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Abstract

Heterobinuclear RhOs complexes of the form [RhOsR(CO),;(dppm),] (R = CH;,
CH,CN, C=CH), have been prepared. In all of the compounds, the organic fragment is
terminally bound to the Rh, while three carbonyls are bound to Os, one of which forms a
semibridging interaction to Rh. Compounds 8 (R = CH,CN) and 11 (R = CH;) have been
structurally characterized by X-ray crystallography. Upon protonation, 11 yields
[RhOs(CO)3(p-H)-(u2-n3-(0-CsH4)PhPCH2PPhy)(dppm)]* (14) via methane loss and
orthometallation at Os, while methylation of 11 yields [RhOs(CH,),(CO)s(dppm),]” (17).
If the protonation reaction is carried out at -80°C and slowly warmed, three hydrido
methyl intermediates are observed at different temperatures, yielding information about
the rearrangements leading to reductive elimination from these heterobinuclear species,
which appears to occur from the Os center.

Reaction of the hydride complex [RhOs(H)(CO);(dppm),] (1) with alkynes and
allenes yields compounds of the form [RhOs(R)(CO);(dppm),] (R = C(CH,)=CH,), 18;
R = C(CH,;)=C(CH;),), 20; R = C(CO,Me)=C(H)CO,Me), 21). Compound 18 has been
structurally characterized. The n’-allyl complex [RhOs(nJ-C3H5)(C0)3(dppm)z] (19) was
formed as a minor product in the allene reaction and in addition was independently
synthesized. = Reaction of 18 with CO leads to the isopropenoyl complex
[RhOs(C(0)C(CH;)=CH,)CO);(dppm),] (23). The vinyl compounds react with the
electrophiles CH;SO,CF; and HBF,Me,0, to form vinyl/alkyl and vinyl/hydride
complexes of the form [RhOs(R)(R'NCO);(dppm);]° (R = alkenyl, R' = CH;, H), of
which compound 23 (R = C(CH;=C(CH;),, R = CH,) has been structurally



characterized. = Reductive elimination of alkenes occurs from the vinyl/hydride
compounds under CO.

Reaction of [RhOs(CO),(dppm),]” with excess CH,N, led to
[RhOs(n'-CH,CH=CH,)(CH,)(CO);(dppm),]* (35), which was independently
synthesized by the reaction of 19 with methyl triflate. Carbene complexes of the form
[RhOs(=C(CI-I3)2)(R)(CO);(dppm)z]2+ (R =H, 37; CH;, 38) were formed via protonation
of isopropenyl complexes, while protonation of the isopropenoyl complex 23 led to the
carbene complex [RhOs(=C(OH)(C(CH;)=CH,)(CO);(u-H)(dppm),]** (39).

The RhRu methyl complexes [RhRu(CH,;)(CO);(dppm),] (42) and
[RhRu(CH;),(CO);(dppm),]" (44) have been prepared and the latter has been strucurally
characterized. The dimethyl complex 44 reductively eliminates acetone in the presence
of CO. Reaction of the RhRu hydride complex 40 with allene or dimethylallene leads to
the allyl complexes [RhRu(n3-C3H5)(CO)3(dppm)z] (45) and [RhRu-

(n'-CH,CH=C(CH,),(CO);(dppm),] (46), respectively.
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Chapter 1

Introduction

Currently, one of the most active areas of organometallic chemistry is the study of
polymetallic transition metal complexes.! Interest in this field stems from the possibility
that metals, working in conjunction may show reactivity that is unique from that of
mononuclear complexes. The interaction between the metals that results in the modified
reactivity is generally referred to as metal-metal cooperativity.

Two or more metals can work cooperatively in several different ways. They can
act together to stabilize otherwise unstable fragments. Carbide ligands, for example, are
unknown in mononuclear transition metal complexes, but can be stabilized in the presence
of more than one metal, as evidenced by the many cluster complexes that contain this
fragment.’ Ligands can have bridged bonding modes in polymetallic complexes that are
not available in mononuclear complexes, and these bridging modes can enhance the
activation of certain fragments as compared to terminal binding. For example, activation
of CO by metal clusters can result in CO bond cleavage, which appears to require
coordination of both ends of the carbonyl.* Bridging modes can also change the type of
reactivity displayed by a ligand,’ as with methylene complexes, where terminal
methylenes are generally strongly nucleophilic (in neutral complexes),® while bridged
methylene complexes often show remarkable stability toward electrophiles.” Different

functional groups of a molecule can be activated simultaneously by two or more different



2
metals. This is particularly important in the activation of polar molecules, and is the goal
of many researchers working on early-late heterobimetallic complexes, where the
disparate properties of the two metals are ideal for activation of polar substrates.® A
coordinatively unsaturated metal adjacent to a saturated metal can enhance the reactivity
at the saturated metal by providing a site for a ligand to enter the complex. In
[RhRe(CO)4(dppm),], in which the unsaturated Rh centre is adjacent to the saturated Re,
reaction with H, occurs at -80° with loss of a carbonyl.” In contrast, the dirhenium
analogue [Re;(CO)¢(dppm),], containing two saturated metals must be heated to 172°
before reaction with H, occurs.'® Alternately, a coordinatively unsaturated metal can be
stabilized via interaction with a ligand on an adjacent metal through a bridging interaction,
alleviating coordinative unsaturation at that metal. In general, an adjacent metal can act as
a source of or a sink for molecular fragments,!'! and it has been suggested that
polymetallic catalysts can use adjacent metals to store fragments needed in the catalytic

!> The adjacent metal can also act as a source of or a sink for electrons,'? an

cycle.
example of which has been described in the transformation of
[RhOs(1)(CO)s(u-DMAD)(dppm),] to [RhOs(I}(CO)(u-DMAD)(dppm),], where the
coordinative unsaturation created by the loss of a carbonyl from Os is alleviated by the
formation of a dative Rh—Os bond."

Organo-transition metal chemistry plays an important role in elucidating the

functions of transition metals in catalytic processes, and many of the key steps in these

processes have been modeled in organometallic systems.'* Our understanding of



heterogeneous catalysis, in particular, benefits from the use of homogeneous complexes zs
models because of the great difficulty of direct examination of the heterogeneous systems.
Polymetallic model complexes are particularly appropriate for heterogeneous catalysis,
and it has been suggested that an ensemble of metals surrounded by ligands in a
polymetallic complex can serve as a model for a small part of the surface of a
heterogeneous catalyst with coordinated ligands.'S The presence of more than one metal
in the model complex allows for the possibility of metal-metal cooperativity, resulting in
chemistry that may be very different from that observed in the corresponding
monometallic systems. Cooperativity between two or more metals on a surface may be
an important factor in catalysis because of the close proximity of adjacent metals in such
systems.'S Although the vast majority of catalytic processes are heterogeneous, there
have also been some spectacular successes in homogeneously catalyzed processes such as
methanol carbonylation, olefin metathesis, and hydrogenations.!’ Increasingly researchers
are looking for homogeneous applications involving multinuclear systems, and the
processes which involve multiple metal centres are generally poorly understood, making
polynuclear organometallic complexes potentially valuable as model systems for these
processes. '

The Fischer-Tropsch reaction is a potentially important heterogeneously
catalyzed reaction because it allows for the formation of valuable chemicals from
inexpensive feedstocks.'® In this reaction, CO and H; react in the presence of a catalyst
to form long chain hydrocarbons and other organic products. The catalysts used in the

Fischer-Tropsch process involve a wide range of transition metals, including Rh, Ru, Fe,
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Zn/Cr, and Ni. As might be anticipated, the use of different catalysts and different
reaction conditions leads to different products, including methane, medium- and long-
chain hydrocarbons, ethanol, and acetic acid.'”” Most of these processes, however, suffer
from a lack of selectivity and much work has been carried out to improve the
catalysts.'®?® An important part of this work is attempting to understand the reactions
that occur on the metal surface. Studies on binuclear metal complexes have played an
important role in developing mechanistic proposals for the Fischer-Tropsch reaction,
including the original model by Pettit and more recently the Maitlis “vinyl
mechanism” 20212

The initial steps of the Fischer-Tropsch reaction involve reduction of carbon
monoxide by dihydrogen to organic fragments such as “C”, “CH”, “CH,”, and “CH3;” on
the metal surface. All of these fragments have been observed as ligands in polymetallic

20 The next steps involve combination of these species on the

homogeneous systems.
metal surface to form hydrocarbon chains. There is some controversy over the
mechanism of these reactions. Originally, the chain propagation steps were thought to
involve methyl group migration onto a methylene fragment, followed by migration of the
resulting alkyl fragment onto an additional methylene to form a longer alkyl chain. The
most recent proposal by Maitlis, however, suggests that CH and CH; fragments can
combine to form vinyl groups, and that the vinyl groups then migrate to bridging
methylene fragments to propagate the chain. It has been proposed that alkenyl groups
combine more readily with methylenes than do alkyl groups because of the large kinetic

barrier involved in orbital reorientation when combining two sp* hybridized carbons.”



One key step in the Maitlis mechanism is the isomerization of an n'-allyl type species
(which results from alkenyl migration to a methylene) to an n'-alkenyl group (a
substituted vinyl moiety) which can subsequently migrate to a u-CH; group to propagate

the chain (see Scheme 1.1).

Scheme 1.1
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Organometallic model complexes that contain fragments such as alkyl, alkenyl. allyl. and
methylene groups, similar to those proposed to exist on the Fischer-Tropsch catalyst
surface, are therefore of interest in order to test the feasibility of the proposed steps in
the above chain lengthening process. An example of the utility of organometallic

complexes as model systems is seen in the dirhodium complexes shown:®

R{

ﬁ H’ CH /&_ "'2 I

SN NP SN~y

Hac/\/;ﬁ( Hc/\/&
" I e

He

In these complexes, alkyl or alkenyl groups are adjacent to bridging methylene groups,
similar to what is believed to be present on the surface of the catalyst. Thermal
decomposition of compound a led to the formation of CH,=CHCH;. However, the
isotope combinations obtained in experiments using 2H and '*C labeled material were
inconsistent with direct coupling of the methyl and two methylene groups, and the
authors suggested instead a pathway involving a vinyl intermediate which couples to a
bridging methylene to form an allyl group, followed by reductive elimination of the allyl

group as propene.2!® This postulate was supported by the synthesis of compound b,
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which reacts readily to form the allyl product via migration of the vinyl group onto the

methylene group (see Scheme 1.2).

Scheme 1.2

l:'\cu +
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These modeling studies, along with other experiments, led to the mechanism described in
Scheme 1.1.

Binuclear c.omplexes are the simplest systems in which metals can display
cooperativity effects, and they are attractive for a number of reasons. They are soluble in
organic solvents, so they are conveniently studied using standard spectroscopic
techniques. The presence of only two metals allows for metal-metal interactions, but the
systems avoid many of the difficulties associated with larger clusters, such as difficult
characterization due to the large number of ligands.

Metal-metal bonded bimetallic complexes unsupported by bridging ligands suffer
from a tendency to dissociate, which is not surprising, considering that the metal-metal

bond strengths are similar to metal-ligand bond strengths.?* The tendency towards
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dissociation makes it difficult to study metai-metal cooperativity effects. Because of this
problem, much interest has been focused on complexes containing bridging ligands which
will hold the metals together.* One of the most popular ligands has been dppm
(bis(diphenylphosphino)methane), which appears to have the ideal bite angle to bridge
two metals and forms many stable bimetallic complexes.? The bisphosphine ligand holds
the two metals in close proximity, preventing fragmentation, and has the added advantage
of having phosphorus nuclei which can serve as a >'P NMR spectroscopic probe which
greatly assists in the characterization of the complexes.

Although the primary function of the bridging dppm ligands is to hold the metals
together, they are not completely innocent and can exert a number of influences. Owing
to steric effects, two dppm ligands in a trans arrangement in a complex essentially restrict
the chemistry to a horizontal plane perpendicular to the M-P bonds and between the
phenyl groups of the two dppm ligands. However, the ligands can move into a cis
arrangement at one or both metals, as shown below, to accommodate coordination
geometries that are not possible with trans phosphines, such as perpendicularly bound

alkynes, in which the alkyne is coordinated perpendicular to the metal-metal axis.?’

= ~p P

| I / | Ll
o P “.- ‘...‘

T 1 v

P P P P .P P

trans cis-trans cis
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The dppm ligands themselves can also be involved in reactions. For example. the
dppm methylene hydrogens are susceptible to deprotonation,® and orthometallations of
the phenyl groups of dppm are also known.”? The metal-phosphorous bond has also
been shown to undergo insertion reactions in some cases,”® and P-C bond cleavage has
also been observed.’!

Although most of the work on binuclear complexes has involved homobimetallic
systems in which both of the metals are the same, there has recently been increasing
interest in heterobinuclear systems.’?> Currently there is considerable interest in the
development of heterogeneous catalysts that employ two or more different metals,”* and
these mixed-metal catalysts already find use in a wide range of industrial processes,
including synthesis gas chemistry, coal hydrodesulfurization, methane or olefin oxidation
and gasoline reforming. Heterobimetallic catalysts even find common use in automobile
catalytic converters, which employ Group 9 and 10 combinations, such as Rh/Pt. In
spite of extensive work in the development of these heterogeneous catalysts, little is
understood about the functions of the different metals in the respective processes. The
prospects of obtaining mechanistic information about processes occurring under
heterogeneous conditions are difficult enough,* attempting to elucidate the functions of
the different metals under these conditions is even more daunting. Soluble mixed-metal
complexes are therefore valuable as model systems for these bimetallic catalysts.

Our interest in the group 8/9 combination of metals in particular was spurred by
reports of the formation of ethylene glycol from synthesis gas using a mixed Rh/Ru

catalyst system.>®> Rh and Ru catalysts individually are known to favour production of
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C, oxygenates, however selectivity is poor in the homometallic systems. The mixed
Rh/Ru system results in improved selectivity for ethylene glycol, the most valuable
product, clearly pointing to a synergistic effect of the two different metals. In addition.
recent reports have indicated that the carbonylation of methanol by Ir catalysts is
promoted by the addition of a Ru complex.?® It was of interest to us to bring together Rh,
which typically has a 16 electron configuration in these systems, and a saturated group 8
metal and attempt to probe some of the organometallic chemistry of this metal
combination.

Previous workers in this group have developed a general synthesis for dppm-
bridged RhM complexes which involves displacement of chloride from RhCl(dppm), by
metal carbonylate anions.}’ For the RhOs and RhRu systems, the amion used is
HM(CO)4 and the products formed are [RhOs(H)(CO);(dppm),] and

[RhRu(CO);(u-H)-(dppm),]. The structures of the two analogous compounds are
different. The RhOs complex has a terminal hydride and cis phosphines at Os, while the
RhRu complex has a bridging hydride and trans phosphines at Ru.2**’

P/\P P/\P

| oc'la,_\ | | °c"c,

co Rll‘r H/IOO CO co— Rll'\ Ny > Ru co
"~

The reason for the structural difference is not clear, although it may result from a stronger

M-H bond to the third row metal Os, which may make a terminal bond to this metal
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favourable. The chemistry of the RhOs system and its complexes with various small
molecules and activated alkynes have been studied.”® The goal of this thesis was to
extend this chemistry to include alkyl, alkenyl, allyl, carbene and other organic groups and

to develop the related chemistry of the RhRu system.



References

(a) Lotz, S.; van Rooyen, P. H; Meyer, R.; Adv. Organomet. Chem. 1995, 37.
219.

(b) Braga, D.; Dyson, P. J.; Grepioni, F.; Johnson, B. F. G. Chem. Rev. 1994,
94, 1585.

(a) Poilblanc, R. Inorg. Chem. Acta. 1982, 62, 75.

(b) Wemer, H.; Lippert, F.; Betz, P.; Kruger, C. Chem. Ber. 1992, 125, 337.
(c) Baranger, A. M.; Bergman, R. G. J Am. Chem. Soc. 1994, 116, 3822.
Tachikawa, M.; Geerts, R. L.; Mueterties, E. L. J Organomet. Chem. 1981,
213, 11.

Hermann, W. A. Angew. Chem. Int. Ed. Engl. 1982, 21, 117.

Brown, M. P.; Fisher, J. R.; Franklin, S. J.; Puddephatt, R. J.; Thompson, M.
A.in Catal;ltic Aspects of Metal Phosphine Complexes; Alyea, E. C.; Meek, D.
W. eds.; ACS symp. ser. 196, 1982; p. 231.

Gallop, M. A.; Roper, W. R.; Advances in Organometallic Chemistry 1986, 25,
121.

(a) Hermann, W. A. Advances in Organometallic Chemistry 1982, 20, 159.

(b) Collman, J.P.; Hegedus, L.S.; Norton, J. R.; Finke, R. G. Principles and

Applications of Organotransition Metal Chemistry; University Science Books: Mill
Valley, California, 1987, pp. 119-136.
(a) Stephan, D. W. Coord. Chem. Rev. 1989, 93, 41.



10.

11.

12.

13.

14.

15.

16.

17.

(b) Hanna, T. A.; Baranger, A. M.; Bergman, R. G. J Am. Chem. Soc. 1995.
117,11363.

Antonelli, D. M.; Cowie, M. Organometallics, 1990, 29, 4039.

Lee, K.-W.; Brown, T. L. Organometallics 1988, 4, 1025.

(a) Roberts, D. A.; Geoffroy, G. L. in Comprehenive Organometallic Chemistry.
Wilkinson, G.; Stone, F. G. A.; Abel, E. W. eds., Pergamon Press: Oxford,
1982, Vol. 8, p763.

(b) Gates, B. C. Catalytic Chemistry; John Wiley & Sons: New York, 1992. p.
118-123.

(a) Collman, J. P.; Denisevich, P.; Konai, P.; Marrocco, M.; Anson, F. C. J
Am. Chem. Soc. 1980, 102, 6027.

(b) Balch, A. L. in Homogeneous Catalysis with Metal Phosphine Complexes,
Plenum Press: New York and London, 1983. pp.167-169.

Hilts, R.W.; Franchuk, R.A.; Cowie, M. Organometallics 1991, 10, 304.

Casey, C. P.; Audett, J. D. Chem. Rev. 1986, 86, 339.

Muetterties, E. L.; Rhodin, T. N.; Band, E.; Brucker, C. F.; Pretzer, W. R.
Chem. Rev. 1979, 79, 91.

Gates, B. C. Catalytic Chemistry; John Wiley & Sons: New York, 1992. p.343-
346.

(a) Parshall, G. W.; Ittel, S. D. Homogeneous Catalysis John Wiley & Sons Inc.:

New York, 1992. pp. 10-47, 96-99.



18.

19.

20.

21.

22.

23.

24.

25.

14

(b) Collman, J.P.; Hegedus, L.S.; Norton, J.R.; Finke, R.G. Principles and
Applications of Organotransition Metal Chemistry; University Science Books: Mill

Valley, California, 1987, pp. 523-571, 638.

Braunstein, P.; Rose, J. in Comprehensive Organometallic Chemistry I, Vol. 10,
Abel, E. W.; Wilkinson, G.; Stone, F. G. A. (eds), Pergamon, Oxford, 1994.
Chapt. 7.

Collman, J.P.; Hegedus, L.S.; Norton, J.R.; Finke, R.G. Principles and
Applications of Organotransition Metal Chemistry; University Science Books: Mill

Valley, California, 1987, pp. 653-660.

Herrman, W. A. Angew. Chem. Int. Ed. Engl. 1982, 21, 117.

(a) Maitlis, P. M.; Long, H. C.; Quyoum, R.; Turner, M. L.; Wang, Z-Q.
Chem. Commun. 1996, 1.

(b) Muetterties, E. L.; Stein, J. Chem. Rev. 1979, 79, 479.

(c) Maitlis, P. M.; Saez, I. M.; Meanwell, N. J.; Isobe, K.; Nutton, A.; Vaquez
de Miguel, A.; Bruce, D. W,; Okeya, S.; Bailey, P. M.; Andrews, D. G;
Ashton, P. R.; Johnstone, [. R New J. Chem., 1989, 13, 419.

(d) Brady, R. C.; Pettit, R. J. Am. Chem. Soc. 1980, 102, 6181.

Calhorda, M. J.; Brown, J. M.; Cooley, N. A. Organometallics, 1991, 10, 1431.
Martinex, J. M.; Adams, H.; Bailey, N. A.; Maitlis, P. M. J. Chem. Soc., Chem.
Commun., 1989, 286.

Vahrenkamp, H. Angew. Chem., Int. Ed. Engl. 1978, 17, 379.

(a) Pringle, P.; Shaw, B.L. J. Chem. Soc., Dalton Trans. 1983, 889.



26.

27.

28.

29.

30.

(b) Albinati, A.; Lehner, H.; Venanzi, L.M. Inorg. Chem. 1988, 24, 1483.
(c) Horvath, I. Organometallics 1986, 5, 2333.

(d) McDonald, R.; Cowie, M. Inorg. Chem. 1990, 29, 1564.

(e) Elliot, D.J.; Ferguson, G.; Holah, D.G.; Hughes, A.N.; Jennings, M.C.;

Magnuson, V.R.; Potter, D.; Puddephatt, R.J. Organometallics 1990, 9, 1336.
(f) Garland, M.; Horvith, I.; Bor, G. Organometallics 1991, 10, 513.

(g) Garland, M. Organometallics 1993, 12, 535.
(a) Puddephatt, R. J. Chem. Soc. Rev. 1983, 12, 99.

(b) Balch, A. L. in Homogeneous Catalysis with Metal Phosphine Complexes;

Pignolet, L. H., Ed: New York, 1983.

(c) Chaudret, B.; Delvaux, B.; Poilblanc, R. Coord. Chem. Rev. 1988, 86,

191.

(a) George, D. S. A.; McDonald, R.; Cowie, M. Can. J. Chem., 1996, 74,

2289.
(b) Berry, D. H.; Eisenberg, R. Organometallics, 1987, 6, 1796.

(c) Elliot, D. J.; Ferguson, G.; Holah, D. G.; Hughes, A. N.; Jennings, M. C.;
Magnuson, V. R.; Potter, D.; Puddephatt, R. J. Organometallics, 1990, 9,

1336.
(a) Puddephatt, R. J. Chem. Soc. Rev., 1983, 12, 99.

(b) Sharp, P.R.; Ge, Y.-W. J. Am. Chem. Soc. 1987, 109, 3796.
(c) Sharp, P.R.; Ge, Y.-W. Inorg. Chem. 1993, 32, 94.

Hilts, R. W.; Franchuk, R. A.; Cowie, M. Organometallics, 1991, 10, 1297.

Antwi-Nsiah, F. H.; Oke, O.; Cowie, M. Organometallics, 1996, 15, 506.



31.

33.

16
Shiu, K-B; Jean, S-W.; Wang, H-J.; Wang, S-L.; Liao, F-L.; Wang, J-C.: Liou.
L-S. Organometallics, 1997, 16, 114.
(a) Cullen, W.R.; Kim, T.-J.; Einstein, F.W.B.; Jones, T. Organometallics 1983.
2,714.
(b) Iggo, J.A.; Markham, D.P.; Shaw, B.L.; Thornton-Pett, M. J Chem. Soc..
Chem. Commun. 1988, 432.
(c) Turpin, R.; Dagnac, P.; Poilblanc, R. J. Organometal. Chem. 1987, 319, 247.
(d) Arndt, L.W_; Bancroft, B.T.; Darensbourg, M.Y.; Janzen, C.P.; Kim, C.M.;
Reibenspies, J.; Vamer, K.E.; Youngdahl, K.D. Organometallics 1988, 7, 1302.
(e) Mague, J.T. Organometallics 1991, 10, 513.
(f) Hilts, R W_; Franchuk, R.A.; Cowie, M. Organometallics 1991, 10, 1297.
(g) Schiavo, S.L.; Rotondo, E.; Bruno, G.; Faraone, F. Organometallics 1991, 10,
1613.
(h) Poulton, J.T.; Folting, K.; Caulton, K.G. Organometallics 1992, 11, 1364.
(i) Fong, R.H,; Lin, C.-H.; Idmoumaz, H.; Hersh, W.H. Organometallics 1993,
12, 503.
(j) Stang, P.J.; Cao, D. Organometallics 1993, 12, 996.
(a) Guczi, L.; Solymosi, F.; Tétényi, P. Eds.; New Frontiers in Catalysis, Vol 75,
Part C, Elsevier Science Publishers, Amsterdam 1993.
(b) Dowden, D.A. Catalysis; Kemball, C.; Dowden, D.A., Eds.; Specialist

Periodical Report. The Chemical Society: London, 1978, Vol 2, pl.



34.

3s.

36.

37.

38.

17
(c) Sinfelt, J.H. Bimetallic Catalysts: Discoveries, Concepts and Applications: John
Wiley and Sons: New York, 1983.
(a) Brown, RK.; Williams, J.M.; Sivak, A.J.; Muetterties, EL. Inorg. Chem.
1980, 19, 370.
(b) Muetterties, E.L. Angew. Chem., Int. Ed. Engl. 1978, 17, 545.
(c) Zaera, F. Chem. Rev. 1995, 95, 2651.
Dombek, B. D. Organometallics, 1988, 4, 1707.
Garland, C. S.; Giles, M. F.; Sunley, J. G. (BP Chemicals Ltd.) Eur. Pat. Appl.
EP 643, 034.
Antonelli, D. M.; Cowie, M. Organometallics, 1990, 9, 1818.

Hilts, R. W.; Franchuk, R. A.; Cowie, M. Organometallics, 1991, 10, 304.



Chapter 2
Hydrido, Alkyl, and Related Complexes of Rh/Os

Introduction

Transition metal hydrido and alkyl complexes play a key role as models for
intermediates in different catalytic processes.' Although the alkyl chemistry of many
mononuclear systems is very well studied, their use as models for heterogeneous catalytic
processes such as the Fischer-Tropsch reaction is limited by the presence of only one
metal. A second metal in close proximity, such as occurs on a metal surface, can greatly
alter the chemistry.2 For this reason, the chemistry of bi- or polymetallic alkyl and
hydrido complexes is important.

Studies in this group have focused on the alkyl chemistry of binuclear complexes
bridged by dppm involving the group 9 metals® which were of particular interest because
of their great importance as catalysts. Reports of mixed-metal catalysts® have led us to
extend our system to heterobinuclear alkyl complexes involving group 9 metals in
combination with other groups including the metal combinations Rh/Re’, Ir/Re, RWMn’,
and RVMo®. Various aspects are of interest including the nature of the metal-alkyl
interactions, the possibility of migratory insertion reactions, the ability of dialkyl or alkyl-
hydride complexes to undergo binuclear reductive eliminations, and the roles of the
different metals in these reactions. The mobility of the ligands over the bimetallic core is
a key aspect and may be relevant to mobilities of fragments on a metal surface. The
ultimate goal is to develop an understanding of the metal-metal cooperativity effects that
are possible in these systems. This chapter reports the alkyl chemistry of the Rh/Os

system.
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are possible in these systems. This chapter reports the alkyl chemistry of the Rh/Os

system.

Experimental Section

General Comments. All solvents were dried and deoxygenated immediately
before use. Sodium benzophenone was used as the drying agent for all of the solvents
except dichloromethane, which was distilled over P,Os, and acetonitrile which was
distilled over calcium hydride. The solvents were distilled under an atmosphere of
prepurified nitrogen or argon. Rhodium(IIl) chloride trihydrate was purchased from
Johnson Matthey Ltd., Os;(CO),, was purchased from Sudtek, and Ph,PCH,PPh,
(dppm), HBF*Et,0, MeO,CC=CCO,Me (DMAD), and [(Ph;P),N]C] were obtained
from Aldrich as were THF solutions of CH;MgCl, CH;Mgl and CH;Li. Sodium
acetylide as an 18% slurry in a mixture of xylenes and light mineral oil was also
purchased from Aldrich; this reagent was used shortly after receipt and was stored under
dinitrogen. The 99% carbon-13-enriched carbon monoxide was purchased from Isotec
Inc. The compounds [RhOsH(CO),(dppm),] (1),> [RhOs(CO),(dppm),][(BF,] (2)'®, and
[RhOsCI(CO);-(dppm),] 1 were prepared by published procedures.

The 'H, *'P{'H}, and “C{'H} NMR spectra were recorded on a Bruker AM-400
spectrometer operating at 400.1, 162.0 and 100.6 MHz for the respective nuclei. The
internal deuterated solvent served as a lock for the spectrometer. All infrared spectra
were run on a Nicolet 7199 Fourier transform interferometer as solids in Nujol or

dichloromethane casts on KBr. The elemental analyses were performed by the

{9
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microanalytical service within the department. Spectroscopic data for all compounds are

given in Table 2.1.

Preparation of the Compounds.

(a) [RhOs(CO);(NCCH,)(u-H)(dppm),][BF,J,CH,CN (3). A solution of
HBF*Et,O (15 uL, 17 mg, 0.105 mmol) in 20 mL of acetonitrile was added dropwise
over 1 h to a rapidly stirring solution of [RhOs(CO),(dppm),](BF,] (2) (100 mg, 0.079
mmol) in 20 mL of acetonitrile, causing the mixture to gradually change from yellow to
orange. After all the acid had been added, the mixture was stirred for an additional hour
and the solvent volume was reduced to ca. 1 mL under vacuum. The addition of 20 mL
of diethyl ether to the solution caused the gradual formation of small orange crystals of 3
(83 mg, 0.059 mmol). Yield: 75%. Anal. Calcd. for Cs;Hs;N,B,F;0,0sP,Rh: C, 48.81;
H, 3.67; N, 2.00. Found: C, 48.73; H, 3.59; N, 1.88.

(b) [RhOs(CO);(CN'Bu)(u-H)(dppm),][BF,}, (4). A stirred solution of 3
(0.100g, 0.071 mmol) in 10 mL of CH,Cl, was charged with 9 uL of neat ‘BuNC (7 mg,
0.080 mmol), resuiting in an immediate colour change from orange to pale yellow. After
1 h of stirring the solvent was removed under vacuum, leaving a pale yellow solid which
was dissolved in 10 mL of THF and precipitated from solution through addition of 20 mL
of Et;0 and 20 mL of hexanes. Dissolution of the precipitate in 3 mL of CH,Cl,,
followed by the slow addition of Et,0 to the resulting solution afforded very pale yellow

crystals of the desired product (0.071g, 0.051 mmol). Yield: 72%. Anal. Calcd. for
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CssHsyNB,FgO;0sP,Rh: C, 49.63; H, 3.88; N, 1.00. Found: C, 49.60; H, 3.99; N\.
0.89.

(c) [RhOsS(I)(CO);(u-H)(u-dppm),l[{BF,] (5). 20 mL of acetone was added
directly to a flask containing Nal (11 mg, 0.0715 mmol) and compound 3 (100 mg,
0.0713 mmol). Both solids rapidly dissolved to form a yellow solution. After stirring for
2 h the solvent was removed in vacuo, leaving a yellow solid which was dissolved in 20
ml of CH,Cl, and filtered. The solvent was removed in vacuo and the residue was
recrystallized from CH,Cl,/Et,0O to give a yellow crystalline solid (67 mg), yield 69%.
Anal. Calcd. for Cs;H,sBF,JO,0OsP,Rh: C, 46.78; H, 3.33; I, 9.33. Found: C, 46.89;
H, 3.43; 1,9.72.

(d) [RhOs (CO);(u-OH)(u-H)(dppm),][BF,] (6). Compound 3 (30 mg, 0.0356
mmol) was dissolved in 20 mL of THF. 1.6 mL of a 0.225 M solution of NaOH in water
(0.036 mmol NaOH) was added via syringe and the solution was stirred for 2 h. The
solvent was removed in vacuo and the residue was redissolved in 2 mL of THF and
filtered to remove NaBF,. The THF was removed in vacuo and the residue was
redissolved in 1 mL of CH,Cl, and crystallized by slow addition of Et,O to form a yellow
microcrystalline solid, which was washed with 2x10 mL of Et,0 and dried in vacuo.
Yield: 17 mg, 64%.

