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Summary: Sequential nucleophile/proton addition to (n°-
CeHg)Cr(PF3)3 (2) yields the highly fluxional agostic
complexes 3and 4. The mechanism of isomerization has
been elucidated by variable-temperature NMR studies
and the agostic structure confirmed by an X-ray analysis
Of4 ((C12H12)CT(PF3)3, a= 7608(3) ﬁ: b= 15.259(3) A, c
= 14.490(3) A, 8 = 102.92(3)°, monoclinic, P2;/c, Z = 4).

The readily accessible, stable Cr(CO); complexes of
arenes prove increasingly useful as reagents for organic
synthesis. A variety of reactions not possible with the
free arene can be carried out with often high regio- and
stereochemical control.! A typical example isthe efficient
addition of carbanions to the exo face of the arene which
affords #®-cyclohexadienyl complexes. In situ oxidation
releases the substituted arene,!® whereas reactions with
electrophiles, by appropriate choice of the reagent, can be
directed to one of the products shown in Scheme 1.2-5 In
path b, a trans addition of nucleophile and electrophile,
with or without CO insertion, generates two adjacent
stereogenic centers.? Unfortunately, with acids (path ¢),
the high 1,2-regioselectivity found with C-electrophiles is
not attained and the reaction produces mixtures of isomeric
cyclohexadienes. Insimple systems, the major product is
the 1-substituted cyclohexadiene. In some cases, pro-
tonation is highly regioselective or equilibration can be
used to direct the reaction to a single product.®’
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Hydrogen shifts also play a key role in cine and tele
aromatic substitutionsin (arene)Cr(CO)3 complexes (path
d).5

The mechanism of the protonation reaction and the
hydrogen shifts is not known, and intermediates have
eluded isolation.?® It was suggested that, presumably via
protonation at the metal center and reductive elimination,
alabile n*-1,3-cyclohexadiene complex is generated which
can readily undergo H-migration to give the more stable
1,3-cyclohexadiene isomer.!»S We were intrigued by the
question of the nature of the intermediate. In order to
resolve this question, we synthesized the benzene and
mesitylene complexes of Cr(CO)3z, Cr(PF3)3, and Mn(CO)-
(dppe)* and subjected these complexes to the nucleophilic
addition/protonation sequence. In this paper we focus on
[(n®-benzene)Cr(PFs3)3] (2)8 and show that the mechanism
of these hydrogen shifts is associated with the 1,2-H-
exchange and 1,5-H-migration in the agostic complexes
shown in Scheme IL.?

[(#8-benzene)Cr(PF3)3] (2), synthesized via photolytic
ligand exchange in [ (n®-benzene) Cr(CO);] (1),'°was treated
first with LiEt;BH!! and then with HBF, to give 3 as a
thermally unstable orange oil which was purified by column
chromatography at -50 °C.12

The 'H NMR spectrum of 3 at different temperatures
is shown in Figure 1.

(8) (a) The formation of 2 upon irradiation of 1 in the presence of PF3
was reported briefly: Clark, R. J. Chem. Eng. News 1964, 42 (Oct 26),
52. (b) Kruck, Th. Angew. Chem. 1967, 79, 27; Angew. Chem., Int. Ed.
Engl.1967,6,53. (c) Middleton, R.; Hull,J. R.; Simpson, S. R.; Tomlinson,
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Figurel. Variable-temperature '!H NMR spectra (400 MHz,
(CD;3);0/CD,Cly) of complex 3. Asterisks denote solvent
peaks.
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1H NMR spectra reveal two distinct, degenerate modes
of isomerization for complex 3. The spectrum at 25 °C is
exceedingly simple and consists of two singlets at 4.19 and
-3.87 ppm in an intensity ratio of 3;:1. The two fluxional
processes shown in Scheme II account for this behavior.
The 1,2-H-exchange and 1,5-H-migration scramble the four
vinylic protons and the two exo protons, and the 1,2-H-
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exchange process scrambles the two endo protons. The
low-field signal is therefore assigned to H-C(1-4) and Hey—
C(5,6) and the high-field signal to Hengo—C(5,6).

At -90 °C the 1,2-H-exchange process is slow on the
NMR timescale. The 1,5-H-migration introduces a plane
of symmetry (C(3), C(6), Cr) through the molecule which
renders H-C(2) and H-C(4) as well as H-C(1) and Hexo—
C(5) pairwise equivalent. Thelatter produce a broad signal
at 2.92 ppm. The spectrum corresponding to the frozen
structure was obtained only after cooling to—135 °C. This
is indicated by the splitting of the signal associated with
H-C(1), Hyyo-C(5) into two distinct signals.

