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2.2: Ilnevitability of agostic interactions. B—-CH bond

activation.

2.2.1: Abstract

Oxidative addition of a coordinatively unsaturated penta-
coordinate ethy! complex to the octahedral ethy lene-hydride
comp lex involves an intermediate agostic complex. The geo-
metric factors that are unique to B-CH bond addition are
discussed. Extended Hickel Molecular Orbital calculations of

the reaction profile L4MC to L4M(02H4)H, (M = Co with six d

2Hg
electrons) shows an intermediate structure with agostic
interactions to be more stable than the octahedral ethylene-

hydride complex. The transformation from the agostic struc-

ture to the pentacoordinate species Iinvolves a barrier.
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2.2.2: Introduction

The C-H bonds are one of the strongest bonds commonly
1
encountered in chemistry. It Is not easy to form derivatives
of hydrocarbons that can be obtained in ptenty from various
2, 3

industrial sources. Several methods have been sought to

activate the wusually inert C-H bonds of alkanes and other

4

hydrocarbons. The term activation is used to describe the
process of increasing the reactivity of C-H bonds so that it

can be broken to make derivatives. Unsaturated transition
metal centres are found to be ideal in helping this process.
The reaction begins by the donation of the C-H bonding elec-
trons to the transition metal centre to completely f1 11 its
valence orbitals. This weakens the C-H bond and the process
of breaking the C-H bond cont inues ultimately leading to M-C
and M-H bonds. This process also increases the oxldation state
of the metal by two. Hence, the reaction is known as oxida-
tive additlon.S One of the first instances of C-H bond actl-
vation was found In the cyclometalation reactlon.6 Crabtree
et al have shown that the actlvation of a number of alkanes by
Ilridlium complexes proceed through oxlidatlve additlion.

Graham.8 Bergman,9 Whltesldes1o and others11 have also
studied the activation of C-H bond by transition metals. The
mechanism of oxidative additlion involves a coordinatively
unsaturated metal center which reacts with the alkane C-H in a

three center transition state forming the hydrido alky! metal

complex (eq. 2.2.1). Brookhart and Green have colined the name

agostic for such a transition state.12 The hydrido alkyl
R /R

LM + R-H —— L nM< $ —_— LnM\\ (eq.2.2.1)




75

comp lex on subsequent loss of the alkane regenerates the
reactive metal complex. Even though the majority of C-H bond
activation reactions appear to be oxidative addition type,
some undergo radical proceSses in which a hydrogen atom Is
abstracted from the alkane13 and some others undergo a four

center mechanism as seen in the activation of C-H bonds by

lanthanides and actlnldes.14
The activation of C-H bonds are of two types: intra and
inter molecular. In the intra molecular activation the acti-

vated C-H bond is already attached to the metal through other
atoms or groups and in the Iinter molecular variety It comes
from an independent alkane. Intramolgcular C-H bond activa-
tion involves a, B, Y, § etc C-H bonds. Of these the acti-
vation and addition of the B-CH bond is unique because the
addition does not Iinvolve a formal oxidation at the metal,
since the product is an ethylene-hydride compliex and there is
simply an increase of two in the electron count around the
metal. A 16- electron pentacoordinate complex with d6 metal

becomes an 18- electron octahedral complex with ethylene and

+ 15
hydride as cis ligands. C6H6M(PR3)2(C2H4)H . M = Ru, Os,
+ 16 17
CSHSRh(PRa)(Cqu)H and (CO)CIOS(PR3)2(CZH4)H have been
prepared in solution. Nuc lear magnetic resonance data have

been used to show the existence of distinct ethy lene and

hydride ligands in these complexes. Well characterized struc-

tures with agostic interactions are available for isocelec-
4+

tronic Co compounds (CSMe4R)Co(Et)(C2H4) and (CSMeS)Co—

+ 12,18,19

(PRB)Et Experimental evidence abounds for the iInter-
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mediacy of agostic interactions of C-H-M with other coordina-

tion numbers.12’20'21 Several single crystal structural
studies of complexes involving agostic interactions are
12, 20, 22

