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Abstract

The binuclear complex [RhRu(CO);(u-H)2(dppm),][X] (1) is prepared by
protonation of [RhRu(CO);(u-H)(dppm),] (dppm = Ph,PCH,PPh,, X = BFs~, CF3SO37).
Treatment of 1 with CO affords the tetracarbonyl species [RhRu(CO)4(dppm):][X] (2),
which yields the methylene-bridged species [RhRu(CO)4(1u-CHz)(dppm),][X] (3) upon
treatment with CH;N; at —78 °C. Carbonyl removal using MesNO affords the tricarbonyl
species [RhRu(CO);(u-CHy)(dppm),][X] (4). Compound 3 proved unreactive toward
additional methylene incorporation, whereas 4 yiclded several unidentified products upon
exposure to CH;N,. Compounds 3 and 4 react with PMe; to give [RhRu(CO)3(PMes)(u-
CH,)(dppm)2][X] (5), in which coordination of PMes occurs at Rh. Comparisons of the
reactivity of 3 with analogous Rh/Os and Ir/Ru complexes are presented.

Compound 4, generated in situ, reacts with a variety of alkynes to give Cs-bridged
species [RhRu(CO)s(u-n'm'-C(R)=C(R*)CH2)(dppm),][CF3S0;] (R, R = CO,Me (6),
CF; (7), COzEt (8); R = CHs, R’ = CH(COE); (9), CH>OH (10)). The regiochemistry of
insertion for the unsymmetrical alkynes 2-butyn-1-al diethylacetal and 2-butyn-1-ol was
established by 2D NMR spectroscopy. Attempts to generate an isomer of 6 by
diazomethane addition to [RhRu(CO);(u-n'm'-C(CO,Me)=C(CO,Me))(dppm),][X] (11)
failed, although CH,N, addition to the tricarbonyl analogue [RhRu(OSO,CF3)(CO);(u-
1n'm'-C(COMe)=C(CO;Me))(dppm)2] (12) affords the methylene-bridged complex
[RhRu(OSO,CF3)(CO)s(u-CHy)(u-n' m'-C(CO,Me)=C(CO,Me))(dppm), ] (13).
Reaction of 6 with MesNO gives the rearrangement product [RhRu(CO),(u-n'm’-

CHC(CO,CH3)=CH(CO,CHj3))(dppm),][CF3SOs] (14). Propargyl alcohol reacts with 4
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giving the double-insertion product [RhRu(CO)(u,n>n*
CH=C(CH,OH)CH=C(CH,OH)CH,)(dppm),][CF3SO;] (15).

Compound 4 also reacts with allene to give the trimethylene-methane-bridged
complex [RhRu(CO),(u-n°mn'-C(CH,)3)(dppm),][CF3S0;] (16). Addition of CO and
PMe; gives the complexes [RhRu(CO)2(L)(u-n’>n'-C(CHy)3)(dppm),][CF3S0s] (L = CO
(17), PMe; (18)), in which coordination of L occurs at Rh. Dimethylallene reacts with 4
to give the metallacyclopentanone complex [RhRu(CO)3(C(O)CH;CH,C(=C(CH3)2)-
(dppm)][CF3S0O3] (19). Treatment of 19 with H; affords the complex
[RhRu(CO)3(H)2(C(O)CH,CH,C(=C(CHs)2)(dppm)2][CF3SO;3] (20).

Protonation of 4 with triflic acid at —80 °C affords the methyl complex
[RhRu(CO)4(u-CH3)(dppm): ]J[CF3S0s] (21) in which the methyl group is bound to Ru,
with agostic interactions with Rh. .The methyl migration to Rh is completed upon
warming the solution to —40 °C, yielding the methyl complex [RhRu(CO)4(CHj3)-
(dppm),][CF3S03] (22). Subsequent warming to 0 °C gives [RhRu(OSO,CF3)(CO)3(u-
C(O)CH3)(dppm),][CF3S0O3] (23) and further warming to ambient temperature gives
[RhRu(OSO,CF3)(CO)2(u-C(O)CH3)(dppm)2][CF3SO3]  (20). Spectroscopic  and

structural data suggest an oxycarbene formulation for 23 and 20.
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Chapter 1
Introduction

(i) Homogeneous vs. Heterogeneous Catalysts

The formation of carbon-carbon bonds is arguably one of the most important
processes in chemistry being necessary in the formation of more complex hydrocarbons
from smaller, simpler ones. Industrially, carbon-carbon bond formation is involved in a
number of important processes such as olefin hydroformylation'? (reaction [1] in Scheme

1.1), olefin polymerization® [2] and the Fischer-Tropsch (FT) process, (vide supra)*® [3],

Scheme 1.1

/\R+H2+CO—> G 1

H H

[2]

H, + CO ———» GCyHy + CpHomex *+ oxygenates [3]

in which synthesis gas (H, and CO) is converted to a variety of hydrocarbons. The first
two processes are well understood with long-standing success using well-defined,
homogenous, metal-containing catalysts with a variety of ligand systems. The ability to

use homogeneous catalysts has allowed detailed information about many of these systems
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to be obtained. However, the majority of industrial catalysts are heterogeneous, and are
less amenable to detailed study. Much less is known about these systems.
Heterogeneous catalysts are usually exposed metal surfaces, either in the form of bulk
material or as metals adsorbed on a solid support.”!! The chemical substrates are usually
in the form of liquids or gasses, and are passed over these metal surfaces at the
appropriate temperature and pressure. The difference in states of the catalysts and the
reactants and products (assuming the products aren’t solids) makes separation of the
desired products from the catalyst much easier. This can allow for speedy and effective
recovery of the products, and also allows for recycling of the catalyst. The rather harsh
conditions under which these processes are performed (high temperatures, pressures
and/or substrate or initiator concentrations) can affect the distribution of products, either
directly through manipulation of the fundamental thermodynamics of the process or
indirectly by affecting the catalyst and the nature of that catalyst’s active site(s).

One significant drawback to employing a heterogeneous system is a lack of
understanding of the fundamental steps that can affect the overall efficiency of the
process. There are few readily available techniques that can quickly and effectively
probe what is occurring on the surface of the catalyst. Due to this lack of pertinent
information, very few heterogeneously catalyzed chemical processes are fully
understood, and much work is needed to gain insight into the mechanism(s) at work.
Without knowledge of the key mechanistic steps in the transformation of substrates into
products, rational modification of the catalyst is not possible. Instead, an empirical or
combinatorial approach'? is often the only method for correlating the effect of catalyst

modification and/or reaction conditions on the overall distribution of products.'?

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In order to gain some insight into the fundamental processes at work in
heterogeneously catalyzed transformations, homogeneous complexes are often used as
models for heterogeneous systems.'* These models have the major advantage of being
soluble in organic solvents, allowing the use of a vast array of spectroscopic techniques
that can greatly simplify characterization of the species involved and allow for easier
elucidation of the possible mechanism(s) at work. Another significant advantage of
homogeneous systems as models is the relative ease with which the catalyst can be
modified. From metal substitution to a wholesale change of the ligand system, the effect
of catalyst modification can be probed more easily than can the heterogeneous analogues.
The obvious disadvantage of using homogeneous systems as models for heterogeneous
systems is that there will no doubt be significant differences in the behaviour between
soluble homogeneous metal complexes and the heterogeneous metal catalysts in a given
chemical transformation. These potential differences notwithstanding, the elementary
steps occurring on the molecular level should be identical in both systems.m'16

There are countless examples of relatively simple modifications in homogeneous
systems where a change of metal and/or a change in the ligand system resulted in
dramatic changes in either catalyst activity or selectivity in the resultant products. For
example, BASF wuses a cobalt catalyst system (Coy(CO)s/HCo(CO)s) for the
hydroformylation of propene, with resulting products being primarily the linear
aldehyde.? A slight modification of the ligand system, using phosphines (L) as a modifier
(Cox(CO)s/HLCo(CO)3), allows the reaction to be performed at significantly lower

2,17

pressure, and results in the formation of primarily the linear product,” " albeit with a

lower activity. A substitution of Rh for Co in the BASF system gives a nearly 50:50
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mixture of linear and branched aldehydes, whereas using phosphine modification, the
activity decreases, but the regioselectivity toward the linear product increases
dramatically.'” In another recent example, van Leeuwen et al. showed that varying the
steric bulk'® of the phosphines used can have a large effect on the regioselectivity of the

process.'’

(ii) Monometallic vs. Polymetallic Complexes

The aforementioned examples utilized mononuclear complexes as catalysts.
Although these compounds are certainly easier to prepare, manipulate and characterize,
they are not ideal models for metal surfaces, in which each metal is surrounded by
adjacent metals. Complexes containing more than one metal atom (termed “clusters”)
should therefore be a much more accurate model of a catalyst surface, mimicking to some
degree the possible involvement of adjacent metal centres. These cluster compounds do
however, have additional complexities associated with them, such as possessing metal-
metal bonds and the availability of multiple coordination sites and binding modes for the
incoming substrate(s).”* The observation of hydrocarbyl fragments that are believed to
be important surface-bound moieties in heterogeneous processes are more frequently
observed in bi- and polymetallic compounds than in monometallic compounds; there are

numerous bi- and polymetallic complexes containing important surface-bound carbon-

21,22 26 27-29 30,31

containing species such as carbides,”?*¢ methynes and methylene roups.
g sp g

32-34
d,

Although mononuclear methylenes (carbenes) have been characterize no reports of

late transition-metal carbides or methynes could be found.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The idea that a combination of metals can have marketable increases in a catalysts
performance beyond the simple additive effect of the presence of an additional metal has
been coined synergism, and was clegantly defined by Macaluso as “the force that can
make 2 + 2 = 5”.° Recently, this synergistic effect was exploited by Li et al., who found
that addition of HMn(CO)s to a well-known rhodium-based hydroformylation catalyst
(Rh4(CO)12) increased the activity of hydroformylation of 3,3-dimethylbut-1-ene by as
much as 30%.

In addition to any potentially beneficial synergistic affects that are present,
adjacent metals in bimetallic catalysts can also engage in a more specific form of
synergism, called the “spillover effect”.’” This effect arises when a substrate is adsorbed
by one type of surface, and can then diffuse to another type of surface within the catalyst
system, one that would not normally adsorb the substrate. In polynuclear cluster
complexes, this can be mimicked somewhat by unsaturation at one or more of the metal
centres in the complex. In mononuclear complexes, such as Vaska’s complex,
[IrCI(CO)(PPh;),],*® Wilkinson’s Catalyst, [RhCI(PPh3);],”> and Grubbs’ olefin
metathesis catalysts, [Ru(=CHR)CL(PR3);]** and [Ru(=CHPh)Cl,(Cy1Ha6N,)(PCy3)],*
their coordinative unsaturation is an important reason why these are effective catalysts for
a variety of organic transformations.*"* For polynuclear clusters, unsaturation is just as
important in gauging the reactivity of the complexes. In a recent example, the
coordinatively saturated hydrocarbyl-bridged cluster compound [(Cp*Ru)g(u-H)z(u-
CCH3)[u3-n>-CH=CH}] reacts with H,, but only at temperatures in excess of 100 °C and
at high pressure (7 atm).® In contrast, one of the precursor complexes, [{Cp*Ru(].L-

H)}2(us-H),], reacts with alkynes and olefins readily, presumably due to the relative ease
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with which Hj is lost, generating sites of coordinative unsaturation at one or more metal

centres. 43

(iii) Polynuclear vs. Binuclear Complexes

Although complexes with a high degree of nuclearity can more closely model a
catalysts’ surface when compared to mononuclear counterparts, these complexes are
notoriously difficult to study. In addition to the large number of ancillary ligands usually
associated with high-nuclearity complexes, their poorer solubility compared to binuclear
analogues makes their characterization more difficult. In addition, the presence of many
adjacent metals can give rise to a wide range of reaction pathways, adding undesired
complications. Smaller, simpler binuclear analogues are a compromise, possessing the
solubility and ease of characterization of mononuclear complexes, yet still allowing for
the study of synergistic effects associated with the presence of an adjacent metal as is
present in polynuclear complexes.”

A requirement for the study of binuclear complexes is that the two metals must be
held in close proximity by one or more bridging ligands. Furthermore, this bridging
ligand system must be robust, i.e. must remain intact in their role to keep the metals
together. If this is not the case, cooperativity effects between metals may be lost and the
benefit of using binuclear complexes as surface models will be lost. The ligand
bis(diphenylphosphino)methane,44 or dppm, performs this task admirably. For late
transition-metals, the strong M—P bonds generally keep the MM’,Ps-framework of a

dibridged MM’(dppm), species shown in Chart 1.1 intact® while also serving as
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convenient probes through the use of *'P{'H} and 'H NMR spectroscopy to aid in

Chart 1.1

—" ~p = Ph,PCH,PPh,

characterization. The ligands L and L’, are usually chosen to be groups such as hydrides,
carbonyls and hydrocarbyl fragments that are relevant to the organometallic chemistry we

choose to study. There is a rich history of study of bis(dppm)-bridged, mixed-metal

45-65 44,66-71

complexes in our group and others, with the ultimate goal being to develop a
better understanding of the role of each of these metals in substrate transformation.
Recently, more of an emphasis has been placed on combining different metals from

45,48,49,52,54,55,57-60,62-65
groups 8 and 9.7 7 ’

(iv) The Fischer-Tropsch (FT) Reaction
The first reaction involving the use of synthesis gas (CO + H,) to produce
methane over a nickel catalyst was reported by Sabatier and Senderens in 1902.% In

1923, Franz Fischer and Hans Tropsch had discovered the synthesis of various

hydrocarbons from synthesis gas by using Fe and Co catalysts,”” and by 1936, four FT
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plants had been commissioned in Germany. These plants were subsequently used to meet
the fuel demands later imposed by the Second World War. Today, the term Fischer-
Tropsch synthesis is synonymous with the catalytic hydrogenation of carbon monoxide to
form olefins, alkanes and oxygenates (see equation 3 in Scheme 1.1).

Although most of the world still relies almost exclusively on conventional oil
supplies, the FT reaction is important in regions where oil reserves are minimal or non-
existent, but where there is an abundance of alternate fossil fuels, such as coal or natural
gas, which can also be used for the generation of synthesis gas. Currently, only SASOL
(South African Synthetic Oil Limited), in South Africa, and Shell, in Malaysia, have
operational FT plants, although many other companies are involved in the future
construction of FT-based plants in various stages.>™ Recently, it has been recommended
that an FT plant be added to a multi-stage petrochemical plant in Alberta, Canada, in
order to recycle some of the CO and H, that are side products of previous stages.”
Clearly, fuels derived from the FT process will not challenge the current economic
stranglehold that fuels derived from oil possesses, however the future importance of the
FT process cannot be ignored.”

The usefulness of the FT reaction lies in its diverse range of products formed.
The product distribution is directly related to the conditions under which the FT reaction
is carried out; therefore varying the pressure, temperature, catalyst, substrate
concentrations, etc. can give rise to substantial variations in the nature of the products
obtained. With iron-based catalysts, like those employed by SASOL,™ the resultant
products are primarily linear alkenes and oxygenates. Cobalt-based catalysts yield

mostly linear alkanes and are currently the choice for the designs of more modern FT
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7 Although ruthenium is an excellent catalyst and gives high molecular weight

plants.
hydrocarbons and rhodium analogues give various hydrocarbons and oxygenates,”® their
high cost severely limits their use.

The differing reactivities of the different groups 8 and 9 metals in FT catalysis,
coupled with recent reports of increased selectivities of bimetallic catalysts over
monometallic ones in such processes as hydrogenation, alkene isomerization,”’ and
oxidation of alcohols,” strongly suggest there is a role for bimetallic group 8/9 catalysts
in FT chemistry. Reports of this increased selectivity have appeared,”” and in one
example the use of a Co/Ru catalyst showed increased turnover rate and preferential
formation of Cs and higher products with respect to those of monometallic catalysts.*’
Another Co/Ru catalyst has been shown to increase the activity of the catalytic
hydroformylation of ethylene,” and a rhodium-ruthenium catalyst has been shown to
produce ethylene glycol with greater selectivity than the monometallic counterparts.™
Although the catalytic implications with regard to product distributions using bimetallic
catalysts in FT chemistry have been extensively studied, little is known about the
fundamental role of each metal. Even for the potentially simple monometallic FT
catalysts, little is currently understood about the process and a number of proposals have

been put forward to rationalize the products obtained.

(v) Fischer-Tropsch Mechanisms

83,84

The so-called carbide mechanism®™" of the FT process can be artificially broken

down into two steps. The first involves the conversion of syngas into C; hydrocarbyl
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fragments as shown in Scheme 1.2. Carbon monoxide is adsorbed on the surface of the

catalyst where it subsequently dissociates into surface-bound carbide and oxide moieties.

Scheme 1.2
:
C—0 C (o)
— I — N\ /N
I . .. ]
Y IV PR S EE LA EE L LR A
+ Hp - H20
j j
-I— Hz H
i A A
- ~~—————
| . ] . ]
SIS/ S S/ SIS/

Adsorption of H; on the catalyst surface results in the formation of surface hydrides,
which then couple with the oxide atoms yielding water while also serving to reduce the
carbide into methyne, methylene and methyl groups.

The greatest uncertainty relating to the FT process lies in the mechanisms of
carbon-carbon bond formation, several of which have been proposed. Shortly after their
initial report, Fischer and Tropsch proposed that carbon-carbon bonds are formed through
the polymerization of the surface-bound methylene units.¥®  This mechanism was
challenged some 50 years later by Brady and Pettit, who reported that, surface-bound
methylene groups, generated by passing diazomethane (CH2N3) over the catalyst in the
absence of H, yielded only ethylene.®® Only in the presence of H, did the diazomethane-

generated methylene groups result in a normal FT distribution of hydrocarbons. This led
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Brady and Pettit to propose that further reduction of some of the surface-bound

methylenes to methyl groups occurred, and that C-C bond formation resulted from alkyl

Scheme 1.3
H, CH;
H CH A (I;H
2 3 ,
G CGHs o HC — H,C”
/ \ * I —_— |
] R
IIIIII7 s Yy rrrra S—
CH3CH.R re l
dllcﬁve . R
linear alkanes el”ni”at- |
{
on ~CH;
H,C
. «‘“\a“‘o‘\ s
)
‘(\ee
yo¢
%—

CH,—=CHR

a-olefins
migration to the methylene groups forming longer, surface-bound alkyls. The resulting
saturated and unsaturated products were the result of either reductive elimination of alkyl
and hydride groups or B-hydride elimination, respectively, as diagrammed in Scheme 1.3.
Although the Brady-Pettit mechanism has been widely accepted in the literature,
it is not without its shortcomings. Under normal FT conditions the yield of C,
hydrocarbons produced is much less than those predicted by the Anderson-Schulz-Flory

model,® suggesting a fundamental difference between the Cp-product formation and

formation of C, (n > 2) products. The FT reaction also produces small amounts of
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branched hydrocarbons, which cannot be accounted for by this mechanism. Furthermore,
it is known that o-olefins are the primary FT products (which are subsequently
hydrogenated by the excess Hy present),” but this mechanism explains their production
via f-hydrogen climination, which seems unlikely on a catalyst surface believed to be
already covered with hydrides, on which production of alkanes seems more probable.

In order to overcome the inability of the Brady-Pettit mechanism to explain the
low production of C, and branched hydrocarbons, Maitlis proposed the chain propagating
steps involved migration of a vinyl (or alkenyl) species to methylene groups instead of
migration of alkyl groups.*® In such a proposal the formation of the initial C, (vinyl)
species (possibly by coupling of methylene and methyne units) differs from the chain
propagating steps, allowing a rationalization for the anomalous production of C; species
compared to higher order hydrocarbons. In the chain propagating steps migration of a
vinyl group onto a methylene group, forms the Cs-containing allyl species, as

diagrammed in Scheme 1.4. Isomerization of this allyl group (via 1,3-hydrogen shift)

Scheme 1.4
H; CH,
f
H H, .CH, —— Ve
(d P
/(II\ + /C\ N HC H,C
] e — —
SIS SS/ SIS S SIS/ S
H>
HCHR /C\ HCH,
CH Jm—— CH
by
etc. -—o H(l; 72 - - HT//
Yo Yy
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will generate a substituted vinyl group. Subsequent migrations of this substituted vinyl
unit onto another methylene group followed by isomerization will propagate the
mechanism and produce the observed long-chain hydrocarbons.  Ironically, the
suggestion for the involvement of vinyl species in C—C bond formation arose from
studies on the bis-methylene-bridged species [Cp Rh(CH3)(u-CHy)]z (1) having adjacent
methyl and methylene groups, which was being investigated as a model for the Brady-
Pettit mechanism.®® Heating complex 1 gives propene and methane,* as diagrammed in
Scheme 1.5. Labelling experiments showed that the production of propene is not a result
of coupling of a methyl with two methylene groups, followed by B-hydrogen elimination,
but instead appeared to result from C-H activation of a methylene group to form a
methyne/hydride species. Migration of a methyl group to the new bridging methyne unit
followed by B-hydrogen elimination would give a vinyl/hydride. Coupling of the
remaining CH, with the vinyl group, followed by reductive elimination, was proposed to

give the observed propene.

Scheme 1.5

———»  CHy=CHCH; + CHy
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Facile migration of a vinyl group to an adjacent methylene moiety in
[Cp Rh(CH=CH,)(i-CH,)], was confirmed upon oxidation to yield the mononuclear allyl

complex, shown in Scheme 1.6. In addition, a series of heterogeneous FT reactions with

Scheme 1.6
+
R CHZ\\ _‘
L 1 + o
Ag CHR
e CH 2
P \Rh — > th

a Ru catalyst and using doubly-labelled BC,H, and BCH,=">CHBr as initiators have
shown that high levels of '°C; incorporation into the hydrocarbon occurs, consistent with
the proposed “alkenyl” mechanism shown in Scheme 1.4%"*  One uncertainty in the
“Maitlis Scheme” shown in Scheme 1.4 is the proposed isomerization of an allyl to an
alkenyl species, for which only two examples have been observed.’®®® Furthermore, this
isomerization is counterintuitive, owing to the well documented stability of allyl
species.”

A recent FT mechanism also based on C, species has been proposed by Dry,” in
which surface methylenes couple to form a surface-bound ethylene ligand, is shown in
Scheme 1.7. Coupling of the ethylene with another methylene ligand yields a
propanediyl-bridged (CsHg) species, which rearranges to form a surface-bound propene.
Coupling of this olefin with a fourth methylene group can occur at the less hindered end

leading subsequently to linear hydrocarbons or at the more hindered end to give the

branched product.”’ Clearly the former site of coupling will be favoured. The Dry
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mechanism not only emphasizes the importance of the methylene unit, but also explains
why methyl-branched hydrocarbons are the primary branched species observed in FT
synthesis. The scheme also accounts for the ahomalous yield of C, products in the
Anderson-Shulz-Flory distribution, since the mechanism for C, production differs from

the chain propagating steps.

Scheme 1.7
e v
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linear g-olefin
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H N\
CH,
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H2/C_C <

I
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monomethyl a-olefin
Pettit attempted to use a methylene-bridged di-iron complex, [Fe2(CO)s(1L-CHa)]a
(2), to model surface-bound methylenes.”” Upon heating of 2 to 55 °C under 400 psi of
ethylene, propene is the major observed product (Scheme 1.8). Although Pettit proposed
a mechanism involving (a) loss of a CO ligand followed by ethylene coordination, (b)
insertion of ethylene into the Fe-CH, bond forming a Cs-bridged intermediate, (c) [B-

hydride elimination to give an allyl/hydride then (d) reductive elimination to afford
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Scheme 1.8

H, A

¢ ——> 2 (C,HyFe(CO); + CH,=CHCH,
(0C),Fe“———Fe(CO), CoHg4

propene, none of the proposed intermediates were observed.”*** The similarity of this
proposed mechanism to the first few steps in the Dry proposal is striking.

Previous work in our group has shown that the reaction between the binuclear
complex [RhOs(CO)s(dppm),][X] (dppm = p-Ph,PCH,PPh;, X = anion) (3) and
diazomethane appears to model the Dry proposal of sequential CH; coupling. Treatment
of 3 with diazomethane can incorporate between one and four methylene units yielding
methylene-bridged (A), allyl/methyl (B), or butanediyl (C) fragments on the metals, as
shown in Scheme 1.9.% The C,-bridged (D) and the Cs-bridged (F) appear to be

excellent models for those proposed in the first two steps of the Dry mechanism.

(vi) Oxygenates

As mentioned earlier, alkanes and olefins are not the only products produced in
the FT reaction. Other products include oxygenates such as alcohols, glycols and
aldehydes. Although little mechanistic work has been carried out in efforts to explain the
appearance of oxygenates, their formulation must occur by a different mechanism than
that of hydrocarbons. From an organometallic perspective, it would seem that carbonyl
migratory insertion is a feasible pathway to oxygen-containing products.”***  This

96-99

mechanism is referred to as the Pichler-Schulz mechanism, and is diagrammed in
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Scheme 1.9
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Scheme 1.10. The alkyl group, presumably formed by one of the previously mentioned
mechanisms, migrates to a carbonyl forming a surface acyl group, which can then
undergo one of three possible transformations: (i) hydrogenation of the C=O bond
followed by reductive elimination with a surface hydride group forming alcohols, (ii)
immediate reductive elimination of the acyl group and a hydride forrhing aldehydes; or
(iii) complete reduction of the acyl species forming an alkyl, which can then desorb as
alkanes. All three steps have been observed in model systems. The complex

CpFe(CH3CO)(CO), can react with silanes to undergo selective reduction forming
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siloxyalkyl group (step (1)) or an alkyl group (step (iii)).'® Step (ii) has been modeled by

Scheme 1.10
H
C R C X rrrr CH
oo — —
] [ ] . | . |
TSNS IS S VO PO oLo4 SIS/
H H H
IR X EEEEd I '
R OH
H,C™
l _CH
— R H
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aldehyde alcohol
H
|
HCH,R
alkane

a binuclear complex, [Rhy(u-CH;CO)(CO)s(dppm),]” (4), where reaction of 4 with H,

affords acetaldehyde.'”

(vii) Goals of this Thesis

The high reactivity of the Rh/Os compound 3 toward diazomethane suggested that

102

substitution of Os with the more labile Ru ™ could lead to an increase in the reactivity of

a Rh/Ru analogue of 3, resulting perhaps in enhanced CH; incorporation. In any case, an
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investigation of heterobinuclear complexes and a determination of roles of the different
metals and of different metal combinations require that different combinations of metals
be compared. For these reasons, the reactivity of the RhRu analogues of the RhOs
system was investigated. As such, the primary goal of this thesis was to synthesize and
investigate the reactivity of Rh/Ru complexes containing a bridging-methylene group.
The reactivity of these Rh/Ru complexes with additional methylene groups and with
unsaturated organic substrates was to be examined, with the ultimate goal of effecting
carbon-carbon bond formation of relevance to the FT process. Also a comparison with
the RhOs series of complexes will be made, wherever relevant. It was anticipated that
such products may be effective models for the surface-bound species prevalent in the

aforementioned FT mechanisms.
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Chapter 2

Methylene-Bridged Complexes of Rhodium/Ruthenium as Models for Bimetallic

Fischer-Tropsch Catalysts: Comparisons with the Rh/Os and Ir/Ru Analogues

Introduction:

As noted in Chapter 1, the most promising system for the incorporation of
methylene fragments in our series of group 8/9 heterobinuclear complexes is derived
from [RhOs(CO)4(dppm)2][CF3SO3]." This complex was found to incorporate up to four
diazomethane-generated methylene units, depending on reaction conditions, as
diagrammed in Scheme 1.9. The high FT activity of Ru, as well as the rich chemistry of
diruthenium complexes in carbon-carbon bond formation,” led us to extend the above
Rh/Os chemistry to include the Rh/Ru combination of metals, and our preliminary
findings on this system are reported herein, as are comparisons with the above RW/Os'
system and the related Ir/Ru’ system. From this comparison we hope to be able to address
questions relating to the use of different metal combinations in carbon-carbon bond

formation related to FT chemistry.
Experimental:

General Comments. All solvents were dried (using appropriate desiccants), distilled
before use, and stored under a dinitrogen atmosphere. Reactions were performed under an
argon atmosphere using standard Schlenk techniques. Diazomethane was generated from
Diazald, which was purchased from Aldrich, as was the trimethylphosphine (1.0 M)

solution in THF. The '*C-enriched Diazald was purchased from Cambridge Isotopes,
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whereas CO was purchased from Isotec Inc. The complex [RhRu(CO);(u-H)(dppm),]

was prepared by a published procedure.®

The 'H, *C{'H}, and *'P{'H} NMR spectra were recorded on a Varian iNova-
400 spectrometer operating at 399.8 MHz for 'H, 161.8 MHz for *'P, and 100.6 MHz for
BC. Infrared spectra were obtained on a Bomem MB-100 spectrometer. The elemental

analyses were performed by the microanalytical service within the department.

For all the compounds reported, both the triflate (CF3SO3") and tetrafluoroborate
(BFy) salts were synthesized through the use of either triflic or tetrafluoroboric acid in
the preparation of compound 1, described below. Compounds having the triflate anion are
labeled a, whereas those with tetrafluoroborate are labeled b. Since the spectroscopic data
for the cations were found to be identical, irrespective of anion used, only the syntheses
and spectroscopic data (Table 2.1) for the triflate salts are reported herein. However,
crystal structure determinations described are for the tetrafluoroborate salts since our

attempts to obtain suitable single crystals of the triflate salts were unsuccessful.
Preparation of Compounds:

(a) [RhRu(CO);(u-H):(dppm):][CF3SOs;] (1a). The compound [RhRu(CO);(u-
H)(dppm),] (100 mg, 0.095 mmol) was dissolved in 1.0 mL of THF, and 20 mL of
diethyl ether was added slowly to produce a cloudy, brown solution. Triflic acid (8.5 pL,
14.1 mg, 0.096 mmol) was added dropwise, causing the precipitation of a yellow solid.

The slurry was stirred for 2 h, and the light brown supernatant was removed. The
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Table 2.1. Spectroscopic Data For Compounds.

NMR%®
Compound IR (cm™)*? Sp{'H} (ppm) 'H (ppm)?" BC{'H} (ppm)™’
[RhRu(CO)s(u-H)a(dppm),]- 2044 (m), 1970 34.4 (m), 26.2 3.87 (m, 4H), -9.65 (m,  197.0 (t, “Jpc = 12 Hz,
[CF3S0s] (1a) (br,s) (dm) 2H) 2C), 182.6 (dt, *Jrnc =
75 Hz, *Jpc = 17 Hz,
10)
[RhRu(CO)4(dppm),][CF3S0; 1987 (m), 1945 (m), 35.4 (m), 27.1 3.9 (m, 4H) 207.6 (t, “Jpc = 13 Hz,
1 (2a) 1906 (s) (dm) 2C), 195.9 (t, 2Jpc =
15 Hz, 1C), 179.5 (m,
ZJPC =15 HZ, 1JRh(j -
75 Hz, 1C)
[RhRu(CO)4(p1- 2043 (m), 2001 35.3 (om) 3.74 (m, 2H), 2.80 (m, 2274 (m, 1C), 195.4 (dt,
CH,)(dppm),]- [CF3SO03] (m), 1963 (s), 2H), 2.43 (m, 2H) 2Jpc =20 Hz, 'Jpnc =
(3a) 1802 (m) 66 Hz, 1C), 194.9 (m,
1C), 194.0 (t, *Tpc =
12 Hz, 1C), 48.3
(dpq, 'Jrac = 16 Hz,
Jpc =5 Hz)
[RhRu(CO)3(p- 2018 (m), 1995 (s), 30.7 (m), 28.6 5.38 (m, 2H), 4.24 (m, 96.2 (t, *Jpc = 8 Hz, 1C),
CH,)(dppm),]- [CF3S0s] 1957 (s)° (dmY 2H), 3.58 (m, 2HY 195.2 (t, *Jpc = 13 Hz,
(42) 1C), 189.1 (dt, *Jpc =

14 Hz, 'Tgrnc = 68 Hz,
1C), 97.0 (m)*

8¢C
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Table 2.1. Spectroscopic Data For Compounds (cont’d.)

[RhRu(PMe;)(CO)3(-CHy)- 1981 (s), 1965 (s),  26.8 (m), 23.5 4.77 (m, 2H), 3.85 (m, 204.1 (t, *Jpc = 10 Hz,
(dppm),][CF3S03] (5a) 1919 (s) (dm), -34.4 2H), 3.60 (m,2H), 0.70 1C), 199.6 (om, 2C),
(dm) (d, *Jpu = 10 Hz, 9H) 90.7 (m)

“IR abbreviations: s = strong, m = medium, w = weak, sh = shoulder. b CH,CL, solutions unless otherwise stated, in units of cm™. ¢

in THF. ¢ NMR abbreviations: s = singlet, d = doublet, t = triplet, m = multiplet, dm = doublet of multiplets, om = overlapping
multlplets br = broad, dt = doublet of triplets, dpq = doublet of pseudo-quintets. * NMR data at 25 °C in CD,Cl, unless otherwise

stated. ~ >'Pchemical shifts referenced to external 85% H3PO4. ¢ Chem1ca1 shifts for the phenyl hydrogens are not given. ”'H and
BC chemical shifts referenced to TMS. ' *C{'H} NMR performed with * 3CO enrichment.  in acetone-ds. *in THF-ds.
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remaining solid was recrystallized from CH,Cly/Et;0 (83% yield). Anal. Caled for

Cs4Hy6F306P4RhRUS: C, 53.70; H, 3.84. Found: C, 53.75; H, 3.81.

(b) [RhRu(CO)4(dppm),][CF;S03] (2a). Compound 1a (100 mg, 0.081 mmol) was
dissolved in 10 mL of CH;Cl; and stirred under a CO atmosphere for 16 h. The orange
solution was concentrated to 5 mL, and ether was added slowly to precipitate a yellow
solid, which was recrystallized from CH,Cl,/Et,0, washed with 3 x 15 mL of ether, and
dried in vacuo (93% yield). Anal. Calcd for CssHysF30,P4RhRuS: C, 53.54; H, 3.59.

Found: C, 53.61; H, 3.59.

(¢) [RhRu(CO)4(u-CHy)(dppm),][CF3803]-0.33CH,Cl; (32:0.33CH;Cl;). Compound
2a (254 mg, 0.206 mmol) was dissolved in 15 mL of CH,Cl, and cooled to -78 °C.
Diazomethane, generated from 290 mg of Diazald (1.347 mmol), was passed through the
solution vigorously for the duration of CHy;N; production. The orange solution was
stirred under the diazomethane atmosphere for 1 h, after which the vessel was allowed to
warm to room temperature under a stream of argon. The solvent was removed in vacuo,
and the orange residue dissolved in 5 mL of CH,Cl, and filtered through Celite (in air).
Ether was added dropwise to precipitate orange microcrystals (89% yield). Anal. Calcd
for Cse3Ha6.7Clo 7F307P4RhRuS: C, 53.03; H, 3.69; Cl, 1.83. Found: C, 52.86; H, 3.69;
Cl, 1.71. The fractional methylene chloride (1/3) of crystallization resulted from facile
desolvation upon removal of crystals from the mother liquor. However, storage under
high vacuum did not result in complete solvent loss. Elemental analysis and 'H NMR

spectroscopy confirmed the presence of CH,Cl,.
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(d) [RhRu(CO)3(u~-CHy)(dppm);][CF3S03] (4a). A 50 mL portion of acetone was
added to a mixture of compound 3a (126 mg, 0.101 mmol) and Me3;NO (13 mg, 0.17
mmol), resulting in a rapid color change from orange to dark red. The solution was
filtered through Celite, and the solvent was removed in vacuo. The residue was
recrystallized from acetone/ether/n-pentane (1:3:3), washed with 3 x 15 mL of ether, and
dried in vacuo (53% yield). The highly air-sensitive nature of 4a has prevented

dependable elemental analysis results.

(e) [RhRu(PMe;3)(CO);(u-CHz)(dppm):][CF3S0s] (5a). Method i. Compound 3a (100
mg, 0.080 mmol) was suspended in 15 mL of THF, and PMe; (160 uL of a 1.0 M THF
solution, 0.160 mmol) was added. The solution was stirred for 2 h, after which the
solvent was removed in vacuo. The yellow residue was recrystallized from CH,Cl,/ether,
washed with 3 x 15 mL of ether, and dried in vacuo (72% yield). Anal. Calcd for

CssHssF3O¢PsRhRuS: C, 53.75; H, 4.28. Found: C, 53.60; H, 4.27.

Method ii. Compound 4a (20 mg, 0.016 mmol) was dissolved in 0.7 mL of CD,Cl, in an
NMR tube. PMe; (20 puL of a 1.0 M THF solution, 0.020 mmol) was added, and the
solution was mixed for 5 min, during which time the color changed from red to yellow.

'H and *'P NMR spectroscopy revealed complete conversion to 5a.

(f) Reaction of 3 with Excess CH;N,;. Compound 3, as cither the CF3SO;" or BF4 salt
(100 mg, 0.080 mmol), was dissolved in 0.7 mL of CD,Cl, in an NMR tube, and
diazomethane, generated from 100 mg (0.464 mmol) of Diazald, was passed through the
headspace of the tube. The solution was mixed for 20 min with no noticeable color

change. 'H and *'P NMR spectroscopy revealed only the presence of 3 and ethylene.
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(2) Reaction of 4 with CO. Compound 4, as either the CF;SO;3™ or BF, salt (20 mg,
0.016 mmol), was placed in an NMR tube, and 0.7 mL of CD,Cl, was added. Addition of
carbon monoxide caused the solution to turn from red to orange-yellow immediately. *'P

and 'H NMR spectroscopy confirmed complete conversion to compound 3.

(h) Reaction of 4 with Excess CH;N;. Compound 4, as either the CF3SO;3™ or BF, salt
(100 mg, 0.080 mmol), was dissolved in 0.7 mL of CD,Cl, in an NMR tube, and
diazomethane, generated from 100 mg (0.46 mmol) of Diazald, was passed through the
headspace of the tube. The solution was mixed for 20 min with no noticeable color
change. 'H and *'P NMR spectroscopy revealed the formation of at least three new

uncharacterized products.

