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NMR Study of the Reaction of RuH,(PMe;), with
Bronsted Acids. (a) Reaction with Phenol in THF-d;. An
NMR tube containing RuH,(PMe), (47 mg, 0.11 mmol) and
phenol (110 mg, 1.1 mmol) was capped with a rubber septum
under argon. THF-dg (ca. 0.5 mL) was introduced by a syringe.
31P{'H} and 'H NMR spectra of the mixture were measured after
keeping it at room temperature for 1 h: 3P{'H} NMR (-60 °C,
external 85% HyPO,) -10.3 ppm (A,B, pattern, Av(P,Pg) = 32
Hz, J(P,Py) = 39 Hz); 'H NMR (-40 °C) ¢ 9.9 (OH), 7.3-7.0
(CeHs), 1.3-1.2 (P(CH)3)s, -8.2 (RuH).

(b) Reaction with Phenol in Acetone-dg. After RuH,-
(PMej), (60 mg, 0.15 mmol) and phenol (75 mg, 0.80 mmol) were
introduced into an NMR tube equipped with a glass joint, ace-
tone-dg (ca. 0.7 mL) was transferred by trap-to-trap distillation.
'H and ?H NMR spectra were measured soon after sealing the
sample tube: 'H NMR (-40 °C) § 12.4 (OH), 7.2-6.8 (CcHs),
1.5-1.3 (P(CH,),), 7.9 (RuH); 2ZH NMR (=70 °C) 10.5 ppm (OD).
The 'H NMR spectrum after reaction at room temperature for
13 min showed the decrease of peak area of OH and RuH hy-
drogen signals to ca. 40% of the initial peak areas. These signals
disappeared completely after reaction at room temperature for
26 min, although the 3P{'H} NMR spectrum showed retention
of the same spectroscopic pattern as for 4.

(¢) Reaction with 1,1,1,3,3,3-Hexafluoro-2-propanol in
Acetone-d,;. After RuH,(PMejy), (66 mg, 0.16 mmol) and
1,1,1,3,3,3-hexafluoro-2-propanol (140 mg, 0.83 mmol) were in-
troduced into an NMR tube equipped with a glass joint, acetone-dj
(ca. 0.8 mL) was transferred by trap-to-trap distillation. 3'P{‘H}
and 'H NMR spectra of the reaction mixture were measured soon
after sealing the sample tube: 3'P{*H| NMR (-40 °C, external
H;PO,) -9.7 ppm (A,B, pattern); 'H NMR (40 °C) 5 9.5 (OH),
4.7 (CH, septet, J(HF) = 7 Hz), 1.5-1.4 (P(CHjy)3), -7.9 (RuH).

The *1P{'H} NMR spectrum after reaction at room temperature
for 40 min indicated the decrease of the signal at 9.7 ppm to ca.
75% of the initial peak area. The growth of new signals at 21.0,
-4.8, and -17.0 ppm (A;MX pattern) was observed. After 80 min
the signal at —9.7 ppm decreased to ca, 45%. After 24 h all these
signals disappeared to give signals of uncharacterized complexes.
The isolation of cis-RuH{(OCH(CFj3),)(PMes), from the reaction
mixture as well as its full characterization by NMR spectroscopy
was not feasible due to its instability.

(d) Reaction with HBF, in Acetone-d;. An NMR tube
containing RuHy(PMe;), (35 mg, 0.085 mmol) and HBF, (48%
aqueous solution, 31 mg, 0.17 mmol) was capped with a rubber
septum under argon. Acetone-dg (ca. 0.7 mL) was introduced by
a syringe. %'P{!H} and 'H NMR spectra of the reaction mixture
were measured soon after the preparation of the sample: *P{*H}
NMR (-40 °C, external H;PO,) -8.8 ppm (A,B, pattern); 'H NMR
(-40 °C) 6 11.7 (HBF, and H,0), 1.5-1.4 (P(CH,),), -7.9 (RuH).
The *P{'H} NMR spectrum after reaction at room temperature
for 4 h showed partial decomposition of the above signals (to ca.
50%) and the formation of uncharacterized complexes.
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The solvatochromism of the well-separated long-wavelength charge-transfer bands of the title complexes
was studied in 36 aprotic solvents and in dichloromethane solutions of durene and hexamethylbenzene.
The observed effects cannot be described with one of the conventional solvent parameters that have been
successfully used for other transition-metal carbonyl complexes; however, they may be interpreted consistently
in terms of strong n- and w-donor contributions from the solvents. Within a three-component M-A-D
approximation, the w-accepting TCNE (A) interacts strongly with the low-valent metal fragment (M) on
one side and weakly with donor solvents (D) on the other side of the molecular plane. A solvent parameter
Eqrp(r) is derived, which should describe the (n + 7) donor capability of solvents toward an approximately
planar w-electron-accepting entity. The differences between the Cr and W series reflect the dipolar

contributions to the total solvent effect.

