are compared
to those of [M@%0]-1 in Figure 5, demonstrate that dissolving
[Mo0]-1 in dichloromethane (middle panel) and chloroform
(right panel) produces intense and breghloVO) RR bands
(fwhm = 13.0 and 17.6 cnt, respectively) at lower
frequencies, both at964 cnt?, than the 969-cm' band

vibrational frequency means that stronger acceptor solvents
weaken the Mb—0 bond by interacting with the electron
pairs at the O end of the bond and impeding the-QMo
donation. However, Figure S-2a in the Supporting Informa-
tion and Figure 6a clearly show that, unlike in the case of a
v(VVO) stretch of vanadyl porphyrirté,the SIFS for the

observed in the solid-state sample (Figure 4). When isoto- »(MoVO) RR band of molybdenum(Woxo corrolel are

(69) Mandimutsira, B. S.; Ramdhanie, B.; Todd, R. C.; Wang, H.; Zareba,

A. A.; Czernuszewicz, R. S.; Goldberg, D.P Am. Chem. So2002
124, 15170-15171.

(70) Mayer, U.; Gutmann, V.; Gerger, WMonatsh. Chem1975 106,
1235-1257.
(71) Gutmann, VElectrochim. Actal976 21, 661-670.
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Figure 5. Effects of 180-isotope substitution on the 874075-cnt* RR spectra ofl in cyclohexane (left), dichloromethane (middle), and chloroform
(right): (a) natural abundande (b) 1 substituted witHO at the oxo group; (c) correspondin§® — 80) difference spectra. Spectra were recorded at room
temperature using excitation radiation at 441.6 nri%-mW laser power and 6-crhslit widths) for a cyclohexane solution and 457.9 nrl00-mW laser
power and 6-cm! slit widths) for the dichloromethane and chloroform solutions, with 6-tsiit widths and 1-s integration time at 0.2-chincrements

for all solutions (average of 6 scans).

Figure 6. Plots of thev(MovO) frequency forl as a function of (a) solvent AN (23 data poirfisind (b) solvent polarity parametek ¢+ B) (22 data
points)$3

not linearly correlated with the solvent’'s AN. In Figure 6a, an ascending parametek {+ B), which is considered as a

a large scatter of the data points is quite apparent, especiallyreasonable measure of the “solvent polarity” in terms of the

among the solvents with AN greater than 8.5 (entrie€3). overall solvation capability of a solveft.The description

Indeed, the equation of the least-squares fit is very poor, of the solvent effect is them(MoVO) = 975.08— 10.589A

namely,y(MovO) = 971.24— 0.45393AN, with a standard  + B) using 22 solvents (solvents-B, 11-16, 18-22, 24,

deviation of 1.15 cm! and a correlation coefficient of 0.7953 and 25 in Table 1). The standard deviation is reduced to

using data in 23 solvents (solvents 23, out of 25 listed in 0.429 cn1?, and the correlation coefficient is 0.9825.

Table 1). Consequently, the electrophilic character of a Molecular Association between Chloroform and 10ne

solvent (as measured by the AN) cannot alone determineof the striking features of the RR spectraldg thev(MoYO)

the SIFS magnitude for [((GRPhkCor]Mo'=O0. bandwidth that changes significantly with the solvent.
On the other hand, in Figure S2-b in the Supporting Representative spectra are expanded in Figure 7, and the

Information and Figure 6b, a clear straight line emerges oncefwhm values are summarized in Table 1. As expected,

the RR spectra and(MoVO) frequencies are sorted out by noninteracting solvents such a$hexane (Figure 7ad) and
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Figure 7. Expandedv(MoVO) region of the 441.6-nm excitation RR
spectra forl in (a) diethyl ether, (b) acetone, (c) pyridine, and (d) chloroform
(red traces), showing the changes in #igloVO) frequency and bandwidth
due to the solvent relative to thoserrhexane (blue traces). The largely
unaffected bands at+996 cni! arise from a corrole ligand vibration.
Conditions: as in Figure 5.

cyclohexane produced the sharpgsfio¥O) RR bands, with

a bandwidth of~7.2 cn1! (fwhm). Somewhat broader bands
of ~8.5-10.5 cnT! were observed in such solvents as
triethylamine, diethyl ether (Figure 7a), THF, methyl and
ethyl acetates, carbon disulfide, and acetone (Figure 7b). Th

Figure 8. Expanded/(MoVO) region of the RR spectra fdrin (a) CHCk

and (b) CDC} and their (CHG — CDCl) difference spectrum (c), showing
the shiftedv(MoVYO) mode (963.8 cmt) to a higher frequency (by-1.3
cm™1) in deuterated chloroform. All other bands that cancel in the difference
spectrum arise from corrole ligand vibrations. Conditions: backscattering
from a spinning NMR tube; 457.9-nm excitation;L00-mW laser power;
6-cm 1 slit widths; average of 4 scans; 1-s integration time at 0.2lcm
increments.

