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tions. With this approach, one may obtain additional
information about known oscillatory reactions to make
possible the refinement of mechanisms for those sys-
tems in which the periodic change in pH serves either
as an indicator or as the governing force behind the
oscillation. As studies turn increasingly toward more
complex systems, particularly coupled systems, the
ability to measure and control a single well-defined
variable that affects multiple steps in a process will
become even more crucial.

We may expect a continuing growth in the number
of pH-regulated oscillators. The design approach de-
scribed above is simple to apply. We note also the
recent work of Nagypal and collaborators,? who use the
acceleratory effect of H* on a number of redox reactions
to design systems capable of generating spatially
propagating chemical reaction fronts.

The pH-regulated oscillators discovered thus far (and
in fact, the vast majority of chemical oscillators) have
been confined to redox reactions. There is no reason,
however, to exclude other types of reactions from being
oscillatory. For instance, preliminary calculations®’
show that the substitution reaction between a copper-
triglycine complex and ethylenediaminetetraacetate ion,
which is autocatalytic in hydroxide ion,3® can serve as
the starting point for a hydroxide ion oscillator in a
CSTR. If we add a hypothetical OH™- and/or tri-
glycine-consuming reaction to the published® mecha-
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nism of this autocatalytic (nonredox) reaction, the
concentration of OH™ undergoes oscillation.3” A search
for appropriate OH™- or triglycine-consuming steps is
now under way.

Another potential application of the ideas presented
here is to biological systems. Many biological processes
involve coupled oscillatory reactions, and often the re-
actions are extremely sensitive to pH. Whether pH
regulation is used as a control mechanism remains to
be established. We pointed out the analogy between
pH-regulated and temperature-controlled oscillations
earlier. Another suggestive analogy is between the role
of pH in the systems discussed here and the role of the
membrane potential in neural oscillators. In the neu-
ron, the role of an individual chemical reaction or
process is played by an ion-specific conductance. The
membrane potential, which is affected by all the con-
ductances, influences the values of many of these con-
ductances by affecting the probability of opening of the
ion channels associated with a given conductance. The
overall cell oscillation results from the interaction of all
the channels. Thus, like the pH in a chemical system,
the membrane potential affects and is affected by the
activity of nearly all the “reactions” in the system. It
will be interesting to see if analogies like these ulti-
mately prove useful in transferring some of our un-
derstanding of chemical oscillators to more complex
biological systems.
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Chromium, the lightest and most abundant of the
group 6 transition metals, has played a prominent role
in the history of organometallic chemistry. While the
Danish pharmacist W. C. Zeise is generally credited
with the discovery of the first compound featuring a
transition metal-carbon bond (“Zeise’s salt”, K*[Pt-
(C,H,)Cl3]-H,0, reported in 1827),! F. Hein’s early
investigation of the reaction of CrCl; with PhMgBr
(published from 1919 on)? yielded ill-understood
“Chromorganoverbindungen”, which remained mys-
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terious until the dawn of modern organometallic chem-
istry in the early 1950s. Bis(benzene)chromium (1955),3
{phenylmethoxycarbene)pentacarbonylchromium, the
first structurally characterized carbene complex (1965),
and trans-iodo(phenylcarbyne)tetracarbonylchromium,
the first carbyne complex (1973, all prepared in E. O.
Fischer’s laboratory),® are other historical landmarks
on the path toward understanding the metal-carbon
bond.