Introduction

The long-known phenomenon of solvatochromism, i.e.
the solvent dependence of absorption features and espe-
cially of the color of certain compounds,’? has attracted

(1) Reichardt, C. Solvent Effects in Organic Chemistry; Verlag Che-
mie: Weinheim, FRG, and New York, 1979; Solvents and Solvent Effects
in Organic Chemistry; VCH: Weinheim, FRG, 1988.

(2) (a) Saito, H.; Fujita, J.; Saito, K. Bull. Chem. Soc. Jpn. 1968, 41,
863. (b) Bock, H.; tom Dieck, H. Angew. Chem., Int. Ed. Engl. 1969, 8,
674. (c) Burgess, J. J. Organomet. Chem. 1969, 19, 218. (d) Walther, D.
Z. Anorg. Allg. Chem. 1973, 396, 46. (e) Dodsworth, E. S.; Lever, A. B.
P. Chem. Phys. Lett. 1984, 112, 567. (f) Kaim, W.; Ernst, S.; Kchlmann,
S. Chem. Unserer Zeit 1987, 21, 50. (g) Sullivan, B. P. J. Phys. Chem.
1989, 93, 24.
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renewed attention recently because of increasing attempts
to understand and design electronic structures of poten-
tially light-harvesting and photosensitizing complexes
(excited-state tuning).® There is also a more general need
for reliable solvent parameters that can be correlated with
a number of physical properties and with chemical re-
activities of the dissolved species.!* Many of the estab-

(3) Kozik, M.; Sutin, N.; Winkler, J. R. Coord. Chem. Rev. 1990, 97,

1.

(4) (a) Dogonadze, R., Kalman, E., Kornyshev, A. A., Ulstrup, J., Eds.;
The Chemical Physics of Solvation; Elsevier: Amsterdam, 1985. (b) Cf.
the compilation in: Seeber, R.; Piu, P.; Piraino, P.; Zanello, P. Inorg.
Chim. Acta 1989, 155, 27, (c) Cataldn, J.; Gémez, J.; Couto, A.; Laynez,
J. J. Am. Chem. Soc. 1990, 112, 1678.
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lished solvent scales are based on the solvatochromism of
suitable compounds;! well-known examples include Rei-
chardt's E'r scale, which is derived from an organic betaine
dye molecule,” Kosower’s Z scale, which is based on an
intermolecular charge-transfer (CT) transition of a pyri-
dinium salt,® the =* parameters of Kamlet, Taft, et al.,
which come from = — #* transitions of certain nitro aro-
matics,” and the E*yy o1 scale derived by Manuta and Lees
from the metal-to-ligand charge-transfer (MLCT) ab-
sorption of (2,2-bipyridine)tetracarbonyltungsten(0).3

The last scale has meanwhile been used frequently and
successfully by us® and others!®!! to describe quantitatively
the extent of solvatochromism in numerous complexes
where the metal is o-bonded to coordinating n-donor atoms
such as N,8710 § 112 and PIb of the #-acceptor or w-donor
ligand. Such an approach works particularly well if protic
solvents capable of hydrogen bonding are excluded;!? also,
solvents with more polarizable second-row elements such
as chlorinated hydrocarbons or carbon disulfide presented
some problems for solvent parametrization.>'? Although
there are still open questions with respect to the ration-
alization of the observed effects, especially in systems
without a permanent dipole moment,?¢!2-14 the E*\; o1
parameters usually work well to describe the solvent de-
pendence of CT transitions.

Organometallic complexes with 7 type coordination!®
between the metal center and the chromophoric ligand
have not been extensively studied in this respect,’® al-
though such (solvated) species are certainly involved in
many important homogeneously catalytic processes.!%!7
Most of the more stable 7-bonded olefin complexes do not
show conspicuous color changes in different solvents be-
cause they absorb at rather short wavelengths;¢ further-
more, the ligand-field transitions often occur at lower en-
ergies than the charge-transfer transitions.’®!7 With the
extremely strong w-acceptor ligand tetracyanoethylene
(TCNE), considerable metal-to-ligand electron exchange
often occurs in the ground state of w-bonded complexes,
e.g. of platinum metal fragments, so that there too is only
a small amount of absorption in the visible region and
apparently little solvatochromism of absorption bands.!8

We have recently confirmed!®?! that the deeply colored

(5) Johnson, B. P.; Gabrielsen, B.; Matulenko, M.; Dorsey, J. G.;
Reichardt, C. Anal. Lett. 1986, 19, 939.

(6) Kosower, E. M. Prog. Phys. Org. Chem. 1965, 3, 81.

(7) Taft, R. W.; Pienta, N. J.; Kamlet, M. J.; Arnett, E. M., J. Org.
Chem. 1981, 46, 661.

(8) Manuta, D. M.; Lees, A. J. Inorg. Chem. 1983, 22, 3825.

(9) (a) Ernst, S.; Kurth, Y.; Kaim, W. J. Organomet. Chem. 1986, 302,
211. (b) Kaim, W.; Kohlmann, S. Inorg. Chem. 1986, 25, 3306. (c) Kaim,
W.; Kohlmann, S.; Ernst, S.; Olbrich-Deussner, B.; Bessenbacher, C.;
Schulz, A. J. Organomet. Chem. 1987, 321, 215. (d) Olbrich-Deussner,
B.; Kaim, W. J. Organomet. Chem. 1988, 340, 71.