+
avai lable. (CSMeS)Co(PR3)(CaH5) (1) represents an

example of an intermediate caught between the C-H bond addi-

tion. The product of additon, were it to take place, corres-
ponds to an octahedral ethylene-hydride complex. However, no
well documented structure from diffraction studies Is

available for the octahedral ethylene-hydride complex with Co

as the metal. In this section, the geometrical and electronic
factors that favour the agostic interactions of B-CH bonds
are analyzed. Extended Hicke | method23 is used to obtain wave
c—F
\ \H X
Co
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functions along a reaction coordlnateeo that connects an

agostic structure (2) to an octahedral ethy lene-hydride
complex (3) and to a pentacoordinate ethyl complex (4). The
ltgands used, in addition to ethylene and hydride were CSHS

and PH3 or four hydrides with appropriate charges to retain

the d-electron count of Co as d6. There has been previous
theoretical studies on C-H bond actlvation24 but none to
delineate the electronic féctors of B-CH bond metal interac-
tions.

2.2.3: Results and Discussion

The complex (CSMeS)CO(PR3)C (1) was selected as the

Mg
reference structure with agostic ]nteractions. This was
modelled by (CSHS)Co(PHa)Et+ (2) with geometry adapted from
the X-ray structure.19 The transformation 'of 2 to the
octahedrall ethy lene-hydride complex (3) and to the penta-
coordinate ethy | compliex (4) was studied using extended Hucke |
calculations (4 --> 2 --> 3). The geometry of (CSHS)CO(PH3)
was kept constant during this process. The Co, Ca 5 CB and
the shifting hydrogen were kept in the same plane throughout;

The exact geometries and the parameters are given In appendix

1.2.

Fig. 2.2.1 shows the variation of total energy with Ca -
CB distance (4 --> 2 --» 3). There is a minimum corres-
ponding to 2 (the agostic structure) with energy increasing In
either directions. Interestingly, the energy increases con-

tinuously in the direction of the octahedral complex (3) from
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Fig. 2.2.1 The wvariation of total energy (thick line) and the

Mulliken overlap population for the process (4 -—>2 -->3)

+
starting from [(CSHS)CO(PHB)(CBHS)] X
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<. While along the path towards 4, the energy goes up
Enitially and comes down again. Before analyzing the reasons
#or such a paftern, a comparison is made to the aval lable
experimental data. The small barrier for conversion of the

agostic (2) to the pentacoordinate (4) structure shows the

ease of vacating the sixth coordination site. m ligands may
then occupy this position leading to further reactions. 1,
#or example, is known to catalyze the polymerization of
ethylenes.19 Addition of the C-H bond to the metal is uphill
in energy. The search for well documented octahedral 06

complexes with ethylene and hydride as cis ligands could not
give any with Co as the metal. It appears as though B-CH
bond addition in these comp lexes proceeds to the agostic stage
enly. The initial calculations involved ligands very close to
that found in 1. The general trend in energy is not different
wvhen |igands were changed into simpler ones. Thus replacement
of Cp and PH

by H did not change the reaction profi le.

3 4
Hence, (H‘I)CO(H)(CEH“)”2 Is considered further In the

discussion.

The easiest point to understand along the reaction
coordinate Is the final one with the octahedral geometry (3).
The variation in geometry in relating 3 to 2 and 4 gives the

key for the ease of formation of structures with agostic

interactions. Crabtree et al have constructed a reaction
coordinate for C-H bond addition from single crystal struc-
tural data.20 A comparison of the ethylene-hydride complex

geometry (3) to this scheme (Filg. 2.2.2) shows that the carbon
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027
agostic, 2 Observed Agostic CH range
——- ethyl complex, 4 Crabtreeetal  [20]
-~ Qctahedral, 3
a b
.2 A comparison of the reaction profile for B-CH bond