Chromium compounds also find use as catalysts,
adding a utilitarian dimension to the study of its or-

tPresent address: Department of Chemistry & Biochemistry, Univ-
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ganometallic chemistry. Aside from minor applications
in the hydrogenation of conjugated dienes® and hydro-
carbon oxidation,” by far the most important role of
chromium catalysis is in the polymerization of small
olefins (ethylene, propene) using heterogeneous cata-
lysts.® However, much of the known organometallic
chemistry of chromium concerns low-valent carbonyl
derivatives and/or diamagnetic complexes with 18-
electron configurations.® Such molecules are unlikely
candidates for modeling highly reactive (coordinatively
unsaturated) and oxide-supported chromium alkyls.
Therefore we felt that an investigation of chromium
alkyls in higher oxidation states and with unpaired
electrons might uncover novel compounds and unusual
reactions and have some relevance to commercially used
catalysts. The following is a summary of our work on
a new class of paramagnetic chromium(III) alkyls.
Organometallic derivatives of chromium in this oxida-
tion state have been reported previously,!® but their
limited stability and paramagnetic nature have pre-
vented the development of their chemistry. Of special
note in this context are the unusual aquo alkyls of the
type [RCr(H,0);]%*,1! which serve as a bridge between
organometallic chemistry and the realm of inorganic
coordination compounds.

Synthesis

Cyclopentadienyl ligands tend to kinetically stabilize
transition-metal alkyls, and thus we began by exploring
the synthesis of mixed cyclopentadienyl(alkyl)chromi-
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um(III) complexes (cyclopentadienyl represents both
7%-CsH; (Cp) and 7%-CzMe; (Cp*)). Initially solvated
chromium(III) alkyls of the type RCrCl,(THF); served
as starting materials,'? but eventually we found that
treatment of CrCl;(THF); with 1 equiv of, e.g., Cp*Li,
followed by addition of the lithium alkyl reagent of
choice to the [Cp*CrCly), generated in situ, yielded
dimeric alkyl complexes of the formula [Cp*Cr(R)Cl],
in a convenient procedure and high yield. This syn-
thesis proved general (i.e., R = methyl, ethyl, n-butyl,
phenyl, benzyl, neopentyl, and (trimethylsilyl)methyl),
and the complexes are purple crystalline solids, which
dissolve readily in common organic solvents. They are
sensitive to air and moisture, but thermally reasonably
stable. Scheme I shows various further transformations
leading to several series of neutral, anionic, or cationic
half-sandwich complexes with one to three alkyl groups
coordinated to chromium.®* Thus there are now
available for reactivity studies a wide variety of stable
chromium(III) alkyls. These compounds obviously do
not adhere to the familiar 18-electron rule!* and exhibit
odd numbers of valence electrons. Their most common
electron count is 15, but some unsaturated derivatives
with 13-electron configurations have also been prepared.

Structure

The paramagnetic nature of the compounds under
consideration renders NMR spectroscopy much less
useful for assigning structures.!®* Consequently struc-
tural characterization by X-ray diffraction has played
an important role in the development of this chemistry.
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Figure 1. Molecular structures of representative chromium(III)
alkyls. From top to bottom: [CpCr(CHj)Cl],,'% Cp*Cr(py)-
(CHj),,'% Cp*Cr(Py),CH,CH;]*PF;” (only cation is shown),'* and
[Cp*(CHg)Cr(u-CHy)],.1%

Figure 1 depicts selected results of single-crystal
structure determinations representative of some of the
structures in Scheme I. The recurring motif (of over
a dozen structures) is the pseudooctahedral coordina-
tion of chromium comprising one cyclopentadienyl
ligand, which occupies three adjacent coordination sites,
and three monodentate ligands (alkyl, halide, neutral
Lewis base, etc.). The angles between the monodentate
ligands only slightly exceed the ideal 90° (typical av-
eraged values are 92-97°). This structural preference
presumably reflects the large ligand-field stabilization
of a d® ion in an octahedral coordination environment.'6
The cyclopentadienyl ring is always bound in an »®
fashion with the average Cr-Cy,, distance in the range
2.19-2.30 A. The carbon—carbon distances within the
aromatic rings are similar and average between 1.39 and
1.43 A (depending on the compound). The methyl
groups of the pentamethylcyclopentadienyl ligands are
consistently bent out of the plane of the C; ring and

(16) Huheey, J. E. Inorganic Chemistry; Harper & Row: New York,
1983; p 368 ff.
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away from the metal (averages range between 1° and
4°).1" The average chromium—carbon s-bond measures
2.09 (1) A and varies little from molecule to molecule.
These distances as well as Cr—-N distances of several
pyridine complexes and Cr-Cl distances of those de-
rivatives with terminal chloride ligands consistently
point to a covalent radius of ca. 1.32 A for chromium-
(III) within this class of compounds.

