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(based on the rate of consumption of B,H, at 11 temperatures
in the range 120-180 °C) is 102.6 £ 3.3 kJ mol™!, Again it would
be unwise to place too great a significance on these differences,
and it is probable that calculations with a larger basis set or
incorporating the possibility of tunneling would lead to a revision
of the computed values for the activation energy.’12

In summary, a careful reinvestigation of the relative initial rates
of decomposition of B,Hg and B,D; has led to a value of 2.57 +
0.65 for the rate-constant ratio ky/kp, which disagrees with an
earlier experimental value but is close to values obtained in a recent
high-level computational study. This important new result
therefore removes a potential inconsistency between experiment
and computation. Taken in conjunction with the experimentally
observed influence of added H, in repressing the rate of decom-
position of ByH, and in altering the distribution of products, the
totality of experimental and computational evidence suggests that
the rate-determining step following the symmetric dissociation
of diborane is neither simply the formation of {B;H} from {BH,}
and B,H, nor the subsequent decomposition of {ByH,} to give
{B;H,} and H,, but the concerted formation and decomposition
of {B;H,} as represented by step 4.
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Over the past few years, there has been substantial progress
in studies of the mechanism of activation of aliphatic and aromatic
C-H bonds by transition metals.! In particular, earlier studies
in our group have indicated that arenes coordinate to
[(CsMes)Rh(PMe;)] in an #? fashion prior to C-H bond oxidative
addition, and that this initial coordination permits the activation
of aromatic C-H bonds to compete with aliphatic C-H bond
activation.? The evidence for n*-arene coordination relies heavily
on indirect experiments (intramolecular isomerization of an aryl
deuteride,? kinetic isotope effect experiments?), as the only direct
evidence for arene coordination was with p-di-tert-butylbenzene
at low temperature.* We report here the room temperature
observation of n%-arene complexes of [(CsMes)Rh(PMe;)] and
an equilibrium between an n*-arene complex and its aryl hydride
counterpart.

The aryl hydride complex (CsMes)Rh(PMe,)(Ph)H (1) is well
established to lose benzene upon heating to 60 °C. In the presence
of an excess of another arene, a new aryl hydride complex is
formed in high yield. However, when the complex is heated in
hexane solution containing 10 equiv of phenanthrene, a single new
product is formed for which no hydride resonance is observed by
'H NMR spectroscopy. Furthermore, the 3'P doublet resonance
of the starting material at § 7.90 (Jp_g, = 156 Hz) is replaced
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Figure 1. ORTEP drawing of (CsMes)Rh(PMe;)(n?-phenanthrene); el-
lipsoids shown at the 50% level. Important distances (A) and angles
(deg): Rh-C14, 2.128 (4); Rh—-C15, 2.144 (4); C14-C15, 1.428 (6);
C14-C19, 1.469 (5); C15-C16, 1.460 (5).

by a new doublet at 6 0.31 (Jp_g, = 201 Hz). The upfield shift
and increase in coupling constant are typical of the spectral
changes characteristic of a change from Rh(III) to Rh(I) in a
variety of CpRhL, and (CsMes)RhL, complexes.> The simplicity
of the 'H NMR spectrum of the arene ligand (four multiplets in
the aromatic region and a multiplet at § 3.56)° suggests the
symmetrical coordination of the central double bond to the metal

center as shown in eq 1.
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A single-crystal X-ray structure of this material confirms the
above formulation as an n2-arene complex as shown in Figure 1.7
The central olefinic double bond of phenanthrene is slightly
lengthened compared to free phenanthrene, and the rhodium center
lies at a slightly obtuse angle to the planar arene ring. The fused
ring system is oriented away from the phosphine ligand, as the
other rotamer would superimpose the rings upon the phosphine.

Several other n%-arene complexes have been structurally
characterized, including [P(Cy),],Ni(n?-anthracene),®
(PEty),Pt[n2-C¢(CF3)g].° [CpRe(CO),]5(u-n*-CeHg),"* CpRh-
(PMe,)(7%-C¢Fg),!! and a variety of Ag*(arene)'? complexes. In
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none of these cases is any evidence for competitive C-H bond
activation seen. Taube has also recently reported many examples!?
of n?-arene coordination to [Ru(NH3)]?* and [Os(NH,)s]?*, and
Graham has found evidence for n?-coordination of arene upon
protonation of CpRe(NO)(CO)(Ph).!4