addition. (a) this study (b) that given by Crabtree et
al (ref. 20) . The geometry of the agostic point (solid

line) In Fig. 2.2.2a falls approximately Iin the region of

agostic interaction. The dotted lines refer to the
octahedral compliex and the broken lines to the ethyl
complex. The Mulllken overlap population corresponding

to the MO that makes the dominant contribution to the C-
H-M Interaction Is also given in Fig. 2.2.2a. The middle
value corresponds to the agostic point, the lower one to
the octahedral complex and the upper one to the ethyl

complex.
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is already close to the strucutre with agostic Interactions.
Fig. 2.2.2a gives the bolnt corresponding to 2, 3 and 4. Thus
the deviation from the octahédral geometry needed to reach the
agostic point iIs not large. As seen below, 2 retains much of
the M-C and M-H bonding present in the complex although the C-

H interaction is substantially increased.

A Walsh diagram that connects 3, 2 and 4 for the process
shown In Fig. 2.2.2 is given In Fig. 2.e:.3. The detal is of
the variation of the energy levels may be understood starting
from the MOs of the octahedral ethylene-hydride complex (3).

The HOMO 9a’ orbital corresponds to the bonding combination of

ethy lene m bond and the dxa_za ( obteined as a |inear combi-
nation of dxa_ya and dza ) at 3. This also has considerable
M-H bonding. However, it is CB -H antibonding. At the
agostic point (2) this antibonding interaction iIs at a

max i mum. The M—Ca and CB -H bonding Interactions predominate

at the pentacoordinate point (4). Instead of going through
the detalls of all the orbitals, we concentrate on 3a’. This
ligand based orbital follows the general trend in total
energy. It Is mainly an M-H bonding orbital at 3. Petalnsb

much of this at the agostic polnt (2), but in addition gains
substantial C-H bonding. The contribution of this MO to
Mulliken overlap population for various atom pairs is given
in Fig. 2.2.2a. The upper number corresponds to 4, the middle
one to 2 and the lower one to 3. A cross section of this MO
in the xz plane is shown in Fig. c.2.14. The balance of C-H,

M-H and M-C interactions In stabilizing agostic structures are
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also seen in the variation of the Mulliken overlap populations
summed over all occupied orbitals (Fig. 2.2.1). The decrease
in the C-H population in going from 4 to 2 is negiigible,
while this increases the M—-H bonding. There is a drastic
decrease in the C-H bond population in going from the agostic
to the octahedral complex. The variation in the overiap
population also shows that the agostic point is the best

compromise along the reaction coordinate.

The Importance of the M-C-H interactions is also seen
from calculations where the matrix elements corresponding to
M-H overlaps are omitted from the overlap matrix. Unlike in
F g . 2.2:1; the total energy now increases continuousliy.
There is no minimum along the path. A similar result is
obtained when M—CB overlaps are neglectéd in the calcula-

tions.

if the C-H donation to the 16- electron system is the
reason for the agostic minimum, it should be possible to
increase or decrease the depth of this minimum by changing the
electron demand at the metal center. This indeed is found to
be the case. variation of the hydrogen Hll from the standard
-13.6 to -12.6 and -14.6 eV to simulate electron donating and
electron withdrawing substituents, showed that electron
withdrawing substituents increased the depth of the well,
stabilizing the agostic structure. Since bond distances

involving hydrogen and heavier atoms are overestimated by 10%

by X-ray studies, the calculations are repeated by decreasing
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the M-H and C-H distances at the agostic point by 10%. Total
energy and other parameters did not change from the earlier
values considerably here. In particular the agostic point

appeared as a minimum.

