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A, and 143.3°, respectively. The equivalent distances and angle
in the tetrahydrofuran complex are 2.663 £ 0.011 A, 2.37 A, and
143.5°, respectively. The C(1)C(2) and averaged C-C(Me)
distances in the complex are 1.154 (6) and 1.468 £ 0.005 A,
respectively. The equivalent distances in free 2-butyne (=50 °C)
are 1.21 (2) and 1.46 (1) A, respectively.!® The averaged C—
C-C(Me) angle in the complex is 177.4 & 0.7° and the equivalent
angle in the free ligand is linear. Comparison of the C—C distance
and the C-C—C(Me) angle in (Me;sCs),Yb(n>-MeC=CMe) with
the equivalent bond parameters in trans-[MePt(PMe,Ph), (7%
MeC=CMe)]PF;'!* and (Ph;P),Pt(n*-MeC=CPh)''® in which
the C-C distance is 1.22 (3) and 1.28 (3) A and the C—-C-C(Me)
angle is 168 = 2° and 141.8(1.8)°, respectively, shows that little
or no w-back-bonding is involved in the ytterbium—acetylene bond.
The averaged Yb-C(1,2) distance is 2.850 £ 0.010 A and the
C(1)-Yb-C(2) angle is 23.4 (1)°. The dihedral angle formed
by intersection of the plane defined by C(1,2,3,4) and Yb with
the plane defined by the MesC; ring centroid—-Yb—Me;Cs ring
centroid is 91.5°. Clearly the 2-butyne to (MesCs),Yb interaction
is weak as judged by spectroscopic and crystallographic data. The
complex is best viewed as a Lewis acid-base adduct with little
or no w-back-bonding,.
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In recent years a number of transition-metal complexes have
been found to undergo photochemically induced intermolecular
C-H bond activation of their hydrocarbon solvents.!® The aryl
and alkyl metal hydride products of these reactions are believed
to result from the oxidative addition of the 16-electron coordi-
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natively unsaturated metal fragments, “ML,”, generated by the
photolytically induced loss of H, or CO, into the C-H bonds of
hydrocarbons (Scheme I). Insertion into C—H bonds also occurs
with thermal activation, suggesting that these reactions do not
specifically require the reactive metal fragment to be in a pho-
toexcited state.1**™18 A preponderance of the previously reported
examples of thermal C-H bond activation, in which the products
of direct oxidative addition are observed, involve the reductive
elimination of the reactive species, ML,, from an alkyl or aryl
metal hydride followed by its oxidative addition into the C-H bond
of another hydrocarbon, 24721518 [p effect, these reactions require
as a reactant a metal center which has already undergone C-H
activation into a C—H bond and constitute hydrocarbon exchange
reactions.

We now wish to report the thermal activation of C-H bonds
of hydrocarbons using the precursor metallacycle (7°-CsMes)-

Ir[C(p-CIC{H,)=NOC(=0)](CO) (1).1%° Thermolysis of 1
would be expected to generate the 16-electron four-coordinate
species “(n°-CsMeg)Ir(CO)” (Scheme II) which is presumed to
be responsible for the activation of a number of hydrocarbons when
generated photolytically from (7°-CsMes)Ir(CO),.2 When the
metallacycle 1 was maintained in the dark at 50 °C in benzene
solution for 5 weeks, a hydride resonance at —15.07 ppm was
observed and attributed to the product (°-CsMes)Ir(CO)-
(H)(C¢Hs)® (2), formed by the oxidative addition of (n°-
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C;Me;)Ir(CO) into the C—H bonds of benzene;?! addition of CCl,
converted 2 to the known (7°-CsMes)Ir(CO)(Cl)(CH;) 2% (3)
in 90.4% overall yield while the known dimer [(n’-CsMeg)Ir(u-
CO)], (4),2 identified by its 'H NMR resonance at 1.58 ppm
in C¢Dg, was produced in 8.6% yield as determined by NMR.
When the reaction of 1 was carried out in 100% deuterated
benzene and monitored by 'H NMR, two sets of doublets at §
7.71 (J = 8.3 Hz) and 7.01 (J = 8.3 Hz) appeared;?* as the
reaction proceeded these resonances decreased in intensity as the
resonances due to the free p-CIC,H,CN increased. The same
intermediate resonances were observed when the reaction was
carried out in cyclohexane and the 'H NMR of the reaction
products obtained before the reaction had gone to completion, thus
suggesting the existence of a common intermediate which is formed
before oxidative addition of the solvent occurs. In order to isolate
the intermediate, a THF solution of 1 was stirred at 50 °C for
14 h in the dark. Upon removal of the THF under vacuum and
extraction of the residue with pentane, a yellow solution was
obtained which on cooling afforded a yellow crystalline product
in 66% yield. The complex obtained is a side-bonded nitrile
complex (n°-CsMes)Ir(n?>-NCCH,C1)CO?* (5), identified by its
characteristic low CN stretching frequency observed at 1781 cm™
in the IR spectrum.?*? Complex 5 was also characterized by
'H NMR spectroscopy and complete elemental analyses, and its
molecular structure has been determined by a single-crystal X-ray
diffraction study.”’” The resonances in the 'H NMR spectrum
of 5?4 coincide with those of the intermediate observed when the
thermolysis of 1 was monitored by 'H NMR as described above.
In order to confirm that § independently activates C—H bonds
of hydrocarbons, a 0.07 M solution of 5 in benzene was maintained
in the dark at 50 °C for 4 weeks, generating the phenyl hydride
product 2 and the dimer 4, in 76.2% and 18.4% yield, respectively.
A mechanism consistent with these observations involves the loss
of CO, from 1 to generate the nitrile complex 5 which at 50 °C
is labile and loses the coordinated nitrile to release the metal
fragment “(CsMe;)Ir(CO)” which undergoes C-H bond activation
(Scheme III). The metallacycle 1 was also found to be very
photosensitive; when a sample of 1 was maintained in benzene
at 50 °C and photolyzed® for 36 h, 2 was obtained in 75.4% yield
and 4 in 7.5% yield. The side-bonded nitrile § was observed when
the 'H NMR spectrum of the reaction mixture was obtained
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before the reaction had gone to completion, although the
steady-state concentration of 5§ was low since this compound was
particularly photosensitive. When 5 was photolyzed® in benzene
for 12 h at 50 °C, 2 was obtained in 80.6% yield by 'H NMR;
compound 4 was obtained in 4.7% yield. Photolysis of metallacycle
1 in cyclohexane for 13 days under the same conditions yielded
the cyclohexylhydride product (n°-CsMes)Ir(CO){H)(C¢H,,) (6);
addition of CCl, converted 6 to the known (°-CsMes)Ir(CO)-
(CD(C¢H ;) (7)% in 48.6% overall yield. The dimer 4 was ob-
tained in 33.7% yield. When the side-bonded nitrile complex §
was photolyzed for 24 h in cyclohexane at 50 °C, 6 was obtained
which was converted to the chloride derivative to yield 7 in 67.1%
overall yield; compound 4 was obtained in 13.1% yield.

The rhodium metallacycle (73-CsMes)(PMe;)Rh[C(p-

FC¢H,)=NOC(=O0)] demonstrates a reactivity similar to that
of 1 since the formation of a side-bonded nitrile complex and
thermal C—H activation of hydrocarbon solvents are observed. Full
details concerning this reaction will be reported shortly.
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Nitrogenase comprises two metalloproteins, the iron protein
(Fe protein) and the molybdenum—iron protein (MoFe protein).2™
The active site of the enzyme is thought to be associated with the
MoFe protein and to include the iron-molybdenum cofactor
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