X-ray Data Collection.” Data for all compounds in this chapter were collected by Drs.
Robert McDonald and Robert Lam in the departmental X-Ray Structure Determination
Laboratory on a Bruker P4/RA/SMART 1000 CCD diffractometer’ using Mo Ko
radiation at -80 °C. Yellow crystals of [RhRu(CO)s(dppm),][BF4] (2b) were obtained
from slow diffusion of Et,O into a concentrated CH,Cl; solution of the compound.
Orange crystals of [RhRu(CO)4(u-CH,)(dppm),][BF4] (3b) were obtained by slow
diffusion of Et,O into a concentrated CH,Cly solution of the compound. Although the
triflate salt (3a) contained CH,Cl, of crystallization, no solvent is present in crystals of
the BF4 salt. Yellow crystals of [RhRu(PMe;)(CO);(L-CHz)(dppm)2][BF4] (Sb) were
obtained from slow diffusion of Et;0 into a concentrated CH,Cl; solution of the
compound. Unit cell parameters for the compounds were obtained from a least-squares

refinement of the setting angles of 4710 reflections for 2b, 4386 reflections for compound
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3b, and 6861 reflections for compound 5b from the data collection. Space groups for 2b
and 5b were determined to be P2/c, and that of 3b was found to be /2/a (a nonstandard
setting of C2/c). The data for all compounds were corrected for absorption by use of the

SADABS procedure.

Structure Solution and Refinement. All structures were solved by Drs. Robert
McDonald and Robert Lam using direct methods (SHELXS-86),” and refinement was
completed using the program SHELXL-93."° Hydrogen atoms were assigned positions
on the basis of the geometries of their attached carbon atoms and were given thermal
parameters 20% larger than those of attached carbons. Compound 2b is disordered about
the inversion center at (0, 0, 0), such that the metal sites are each composed of 1/2
occupancy of each metal (Rh/Ru). The only other atoms affected by the disorder are C(2)
and C(3), which each appear at 1/2 occupancy at inversion-related sites. The BF,4 ion was
also disordered about the inversion center at (0, 1/2, 0). Despite the disorder, all atom

positions were resolved and least-squares refinement proceeded well.

In compound 5b both metals have similar coordination environments, so the
identification of Rh or Ru is not obvious. However, interchanging the scattering factors
for the two metals resulted in an obvious enlargement of the thermal parameters for the
incorrectly labeled Rh atom and a contraction of those for Ru, indicating that too few
electrons were at the former site and too many at the latter. At the same time, the
residuals upon convergence for this model are marginally worse (R, = 0.0521, wR, =
0.1300) than for the correct model (R; = 0.0506, wR; = 0.1200). Both effects indicate that

the original model, having the labeling reported, is correct. This model also agrees with
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the spectroscopic data (vide infra). Crystallographic data for compounds 2b, 3b, and 5b

are given in Table 2.2.

Results and Compound Characterization:

The methylene-bridged complex [RhRu(CO)4(n-CHz)(dppm).][X] (3) has been
prepared from [RhRu(CO)s(u-H)(dppm),]° by the series of reactions shown in Scheme
2.1. Protonation of this monohydride, using cither triflic acid or tetrafluoroboric acid

yields [RhRu(CO);(u-H)2(dppm);][X] (X = SO;CF; (1a), BF4 (1b)), as the respective

Scheme 2.1
P/\P P/\P + « P/\P +
X
o o]
| H ‘ HX ' H | ¢ co c
R Ry—co > 0c—RH. \Ru/ ——>  0C—Rm—Ru—C0
O /
=T 4 RATHERNGY
P\O/P P~ —" P\/P
1 2
-78 °C l CH,N,
P/\P + P/\P +
N L E e
N __co co N
RH———Ruy - —— Rh R{
OC/ ‘ ’\c oC, l \c/| \co
(o] o
P\/P P\/P
4 3
P/\P +
HZ
Me,P. | c | X
>Rh/————->\Ru/°°
o€ | N,
| %
PP
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[RhRu(CO)4(dppm).}[BF4] (2b)

Table 2.2. Crystallographic Data for Compounds 2b, 3b and Sb.

[RhRu(CO)4(u-CHy)-
(dppm),][BF4] (3b)

[RhRu(PMe3)(CO)3(1-CHa)-
(dppm),][BF4]-2CH,Cl, (5b)

formula

fw

cryst dimens, mm

cryst. system
space group
a, A

b, A

c, A

B, deg

v, A’

Z

34

dcalcda g cm’

JZA mm’’

diffractometer

C54H44BF404P4RhRu

117156
0.39x0.24 x0.12
monoclinic
P2;/c (No. 14)
11.5763(6)"
12.7597(7)
17.401(1)
101.66 (1)
2516.8(2)

2

1.546

0.815

Bruker P4/RA/SMART 1000
ccp?

C55H46BF4O4P4RhRu

1185.59

0.63 x 0.13 x 0.08
monoclinic
I2/a (No. 15)
42.754(5)
10.240(1)
23.590(3)
90.455(2)
10327(2)

8

1.525

0.796

Bruker P4/RA/SMART 1000
ccp?

C59H59BC14F4O3P5RhRu

1403.50

0.38 x0.16 x 0.07
monoclinic
P2;/c (No. 14)
20.3808(13)°
12.7481(9)
23.240(1)
91.495 (1)
6036.0(7)

4

1.544

0.889

Bruker P4/RA/SMART 1000
ccp?

c¢
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Table 2.2 (cont’d.)

radiation (4, A)
T, °C
scan type

260 (max), deg
no. of unique
reflections

no of observns

no. of variables

range of abs corr
factors
residual density,

/A3

Ri(F,2> 25 (FH))
wR; (all data)
GOF (sY

graphite-monochromated Mo Ko
(0.710 73)
-80

¢ rotations (0.3°)/m scans (0.3°)
(30 s exposures)
52.76

5141

4489
340

0.909-0.742

0.59t0 -0.36

0.0255
0.0690
1.028

graphite-monochromated Mo Ko
(0.710 73)
-80

0 rotations (0.3°)/® scans (0.3°)
(30 s exposures)
52.82

10 526

8180
626

0.939-0.634

1.48t0-0.70

0.0415
0.1051
1.010

graphite-monochromated Mo Ko
(0.710 73)
-80

¢ rotations (0.3°)/m scans (0.3°)
(30 s exposures)
52.82

12 333

7751
703

0.956-0.730

1.21t0-1.10

0.0506
0.1200
0.951

“ Cell parameters obtained from least-squares refinement of 4710 centered reflections. ® Cell parameters obtained from least-squares

refinement of 4386 centered reflections. © Cell parameters obtained from least-squares refinement of 6861 centered reflections.

d

Programs for diffractometer operation, data reduction, and absorption were those supplied by Bruker. ¢ Ry = Z ||Fo| — |[F|| / Z |F,|; wR2
= [Z(F, — FAYZo(FH]2. fs= [Z0( Fy’ - FH*(n - p)]l/2 (n = number of data, p = number of parameters varied; w = [ °(F,’) +
(aP)’ + aiP]", where P = [max(F,’, 0) = 2F.’}/3. For 2b a, = 0.0368 and a; = 1.1895; for 3b a, = 0.0587 and a; = 5.1691; for 5b a, =

0.0527 and a; =0.00.
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triflate or tetrafluoroborate salts (in subsequent discussions a compound number without
a or b designation refers to the generic compound having either CF3SOs;~ or BF4
anions). Both hydride ligands in 1 are chemically equivalent and appear as a multiplet at
3 -9.55 in the 'H NMR spectrum due to coupling to four phosphorus and one 'Rh
nuclei. The *'P{'H} NMR spectrum of 1 is characteristic of an AA’BB’X spin system
found in these types of dppm-bridged heterobinuclear systems with the Rh-bound end of
the diphosphine (8 26.2) being slightly upfield from the Ru-bound end (3 34.4). In the
13C{IH} NMR spectrum two carbonyl resonances are observed in a 2:1 intensity ratio.
The more intense signal at 6 197.0 corresponds to the pair of chemically equivalent, Ru-
bound carbonyls, while the other, at & 182.6, displays 75 Hz coupling to Rh and

corresponds to the terminal carbonyl on this metal.

Reaction of 1 with carbon monoxide results in elimination of H, and
accompanying coordination of CO affording the cationic tetracarbonyl,
[RhRu(CO)4(dppm),][X] (2), which displays three carbonyl resonances in the 13C{lH}
NMR spectrum in a 1:1:2 intensity ratio at 25°C. The high-field resonance (& 179.5),
showing coupling of 75 Hz to Rh, is identified as that terminally bound to this metal, the
intermediate signal at & 195.9 is a triplet, displaying coupling to the pair of Ru-bound ilp
nuclei while the low-field resonance (also a triplet), integrating as two carbonyls,
corresponds to the two Ru-bound CO ligands that are bent toward Rh. The slight
downfield shift of these carbonyls is presumed to result from the interaction with the

adjacent Rh, as has previously been observed.'" However, it is clear that any interaction
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of these carbonyls with Rh must be weak since no coupling to this nucleus is observed in
the C{'"H} NMR spectrum, and the IR spectrum of 2 shows only terminal carbonyls.
The solid-state structure of 2 confirms what is proposed based on spectroscopic
data and this structure is shown for the cation in Figure 2.1, with relevant bond lengths
and angles in Table 2.3. About Rh, the geometry is square planar in which Ru occupies
one of the coordination sites. If the metal-metal bond is ignored, the geometry at Ru is
best described as trigonal bipyramidal, in which the C(2)-Ru-C(3) angle, which is
bisected by the metal-metal bond, has opened up to 131.7(2)° with a corresponding
decrease in the other carbonyl angles to 113.6(1)° and 114.7(2)°. The Rh-Ru distance
(2.7870(3) A) is normal for a single bond showing substantial contraction of the metal-
metal separation compared to the intra-ligand P-P separation (3.0176(6) A). The X-ray
structure also shows that C(2)O(2) and C(3)O(2’), although aimed towards Rh, remain
terminally bound to Ru. The long Rh-C(2) and Rh-C(3) distances (2.665(4) and 2.678(4)
A) confirm that any interaction between Rh and these carbonyls must be extremely weak.
Reaction of 2 with diazomethane at —78°C generates the methylene-bridged
product [RhRu(CO)4(n-CHy)(dppm).][X] (3) quantitatively, as shown in Scheme 2.2.
The 'H NMR spectrum reveals the resonance for the u-CH, group as a pseudo-quintet at
& 2.43 with essentially equal coupling to all four *'P nuclei. No coupling of the
methylene protons to Rh is obvious. This signal can be differentiated from the dppm
methylene protons (at 8 3.74 and 2.80) by using broad-band 3P decoupling, resulting in a

collapse of the metal-bound methylene signal to a singlet while the dppm-methylene
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Figure 2.1: Perspective view of the [RhRu(CO)4(dppm),]" complex cation of 2b showing
the atom-labeling scheme. Non-hydrogen atoms are represented by Gaussian
ellipsoids at the 20% probability level. The methylene hydrogen atoms are
shown with arbitrarily small thermal parameters, while the dppm phenyl
hydrogens are not shown. Primed atoms are related to unprimed ones by
inversion symmetry. Only one of the disordered structures is shown. For an
explanation of the disorder see the Experimental Section.
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Table 2.3: Selected Distances and Angles for Compound 2b.
(i)  Distances (4)

Atom1 Atom?2 Distance Atom 1 Atom 2 Distance
Rh Ru 2.7870(3) Ru C@3) 1.950(4)
Rh P(1) 2.3368(5) P(1) P(2) 3.0176(6)’r
Rh P(2’)* 2.3346(5) P(1) C4) 1.834(2)
Rh C(1) 1.885(2) P(2) C4) 1.834(2)
Rh C(2) 2.665(4) o) C(1) 1.126(3)
Rh C@3) 2.67 8(4)T 0(2) C(2) 1.218(4)
Ru CQ2) 1.969(4) 0(2) C@3) 1.224(4)

T Non-bonded distance.

(ii)) Angles (deg)
Atoml  Atom2 Atom3 Angle Atoml Atom2  Atom3  Angle

Ru Rh P(1) 92.41(1) P(2) Ru C3)  88.3(1)
Ru Rh PR2)  9320(1)  C(1) Ru C2)  113.6(1)
Ru Rh C(l)  179.13(8)  C(1) Ru C3) 11472
P(1) Rh PQ2)  17378(2)  C(2) Ru C3) 131.7(2)
P(1) Rh c(1) 87.47(7) Rh P(1) C@4) 113.17(6)
P(2%) Rh C(1) 86.96(7) Ru P(2) C4)  113.56(6)
Rh Ru CQ) 65.6(1) Rh c(1) o)  179.7(3)
Rh Ru Cc@3) 66.1(1) Ru CQ) 0Q2) 1753(3)
P(1°) Ru C(2) 89.7(1) Ru C(3) 0(2) 174.803)
P(1°) Ru C(3) 91.5(1) P(1) C(4) P2)  110.7(1)
P(2) Ru C(2) 95.1(1)
“ Primed atoms related to unprimed ones by the crystallographic inversion center at (0, 0,

0).
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signals collapse to the expected AB quartet. It is important to point out that selective lp
decoupling, in which only one of the two *'P resonances is decoupled, is not possible in
some of these compounds, due to the close proximity of the two resonances. In

compound 3 the two sets of resonances are superimposed, as shown in Figure 2.2.

Y

T T T I 1 T T H l 1 1 H T l T T 1 1 | T T H T I T
ar.ao 8.0 350 340 33.0
8 (ppm)

Figure 2.2: The *'P{'H} NMR spectrum of compound 3.

The *C{"H} NMR spectrum of a '*CO-enriched sample of 3 shows the expected

four resonances, with the lowest-field signal (8 227.4) being attributed to the bridging CO
ligand. Broad-band 3'P-decoupling experiments show that this carbonyl also displays a

25 Hz coupling to Rh, consistent with a strong semibridging interaction. The signal at &
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195.4 appears as a doublet of triplets with coupling to the Rh nucleus of 66 Hz, clearly
indicating that it is Rh-bound. The remaining two carbonyl signals are due to the pair
that are terminally bound to Ru. The "’C resonance for the bridging methylene group

(*CHs-enriched sample) appears as a doublet of pseudo quintets at § 48.3, displaying 16

Hz coupling to Rh and 5 Hz coupling to all phosphorus nuclei. The IR spectrum helps
confirm the carbonyl bonding assignment, showing three terminal CO bands (2043, 2001
and 1963 cm™) and one for the semibridging CO (1802 cm™).

The structure of 3b was confirmed by an X-ray structure determination and the
complex cation is shown in Figure 2.3 with important bond lengths and angles given in
Table 2.4. This compound has a doubly-bridged “A-frame” structure, in which the
metals are bridged by the methylene group and a carbonyl on opposite faces of the
“RhRuP4” plane. The Rh-Ru separation (2.9114(5) A) is longer than a normal single
bond involving these metals and can be compared to that observed in 2b, which is in the
normal range of such bonds. However, this metal-metal separation is still significantly
less than the intraligand P-P separations (3.205(1) and 3.004(1) A), indicating a mutual
attraction of the metals. In the absence of a metal-metal bond, we expect the Rh-Ru
separation to be close to the intraligand P-P distance. If the Rh-Ru bond is ignored, the
geometry about Ru can be viewed as octahedral while Rh has a tetragonal pyramidal
geometry in which the apical site is occupied by the bridging carbonyl. This carbonyl
can be considered as semi-bridging, although the asymmetry in the angles about the
carbonyl carbon (Rh-C(2)-O(2) = 130.4(3)°, Ru-C(2)-O(2) = 141.1(3)°) is not as great as

usually observed.'? Surprisingly, the asymmetry in metal-carbonyl bond lengths is the
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Figure 2.3: Perspective view of the [RhRu(CO)4(1-CH,)(dppm),]" cation of 3b showing
the atom-labeling scheme. Thermal parameters are as described for Figure
2.1.
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Table 2.4: Selected Distances and Angles for Compound 3b.
(i)  Distances (4)

44

Atom 1  Atom 2 Distance Atom 1 Atom 2 Distance
Rh Ru 2.9114(5) Ru C(5) 2.213(3)

Rh P(1) 2.305(1) P(1) P(2) 3.205(1)°
Rh P(3) 2.351(1) P(1) C(6) 1.840(3)
Rh C(1) 1.900(4) P(2) C(6) 1.853(4)
Rh C(2) 2.021(3) P(3) P(4) 3.004(1)°
Rh C(5) 2.089(3) P(3) C(n 1.835(3)
Ru P(2) 2.382(1) P(4) C(N 1.835(3)
Ru P(4) 2.382(1) o(1) C() 1.137(4)
Ru C(2) 2.155(4) 0(2) C(2) 1.164(4)
Ru C@3) 1.927(4) 0(3) C(3) 1.139(4)
Ru C4) 1.913(4) 04) C(4) 1.136(4)
" Non-bonded distance.
(ii) Angles (deg)

Atom1l Atom2 Atom 3 Angle Atom | Atom 2 Atom 3 Angle
Ru Rh P(1) 96.24(2) C(1) Rh C(5) 167.9(1)
Ru Rh P(3) 94.68(2) C(2) Rh C5) 96.1(1)
Ru Rh C(1) 142.8(1) Rh Ru P(2) 90.82(2)
Ru Rh C(2) 47.7(1) Rh Ru P(4) 86.78(2)
Ru Rh C(5) 49.24(9) Rh Ru C(2) 43.94(9)
P(1) Rh P(3) 156.12(3) Rh Ru C(3) 135.6(1)
P(1) Rh C(1) 92.6(1) Rh Ru C4) 128.8(1)
P(1) Rh C(2) 95.3(1) Rh Ru C(5) 45.65(9)
P(1) Rh C(5) 83.3(1) P(2) Ru P(4) 174.72(3)
P(3) Rh C() 91.5(1) P(2) Ru C(2) 87.8(1)

P(3) Rh C(2) 107.8(1) P(2) Ru C@3) 93.6(1)
P(3) Rh C(5) 87.9(1) P(2) Ru C(4) 91.6(1)
C(1) Rh C(2) 95.6(2) Rh Ru C2) 88.3(1)
Rh C2) 0(2) 130.4(3)
Ru C(2) 0(2) 141.1(3)
Rh C(5) Ru 85.1(1)
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opposite of what one might expect with the Ru-C(2) distance (2.155(4)A) being longer
than Rh-C(2) (2.021(3) A). Usually in semi-bridging carbonyls the shorter distance is
associated with the metal that forms the more linear carbonyl arrangement (Ru in this
case). The bridging methylene group is also unsymmetrically bridged, again being more
tightly bound to Rh (Rh-C(5) = 2.089(3) A, Ru-C(5) =2.213(3) A). It should be noted,
however, that in 3b all metal-ligand bonds are shorter for Rh than for Ru. This may be a
consequence of the differences in coordination geometry, with greater repulsions giving
rise to longer bonds at the more crowded Ru center. In addition, the carbonyls bound to
Ru may also be elongated due to the trans influence of the bridging carbonyl and
methylene groups.

A comparison with two other closely related compounds, [RhOs(CO)s(u-
CH,)(dppm),][BF4]"* and [IrRu(CO)4(u-CH,)(dppm),][BFs],” is of interest. The Rh/Ru
and Rh/Os compounds have almost identical geometries with only minor variations in
bond lengths and angles, so will not be discussed further at this point. However the [r/Ru
analogue has more substantial differences, although these differences are still not large.
The major difference results from the bonding of the bridging carbonyl, which for the
Ir/Ru compound is essentially symmetrically bridged. As a result, the Ir-C(2) and Ru-
C(2) distances in the Ir/Ru analogue are comparable at 2.033(8) and 2.072(8) A,
respectively, in contrast to the more asymmetric Rh-C(2) and Ru-C(2) distances
(2.021(3), 2.155(4) A) in 3b. In addition, the angles at the bridging carbonyl group in the
Ir/Ru analogue (Ir-C(2)-0(2) = 134.4(7)°, Ru-C(2)-0(2) = 137.1(7)°) are also indicative
of a more symmetrically bridging carbonyl. Accompanying the slight change in carbonyl

bonding from 3b to the Ir/Ru analogue is a corresponding shortening of the metal-metal
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bond (to 2.8650(7) A in the Ir/Ru species) and a corresponding bending back of the
terminally bound iridium carbonyl (C(5)-Ir-C(1) = 161.7(5)°) compared to the angle of
167.9(1)° in 3b. We will attempt to address the possible significance of these differences
later.

Addition of excess diazomethane to compound 3 does not afford any new
organometallic products, although ethylene is observed in both the 'H and "C{'H} NMR
spectra. Surprisingly, when *CH,N; is used in the reaction with 3, no B¢ incorporation
into the methylene bridge of 3 is observed. The only product of B¢ incorporation is
BCoHs.  After extended exposure of 3 to CH;N,, unreacted 3 is the only complex
observed.

Reaction of 3 with trimethylamine-N-oxide results in carbonyl loss to yield the
tricarbonyl product [RhRu(CO)s(u-CHy)(dppm),][X] (4). The 'H NMR spectrum of 4
shows the metal-bound methylene unit at 8 5.38. As was the case for 3, broad-band *'P

decoupling clearly allows us to distinguish the bridging pu-CH; from the dppm

methylenes (5 4.24 and 3.58). The >C{'H} NMR spectrum of a BC0-enriched sample of
4 shows the expected three carbonyl resonances, with the high-field signal appearing as a
doublet of triplets (‘Jrnc= 68 Hz), confirming that this carbonyl is terminally bound to
Rh, and the remaining two signals appear as triplets, corresponding to the two carbonyls
that are bound to Ru. In a *CHy-enriched sample of 4 the methylene carbon appears as a
multiplet at 3 97.0 in the °C NMR spectrum. The IR spectrum of 4 shows three terminal
CO stretches (vco: 1931, 1966 and 1992 cm™). As expected, reaction of 4 with carbon
monoxide regenerates 3. Loss of a carbonyl from 3 necessitates a subtle change in the

nature of the Rh-Ru bonding; in 4 we propose that the coordinative unsaturation that
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results from CO loss is alleviated by formation of a dative Rh—Ru bond from the filled
d,? orbital on the square-planar Rh(+1) center.

Whereas the methylene-bridged compound 3 is not transformed into other species
in the presence of additional diazomethane at ambient temperature, the tricarbonyl 4
reacts rapidly at temperatures as low as —78 °C. Unfortunately, even at —78°C, the
reaction of 4 with CH,N, yields a mixture of at least 3 products which have not yet been
identified.

Compounds 3 and 4 both react with PMe;, affording the phosphine adduct,
[RhRu(PMes)(CO)3(u-CHy)(dppm),][X] (5). The *'P{'H} NMR spectrum of 5 shows
low-field multiplets for the Rh- and Ru-bound ends of the diphosphine ligands (8 23.5
and 26.8, respectively) and a high-field doublet of multiplets at 6 —34.4, corresponding to
the PMe3 group. The large rhodium coupling (1Jryp = 120 Hz ) for the PMe; group
clearly identifies that this ligand is bound to Rh. In the related Ir/Ru complex,
[IrRu(PMe;)(CO)3(u-CHz)(dppm);][BF4], the PMes group is again bound to the group 9
metal.’ As was observed in the Ir/Ru compound, the 3P nucleus of PMe; in 5 shows
coupling to both ends of the diphosphine ligands (in this case, the Rh- and Ru-bound
ends). Unfortunately, the proximity of the two signals is not conducive to selective
decoupling experiments, so the magnitude of the coupling to the two sets of dppm p
nuclei could not be determined. In related compounds, the PMe; group on one metal can
display comparable or greater coupling to the *'P nuclei on the adjacent metal than to
those on the same metal.>'* The '"H{*'P} NMR spectrum of 5 confirms that the signal at
8 3.60 is due to the bridging methylene group. A *C NMR spectrum of a *CO-enriched

sample of 5 shows only two carbonyl resonances in a 1:2 ratio. The high-field signal is
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actually comprised of two overlapping multiplets (corresponding to the Rh-bound and
one Ru-bound carbonyls) from which coupling information could not be extracted. The
BC resonance for the bridging methylene group appears at 890.7, but coupling
information again could not be extracted due to poor signal-to-noise ratio in the spectrum
derived from an unenriched sample.

The X-ray structure of the cationic complex of 5b is shown in Figure 2.4 with
relevant bond lengths and angles given in Table 2.5. As indicated in the *'P{'H} NMR
investigation, and confirmed in this X-ray study, the PMe; group is bound to Rh giving
rise to an almost symmetrical ligand arrangement in which both metals have, in addition
to the bridging groups, two terminally bound 2-electron-donor ligands; Rh is bound to the
PMe; group and one carbonyl while Ru has two carbonyls. As in compound 3b, the Rh-
Ru separation in 5b (2.8952(6) A) is longer than a normal single bond (cf. compound 2b:
Rh-Ru = 2.7870(3) A) but is again less than the intraligand P-P separation (3.002(2),
2.954(2) A) suggesting attraction of the metals. In addition, a metal-metal bond (in some
form) is needed to satisfy the valence electron counts of the metals. Two bonding
extremes can be considered. If the positive charge of the complex is localized on Ru the
metals have Rh(+1) and Ru(+2) oxidation states (n-CH; viewed as a dianionic ligand)
and a dative Rh—Ru bond is required to give Ru its preferred 18e configuration.
However, if the positive charge is localized on Rh, the oxidation states are Rh(+2) and
Ru(+1) with a conventional metal-metal bond as shown in Chart 2.1. We prefer the

former formulation, in line with the common oxidation states of these metals.
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Figure 2.4:  Perspective view of the [RhRu(PMe;)(CO);(u-CH,)(dppm),]" cation of Sb
showing the atom-labeling scheme. Thermal parameters are as described
for Figure 2.1.
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Table 2.5: Selected Distances and Angles for Compound Sb.

(i) Distances (4)
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Atom1l Atom?2 Distance Atom 1 Atom 2 Distance
Rh Ru 2.8952(6) P(1) C(5) 1.833(5)

Rh P(1) 2.340(1) P(2) C(5) 1.822(5)
Rh P(3) 2.322(1) P(3) P(4) 2.954(2)
Rh P(5) 2.400(1) P(3) C(6) 1.830(4)
Rh C(1) 1.900(5) P(4) C(6) 1.836(5)
Rh C(4) 2.148(4) P(5) C(7) 1.826(5)
Ru P(2) 2.352(1) P(5) C(8) 1.822(5)
Ru P(4) 2.370(1) P(5) C(9) 1.809(6)
Ru C(2) 1.934(5) o(1) C(1) 1.136(6)
Ru C(3) 1.860(5) 0(2) CQ2) 1.130(5)
Ru C(4) 2.117(5) 0(3) C(3) 1.164(6)
P(1) P(2) 3.002(2)
T Non-bonded distance.
(i)  Angles (deg)

Atom ]l Atom?2 Atom 3 Angle Atom | Atom2 Atom3  Angle
Ru Rh P(1) 88.90(4) P(2) Ru C4)  86.8(1)
Ru Rh P(3) 85.04(4) P(4) Ru C(2)  100.5(2)
Ru Rh P(5)  12991(4)  P(4) Ru C3) 84.7(2)
Ru Rh (1) 125.8(2) P(4) Ru C(4)  84.3(1)
Ru Rh C(4) 46.8(1) C(2) Ru C3)  95.6(2)

P(1) Rh P3)  16555(5) C(2) Ru C(4) 147.3(2)
P(1) Rh P(5) 99.17(5) C(3) Ru C4) 117.1(2)
P(1) Rh (1) 85.2(2) Rh P(1) C(5)  114.3(2)
P(1) Rh C(4) 91.6(1) Ru P(2) C(5)  114.4(2)
P(3) Rh P(5) 94.77(5) Rh P(3) C6) 113.1(2)
P(3) Rh c() 87.7(2) Ru P(4) C6) 113.1(2)
P(3) Rh C(4) 93.8(1) Rh P(5) C(7)  116.9(2)
P(5) Rh C(1) 104.2(2) Rh P(5) C®)  119.1(2)
P(5) Rh C(4) 83.4(1) Rh P(5) CO)  115.8(2)
C(1) Rh C(4) 172.2(2) C(7) P(5) C(8)  98.4(3)
Rh Ru P(2) 92.99(4) C(7) P(5) C%)  101.5(3)
Rh Ru P(4) 93.28(4) C(3) P(5) C9  102.03)
Rh Ru C(2) 99.6(2) Rh C(1) o)  177.2(5)
Rh Ru C(3) 164.8(2) Ru C2) 0@2)  178.1(5)
Rh Ru C(4) 47.7(1) Ru C(3) 0(3) 178.5(5)
P(2) Ru P(4)  161.04(4) Rh C(4) Ru 85.5(2)
P(2) Ru C(2) 96.1(2) P(1) C(5) PQ2)  110.5(2)
P(2) Ru C(3) 84.5(2) P(3) C(6) P4)  107.3(2)
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Chart 2.1
P/\P + P/\P +
H H, (o)
Me,P l Cz l Me,P @|Il c Cc
>Rh'/____\.RJI@/ OR /Rh/ e
ST T T

The PMes group influences the structure in a number of subtle ways. It’s size
causes the diphosphines bound to Rh to bend away from it, and also causes a similar
distortion at Ru, giving rise to P(1)-Rh-P(3) and P(2)-Ru-P(4) angles of 165.55(5)° and
161.04(4)° respectively - significantly distorted from the idealized 180° value. This
PMes; group also appears to influence two of the metal-carbonyl distances. Although
carbonyls C(1)O(1) and C(2)O(2) occupy similar positions on each metal, the former
appears to be more tightly bound (Rh-C(1) = 1.900(5) A, Ru-C(2) = 1.934(5) A),
presumably a consequence of greater © back-donation at Rh resulting from the basic
PMes group. Of some surprise is that the shortest metal-carbonyl distance is that of Ru-
C(3) (1.860(5) A). It is becoming recognized that electronic effects can be transmitted
through a metal-metal bond;'>'® in this case it appears that electron donation by the PMe;
group to Rh can be transmitted via the Rh-Ru bond to C(3)O(3), which lies almost
opposite this bond. This transmission of clectron density from Rh to Ru can be
rationalized considering the above bonding formulation, in which a dative Rh—Ru bond
is proposed. Electron donation to Rh by the basic PMe; group would result in Rh being a

better donor to Ru.
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Although compound 5 is isoelectronic with 3, resulting from replacement of one
carbonyl group by the PMe3 moiety, their geometries are significantly different. In 3 the
Rh center has only one terminally bound ligand (a carbonyl) whereas in 5 Rh has two
terminally bound groups. The presence of two terminal ligands bound to Rh in 5 is
unexpected based on steric arguments, since the larger PMe; group should favor the
carbonyl being pushed towards Ru, as observed in 3, in which it is bridging. However, it
appears that the terminal carbonyl is favored electronically since in this bonding mode it
can more effectively function to remove electron density from Rh that is donated by the
PMe; group. It is also interesting that the ligand arrangement on the metals is not
symmetric. The “Rh(CO)(PMe;)” fragment has been twisted away from the metal-metal
bond more than the corresponding “Ru(CO),” fragment. As a result, the PMe; group lies
significantly off the Rh-Ru vector (Ru-Rh-P(5) = 129.91(4)°) whereas the carbonyl
C(3)0(3) is close to this vector (Rh-Ru-C(3) = 164.8(2)°). It appears that this relative
twisting about the metal centers allows the phenyl rings of the dppm ligands to fit in the
interligand gaps in a gear-wheel arrangement. An inspection of Figure 2.4 shows that
phenyl rings 1 and 6 are aimed into the cavity between the metals, opening up the Ru-Rh-
C(1) angle, while phenyl ring 8§ is aimed between C(3)O(3) and the bridging methylene
group. Other phenyl groups are aiming between other ligand combinations or are twisted
(phenyl rings 2 and 5) to avoid contacts with the PMe; group.

It is notable that for the three methylene-bridged compounds reported (3, 4 and 5),
there is a correlation between the 'H and C chemical shifts for the methylene groups (a
high-field 'H chemical shift corresponds to a high-field signal in the *C NMR spectrum

and vice versa). Unfortunately, however, these NMR data are not helpful in establishing
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whether or not there is a metal-metal bond. It has been noted'’ that for metal-metal
bonded species the 'H NMR resonance for a bridging methylene group generally lies in
the range 8 5 - 11, whereas the °C resonance is also low-field, in the range & 100 - 210.
Both sets of resonances for compounds 3 and 5 are upfield from these ranges, although
the Rh-CH-Ru angle in each compound (85.1(1)°, 85.5(2)°) lies within the range (73-
88°) given for metal-metal bonded species.'® As noted earlier, we consider these

complexes to be metal-metal bonded in spite of their long metal-metal separations.

Discussion:
The bridging methylene unit has been shown to be a pivotal fragment in FT
chemistry, and has been implicated in carbon-carbon bond formation through a number

1924 Following our success with coupling of up to four methylene

of proposed pathways.
fragments promoted by a Rh/Os' compound, we turned to the Rh/Ru combination of
metals in order to determine the effect of substituting Os by the more labile Ru.”’
However, much of the chemistry reported herein is inconsistent with this interpretation
and necessitates a consideration of not only Ru-for-Os replacement, but also a
consideration of the effects of different combinations of metals (i.e. Rh/Ru vs. Rh/Os and
Ir/Ru), as will be discussed.

The transformations from [RhRu(CO);(iu-H)(dppm):] to [RhRu(CO)4(u-CHy)
(dppm),][X] (3), as shown in Scheme 2.1, are not surprising and parallel previous work
done with the Rh/Os! and Ir/Ru’ combinations of metals. What is surprising is the
subsequent lack of reactivity of 3 with diazomethane, compared to the analogous Rh/Os

compound which reacts readily under similar conditions (Scheme 1.9). Although 3 and

its Ir/Ru analogue do not incorporate additional methylene groups from diazomethane,
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they do generate ethylene. Labeling studies in both compounds show that none of the
labeled methylene from diazomethane becomes incorporated into the complexes nor does
any of the metal-bridged methylene group become incorporated into the ethylene. In
contrast, labeling studies for the Rh/Os compound, [RhOs(CO)4(u-CHy)(dppm),](X],
have shown that ethylene formation results from coupling of the metal-bridged methylene
group with a second methylene group generated by diazomethane, presumably by
diazomethane activation at the unsaturated Rh center. In this Rh/Os system, ethylene is
either liberated from the complex or subsequent methylene incorporation occurs yielding
the Cs- and Cy4- containing species shown in Scheme 1.9." The failure of *CH,-labeled 3
to transfer any of the label to the ethylene produced shows that a different mechanism for
ethylene formation is operating, although what this mechanism is remains unclear.

In hopes of obtaining clues about the differing reactivities of the Rh/Os complex
compared to those of Rh/Ru and Ir/Ru we compared their solid-state structures.
However, the closely comparable structural parameters for these compounds (particularly
the Rh/Ru and Rh/Os analogues) gave no obvious clue to the reactivity differences.
Looking back at the transformation of [RhOs(CO)4(U-CHz)(dppm),]t into either
[RhOs(CH,CH=CH,)(CH;3)(CO);(dppm)2]" or [RhOs(CH)4(CO)s;(dppm),]* (Scheme
1.9) it was clear that carbonyl loss accompanied these interesting examples of C-C bond
formation. However, in the previous study' we had not established the stage at which
carbonyl loss occurred or its relationship to the methylene-coupling reactions. In order to
test the effect of carbonyl loss in the Rh/Ru system, the removal of one carbonyl by
MesNO was effected, yielding the tricarbonyl species [RhRu(CO);(U-CHo)(dppm).][X]

(4). Unlike the methylene-bridged tetracarbonyl precursor (3), which remains unaffected
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by additional CH;N;, compound 4 reacts readily yielding a mixture of products.
Although we have been unable to characterize any of these products, the reactivity of 4
with diazomethane suggests that CO loss is pivotal in subsequent incorporation of
methylene groups, leading to methylene coupling. It seemed, therefore, that the clue to
the reactivity differences in the Rh/Ru and Rh/Os compounds may lie in their abilities to
lose CO upon reaction with diazomethane. Two closely related extremes can be
envisioned for methylene-bridged tetracarbonyl complexes of Rh/Ru and Rh/Os as
diagrammed for D and F (dppm groups above and below the plane of the drawing are
omitted) in Chart 2.2. In structure D, Rh is coordinatively unsaturated, whereas in the
metal-metal bonded F, both metals have 18e configurations. Structure D should therefore

be more susceptible to substrate addition, which might induce CO loss as diagrammed in

Chart 2.2
22 c© 22 c©
Rh/ \M/ Rh/\M/
oc/ oc/ \Co oc/ ‘OC/ \co
D E

RA M RR M
c/ \c/ c c/ \5 c
0 & o o o o

F G

G. The coordinative saturation at Rh, resulting from substrate (L) addition can lead to

dative-bond formation to M (Ru or Os) assisting in the labilization of a carbonyl. In
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keeping with this proposal, the reaction of 3 with PMes yields the substitution product 5,
which appears to have resulted from PMes attack as diagrammed in structure G. That
PMe; reacts readily with 3 whereas diazomethane does not, is presumably a result of the
greater nucleophilicity of the former. With these ideas in mind, we looked back at the

structures of [RhOs(CO)4(u-CH)(dppm)2][BF4] (3b), and the Rh/Os and Ir/Ru analogues

to determine their relationship to the structures shown in Chart 2.2. Clearly, the
transition from D to F is accompanied by a shortening of the metal-metal separation and
by a change in the M-C-O angle from 180° to near 135° as this carbonyl assumes a
bridging position. A comparison of structural parameters for the three methylene-bridged
compounds under discussion is given in Table 2.6.