(10) (a) Shoup, M.; Hall, B.; Ruminski, R. R. Inorg. Chem. 1988, 27,
200. (b) Granifo, J.; Vargas, M. E,; Costamagna, J.; Francois, M. A.
Polyhedron 1988, 7, 489. (c) Zulu, M. M.; Lees, A. J. Inorg. Chem. 1988,
27, 3325.

(11) (a) Zuleta, J. A.; Burberry, M. S.; Eisenberg, R. Coord. Chem. Rev.
1990, 97, 47. (b) Tyler, D. R.; Mao, F. Coord. Chem. Rev. 1990, 97, 119.

(12) Manuta, D.; Lees, A. J. Inorg. Chem. 1986, 25, 3312.

(13) Dodsworth, E. S.; Lever, A. B. P. Coord. Chem. Rev. 1990, 97, 271.

(14) Dodsworth, E. S.; Lever, A. B. P. Inorg. Chem. 1990, 29, 499,

(15) (a) Herberhold, M. Metal n-Complexes; Elsevier: Amsterdam,
1972; Vol. II. (b) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R.
G. Principles and Applications of Organotransition Metal Chemistry;
University Science Books: Mill Valley, CA, 1987.

(16) Geoffroy, G. L.; Wrighton, M. S. Organometallic Photochemistry;
Academic Press: New York, 1979. ;

(17) Cf.: Grevels, F.-W.; Jacke, J.; Klotzbiicher, W. E.; Ozkar, S.;
Skibbe, V. Pure Appl. Chem. 1988, 60, 1017.

(18) (a) Baddley, W. H. J. Am. Chem. Soc. 1966, 88, 4545. (b) Bad-
dley, W. H. J. Am. Chem. Soc. 1968, 90, 3705. (c) Baddley, W. H.;
Venanzi, L. M. Inorg. Chem. 1966, 5, 33. (d) Uguagliati, P.; Baddley, W.
H. J. Am. Chem. Soc. 1968, 90, 5446. (e) Baddley, W. H. Inorg. Chim.
Acta, Rev. 1968, 2, 7,
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Figure 1. Absorption spectra of (TCNE)Cr(CO); in acetonitrile
(—), THF (---), benzene (—--), and cyclohexane (-+). Absorbance
scales are different for each spectrum.

complexes of TCNE with the prototypical organometallic
fragments Cr(CO); and W(CO); are complexes with a
m-coordinated olefin ligand.?® The single intense (¢ = 7000
M em™) charge-transfer absorption band in the long-
wavelength region,'®® the infrared'® and resonance Raman?!
vibrational data, and the electrochemical characteristics®
of these complexes could be interpreted within the concept
of typical olefin—metal bonding;?? all evidence points to a
molecular orbital situation where the MLCT formulation
is only partially valid because of strong metal-ligand
mixing in the ground and lowest excited states.!® Nev-
ertheless, the reversible reduction of these complexes at
potentials close (W system) or even identical with that of
the free acceptor ligand TCNE (Cr derivative)!® indicates
(i) that the metal-to-ligand back-donation comes close to
compensating for the olefin-to-metal m-donor interaction
and (ii) that the complexes are still strong acceptor systems
just as free TCNE itself.1%

In our previous report we have presented first evidence
that the solvent dependence of the long-wavelength ab-
sorption maxima could not be correlated!®2% with existing
solvent parameters! such as Er, E*ppcr, or the D, scale,
which is based on rates of reaction between diphenyl-
diazomethane and TCNE.2? Using 36 aprotic solvents,
we describe and discuss solvatochromism which differs
qualitatively from that of all other transition-metal car-
bonyl compounds. From the ordering of the absorption
maxima the empirical solvent parameter E-p(w) can be
derived.

Experimental Section

Syntheses and characterization of the complexes (TCNE)M-
(CO); (M = Cr, W) have been described previously.!®? The best
preparative results were obtained when THF with the stabilizing
inhibitor 2,8-di-tert-butyl-4-methylphenol was used for the
photogeneration of the intermediate, the solvate (THF)M(CO)s.

Common solvents for absorption measurements were purchased
from Aldrich Co. and were of spectrograde quality, if available.
The few special, uncommon solvents were used as supplied by
the same source. Ethers gave slightly lower absorption maxima
of the dissolved complexes if freshly distilled from potassium
metal.

(19) (a) Olbrich-Deussner, B.; Gross, R.; Kaim, W. J. Organomet.
Chem. 1989, 366, 155. (b) Olbrich-Deussner, B.; Kaim, W.; Gross-Lan-
nert, R. Inorg. Chem. 1989, 28, 3113.

(20) (a) Herberhold, M. Angew. Chem. 1972, 84, 773. (b) Ibid., 1968,
80, 314; Angew. Chem., Int. Ed. Engl. 1968, 7, 305.