(¢) Reaction of [RhOs(u-OH)(CO);(u-H)(dppm),][BF,] (6) with CO.
Compound 6 (10 mg, 0.080 mmol) was dissolved in 0.5 mL of CD,Cl, in an NMR tube.
The tube was evacuated and refilled with CO. *'P NMR showed that there was no

reaction after 1 h, but after 24 h *'P NMR showed a mixture of [RhOs(CO);(u-H),-

(dppm),][BF,],'° [RhOs(CO),(dppm),][BF,] (2) and starting material.
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(f) Reaction of [RhOs(u-H)Y(NCMe)(CO);(dppm),][BF,], (3) with NaOCH,.
Compound 3 (57 mg, 0.048) and NaOCH; (2.6 mg, 0.048 mmol) were dissolved in 15
mL of THF, forming a cloudy orange solution. The mixture was stirred for 20 h, filtered
and the solvent was removed in vacuo. °'P NMR showed the residue to be
[RhOs(CO);(u-H),(dppm),][BF,].

(g8) Reaction of 3 with NaC=CH. 40 pL of a 0.18g/mL (7 mg, 0.146 mmol)
suspension of NaC=CH in xylenes and mineral oil was added via syringe to a stirred,
yellow solution of 3 (100 mg, 0.0713 mmol) in 20 mL of acetonitrile causing an
immediate change in colour to orange-red, and finally to yellow-brown. After 1 h of
stirring, the solvent was removed in vacuo, leaving a yellow-brown residue. 15 mL of
CH,Cl, was added forming a cloudy orange solution which was filtered. Evaporation of
the filtrate gave an orange-brown oil which was washed with 2x20 mL of hexanes and
kept under vacuum for 6 h. Recrystallization of the residue from a 20:1 mixture of
Et,0/CH,Cl, afforded 31 mg of yellow-brown crystalline solid which proved to be a 1:1
mixture of [RhOs(n'-CsCH)(CO)3(dppm)2]'l/2CH2Clz (7) and [RhOs(nl-CH2CN)-
(CO);(dppm),] (8). Essentially pure samples of 8 were obtained in yields ranging from
50 to 70% when 4 equiv of NaC=CH were used in the above procedure. Compound 8 is
orange in the crystalline state. Anal. Calcd. for C;sHNO,OsP,Rh: C, 55.70; H, 3.91;
N, 1.18. Found: C, 55.65; H, 3.94; N, 0.76.

Compound 7 was obtained as the predominant product (>90%) when 10 equiv of
NaC=CH were added to acetonitrile solutions of 3 having concentrations greater than

0.02 g/mL. Yellow crystals of 7 containing cocrystallized CH,Cl, were grown from
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CH,Cl,/Et,0. Anal. Calcd. for Css55H,;ClO;0sP,Rh: C, 54.94; H, 3.82. Found: C.
54.90; H, 3.85.

(h) [RhOs(CO),(1-Ph,PCHPPh,)(u-dppm)] (9). Method (i). To a stirred
solution of 3 (100 mg, 0.0713 mmol) in 10 mL of acetonitrile under a stream of CO gas
was added a suspension of NaC=CH (7 mg, 0.146 mmol) in 40 pL of xylene, causing a
slight change in colour from yellow to brighter yellow. The mixture was stirred with
constant CO purge for 2 h, during which time a bright yellow solid precipitated from
solution. NMR studies showed essentially quantitative conversion to compound 9. The
solid was allowed to settle, the pale yellow supernatant was discarded and 15 mL of
dichloromethane was added, forming a cloudy yellow solution which was filtered. The
solvent volume was reduced to 1 mL under vacuum and 60 mL of Et,O was added
causing the gradual formation of yellow crystals (39 mg). Isolated Yield 47%. Anal.
Calcd. for Cs4H,;0,0sP,Rh: C, 55.30; H, 3.70. Found: C, 55.88; H, 3.94.

Method (ii). 50 mg (0.040 mmol) of compound 2 was dissolved in 30 mL of THF
to which were added three 0.1-mL portions of 1.7 M ‘BuLi in pentane (0.51 mmol) at 2 h
intervals. The resulting solution was stirred for 24 h and the solvent was removed in
vacuo. The yellow residue was redissolved in 15 mL of CH,Cl, and filtered. The solvent
was removed in vacuo and *'P{'H} NMR spectra of the solid showed 9 as the only
phosphorus-containing product. The residue was redissolved in ca. 1 mL of CH,Cl, and
addition of 30 mL of hexanes caused precipitation of a yellow powder. Yield 22 mg
(47%).

@ [RhOs(CO) (dppm)(Ph,PCH(CH,)PPh,)](SO,CF,]*1/2CH,Cl, (10).

Methyl triflate (8 uL, 0.071 mmol) was added by syringe to a stirred yellow solution of 9
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(80 mg, 0.068 mmol) in 10 mL of CH,Cl,. No colour change was observed. After 1 h of
stirring, the solvent volume was reduced to 2 mL under vacuum and 20 mL of Et,0 was
mixed into the yellow solution forming a slightly cloudy mixture. Over 12 h small
orange crystals formed. The supernatant was removed and the crystals were dried under
vacuum. Yield: 52 mg (65%). Anal. Calcd. for Cg sH,,0,F;CIP,SRhOs: C, 49.19; H,
3.43. Found: C, 49.33; H, 3.51.

() RhOs(CH,)(CO)y(dppm),] (11). Method (i): The complex [RhOsCl(CO);-
(dppm),] (50 mg, 0.042 mmol) was dissolved in 15 mL of THF and the solvent was
degassed with two freeze-pump-thaw cycles. A large excess of CH;MgCl (approx. 0.5
mL of 3.0 M THF solution, 1.5 mmol) was added via cannula at -78°C. The mixture was
stirred for 1 h at -78°C and then slowly warmed to room temperature. 15 mL of diethyl
ether was added and the mixture was washed with 3x25 mL of degassed water. The
solvent was removed in vacuo and the residue was recrystallized from THF/hexanes and
washed with 2x15 mL of hexanes. Yield 17 mg (35%). Anal. Caled. for
CssH470,0sPRh: C, 55.87; H, 4.08. Found: C, 55.03; H, 4.34.

Method (ii): [RhOsCI(CO);(dppm),] (80 mg, 0.0677 mmol) was suspended in 30
mL of THF and cooled to 0°C. A 0.14 M THF solution of CH;Li (0.58 mL, 0.081 mmol)
was added by syringe and within minutes the yellow suspension turned to an orange
solution. After 4 h the solution was filtered and the solvent removed in vacuo. The
yellow-orange residue was recrystallized from CH,ClL,/Et,0 to give 58 mg of yellow
solid. The *'P NMR spectrum showed the solid to be a mixture of

[RhOsCI(CO),(dppm),] (35%) and 11 (65%).
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Method (iii): 0.1 mL of a 1.4 M THF solution of CH;Li in THF (0.14 mmol) was
added to a suspension of 2 (50 mg, 0.0397 mmol) in SO0 mL THF. Upon addition, the
yellow crystals gradually dissolved to form a yellow solution. After 3 h stirring under a
slow dinitrogen purge, the solvent was reduced to ca. 1 mL and 30 mL of hexanes were
added, precipitating a bright yellow solid which was washed with 3x20 mL of hexane and
dried in vacuo. The solid was then extracted into 5 mL of CH,Cl, and filtered. The
solvent was reduced to ca. 0.5 mL and 10 mL of Et,O was slowly added, followed by 20
mL of hexane to precipitate bright yellow solid. Yield 25 mg (46%).

()  [RhOSH(CO)(x"-n’~(0-C¢H)PhPCH,PPh,)(u-dppm)][CF;SO5]*Et,0
(13a). 20 pL ( 0.177 mmol) of neat methyl triflate was syringed directly into a stirred
solution of 1 (200 mg, 0.174 mmol) in 15 mL of CH,Cl,. The solution gradually changed
from orange-red to orange-yellow. After 1 h of stirring the solvent was removed in vacuo
and the residue was redissolved in 2 mL of CH,Cl,. Slow addition of Et,0 caused
immediate precipitation of a bright yellow solid (0.172 g) which was washed with 2x20
mL of Et,0 and dried in vacuo. Yield 72%, Anal. Calcd for CsgHgyF,0,0sP,RhS: C,
50.77; H, 3.97. Found: C,50.90; H, 3.98. Variable temperature NMR in CD,Cl,
showed that the initial product formed at -40°C is [RhOs(CH;}CO)(u-H)-
(dppm),][SO;CF,] (12a). Above 0°C the final product forms.

(1) Reaction of 11 with HBFEt,0. Coméound 11 (30 mg, 0.025 mmol) was
dissolved in 0.5 mL of CD,Cl, to form a yellow solution. HBF,OEt, (7 uL, 0.050
mmol) was added by syringe. 3'p and 'H NMR showed quantitative conversion to 13.
Variable temperature NMR shows that the initial product at -80°C was

[(CH;)RhOs(H)(CO);(dppm),][BF,] (14). At -80°C to -60°C [(CH;)RhOs(CO);(u-H)-
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(dppm),][BF,] (15) was formed. Above -50°C compound 12b was observed and above
0°C the final product 13 was formed.

(m) [RhOs(CO);(u-HC=CH)(dppm),}[CF;SO,] (16). Compound 1 (100 mg,
0.087 mmol) was dissolved in 10 mL of CH,Cl, and the flask was purged with HC=CH.
Methyl triflate (10 uL, 14.5 mg, 0.088 mmol) was added, causing a colour change over
15 min from yellow to brown and the formation of a fluffy brown precipitate. After 1 h
of stirring, the solution was filtered, resulting in a dark orange/brown solution. The
solvent was removed in vacuo and the residue was recrystallized from CH,Cl,/Et,O and
dried in vacuo, yielding a brown powder. Yield: 41 mg, 35%.

(n) [RhOs(CH,;),(CO),(dppm),]J[CF;S0,] (17). Compound 11 (40 mg, 0.034
mmol) was dissolved in 5 mL of CH,Cl,. Methyl triflate (4.3 uL, 6.2 mg, 0.038 mmol)
was added causing a colour change from yellow-orange to yellow. The solution was
stired for 1 h and the solvent was removed in vacuo. The pale yellow residue was
redissolved in 1 mL of CH,Cl, and crystallized by slow addition of Et,O to form a pale

yellow powder. Yield 30 mg, 67%.

X-Ray Data Collection.

(a) [RhOs(CH,CN)(CO);(dppm),] (8). An orange crystal of compound 8,
obtained by slow diffusion of Et,O into a concentrated CH,CH, solution of 8, was
mounted in a glass capillary under nitrogen and solvent vapor, to minimize the possibility
of decomposition or solvent loss. Data were collected on an Enraf-Nonius CAD4
diffractometer with use of MoKa radiation. Unit cell parameters were obtained from a

least-squares refinement of the setting angles of 24 reflections in the range 20° < 20 <
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24°. The diffraction symmetry and the systematic absences indicated the space groups Cc’
or C2/c; the latter was established based on the successful refinement of the structure.

Intensity data were collected at 22°C with 6/20 scans being employed, covering
reflections having indices of the form +h, +k |, to a maximum of 50° in 26. Peak
backgrounds were measured by extending the scan range by 25% on either side of the
scan region. Three reflections were chosen as intensity and orientation standards, and
were remeasured after every 120 min of exposure time; no appreciable decay of these
standards was observed. The data were processed in the usual way, with a value of 0.04
for p'' employed to downweight intense reflections; 2891 reflections were considered
observed (I <36(l)) and were used in subsequent calculations.'> The data were corrected
for absorption by use of an empirical scheme based on the absorption surface (Fourier
filtering) method of Walker and Stuart."® See Table 2.2 for crystal and data collection
details for both compounds 8 and 11.

(b) [RhOs(CH;)(CO);(dppm),] (11). A yellow-orange crystal of 11 was
obtained by slow diffusion of Et,O into a CH,Cl, solution of 11. Data collection for
compound 11 proceeded in much the same manner as for 8. The 20 range for centring
reflections was 18°<20<26°. In this case both space groups P1 and P1 were possible,
with the latter being confirmed by the successful refinement of the model. Indices of the
form +h, £k, £I were collected and a linear decay of 14.5% was observed over the span of
data collection; the data were corrected for this decay. A total of 3953 unique reflections

were observed and used in subsequent calculations.



Table 2.2. Crystallographic Experimental Details

A. Crystal Data

compound

formula
formula weight
crystal dimensions (mm)
space group
unit cell parameters

a (A)

b (A)

c(A)

a(®)

B

y(®)

V(&%

VA
p (caled) (g cm™)

(em™)

[RhOs(CH,CN)YCO);-
(dppm),] (8)

CssHygNO;OsP,Rh
1185.99

0.40 x 0.35 x 0.20
C2/c (No. 15)

18.313 (3)
13.279 (2)
22.492 (5)
90

115.89 (1)
90

4921 (3)
4

1.601
30.842

B. Data Collection and Refinement Conditions

diffractometer
temperature (°C)
radiation (A[A])
scan type

scan rate (° tm'n'l)
scan width (°)

maximum 26 (°)

unique reflections measured

range of absorption corrn. factors

Enraf-Nonius CAD4°
22

Mo K, (0.71073)
620

6.7-1.4

0.60 + 0.347tand
50.0

4527 (h k £l)
0.7147-1.2214

(98}
(%]

[(RhOs(CH;3)(CO);-
(dppm),] (11)

Cs4H,70;0sP;Rh
1160.98

0.60 x 0.50 x 0.37
BT (No.2)

11.102 (2)
11.684 (3)
10.954 (3)
111.79 (2)
93.16 (2)
68.18 (2)
1219.2 (8)
1

1.584
31.156

Enraf-Nonius CAD4’
22

Mo K, (0.71073)
626

6.7-1.4

0.60 + 0.347tan@
50.0

4257 (h £k )
0.7214-1.4355
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(Table 2.2 cont.)

total observations (NO) 2891 (F,} 2 36(F,2)) 3953 (F,2 2 36(F.%)
final no. params. varied (NV) 285 307
R 0.046 0.047
R, 0.058 0.077
GOF* 1.846 3.019

“R = Z||F HFJZIF,). Ry = [EW(FJHF ) (EWF D). “GOF = [Zw(F,|-F})*/(NO-
NV)]"2 where w = 4F .2/ 6°(F,2).

*Programs for diffractometer operation and data collection were those supplied by Enraf-
Nonius.



Structure Solution and Refinement.

(a) [RhOs(CH,CN)(CO);(dppm),] (8). With 4 molecules per unit cell, and no
inversion symmetry in the molecule two solutions seemed possible; either space group Cc
with one molecule per asymmetric unit or C2/c with the metals lying on the
crystallographic 2-fold axes. The Patterson map ruled out the second option and
refinement attempts ruled out Cc. Instead the molecule is found to be disordered about
the inversion centres. The phosphine groups are well behaved so that only the metals and
the CH,CN and CO ligands in the equatorial plane are affected. In spite of the disorder
the atom positions resolved well. After locating the disordered metals from the Patterson
map, the atoms of the diphosphine ligands were immediately obvious, and the disordered
equatorial ligands were also located without difficulty in subsequent difference Fourier

maps. Refinement proceeded by full-matrix least-squares techniques minimizing the
function Zw( | F, |—|Fc )2, with w= 4F,%/0*(F,?). The neutral atom scattering factors"*

and anomalous dispersion terms'’ were taken from the usual tabulations. The hydrogen
atoms were generated at idealized calculated positions by assuming a C-H bond length of
0.95A and the appropriate sp2 or sp3 geometry at carbon. All hydrogens were included in
the calculations with fixed, isotropic Gaussian displacement parameters of 1.2 times those
of the attached atoms, and were constrained to "ride" on the attached atoms.

The final model with 285 parameters varied converged to R = 0.046 and R,, =
0.058. In the final difference Fourier map the ten highest residuals (0.2-0.6 eA™) were

located near the metal atoms and the CO and CH,CN ligands, and were judged to be
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without chemical significance (a typical carbon on earlier maps had a density of ca. 2.3
eA). |

(b) [RhOs(CH,)(CO);(dppm),] (11). Solution and refinement of 11 proceeded
in a manner similar to that for 8. In the space group P1 the molecule was again found to
be disordered about an inversion centre. The orientations of all ligands, even including
the orientations of the dppm phenyl groups were found to be very similar to those in 8.
Refinement of 11 was handled in the same manner as described above for 8, and
converged to R = 0.047 and R, = 0.077 with 307 parameters varied. In the final
difference Fourier map the 10 highest residuals (0.6-2.6 eA”) were located near the CO
and CH; ligands and the metals. A typical carbon on earlier maps had a density of ca. 5.1
eA™. The positional and isotropic thermal parameters for compounds 8 and 11 are given

in Tables 2.3 and 2.4, respectively.

Results and Compound Characterization

(a) Mono-alkyl and Related Species.

Our investigations into mono-alkyl, alkyl-hydrido, and dialkyl derivatives of
heterobinuclear complexes of Rh and Os began with the acetonitrile hydrido complex,
[RhOs(NCMe)(CO);(u-H)(dppm),][BF,), (3). This species is readily prepared from the
known precursor [RhOs(CO),(dppm),](BF,] (2)lo by protonation in acetonitrile, as shown
in Scheme 2.1. Protonation of the complex leads to exchange of the strong n-acid CO for
the good o-donor CH;CN. The IR spectrum of a solid sample of 3 shows two terminal

carbonyl bands at 2078 and 2004 cm’', a lower frequency stretch at 1819 cm’ (suggesting



Table 2.3. Atomic Coordinates and Equivalent [sotropic Displacement Parameters for
Selected Atoms of [RhOs(CH,CN)(CO);(dppm),] (8).”

Atom
Rh/Os®
P(1)
PQ2)
oy’
0(2)
Nb
c(y’
c)’
c@3)’
c@)y’
c(s)’
C(6)

X
0.25390(2)
0.3155(1)
0.3306(1)
0.239(1)
0.4014(4)
0.317(1)
0.2339(9)
0.3481(8)
0.1729(8)
0.2292(9)
0.2841(8)
0.3807(4)

y

0.16357(3)

0.2450(2)
0.4279(2)

-0.007(1)

0.1696(6)
0.499(2)
0.070(1)
0.160(1)
0.280(1)
0.490(1)
0.493(1)
0.3488(6)

-4
-0.03123(2)
-0.08707(9)
-0.0026(1)
-0.1193(8)

0.0930(3)
0.192(1)
-0.0902(8)
0.0440(7)
-0.0563(6)
0.0722(7)
0.1371(7)
-0.0393(4)

B, A?
3.98(1)°
4.44(6)°
4275

10.4(5)
7.8(2)

12.3(7)
5.3(4)
4.3(3)
4.1(3)
4.7(3)
4.4(3)
5.0Q)°

“Numbers in parentheses are estimated standard deviations in the least significant

digits for quantities in this and subsequent tables. Parameters for phenyl carbon atoms

are given in the supplementary material. ® Atom Rh/Os is half-occupancy in each of Os
and Rh, and atoms O(1), N, C(1), C(2), C(3), C(4) and C(5) are half-occupancy owing to
disorder. “Indicates an atom refined anisotropically. Displacement parameters for the

anisotropically refined atoms are given in the form of the equivalent isotropic Gaussian
displacement parameter, B, , defined as ‘/,[azﬂu + bzﬁn + czﬂ,:, + ab(cos PP, + ac(cos
B)Bi3 + be(cos @)fss)-



Table 2.4. Atomic Coordinates and Equivalent Isotropic Displacement Parameters for

Selected Atoms of [RhOs(CH;)(CO);(dppm),] (11).°

Atom x y z B, A*
Rh/Os’ 0.07421(3) -0.13306(3) -0.06882(3) 3.413(9)°
P(1) 0.1517(2) -0.1647(1) 0.1198(2) 3.73(4)°
P(2) -0.0286(1) 0.1180(1) 0.2741(2) 3.35(4)°
o)’ 0.2903(7) -0.3952(7) -0.2070(8) 3.32)°
oQ) -0.1849(4) -0.1085(5) 0.0234(6) 6.1Q2F
cqy 0.222(1) -0.317(1) -0.169(1) 5.13)°
c)’ -0.082(1) -0.138(1) -0.024(1) 3.8(3)°
c@ay 0.118(1) 0.046(1) -0.017(1) 3.403)°
Cc(4)’ -0.151(2) 0.347(1) 0.183(1) 4.7(4)°
C(5) 0.0372(5) -0.0535(5) 0.2674(6) 3.6Q2)°

“Parameters for phenyl carbon atoms are given in the supplementary material.
®Atom RWOs is half-occupancy in each of Os and Rh, and atoms O(1), C(1), C(2), C(3)
and C(4) are half-occupancy owing to disorder. ‘Indicates an atom refined
anisotropically. Displacement parameters for the anisotropically refined atoms are given

in the form of the equivalent isotropic Gaussian displacement parameter, B., defined as

‘1[@*By, + b° By + 2 Bss + ab(cos PPy, + ac(cos P + be(cos a)pss].
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a bridging mode for this carbonyl) and two bands attributed to a coordinated (2292 cm™)
and a co-crystallized solvent acetonitrile (2321 cm™). The solution spectrum was almost
identical to the solid state spectrum. The ”C{IH} NMR spectrum displays three carbonyl
resonances at 5174.27, 176.82 and 224.47, and selective ° IP-decoupling experiments
establish that the former two signals correspond to carbonyls terminally bound to Os,
whereas the low-field signal shows coupling to the Os-bound phosphorus nuclei and to
Rh (25 Hz), confirming its position bridging the metals. Although the coupling of this
carbonyl to Rh is substantial, it is somewhat less than the 30-35 Hz expected for a
symmetrically bridged carbonyl,"s and this together with the lack of coupling of this
group to the Rh-bound phosphorus nuclei leads to its formulation as being more strongly
bound to Os, either in an asymmetric or a semibridging mode.!” This carbonyl also
displays coupling (25 Hz) to one of the terminal CO groups (in the 13C labeled complex),
consistent with a mutually trans arrangement. In the 'H NMR spectrum the hydride
resonance at & -15.18 displays coupling to all four phosphorus atoms and to Rh (7 Rh-H =
27 Hz), confirming its bridged position.

Compound 3 appeared to be a potentially useful precursor for a vanety of
organometallic hydride complexes through displacement of the acetonitrile ligand by
neutral or anionic organic groups. This reactivity was initially demonstrated by
replacement of NCMe by ‘BuNC and- I, vyielding [RhOs('BuNC)-
(CO)y(u-H)(dppm),][BF,J; (4) and [RhOSK(CO)y(u-H)dppm),][BF,] (5), respectively.
Both products are structurally analogous to the acetonitrile precursor, having very
comparable spectroscopic parameters. The IR spectra of compounds 3-5 are closely

comparable in both the solid and solution, suggesting no major structural difference in the
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two states. Although the low carbonyl stretch in each compound (1821 cm™ (4), 1793
cm™ (5)) again suggests a bridging interaction, the lack of resolvable '9Rh- *C coupling
in the °C NMR implies that the interaction with Rh is weaker than in 3, indicating a
weak semi-bridging interaction. In 4 the CN stretch of the ‘BuNC group (2189 cm™) is at
higher frequency than that of the free ligand (2125 cm™), indicating that this group
functions more as a ¢ donor thana &t accv::ptor18 in this dicationic complex.

Similarly, 3 reacts with NaOH to form the hydroxy species
[RhOs(u-OH)(u-H)(CO),(dppm),](BF,] (6). The 'H NMR for 6 shows an AB quartet
with additional coupling to phosphorus for the dppm methyienes, as well as a singlet at
-0.80 for the hydroxide hydrogen and a doublet of triplets at § -2.83 for the hydride. The
hydride of 6, in contrast with those of 3, 4, and §, shows strong coupling to the osmium-
bound phosphines, but only weak coupling (7 Hz) to Rh, and no coupling to the Rh-
bound phosphines. Unlike compounds 3-5, in which the hydride is apparently
symmetrically bridging the two metals, as shown by the.strong coupling to Rh and by
coupling to all four *'P nucleii in the 'H NMR spectrum, the hydride in 6 appears to be
only interacting weakly with Rh. The 3C NMR of the carbonyl region shows three
resonances at § 177.61, 179.15, and 189.99. The two high-field resonances correspond to
terminal carbonyls on Os and the lowfield resonance is a terminal carbonyl on Rh,
appearing as a doublet of triplets, showing coupling to the Rh (71 Hz) and to the Rh-
bound phosphines (16 Hz). The IR spectrum is consistent with the *C NMR spectrum,
showing only terminal carbonyl bands at 2036 and 1946 cm”. The *'P NMR spectrum of

6 also contrasts with those of the other complexes (see Figure 2.1). The different
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Figure 2.1. *'P{'H} NMR of [RhOs(CO),(dppm),](BF,] (2) (top) and

[RhOs(CO)s(1-OH)~(u-H)(dppm),][BF,] (6) (bottom) showing the unusuaily small

coupling constants for 6.
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appearance of the ’'P NMR results from reduced P-P coupling across the dppm
methylene. Although there are not enough lines in the spectrum to extract exact coupling
constants, simulations using typical coupling constants for these complexes reveal that
reducing the P-P coupling constants across the dppm ligands leads to patterns similar to
that seen for 6. The smallef P-P coupling constant is expected for a six-membered ring,
as compared to a five membered ring.'> Related complexes with bridging ligands and no
metal-metal bonds that have been structural characterized show a similar pattern in the
3'p{'H} NMR spectrum.?’ The *'P{'"H} NMR spectrum, as well as the terminal carbonyl
on Rh, suggest that the hydroxyl group occupies a bridging position. This structure
results in the favoured 16e/18e count without a metal-metal bond, and a Rh(+1)/Os(+2)
formulation.

Compound 3 also reacts with NaOCH}, but in this case the presumed methoxide
complex is unstable toward B-hydrogen elimination and the only product observed is the
known dihydride complex, [RhOs(CO);(u-H),(dppm),](BF,]."°

Compound 6 reacts slowly with CO over 24 h to form a mixture of the known
complexes [RhOs(CO);(u-H),(dppm),][BF,] and [RhOs(CO)(dppm),][BF,].  The
dihydride complex likely results from a water-gas shift type reaction in which the
hydroxide ligand reacts with CO to form CO, and a hydride, and the tetracarbonyl
complex presumably results from subsequent reaction of the dihydride with CO, giving
rise to elimination of H,."°

Attempts to obtain either an alkyne-hydrido complex or an alkenyl species
resulting from alkyne insertion into the metal-hydrogen bond of 3 failed, as no reaction

was observed with alkynes such as acetylene, diphenylacetylene, dimethyl
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acetylenedicarboxylate or hexafluoro-2-butyne. Presumably, substitution of the g-donor
acetonitrile ligand by ® acceptors is not favourable, a conclusion that is in line with the
observation that “BuNC functions primarily as a ¢ donor in the related species 4 (vide
supra). The acetonitrile ligand in 3 surprisingly is not very labile, showing no exchange
of this ligand with CD;CN solvent, even after several days.

Reaction of 3 with carbanions also occurs, but invariably these stronger bases
result in deprotonation at one or more locations in the complex. With sodium acetylide,
reaction of 3 in acetonitrile yields two products in a 1:1 ratio (in other solvents a large
number of unidentified species resulted). ~ The first product, [RhOs(n'-
C=CH)(CO),(dppm),] (7), shown in Scheme 2.2, is an acetylide complex resulting from
deprotonation at the metals and subsequent replacement of the neutral acetonitrile ligand
by the second equiv of acetylide ion. The second product quite unexpectedly is the
cyanomethyl complex [RhOs(CH,CN)(CO);(dppm),] (8), which has apparently resulted
from a double deprotonation, removing both the hydrido ligand (as H") and a proton from
the coordinated acetonitrile ligand. This latter deprotonation, although not anticipated,
can be rationalized by the expected increase in the acidity of acetonitrile upon
coordination to a dicationic species. The possibility that the reaction occurred by
deprotonation of acetonitrile solvent followed by attack on 3 by the resulting
acetonitrilide anion is seems unlikely when the reaction of 3 with NaC=CH in THF is
considered. Although many decomposition products were obtained in this solvent,
compound 8 was still obtained in up to 10% yield. Furthermore we saw no evidence of
exchange of the coordinated acetonitrile ligand of 3 with solvent THF after 12 h. Further

support for deprotonation of coordinated acetonitrile came from the
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reaction of 3 with excess NaOH in acetonitrile which again gave 8 in approximately 10%
yield together with decomposition products. NaOH is not a strong enough base to
deprotonate free acetonitrile to an appreciable extent.*! Labelling studies using CD;CN
were not carried out owing to the large volumes of labeled solvent required. Both
products (7 and 8) have NMR spectroscopic parameters that are very similar to those of
the related methyl complex 11, which is well characterized (vide infra). The acetylide
hydrogen in 7 appears as a triplet of doublets at & 1.73 in the 'H NMR spectrum,
displaying coupling to the Rh-bound P nuclei (4 Hz) and to Rh (4 Hz); aithough we have
not seen reports of coupling between an acetylide hydrogen and Rh or Rh-bound
phosphines, the chemical shift of this proton is in agreement with that reported for
another Rh-acetylide complex.22 Compounds 7 and 8 each display one resonance for the
dppm methylene protons and have very similar °C NMR spectra, displaying a resonance
for a single carbonyl bound to Os at ca. & 192 and an unresolved multiplet at ca. 8 217,
integrating as two carbonyls. Although no Rh coupling is obvious in the latter signal, a
small coupling could be masked by the breadth of the peak. It is noteworthy that for
compound 8 the unique carbonyl on Os, opposite the Rh-Os bond, shows weak coupling
to Rh of 3 Hz. Coupling of this magnitude, through a metal-metal bond, has previously
been observed in related systems.'® We suggest that both 7 and 8 have weak
semibridging interactions much like that spectrally observed in a methyl analogue (11)
(vide infra). The structure proposed for 7 is based on the structural determinations for 8
and 11 (vide infra); it appears that an exchange of bonding modes between the
semibridging CO and the terminal one on the opposite face is occurring as proposed later

for 11. Compound 8 displays a triplet of doublets for the cyanomethyl group at 4 0.58
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(2H) in the '"H NMR spectrum, and this resonance is closely comparable to those
observed in a series of related alkyl complexes,”"““"8 including 11 (vide infra). The
C=N stretch of this cyanomethyl group is observed at 2190 cm™ in the IR spectrum and
compares favourably to values obtained for a number of cyano-alkyl complexes.”**
Confirmation of this formulation comes from the X-ray structure determination.
Although the structure of [RhOs(CH,CN)(CO);(dppm),] (8) is disordered about the
inversion centre (see Experimental section), only the oxygen atoms of two disordered
carbonyls and the metals were actually superimposed, so the other disordered atoms were
readily resolved. The phosphines were not disordered and are well behaved. A
perspective view of 8 is shown in Figure 2.2, while relevant parameters are given in
Table 2.5. Whether the cyanomethyl and the carbonyl groups are bound to Rh or Os
cannot be established crystallographically owing to the nature of the disorder; however,
the connectivity shown is unambiguously established from the NMR studies (vide supra).
Both diphosphines bridge the metals in the usual trans arrangement, perpendicular to the
plane of the other ligands. The Os centre can be viewed as trigonal bipyramidal, having
the three carbonyls in the equatorial plane, with all intercarbonyl angles of approximately
120°. This gives Os its favoured 18e configuration. Rh, with only three ligands attached,
requires a dative bond from Os to give it a 16 electron configuration; the resulting Rh-Os
distance (2.7272(4)A) is normal. In addition, Rh also forms a semibridging interaction
with one carbonyl (C(3)0(2")) which is o bound to Os. Although the parameters
involving C(3)0O(2") seem to clearly indicate a semibridging geometry for this group, with

it being primarily bound to Os (note the Os-C(3)-O(2") angle of 156.4(9)°), we avoid any
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Table 2.5. Selected Distances (A) and Angles (°) in [RhOs(CH,CN)(CO);(dppm),] (8).