The above results point to the conclusion that comp lexes

involving ' agostic interactions are preferred to octahedral
ethy lene-hydride complexes in the process (4 --> 2 --> 3). A
recent experimemtal study by Brookhart on this problem also

came to the same conclusion that no alkyl-alkene complexes are
directly observed during the migratory reaction of a penta-

coordinate complex CpCo(L)CaH (L = P(OMe)B), which supports

S
2S5 »

the above theoretical analysis.
2.2.4: Summary

The geometric factors that favour agostic interactions
involving B-CH bonds have been analyzed using mode |

+ -2

compounds, (CSHS)CO(PH3)H(C2H4) and (Hq)Co(H)CaH4
Extended Hiickel calculations along the reaction coordinate

that connects pentacoordinate ethyl compliex to the octahedral
ethy lene-hydride complex via the structure Iinvolving agostic
interactions showed that there is a minimum corresponding to
this structure.26 Mul | iken overlap population analysis of the
pentacoordinate, agostic and octahedral complexes shows that
the agostic point retains most of the C-H bonding character
while also gaining M-H bonding. A comparison of this reaction

20

profile to that formulated by Crabtree and coworkers

indicates how small a change in geometry is required to
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convert the octahedral ethylene-hydride complex to the agostic
complex with B-C-H-M interaction. The stability of the struc-
ture with agostic interaction can be increased or decreased by
increasing or decreasing the electron withdrawing nature of

the remaining ligands.



87

2.2.5: References

1 (a) Huheey, J.E. lnorganic Chemistry; 2nd ed.; Harper: New
York; 1978, Appendix F, p839.

(b) March, J. Advanced Organic Chemistry; 3rd ed.; McGraw-
Hitl: New York; 1980, p17S.

2 Methane to synthesis gas technology exists (steam reforming)
Wittcoff, H.A.; Reuben, B.G. Industrial Organic Chemicals in
Perspective; John Wiley: New York; 1980, Part 1, p108.

3 Fischer, F.; Tropsch, H. Brennst. Chem. 1923, 4, 276.

4 Leading reviews on CH bond activation are found in

(a) Shilov, A.E.; Activation of Saturated Hydrocarbons by
Transition Metal Complexes; D. Reidel: Dordrecht; 1984.

(b) Parshall, G.W. Homogeneous Catalysis; Wiley: New York;
1982.

(c) Ephritikhine, M. Nouv. J. Chem. 1986, 10, 9.

(d) Halpern, J. lnorg. Chim. Acta 1985, 100, 41.

(e) Crabtree, R.H. Chem. Rev. 1985, 85, 245.

(f) Muetterties, E.L. Chem. Soc. Rev. 1982, 11, 283.

(g) Webster, D.E. Adv. Organomet. Chem. 1977, 15, 147.

(h) Green, M.L.H.; O'Hare, D. Pure Appl. Chem. 1985, 57,
1897.

S (a) Collman, J.P.; Hegedus, L.S. Principles and Applications
of Organotransition Metal Chemistry; University Science

Books: Mill Valley, CA; 1980, p222.
(b) Saillard, J.=Y.; Hof fmann, R. J. Am. Chem. Soc. 1984,
106, 2006.

(c) Bergman, R.G. Science (Washington, D.C.) 1984, 223, g902.

6 Bruce, M.|. Angew. Chem., Int. Ed. Engl. 1977, 16, 73.

7 (a) Crabtree, R.H.; Mihelclic, J.M.; Quirk, J.M. J. Am. Chem.
Soc. 1979, 101, 7738.

(b) Crabtree, R.H.; Me |l lea, M.F.; Mihelcic, J.M.; Quirk,
J.M. ibid. 1982, 104, 107.

(c) Crabtree, R.H.; Hlatky, G.G. lnorg. Chem. 1980, 19, 572.




(d)

(e)

f)

(a)

(b)
(c)

(d)

(a)

(b)

(c)

(d)
(e)
()

(9)

10 (a)

11

(b)
(c)

(a)

(b)

(c)

83

Burk, M.J.; Crabtree, R.H.; Parnell, C.P.; Uriarte, R.J.
Organometallics 1984, 3, 816.