(21) Stufkens, D. J.; Snoeck, T. L.; Kaim, W.; Olbrich-Deusssner, B.;
Roth, T. J. Organomet. Chem., in press.

(22) (a) Mingos, D. M. P. in Comprehensive Organometallic Chem-
istry; Wilkinson, G., Stone, F. G. A, Abel, E. W, Eds.; Pergamon Press:
Oxford, U.K., 1982; Vol. 3, p 1. (b) Dewar, M. J. S,; Ford, G. P. J. Am.
Chem. Soc. 1979, 101, 783. (c) Albright, T. A.; Hoffmann, R.; Thibeault,
dJ. C.; Thorn, D. L. J. Am. Chem. Soc. 1979, 101, 3801.

(23) (a) Oshima, T.; Arikata, S.; Nagai, T. J. Chem. Res., Synop. 1981,
S 204; J. Chem. Res., Miniprint 1981, 2518. (b) Oshima, T.; Nagai, T.
Tetrahedron Lett. 1985, 26, 4785.
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Table I. Charge-Transfer Absorption Maxima 7, (cm™) of
the Complexes (TCNE)M(CO); (M = Cr, W) in Different
Solvents (Selected Bandwidths at Half-Height in

Parentheses)
abs max
(TCNE)W-
solvent (TCNE)Cr(CO); (CO);s
chloroform 11100 12 360
carbon disulfide 11120 12210¢
100500
dichloromethane 11200 (3000) 12450 (3000)
trichloroethene 11280 12400
1,2-dichloroethane (DCE) 11320 12550
tetrachloroethene 11370 12400
1,2-dichlorobenzene 11370 12450
tetrachloromethane 11380 12 450°
10300°
hexafluorobenzene 11390 12640
cyclohexane 11400 12400° (2600)
10190°
chlorobenzene 11480 12700
pentane 11550 (2500) 12560° (2400)
10 300°
cis-cyclooctene 11610 12700
nitrobenzene (NB) 11850 13300
benzene (BZ) 12000 13150
benzonitrile (BN) 12040 13470
anisole 12090 13130
toluene (Tol) 12100 (3250) 13400 (3150)
1-methylnaphthalene 12280 13380
diethyl ether 12640 13700
1,4-dioxane 12640 13800
mesitylene (Mes) 12670 13850
acetonitrile (AN) 12700 14 100¢
ethyl acetate 13350 14450
tetrahydrofuran (THF)¢ 13490¢ (5300) 14680 (4900)
cyclohexanone 13490 14810
acetone (AC) 13500 (5300) 14950 (5500)
1,2-dimethoxyethane (DME) 14 360¢ 15360

¢ Principal maximum. ®Shoulder. ¢Contains the stabilizer 2,6-
di-tert-butyl-4-methylphenol. 913090 cm™ in freshly distilled
THF. ©14080 cm™ in freshly distilled DME.

Absorption measurements were routinely performed with a
Shimadzu UV 160 spectrometer. Checks on the Bruins Instru-
ments Omega 10 precision spectrometer showed the values to be
correct with an error margin of +4 nm, corresponding to about
+60 cm™! uncertainty in the wavenumbers.

Results

Figure 1 shows the typical solvatochromic response of
the chromium complex. This system displays only one
unperturbed absorption band, even in the least polar
solvents, while the tungsten analogue exhibits some
shoulders in such media.l?® There are three transitions
possible from the three filled d orbitals of the d® metal;
overlap-forbidden transitions of different polarization and
d orbital splitting are likely to be more pronounced in the
case of the heavier tungsten system.!%2¢ The band widths
at half-height vary between 2400 c¢cm™ (in “nonpolar”
solvents) and almost 6000 cm™ (in more “polar” media)
and are thus typical for CT transitions.?

The complexes are fairly soluble in less coordinating
solvents such as (halogenated) hydrocarbons, nitriles, es-
ters, ketones, or ethers; on the other hand, amines and
protic solvents cause rapid dissociation, particularly of the
chromium complex. Table I summarizes the energies at
the absorption maxima measured in 27 more common
solvents, listed according to increasing hypsochromic shift
for the chromium complex. Table II contains data ob-

Kaim et al.

Table II. Solvatochromism® of the Complexes
(TCNE)YM(CO); (M = Cr, W) in Aromatic Solvents and in

Tetramethylethene
abs max
solvent M=W M= Cr

1,2-dichlorobenzene 12450 11370
hexafluorobenzene 12640 11390
chlorobenzene 12700 11480
anisole 13130 12090
benzene 13150 12000
nitrobenzene 13300 11850
tetramethylethene 13300 12170
1-methylnaphthalene 13380 12280
ethylbenzene 13390 12240
toluene 13400 12100
benzonitrile 13470 12040
1,2-diethylbenzene 13480 b
1,3-diethylbenzene 13570 b
1,4-xylene 13640 12 300
1,4-diethylbenzene 13640 b
1,3,5-triethylbenzene 13660 12500
mesitylene 13850 12670
1,2,3,4-tetramethylbenzene 13910 12900
durene in CH,Cly* 13350 11720
hexamethylbenzene in CH,CLy* 12970 11220