Atoml
Os
Os
Os
Os
Os

2 Ee

Atoml Atom2 Atom3

ZXEEREE

P(1)
PQ1)
P(2")
P(2")
P(2")
C(1)
C(1)
C(2)
Os

Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Rh

Atom2

Rh

P(1)
P(2)
(M)
CQ2)
C@)
CQ3)
C4)

P(1)
P(2)
cQ)
C@)
C@3)
P(2)
c(1)
CR)
C@3)
C(1)
CQ)
C@3)
C@2)
C@3)
Cc@3)
C@3)

Distance
2.7272 (4)
2.293 (2)
2.340 (2)
1.73 (2)
1.82 (1)
2.04 (1)
1.98 (1)
231 (1)

Angle
91.96 (5)
94.51 (5)
162.6 (5)
77.4(4)
46.4 (3)
167.47 (7)
84.7 (5)
91.6 (4)
87.9(3)
86.0 (4)
100.3 (4)
88.8 (3)
119.7 (7)
116.3 (6)
123.7 (5)
48.3 (4)

Atom!
P(1)
P(2)
o(1)
0(2)
0(2)
N
C4)

Atoml
Os
P(1)
P(1")
P(2)
P(2)
C(3)
Os
Rh
Os
Os
Os
Os
Rh
Rh
N
P(1)

Atom2

C(6)
C(6)
c()
CQ)
CB)
CG5)
CG5)

Distance
1.833 (7)
1.813(7)
1.24 (2)
L.11 (1)
1.41 (1)
1.11 (2)
1.36 (2)

Atom2 Atom3 Angle

ZREXEEEREE

C()
C(2)
C@3)
C@3)
C@3)
C@)
C(5)
C(6)

C@)
C@3)
C@)
C@3)
C(4)
C(4)
C(6)
C(6)
Oo(1)
0(2)
Rh
02"
o)
C5)
C4)
PQ2)

173.3 (3)
94.9 (3)
90.8 (3)
97.4 (3)
84.0 (3)
125.4 (5)
112.5 (2)
112.7 (2)
162 (2)
170 (1)
85.2 (5)
156.4 (9)
117.5 (8)
107 (1)
167 (2)
111.9 (3)
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detailed discussion of the bonding involving this carbonyl owing to the disorder.
Therefore the abnormally long C(3)-O(2") distance of 1.41(1)A is probably a consequence
of this disorder. The semibridging nature of this interaction is supported however by the
almost identical structure of 11, for which clear evidence of this semibridging interaction
also appears in the "C{'H} NMR spectra (vide infra).

The binding mode of the CH,CN group is shown in Figure 2.2, and all parameters
involving this group are as expected. In particular, the angle at C(4) of 107(1)° is close to
the tetrahedral value and the essentially linear C(4)-C(5)-N linkage and the short C(5)-N
bond (1.11(2)A) are consistent with the presence of a C=N triple bond.**° The Rh-C(4)
distance of 2.31(1)A is slightly longer than expected for a Rh-alkyl bond; however, the
disorder of the groups in the equatorial plane precludes an in-depth discussion of their
parameters, since their positions are not accurately determined.

Although compounds 7 and 8 can be independently obtained in high yield by the
above route through variations of the stoichiometries and experimental conditions (see
Experimental section), attempts to obtain these products by more rational routes were
unsuccessful. It appears that obtaining a cyanomethyl complex by deprotonation of a
coordinated acetonitrile ligand is unusual; more conventional routes involve oxidative
addition of an a-halo acetonitrile to a metal, halide displacement from XCH,CN by
anionic complexes,”’z‘ or nucleophilic attack b.y cyanide ion on a methylidene
complex.z‘ There are also reports of formation of cyanomethyl complexes via C-H
activation of acetonitrile.”’

Under a CO atmosphere the reaction of 3 with sodium acetylide takes a very

different and unexpected course, resulting in deprotonation of the metals and of one dppm



group, yielding [RhOs(CO)(dppm-H)(dppm)] )] (dppm-H =
bis(diphenylphosphino)methanide). The *'P{'H} NMR spectrum of 9 shown in Figure
2.3, displays a complex pattern of an ABCDX spin system in which all four phosphorus
nuclei (ABCD) are chemically inequivalent. Simulation of the spectrum gives values of
321 and 117 Hz for the P-P coupling across Rh and Os, respectively, consistent with a
trans arrangement of the phosphines at both metals. The much larger values of trans P-P
coupling across Rh than Os appear typical.26 In addition, the %Jpp value within the
deprotonated dppm group (159 Hz) is greater than that within the normal dppm (96 Hz),
consistent with ® delocalization over the deprotonated group and sp’, rather than sp’
hybridization of the central carbon. The methanide proton appears at higher field (5 2.84)
as a broad resonance compared to the dppm methylene signal, which is an apparent triplet
at § 4.16; such an upfield shift upon deprotonation has previously been observed.”’*®

We assume that the different reactivity of 3 with sodium acetylide under CO
results from substitution of NCMe by CO at some stage of the reaction, leaving the
hydrido ligand and the dppm methylene groups as the only remaining acidic sites in the
molecule. Although 9 was obtained in only ca. 50% isolated yield, spectroscopically
monitoring the reaction indicated that conversion of 3 to 9 was essentially quantitative.
Sodium acetylide also reacts with the cationic tetracarbonyl 2, but surprisingly 9 is not
obtained by deprotonation of a dppm methylene group; instead two other unidentified
products result. This indicates that 2 is not an intermediate in the double deprotonation of
3 by NaC=CH under CO. However, compound 9 can be obtained as the only observable
species (by NMR) from 2 through the use of '‘BuLi as the base. The latter route presents a

more rational synthesis of 9 than the double deprotonation of 3 by sodium
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Figure 2.3. Experimental (top) and calculated (bottom) *'P{'H} NMR spectrum of
Compound 9 showing the ABCDX coupling pattern.



acetylide.

Compound 9 reacts with methyl triflate resulting in alkylation of the methanide
carbon to give [RhOs(CO),(dppmMe)(dppm)][SO;CF;] (10). This appears to be the only
reported example of substitution of a methylene hydrogen of a bridged dppm group by an
alkyl group. Prior synthesis of dppmMe and its subsequent coordination to metals has
been described,”’33 and direct alkylation of dppm bound to a single metal has also been
reported.3"'3‘5 Although ia one report” the alkylation of bridging dppm was noted as
under investigation, no report has appeared. Surprisingly, the related complex,
[Li(THF),][Re,(CO)s(-dppm-H)], was inert to alkylation of the methanide carbon,”” and
alkylation of a (dppm-H)-bridged dirhodium compound occurred at a bridging amido
group and not at the methanide carbon of dppm-H.m Apparently in 9 there is no site
nucleophilic enough to compete with the methanide carbon.

The *'P{'H} NMR spectrum of 10 appears as an ABCDX spin system and
derived parameters (Table 1) are consistent with our formulation; in particular the
intraligand P-P coupling within dppm and dppmMe are almost identical. In the 'H NMR
spectrum the methyl signal appears at § 1.34 and the three signals for the protons on the
methylenic carbons appear at 3 4.44, 4.03 and 3.77. Owing to the front-back asymmetry
in 10, imposed by the methyl substituent, four distinct carbonyl resonances are also
observed in the ’C NMR spectrum. .

As anticipated, protonation of 9 occurs much like alkylation, with this electrophile
again attacking the methanide carbon of dppm-H to regenerate compound 2, together

with the appropriate anion.
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The iodo-hydrido complex § also appeared to be a potential precursor to hydrido
alkyl complexes, via replacement of the iodo ligand by reaction with a Grignard reagent.
Again, however, deprotonation occurs so readily that no hydride complex is obtained,
although the neutral alkyl complex [RhOs(CH;)(CO),(dppm),] (11), can be isolated in
low yield in the reaction of § with MeMgl. The 'H NMR spectrum of 11 shows the
methyl resonance as a triplet of doublets at 8 -0.35. The coupling of the methyl
hydrogens to the adjacent phosphorus atoms (‘Jp. = 7 Hz) and to Rh (g = 2 Hz) is
typical for such species.“k'"“"8 The spectroscopic properties involving the carbonyls in
11 are similar to those of compounds 7 and 8, yet have important minor differences. In
the IR spectrum 11 shows a very low carbonyl stretch at 1723 cm™ consistent with a
bridging interaction of this group. In addition, the low-field >C resonance (5 220.2),
corresponding to two carbonyl ligands, displays coupling to Rh of 13 Hz; this is clearly
much less than expected for a symmetrically bridged CO and indicates a semibridging
geometry having a weaker, although substantial, interaciion with Rh. Although one
resonance for two carbonyls implies that both are semibridging, the solid-state structure
indicates that only one is semibridging (vide infra), and the solution IR spectrum is
almost identical to that in the solid (apart from broader bands in the former), showing
three carbonyl stretches, of which only one is at low frequency. It appears therefore that
a fluxional process exchanges the semibridging CO with the terminal CO on the opposite
face of the complex. This exchange is extremely facile since no change in the ¥C NMR
spectrum was obvious to -80°C.

The X-ray structure determination of 11 confirms the structural assignment, as

shown in Figure 2.4, and although this structure was also disordered, it was resolved
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Figure 2.4. Perspective view of [RhOs(CH,)(CO),(dppm),] (11). Thermal ellipsoids are
shown at the 20% level, except for hydrogens which are shown arbitrarily small. Phenyl
hydrogens have been omitted. Phenyl carbons are numbered sequentially for each phenyl
ring, beginning with the ipso carbon.
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satisfactorily, allowing a meaningful discussion of at least the important structural
features. Important structural parameters are given in Table 2.6. At osmium, the
geometry is that of a coordinatively saturated trigonal bipyramidal, OsL,(CO); moiety;
the phosphines are essentially trans (171.25(4)°) and the angles between the equatorial
carbonyl groups are all close to 120°. Having only a methyl group and two ends of the
diphosphines bound to Rh leaves this metal with only 14 valence electrons, necessitating
a dative bond from Os to give Rh an essentially square planar, 16e configuration. The
observed Rh-Os separation of 2.7643(9)A is clearly consistent with a significant metal-
metal interaction associated with a single bond. Donation from Os to Rh in addition to
the methyl group, which is also a good donor, and the two diphosphine ligands causes a
buildup of electron density at Rh which is alleviated by the semi-bridging interaction with
C(3)O(2)". Surprisingly the shorter metal-C(3) distance (2.087(8)A) is to Rh and not to
Os (2.183(9)A) (much as in 8), even though this carbonyl is significantly more linear
with respect to Os than Rh (Os-C(3)-O(2)' = 153.9(7)°, Rh-C(3)-0(2)' = 124.9(7)°),
which indicates a stronger interaction with Os. The shorter Rh-C(3) distance may in part
be due to the smaller radius of Rh*' compared to that of Os°,”” but may also be, in part, a
consequence of the disorder. However we feel that this disorder has been satisfactorily
resolved, so that these distances together with the 193Rh-C coupling for this CO in the
BC{'H} NMR spectra, indicate substantial % donation from Rh to C(3). The structure
also shows that exchange of the semibridging and one terminal carbonyl in solution (vide
supra) would require movement of only the two carbonyl carbon atoms by ca. 0.4A,
indicating that very little change in the overall configuration of the molecule is required.”’

Although the positions of the disordered methyl and carbonyl ligands are for the most



Table 2.6. Selected Distances (A) and Angles (°) in [OsRh(CO);(CH;)(dppm),] (11).

Atoml
Os
Os
Os
Os
Os

Os
Rh

Atoml

REXERBER

P(1)
P(1)
P(2)
P(2"
P(2")
C(1)
c(1)
C@2)

Atom2

Rh

P(1)
P(2)
C)
C@2)
C@3)
C@3)

Atom2 Atom3

Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os

P(1)
P(2)
Cc)
C2)
C@3)
P(2")
c()
CcQ)
C@3)
C(1)
CQ2)
C3)
CcQR)
C@3)
(o))

Distance
2.7643 (9)
2.298 (1)
2.333(1)
2.08 (2)
1.859 (8)
2.183(9)
2.087 (8)

Angle
92.64 (4)
93.26 (4)
166.2 (3)
77.5(3)
48.2 (2)
171.25 (4)
85.3(2)
89.4 (3)
92.1 (2)
87.5(2)
98.2 (3)
87.0(2)
116.0 (4)
118.3 (4)
125.6 (3)

Atoml
Rh
P(1)
P(2)
o(1)
0(2)
0(2)

Atoml
Os

Os
P(1")
P(1")
P(2)
P(2)
C@3)
Os

Os
Os
Os
Os
Rh
P(1)

Atom?2 Distance
C4) 2.183 (8)
C(s) 1.832 (4)
C(5) 1.834 (4)
C(1) 091 (1)
C(2) 1.151 (8)
C(3) 1.244 (8)
Atom2 Atom3 Angle
Rh C@3) 51.2(2)
Rh C@) 167.7 (3)
Rh C@) 91.3 (2)
Rh C@) 91.6 (3)
Rh C@) 97.4(2)
Rh C4) 83903
Rh C@“) 117.2 (4)
P(1) C(5) 113.1 (1)
P(2) C(5) 113.6 (1)
C(1) o(1) 175.5 (9)
C2) 0(2) 163.0 (7)
C@3) Rh 80.7 (2)
C@3) 02" 1539(7)
C3) O@2) 1249(7)
C(5) P(2) 110.6 (2)
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part well defined, that of C(1) is poorly defined as shown by the long Os-C(1) and short
C(1)-O(1) distances, and by the elongated thermal ellipsoid of C(1) (see Figure 2.4).
Although both compounds 8 and 11 show disorder of the alkyl and carbonyl ligands,
limiting any structural interpretations, the structural parameters of the two compounds are
closely comparable, giving us confidence in the gross structural features.

Superior routes for synthesizing 11 utilize either the analogous chloro complex,
[RhOsCI(CO),;(dppm),] or compound 2. Compound 11 can be obtained in moderate
yields (ca. 35%) in the reactions of [RhOsCl(CO);(dppm),] with either MeMgCl or
LiCH;. Of these two routes, that involving the Grignard is the better since we were never
able to obtain the methyl compound 11 free from the starting chloride via the latter route.
Even with the former method the Grignard must be destroyed with water immediately
after the reaction to minimize reconversion of the methyl to the chloro compound.
Another route to 11, involving the reaction of 2 (as the BF, salt) with LiCHj;, appears to

be the best route and is the one currently used.

(b) Hydrido-Methyl Complexes and Reductive Elimination of CH,.

One of our original goals had been the synthesis of binuclear hydrido alkyl
complexes to allow the investigation of the reductive elimination of the alkane fragment
from the two metal centres. Two obvious routes to such a species involved alkylation
(using a source of CH;') of the hydrido complex 1 (outlined in Scheme 2.3) or
protonation of the alkyl complex 11. At -40°C alkylation of 1 yields a metastable
hydrido alkyl complex [RhOs(CH,;}CO);(u-H)(dppm),][SO;CF;] (12a). At lower

temperatures the reaction proceeded more slowly and did not occur appreciably at -80°C.
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Compound 12a was the only observed product over the temperature range of -80° to
-40°C. The 'H NMR spectrum of 12a displays the hydride resonance at 6 -12.90 with
coupling to all P nuclei and to Rh, indicating a bridged geometry, and the methyl
resonance at 8 -0.43 with coupling to only the P nuclei on Os (as shown by selective p
decoupling), indicating that it is terminally bound to this metal. One carbonyl in the
'3C{'H} NMR spectrum shows 75 Hz coupling to Rh, indicating its terminal coordination
to this metal, and two carbonyls appear as broad singlets and are bound to Os, in
agreement with the formulation shown on Scheme 2.3. Allowing a solution of 12a to
warm to ambient temperature results in methane evolution (as detected in the 'H NMR)
to yield the orthometallated product, [RhOs(CO)s(u’*-n’-(0-C¢H,)PPhCH,PPh,)-
(u-H)(dppm)][SO;CF;] (13a). The *'P{'"H} NMR spectrum of this product shows a
complex pattern for four chemically distinct 3'P nuclei and simulation of this spectrum is
consistent with a trans arrangement of phosphines at both metals. The IR, 'H, and °C
NMR spectra are also consistent with the structure shown on Scheme 2.3.
Orthometallation is assumed to be at Os since both signals for the two Rh-bound
3P nuclei in the *'P NMR spectrum are near those in other Rh*™' systems reported in this
paper, whereas the signals for the Os-bound 3P nuclei are widely separated with one at
rather high field, consistent with the presence of a strained 4-membered ring'’ involving
the orthometallated phenyl group.

Since the hydrido methyl intermediate 12a, which preceded methane loss,
contained a methyl group bound to Os, we undertook the preparation of this species via
protonation of 11, which has the methyl group bound to Rh. It was of interest to

determine whether methane elimination from the Rh centre might occur in this case, or
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whether rearrangement to 12 would precede methane loss. At -80°C reaction of 11 with
HBFOEt, yields a new hydrido methyl complex [(CH;)RhOsH(CO),(dppm).][BF.]
(14), which was shown by 'H and 'H{’'P} experiments to have the methyl group still
bound to Rh while the hydrido ligand is terminally bound to Os. At -60°C this species
transforms to the isomer 18, which still has the methyl group on Rh but now has the
hydrido ligand bridging the metals. At -40°C compound 15 undergoes another

rearrangement to yield 12b, which is identical to 12a apart from the BF,” anion instead of

SO;CF;". No other intermediates are observed when 12b is warmed to give 13b. The
absence of resolvable coupling of the methyl protons to Rh in the 'H NMR spectra of
both compounds 14 and 1§ is not surprising considering that the line widths of these
resonances at these temperatures were 4-5 Hz; as noted earlier, Rh-H coupling in methyl
complexes such as 11 is generally only ca. 2 Hz.

Reaction of the deutero analogue of 1 [RhOsD(CO);(dppm),] with CH;" in
CD,Cl, or CH,Cl, at ambient temperature gives CH,D, as observed in the ’H NMR, and
compound 13, in which no deuterium incorporation was observed. This reaction confirms
that the hydrogen atom required for conversion of the methyl ligand to methane comes
from the hydrido ligand and not from elsewhere, such as the dppm groups, and that the
hydrido ligand in the orthometallated product 13 comes from dppm.

Reductive elimination of methane from compound 12 has the potential to serve as
a method to generate a coordinatively unsaturated intermediate for reaction with substrate
molecules. This reactivity was demonstrated by the reaction of 1 with methyl triflate in
the presence of acetylene. In the presence of actetylene, the orthometallation reaction

does not take place upon methane elimination. Instead the presumed unsaturated
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intermediate reacts to form [RhOs(CO),(u-HC=CH)(dppm),][CF;SO;] (16), which was
characterized by conventional means and contains a bridging acetylene group which is
bound parallel to the metal-metal axis.

The methyl complex 11 also reacts with methyl triflate. Again, the site of
electrophilic attack is at Os and results in the formation of [RhOs(CHj;),(CO);(dppm),]-
[CF;S0;] (17). The '"H NMR spectrum of 17 shows a triplet at § -0.15 which is coupled
to the Os-bound phosphines (*Jpy; = 6), and a doublet of triplets at 0.73, which couples to
Rh and to the Rh-bound phosphines (Jp = 6 Hz, 2Jgyy = 2 Hz). The °C NMR spectrum
of 17 differs from those of the mono-alkyl complexes. In this case there are three sharp
resonances for carbonyls at & 179.59, 206.67, and 230.22. The two lower field
resonances show coupling to Rh of 14 and 24 Hz, respectively. These peaks are sharp,
suggesting that there is no exchange process as in 11, and that both the carbonyls are
semibridging. This proposed structure is supported by the structure determinations of
[RhOs(C(CH;)=C(CH3),(CH;)(CO)3(dppm),][CF;SO;] (23) (see Chapter 3) and
[RhRu(CH;),(C0);(dppm),][CF;SO;] (43) (see Chapter S), which also have one organic
group on each metal and an arrangement of carbonyl ligands as proposed for 17. In
contrast to the methyl/hydride complexes, the dimethyl complex is unreactive towards
reductive elimination, even when heated. Surprisingly, it is also unreactive towards CO

and Hz.

Discussion

Transition-metal hydrido complexes occupy a key position in organometallic

chemistry. Their reactions with olefins, alkynes and other unsaturated substrates yield
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alkyl, alkenyl and related species via insertions into the M-H bonds, and hydrido
complexes also having o-bound organic ligands present are important intermediates
leading to organic products through the reductive elimination of these fragments from the
metal. Clearly such species are pivotal in a variety of catalytic processes in which
hydrogen transfer to an unsaturated substrate occurs.>®

A series of alkyl and related species, of the form [RhOsR(CO);(dppm),] R =
CH;, CH,CN, C=CH), have been prepared. In all cases the organic group is c-bound to
Rh, in spite of our expectation that the Os-C bond is stronger than Rh-C.*° The observed
structures, having the alkyl group on Rh, give the metals a Rh*'/0s® formulation, whereas
having the o-bound organic group on Os would result in a Rh%Os"' formulation. We
suggest that the Rh*'/Os’ combination is one important driving force favouring the
structures obtained. Clearly however, this cannot be the sole factor since the analogous
hydride species [RhOsH(CO);(dppm),] has the hydride on Os and a Rh%0s™
formulation.

The X-ray studies on 8 and 11, together with the spectroscopic data on related
species, indicate that in most cases Rh is involved in one semibridging interaction with a
carbonyl on Os in the solid state. In solution, the two carbonyls directed towards Rh
exchange between bridging and terminal positions. It is suggested that this semibridging
interaction stabilizes these species by removing the excess charge from Rh that results
from the good donor ability of the alkyl group‘l and from the absence of another =
acceptor on Rh. In addition, the Os—>Rh dative bond, required to give Rh a 16e

configuration also gives rise to a charge build-up on Rh. The presence of at least one
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accompanying semibridging carbonyl group is typical of these A-frame-like
alkyls. 16b,16c.21

The extent of carbonyl semibridging appears to correlate well with the o-donor
ability of the group on Rh. The absence of a strong semibridging carbonyl (as indicated
by significant 19ph-C coupling, and the IR stretches) in either 7 or 8 is understandable
in view of the acetylide and cyanomethyl groups in the respective compounds being
poorer net donors to Rh than CH;, resulting in less x back donation to the semibridging
CO groups.“2 Although we suggest a weaker semibridging interaction in 8 than in 11, on
the basis of NMR studies, it should be recalled that the comparable solid-state structures
suggest substantial interactions for both compounds.

Addition of an electrophile to Os to form cationic dialkyl complexes results in the
formation of a second semibridging carbonyl interaction. There are two factors that
favour bridging of both carbonyls. First, the geometry at Os is now pseudo-octahedral,
rather than trigonal-bipyamidal, allowing both carbonyls to form semibridging
interactions without large distortions. Secondly, the carbonyls are now bound to a
cationic Os*? centre instead of a neutral Os? centre. Less electron density is available
from Os, making back donation from Rh more favourable. It is clear from the Rh-C
coupling constants that one semi-bridging interaction is substantially stronger than the
other (24 vs 14 Hz). It is suggested that the stronger interaction is with the bridging
carbonyl trans to the carbonyl that is terminally bound to osmium. This p-carbonyl
receives less back-donation from Os, since it competes with a trans carbonyl, and thus
can accept more electron density from Rh. The carbonyl trans to the methyl group is

more tightly bound to Os.
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Reductive elimination of methane from methyl-hydride species has been shown to
be site specific; even when the methyl group is initially on Rh, reductive elimination
occurs from the Os centre. This is not the result expected on the basis of bond strengths™
or kinetic lal:ilities,43 which should favour elimination from the second row element (Rh).
We assume that reductive elimination from Rh is inhibited by the trans arrangement of
the hydride and methyl groups in the appropriate intermediate, and by the unfavourable,
highly coordinatively unsaturated 14e Rh centre which would resuilt, having only two
phosphines coordinated. Analogous diplatinum complexes having a trans arrangement of
terminal methyl and bridging hydride ligands have been shown to be remarkably inert
towards methane elimination.** Instead, reductive elimination of methane occurs from
the pseudo-octahedral Os* centre, in which we assume a cis arrangement of H and CH,
groups. The reductive elimination of methane from Os yields an unstable, coordinatively
unsaturated Os’ centre which rapidly leads to orthometallation of one of the dppm phenyl
rings to give a saturated Os" centre. Facile oxidative addition to a 16e Os® centre is well
known.*’ The reactions in which a hydride is tranferred from a terminal site to a bridging
site, and a methyl group tranfers from Rh to Os are not straightforward, and it is not clear

how these transformations occur.
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Chapter 3
Vinyl, Allyl and Related Complexes of Rh/Os From Alkynes and Allenes

Introduction

In this chapter we extend the organometallic chemistry of our previously studied
“Rh/Os” systems!' to include 6-bound organic groups having unsaturation within their
framework. Two such groups are the vinyl (-CH=CH,) and allyl (-CH,CH=CH,)
moieties and their substituted analogues. The unsaturation in these groups means that, in
addition to being 6-bound to one metal, simultaneous x-donation to an adjacent metal is
also possible. How this p,n'm>-interaction can modify the reactivity of the group, or its
ability to influence the chemistry at a metal by stabilizing coordinatively unsaturated
intermediates, was of interest to us.

The proposed involvement of vinyl groups in Fischer-Tropsch chemistry’ has
permitted an explanation of the propagation steps that successfully accounts, not only for
the lower than expected amounts of C, products obtained, but also for the formation of
small amounts of branched-chain hydrocarbons. A key part of this proposal involves the
isomerization of substituted allyl groups to the corresponding vinyl groups on the metal
surface. An investigation of allyl and vinyl ligands in the presence of our mixed Rh/Os
system was therefore of interest to us, particularly as it relates to C-C bond formation,’

and is reported herein. Related studies on binuclear Ru complexes had previously shown
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and is reported herein. Related studies on binuclear Ru complexes had previously shown
an extensive chemistry of bridging vinyl groups,* suggesting tremendous potential for our

heterobinuclear species.

Experimental Section

General Comments. 3-methyl-1,2-butadiene dimethyl acetylenedicarboxylate,
and allyl magnesium chloride (2.0 M solution in THF) were purchased from Aldrich, and
allene was obtained from Matheson. Dioxane was distilled over sodium benzophenone
under an atmosphere of prepurified nitrogen. Spectroscopic data for all compounds are

given in Table 3.1.

Preparation of the Compounds.

(a) [RhOs(C(CH;)=CH;)(CO);(dppm);] (18). Allene or propyne was passed
over a solution of [RhOs(H)(CO)3(dppm),] (1; 200 mg, 0.174 mmol) in 20 mL of CH,Cl,
for 3 min causing an immediate colour change from yellow-orange to orange. The
solution was then stirred under allene or propyne for 30 min and the solvent was removed
in vacuo. The dark orange residue was recrystallized from CH,ClL/Et,0, washed with
3x20 mL of Et,O and dried in vacuo, yielding a bright orange powder. Yield: 0.155g,
0.131 mmol, 75%. Anal. Calcd. for Cs¢Hs9O30sPsRh: C, 56.67; H, 4.16. Found: C,
56.41; H, 3.93. If the allene reaction was carried out without recrystallization, the sample

was found to contain approx. 10% of compound 19.
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(b) [RhOs(n’-C;Hs)(CO)g(dppm)zl (19). Diallylmagnesium was prepared by
addition of 1 mL of 2.0 M allylmagnesium chloride to 9 mL of dioxane. Five millilitres
of the resulting solution (0.5 mmol) was filtered and added to [RhOs(CO),(dppm),}(BF.]
(2; 95 mg, 0.075 mmol), suspended in 100 mL of THF, causing gradual dissolution of the
yellow crystals and a colour change to orange. After stirring for 2.5 h, the solvent was
removed in vacuo and the residue washed with 2 times 10 mL of pentane and then
extracted into THF/Et,O (10 mL/20 mL) and filtered. The solvent was removed in vacuo
and the bright orange residue was crystallized by slow addition of Et,O to a saturated
THF solution to form a bright orange powder. Yield: 0.035 mg, 0.029 mmol, 39%.
Satisfactory elemental analyses could not be obtained due to difficulties in removing
Mg(BF),.

(¢) [RhOs(C(CH;)=C(CH,);)(CO);(dppm);] (20). 3-methyl-1,2-butadiene (9.4
uL, 0.096 mmol) was added to a solution of 1 (110 mg, 0.096 mmol) in S mL of CH,Cl,,

causing a darkening of the orange solution. After stirring for 2 h the solvent was reduced
to 2 mL. Slow addition of 20 mL of Et;O resulted in the formation of a yellow-orange
micro-crystalline solid. The pale orange supernatant was discarded and the solid was
washed with 3x20 mL of Et,0 and dried in vacuo. Yield 0.88 g, 0.072 mmol, 76%.
Anal. Calcd. for CsgHs3030sPRh: C, 57.33; H, 4.40. Found: C, 57.15; H, 4.58.

(d) [RhOs(CH;0,CC=C(H)CO,CH;)(CO);(dppm),] (21). The complex 1 (100
mg, 0.0875 mmol) was dissolved in 5 ml of CH,Cl; and the solution was cooled to -78°C.

Dimethyl acetylenedicarboxylate (10.8 uL, 0.0875 mmol) was then added, causing the
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solution to turn immediately from yellow-orange to red. After 5 min of stirring the
solution was warmed to room temperature. The solvent was then removed in vacuo and
the resulting red residue was recrystallized from CH;Cl,/hexanes to give a dark-orange
powder which was washed with 2x20 mL of hexanes and dried in vacuo. Yield: 92 mg,
82%. Anal. Calcd. for CsoHs;0,/0sPsRh: C, 54.98; H, 3.95. Found: C, 54.75; H, 4.07.

(e) [RhOs(C(O)C(CH3)=CH2)(CO);(dppm);] (22). [RhOs(C(CH;)=CH,)(CO);-
(dppm),] (28; 150 mg, 0.126 mmol) was dissolved in 20 mL of CH,Cl,and CO gas was
passed over the solution for 3 min, causing a darkening of the orange solution. The
solution was stirred under CO for 1 h and the solvent was removed in vacuo. The dark
~ orange residue was recrystallized from CH,Cl,/Et;O/hexanes to yield a dark orange
powder. Yield: 118 mg, 0.097 mmol, 77%.

() [RhOs(C(CH;3)=CH,)(CH;)(CO);(dppm),][CF;SO;] (23a,b). Method (i):
Methyl triflate (4.8 pL, 6.9 mg, 0.042 mmol) was added to a stirred solution of
[RhOs(C(CH3)=CH,)(CO);(dppm),] (18; 50 mg, 0.042 mmol) in 10 mL of CH,Cl, at
-80°C. The solution was stirred at -80°C for 30 min and allowed to slowly warm to
ambient temperature. The solvent was removed in vacuo and the residue was
recrystallized from CH,CL/Et;0. Yield: 36 mg, 63%. Method (ii): Methyl triflate (12
uL, 17 mg, 0.104 mmol) was added to a solution of [RhOs(H)(CO);(dppm);] (1; 120 mg,
0.104 mmol) in 30 mL of CH,Cl, at -80°C and the solution was warmed to -40°C and
stirred for 1 h. Allene gas was then passed over the solution for 2 min. The solution was

stirred under allene and gradually allowed to return to ambient temperature. The solution
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volume was then reduced to 5 mL, and 30 mL Et,0 was added, causing precipitation of a
fine, pale yellow powder, which was washed with 3x10 mL of Et,O and dried in vacuo.
The residue was then recrystallized from CH,Cl,/E£O. Yield: 70 mg, 50%. Anal.
Calcd. for CsgHs,F3040sP,RhS: C, 51.56; H, 3.88. Found: C, 51.21; H, 3.91.