Burk, M.J.; Crabtree, R.H.; McGrath, D.V. J. Chem. Soc.,
Chem. Commun. 1985, 1829.

Crabtree, R.H.; Parnel l, C.P. Organometallics 1984,
3; 1727.
Hoyano, J K McMasteE; AYDG Graham, W.A.G. J. Am.

Chem. Soc. 1983, 105, 7190.
Hoyano, J.K.; Graham, W.A.G. ibid. 1982, 104, 3723.

Sweet, J.R.; Graham, W.A.G. Organometallics 1983, 2,
135.

Ghosh, C.K.; Graham, W.A.G. J. Am. Chem. Soc. 1987,
109, 4726.

Janowicz, A_H.; Bergman, R.G. J. Am. Chem. Socc. 1983,
105, 3929.; ibid. 1982, 104, 352.

Periana, R.A.; Bergman, R.G. Organometalilics 1984,
3, 508.

Periana, R.A.; Bergman, R.G. J. Am. Chem. Soc. 1984,
106, 7272.

wWenzel, T7.T.; Bergman, R.G. ibid. 1986, 108, 4856.

McGhee, W.D.; Bergman, R.G. ibid. 1986, 108, 5621.

Buchanan, J.M.; Stryker, J.M.: Bergman, R.G. ibid. 1986,
108, 1537.

Periana, R.A.; Bergman, R.G. ibid. 1986, 108, 7332.

Hackett, M. | bers, J.A.; wWhitesides, G.M. J. Am.
Chem. Soc. 1988, 110, 1436.

Hackett, M.; Whitesides, G.M. ibid. 1988, 110, 449.
Hackett, M. ; Ibers, J.A.; Jernakoff, P.; Whitesides,
G.M. ibid. 1986, 108, 8094.

Cameron, C.J.; Felkin, H.; Fillebeen-Kahn, T.: Forrow,
N.J.; Guittit, E. J. Chem. Soc., Chem. Commun. 1986,
801.

Baudry, D.; Ephritikhine, M.; Felkin, H.; Zakrezewskl,
J. Tetrahedron Lett. 1984, 25, 1283.

Felkin, H.; Fillebeen-Kahn, T3 Gault, Y.; Holmes-
Smith, R.; Zakrzewski, J. Iibid. 1984, 25, 1279.




(d)

(e)

)
(9)
(h)
i)

(J)

(K)
)

(m)
)

(o)

p)
(a)

)
(s)

(1)

(W

(V)

(w)
(x)

29

Arliguie, T.; Chaudret, B. J. Chem. Soc., Chem. Commun.
1986, 985.

Jones, w.D.; Feher, F.Jd. J. Am. Chem. Soc. 1985,
107, 620.
Jones, W.D.; Feher, F.J. ibid. 1984, 106, 1650.

Haddleton, D.M. J. Organomet. Chem. 1986, 311, C21.

Rothwell, |.P. Polyhedron 1985, 4, 177.

Tolbert, M.A.; Mandich, M.L.; Halle, L.F.; Beauchamp,
J.L. J. Am. Chem. Soc. 1986, 108, 5675.

Desrosiers, P.J.; shinomoto, R.S.; Flood, T.C. ibid.
1986, 108, 1346.; ibid. 1986, 108, 7964.

pParnis, J.M.; Ozin, G.A. ibid. 1986, 108, 1699.

Park, J.W.; Mackenzie, P.B.; Schaefer, wW.P.; Grubbs,
R.H. Ibid. 1986, 108, 6402.

Brainard, R.L.; Madix, R.J. ibid. 1987, 109, 8082.

Sternal, R.S.; Sabat, M. ; Marks, T.d. lbid. 1987,
109, 7920.

Chamberlain, L:R:; Kerschner, 3 S, Rothwell, A.P.;
Rothwell, |.P.; Huffman, J.C. ibid. 1987, 109, 6471.

Cordone, R.; Taube, H. ibid. 1987, 109, 8101.