Using PhLi as the nucleophile, the above procedure was
repeated for the preparation of complex 4.14 The X-ray
structure analysis (Figures 2 and 3)5 shows the initially
formed complex to have undergone 1,5-H-migration to
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Figure3. Stereoview of the crystalstructure of 4. Ellipsoids
are represented with 50% probability.

place the phenyl substituent at an sp? center. The
coordination geometry of the chromium atom is a distorted
octahedron. The agostic hydrogen is cis to two phosphorus
atoms (Hagostic—Cr-P(1) = 88(1)°, Hagostic—Cr-P(3) = 84-
(1)°) and trans to the third (Hggestic—Cr-P(2) = 171(1)°).
The Cr—Pians distance (2.119(1) A) is shorter than the
Cr-P; distances, which are 2.156(2) and 2.157(2) A.

The two remaining ligand sites are occupied by the diene
portion of the cyclohexadiene ring. The cyclohexadiene
ligand has five coplanar carbon atoms (maximum deviation
of 0.03 A). The sixth C atom (C(6)) is bent away from the
metal, the plane defined by C(1), C(5), and C(6) forming
an angle of 44° with the aforementioned ligand plane.
Carbon-carbon distances in the diene show an alternating
short-long-short pattern (C(1)-C(2) = 1.397(6) A, C(2)-
C@) = 1.411(7) A, C(3)-C4) = 1.383(7) A). The short
C(4)-C(5) and C(5)-C(6) distances (1.445(7) and 1.507(7)
A, respectively), compared to 1.531(6) A for C(1)-C(6),
attest to an appreciable sp? character of the agostic carbon
(C(5)).

The CreHgoutic+C(5) interaction leads to considerable
distortion of the cyclohexadiene ring, as noted by ring
angles of 114.9(4)° (C(1)), 123.2(4)° (C(2)),117.9(4)° (C(3)),
119.9(5)° ((C(4)), 116.1(4)° (C(5)), and 106.0(4)° ((C(6)),
which deviate from the almost ideal angles found in the
closely related n®-cyclohexadienyl complex [(n?-C¢HsR)-
Cr(CO)sSnPhs] (R = methyldithianyl).32 The metal is
unsymmetrically bound, being closest to C(4) (2.143(5) A)
and C(3) (2.187(4) A) and furthest from C(1) (2.375(4) A).

The presence of a Cr--H...C interaction is confirmed by
bond lengths of 1.82(4) A (Cr-Hageatic), 2.243(5) A (Cr-
C(5)), and 1.01(4) A (C(5)—Hagostic), the last being 22%
longer than the C(5)-H,z, distance of 0.83(4) A. Support
for a strained agostic structure comes from J¢c_y data for

(20) International Tables for X-ray Crystallography; Kynoch Press:
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4 where, at —130 °C, the 13C NMR signal associated with
C(5) splits into a doublet of doublets with Jc_y = 67 and
162 Hz whereas C(6) becomes a triplet with Jc_y = 136 Hz
(compared with cyclobutane, Jo_y = 134 Hz).

Several examples of agostic complexes having the
n%CHW.diene-agostic C-H pattern have now been
reported,?-?> and three X-ray structures have been
published.212425 The unprecedented feature of 3 is that
the 1,5-H-migration has a lower energy barrier (6.6 keal
mol-!) than the 1,2-H-exchange process (7.8 kcal mol-1),26
While the latter value falls into the “normal” range, the
former is less than half of previously reported values of
H-migrations in agostic complexes.® Two other features
meritattention. In4,the Cr—C(5) distanceis0.11 A shorter
than the corresponding chromium agostic-carbon bond
in cycloheptadiene,?s cyclooctadiene,?! and 2,4-dimeth-
ylpentadiene? analogs. In 4, the Jc_p,,,,, value is 67 Hz,
outside the range of values found (82-107 Hz) in the other
known n4CH.diene—agostic C~H complexes.

Bothstructural and NMR data presented in this article
are consistent with an agostic hydrogen in 3 and 4, which
undergoes C-H bond cleavage more readily than M-H
bond cleavage. In other words, the agostic hydrogen in
these compounds is more “hydride-like” than in complexes
of this type studied previously. If the behavior of the
Cr(CO); complex parallels that of the Cr(PF3)3 complex,
the formation of double-bond isomers in the nucleophile
addition/protonation sequence is readily explained by the
low energy barriers between the isomers in the complex
intermediate.

Due to their lower stability, compared to the Cr(PF3)3
complexes, the Cr(CO); analogs are less amenable to
detailed study and we have therefore concentrated our
efforts on the former and on the electronically closely
related [Mn(dppe)CO]* 2829 complexes. We have estab-
lished, however, that both benzene and mesitylene com-
plexes of the three electrophilic ML3 fragments, when
subjected to a nucleophile addition/protonation sequence,
form fluxional agostic complexes. Details of these studies
will be the subject of a forthcoming full paper.
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