(8) [RhOs(C(CH3)=C(CHj;))(CH;3)(CO)s(dppm);] [CF3S0;5]-2CH; Cl; (24a,b).

Methyl triflate (3.5 uL, 5 mg, 0.031 mmol) was added to a cloudy, yellow-orange

solution of [RhOs(C(CH3)=C(CH3),)(CO);(dppm),] (20; 35 mg, 0.029 mmol) in 10 mL
of CH,Cl,. Over 15 min the cloudiness disappeared and the colour changed to yellow.
After 1 h of stirring the solvent was removed in vacuo and the residue was recrystallized
from CH,Cl,/Et;0 to give a yellow, microcrystalline solid. Yield: 25 mg, 0.018 mmol,
63%. Anal. Calcd. for Cgj 25Hss25Clo2sF3060sP4RhS: C, 51.96; H, 4.08; Cl, 0.64.
Found: C, 51.72; H, 3.71; CI, 0.69. Note: The crystals desolvated rapidly. The
analytical sample contained 0.125 mol equiv. of co-crystallized CH,Cl,.

(h) [RhOs(CH;0,CC=C(H)CO,CH;)(CH;)(CO);(dppm);](SO;CF; ] (29).
Compound 21 (100 mg, 0.077 mmol) was dissolved in 10 mL of CH,Cl,, and

CH;SO;CF; (8.7 puL, 0.077 mmol) was added by syringe. The red solution was stirred for

1 h, after which the CH,Cl, was removed in vacuo. The dark red residue was
recrystallized from CH,Cly/hexanes and the light-brown product obtained was washed
2x10 mL of hexanes and dried in vacuo. Yield: 95 mg, 85%. Anal. Calcd. for

Ce1HssSF30100sPsRh: C, 50.37; H, 3.78. Found: C, 49.94; H, 3.73.
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(i) [RhOs(C(CH;)=CH,)(H)(CO);(dppm),][BF ] (26a,b). HBF,-Et,O (4.5 uL.
5.34 mg, 0.33 mmol) was added to a stirred solution of
[RhOs(C(CH;3)=CH,)(CO);(dppm),] (18; 39 mg, 0.033 mmol) at -80°C, causing the
colour to change from orange to yellow. The solution was stirred at -80°C for 30 min
and then allowed to warm to ambient temperature. The solvent was removed in vacuo
and the residue was recrystallized from CH,Cl,/Et;O and then washed with 3x10 mL of
Et,0 and dried in vacuo, resulting in a pale yellow powder. Yield: 25 mg, 0.020 mmol.
60%.

(i) [RhOs(C(CH;)=C(CH;))}(H)(CO);(dppm)][BF,] (27a,b). HBF;-Me,0 (4.4

uL, 4.8 mg, 0.036 mmol) was added to a solution of 20 (44 mg, 0.036 mmol) in 15 mL of

CH,Cl,, causing an immediate change from cloudy orange to clear yellow. After 1 h the
solvent was removed in vacuo and the residue was recrystallized from CH,ClL/Et,0,
yielding a yellow microcrystalline solid. Yield: 33 mg, 0.025 mmol, 70%. Anal. Calcd.
for CssHs4BF 4030sP;Rh: C, 53.47; H, 4.18. Found: C, 52.97; H, 4.18.

(k) [RhOs(CH;0,CC=C(H)CO,CH;3)(CO)s(u-H)(dppm)][BF,] (28). The
complex 21 (100 mg, 0.077 mmol) was dissolved in 10 mL of CH,Cl,, and HBF°Et,O

(11.0 uL, 0.077 mmol) was added by syringe. The solution turned a darker shade of red,

was stirred for 5 min and the solvent was removed in vacuo. The dark red residue was
recrystallized from CH,Cl,/hexanes to give a light-brown powder which was washed
with 2x10 mL of hexanes and dried in vacuo. Yield: 87 mg (81%). Anal. Calcd. for

CsoHs,BF0,0sP,Rh: C, 51.45; H,3.78. Found: C, 50.90; H, 4.15. Variable
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temperature NMR spectra in CD,Cl, showed that the initial products formed at -80°C
were two isomers of [RhOsH(CH;0,CC=C(H)CO,CH;}(CO);(dppm),]{BF,] (29a, 29b).

Above -20°C the final product formed.
(1) [RhOs(C(O)C(CH,3)=CH,)(-H)(CO);(dppm),][BF (] 30). HBF,-Me,O (5.0
uL, 5.5 mg, 0.041 mmol) was added to a stirred solution of 22 (50 mg, 0.041 mmol) in 10

mL of CH,Cl; at -80° C, causing an immediate colour change from orange to
yellow-orange. The solution was stirred at -80°C for 30 min and then allowed to warm to
ambient temperature. The solvent was removed in vacuo and the residue was
recrystallized from CH,Cl,/Et,O to give a pale yellow powder. Yield: 37 mg, 0.028

mmol, 69%.

Reactions.

(a) Reaction of [RhOs(C(CH;)=CH,)(H)(CO);(dppm):}[BF,] (26a,b) with
CO. (i) Compound 26 (10 mg, 0.0078 mmol) was dissolved in 0.5 mL of CD,Cl, in an
NMR tube which was then evacuated and refilled with '*CO to approximately 1.2 atm.
'Y, 3'p and '*C NMR showed complete conversion to two isomeric intermediates
[RhOs(C(CH3)=CHa,)(-H)(CO);(dppm),][BF;] (31a,b). The intermediates ultimately
yielded [RhOs(CO)4(dppm),][BF,] and H,C=C(H)CH,, with 31a reacting slowly, over a
20 h period, while 31b disappeared within 2 h. (ii) Reaction was repeated as above, but
the CO was removed by evacuating the tube and refilling with Ar after 2 min. NMR
spectra showed complete conversion to 31a,b. In the absence of CO, 31a,b reacted

slowly over 48 h to form a mixture of [RhOs(CO)s(dppm),][BF,] (2) and



[RhOs(CO)s(k-H)(*n’-0-CoHs) PAPCH,PPhy)(dppm)][BF;] (12 ), along with
decomposition products.

(b) Reaction of [RhOs(C(CH;)=C(CH;))(H)(CO);(dppm),][BF,] (27a,b) with
CO. Compound 27 (10 mg, 0.0077 mmol) was dissolved in 0.5 mL. CD;Cl; in an NMR
tube, which was then evacuated and refilled with *CO to approximately 1.2 atm. 'H, *'P
and '3C NMR showed slow formation of two isomeric intermediates
[RhOs(C(CH;)=C(CH;),)(u-H)(CO);(dppm);][BF;] (32a,b), with the starting materials
completely disappearing in approximately 2 h. The intermediates ultimately yielded
[RhOs(CO)4(dppm),][BFs] and (CH;3),C=C(H)CHj3; 32a reacted slowly, persisting for
days in solution, but 32b disappeared within 1 h once the starting compounds were

depleted.

X-ray Data Collection.

(a) [RhOs(C(CH;3)=CH,)(CO)s;(dppm);] (18). Diffusion of ether into a concentrated
CH,Cl, solution of complex 18 yielded deep red-orange crystals, which were mounted
and flame-sealed in glass capillaries under N, and solvent vapor to minimize
decomposition and/or solvent loss. Data were collected on an Enraf-Nonius CAD4

diffractometer using Mo Ka radiation at 22°C. Unit cell parameters were obtained from
a least-squares refinement of the setting angles of 25 reflections in the range 17.3° <20 <

25.6°. The cell parameters indicated a triclinic space group and the lack of systematic
absences indicated either P1 or P1 with Z=1. The centrosymmetric space group P1 was

confirmed as the correct choice by the successful solution and refinement of the structure



with the molecule being inversion disordered (vide infra). Intensity data were collected
as outlined in Table 3.2. Three reflections were chosen as intensity standards and were
remeasured every 120 min of X-ray exposure time; no decay was evident.

(b) [RhOs(C(CH;3)=C(CH;3))(CH;3)(CO)3(dppm),][CF;SO;)-2CH;Cl; (24a,b).
Yellow crystals of 24 were grown by slow diffusion of ether into a concentrated CH,Cl,
solution, and mounted as for compound 18. Data collection for compound 24 proceeded
as for 18, except at -50°C. Unit cell parameters, obtained from 20 reflections in the range

20° £260< 25°, and the systematic absences uniquely defined the space group as P2,/c.

Structure Solution and Refinement.

(a) [RhOs(C(CH;)=CH;)(CO);(dppm);] (18). Initial attempts to solve and
refine the structure of complex 18 in the space group P1 were unsuccessful, however,
solution in P1 proceeded well, with the molecule disordered about an inversion centre.
Similar disorder had been observed in a number of related compounds.!®* The position
of the disordered Os/Rh atom was obtained through use of the direct-methods program
SHELXS-86.° The remaining non-hydrogen atoms were located using successive
difference Fourier maps. The positions of the atoms of the carbonyl and isopropenyl
ligands were resolved without difficulty despite the disorder; the carbon atom C(1)
(belonging to the osmium-bound carbonyl C(1)O(1)) and the isopropenyl ligand
H3C(4)-C(1)=C(5)H2) and the oxygen atom O(2) (belonging to the carbonyl groups

C(2)0(2) and C(3)0O(2") were included at full occupancy while the other atoms (O(1),

[PS]



Table 3.2. Crystallographic Experimental Details

A. Crystal Data

compound

formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parameters®
a(A)
b (A)
c(A)
a (deg)

B (deg)

7 (deg)
V(A%
VA

Pecaled (g cm’3)

@ (cm™)

[RhOs(C(CH3)=CH,)-
(CO)3(dppmy),] (18)

CssH49O30sPRh
1186.94

0.66 x 0.55 x 0.35
triclinic

P1 (No. 2)

11.247 2)
11.737 2)
11.061 (3)
113.72 2)

93.24 (2)
68.567 (15)

1237.3 (4)
1
1.593

30.71

84

[RhOs(C(CH3)=C(CHs),-

(CO);(CH3) (dppm),]-
[CF3S0;])-2CH,Cl; (24)

Ce2HgoClLiF3040sP,RhS
1579.92

0.39x0.20x 0.10
monoclinic

P2,/c(No. 14)

20.445(2)
10.3890(12)
29.300(3)
90
98.231(10)
90
6159.3(11)
4

1.704

27.27



(Table 3.2 cont.)

B. Data Collection and Refinement Conditions

diffractometer
radiation (A [A])

monochromator

temperature (°C)

scan type

data collection 20 limit (deg)
total data collected

independent reflections
number of observations (NO)

structure solution method
refinement method

absorption correction method
range of abs. cormn. factors

data/restraints/parameters

goodness-of-fit (S)*

final R indices®
F2>25(Fy)
all data

largest diff. peak and hole

Enraf-Nonius CAD4 %
Mo Ka (0.71073)

incident-beam,
graphite crystal
22

6-20
56.0

6248 (-13<h< 14,
0<k<15,-14<1<13)

5959
5367 (F,: 2 20(F,%))

direct methods
(SHELXS-86°)

full-matrix least-squares
on FA(SHELXL-93 %

DIFABS®
1.195-0.835
5959 [F,2-3(F,2))/0/316

1.191 [F,? 2 -3K(F D)}

R, =0.0300, wR; = 0.0900
R, =0.0409, wR, = 0.1073

1.281 and —2.043 e A3

Enraf-Nonius CAD4°
Mo Ka (0.71073)

incident-beam,
graphite crystal

-50
6-20
50

10991 (-24 < h <24,
0<k<12,0<i<34)

10754
5757 (F,2 2 20(F,2)

direct methods
(SHELXS-86°)

full-matrix least-squares
on F(SHELXL-93%

DIFABS®
1.084-0.853

10738 [F,22-30(F, )/ V1753

1.006 [F,2 2 -30(F )]

R;=0.0556, wR, = 0.0989
R, =0.1758, wR; =0.1321

1.604 and -1.635 A -3
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(Table 3.2 cont.)

“Obtained from least-squares refinement of 24 reflections with 17.3° <26 < 25.6° for 18.
and 20 reflections with 20° <20 < 25° for 24.

®Programs for diffractometer operation and data collection were those supplied by Enraf-
Nonius.

Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467.

Sheldrick, G. M. SHELXL-93, Program for crystal structure determination. University
of Gottingen, 1993. Weighted R-factors wR; and all goodnesses of fit S are based on
F,%; conventional R-factors R, are based on F,, with F, set to zero for negative F,>.
The observed criterion of F,> > 20(F,>2) is used only for calculating R, and is not
relevant to the choice of reflections for refinement. R-factors based on F,> are
statistically about twice as large as those based on F,,, and R-factors based on ALL
data will be even larger.

¢Walker, N.; Stuart, D. Acta Crystallogr. 1983, A39, 158.

S d(Rh-C(5")) was fixed at 2.05 A.

8§ = [Zw(F,% — F.)*(n - p)]'"* (n = number of data; p = number of parameters varied; w =
[s2(F,%) + (alP)* + a,P]" where P = [Max(F,2, 0) + 2F.2)/3), a, = 0.0675, a, = 0.3857
for 18, and a; =0.0314, a; = 40.2796 for 24.

"Ry = Z||Fy| — |Fl/EIFol; wRy = [Ew(F? — FAEw(Fo4)]"2.
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C(2), C(3), C(4) and C(5)) were refined at half occupancy. A view of the equatorial
plane of the complex showing the atom positions corresponding to the two superimposed
molecules is shown in Figure 3.1. Refinement was completed using the program
SHELXL-93." The diphosphine unit was well behaved. Hydrogen atom positions were
calculated by assuming idealized sp? or sp® geometries about their attached carbons as
appropriate; these hydrogens were given thermal parameters equal to 120% of the
equivalent isotropic displacement parameters of their attached carbons. After all atoms
had been located and the structure refined to convergence using isotropic displacement
parameters, the data were corrected for absorption using the method of Walker and
Stuart.? The structure was further refined with all non-hydrogen atoms having
anisotropic thermal parameters. The final model for complex 3, with 316 parameters
varied, converged to a value of R; = 0.0300.

(b) [RhOs(C(CH;3)=C(CH;);)(CH;)(CO)3(dppm),][CF3SO;]-2CH,Cl; (24a,b).
The structure of compound 24 was disordered due to the presence of two isomers in the
crystal, resulting in the superposition of two differently oriented trimethylvinyl groups as
shown (one ligand fragment consists of unprimed atoms while the other has primed atom
labels; atoms C(6) and C(8) correspond to the superposition of methyl group positions
from both isomers):

/ \ ,?c ®
. /

AN
Co9— /cs""" O\
A/ e’

cs

cgc———"
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Figure 3.1. A view of the equatorial plane of compound 18 showing the positions of the
disordered atoms. One disordered molecule is shown with dark bonds while the other has
open bonds. The positions labeled Rh and Os actually contain a 50:50 occupancy of
each.
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The positions of the Rh and Os atoms were obtained through use of the direct-methods
program SHELXS-86." The remaining non-hydrogen atoms of the major isomer were
located using successive difference Fourier maps. However, unusually large thermal
parameters and severe elongation of the thermal ellipsoids for atoms C(5), C(7), and C(9)
suggested the possibility of a disordered position for the vinyl group. Atoms C(5"), C(7),
and C(9") of the minor isomer were then located using electron density contour plots.
The disorder between the C(5), C(7), C(9) and C(5"), C(7"), C(9") sets of positions did not
follow an even 50:50 distribution; the most satisfactory results were obtained when C(3),
C(7), and C(9) were given occupancy factors of 0.7 and C(5'), C(7") and C(9') were given
occupancy factors of 0.3. Furthermore, the Rh-C(5') distance was fixed at 2.05 A (as
suggested by the Rh-C(5) distance) to allow C(5') to refine satisfactorily. Elongation of
the thermal ellipsoid of C(4) (the Os-bound methy!l carbon) suggested the possibility of
disorder involving the superposition of the this group and carbonyl C(1)O(l). In
addition, O(1') was located on the Fourier map and refined acceptably with an occupancy
of 0.2. Attempts were made to refine the two disorder modes (the Rh-bound isopropenyl
group and the Os-bound CO and Me groups) with the same occupancy but the results
were unsatisfactory, indicating that the disorder modes are independent. The position
O(1") could result from rotamers of either the major or the minor isomer. A view of the
equatorial plane of the cation of 24, showing the disorder of the trimethylvinyl ligand is
given in Figure 3.2. Refinement was completed using the program SHELXL-93.
Hydrogen atom positions for the major isomer were calculated by assuming idealized sp

or sp> geometries about their attached carbons, and the methyl groups were allowed to



Figure 3.2. A view of the equatorial plane of the cation of compound 23 showing the
positions of the disordered atoms of the trimethylvinyl group. The dark bonds show the
predominant disordered group. The additional disorder involving the carbonyl C(1)O(1)
and the methyl group carbon C(4) is not shown.

90
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rotate freely. These hydrogens were given thermal parameters equal to 120% of the
equivalent isotropic displacement parameters of their attached carbons. After all atoms
had been located and the structure refined to convergence using isotropic displacement
parameters, the data were corrected for absorption using the method of Walker and
Stuart.® The structure was further refined with all non-hydrogen atoms of the major
isomer having anisotropic thermal parameters. Atoms C(5'), C(7"), C(9') and O(5") were
refined isotropically. The final model for complex 24, with 753 parameters varied,
converged to a value of R; = 0.0556. Atomic coordinates and displacement parameters
for the non-hydrogen core atoms of 18 and 24 are given in Tables 3.3 and 3.4,

respectively.
Results and Compound Characterization

(a) Preparation of Vinyl Complexes.

A number of routes can be used to generate vinyl complexes, including reactions
with vinyl Grignard reagents or with vinyl lithium compounds.’ They can also be
obtained via reaction of metal hydrides with alkynes and their tautomers. Attempts to
obtain a species, [RhOs(CH=CH,)(CO);(dppm);], containing the unsubstituted vinyl
group by reaction of 1 with acetylene failed, resulting in complex mixtures of products
over a range of reaction conditions. However, the analogous isopropenyl species,
[RhOs(C(CH;)=CH,)(CO);(dppm),] (18), containing a mono-substituted vinyl group, is
obtained in the reaction of 1 with propyne, as shown in Scheme 3.1. Compound 18

results from hydrogen transfer to the terminal carbon of the alkyne, with the metal ending



Table 3.3. Atomic Coordinates and Equivalent [sotropic Displacement Parameters for

the Core Atoms of Compound 18.

Atom x y

Os/Rh -0.06608(2) 0.13618(2)
P(1) -0.26646(9)  0.12360(10)
P(2) -0.12282(10) -0.16227(10)
o(1)* -0.2075(16)  0.4052(17)
0(2) 0.0229(4) 0.1094(5)
C() -0.1556(5) 0.3179(6)
c@)* -0.0172(9) 0.1308(11)
c@3)y -0.0200(7)  -0.0357(9)
c@)“ 0.1841(12) -0.4405(12)
Cc() 0.1848(25) -0.3673(27)
C(6) -0.2628(4)  -0.0478(4)

Z
0.08369(2)
0.03974(10)
-0.15889(10)
0.3068(15)
-0.1759(4)
0.2180(6)
-0.0783(9)
0.1105(8)
-0.1717(16)
-0.3483(22)
-0.0345(4)

Ueps A2
0.03876(8)*
0.0408(2)*
0.0422(2)*
0.090(4)*
0.0796(11)*
0.0712(14)*
0.052(2)*
0.0411(14)*
0.089(4)*
0.101(8)*
0.0461(8)*

Anisotropically-refined atoms are marked with an asterisk (*). The form of the

anisotropic displacement parameter is: exp[-2r2(H2a*2U,; + I2b*2Usy + Pc*?Us; +

2klb*c*Usz + 2hla*c* U3 + 2hka*b* U\y)]. “Refined with an occupancy factor of 0.5.

Table 3.4. Atomic Coordinates and Equivalent Isotropic Displacement Parameters for

the Core Atoms of Compound 24.

Atom x y

Os 0.83456(2) 0.26983(4)
Rh 0.69433(4) 0.24842(8)
P(1) 0.83987(14) 0.3506(3)
P(2) 0.68956(14)  0.3369(3)
P(3) 0.83214(14) 0.1831(3)

P(4)

0.68141(14)

0.1692(3)

z
0.18160(2)
0.16212(3)
0.10583(10)
0.08756(10)
0.25673(10)
0.23504(11)

Ueqs A2
0.02257(12)*
0.02302)*
0.0223(7)*
0.0234(7)*
0.0243(7)*
0.0245(7)*



(Table 3.4 cont.)

o(1)° 0.9729(5)
o(1)? 0.9388(21)
0(2) 0.7411(4)
0Q3) 0.7711(3)
c(1) 0.9231(6)
CQR) 0.7549(5)
C3) 0.7825(5)
C@4) 0.9004(6)
C(5)¢ 0.5968(8)
csH? 0.59509(4)
C(6) 0.5887(6)
Cc(n° 0.5440(10)
c(m? 0.5565(23)
C@®) 0.5502(7)
C9)°¢ 0.4749(8)
co)? 0.4711(14)
C(10) 0.7674(5)
C(20) 0.7537(5)

0.1509(11)

0.4778(42)
0.4812(7)

0.0338(7)

0.1900(11)
0.3863(12)
0.1277(11)
0.4223(12)

0.2032(19)

0.28770(8)
0.0625(12)

0.2666(27)

0.1819(39)
0.3991(14)

0.2200(24)

0.1891(24)
0.3050(10)

0.2144(11)

0.1844(4)

0.2212(15)
0.2108(3)
0.1297(3)
0.1817(4)
0.1931(4)
0.1497(4)
0.2114(4)

0.1455(6)

0.14700(3)
0.1199(5)

0.1482(7)

0.1351(14)
0.1703(5)

0.1287(15)

0.1271(32)
0.0652(3)
0.2772(3)

O
L)

0.049(3)*

0.046(12)
0.0342)*
0.033(2)*
0.038(3)*
0.0273)*
0.030(3)*
0.040(3)*

0.039(5)*

0.079(22)
0.050(4)*

0.063(6)*

0.024(9)
0.069(5)*

0.096(15)*

0.055(23)
0.022(3)
0.027(3)

Anisotropically-refined atoms are marked with an asterisk (*). The form of

the anisotropic displacement parameter is: exp[-2r2(HPa*>Uy, + 2b*2Uy + Pc**Us; +
2kib*c* Uy + 2hla*c* U3 + 2hka*b* Uyy)]. “Refined with an occupancy factor of 0.8.

’Refined with an occupancy factor of 0.2. “Refined with an occupancy factor of 0.7.

“Refined with an occupancy factor of 0.3.
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Scheme 3.1

PAP p p
H
I oc-,,‘ CHiCaCH  H-C, | °c\|
CO—Rh Os—CO C—Rh<—0s—CO
| w7 el | F7I
P’ "
1 18
P~ P p o -up
%.\ nmecom 4 I %. rS o |
co-nlh H,;n co ——p C-T\‘-c—'ol.-co + Rh, ~ _0Os—coO
P’ ot P ° P l & P
~~ ~_
1 18 (Major) 19 (Minor)
p~” ~p ¢
| °c\|
0C—Rh——0s —CO
| o¢* | (CH,=CHCHa) Mg
P P
~_ "



up in the 2-position. No evidence of the other isomer, the n-propenyl species. was
observed.

The 'H NMR spectrum of 18 shows singlets for the methyl group and the olefinic
hydrogens of the isopropeny! group. The methylene groups of the bridging dppm ligands
appear as an AB quartet, with additional *'P coupling at temperatures below 0°C.
indicating asymmetry on either side of the RhOsP; plare in the molecule resulting from
the orientation of the vinyl group. Above 0°C, the peaks broaden and coalesce, becoming
a sharp quintet at 75°C, indicating an average front-back syﬁmetry of the molecule,
presumably resulting from rotation of the vinyl group about the Rh-C bond. The BC{'H}
NMR spectrum at ambient temperature shows three unique carbonyl resonances at &
195.46, 212.24, and 229.41; the high-field signal appears as a triplet, showing coupling
of 14 Hz to the osmium-bound phosphines, while the other two resonances are broad.
showing no resolvable coupling. The lack of observed coupling to rhodium rules out a
terminal carbonyl on rhodium, however, the breadth of the two lower-field resonances
(ca. 40 Hz linewidths at half height) could mask substantial Rh coupling, so the
possibility of semi-bridging interactions cannot be ruled out. In fact, the low frequency

IR stretch at 1725 cm™, as well as the low-field*C resonance, suggests the involvement
of a bridging carbonyl. The a-carbon of the vinyl group appears as a doublet of triplets
at & 181.31, showing coupling to Rh (29 Hz) and to the Rh-bound phosphines, clearly
indicating that the vinyl group is bound to Rh. The chemical shift is as expected for Rh-

bound vinyl groups.'® The methyl carbon and the vinyl p-carbon appear at § 31.02 and §
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115.29, respectively. Both are triplets, showing coupling to the Rh-bound phosphines.
The broadness of the carbonyl resonances in 18 suggests an exchange process in which
the two carbonyls on opposite faces of the molecule move back and forth from bridging
to terminal positions. This behavior parallels that of the methyl analogue
[RhOs(CH;)(CO);(dppm),] (11), which has a semi-bridging carbonyl on one face and a
terminal carbonyl on the opposite face in the solid state, but two equivalent carbonyls in
solution, as discussed in Chapter 2. In the case of compound 18, the carbonyls do not
become equivalent at ambient temperature owing to the orientation of the isopropenyl
group, having the methyl substituent on one side of the RhOsP, plane and the vinylic
moiety on the other side, but the exchange causes broadening. At -80°C, the carbonyl
resonances sharpen significantly, but are still broad enough to mask any coupling. The

presence of a semi-bridging carbonyl, which acts as a 1t acceptor from the electron-rich

rhodium centre, is typical of these types of complexes'®* and appears to be necessary
because of the absence of another good & acceptor on rhodium.

The same isopropenyl complex 18 can also be obtained by the reaction of 1 with
allene, as shown in Scheme 3.1. In this reaction a small amount (approx. 10% by 3p
NMR) of [RhOs(n*-C;H)(CO)s(dppm),] (19) is also obtained. This n3-allyl product has
been independently synthesized by reaction of [RhOs(CO)4(dppm).][BF,] (2) with
diallylmagnesium. At ambient temperature, the *'P NMR spectrum of 19 consists of two
resonances, a multiplet for the osmium-bound phosphines, and a very broad resonance for

the rhodium-bound phosphines. At -80°C, the spectrum shows four unique phosphorus
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resonances. The coupling constant between the osmium-bound phosphines is 242 Hz.
indicating a trans arrangement of the phosphines on this metal, whereas the P-P coupling
at Rh is only 22 Hz, indicating that the phosphines are cis. At ambient temperature, the

'H NMR shows only a broad singlet for the dppm methylene hydrogens. At -80°C, the

'H NMR spectrum displays nine unique resonances, four for the dppm methylene
hydrogens and five for the allyl ligand. Unfortunately, all resonances are broad, even at

-110°C, so the coupling information could not be obtained. The chemical shifts of two of
the allyl hydrogens are at unusually high field (6 1.30 (syn), 8 0.22 (anti) compared with
typical values of § 2-5 for syn, and § 1-3 for anti'!), suggesting that the ally! ligand is
unsymmetrically bound, approaching a G,n-coordination mode. The other allyl
hydrogens appear in the normal region, at 2.53 (syn) and 0.99 (anti). The possibility of
an 11'-allyl is ruled out because all 5 allyl hydrogens show coupling to phosphorus (as

shown by the substantial sharpening of all signals in the '"H{>'P} spectrum), and the

chemical shifts are not consistent with a free olefin moiety; n'-allyl groups typically
appear at 8 3-5.'> The n' mode is also inconsistent with the cis arrangement of the
phosphines on Rh; an 1'-allyl compound would be expected to have a structure much like

18 (vide infra), and like all other [RhOs(R)(CO);(dppm),] compounds.'® Presumably the

n3-allyl coordination requires the cis phosphine arrangement due to its increased steric
requirements over the ' mode. The '*C NMR spectrum at -80°C shows three broad

resonances at § 188.3, 204.7, and 253.4. Again, the low field resonance is consistent with
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a semi-bridging carbonyl, although no coupling to Rh is observed due to the broadness of
this signal. Compounds 18 and 19 could not be interconverted by heating.

The reaction of 3-methyl-1,2-butadiene (dimethyl allene) with 1 yields the
trimethylvinyl analogue [RhOs(C(CH;)=C(CH;),)(CO);(dppm);] (20), the '"H NMR
spectrum of which shows three singlets for the methyl groups of the trimethylvinyl
ligand. All other features of the NMR spectra for 20 are nearly identical to those of 18.
The IR spectrum of 20 shows carbonyl stretches at 1924, 1875, and 1707 cm™', with the
latter suggesting a strong semi-bridging interaction.

An analogous substituted vinyl compound is obtained from the reaction of 1 with
dimethyl acetylenedicarboxylate (DMAD). Insertion into the Os-H bond has resulted in a
product [RhOs(MeO,CC=C(H)CO,Me)(CO);(dppm),] (21), having the resulting vinyl
group bound to Rh. The '"H NMR spectrum shows two resonances for the two sets of
methylene protons, a doublet of triplets for the vinyl proton at § 4.12 (showing coupling
to Rh of 2 Hz and to the two Rh-bound phosphorus nuclei of 1 Hz) and singlets for the
two DMAD methyl groups. All carbonyls are bound to Os, as shown by '*C NMR, and
display no coupling to Rh. The absence of '®Rh-">CO coupling in the >’C NMR and the
absence of a low-frequency carbonyl stretch in the IR spectrum suggest that there is no
bridging interaction of the carbonyl groups, although a weak semi-bridging interaction
cannot be ruled out. The weaker 6-donor ability of the vinyl group in 21, compared to

those in 18 and 20, is expected because of the electron-withdrawing
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carboxylate groups; therefore strong ®t donation from Rh to an Os-bound carbonyl

appears unnecessary.

The X-ray structure of 18, showing only one of the disordered molecules, appears
in Figure 3.3 and confirms the structure proposed for these vinyl compounds. Although
the structure was inversion disordered, giving rise to superposition of the vinyl ligand and
the axial carbonyl, the disorder was resolved satisfactorily, allowing a meaningful
discussion of the key structural features. [mportant bond lengths and angles are given in
Table 3.5. At osmium, the geometry is that of a coordinatively-saturated.
trigonal-bipyramidal OsL,(CO); moiety, in which the phosphines are essentially trans
(P(1)-0s-P(2") = 171.91(3)°) and the angles between the equatorial carbonyl groups are
all close to 120°. Ignoring the semi-bridging carbonyl, the geometry at rhodium is
essentially square planar, consistent with a 16e configuration. To achieve a 16e count, a
dative bond from Os to Rh is required, yielding a Rh-Os separation of 2.817(1) A, which
is normal for a single bond. As has been observed in a number of related species, '™ the
buildup of electron density on rhodium (by virtue of two phosphines and an alkyl or
alkenyl group) is alleviated by the semi-bridging interaction with C(3)-O(2'). The
resulting Rh-C(3) distance, at 2.075(8) A, is consistent with a strong interaction with
rhodium; however, this carbonyl is significantly more linear with respect to Os
(Os-C(3)}0(2") = 155.2(6)°, Rh-C(3)-0(2") = 118.0(6)°). Whether the unusually short
Rh-C(3) distance is chemically meaningful, and therefore indicative of a strong

semi-bridging interaction with Rh, or whether it is merely an artifact of the disorder, is
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Figure 3.3. Perspective view of [RhOs(C(CH;)=CH,)(CO);(dppm),] (18). Thermal
ellipsoids are shown at the 20% probability level, except for hydrogens which are shown
arbitrarily small. The dppm phenyl hydrogens have been omitted. Phenyl carbons are
numbered sequentially for each phenyl ring beginning with the ipso carbon.
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Table 3.5. Selected Interatomic Distances (A) and angles (°) for Compound 18.

