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Abstract

A variety of mononuclear and dinuclear metallacyclic complexes
were synthesized by reaction of M(CO)4(n2-alkyne) (M = Ru, Os) complexes
with classical and noriclassical nucleophiles. The reactivity of the resulting
metallacycles and the mechanism of their formation were also
investigated.

The reactions of M(CO)4(n2-alkyne) with monophosphines (PMej,
PPhj, P(tBu)3) are strongly dependent on the alkyne employed. For
electron poor alkynes, the reactions give both monosubstituted and
disubstituted products, Os(CO)3(PMe3)(n2-RC2R") (R =R' = CF3,2a; R =H,
R' = CF3, 2b), Os(CO)3(PPh3)(n2-HFB) (2¢), Ru(CO)3(PMe3)(n2-HFB) (2d),
Os(CO)3(PMe3)(12-CyHy) (2f), Os(CO)2(PMe3)2(n2-RC2R") (R = R' = CF3, 3a; R
= H, R’ = CF3, 3b), 0s(CO)2(PPh3)2(n2-HFB) (3¢), and Ru(CO)(PR"3)2(n2-
HFB) (R" = Me, 3d; R" = Ph, 3e). In the case of electron rich alkynes, on the
other hand, the reactions generate both CO substitution and CO insertion
products, Os(CO)2(PMe3)2(n2-CoHy) (3£), Os(CO)2(PMe3)2{n2-CoHLC(O)} (4a.
4b), and Os(CO)3{P(tBu)3}{n2-C(O)C2R,C(O)} (R = Me, 5a; H, 5b). While most
of these compounds are stable at room temperature, compounds 2f and 3f
undergo further transformation. Compound 3f undergoes an oxidative
addition reaction to yield Os(CO)2(PMe3)2(H)(C2H) (6), whereas 2f forms a
novel dimetallacyclic compound Os3(CO)s5(PMe3)z{u-n1:n2-CoHC(O)CaH7)
(7). .

The reaction of Os(CO)4(n2-C3R3) (R = H, Me) with dppm

osmacyclobutenone, Os(CO)2{n2-C2H;C(0)}(n2-dppm) (10a and 10b), or an
osmacyclopentenedione, Os(CO)2{n2-C(O)CMeCMeC(O)}(n2-dppm) (12),



depending on the alkyne. Low temperature NMR studies show that species
10a and 10b are formed through the intermediacy of Os(CO)3(n2-CoHj)(n1-
dppm) (11). The reactions of Ru(CO)4(n2-HFB) with dppm and dmpm

(bis(dimethylphosphino)methane) generate the metallacyclic compounds

k 1
(OC)3RLu-P(R2)(CH)-P(R2)-C(CF3)-CJ(H)(CF3) (R =Ph, 8a; Me, 8b) whereas its

reactions with dppe (bis(diphenylphosphino)ethane) and dmpe
(bis(dimethylphosphino)ethane) give the disubstituted products
Ru(CO)2(n2-R2P(CH2)2PR2)(n2-HFB) (R = Ph, 9a; R = Me, 9b).

The reactions of Os(CO)4(n2-C2H2) with M"(CO)4(n1-dppm) (M" = Fe,
Ru) yield dimetallacyclopentenones, OsRu(CO)s{u-n1:n3-CHCHC(O))}
(u-dppm) (13) and FeOs(CO)g(pu-11:1!-CoH2C(O)}(u-dppm) (18), whereas the
reaction of Ru(CO)4(n2-HFB) with Fe(CO)4(nl-dppm) gives the
dimetallacyclobutene FeRu(CO)g(p-n1in1-HFB)(u-dppm) (20). Low
temperature NMR monitoring shows that compound 13 is formed via the
intermediates RuOs(CO)7(n2-CaH2)(p-dppm) (16), OsRu(CO)g{n2-
C2H2C(O))(u-dppm) (17), and OsRu(CO)slu-n1:n1-C3HoC(O)) (u-dppm) (15).
An intermediate, FeOs(CO)7(n2-HFB)(u-dppm), is also observed in the
formation of compound 20.

