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The joint computational (TD-DFT) experimental study of the UV—vis spectroscopy of alkoxychromium(0) carbene
complexes accurately assigns the vertical transitions responsible for the observed spectra of these compounds.
Both the LF and the MLCT band have a remarkably z—s* character, which has been demonstrated by the strong
dependence of the absorptions with the donor/acceptor nature of the substituent in p-substituted styrylchromium(0)
carbene complexes. The effect of the substituent is also related with the equilibrium geometry of the complexes
and the occupations of the p atomic orbital of the carbene carbon atom. Additionally, the ferrocenyl moiety behaves
in chromium(0) (Fischer) carbene complexes as a sr-donor group.

Introduction

The organometallic photochemistry of chromium(0)carbene
complexes is, perhaps, one of the few metal-mediated
photoreactions of general application in organic synthesis."
The photogeneration of ketenes from chromium(0)carbene
and its reaction with ketenophiles led to many different
ketene-derived products.'* Recently, we opened new pho-
tochemical noncarbonylative reaction pathways, including
type I stepwise photodyotropies and a- fragmentations to
the carbene ligand.? Simultaneously, we have thoroughly
studied the mechanism of the photocarbonylation, which
involves the excitation to the S, state followed by a fast ISC
(intersystem crossing) to a T state with a metallacyclopro-
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panone structure.” During these and related studies, we
became aware that the electronic structure of Fischer carbene
complexes has been scarcely studied.

Chromium(0) carbene complexes are strongly colored
compounds, their color ranging from pale yellow to dark
red. The UV—vis spectra of Fischer metal—carbene com-
plexes shows three well-defined absorptions: a spin-forbidden
metal—ligand charge transfer (MLCT) absorption around 500
nm, the spin-allowed and moderately intense LF absorption
in the range of 350—450 nm, and one additional ligand-field
(LF) transition in the range of 300—350 nm.'® There is a
lower energy LF transition usually masked by the intense
MLCT absorption, although it has been observed in the non-
heteroatom-stabilized carbene complex (CO)sW=CPh(p-
MeOPh).* On the basis of very early molecular orbital
calculations,” the MLCT band has been assigned to the
promotion of an electron from the nonbonding metal-centered
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orbital HOMO to the carbene-carbon p-orbital-centered
LUMO, whereas the LF band is attributed to the more
energetic population of the metal-centered LUMO+1.

The strong dependence of the position of the bands with
the substitution on the carbene carbon atom is evident. For
example, chromium(0O)amino carbene complexes, amino
groups being strong s donors, are in general pale-yellow
compounds, whereas chromium(0)alkoxy carbene complexes,
alkoxy groups being softer donors than amino groups, are
deep-yellow complexes. Analogously, the substitution of a
Me group by a sm-acceptor substituent (e.g., Ph— or Ph-
CHCH-) results in a strong red-shift, and the complexes
are deep red. To fully understand the photochemistry and
other electronic properties of these compounds, we undertook
a joint experimental and computational study to accurately
assign the observed transitions in the UV—vis spectra of
alkoxychromium(0) (Fischer) carbene complexes, the effect
of substituents attached to the carbene ligand on the
electronic structure, and the equilibrium geometries of these
compounds. The study includes ferrocenyl-substituted com-
plexes to check the effect of an additional metal atom on
the electronic properties of Fischer carbenes. Reported in
this article are the results of this study, which change the
interpretation of the UV—vis spectroscopy of these com-
plexes and disclose a novel two-electron stabilizing interac-
tion between proximate metal centers.