Several of the structurally characterized complexes
contain more than one chromium atom. These mole-
cules can be thought of as sharing edges or faces of the
basic octahedral units. Depending on the bridging
ligands, they may exhibit close chromium—chromium
contacts, and the question of metal-metal bonding must
be addressed.’® While metal-metal distance is most
frequently cited as a criterion for the presence and order
of such bonds,'® there clearly exists a continuum of
interactions of adjacent metal atoms and other physical
properties, and theoretical considerations come into
play (see below).

Spectroscopy and Magnetism

The importance of multinuclear NMR spectroscopy
for the rapid development of transition-metal organo-
metallic chemistry during the past 35 years is hard to
overestimate.?? While the technique is uniquely suited
for the study of diamagnetic substances (a possible
reason for the organometallic chemists’ historical pre-
occupation with closed-shell species), its application to
paramagnetic compounds is less straightforward and
informative.’® The resonances are isotropically shifted
and broadened severely (due to long electron-spin re-
laxation times) so as to obscure any coupling. Protons
in the a-position to the metal are generally unobserv-
able as are nuclei other than 'H (e.g., 13C, 31P), and the
large peak width makes integrations less reliable. Thus
NMR spectroscopy is only modestly helpful in the in-
itial characterization of chromium(III) complexes;
however, once a compound has been identified, the
spectroscopic data can be used to confirm its production
in another reaction or to monitor its chemical trans-
formations. It has been shown that 2H NMR spectra
of deuteriated chromium(III) complexes feature much
narrower resonances,?! but the expense and effort in-
volved in preparing labeled derivatives will be justifiable
only in special cases.

Indispensable for the characterization of complexes
with unpaired electrons are measurements of the
magnetic susceptibility.?? The determination of the
effective magnetic moment and its temperature de-
pendence allows assignments of oxidation state, spin
state, and possible metal-metal interactions to be made.
Figure 2 shows some typical results of measurements
on solid samples performed with a Faraday balance.
The mononuclear complex (Figure 2, top) exhibits sim-
ple Curie-Weiss behavior (1/T dependence of x,), and
the effective magnetic moment of pgy = 4.14 pg is con-
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Figure 2. Temperature dependence of molar magnetic suscep-
tibility (xp, open circles) and effective magnetic moment (uy,
filled circles) of [Cp*Cr(dmpe)CHg)*PFy~ (top) and [CpCr-
(CHy)Cl]; (bottom).

sistent with the presence of three unpaired electrons.?
Figure 2 (bottom) depicts the results obtained for the
dimeric complex [CpCr(Me)Cl],, which contains two
chromium atoms situated at a distance of ~3.3 A, .
is temperature dependent and at no time approaches
a value consistent with three unpaired electrons per
chromium (5.5 ug for the dimer). This magnetic be-
havior is characteristic of antiferromagnetic coupling
of the two S = 3/, centers.® Interaction of the un-
paired spins, presumably through the bridging ligands,
results in a manifold of spin states (S =0, 1, 2, 3). The
singlet state is lowest in energy, but is separated from
the excited states only by small energies, allowing for
thermal population of states with higher multiplicity
with increasing temperature and thus giving rise to an
increase in u.g. Fitting of the susceptibility data with
a theoretical expression allows the determination of the
coupling constant J (2J, 6J, and 12 being the energy

(23) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 5th
ed.; Wiley: New York, 1988; p 689.