¢ Absorption maxima in cm™, in the order of hypsochromic shift
of the tungsten complex. ®Rapid decomposition. ©Saturated so-
lution.
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Figure 2. Energy at the absorption maximum (1 kK = 1000 cm™)
of (TCNE)W(CO); depending on the molar ratio R between
durene and dichloromethane.

tained in seven more alkyl aromatic solvents and in tet-
ramethylethylene; also included are values measured in
saturated solutions of hexamethylbenzene and durene
(1,2,4,5-tetramethylbenzene) in dichloromethane. The
response of the latter system to a changing molar ratio of
the medium is depicted in Figure 2. Only the data from
Table I were used to derive the new solvent parameter
Eqq(n) (cf. Table IV). Absorption spectra in KBr pellets
and diffuse-reflectance spectra of the solid complexes on
filter paper showed rather broad bands with maxima
around 14000 cm™ in both cases.?

Discussion

Solvatochromism occurs if the solvent stabilization of
a system is different in the ground and excited states.!
Strong effects are expected if the transition moment lies
antiparallel to the ground-state dipole moment Mé <« L&
as in a metal-to-ligand charge-transfer situation.%?® The
excitation responsible for the long-wavelength bands in the

(24) Balk, R. W.; Stufkens, D. J.; Oskam, A. Inorg. Chim. Acta 1978,
28, 133.

(25) Lever, A. B. P. Inorganic Electronic Spectroscopy, 2nd ed.; El-
sevier: Amsterdam, 1984.
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Table II1. Correlation Coefficients between Solvent
Parameters and Data from Table I

r

no. of data (TCNE)-
param (ref) points® (TCNE)Cr(CO); W(CO),
E*yier (9) 17 0.486 0.563
Er (1,5) 24 0.260 0.366
w* (7) 12 0.208 0.556
DN (1, 26) 12 0.908 0.889
D, (23) 15 0.834 0.807

9Solvent parameters were not always available for the solvents
used in Table L.
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Figure 3. “Correlation” between wavenumbers at the absorption
maxima of (TCNE)Cr(CO); (@) and (TCNE)W(CO); (O} in typical
solvents and the solvent parameters E*pycr.

complexes (TCNE)M(CO); have such charge-transfer
character; electrochemical, ESR, and resonance Raman
data suggest an uptake of negative charge predominantly
by the TCNE ligand in this first excited state.!*?! The
“negative” solvatochromism of (TCNE)M(CO); results
from the more frequent situation that the metal-ligand
bond polarity is reduced by charge transfer in the excited
state.” Similarly, the width of the bands and the extent
of solvatochromism, covering absorption maxima differ-
ences of about 3200 cm™ (ca. 0.4 eV) as one goes from
chloroform to the certainly not too “polar” 1,2-dimeth-
oxyethane, are quite in agreement with what one would
expect for the CT transition of a carbonyl complex.2814

However, there is virtually no correlation of the energies
at the absorption maxima with the well-established solvent
parameters E*y; 1,2 E1,% and 7*,7 as indicated by the poor
correlation coefficients in Table III and by the scatter
displayed in Figure 3. The overall correlation is a little
better with the donor numbers (DN)? of Gutmann or the
D, values of Nagai, Oshima, et al.;Z still, the correlation
coefficients r < 0.91 are far from being satisfactory. DN
parameters were derived from enthalpy measurements of
Lewis o-donor/s-acceptor complexes with SbCl; as ¢ ac-
ceptor;»® the D, values were obtained from kinetic studies
of the diphenyldiazomethane addition to TCNE.?

The failure of existing solvent “polarity” scales to cor-
relate with the measured absorption maxima of the com-
plexes (TCNE)M(CO); prompted us to derive an empirical

(26) (a) Gutmann, V. The Donor-Acceptor Approach to Molecular
Interactions; Plenum: New York, 1978. (b) Marcus, Y. J. Solution
Chem. 1984, 13, 599.
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Table IV. Solvent Parameters Ecq(r) as Defined from
Solvatochromism of » Complexes (TCNE)M(CO); (M = Cr,

W)
AS =
_ S 5=  sw-
solvent M=Cr M=W Ec(r)b* S(Cr)
carbon disulfide 0.0061 -0.0500 -0.044 ~-0.0561
chloroform 0.0000°  0.0000° 0.000° 0.0000
dichloromethane 0.0307  0.0300 0.030 -0.0007
trichloroethene 0.0552 0.0133 0.034 -0.0419
tetrachloroethene 0.0828  0.0133 0.048 -0.0695
cyclohexane 0.0920  0.0133 0.053 -0.0787
1,2-dichlorobenzene 0.0828 0.0300 0.056 ~-0.0528
tetrachloromethane 0.0859 0.0300 0.058 -0.0559
1,2-dichloroethane 0.0675 0.0633 0.065 -0.0042
(DCE)