The reaction of complex 10a with Ru(CO)4m2-CoHy) and CpRh(CO),
generate the corresponding dimetallacyclopentenone species 13 and
CpRhOs(CO)s{u'Tll:nl-CszC(O)](u-dppm) (14). Complexes 10a and 12 react
with methyl triflate to yield the Fisher-type carbene complexes [Os(CO),{n2-
CHCHC(OMe)}(n2-dppm)}[SO3CF3] (22) and [Os(CO)z(n2-
C(O)CMeCMeC(OMe)}(n2-dppm)1[SO3CF3] (23). The thermolysis of



compound 13 generates a novel compound OsRu(CO)s{(n-
PPhPCHLP(Ph)CgH4CMe) (24).
The molecular structures of compounds 8a, 10a, 12, and 13 have been

determined by single crystal X-ray crystallography.
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Chapter 1
Introduction

11  Survey of Metallacyclic Complexes

Metallacycles are compounds that have a ring containing at least one
metal-carbon ¢ bond.2 The area of metallacycle chemistry has developed
rapidly during the last two decades. Interest in these complexes has arisen
as a result of their recognized importance as reactive intermediates in
many homogeneous transition metal-catalyzed organic transformations,36
and as models for surface transformation in heterogeneous catalysis.”1? In
particular, metallacycloalkanes are involved in numerous catalytic
reactions such as alkene metathesis and oligomerization of olefins. This
subject has been thoroughly studied and repeatedly reviewed>#1112 and
will not be treated here.

For the purpose of this thesis, metallacycloalkenes and related
complexes are of particular concern. Such complexes have also been
implicated in numerous very important processes such as metal-induced
alkyne metathesis, carbonylation, cyclotrimerization, oligomerization, and

polymerization of alkynes.!:213

1.1.1 Mononuclear Metallacyclic Complexes

Walter Reppe, the "father" of metallacyclic chemistry, was the first to
propose a metallacycle as an intermediate in the catalytic formation of
cyclooctatetraene in 1948 (eq. 1.1).14 Since then, much effort has been
devoted to the synthesis of this class of complexes as it may be useful in

elucidating the role they play in this and related catalytic processes.



ge —c
H
C ~— HC ~ ‘\\I:{C TH
Ni + 4HC=CH —— Ni
> IS
HC H¢ N —c?
H H
(1.1)
—H
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C H
H H

| There are a variety of general methods that have been developed for
the syntheses of transition metallacycloalkenes, they include: (1) coupling
of bisalkyne or alkyne/alkene ligands; (2) carbonylation of alkyne metal
complexes; (3) addition of alkynes to metal carbyne complexes; (4)
metathesis reaction of metal halides with di-lithio and di-Grignard
reagents.!:15
The vast majority of metallacycloalkene complexes have been
obtained by transition metal mediated coupling of alkynes; this method
often affords five-membered metallacyclopentadiene complexes

(egs. 1.2 - 1.5).16-19

Me
FeCLPMe) +2MeC=CMe, 2PMe; Me®
- Fe(PM
2(PMey); Na/Hg, - 2NaCl Mels A eTMe (1)

Me

L



.
\M/ + 2 RC C N 13

' - EC)
7N\,

I, L = PPhy, R = CO,Me, CO,Et.
Rh L ASPhBER CDzME

% @

M=
M=

C 2RCE=CR o W
/7 - PPhy /IR
AN , R\
PhsP PPhy PhP RN Mg
R= Ph, CDZME
Co e colyy 08
7 \_CcoMe s
Ph CO,Me

syntheasﬁ‘lgl Metallacyclabutenone or metallacyclapentenedicnes are
obtained by carbonyl insertion into metal-alkyne bonds. However,
examples of this type of transformation are rather limited

(egs. 1.6 - 1.7).22-24



P(OMe);

~O)y(F FBCC EC‘:FB Ct\"fk. .““\3;.3 -
RUCOFOMe) - A \>CF3 16

H

) . PhC=CH s P o
(bipy)Ni(CO), —————>= (bipy)Ni@h (1.7)