CCl; dipole—dipole, or hydrogen-bonding, interactions. A
slightly higherv(MoVO) frequency and, therefore, a slightly
stronger M&=O bond for thel/CDCl; molecular complex
compared tol/CHCI; is consistent with a smaller dipole
moment of CDC (¢ = 1.09 D) than that of CHGl(u =
1.14 D). CDC}, being a weaker dipole, is expected to
polarize the M8=O0 bond less by withdrawing less electron
density from the O atom and, therefore, to increasevthe

e(MoVO) stretching frequency.

Chloroform has been classified as an apolar aprotic solvent,
i.e., an organic solvent that is characterized by a low relative
permittivity (e, = 1.15 D, <15), a low dipole momen(=
1.14 D, <2.5 D), a lowEr value Er = 0.259,<0.3), and
the inability to act as a H-bond don&rApparently, our
present experimental RR data forin CHCIl; and CDC}
indicate that the HC bond in chloroform is sufficiently
polarized to act as a H-bond donor by interacting with lone
electron pairs on the O atom of the MO unit. In fact, a
molecular association between gaseous chloroform and sulfur
dioxide through CH-O hydrogen bonding has recently been
detected by FT-IR spectroscopy by Chung and Hipfler.

bandwidth increased te-11-13 cn1?! in the remaining
solvents, except for benzonitril&l-methylformamide, pro-
pylene carbonate, and chloroform (Figure 7d). In the latter
four solvents, the(MoVO) RR bands were the broadest, with
fwhm values of 14.4, 15.3, 15.5, and 17.6 ¢nrespectively.
Heterogeneity in the solvent environment due to strong
associative effects existing in aprotic solvéats no doubt
responsible for much of these bandwidth variations, but
specific solute-solvent interactions may also contribute.
Displayed in Figure 8 is the(MoYO) region of the 457.9-
nm excitation RR spectra fdrin CHCl; and CDC} solvents
together with their (CHGI— CDCls) difference spectrum.
Clearly, there is a shift of the{MoVO) stretching band (963.8
cm ) toward higher frequencies (b%1.3 cnm't) on going
from CHCk to CDCk, implying a slight strengthening of
the M0’=0 bond in the CDGlsolution. The remaining RR
bands, which arise from corrole ligand modes, were una
fected, and all completely cancel in the difference spectrum
(Figure 8c). We attribute this H/D sensitivity of téMoVO)
stretching frequency to a molecular association between
chloroform and corrolél through specific MY=O---H/D/

Conclusions

UV —visible, IR, and RR spectroscopic studies on high-
. valent [((CR),PhxCor]MoV=0 (1) were performed. The key
vibrational modey(MoVO), was identified in both the solid
state and solution by®O-isotope labeling of the terminal
oxo ligand. This stretching vibration was strongly enhanced
in resonance with the Soret electronic transition, and its
frequency was sensitive to solutsolvent interactions that

(72) Reichardt, CSobents and Sekent Effects in Organic Chemistry
Wiley-VCH: Weinheim, Germany, 2003.

(73) Chung, S.; Hippler, MJ. Chem. Phys2006 124, 214316-214322.
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weaken the M¥=O0 triple bond by inhibiting @ — Mo>" swagen Foundation, and the Polish Ministry of Science and
electron donation. The(MoVO) frequency, recorded in 25  Education (to D.T.G.) is gratefully acknowledged. We thank
aprotic organic solvents, decreased in proportion to a solventTomasz J. Czernuszewicz for his technical assistance in the
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follow in a linear fashion Gutmann’s solvent ANS.A

molecular association betweer_] Ch.loroform ahdhrough IR and RR spectra of soliil at room temperature and Figure S-2
C—H---0=Mo" hydrogen-bonding interactions was found gpoying the effects of 21 organic solvents on ##10¥O) RR

to be present in solution and detected by RR spectroscopy.pand ofl. This material is available free of charge via the Internet
at http://pubs.acs.org.
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