hexafluorobenzene 0.0890 0.0933 0.091 +0.0043
pentane 0.1380 0.0667 0.102 -0.0713
chlorobenzene 0.1165 0.1133 0.1156 -0.0032
cis-cyclooctene 0.1609  0.1133 0.137 -0.0476
benzene (BZ) 0.2761 0.2633 0.270 -0.0128
nitrobenzene (NB) 0.2301 0.3133 0.272 +0.0832
anisole 0.3037 0.2567 0.280 -0.0470
toluene (Tol) 0.3067 0.3467 0.327 +0.0400
benzonitrile (BN) 0.2883  0.3700 0.329 +0.0817
1-methylnaphthalene  0.3619  0.3400 0.351 -0.0219
diethyl ether 0.4724 0.4467 0.455 -0.0257
1,4-dioxane 0.4724 0.4800 0.476 +0.0076
mesitylene (Mes) 0.4816 0.4967 0.489 +0.0151
acetonitrile (AN) 0.4908  0.5800 0.535 +0.0892
ethyl acetate 0.6902 0.6967 0.694 +0.0065
tetrahydrofuran (THF) 0.7331 0.7733 0.753 +0.0402
cyclohexanone 0.7331 0.8167 0.775 +0.0836
acetone (AC) 0.7362 0.8633 0.800 +0.1271
1,2-dimethoxyethane 1.0000°  1.0000° 1.000¢ 0.0000

(DME)

4By definition. ¢(TCNE)Cr(CO);: Epygcr (em™) = 3260 em™ X
Ecp(m) + 11100 ecm™; r = 0.996. < (TCNE)W(CO);: Eyrer (ecm™)
= 3000 cm™ X Ecp(w) + 12360 em™; r = 0.997.
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Figure 4. Idealized structural arrangement for the = interaction
of one aromatic solvent molecule with the olefin complex
(TCNE)M(CO)s.

solvent parameter. Arbitrarily assigning the values S-
(Cr,W) = 0.0 (1.0) to those solvents (chloroform and 1,2-
dimethoxyethane, respectively) in which the lowest
(highest) transition energies were observed, we arrived by
linear interpolation at the numbers .S compiled in Table
IV. Average values [S(Cr) + S(W)]/2 = Ec(r) were used
as new solvent parameters; those cases with relatively large
differences between the chromium and tungsten systems
will be discussed below.

We interpret the failure of existing solvent parameters
to describe the solvatochromism of complexes (TCNE)M-
(CO); to a rather specific solvent—solute interaction. With
the assumption of an idealized geometry?° of the penta-
carbonylmetal olefin complex as shown in Figure 4, the
complexes display an open side of still very =-electron-
deficient TCNE for specific solvent coordination. The
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Figure 5. MO energy diagram illustrating the effect of specific
solvent donor (D) contribution (---) to a typical MLCT situation
(—) (filled metal d orbital M and empty ligand acceptor orbital
A). A small additional orbital splitting due to a weak D-A in-
teraction destabilizes particularly the acceptor orbital and thus
causes an increase of the M — A transition energy.

relevant interaction would then be the combined n and =
donation?" from the solvent to the m-accepting TCNE in
the complex; the following examples illustrate that such
an interpretation helps to account for the major
“unconventional” solvent effects observed.

Most revealing is certainly the series of aromatic com-
pounds listed in Table II. It is obvious that—in contrast
to conventional “polarity” ordering—the higher alkyl
substituted aromatic solvents cause the larger hypso-
chromic shifts, whereas the very polar nitrobenzene with
its large dielectric constant and molecular dipole moment
has virtually the same solvent effect as benzene itself!
Halogenated aromatic solvents cause a slight bathochromic
shift relative to benzene. There is a rough correlation
between the ionization potential of the aromatic com-
pounds?™ and their solvent effect toward (TCNE)M(CO);;
however, there are some ambidentate n and = donors such
as anisole, nitrobenzene, and benzonitrile where the elec-
tron pair (n) donating functional group may be able to
interfere with the coordination to the aromatic = system
of the solvent.?’s Nevertheless, these results point to a
competition of the w-electron-rich organometallic fragment
M(CO); (M) with the donor solvent (D) for the planar
acceptor TCNE (A): The stronger the solvent donor, i.e.
the more pronounced the A-D interaction, the weaker the
M-A interaction within the complex (TCNE)M(CO); and
the higher the hyposochromic shift. The solvent thus
moderates the TCNE acceptor effect toward the elec-
tron-rich organometal center via n or = type donor inter-
actions. The molecular orbital diagram in Figure 5 de-
scribes such an unsymmetrical three-component M—~A-D
interaction.

An experiment using different ratios of w-electron-do-
nating durene (mp 82 °C) relative to dichloromethane
(Figure 2) shows the expected nonlinear behavior for vor;
however, it also illustrates that the D — (A~-M) interaction
is not that large in order to shift the equilibrium (1) very
far to the right side: The illustration in Figure 4 is just
a momentary view of how one aromatic solvent molecule
can maximally affect the binary complex and does not
represent (yet) the inert ternary complex M-A-D.