Clearly, none of the structures correspond to structure D in which all carbonyls
are terminally-bound. However, based on the parameters given in Table 2.6, it is clear
that the Ir/Ru compound is close to the symmetrically-bridged carbonyl extreme, F (atom
numbering scheme as in Figure 2.3). In this compound the Ir-C(2)-O(2) and the Ru-C(2)-
O(2) angles are comparable, as are the Ir-C(2) and Ru-C(2) distances. As shown in
structure F, the symmetrical carbonyl bridge is accompanied by a metal-metal bond,
consequently this Ir/Ru compound has the shortest metal-metal distance of the three. In
addition, as the carbonyl group (C(2)-O(2)) moves to a bridging arrangement the C(5)-
Rh-C(1) or C(5)-Ir-C(1) angle should decrease from 180° expected in structure D as
interaction of this metal with C(2)-O(2) increases. Consistent with this argument, this
angle is smallest for the Ir/Ru structure. The structures for the RhRu and RhOs
compounds are extremely similar and seem to correspond best to the intermediate

structure E in which one carbonyl (C(2)-O(2)) is semibridging. This is seen not only in
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the asymmetry of the angles at the semibridging carbonyl (Rh-C(2)-O(2) = 141°, M-C(2)-
O(2) = 130°) but also in the Rh-M distances of greater than 2.91 A, which are
significantly longer than a conventional Rh-Os or Rh-Ru bond, as shown for
[RhOs(CF3803)(CO)x(1-C(CH;)O)(dppm),]” and [RhRu(CO)s(dppm)2]” (2) (Rh-Os =
2.71 A, Rh-Ru ~ 2.79 A) respectively. Although, as noted earlier, a comparison of 3b
and the Rh/Os analogue was not very helpful since both structures are very similar, it is
useful to compare them in the context of the above discussion. So although the Rh-
C(2)and M-C(2) distances (M = Ru, Os) are not significantly different in the two
structures, other parameters given in Table 6 show a clear trend. Therefore, the
differences between the Rh-C(2)-0(2) and M-C(2)-O(2) angles in the two structures are
10.7° (Rh/Ru) and 12.8° (Rh/Os), with the Rh/Ru structure tending slightly towards the
symmetric extreme. This tendency is supported by a shorter Rh-M bond and a less linear
C(5)-Rh-C(1) angle in the Rh/Ru compound, both of which suggest a tendency towards a
symmetrically-bridged structure. These parameters, taken together, suggest that the
Rh/Os compound, although clearly having a semibridging CO, tends most towards the
structure type D. This tendency towards a symmetrically bridged carbonyl for the Rh/Ru
compound compared to Rh/Os is also supported by the solution NMR studies. In 3 the
semibridging carbonyl displays a somewhat larger coupling to Rh (25 Hz) compared to
that observed (22 Hz) for the Rh/Os analogue,'” suggesting stronger binding to Rh in the
former. We propose that the greater the tendency for the semibridging carbonyl to
approach the “all terminal carbonyl” geometry (D), the weaker the interaction of this

carbonyl with Rh, and the more readily it is displaced by an incoming nucleophile.
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Table 2.6. A Comparison of Selected Structural Parameters for the Compounds

[MM(CO)4(t-CH,)(dppm),][BFs] (MM' = RhOs, RhRu, IrRu).*

MM’
RhOs” RhRu (3)° IrRu’

(a) Bond-lengths (4)

M-M"“ 2.9413(4) 2.9114(5) 2.8650(7)
M'-C(2) 2.157(4) 2.155(4) 2.072(8)
M-C(2) 2.027(4) 2.021(3) 2.033(8)
M'-C(5) 2.210(4) 2.213(3) 2.305(12)
M-C(5) 2.088(4) 2.089(3) 2.045(11)
(b) Angles (deg)

M'-C(2)-0(2) 141.7(3) 141.1(3) 137.1(7)
M-C(2)-0(2) 128.9(3) 130.4(3) 134.4(7)
C(5)-M-C(1) 169.1(2) 167.9(1) 161.7(5)
“ The atom numbering scheme used for all compounds is that used for compound 3 in

Figure 2.3.
» unpublished work.
¢ this work.

“ reference 5.
“M =Rh, Ir; M'=Ru, Os.
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Although the structural differences between 3 and the RhOs analogue are subtle,
presumably diazomethane (a weak nucleophile) can displace the carbonyl in the RhOs
compound, but not in 3.

The displacement of a carbonyl from these methylene-bridged tetracarbonyl
complexes has been demonstrated for the addition of PMe; yielding
[MM?(PMe;)(CO)s(u-CHy)(dppm),]* as described earlier. Consistent with the above
arguments carbonyl displacement occurs in the order of RhOs > RhRu > IrRu.*” These
observations support a proposal of carbonyl loss as diagrammed for species G above. It
should be noted however, that carbonyl loss upon diazomethane attack in the RhOs
compound may not occur as shown for the stronger nucleophile PMes. In particular, it
has been recently demonstrated for the RhOs system that carbonyl loss probably does not
occur until after the coupling of three methylene groups, to give a CsHg-bridged species.'
Nevertheless, it appears as though the pivotal step that determines whether reaction of the
methylene-bridged complexes with diazomethane occurs is whether diazomethane is
capable of displacing the semi-bridging carbonyl from Rh. A bridging carbonyl that is
too strongly bound to Rh does not allow diazomethane incorporation.

Although we recognize that the structural differences between 3 and its Rh/Os
analogue are slight and are susceptible to over-interpretation, the most important aspect
of these arguments is the recognition that a number of factors associated with both
metals, including the nature of the metal-metal bonding and the nature of the bridged

ligand interactions, are responsible for the reactivity of binuclear complexes.
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Chapter 3

Regioselective Alkyne Insertions into a "Rh(u-CH;)Ru'" Moiety Yielding C;- and

Cs-Bridged Fragments

Introduction:

The recent interest in bimetallic Fischer-Tropsch catalysts,'” in which two
different group 8 and 9 metals are used as catalysts, led us to study a series of methylene-
bridged complexes involving the Rh/Os, Rh/Ru (Chapter 2) and Ir/Ru’ metal
combinations as models for these bimetallic systems. To date, the Rh/Os system has
proven to be the most promising, showing selective coupling of either three or four
methylene groups to give allyl or butanediyl fragments, respectively (as shown in
Scheme 1.9).° Although no intermediates in the formation of these C; and C4 products
were observed beyond the methylene-bridged species, we proposed stepwise methylene
insertions to give first a C;Hy-bridged followed by a CsHe-bridged intermediate, the latter
of which yielded the allyl or butanediyl groups by 3-H elimination or an additional CH,-
insertion step, respectively. Our failure to observe the proposed C,- or Cs-bridged
intermediates led us to attempt to synthesize models for these species using alkynes and
methylene groups as the C, and C; fragments, respectively, which could be combined to
yield C; species. A recent report by Dry has alluded to the possible importance of
surface-bound C; units in the FT process,8 produced by the condensation of bridging

methylene groups and surface-bound olefins as the C; fragments.
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In this chapter, attempts to synthesize Cs-bridged complexes via the coupling of
methylene groups and alkynes promoted by the Rh/Ru combination of metals will be

reported.
Experimental Section:

General Comments. All solvents were dried (using appropriate desiccants), distilled
before use, and stored under a dinitrogen atmosphere. Reactions were performed under an
argon atmosphere using standard Schlenk techniques. Diazomethane was generated from
Diazald, which was purchased from Aldrich, as were trimethylamine-N-oxide dimethyl
acetylenedicarboxylate, hexafluoro-2-butyne, diethyl acetylenedicarboxylate, propargyl
alcohol, 2-butyn-1-al diethyl acetal, and 2-butyn-1-ol. The "*C-enriched Diazald was
purchased from Cambridge Isotopes, and *CO was purchased from Isotech, Inc. The
complexes  [RhRu(CO)4(u-CHy)(dppm),][CF3SO3]  (3) and  [RhRu(CO)3(u-
CH,)(dppm);][CF3S03] (4) were prepared as described in Chapter 2. In all cases
compound 4 was generated in situ from 3 in the presence of MesNO and filtered over

Celite.

The 'H, PC{'H}, '"H-"H COSY, *'P-*'P COSY, and *'P{'H} NMR spectra were recorded
on a Varian iNova-400 spectrometer operating at 399.8 MHz for 'H, 161.8 MHz for *'P
and 100.6 MHz for '*C. The HMBC experiments were performed on a Varian Unity 500
MHz spectrometer, and infrared spectra were obtained on a Bomem MB-100
spectrometer. Elemental analyses were performed by the microanalytical service within
the department. In a number of cases, elemental analyses are less satisfactory than desired

owing to facile yet incomplete loss of CH,Cl, of crystallization upon removal of the
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crystals from the mother liquor. In all cases, however, the compounds were shown to be
spectroscopically pure on the basis of NMR spectroscopy. The *'P{'H}, 'H, and "C{'H}
NMR and IR spectroscopic data are given in Table 3.1, while other relevant NMR data

are provided in the text.
Preparation of Compounds:

(a)  [RhRu(CO)(un'm'-C(CO;CH;)=C(CO;CH3)CH;)(dppm)2][CF;S05]  (6).
Method i. A 10 mL portion of acetone was added to a mixture of compound 3 (135 mg,
0.111 mmol) and MesNO (13.75 mg, 0.185 mmol, 1.70 equiv), resulting in a rapid color
change from orange to dark red. Dimethyl acetylenedicarboxylate (14 uL, 0.11 mmol, 1.0
equiv) was added, causing an immediate color change from dark red to orange. The
solution was filtered over Celite, after which the solvent was removed in vacuo. The
orange residue was recrystallized from CH,Cly/ether/pentane (1:3:1), and the orange solid
was washed with 2 X 10 mL of cther and dried in vacuo, yielding 130.0 mg (0.0955
mmol, 86%) of product. Theb fractional CH,Cl, of crystallization was established by
clemental analysis and by 'H NMR spectroscopy. Anal. Caled for
Ce1.1Hs2.2Cly 2F3010P4RhRuS (6:0.1CH,CLy): C, 53.55; H, 3.84; Cl, 0.52. Found: C, 53.12;

H, 3.76; Cl, 0.43.

Method ii. Dimethyl acetylenedicarboxylate (2.6 puL, 0.021 mmol) was added to a
solution of [RhRu(CO)4(U-CHz)(dppm)2][CF3S0s] (3) (25 mg, 0.020 mmol) in 0.7 mL of
CD,CL in an NMR tube. The complete conversion to 6 was confirmed by 'H and *'P

NMR spectroscopy in less than 1 h at ambient temperature.
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Table 3.1. Spectroscopic Data For Compounds.

Compound IR (cm™)*%¢

NMR?%*

P {'H} (ppm)

'H (ppm)*” PC{'H} (ppm)™’

[RhRu(CO)3(p-n"m'- 2039 (s), 2018 (s),
C(CO,CH3)=C(CO,CH3)- 1968 (m), 1705
CH,)(dppm)2][CF3SOs] (br, m), 1574

(6) (wY

[RhRu(CO)3(u-n'm’- 2049 (s), 2019 (s),
C(CF3)=C(CF;)CH,)- 1968 (s), 1574
(dppm)2J[CF3803] (7) (w)

[RhRu(CO)3(u-n'm'-
C(COLEt)=C(CO:Et)CHy)
-(dppm),][CF;S05] (8)

2042 (m), 2016 (s),
1953 (m), 1695
(br, m), 1574
(my

[RhRu(CO)s(u-n'm'- 2024 (s), 1977 (sh),
C(CH3)=C(CH(OEt),)CH, 1951 (s)
)-(dppm), }[CF3S0s] (9)

28.4 (m), 24.6
(dm)

27.3 (m), 22.7
(dm)

28.3 (m), 25.0
(dm)

28.4 (m), 22.9
(dm)

4.58 (m, 2H), 3.72 (m, 2H), 194.0 (t, *Jpc = 15 Hz,
3.15 (s, 3H), 2.65 (s, 3H), 1C), 193.2 (t, 2Ipc =
1.48 (br, t, 2H) 15 Hz, 1C), 191.1 (dt,

2Ypc = 12 Hz, Jpnc =
50 Hz, 1C), 15.3 (4,
Jpc =9 Hz, 1C)

437 (m, 2H), 4.55 (m, 2H), 194.0 (m, 1C), 193.1 (1,

1.82 (m, 2H) 2Jpc = 14 Hz, 1C),
191.3 (dt, *Jpc = 12
Hz, 'Jgne = 50 Hz,
1C), 13.8 (t, “Jpc =8
Hz, 1C)*

5.06 (m, 2H), 4.23 (m, 2H), 204.7 (t, Jpc = 13 Hz,
3.40 (q, 2H), 3.17 (q, 1C), 194.4 (td, 2Jpc =
2H), 1.53 (m, 2H), 1.07 13 Hz, “Jruc = 4 Hz,
(t, 3H), 0.81 (t, 3H) 1C) 190.9 (dt, *Jpc =

13 Hz, Jgne =51 Hz,
1)

497 (s, 1H), 4.75 (m, 2H),  201.4 (t, *Jpc = 6 Hz, 10),
4.41 (m, 2H), 3.70 (q, 193.8 (t, ’Jpc = 15 Hz,
2H), 3.59 (g, 2H), 1.45 2Jgne = 7 Hz, 1C),
(m, 2H), 1.33 (t, 6H), 193.2 (dt, *Jpc = 12
0.07 (s, 3H) Hz, 'Trne = 52 Hz,

1C)

$9
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Table 3.1. Spectroscopic Data For Compounds (cont’d.)

[RhRu(CO)s(p-n'm'-
C(CH3)=C(CH,OH)-
CH,)(dppm ), ][CF55053]
(10)

[RhRu(CO)3(u-n'm'-C(CO,-
CH3)=C(CO,CH3))(dppm)
2]- [CF;S05] (11b)

[RhRu(OSO,CF3)(CO),-
(u-n'm'-C(CO,CH;3)=C-
(CO,CHs)(dppm),] (12)

[RhRu(OSO,CF3)(CO),-
(u-n'm'-C(CO.CH;)=C-
(CO.CH3)(u-
CH,)(dppm),] (13)

[RhRu(CO)x(p-n'm>-CHC-
(CO,CH3)=CH(CO,CHs))
- (dppm),][CF;S03] (14)

2024 (s), 1995 (m),

1950 (s)

2038 (s), 2019 (s),
1969 (s), 1726
(m)*

2003(s), 1945(s),
1356 (m)*

2027 (s), 1964 (s),
1703 (s), 1575

(wy*

1998 (s), 1969 (s)*

28.3 (m), 22.4
(dm)

19.9 (om)

22.7 (m), 17.0
(dm)*

26.2 (d, 'Jrnp=
142 Hz),
15.3 ()

453 (m), 43.5
(m), 24.8
(cm), 29.4
(cm)*

4.64 (m, 2H), 3.92 (d, 2H),
3.73 (m, 2H), 1.98 (s,
1H), 1.36 (m, 2H), 0.11
(s, 3H)

4.04 (m, 2H), 3.29 (m, 2H),
2.71 (s, 3H), 2.32 (s, 3H)

3.89 (m, 2H), 3.67 (m, 2H),
3.23 (s, 3H), 2.18 (s,
3H)*

4.42 (m, 2H), 3.66 (m, 2H),
3.34 (s, 3H), 2.74 (m,
2H), 1.70 (s, 3H)*

5.90 (m, 1H), 4.90 (m, 1H),
435 (m, 1H), 3.79 (s,
3H), 3.52 (m, 1H), 3.32
(m, 1H), 2.82 (s, 3H)*

197.5 (m, 1C), 1924 (t,
Jpc = 13 Hz, 10),
190.5 (m)

206.9 (m, 1C), 192.2 (m,
10)*

199.4 (m, 1C), 193.1 (m,
10y

205.0 (t, *Jpc = 13 Hz,
1C), 193.3 (dt, 2Jpc =
15 Hz, "Jrnc = 67 Hz,
1C), 110.2 (dm, 'Trnc
=21 Hz, 1C)*

99
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Table 3.1. Spectroscopic Data For Compounds (cont’d.)

[RhRu(CO)(p-Pm*-CH=C- 1995 (s), 1957 (s)  66.7(dd, I=21, 6.03, (s, IH), 5.03 (m, 1H), 200.3 (m, 1C), 192.2 (dm,

(CH,OH)CH=C(CH,OH)- 124 Hz), 4.36 (m, 1H), 3.71 (m, Urne = 67 Hz, 1C),
CH,)(dppm ), ][CF3S03] 39.7 (ddd, J 1H), 3.60 (m, 1H), 3.44 3.6 (ddd, Urnc =16
(15) =16, 84, (m, 1H), 3.24 (m, 1H), Hz *Tpcirans) = 64 Hz,

140 Hz), 2.86 (m, 1H), 2.80 (om, *Joceisy = 5 Hz, 1C)

27.8(dd,J 2H), 2.55 (m, 1H), 2.03

=22,46 (m, 1H), 0.77 (m, 1H)

Hz), 0.62

(ddd, J=

16, 46, 104

Hz)

c

“1R abbreviations: s = strong, m = medium, w = weak, sh = shoulder. 5 CH,Cl, solutions unless otherwise stated, in units of cm™.
Carbonyl stretches unless otherwise noted. “ NMR abbreviations: s = singlet, d = doublet, t = triplet, m = multiplet, cm = complex
multiplet, dm = doublet of multiplets, om = overlapping multiplets, br = broad, dt = doublet of triplets, dpq = doublet of pseudo-
quintets. © NMR data at 25 °C in CD,Cl, unless otherwise stated. ! 3'P chemical shifts referenced to external 85% H3;PO,. ¢

Chemical shifts for the phenyl hydrogens are not given. ”'H and *C chemical shifts referenced to TMS. * *C{'H} NMR performed
with *CO enrichment. / v(C=C). *In acetone-ds. ' Spectroscopic parameters for the cation of 8a are identical to those of 8b.
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(b) [RhRu(CO)s(u-n':n'-C(CF3)=C(CF;)CH,)(dppm),][CF;S0;] (7). Compound 4
was generated from a mixture of compound 3 (120 mg, 0.096 mmol) and Me;NO (12.30
mg, 0.164 mmol, 1.70 equiv) in 15 mL of acetone as described above. Hexafluoro-2-
butyne was passed through the headspace of the flask containing the solution of 4 for 1
min at a rate of ca. 10 mL/min, causing a slow colour change from dark red to dull
orange. The solution was filtered over Celite and the solvent was removed in vacuo,
yielding 70.5 mg (0.0510 mmol, 53%) of product. The orange residue was recrystallized
from CH,Cl,/ether, and the orange solid was washed with 2 X 10 mL of ether and 1 x 10
mL of pentane and dried in vacuo. Anal. Caled for CsoHssF9OePsRhRuS (7): C, 51.28; H,

3.36. Found: C, 50.45; H, 3.29.

(¢©) [RhRu(CO)3(u-n":n'-C(CO,CH,CH3)=C(CO,CH;CH;3)CH,)(dppm)][CF3SO5]
(8). Compound 4 was prepared, as noted above, in 10 mL of acetone using compound 3
(125 mg, 0.103 mmol) and MesNO (13.2 mg, 0.175 mmol, 1.70 equiv). Diethyl
acetylenedicarboxylate (18 iL, 0.113 mmol, 1.1 equiv) was added, causing an immediate
colour change from dark red to orange. The solution was filtered over Celite, after which
the solvent was removed in vacuo, affording 107.4 mg (0.0773 mmol, 75%) of product.
The orange residue was recrystallized from CH;Cly/ether, and the orange solid was
washed with 2 x 10 mL of ether and dried in vacuo. Anal. Calcd for

Ce3HsgF2019P4RhRuUS (8): C, 54.44; H, 4.06. Found: C, 54.01; H, 3.99.

(d) [RhRu(CO)(-n'M'-C(CH3)=C(CH(OCH,CH3);)CHy)(dppm):][CF3S03]  (9).
Compound 4 was prepared, as noted above, in 10 mL of acetone using compound 3 (156

mg, 0.128 mmol) and Me;NO (16.5 mg, 0.219 mmol, 1.71 equiv), in 10 mL of acetone
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and cooled to -10 °C. 2-Butyn-1-al diethylacetal (22 uL, 0.140 mmol, 1.1 equiv) was
added, causing a slow color change from dark red to orange over the course of 5 min. The
solution was stirred at -10 °C for 2 h, after which the solution was warmed to room
temperature and filtered over Celite. The solvent was then removed in vacuo, the dull
orange residue was recrystallized from CH,Cly/ether, and the orange-red solid was
washed with 3 x 15 mL of ether and dried in vacuo, yielding 104.6 mg (0.0768 mmol,
60%) of product. Anal. Calcd for Ces2Heo 4Clo 4F303P4sRhRuS (9-0.2CH,Cly): C, 55.04;

H, 4.42; Cl, 1.05. Found: C, 54.54; H, 4.39; Cl, 0.71.

(¢) [RhRu(CO);3(u-n":n"-C(CH3)=C(CHOH)CH,)(dppm);][CF3S0;] (10). Compound
4 was prepared, as noted above, in 10 mL of acetone using compound 3 (113 mg, 0.093
mmol) and MesNO (12.2 mg, 0.163 mmol, 1.75 equiv), in 10 mL of acetone. 2-Butyn-1-
ol (8 uL, 0.107 mmol, 1.2 equiv) was added, causing an immediate colour change from
dark red to orange. The solution was stirred for 1 h, after which the solution was filtered
over Celite and the solvent was removed in vacuo. The bright orange residue was
recrystallized from CH,Cly/ether/pentane (1:3:2), washed with 2 X 10 mL of ether, and
dried in vacuo, yielding 103.2 mg (0.0800 mmol, 86%) of product. Anal. Caled for

CeoHs6F306PsRhRuS (10): C, 54.88; H, 4.06. Found: C, 54.60; H, 4.03.

() [RhRu(CO)(p-n"m'-C(COCH3)=C(CO,CHy))(dppm):][X], X = BF™ (11a), X =
CF3;S0;™ (11b). Dimethyl acetylenedicarboxylate (20 uL, 0.126 mmol) was added to a
solution of [RhRu(CO)4(dppm)21[X] (2) (110 mg, 0.089 mmol) at 20 °C, dissolved in 10
mL of CH,Cl,. No noticeable colour change resulted; however, NMR spectroscopy

showed complete conversion to a new product. The solvent was removed in vacuo, and
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the bright orange residue was recrystallized from CH,Cly/Et,O. The orange solid was
washed with 2 x 15 mL of ether and dried in vacuo, yielding 114.0 mg (0.0730 mmol,
82%) of 11a-2CH,Cl. Anal. Calcd for C;HssBClL1F4O7P4sRhRu (11a-2CH,Cly): C, 50.33;

H, 3.73; Cl, 9.74. Found: C, 49.82; H, 3.35; Cl, 9.33.

(g8) [RhRu(OSO,CF3)(CO)(u-n'm'-C(CO,CH;3)=C(CO,CH3))(dppm);] (12). A
Schlenk flask was charged with compound 11b (40 mg, 0.0297 mmol) and Me;NO (3.9
mg, 0.0519 mmol, 1.75 equiv). The flask was cooled to approximately 0 °C, and 10 mL
of acetone was added slowly. After 20 min the reaction changed colour from orange to
orange-red. The reaction was stirred for another 15 min, after which the solution was
slowly warmed to room temperature and filtered over Celite. The solvent was removed in
vacuo, and the orange-red residue was recrystallized from acetone/ether/pentane (1:5:1),
washed with 3 x 10 mL ether, and dried in vacuo, yielding 29.4 mg (0.0223 mmol, 75%)
of product. Anal. Caled for CsoHsoF309PsRhRuS (12): C, 53.68; H, 3.82. Found: C,

53.21; H, 3.92.

(h) [RhRu(OSO,CFs3)(CO),(u-CH,)(u-n":n'-C(CO,CH3)=C(CO,CHz))(dppm);] (13).
Compound 12 (70.8 mg, 0.0520 mmol) was dissolved in 10 mL of acetone.
Diazomethane was bubbled through the solution vigorously for 10 min, causing no
noticeable color change. The solution was concentrated to 5 mL and filtered over Celite
to remove any polymethylene that may have formed. The solvent was removed in vacuo,
and the orange residue was recrystallized from acetone/ether/pentane (1:5:1), washed

with 2 x 10 mL ether, and dried in vacuo, yielding 46.5 mg (0.0348 mmol, 67%) of
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product. Owing to the air sensitivity of compound 13, satisfactory elemental analyses

could not be obtained.

(i) [RhRu(CO)(u-n":n’-CHC(CO,CH3)=CH(CO,CH3))(dppm):][CF;SOs] (14). A
0.7 mL sample of acetone-ds was added to a mixture of compound 6 (35 mg, 0.026
mmol) and Me;NO (3.23 mg, 0.043 mmol, 1.67 equiv) at 20 °C in an NMR tube. An
immediate colour change from orange to dark orange occurred immediately upon mixing.
Compound 14 was characterized entirely by 'H, °H, and *'P spectroscopy; elemental

analyses were not obtained owing to its high air-sensitivity.

() [RhRu(CO),(u-n*:n*-CH=C(CH,OH)CH=C(CH,OH)CH,)(dppm),] [CF3SOs]
(15). Compound 4 was prepared, as noted above, in 10 mL of acetone using compound 3
(134 mg, 0.110 mmol) and Me;NO (14.0 mg, 0.186 mmol, 1.69 equiv), in 15 mL of
acetone. The solution was cooled to -78 °C, and propargyl alcohol (14 pL, 0.241 mmol,
2.2 equiv) was added, causing a gradual color change from dark red to light orange over
the course of 2 min. The solution was brought to room temperature and filtered over
Celite followed by removal of the solvent in vacuo. The orange residue was recrystallized
from CH,Cly/ether, and the orange-red solid was washed with 2 X 10 mL of ether and
dried in vacuo, yielding 120.5 mg (0.0924 mmol, 84%) of product. Anal. Calcd for

C60_1H54,2C10.2F3O7P4RhRuS (15‘0.1CH2C12)1 C, 54.99; H, 4.16. Found: C, 54.20; H, 4.13.

(K) Reaction of 4 with Propyne. A Teflon-valved NMR tube was charged with 0.7 mL
of a 0.05 M acetone-de solution of 4 and was degassed by two freeze/pump/thaw cycles.
Once the solution was frozen in liquid nitrogen, the tube was back-filled using a 5 mL

flask previously filled with ca. 1 atm propyne. The solution was then warmed to -78 °C
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for VT NMR analysis. Monitoring the *'P{'"H} NMR between -78 °C and ambient

temperature showed the presence of a large number of unidentified species.

(I) Reaction of 2 with 2-Butyne. A Teflon-valved NMR tube was charged with 0.7 mL
of a 0.025 M acetone-de solution of 4 and was degassed by two freeze/pump/thaw cycles.
A 5 mL flask was charged with the room-temperature vapor pressure of 2-butyne (ca. 0.8
atm). The solution of 4 was frozen in liquid nitrogen, and the tube was back-filled using
the flask containing the 2-butyne. The solution was then warmed to -78 °C for VT NMR
analysis. Monitoring the *'P{'"H} NMR spectrum between -78 °C and ambient

temperature showed the presence of a large number of unidentified species.

(m) Reaction of 6 with Diazomethane. Compound 6 (15 mg, 0.011 mmol) was
dissolved in 0.6 mL of CD,Cl; in an NMR tube. Diazomethane gas was bubbled through
the headspace of the NMR tube for ca. 5 min, causing no colour change. 'H and *'P{'H}

NMR spectroscopy after 20 h detected only the presence of 6.

(n) Reaction of 15 with H,. Compound 15 (25 mg, 0.0192 mmol) was dissolved in 0.7
mL of CD,Cl, in an NMR tube. Hydrogen gas was bubbled through the headspace of the
tube, with no noticeable colour change. 'H and *>'P{'"H} NMR spectroscopy detected the
presence of [RhRu(p-H)»(CO)s(dppm),][CF3SO;]° as well as several unidentified organic

products.

(o) Attempted Reaction of 15 with [(Cp).Fe}[PFs]. Compound 15 (20 mg, 0.0153

mmol) and [(Cp),Fe][PFs] (10.1 mg, 0.0302 mmol, 1.97 equiv) were placed in an NMR
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tube and dissolved in 0.7 mL of acetone, forming a green solution. *'P{'H} NMR

spectroscopy after 14 h detected only the presence of 15.

(p) Attempted Reaction of 15 with [NH4];[IrClg]. Compound 15 (15.0 mg, 0.012
mmol) and [NH4],[IrCls] (10.1 mg, 0.023 mmol, 2.0 equiv) were placed in an NMR tube
and dissolved in 0.6 mL of acetonitrile and 0.1 mL of D,0. After sitting overnight, only

starting material was observed by *'P{'"H} NMR.

X-ray Data Collection.'” Pale yellow crystals of [RhRu(CO);(u-n'm'-
C(CF3)=C(CF3)CHy)(dppm),][CF3S03]-1.5CH,Cl; (7) were obtained via slow diffusion
of pentane into a CD,Cl, solution of the compound. Data were collected (and later
refined) by Drs. Robert McDonald and Michael J. Ferguson on a Bruker
PLATFORM/SMART 1000 CCD diffractometer'' using Mo Ka radiation at -80 °C. Unit
cell parameters were obtained from a least-squares refinement of the setting angles of
5957 reflections from the data collection. The space group was determined to be P2,/n
(an alternate setting of P2,/c [No. 14]). The data were corrected for absorption through
use of the SADABS procedure. See Table 3.2 for a summary of crystal data and X-ray

data collection information.

Red-orange crystals of [RhRu(CO)s(u-n'm'-C(CO,CH3)=C(CO,CH;))(dppm),][BF]
(11a) were obtained via slow diffusion of diethyl ether into a dichloromethane solution of
the compound. Data were collected as for 7 above (see Table 3.2), and data were
corrected for absorption via Gaussian integration (crystal dimensions measured and faces

indexed). Unit cell parameters were obtained from a least-squares refinement of the
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setting angles of 7423 reflections from the data collection, and the space group was

determined to be P1 (No. 2).

Orange crystals of [RhRu(CO)(u-n*n*-CH=C(CH,OH)CH=C(CH,OH)-
CHy)(dppm):][CF3SO3]-CH,Cl, (15) were obtained via slow diffusion of diethyl ether
into a dichloromethane solution of the compound. Data were collected and corrected for
absorption as for 7 above (see Table 3.2). Unit cell parameters were obtained from a
least-squares refinement of the setting angles of 3321 reflections from the data collection.

The space group was determined to be P21/x (an alternate setting of P2,/c [No. 14]).

Structure Solution and Refinement. The structure of 7 was solved using direct methods
(SHELXS-86).">  Refinement was completed using the program SHELXL-93."
Hydrogen atoms were assigned positions on the basis of the geometries of their attached
carbon atoms and were given thermal parameters 20% greater than those of the attached
carbons. Although the presence of 1.5 equiv of CD,Cl; in the crystals was confirmed by
’H NMR, the atoms of these solvent molecules could not be unambiguously located in
difference Fourier syntheses; only smeared out regions of electron density were found,
for which suitable disorder models could not be found. These solvent molecules were
therefore handled using the SQUEEZE routine as implemented in the PLATON'*"
program system, in which the contribution of the disordered solvent electron density to
the intensity data was calculated, and the refinement continued using data with this
contribution removed. The final model for 7 was refined to values of R (F) = 0.0398 (for

10 314 data with F,> = 20(F,?)) and wRo(F) = 0.1031 (for all 12464 independent data).
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Table 3.2. Crystallographic Data for Compounds 7, 11a and 185.

[RhRu(CO)3(u-n'm'-
C(CF3)=C(CF3)CH,)-
(dppm)2][CF:SOs] (7)

[RhRu(CO)s(u-n"m'-
C(CO,CH3)=C(CO,CHs))-
(dppm);][BFs] (11a)

[RhRu(CO),(p-n"m*-
CH=C(CH,OH)CH=C-
(CH,OH)CH,)(dppm),][CF;S0s]
(15)

formula

fw
cryst dimens, mm

cryst. systern
space group
a, A

b A

¢, A

, deg

B, deg

% deg

v, A’

Z

deaicd, & cm’

M, mm’

Ce0.sH49Cl3FsO6PsRhRuS
1171.56
0.34 x0.24 x0.20

monoclinic

P2;/n (an alternate setting of
P2,/ C)

12.4541(7)°
19.1183(11)
25.8616(14)
90.0
97.6146(11)
90.0

6103.4 (6)
4

1.642

0.866

C61H54BC14F4O7P4RhRu
1185.59
0.44 x0.37 x0.36

triclinic
PI(No. 2)
11.5463(8)”
14.731(1)
19.101(1)
87.334(1)
76.823(1)
85.017(1)
3150.2(4)
2

1.534
0.835

C61H56C12F3O7P4RhRuS
1403.50
0.32 x0.14 x 0.03

monoclinic

P2;/n (an alternate setting of
P21/ C)

11.988(1)°
22.217(2)
22.280(2)
90.0
104.662(2)
90.0
5740.9(8)
4

1.607
0.855

SL
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Table 3.2. (cont’d...)

radiation (4, A)
T, °C
scan type

260 (max), deg
no. of unique
reflections

no of observns

range of transmn
factors

no. of
data/restraints/params

residual density, e/A’
Ri(FS > 28 (Fo))°
WR [Fo? = -36(F )]
GOF (sy

graphite-monochromated Mo Ko
(0.71073)
-80

o scans (0.2°) (25 s exposures)
52.76

12464 (Rine = 0.0462)

10 314 [F,® 2 26 (FH)]
0.8458-0.7571

12 464 [F,2 > -36(F,})]/0/730

0.59 t0 -0.36

0.0398

0.1031

1.037 [Fo’ > -30( FoD)]

graphite-monochromated Mo
Ko (0.71073)
-80

 scans (0.2°) (20 s exposures)
52.76

12744 (Rin = 0.0272)

10311 [F2 2 20 (FH)]
0.7987-0.7112

12 744 [F,2 > -36(F,))/0/754

1.48 to -0.70

0.0496

0.1423

1.054 [F,? = -36( FH)]

graphite-monochromated Mo Ka.

(0.71073)

-80

 scans (0.2°) (30 s exposures)
52.88

11524 (Rine = 0.1008)

6446 [F,2 = 26 (F)]
0.9748-0.7714

11 524 [Fy* = -36(F,})]/0/723

1.21t0-1.10

0.0699

0.1770

0.985 [F? = -30( F,)]

“ Cell parameters obtained from least-squares refinement of 5957 centered reflections. ° Cell parameters obtained from least-squares
refinement of 7423 centered reflections.  Cell parameters obtained from least-squares refinement of 3321 centered reflections.
Programs for diffractometer operation, data reduction, and absorption were those supplied by Bruker. * Ry = X ||F,| — |Fe|| / Z |Fo|; WwR:
= [Ew(F,: — FAYEwW(F,H]"? Refinement on F,’ for all reflections (having F): > -36(F,%). wR» and S based on F.; R; based on F,,
with F, set to zero for negative F,". The observed criterion of F,> > 26(F,’) is used only for calculating R; and is not relevant to the
choice of reflections for refinement. 7S = [Zw( Fy* - F2)*(n — p)]l/ ? (n = number of data, p = number of parameters varied; w =
[0X(F) + (aoP)* + a1P]", where P = [max(F,’, 0) = 2F:)/3. For 7 a,= 0.0603 and a; = 0.8779; for 11a a, = 0.00822 and a; = 3.9605;
for 15 a,= 0.0808 and a; = 0.00.

9L
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The structure of 11a was solved using the direct-methods program SHELXS-86, and
refinement was completed using the program SHELXL-93, during which the hydrogen
atoms were treated as for 7. One of the chlorine atoms of a solvent dichloromethane
molecule was found to be disordered; this atom was split into two positions, which were
assigned occupancy factors of 0.75 and 0.25 and were allowed to refine independently.
The final model for 11a was refined to values of R(F) = 0.0496 (for 10 311 data with Fy?

> 26(F,)) and wR(F*) = 0.1423 (for all 12744 independent data).

The structure of 15 was solved using the direct-methods program SHELXS-86, and
refinement was completed using the program SHELXL-93, during which the hydrogen
atoms were treated as for 7. The final model for 15 was refined to values of R|(F) =
0.0699 (for 6446 data with F,> > 26(F,2)) and wRy(F®) = 0.1770 (for all 11524

independent data).
Results and Compound Characterization:

Reaction of the methylene-bridged, tetracarbonyl species [RhRu(CO);(u-CHz)(p-
CO)(dppm),][CF3SO;] (3) with a number of alkynes has been attempted. Although this
reaction proceeds readily with dimethyl acetylenedicarboxylate (DMAD), yielding
[RhRu(CO)3(u-n'm'-C(CO,Me)=C(CO,Me)CH,)(dppm),][CF;SOs] (6), the reactions
with other alkynes proceed sluggishly, requiring hours or days to reach completion at

ambient temperature. However, removal of a carbonyl from 3, using trimethylamine-/N-
oxide to give the tricarbonyl [RhRu(CO);(u-CHz)(dppm)2][CF3S0s] (4)’ in situ, results in
instantaneous reaction with a number of alkynes to give the same products as with 3, as

shown in Scheme 3.1. With the symmetric alkynes RC=CR (R = CO,Me, CF3;, CO,Et),
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reaction with 4 vyields the products [RhRu(CO)3(u-n'm'-C(R)=C(R)CH,)-

Scheme 3.1
P/\P + PR/-R'\P +
H,

N
/Rh Ru —_— Rh Ru—=CO
e =R

o) (o]

P\/P P\/P

R =R’ = CO,Me (6), CF; (7), CO,Et (8)
R = CH,; R' = CH(OEY), (9), CH,0H (10)

(dppm),][CF3S0s] (R = CO;Me (6), CF; (7), CO2Et (8)), in which alkyne insertion into
the Rh-CH, bond of the precursor has occurred. All products display very similar
J'P{'"H} NMR spectra (see Table 3.1), having two complex multiplet patterns between 3
22 and 29, in which the higher field signal in each case displays coupling to Rh. In all
cases, the presence of three terminally bound carbonyls is confirmed by the C{'H}
NMR spectra of *CO-enriched products in which the high-field resonance in each case
shows coupling to Rh of ca. 50 Hz, confirming this signal as resulting from the Rh-bound
carbonyl. In the case of compound 7, one of the Ru-bound carbonyls also displays 4 Hz
coupling to Rh. This carbonyl is assigned as opposite the Rh-Ru bond, since such

coupling has been observed when Rh and a carbonyl are mutually trans at an intervening
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metal.'® The IR spectra of the three compounds confirm the terminal binding for all
carbonyl ligands and also display the C=C stretch of the dimetallacyclopentene moiety at
1574 cm™. A broad carbonyl stretch at 1705 cm™ is observed for the carboxylate group of
6, while that of 8 appears at 1695 cm™. In all cases, the 'H NMR spectra of compounds
6-8 display the dppm-methylene resonances in the range & 3.7-5.1 and the metal-bound
methylene group between approximately & 1.5 and 1.8. The two dppm resonances are
consistent with different environments on either side of the "RhRuP4" plane and have the
typical appearance, which simplifies to an AB quartet upon broad-band *'P decoupling.
The metal-bound methylene group in cach case appears as a triplet, showing coupling to
the Ru-bound *'P nuclei, consistent with alkyne insertion having occurred into the Rh-
CH, bond. In addition to the above 'H resonances, compound 6 displays two separate
resonances for the methyl groups of the inserted DMAD molecule, and 8 shows the
corresponding resonances for the two inequivalent cthyl groups. The inequivalence of
the two methyl groups of 6 and the two ethyl groups of 8 is consistent with the insertion
products diagrammed in Scheme 3.1. By the same token, the '’F NMR spectrum of 7
displays two broad singlets at & -46.7 and -61.9 for the inequivalent CF; groups.
Additional support for alkyne insertion into the Rh-CH; bond comes from the "*C{'H}
NMR spectra of *CHj-enriched samples of 6 and 7, which show the methylene
resonances as triplets at 6 15.3 and 13.8, respectively, displaying coupling to only the Ru-
bound *'P nuclei. In contrast, the methylene resonance in the precursor (2-">CH,)

appears at 8 97.0 and shows coupling to all four *'P nuclei and to Rh (25 Hz).’