Atoml
Os
Os
Os
Os
Os
Os

zepEREFRE

P(1)
P(1)
P(1)
P(2)
P(2")
P2")
c)
ca)
C@)
Os

Atom2

Rh
P(1)
P(2)
C(1)
C(2)
C3)
c(1)
C3)

Atom2

Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Os
Rh

Atom3
P(1)
P(2)
cQ)
CQ2)

- C@3)

P(2)
C(1)
CQ)
C@3)
C(1)
C2)
C@3)
CQ2)
C@3)
C@3)
P(l)

Distance
2.8165(10)
2.3235(11)
2.3173(11)
1.955(5)
1.874(9)
2.032(8)
1.955(5)
2.075(8)
Angle
93.12(3)
91.98(3)
172.8(2)
73.3(3)
47.3(2)
171.91(3)
87.5(2)
98.8(3)
86.4(2)
86.6(2)
88.7(3)
92.4(2)
113.74)
125.7(3)
120.7(4)
93.12(3)

Atom!
P1

P2

o1

02
02’
cr
cr

Atoml
Os

Os
P(1")
P(2)
c1n
Os

Os

C4

Os

Os

Os

P(1)

Atom2

C(6)

C(6)

)

C@2)

C@3)

Cc4)

C(5)
Atom2  Atom3
Rh P(2)
Rh CQ3)
Rh C@3)
Rh C@3)
Rh C@3)
P(1) C(6)
P(2) C(6)
C(1) o(1)
ca?) ¢C)
C(1%) C(3)
C(1”) C(5)
C(2) 0(2)
CQ3) Rh
C@3) 02"
C@3) 0(2")
C(6) PQ2)

Distance
1.827(4)
1.841(4)
1.08(2)
1.089(9)
1.341(8)
1.635(15)
1.33(2)

Angle
91.98(3)
47.3(2)
97.8(2)
90.3(2)
140.9(3)
113.78(13)
112.51(14)
165.5(11)
116.6(6)
132.8(13)
109.9(14)
169.7(9)
86.6(3)
155.2(6)
118.0(6)
111.6(2)



not known.

The vinyl group is bound in an n'-fashion to rhodium. The Rh-C distance

(1.955(5) A) is shorter than expected, relative to other Rh-vinyl complexes (ca. 2.040
A)," but this is likely a result of the disorder, since the ot-carbon is essentially
superimposed on the inversion-disordered carbon of the carbonyl opposite the
metal-metal bond. All other distances involving this group are as expected. In particular,
the C(1")-C(5) distance of 1.33(2) A is consistent with a C=C double bond. The angles
about C(1) suggest that the vinyl group is bent slightly away from Rh, opening up the
Rh-C(1')-C(5) angle to 132.8(13)° and compressing the C(5)}C(1')-C(4) angle to
109.9(14)°. This vinyl-group distortion may be a result of steric interactions with the
dppm phenyl groups. Although the non-bonded distance between one of the methyl
hydrogens (H(5a)) and one of the phenyl hydrogens (H(46)) (2.43 A) is an acceptable van
der Waals separation, any compression of the Rh-C(1')-C(5) angle would lead to an

unfavourable shortening of this distance.

(b) Reactivity of Vinyl Complexes.

(i) With CO. Compound 18 reacts with carbon monoxide to give the
migratory-insertion product [RhOs(C(O)C(CH;)=CH,)(COx(dppm),] (22) (see Scheme
3.2), the IR spectrum of which shows bands at 1934 and 1882 cm™' for the metal-bound
carbonyls and at 1720 cm™ for the acyl group. The C=C stretch is also observed at 1555

cm'. The 'H NMR spectrum of 22 is similar to that of 18, showing singlets at 8 6.07,

5.04, and 0.66 for the two olefinic protons and the methyl group, respectively. In the
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13CO-enriched complex, the olefinic protons are split into doublets, with the higher field
signal being assigned as trans to the acyl carbonyl on the basis of the larger coupling to

13C (15 Hz vs. 7 Hz). The "*C{'H} NMR spectrum of 22 shows three resonances, at &

194.10, 206.38, and 230.47, for the carbonyls on osmium, very similar to those of 18. As
in previous compounds, the high-field resonance shows coupling to the osmium-bound
phosphines while the other two resonances are broad. An additional resonance occurs at

0 271.93 for the acyl carbonyl, and appears as a doublet of triplets with coupling of 31 Hz

to rhodium and 5 Hz to the rhodium-bound phosphines. The insertion can be reversed by
refluxing 22 in benzene. Whereas refluxing for 1 hour in benzene resulted in
decarbonylation of approximately half of the isopropenoyl complex, refluxing in the
lower boiling solvent CH,Cl, resulted in no reaction. The trimethylvinyl species 20 also
reacts with CO, but more slowly than 18, giving several sparingly soluble products that
could not be characterized.

(ii) With Electrophiles. One of the goals of this research was to form complexes
containing two organic groups or one organic group and a hydride on adjacent metals,
with the goal of effecting reductive elimination. Reaction of neutral complexes of the
type [RhOsR(CO);(dppm),] with electrophiles to generate dialkyl, alkyl-hydride and
related complexes was discussed in Chapter 2, and suggests a parallel route to species
containing a vinyl group and either alkyl or hydride ligands. At ambient temperature,
reaction of [RhOs(C(CH;)=CH,)(CO);(dppm),] (18) with methyl triflate leads to a

mixture of several products. However, at -40°C, the reaction is clean, yielding two
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isomers of [RhOs(C(CH;)=CH,)(CH;)(CO);(dppm),J[CF;SO;] (23a,b) in a 1:1 ratio as
shown in Scheme 3.3. The 'H NMR spectrum of the mixture of isomers shows two sets
of resonances that are similar to those of the vinyl group in 18. In addition, two triplets at

0 -0.23 and -0.12 correspond to the osmium-bound methyl groups of the two isomers, as

shown by 3'P-decoupling experiments. The position of the methyl group on osmium is
consistent with previous results described in Chapter 2, in which electrophilic attack was
shown to occur at osmium. The *C{'H} NMR spectrum shows three resonances due to
osmium-bound carbonyls for each compound, and the IR spectrum of the mixture
displays broad, unresolved peaks in the carbonyl region, but a strong peak at 1805 cm™
suggests the presence of semi-bridging carbonyls. The spectroscopic parameters of the
two isomers are nearly identical, suggesting minor differences between the two. Based
on this information, we propose that these isomers result from the two possible
arrangements of the methyl group, either syn or anti to the vinyl double bond, as shown
in Scheme 3.3. Isomers in which the methyl group occupies a site on Os, directed toward
rhodium (replacing a semi-bridging CO) are also possible but appear less likely, given the
strong tendency for the carbonyls to occupy semi-bridging positions in these complexes.
Furthermore, the two isomers proposed are consistent with electrophilic attack at either of
the two vacant sites on Os in the precursor 18. At elevated temperatures, the two isomers
of 23 can interconvert, as shown by variable temperature NMR. As the temperature is
raised to 50°C, the peaks in the 'H NMR that correspond to the osmium-bound methyl

groups of the two isomers broaden, and at 70°C, the peaks coalesce into a single broad
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peak. The resonances for the methyl groups of the propenyl ligand show similar
behavior, but do not quite coalesce at the highest temperature because of their larger
chemical shift difference. The olefinic hydrogens are broad and not clearly resolved at
the high temperatures. The coalescence appears to result from rotation of the vinyl
group, similar to that proposed for 18.

An alternate route to compound 23 is the reaction of the unstable methyl-hydride

complex [RhOs(CH;)(u-H)Y(CO);(dppm),][CF;S05] (13) with allene at -40°C to form the

two isomers of 23 in the same ratio. Although this hydrido-methyl precursor is
susceptible to methane loss at higher temperatures, the reaction with allene at -40°C
instead gives the migratory insertion product 23.

Reaction of the trimethylvinyl compound [RhOs(C(CH;)=C(CH;),)-
(CO);(dppm);] (20) with methyl triflate at room temperature also yields two isomers of
an analogous trimethylvinyl-methyl complex, [RhOs(C(CH;)=C(CH;),)(CH;)-
(CO);(dppm),][CF;S0;] (24a,b), in a ratio of 3.8:1.0. The 'H NMR spectrum shows six
singlets corresponding to the methyl groups of the vinyl ligand of both isomers, and two
triplets corresponding to their osmium-bound methyl groups. The '*C NMR spectrum is
similar to that of 23; however, the IR spectrum is much more clearly resolved than that
of 23, and shows three bands for each isomer. Although the middle frequency bands
(1860, 1832 cm™) are in the same region as terminal bands in the neutral complex (1875
cm’! for 20), they are assigned as bridging carbonyls because they are now on a cationic

Os(1I) centre, rather than a neutral Os(0) centre. In moving from Os(0) to Os(II), a shift



108

to higher frequency for v(CO) is expected, and is indeed observed for both the highest

(1924 cm™ in 20 vs. 2041, 2032 cm™ in24a,24b) and the lowest frequency bands (1707
cm™ in 20 vs. 1808, 1789 cm™ in 24a,24l). Since the middle bands shift to slightly
lower frequency, rather than higher, they are assigned as bridging carbonyls; therefore
two of the carbonyls are involved in semi-bridging interactions in 24a and 24b, rather
than just one, as in the neutral complexes. It is not possible, on the basis of the
spectroscopic data, to identify which structure (24a or 24b) corresponds to the major
species. However, on the basis of the X-ray structure determination, which was found to
be disordered, containing both isomers superimposed, it has been established that 24a,
having the osmium-bound methyl group syn to the vinyl double bond, is the major isomer
(vide infra). We assume that this is also the major isomer in solution, since the
solubilities of the two isomers are expected to be similar.

The X-ray structure determination of 24, shown in Figure 3.4, confirms the
proposed structure, and although disordered, due to the presence of two isomers in the
crystal, this disorder has been resolved satisfactorily as described in the experimental
section. Important bond lengths and angles are given in Table 3.6. Although the
parameters for both isomers are given in the tables, only those of the major isomer are
discussed since they are more reliable, having 70% rather than 30% occupancy. Ignoring
the metal-metal interaction, the geometry at osmium is octahedral. The phosphines are

essentially mutually trans (P(1)-Os-P(3) = 177.87(10)°) and the angles between all
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Figure 3.4. Perspective view of [RhOs(C(CH;)=C(CH;3),)(CO);(dppm),]*, the cation of
compound 24, showing only the major isomer. Thermal ellipsoids are shown at the 20%
probability level, except for hydrogen atoms which are shown with arbitrarily small
thermal parameters. The dppm phenyl hydrogens have been omitted. Phenyl carbons are
numbered sequentially for each ring beginning with the ipso carbon. Phenyl hydrogens
have the same numbers as the carbons to which they are bound.
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Table 3.6. Selected Interatomic Distances (A) and Angles (°) for Compound 24.

Atoml Atom2 Distance Atoml Atom2 Distance
Os Rh 2.8505(9) Rh C(5" 2.05

Os P(1) 2.390(3) o(1) C(1) 1.089(13)
Os PQ3) 2.386(3) 0(2) C@2) 1.167(13)
Os C() 1.990(13) C(5) C(6) 1.65(2)
Os C(2) 2.094(12) C(5) C( 1.27(3)
Os CQ3) 1.975(12) c( C(8) 1.52(3)
Os C@4) 2.179(12) c C) 1.53(3)
Rh P(2) 2.359(3) C(5") C(7) 1.37(4)
Rh P(4) 2.340(3) C(5") C(8) 1.68(2)
Rh C(2) 2.022(11) C(6) C(™ 1.50(4)
Rh C@3) 2.268(11) cm™m C9» 1.73(5)
Rh C(5) 2.04(2)

Atoml Atom2  Atom3 Angle Atoml Atom2 Atom3 Angle
Rh CQ2) Os 87.6(5) C4 Os P(1) 90.5(3)
Os CQ3) Rh 84.1(4) P(3) Os P(1) 177.87(10)
C3) Os C(l) 96.8(5) C3) Os P(3) 94.2(3)
C3) Os C2) 9754 C1) Os P(3) 88.9(4)
C(1) Os C(2) 165.5(5) C2 Os P(3) 87.2(3)
C3) Os C@ 173.3(5) C(4j Os P(3) 89.9(3)
C(1) Os C@)  78.0(5) C(3) Os Rh 52.3(3)
C2) Os Cé4)  88.04) C1) Os Rh 148.9(3)
C3) Os P(1) 85.2(3) C2) Os Rh 45.13)
C1) Os P(1) 89.2(4) C@4 Os Rh 133.1(3)
C2) Os P(1) 94.9(3) PQ3) Os Rh 90.13(7)
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(Table 3.5 cont.)

P(1) Os Rh  91.12(7) P2) Rh Os  93.56(7)
C2) Rh C5) 141.8(7) P4) Rh Os  94.96(7)
C(2) Rh C3) 90.8(4) o1) Ccq) Os 175.5(12)
C(5) Rh C3) 127.4(6) 0R C@ Rh  128.7(8)
C2) Rh C5) 118.6(3) 02) C@) Os 143.5(9)
C(5) Rh C3) 149.1(3) 0B3) C@) Os 159.5(10)
C2) Rh PQ)  94.6(3) 03) CEB) Rh  116.3(8)
C(5) Rh PQ) 87.8(5) cH CO) Rh  13202)
C(5) Rh PQ)  79.30(7) C6) C(O5) Rh  110.2(11)
C3) Rh PQ) 89.7(3) C(™ C(5% Rh  114Q2)
C2) Rh P@)  88.9(3) C8 CG5) Rh  1290(5)
C(5) Rh P@)  84.4(5) cnH CO) ce©) 1172)
C(5) Rh P@)  91.70(7) Cc5) C(M C@8) 118(2)
C3) Rh P@) 98.5(3) c;5) C(M CO) 116(3)
P(4) Rh P2)  170.96(10) cs) CO CO) 1243)
C2) Rh Os 4720 C(™ CG)  C@E) 109Q2)
C(5) Rh Os 170.8(6) Cc(sh C(T)  CE6) 1193)
C3) Rh Os  43.6(3) Cc(5h C(T  CO) 12203)
C(5) Rh Os 164.03(2) C6 C(T CO) 1183)
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adjacent groups on Os are close to 90°, giving rise to an 18e configuration at the
Os(CH;3)(CO);L," centre. In this bonding model the carbonyls C(2)O(2) and C(3)O(3)
are considered as semibridging, donating their electron pairs to Os and functioning as

n-acceptors from Rh. An extension of this model has Os donating a pair of electrons

from its filled d,y orbital to Rh, giving it a favoured 16e count, and resulting in a Rh-Os
bond length of 2.8505(9) A, which is consistent with a single bond. The need for the two

strong semi-bridging interactions arises from the absence of other m-acid ligands on Rh.
coupled with the dative Os-Rh bond and the strong c-donor trimethylvinyl group.

Although both carbonyls are considered as semibridging, C(2)O(2) approaches a
symmetrically bridged group. Whereas C(3)O(3) has a short, strong interaction with Os
(1.975(12) A), a weak interaction with Rh (2.268(11) A), and is much more linear with
respect to Os than Rh (Os-C(3)-0O(3) = 159.5(10)°, Rh-C(3)-O(3) = 116.3(8)°), carbonyl
C(2)0(2) has com;)arable metal-carbon distances to Os and Rh (2.094(12) and 2.022(11)
A, respectively) and is much less linear with respect to Os (Os-C(2)-O(2) = 143.5(9)°,
Rh-C(2)-0(2) = 128.7(8)°). The differing natures of the carbonyls can be rationalized on

the basis of the ligands in the trans positions. C(3)O(3) is opposite the strong c-donor
methyl group, so is strongly bound to Os, whereas C(2)O(2) competes for m-electron

density with C(1)O(1) opposite it and is less tightly bound to Os, and interacts more
strongly with Rh as a consequence. The osmium-methyl bond length (2.179(12) A) is

normal for an sp® hybridized carbon.
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The arrangement of the carbonyls in compound 24, which contains two organic
fragments, differs from that of the complexes containing one organic fragment. Whereas
the mono-alkyl or mono-alkenyl species generally have a single bridging carbonyl.
compound 24 has both carbonyls adjacent to Rh in bridging interactions. This may
reflect the increased steric crowding at Os, as a consequence of an increase in its
coordination number from 5 to 6 upon alkylation, as well as decreased electron density
on what is now an Os(II) centre. In support of this idea, the structurally related
[RhRe(CH;)(CO)4(dppm),]” ° has a similar octahedral ligand arrangement at Re and
again has two semibridging carbonyl groups.

The trimethylvinyl group is bound to Rh in an n'-fashion, resulting in a normal
Rh-C(sp?) distance of 2.04(2) A. All other distances within the vinyl group are as
expected, with the possible exception of C(5)-C(7) (1.27(3) A), which is somewhat
shorter than expected for a C-C double bond (1.345 A);'* this is likely a result of the
disorder. The angles about C(5) reveal a similar distortion of the vinyl group to that seen
in compound 18, with an expanded Rh-C(5)-C(7) angle of 132(2)°, and a compensating
small Rh-C(5)-C(6) angle of 110.2(11)°. Again, the distortion is likely caused by steric
interactions involving the phenyl groups, with the shortest non-bonded contact involving
H(8c) and H(32) (2.16 A).

We assume that the very different isomer ratio in 24, in contrast to the 1:1 isomer
ratio in 23, is a consequence of the greater steric repulsions involving the two additional

methyl substituents in the former. Although the trimethylvinyl and the methyl ligands are
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on different metals, a consideration of Figure 3.4 shows that a transmission of steric
effects between the two groups can occur via the ortho hydrogens (H(32) and H(22)) and
the semi-bridging carbonyl C(2)O(2). Relevant non-bonded distances are C(8)-H(32)
(2.730 A), H(32)-0(2) (2.721 A), O(2)-H(22) (2.641 A), and H(22)-C(4) (2.859 A), all of
which are within the van der Waals radii for the appropriate groups (3.2 A for CH;-H
distances, 3.0 A for H-O distances'®). It is not clear, however, which isomer would be
favoured by these steric interactions.

Reaction of 21 with methyl triflate yields [RhOs(C(O,;Me)C=C(H)CO,Me)-
(CH;3)(CO)3(dppm);]J[SO;CF;] (25), which is assumed to have a structure similar to
compounds 23 and 24, as shown in Scheme 3.3. The 'H NMR study shows coupling of
the vinylic hydrogen to Rh and coupling of the methyl hydrogens to the Os-bound
phosphines, indicating that these groups are bound one to each metal as shown. Unlike
23 and 24, in which two isomers are obtained, alkylation yields only one isomer of 25.
This likely results from the large carboxylate groups on one side of the vinyl moiety in
21, while the other side has only a hydrogen directed toward the metal. Another
difference between 21 and the other vinyl complexes is the absence of semibridging
carbonyls as indicated by the IR stretches (2055, 1955, 1920 cm™) and the absence of Rh
coupling in the C NMR.

Protonation of the vinyl complexes leads to the formation of products that are
structurally analogous to the vinyl-methyl complexes described, as shown in Scheme 3.4.
Compound 18 reacts with one equivalent of HBF,-Me,0 at-40°C to form two isomers of

[RhOs(C(CH;)=CH;)(H)(CO);(dppm),][BF;) (26a,b), in a ratio of 1.5:1.0. The 'HNMR
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spectrum of this mixture shows two sets of resonances for the isopropenyl groups. as well
as hydride resonances at 8 -6.80 and -6.70, appearing as triplets, with coupling to the
Os-bound phosphines.

Protonation of the trimethylvinyl complex 20 occurs cleanly at room temperature
to form [RhOs(C(CH;)=C(CH;),)(H)(COs)(dppm),](BF;] (27a,b) in a ratio of 1.6:1.0.
The 'H NMR spectrum shows two sets of three methyl groups as expected. In this case,
however, one of the methyl groups in each isomer shows a small coupling to the
rhodium-bound phosphines. This resonance is assigned to the methyl group on the
o-carbon. The hydride resonances appear as triplets at d -7.02 and -6.55, for the major
and minor isomers, respectively, showing coupling to the osmium-bound phosphines, and
confirming that the hydrides are terminally bound to this metal. The “C{*'P} NMR
spectrum shows rhodium couplings of 24 and 13 Hz in two of the carbonyls of 27a, and
29 and 8 Hz for 27b, consistent with a strong and weak semi-bridging interaction, as
confirmed in the structure of 24.

Protonation of 21, in contrast, yields the hydrido-bridged vinyl complex,
[RhOs(MeOQ,CC=C(H)CO,Me)(CO);(u-H)(dppm),][BF,] (28), as a single isomer. At
-80°C the protonation results in two intermediate complexes, which are formulated as
29a and 29b, isomers of 28 which are structurally analogous to 26 and 27, having
terminal hydride on Os. These isomers persist until ca. -20°C at which point their

conversion to 28 occurs readily.
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As with compound 21, protonation of the isopropenoyl species
[RhOs(C(O)C(CH3)=CH,)}CO);(dppm),] (22) at -80°C with 1 equivalent of HBF, leads
to a hydride-bridged complex [RhOs(C(O)C(CH;)=CH,) (CO)(u-H)(dppm)][BF,] (30).
No species containing a terminal hydride ligand was seen, even at -80°C. Although two

isomers (a or b) are again possible as diagrammed, only one is observed. Presumably

+
o ,C
e o, < /“\ /
HC ‘l-l/ o HC o

30a 30b

this results from unfavourable interactions between the semi-bridging carbonyl and the
methyl substituent of the isopropenoyl group (isomer 30b); we therefore assume that 30a
is the isomer seen, although we cannot rule out the possibility that 30b is the observed
isomer, and that facile isomerization to isomer 30a may not be possible. Similarly,
compound 28 is thought to exist as isomer a as shown in Scheme 3.4, because this isomer
avoids unfavourable steric interactions between the osmium bound carbonyl and the
carboxylate group. In this case, it seems clear that hydride tunneling is taking place,
since 28, which exists as one isomer, forms from two isomers of 29.

The 'H NMR spectrum of 30 shows singlets at & 5.88, 4.95 and 0.52 for the
isopropenoyl group and a broad multiplet at § -8.82 for the bridging hydride. The "*C

NMR spectrum shows three carbonyls at 8 174.0, 179.8 and 234.3, with the low field
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resonance showing rhodium coupling of 22 Hz, indicating a semi-bridging interaction.
The acyl carbonyl appears as a doublet at 8 254.05 with rhodium coupling of 31 Hz.

(iii) Reductive Elimination. The cationic vinyl-methyl and vinyl-hydride
complexes were reacted with CO in an attempt to induce migratory insertion of the CO
and methyl or vinyl groups. We had assumed, for example, that compound 26 would
yield 30 under CO. However, in no case was insertion to form acyl complexes observed
and in fact the vinyl-methyl complexes were unreactive towards CO. The
isopropenyl-hydride complex [RhOs(C(CH;)=CH,)}H)(CO);(dppm),][BF;] (26a,b)
reacts rapidly with CoO, with isomerization to
[RhOs(C(CH3)=CH;)(u-H)(CO);(dppm),][BFs] (31a,b), in which the hydride has moved
from a terminal position on Os, to the bridging position (see Scheme 3.5), as confirmed
by 'H, C, and *'P NMR studies. Like compounds 23, 24, 26 and 27, compound 31 has
two isomeric forms, resulting from the position of the bridging hydride ligand relative to
the vinyl group. These isomers could be distinguished spectroscopically, but could not
be unambiguously assigned to the structures shown. Although formation of the
hydride-bridged complexes is complete within minutes, they react slowly with
subsequent elimination of propene to form the known tetracarbonyl product,
[RhOs(CO)4(dppm);][BF4] (2) under CO. The rates of propene elimination from 31a and
31b are very different. One isomer disappears completely within 1 h, while the other
persists for ca. 20 h. If the CO atmosphere is removed under vacuum immediately after

conversion to the hydride-bridged intermediate, reductive elimination leads to
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[RhOs(CO)s(1-H)*n’-0-CeH,)PhPCH,PPhy)(dppm)][BF] (12), along with
[RhOs(CO),(dppm),][BF,] (2) and some unidentified decomposition products. The first
product results from orthometalation of a dppm phenyl ring at Os, whereas the second
product is presumably a result of CO scavenging from the decomposition products. The
trimethylvinyl-hydride complex [RhOs(C(CH;)=C(CHs;),)(H)(CO);(dppm);](BF;]
(27a,b) reacts in an analogous fashion under CO to form 2-methyl-2-butene and
[RhOs(CO)4(dppm);][BF;4]. In this case formation of the intermediate, hydride-bridged
complexes is slower, requiring 2 h for complete reaction. The reductive elimination step

is also slower, with one isomer disappearing in 2 h, and the other persisting for days.

Discussion

One reason for an interest in binuclear vinyl compounds relates to the proposed
involvement of vix}yl groups in Fischer-Tropsch chemistry.? Not only do these groups
undergo migratory insertions with bridging methylene groups more readily than do
saturated alkyl groups,2® but the intermediacy of the resulting allyl fragments allows an
explanation of the small amounts of branched hydrocarbons that result.?* The isomerism
of allyl to vinyl groups that has been proposed as a key step in alkyl chain growth has
been observed in only a few homogeneous systems. !’

We are also interested in the ability of vinyl groups to function as terminal

ligands, bound to either Rh or Os, or as bridging ligands, being G-bound to one metal
while n-bonding to the other (', u;-n mode). The ability of the vinyl moiety to

transform from the ' to the n!,u,-n? bonding mode may have a number of effects; it
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may influence the reactivity of this group (owing to the additional  involvement), it may
facilitate its transfer from one metal to another, or it may stabilize intermediates resulting

from ligand loss, owing again to donation of the & electrons. In the chemistry described

herein, we see no direct evidence of bridging vinyl coordination modes. All vinyl groups
are terminally bound to Rh in the compounds observed, although the rearrangement of
the vinyl-hydride compounds leading to the reductive eliminations of the respective
olefins presumably occurs via a bridging vinyl group (vide infra). It is assumed that the
absence of bridging vinyl groups is a function of the steric crowding between the metals
by virtue of the dppm phenyl groups.

Formation of a methylvinyl compound from the reaction of
[RhOsH(CO);(dppm),] with propyne was predictable, although the isomer obtained,
[RhOs(C(CH;)=CH,)(CO);(dppm);] (18), containing the 1-methylvinyl (isopropenyl)
group rather than the 2-methylvinyl product, is of some surprise. The latter species,

having the methyl substituent on the B-carbon, should be sterically more favourable than

the observed product in which the methy! group is closer to Os. Although we have no
mechanistic details about how this migratory insertion occurs (at Rh or Os?), it may be
that the propyne is coordinated to Rh such that the bulkier methyl substituent is aimed
away from the adjacent Os centre, minimizing steric interactions, as diagrammed below

(phosphines omitted).
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Hydrogen transfer to the terminal carbon of the alkyne (presumably via the Rh centre)
would then yield the observed isomer.

Even more surprising was the formation of the isopropenyl product from the
reaction of allene with compound 1. We had expected that the migratory insertion of
allene would occur with transfer of the hydride ligand to the central carbon to give an
allyl product, as occurs more often.'!®* The present reaction has precedent, however, as a
number of examples of allene insertions into metal-hydride bonds to give substituted
vinyl ligands have been reported.'® It is probable that the more familiar tendency to yield
allyl products results from the stabilizing influence of the n*-binding mode of this group.
We suggest that when only the n'-binding mode of these groups is considered, the
isopropenyl ligand is actually thermodynamically favoured, owing to the stronger
metal-carbon bond involving sp’® rather than sp® hybridization of the a-carbon. Others
have previously suggested a greater stability of the vinyl group.'® Apparently the n’-allyl
coordination mode is sterically unfavourable in these dppm-bridged complexes in which
the phosphines have a trans arrangement at both metals, although when the diphosphines
are bent back in a cis-cis arrangement, 1°-allyl bonding has been proposed.?® Small
amounts of an n’-allyl species (19) were obtained as a minor product (ca. 10%), along

with the isopropenyl species (18) in reactions of 1 with allene. This allyl product was
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also synthesized more directly from the reaction of [RhOs(CO),(dppm),][BF;] with
diallylmagnesium. Coordination of all three allyl carbons, it appears, can only occur with
the phosphines on Rh bent back into a cis arrangement, presumably for the steric reasons
alluded to above. Attempts to interconvert isomers 18 and 19 by heating resulted only in
decomposition.

The allyl complex (19) exhibits some interesting features. At ambient
temperature, it is highly fluxional. The five hydrogens of the allyl group are not observed
in the 'H NMR spectrun at ambient temperature, all the dppm methylene hydrogens are
equivalent, and the two carbonyls directed towards Rh are equivalent. In addition the two
Rh-bound phosphines become equivalent, as do the two Os-bound phosphines in the

3'p{'H} NMR spectrum. These observations can be explained by a process involving an

n'-allyl intermediate, which is structurally analogous to compounds 18 and 20. In this

intermediate, the phosphines on each metal are equivalent, the two carbonyls can readily
exchange, and the opposite end of the allyl can re-coordinate after rotation about the C-C

o-bond. At-80°C, the fluxional process is frozen out and the low temperature limiting

spectra are observed.

The allyl ligand in the static structure shows unusually highfield chemical shifts

for one end of the allyl ligand (5 1.30 (syn), 8 0.22 (anti)).!! The chemical shifts are, in
fact, consistent with the chemical shifts for 6-bound alkyl groups on Rh, suggesting that
this end of the allyl ligand is essentially o-bound, while the other end coordinates as a

nt-bound olefin. Such unsymmetrical allyl ligands have been described.?! The reason for
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the asymmetry of the allyl ligand may be the position of either end of the ligand relative

to the semi-bridging carbonyl. If one end of the allyl ligand is trans to the carbonyl. it

will favour strong G-donation, while the end of the allyl ligand that is cis to the carbonyl
will favour rm-back donation. However, without X-ray structural characterization, the

exact geometry at Rh cannot be determined.

It is notable that, in all compounds characterized herein, the vinyl groups are
bound to Rh, although the hydride precursor 1 has the electronically similar hydrido
group bound to Os. This parallels a number of studies on related mixed-metal “RivM”
complexes (M = Ru, Os, Mn,'” Re,2 Cr, Mo, W?) in which the 6-bound organic group is
on Rh, but is in contrast with a number of “Rbl/Ir”” analogues in which these groups are
bound to Ir.>* It is not clear what factors dictate the favoured binding site of hydrido or
o-bound organic groups on one metal or the other in these systems.