Experimental Section

General Procedures. Aryl and alkynyl 1 and 3 were prepared
following the standard alkyllithium addition—alkylation sequence
reported by Fischer,® whereas styryl 2 were prepared from the
pentacarbonyl(ethoxy)methyl—chromium(0) carbene complex and
the corresponding benzaldehyde following the standard Aumann
reaction.” The structures of all compounds were established by
NMR experiments and by comparison with the analytical data
reported for 1a,%* 1b,%" 1¢,%° 2a,” 2b,% 2¢,% 2d,7* 2e,7* 2f 5 2g *°
2 h,°°® 3a,'°% and 3b'°° (Chart 1). All reactions were carried out
under argon atmosphere, and all solvents used in this work were
purified by distillation and were freshly distilled immediately before
use. Tetrahydrofuran (THF) and diethylether were distilled from
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sodium/benzophenone and dichloromethane (DCM) from calcium
hydride. Flame-dried glassware and standard Schlenk techniques
were used for moisture-sensitive reactions. Silica gel for flash
column cromatography purification of crude mixtures was purchased
form Merck (230—400 mesh), and the identification of products
was made by thin-layer chromatography kiesegel 60F-254). UV
light (A = 254 nm) and 5% phosphomolybdic acid solution in 95%
EtOH were used to develop the plates. NMR spectra were recorded
at 22 °C in CDCI3 on Bruker Avance 300 (300 MHz for 'H, 75
MHz for 3C) or Bruker AM-500 (500 MHz for 'H, 125 MHz for
13C). IR spectra were taken on a Bruker Tensor 27 (MIR 8000—400
cm™ 1) spectrometer in CHCl; solution. UV measures were recorded
on a Varian (Cary 50) spectrometer. All commercially available
products were used without further purification.

Computational Details. All of the calculations reported in this
paper were obtained with the GAUSSIAN 03 suite of programs.'’
Electron correlation was partially taken into account using the
hybrid functional usually denoted as B3LYP'? using the double-&
quality plus polarization def2-SVP basis set for all atoms.'?
Calculation of the vibrational frequencies'® at the optimized
geometries showed that the compounds are minima on the potential-
energy surface. Calculations of absorption spectra were ac-
complished in the present work using the time-dependent density
functional theory (TD-DFT)!® method at the same level. The
assignment of the excitation energies to the experimental bands
was performed on the basis of the energy values and oscillator
strengths. The B3LYP Hamiltonian was chosen because it was
proven to provide accurate structures and reasonable UV—vis
spectra for a variety of chromophores'® including organometallic
complexes.'’

The atomic orbital occupations and donor—acceptor interactions
have been computed using the natural bond orbital (NBO) method.'®
The energies associated with these two-electron interactions have
been computed according to the following equation,

1Flp)
N m
@ @

where F is the DFT equivalent of the Fock operator and ¢ and ¢*
are two filled and unfilled NBOs having &, and &, energies,
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Table 1. Comparison of Main UV —vis Excitation Energies (Amax in nm), Oscillator Strengths (f, in Parentheses), Calculated Bond Distances (in A) and

(NBO)p occupation for 1—3

entry complex A1 (LF band)* A> (MLCT band)” C—C bond length” Cr—C bond length” p occupation”
1 la 406 (387, 0.177) 2.084 0.584
2 1b 418 (380.7, 0.183) 2.101 0.604
3 1c 426 (400, 0.222) 2.107 0.595
4 2a 323 (320, 0.529) 471 (450, 0.358) 1.468 2.074 0.627
5 2b 337 (328, 0.596) 468 (449, 0.405) 1.466 2.078 0.627
6 2¢ 357 (343, 0.583) 468 (449, 0.476) 1.463 2.083 0.630
7 2d 330 (332, 0.591) 472 (456, 0.403) 1.469 2.072 0.628
8 2e 307 (328, 0.656) 481 (478, 0.384) 1.473 2.064 0.629
9 2f 355 (332, 0.551) 479 (456, 0.372) 1.463 2.076 0.635
10 2g 360 (360, 0.842) 484 (481, 0.555) 1.462 2.078 0.633
11 2h 333 (330, 0.202) 465 (438, 0.133) 1.460 2.086 0.629
12 3a 281 (304, 0.339) 504 (472, 0.292) 1.413 2.024 0.678
13 3b 306 (303, 0.118) 500 (453, 0.255) 1.408 2.041 0.678

“ The first value corresponds to experimental data (recorded at room temperature in hexane with a concentration ca. 1 x 107> mol/L). In parenthesis, the
first value corresponds to the computed TD-B3LYP/def2-SVP gas-phase vertical excitation energies, and the second one is the corresponding oscillator

strength. ” All data have been computed at the B3LYP/def2-SVP level.

respectively; ng stands for the occupation number of the filled
orbital.

Geometry optimizations (B3LYP/def2-SVP) were carried out
starting with the anti form (an orientation where the methyl group
of the ethoxy substituent is directed toward the metal fragment) of
aryl- and styryl-metal(0) Fischer carbene 1 and 2 respectively,
whereas the syn form was selected in the case of alkynyl-substituted
carbenes 3. These species are the most stable isomers in the gas
phase and in the solid state.'’