Support for the structures proposed for complexes 6 - 8 comes from the X-ray

structure determination of compound 7. A representation of the complex cation is
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diagrammed in Figure 3.1, with relevant bond lengths and angles given in Table 3.3.
Although both dppm ligands are bridging the metals in the common manner, in which
these groups are essentially trans on each metal, there is significant twisting of the two
coordination geometries about the metal-metal vector, to give an average torsion angle of
approximately 26°. This staggering of the ligands on adjacent metals may occur to
minimize nonbonded contacts, which otherwise would be quite severe because of the
short Rh-Ru distance (2.7771(3) A), and may also result from the strain imposed by the
bridging C; fragment. As deduced from the spectral data, alkyne insertion into the Rh-
CH; bond of 4 has occurred, leaving the Ru-CH; bond intact. Within the resulting Cs-
bridged fragment the bond lengths and angles are as expected. The C(4)-C(5) distance
(1.344(4) A) is typical of a double bond,'” while the C(4)-C(7), C(5)-C(6), and C(5)-C(8)
bond lengths (1.499(4), 1.505(4), 1.513(4) A, respectively) are typical of single bonds
between sp® and sp® carbons.'”'®  Similarly, the angles at C(4) and C(5) are also
consistent with sp2 hybridization of these atoms, while the smaller Ru-C(6)-C(5) angle
(114.2(2)°) is consistent with sp® hybridization at C(6), although this is still larger than
the idealized 109.5°. It should be noted that twisting of the two metal octahedra about
the Rh—Ru bond to give a somewhat eclipsed geometry would result in an ever larger
angle at C(6), lending support to the argument that the staggered geometry results from
strain imposed by the bridging C; ligand. The shorter Rh-C(4) bond compared to Ru-
C(6) (2.095(3) vs. 2.171(3) A) also probably reflects the hybridization difference of these

two carbon atoms.
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Figure 3.1:  Perspective view of the complex cation of compound 7, showing the
numbering scheme. Thermal ellipsoids are drawn at the 20% level except
for methylene hydrogens, which are drawn arbitrarily small. Phenyl
groups, except for ipso carbons, are omitted.
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Table 3.3: Selected Distances and Angles for Compound 7.
(i)  Distances (A)

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Rh Ru 2.7771(3) P(1) C(9) 1.832(3)
Rh P(1) 2.3324(8) P(2) C(9) 1.843(3)
Rh P(3) 2.3327(8) P(3) P(4) 3.0062(9)°
Rh C(1) 1.891(3) o(1) C(1) 1.130(4)
Rh C4) 2.095(3) 0(2) C2) 1.139(4)
Ru P(2) 2.3928(7) 0Q3) C@3) 1.147(3)
Ru P4) 2.4045(7) C@4) C(5) 1.344(4)
Ru C(2) 1.945(3) C4) (7 1.499(4)
Ru C@3) 1.851(3) C(5) C(6) 1.505(4)
Ru C(6) 2.171(3) C(5) C(8) 1.513(4)

P(D) P(2) 3.091(1)"

(i) Angles (deg)
Atom1l Atom2 Atom3 Angle Atom 1 Atom2  Atom3 Angle

Ru Rh P(1)  94.35(1) P(4) Ru C3)  89.88(9)
Ru Rh P@)  87.73(1) P(4) Ru C(6)  86.56(8)
Ru Rh Cc(l)  92.96(9) CQ) Ru C3)  92.9(1)
Ru Rh C(4)  84.80(8) C(2) Ru Cc6)  1743(1)
P(1) Rh P3)  177.923)  C(Q) Ru c6)  92.8(1)
P(1) Rh C(1) 86.7(1) Rh P(1) C(9)  108.4(1)
P(1) Rh C4)  89.07(8) Ru P(2) C9)  116.49(9)
P(3) Rh C(l)  93.13(10)  PQ) Ru P@)  175.75(3)
P(3) Rh C4)  91.1%(8) PQ2) Ru C2)  89.89(9)
c(1) Rh C)  175.0(1) Rh c(1) o)  177.3Q3)
Rh Ru PQ2)  89.40(1) Ru C(2) 0@2)  178.1(3)
Rh Ru P@)  92.20(1) Ru C(3) 03)  178.6(3)
Rh Ru C2)  90.64(8) Rh C(4) C)  123.3(2)
Rh Ru c@)  175.7(1) Rh C(4) C(7)  112.9(2)
Rh Ru C(6)  83.64(7) C(5) C(4) c(7)  123.73)
P(2) Ru P@4)  175.753)  C(4) C(5) c6)  122203)
P(2) Ru C(2)  89.89(9) C(4) C(5) C@8)  123.903)
P(2) Ru C(3)  88.27(9) C(6) C(5) C®)  113.3(2)
P(2) Ru C6)  89.71(8) Ru C(6) C(5)  114.2(1)
P(4) Ru C(2)  94.03(9)

“ Non-bonded distance.
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It was hoped that compound 6 might be susceptible to further methylene
incorporation to yield a C4-briged species containing one methylene group bound to each
metal with a DMAD moiety in between. Unfortunately, treatment of 6 with

diazomethane under a variety of conditions afforded no new organometallic species.

The unsymmetrical alkynes 2-butyn-1-al dimethylacetal (BDA) and 2-butyn-1-ol
also react readily with 4, giving the products [RhRu(CO)s(u-n'm'-
C(R)=C(R")CH,)(dppm),]{CF3S0s] (R = CHj;; R' = CH(CO;Et), (9), CH,OH (10)), in
which alkyne insertion into the Rh-CH, bond has again occurred. These products are
analogous to compounds 6 - 8 and show spectroscopic parameters (see Table 3.1) very
similar to these products. Although compounds 9 and 10 could, in principle, give rise to
two isomers resulting from alkyne insertion into the Rh-CH; bond, in which either the
methyl substituent or the oxygen-containing substituent ends up adjacent to the
methylene group, as shown in Scheme 3.2, only the latter is observed. The
regiochemistry in each of compounds 9 and 10 was established on the basis of 2-D NMR
techniques. In a heteronuclear multiple bond correlation (HMBC) experiment, two- and
three-bond carbon-hydrogen coupling is observed, while four-bond carbon-hydrogen
coupling is not. In these experiments, coupling between the carbon of the methylene
group and the single hydrogen of the adjacent CH(COEt), group in 9 or the pair of
CH,(OH) hydrogens of 10 was observed, while coupling of the metal-bound methylene
group with the methyl group on the bound alkyne of each compound was not observed.

This clearly establishes the geometry as A and not B. The driving force for the observed
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regiochemistry of the alkyne insertions is unclear, it is presumed that the phenyl rings on

the dppm ligands might help guide the alkyne into the orientation shown in Scheme 3.2.

Scheme 3.2
H,CC==CR RC=CCH,

\/I-Clz\ + /lc':lz +
Rh Ru—C Rh Ru—CO

c/ l 4 l

o c o® C

i o ¥ o
R + CH, +

H,C R
fj\cHZ 7/"\C\HZ

The nonactivated alkynes, acetylene, propyne, and 2-butyne, apparently do not
give the analogous insertion products but yield a complex mixture of unidentified
products over a range of temperatures between —80 and —20 °C has not been pursued

further.

The  Cybridged  species  [RhRu(CO)3(u-n'm'-C(COMe)=C(CO;Me))-
(dppm)2][X] (X = BF4 (11a), CF3SOs (11b)) were obtained by the reaction of dimethyl
acetylenedicarboxylate with [RhRu(CO)4(dppm),][X], accompanied by CO loss. In
solution, the spectral characteristics of the cations of 11a and 11b are identical, although

complete spectral data were obtained only for 11b. The methyl protons appear as two
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singlets in the 'H NMR spectrum (8 2.71 and 2.32), indicating two chemically
inequivalent methyl environments, consistent with the structure shown in Scheme 3.3. In
addition, the presence of two dppm-methylene resonances indicates "front-back"

asymmetry in the complex. Both *'P resonances in the S'p{'"H} NMR spectrum are

Scheme 3.3
P/\P + i P/\RP + ) P/hp +
l 0 orf I |;=«| OTf~ CHN, l I |
OC—Rh Ru— EE—— Rh Ru—C0O *» /Rh—Ru§—00
o .co / N c l | .
o) OC CO o ! ! 0
P
P\/ P\/P \/
2 11b
l-co
P/\P P/\P
R R R R
|)._—_§| CH,N, | - |/c°
Rhv Ru—CO Rh Ru
- | N
TfO
N | N
P\/P P\/P
12 13

overlapping, giving rise to a complex pattern centered at 8 19.9, while the “C{'H} NMR
data and the IR spectrum indicate that the three carbonyls are terminally bound (see Table

3.1).

The structure of 11a was confirmed by an X-ray structure determination, and a
representation of the complex cation is diagrammed in Figure 3.2, with important bond
lengths and angles given in Table 3.4. The alkyne moiety bridges the metals in a parallel

arrangement in which the C(4)-C(5) axis is almost parallel to the metal-metal axis.
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Figure 3.2: Perspective view of the complex cation of compound 11a. Thermal
cllipsoids are as described in Figure 1. Each phenyl ring carbon is numbered
from C(n1) to C(n6) starting at the ipso carbon, where n = 1 to 8 for the
eight phenyl rings.
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Table 3.4: Selected Distances and Angles for Compound 11a.

(i)  Distances (A)

87

Atom1  Atom 2 Distance Atom 1 Atom 2 Distance
Rh Ru 2.8627(4) Ru Cc3) 1.858(4)
Rh P(1) 2.3123(9) Ru C(5) 2.070(3)
Rh P(3) 2.312(1) o) C(1) 1.144(5)
Rh C(1) 1.898(4) o(1) C(1) 1.144(5)
Rh C4) 21104 02) C(2) 1.130(5)
Ru P(2) 2.390(1) 0@3) C(3) 1.138(5)
Ru P4) 2.41001) C4) C(5) 1.332(5)
Ru C(2) 1.950(4)

(i) Angles (deg)

Atom1l Atom2 Atom3 Angle Atom 1 Atom2  Atom 3 Angle
Ru Rh P(1) 91.19(2) P(2) Ru C(3) 90.2(1)
Ru Rh P@3) 92.71(3) P(2) Ru C(5) 81.6(1)
Ru Rh C(1) 118.3(1) P4) Ru C(2) 98.2(1)
Ru Rh C4) 62.6(1) P(4) Ru C@3) 86.1(1)

P(1) Rh P(3) 172.60(3) P(4) Ru C(5) 83.6(1)
P(1) Rh C(D) 91.1(1) C(2) Ru C(3) 97.4(1)
P(1) Rh C4) 88.6(1) C(2) Ru C(5) 158.9(1)
P(3) Rh C(1) 92.55(1) C(3) Ru C(5) 103.7(1)
P(3) Rh C4) 87.6 (1) Rh C(1) o(1) 177.5(4)
(1) Rh C{4) 179.1(1) Ru C(2) 02) 175.2(4)
Rh Ru P(2) 92.37(2) Ru C@3) 03) 176.8(4)
Rh Ru P(4) 90.65(2) Rh C(4) C(5) 122.3(3)
Rh Ru C(2) 84.8(1) Rh C4) C(6) 114.9(3)
Rh Ru C@3) 176.2(1) C(5) C4) C(6) 122.5(3)
Rh Ru C(5) 74.1(1) Ru C(5) C4) 100.7(3)
P(2) Ru P(4) 163.54(4) Ru C(%) C(8) 133.5(3)
P(2) Ru C(2) 98.2(1) C(4) C(5) C(8) 125.7(3)
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However, the alkyne is not symmetrically bound to both metals but is offset
slightly toward Ru. As a result, the Ru-C(5)-C(4) angle (100.7(3)°) is substantially
smaller than the expected value of near 120°, while the Ru-C(5)-C(8) angle (133.5(3)°)
has opened up substantially from the expected value. By contrast, the angles at C(4)
appear quite normal and are close to 120°. This asymmetry also manifests itself in a
difference in Rh-C(4) and Ru-C(5) distances (2.110(4) vs 2.070(3) A). Apart from the
asymmetric binding of the alkyne, other parameters within this bound hydrocarbyl unit
are normal. Therefore, the C(4)-C(5) separation (1.332(5) A) is typical for a double
bond,'” and the C(5)-C(4)-C(6) and C(4)-C(5)-C(8) angles are all near the expected 120°.
The metal-metal separation (2.8627(4) A) is typical of a single bond, showing significant
contraction relative to the intraligand nonbonded P-P distances of 3.015(1) and 3.011(1)

A.

Surprisingly, the C,-bridged 11 fails to react with diazomethane to yield a Cs-
bridged product analogous to compounds 6 - 10. The targeted species would be an
isomer of compound 6, in which the methylene group was adjacent to Rh rather than Ru.

However, reaction with diazomethane could be induced upon CO removal from 11b (vide

infra).

Removal of a carbonyl from 11b, using MesNO, yields a dicarbonyl product,
[RhRu(OSOzCF3)(CO)2(p.-T]‘:n1—C(CO;;_Me)ZC(COzMe))(dppm)z] (12). The dicarbonyl
formulation is supported by the two carbonyl stretches in the IR spectrum (200.3, 1945
cm™) and the carbonyl resonances in the BC{'H} NMR spectrum, at 8 206.9 and 192.2.

Neither of these carbonyls displays coupling to Rh, indicating that both are bound to Ru,
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and the absence of one of these carbonyls on Rh suggests that the coordination site
vacated by the carbonyl is now occupied by the triflate anion; anion coordination at Rh
upon CO loss was observed in a related RhOs compound.'® Although the triflate anion is
generally weakly coordinating,®® its coordination is common and has been observed in
numerous Rh compounds.'”>® The possibility that a solvent molecule is coordinated to
Rh instead of the triflate anion was excluded on the basis that the spectral parameters for
12 are essentially identical (apart from slight chemical shift differences) in CH,Cl, and in
acetone. In addition, the IR spectrum of 12 in CH,Cl, shows an S-O stretch for the
triflate group at 1356 cm™, consistent with coordination of this group.?’ The parallel
coordination mode of the alkyne is supported by the appearance of two methyl
resonances in the "H NMR spectrum, which shows the asymmetry expected based on the
two different metals. All other spectroscopic parameters are similar to those of 11b,
adding further support to our proposal that no gross geometry change has occurred on

transformation of 11b to 12.

Treatment of 12 with diazomethane results in methylene group insertion into the
Rh-Ru bond to give the methylene- and alkyne-bridged complex
[RhRu(OSO,CF3)(CO),(u-CH2)(u-DMAD)(dppm),] (13), as shown in Scheme 3.3.
Again, the “C{'H} NMR spectrum shows no coupling of either carbonyl resonance to
Rh, indicating that both remain bound to Ru. In the 'H NMR spectrum the dppm
methylene groups (0 4.42, 2.74) have their usual appearance, which simplifies to an AB
quartet upon broadband *'P decoupling. The metal-bridged methylene group appears as a
pseudoquintet at & 3.66, displaying coupling to all four *'P nuclei. Selective *'P

decoupling of either 3P resonance results in simplification of the 'H resonance of the
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bridging methylene group to a triplet, and broadband *'P decoupling yields a singlet. The
absence of Rh coupling is not unusual since two-bond Rh-H coupling in hydrocarbyl

fragments is usually less than 3 Hz.%'*!

The *'P{'H} NMR spectrum of 13 is atypical, appearing as a singlet (8 26.2) for
the Ru end of the diphosphines and a doublet (8 15.3, 'Jrup = 142 Hz) for the Rh end. A
similar, unusually simple spectrum has been observed previously;* in the present case
the simplified spectrum appears to result from small intraligand P-P coupling,
presumably a consequence of opening up of the dppm P-C-P angles upon cleavage of the
Rh-Ru bond. We have previously noted a significant decrease in intraligand P-P

coupling on cleavage of the metal-metal bond in related compounds.*

Carbonyl removal from 6 using MesNO results in a hydrogen shift within the Cs
moiety and  subsequent rearrangement to  yield [RhRu(CO)»(u-n bn’-
CHC(CO,CH3)=CH(CO,CHj3))(dppm),][CF3S03] (14) as diagrammed in Scheme 3.4.
This rearrangement is accompanied by a dramatic change in the >'P{'H} NMR spectrum

from an AA'BB'X spin system in which there are two pairs of chemically inequivalent *'P

Scheme 3.4
R +
P/R\P + P/""-/C‘QC /R
H /7 \
e | 2y
Rh Ru co » OC—Rh Ru—CO
A0 N |
OC ! b co P “‘.F—’
\/ \\\\“\‘
R = CO,Me (6) R = CO;Me (14)
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nuclei to an ABCDX spin system in which all four *'P nuclei are chemically inequivalent.
The appearance of only two carbonyls (one on each metal) in the BC{'H} NMR
spectrum confirms the loss of one carbonyl. In the '"H NMR spectrum four resonances
are observed for the four dppm-methylene protons and two signals appear for the
inequivalent methyl groups of the DMAD ligand. Only one of the hydrogens that
originated from the methylene group of 6 was unambiguously identified in the "H NMR
spectrum (at o 5.90). However, the ’H NMR spectrum of a deuterium isotopomer of 14,
[RhRu(CO)2(u-n"m*-C(D)C(CO;Me)=CD(CO,Me))(dppm),][CF3S0s3], prepared from
the u-CD; isotopomer of 6, revealed the missing resonance of the vinylic deuterium at &
3.90, typical for such a species.” The presence of this proton was confirmed by HMQC
NMR experiments on compound 14, in which the proton at & 3.90 correlated with a

34,35

carbon resonance at 8 55.0, also typical of such an arrangement. If a sample of 14 is

prepared from *CH,-enriched 3, the single hydrogen at 3 5.90 shows 175 Hz coupling to
the 1*C nucleus, confirming that these nuclei are mutually bonded. That this '>C nucleus
has only one proton attached was confirmed by both the presence of a positive signal in
the C{'H} APT NMR spectrum and the appearance of a doublet of doublet of
multiplets in the >C NMR spectrum with coupling of 175 Hz to only a single hydrogen
nucleus. In the >C{'H} NMR spectrum this carbon, at § 110.2, appears as a doublet of
multiplets. The large splitting of 73 Hz was confirmed to be due to coupling to
phosphorus, based on *'P decoupling experiments, and the magnitude of this coupling
suggests a close-to-trans arrangement of the CH moiety and one end of the diphosphine
unit. Selective *'P decoupling experiments show that this large coupling is due to a Ru-

bound phosphine. In the >C{'H,>'P} NMR spectrum the resonance due to the CH group
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displays 23 Hz coupling to Rh, consistent with this unit occupying a bridging position.
On the basis of these NMR data the structure shown in Scheme 3.4 is proposed, which is
very similar to that confirmed in an X-ray study for [Ir,H(CO)2 (' m?-
HCC(Et)C(H)Et)(dppm),][CF3SOs], previously studied in our group.”®  Unfortunately,
we were unable to obtain crystals of 14 suitable for an X-ray study, to confirm the

proposed geometry.

The reaction of 4 with propargyl alcohol (HC=CCH,OH) occurs very differently
than with the previously noted alkynes, yielding a product that has incorporated two
alkyne molecules. Even if less than 2 equiv of the alkyne is utilized, only the "double-
insertion” product [RhRu(CO)y(p-n’m*-CH=C(CH,OH)CH=(CH,OH)CH,)(dppm),]-
[CF3S0s;] (15) is obtained, together with unreacted starting material. The structure of this
compound has been established by X-ray crystallography, and a representation of the
complex cation of 15 is shown in Figure 3.3, with important bond lengths and angles
given in Table 3.5. This structure determination clearly confirms that two alkynes have
coupled in a head-to-tail manner with the methylene group, to form a
rhodacyclohexadiene fragment. Both olefinic bonds of this rhodacyclohexadiene unit are
also m-bonded to Ru, with Ru-C distances varying from 2.202(7) to 2.395(8) A. As a
consequence of the binding of this diolefin to Ru, the C(3)-C(4) and C(5)-C(6) bonds
(1.39(1) and 1.39(1) A) are somewhat elongated compared to normal double bonds."’
Although the Rh-C(3)-C(4)-C(5)-C(6) fragment is very close to planar, the methylene
carbon (C(7)) lies 0.85(1) A out of this plane. This is shown clearly in the alternate view
of 15 shown in Figure 3.4. Both diphosphine ligands are bent back, away from the

bridging hydrocarbyl group, with P(2)-Rh-P(4) and P(1)-Ru-P(3) angles of 105.61(7)°
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Figure 3.3: Perspective view of the complex cation of compound 15. Thermal ellipsoids
and numbering are as described in Figure 2, except that the hydroxyl protons
are also shown arbitrarily small.
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Table 3.5. Selected Distances and Angles for Compound 15.
(i)  Distances (A)

94

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Rh Ru 2.7722(8) Ru Cé6 2.395(8)
Rh P2 2.369(2) P1 P2 3.1313)
Rh P4 2.362(1) P3 P4 3.142(3)
Rh C2 1.912(8) 01 Cl 1.149(8)
Rh C3 2.043(7) 02 C2 1.125(9)
Rh C7 2.116(8) 03 C8 1.412(9)
Ru P1 2.337(2) 04 C9 1.50(1)
Ru P3 2.330(1) C3 C4 1.39(1)
Ru Cl 1.873(8) Cc4 C5 1.43(1)
Ru C3 2.202(7) C4 C8 1.53(1)
Ru C4 2.270(7) Cs C6 1.39(1)
Ru Cs 2.227(8) Cé C7 1.48(1)

(i) Angles (deg)

Atom1  Atom?2 Atom 3 Angle Atom 1 Atom2  Atom 3 Angle
Ru Rh P2 94.21(5) P1 Ru Cé 161.0(1)
Ru Rh P4 98.24(5) P3 Ru Cl 93.6(2)
Ru Rh C2 159.7(2) P3 Ru C3 137.1(1)
Ru Rh C3 51.8(2) P3 Ru C4 154.9(2)
Ru Rh C7 77.8(2) P3 Ru Cs 122.6(2)
P2 Rh P4 105.61(7) P3 Ru C6 91.5(1)
P2 Rh C2 92.1(3) Cl Ru C3 129.2(3)
P2 Rh C3 82.2(2) Cl Ru C4 97.1(3)
P2 Rh C7 168.2(2) Cl Ru Cs 84.2(3)
P4 Rh C2 98.5(2) Cl1 Ru C6 101.8(3)
P4 Rh C3 149.9(2) C3 Ru C4 36.2(3)
P4 Rh C7 84.3(2) C3 Ru C5 66.6(3)
C2 Rh C3 110.4(3) C3 Ru C6 77.6(3)
C2 Rh C7 92.7(3) C4 Ru C5 37.03)
C3 Rh C7 86.1(3) C4 Ru C6 64.1(3)
Rh Ru P1 94.53(5) C5 Ru C6 34.8(3)
Rh Ru P3 90.43(5) Ru Cl1 01 174.4(7)
Rh Ru Cl1 170.1(2) Rh C2 02 177.9(8)
Rh Ru C3 46.8(1) Rh C3 Ru 81.5(2)
Rh Ru C4 75.8(1) Rh C3 C4 129.9(6)
Rh Ru Cs 86.0(2) Ru C3 C4 74.6(4)
Rh Ru C6 69.0(1) Ru C4 C3 69.2(4)
P1 Ru P3 98.27(8) Ru C4 Cs 69.8(4)
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(ii)  Angles (deg) (cont’d...)

Pl Ru Cl 93.9(2) Ru C4 c8  130.1(5)
Pl Ru C3 84.2(2) C3 C4 C5  1193(7)
Pl Ru C4 103.6(2) C3 C4 c8  121.6(7)
Pl Ru Cs 139.1(2) Cs C4 cs  118.9(7)

"Non-bonded distance.

Figure 3.4:  Alternate view of the cation of 15 in which the phenyl carbons, except for
the ipso carbons, are omitted.
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and 98.27(8)°, respectively. The geometry at both metals can be described as
octahedral. At Rh, the hydrocarbyl group resulting from coupling of the methylene group
and two alkynes occupies two cis positions, as do the two ends of the diphosphines; the
carbonyl on this metal is opposite the metal-metal bond. Ruthenium has a rather similar
geometry except that two of the mutually cis coordination sites are occupied by the two

n-interactions involving the metallacyclohexadienyl fragment.

Although both Rh-C bonds of the metallacycle are normal, that involving the
vinylic fragment (Rh-C(3) = 2.043(7) A) is significantly shorter than the Rh-alkyl bond
(Rh-C(7) =2.116(8) A) at the other end. This difference presumably reflects (in part) the
differences in hybridization of both carbon atoms;'® however, additional shortening of the

Rh-vinyl bond may be due to m back-bonding from the metal.

NMR spectroscopic studies suggest that the structure described above is
maintained in solution. For example, the *'P{'H} NMR spectrum shows four separate
phosphorus resonances and the 'H NMR spectrum shows a separate resonance for each of
the four dppm methylene hydrogens. In addition, the protons on the methylene group of
the hydrocarbyl fragment are chemically distinct (8 2.03 and 0.77) and display coupling
to the Rh-bound *'P nuclei. The resonance for the vinylic proton of C(5) of the diolefin
fragment is observed at 8 6.03 as a singlet, showing no coupling to Rh or to its bound
phosphine ligands. That of the proton on C(3) is not observed, but is shown by a 'H
COSY NMR experiment to be at & 7.60 on the basis of its very weak coupling to the
proton on C(5). Similarly, both alcoholic protons are coincident at & 2.80, and '"H COSY

experiments show coupling of these protons to the pairs of adjacent methylene protons at
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§3.71 and 3.60 and at & 3.24 and 2.55. The “C{'H} NMR and IR spectra show that both
carbonyls are terminally bound, and the former spectrum establishes that one is bound to

each metal on the basis of the 67 Hz coupling of one of these to Rh.

Discussion:

Our earlier observation of facile coupling of diazomethane-derived methylene
groups at a Rh/Os core® to yield either allyl or butanediyl fragments suggested to us the
intermediacy of a C;H¢-bridged propanediyl species. Elimination of a B-hydrogen from
the central carbon of this C; intermediate would yield the allyl group, whereas insertion
of an additional methylene group would yield the butanediyl fragment. We have
attempted to model this putative Cs-bridged species by insertion of alkynes into one of
the metal-CH, bonds of [RhRu(CO)4(u-CHz)(dppm):][CFsSO;3] (3). Although this
reaction proceeds with varying degrees of success, depending on the alkyne, the
anticipated products are obtained much more readily by first converting 3 into the
tricarbonyl, [RhRu(CO);(u-CH;)(dppm),]J[CF3SOs] (4), followed by the reactions with
alkynes. The resulting products, [RhRu(CO)s(u-n"m'-RC=C(R")CH)(dppm)][CF3S0s]
(R =R'=CO;Me (6), CF; (7), COzEt (8); R = Me, R' = CH(OEt), (9), R'= CH,OH (10)),
have the so-formed Cs; fragment bridging the metals with the vinylic end of this fragment
bound to Rh and the alkyl end bound to Ru. This arrangement is analogous to that
proposed for the putative C3Hg fragment in the Rh/Os system.® Although insertion of the
nonactivated alkynes, acetylene, propyne, and 2-butyne, into the Rh-CH; bond of 3 or 4
would have given rise to better models for the above C3;Hg-bridged intermediate,® these

simple insertion products did not result. Instead, mixtures of unidentified products
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resulted. The products of alkyne insertion in this report are in contrast to the products
previously obtained from alkyne insertion in "Fey(u-CH,)",’ 436 "Ruy(u-CHyp)", "4
"FeRu(u-CHz)",35 and "Rhy(u-CHz)," 42 units, in which the resulting C3 fragments could
be viewed as vinyl carbenes. Unlike our bridging "RC=C(R")CH;" unit, which functions

as a neutral two-electron donor, the vinyl carbene functions as a four-electron donor. We

Scheme 3.5 ]
|
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R \ R
l /Rh_Ru\
R C
\cl:/ \(I:Hz + _3(' oC Co
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H
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0 %

therefore anticipated that removal of a carbonyl from our dimetallacyclopentene
complexes could lead to a transformation of the bridging hydrocarbyl group to a vinyl
carbene (C) with the two-electron deficiency resulting from CO loss being alleviated by
the ligand transformation shown in Scheme 3.5 (dppm groups above and below the plane
of the page are omitted for the sake of clarity). Surprisingly, carbonyl loss from 6 does
not generate the anticipated product, but instead yields compound 14, corresponding to
the isomer D, in which a 1,3-hydrogen shift and an accompanying rearrangement has
occurred, moving the fragment originating from the alkyne molecule from the Rh end to

the Ru end of the complex.
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The reason for this isomerization is not clear, although having a hydrogen on the
bridging carbene carbon, as observed in 14, rather than a larger CO,Me group, as in the
anticipated product, is sterically favoured. — The proposed mechanism for this

transformation is shown in Scheme 3.6. The methylene group adjacent to Ruin 6 is in a

Scheme 3.6
’1‘ + T + T *
N ,//XQT " e g P
c c ) H /
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TS %
H H
/Rh—\Ru\ RN \Ru
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B position to Rh, and the attached hydrogen appears to be in a position that may be
favourable toward B-elimination. This type of B-elimination has been observed in the
Rh/Os system with a bridging Cy4 unit (vide infra). Reductive elimination of the vinylic
end of the C; moiety with the hydride followed by rotation of the alkene end will
complete the migration. Analogous hydrogen migrations have previously been observed
in related chemistry in which the vinyl carbene products, [Fex(CO)7(um'm’-
C(H)C(H)C(H)Ph)]*® and [Ir;H(CO)(1,n' m*-C(H)C(R)C(H)R)(dppm),][CF3S03] (R =
C;Hs),” were obtained. In these examples, as for compound 14 in this report, the

products have a less substituted carbene carbon than would have resulted without
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hydrogen migration. Although the origin of the above diiridium species appears to differ,
having resulted from alkyne attack at a methyl complex, we now believe that it also
proceeded via a methylene-bridged alkyne adduct and that subsequent alkyne insertion
and hydrogen migration occurred much as proposed for the above Fe; system and for the

RhRu system reported herein.

Diazomethane addition to 6, in an attempt to transform the Cs-bridged species
into a C4-bridged product did not afford any new complexes. This is in contrast to the
RhOs analogue in which the targeted methylene incorporation is observed (Scheme
3.7).43 It is unclear why the RhOs analogue of 6 incorporates a methylene group to yield
a new Cy-bridged species while compound 6 does not. Both complexes appear to have
the same steric limitations at the Rh centre, where presumably initial CH;N; coordination

will take place.

Scheme 3.7
P~ g P * PR RP v
R _
|){J\! co CH:M, 0
Rh 0s™ —_— Rh os— ¢
d N 71N v A
° »p p 0 o H ‘
~— P~_—"
R =R = CO,CH,

In the case of the unsymmetrical alkynes, MeC=CCH(OEt), and MeC=CCH,0H,
insertion occurs to yield the products having the bulkier CH(OEt), and CH,OH groups

adjacent to the methylene group. This is in contrast to the regiochemistry demonstrated
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for the insertion of unsymmetrical alkynes into the methylene bridges of the complexes
[Rua(NCMe)(CO)a(Cp)a(u-CHo)1,*! [Ruy(NCMe)(CO)Cpa(u-CH,)a], Y and
[FeRu(CO);Cp,(L-CH,)],> in which the less sterically crowded alkyne carbon usually
ended up bonded to the methylene group. In the reaction of [Ruy(NCMe)(CO)o(Cp)2(u-
CH,)] with 3-phenyl-2-propyn-1-ol (PhC=CCH,OH), insertion gave both isomers.*!
Clearly the steric demands of the dppm-bridged system differ substantially from those of

the above Cp complexes.

In all alkyne-insertion reactions reported herein, insertion has occurred into the
Rh-CH, bond rather than the Ru-CH; bond. This presumably reflects the coordinative
unsaturation at Rh, allowing alkyne coordination at this metal, followed by insertion into

the adjacent Rh-CH> bond.

We attempted to obtain the isomeric Cs-bridged species [RhRu(CO)3(u-n'm'-
CH,C(R)=C(R))(dppm),][CF3S0s], in which the methylene group was adjacent to Rh
instead of Ru, by reaction of the alkyne-bridged product [RhRu(CO)g(u-nlznl-
C(COMe)=C(CO:Me))(dppm),][CF3SOs] (11b) with diazomethane. We had assumed
that diazomethane coordination and activation would occur at the unsaturated Rh center
with subsequent CH» insertion into the Rh-alkyne bond. Formation of the Cs-bridged
product by this route would more closely model the formation of the putative C;He-
bridged intermediate from the ethylene-bridged precursor in the Rh/Os chemistry.®
Furthermore, this would also model a key step in the Dry mechanism for carbon-carbon
chain growth in FT chemistry.® However, the alkyne-bridged product 11b proved to be

unreactive toward diazomethane. Either diazomethane coordination at Rh is blocked by
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the CO,Me group adjacent to this metal, or insertion into the stronger bond between Rh
and the sp® carbon is not favored. This bond is presumably further strengthened by the
adjacent electron-withdrawing CO,Me substituent.** Methylene insertion into a metal-
carbon bond of an alkyne-bridged complex has been observed;” however, in this case the
alkyne bridged the metals in an arrangement perpendicular to, rather than parallel to, the
metal-metal bond. We have previously noted reactivity differences between isomeric
complexes in which the alkyne was bound in ecither a perpendicular or parallel

#4650 we have attempted to generate a perpendicular alkyne complex from

arrangement,
11b. In the parallel mode the alkyne functions as a neutral two-electron donor, whereas in
the perpendicular mode it is a four-electron donor. Removal of a carbonyl should induce
a rotation of the alkyne group to perpendicular in order to alleviate the resulting electron
deficiency. Instead however, carbonyl loss is accompanied by coordination of the triflate
anion at Rh, thereby alleviating the resulting unsaturation and yielding a product (12),
shown in Scheme 3.3, very much like the precursor, in which the alkyne group remains
parallel to the metals. Nevertheless, this product does react with diazomethane, although
not to give a product of methylene insertion into the Rh-alkyne bond. Instead, methylene
insertion into the Rh-Ru bond has occurred, to give the methylene- and alkyne-bridged
13. This product is analogous to a dirhodium compound, [Rh,ClL(u-CHy)(p-
CF;C=CCF;)(dppm),], previously prepared by us by reaction of the alkyne-bridged
precursor with diazomethane.”” As an interesting contrast, it should be noted that
subsequent studies with the RhOs system have shown that methylene insertion into the

Rh-C bond of  the alkyne-bridged complex [RhOs(CO)s(u-n'm'-

C(CO,Me)=C(CO,Me))(dppm);]” does give the targeted Ci-bridged [RhOs(CO)s(u-
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Nn'M'-CH,C(CO,Me)=C(CO,Me))(dppm),]"."* The reasons for this reactivity difference

between the RhRu and the RhOs analogues are not understood.

With the terminal alkyne, propargyl alcohol, the single-insertion product
analogous to compounds 6 - 10 is not observed. Instead, reaction with 2 equiv. occurs to
give the Csbridged [RhRu(CO)y(u-n*n*-CH=C(CH,OH)CH=C(CH,OH)CH,)-
(dppm);][CF3S0s] (15). Stepwise insertion of both alkynes into the Rh-CH; bond in a
head-to-tail manner has occurred with the more bulky substituent (CH,OH) ending up
adjacent to the methylene group. We propose that this double insertion occurs as

diagrammed in Scheme 3.8 (dppm groups omitted for clarity). Coordination of the first

Scheme 3.8
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alkyne at Rh leads to insertion into the Rh-CH; bond to give the Cs-bridged product E.
This proposed intermediate has a geometry like those of 9 and 10, with the bulkier alkyne

substituent adjacent to the methylene group. The small hydrogen substituent on the
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carbon bound to Rh presumably allows for coordination of a second alkyne at this metal,
leading to the second insertion reaction which gives a Cs-bridged species. We assume
that strain within this initially formed seven-membered dimetallacycle (F) leads to
migration of the CH; end to Rh, giving a rhodacyclohexadiene moiety, which forms two
7 interactions with Ru, accompanied by carbonyl loss. Double insertions involving the
internal alkynes described earlier do not occur owing to the inability of the second alkyne
to coordinate to Rh in the monoinsertion products 6 - 10 because of steric repulsions
involving the substituent on the carbon bound to Rh. Double insertions of alkyne into a
single bridging methylene unit to give Cs-bridged moieties have been observed,’ 6,38,48,49
and in a couple of these cases coupling of internal alkynes was observed. Presumably, the
steric demands of these "Fey(CO),", "W2(CO)," and "Ru,Cp," core frameworks, for
which double insertions of internal alkynes were observed, are lower than for the
"RhRu(dppm)," framework reported herein, for which a second insertion was observed
only for the terminal alkyne, propargyl alcohol. A double insertion was also reported for
the bis-methylene-bridged complex [Cp"‘Rh(NCMe)(u—CHz)]2,42 in which stepwise
alkyne insertion involving both methylene units, accompanied by coupling of the two

resulting C; fragments, was proposed.

Compound 15 seems ideally suited to either reductive elimination via C-C bond
formation yielding a cyclopentadiene fragment or hydrogenolysis of the Rh-C bonds to
give a substituted pentadiene. Attempts to induce reductive elimination by mild heating
(refluxing THF) or by oxidation by ferricinium hexafluorophosphate or ammonium
hexachloroiridate(IV)5 % failed; no reaction was observed in either case. Reaction of 12

with H, does yield the expected binuclear hydride product, [RhRu(CO);(u-
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H)z(dppm)z][CF3SO3];9 however the other expected product, H,C=C(CH,OH)-
C(H)=C(CH,OH)CH3, or the fully hydrogenated H;CCH(CH,OH)CH,CH(CH,OH)CH3
was not detected; the complex mixture of organic products observed in the 'H NMR

spectrum of the reaction mixture was not analyzed.
Conclusions:

The insertion of a variety of alkynes into the Rh-CH; group of the methylene-
bridged species [RhRu(CO);(i-CHy)(dppm).][CF3S03] (4) occurs readily. In all cases
studied the first product is either observed or assumed to be the single-insertion product
in which the resulting "RC=C(R")CH," moiety bridges the metals with the terminal
vinylic carbon bound to Rh and the methylene group bound to Ru. This is consistent with
all previous studies from our group on "Rh(u-CH)M" complexes (M = Ru, Os), in which
coordinative unsaturation at Rh allows substrate coordination at this metal and
subsequent substrate insertion into the Rh-CH, bond.*>'*"! In Chapter 2, the PMe;
adduct of 4 models the initial ligand adduct, clearly demonstrating coordination at Rh
adjacent to the bridging methylene group. Surprisingly, the reverse process of methylene
insertion into the Rh-C bond of the alkyne-bridged product [RhRu(CO)s(u-n'm'-
(CO;Me)C=C(CO;Me))(dppm),][X] (11) did not occur in the RhRu system, but does
occur for the RhOs analogue, giving [RhOs(CO)s;(u-n'm'-CHy(CO;Me)-

C=C(CO,;Me))(dppm),]" for reasons which are unclear.