One structural feature common to almost all [RhOs(R)(CO);(dppm),] (R = alkyl,
alkenyl) and related compounds is the presence of a semi-bridging carbonyl which is

strongly o-bound to the saturated metal while simultaneously functioning as a x-acceptor
from Rh. This appears to arise due to the basicity of Rh, having 6-donor alkyl or alkenyl
and phosphine groups attached but having no good n-acceptor ligands terminally bound.
The semi-bridging carbonyl removes some of the excess electron density from Rh. This
bonding is also consistent with the notion that Os functions as a ¢-donor to Rh (vide

supra), causing an additional electron-density buildup on this metal and further

necessitating its removal. Semi-bridging carbonyls seem to commonly accompany M-M'
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dative bonds.?* Consistent with these arguments, the IR stretch of the semibridging
carbonyl correlates well with the basicity of the organic group. Therefore, this stretch is

lower for 20 (R = C(CH;)=C(CHs); v(CO) = 1707 cm™) in which two hydrogens have
been replaced by better donor methyl groups, than for 18 (R = C(CH;)=CH,; v(CO) =

1725 cm™). The only compound in this series without a semibridging carbonyl is 21.
which has strongly electron-withdrawing methoxy carbonyl groups on its vinyl ligand.
Its lowest metal-bound carbonyl stretch at 1895 cm’!, suggesting the absence of any
substantial bridging interaction.

The reaction of 18 with CO readily yields the isopropenoyl product
[RhOs(C(O)C(CH;3)=CH,)(CO);(dppm),] (22) via migratory insertion of the isopropeny!
and carbonyl groups. There have been surprisingly few examples of carbonyl insertions

into metal-alkenyl groups,?® even though insertions involving other 6-bound organic

groups are common.?’” Compound 20 also reacts slowly with CO; however, a number of
products were obtained and these were not identified. Attempts to generate
methylmethacrylate from 22 by reaction with a sodium methoxide/methanol mix, as
previously reported in a related Pt(Il) system,?6 failed with no reaction being observed.
The failure of 22 to react is not surprising if prior coordination of the alcohol or alkoxide
to the metals is required, since these low-valent, electron-rich metals are not expected to
be electrophilic.

We were interested in the possible sites of electrophilic attack in the substituted

vinyl and isopropenoyl compounds 18, 20, 21 and 22. In addition to attack at either
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metal or at the metal-metal bond, attack at the vinyl or the propenoyl group could
generate carbene species, as has been previously observed.?® In the vinyl species 18, 20
and 21, the electrophiles (H" and CH;") appear to attack at either of the two available
sites on Os, remote from Rb, yielding two isomers. This has been supported by the X-ray
structure determination of [RhOs(C(CH;)=C(CH;),)(CH;)(CO)3;(dppm);][SO;CF;] (24).
In contrast, protonation of the isopropenoyl species (22) yields a hydride-bridged
complex [RhOs(C(O)C(CH;3)=CH,)(u-H)(CO);(dppm),][BE;] (30).

Rearrangement of the terminal-hydride species [RhOsH(C(CH;)=CR,)-
(CO);(dppm);][BF4] (R = H @26), CH; (27)) to the thermodynamically favoured
hydride-bridged isomers [RhOs(C(CH;)=CR;)(CO)s;(u-H)(dppm)][BF,] (31, 32),
analogous to the product obtained (30) upon protonation of the isopropenoyl compound
(22), occurs readily upon reaction of these precursors with CO. It is not clear why the
isomerization requires the addition of CO. In the analogous compound
[RhOs(CH;3)(H)(CO);(dppm),][BF ;] (14), the rearrangement occurs readily at low
temperature without CO addition. However, it may be that the larger size of the vinyl
ligands in 31 and 32, compared to the methyl group of 14, prevents the rearrangement
from occurring via the same mechanism as the rearrangement of 14.

Rearrangement of the vinyl-hydride species 26 and 27 to the respective
hydrido-bridged products 31 and 32 is slow in the case of the trimethylvinyl compound
27, but occurs within minutes with the isopropenyl analogue 26. It appears that the rate

of rearrangement is inversely proportional to the steric bulk of the vinyl groups.
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As noted above, protonation of the isopropenoyl compound 22 appears to differ.
yielding the hydride-bridged product instead of a terminal hydride species. If the
protonation of 22 had occurred at Os, as was the case for 18, 20, and 21, we would have
expected to observe an intermediate having a terminal hydride ligand. The absence of
such an intermediate, even at low temperature, suggests an alternate site of protonation.
We suggest that this may occur at the acyl oxygen, with facile subsequent transfer of the
proton to the Rh-Os bond. Although the proposed product (30a) is not the isomer
expected based on a proton transfer from the acetyl group to the Rh-Os bond, which
would have geometry 30b, conversion of 30b to 30a would be facile by tunneling of the
hydride between the metals. This rearrangement results in a more favourable
arrangement of isopropenoyl and u-CO groups in 30a.

In the related hydrido-methyl complex [RhOs(CH;)(H)(CO);(dppm).],
rearrangement to a hydﬁde-bridged species still having the methyl group on Rh (not
unlike compounds 31 and 32) was followed by a transfer of the Rh-bound, terminal
methyl group to Os, immediately preceding methane elimination. It therefore appeared
that reductive elimination occurred from Os. In the above hydrido-bridged vinyl species
reductive elimination again occurs, but at a much slower rate. Based on our data we are
not able to unequivocally determine whether elimination occurs from Rh or from Os, but
the fact the reductive elimination in the absence of CO leads to orthometalation at Os
suggests that the elimination is occurring from Os, as observed for the methyl analogue.

The slow rates, compared to those of the methyl/hydride analogue, may be a result of the
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larger sizes of the vinyl groups vs. the methyl group, which could inhibit their migration
from Rh to Os prior to elimination. Another possibility is that the different rates relate to
the different hybridizations of the metal bound carbons (sp’ in the vinyl groups and sp’ in
the methyl group), and resulting differences in bond enthalpies. Our failure to observe an
intermediate in which the vinyl group is bound to Os immediately prior to reductive

elimination indicates that reductive elimination is fast compared to the migration.
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Chapter 4

Carbene Complexes of the Rh/Os System

Introduction

Transition metal carbene complexes have been the subject of extensive
investigation since their discovery in 1964." Carbene complexes have traditionally been
divided into two types; electrophilic carbenes, generally having heteroatoms in the B
position are known as Fischer carbenes, and nucleophilic carbenes having alkyl
substituents are known as Shrock-type carbenes, or alkylidenes.2 Recently, however, the
distinction between these two classes has become blurred, with the discovery of alkyl
substituted carbenes that are clearly electrophilic in nature,’ and carbenes that are
intermediate in nature, or that can exhibit both nucleophilic and electrophilic behavior.*

Bridging carbenes form a third class that show properties distinct from either of
the types of terminal carbenes.” For example, terminal methylene complexes of late
transition metals are extremely rare, while bridging methylenes are common for these
metals. The difference in properties is to be expected when the hybridization of the
carbene carbon is considered. In terminal carbenes, the carbene carbon is sp> hybridized
and formally acts as a two electron o-donor and as a mn-acceptor, much like CO. The
bridging carbene on the other hand has an sp® hybridized carbon, and is more closely
related to an alkyl group, and acts as an dianionic four-electron donor, forming ¢-bonds

to two metals.

134



Carbene complexes were of particular interest to us because of the importance of
surface methylene species in Fischer-Tropsch catalysis.® We were particularly interested
in combining carbene ligands with vinyl and alkyl ligands because of a recent
mechanistic proposal for formation of long-chain hydrocarbons on surfaces through the
migration of vinyl groups to surface methylenes.7 It has been proposed that viny! groups
migrate more readily than alkyl groups.8 In addition, one part of this proposal involves
the isomerization of the allyl group resulting from vinyl-to-methylene migration, to a
substituted vinyl group, a step that has little literature precedent.” We were interested in
testing these proposals in our binuclear systems. This chapter reports our initial attempts

at formation of carbene complexes of Rh/Os.

Experimental Section
General Comments. 1-methyl-3-nitro-1-nitosoguanidine (MNNG) and N-
methyl-N-nitroso-p-toluenesulfonamide (Diazald) were obtained from Aldrich.

Spectroscopic data for all compounds are given in Table 4.1.

Preparation of Compounds

@ [RROs(C(CH;)=CH,)(CH,)(CO)y(dppm)(u-Ph,PCHPPh,)]  (33a,b).
[RhOs(C(CH,)=CH,)(CH;}(CO);(dppm),][CF;SO;] (7a,b, 15 mg, 0.011 mmol) was
suspended in 0.5 mL of d°-THF. Butyl lithium (2.5 M in hexanes, 4.5 uL, 0.011 mmol)
was added, causing the undissolved solid to gradually dissolve over 10 min to form a
yellow-orange solution. The product [RhOs(C(CH,;)=CH,)(CH,)(CO);(dppm)-
(u-Ph,PCHPPh,)] (33a, b) was formed in quantitative yield and was characterized in

solution but not isolated.
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(b) [RhOs(n’-N(O)N(CH;)C(NEH)NO)N)(CO)y(u-H)(dppm),|[BF,|  (34).
MNNG (150 mg, 1.02 mmol) in 1 mL of water layered with 15 mL of Et,O was reacted
in 1 mL of 5 M NaOH. When the reaction was complete, the Et,O layer was added to
[RhOs(CO);(NCMe)(u-H)(dppm),](BF,], (100 mg, 0.0713 mmol) dissolved in 25 mL of
THF. Over 1 h, an orange precipitate formed and was allowed to settle. The pale yellow
supematant was discarded and the residue was washed with 3x5 mL of Et,O and dried in
vacuo. Yield: 58 mg, 59%.

(© [RhOs(CH,CH=CH,)(CH,)(dppm),][BF,] (35). A solution of
diazomethane in 10 mL of Et,0 was generated by decomposition of MNNG (200 mg,
1.36 mmol) with NaOH, using the method of Fales et. al.'® The Et,O solution of
diazomethane was added to a stirred slightly cloudy yellow solution of
[RhOs(CO),(dppm),](BF,] (2, 15 mg, 0.0119 mmol) in 10 mL THF. The mixture was
stirred for 2.5 h and the yellow product was allowed to settle. The colourless supernatant
solution was removed via canula and the residue was washed with 3x5 mL of Et,O and
dried in vacuo. The residue was extracted into 3 mL of CH,Cl,, filtered and the solvent
was removed in vacuo. The residue was then recrystalized from CH,Cl,/Et,0, washed
with 3x5 mL of Et;0 and dried in vacuo. Yield: 8 mg, 52%. Anal. calcd. for
Cs;Hs,BF,0,0sP,Rh: C, 51.99; H, 3.98. Found: C, 51.46; H, 3.35. Compound 35 can
be independently synthesized by reaction of [RhOs(n’-C,Hs)(CO)3(dppm)2] (19) with
methyl triflate.

(d) [RhOs(CH,)(u-CI}(CO)s(dppm),] [BF,] (36). If compound 3§ is left to stand
in CD,Cl, for three days, complete conversion to [RhOs(CH;)(u-Cl)(CO);(dppm),][BF,]

(36) is observed. The solvent was then removed in vacuo, and the residue was
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recrystalized from CH,Cl,/Et,0, washed with 3x5 mL of Et,0 and dried in vacuo. Anal.
caled. for Cs;H7BCIF,0;0sP,Rh: C, 50.54; H, 3.69; Cl, 2.76. Found: C, 50.94; H,
3.83; Cl1,2.84.

(d [RhOs(=C(CH,)),)(HXCO),(dppm),][BF,], (37). The compound
[RhOs(C(CI-I3)=CH2)(CO)3(dppm)2] (3, 13 mg, 0.011 mmol) was dissolved in 0.5 mL of
CD,Cl, and cooled to -80°C. HBF,Me,O ( 3.3 puL, 3.7 mg, 0.027 mmol) was added and
NMR spectra at -80°C showed quantitative conversion to 36. At temperatures above 0°C
compound 37 was unstable, decomposing into [RhOs(C(CH;)=CH,)(H)(CO);(dppm),]-
[BF,4] (26a,b) and other unidentified products.

(¢) [RhOs(=C(CH,),)(CH,)(CO),(dppm),}[BF J[CF,SO,] (38). The compound
[RhOs(C(CH,)=CH,)(CH,)(CO),(dppm),][CF,SO,] (23a,b, 4 mg, 0.0030 mmol) was
dissolved in 0.5 mL of CD,CL, and cooled to -40°C. HBF,Me,O (2 uL, 2.2 mg, 0.016
mmol) was added and NMR spectra showed quantitative conversion to 37 at -40°C. At
temperatures abO\;e 0°C, the sample was unstable, decomposing into 23a,b and other
unidentified products.

(® [RhOs(=C(OH)C(CH,)=CH )(u-HX(CO),(dppm),J[BF,], (39).  The
compound [RhOs(C(O)C(CH,)=CH,)CO,)(dppm),] (22; 20 mg, 0.016 mmol) was
dissolved in 0.5 mL of CD,Cl, and cooled to -80°C. HBF,Me,O (4 pL, 4.4 mg, 0.33
mmol) was added and the reaction was monitored by NMR. At -80°C, the compound
[RhOs(C(O)C(CH;)=CH,)(u-H(CO);(dppm),][BF,] (30) formed quantitatively. At
temperatures above -40°C, 30 transformed into 38, which persisted in solution at ambient

temperature for up to 2 hours, but decomposed upon workup.
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(g) Reaction of [RhOs(C(O)C(CH,)=CH2)(CO)3(dppm)zl (22) with
CH,SO,CF,. Compound 22 (20 mg, 0.016 mmol) was dissolved in 0.5 mL of CD,Cl,
and cooled to -80°C. Methy! triflate (1.8 pL, 2.7 mg, 0.016 mmol) was added and the
reaction was monitored by NMR. No reaction was observed up to -30°C. At this
temperature, three products began to form simultaneously and conversion to these
products, along with several minor products, was complete at ambient temperature. The

mixture of products could not be separated but spectroscopic evidence suggests that a

mixture of [RhOs(=C(OMe)C(CH,)=CH,)(CO),(dppm),][CF,SO,] and two isomers of

[RhOs(C(O)C(CH,)=CH,)(CH,)(CO),(dppm),][CF,SO,] were formed.

X-ray Data Collection.
[RhOs(n’-N(O)N(CH,)C(N(H)NO,)N)(CO)s(1-H)(dppm),|[BF ] (34).
Diffusion of benzene into a concentrated CH,Cl, solution of complex 34 yielded deep
red-orange crystals, which were mounted and flame-sealed in glass capillaries under
solvent vapor to minimize solvent loss. Data were collected on an Seimens P4/RA
diffractometer using Cu Ka radiation at -60°C. Unit cell parameters were obtained from
a least-squares refinement of the setting angles of 45 reflections in the range 57.6° < 260 <
59.1°. The cell parameters indicated a monoclinic space group with Z = 4 and the
systematic absences indicated the space group P2,/n. Intensity data were collected as
outlined in Table 4.2. Three reflections were chosen as intensity standards and were

remeasured every 200 reflections; no decay was evident.
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Table 4.2. Crystallographic Experimental Details

A. Crystal Data

formula CssHssBCIF NsO4OsP;Rh
formula weight 1634.57
crystal dimensions(mm) 0.12x0.22x0.33
crystal system monoclinic
space group P2,/n (non-standard setting of P, , (No. 14)
unit cell parameters”
a(A) 17.7057(8)
b(A) 19.2528(6)
c(A) 19.3535(6)
B (°) 102.115(4)
V(A% 6450.4(4)
A 4
Peatca (8 ™) 1.683
p (cm™) 95.02

B. Data Collection and Refinement Conditions

diffractometer Siemens P4/RA°

radiation(A (A)) CuKa (1.54178)

monochrometer incident beam, graphite crystal
temperature(°C) -60

data collection 20 limit(°) 113.50

total data collected 8949 (0<h<19,0<k<20,-20</<20)
independent reflections 8623

number of observations (NO) 6724

structure solution method direct methods (SHELXS-86 €)

refinement method full-matrix least-squares on F~ (SHELXL~93 “)



(Table 4.2 cont.)
absorption correction method
range of absorption correction factors
data/restraints/parameters
goodness-of-fit(S)*
final R indices”
observed data
all data
largest difference peak and hole

Gaussian integration (face indexed)
0.17603-0.38800

8606/0/780
1.105

R, =0.0487 wR,=0.1038
R, =0.0719 wR, = 0.1204

0.851 and -1.819eA

“?Obtained from least-squares refinement of 45 reflections with 57.6° <26< 59.1°.

®Programs for diffractometer operation and data collection were those supplied by

Seimens.

“Sheldrick, G. M. Acta Crystallogr. 1990, 446, 467.

“Sheldrick, G. M. SHELXL-93, Program for crystal structure determination. University
of Gottingen, 1993. Weighted R-factors wR, and all goodnesses of fit § are based on

Foz; conventional R-factors R, are based on F, with F_ set to zero for negative Foz.

The observed criterion of F’n2 > 20(F°2) is used only for calculating R, and is not

relevant to the choice of reflections for refinement. R-factors based on 1702 are

statistically about twice as large as those based on F, and R-factors based on ALL

data will be even larger.

‘s= [):w(Fo2 - Fcz)zl(n - p)1'* (n = number of data; p = number of parameters varied; w =
[PF}) + @P) + aP]' where P = [Max(F,’, 0) + 2F,’)/3), a, = 0.0435, a, =

34.1834.

'R, = BIF | - FJVEIF s R, = [Ew(F,} - F )y Ew(F 1.
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Structure Solution and Refinement.

The positions of the Os, Rh and P atoms, as well as the dppm methylene and
several phenyl carbons, were obtained through use of the direct-methods program
SHELXS-86."" The remaining non-hydrogen atoms were located using successive least-
squares refinements and difference Fourier maps. Refinement was completed using the
program SHELXL-93."> The hydride ligand was located using electron density contour
plots and its position and isotropic thermal parameter were allowed to refine. The
hydrogen bound to N(3) was located in the Fourier map, but was input using an idealized
position. All other hydrogen atom positions were calculated by assuming idealized spZ or
sp3 geometries about their attached carbons; these hydrogens were given thermal
parameters equal to 120% of the equivalent isotropic displacement parameters of their
attached carbons. After all atoms had been located and the structure refined to
convergence using isotropic displacement parameters, the data were corrected for
absorption using Gaussian integration (face indexed) absorption correction. The structure
was further refined with all non-hydrogen atoms having anisotropic thermal parameters.
The final model for complex 34, with 780 parameters varied, converged to a value of R,
= (0.0487. Atomic coordinates and displacement parameters for the non-hydrogen core

atoms are given in Table 4.3.

Resuits and Compound Characterization
Initial attempts at forming methylene complexes in the Rh/Os system focused on
deprotonation or removal of a hydride from methyl ligands in the appropriate complexes.

Reaction of [RhOs(CH;}CO);(dppm),] (11) with [Ph;C][PFs] led to



Table 4.3 Atomic Coordinates and Equivalent Isotropic Displacement Parameters for the

Core Atoms of Compound 34.

Atom X y

Os 0.51740(2) 0.27236(2)
Rh 0.61148(3) 0.16189(3)
H(1) 0.5871(49) 0.2427(45) -
P(1) 0.53788(12) 0.15424(11)
P(2) 0.44524(12) 0.27714(12)
P(3) 0.69311(12) 0.16251(11)
P(4) 0.58972(12) 0.27148(11)
o(1) 0.5671(4) 0.4254(3)
0(2) 0.3711(4) 0.3104(4)
0/K)] 0.4771(3) 0.1179(3)
04) 0.7496(4) 0.2165(3)
O(5) 0.6660(4) -0.0724(3)
O(6) 0.7582(4) -0.1249(3)
N(1) 0.7167(4) 0.1666(4)
N(2) 0.7466(4) 0.1049(4)
NQ@) 0.6478(3) 0.0606(4)
N(4) 0.7476(4) -0.0121(4)
N(5) 0.7223(4) -0.0708(4)
C(1) 0.5504(5) 0.3680(5)
CQ2) 0.4281(5) 0.2954(5)
C@3) 0.5130(5) 0.1644(5)
C@4) 0.7085(5) 0.0464(4)
C(5) 0.8152(5) 0.1004(5)
C(10) 0.4977(4) 0.2391(4)

C(20)

0.6883(4)

0.2454(4)

Z
0.14589(2)
0.21809(3)
0.1929(45)
0.30566(11)
0.23697(11)
0.13673(11)
0.05487(11)
0.1751(3)
0.0399(3)
0.1130(3)
0.3388(3)
0.2239(3)
0.2963(4)
0.3064(3)
0.3272(4)
0.2405(3)
0.3114(4)
0.2757(4)
0.1658(5)
0.0801(5)
0.1419(4)
0.2882(4)
0.3837(5)
0.3197(4)
0.0897(4)

Ueq, A?

0.01895(12)*

0.0181(2)*
0.04427)

0.0217(5)*
0.0226(5)*
0.0204(5)*
0.0209(5)*
0.043(2)*

0.044(2)*

0.0258(13)*
0.037(2)*
0.044(2)*
0.046(2)*
0.026(2)*
0.025(2)*
0.020(2)*
0.028(2)*
0.030(2)*
0.027(2)*
0.030(2)*
0.023(2)*
0.021(2)*
0.044(3)*
0.021(2)*
0.021(2)*
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decomposition over a wide range of temperatures, whereas the cationic dialkyl or
vinyl/alkyl complexes were unreactive towards the trityl reagent. Formation of
methylene complexes by deprotonation of a methyl group also proved unsuccessful, since
the most acidic hydrogens in the cationic dialkyl, or vinyl/alkyl complexes are those of
the dppm methylene groups. For example, reaction of [RhOs(C(CH;)=CH,)-
(CH;)(CO);(dppm),]J[CF;SO,] (23) with BuLi resuited in deprotonation of one of the
dppm methylene groups to form [RhOs(C(CH,;)=CH,)(CH,;)(CO);(u-dppm)-
(n-Ph,PCHPPh,)] (31a,b) which exists as two isomers like the starting compound. (see

Scheme 4.1) The spectroscopic data for 31 are as expected. The *'P NMR spectrum
shows two overlapping ABMNX patterns for the two isomers, very similar to the
spectrum of [RhOs(CO),(u-dppm)(u-Ph,PCHPPh,)] (9), which was prepared in an
analogous fashion (see Chapter 2). The 'H NMR resonances of the vinyl group are
analogous to those of 23, but the methyl groups now appear as doublets of doublets rather
than triplets because the phosphines on Os are now inequivalent. The dimethyl complex
[RhOs(CH;),(CO);(dppm),][CF;S0,] (17) also reacts with BuLi with deprotonation of
one dppm group.

Another method commonly used to introduce methylene groups onto metal
complexes is by reaction with diazomethane."? Thus, the reaction of diazomethane with
[RhOs(CO);(NCMe)(u-H)Y(dppm),][BF,}, (3), was attempted, to determine if
diazomethane would displace the acetonitrile. However, in initial attempts, the
diazomethane for this reaction was generated by collecting it in Et,O layered on top of
the aqueous phase containing the precursor, MNNG. This method allowed a

deprotonated form of the MNNG to enter the wet Et,O phase.
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Instead of reacting with diazomethane, the complex reacted with the deprotonated form of
MNNG, to form [RhOs(n*-N(O)N(CH;)CNNO,)NH)(CO)s(n-H)(dppm),|[BF.] (34), as
diagrammed in Scheme 4.1. The 'H NMR spectrum of 34 shows an AB quartet for the
dppm methylenes and a broad multiplet at & -14.92 which is indicative of a bridging
hydride, as well as singlets at 5 1.82 and 9.28, with integrations of 3 and 1, respectively,
indicating that the methyl group of MNNG has remained intact and suggesting that one of
two N-bound hydrogens has been lost. The ’C NMR spectrum contains resonances for
three carbonyls, appearing as triplets at § 175.99 and 175.68, consistent with two terminal
carbonyls on Os, and at 8 244.99, suggesting a bridging or semibridging carbonyl; the
bridging carbonyl is also apparent in the IR spectrum, which shows a stretch at 1737
cm’, as well as terminal bands at 1981 and 2052 cm™. Compound 34 has a structure
analogous to that of 3, with a bridging hydride, two terminal carbonyls on Os, and a
semibridging carbonyl; however, the coordination mode of the ligand on Rh could not be
unambiguously determined from the spectroscopy.
Compound 34 has been characterized by X-ray crystallography and is shown in
Figure 4.1. Important bond lengths and angles are given in Table 4.4. Only one BF,
counterion per cation is observed, confirming the monocationic nature of the complex,
consistent with the loss of one proton from the MNNG group. The MNNG-derived
ligand is bidentate on Rh, coordinated through the nitroso nitrogen (N(1)) and through the
imine nitrogen (N(3)). The imine hydrogen H(3) was located in the Fourier map,
supporting its placement on N(3) and indicating that it is the amine nitrogen N(4) which
has been deprotonated. It appears counterintuitive that the neutral imine nitrogen

coordinates to Rh instead of N(4), which has the negative charge. We assume
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ch2) (e

Figure 4.1. Perspective view the [RhOs(n>-N(O)N(CH;)C(NNO,)NH)-
(CO);(u-H)(dppm),]" cation of compound 34. Thermal ellipsoids are shown at the 20%
probability level except for hydrogens which are shown arbitrarily small. Phenyl
hydrogens have been omitted. Phenyl carbons are numbered sequentially for each phenyl
ring, beginning with the ipso carbon.



Table 4.4. Selected Distances (A) and Angles (°) for 34.

Atom 1
Os
Os

FEEBRBEBERRRIPLE

P(1)

Atom 2  Distance
Rh 2.8765(7)
H(1) 1.48(8)
H(1) 1.66(9)
P(2) 2.386(2)
P(4) 2.385(2)
C(1) 1.945(10)
C(2) 1.862(9)
C@3) 2.081(9)
P(1) 2.349(2)
P(3) 2.350(2)
N(1) 2.250(7)
NQ@3) 2.071(7)
CQ3) 2.034(8)
C(10) 1.825(8)

Atom 1 Atom2 Atom3 Angle

ZEEZERREE

H(1)
H(1)

Os
Os
Os
Os
Os
Os
Os
Os
Os
Os

P2)
P(4)
cQ)
CQ)
Q)
C@Q)
c)
CQ3)
P(4)
PQ2)

90.85(5)
90.43(5)
118.9(2)
146.1(3)
45.02)
170.7(33)
93.8(34)
70.034)
86.8(33)
93.8(33)

Atom 1
P(2)
P(3)
o)
0(2)
0@3)
0@4)
O(5)
0(6)
N(1)
N(2)
N(2)
N@3)
N@4)
N(@4)

Atom 2  Distance
C(10) 1.827(8)
C(20) 1.830(8)
C(1) 1.149(10)
C(2) 1.175(10)
C@3) 1.171(10)
N(1) 1.225(8)
N(S) 1.257(9)
N(5) 1.241(9)
N(Q2) 1.329(9)
C@) 1.442(10)
C(5) 1.456(10)
C@) 1.290(10)
N(5) 1.351(10)
C@) 1.349(10)

Atom 1 Atom2 Atom3 Angle

H(1)
P(2)
P(2)
PQ2)
PQ2)
P(4)
P(4)
P(4)
cq)
C(1)

Os
Os
Os
Os
Os
Os
Os
Os
Os
Os

Rh

P(4)
C(1)
C(2)
C@3)
C()
CQ)
CQ3)
C(2)
C@3)

25.3(34)
178.20(8)
90.1(2)
89.2(3)
92.6(2)
88.1(2)
90.4(3)
89.2(2)
95.0(4)
163.7(3)



(Table 4.4 cont.)

C2) Os C3) 101.1(4) Os PQ) C@l) 113.73)
Os Rh  P(1)  92.55(6) Rh P3) C(0) 111.53)
Os Rh  P3)  92.62(6) Rh P3) C(51) 118.003)
Os Rh  N() 129.9(2) Rh P3) C@6l) 112.9(3)
Os Rh  N@3) 157.02) Os P@) C(0) 110.73)
Os Rh  C@) 4630 Os P@) C(71) 118.5(3)
H(l) Rh CQ3) 68.6(29) Os P@) C@Bl) 1143(3)
H(1) Rh  N@) 173.9(30) Rh  N(I) O@) 130.5(6)
H(1) Rh  N(1) 107.929) Rh N(I) N@ 114005
H(1) Rh  P() 96.9(30) 0@ N(I) N@ 115507
H() Rh  P3) 87.6(30) N(1) N@) C@ 1153(6)
H(l) Rh  Os 22.5(29) N(1) N@) CG6) 1198(7)
Pl) Rh  P3) 174.78(8) C4) NQ) C©) 124907)
P) Rh  N(1) 872(2) Rh  N3) C@) 121.6(6)
P(l) Rh N3) 89.102) N(5) N@) C@) 115907)
Pl) Rh C@3) 902Q2) 0G) N(G5) O0@®) 1202(7)
P3) Rh  N(1) 889(Q2) 0(5) N@G) N@ 123.4(7)
P3) Rh N@3) 864(Q) 06) NG5) N@ 116.4(7)
P3) Rh CB3) 939(Q2) Os Cl) O() 176.8(8)
N(1) Rh N@) 73.003) Os CR) O@Q) 178.5(8)
N(1) Rh  C@3) 17540) Os C3) Rh  8874)
N(3) Rh  C3) 110.803) Os C3) O@) 142.6(6)
Rh  P(1) C(10) 110.13) Rh C3) O@3) 128.7(6)
Rh  P(1) CUl1) 118.1(3) N@) C@ NG) 115907
Rh  P(1) CQl) 116.003) N@2) C@ N@) 109.1(7)
Os P2) C(10) 112.3(3) N(3) C@ N@) 135.0(8)

Os P(2) C@31) 119.03)



152
that coordination of N(4) is not observed owing to unfavourable interactions between the
NO, moiety and the dppm phenyl groups that would result if N(4) were coordinated. For
the most part the bond distances within the chelate ring correspond to the valence bond
representation shown in Scheme 4.1. Thus, the N(3)-C(4) distance of 1.290(10) A is
consistent with a double bond', and can be contrasted to the substantially longer N(2)-
C(4) and N(2)-C(5) distances of 1.442 (10) and 1.456 (10) A, respectively, which
correspond to single bonds. Similarly, the N(4)-C(4) and N(4)-N(5) distances of
1.349(10) and 1.351(10) A appear normal for single bonds involving the respective
atoms. Although in the valence bond representation shown we would expect a pyramidal
N(2), this atom is trigonal planar with the sum of its angles exactly equaling 360°;
presumably the lone pair on this atom is involved in some delocalized bonding over the
ligand framework.

The bidentate coordination results in an approximately octahedral Rh centre if the
metal-metal bond is ignored, with essentially trans phosphines (P(1)-Rh-P(3) =
174.78(8)°) and ligands in the plane all close to 90° from the phosphines. The N(3)-Rh-
N(1) angle is rather acute (73.0(3)°), as a result of the bite angle of the ligand, and the
N(3)-Rh-C(3) angle is larger to compensate (110.8(3)°). At Os, the geometry is also
octahedral if the metal-metal interaction is ignored, with the phosphines essentially trans
(P(4)-0s-P(2) = 178.20(8)°), and the angles between adjacent ligands are all close to 90°.
The Rh-Os separation is 2.8765(7) A, consistent with a single bond, and the bridging
hydride ligand was located and refined. Two of the carbonyls are terminal on Os, while
the third forms a semi-bridging interaction with Rh. Although the carbonyl is more linear

with respect to Os than to Rh (0s-C(3)-0(3) = 142.6(6)°; Rh-C(3)-O(3) = 128.7(6)°), the



153
bond lengths are similar (Os-C(3) = 2.081(9) A, Rh-C(3) = 2.034(8) A), suggesting a
strong semi-bridging interaction.