(24) Martin, R. L.; In New Pathways in Inorganic Chemistry; Eb-
sworth, E. A, V., Maddock, A. G., Sharp, A. G., Eds.; Cambridge Univ-
ersity: Cambridge, 1968; Chapter 9. Cairns, C. J.; Busch, D. H. Coord.
Chem. Rev. 1986, 69, 1.

Theopold
Scheme IT
A Qs
cr S~
g‘(ﬂ’ y Cr\
) ‘“’i
CrCr: 3.287A
Weff: 2.53 CrCr: 2.837,2.793 A
Heff: 2.05
/ CH.,\
iy < CH3
CrCr: 2.606 A CrCr: 239A
Uefr: 1.48 Meff: 2.38

differences between the S = 0 and S = 1, 2, and 3 states,
respectively). Typical values of J for these compounds
are around -50 cm™.13

However, as the Cr(III) centers get closer to each
other, the potential for a direct interaction increases and
eventually leads to significant metal-metal bonding.
Pairing of spins in bonding molecular orbitals should
lower the number of unpaired electrons and thus the
magnetic moment. Scheme II shows a series of com-
plexes with decreasing Cr(III)-Cr(III) distances and
their associated effective magnetic moments (per
chromium atom!). [Cp*Cr(u-CHj)]s(u-CH,), the mole-
cule with the shortest Cr(III)-Cr(III) distance known,'*
appears to deviate from the trend; note, however, that
it features two octahedra sharing a face rather than an
edge, and thus the d-orbital interactions are different.
On the basis of a detailed theoretical analysis,®® we
believe that significant metal-metal bonding occurs in
those complexes with very short Cr-Cr distances (in-
dicated in Scheme II). The key to forcing the metal
atoms together appears to be bridging ligands which
engage in three-center, two-electron bonding (e.g.,
bridging methyl groups).!® This core level effect in a
synergistic fashion increases the splitting of the frontier
d orbitals, leading to pairing of electrons in MOs which
are metal-metal bonding in character. Many polynu-
clear Cr(III) complexes with bridging ligands have been
investigated structurally and magnetically over the
years, and all were thought to exhibit repulsive inter-
actions between the metal centers.? The use of non-
traditional alkyl ligands has thus enabled us to con-
tribute to the unfolding story of metal-metal bonding,
a domain of traditional inorganic chemistry.

Reactivity

Possibly the most widely appreciated limitation to the
preparation of isolable transition-metal alkyls is their
tendency to decompose by 3-hydrogen elimination (i.e.,
the transfer of hydrogen from the 8-position of a o-
bonded alkyl to the metal accompanied by release of
olefin). However, this reaction does not appear to be
facile for chromium(III) alkyls, judging by the isolation
of various derivatives containing §-hydrogens. An ap-
preciable barrier to 8-elimination is of course crucial for

(25) Janiak, C.; Silvestre, J.; Theopold, K. H. Comments Inorg. Chem.,
submitted for publication.
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metals involved in polymerization catalysis, as it limits
chain growth (see below). We believe that the stability
of these molecules is limited by the inherent metal-
carbon bond strength (i.e., decomposition by homolysis)
or by intermolecular activation of C-H bonds of the
alkyl ligands. To wit, [CpCr(CHj;)(x-Cl)], upon gentle
heating decomposes to [CpCr(u-Cl)]5(us-CH),!3® the
methylidyne ligand of which is thought to originate in
a methyl group, and the dimer [Cp*Cr(CHj)(u-CHj)],
slowly decomposes at room temperature into [Cp*Cr-
(u-CHj)15(u-CH,) and methane.!® Coordinatively un-
saturated, highly Lewis acidic intermediates are likely
responsible for such reaction pathways, and the same
character is also evident in the ready abstraction of
halide from various sources (e.g., eq 1).26