In the cases in which the alkyne substituents (R,R') were not the same,
regioselective insertion occurred, giving the product in which the larger substituent was

adjacent to the methylene group. For propargyl alcohol the small hydrogen on one end of
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the alkyne appears to allow subsequent coordination of a second propargyl alcohol

molecule at Rh followed by a second insertion to give a Cs-bridged product.

The Cs-bridged products containing the u-n'm'-RC=C(R")CH, groups are
effective models for the proposed C;Hg-bridged intermediates obtained by coupling of
three methylene groups in a related Rh/Os system. Our success at isolating the alkyne-
insertion products, where the CsHg-bridged species could not be observed, probably
relates to the absence of hydrogens on the f-carbon atom in the former, eliminating the
possibility of B-hydrogen elimination as a decomposition pathway. Unfortunately, apart
from the double-insertion of propargyl alcohol, subsequent insertions into the Rh—C bond
of the Cs-bridged products were not observed. Therefore we were unable to convert the
model C;-bridged systems into C4 products by reaction with diazomethane. Our failure
to convert the C; to C4 products is not understood, especially considering the facile
conversion of C; to Cs products with propargyl alcohol. Furthermore, the RhOs
analogues of the C;-bridged products do accept a methylene unit from diazomethane

affording an interesting C4-bridged hydride species (Scheme 3.6).

As noted in Chapter 2, substitution of Os by Ru in these mixed-metal Rh/M (M =
Ru, Os) complexes does not always lead to predictable changes in reactivity. So, in this
chapter the reactivity described above in which the Rh/Os compounds [RhOs(CO);(u-
DMAD)(dppm);][CF3SOs] and [RhOs(CO)s(p-n' ' -C(CO:Me)=C(CO,Me))-
(dppm),][CF3SO;] incorporate an additional methylene group whereas the Rh/Ru

analogues don’t react is puzzling. These differences are particularly puzzling when one
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considers that both reactions occur at the Rh centre. Clearly the influence of the adjacent

group 8 metal is subtle yet profound, significantly modifying the reactivity at Rh.
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Chapter 4
Coupling Between Allenes and Methylene Groups
Introduction:

In Chapter 2, we discussed the synthesis and characterization of the methylene-
bridged complex [RhRu(CO)3(1-CHz)(dppm),][CF3S0s] (4), and began to investigate its
potentially rich chemistry. Chapter 3 dealt with additions of alkynes to 4, resulting in the
formation of one or two carbon-carbon bonds by sequential alkyne insertion into the Rh-

C bonds giving Cs- or Cs-bridged species, respectively.

A natural progression from the use of alkynes is the utilization of another series of
doubly-unsaturated organic compounds, cumulenes. Cumulenes, though they contain
two available m systems like alkynes, are a closer analogue to ethylene and can
potentially produce Cs-bridged species more directly analogous to those of the C3;Hg

intermediates prepared in the Rh/Os system.’

There arc several different ways that the cumulene could interact with the
unsaturated Rh centre, as diagrammed in Scheme 4.1. For the cases of substituted
cumulenes, it is anticipated that coordination through the bulkier end will be sterically
unfavoured. This being the case, the incoming cumulene can coordinate in two different
geometries, leading to the products A and B. Although product B contains B-hydrogens,
and as such may be susceptible to decomposition through B-hydrogen elimination,

product A does not have B-hydrogens so may demonstrate increased stability."
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In this chapter we attempt the synthesis of the Cs-bridged species A or B by the

reaction of [RhRu(CO)s(u-CH,)(dppm), ][ X] with some cumulene molecules.

Experimental:

General Comments. All solvents were dried (using appropriate desiccants), distilled
before use, and stored under a dinitrogen atmosphere. Reactions were performed under an
argon atmosphere using standard Schlenk techniques. Diazomethane was generated from
Diazald, which was purchased from Aldrich, as was the trimethylphosphine (1.0 M)
solution in THF. The dimethylallene and methylallene were purchased from Fluka. The
BC-enriched Diazald was purchased from Cambridge Isotopes, whereas *CO was

purchased from Isotec Inc. The allene was purchased from Praxair, Inc.

The 'H, “C{'H}, and *'P{'H} NMR spectra were recorded on a Varian iNova-400

spectrometer operating at 399.8 MHz for 'H, 161.8 MHz for *'P, and 100.6 MHz for "*C.
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Infrared spectra were obtained on a Bomem MB-100 spectrometer. The elemental

analyses were performed by the microanalytical service within the department.

Spectroscopic data for all compounds are given in Table 4.1.

Preparation of Compounds:

(a) [RhRu(CO)z(u-n*n'-C(CH2)3)(dppm),][CF3S03} (16). A Schlenk Flask was
charged with the compound [RhRu(CO)4(u-CH2)(dppm),][CF3SOs] (85 mg, 0.068 mmol)
(3) and MesNO (8.70 mg, 0.116 mmol, 1.7 eq.). The flask was cooled to — 8 °C using a
salt-water/ice bath, evacuated, then back-filled to ca. 1 atm with allene, then 5 mL of
acetone was added to the flask, causing the solution colour to change immediately from
red to yellow-orange. The ice bath was removed and the solution was stirred for 1 h,
after which it was filtered over Celite. The filtrate was concentrated to ca. 2 mL, and
subsequent dropwise addition of Et,O caused the formation of an orange solid. The
supernatant was removed and the solid was washed with 2 x 15 mL Et,O and dried in
vacuo (yield: 54 mg, 65%). Anal. Caled for Cs;HsoF;0sP4RhRuS: C, 55.52; H, 4.09.

Found: C, 55.69; H, 4.09.

(b) [RhRu(CO)s(u-n*:n"'-C(CH,)3)(dppm);][CF3S0;5] (17). Compound 16 (100 mg,
0.081 mmol) was dissolved in 4 mL CH;Cl, and carbon monoxide gas was passed over
the solution for ca. 5 min. The solution slowly turned from yellow-orange to orange.
After 0.5 h of stirring, the solution was concentrated to ca. 3 mL using a stream of Ar
gas. Slow addition of 15 mL of Et,O resulted in the precipitation of orange

microcrystals. The supernatant was removed and the crystals were dried in vacuo (yield:
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Table 4.1. Spectroscopic Data For Compounds.

NMR%*
Compound IR (cm™)** *'P{'H} (ppm)’ 'H (ppm)*” Bc{'H} (ppm)™’
[RhRu(CO),(u-n’*m’- 2021 (m), 1951 (s) 4.30 (m, 2H), 3.90 (m, 2H), 194.5 (m, 1C), 191.7
C(CH,)3)(dppm),]- 4.02 (s,2H), 1.98 (d,’ Ty (m, 1C), 13.8 (s,

[CF3S05] (16)

[RhRu(CO)3(u-n’m'-
C(CHa)3)(dppm), ]-
[CF3S0s] (17)

[RhRu(CO)(PMes)(u-n’m'-

C(CH2)3)(dppm)]-
[CF3S03] (18)

[RhRu(CO)»(C(0)CH,CH,C-

(=C(CHs)2)(dppm)2]-
[CF3503] (19)

2010 (m), 1980 (m), 30.4 (m), 13.2

26.3 (m), 13.3
(dm), - 34.6

1975 (m), 1910 (s), 35.5(m), 204

=8 Hz, 2H), 1.49 (t, *Jpy
= 8 Hz, 2H)

4.16 (m, 2H), 4.06 (m, 2H),
2.64 (d, *Jp = 9 Hz, 2H),
1.79 (s, 2H), 1.52 (t, *Jpy
=9 Hz, 2H)

4.32 (m, 2H), 4.12 (m, 2H),
1.86 (s, br, 2H), 1.73 (m,
br, 2H), 1.50 (s, br, 2H),
0.39 (d, Jpg = 7 Hz, 9H)’

3.58 (m, 2H), 3.41 (m, 2H),
2.73 (m, 2H), 1.31 (s,
3H), 0.96 (s, 3H), 0.37
(m, 2H)

1C)

205.2 (m, 1C), 198.7
(m, 1C), 184.2 (dm,
Jrnc = 57 Hz, 10)

250.7 (dt, "Jrae =33
Hz, ZJPC =8 HZ,
1C) 220.2 (m, 1C),
202.4 (t, 2Jpc =23
Hz, 1C)

144!
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Table 4.1. (cont’d.)

[RhRu(CO)(H)2(C(O)CH,C 2155 (m),f2126  31.9 (m), 22.3 3.94 (m, 2H), 3.60 (m, 2H), 236.3 (dt, Jruc = 28

H,-C(=C(CHj),)- (m),* 2053 (m), 2000 (dm) 1.99 (s, 3H), 1.73 (m, Hz, 2Jpc = 7 Hz,

(dppm),]-[CF:SO5] (20) (s), 1683 (m) 2H), 1.16 (s, 3H), 0.93 1C), 196.8 (m,
(m, 2H), -7.89 (m, 1H), 1C), 190.7 (t, *Tpc
-10.01 (m, 1H) =11 Hz, 1C)

“ IR abbreviations: s = strong, m = medium, w = weak. b CH,Cl, solutions, in units of em?, € Carbonyl stretches unless otherwise
noted. ¢ NMR abbreviations: s = singlet, d = doublet, t = triplet, m = multiplet, cm = complex multiplet, dm = doublet of
multiplets, om = overlapping multiplets, br = broad, dt = doublet of triplets. * NMR data at 25 °C in CD,Cl. /3 'P chemical shifts
referenced to external 85% H3PO,. ¢ Chemical shifts for the phenyl hydrogens are not given. ” 'H and *C chemical shifts
referenced to TMS. ' >C{'H} NMR performed with *CO enrichment. / data obtained at — 60 °C. * v

Sl
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80 mg, 78%). Anal. Calcd for CssHsoF3O6P4RhRuS: C, 55.24; H, 4.00. Found: C, 55.23;

H, 3.87.

(¢) [RhRu(CO),(PMes)(-n’:n"'-C(CH,);)(dppm),][CF3S0s] (18). Compound 16 (10
mg, 0.008 mmol) was dissolved in 0.7 mL of CD,Cl; and cooled to — 77 °C. To this was
added 9 uL of a 1.0 M solution of PMe; in THF (0.009 mmol, 1.1 eq.) causing no
noticeable colour change. However, monitoring the solution at —80 °C by NMR
spectroscopy showed essentially quantitative conversion into a new compound 18. This
was the only product formed between —80 °C and —40 °C, however, at temperatures
higher than —40 °C this product began to decompose into several unidentified products.
As a result, characterization of 18 was achieved by *'P{'H} and "H NMR spectroscopy at

the lower temperatures.

(d) [RhRu(CO),(C(0O)CH;CH;C(=C(CH3)2))(dppm),][CF3S0;]-0.5CH,Cl, (19). A
Schlenk Flask was charged with 115 mg (0.092 mmol) of [RhRu(CO)s(p-
CH)(dppm)2][CF3S0s] (3), 9.5 uL of dimethyl allene (0.096 mmol, 1.04 eq.) along with
6 mL of acetone. The solution then was cooled to — 10 °C, and 6 mL of a 0.025 M
solution of MesNO in acetone (0.150 mmol, 1.7 eq.) was added dropwise, causing the
immediate colour change from yellow to dark-red to orange. The solution was stirred for
1 h, after which it was warmed to ambient temperature then filtered over Celite. The
solvent was removed in vacuo and the orange residue was dissolved in 2 mL of CH,Cl,.
Orange microcrystals precipitated after dropwise addition of 17 mL of Et;0. The

supernatant was removed and the crystals were dried in vacuo (yield: 70 mg, 57%).
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Anal. Caled for Cgp5sHssCIF;06P4RhRuS: C, 54.62; H, 4.17; Cl, 2.66. Found: C, 54.80;

H, 4.16; Cl, 2.16.

(d)  [RhRu(H)z(CO);(C(0O)CH,CH,C(=C(CH3)2))(dppm).][CF3SOs] (20).
Compound 19 (67 mg, 0.052 mmol) was dissolved in 5 mL of CH>Cl,. Hydrogen gas
was passed over the solution for ca. 5 min, after which no noticeable colour change
occurred. The solution was stirred under H, for 1 h, the solvent was removed in vacuo,
and the orange residue was dissolved in 2 mL of CH,Cl,. Slow addition of 10 mL of
Et,O caused formation of a dark orange solid. The supernatant was removed and the
solid was washed with 2 x 10 mL of Et,O and dried in vacuo (yield: 52 mg, 77%). Anal.
Calcd for CgoHseF3O¢P4sRhRuS: C, 55.86; H, 4.38. Found: C, 55.23; H, 4.29.

(e) Reaction of 16 with CH,;N;. Compound 16 (10 mg, 0.008 mmol) was dissolved
in 0.7 mL of CD,Cl; in an NMR tube then cooled to ca. 0 °C. Diazomethane was passed
over the solution for 5 min. The NMR tube was shaken to mix the gas into the solution
and was allowed to sit for 30 min at 0 °C. The diazomethane was removed in vacuo and
the tube was back-filled with Ar. *'P{'H} NMR spectroscopy detected the presence of
numerous unidentified products.

® Reaction of 17 with PMe;. Compound 17 (15 mg, 0.012 mmol) was dissolved in
0.7 mL of CD,Cl;. To this, 12 pL of PMes (1.0 M in THF, 0.012 mmol) was added,
causing the colour to change from yellow to dull-orange. The mixture was allowed to
react for 30 min, after which the Y'P{'H} NMR spectrum revealed the presence of

numerous unidentified products.
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X-ray Data Collection.’ Orange crystals of [RhRu(CO);(C(O)CH,CH,C-
(=C(CH3),))(dppm)2]J[CF3S03]-(CH3).CO (19) were obtained by slow diffusion of diethyl
ether into an acetone solution of the compound. Data were collected and the structures
solved and refined by Dr. Michael J. Ferguson on a Bruker PLATFORM/SMART 1000
CCD diffractometer’ using Mo Ko radiation at —80 °C. Unit cell parameters were
obtained from a least-squares refinement of the setting angles of 3998 reflections from
the data collection. The space group was determined to be P1 [No. 2]. Data were
corrected for absorption through use of the SADABS procedure. See Table 4.2 for a

summary of crystal data and X-ray data collection information.

Structure Solution and Refinement. The structure for compound 19 was solved using
automated Patterson location of the heavy metal atoms and structure expansion via the
DIRDIF-99* program system. Refinement was completed using the program SHELXL-
93.> Hydrogen atoms were assigned positions based on the geometries of their attached
carbon atoms and were given thermal parameters 20% greater than those of the attached
carbons. The final model for 19 refined to values of R(F) = 0.0560 (for 11148 data with

Fo? 2 20(Fy2)) and wR(F?) = 0.1377 (for all 18118 data).
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Table 4.2. Crystallographic Data for Compound 19.

[RhRu(CO),(C(O)CH,CH,C(=C(CHs),)(dppm);]-

[CF;S05]-(CH3),CO (19)
formula Ce3He0F307P4RhRuS
fw 1346.03
cryst dimens, mm 0.17 % 0.16 X 0.14
cryst system triclinic
space group P1 (No. 2)
a, A 13.228 (1Y
b, A 15.403 (2)
c, A 15.544 (2)
adeg 75.761 (2)
B, deg 74.776 (2)
% deg 72.884 (2)
v, A’ 2871.1 (5)
z 2
deareay g €10 1.557
f, mm’ 0.762
radiation (4, A) graphite-monochromated Mo K (0.71073)
T, °C -80
scan type @ scans (0.2°) (25s exposures)
26 (max), deg 52.70
no. of unique reflections 11377 (Rint = 0.053)
no of observns 11148 [Fo2 2 20(Fo2)]
range of transmn factors 0.9008-0.8813
no. of data/restraints/params 18118 [F, 02 2 -30(F 02)] /07724
residual density, e/A’ 1.104 to -1.353
R{(F.2> 20 (F,Y)) 0.0560
WRy [Fy 2 -30(F )] 0.1377
GOF (s)° 0.953 [Fo2 2 -30( Fo2)]

“ Cell parameters obtained from least-squares refinement of 3998 centered reflections. * Ry = X
ol = [Fell [ Z |Fo|; wRy = [EW(F, — F2)Ew(F,)]" Refinement on F,” for all reflections (having
Fl> -30(F02). wR, and S based on Foz; R; based on F,, with F}, set to zero for negative F,%. The
observed criterion of F,” > 20(F02) is used only for calculating R; and is not relevant to the choice
of reflections for refinement. °S = [Ew( F,” - F.)/(n — p)]"? (n = number of data, p = number of
parameters varied; w = [°(F,’) + (0.0638P)’T", where P = [max(F,’, 0) = 2F*)/3.
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Results and Compound Characterization:

The attempted reactions between the methylene-bridged tetracarbonyl species
[RhRu(CO)4(u-CH,)(dppm),][CF3SO3] (3) and a number of cumulenes were
unsuccessful, giving no observed reaction after several hours at ambient temperature.
However, removal of a carbonyl from 3 using trimethylamine-N-oxide, to form the
previously studied tricarbonyl analogue [RhRu(CO)s;(u-CH)(dppm).][CF3SOs] (4) did
result in facile reactions with the cumulenes. It proved most convenient to carry out these
reactions by generating 4 from 3 in situ in the presence of MesNO and the organic

substrate of interest.

In the first of these reactions, compound 3 and Me;NO, under an atmosphere of
allene (H,C=C=CH,) at —10 °C, yields only one product, [RhRu(CO)(u-n’m'-
C(CH>)3)(dppm),][CF3S0s] (16) in which the allene moiety has apparently inserted into
the Rh-C bond of the methylene bridge followed by rearrangement to give the observed
trimethylenemethane-bridged (TMM) product, as diagrammed in Scheme 4.2. The 'H
NMR spectrum of 16 shows two broad multiplets for the dppm methylene protons at 6
4.30 and 3.90, and three higher-field proton resonances due to the three CH, groups in the
TMM fragment. The syn protons of the n’-bound end of the TMM group appear as a
broad singlet at 8 4.02, while the anti protons appear as a broad doublet (*Jpi; = 8 Hz) at &
1.98 showing coupling to one of the Rh-bound ends of the diphosphine ligand. The third
methylene group, corresponding to that being 1'-bound to Ru appears as a triplet (Jpp =
8 Hz) at 0 1.49 displaying coupling to both Ru-bound ends of the diphosphines. Previous

studies in a series of methyl-substituted n’*-allyl complexes [1’-(2-CH;-C5Hg)RhL,] (L, =
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Me,PCH,CH,PMe; (dmpe), (p-Me-C¢H,4),PCH,CH,P(CsH4-p-Me), (dptpe),
Ph,PCH,CH,CH,PPh; (dppp) or Ph,PCH=CHPPh; (cis-dppe)) which are structurally
very similar to the structure proposed for the Rh-end of compound 16, showed a very
similar pattern in which the syn protons appear as broad singlets at lower field (ranging

from & 3.20 to 4.00) and the anti protons appear as broad doublets at somewhat higher

field (8 2.36 to 2.71) with *Jpy = 6 Hz.°

Scheme 4.2
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The PC{'H} NMR spectrum of a *CO-enriched sample of 16 shows the presence
of two carbonyls as complex multiplets at & 194.5 and 191.7, and the lack of Rh-coupling
indicates that neither carbonyl is bound to this metal. The IR spectrum, showing two
terminal CO bands at 2021 and 1951 cm™ confirms that these groups are terminally-

bound. The HMBC and HMQC 2D NMR spectra in acetone-de for 16 show that the two
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terminal chemically equivalent carbons of the n’-allyl fragment appear at & 73.0, whereas
the Ru-bound methylene group appears at 8 13.8. Unfortunately, the quaternary carbon
could not be detected. The COSY 2D NMR spectrum in acetone-dg also shows that the
geminal protons on the 1’-allyl fragment are weakly coupled to each other, and to the Ru-
bound methylene end of the TMM ligand. These couplings could not be resolved in the
1D NMR spectrum, however. Treatment of a (u-'>CH,)-enriched sample of 3 with allene
gave the complex [RhRu(CO)(u-n’>mn'-C(CH2)2*CH,)(dppm),][CF3S0s], in which the
3C label remained adjacent to Ru (i.e. the red CH, in Scheme 4.2). No detectable
scrambling occurred over several hours in solution.

Although the nature of the bonding in 16 is equivocal, and can be represented in a
number of ways, differing in the nature of the Rh-Ru bond and the oxidation-state
assignments of the metals, the compound is clearly coordinatively unsaturated. This
being the case, the possibility of anion coordination cannot be ignored. Triflate, although
generally accepted as a weakly coordinating anion,” is known to coordinate to metals.
Although the observed Vo) stretch in 16 at 1289 cm™ is in the range that is generally
considered diagnostic of an ionic triflate, we have observed cases in which such a value is
observed for coordinated triflate anions (Chapter 5).® Furthermore, the '’F NMR
spectrum is not diagnostic for coordination with the fluorines being remote from the
coordinated oxygens at the opposite end of the anion. Substitution of CF;SO3” with the
less coordinating BF4™ should allow F NMR spectroscopy to be used to detect any anion
coordination. In the case for 16-BF4, no such coordination is observed. Unfortunately,
single crystals suitable for an X-ray study could not be obtained for 16 so the proposed

structure could not be unambiguously confirmed. Nevertheless, all the spectroscopic data
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obtained supports the TMM structure shown in Scheme 4.2.

Although further CH; incorporation into 16, by reaction with CH:N,, was
unsuccessful, it does appear that the unsaturated Rh centre of the compound is reactive
toward other nucleophiles. Treatment of 16 with carbon monoxide at room temperature
affords the tricarbonyl analogue [RhRu(CO):(u-1’m'-C(CH,)3)(dppm),][CF3S0s] (17)
seen in Scheme 4.2. The '"H NMR spectrum of 17 is very similar to that of its precursor
16. The dppm methylenes appear as low-field multiplets at & 4.16 and 4.06 whereas the
TMM moiety remains intact with no major changes, apart from a large high-field shift of
the syn resonance from 6 4.06 to 1.79. The BC{'H} NMR spectrum of a >CO-enriched
sample of 17 shows three carbonyl signals, two Ru-bound signals at & 205.2 and 198.7
and one Rh-bound resonance appearing as a doublet Qf multiplets ('Jene = 57 Hz) at &
184.2. The IR spectrum confirms the presence of three terminal carbonyls, showing three
distinct bands at 2010, 1980 and 1935 cm™. "’C NMR studies of the addition of '*CO to
unlabelled 16 at ambient temperature shows that the added carbonyl ligand binds to Rh,
with no detectable CO scrambling occurring over a 16 h period. The *'P{'H} NMR
spectrum changes dramatically from a complex overlapping multiplet in 16 to a normal
AA’BB’X spectrum with the Ru-end of the phosphines appearing at 6 30.4 and the Rh-
end resonance being greatly shifted upfield to 8 13.2.

Treatment of 16 with PMe; at —60 °C results in quantitative formation of the
PMe;-adduct [RhRu(CO)2(PMes)(1-n*n'-C(CH,)3)(dppm),][CF5S05] (18). *'P{'H}
NMR spectroscopy of 18 shows two new resonances at & 26.3 and 13.3 for the dppm
ligands and a new high-field resonance at & -34.6, corresponding to the PMe; group. A

large coupling is observed (112 Hz), which serves to identify the PMes ligand as Rh-
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bound. The 'H NMR spectrum at —60 °C shows two dppm-methylene resonances at 8
4.32 and 4.12 in addition to three equally intense broad resonances at & 1.86, 1.73 and
1.50. The protons of the PMe; group appear as a broad doublet (Jou = 7 Hz) at 8 0.34.
Spectroscopically, this compound is very similar to that of the CO addition product 17,
with the TMM fragment apparently remaining intact, as shown in Scheme 4.2.
Unfortunately, suitable single crystals of either 17 or 18 could not be obtained, and
subsequent warming of the solution of 18 resulted in the appearance of numerous broad

signals in the *'P{'H} NMR spectrum, thereby preventing further characterization.

The reaction of dimethylallene (DMA) with the in situ generated 4, yields the
double-insertion product [RhRu(CO),(C(O)CH,CH,C(=C(CHj3),)(dppm),][CF3S0s] (19)
shown in Scheme 4.3. In the *'P{'"H} NMR spectrum of 19 the ruthenium-bound
phosphorus nuclei appear as a multiplet at 8 35.3 with the rhodium-bound phosphorus
nuclei appearing as a doublet of multiplets at & 20.4. "H NMR spectroscopy shows four
multiplets of equal intensitics at 8 3.58 and 3.41 (dppm methylenes), 2.73 and 0.73
(organic fragment), in addition to two methyl singlets at d 1.31 and 0.96. The dppm-CH,
groups were distinguished from those on the organic fragment by use of 'H{>'P} NMR
spectroscopy, where the dppm-methylenes appear as AB quartets upon broad-band
phosphorus decoupling, and those on the organic fragment remain unchanged. In the
BC{'H} NMR spectrum, one relatively low-field carbonyl signal is observed at 8 250.7,
appearing as a doublet of triplets. The absence of Ru-bound phosphine coupling to this
carbon nucleus argues against a bridging-carbonyl formulation. However, coupling to

rhodium is observed (IJRhc = 33 Hz) and, along with the low-field chemical shift of this
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resonance,” " suggests that this carbonyl has undergone an insertion to form an acyl
complex. The carbonyl at & 220.2 is likely semi-bridging in nature with unresolved
coupling to Rh; the final signal at & 202.4 is assigned as terminally-bound to Ru on the
basis that there is no Rh coupling. In the IR spectrum of 19 three types of CO bands are

observed, a terminal carbonyl at 1975 cm™, a semi-bridging carbonyl at 1910 cm™ and an

Scheme 4.3
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acyl carbonyl band at 1798 cm™. Although the acyl stretch seems a little blue-shifted

9,10,12,13

compared to most bridging acyls, stretches similar to that of 19 have been

previously reported™'* and are diagnostic in determining the amount of carbene character
for the sp” carbon. The C{'H} NMR and IR data suggest that in 19 that carbon has
little carbene character associated with it.

The structure of 19 was confirmed by an X-ray structure determination, with a
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representation of the complex cation shown in Figure 4.1 and relevant bond lengths and
angles given in Table 4.3. Clearly the DMA has undergone a 1,2-insertion into the Rh-C
bond of the methylene bridge, accompanied by migration of the organic fragment to a
carbonyl group. The bond angles C(5)-C(6)-Rh (112.3(3)°) and Rh-C(3)-C(4)
(1‘18.0(4)0) are slightly less than the ideal 120° for an sp® type carbon, indicative of the
ring strain in the group. The strain is also evident in the small C(6)-Rh-C(3) angle of
84.6(2)°, which is common in other structurally characterized late-metal mononuclear
metallacyclopentanone complexes.'*!” The C(6)-C(5)-C(4)-C(3)-Rh fragment is quite
planar, with the largest out-of-plane deviation belonging to C(4) (0.051(7) A). In
addition, the organic fragment appears to be more tightly bound at the ketonic carbon
(Rh-C(3) = 1.915(5) A) than at the vinylic carbon (Rh-C(6) = 2.077(5) A), again common
in these types of complexes.'*!”  Although the Rh-C(3) distance suggests some carbene
character associated with this carbon, this is not supported by the C(3)-O(3) distance of
1.234(6) A, which is normal for a C=0 bond distance, and is not indicative of significant
carbene character.'® Certainly, the spectroscopic evidence, noted above, did not suggest
significant carbene character. The O(3)-Ru distance of 2.449(4) A is also longer than
complexes where the acyl moiety is considered to have more oxy-carbene character,” but
most certainly corresponds to a bonding interaction, being much shorter than the
predicted van der Waals separation of ca. 3.15 A.'"'® Presumably the acyl oxygen
cannot approach closer to the Ru to optimize the orbital overlap owing to the strain that
would result at the metallacycle end of the ligand. The Ru-O(3)-C(3) angle (107.5(3)°) is

more acute than predicted (idealized value of 120 for an sp® oxygen),
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Figure 4.1:  Perspective view of the complex cation of compound 19, showing the
numbering scheme. Thermal ellipsoids are drawn at the 50% level except
for hydrogens, which are drawn arbitrarily small. Phenyl groups, except
for ipso carbons, are omitted.
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Table 4.3: Selected Distances and Angles for Compound 19.

(i)  Distances (A)

128

Atom1  Atom?2 Distance Atom 1 Atom 2 Distance
Rh Ru 2.9833(6) Pl P2 3.089(2)°
Rh P1 2.368(2) P3 P4 3.090(2)°
Rh P3 2.36(1) 01 Cl 1.160(6)
Rh C2 2.238(5) 02 C2 1.162(5)
Rh C3 1.915(5) 03 C3 1.234(6)
Rh Cé6 2.077(5) C3 C4 1.497(7)
Ru P2 2.36(1) C4 C5 1.536(7)
Ru P4 2.34(1) C5 Cé6 1.510(7)
Ru 03 2.449(4) Cé6 C7 1.329(7)
Ru Cl 1.837(5) C7 C8 1.488(7)
Ru C2 1.919(5) C7 C9 1.520(7)
3 Non-bonded distance
(ii) Angles (deg)
Atom1l Atom2 Atom3 Angle Atom 1 Atom2  Atom 3 Angle
Ru Rh Pl 90.23(4)
Ru Rh P3 89.56(4) 03 Ru C2 108.2(1)
Ru Rh C2 40.01(13) Cl Ru C2 104.0(2)
Ru Rh C3 73.59(16) Ru o3 C3 107.5(3)
Ru Rh C6 158.1(1) C6 C7 C8 122.8(5)
P1 Rh P3 175.71(5) Cé6 C7 C9 121.5(5)
C2 Rh C3 113.6(2) C8 C7 C9 115.7(4)
C2 Rh Cé6 161.8(2) C5 Cé6 C7 125.8(5)
C3 Rh Cé6 84.6(2) Rh Cé6 C5 112.3(3)
Rh Ru P2 92.31(4) Rh Cé6 C7 122.0(4)
Rh Ru P4 93.01(4) C4 C5 Cé6 112.6(4)
Rh Ru 03 59.59(8) Rh C3 03 119.3(4)
Rh Ru Cl 152.6(1) Rh C3 C4 118.0(4)
Rh Ru C2 48.6(1) C4 C3 03 122.7(4)
P2 Ru P4 169.51(5) Rh C2 02 120.5(4)
03 Ru C1 147.8(1) Ru C2 02 148.0(4)
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another indication that the orbital overlap between Ru and O(3) has not been optimized.

Within the organic fragment, all the bond distances and angles appear normal,"’
indicating little if any delocalization within this group. The double bond of the DMA
group, between C(6) and C(7), remains intact with a typical C(sp?)=C(sp®) distance of
1.329(7) A. Single bonds within the fragment between sp” and sp’ hybridized carbon
atoms (C(3)-C(4) = 1.497(7) A, C(5)-C(6) = 1.510(7) A) and sp’/sp’ carbon atoms (C(4)-
C(5) = 1.536(7) A) are also well within the normal range for such bonds. Within the
planar group, the bond angles (with the exception of Rh-C(6)-C(5)) are all approximately
120°, with a slightly enlarged C(5)-C(6)-C(7) angle of 125.8(5)° (presumably to
minimize the non-bonded contact between the C(9)H; methyl group and the C(5)H,

methylene group). All other parameters within the complex appear normal.

Figure 4.1 also confirms the presence of a semibridging carbonyl as suggested by
the "*C{'H} NMR spectrum (vide supra), with a Ru-C(2)-O(2) angle of 148.0(4)°
accompanied by a smaller Rh-C(2)-O(2) angle of 120.5(4)°. As is typical for
semibridging carbonyls, the carbonyl is more linear with respect to the metal to which it
is 6-bound, and the Ru-C(2) bond (1.919(5) A) is significantly shorther than the Rh-C(2)

interaction (2.238(5) A), also typical for a semibridging CO.

The metal-metal distance of 2.9833(6) A is outside the range normally associated
with Rh-Ru bonds in complexes of this type (Chapter 2),”%* but the slight contraction
compared to the intraligand P-P distances (3.089(2) and 3.090(2) A) indicates some level
of attraction between the metals. The nature of the bridging acyl group largely affects the

degree to which these metals will interact. In 19, the C(3)-O(3)-Ru bond angle, as noted,
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is already somewhat strained at 107.5(3)°. Any shortening of the metal-metal distance
would result in a more acute C(3)-O(3)-Ru bond angle, and thus weaken the Ru-O(3)
interaction by reducing the overlap of the lone pair on O(3) with the empty d orbital on

Ru.

Addition of H; to a concentrated dichloromethane solution of 19 affords the di-
hydride complex [RhRu(H)x(CO):(C(O)CH2CH,C(=C(CHs)2))(dppm),][CF3SO;] (20).
The '"H NMR spectrum of 20 shows that the metallacyclopentanone moiety remains
intact, with the only major difference compared to the '"H NMR spectrum of 19 being the
appearance of two high-field multiplets at 6 -7.89 and -10.01. The appearance of two
resonances at such high field is inconsistent with an n*-H, complex.”*** Unfortunately,
the broadness of the hydride signals does not allow us to establish the coupling involved
and leaves ambiguity in the nature of their bonding and their connectivity diagrammed in
Scheme 4.3. Upon broad-band phosphorus decoupling these two resonances became
broad multiplets, and the close proximity of the two 3P resonances rules out selective
decoupling experiments. The IR spectrum of 20 shows two terminal CO bands at 2053
and 2000 cm™, in addition to one acyl carbonyl band at 1683 cm™. Two new bands
appear at 2155 and 2126 cm™, well within the accepted range for terminally-bound
hydrides to second-row transition metals.”*?’ Confirmation by reacting 19 with D, and
observing the isotopic shift of the bands has not been performed. The BC{'H} NMR
spectrum of 20 contains two ruthenium-bound terminal carbonyls at 6 196.8 and 190.7

along with the resonance for the acyl carbonyl at 6 236.3 with 28 Hz coupling to Rh.
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Discussion:

As noted earlier, we have attempted to model the sequential transformation of C;-
containing species to ones containing higher order hydrocarbyl fragments through the
reactions of the methylene-bridged complexes [RhRu(CO),(1-CHy)(dppm),]” (x = 3, 4)
with unsaturated organic substrates. In Chapter 3 we showed that alkyne insertion into
the Rh-carbon bond of the bridging-methylene group in [RhRu(CO)s(u-
CHy)(dppm)2][CF3S0s] (4), yielded a series of Cs-bridged products in which the Cs
fragment was bound to Rh by the vinylic end of the C; fragment and to Ru at the opposite
methylene end. In this chapter we have investigated the reactions of 4 with allene and
substituted allenes in attempts to form an analogous series of Cs-bridged products. As
anticipated, compound 4 reacts readily with cumulated olefins. Assuming that substrate
insertions occurred at the Rh-CH; bond, as previously demonstrated in alkyne reactions

(Chapter 3), two products seemed possible, as shown in Scheme 4.1.

Although 4 reacted instantly with allene, the product obtained was neither of
those anticipated in Scheme 4.1, instead forming [RhRu(CO),(u-n’m'-
C(CH2)3)(dppm),][CF5SO3] (16), as diagrammed in Scheme 4.2. This type of
arrangement for a bridging trimethylenemethane (TMM) moiety has been observed

28-31

previously with a variety of metal combinations. In the present chemistry, we

propose that allene coordination occurs at Rh, followed by insertion into the Rh-CH,

bond to yield the Cs-bridged species A, as shown in Scheme 4.1. This product is

recognized as a substituted n'-allyl fragment bound to both Rh and Ru, and like many n'-

allyl complexes, is unstable and tends to rearrange to an m’-allyl complex with
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accompanying expulsion of one CO ligand, to give the product shown in Scheme 4.2. It
is interesting that the 1'- to ’-allyl rearrangement occurs at Rh and not Ru. We assume
that the stronger Ru-CH; bond of the putative intermediate A (in Scheme 4.1) favours
retention of this bond instead of the weaker Rh-CH, bond, the latter of which is cleaved
to form the n’-allyl linkage. It may also be that the more crowded environment at Ru,
necessitated by its strong tendency to have an 18¢ configuration also favours 1’-binding
at Rh. NMR evidence at low temperature shows that 16 is formed in appreciable
amounts even at temperatures as low as —80 °C, with no intermediates being detected. In
a related study by Knox and coworkers substitution of the labile acetonitrile ligand in the
complex [Ruz(CO)(MeCN)(u-CHz)(u-CO)(n5 -CsHs),] by allene yielded an analogous
trimethylenemethane-bridged product, and again no evidence for intermediates was
obtained.>®  This proposal is directly analogous to the previously reported alkyne
insertions in both our Rh/Ru?® and Rh/Os™ systems, as well as those reported by Knox,”'

Pettit>* and Hudler.**

Although most mononuclear TMM complexes are prone to fluxionality with
respect to the TMM ligand,’'” 5 compound 16 is static with no scrambling of the BCH,
group that is bound to Ru occurring at temperatures as high as +30 °C. The o-bound end
of the TMM fragment in 16 and in [Ruy(U-C(CH>)3)(1-CO)2(Cp)2] anchors the group and
prevents the propeller-like rotation that might occur from an m’-n'-n’-type allyl
rearrangement.  Although this diruthenium compound did not display rotation of the
trimethylene group, the compound is fluxional with respect to the carbonyl ligands.”!

Compound 16 shows no such dynamic behaviour of the carbonyls.
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Attempts to incorporate additional CH, groups into 16 by reaction with
diazomethane at a variety of temperatures did not yield isolable or identifiable products.
At low diazomethane concentrations 16 did not react while at high concentrations a

complex mixture of unidentified products resulted.

The proposed conversion of the 1'-allyl group to 1’ was apparently accompanied
by a carbonyl loss, suggesting that addition of CO, or another 2-electron donor might
reverse the process leading to observation of the putative m'-allyl intermediate, or a
related species. Although 16 does react with CO and PMe; to yield the adducts
[RhRu(CO),(L)(u-n’>M'-C(CH,)3)}(dppm),][CF3S0;] (L = CO (17), PMes (18)), this was
not accompanied by rearrangement of the allyl moicty. The Rh centre in 16 has a 16e
configuration so ligand incorporation can occur to give an 18e species while retaining an
N -allyl coordination mode. Both adducts 17 and 18 are labile, and under vacuum
carbonyl loss from 17 and quantitative conversion to 16 occurs, while the PMe; adduct
18 is only stable below —40 °C; at higher temperatures decomposition occurs to a mixture

of unidentifiable products.

