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Objective and Approach

The primary objective of this project was to find new ways to incorporate carbon dioxide
into organic molecules by activation of the carbon dioxide within the coordination sphere of a
transition metal complex.

Our experiments involved three inter-related approaches: the preparation of new classes of
organometallic molecules designed to react with carbon dioxide and to couple carbon dioxide with
unsaturated ligands within the coordination sphere of the metal; investigation of the reactions of
carbon dioxide with such complexes; investigations of similar reactions of heteroallenes in cases in
which the heteroallene reaction would provide additional insight into the carbon dioxide reactions.

Results and Conclusions

Our experiments were guided by our previous ONR sponsored research on our discovery
that highly electron rich dianionic carbonylmetalates [M(CO)5]?- (M = Cr, Mo, W) and
[M(CO)4]*> (M = Fe, Ru, Os) form CO; complexes in which the CO; is activated because the
ligand is bonded to the metal through carbon. This dramatically increases the nucleophilicity of the
oxygen atoms, such that the adducts react readily with additional CO; to form carbonate ion and
coordinated CO in a sequence which constitutes an overall reductive disproportionation of CO»:

2C0s + 2e- — [CO3]2- + CO

Carbon dioxide is the archetypal example of a heteroallene (X=C=Y), and in this grant
cycle we were able to establish that activation by coordination to a dianionic metal center is a
general reaction of heteroallenes with dianionic carbonylmetalates. If one end of the heteroallene is
capped by a first row element (N or O) which can form a strong triple bond with C, addition of a
second equivalent of the heteroallene results in X2 transfer to the second heteroallene molecule to

give a heterocarbonate ion and leave a coordinated "heterocarbonyl”. The net effect is that the
dianionic carbonylmetales induce reductive disproportionation of the heteroallene, and examples
we have observed include the reactions of carbodiimides, carbonyl sulfide, isocyanates and
thioisocyanates shown in Table I and reported in detail in Technical Report 1 and Publication 2.

Table 1

heteroallene carbonylmetallate initital product 1solated

(solution yield) product/derivative (%)
COS Nay[Fe(CO)4] [Fe(CO)s] (73) [Fe(CO)4l2] (72)
COS Naz[Ru(CO)4] [Ru(CO)s] [Ru(CO)4l2] (72)
COS Nay[Cr(CO)s] [Cr(CO)g] NBuy[Cr(CO)sBr] (82)
COS Nax[W(CO)s] [W(CO)e] (74) NBuy[W(CO)sBr] (57)
COsS Na[W(CO)s] [W(CO)s] [W(CO)el (61)
PhNCS Nap[Fe(CO)4] - [Fe(CO)4(CNPh)] (42)
MeNCS Nas[Fe(CO)4] [Fe(CO)s] [Fe(CO)4(CNCHa3)] (24)
PhNCS Lip[Cr(CO)s] - -
PhNCO Nay[W(CO)s] [W(CO)¢] (84) + -

[W(CO)s(CNPh)] (5)
PhNCNPh Nap[Fe(CO)4] [Fe(CO)4(CNPh)] (10)
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The observation in this work most directly relevant to our primary focus on CO; chemistry
is that the direction of reductive disproportionation of asymmetric heteroallenes is controlled by the
relative C=X triple bond strengths in the reduced products (C=0 > C=N > C=5).

We have explored the activation of COy and other heteroallenes by carbonyl complexes
which are electron rich but not anionic, and we have observed, for example, that although [W (13-
CsHs)2(CO)] does not react with COy, heteroallenes do add to the electron rich metal center to
give metalloheterocycles (as illustrated for two cases in Scheme I) in which the heteroallene has
been activated by coordination to the metal center in such a way that one of the heteroatoms adds to
the carbon of the carbonyl ligand (Technical Report 2 and Publication 3).