! S + PF,- + PF.-
—¢>:] s o F /Cp*—j s

(L CHCL 4 c,

o o s T hEPN Ny M
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The formal oxidation state of the metal greatly in-
fluences the chemistry of organometallics, and redox
reactions represent an underutilized dimension of con-
trol over their reactivity. We are using electrochemical
techniques (cyclic voltammetry, coulometry) to inves-
tigate the stability of chromium alkyls in oxidation
states other than III. For example, the cyclic voltam-
mogram of the cationic [Cp*Cr(dmpe)CH;]*PFg (dmpe
= bis(dimethylphosphino)ethane) in THF solution ex-
hibited a reversible reduction at -1.9 V vs the ferroce-
nium/ferrocene reference couple. Subsequently, chem-
ical reduction with sodium amalgam yielded the chro-
mium(II) alkyl Cp*Cr(dmpe)CHj, which was charac-
terized structurally by X-ray diffraction.?’” While this
complex features an even 16-electron configuration, it
is still paramagnetic and exhibits a temperature-inde-
pendent effective magnetic moment consistent with two
unpaired electrons. Oxidation on the other hand has

(26) Thomas, B. J.; Mitchell, J. F.; Theopold, K. H.; Leary, J. A. J.
Organomet. Chem. 1988, 348, 333. .
(27) Thomas, B. J. Ph.D. Thesis, Cornell University, 1988.
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not yielded tractable alkyl complexes of Cr(IV) or
higher oxidation states in our hands. The cyclic volt-
ammogram of NEt,*[Cp*Cr(CHj);]~ showed an oxida-
tion wave at ~1.4 V vs Fc¢*/Fc, but this was irreversible
even on the electrochemical time scale.?® Chemical
oxidation of this species with Ag*BF,” in the presence
of pyridine as a trapping agent yielded the chromium-
(ITI) complex Cp"‘Cr(py)(CH?,)?V It seems likely that
oxidation initially yields Cp*Cr'"(CHj);, but this com-
plex decomposes by loss of a methyl radical, leaving
Cp*Cr}(CHjy), to be trapped by pyridine. The ap-
parent instability of the chromium(IV) alky! is some-
what surprising, as the isoelectronic vanadium com-
plexes of the type CpV(L)R, (d?) are perfectly stable®
and there exist also chromium(IV) compounds of the
type CrR.%

Another elementary facet of reactivity is acid/base
chemistry. The metal-carbon bond is of course polar,
and the chromium alkyl complexes react with acids as
weak as tert-butyl alcohol or trialkylammonium salts,
producing alkane. Conversely, we wondered whether
deprotonation of a chromium-bound alkyl might be
possible. A positive charge on the complex should in-
crease its acidity, and thus [Cp*Cr(dmpe)CH;]*PFq”
was treated with LiIN(TMS),. Deprotonation did in-
deed occur, but not in the hoped for sense (see eq 2).3!

L .| PFe |
___@:] ) LiNGiM “',.P
)
i }»/ T e~ o
‘Q éHB

Insertion of Polar Organic Molecules

Very early in the exploration of the reactivity of the
chromium(I1I) alkyls, and quite fortuitously, we dis-

(28) Richeson, D. S. Ph.D. Thesis, Cornell University, 1988.

(29) Hessen, B.; Lemmen, T. H.; Luttikhedde, H. J. G.; Teuben, J. H.;
Petersen, J. L.; Huffman, J. C.; Jagner, S.; Caulton, K. G. Organometallics
1987, 6, 2354.
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8, 2071.
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covered that the alkyl dimers [Cp*Cr(R)Cl],; reacted
with nitriles,1®4 Exposure of these complexes to an
excess of nitrile readily yielded nitrogen-containing
heterocycles, which could be thought of as being derived
from 8-diketonates by substitution of the oxygen atoms
with NH groups (see Scheme III). These 8-diketimino
complexes resulted inter alia from an insertion of the
unsaturated organic molecule into the chromium-
carbon bond. While transition-metal alkyls are well-
known to undergo so-called “migratory insertion” re-
actions with a variety of unsaturated functional groups
(e.g., CO, alkynes, alkenes, isonitriles), there are only
a few reports of insertions of nitriles.>? The compounds
exhibiting this reactivity typically contain highly Lewis
acidic early transition metals, lanthanides, or actinides.
To the best of our knowledge our chromium system
features the “latest” (i.e., rightmost in the periodic
system) metal to undergo this reaction, and we believe
that its relatively high oxidation state and the electronic
unsaturation of the compounds are responsible for this
unusual behavior.