Reaction of 4 with dimethylallene (DMA) does not yield a product analogous to
16, but instcad forms the wunusual metallacyclopentanone-containing species
[RhRu(CO)2(C(O)CH,CH,C(=C(CH3),))(dppm)2][CF3SO3] (19).  We suggest that
coordination of the dimethylallene ligand at Rh occurs with subsequent insertion into the
Rh-CH; bond to give species B diagrammed earlier in Scheme 4.1, and shown again in
Scheme 4.4. It appears that subsequent migratory insertion of the resulting Ru-bound

alkyl group to a Ru-bound carbonyl occurs, as shown in Scheme 4.4 to give an
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intermediate Cs-bridged species, C. Migration of the acyl carbon from Ru to Rh, forming
the 5-membered metallacycle is accompanied by coordination of the acyl oxygen to Ru
and migration of the Rh-bound carbonyl to Ru to yield the final product 19. We were
unable to detect intermediates in this transformation, even at —80 °C. This type of
metallacyclopentanone organic fragment has been observed before in mononuclear
complexes, *>*° but 19 appears to be the first binuclear example of such a fragment.

Support for intermediate B comes from related chemistry involving the Rh/Os

Scheme 4.4
[~ -1 +
+ Me H
H, Sy Cl\ H
P H,C=C=CMe, | M© ok
\ I
RH RU—CO0 —0 898
Ve l Rh Ru—CO
o° [ |
c 4 ¢
0 ¢ 4
4 B
[ ] +
gz + Me H, H,
Hie™ 0 Mo C_c\c=°
Me
/ /\/
Rh Ru—CO  ——— Rh R
Me ey
C , \/‘
o I [+
0 o]

combination of metals in which a product analogous to intermediate B was observed and
characterized’”. The failure of this RhOs analogue to undergo migratory insertion
involving a carbonyl is in line with the lower migratory insertion tendencies of 3" row

metals, presumably as a result of stronger metal-carbon bonds involving these metals.®
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Attempts to liberate an organic product, such as Me;C=CHCH,CH>C(O)H by
hydrogenolysis of the Rh-C bonds of 19 or hydrogenated products such as 4-methyl-pent-
3-enal, by treatment with H, failed. Instead, the dihydride complex
[RhRu(H),(CO)2(C(O)CH,CH,C(=C(CHj3)2))(dppm); ][CF3S03] (20) is formed in which
H, has oxidatively added to the complex, leaving the metallacyclopentanone fragment
intact. = We suggest that the hydride ligands are bound to Ru, while the
metallacyclopentanone fragment is bound to Rh, inhibiting reductive elimination of the
organic fragment. Unfortunately, the breadth of the hydride signals in the NMR
spectrum prevented unambiguous placement of the hydride ligands. Experiments are
underway in order to determine the nature of these hydrides, such as IR spectroscopy of
the isotopomer [RhRu(D),(CO)(C(O)CH,CH2C(=C(CHs)2))(dppm)2][CF3SOs] (20-D3),
and the "H/'P HMQC 2D NMR experiments, both of which might confirm the terminal
nature of these hydrides and their location on Ru. The weakly coordinating nature of the

acyl oxygen to Ru in 19 allows for facile displacement by reaction with H.

As noted earlier, two modes of cumulene coordiniation at Rh would give rise to
two different insertion products (A and B). Although neither of these were obtained, the
species appear to be intermediates in the formation of the trimethylenemethane (16) and
metallacyclopentanone (19) products observed. We propose that initial formation of A
and B is dictated by the steric interactions involving the hydrogen or methyl substituents
on allene and dimethylallene, and the dppm phenyl rings. It appears that the less-
sterically hindered allene (R = H) follows the path leading through intermediate A,
whereas the bulkier dimethylallene (R = Me) appears to follow the other path, through

intermediate B. Mecthylallene (R = Me and H) is intermediate between the two steric
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extremes of allene and 1,1-dimethylallene so it was of interest to determine the nature of
the product with this monosubstituted allene. Unfortunately, treatment of 4 with
methylallene gave a complex mixture of products which may contain both of the possible
insertion products A and B shown in Scheme 4.1. If this is the case, each of these
regioisomers could give rise to two more isomers detailing the location of the methyl
group, all four of which are diagrammed in Chart 4.1. The components of this mixture
could not be identified, however. It is not clear why the methylallene reacts so
differently, particularly when the analogous chemistry with RhOs leads cleanly to a

product analogous to 16 (vide infra).

Chart 4.1
H,_ CH M, M
\I(l;/ 3 + \ﬁ/ - T H + ?Hx H +
2
¢ C Caa ¢ Can ¢
ae” e, e \TH H.e” \T/ \TH H \<|:/ ch,
||ah———-—-R|u——co Th Ru—CO Th-—Rlu-—CO Th Rlu—CO
<|: <|; C <,: ¢ ¢ ¢ ¢
(s} o 0 0 0 [¢] 0 0o

As described in earlier chapters, the reactivity of the Rh/Ru complexes can have
similarities with those of Rh/Os, but can also display some unexpected differences. The
same dichotomy is observed in the reactions of the two metal combinations with allenes.
Both [RhRu(CO);(1-CH2)(dppm),]” and its Rh/Os analogue react with allene gas to yield
the TMM-bridged complexes [RhM(CO),(u-n’m'-C(CHy)s)(dppm).]" (M = Ru, Os). In
addition, both TMM-bridged complexes coordinate CO or PMe; forming the adducts
[REM(CO),(L)(u-1>1'-C(CH,)s)(dppm),]" (L = CO, PMe;), while retaining the original

TMM coordination mode.
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The other allenes investigated react differently for the pair of metal combinations.
The difference in the reactivity with methylallene has been noted above. With RhOs the
TMM-bridged species shown in Scheme 4.5 was obtained. Interestingly, the agostic C-H
interaction of the methyl substituent observed in the RhOs chemistry is analogous to the
CO and PMes adducts (17 and 18) observed in the chemistry described herein, in which
the C-H bond supplied the pair of electrons to Rh instead of CO or PMe;. The reasons
for the dramatic chemical differences upon substitution of Os for Ru in the reactions with
methyl allene are unclear, although it should be noted that with the Rh/Os complex,
reaction with methyl allene was capricious, yielding mixtures of products under all but
one set of conditions tried. It may be that under the right (yet-to-be determined)

conditions, a Rh/Ru analogue of E might be obtained.

With  dimethylallene, the Rh/Ru complex vyields the complex
[RhRu(CO)(C(0)CH,CH,C(=C(CH3),))(dppm),]” (19), whereas with [RhOs(CO)s(u-
CH,)(dppm),]", the products are [RhOs(CO)4(dppm),]* and 1,1-dimethylbutadiene. As
noted earlier, initial coordination of dimethylallene at Rh is assumed, leading to
intermediate B. We suggest that this occurs in both cases, and indeed the intermediate F

in Scheme 4.5 has been observed in the Rh/Os system, though its existence is
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27 With the Rh/Os complex, B-hydrogen elimination occurs followed by

ephemeral
reductive elimination of the butadiene. Upon changing Os for Ru, the tendency for C-H
activation decreases going to the second-row metal and the tendency for migratory

insertion to a carbonyl increases. In this case the latter is formed leading to the

metallacyclopentanone species observed.

Scheme 4.5
H
P/\P + CZ +
| gz | CH,=C=CHMe \:\’C ch:
,=C= .
/Rh/ \Os—CO _ H;C)( \0 c®
o I |\ X /(;Rh\—/ $—CO
P J % A~—"F P—_-F
\/
D E
CH,=C=CMe,
_ R P/\P 1+ P/\P +
N °° /\)\
Rh 0s—CO —» Oc—Rh os—co  + HzC/ =
c/ \ c
0 % e b
P\/P ~—"
F
Conclusions:

Although the reactions of the methylene-bridged [RhRu(CO)s(u-
CH,)(dppm),][CF3S03] (4) with allene and 1,1-dimethylallene did not yield the targeted

Cs-bridged products outlined in Scheme 4.1, they did yield two interesting and unusual
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classes of compounds, which appear to proceed, in the early steps of the reactions,
through the species proposed in this scheme. The very different products obtained in the
reactions of dimethylallene with the Rh/Ru and Rh/Os compounds presents dramatic
evidence that changes in metal combinations can give rise to different products. As noted
in Chapter 1, the use of different metal combinations is a potential way to tailor the types
of products obtained in FT and other processes. The work described herein has shown
that the greater migratory insertion tendency of 2™ row metals compared to their 3™ row
congeners can give rise to acyl products with the former, from which presumably

oxygenates can be obtained.
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Chapter 5

Methylene-to-Acyl Conversion: Models for Oxygenate Formation

Introduction:

As was noted in Chapter 1, alkanes and olefins are not the only products of the
Fischer-Tropsch (FT) reaction. Oxygenates, in the form of aldehydes, ketones and
alcohols, are common particularly when rhodium catalysts are used.' Unfortunately, little
is known about the mechanism involved in the formation of these oxygenates. A
proposal introduced by Pichler and Schulz,” and later revised by others,”* is based on the
well-studied migratory insertion reactions of carbonyl and methyl groups,’ in which the
resulting acyl groups give rise to the appropriate oxygenated products, as diagrammed in

Scheme 1.10.

Our interest in the roles of different metals in bimetallic FT catalysts included the
formation of oxygenates, so we sct out to investigate alkyl and acyl formation from
bridging methylene groups. Transformations of these groups at binuclear cores have
been reported for several dppm- or dmpm-bridged (dmpm = Me,PCH;PMe;) binuclear

complexes involving the Rh/Rh,® Ru/Ru’® and Rh/Os’ combinations of metals.

In this chapter, we investigate the conversion of a bridging methylene into an acyl

group on a Rh/Ru complex.
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Experimental:

General Comments. All solvents were dried (using appropriate desiccants), distilled
before use, and stored under a dinitrogen atmosphere. Reactions were performed under an
argon atmosphere using standard Schlenk techniques. Diazomethane was generated from
Diazald, which was purchased from Aldrich, as was the trimethylphosphine (1 M)
solution in THF, and the triflic acid. The "*C-enriched Diazald was purchased from

Cambridge Isotopes, whereas *CO was purchased from Isotec Inc.

The 'H, C{'H}, and *'P{'"H} NMR spectra were recorded on a Varian iNova-400
spectrometer operating at 399.8 MHz for 'H, 161.8 MHz for *'P, and 100.6 MHz for "*C.
Infrared spectra were obtained on a Bomem MB-100 spectrometer. The elemental

analyses were performed by the microanalytical service within the department.

Spectroscopic data for all compounds are given in Table 5.1.

Preparation of Compounds

(a) [RhRu(OSO;CF3)}(CO)(L-C(O)CH3)(dppm):][CF3S03] (20). The compound
[RhRu(CO)4(u-CH,)(dppm), [[CF3S05] (3) (100 mg, 0.080 mmol) was dissolved in S mL
of CH,Clp. To this, 8.0 uL of triflic acid (0.090 mmol) was added and the solution was
stirred for 1 h. The orange solution was concentrated under a stream of Ar to ca. 2 mL
and orange microcrystals slowly began to precipitate. Diethyl ether (20 mL) was added

dropwise to the slurry. The supernatant was removed and the crystals were
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Table 5.1. Spectroscopic Data For Compounds.

NMR%®
Compound 1R (cm'l)"”b"’ 3 1P{IH} (ppm)f ' (ppm)g’h 13C{IH} (ppm)h’i
[RhRu(OSO,CF;)(CO),- 2045 (s), 1989(s) 20.8 (m), 16.9 3.64 (m, 2H), 2.59 (m, 270.3 (dm, IJRhC =33
(u-C(O)CHs)(dppm)s]- (dm) 2H), 1.99 (s, br, 3H) Hz, 1C), 204.2 (m,
[CF3S0s] (20) 1C), 180.4 (m, 1C)
[RhRu(CO)4(1- 242 (dm),208  4.10 (m, 2H), 3.63 (m,  219.5 (m, 1C), 190.4

CH;)(dppm), J-[CF3S0s]>

(21)

[RhRu(CH3)(CO):(dppm), -

[CF3S0:]; (22)

[RhRu(OSO,CF3)(CO)s-
(u-C(O)CHs)(dppm),]-

[CF350;] (23)

2090 (m), 2016 (s),
1732 (m)

(m)

28.7 (dm), 23.0
(m)

21.9 (s, br), 6.8
(d, br)

2H), 0.30 (s, br, 3H)

3.41 (m, 4H), 1.66 (dt,
3JPH =8 HZ, ZJRhH =4
Hz, 3H)

3.30 (m, 2H), 3.22 (m,
2H), 2.03 (s, 3H)

(m, 1C), 187.7 (m,
1C), 183.4 (dt, Jrnc =
79 Hz, *Jpc = 15 Hz,
1C)

221.6 (m, br, 2C), 186.3

(m, br, 2C)

304.8 (dm, 'Jrnc = 38
Hz, 1C), 250.3 (m,
1C), 196.6 (m, 1C),
184.9 (m, 1C)

vl
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Table 5.1. (cont’d)

[RhRu(OSO,CF3)(CO),- 2015 (s), 1956 (s)

(1-C(O)CHs)(dppm), -
[CF3S0s] (24)

[RhRu(OSO,CF3)(CO)4(u- 2072 (m), 2040 (s),
H)(dppm)»][CF;SO3] 1999 (m), 1880 (m)
(25a)

[RhRu(BF4)(U-H)(CO)4-
(dppm)][BF4] (25b)

[RhRu(CH3)(COR(u-Ch(u- 2013 (s), 1986 (s),
CO)(dppm),][CF3503] 1711 (m)
(262)

“IR abbreviations: s = strong, m = medium, w = weak, sh = shoulder. b CH,Cl, solutions unless otherwise stated, in units of em™

22.7(m), 17.6  3.77 (m, 2H), 3.32 (m,
(dm) 2H), 1.93 (s, br, 3H)

27.3 (m), 25.1 (m) 5.07 (m, 2H), 3.79 (m,
2H), -10.41 (m, 1H)

27.1 (om) 4.52 (m, 2H), 3.81 (m,
2H), -11.07 (m, 1H)

29.0 (m), 23.0 4.12 (m, 2H), 3.32 (m,
(dm) 2H), -0.21 (t,*Jpu= 6
Hz, 3H)

293.3 (s, br, 1C), 196.3
(t, 2Tpc = 14 Hz),
186.8 (dt, Jrnc =75
Hz, *Jpc = 14 Hz,
1C)

246.4 (m, 1C), 199.4 (4,
Jpc = 12 Hz, 1C),
188.8 (dt, 'Jrnc = 76
Hz, 2Jpc = 13 Hz,
10)

4

Carbonyl stretches unless otherwise noted. “ NMR abbreviations: s = singlet, d = doublet, t = triplet, m = multiplet, cm = complex
multiplet, dm = doublet of multiplets, om = overlapping multiplets, br = broad, dt = doublet of triplets, dpq = doublet of pseudo-

quintets. © NMR data at 25 °C in CD,Cl, unless otherwise stated.

4 31p chemical shifts referenced to external 85% H;PO,. ¢

Chemical shifts for the phenyl hydrogens are not given. " "H and *C chemical shifts referenced to TMS. ' *C{'H} NMR performed

with *CO enrichment.

4!
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washed with 2 x 15 mL of ether and dried in vacuo (72 mg, 66% yield). Anal. Calcd. for

Cs¢Ha7F6O9oPsRhRuS;: C, 49.10; H, 3.46. Found: C, 49.22; H, 3.45.

(b) [RhRu(CO)4(u-CH3)(dppm)2}[CF380s]; (21). Triflic acid (0.70 uL, 0.0079 mmol)
was added to a CD,Cl, (0.7 mL) of 3 (7.1 mg, 0.0056 mmol) in an NMR tube at —78 °C.
No noticeable colour change resulted. Compound 21 was characterized only by NMR
spectroscopy, since warming the solution above —40 °C resulted in conversion to 22 and

subsequent heating to ambient temperature resulted in conversion to compounds 23 and

24 (vide infra).

(¢) [RhRu(CO)4(pu-CH,D)(dppm)2][CF3S03]; (21-CH;D). Deuterated triflic acid (0.70
uL, 0.0079 mmol) was added to a CD,Cl, (0.7 mL) of 3 (7.1 mg, 0.0056 mmol) in an
NMR tube at ~78 °C. 'H NMR spectroscopy indicated a mixture of both 21 and 21-

CH;D.

(d) [RhRu(CO)4u-CD,H)(dppm),][CF3S0;]: (21-CD;H). Triflic acid (0.70 uL,
0.0079 mmol) was added to a CD)Cl, (0.7 mL) of [RhRu(u-
CD»)(CO)4(dppm),][CF3S03] (3-CD3) (7.1 mg, 0.0056 mmol) in an NMR tube at -78 °C.
"H NMR spectroscopy indicated a mixture of the three isotopomers 21, 21-CH,D and 21-

CD;H.

(e) [RhRu(CO)4(CH;)(dppm):][CF3S03}, (22). An NMR sample was prepared as
described in part (b). The sample was then warmed to —40 °C. Complete conversion of

21 to 22 occurred over the course of approximately 1.5 h. As with compound 21, 22 was
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characterized by NMR spectroscopy alone, since warming above —20 °C resulted in

conversion to 23 and 24.

() [RhRu(OSO,CF3)(CO)3(u-C(O)CH3)(dppm)2}[CF3SO3] (23). Method (i). An
NMR sample was prepared as described in part (b). The sample was then warmed to 20

°C. Near total conversion of 21 to 23 occurred over the course of approximately 0.5 h.

Method (ii). An NMR tube was charged with both CO and 15 mg (0.0109 mmol) of 20.
To this, 0.7 mL of CD,Cl, was added, and the orange slurry was transformed to a clear
yellow solution upon mixing. S'p{'H} and '"H NMR spectroscopy confirmed complete
conversion to 23. Anal. Calcd. for Cs7sH47FsO10P4sRhRuS,: C, 48.97; H, 3.39. Found: C,

49.44; H, 3.43.

(h) Attempted reaction of 20 with H,. A Teflon valved NMR tube was charged with 10
mg of the compound dissolved in 0.7 mL of CD,Cl,. H; was then passed over the
solution to purge the headspace above the solution of Ar and pressurize to ca. 1 atm of
H,. The reaction was monitored by *'P{'"H} NMR spectroscopy over several days, and

only the presence of 20 was detected.

(g) [RhRu(0OSO,CF3)(CO)2(-C(O)CH;)(dppm),|[CF3803] (24). [RhRu(CO)3(PMes)-
(L-CH,)(dppm)2 ][CF3S0s] (5) (74 mg, 0.057 mmol) was dissolved in 10 mL of CH,Cl,,
after which 5.5 uL (0.062 mmol) of triflic acid was added, causing an immediate colour
change from orange to orange-yellow. Compound 24 was characterized by NMR

spectroscopy alone, since any attempt to crystallize it resulted in isomerization to 24 and

20.
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(h) [RhRu(X)(CO)4(pn-H)(dppm).][X] (X = CF3S05(25a) or BF4~ (25b)). Although
25 was prepared with both the triflate (25a) and fluoborate (25b) anions, the synthesis
described is for 25a. Synthesis of 25b is identical except for the use of tetrafluoroboric
instead of triflic acid and using the BF,4~ salt of the precursor complex. Compound 2 (53
mg, 0.043 mmol) was dissolved in 10 mL of CH,Cl, affording a bright yellow solution.
Triflic acid was added dropwise (5.0 puL, 0.057 mmol) causing no colour change. The
solution was stirred for 30 min, after which it was concentrated to ca. 1 mL. Dropwise
addition of 15 mL of ether caused the precipitation of yellow microcrystals. The
supernatant was removed and the yellow solid was washed with 3 x 10 mL ether and
dried in vacuo (44.0 mg, 74% yield). Anal. Calcd for Cs7H47FsO19P4sRhRUS;: C, 48.60;

H, 3.28. Found: C, 48.13; H, 3.19.

(i) Attempted reaction of 25a with CH,;N,. A Teflon valved NMR tube was charged
with 10 mg of the compound dissolved in 0.7 mL of CD,Cl,. Diazomethane was then
passed over the solution to purge the headspace above the solution of Ar and pressurize
to ca. 1 atm of CH,N,. The reaction was monitored by *’P{'"H} NMR spectroscopy over

several days, after which only 25a was detected.

(i) [RhRu(CH3)(CO)(u-Clh)(u-CO)(dppm)2][X] (X = CF3S03™ (26a) or BF4 (26b)).
As with 25, the synthesis described for 26 is that of the triflate complex, 26a. Compound
3 (76 mg, 0.061 mmol) and DMA-HCI' (8.2 mg, 0.067 mmol) were dissolved in 10 mL
of acetone and stirred for 1 h. The yellow solution was concentrated to ca. 5 mL, to
which 10 mL of ether was added dropwise resulting in the precipitation of bright yellow

crystals. The supernatant was removed and the yellow microcrystals were washed with 2
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x 10 mL ether and dried in vacuo (68.0 mg, 89% yield). Anal. Calcd. for

CssHa47CIF;06PsRhRuS: C, 52.58; H, 3.77. Found: C, 52.51; H, 3.78.

X-ray Data Collection.'" Red crystals of [RhRu(OSOCF;)(CO)x(u-C(O)CHs)-
(dppm),][CF3S0;]-2MeNO, (20) were obtained by slow diffusion of diethyl ether into a
nitromethane solution of the compound. Data were collected on a Bruker
PLATFORM/SMART 1000 CCD diffractometer'” using Mo Ko radiation at — 80 °C.
Unit cell parameters were obtained from a least-squares refinement of the setting angles
of 5538 reflections from the data collection. The space group was determined to be P2|/c
[No. 14]. The data were corrected for absorption through use of the SADABS procedure.

See Table 5.2 for a summary of crystal data and X-ray data collection information.

Orange crystals of [RhRu(OSO,CF;)(CO);(u-C(O)CHs)(dppm),][CF3S03] (23)
were obtained by slow diffusion of diethyl ether into a dichloromethane solution of the
complex. Data were collected and corrected for absorption as for 20 (vide supra). Unit
cell parameters were obtained from a least-squares refinement of the setting angles of

7413 reflections from the data collection. The space group was determined to be P2|/n

(an alternate setting of P21/c [No. 14]).

Yellow crystals of [RhRu(CH3)(CO)2(u-Cl)(n-CO)(dppm),][BFs] (26b) were
obtained by slow diffusion of dicthyl ether into a dichloromethane solution of the
complex. Data were collected and corrected for absorption as for 20 (vide supra). Unit
cell parameters were obtained from a least-squares refinement of the setting angles of

7146 reflections from the data collection. The space group was determined to be P2/n.
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Structure Solution and Refinement. The structure for 20 was solved using automated
Patterson location of the heavy metal atoms and structure expansion via the DIRDIF-96
program system.'> Refinement was completed using the program SHELXL-93."
Hydrogen atoms were assigned positions based on the geometries of their attached carbon
atoms and were given thermal parameters 20% greater than those of the attached carbons.

The final model for 20 refined to values of R;(F) = 0.0488 (for 8659 data with F,2 >

20(F,2)) and wR2(F%) = 0.1083 (for all 12368 data).

The structure for 23 was solved using automated Patterson location of the heavy
metal atoms and structure expansion via the DIRDIF-99 program system.”” Refinement
was as for 20 above, using similar hydrogen atom location procedures. One end of one of
the diphosphine ligands (involving P(3)) was found to be disordered such that the two
phosphorous positions were approximately 0.2 A apart. All attached atoms (C(51) to
C(66) and attached hydrogens) were displaced over two slightly different positions. All
disordered atoms were assigned equal occupancy factors and allowed to refine
independently; although the P(3A) and P(3B) were refined anisotropically, the attached
carbons were refined isotropically. The final model for 23 refined to values of R;(F) =

0.0393 (for 10496 data with F2 > 20(F,2)) and wR,(F°) = 0.1076 (for all 11881 data).

The structure for 26b was solved using direct methods (SHELXS-86)'¢ and
refinement was completed using the program SHELXL-93. The final model for 26b

refined to values of R;(F) = 0.0571 (for 7085 data with Fo2 > 20(F,2)) and wRA(F’) =

0.1653 (for all 11004 data).
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[RhRu(OSO,CF;3)(-
C(O)CH3)(CO)2(dppm),]-
[CF;S03]-2MeNO> (20)

Table 5.2. Crystallographic Data for Compounds 20, 23 and 26b.

[RhRu(OSO,CF3)(U-C(O)CHj3)-
(CO)3(dppm)>][CF3S03] (23)

[RhRu(p-Cl(p-CO)(CO)x(CHs)-
(dppm), |[BF4]*CH>Cl> (26b)

formula

fw

cryst dimens, mm

cryst. system

space group

a, A

b, A

c, A

B, deg

v, A’

Z

eated, g oM™

4, mm’

CsgHs3FgN2013P4RhRuSy

1492.00
0.18x0.13 x0.07
monoclinic

P21/c (No. 14)

14.8521 (8)°
24.463 (1)
16.8317 (9)
94.520 (10)
6096.5 (6)

4

1.626

0.775

Cs7H47F6010P4RhRUS,

1397.93
0.59%0.44x%x0.28

monoclinic

P21/n (an alternate setting of P21/c

[No. 14])

10.1306 (5)°
21.393 (1)
26.908 (1)
98.0403 (8)
5774.3 (5)
4

1.608

0.807

Cs5H49BCI3F4O3P4RhRu

1278.96
031x0.18x0.11
monoclinic

P21/n (an alternate setting of
P24/c [No. 14))

17.3516 (9)°
11.9257 (6)
26.464 (1)
100.251 (1)
5388.7 (4)
4

1.576

0.911

[4q!
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Table 5.2. (cont’d)

radiation (4, A) graphite-monochromated Mo graphite-monochromated Mo Kot graphite-monochromated Mo Ko
Ko (0.71073) (0.71073) (0.71073)

T,°C -80 -80 -80

scan type o scans (0.2°) (30 s exposures) @ scans (0.3°) (20 s exposures) 2)3r()OtSa;§);§S$;)) / @ scans (0.3

26 (max), deg 52.76 52.86 52.80

no. of unique 12368 11 881 (R = 0.0191) 11004 (Rint = 0.0573)

reflections

no of observns 8659 [F,* =26 (F)] 10 496 [F = 26 (F)] 7085 [Fy2 = 2(Fo2)]

rfange of ransmn 475 (8732 0.8055-0.6474 0.9064-0.7654

actors

no. of 2> _ 2 d

data/restraints/para 12 368 [F,> > -36(F,")]/0/730 11 881 [Fy’ = -36(F,)]/0/754 é;(8)04 [Fo™ 2 =30(Fo%)] / 264/

ms

Sj{?“al density, 936 16-0.529 1394 0 -0.635 1.605 to —1.272

Ri(F) >22s (FH))Y  0.0488 0.0393 0.0571

WRZ [F o > -

36(FA) 0.1083 0.1076 0.1653

GOF (s)* 1.011 [Fy® =-30( FoH)] 1.054 [Fy’ = -306( F)] 0.992 [Fo2 2 -3 0( Fy2)]

? Cell parameters obtained from least-squares refinement of 5538 centered reflections. ° Cell parameters obtained from least-squares refinement of 7413
centered reflections. © Cell parameters obtained from least-squares refinement of 5538 centered reflections. d An idealized gemetry was imposed upon the
disordered tetrafluoroborate ion and solvent dichloromethane molecule through imposition of idealized F-B (1.36 A), F---F (2.22 A), C1-C (1.80 A) and Cl---Cl
(2.95 A) distances. © Ry = X ||F,| — [Fe|| / Z |Fo); wRy = [EW(F," — FYEwW(F, )" Refinement on F,” for all reflections (having F,” > -36(F,). wR, and S based on
F,% R, based on F,, with F, set to zero for negative F,%. The observed criterion of F,> > 26(F,?) is used only for calculating R, and is not relevant to the choice of
reflections for refinement. ¢S = [Ew( F,2 - FA)Y(n - p)I'? (n = number of data, p = number of parameters varied; w = [0°(F,2) + (aoP)* + a1P]", where P =
[max(Foz, 0)= 2Fc2]/3. For 20 a,=0.0467 and a; = 0.00; for 23 a,=0.0485 and a; = 13.904. For 25 a, = 0.0904 and a; = 0.00.
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Results and Compound Characterization

Protonation of the methylene-bridged compound [RhRu(CO)4(u-CH>)-
(dppm),][CF3S03] (3) using triflic acid at —80 °C affords the dicationic methyl compound
[RhRu(CO)4(u-CH3)(dppm), [[CF3SOs]2 (21) (Scheme 5.1). No other species was
observed at this temperature. The *'P{'H} NMR spectrum of 21 contains two signals for

the two ends of the diphosphine ligands at 6 24.2 and 20.8 with patterns typical of an

Scheme 5.1
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AA’BB’X spin system found in Rhi/M (M = Ru, Os) systems. The 'H NMR spectrum of

21 displays two multiplets at & 4.10 and 3.63 corresponding to the dppm methylene

protons, and a broad singlet at & 0.30. Unfortunately the close proximity of the two

phosphorus signals in the *'P{'"H} NMR spectrum prevented use of selective "H{*'P}
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experiments to aid in the determination of the binding mode of the methyl ligand. In an
analogous Rh/Os complex, also having a broad unresolved methyl signal, 'H{’'P}
selective decoupling experiments demonstrated coupling of these methyl protons to all
four phosphorus nuclei, indicative of a bridging CH; group. To examine the bonding
involving the methyl group in the Rh/Ru analogue, isotopomers of 21 incorporating
CH,D, CD;H and *CH; were prepared. The CH,D isotopomer (21-CH,D) was prepared
via the reaction between [RhRu(CO)4(u-CHz)(dppm),][CF3SOs3] (3) and CF;SO;D,
whereas the CD,H isotopomer (as well as detectable amounts of the other isotopomers'’)
was synthesized from protonation of [RhRu(CO)4(u-CD2)(dppm),][CF:SOs] (3-CDz)
with triflic acid. At—60 °C, the '"H NMR spectrum displays the CH; resonance of 21 at §

0.30, for 21-CDH; at 5 0.13 and finally for 21-CHD; at & —0.09 (see Figure 5.1).

-CHD,

LJAMES! I St e ALY Al SO A SR BES M IR IV A MY AR ST R U IR AU BN BRE AR MRS B
2.40 ket .20 0.10 240 -3.10
eom i1}y

Figure 5.1: '"H NMR spectrum of the methyl region of 21, 21-CDH; and 21-CH,D.
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The upfield shift of the protons of the bridging methyl group as the level of
deuterium incorporation is increased is characteristic of an agostic interaction. The lower
zero-point energy of the C-D bond relative to the C-H bond renders the C-H agostic
interaction favored over agostic interactions involving the C-D bond. With the increased
presence of deuterium the remaining protons of the methyl group will tend to spend more
time in the C—H agostic mode rather than a C—H terminal mode, resulting in a high-field
shift of the proton signals in the '"H NMR spectrum. As noted earlier, this type of agostic
bonding of the bridging methyl group has previously been reported in an analogous
Rh/Os complex,’ and in a dppm-bridged diruthenium compound.” This NMR technique
of observing changes in chemical shift with isotopic labeling is referred to as Isotopic
Perturbation of Resonance (IPR) was first used by Shapley'® and subsqeuently by

1921 ¢ probe the nature of bridging and/or agostic methyl groups in transition metal

others
complexes. Further evidence supporting the agostic methyl interaction was obtained
from the "H NMR spectrum of a '*CHs-enriched sample of 21. Although the observed
one-bond carbon-hydrogen coupling of 127 Hz is within the accepted range for terminal
methyl groups (120 — 145 Hz for typical late-metal complexes™), it is also close to the
121 Hz observed for the late-metal complexes [Os3(CO)io(p-H)(u-CHs)],"®
[CpaFea(CO)a(u-CH)(u-CO)?° and to the value of 127 Hz for the Rh/Os analogue
[RhOs(CO)4(u-CH3)(dppm),][CF3S03].° which have all been previously shown by IPR
to possess bridged-agostic methyl groups. In addition, the value of 127 Hz is smaller

than the 'Jcy for complex 22 (139 Hz) in which methyl group is terminally bound (vide

infra). On this basis and on the basis of the IPR experiments we conclude that the methyl
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group bridges both metals, being 6-bound to one and involved in an agostic interaction

with the other.

An alternate explanation of the observed chemical shift change upon deuterium
incorporation, involves facile exchange of protons in a methylene-hydride species, as has
been observed previously for a methylene-bridged diiridium complex [Iro(H)(CO)o(u-
CH,)(1-SO2)(dppm)2][CF3S05].> In an agostic methyl compound, the average spin-spin
coupling constant between the methyl carbon and the hydrogens is a weighted average of
one agostic C-H bond ('Jcu = 90 Hz) and two terminal C-H bonds (S ~ 140 Hz). Ina
methylene hydride species the observed coupling is a weighted average of the two
terminal C-H bonds (‘Jeu ~ 140 Hz) and the 2-bond coupling between the methylene
carbon and the metal hydride ligand, which is generally near zero, resulting in a much

202124 15 the aforementioned diiridium methylene hydride

smaller observed coupling.
species,” the coupling was observed to be 98 Hz, an average of two ~ 140 Hz couplings
and one =~ 0 Hz coupling. For compound 21, significantly higher coupling constant (127

Hz) is clearly inconsistent with a methylene-hydride formalism.

The *C{'H} NMR spectrum of 21 at —40 °C shows the methyl signal as a sharp
singlet at 8 —20.7 with no apparent coupling to either the '%Rh or *'P nuclei. The absence
of Rh-coupling argues strongly against a bridging methylene formulation (for example in
3 the coupling between Rh and the methylene carbon is 16 Hz) and also establishes that
this group is 6-bound to Ru and not to Rh. The high-field chemical shift of this carbon is
also in line with that observed for the Rh/Os methyl complex (8 —32.2) and is far upfield

from the methylene group in 3 (3 48.3). In the carbonyl region, two broad signals,
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observed at & 190.4 and 187.7, are assigned as terminally-bound to Ru, due to the lack of
any observable Rh coupling, whereas the doublet of triplets at & 183.4 is assigned as a
terminal Rh-bound carbony! (‘Jgnc = 79 Hz, *Jpmmc = 15 Hz). A fourth signal, at § 219.5,
is assigned as a Ru-bound semibridging carbonyl. Although no coupling to Rh could be

ascertained, the low-field shift of this carbon is indicative of semi-bridging interactions.

On warming a solution of 21 to 0 °C, a new compound, [RhRu(CO)s(CH3)-
(dppm),][CF3S0s], (22) is formed. Compound 22 is an isomer of 21, with the formerly
Ru-bound agostic methyl group now bound terminally to Rh. The 'P{'H} NMR
spectrum of 22 contains two signals at & 28.7 and 23.0, similar in appearance to that of
21. The 'H NMR spectrum of 22 shows one broad multiplet at & 3.41, assigned to the
four equivalent dppm methylene protons. These protons owe their equivalence to the
front-back symmetry of the complex, where the environment on one side of the RhRuP4
plane is equivalent to that on the other side. The remaining signal at § 1.66 appears as a
triplet of doublets due to coupling to Rh (“Jgsn = 4 Hz) and to the Rh-end of the
diphosphine ligands (Jeu = 8 Hz). An 'H NMR experiment using a B CH;-enriched
sample of 22 displays a one-bond C-H coupling of 139 Hz, consistent with a terminally-
bound methyl group. The *C{'H} NMR spectrum of 22 shows two broad signals in the
carbonyl region at & 221.6 and 186.3. The high-ficld signal is attributed to the pair of
chemically equivalent terminally-bound carbonyls on Ru while the low-field signal is
assigned to the two semibridging CO ligands. The methyl carbon appears as a doublet at
8 42.2 (NJrne = 25 Hz) and represents a considerable down-field shift from that of the

methyl group in the precursor 21.
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Further warming causes 22 to transform into a third compound,
[RhRu(OSO,CF5)(CO);(n-C(O)CH;)(dppm), ] [CF3S0s] (23), the *'P{'H} NMR spectrum
which is typical of these Rh/Ru species. In the "H NMR spectrum two resonances appear
for the dppm methylene protons, indicating that the “front-back” symmetry of the
precursor (22) is broken and that now the environment on one side of the RhRuP, plane
differs from that on the other side. The methyl resonance now appears as a broad singlet
at 8 2.03, with no obvious coupling to either '®Rh or >'P. In addition, when the sample is
BCO enriched the methyl proton signal broadens noticeably, although no coupling is
resolved. These data suggest an acyl formulation for compound 23 which is further
supported by the *C{'H} NMR spectrum with the appearance of a low-field resonance at
3 304.8 showing strong coupling to Rh ('Jruc = 38 Hz). This very low-field shift for the
acyl carbon has been observed previously in dmpm and/or dppm complexes of Rh/Rh,°
Ru/Ru,”® and Rh/Os,” and suggests a bridging acyl group having significant carbene-like
character, and not likely that of a terminal acyl moiety, which appear at much higher
fields (8 240 — 260).*%° Two carbonyls appear at 8 196.6 and 184.9, and are clearly
identified as Ru-bound on the basis that no Rh coupling is observed. The third carbonyl,
at & 250.3, appears as a complex multiplet and appears to correspond to a bridging
carbonyl in which the coupling to Rh is unresolved from coupling to the four 3P nuclei
and the other carbonyls. The methyl group of the acyl appears as a broad singlet at o

45.2, showing what is likely unresolved Rh coupling.