(TCNE)M(CO);-nCH,Cl;, + durene —
(TCNE)M(CO);s-durene + nCH,Cl, (1)

The capability of planar r-acceptor ligands to function
as bifacially coordinating centers in an inverse sandwich
complex situation has recently been demonstrated for the

(27) (a) A reviewer suggested two-dimensional fitting?’ with parame-
ters related to n and = donation. In view of the dangers of multiparam-
eter approaches we do not consider the available data base sufficient to
draw detailed conclusions from such a treatment. (b) Cf.. Bock, H,;
Kaim, W. Chem. Ber. 1978, 111, 3552 and literature cited therein. (c)
Buncel, E.; Rajagopal, S. Acc. Chem. Res. 1990, 23, 226.

Kaim et al.

M-A-M system 1 with n%7®-C¢Hg as A and Os(II) ammine

fragments as M;?*® a D-A-D situation involving two
phosphane phenyl rings as donors and coordinated 2,2’-
bipyrimidine as the central acceptor (2) was structurally
characterized.28®

Other “unusual” solvent effects include the stronger
response of less polar ketones in comparison to the effect
of more polar nitriles; the former are better = donors than
the latter, as shown recently by Taube and co-workers, who
prepared e.g. pentammineosmium(II) complexes of ace-
tone.”” Ethers must be viewed as n donors via their oxygen
lone pairs; however, Oshima et al. have already suggested®®
that bifunctional DME (diglyme) may interact particularly
strongly with a planar w-acceptor system through an
“organic chelate effect”, as shown in 3. In fact, DME is
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the solvent in which the complexes (TCNE)M(CO); show
by far the most pronounced hypsochromic shift without
rapid decomposition.

It is interesting to note from Table IV that aliphatic
hydrocarbon solvents display a weak donor effect (from
C-H or C-C ¢ bonds?)%% when compared to related
chlorinated hydrocarbons.?® This phenomenon is more
pronounced for the tungsten complex than for the chro-
mium analogue, and the variation of differences AS =
S(W) — S(Cr) deserves some comment. We have noted
previously that the tungsten system displays more pro-
nounced MLCT character than the chromium analogue;
olefin 7 electron donation and = back-bonding compensate
each other to a larger extent in (TCNE)Cr(CO);, resulting
in a more delocalized TCNE-metal bonding.’®?! This
means that the dipole contributions should be smaller for
the chromium complex than for the tungsten system, an

(28) (a) Harman, W. D.; Gebhard, M.; Taube, H. Inorg. Chem. 1990,
29, 567. (b) Vogler, C.; Hausen, H.-D.; Kaim, W.; Kohlmann, S.; Kramer,
H. E. A,; Rieker, J. Angew. Chem. 1989, 101, 1734; Angew. Chem., Int.
Ed. Engl. 1989, 28, 1659.

(29) Harman, W. D.; Sekine, M.; Taube, H. J. Am. Chem. Soc. 1988,
110, 2439,

(30) (a) Crabtree, R. H.; Hamilton, D. G. Adv. Organomet. Chem.
1988, 28, 299. (b) Kulawiec, R. J.; Crabtree, R. H. Coord. Chem. Rev.
1990, 99, 89.
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assumption that is fully supported by the observed dif-
ferences AS (Table IV). Large deviations AS result in
those solvents that are highly dipolar themselves such as
ketones, nitriles, and nitrobenzene; therefore, the more
dipolar tungsten complex is more strongly stabilized in the
ground state, and a more pronounced hypsochromic shift
is the result. On the other side, the most negative dif-
ferences AS are observed in the aliphatic hydrocarbon
solvents pentane and cyclohexane; these solvents are not
dipolar, nor do they contain polarizable second-row-ele-
ment heteroatoms such as Cl or S.

In summary, the unusual electronic structures and ab-
sorption spectra of the (olefin)carbonylmetal complexes
(TCNE)M(CO); have allowed us to quantify a specific
solvatochromism that is based on the n- and =-donor ca-
pability of the medium toward an approximately?l-22

planar w-acceptor system. The empirical parameters
Eor(x) for aprotic solvents derived from this study may
be of value for other r-electron-accepting organometallic
compounds with planar ligand “decks” such as (n5-ar-
ene),Fe?* 31 or for electron-poor square-planar complexes
with d® metal centers. Another area of potential appli-
cation is the electron-transfer reactivity of aromatics where
(radical) ion-pair complexes with planar, coordinatively
unsaturated = acceptors can occur as intermediates.3?
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Ir(I), -(I11), and -(V) can be stabilized in an O-donor ligand environment, as shown by the preparation
of (triso)Ir(ol), (1; triso = tris(diphenyloxophosphoranyl)methanide; ol = C,H, (a), cyclooctene (coe) (b)),
(triso)Ir(SiPhy)H(C,H,) (2), and (triso)Ir(H),(SiPh,Me), (3a). la,b are selective catalysts for the dehy-
drogenative silylation and hydrosilylation of ethylene with triphenylsilane and diphenylmethylsilane.
Complex 2 is a rare example of an alkene silyl hydride and is a proposed catalytic intermediate.