In an effort to eliminate the above reaction involving the deprotonated form of
MNNG, the diazomethane was prepared in a more conventional fashion, involving
distillation to eliminate contamination. Addition of a diazomethane ether solution to 3
does result in a reaction, however, a complex mixture of products resulted, and these have
not been identified.

The related complex [RhOs(CO),(dppm),][BF,] (2) also reacts with a large excess
of diazomethane generated as above, to yield [RhOs(CH,CH=CH,)(CH;)(dppm),][BF.]
(35), by incorporation of 4 equiv of methylene units. The 'H NMR spectrum of 35 shows
a triplet at 8 -0.26 for the Os-bound methyl group, showing coupling to the Os-bound
phosphines. The a hydrogens of the n'-allyl group appear as a broad multiplet at § 2.60,
and are coupled to the B-hydrogen, as well as to the Rh-bound phosphines, although any
Rh coupling is presumably masked by the broadness of the peak. The B-hydrogen
appears as a multiplet at & 5.16, showing coupling to the a hydrogens as well as typical
cis (10 Hz) and trans (16 Hz) couplings to the other olefinic hydrogens, which appear as
doublets at 5 3.70 (cis) and & 2.89 (trans). In contrast to the neutral allyl complex
[RhOs(n’-C,H,)(CO),(dppm),] (19), which has an n’-bound allyl group, the allyl/methyl
complex 35 has an 'ql-bound allyl ligand, as indicated by the chemical shifts and coupling
constants involving the allyl hydrogens, and by the lack of *'P coupling to any but the
a-hydrogens. In addition, the pattern of the *'p NMR spectrum suggests a trans geometry

at Rh which is not consistent with n3 coordination, and no fluxional behavior is observed.
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Unlike the vinyl/methyl analogues described in Chapter 3, for which two isomers were
observed, compound 35 appears as only one isomer, indicating that the n'-allyl group
rotates freely about the Rh-C bond. The 3¢ NMR spectrum of 3§ shows resonances for
three carbonyls at & 179.14, 203.5, and 232.57, with the two low field resonances
showing coupling constants to Rh of 12 and 27 Hz, respectively, indicating that two
carbonyls form semibridging interactions with Rh, as was observed in several analogous
dialkyl and alkyl/vinyl compounds. Compound 35 was independently synthesized by
reaction of [RhOs(r]3 -C,H.)(CO),(dppm),] (19) with methyl triflate, supporting the
proposed formulation.

If left to stand in CD,Cl, solution, compound 35 slowly transforms into
[RhOs(CH,;)(u-C1)(CO);(dppm),][BF,] (36) which displays 'H NMR resonances for the
dppm methylenes as well as a triplet at § -0.39 for the Os-bound methyl group. The Bc
NMR spectrum shows resonances for two terminal carbonyls on Os, and one on Rh. The
‘'P NMR spectrum shows the same unusually small coupling constants seen for
compound 6 (as discussed in Chapter 2), which suggest the absence of a metal-metal
bond and the presence of a bridging chloride. The instability of 3§ is noteworthy because
all related RhOs dialkyl and vinyl/alkyl complexes described in this thesis show

remarkable stability.

Carbene complexes from Protonation Reactions
Reaction of the isopropenyl complex [RhOs(C(CH;)=CH,)(CO);(dppm),] (18)
with one equivalent of acid yields the vinyl-hydride complex [RhOs(C(CH;)=CH,)-

(H)(CO)4(dppm),][BF,] (26) (see Chapter 3). Addition of a second equivalent of acid
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results in a subsequent protonation at the B-carbon of the vinyl group to yield the
dicationic carbene complex [RhOs(=C(CI-I3)2)(H)(CO)3(dppm)2][BF4]2 (37) (see Scheme
4.2), which is stable in solution only below 0°C, in the presence of excess acid. Above
0°C, deprotonation occurs, reforming 26a,b, along with some decomposition products.
Lowering the temperature results in reformation of 37. Although two isomers of the
monoprotonation product are formed, the second protonation yields one isomer, since the
carbene ligand is now symmetrical. The 'H NMR spectrum of 37 shows singlets at
6 2.65 and 2.18, for the methyl groups of the carbene moiety, and a triplet at  -6.21 for
the hydride, showing coupling of 13 Hz to the osmium-bound phosphines. The *C{'H}
NMR spectrum shows three carbonyl resonances at 5 172.8, 193.1, and 204.0, with the
lowfield resonance showing rhodium coupling of 10 Hz, indicating a semi-bridging
interaction. The carbene carbon appears as a doublet of triplets at 8 377.9, with a
rhodium coupling of 35 Hz and coupling to the rhodium-bound phosphines of 5 Hz. The
rhodium coupling is consistent with that involving an sp2 carbon'’ and the lowfield
chemical shift is expected for a dicationic carbene complex."s In a similar manner,
protonation of [RhOs(C(CH,)=CH,)(CH,)(CO),(dppm),][CF,SO,] (23a,b) with
HBF -Me,O at -40°C leads to [RhOs(=C(CH,),XCH,}(CO),(dppm),][BF J(CF,SO,] (38).
The spectroscopy of 38 is similar to that of 37, except that, instead of the hydride
resonance, a triplet is seen in the '"H NMR spectrum for the osmium-bound methyl group

at d -0.1, showing 8 Hz coupling to the osmium-bound phosphines.
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The initial protonation of the isopropenoyl complex [RhOs(C(O)C(CH,)=CH,)-
(CO)3(dppm)2] (22) resulted in formation of a hydride-bridged complex
[RhOs(C(O)YC(CH,)=CH,)(CO),(u-H)(dppm),][BF,] (30) (see Chapter 3).  The
subsequent protonation of 30 occurs at the acyl oxygen, yielding the carbene species
[RhOs(=C(OH)C(CH,)=CH,)XCO),(u-H)(dppm),][BF, ], (39), which has a heteroatom in
one of the B positions. The 'H NMR spectrum of 39 shows the expected resonances for
the propenyl group on the carbene ligand as well as a broad multiplet at 8 -9.5 for the
hydride. In the reaction mixture involving HBF, the hydroxyl proton of 39 was obscured

by the broad resonance for the excess HBF, at § 9.95. However, if triflic acid is used, the

hydroxyl hydrogen becomes obvious as a singlet at 8 9.56. The carbene resonance in the
'3C NMR spectrum again appears typicaily lowfield, at 5 301.2 as a doublet of triplets,
showing rhodium coupling of 49 Hz. As expected, the heteroatom stabilized carbene is
more stable than the alkyl-substituted carbene complexes,'’ persisting to ambient

temperature, but subsequently decomposing upon workup.

Discussion

Our interest in carbene complexes stems from their importance in the chain
growth steps of Fischer-Tropsch reactions.’ In particular, we were interested in
combining vinyl and carbene ligands on our metal complexes because of the proposed
involvement of vinyl groups in the chain propagation steps.’

Initial attempts at formation of carbenes by deprotonation were unsuccessful
because the acidity of the dppm methylenes resulted in deprotonation at this site. This

reactivity was not surprising, since we'® and other workers”® have previously
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demonstrated facile deprotonation of the dppm methylene hydrogens. The lack of
success of the reactions of the neutral alkyl complexes with trityl cation is likely due to
oxidation of the complexes by the cation”® since the neutral Rh(I)/Os(0) complexes are
susceptible to oxidation, as evidenced by their air sensitivity. The trityl cation is not
strong enough to remove a hydride from the cationic complexes to form dicationic
carbenes, although similar complexes have been shown to be accessible by alternate
routes.

Attempts to form methylene complexes by reaction of diazomethane with [RhOs
(NCMe)(CO);(u-H)(dppm),][BF,], (3) resulted in an unexpected chelate complex.
Instead of reacting with the diazomethane, compound 3 reacted with a deprotonated form
of the diazomethane precursor MNNG. In formation of diazomethane from MNNG,? the
deprotonation occurs from the methyl group of MNNG, as shown in Scheme 4.3.
However, in this case it appears that deprotonation instead occurred from the nitro-amine
group, which is expected to be acidic since it is adjacent to the electron withdrawing nitro
group.? The anionic ligand then acts as a nucleophile, displacing acetonitrile from Rk,
and although the deprotonated nitrogen does not bind to the metal, this is not surprising
since it is adjacent to a strong electron withdrawing nitro group, which stabilizes the
negative charge on this nitrogen. Furthermore, it appears that coordination through this
site would result in unfavourable interactions between the nitro group and the dppm
ligands. The possibility that deprotonation occurred after coordination is ruled out by
attempts to induce direct reaction of [RhOs(NCMe)(CO);(u-H)(dppm),]{BF,]; (3) with

MNNG; no reaction was observed.
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Compound 34 in unusual in that it is the only complex in our series of RhOs
compounds with a saturated Rh"' centre. In the analogous IrOs system, saturated [r™'
centres, as in [IrOs(CO)s(dppm)z][BF4],23 have been observed, which is not unexpected
based on the greater tendency for Ir to be coordinatively saturated. In the case of
compound 34, the 18e Rh centre is clearly a result of the chelate effect. The resulting
increased electron density on Rh is accompanied by an increase in the strength of the
semi-bridging carbonyl interaction, as indicated by a substantial reduction in the [R
stretching frequency of 34, compared to that of the precursor 3 (1737 vs 1819 cm™).

The reaction of [RhOs(CO),(dppm),][BF,] (2) with CH;N, (generated by the
conventional method involving distillation) led to an unexpected result. Although the
intent was to form a mono methylene complex, instead C-C bond formation has occurred,
in which with four equivalents of CH,N, combined to form a methyl group and an allyl
ligand. Reaction with smaller amounts of CH,N, does not yield products having fewer
“CH," groups but simply results in a mixture of the starting material and the observed
product 35. This reaction may have relevance to the “vinyl mechanism™ proposed for
Fischer Tropsch catalysis.” In this mechanism, the chain propagation step involves the
migration of a vinyl group onto a methylene to form an allyl group, followed by
isomerization of the allyl to form a substituted vinyl group. In formation of 35, the
combination of methylene groups also leads to an allyl fragment. Attempts to elucidate
the mechanism of this transformation by forming complexes that could be intermediates
in the reaction, such as those containing a single methylene group, have been
unsuccessful thus far. Although the details of the mechanism are not known, we can

speculate that the transformation involves the migration of a vinyl group onto a
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methylene group to form the allyl. The vinyl group could be formed by the combination
of two methylenes to form a methyl group and a methine, followed by combination of the
methine with another methylene to form the vinyl group. Another possible mechanism
for the reaction would be the formation of a metalacyclobutane from three equivalents of
CH,N,, followed by B-elimination to form an allyl group and a hydride, which then
inserts another methylene to form the observed methyl group. Both of these mechanisms
are highly speculative at this point and we have no evidence that distinguishes between
them. If the individual steps in the transformation to 35 could be observed, the reaction
might serve as a useful model for the chain growth steps.

Compound 35 can be synthesized more directly by introduction of a methyl group
onto the Os centre of [RhOs(n’-CH,CHCH,)(CO);(dppm),] (19), resulting in a change
from an 1’ coordination to an n' coordination of the allyl group. This change is probably
a result of the larger steric crowding at the octahedral Os centre, compared to the trigonal
bipyramidal Os centre of 19. In 19, the phosphines move into a cis orientation at Rh to
accommodate n’-allyl coordination. In 35, we propose that the phosphines cannot move
into a cis orientation forcing the allyl group to an n' coordination mode.

Attempts to alkylate the isopropenoyl compound [RhOs(C(O)C(CH,)=CH,)-
(CO),(dppm),] (22) to form a compound analogous to the vinyl/alkyl complexes 23 and
24, resulted in a mixture of products. The >C NMR spectrum of the mixture suggested
that one of the products resulted from alkylation of the acyl oxygen to form a Rh-bound
carbene product, suggesting that conversion of both the isopropenyl (18) and the

isopropenoyl (22) complexes to carbenes should be possible. As noted, protonation of 18



162

does not occur at the isopropenyl group, but occurs at Os to give
[RhOs(C(CH,)=CH,)(H)X(CO),(dppm),]" (26), and protonation of 22 yields the
hydrido-bridged species [RhOs(C(O)C(CH,)=CH,)(CO),(u-H)(dppm),][BF,] (30).
However, reaction with an additional equivalent of acid in each case yields the dicationic
carbene  products [RhOs(=C(CH3)2)(I-I)(CO)3(dppm)2]2+ (37) and [RhOs-
(=C(OH)C(CH,)=CH,)(CO),(u-H)dppm),]"* (39).  In addition, the dimethyl
carbene/methyl species [RhOs(=C(CI-Is)2)(CI-Ia)(CO)3(dppm)2]2+ (38) is obtained upon
protonation of the isopropenyl group in the isopropenyl-methyl complex 23. Although
carbene complexes of Rh are well known in which there are heteroatoms in the
[5-position,24 complexes containing terminal carbene groups on Rh lacking heteroatoms,
such as 37 and 38, are quite rare.® In addition, terminal carbene species of Rh are far less
common than those containing bridging carbene groups,’ so it is surprising that the
carbene groups do not bridge the metals in compounds 37-39. It may be that such a
bridging mode is unfavourable owing to the steric interactions involving the carbene
substituents and the dppm pheny! groups. Compounds 37 and 38 are unstable at ambient
temperature, being readily deprotonated. As expected, the Fischer carbene (39) had a
greater stability owing to delocalization involving the hydroxyl group.”’

The carbene complexes 37 and 38 are expected to be very electrophilic in nature,
owing to the dicationic charge of the complexes. We therefore refer to them as carbenes,
as opposed to alkylidenes, for which nucleophilic character is implied.”® As has been
observed in other electrophilic carbenes,?’ the hydrogens « to the carbene carbons are

acidic, as noted above. Similar non-heteroatom stabilized, electrophilic carbene
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complexes of W, Fe, Mo, and Ni, some prepared by similar routes, have been shown to
display unusual reactivity, including the cyclopropanation of olefin substrates,” and
insertion reactions of organosilanes.”® The initial step in the cyclopropanation reactions
is generally dissociation of a carbonyl or other ligand, to allow coordination of the olefin.
This step may not be necessary in the complexes 37 and 38, described herein, since the
Rh centre is already unsaturated. The potential of these carbene complexes to function as

reagents for cyclopropanation and organosilane insertions is currently under study.
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Chapter §

Organometallic Chemistry of the Rh/Ru System

Introduction

As discussed in earlier chapters, routes to dialkyl, alkyl/vinyl and related
alkyl/hydrido and vinyl/hydido complexes of RhOs were developed. In the case of the
hydride complexes, reductive elimination appeared to occur from the Os centre.
Unfortunately, reductive elimination of the dialkyl or alkyl/vinyl moieties did not occur
under the relatively mild conditions investigated. This is not surprising given the
reluctance for elimination of alkanes from the relatively inert Os*? centre.! In attempts to
promote reductive elimination and migratory insertion reactions of catalytic relevance,
the Os centre was substituted by the more labile Ru. In addition to the anticipated greater
reactivity of the RhRu over the RhOs systemz, we had further interests in the former
metal combination owing to the application of such systems as catalysts. Recently, there
has been a great interest in the possibility of synergistic effects in catalysis, where a
combination of two different metals leads to increased catalytic activity or improved
selectivity.’ The RWRu combination is one of the most promising, and its use has
already been demonstrated in syngas chemistry, where a mixed Rh/Ru catalyst was
shown to promote formation of ethylene glycol.4 In this chapter attempts to form alkyl,
alkenyl, dialkyl and related complexes of RhRu, analogues to the complexes that were

synthesized in the RhOs system, will be discussed.
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Experimental Section

General Comments. Reactions were carried out using standard Schienk

techniques or in a Vacuum Atmospheres glovebox as indicated. RuCl3 was purchased
from Strem. The compound [RhRu(CO)3(u-H)(dppm);] (40) was prepared by the
published procedure’ and [RhRu(CO),(dppm),][BF,] (41) was prepared by a route
developed by workers in this group, analogous to that used to prepare
[RhOs(CO),(dppm),|[BF.] (2).°

Infrared spectra were run on a Perkin Elmer 883 spectrophotometer in THF
solutions prepared in the glovebox, or as Nujol mulls on a Nicolet Magna 750 FTIR

spectrometer. Spectroscopic data for all compounds are given in Table 5.1.

Preparation of Compounds.

(a) [RhRu(CH;)}(CO)s(dppm),] (42). This preparation was carried out in the
glovebox. The compound [RhRu(CO)4(dppm),](BF,] (41, 50 mg, 0.042 mmol) was
dissolved in 50 mL of THF, forming an orange solution. MeLi (5 mL, 0.025 M, 0.13
mmol in THF) was added, causing an immediate colour change to red-orange. After | h
of stirring, the solvent was removed in vacuo and the residue was washed with 3x5 mL of
pentane, and then extracted into 3x2 mL of THF and filtered. The solvent was removed
in vacuo and the residue redissolved in 1 mL of THF and precipitated by gradual addition
of pentane, forming a dark orange powder which was washed with 3x5 mL of pentane
and dried in vacuo. Yield 35 mg, 77%. Satisfactory elemental alanysis was not obtained
because of difficulty in separating LiBF, from the compound.

(®) [RhRu(C(O)CH,)(CO),(dppm);] (43). The compound [RhRu(CH;)(CO);-
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(dppm),] (42) was dissolved in 0.5 mL of THF-d® and placed in a sealed NMR tube
inside the glovebox. Outside of the glovebox, CO or '*CO was used to pressurize the
NMR tube to approximately 1.2 atm. *'P NMR spectrum showed quantitative conversion
to [RhRu(C(O)CH;)}(CO)+(dppm),] (43). The solvent was removed in vacuo, and the
residue was recrystallized from THF/pentane inside the glovebox. The *'P NMR
spectrum of the isolated solid showed that it was a mixture of 43 and 42 (1.5 to 1).

C) [RhRu(CH;),(CO)y(dppm),][CF;S05]  (44). The compound
[RhRu(CH,)(CO);(dppm),] (42, 30 mg, 0.028 mmol) was dissolved in 10 mL of CH,Cl,
which was immediately degassed with two freeze/pump/thaw cycles. Methyl triflate (3.2
uL, 0.028 mmol) was added causing a colour change from orange to yellow/orange. The
solution was allowed to stir for 1 h, the solvent was removed in vacuo and the residue
was redissolved in 3 mL of CH,Cl, and filtered. The solvent was reduced to 1 mL and 10
mL of Et,0 was slowly added to precipitate a yellow powder, which was washed with
3x5 mL of Et,0 and dried in vacuo. Yield 26 mg, 75%. Anal. calcd. for
CssHsoF;0sPsRhRuS: C, 54.42; H, 4.07. Found: C, 53.74; H, 3.96.

(d) Reaction of [RhRu(CH,),(CO)y(dppm),]J[CF,SO;] (44) with CO.
Compound 44 (28 mg, 0.023 mmol) was dissolved in 0.5 mL of CD,Cl, in an NMR tube
which was then pressurized with 1.4 atm of CO or CO. The reaction was monitored
over three days, and the tube was repressurized v—vith CO daily. Compound 44 was
gradually transformed over the three days into [RhRu(CO)(dppm),][CF;SO,] (2b) and 1
equiv of acetone.

(¢) [RBRu(n’-C;Hg)(CO)y(dppm);] (45). The compound [RhRu(CO);(u-H)-
(dppm),] (40, 44 mg, 0.042 mmol) was dissolved in 10 mL of THF in the glovebox and
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removed from the box in a sealed flask. Outside the glovebox, allene gas was allowed to
flow through the flask for 2 min, causing an immediate colour change from brown to
bright orange. The solvent was removed in vacuo and the orange residue was
recrystallized from THF/Et,0 inside the glovebox and washed with 3x10 mL of Et,O and
dried in vacuo yielding an orange powder. Yield: 32 mg, 69%. Anal. calcd. for
Cs¢H4O;RhRUP,: C, 61.26; H, 4.50. Found: C, 60.97; H, 4.31.

() [RhRu(CH,CH=C(CHj;),}(CO);(dppm);] (46). [RhRu(CO);(u-H)(dppm),]
(40, 60 mg, 0.057 mmol) was dissolved in 10 mL of THF in the glovebox and removed
from the box in a sealed flask. Outside the glovebox, (CH,),C=C=CH, (6 mL, 0.061
mmol) was added, causing a gradual colour change from brown to orange. After 15 min
stirring, the solvent was removed in vacuo and the orange residue was recrystallized from
THF/Et,O/pentane in the glovebox and washed with 3x10 mL of pentane and dried in
vacuo, yielding an orange powder. Yield 26 mg, 41%.

(g) Reactions of [RhRu(CO),(u-H)(dppm),] with propyne. (i) Formation of
[RhRu(n’-C;Hg)(CO)y(dppm),] (45). The compound [RhRu(CO);-(1-H)(dppm),] (40,
38 mg, 0.036 mmol) was dissolved in 10 mL of THF in the glovebox. Outside the
glovebox, a large excess of propyne was allowed to flow through the flask for 1 min and
then the flask was sealed under 1 atm of propyne, causing a gradual colour change, over 5
min from brown to orange. The solvent was removed in vacuo, the flask was returned to
the glovebox, and the residue was redissolved in a minimum amount of THF; 15 mL of
Et,0 was added. Over 24 h, a bright orange precipitate formed which was shown by
NMR to be pure [RhRu(n’-C;HQ(CO);(dppm)z] (45). Yield 21 mg, 53%. If the reaction

is carried out in situ in THF-d%, 45 is not observed as a product, rather a mixture of two
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major products is seen, one of which was identified as [RhRu(C(CH;)=CH,)-
(CO);(dppm),] (47).

(ii) Formation of [RhRu(C(CH,)=CH,)(CO),(dppm),] (47). A very
concentrated solution of [RhRu(CO);(u-H)(dppm),] (40) was formed by dissolving 40
mg (0.038 mmol) of the complex in 0.5 mL of THF. A small excess of propyne (5 mL,
0.22 mmol) was added via gastight syringe, resulting in an immediate colour change from
brown to orange. The solvent was removed in vacuo and the residue was recrystalized
inside the glovebox from THF/Et,0O, washed with 3x5 mL of Et,O and dried in vacuo,
yielding [RhRu(C(CH;)=CH,)(CO);(dppm),] (47). Yield: 18 mg, 43%. Anal. Calc. for
Cs6H4O3RhRUP,: C, 61.26; H, 4.50. Found: C, 60.46, H, 4.23. Isolated samples of 47
contained approx. 25% [RhRu(C(O)C(CH;)=CH,)(CO);(dppm),] (48), and reaction of
the mixture with CO resulted in conversion to 48, while vacuum reversed the insertion. If
the reaction is carried out in situ in the NMR solvent, 47 is the major species present in

solution.

X-ray Data Collection.

[RhRu(CH,);(CO)y(dppm),][CF;SO;] (44). Diffusion of ether into a
concentrated CH,CL, solution of complex 44 yielded small yellow crystals, which were
mounted and flame-sealed in glass capillaries under N, and solvent vapor to minimize
decomposition and/or solvent loss. Data were collected on an Siemens P4/RA
diffractometer using Cu Ka radiation at -60°C. Unit cell parameters were obtained from
a least-squares refinement of the setting angles of 30 reflections in the range 55.2° < 26<

58.2°. The cell parameters indicated a monoclinic space group and the systematic



Table 5.2. Crystallographic Experimental Details

A. Crystal Data
formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parameters®
a(A)
b(A)
c(A)
/3 (deg)
V(AY)
Z
Pealed (g cm™)

4 (mm’™)

CseHsoF306PsRhRuS
1235.88
033x0.17x0.14
monoclinic

P2i/c (No. 14)

10.7661 (6)
21.0548 (10)
23.3957 (5)
94.467 (3)
5287.2 (4)

4

1.553

6.860

B. Data Collection and Refinement Conditions

diffractometer

radiation (4 [A])
monochromator

temperature (°C)

scan type

data collection 28 limit (°)
total data collected
independent reflections
number of observations (NO)
structure solution method

refinement method

Siemens P4/RA’°

CuKa(1.54178)

incident-beam, graphite crystal

—60

6-26

110.0

6406 (-10<h<10,-2<k<20,-1</<23)F
5480

4137 (Fo2>20(F o)

direct methods (SHELXS-867)

full-matrix least-squares on F* (SHELXL-93°)



(Table 5.2 cont.)
absorption correction method DIFABS
range of absorption correction factors 1.262-0.840
data/restraints/parameters 5466 [Fo* = -30(F’)}/4%/409
goodness-of-fit (S)" 1.044 [Fo* 2 -30(F )]
final R indices’
Fo>20(Fo) R1 =0.0599, wR3 =0.1205
all data R1=0.0876, wR3 =0.1476
largest difference peak and hole 0.878 and -0.607 ¢ A"

“Obtained from least-squares refinement of 30 reflections with 55.2° <26<58.2°.

*Programs for diffractometer operation and data collection and reduction were those of
the XSCANS system supplied by Siemens.

‘Data in the quadrant +h +k +{ were collected except when obstructed by the geometry of
the low-temperature apparatus (Siemens LT-2), in which case Friedel equivalent
reflections were obtained.

“‘Sheldrick, G. M. Acta Crystallogr. 1990, 446, 467.

“Sheldrick, G. M. J. Appl. Cryst. , in preparation. Refinement on F,’ for all reflections
except for 14 having F,’ < -30(F,’). Weighted R-factors wR; and all goodnesses of
fit S are based on F,’; conventional R-factors R) are based on F,, with F, set to zero
for negative Fy’. The observed criterion of Fo> > 20(F,’) is used only for calculating
R1, and is not relevant to the choice of reflections for refinement. R-factors based on
F,? are statistically about twice as large as those based on F,, and R-factors based on
ALL data will be even larger.

Walker, N.; Stuart, D. Acta Crystallogr. 1983, A39, 158.

‘DistanceA restraints were applied within the triflate anion: d(S-C) = 1.75 A and d(F-C) =
1.35 A.

'S = [Ew(Fo’ — F2)/(n — p)]"* (n = number of data; p = number of parameters varied; w =
[P(Fo®) + (0.0248P) + 54.7805P]" where P = [Max(Fy’, 0) + 2F:*)/3).

‘R1 = Z||Fo| — |FJl/EIFol; wRy = [EW(Fy’ — F)/ZW(Fo')]">.
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absences indicated P2,/c with Z = 4. Intensity data were collected as outlined in Table
5.2. Three reflections were chosen as intensity standards and were remeasured every 200

reflections; no decay was evident.

Structure Solution and Refinement.

The positions of the Rh, Ru and P atoms were obtained through use of the
direct-methods program SHELXS-86." The remaining non-hydrogen atoms were located
using successive cycles of least-squares refinement and difference Fourier syntheses.
Refinement of O(4) with full occupancy was unsatisfactory, yielding an unusually large
thermal parameter, and a significant residual peak was noted near the methyl carbon
atom, in a position that would suggest a carbonyl group, suggesting a disorder of
carbonyl C(4)O(4) and the Ru bound methyl carbon C(5). The most satisfactory results
were obtained with occupancies of 5:1 for the two rotamers. Refinement was completed
using the program SHELXL-93.° Hydrogen atom positions were calculated by assuming
idealized sp2 or .«:p3 geometries about their attached carbons as appropriate; these
hydrogens were given thermal parameters equal to 120% of the equivalent isotropic
displacement parameters of their attached carbons. After all atoms had been located and
the structure refined to convergence using isotropic displacement parameters, the data
were corrected for absorption using the method of Walker and Stuart.” The structure was
further refined with all non-hydrogen atoms having anisotropic thermal parameters. The
final model for complex 44, with 409 parameters varied, converged to a value of R, =
0.0599 (observed data). Atomic coordinates and displacement parameters for the

non-hydrogen core atoms are given in Table 5.2.



Table 5.2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters for
inner-sphere atoms of 44.

~1

~!

Atom x y z Ueq, A’

Rh 0.43929(7) 0.24180(4) 0.01292(3) 0.0385(3)*
Ru 0.21481(7) 0.30445(4) 0.03350(3) 0.0389(3)*
P(1) 0.3616(3) 0.20084(13) -0.07560(11) 0.0410(7)*
P(2) 0.1134(2) 0.26190(14) -0.05101(11) 0.0421(7)*
P(3) 0.5412(2)  0.27579(13) 0.09924(11) 0.0389(7)*
P(4) 0.3005(2) 0.34359(14) 0.12309(11) 0.0414(7)*
02) 0.2801(8) 0.1700(5) 0.0835(4) 0.080(3)*
0o3) 0.4035(7) 0.3643(4) -0.0422(3) 0.054(2)*
oy 0.0800(11) 0.4302(6) 0.0132(5) 0.089(4)*
o) -0.0190(52) 0.2755(27) 0.0857(23) 0.049(17)
C(1) 0.6077(12) 0.1956(6) -0.0014(5) 0.075(4)*
CQ2) 0.2843(11) 0.2176(6) 0.0577(5) 0.054(3)*
CQ@3) 0.3643(10) 0.3283(5) -0.0114(5) 0.045(3)*
Cc@) 0.1330(11) 0.3851(7) 0.0191(5) 0.060(3)*
C(5) 0.0416(16) 0.2889(8) 0.0730(6) 0.091(5)*
C(6) 0.2245(9) 0.2443(5) -0.1050(4) 0.041(3)*
c(n 0.4297(9)  02946(5)  0.15244)  0.042(3)*

Anisotropically refined atoms are marked with an asterisk (*). The form of the
anisotropic displacement parameter is: exp[-2n2(h2a"2U” + kzb"zUzz + lzc‘2U33 +
2kib*c*U,, + 2hla®*c*U,; + 2hka*b*U,,)]. “The carbonyl oxygen atoms O(4) and O(5)
were refined with respective occupancy factors of 0.833 and 0.167.
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Resuits and Compound Characterization.

(a) Preparation and Reactivity of methyl complexes.

The complex [RhRu(CO),(dppm),][BF,] (41) reacts readily with MeLi to form
[RhRu(CH;)(CO);(dppm),] (42), much as was observed in the formation of the analogous
RhOs species [RhOs(CH;)(CO),(dppm),] (11) (see Chapter 2). Compound 42 is much
more air sensitive than the RhOs analogue; although 11 is air stable for short periods in
the solid state, compound 42 decomposes immediately upon exposure to air. The 'H
NMR spectrum of 42 shows a doublet of triplets at 8 -0.32 for the methyl group, showing
coupling to Rh and to the Rh-bound phosphines, as well as a multiplet for the dppm
methylene hydrogens. The C{ 'H} NMR spectrum shows two carbonyl resonances at §
211.63 and 234.50 in a ratio of 1 to 2. The highfield resonance appears as a triplet,
showing coupling to the Ru-bound phosphines, whereas the lowfield resonance is a
doublet of multipléts with a 15 Hz Rh coupling, indicating semibridging interactions with
these carbonyls. Although two carbonyls appear to bridge, we suggest that only one
carbonyl bridges in the solid state, and that in solution the two carbonyls are rapidly
exchanging as described for the RhOs analogue. On the basis of these data the structure
is assigned as shown in Scheme 5.1, and is analogous to that of the RhOs methyl complex
11, described in Chapter 2.

Compound 42 reacts with CO, resulting in migratory insertion involving the
methyl group to form [RhRu(C(O)CH;)}(CO);(dppm),] (43). The 'H NMR spectrum of

43 shows a singlet for the methyl group at § 0.85 and a broad multiplet at § 3.13 for the
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Scheme 5.1
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dppm methylene groups. The migratory insertion is reversible; under vacuum, the acyl
complex partially reverts to the methyl complex.