5

The reaction of alkylidyne complexes with alkynes gives
metallacyclobutadienes. These complexes contain four-membered rings

and are reactive intermediates in alkyne metathesis reactions (eq. 1.8).25-28

Et

B N .+ 2EC=CEt_ . 3t o

W(==C'Bu)(DIPP); ———————— (DIPP);W @Et (1.8)
- 'BuC ==CEt Et

DIPP = O-2,6-CH,'Pr,

Treatment of transition metal halides with di-lithio or di-Grignard

agents is another route to metallacycles (egs. 1.9 - 1.10).29:30

o LiCPh=CPh-CPh=CPhLi ~_ ~=xPh -
CpyZrCly ———————————— CPZZIJ (1.9)

. CHs(CH,MgCl), o~
Pt(COD)I, EHSZ Mzgc ic )?a-— (CDD)Pt (1.10)




112 Dinuclear Metallacyclic Complexes

Although most homogeneous catalysts are menonuclear complexes,
such as Wilkinson's catalyst for hydrogenation reactions®! and the
rhodium catalyst for the Monsanto Acetic Acid Process,? much attention
has been directed to study complexes containing more than one metal atom
during the recent two and a half decades.33%* Such complexes are generally
referred to as transition metal clusters; that is, the metal atoms are held
together by direct metal-metal bonds.?> The rapid development of
transition metal cluster chemistry was mainly stimulated by the prospects
of catalytic applications in heterogeneous catalysis. There are several
common features between metal cluster and metal surfaces such as
multisite interactions with substrate molecules, which can cooperatively
facilitate activation and transformation of the substrates, and the high
mobility of substrates or ligands which can promote reactions between
molecules bonded to the cluster framework or on metal surfaces.”.36-42
Muetterties called this similarity the "cluster-surface analogy" and treated
metal clusters as a tiny piece of metal with chemisorbed species.383% In
heterogeneous catalysis, numerous reactions require a catalyst that contains
more than one metal. For instance, an Fe/K-Al,O3 catalyst is used for
ammonia synthesis,®3 Cu-ZnO for methanol synthesis,# Pt/Re-Al;03 for
naphtha-reforming,%46 and Co-Mo-S/Al;03 for hydrodesulfurization.4?
Although many transition metal clusters also function as homogeneous
catalysts and are used in a variety of chemical transformations, such as,
hydrogenation of alkenes and alkynes, hydroformylation, water-gas shift
reaction, and cyclization reactions of alkynes,*4849 Gladfelter has recently
pointed out that it is difficult to map out the mechanisms of these catalytic

reactions.33



In order to understand catalysis of organic reactions by metal surfaces
or metal clusters, it is clearly important to consider dinuclear complexes.
Such compounds are excellent candidates for the study of metal-metal
interactions and potential cooperative behavior towards substrates. They
also form a bridge between mononuclear and multinuclear cluster
complexes. Chisholm3? described the importance of dinuclear complexes as
"Anything one can do, two can do, too- and it's more interesting". Indeed,

-it has been established that dimetallacycles are important intermediates in
the Fischer-Tropsch synthesis, 5152 alkyne polymerization (Scheme 1.1),3

and organic synthesis.13:21,54-56

N/ N _/
C . C

Scheme 1.1. Proposed Mechanism for Alkyne Polymerization
by a Dimetallic Complex



Dimetallacycloalkene complexes are implicated in numerous
catalytic reactions of alkynes with carbon monoxide.’® The various
structural types of dimetallacycloalkenes are shown in Figure 1.1. In
addition, there are a number of compounds that resemble B except that the
metal atoms are not bonded directly.’® These complexes are often referred

to as dimetallated olefins and will not be discussed here.