Ti Ilset, M. ; Bodner, G.S.; Senn, D.R.; Gladysz, J.A.;
Parker, V.D. ibid. 1987, 109, T7551.

Baker, M.V.; Field, L.D. ibid. 1987, 109, 2825.

Bulls, A.R.; Schaefer, W.P.: Serfas, M; Bercaw, J.E.
Organometallics 1987, 6, 1219.

Mochida, K.; Hiraga, Y.; Takeuchi, H.; Ogawa, H. ibid.
1987, 6, 2293.

Fryzuk, M.D.:; MacNiel, P.A.; McManus, N.T. ibid. 1987,
6, 882.

Adams, R.D.; Babin, J.E.; Kim, H.-S. ibid. 1986, S,
1924.

Jones, W.D.; Fan, M. ibid. 1986, 5, 1057.

Jones, w.D.; Kosar, wW.P. J. Am. Chem. Soc. 1986,
108, 5640.




12

13

14

15

16

17

18

19

=40

21

90

(y) Finke, R.G.; Keenan, S.R.; Schiraldi, D.A.; watson,
P.L. Organometallics 1987, 6, 1356.

Brookhart, M. ; Green, M.L.H. J. Organomet. Chem. 1983,

250, 395.

(a) Groves, K (e Nemo, T.E. J.  Am. Chem. Soc. 1983,
105, 6243.

(b) Smegal, J.A.; Hill, C.L. ibid. 1983, 105, 3515.

(c) Mimoun, H..% Saussine, b g Daire, E.: Postel, M. :
Fischer, J.; Weiss, R. ibid. 1983, 105, 3101.

(a) watson, P.L.; Parshall, G.W. Acc. Chem. Res. 1985,
18, 51.

(b) Fendrick, C.M.; Marks, T.J4. J. Am. Chem. Soc. 1986,
108, 425.

(c) Thompson, M.E.; Bercaw, J.E. Pure Appl. Chem. 1984,
56, *:

Werner, R.; Werner, H. Chem. Ber. 1983, 116, 2074.

Werner, R.; Feser, R. J. Organomet. Chem. 1982, 232, 351.

Esteruelas, M.A.; wWerner, H. J. Organomet. Chem. 1986,
303, e221.
Brookhart, M.; Green, M.L.H.; Pardy, R.B.A. J. Chem. Soc.,

Chem. Commun. 1983, 691.

Cracknel |, R.B.; Orpen, A.G.; Spencer, J.L. J. Chem. Soc.,
Chem. Commun. 1984, 326.

Crabtree, R.H.; Holt, E.M.; Lavin, M.; Morehouse, S.M.
Inorg. Chem. 1985, 24, 1986.

A selected list of agostic complexes are

(a) Asaro, M.F.; Cooper, S.R.; Cooper, N.J. J. Am. Chem.
Soc. 1986, 108, 5187.

(b) Kanamori, K.; Broderick, W.E.; Jordan, R.F.; Willett,
R.D.; Legg, J.I. ibid. 1986, 108, 7122.

(c) Bleeke, J.R.; Kotyk, J.J.; Moore, D.A.; Rauscher, D.J.
ibid. 1987, 109, 417.

(d) Evans, wW.J.; Drummond, D.K.; Bott, S.G.; Atwood, J.L.
Organometallics 1986, S5, 2389.




22

23

(e)

f)

(9)

hd

i)

J)

(a)

(b)

(c)

(d)

(e)

f)

(9)

(a)
(b)

91

den Haan, K.H.; de Boer, Jaliie § Teuben, J.H.; Spek,
A.L.; Kojic-Prodic, B.; Hays, G.R.; Huis, R. ibid.
1986, S, 1726.

Khasnis, D.V.; Toupet, L.
Chem. Commun. 1987, 230.

: Dixneuf, P.H. J. Chem. Soc.,

den Haan, K.H.; Wielstra, Y.; Teuben, J.H.; Organometa-
ilics 1987, 6, 2053.