Evidence for the presumed ketimino intermediates
resulting from the first insertion step was obtained by
running the reaction at low nitrile concentration. Under
these circumstances the reaction products were not the
B-diketimino complexes but rather dinuclear com-
pounds containing a bridging ketimino ligand. The
complex obtained from the reaction of [Cp*Cr(CH,)Cl],

(32) Simpson, S. J.; Andersen, R. A. J. Am. Chem. Soc. 1981, 103,
4063. Cramer, R. E.; Panchanatheswaran, K.; Gilje, J. W. J. Am. Chem.
Soc. 1984, 106, 1853. Bercaw, J. E.; Davies, D. L.; Wolczanski, P. T.
Organometallics 1986, 5, 443. Bochmann, M.; Wilson, L. M. J. Chem.
Soc., Chem. Commun. 1986, 1610. Sternal, R. S.; Sabat, M.; Marks, T.
J. J. Am. Chem. Soc. 1987, 109, 7920. Jordan, R. F.; Bajgur, C. S.; Dasher,
W. E.; Rheingold, A. L. Organometallws 1987, 6, 1041 Buchwald, S. L.;
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with benzonitrile has been structurally characterized.
Treatment of these complexes with more nitrile did not
result in any further reaction. Thus they represent the
result of irreversible trapping of the coordinatively
unsaturated true intermediate, which in the presence
of an excess of nitrile produces the diketimino moiety.
A reasonable series of transformations following this
branching point consists of an imine/enamine tautom-
erization followed by nucleophilic attack of the enamine
on a second coordinated nitrile, and finally another
hydrogen shift completes the overall reaction (see
bracketed structures in Scheme III).

The application of organometallic transformations,
both stoichiometric and catalytic, in organic synthesis
is becoming increasingly popular. The main role of
chromium in this regard has been in the elaboration of
carbene complexes (i.e., the Dotz reaction).® We have
found that chromium(III) alkyls readily react with ke-
tones,? one of the most common functional groups in
organic chemistry. Scheme IV depicts the results of
reactions of a readily available chromium dialkyl with
the representative substrates acetone and benzo-
phenone. Insertion into the first chromium-carbon
bond is rapid and yields chromium alkoxides. In the
case of benzophenone, the newly formed alkoxide ligand
on gentle heating suffers an ortho-metalation. This
selective functionalization of a phenyl ring may prove
synthetically useful. The tert-butoxide ligand resulting
from the insertion of acetone does not undergo an
analogous metalation. Rather it functions as a base in
the reaction with further acetone. Proton transfer is
favored over a second insertion, which would yield the
independently prepared bis(tert-butoxide) complex. A

(33) Détz, K. H. Angew. Chem. 1984, 96, 573; Angew. Chem., Int. Ed.
Engl. 1984, 23, 587.

(34) Noh, S. K.; Haggerty, B. 8.; Rheingold, A. L.; Theopold, K. H.,
manuscript in preparation.
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likely mechanism for the formation of the chelating
bis(alkoxide) involves an alkyl(enolate) complex, which
may rearrange to an oxametallacyclobutane, followed
by an insertion of a third molecule of acetone into the
chromium-carbon bond of the metallacycle. The deu-
terium labeling pattern of the product of a reaction of
Cp*Cr(py)(CH,;)(O'Bu) with acetone-dg was consistent
with this hypothesis, i.e., the protons originating in a
chromium-bound methyl group ended up exclusively
in one of the methyl groups of the 2,4-dimethyl-2,4-
pentanediol liberated upon protonation of the chro-
mium complex. In any case, the overall reaction rep-
resents the coupling of two ketones via an intervening
methylene group, an unusual transformation.