The IR spectrum of 23 shows two terminal carbonyl bands at 2090, 2016 cm’,
and a bridging carbonyl at 1732 cm™. The presumed carbene character of the acyl carbon

in 23 should reduce the C-O bond order enough to red-shift this band into the fingerprint
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region of the IR spectrum. No stretch for this group was observed for this group, even
for a *CO-enriched sample of 23. The acyl group IR stretch was also absent in other

binuclear dppm and dmpm complexes containing similar metals.®®

The structural assignment for 23 has been confirmed by an X-ray structure
determination, for which the cation is diagrammed in Figure 5.2 (with relevant bond
lengths and angles given in Table 5.3). What is immediately evident from this
determination is that migration of the methyl ligand of 22 to a carbonyl has occurred and
that the resulting acyl group is carbon-bound to Rh and oxygen-bound to Ru. At Ru, the
resulting geometry is octahedral, with the oxygen of the bridging acyl and a bridging
carbonyl being directly trans to the two terminal carbonyl ligands. The geometry about
Rh appears to be a distorted tetragonal pyramid, with the two ends of the diphosphine
ligands, along with the acyl carbon and coordinated triflate anion occupying the basal
sites, and the bridging carbonyl occupying the apical site. The Rh-C(4) bond of the
bridging-acyl group(1.924(3) A) is significantly shorter than that reported by Eisenberg
(2.05(2) A) for a related Rh, system,® however the C(4)-O(4) acyl distance in 23
(1.243(4) A) is comparable to that for the Rhy system (1.28(2) A).° The present C-O
distance is somewhat longer than the typical distances in aldehydes and ketones (between
1.19 and 1.23 A) but still much shorter than C-O single bonds in enols (ca. 1.33 A) for
example.”” All the angles at the acyl carbon (C(4)) are close to the idealized value for sp?

hybridization.
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Figure 5.2:  Perspective view of the complex cation of compound 23, showing the numbering scheme. Thermal ellipsoids are drawn
at the 50% level except for hydrogens, which are drawn arbitrarily small. Phenyl groups, except for ipso carbons, are omitted.

191



Table 5.3: Selected Distances and Angles for Compound 23.
(i)  Distances (4)

162

Atom1 Atom2 Distance Atom 1 Atom 2 Distance
Rh Ru 3.3992(4)f S(1) C(6) 1.831(5)

Rh P(1) 2.3691(8) P(1) P(2) 3.132(1)f

Rh P(3A) 2.34(1) P(1) C(7) 1.845(3)
Rh P(3B) 2.40(1) P(2) C(7) 1.835(3)
Rh 0(5) 2.241(3) P(3A) P(4) 3.16(1)t
Rh C(1) 2.011(3) P(3A) C(8) 1.92(2)
Rh C4) 1.924(3) P(4) C(8) 1.838(3)
Ru P(2) 2.3895(8) F(1) C(6) 1.332(5)
Ru P(4) 2.3995(8) F(2) C(6) 1.305(5)
Ru 0O(4) 2.114(2) F(3) C(6) 1.337(5)
Ru C(1) 2.068(3) o(1) C(1) 1.190(4)
Ru C(2) 1.865(3) 0(2) CQ2) 1.137(4)
Ru C(3) 1.991(3) 0(3) C(3) 1.117(4)
S(1) 0(5) 1.444(3) 0(4) C(4) 1.243(4)
S(1) 0(6) 1.420(3) C(4) C(5) 1.502(5)
S(1) 0o(7) 1.446(4)

T Non-bonded distance

(i) Angles (deg)

Atom1l Atom2 Atom3 Angle Atom 1 Atom2  Atom3 Angle
P(1) Rh P(3A)  173.8(6) 0(4) Ru C(1) 88.8 (1)
P(1) Rh 0(5) 97.15(8) 0(4) Ru CQ2) 176.7(1)
P(1) Rh C(1) 90.26(9) 0(4) Ru C(3) 86.6(1)
P(1) Rh C(4) 85.6 (1) C(1) Ru C(2) 94.3(1)

P(3A) Rh 0(5) 88.9(6) C(1) Ru C(3) 175.4(1)

P(3A) Rh (1) 89.1(4) C(2) Ru C(3) 90.30(1)

P(3A) Rh C(4) 88.3(6) Ru 0O(4) C(4) 120.1(2)
0(5) Rh C(1) 106.3(1) Rh 0(5) S(1) 166.9(2)
0(5) Rh C(4) 159.7(1) Rh C(1) Ru 112.9(1)
C(1) Rh C(4) 93.8(1) Rh C(1) o) 113.8(2)
P(2) Ru P(4)  171.42(3) Ru C(1) o(1) 133.3(2)
P(2) Ru 0O(4) 86.69(6) Ru C(2) 0(2) 176.8(3)
P(2) Ru C(1) 87.16(8) Ru C(3) 0(3) 178.9(3)
P(2) Ru C(2) 92.4(1) Rh C(4) 0(4) 124.4(2)
P(2) Ru C(3) 92.0(1) Rh C(4) C(5) 119.1(3)
P(4) Ru 0(4) 86.58(6) 0(4) C(4) C(5) 116.5(3)
P(4) Ru C(1) 87.39(8) P(1) C(7) P(2) 116.6(1)
P(4) Ru C(2) 94.6(1) P(3A) C(8) P(4) 114.7(6)
P(4) Ru C(3) 92.9(1)
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The Rh-Ru separation of 3.3992(4) A is significantly longer than either of the
intraligand P-P distances (3.132(1) and 3.16(1) A) and indicates that no metal-metal bond
is present. This large metal-metal separation leads to a slightly wider than normal Rb-
C(1)-Ru angle of 112.9(1)°, suggesting sp” hybridization of this carbonyl carbon and the
C(1)-0(1) distance (1.190(4) A) as a result, is substantially longer than those of the
terminal carbonyls, although not quite as long as that of the bridging acyl group. As
noted earlier, this distance compares favourably with C=O bonds in aldehydes and
ketones. The bond angles around C(1) suggest a large asymmetry in the bridging
carbonyl (Rh-C(1)-0O(1) 113.8(2)° and Ru-C(1)-O(1) 133.3(2)°), which may be caused by
short non-bonding contacts (H(22)-O(1) = 2.66 A, H(62a)-O(1) = 2.48 A, H(32)-0(1) =
2.41 A and H(72)-O(1) = 2.50 A) between the ortho hydrogens of the phenyl ring and
O(1). The resulting average O-H contact of 2.51 A can be compared with that of 2.71 A
in compound 3. Clearly, these contacts can have a strong influence on the orientation of

bridging carbonyls in these complexes.

Figure 5.2 also clearly shows that one of the triflate ions is coordinating to Rh,
directly opposite the acyl group (C(4)-Rh-O(5) = 159.7(1)°), with a normal Rh-O(5)
distance of 2.241(3) A. It is assumed that this structure is maintained in solution. Not
only is this necessary for a 16-clectron configuration at Rh, but the “C{'H} NMR
unequivocally show that the carbonyl and acyl ligands are in the arrangement shown in
Scheme 5.1 and Figure 5.2. Solvent coordination was ruled out by 'H NMR
spectroscopy; the spectra were identical when recorded in either acetone d¢ or CD,Cl,.
The IR spectrum of 23 in solution shows a strong band at 1265 cm™, indicative of the

presence of a coordinated triflate.”® The '"F NMR spectrum is not diagnostic for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



164

differentiating between coordinated and free triflate ions, so only one fluorine resonance

is observed in 23.

These X-Ray and spectroscopy data are consistent with a significant degree of

carbene-like character””” as diagrammed in structure B in Chart 5.1.

Chart 5.1
H,G + H,C +
%’(\P %’(\P
c= c—0,
Ve P LF e
U
F.cS0Y | e | \ F,.cs07” I N | \
c c
P’ p O p_ O p O
~~ ~
A B

If a solution of compound 23 is purged with argon, or exposed to vacuum, at
temperatures above 20 °C, quantitative conversion to a new compound is observed in the
3'p{'H} NMR spectrum within minutes. This compound can also be obtained by direct
treatment of 3 with triflic acid at room temperature. Complex 23 can be regenerated by
exposure to CO. The 'H NMR spectrum of this new complex contains a singlet at 3 1.99,
indicative of the methyl group of an acyl moiety. The “C{'H} NMR spectrum of a
BC0-enriched sample of this compound reveals the presence of two terminal carbonyls at
3 204.2 and 180.4, and a low-ficld doublet resonance at & 270.3 displaying 33 Hz
coupling to Rh. These data are supportive of a dicarbonyl species with the acyl group
remaining intact, and carbon-bound to Rh, so is formulated as [RhRu(OSO,CF;)(CO)2(u-
C(0)CHj3)(dppm),][CF3SO3] (20). The IR spectrum confirms the dicarbonyl nature of

20, showing two bands at 2045 and 1989 cm™; once again no acyl stretch is obvious.
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The structure of 20 was also confirmed by an X-ray structure determination,
and the cation is shown in Figure 5.3 with relevant bond lengths and angles given in
Table 5.4. The obvious differences between the structures for compounds 23 and 20 are
the absence of a bridging carbonyl in 20 and the substantial compression of the Rh-Ru
distance compared to 23 (2.6953(4) A vs. 3.3992(4) A). The metal-metal separation is
typical for a single bond between Rh and Ru. This drastic change in the metal-metal
separation has little effect on the bond lengths and angles within the bridging acetyl
group. As with 23, these bond lengths suggest significant carbene character in the acyl
group (Rh-C(3) = 1.912(4) A and C(3)-0O(3) = 1.266(5) A). In this case, the acyl C(3)-
0O(3) distance is elongated compared to that in compound 23 and is now intermediate
between the double bond of aldehydes (1.19 A) and the single bond in enols (1.33 A).Y
The angles at the acyl group are all near the idealized value of 120°. The major change in
binding of the acyl group that results from the metal-metal bond compression is the
compression of the C(3)-O(3)-Ru angle from 120.1(2)° in 23 to 100.6(2)° in 20.

The geometry about the metals can best be described as being distorted
octahedral at Ru, and again tetragonal pyramidal at Rh. The two ends of the dppm
ligands as well as the acyl and triflate ligands form the base of the pyramid, with Ru
occupying the coordinated apical site. Any major distortions from octahedral geometry
at Ru occurs because of the bridging acyl ligand. As a result, the Rh-Ru-O(3) angle is
acute (69.27(7)°) and the O(3)-Ru-C(2) angle is obtuse (107.8(1)°) compared to the ideal
90° value. The phosphines are in a distorted trans arrangement (P(3)-Rh-P(1) =
167.45(4)°) with respect to each other, whereas the acyl and triflate ligands are perfectly

trans to each other (O(4)-Rh-C(3) = 178.3(1)°). The distance between

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uolssiwaad noyum payqiyosd uoonposdal Jayung “ISUMO yBuAdoD 8y} Jo uojssiuad yum paonpoidoy

Figure 5.3:

Perspective view of the comple

x cation of compound 20, showing the

numbering scheme. Thermal ellipsoids are drawn

at the 50% level except for hydrogens, which are drawn arbitrarily small. Phenyl groups, except for ipso carbons, are omitted.



Table 5.4: Selected Distances and Angles for Compound 20.

(i)  Distances (A)

167

Atom1 Atom?2 Distance Atom 1 Atom 2 Distance
Rh Ru 2.6953(4) P(D) C(6) 1.820(4)

Rh P(1) 2.333(1) P(2) C(6) 1.834(4)
Rh P(3) 2.332(1) P(3) C(7) 1.831(4)
Rh 04) 2.219(3) P(4) C(h 1.830(4)
Rh C(3) 1.912(4) P(4) P(3) 2.98()t
Ru PQ2) 2.409(1) P(2) P(1) 2.98(t
Ru P(4) 2.412(1) F(1) C(5) 1.321(5)
Ru 0@3) 2.146(3) F(2) C() 1.298(6)
Ru c(n 1.877(5) F(3) C(5) 1.328(6)
Ru C2) 1.898(4) o C(1) 1.138(5)
S(1) 0®4) 1.465(3) 02) C(2) 1.127(5)
S(1) 0(5) 1.422(4) 0@3) C(3) 1.266(5)
S(1) 0(6) 1.425(4) C(3) C4) 1.510(6)
S(1) C(5) 1.822(5)
T Non-bonded distance
(i) Angles (deg)

Atom 1 Atom2 Atom3  Angle Atom 1 Atom2  Atom3 Angle
Ru Rh P(1) 93.44(3) P(2) Ru C(2) 86.7(1)
Ru Rh P(3) 93.57(3) P(4) Ru 03) 84.83(8)
Ru Rh 04) 109.57(8) P(4) Ru c( 96.8(13)
Ru Rh C(3) 68.88(12) P(4) Ru C(2) 86.0(1)

P(1) Rh P3) 167.45(4) 0®3) Ru C(1) 157.4(1)
P(1) Rh O(4) 93.90(8) 0@3) Ru C(2) 107.8(1)
P(1) Rh C(3) 86.99(12) c() Ru C(2) 94.8(1)
P(3) Rh 04) 93.54(8) Rh P(1) C(6) 111.5(1)
P(3) Rh C3) 85.8(1) Ru P(2) C(6) 109.5(1)
0(4) Rh C(3) 178.3(1) Rh P(3) C(h 111.6(1)
Rh Ru P(2) 93.39(3) Ru P(4) C(7) 109.5(1)
Rh Ru P(4) 93.27(3) Ru 0@3) C@3) 100.6(2)
Rh Ru 0o3) 69.27(7) Rh 04) S(1) 131.2(1)
Rh Ru C() 88.1(1) Ru C(D) o) 175.6(4)
Rh Ru C2) 177.1(1) Ru C(2) 02) 176.0(4)
P(2) Ru P(4) 165.21(4) Rh C(3) 03) 121.3(3)
P(2) Ru 03) 85.21(8) Rh C(3) C(4) 123.6(3)
P(2) Ru C(1) 96.6(1) 03) Cc(3) C@4) 115.1(4)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



168

the oxygen of the triflate and rhodium (2.219(3) A) is similar to that for 23. Again the
BC{'H} NMR spectrum and X-ray structure support an oxy-carbene contribution to the
structure of compound 20.

Two bonding formalisms for compound 20 are shown in Chart 5.2. If one

considers a normal acetyl bonding mode, shown in structure C, the oxidation states can

be either Rh**/Ru’, in which the positive charge on the complex is localized on the Rh*

Chart 5.2
H H,C H,C H,C
3c‘c-——-o Ne=0 e—o *c—o
o/ \e off \ J o\
Rh<—Ru—CO Rh——Ru—CO Rh——Ru—CO Rh—»Ru—CO
/ \ /
T c 0 T$0 c ] c
o o 0o o
Rh(llI)/Ru(0) Rh()/Ru() Rh(Il)/Ru(l) Rh(I)/Ru(ll)

N

/ N

Y

c

Y

D

centre, achieving a 16e configuration by dative bond formation with Ru’. An alternate
description gives the oxidation states as Rh**Ru"', in which the positive charge now

! centre and a covalent metal-metal bond results, giving a 16e/18¢

resides on the Ru"
configuration at the metals. The other formalism, structure D in Chart 5.2, invokes the
oxy-carbene bonding scheme, in which the oxidation states of the two metals can be
either Rh**/Ru'! or Rh*!/Ru"?. Solid-state structure and *C NMR experiments suggest
that the latter is preferred, in which there is substantial contribution from the oxy-carbene

resonance form, D. The Rh''/Ru*® formulation is also preferred on the basis of the

common oxidation states observed for these metals.
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It is important to note that substitution of the triflate anion for fluoroborate
anion by protonation of [RhRu(CO)4(u-CH;)(dppm),][BFs] with HBF; at room
temperature, does not give the BF4 -coordinated analogue to compounds 20 or 23.
Instead, decomposition into a complex mixture of products results. Apparently the BF4
anion is too weakly coordinating31 to stabilize the acyl complexes 20 and 23.

Protonation of the phosphine adduct [RhRu(CO)3(PMes)(u-CH,)(dppm),]*
(5), which is isoelectronic with the tetracarbonyl (3), with a slight excess of triflic acid
gave quantitative conversion to [HPMe]" and a new complex, [RhRu(OSO,CF;3)(CO)a(1u-
C(O)CH;)(dppm)2][CF3S04] (24), as shown in Scheme 5.2. Compound 24 is an isomer
of 20, in which the bridging acyl group is now carbon-bound to Ru. This new isomer
displays a singlet in the 'H NMR spectrum at 3 1.93, again suggesting the presence of an

acyl group. The >C{'H} NMR spectrum of a >CO enriched sample of 24 showed three
g

Scheme 5.2
+ +
p—"—p + /\CH3 H;;’C(\P
H, —
=0,
MeP. ¢ l HOT | | | ¢ \| cO
SNl Sg,—c0 MO —co ———> _ Rh/ Ru”~
oc/ l |\ - [HPMe,J* /| F,CSO; | | N
(e a c
o o° P p O:SCFs b p O
P\/P ~~—
5 24 20

carbonyl resonances, a triplet at 8 196.3 and a doublet of triplets at & 186.8 (‘Jrnc = 75
Hz), suggesting that there is one terminal carbonyl on each metal. The low-field
resonance at d 293.3 is a broad singlet, with no resolvable coupling to Rh, suggesting that

the acyl is now carbon-bound to Ru. In order to maintain the electron count, the triflate
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must now also be on Ru, giving this metal an 18-electron configuration. The IR spectrum
displays two terminal CO bands at 2015 and 1956 cm™, with no observable stretch for the
acyl group or the v(so) of the covalent triflate group. Complex 24 is unstable in solution,
converting to the original isomer 20 within a few hours.

This rearrangement of the acyl group has also been observed in the RhOs
system, where treatment of the RhOs analogue of 23, [RhOs(OSO,CF;)(u-C(O)CHs)-
(CO)s3(dppm);][CF3S03] with PMes; at room temperature afforded the acyl dicationic
complex [RhOs(CO);(PMes)(U-C(O)CH:)(dppm), ][CF3SOs]2, in which the acyl carbon is
bound to Os.” Unfortunately, the reactions of 23 and 20 with PMe; do not yield tractable
products, instead giving a complex mixture of several products, none of which could be
isolated or properly characterized due to overlap of multiple signals in both the *'P{'H}
and "H NMR spectra.

An attempt was made to generate the acyl bridged species 20 in a reverse
order, by reaction of an appropriate hydride species with diazomethane. The precursor
hydride complexes [RhRu(X)(U-H)(CO)4(dppm):][X] (X = CF3S0; (25a), BF,4 (25b)),
were obtained by protonation of [RhRu(CO)4(dppm),][X] as shown in Scheme 5.3. For
complex 25a, the hydride resonance appears as a complex multiplet at § — 10.41 in the 'H
NMR spectrum, for 25b, the hydride appears at 6 — 11.07. Upon broad-band p
decoupling, the hydride resonance simplifies to a doublet with coupling to Rh of 19 Hz.
The coupling to each of the two sets of *'P nuclei could not be determined, due to the
close proximity of these two resonances in the *'P{'H} NMR spectrum, which prevented
selective decoupling experiments from determining the exact nature of the hydride. The

IR spectrum of 25a shows four carbonyl bands, three terminal stretches at 2072, 2040 and
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1999 ¢cm™. The fourth band is slightly red-shifted at 1880 cm™, and this could be due to a

semi-bridging interaction with Rh. There is also a stretch at 1284 cm™, suggesting triflate

coordination.
Scheme 5.3
+ +
P/\P P/\P
% | PN
| T HX X | _H | _c©
OC—Rh Ru—CO Rh Ru
e 71
0 oc ]
P. P
\/
3 X = CF,S0, (25a), BF, (25b)

The spectroscopic parameters for both 25a and 25b are similar to the
analogous RhOs complexes, [RhOs(X)(u-H)(CO)4(dppm)2][X] (X = CF3S03 or BF,). In
addition, the low temperature '°F NMR spectrum of [RhOs(FBF;)(-
H)(CO)4(dppm),][BF4] revealed the presence of two signals, one for the free BF, ligand,
and one for coordinated BF,.” In addition, an X-ray structure determinations for the
RhOs analogues of both 25a and 25b showed both BF4;~ and CF3SO;™ groups bound to
Rh in each structure respectively.” It is quite likely that a similar phenomenon is
occurring in 25.

Complexes 25a and 25b do not react with diazomethane; even after several
days under an atmosphere of CH,;N,, only 2§ was observed in the Ip'H} NMR

spectrum.
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Unlike the reactions with triflic acid and tetrafluoroboric acid, protonation of

3 with HCI does not yield an acyl complex. Instead the methyl complex
[RhRu(CH;)(CO)(u-Ch)(u-CO)(dppm),][CF3SO3] (26a), is formed as shown in

Scheme 5.4. The 'H NMR spectrum shows a triplet at high field (8 -0.21) typical of a

Scheme 5.4
+ +
P/H\P P/\T
2

l _°~ | _c° HCI | _ci | _cH,
Rh R —_— Rh——

| e I“\c | e |“\c

o 0o 0o (o] o o
P~ —" P "
3 26

metal-bound methyl group. The IR spectrum of this new compound contains two
terminal carbonyl bands at 2013 and 1986 cm™, as well as what appears to be a bridging
CO stretch at 1711 ecm™. The >C{'H} NMR spectrum of a *CO-enriched sample of 26
shows three resonances in the carbonyl region. A low-field signal at d 246.4 appears as a
complex multiplet, and can be assigned as a bridging or semi-bridging carbonyl showing
unresolved coupling to Rh and the Rh-ends of the diphosphines. The remaining two
resonances appear at 6 199.4 (triplet) and 188.8 (doublet of triplets, Jrae = 76 Hz) and
are assigned to the terminally-bound carbonyls on Ru and Rh, respectively.

The structure of the cation of 26 was confirmed with an X-ray structure
determination, as shown in Figure 5.4. Relevant bond lengths and angles are depicted in
Table 5.5. Clearly the chloride anion is coordinated, acting as a bridge to both metals.

The geometry at rhodium (if the metal-metal interaction is ignored) can best be described
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c71 K5

Figure 5.4: Perspective view of the complex cation of compound 26b, showing the
numbering scheme. Thermal ellipsoids are drawn at the 50% level except for hydrogens,
which are drawn arbitrarily small. Phenyl groups, except for ipso carbons, are omitted.
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Table 5.5: Sclected Distances and Angles for Compound 26b.

(i)  Distances (4)

Atom1l  Atom?2 Distance Atom 1 Atom 2 Distance
Rh Ru 3.0115(7) Ru CH4) 2.180(6)
Rh Cl 2.446(1) P(1) P(2) 3.082(2)F
Rh P(2) 2.337(1) P(1) C(5) 1.827(6)
Rh P4) 2.330(1) P(2) C5) 1.829(6)
Rh C(1) 1.827(7) P(3) P4) 3.098(2)T
Rh C(2) 2.249(6) P(3) C(6) 1.840(6)
Ru Cl 2.480(1) P(4) C(6) 1.826(6)
Ru P(1) 2.395(1) o) (1) 1.131(7)
Ru P(3) 2.392(1) 02) C(2) 1.141(7)
Ru C(2) 2.056(6) 0@3) C@3) 1.150(7)
Ru C(3) 1.824(7)

T Non-bonded distance

(i) Angles (deg)
Atom 1 Atom2 Atom3  Angle Atom 1 Atom2  Atom 3 Angle

Ru Rh Cl  52.83(4) Cl Ru P(1)  88.59(5)
Ru Rh PQ2)  93.14(4) cl Ru P3)  86.50(5)
Ru Rh P@4)  92.22(4) Cl Ru C2)  100.1(1)
Ru Rh Cc(l)  151.4(2) Cl Ru C3)  167.1(1)
Ru Rh C2)  43.0(1) Cl Ru C(4) 84.1(1)
cl Rh PQ2) 8597(5)  P(1) Ru P3)  174.9(6)
Cl Rh P@)  9021(5)  P(1) Ru CQ) 91.0(1)
Cl Rh c(1) 155.82)  P(1) Ru Cc@3) 92.3(1)
Cl Rh C2)  95.8(1) P(1) Ru C4) 88.4(1)
P(2) Rh P@4) 169.62(6)  P(3) Ru C(2) 91.4(1)
PQ2) Rh c)  90.1(1) P(3) Ru C(3) 92.2(1)
PQ2) Rh C2)  99.0(1) P(3) Ru C(4) 89.6(1)
P(4) Rh c(l)  89.5(1) C(2) Ru C@3) 92.8(3)
P(4) Rh C2)  91.0(1) C(2) Ru Cc@)  175.7Q2)
C(1) Rh C2) 1084(3)  C@3) Ru C(4) 83.0(3)
Rh Ru Cl  51.81(4) Rh cl Ru 75.37(4)
Rh Ru P(1)  88.30(4) Rh C(1) o(1)  178.0(7)
Rh Ru P(3)  89.85(4) Rh C(2) Ru 88.7(2)
Rh Ru C2)  48.3(1) Rh CQ) 02)  123.0(5)
Rh Ru C3)  141.1(1) Ru CQ) 02)  1483(5)
Rh Ru C4)  135.9(1) Ru C(3) 03)  176.1(6)
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as a tetragonal pyramid, with the equatorial sites occupied by the trans phosphines, the
chloride and the terminal carbonyl, with the apical site occupied by the bridging CO.
Chart 5.3 depicts the two possible extremes in bonding for compound 26:
structure E contains a terminally-bound carbonyl ligand with no metal-metal interaction,
whereas F shows an arrangement with a conventional metal-metal bond and a
conventional bridgingvcarbonyl geometry. Clearly the greater the interaction of CO with
Rh the stronger the corresponding Rh-Ru interaction. The bridging carbonyl appears to

be intermediate between these extremes, as depicted in structure G, with distances (Rh-

Chart 5.3
Cl CH, cl X
/Rh /Ru Rh/ \RU/CH
o® o® ‘o oc/ \8/ \Co
E F

C(2) = 2.249(6) A and Ru-C(2) = 2.056 A) and angles (Rh-C(2)-O(2) = 123.0(5)° and
Ru-C(2)-0(2) = 148.3(5)°) suggesting a semi-bridging nature for this carbonyl. In
addition the metal-metal separation (3.0115(7) A) appears to fall in the intermediate
category, being significantly longer than typical Rh-Ru bonds yet still being slightly less
than the intraligand P-P distances (3.082(2) A and 3.098(2) A). Whether this comparison
of the Rh-Ru distance corresponds to any real metal-metal interaction or whether the

metals are drawn together by the semi-bridging interaction is not clear.
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Discussion:

Protonation of the methylene-bridged species [RhRu(CO)s(u-CHo)-
(dppm),][CF3S0;] (3) using CF3SO3H at —80 °C gives a dicationic, Ru-bound methyl
complex [RhRu(CO)4(u-CHs)(dppm)2}[CF3SOs]y (21), in which the methyl group is
asymmetrically bridging, being 6-bound to Ru and having an agostic interaction with the
adjacent Rh atom. This 2¢ donation by the C—H bond to rhodium is assumed to be
necessary to alleviate some of the electron deficiency due to the dicationic charge of the
complex. Surface methyl groups have been proposed as intermediates in the Fischer-

43233 and the use of cluster compounds containing u-CHs groups as

Tropsch process,
models has been previously discussed.”* Surface-bound methyl groups are known to
migrate readily over the surface of a heterogeneous catalyst, and a proposed mechanism
for this migration involves an agostic methyl species as intermediates in the migration of
methyl groups from metal to metal, as diagrammed in Scheme 5.5. The transformation of

a terminally-bound methyl group to one having an agostic interaction to an adjacent

metal to a symmetrically-bridged species would readily accomplish half of a translation

Scheme 5.5
H H
CH, H~_{ -H H\I/H H\\C/H CH,
! M M M M M’
H 1 J K L

from metal to metal; the remaining part of the transformation would involve the reverse

of the above, as shown in Scheme 5.5. The transformation of complex 21 into 22
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demonstrates part of this migration, in which the movement of the agostic methyl group
from Ru to a terminal position on Rh is observed. The agostic interaction appears to
assist in the migration of this methyl group from Ru to Rh, which occurs at temperatures
above —40 °C to form a Rh- bound methyl complex 22, which also models intermediate L
in Scheme 5.6. The reasons for this migration are not clear. In the Rh/Os analogue,”’ it
was argued that a trade-off was made between the metal-carbon bond strengths between
the 2™ and 3" row metals. The gain in energy made by a new Os-CO bond might be
greater than the loss of energy resulting from a new Rh-CHj; bond. ™7 This disparity is
not likely to exist between two adjacent 2™ row transition metals.

Warming complex 22 to ambient temperature in a closed system results in
migratory insertion of the methyl and carbonyl group affording a bridging-acyl complex
23. Recent calculations show that migratory insertion of a carbonyl and methyl group are
both kinetically and thermodynamically favoured at a rhodium centre compared to the
same reaction occurring at a ruthenium centre.’ 83 Clearly migratory insertion occurs at
Rh exclusively, since complex 21, containing a Ru-CH; bond, does not undergo
migratory insertion. Instead, the aforementioned Ru-to-Rh migration of the methyl group
occurs prior to acyl formation at Rh.

Protonation of 3b with HBF, at ambient temperature did not yield the acyl
complex analogous to 20, but instead gives a complex mixture of products suggesting
that BF4  anion is too weakly bound to stabilize this acyl-bridged complex. Although
triflate is considered to be a weakly coordinating ligand, it is nucleophilic enough to
coordinate to what would otherwise be a dicationic complex without coordination;

apparently the weaker coordinating BF,~ anion is not sufficiently nucleophilic to stabilize
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these species. In a similar study, treatment of the diruthenium species, [Rua(CO)a(u-
CH;)(dppm);], analogous to 3 with a series of acids (triflic, fluoroboric, formic and
acetic) afforded the cationic methyl-bridged complex [Rux(CO)4(CH;)(dppm),]~ at low
temperature, although in this case only the formate and acetate complexes survived
elevated temperatures to yield the acetyl-bridged species.” In this system, the triflate and
fluoroborate anions were not sufficiently coordinating, resulting in decomposition of the
complex at higher temperatures.

The asymmetric bridging methyl group is an important species in methyl
group migration, as discussed earlier, and in the facile C-H bond cleavage by an adjacent
metal. In the latter of these processes, the agostic interaction is a prelude to bond
cleavage through the usual sequence of donation of electron density from the C-H
bonding ofbital to the metal and by an accompanying back donation from the metal to the
corresponding C-H anti-bonding orbital. We were interested in learning more about
these bridged methyl groups in this system and looked for ways to stabilize such species
to allow their subsequent reactivity to be studied. In a related study of the Rh/Os system
it has been discovered that protonation of a series of phosphine adducts
[RhOs(L)(CO)s(u-CHo)(dppm)2]” (L = PEts, PMes, PPhyMe, P(OMe); and P(OPh);)*
yielded the targeted species containing bridged agostic methyl complexes. However,
attempts to repeat this with the Rh/Ru analogue, through protonation of
[RhRu(CO);3(PMes)(U-CH,)(dppm),]* (5) did not yield a methyl-bridged complex.
Instead, protonation of the PMes; group occurs, accompanied by protonation of the
resultant methylene-bridged tricarbonyl complex to give an isomer of 20 in which the

acyl moiety is reversed from that in 20, having the acyl carbon now bound to Ru and the
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oxygen bound to Rh. This Ru-bound acyl is short-lived, as it quickly converts to 20
within a few hours in solution. In addition, this isomerization also involves coordination
of triflate to Ru in 24, instead of being Rh-bound in 20. Clearly our failure to obtain the
targeted asymmetrically-bridged-methyl complex demonstrates that the PMes site in 5 is
more basic than the methylene bridge, and the reverse is true in the Rh/Os case.
Protonation of the methylene-bridged tricarbonyl complex [RhRu(CO)3(u-CH,)(dppm), ]
(4) gave a multitude of products, so there is clearly a role that the PMe; plays in in the
formation of 24.

One important impetus for studying the chemistry of binuclear complexes is
the possibility that these complexes can display bridged-bonding modes of ligands that
can lead to reactivity differences of these ligands that differ from the terminally-bound
groups in mononuclear complexes. We can imagine such a reactivity difference for the
acyl ligands. Reaction of a complex, containing a terminally-bound acyl group, with H
would generally be accepted to yicld the corresponding aldehyde by reductive

elimination of the acyl and hydride moieties, as outlined in Scheme 5.6. The formulation

Scheme 5.6
O§C/R O§C/R
o]
H, i
M — nln—H —_—> MH + R/C\H
H

of these bridging-acyl complexes as oxycarbenes has implications in the production of
ethanol from these groups. If initial hydrogen transfer occurred at the carbene carbon, a

bridged oxyethyl group would result, and ethanol could result by H-transfer to the oxygen
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of the oxyethyl group followed by subsequent hydrogenolysis. If instead initial H-
transfer to the oxygen of the bridging oxycarbene occurred and a hydroxycarbene would
result. Subsequent hydrogenation of the metal-carbene linkage followed by reductive
elimination will give ethanol. The regiochemistry of the bridging acyl group now
becomes relevant to ethanol formation. We assume that H, oxidative addition in our
system will occur at the unsaturated Rh centre. Addition of H; to complex 20, in which
the bridging acyl is carbon-bound to Rh, would likely proceed by H-transfer to the acetyl
carbon. This would likely result in formation of acetaldehyde, although formation of
ethanol by the aforementioned steps is also possible. Alternatively, H, addition to the
“reverse acyl” complex 24, in which the acyl is now oxygen-bound to Rh, could lead to
H-transfer directly to the oxygen atom of the bridging acyl to give a hyroxycarbene,
which could eliminate ethanol by subsequent hydrogen transfers.

Neither complex 20 nor 24 afforded any detectable amounts of ethanol upon
treatment with Hy. Instead, complex 20 reacted with H, slowly to give a complex
mixture of products, with the major organometallic species being [RhRu(CO)s(u-H),-
(dppm)2][CF2S0;3] (1). No ethanol or acctaldehyde was detected by 'H NMR
spectroscopy. Treatment of complex 24 with Hy resulted in rapid isomerization to 20,
followed by formation a similar mixture of products that direct hydrogenolysis of 20

afforded.
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Summary:

Protonation of the methylene-bridged complex 3 affords a bridging-acyl
complex, [RhRu(OSO;CF3;)(CO)(u-C(O)CHs)(dppm),][CF3SO3] (20), proceeding
through three detectable intermediates: a Ru-bound agostic methyl complex, a Rh-bound
methyl complex, then a tricarbonyl-containing acyl complex. The two methyl-containing
complexes are good models for the proposed migration of methyl groups on the surface
of bimetallic heterogeneous catalysts. BC{'H} NMR spectroscopy and X-ray
crystallography support an oxy-carbene formulation for these acyl complexes. The roles
of these complexes in ethanol formation in the FT process were examined, but no
detectable amounts of any oxygenates were found. Isomerization of 20 was observed
indirectly, through protonation of a PMe; adduct of a methylene-bridged complex
forming a Ru-bound acyl complex, 24. This “reverse acyl” complex has implications
with regard to ethanol formation in the FT process; however 24 quickly isomerized back
to 20 over a short period of time, rendering a study of the hydrogenolysis products
impossible. An attempt was made to generate an acyl-complex through diazomethane
addition to the hydride species [RhRu(X)(1-H)(CO)s(dppm),][X] (X = CF3S03 (25a) or
BFs (25b)). Unfortunately, 25 proved to be unreactive toward diazomethane.
Protonation of 3 with an acid that possesses a strongly-coordinating conjugate base (HCl)
results in the formation of a Ru-bound methyl complex, [RhRu(CH;)(CO) (u-Cl)(u-

CO)(dppm)][CF3S03] (26).
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Chapter 6

Summary, Conclusions and Future Work:

The primary goal of this thesis was to synthesize and investigate the reactivity of
Rbh/Ru complexes containing bridging methylene groups, as models for bimetallic
Fischer-Tropsch (FT) catalysts. Monometallic catalysts of the group 8 or 9 metals have
shown high FT activity, although more recent work has shown that bimetallic systems
containing combinations of metals from groups 8 and 9 have shown higher activity than
their respective monometallic counterparts in a series of chemical transformations.'® The
introduction of a second metal substantially increases the complexity of the system and
the roles of the different metals need to be determined. We therefore undertook a study
of a series of mixed-metal binuclear complexes containing group 8 and 9 metals as
potential models for bimetallic FT catalysts, "' with the goal of determining the roles of
the metals in carbon-carbon bond formation related to the FT process. To date, the most
successful system contains the Rh/Os combination of metals, with diazomethane addition
to [RhOs(CO)4(dppm)2][CF3S0;] showing unprecedented CHy coupling to form metal-
bound C,, Cs or C4 fragments, depending on reaction conditions (Scheme 1.9).”'> The
importance of the methylene group in FT chemistry cannot be underestimated; inspection
of all of the accepted proposals discussed in Chapter 1 shows the involvement of surface-
bound methylene units together with other hydrocarbyl fragments in the chain-
propagating steps. The success of the above Rh/Os complex in methylene-coupling

reactions suggested that complexes of rhodium and ruthenium might also prove to be
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successful. Certainly, substituting Os by the less expensive Ru was of obvious interest
and it was assumed that substitution of the more labile Ru for Os would also give rise to
interesting reactivity.

Unfortunately, the anticipated reactivity of the Rh/Ru system was not fully
realized, as treatment of the complex [RhRu(CO)4(dppm),][CF3SOs;] (2) with
diazomethane afforded only the Ci-containing species [RhRu(CO)4(u-CHy)-
(dppm); ][CF3S0s] (3), with no further CH; incorporation beyond the initial unit. This
reactivity fell far short of that noted above for the Rh/Os system which readily
incorporated up to four CH, units.””'? Although the solid-state structure of 3 proved to be
nearly identical to that of the RhOs analogue, [RhOs(CO)4(L-CH2)(dppm),]{CF3S0s], the
subtle differences observed can help explain the changes in reactivity upon substitution of
Os for Ru. The structure of the Rh/Os analogue was slightly closer to structure E in
Chart 2.2, in which one of the carbonyls was semi-bridging with Rh; in this extreme Rh is
coordinatively unsaturated. Complex 3 on the other hand appeared to be closer to
structure F, in which this carbonyl is bridging both metals accompanied by a metal-metal
bond, giving both metals an 18-electron configuration. Our contention is that the less this
“bridging” carbonyl interacts with Rh, the more easily it can be displaced from this metal
by a nucleophile. Thus, the Rh/Os complex will undergo nucleophilic substitution more
readily than the Rh/Ru counterpart. The concept of greater carbonyl lability for the
Rh/Os system was supported by substitution reactions that showed nucleophilic attack of
PMe; on [RhM(CO)4(u-CHy)(dppm)]” (M = Ru (3), Os), affording
[RhM(CO);(PMe;)(-CH,)(dppm),]" (M = Ru (5), Os), occurs significantly faster for the

Rh/Os complex than for the Rh/Ru species.”> The inability of the Rh/Ru system to
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incorporate a second methylene group is due to the inability of the relatively weak
nucleophile CH;N; to displace a carbonyl from Rh. Apparently in the Rh/Os analogue
the subtle difference in binding mode of the semi-bridging carbonyl allows diazomethane
to displace this group, leading to incorporation of the second and subsequent methylene
groups. It was reasoned that carbonyl removal from 3 using trimethylamine-N-oxide
should give a tricarbonyl species, [RhRu(CO);(1u-CH;)(dppm),][CF3SOs] (4), that might
prove more reactive than the tetracarbonyl counterpart. As anticipated, complex 4 did
react readily with CH;N,, however a multitude of unidentifiable products were obtained,
in which the degree of methylene incorporation has not been established.