Chart 2
Et,
0 O—Et
(CopsCr= (€OysCr=
R R
anti syn

Results and Discussion

The suitability of selected TD-B3LYP/def2-SVP (gas
phase) method to accomplish the objectives of this work was
checked first. Data gathered in Table 1, which includes the
calculated oscillator strengths of the main absorptions, show
a good agreement between the calculated vertical excitation
energies and the wavelengths of the absorption maxima in
the experimental UV—vis spectra. This correlation allows
to the accurate assignment of the experimentally observed
bands for the specific transitions discussed below.

The effect of the introduction of a 7 bridge in the carbon
substituent attached to the carbene ligand in the electronic
structure of chromium(0)alkoxy carbenes was studied com-
paring la, 2a, and 3a, which have a phenyl, styryl, and
phenylethynyl group, respectively. The UV spectrum of the
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Inorg. Chem. 2007, 46, 9591. (¢) Santi, S.; Orian, L.; Donoli, A.;
Durante, C.; Bisello, A.; Ganis, P.; Ceccon, A.; Crociani, L.; Benetollo,
F. Organometallics 2007, 26, 5867.
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A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985, 83, 735.
(d) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88,
899.
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M. A. Organometallics 2007, 26, 5854.
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Figure 1. Room-temperature UV —vis spectra of 1a, 2a, and 3a in hexane
(in all cases the concentration of sample is ca. 1 x 1075 mol/L).

Ph-substituted carbene 1a shows two different absorptions
(at 239 and 406 nm), whereas styryl and phenylethynyl 2a
and 3a present three bands, with the new absorption located
at ca. 323 and 281 nm, respectively (Figure 1).

TD-DFT calculations show appealing differences with
respect to earlier work.” Previously, the MLCT band was
attributed to the HOMO — LUMO transition. However, the
TD-DFT data ascribe in all cases the MLCT band (in the
range of 400—500 nm) to the promotion of one electron from
the metal-centered HOMO-1 to the LUMO, which is a
m-extended orbital involving the p atomic orbital of the
carbene carbon atom (Figure 2). The presence of a 7 link
between the phenyl group and the metal moiety (2a, 3a)
provokes, as expected, a strong red-shift of this absorption
(406 nm for 1a compared to 471 and 500 nm for 2a and 3a,
respectively). The additional band of 2a and 3a (300—350
nm) is assigned on the basis of the TD-DFT calculations to
the LF transition from the HOMO-3 (centered in the &
system of the carbene ligand, Figure 2) to the LUMO. The
latter absorption is blue-shifted in 3a compared to 2a,
whereas the MLCT is red-shifted in 3a respect 2a. Interest-
ingly, the NBO occupation of the p atomic orbital of the
carbene carbon is clearly increased in the ethynyl-substituted
carbene 3a (0.678) compared to 2a (0.604, entries 2 and 12,
Table 1), which nicely agrees with the recently reported
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Figure 2. Molecular orbitals of 1a, 2a, and 3a calculated at the B3LYP/def2-SVP level (isosurface value of 0.035).

Table 2. Room Temperature UV—vis Spectra of 1a, 2a, and 3a in
Different Solvents

entry complex A1 (LF band)* A2 (MLCT band)“
1 1a 406, 387, 396
2 2a 323, 325, 324 471, 464, 458
3 3a 281, 281, 281 504, 496, 489

“The first value (plain) corresponds to hexane, the second (italics) to
dichloromethane, and the third (bold) to acetonitrile.

finding of the higher s-conjugative ability of triple bonds
compared with double bonds.*

The predominant w—s* character of the LF transition
should be reflected in a small solvatochromism.'”® Thus, we
performed UV —vis spectra in solvents with different polarity.
Data in Table 2 show that the LF band of planar 2a and 3a,
which involves genuine st orbitals, is independent of the
polarity of the solvent. This result confirms the 7—s* nature
of this absorption. As expected, we observed a small
solvatochromic effect (ca. 7—13 nm) in the absorption, which

(20) (a) Cappel, D.; Tiillmann, S.; Krapp, A.; Frenking, G. Angew. Chem.,
Int. Ed. 2005, 44, 361. (b) Fernandez, 1.; Frenking, G. Chem.—Eur. J.
2006, 12, 3617.
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is in excellent agreement with the MLCT nature of this
transition.'”®