A different coupling reaction ensues upon treatment
of the chromium alkoxide complex Cp*Cr(py)(0*Bu),
with acetone. Liberation of 2 equiv of tert-butyl alcohol
and coupling of the enolate ligands yield a doubly de-
protonated 8-hydroxy ketone ligand. Unfortunately
this moiety is not basic enough to deprotonate addi-
tional acetone, thus precluding a chromium-catalyzed
aldol condensation.®

Despite the apparent similarity of the above reactions
to alkylations of ketones with carbanions (e.g., RLi,
RMgX), the available precedent for the insertion of
ketones into transition-metal alkyls is limited to tita-
nium and zirconium complexes.?® Coordination of the
resulting alkoxide ligand to a transition metal may open
pathways for further elaboration. In addition, utiliza-
tion of optically active coligands on the substitutionally
inert Crl! center holds the potential for enantioselective
transformations.

Ethylene Polymerization

Polyethylene production worldwide relies heavily on
chromium-based catalysts.3” Broadly speaking, two
types of catalysts are used commercially. The so-called
Phillips catalyst is prepared by deposition of CrO; on
silica followed by activation with hydrogen.3® On the
other hand, Union Carbide has developed catalysts
formed by treatment of silica with low-valent organo-
metallic compounds, most notably chromocene
(Cp,Cr).®® Questions about the chemical nature of the
active site(s), the oxidation state of the active chro-
mium, and the mechanism of initiation have been the
subject of a longstanding debate, which continues to
this day.** Motivated by an apparent similarity be-
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tween our compounds and the proposed active site of
the Cp,Cr/SiO, catalyst, we began an investigation of
the reactions of our chromium(III) alkyls with small
olefins.

Availability of a coordination site for the olefin
proved crucial. The first active catalyst we discovered
was the cationic complex [Cp*Cr(THF),CH,]*BPh, 1%
While the THF ligands in this complex were bound
strongly enough to allow its isolation and even the de-
termination of its crystal structure, in CH,Cl, solution
a dissociation equilibrium was established. We have no
information about the exact resting state of the active
catalyst (coordination of CH,Cl, or ethylene?), but the
coordinatively unsaturated 13-electron species
[Cp*Cr(THF)CH,]* is a reasonable candidate (eq 3).

= l‘gl;m CoH,

.

le CH,Cl, fl 2 R
CO"C'/ o, g ~or e o Lo NP @
O O =

Rapid repetitive coordination and migratory insertion
of ethylene yielded high-density polyethylene at am-
bient temperature and 1-atm pressure. Characteriza-
tion of various polymer samples by gel permeation
chromatography showed relatively low molecular
weights (M, 10000-20000, M, 23000-77000) and
narrow molecular weight distributions (M,/M,
1.6-4.6).41 Addition of THF to the catalyst solution
dramatically slowed the polymerization, consistent with
an obligatory dissociation of a ligand from the catalyst
precursor,