Hessen, B-:: van Bolhuis, F.; Teuben, J.H. ibid. 1987,
6, 1352.
Brookhart, M. ; Noh, S.K.; Timmers, F.J. ibid. 1987,
6, 1829.
Albers, M.O.; Crosby, S.F.A.; Liles, D.C.; Robinson,

D.J.; Shaver, A.; singleton, E. ibid. 1987, 6, 2014.

Erker, G.; Fromberg, W.; Angermund, K.; Schiund, R.;
Kruger, C. J. Chem. Soc., Chem. Commun. 1986, 372.

Dawoodi, Z.; Green, M.L.H.; Mtetwa, V.S.B.; Prout, K.
J. Chem. Soc., Chem. Commun. 1982, 802, 1410.

Ccarmona, E.; Sanchez, L.; Marin, J.M.; Poveda, M.L.;
Atwood, J.L.; Priester, R.D.; Rogers, R.D. J. Am. Chem.
Soc. 1984, 106, 3214.

Brown, R.K:j; williams, J.M.; Schultz, A.J.; Stucky,
G.D.; Ittel, S.D.; Harlow, R.L. Ibid. 1980, 102, 981.
Dawkins, G.M.; Green, M.; Oorpen, A.G.; Stone, F.G.A. J.

Chem. Soc., Chem. Commun. 1982, 41.

Green, M.; Norman, N.C.; Orpen, A.G. J. Am. Chem. Soc.
1981, 103, 1269.

Erker, G.; Zwettler, R.; Kruger, C.; Schlund, R.; Hyla-
Kryspin, |.; Gleiter, RE ! Organomet. Chem. 1988, 346,
C15.

Hoffmann, R. J. Chem. Phys. 1963, 39, 1397.

Hofmann, R.; L i pscomb, W.N. ibid. 1962, 36, 2179.
Despite the approximate nature of the method its
success in transition metal organometallic chemistry
has been demonstrated (e.g. see Hoffmann, R. Science
(Washington, D.C.) 1981, 211, 995). Although the
absolute energies and even the position of the minimum
obtained by this method may not be correct, the conclu-
sions that are drawn from the over lap populations for
the retention of the C-H bond along the addtion pathway
are unlikely to be proved invalid by more sophisticated
calcutlations.




92

24 Theoretical studies on CH bond activation are found in

(a) Raaba, H.; saitlard, J.-Y.; Hoffmann, R. J. Am. Chem.
Soc. 1986, 108, 4327 and references therein.

(b) Fitzpatrick, N.J.; McGinn M.A. J. Chem. Soc., Dalton
Trans. 1985, 1637.

(c) Cracknell, R.B.; Oorpen, A.G.:; Spencer, J.L. J. Chem.
Soc. Chem. Commun. 1986, 1005.

(d) Eisenstein, O.; Jean, Y J. Am. Chem. SocC. 1985,
107, A1T7T.

(e) Har ilow, R.L.; McK inney, R.J.; ittel, S.D. ibld. 1979,
101, 7496.

(f) Koga, N.; Obara, S.; Morokuma, K. ibid. 1984, 106,
4625.

(g9) Goddard, R.J.; Hoffmann, R.; Jemmis, E.D. ibid. 1980,
102, 7667.

(h) Bursten, B.E:; Cayton, R.H. Organcmetallics 1986,
5, 1051.

(i) Canter, E.A.; Goddard, W.A., |11 ibid. 1988, 7, 675.

(J) Calhorda, M.J.; Simoes, J.A.M. ibid. 1987, 6, 1188.
(k) Hofman, P.; Padmanabhan, M. ibid, 1983, 2, 1273.

25 Schmidt, G.F < Brookhart, M. J.  Am. Chem. Soc. 1985,
107, 1443 and references therein.

26 Pavan Kumar, P.N.V.; Ashok, B.; Jemmis, E.D. Ja Organomet.
Chem. 1986, 215, 361.