The effect of 7 substituents attached to the aryl group in
styryl complexes on the position of the different UV—vis
bands was studied next. A series of styryl-substituted
complexes 2a—g was prepared to cover a representative
range of compounds including sr-donor and s-electron
withdrawing groups. Figure 3 compiles the UV spectra of
these compounds. As predicted, the position of the MLCT
band is slightly dependent on the nature of the p-substituent
of the phenyl group (ranging from 468 nm for the strongly
donating MeO group to 481 nm for the CN acceptor group),
whereas the LF transition strongly depends on this substitu-
tion (357 nm for the MeO group to 307 nm for the CN
group). Thus, z-donor substituents attached to the phenyl
group lead to red-shifts of the LF band while having almost
no effect on the MLCT band. s-acceptor groups provoke
significant blue-shifts in the LF band and small red shifts
on the MLCT transition. This effect of substituents on the
absorption of the complexes can be quantified by using the
Hammett—Brown substituent constants?! (o, or ¢,7) to
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Figure 3. Room-temperature UV—vis spectra of 2a—g in hexane (in all
cases the concentration of sample is ca. 1 x 107> mol/L).
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Figure 4. Plot of the wavelengths of absorption maxima of the LF band
(squares) and MLCT band (circles) versus the o,* values for 2a—e.
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estimate the through-resonance effect (which means direct
conjugation between the o7 group and the reaction center).?
Very good to good linear relationships were found between
the value of wavelengths of the absorption maxima and
Hammett—Brown parameters for both bands (Figure 4, LF
band: correlation coefficient 0.98 and standard error 4.71;
MLCT band: correlation coefficient 0.92 and standard error
2.44). The higher slope of the linear correlation for the LF
band provides additional support for the higher sensitivity
of this absorption to the st conjugation compared to the
MLCT band.

(21) (a) Okamoto, Y.; Brown, H. C. J. Org. Chem. 1957, 22, 485. (b) Stock,
L. M.; Brown, H. C. Adv. Phys. Org. Chem. 1963, 1, 35. (Ilfr values
taken from: (c) Hansch, C.; Leo, A. Exploring QSAR. Fundamentals
and Applications in Chemistry and Biology, ACS Professional Refer-
ence Book, American Chemical Society: Washington, DC, 1995.

(22) Fernandez, 1.; Frenking, G. J. Org. Chem. 2006, 71, 2251, and
references therein.
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Figure 5. Plot of the wavelengths of absorption maxima of the LF band
versus the C—C bond (squares) and Cr—C bond (circles) lengths for 2a—g.

The effect of substituents other than phenyl groups directly
attached to the C=C double bond of the carbene ligand was
addressed next. Data in Figure 3 and Table 1 clearly show
that furyl and m-extended styryl substituents (2f and 2g,
respectively) lead to strong bathochromic shifts of the LF
absorption and smaller but significant red-shifts in the MLCT
band compared to the reference 2a. Similarly to the other
styryl 2, the TD-DFT calculations assign, in 2f and 2g, the
LF band to the HOMO-3 — LUMO transition, whereas the
MLCT is ascribed to the HOMO-1 — LUMO transition,
analogously to the other 2 studied. Therefore, we can
conclude that the origin of the absorptions is independent
of the nature of the st link attached to the carbene carbon
atom.

The effect of 7 substituents on the electronic structure of
styryl-substituted Fischer carbene complexes translates in
appreciable changes in the equilibrium geometry of the
different compounds. In fact, 77-donor substituents populate
the resonance structure II (Scheme 1) and therefore shorten
the C=C bond with the concomitant lengthening of the
Cr=C bond (1.468 A in 2a to 1.463 A in 2¢ for the C=C
bond, whereas the distance of the Cr=C bond increases from
2.074 A in 2a to 2.082 in 2¢, Table 1). As expected, strong
acceptor substituents like a cyano group (2e) have the
opposite effect in the bond distances because the resonance
form II in Scheme 1 cannot be populated. Thus, electron-
withdrawing groups provoke a lengthening of the C=C bond
(from 1.468 A in 2a to 1.473 in the CN-substituted 2e),
whereas the distance of the Cr=C bond shortens from 2.074
A in 2a to 2.064 A in 2e (Table 1). Obviously, these
geometrical features correlate with the position of the
absorption maxima of the LF band, which as discussed above
has the strongest dependence with the 5z conjugation. Again,
very good linear relationships have been found between the
latter geometrical features and the wavelengths of the LF
absorption maxima (Figure 5, C—C bond length vs 4,(LF):
correlation coefficient 0.987 and standard error 0.001; Cr=C
bond length vs A;(LF): correlation coefficient 0.831 and
standard error 0.003). On the contrary, poorer linear cor-
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Figure 6. Room-temperature UV —vis spectra of 1a,b, 2a,h, and 3a,b in
hexane (in all cases the concentration of sample is ca. 1 x 107> mol/L).

relations between the bond lengths and the position of the
absorption maxima of the MLCT band were found. This fact
provides further support for the above mentioned higher
sensitivity of the LF transition with the s conjugation
compared to the MLCT band.