The cationic nature of this catalyst nicely comple-
ments the emerging notion that positively charged al-
kyls comprise the active sites of Ziegler-Natta catalyst
preparations based on group 4 elements.*> However,
we subsequently found other neutral complexes (e.g.,
Cp*Cr(CH,Si(CHj,)3),) which catalyze the rapid polym-
erization of ethylene even at low temperatures (-40 °C).
It thus appears that coordinatively unsaturated chro-
mium(III) alkyls are efficient ethylene polymerization
catalysts, independent of their charge. The oxidation
state of the chromium seems to make a difference,
however. While controversial, the active site of the
Cp,Cr/Si0, catalyst has been proposed to contain di-
valent chromium (Crl).3¥ We have addressed this
question with a direct comparison of the reactions of
a pair of isostructural Crl and Cr! complexes with
ethylene. [Cp*Cr(dmpe)CH;]*PFg~ was very slow to
react with C,H,, presumably due to the great reluctance
of the chelating phosphine to open the required coor-
dination site. However, upon heating to 90 °C, poly-
ethylene was produced. In contrast, neutral Cp*Cr-
(dmpe)CH, reacted with ethylene at ambient temper-
ature, but the major product of this reaction was
propene. The latter must be formed by insertion of
ethylene into the chromium(II)-methyl bond followed
by a 8-hydrogen elimination. The relative rates of olefin

(41) Odian, G. Principles of Polymerization, 2nd ed.; Wiley: New
York, 1981; pp 20-25.

(42) Eisch, J. J.; Piotrowski, A. M.; Brownstein, S. K.; Gabe, E. J.; Lee,
F. L. J. Am. Chem. Soc. 1985, 107, 7219. Jordan, R. F.; Bajgur, C. S,;
Willett, R.; Scott, B. J. Am. Chem. Soc. 1986, 108, 7410. Jordan, R. F;
LaPointe, R. E.; Bajgur, C. S.; Echols, S.; Willett, R. J. Am. Chem. Soc.
1987, 109, 4111. Gassman, P, G.; Callstrom, M. R. J. Am. Chem. Soc.
1987, 109, 7875. Taube, R.; Krukowka, L. J. Organomet. Chem. 1988, 347,
C9. Hlatky, G. G.; Turner, H. W.; Eckman, R. R. J. Am. Chem. Soc. 1989,
111, 2728.
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insertion (chain growth) versus $-elimination (chain
transfer) are apparently very different in the two oxi-
dation states, favoring the former with Cr™ compounds
and the latter for Crll alkyls. An obvious explanation
for this difference lies in the superior stabilization of
coordinated olefin by the more electron rich d* ion due
to back-bonding. Our results clearly suggest that tri-
valent chromium is responsible for the polymerization
activity of chromium-based catalysts. Further experi-
ments in this area will be designed to elucidate the
factors that govern the critical properties of the polymer
(i.e., molecular weight, dispersity, branching, etc.).

A Look Ahead

We have shown that a wide variety of chromium(III)
alkyls can be prepared and that such molecules are
highly reactive. The chromium—carbon bonds in these
compounds appear to be fairly polar, and the complexes
are very Lewis acidic. As a result of this character,
insertion reactions with unsaturated organic molecules
as well as intramolecular C-H activation processes are
very facile.

Where to go from here? Somewhat surprisingly,
hydrogen does not react with many of the alkyl com-
plexes, even under forcing conditions. Thus the prep-
aration of chromium(III) hydrides and the study of
their reactivity remain a challenge for the future.
Similarly the exploration of the organometallic chem-

Additions and Corrections

istry of chromium in oxidation states even higher than
I1I remains to be tackled. Finally, an area in which we
have some promising preliminary results concerns the
question of chromium-carbon multiple bonds (i.e., al-
kylidenes and alkylidynes). Several of the compounds
mentioned throughout this Account catalyze the ring
opening metathesis polymerization (ROMP) of nor-
bornene,* hinting of the accessibility of a chromium
alkylidene complex. The isolation and characterization
of such molecules is anticipated.

Paramagnetic organometallic compounds and their
chemistry remain a challenging field of study. For the
element chromium, such molecules may well be more
relevant to catalytic reactions than their diamagnetic
18-electron counterparts. We are continuing our ex-
ploration. Stay tuned!
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Robert D. Guthrie* and William P. Jencks: IUPAC
Recommendations for the Representation of Reaction

Mechanisms.

Page 346, column 2. The word electrofugic on the line
above eq 2 should be replaced by the word nucleofugic.