Reaction of 42 with methyl triflate results in attack by the electrophile at Ru, to
form [RhRu(CH,;),(CO);(dppm),][CF;SO;] (44). As was the case for the analogous Os
system, the group 8 metal is the site of electrophilic attack. The 'H NMR spectrum of 44
shows resonances for two different methyl groups at 8 0.81 and -0.17, for which the first
resonance appears as a doublet of triplets, showing coupling to Rh and the Rh-bound
phosphines, and the second appears as a triplet, displaying coupling to the Ru-bound
phosphines. The *'P NMR spectrum (see Figure 5.1) has a very unusual appearance from
strong second order effects due to the proximity of the two resonances. The IR spectrum
of 44 shows three bands at 2039, 1860, and 1812 cm™, and is very similar to those of the
RhOs dialkyl and vinyl/alkyl complexes, which were shown to have two semibridging
carbonyls. Compound 44 is assigned the solution structure shown in Scheme 5.1 based
on analogies with the RhOs system.

Compound 44 has also been structurally characterized by X-ray crystallography,
confirming the structure suggested by the spectroscopic parameters and shown in Figure
5.2. The structure was disordered, resulting in superposition of the Ru-bound methyl
group and the adjacent carbonyl; however, the disorder was resolved satisfactorily.
Important bond lengths and angles are given in Table 5.3. Ignoring the metal-metal
interaction, the geometry at Ru is octahedral, having essentially mutually trans
phosphines (P(1)-Os-P(3) = 174.52(10)°) and angles close to 90° between all adjacent
groups on Ru. The result is an 18e configuration at the Ru(CH;)(CO);L," centre, nearly

identical to the Os centre in [RhOs(C(CH,;)=C(CH;),)(CH;}(CO);(dppm),]-
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Cl222 &
oV C O

Figure 5.2. Perspective view of the cation of [RhRu(CH;),(CO);(dppm),]{CF;SOs] (44).
Thermal parameters are shown at the 20% level, except for hydrogens which are shown
arbitrarily small. Phenyl hydrogens are omitted. Phenyl carbons are number sequentially

within each phenyl ring, beginning with the ipso carbon.



Table 5.4. Selected Interatomic Distances (A) and Angles (°) Involving Inner-sphere

Atoms of 44.
Atoml Atom2
Rh Ru
Rh P(1)
Rh P(3)
Rh C(1)
Rh C2)
Rh CQ@3)
Ru P(2)
Ru P4)
Ru C2)
Ru C@3)
Atom]l Atom2
Ru Rh
Ru Rh
Ru Rh
Ru Rh
Ru Rh
P(1) Rh
P(1) Rh
P(1) Rh
P(1) Rh
P(3) Rh
P(3) Rh
P(3) Rh
c(1) Rh

Distance

2.8274(11)
2.337Q3)
2.335(3)
2.107(12)
2.101(12)
2.055(12)
2.360(3)
2.371(3)
2.039(13)
2.052(12)

Atom3 Angle

P(1) 94.10(8)
P(3) 93.45(7)

ca)  179.2(3)
CQR) 46.0(4)
C3) 46.5(3)
P(3)  172.45(10)
ca)  86.7(3)
CQR) 96.3(3)
C3) 88.6(3)
C() 85.8()
CR) 88.9(3)
C3) 96.73)
CR2) 134.005

Atoml

Ru
Ru
P(1)
PQ2)
PQ3)
P@4)
0()
0@3)
0(4)
0(5)*

Atoml

C(1)

SSFEEEEFEJ

P(2)
P(2)
P(2)

Atom2

C@)
C(5)
C(6)
C(6)
C(7)
C(7)
CQR)
C@3)
C4)
C@S)

Atom2
Rh
Rh
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru

Ru
Ru

Distance

1.930(13)
2.17(2)

1.826(10)
1.844(10)
1.838(10)
1.822(10)
1.173(13)
1.149(12)
1.112(14)
0.79(5)

Atom3 Angle

C3)  133.6(5)
CB3)  92.5(5)

PQR)  91.50(8)
P@)  91.957)

CR) 47803)
C3) 46.5(3)
C@)  139.94)
C(5)  140.9(5)
P@)  174.52(10)
CR2) 91.6(3)
C(3) 89.6(3)
C@  90.7(3)
C(S)  86.7(4)



(Table 5.4 cont.)
P(4) Ru
P(4) Ru
P(4) Ru
P(4) Ru
C(2) Ru
C(2) Ru
C2) Ru
C@3) Ru
C(3) Ru
C@) Ru
Rh P(1)
Ru P(2)

C(@)
C@3)
C4)
C3)
C@3)
C@4
C(5)
C4)
C3)
C(5)
C(6)
C(6)

87.5(3)
95.8(3)
89.4(3)
88.0(4)
94.4(5)
171.8(5)
93.2(6)
93.5(5)
171.7(5)
79.1(6)
111.9(3)
111.6(3)

Rh
Ru

Rh
Rh
Ru
Rh

Ru
Rh
Ru
Ru
P(1)
P@3)

P@3)
P(4)
CR)
C(2)
CQ)
C@3)
C@3)
CQ3)
C@)
C(5)
C(6)
C()

C()
C()
Ru
0(Q2)
0(2)
0(3)
0Q)
Ru
0@4)
o5)*
P(2)
P(4)

184

111.3(3)
111.7(3)
86.1(5)
121.8(10)
151.8(10)
127.1(9)
145.5(9)
87.0(5)
175.3(13)
167.7(47)
113.0(5)
112.8(5)

*Atom O(5) is the oxygen of the terminal carbonyl in the minor rotamer (occupany 0.167).
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[CF,S0s] (24a,b). As in 24, two of the carbonyls form semi-bridging interactions with
the Rh. The two semibridging carbonyls in 44 are slightly different, with the carbonyl
trans to the Ru-bound methyl group (C(3)-O(3)) having a slightly stronger semi-bridging
interaction with Rh than does C(2)-O(2). Whereas the C(2)-Ru distance is significantly
shorter than the C(2)-Rh distance (2.039(13) A vs. 2.101(12) A), the C(3)-Ru and C(3)-
Rh distances are nearly equal (2.052(12) A and 2.055(12) A). The C(2)-O(2) carbonyl is
also somewhat more linear with respect to Ru (Ru-C(2)-O(2) = 151.8(10)°, Ru-C(3)-
O(3) = 145.5(9)°). One methyl group (C(1)Hj;) is terminally bound to Rh, along with the
two phosphines, resulting in a 14-electron Rh centre, necessitating a Ru to Rh dative
bond resulting in a metal-metal separation of 2.8274(11) A which is consistent with a
single bond. If the semibridging carbonyls are ignored, the geometry at Rh is essentially
square planar, with trans phosphines and the methyl group opposite the metal-metal bond.

The dimethyl complex 44 reacts slowly with CO over several days, resulting in
the formation of [RhRu(CO),(dppm),][CF;SO,] (41), along with acetone. If BCO is used
in the reaction, the resulting acetone contains mostly 2co, particularly in the early stages
of the reaction. Two intermediates which were observed in the transformation of 44 to 41

are currently under study.

(b) Preparation and Reactivity of Allyl and Vinyl Complexes.

The reaction of [RhOsH(CO),;(dppm),] with allene and propyne yielded mainly
the isopropenyl complex [RhOs(C(CH;)=CH,)(CO);(dppm),] (18), with small amounts
of the isomeric allyl complex [RhOs(n’-C,Hs)(CO)3(dppm)2] (19) in the former reaction.

Owing to the structural differences between the RhOs hydride and the RuRh analogue
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[RhRu(CO);(u-H)(dppm),] (i.e. terminal or bridging hydride ligand), the allene and
propyne reactions were repeated with this RhRu complex. It was anticipated that subtle
differences in the two systems may result in differences, either in the products obtained or
in the product distributions.

The reaction of [RhRu(CO);(u-H)(dppm),] (40) with allene yielded only
[RhRu(n3-C3H5)(CO)3(dppm)z] (45), analogous to the minor product in the RhOs hydride
reaction (see Scheme 5.2). No evidence of the isopropenyl species analogous to 18 was
observed. The spectroscopy of 45 is very similar to that of 19. At room temperature, the
molecule is highly fluxional. The 'p{'H} NMR spectrum shows a multiplet at § 42.03
for the Ru phosphines and a very broad resonance for the Rh-bound phosphines at 6 23.5,
and the '"H NMR spectrum shows a broad singlet for the dppm methylenes but no signal
for the allyl group. At -80°C, the 'p{'H} NMR spectrum shows 4 inequivalent
phosphorus resonances. The coupling constant between the two Rh-bound phosphines is
only 19 Hz, indicéting a cis arrangement of the phosphines, whereas the P-P coupling
constant for the Ru-bound phosphines is 255 Hz, indicating a trans arrangement at this
metal. The 'H NMR spectrum at -80°C shows nine unique resonances, four for the dppm
methylene hydrogens, and five for the allyl group. The resonances for one end of the
allyl group are unusually high field (1.40 (syn), 0.25 (anti) compared with typical values
of § 2-5 for syn, and & 1-3 for anti'’), suggesting that the allyl group is very
unsymmetrically bound, approaching o-n coordination.

If a more sterically hindered allene, H,C=C=C(CH,),, is used, an n’-allyl is not
observed and instead the product is the nl-allyl [RhRu(CH,CH=C(CH,),)(CO);(dppm),]

(46). It is interesting that no evidence of a trimethylvinyl compound, as was found
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exclusively in the RhOs system, was observed. In the '"H NMR spectrum of 46, the «
hydrogens of the allyl fragment appear as a doublet of triplets, coupling to the § hydrogen
as well as the Rh-bound phosphines, while the resonance for the B hydrogen is a triplet
due to coupling to the a hydrogens, and the two methyl groups appear as singlets.
Although no Rh coupling to the a hydrogens is observed, this coupling is expected to be
small (1-2 Hz) and may be masked by the broadness of the peak. The dppm methylene
hydrogens are all equivalent, indicating that the molecule has front-back symmetry, and
that the allyl fragment rotates freely. The BC{'H} NMR spectrum shows two unique
carbonyls at § 209.73 and 233.77, with the highfield resonance appearing as a triplet
showing coupling to the Ru bound phosphines, and the lowfield resonance appearing as a
doublet of triplets, coupling to the Ru-bound phosphines and to Rh. The 14 Hz Rh
coupling is consistent with a semi-bridging interaction, and the IR spectrum also indicates
the presence of a semi-bridging carbonyl, with bands at 1910, 1883, 1750 cm’. Although
both carbonyls are equivalent in the C{'H} NMR spectrum, it is likely that only one is
semibridging in the solid state and that the two position are rapidly exchanging in
solution, as discussed for [RhOs(CH;)(CO);(dppm),] (11) in Chapter 2.

Reaction of concentrated solutions of 40 with a small excess of propyne results in
the formation of the isopropenyl complex [RhRu(C(CH,)=CH,)(CO),(dppm),] (47). The
spectroscopy of 47 is almost identical to that of the RhOs analogue 18, showing a singlet
for the methyl group and singlets for each of the olefinic hydrogens of the isopropenyl
group. The IR spectrum has three bands at 1930, 1880, and 1740 cm™, indicating a
semibridging carbonyl. Samples of 47 were found to be contaminated with approx. 25%

[RhRu(C(O)C(CH;)=CH,)(CO),(dppm),] (48), which is the product that results from CO
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insertion. The identity of this impurity was confirmed by reaction of the mixture with
CO, resulting in complete conversion of 47 to 48. If the reaction with propyne is carried
out in situ in the NMR solvent, ° lP{[H} NMR spectroscopy reveals the presence of
decomposition products in addition to 47. Formation of 48 probably results from
scavenging of CO from these decomposition products by 47.

Reaction of 40 with a large excess of propyne followed by workup yields the
n’-allyl complex 45 in moderate yields. Complex 48 is not the initial product in the
reaction. If the reaction is carried out in situ in the NMR solvent, 45 is not initially
observed, but a mixture of two major and several minor products is observed. Complex
45 forms slowly and selectively precipitates from THF/Et,O solutions of the mixture.
The main component of the remaining supernatant solution is compound 47, so it appears
that the other unknown major product is being converted to 45. Unfortunately, this
product could not be characterized in the mixture, and it could not be isolated because it
converts to 45. However, the >'P{'H} NMR chemical shifts (§ 35.37 (RhP), 27.33 (RuP)
vs. 5 45.81 (RuP), 29.18 (RhP) for 47) are very different from those of the previous
complexes with the organic fragment on Rh (note that the RuP resonance is now
downfield of that due to RhP). This may indicate that the organic group is on Ru in this

compound.

Discussion

The complex [RhRu(CH,)(CO);(dppm),] (42) is formed readily by displacement

of a carbonyl from [RhRu(CO),(dppm),][BF,] (41) by MeLi, as was observed in the
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RhOs system. Substitution of Os by the more labile Ru centre results in this reaction
occurring more readily and requiring a smaller excess of MeLi. It is not clear, however,
what the function of the group 8 metal is in this reaction, since the final product has the
methyl group on Rh. Whether initial attack is at Ru (or at the Ru-bound CO) or whether
attack occurs at Rh, with Ru exerting a labilizing effect, is not known. The increased
lability of the Ru complexes is seen in their increased air sensitivity; while the Os
analogues can be handled briefly in air, the neutral Ru complexes decompose within
seconds upon exposure to air in the solid state. The cationic complexes in both systems,
which generally have the group 8 metal in the +2 oxidation state, are relatively air stable.
As in the RhOs system, the neutral methyl complex reacts with methyl triflate to
form the cationic dimethyl complex [RhRu(CHj,),(CO);(dppm),][CF;SO;] (44); again,
the site of electrophilic attack is apparently the group 8 metal. While the RhOs dimethyl
complex was unreactive, the RhRu dimethyl complex reacted slowly with CO to
eliminate acetone. The formation of acetone from the dimethyl complex suggests that
migratory insertion to give an acyl group occurs at only one metal. The insertion reaction
is followed by either methyl or acyl migration to the adjacent metal, and reductive
elimination from that metal. It appears that migratory insertion at Rh can be ruled out
since the addition of methyl triflate to [RhRu(C(O)CH;)(CO);(dppm),] (43), in which the
acyl group is known to be on Rh, leads only to decomposition, with no evidence of
acetone formation. This assumes that the group 8 metal is the most nucleophilic site in
the molecule; the acyl carbonyl may be site of CH," attack, with the resulting carbene
complex decomposing. Supporting the proposal that migratory insertion is occurring at

Ru is the fact that CO insertion is never observed on Rh in cationic complexes in the
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RhOs system. In the reaction of the RhOs vinyl/hydride complexes with CO the result is
elimination of the alkene, with no aldehyde formation, and all the dialkyl and vinyValkyl
complexes are unreactive towards CO. In addition, carbonyl insertions are well known
on Ru"centres.!" In the RhOs system, the reductive elimination of methane was shown
to occur only from the octahedral Os*™ centre, not from the square planar Rh™' centre,
even if significant rearrangement was required to bring the appropriate ligands to that
metal. This suggests that elimination of acetone in the RhRu system may occur from the
Ru(II) centre, necessitating migration of the Rh-bound methyl group to Ru. If the CO
insertion reaction is occurring at Ru, the resulting 16e Ru centre should readily accept the
methy! group from Rh, while the incoming CO could coordinate to Rh, resulting in the
appropriate arrangement of ligands for the reductive elimination.

Insertion reactions of the RhRu hydride complex with allenes result in
regioselectivity that is opposite to that observed in the RhOs system. While the RhOs
hydride [RhOs(H)(CO);(dppm),] inserts allenes so that the metal ends up on the internal
carbon in the major product, insertion of allenes into metal-hydride bond of
[RhRu(CO);(u-H)(dppm),] (40) results in the metal adding to the terminal carbon, as is
more commonly observed.'> The product observed in the reaction with allene is the
n’ -allyl complex [RhRu(nJ-C3H5)(CO)3(dppm)2] (45), which is analogous to the minor
product observed in the same reaction with the RhOs hydride. With dimethylallene, the
n’-allyl cannot form, presumably due to the steric influence of the methyl groups, and the
observed product is the n'-allyl complex [RhRu(n'-CH,CH=C(CH,),(CO)(dppm),] (46).

The reasons for the different regioselectivities of the two systems are not

completely clear, but may be related to the structural differences of the starting hydride
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complexes. While the RhOs hydride complex has a terminal hydride ligand bound to Os.
and is thought to have cis phosphines at Os, the RhRu analogue has a bridged hydride and
trans phosphines at Ru.

As in the RhOs system, the phosphines on Rh in the allyl compound 45 move into
a cis configuration to accommodate the n’-coordination mode of the allyl group. This
complex shows the same fluxional behavior as the RhOs analogue discussed in Chapter
3. At ambient temperature the five allyl hydrogens are not observed in the 'H NMR
spectrum, and the four dppm methylene hydrogens are equivalent. At this temperature,
the two Rh-bound phosphines are equivalent, as are the two Ru-bound phosphines in the
'P{'H} NMR spectrum. At -80°C, the fluxional process is frozen out, and four
inequivalent phosphorus resonances are observed, as well as five unique resonances for
the allyl hydrogens. These observations can be explained by a process involving an
n'-allyl intermediate, which is structurally analogous to compound 46. In this
intermediate, the phosphines on each metal would become equivalent, and the opposite
end of the allyl can re-coordinate after rotation about the Rh-C 5-bond.

As in the RhOs analogue 19, the allyl ligand in 45 is very unsymmetrical,
showing unusually high field chemical shifts for one end of the allyl ligand (5 1.30 (syn),
3 0.22 (anti))."" The chemical shifts are consistent with the chemical shifts for o-bound
alkyl groups on Rh, suggesting that this end of the allyl ligand is essentially ¢-bound,
while the other end coordinates as a n-bound olefin. This asymmetry likely results from

the position of either end of the ligand relative to the semi-bridging carbonyl. The end of
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the allyl ligand trans to the carbonyl will favour strong ¢-donation, while the end of the
allyl ligand cis to the carbonyl will favour n-back donation.

The reaction of 40 with propyne led to unexpected results. Based on the reactions
with allenes, in which the metal ended up on the terminal carbon, we would have
expected propyne to show similar regioselectivity. However, if the reaction is carried out
with a high concentration of 40, and a small excess of propyne is added, the major
product is [RhRu(C(CH;)=CH,)(CO);(dppm),] (47), arising from hydride migration to
the terminal carbon. It is not clear why the propyne reaction does not occur with the
same regioselectivity as reactions with the allenes. An even more unusual result is
obtained when the same reaction is carried out under different conditions. With low
concentrations of 40 and a large excess of propyne the isolated product is
[RhRu(n3-C3H5)(C0)3(dppm)2] (45). If the reaction is carried out in situ in the NMR
solvent, two major products are observed, one of which is the isopropenyl complex
[RhRu(C(CH;)=CH,)(CO)y(dppm),] (47) and the other of which could not be
characterized in solution but converts to 45 upon workup. Although the intermediate
complex could not be characterized, the 3'P chemical shifts suggest that the organic
fragment in this intermediate may be on Ru. Insertions of alkynes into metal hydride

3

bonds of coordinatively saturated Ru complexes are known."” This reaction warrants

further investigation to determine the nature of this interesting transformation.
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Chapter 6

Conclusions

The goal of this thesis was to develop the organometallic chemistry of the dppm
bridged RhOs system in order to attempt to gain an understanding of the roles of adjacent
metals in transformations involving organic fragments. In addition, we were interested in
extending this chemistry to the related RhRu system, not only to compare the two
systems, but also because of expectations that the more labile Ru centre would more
readily undergo carbon-carbon bond formation reactions. Our interest in binuclear
chemistry stemmed from the possible importance of cooperativity between adjacent
metals on a catalyst surface in organic transformations. We were particularly interested
in alkyl, alkenyl, allyl, and carbene complexes, because all of these fragments are thought
to be important surface species in Fischer-Tropsch catalysis.

Several neutral monoalkyl and related complexes of the form
[RhMR(CO);(dppm),] (M = Os, Ru; R = CHj;, vinyl, acyl, C=CH, CH,CN) were
successfully synthesized by a variety of routes. In all cases (with the exception of the
n’-allyl complexes) the R group occupies a terminal position on the square planar 16e
Rh. This arrangement parallels that seen in several analogous systems involving the
metal pairs, RhW,' RhMo,? RhMn,’ and RhRe®. The only exception appears to be in the
RhIr series where, for example, [RhIr(CH;)(CO),(dppm),]" has the methyl group group
bound to the 18e Ir centre, although in this case simple substitution of one carbonyl for
ethylene results in a transfer of the methyl group to Rh.’ Clearly there are very subtle

differences between the two possible arrangements, and the factors which favour binding
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of the organic ligand to one metal or the other are not fully understood. Such factors are
clearly of interest if the functions of the different metals in the reactivity of such groups is
to be understood. It could be argued that in the RhOs and RhRu compounds, the
observed arrangement, with the alkyl group on Rh, results in a favourable Rh™'/M°
formulation, as opposed to RhM™'. However, this cannot be the only factor involved
since in the analogous RhOs hydride [RhOs(H)(CO),;(dppm),] (1), the hydride ligand is
on Os, giving an apparent Rh%0s"! configuration. The observed arrangement may be
sterically more favourable. Placing the small hydride ligand on the more crowded Os
centre may alleviate some of the steric interactions involving the dppm ligands and the
carbonyls at this metal.

A feature common to all of the alkyl and related complexes is the presence of a
semibridging carbonyl interaction between Rh and one of three carbonyls on the group 8
metal. This semibridging carbonyl does not function as an electron pair donor to Rh, but
acts as a m-acceptor from this metal; this appears to be necessary in order to alleviate the
buildup of electron density on Rh resulting from the presence of three strong ¢ donors
(phosphines and alkyl group) and of the dative bond from Os, and the absence of other n
acceptors on Rh. This idea is supported by the spectroscopic data which demonstrate that
the strength of the semibridging interaction (as indicated by the frequency of the IR
stretch of the semibridging carbonyl and the Rh-C coupling constant) correlates very well
with the o-donor ability of the R group. Strong o donors such as a methyl group on Rh

lead to substantial bridging interactions, while weaker ¢ donors, such as an acetylide

group lead to a much weaker n-back donation and a weaker semi-bridging interaction.
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These semibridging carbonyl interactions illustrate the ability of bridging modes to “fine
tune” the electron density in this system.

Protonation of the RhOs methyl complex [RhOs(CH,;)(CO);(dppm),] (11), or
methylation of the hydride complex 1, results in a site specific elimination of methane, in
which reductive elimination occurs from the octahedral Os*? centre and not from the
square planar Rh"' centre. Elimination occurs from Os regardless of the original location
of the methyl and hydride ligands. Although the preference for elimination from the
octahedral Os'? centre is certainly not surprising considering its higher oxidation state
and the cis orientation of the methyl and hydride groups on this metal, this reaction
illustrates the high mobility of the ligands in this system which allows them to be readily
transferred from metal to metal, from terminal to bridging modes, and finally to the
appropriate arrangement for the reductive elimination. Once the ligands are in position
on Os for elimination, it appears that the adjacent Rh centre makes reductive elimination
from Os more favourable, since analogous mononuclear Os" methyl/hydride complexes
do not undergo reductive elimination as readily as this binuclear complex.” It may be that
the Rh centre acts to stabilize the unsaturated intermediate by donating electron density to
Os. While the methyl/hydride complex spontaneously rearranges and eliminates at low
temperatures, the analogous alkenyl/hydride complexes are stable at room temperature,
and only rearrange and reductively eliminate in the presence of CO. This reactivity
difference is thought to result from the large size of the vinyl ligands compared to the
methyl group. The crystal structure of the closely related trimethylvinyl/methyl complex
reveals significant interactions between the vinyl group, the dppm phenyl hydrogens, and

the carbonyls. These steric interactions prevent the kind of facile rearrangement seen in
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the methyl/hydride system. Dialkyl and vinyl/alkyl complexes of the RhOs system have
also been synthesized, but, unlike the alkyl/hydride or alkenyl/hydride complexes, they
are unreactive toward reductive elimination. In the RhRu system, however, the dimethyl
complex, [RhRu(CH;),(CO),(dppm),]” reacts with CO, leading to reductive elimination
of acetone. The CO insertion reaction that precedes this elimination is proposed to occur
at Ru, since the Os analog is unreactive owing to stronger Os-C bonds.

The structures of the dialkyl, alkenyl/alkyl and alkyl/hydride or alkenyl/hydride
complexes are all very similar, with one organic group terminal on Rh and one alkyl
group or hydride in a terminal position on Os. Again, the buildup of electron density on
Rh is alleviated by semibridging carbonyl interactions, but in these cases two carbonyls
bridge, rather than just one as in the monoalkyl complexes. The reason for this appears to
be that the octahedral geometry at Os allows two carbonyls to bridge without large
distortions, and in fact, the octahedral geometry places the two carbonyls in ideal
positions to bridge. In the monoalkyl complexes, bridging of two carbonyls would
require significant distortions of the trigonal bipyramidal geometry at Os or Ru.

Insertion reactions into metal-hydride bonds played a key role in the formation of
the vinyl and allyl complexes described in this thesis, and these reactions show some
interesting features. In the RhOs system, the regioselectivity is such that the metal ends
up on the internal carbon of the allene or alkyne, while the hydrogen ends up on the
terminal carbon, although the opposite regioselectivity is usually sterically more
favourable.® In the RhRu system, the regioselectivity is generally the opposite to that of
the RhOs system. The regioselectivity in the RhOs system is attributed to steric

interactions in the intermediate alkyne/hydride or allene/hydride complexes with the
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phosphines on Os, which are believed to be bent towards the hydride ligand. [t is notable
that the regioselectivity is determined by the geometry at the metal centre adjacent to the
metal at which the insertion takes place.

As alluded to above, the chemistry in this system is strongly influenced by the
steric effects of the dppm phenyl groups, which essentially restrict the chemistry to the
equatorial plane perpendicular to the metal.phosphine vectors. The steric restrictions are
likely the reason that certain binding modes were not observed in this system. For
example, in no case was a bridging vinyl group observed, although this binding mode is
common in related binuclear complexes not bridged by dppm.9 In addition, the carbene
complexes [RhOs(C(CH;),}(RYCO),(dppm),][BF,], (R=H, 37; R=CH,;, 38) contain
terminal carbene groups on Rh, which are much less common than bridging carbenes.
The preference for terminal vs. bridging carbenes in this system may be due to steric
interactions of the methyl substituents, which in the bridged geometry would be aimed
into the region of the dppm phenyl groups. The restriction of the chemistry to a plane
may limit the utility of these complexes as model systems for catalysis, by inhibiting
some ligand binding modes that may be important on a metal surface. It would therefore
be of interest to extend this chemistry to systems in which the steric influences of the
bridging diphosphine groups is not as dominant. One obvious solution would be to
replace the phenyl groups by smaller methyl groups by using
bis(dimethylphosphino)methane (dmpm). Bis dmpm-bridged complexes have much
more room in the equatorial plane by virtue of lower steric bulk of the dmpm groups.
Another solution would be to use binuclear systems bridged by only one dppm group,

again with the effect of cutting down on the steric constaints at the metals.



201

Our attempts to form methylene complexes of these systems have so far been
unsuccessful, although preliminary work suggests that bridging methylene complexes
should be accessible. One interesting reaction that came about while attempting to form
methylene complexes was the reaction of [RhOs(CO)(dppm),][BF;] (2) with
diazomethane to form [RhOs(CH,CH=CH,)(CH,)(CO),(dppm),][BF,] (35). One of the
key steps of the Maitlis vinyl mechanism for Fischer Tropsch catalysis is the formation of
an allyl group by migration of a vinyl fragment onto a methylene group,IO and although
we have no mechanistic details, the observed reaction could involve such a migration in
the final step to form the allyl group. It would be of interest to form unsubstituted vinyl
complexes to see if insertion reactions with diazomethane occur, since no reactions with
diazomethane were observed for our substituted vinyl complexes. The next step in this
Fischer Tropsch mechanism is an allyl-to-vinyl rearrangement, which clearly does not
take place in this reaction, since the chain growth stops with the allyl group. Again, it
would be of interest to attempt to induce this rearrangement with, for example, acid or
dihydrogen. The formation of 35 demonstrates the tremendous potential of these
complexes as model systems for catalysis, in that it appears to mimic reactions thought to
be taking place on the heterogeneous catalyst. If the individual steps of the reaction could
be observed, the reaction could provide insight into the mechanism of the catalytic cycle.

Although bridging methylene complexes were not observed, a series of
electrophilic terminal carbenes complexes has been formed by protonation of vinyl and
acyl groups. The dimethylcarbene complexes formed by protonation of isopropenyl
groups are particularly interesting because carbenes on Rh without heteroatom

stabilization are extremely rare.'! In addition, the carbenes are on unsaturated Rh™
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centres, which suggests tremendous potential for these complexes, since there is a vacant
coordination site available for an incoming substrate such as an alkene. This method of
forming carbene complexes by protonating vinyl groups has already been extended to the
RhMo system,2 suggesting possible general applicability of this reaction in forming Rh™'
carbenes.

This study has demonstrated the great diversity of chemistry possible in a
heterobinuclear system. Examples of metal-metal cooperativity have been observed, such
as an adjacent Os'? centre allowing elimination of organic fragments from a Rh™' centre,
which would be unlikely to undergo reductive elimination on its own, and the Rh™' centre
in turn acting to assist the reductive elimination from the Os centre. The different
functions of the two different metals have demonstrated, with Rh serving as the site of
attack by incoming nucleophiles, while the group 8 metal is the site of reductive
elimination, as well as the site attacked by incoming electrophiles. The ability of the
bimetallic complexes to use bridging modes to stabilize the metal centres has been
demonstated and ligand movement around the bimetallic core has been shown to be
facile. Carbon-carbon bond formation reactions which have relevance to catalysis have
been observed in the formation of acetone by CO insertion and reductive elimination in
the RhRu system, as well as in the formation of an allyl group from diazomethane in the
RhOs system.

The RhRu system has tremendous potential for allowing the elucidation of the
functions of the adjacent metals in various processes that are of interest to us, particularly
migratory insertion and reductive elimination reactions. We already have preliminary

evidence that migratory insertion takes place at Ru, since reacting
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[RhRu(CH;),(CO)(dppm),]” with *CO yields acetone with only a small amount of °CO
incorporation; this suggests (but doesn’t prove) that migratory insertion occurs on the
metal (Ru) having the carbonyl ligand already bound. It should be relatively
straightforward to gain additional mechanistic information on this process through
synthesis of the [RhRu(CI-I;)('3CH3)(CO)3(dppm)2]+ species having the 13CI-I; group on
Ru. Observation of the intermediate species should yield information about which
methyl group undergoes migratory insertion of CO.

The observation of reductive elimination reactions from the group 8 metal centre
in these mixed group 8/group 9 mixed metal complexes is probably the most significant
discovery of this project, and more work needs to be done to confirm the proposed
mechanisms. These studies may ultimately prove to be of great importance in
understanding the involvement of the two metals in the formation of ethylene glycol
catalyzed by mixtures of Rh and Ru complexes.12 Furthermore, BP Chemicals has
recently reported a process, now in use, by which methanol carbonylation utilizes an Ir
catalyst and Ru promotets.l3 It is tempting, based on the results of this thesis, to suggest
that similar alkyl migrations from Ir to Ru occur in this system, followed by elimination
from Ru. Work within this group will soon turn to analogous dppm-bridged IrRu
systems.

Unfortunately, my part in this project must come to an end with many questions
left unanswered. Much of the most interesting work was done near the end of my time
here, and it seems like the project has just begun. The chemistry was at times very
frustrating, but it was certainly never boring. I wish luck to those who will follow the

trail I’ve blazed and who will open up new, unexplored territory. Watch out for the bears.
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