The effect of the presence of an additional metal center
susceptible of interacting with the chromium carbene on the
electronic structure of these complexes was finally addressed.
Ph-substituted 1a, 2a, and 3a were compared with their
ferrocenyl analogues 1b, 2h, and 3b, respectively (Figure 6
and Table 1). 2h and 3b bearing the ferrocenyl moiety
experience slight blue-shifts in the MLCT band (except for
1b, which experiences a slight red-shift) and a more
pronounced red-shift in the LF band. This behavior is quite
similar to the effect of a r-donor substituent attached to the
p-position of the aryl groups of styrylcarbene complexes
(Figure 3). Moreover, the ferrocenyl group in 2h and 3b also
leads to a shortening of the C=C bond and a lengthening of
the Cr=C bond (entries 11 and 13, Table 1) compared to
corresponding phenyl-substituted 2a and 3a (entries 4 and
12, Table 1), whereas the occupation of the p carbene orbital
show only negligible changes by the presence of the
ferrocenyl moiety compared to the analogous aryl derivatives.
Therefore, we can conclude that the ferrocenyl group acts
in chromium(0) carbene complexes as a st-donor substituent.

As stated above, the MLCT band of ferrocene derivative
1b is slightly red-shifted compared to the phenyl-substituted
la. Comparison between the wavelength of the MLCT-
absorption maxima of 1a and its p-MeO derivative 1¢, which
is also red-shifted, solves this apparent contradiction and
demonstrates that the ferrocenyl moiety behaves as a 7z-donor
substituent.? Additionally, the origins of this donation can

(23) This result agrees with the reported s7-donor nature of the ferrocenyl
moiety. See:(a) Arnett, E. M.; Bushick, R. D. J. Org. Chem. 1962,
27, 111, and references therein.

(24) (a) An analogous albeit stronger interaction has been reported to occur
between the iron atom and the p orbital of the boron atom in
ferrocenylboranes and boroles, see: Bolte, M. J.; Bats, W.; Scheibitz,
M.; Lerner, H.-W.; Nowik, I.; Herber, R. H.; Krapp, A.; Lein, M.;
Holthausen, M. C.; Wagner, M. Chem.—Eur. J. 2005, 11, 584. (b)
Braunschweig, H.; Fernandez, I.; Frenking, G.; Kupfer, T. Angew.
Chem., Int. Ed. 2008, 47, 1951.

5258 Inorganic Chemistry, Vol. 47, No. 12, 2008

Lage et al.

d(Fe)

Figure 7. Two-electron interaction in 1b.

be found with the help of the second-order perturbation
theory of the NBO method.'® A stabilizing two-electron
interaction between the occupied d orbital of the iron atom
and the p orbital of the carbene carbon atom (associated
second-order perturbation energy (AE®) = —0.60 kcal/mol)
was found (Figure 7).>* This effect is very likely responsible
for the computed higher p occupation in 1b compared to
that in 1a.

Conclusions

The joint computational (TD-DFT) experimental study of
the UV—vis spectroscopy of alkoxychromium(0) carbene
complexes accurately assign the vertical transitions, which
are responsible for the observed spectra of these compounds.
Both the LF and the MLCT band have a remarkable t—s*
character, which has been demonstrated by the strong
dependence of the absorptions with the donor/acceptor nature
of the substituent in p-substituted styrylchromium(0) carbene
complexes. The effect of the substituent is also related to
the equilibrium geometry of the complexes and the occupa-
tions of the p atomic orbital of the carbene carbon atom.
Additionally, the ferrocenyl moiety behaves in chromium(0)
(Fischer) carbene complexes as a m-donor group. The
application of these findings to the mechanistic and synthetic
photochemistry of these complexes is now underway in our
laboratories.
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