Introduction

Interest in how the properties of organometallic com-
pounds change on moving from the more common P- and
C-donor sets to an O-donor set has increased in recent
years.! Studies by Yermakov, Schwartz, and others? of
site-isolated organometallic fragments supported on oxide
surfaces show that an O-donor ligand environment leads
to species with interesting catalytic properties. The cobalt
ligand® [CpCo(R,PO)4]", the trisilanol* [(Cy);Si,0;,H,], and

(1) (a) LaPointe, R. E.; Wolczanski, P. T.; Van Duyne, G. D. Or-
ganometallics 1985, 4, 1810. (b) Neithamer, D. R.; Lapointe, R. E.;
Wheller, R. A.; Richeson, D. S.; Van Duyne, G. D.; Wolczanski, P. T. J.
Am. Chem. Soc. 1989, 111, 9056. (c¢) Chisholm, M, H.; Hoffman, D. M,;
Huffman, J. Chem. Soc. Rev. 1985, 14, 69. (d) Besecker, C. J.; Klemperer,
W. G. J. Am. Chem. Soc. 1980, 102, 7598. (e) Day, V. W.; Besecker, C.
J.; Klemperer, W. G. Ibid. 1982, 104, 6158. (f) Day, V. W.; Earley, C. W.;
Klemperer, W. G.; Maltbie, D. Ibid. 1985, 107, 8261. (g) Besecker, C. J;
Day, V. W.; Klemperer, W. G.; Thompson, M. R. Ibid. 1984, 106, 4125.
(h) Finke, R. G.; Droege, M. W. Ibid. 1984, 106, 7274. (i) Edlund, D. J;
Saxton, R. J.; Lyon, D. K,; Finke, R. G. Organometallics 1988, 7, 1692.
(j) Zhang, N.; Mann, C. M.; Shapley, P. A. J. Am. Chem. Soc. 1988, 110,
6591. (k) Veitch, P. M; Allan, J. R.; Blake, A. J.; Schroder, M. J. Chem.
Soc., Dalton Trans. 1987, 2853. (1) Haidue, I.; Salighi-Dumitrescu, I.
Coord. Chem. Rev. 1986, 74, 127.

(2) (a) Yermakov, Yu. L; Kuznetsov, B. N.; Zakharov, V. Catalysis by
Supported Complexes; Elsevier: Amsterdam, 1981. (b) Ballard, D. G.
H. Adv. Catal. 19783, 23, 263. (c) Schwartz, J. Acc. Chem. Res. 1985, 18,
302. (d) Gates, B. C.; Lamp, H. H. J. Mol. Catal. 1989, 52, 1.

(3) (a) Klaui, W.; Miiller, A.; Eberspech, W.; Boese, R.; Goldberg, 1.
J. Am. Chem. Soc. 1987, 109, 164. (b) Klaui, W. Personal communication,
1989.
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the triphosphate® [P;0,4)% are tridentate O-ligands that
can form rare examples of stable organometallic complexes.
We felt that O-donor ligands® might provide for chemically
robust catalysts, particularly for alkane conversion.

We show that the triso ligand (triso = tris(diphenyl-
oxophosphoranylymethanide) prepared by Grim et al.”
binds to Ir(I), -(III), and -(V). Compounds of Ir(I) and
Ir(III) are relatively common, but examples of Ir(V) are
very rare, being limited to phosphine and cyclopentadienyl
polyhydrides and related compounds. We alsoc demon-
strate that (triso)Ir(ol), (1; 0ol = C;H, (a); coe (b)) are the
first homogeneous O-donor catalysts for the dehydroge-
native silylation and hydrosilylation of ethylene. Some of
this work has been reported in a communication.5®

Stoichiometric Reactions with Silanes

We recently reported the preparation of the O-donor
alkene complex (triso)Ir(C,H,), (1a), which is formed in

(4) Feher, F. J. J. Am. Chem. Soc. 1986, 108, 3851.

(5) (a) Besecker, C. J.; Day, V. W,; Klemperer, W. G. Organometallics
1985, 4, 564. (b) Besecker, C. J.; Klemperer, W. G. J. Organomet. Chem.
1981, 205, C31. (c) Day, V. W.; Klemperer, W. G.; Lockledge, S. P.; Main,
D. J. J. Am. Chem. Soc. 1990, 112, 2031.

(6) (a) Tanke, R. S.; Holt, E. M.; Crabtree, R. H. Inorg. Chem., sub-
mitted for publication. (b) Tanke, R. S.; Crabtree, R. H. J. Chem. Soc.,
Chem. Commun. 1990, 1056. (c) Tanke, R. S.; Crabtree, R. H. J. Am.
Chem. Soc. 1990, 112, 7984,

(7) Grim, S. O.; Sangokoya, S. A.; Colquhoun, I. J.; McFarlane, W.;
Khanna, R. K. Inorg. Chem. 1986, 25, 2699.

© 1991 American Chemical Society