Other fused, polycyclic aromatics also react under conditions
of thermal equilibrium to give 7*-arene complexes. Upon heating
a 10:10:1 solution of benzene/naphthalene/1 in hexane for 24 h,
three species are observed. The 3'P NMR spectrum in C4D;;
shows three doublets (6 7.90, J = 156 Hz; 4 7.63, J = 155 Hz;
5 0.66, J = 203 Hz) in a 1:1.35:2.7 ratio, consistent with the
formation of two Rh(III) complexes and one Rh(I) complex (eq
2). One of the Rh(III) complexes can be identified as 1 by
comparison with an authentic sample. The second Rh(II1) com-
plex is identified as (CsMes)Rh(PMe;)(2-naphthyl)H (2) on the
basis of 400-MHz 'H COSY NMR data and independent
preparation. The third product is formulated as (CsMes)Rh-
(PMe;)(n*-naphthalene) (3), also on the basis of 'H NMR data.!®
The 'H NMR spectrum shows a pair of coupled multiplets at &
3.629 and 3.213 for the hydrogens on the double bond bound to
rhodium. The higher field resonance also couples to one of the
aromatic hydrogens at § 6.570. The n*-naphthalene/naphthyl
hydride isomers can also be formed by direct synthesis. A 1:2
mixture of complexes 2 and 3 is also formed upon reduction of
(CsMes)Rh(PMe;)(2-naphthyl)Br!é with Na[HB(s-Bu),].

Equilibria wilh 1:1 Benzene:Naphlhaiene in hexane solvenl:

Dﬁz
o

The above observations indicate that under equilibrium con-
ditions the n?-naphthalene complex 3 is thermodynamically
preferred over the C—H oxidative addition adduct 2, and that
both of these are more stable than the phenyl hydride 1. This
system is the first example in which reversible arene activation
and n*-coordination are both observed. It is interesting to note
that in 1965 Chatt described the chemical behavior of Ru-
(dmpe),(naphthyl)H as if the compound were a complex of
naphthalene.!’

We are not certain of the factors that lead to the stabilization
of the n*-naphthalene adducts. Introduction of a 2-methoxy
substituent leads to only one product under similar thermal
equilibrium conditions, the (3,4-7%)-methoxynaphthalene complex
(eq 3)."® The electron-donating methoxy group apparently sta-
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=74,2.5Hz,1H), 6.564 (d, J = 0.5 Hz, 1 H), 6.570 (dd, J = 4.5, 0.5 Hz,
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C¢Dy,): 6 1.187 (d, J = 8.1 Hz, 9 H), 1.310 (d, J = 2.6 Hz, 15 H), 3.043
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bilizes even further the n>naphthalene complex. We believe that
the added stability of these adducts might be associated with the
resonance energy that remains following n?-coordination. With
naphthalenes, the fused aromatic system leaves behind a styrene
residue, whereas with phenanthrene, a biphenyl moiety remains.
Comparison of the heat of hydrogenation of benzene to cyclo-
hexadiene to that for hydrogenation of naphthalene to 1,2-di-
hydronaphthalene indicates an ~8 kcal/mol preference for the
latter reaction.'® Earlier reports of simple Hiickel calculations
on the effects of n? binding of an arene to a metal support the
notion that binding of fused aromatic complexes costs less in terms
of resonance energy.®® Future studies will continue to investigate

the factors that control this equilibrium.
\@/ )

Q/ OMe  s0°C

Ao O

Me,P H " b,
! OMe

Acknowledgment is made to the U.S. Department of Energy
(DE-FG02-86ER13569) for their partial support of this work.
W.D.J. also thanks the Camille and Henry Dreyfus Foundations
for awards.

Registry No. 1, 81971-46-2; 2, 123099-42-3; 3, 123099-43-4;
(CsMe;s)Rh(PMe,)(n*-phenanthrene), 123099-41-2; (CsMes)Rh-
(PMe;)(2-naphthyl)Br, 123099-44-5; Na[HB(s-Bu),], 67276-04-4;
(CsMes)Rh(PMe,)((3,4-n%)-2-methoxynaphthalene), 123099-45-6.

Supplementary Material Available: Tables listing atomic co-
ordinates, anisotropic thermal parameters, and bond distances and
angles for (CsMes)Rh(PMe,)(n*-phenanthrene) (10 pages);
calculated and observed structure factors for (CsMes)Rh-
(PMe,)(n*-phenanthrene) (17 pages). Ordering information is
given on any current masthead page.

(19) Based on heat of formation data for C¢Hg(1), C¢Hs(1), CoHs(s), and
CioH o(1) from: Pedley, J. B.; Naylor, R. D.; Kirby, S. P. Thermochemical
Data for Organic Compounds; Chapman and Hall: New York, 1986. Stull,
D. R.; Westrum, E, F.; Sinke, G. C. The Chemical Thermodynamics of
Organic Compounds;, John Wiley & Sons: New York, 1969.

Electronic Effects on the Addition of Double Bonds to
Triplet Benzenes: What Is the Rate-Determining Step
in Biradical Formation?

Peter J. Wagner* and Masami Sakamoto

Chemistry Department, Michigan State University
East Lansing, Michigan 48824
Received June 29, 1989

We recently reported that acetophenones containing o- or p-
3-buten- 1-oxy substituents undergo rapid internal triplet quenching
that leads to 2 + 2 cycloadducts."> Whereas the reaction of
alkenes with excited singlet benzenes has been widely studied,’
the corresponding triplet reaction is basically unknown. Therefore
we have measured rate constants and Arrhenius parameters for
a variety of such unsaturated acetophenones in order to establish
the nature of the interaction that quenches the excited triplet and

leads to product.
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