Clearly the chemical differences between the Rh/Ru and Rh/Os complexes are not
solely related to the replacement of Os by Ru. Other factors are involved such as the
nature of bridging carbonyl ligands and the strength of the metal-metal bond; a more
symmetrically bridging carbonyl is accompanied by a stronger metal-metal bond leading
to lower lability of the carbonyl group

Although we were unable to generate higher than C; complexes through the
coupling of methylene units in the Rh/Ru system, we proposed that models for such
species could be generated in other ways. We were particularly interested in Cs-bridged
species as models for the putative C;He-bridged intermediate in the aforementioned
methylene condensation reactions of the Rh/Os system. Dry has recently alluded to the
possible importance of surface-bound C; units in the FT process, produced by the
condensation of bridging methylene groups and surface-bound olefins as the C;
fragments.'* It was suggested that the generation of Cs-bridged complexes should be

possible through the coupling of a C; unit (methylene group) and a C; unit (alkynes or
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allenes). The strategy for the synthesis of these complexes was fairly simple: reaction of
a methylene-bridged complex with the C, source such as alkynes or allenes (in which it
was anticipated that only one of the m-systems would act as a 2e donor) or reaction of a
C,-bridged complex with diazomethane as the C; source. Each of these strategies should
give rise to different isomeric forms in the hydrocarbyl chain; in the Rh/Ru case the
methylene unit(s) could either be adjacent to Rh or to Ru. Presumably, propagation to
C4- and higher chains might also be possible by incorporation of additional C; or C; units
into the Cs unit.

Success in generating Cs-bridged products was achieved by reacting the
symmetric, activated alkynes dimethyl acetylenedicarboxylate (DMAD), hexafluoro-2-
butyne (HFB) and diethyl acetylenedicarboxylate (DEAD) with complex 4, giving the
insertion products [RhRu(CO)g(u-nl:n1-C(R):C(R)CH2)(dppm)2][CF3803] (R = COMe
(6), CF5 (7), COEt (8)). The resultant C; fragments have the “C(R)=C(R)CH>” unit
bound in an n':n'-fashion, bridging both metals, in which the vinylic end is bound to Rh
and the methylene group is bound to Ru, indicating that insertion into the Rh-CH; bond
has occurred. Similarly, the unsymmetrical alkynes, 2-butyn-1-al dimethylacetal (BDA)
and 2-butyn-1-ol also react readily with 4, again giving products [RhRu(CO)s(u-n'm'-
C(R)=C(R")CH;)(dppm);][CF5SO;] (R = CHj;; R' = CH(CO;Et), (9), CH,OH (10)), in
which alkyne insertion into the Rh-CH, bond had occurred. In the case of the
unsymmetrical alkynes the more sterically-hindered carbon was found to be adjacent to
the methylene unit. We assume that this regiospecific insertion is dictated by steric
factors in which the alkyne substituents interact with the phenyl groups on the dppm

ligand, which serve to protect the region between the carbonyl and methylene ligands.
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This regeioselectivity appears to be in contrast with that observed by other research
groups where it was found that alkyne insertion into a bridging methylene occurred such
that the carbon with the less bulky substituent was adjacent to the incumbent methylene
unit.!*%

It was presumed that these Cs-bridging groups could be transformed from 2e
donors (propenediyl) to 4e donors (vinyl carbene) by creating an electronic deficiency at
Ru through carbonyl loss. Although addition of Me;NO to [RhRu(CO)s(u-n'm'-
C(CO,;Me)=C(CO,Me)CH,)(dppm),][CF3S0s] (6) did afford the desired product
containing a 4e¢  donor  vinyl-carbene ligand, [RhRu(CO),(u-n'm’-
CHC(CO,CH3)=CH(CO2CH3))(dppm),][CF3SO3]  (14), the  targeted  ligand
transformation was accompanied by an unexplained 1,3-hydrogen shift and
accompanying rearrangement.

An alternative method to producing Cs-bridged complexes would be to add the C,
unit (in the form of diazomethane) to the appropriate C,-bridged complex. This strategy
failed for the DMAD-bridged complex [RhRu(CO)3(u-n'm'-
C(CO,Me)=C(CO,Me))(dppm),][CF3S0s] (11) (C; source), which failed to react with
diazomethane. Carbonyl removal from this species afforded the neutral dicarbonyl
complex [RhRu(OSO,CF3)(CO)(u-n' m'-C(CO,CH3)=C(CO,CH3))(dppm),] (12) having
a coordinating triflate ligand, and this product did prove to be reactive toward
diazomethane. However, methylene incorporation did not give rise to a targeted Cs;

species isomeric with 6, but instead yielded [RhRu(OSO,CF3)(CO)(u-n'm'-

C(CO,CH;3)=C(CO,CH3))(n-CHz)(dppm);] (13), containing two separate C, and C; units.
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It is unclear why methylene incorporation into the metal-metal bond is preferred over
insertion into the metal-carbon bond.

As noted earlier, one goal of this work was to model steps in the sequence of
carbon-carbon bond formation by sequentially increasing the length of the hydrocarbyl
fragment by the selective addition of C; or C; fragments. Having generated a Cs-bridged
fragment by alkyne insertion into the Rh-CH; bond of 4, we next attempted extending
this C; fragment to C4 by incorporation of a second methylene unit. However, this
extension did not prove fruitful with compounds 6 and 7, being unreactive to
diazomethane. Success was achieved in extending the C; fragment to Cs when the
alkyne, propargyl alcohol, was used. Reaction of 4 with propargyl alcohol yielded the
double-insertion  product  [RhRu(CO),(u-n>n*-CH=C(CH,OH)CH=C(CH,OH)-
CH,)(dppm),][CF5S0;] (15) in which the two propargyl alcohol moieties have inserted in
a head-to-tail arrangement to give the observed Cs fragment. This result clearly shows
that complexes with higher chain lengths are possible, although not, in this case, from
CH; coupling as previously hoped.

Given the propensity for alkynes to undergo insertion reactions forming Cs-
bridged complexes, allenes also seemed to be viable candidates for the generation of
model Cs-bridged species. Allenes are ideal candidates as potential insertion substrates,
duc their tunable steric bulk in the form of varying substituents and to their readily
available w-systems for initial coordination to the metal centre. Although allene and 1,1-
dimethylallene were shown to undergo insertion into the Rh-CH; bond, neither of these
substrates afforded the targeted Cs-bridged species outlined in Scheme 4.1. Allene

inserted into the Rh-CH; bond with similar regiochemistry to the alkyne molecules, with
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the sterically-hindered carbon being adjacent to the bridging methylene unit. However,
instead of forming a Cs-bridged, “CH2C(=CH;)CH>” moiety, rearrangement ensued
forming an n’m'-trimethylenemethane species [RhRu(CO)(u-n’m'-
C(CH,)3)(dppm),][CF5S03] (16). This type of rearrangement of an n'-allyl group to a
more stable n° form is common.”*®>  Although further methylene incorporation into the
TMM complex was not successful, the complex proved susceptible to nucleophilic attack
by both CO and PMe; affording the adducts [RhRu(CO)(L)(u-n’m'-
C(CHg)g)(dppm)g][CF;;SOg] (L = CO (17), PMe; (18)) in which the TMM moiety has
remained intact. This result once again demonstrates the weak nucleophilicity of
diazomethane.

The more sterically demanding 1,1-dimethylallene (DMA) reacts in a very
different manner than that of its smaller counterpart. Once again the simple insertion
product forming a species with either “CH>C(=CMe;)CH,” or “Me,CC(=CH,)CH,”
bridging groups are not observed. Instead, insertion into the Rh-CH> bond occurs in
which the /ess sterically hindered carbon of DMA forms a new bond with the bridging
methylene carbon. This is followed by migratory insertion of this fragment and a Ru-
bound carbonyl ligand with accompanying migration forming the complex
[RhRu(CO)3(C(0)CH,CH,C(=C(CH3),)(dppm)2][CF380s] (19).

The above reactions display both similarities and differences when compared to
reactions involving the Rh/Os analogue. With allene, both the Rh/Ru and Rh/Os
complexes yield analogous trimethylenemethane-bridged products. However, with 1,1-
dimethylallene different products result from reactions with the two mixed-metal

complexes. Instead of generating a metallacyclopentanone complex analogous to 19,
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reaction of the RWOs compound yields the targeted [RhOs(CO)(u-n'm'-
(CH3),C=CCH,CH,)(dppm),][CF3S03] complex, which subsequently decomposed
yielding 1,1-dimethyl-1,3-butadiene. It is proposed that both the Rh/Os and Rh/Ru
systems give rise to such a C;-bridged complex. But, whereas the greater tendency of Os
for B-hydrogen elimination gives rise to elimination of the butadiene, the greater
tendency of Ru for migratory insertion to a carbonyl group gives rise to the
metallacyclopentanone group in the Rh/Ru complex. This difference in reactivities
involving the different metal combinations supports our contention that the use of
different metals can influence the type of product(s) observed.

A secondary goal of this thesis was to use these mixed-metal complexes to model
the formation of oxygenates in the FT process. Although usually produced in small
quantities, Rh-based catalysts have a greater tendency than other metals to produce
oxygenates such as aldehydes, ketones and alcohols.?® The transformation of a bridging
methylene group into a bridging acyl group was achieved by protonation of 3 yielding
[RhRu(CO),(u-C(O)CH3)(dppm)2][CF3S03] (20). In this transformation, a number of
intermediates were observed at lower temperatures, having features that mimic important
species and processes occurring on a metal surface. The appearance of the two methyl-
containing intermediates, [RhRu(CO)3(-CH3)(dppm), ] (21) and
[RhRu(CH;3)(CO)s(dppm).] (22), observed in the transformation of 3 to 20 appear to
model proposed intermediates in the migration of a methyl group from one metal to
another (Scheme 5.5).

It is interesting to speculate how a bridging acyl group on a model surface might

have relevance to oxygenate formation that differs from a terminally-bound group, and
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how the orientation of the bridging acyl might also influence this formation. The model
system described in Chapter 5 suggests some possibilities. Although hydrogenolysis of a
terminal acetyl group invariably gives acetaldehyde, the bridging acyl group can, in
principle, form other products. The formation of different oxygen-containing species
from a bridging acyl can be dependent, not only on the orientation of the acyl, but also on
the bonding within that group. In the classical acyl formulation, the expected product
upon hydrogenolysis is acetaldehyde. However, if the acyl binds as an oxycarbene, as in
compound 20, we might expect a different outcome in reactions with Hj, possibly with
the formation of a hydroxycarbene-hydroxyalkyl sequence yielding ethanol instead of
acetaldehyde. Unfortunately, neither acetaldehyde nor ethanol were observed in the
reaction of 20 with H,.

In principle, the orientation of the bridging acyl might also influence the products
obtained. In the binding mode for 20, in which the acyl carbon is adjacent to Rh, the site
of coordinative unsaturation, hydrogen transfer to the acyl will most likely occur at
carbon first. It may be difficult under such circumstances to obtain a hydroxy group by
hydrogen transfer to oxygen. In the reverse acyl geometry, in which the acyl-oxygen
binds to Rh, hydrogen transfer directly to oxygen might occur. A reverse acyl complex,
[RhRu(OSO,CF3)(CO),(U-C(O)CH3)(dppm),][CF3S03] (24), was obtained from the
protonation of complex 5. However, this product quickly isomerizes in solution to 20,
and as such no observable oxygen-containing products are observed when 24 is treated
with hydrogen.

The results contained herein, coupled with those obtained with other group 8/9

7.8,10,12,27

metal combinations studied within the Cowie group all share one central
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foundation on which the chemistry is based: the tendency for coordinative unsaturation at
rhodium in Rh/Os and Rh/Ru complexes to facilitate substrate coordination at the metal
and subsequent insertion into the adjacent Rh-CH, bond of the bridging methylene group.
Other work within this group has shown that more subtle effects such as metal-metal
bonding and metal-ligand bonding in bridging ligands cannot be overlooked and can have
pronounced effects on the products observed.”' %1222

The study of one particular combination of metals (in this case, Rh/Ru) can
certainly yield valuable information about the roles of the different metals in carbon-
carbon bond formation. Naturally, an equally intensive study of complexes with similar
combinations of metals (such as Rh/Fe, Rh/Os, Ir/Ru and [r/Os) must also be performed,
in order to observe not only what products are obtained in each case, but what differences
in reactivity are obtained with the different metal combinations, in order to ascertain what
role each metal plays in the transformation(s) of interest.

Clearly, more work needs to be done on the Rh/Ru system, in order to gain insight
into the reasons why the reactivity of these complexes differs from their Rh/Os
counterparts. Although significant strides toward understanding the nature of these
differences has been made, further insight into the mechanism of some of the
transformations caused by both metal combinations might help explain these differences.

Although the study of RhRu complexes might be a natural progression from
RhOs, an obvious limiting factor in using RhM (M = Ru, Os) as models for bimetallic FT
catalysts is their low utilization in industry. Rhodium, ruthenium and (especially)
osmium are very expensive compared to cobalt and iron, which are more common metals

used in commercial FT plants.*® Ideally, bis-dppm-bridged complexes including Co/Fe,
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or perhaps Co/Ru, would be ideal from the standpoint of modeling what is used in
industry. However, neither Co, Fe nor Ru have tendencies to form stable complexes in
which these metals possess coordinative unsaturation. Instead, complexes containing
these metals prefer to achieve a saturated 18e configuration at the metals, usually
requiring photolysis and/or reflux conditions to generate coordinatively unsaturated 16¢
species. In addition, the dppm ligands might prove to be too “soft” to effectively bind
two first row transition metals such as cobalt and iron. This has been observed
previously, where the binuclear complex [RhCo(CO);(dppm).] fragments upon exposure
to CO, and forms an equilibrium with the two mononuclear species [Rh(CO)(dppm),]"
and [Co(CO)4]™ > In any case, some work has been done in our group with the Rh/Fe
combination of metals, namely the synthesis of the methylene-bridged complex
[RhFe(CO)4(u-CH,)(dppm),][CF3S03].** The Rh/Fe combination of metals is ideal from
the standpoint of modeling oxygenate formation, since both of these metals tend to form
oxygenates when used as FT catalysts.26

The next problem that arises would be the utility of these detailed studies toward
elucidation of the fundamental processes at work in heferogeneous catalysts containing
the same combination of metals. Although the fundamental steps in the chemical
transformations that occur on a surface should closely resemble those observed in soluble
organometallic complexes of the type described in this thesis, the application of these
complexes as accurate models is limited in scope. Clearly the presence of ancillary
ligand(s) in model complexes can limit their use as models for heterogeneous surfaces.
In addition, limitations in describing an extended metal surface by a pair of metals are

obvious.
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Nevertheless, the use of complexes such as those described in this thesis as

models for organic transformations occurring on a metal surface can allow for significant

insight into the nature of these transformations. The presence of an adjacent metal allows

for the incorporation of such surface-catalysis phenomena as synergism and metal-metal

cooperativity effects in modeling reactivity of surface-bound substrates that bridge

adjacent metals.
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Appendix

Diazoalkane Complexes of Rh/Ru

Introduction:

Diazoalkane complexes of transition metals are important because they have been
presumed as intermediates in 'the formation of alkylidene complexes'” that might be
relevant in the FT process.” These complexes are also of interest because they can be
used as models for nitrogen fixation® giving diazo-organometallic compounds. Although
there are numerous bridging modes for coordination of diazoalkanes to binuclear
transition metal complexes,’ it is quite common to find them in early transition metals
acting as a 4-electron donor ligand, as shown as A and B in Chart A.1. Less common is
to find the diazoalkane ligand acting as a 2-electron donor, as diagrammed for one

possible valence bond formulation in Chart A.1 as structure C. There are very few

Chart A.1
R R R
I R, | ol
= c—R = P
2
N N—N N N®
7\ yaN /'\ N\
M M M M M M* M M
A B c c
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examples in which the diazoalkane ligand bridges late transition metals, but previous
work from the groups of Puddephatt® and Eisenberg’ show that this type of coordination
with late metals is possible. In both of these cases, ethyl diazoacetate was added to Ru,
and Rh; complexes to afford the highly-conjugated species [Rua(CO)s(U-
N,CHCO,Et)(dppm);] and [Rhy(CO),(u-N.CHCOEt)(dppm),] respectively.

In this appendix, we report attempts to synthesize complexes containing a
bridging alkylidene other than methylene in addition to the attempted synthesis of new

diazoalkane complexes with the Rh/Ru combination of metals.
Experimental:

General Comments. All solvents were dried (using appropriate desiccants), distilled
before use, and stored under a dinitrogen atmosphere. Reactions were performed under an
argon atmosphere using standard Schlenk techniques. Diazoethane was generated from
ENNG (1-ethyl-3-nitro-1-nitrosoguanidine), which was purchased from Aldrich, as was
the diphenyldiazomethane, trimethylsilyldiazomethane and the 2-diazo-malonic acid

diethyl ester. Ethyl diazoacetate was purchased from Fluka, Inc.

The 'H, *C{'H}, and *'P{'H} NMR spectra were recorded on a Varian iNova-
400 spectrometer operating at 399.8 MHz for 'H, 161.8 MHz for *'P, and 100.6 MHz for
BC. Infrared spectra were obtained on a Bomem MB-100 spectrometer. The elemental

analyses were performed by the microanalytical service within the department.

Spectroscopic data for the compounds are available in Table A.1.
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Table A.1. Spectroscopic Data For Compounds.

NMRC,d
Compound IR (cm™)*® SIp¢'H} (ppm)° 'H (ppm)'®
[RhRu(CO)3(u-N,C(COH)- 2035 (m), 1996 (s), 29.6 (m), 28.2 (dm) 10.96 (s, br, 1H), 436 (q, *Juu = 8
(CO,E))(dppm),][CF3S0s] 1985 (m) Hz, 2H), 3.18 (m, 2H), 2.63 (m,

(27)

[RhRU(CO)s(-No,C(COEt)- 2045 (m), 2027 (5),  36.9 (m), 28.2 (dm)
(dppm),][CF5S0s] (28) 1996 (s), 1694
(m)" 1374 (m)’

2H), 1.45 (t, *Juu = 8 Hz, 3H)

428 (q, *Jun = 7 Hz, 2H), 3.14 (m,
2H), 3.07 (m, 2H), 1.83 (q, *Juu =
7 Hz, 3H), 1.33 (t, *Jun = 7 Hz,
3H), 0.57 (t, *Juu = 7 Hz, 3H)

“IR abbreviations: s = strong, m = medium. ° CH,Cl, solutions unless otherwise stated, in units of cm™. © NMR abbreviations: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, dm = doublet of multiplets. ¢ NMR data at 25 °C in CD,Cl, unless

otherwise stated. ~ 'P chemical shifts referenced to external 85% H3PO,. 7 Chemical shifts for the phenyl hydrogens are not given. ¢

"H chemical shifts referenced to TMS. * v(COEt). “v(Ny)

10¢



202

Preparation of Compounds:

(a) [RhRu(CO)3(u-NC(COH)NCO:Et))(dppm);][CF3803]-0.1CH,Cl, 27).
[RhRu(CO)4(dppm)2]{CF3S0;] (2) (25 mg, 0.020 mmol) was dissolved in 15 mL of
CH,Cl,, to which 55 pL (0.053 mmol, 2.65 equiv) of ethyl diazoacetate was added. The
solution was stirred for 1 h, after which the solution was concentrated to 2 mL, followed
by dropwise addition of 15 mL of Et,;O causing the precipitation of an orange power.
The supernatant was removed and the orange residue was recrystallized from
CH,Cly/Et,O (1 mL/10 mL) affording bright orange microcrystals which were dried in
vacuo (75% yield, 21 mg). Anal. Calcd for Cer.1Hss 2Cl 2F3sN2O11 PsRhRuS: C, 52.33; H,
3.73; N, 2.07; Cl1, 0.52. Found: C, 52.16; H, 3.74; N, 1.98; Cl, 0.54.

(b) [RhRu(CO);(u-N,C(CO,Et),)(dppm),}[CF3S0;] (28). Compound 2 (36 mg,
0.028 mmol) was dissolved in 20 mL of CH,Cl,. To the solution, 0.5 mL of a 0.1 M
solution of 2-diazo-malonic acid diethyl ester (0.05 mmol) was added, causing a colour
change from yellow to orange over the course of 1 h. The solution was stirred for an
additional 1 h, after which it was concentrated to 2 mL. Dropwise addition of 15 mL of
Et,O afforded an orange powder. The supernatant was removed and the orange residue
was recrystallized from CH,CL/Et,0 (2 mL/15 mL) affording an orange powder which
was dried in vacuo (82% yield, 32.0 mg). Anal. Caled for CeiHs4F3N2019P4RhRuS: C,
52.63; H, 3.91; N, 2.01. Found: C, 52.26; H, 3.93; N, 1.91.

(¢c) Reaction of 4 with N;CH(CO:Et). [RhRu(CO)s3(u-CHz)(dppm):][CF3SO;3] (4)
was prepared from a mixture of compound 3 (37 mg, 0.030 mmol) and Me;NO (3.83 mg,
0.051 mmol, 1.7 equiv) in 0.7 mL of acetone-d¢ in an NMR tube. The solution

immediately changed colour from dark red to a lighter red upon addition of 3.2 uL (0.031
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mmol, 1.03 equiv.). *'P{'H} NMR spectroscopy detected the presence of numerous
unidentified products, but 'H NMR spectroscopy detected the presence of ethyl acrylate.
(d) Attempted reaction of 2 with N;CPh,. Compound 2 (24 mg, 0.020 mmol) and
diphenyldiazomethane (3.7 mg, 0.020 mmol) was dissolved in 0.7 mL of CD,Cl, in an
NMR tube. After 5 days, >'P{'"H} NMR and "H NMR spectroscopy detected only the
presence of 2.

(e) Attempted reaction of 2 with N,CH(SiMe3;). Compound 2 (99.5 mg, 0.081
mmol) was dissolved in 10 mL of CH,Cl,. To this solution, 50 pL of N,CH(SiMe;)
(0.100 mmol) was added, causing no colour change. A 0.5 mL aliquot was removed after

20 h, and *'P{'"H} NMR and 'H NMR spectroscopy detected only the presence of 2.

() Attempted reaction of 2 with N;CH(Me). Compound 2 (153 mg, 0.124 mmol)
was dissolved in 10 mL of CH;Cl, and the solution was cooled to —78 °C. Diazoethane,
generated from ENNG (100 mg, 0.621 mmol) was bubbled over the solution and the
mixture was stirred for 2.5 h. The solution was allowed to warm to room temperature
and a 0.5 mL aliquot was removed, and 'P{'"H} NMR and 'H NMR spectroscopy
detected only the presence of 2 and diazoethane. Even after ca. 24 h, NMR spectroscopy

detected only starting materials.
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Results and Compound Characterizaion:

Compound 2 reacts with ethyl diazoacetate forming one new complex, 27, as
observed in the *'P{'H} NMR spectrum as two nearly-overlapping signals at 8 29.6 and
28.2. The 'H NMR spectrum of 27 indicated that one CHCOEt group has been
incorporated into this new complex, with the CH; and CH; resonances appearing at &
1.45 and 4.36, respectively, and one low-field resonance at 8 10.96. This low-field signal
shows no coupling to either Rh or P, suggesting the diazoalkane has not formed a
bridging alkylidene analogous to diazomethane addition to 2. Elemental analysis
confirms that N, loss has not occurred, suggesting that the diazoalkane moiety has
remained intact. The IR spectrum of 27 contains three terminal carbonyl bands at 2035,
1996 and 1985 cm™. Unfortunately there are a myriad of bands appearing from 1700 to
1200 em™, giving little additional information about the binding of the ethyl diazoacetate
molecule, presumably due to the large degree of unsaturation that might be present (vide
infra). However, the NMR data for 27 closely match that observed for the analogous
Rh/Os compound, in which the reaction between [RhOs(CO)4(dppm),][OTf] and ethyl
diazoacetate gave the complex [RhOs(CO)3(],L—N2C(COH)(C02Et))(dppm);g][CFgSO_g].8
The X-ray structure determination of this Rh/Os complex indicates that the N, portion of
the diazoalkane has remained intact, affording a bridging diazoalkane complex similar to
structure C in Chart A.1. In addition, however, the hydrogen of the diazoalkane carbon
has migrated to the oxygen of a metal-bound carbonyl accompanied by formation of a C-
C bond between the o carbon of the diazoalkane ligand and the carbonyl to which the
hydrogen migrated. Although no structural data exists for the Rh/Ru complex 27, the

structure of the Rh/Os analogue was determined by X-ray crystallography®® and the
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cation is shown in Figure A.1 with relevant bond lengths and angles given in Table A.3.
Based on the spectral similaritics between these RhOs and RhRu analogues, the structure
of 27 is presumed to be similar to that determined for RhOs. Clearly the diazoalkane
moiety has remained intact, and has coupled to a carbonyl forming the
“diazometallacyclopentenol” moiety. Although one can envision the possibility of
delocalized bonding within this group, the solid-state structure supports a more localized
view of the bonding within this ligand. The C(4)-O(4) distance of 1.328(4) A is in
excellent agreement with the single C-O bonds of enols and the C(4)-C(5) distance is
close to that expected for a C=C double bond (1.391(4) A)."® The N(1)-N(2) distance of
1.270(4) A is within the accepted range for an N=N bond (= 1.240 A), and the C(5)-N(2)
distance (1.402(4) A) is as expected for a single bond between sp® hybridized carbon and
nitrogen atoms. The average angles about C(4), C(5) and N(1), (120.0, 120.0 and 119.8

respectively) are also clearly consistent with sp® hybridization for these three atoms, as

expected for the structure diagrammed in Scheme A.1.

With the success of ethyl diazoacetate in forming isolable diazoalkane complexes
in this work and elsewhere,*’” complex 2 was treated with a series of diazoalkanes in
attempts to generate other diazoalkane complexes. One goal was to attempt to isolate
diazoalkane complexes like 27 in which condensation of the diazoalkane and a metal
bound carbonyl did nof occur. Since hydrogen migration accompanied this condensation,
it was believed that using disubstituted diazoalkanes might prevent this condensation. In
addition, we were interested in generating bridging carbene fragments as models for FT-

relevant fragments on metal surfaces. With diazoethane, trimethylsilyldiazomethane,
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o

5. S

Lol

Figure A.1: Perspective view of the complex cation of compound [RhOs(CO)s(u-N2C-
(COH)(CO,Et))(dppm),][CF3SO;]. Thermal ellipsoids are drawn at the 50% level except
for hydrogens, which are drawn arbitrarily small. Phenyl groups, except for ipso carbons,
are omitted.
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Table A.2: Selected Distances and Angles for [RhOs(-N,C(COH)(CO;Et))-
(CO)3(dppm)2][CF3S0s5].
(i)  Distances (A)

Atom1 Atom2 Distance Atom 1 Atom 2 Distance
Os P(1) 2.3978(8) o(l) C() 1.139(4)
Os P(3) 2.4012(8) 02) C(2) 1.145(4)
Os N(1) 2.088(2) 03) C@3) 1.143(5)
Os C(1) 1.976(3) o4 C(4) 1.328(4)
Os C(2) 1.904(3) o4 H(40) 0.87(6)
Os C#4) 2.055(3) 0O(5) C(6) 1.227(5)
Rh P(2) 2.3107(9) O(5) H(40) 1.85 (6)7L
Rh P(4) 2.3052(8) 0(6) C(6) 1.326(4)
Rh N(D) 2.023(3) 0(6) C(7) 1.464(5)
Rh C(3) 1.842(4) N(1) N(2) 1.270(4)

P(1) C9) 1.839(3) N(2) C(5) 1.402(4)
P(2) C(9) 1.833(3) C4) C(5) 1.391(4)
P(3) C(10) 1.836(3) C(5) C(6) 1.455(5)
P(4) C(10) 1.839(3) C(7) C(®) 1.473(7)

T Non-bonded distance

(i) Angles (deg)
Atom 1 Atom2  Atom 3 Angle Atom 1 Atom2  Atom 3 Angle

P(1) Os P(3) 17091(3)  Rh PQ2) CO)  113.4(1)
P(1) Os N(1)  85.39(7) Os PQ3) C(10)  112.3(1)
P(1) Os c(l)  91.5(1) Rh P(4) C(10)  113.2(1)
P(1) Os Cc2)  93.3(1) C(4) O(4)  H@O0)  114(4)
P(1) Os C4) 88319  C(6) 0(6) c(7)  115.903)
PQ3) Os N(1)  85.57(7) Os N(1) Rh 107.8(1)
P@3) Os c(l)  90.8(1) Os N(1) N@2)  119.9Q2)
P@3) Os C2)  95.3(1) Rh N(1) N@) 1323
P(3) Os C4) 88539  N(I) N(2) C5)  113303)
N(1) Os c(l)  98.9(1) Os c(1) o)  173.3(3)
N(1) Os C2)  166.8(1) Os C2) 0(2)  1743(3)
N(1) Os C4)  75.6(1) Rh C(3) 03)  178.94)
c(1) Os C(2)  94.2(1) Os C(4) 0(4)  125.002)
C(1) Os C(4)  174.5(1) Os C(4) C(5)  114.1(2)
C(2) Os C4)  91.3(1) 0(4) C(4) C(5)  120.903)
PQ2) Rh P@4) 171.723) NQ) C(5) C4)  117.13)
PQ2) Rh N(1) 86847  NQ) C(5) c6)  121.303)
PQ2) Rh C3)  93.6(1) C(4) C(5) c6)  121.603)
P(4) Rh N(1)  87.05(7)  O(5) C(6) o)  122.303)
P(4) Rh C3)  92.9(1) 0(5) C(6) C(5)  121.8(3)
N(1) Rh C3) 1765(1)  O(6) C(6) Cc(5)  115903)
Os P(1) CO) 1123(1)  O6) C(7) C(8)  108.0(4)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



208
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diphenyldiazomethane, neither was the case, as complex 2 failed to react with any of

these diazoalkanes.

Success was achieved in the reaction of diazoalkane 2-diazo-malonic acid diethyl
ester with 2, affording a new complex with a similar *'P{'"H} NMR spectrum to that of 27
(sec Table A.1). This new complex, [RhRu(CO)3(t-No.C(CO2Et):)(dppm),][CF3S0s]
(28), as diagrammed in Scheme A.1, is shown to contain two ethyl groups, as observed in
the "H NMR spectrum. Furthermore, elemental analysis suggests that, as with 27, N, loss
has not occurred. The IR spectrum of 28 shows three distinct terminal CO bands at 2045,
2027 and 1996 cm™', along with bands attributed to the CO,Et ligand (1694 cm™) and the
N, group (1374 em™). This type of complex has been observed before by Eisenberg and

coworkers,’ in which Rhy(CO),(u-H),(dppm); reacts with 2-diazo-malonic acid diethyl
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ester to give [Rhao(CO)(U-N2C(CO2EL))(dppm)2].  Spectroscopically, Eisenberg’s Rh;
species and complex 28 are very similar, with strong correlations in the IR spectra for
both. However, resonance structure C’, as shown in Chart A.1, cannot be ruled out as a
contributor to the overall structure of 28, since some degree of conjugation was used to
explain the structure of Eisenberg’s complexes and is consistent with the delocalized

structure observed in the solid-state structure for Puddephatt’s Ru, complex.®’

In attempts to generate carbon-containing species analogous to those resulting

from methylene coupling in the Rh/Os system, the methylene-bridged complex

Scheme A.2
+ H +
EtO,C—h
gz N,CH(CO,Et) ZTC—CH,
/Rh \Ru—CO Rh Ru—CO
o | / |
C C Cc
o ° )
N2
4 E
N,CH(CO,Et)
N2
0c + H
0C—Rh Ru—CO + H,C=—C(,
of CO,Et
2

[RhRu(CO);(u-CH2)(dppm)2 ][CF3S03] (4) was treated with ethyl diazoacetate. It was
anticipated that a C; species E, as shown in Scheme A.2, or some compound that might

model a precursor to such a C; species might be observed. This type of C-C coupling has
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been observed by Akita et al.,'' in which the complex CpaRua(u-CHy)(CO)(NCMe)
reacts with diazoalkanes of the general formula N,CHR to give p-alkenyl-p-hydride
species CpaRup(U-CH=CHR)(L-H)(CO),. Although C-C coupling is observed in our
system, no new organometallic species is observed. Instead, the S'p{'H} and 'H NMR
spectra show the presence of a mixture of organometallic species, the major of which is
compound 2 (likely arising from CO scavenging from other decomposition products) and
the presence of ethyl acrylate resulting from the coupling of the methylene group from 4
and the carbene generated from ethyl diazoacetate. This type of C-C coupling was also
observed in the aforementioned Ru, species when the disubstituted diazoalkanes (N2CRy;
R = H),'"" were used. Similarly, in the Rh/Os system methyl acrylate is observed upon

treatment of the Rh/Os analogue of 3 with ethyl diazoacetate.'?

Discussion:

Addition of both ethyl diazoacetate and 2-diazo-malonic acid diethyl ester to the
RhRu complex, [RhRu(CO)4(dppm),]* (2) gives two different diazoalkane complexes
that share their coordination mode: a bridging NoCRR’ unit. This is in contrast to the
reactions of the diazoalkanes without strong electron withdrawing groups such as NoCHj,
which formed a methylene bridge by N, loss, or the substituted analogues NoCHCHj,
N,CPh; and N;CHSi(CH3); which failed to react. These results suggest two different
schemes for diazoalkane coordination to a metal centre, as diagrammed in Chart A.2.
The two major resonance structures for the N,CR; ligand are shown for structures F and

G. If the diazoalkane carbon is the most nucleophilic site in the molecule (structure G)
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we anticipate coordination of this atom to the metal followed by N» loss and generation
of a metal-bound carbene. If the terminal nitrogen (structure F) is the more nucleophilic
site, coordination via nitrogen occurs, leading possibly to complexes such as 27 and 28.
It is expected that electron withdrawing substituents, such as CO,Et groups, on carbon
will lower the nucleophilicity of the attached carbon, favouring coordination at nitrogen
instead. The diazoalkanes N,CHCHj;, N,CPh, and N,CHSi(CH3); are electronically
similar to diazomethane, so should presumably react with 2 to form bridging alkylidenes.
However, we assume that the bulk of the substituents in these cases prevents coordination
at carbon, resulting in no reactivity and carbene formation. Large substituents are of less

significance in N-bonded diazoalkanes since these substituents are remote from the metal.

Chart A.2
R RA
e o / \ ©
N==N=C, e /c——-NEN
\R "
F G
+ +
P/\P P/\P
| =N
OC—Rh Ru—-CO OC—Rh Ru—CO
o® I | o® I
P P
P\/ P\/
-NZ
diazoalkane alkylidene
complex compex
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Although complex 28 appears to be a “typical” bridging diazoalkane complex,
clearly the formation of 27 is significantly more complicated, and a more complex
mechanism must be invoked in order to explain the condensation with a carbonyl and the
hydrogen migration steps that occur. Although it is unclear why one of the carbonyls
“inserts” into the C-H bond of the diazoalkane forming the “diazometallacyclopentenol”,
any mechanism would likely involve diazoalkane coordination affording a similar
complex to that of 28, shown as intermediate D in Scheme A.1. Nucleophilic attack by
the carbene carbon onto the carbon of one of the Ru-bound carbonyls along with
deprotonation by the carbonyl oxygen must follow, affording the observed condensation
product. Clearly the major difference in these two diazoalkane ligands is that for ethyl
diazoacetate deprotonation of the original carbon-hydrogen bond by the carbonyl can

occur, whereas for 2-diazo-malonic acid diethyl ester no deprotonation is possible.

Carbon-carbon coupling is also observed when ethyl diazoacetate is reacted with
the unsaturated complex [RhRu(CO);(u-CH,)(dppm).]* (4) yielding ethyl acrylate and
primarily [RhRu(CO)4(dppm);]* (2). This type of coupling has been observed
previously,'’ and the proposed mechanism involves coordination of ethyl diazoacetate
though the nucleophilic carbon atom followed by loss of N, giving a bridging methylene
and a carbene, which subsequently couple. Although our earlier argument suggested that
coordination of ethyl diazoacetate via the more nucleophilic nitrogen rather than carbon
is preferred, this coordination does not lead to the presumed favoured bridging mode in
this case, since the bridging site is occupied by the methylene group, leading to loss of
the diazoalkane molecule (presumably ligand addition to Rh is reversible). Under these

circumstances, attack via the diazoalkane carbon can compete, resulting in irreversible N»
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loss and carbene formation, as diagrammed in Scheme A.3.  The proposed
methylene/carbene intermediate (structure I) is analogous to that proposed by Akita et al.

in their Ruj system,'' and can proceed to produce the observed ethyl acrylate.

Scheme A.3
_ y S
* /
C
H /—\ /lgz R/ \N
C==N=—7=N /Rh \Ru—co P A !éz
c | PN
R ° c P Ru—CO
o] oc ,
c
0
H
+

R = CO,Et 1

H,C==C

CO,Et
Conclusions:

The results reported herein clearly reveal that diazoalkane complexes of RhRu
can by prepared in which the N, moiety remains intact. Two different types of
diazoalkane complex are obtained, [RhRu(CO)3(u-N,C(COH)(CO,EL))-
(dppm)z][CF3S03] (27) in which nucleophilic attack of the carbene carbon on a carbonyl
carbon is accompanied by proton transfer to the carbonyl oxygen; and the complex

[RhRu(CO}5(1-NoC(CO2Et)2 )(dppm)2 ][CF3SO0s] (28) in which simple coordination of the
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diazoalkane results. Although diazomethane reacts with 2 to form the methylene-bridged
complex [RhRu(CO)4(u-CH,)(dppm),][CF3SOs] (3), the substituted diazoalkanes
N,CPh;, N;,CHCH; and N,CHSi(CHj3); failed to react with 2, leaving only starting
materials. These results lead to the conclusion that the steric bulk of the substituents on
the carbene carbon hinder coordination of this nucleophilic centre, preventing alkylidene

formation.

The bridging methylene complex [RhRu(CO);(u-CHy)(dppm),[CF3SOs] (4)
readily reacts with ethyl diazoacetate to give the olefinic product ethyl acrylate via C-C
coupling of the methylene bridge and the CHCO,Et of the diazoalkane. The failure of the
resulting C, fragment to remain bound to the Rh/Ru centres is probably a result of the
unfavourable interactions between the olefin substituent and the phenyls of the dppm
groups. It should be noted that we have been unsuccessful in isolating olefin complexes

of any of these Rh/Ru systems in which any olefin substituents were present.
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