Scheme 1 No reaction

c=o 22=NR W N-R

& &
\ - R =CHg, Ph

PhN=C=NPh

We have sought to prepare new classes of highly reduced transition metal complexes with
the potential to activate COy, and we targeted in particular systems containing longitudinally
unsaturated ligands with the potential to couple to coordinated CO; ligands. This led us to prepare
an isonitrile complex of Co(-I) by addition of an aryl isonitrile to the highly reduced alkene
complex K[Co(CyHy)4] to displace the ethylene ligands and give K[Co(2,6-CcH3NC)4] as
described in Technical Report 3 and Publication 4. This anion does not undergo coupling
reactions when treated with COj, but it is the first reported example of a homoleptic isonitrile
complex of a metal in a negative oxidation state. We have termed such species isonitrilates, and it
seems probable that K[Co(2,6-C¢H3NC)4] is only the first example of a large class of new
transition metal complexes.

Scheme 11 .
CNPh -

K[Co(CoH4)al CNPh o CNPh" = CN

) (’"CNPh'
PhCN CNPh’

We have observed that the unsaturation between the metal center and the carbenoid carbon
in transition metal carbene complexes can be used to couple the carbene fragment with CO; if the
metal is reduced to activate it with respect to addition of the electrophilic CO,. This was done as
described in Technical Report 6 and Publication 6 by 2-electron naphthalenide reduction of Fischer
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carbene complexes of Cr with phosphine substituents on the metal center (Scheme III), and
although the nature of the reduced species has not been established we have shown that the
carbene or carbenoid ligand will react readily with CO; in unprecedented bis-carboxylation
reactions which give a previously unreported malonate with both aryl and methoxy substituents:

Scheme HII -
CO; CO,CH3y
OMe 1) CO 4 MeO ...,
(CH(CO)4(PBugi=( 2KNap  reg/brown )CO2 _ MeOwu/ 5+ CHyNp Me ,’c\/
. -7g'c  solution ) strip, wash Ph®” Neo,— —> Ph COsCH
cis, trans hexanes 2
81 % 73 % based on Cr
3) wash
CHzOH

The key to this sequence is the combination in a single complex of the basic highly reduced
metal center which can coordinate and activate the CO; with the unsaturation required for a
coupling reaction. We have shown that this combination can be achieved in other ways by
determining that the n4-arene in the Cr(-IT) complex [Cr(n*-C¢Hg)(CO)3]?- can be carboxylated
with endo stereochemistry (demonstrating that the reaction is metal mediated) as shown in Scheme
IV and described in Technical Report 5 and Publication 5.

Scheme IV

Cr 2- Me;SiCl/ O,
R 5%

C (0]
¥ o

s\c*
58" H Hexo
N co, ~ CO,SiMe,
_ MesSiCl C:;
o7 ™ S
oCCl C, IR OCcl Co IR, 'HNMR

o)

Much of our ONR sponsored research involves reactions of exceptionally air sensitive
(particularly O; sensitive) molecules. There are many techniques for the manipulation of such
materials under inert atmospheres, but it is often particularly convenient to handle them in solution
by using differential pressures of an inert gas to transfer solutions between vessels through steel or
Teflon cannulae. We are recognized as skilled and innovative practitioners of such techniques,
and we were invited to participate in a tutorial at an ACS national meeting on the handling of air
sensitive materials and to contribute a lead section in the successful 1987 book based on this
tutorial. This chapter (Publication 1) was circulated as Technical Report 4.

The six publications supported by this grant have been in the literature for an average of 6
years, which provides an opportunity to assess their impact as indicate by how often they have
been cited by other scientists. A search in Science Citation Index has established that they have
been cited a total of 70 times to date.
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ONR Supported Graduate Students

Samkeun Lee
Joseph A. Corella Il
Kuo-chen Shih
Sherri R. Lovelace

ONR Supported Postdoctoral Associate
Dr. Garry F. Warnock

Highlighted Presentations

Our ONR sponsored research on the transition metal chemistry of carbon dioxide continues
to attract considerable attention despite the drastic reduction in our efforts following the completion
of this grant, and I was invited to present some of our results in a symposium on Small Molecule
Activation at the 30th International Conference on Coordination Chemistry in Kyoto, Japan, in
1994. This biennial conference is the most important international conference devoted to
coordination chemistry, and my talk centered on the carboxylation of highly reduced carbene
complexes described in Technical Report 6 and Publication 6.

At a complementary level, a more general talk which discusses the transition metal
chemistry of CO; within the context of the greenhouse effect and global warming continues to be
the most requested and popular of the tatks which I give when visiting small colleges to recruit
prospective graduate students.
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