M——M M ——M

- X TN

Figure 1.1 Common Types of Dimetallacycloalkenes

The remarkable structural diversity illustrated in Figure 1.1 is
reflected in bonding differences. In structure A,1357 the alkyne ligand
donates four electrons from both of its n-bonds to the two metal atoms.
The direction of the C-C bond is therefore perpendicular to the M-M
bond,%® and the complexes are called dimetallatetrahedranes. There are
numerous examples of structure type B where the alkyne ligand donates
two electrons to the metal atoms. The alkyne carbon-carbon bond is

oriented parallel to metal-metal bond,!35759-70 and these complexes are



called dimetallacyclobutenes. The common feature of structural types of

C,65.70-73 D 59,65,74-82 and EB83-88 j5 that the organic ligand contains a

o,B-unsaturated ketone moiety, which arises from insertion of a carbonyl

into a metal-alkyne carbon bond. The type D has been the most common

among the structural types of C, D, and E.

Three general synthetic methods have been developed for the

preparation of such complexes:

(1) Reaction of dinuclear carbonyl complexes with alkynes

(egs. 1.11 - 1.14):70,76,89-91
Ph o
PhC==CPh OC\ \f
> Fe——Fe
- CO d e\ / \
© s~ ®©

Et

N
(MeO),P” \P(OMe)z

Cp 2F82(CO)4

RC=C
Ru,(CO)5(u-PNP); ———— (OC),Ru——
uy(CONs(u-PNP); — o ( )2R]u. >Ru(CO),

R
(MeO)P_ /RP(OMe)2
N
Et
R= COzMe

PPh,

thp/\
HC==CH

Ru,(CO)s(u-dppm); ——— (OC),Ru ——— Ru(CO),

PhZI;\/ PPh2

(1.11)

(1.12)

(1.13)



(2) Reaction of mononuclear carbonyl complexes with alkynes:!3

@F 3(: .
CR,C=CCF, oS

2CpRh(CO); ——— Rh———RK (1.14)

-2CO \
g  ©

(3) Condensation reaction of mononuclear alkyne complexes with other

transition metal compounds:?%%3

F,C,___ CF,

- , Pt(COD), —\
P{{COD)(n*HFB) _PueoD), (COD)Pt———Pt{COD) (1.15)

- COD
Ph  Ph

Re(CO)s~
- P(C)ME)E,

RS - - N
CPMG(P(DME)E})E(ﬂEPthPh) (QC)ZBfD —— RIE(CD)B (1.16)

Cp P(OMe),

A most common approach to the preparation of
dimetallacycloalkenes and dimetallacyclopentenones is the reaction of
dinuclear carbonyl complexes with alkynes.”#%> Many examples have been
listed by Hoffman in his comprehensive article.8 The dinuclear complex
precursors either contain a bridging bidentate ligand or do not. The former
type of dinuclear complex precursor is more common. The advantage of
using bidentate ligands is that they maintain the dinuclear structure during
the reaction. Most compounds studied are, however, homobimetallic due
to the lack of suitable heterobimetallic precursors. Moreover, these

compounds often only react with activated alkynes such as



hexafluorobutyne (HFB) and not with electron rich alkynes such as
transformations. An exception to this is the beautiful and extensive work
of Knox with CpaM2(CO)4 (M = Fe, Ru), the complexes react with a variety
of alkynes yielding a myriad of dimetallacycloalkenes.>376:96-98

The reaction of mononuclear complexes with alkynes often yield a
number of alkyne containing complexes. The products are usually
separated by careful column chromatography and are thus isolated in low
yields. Only in a few cases, purely by chance, did the reaction of
mononuclear complexes with alkynes give dimetallacycloalkenes in good
yield.13 Therefore, this method lacks generality.

With the above-mentioned complexity in mind, the condensation
reaction of mononuclear alkyne complexes with other metal species
appears to be a most promising method. Although there are a large
number of mononuclear alkyne complexes, prior to our studies,
condensation reactions with other transition metal complexes leading to
dimetallacycloalkene species had only been briefly studied. Stone%2 had
reported that the addition of Pt(COD); (COD = cyclo-oct-1,5-diene) with
Pt(COD)(n2-HFB) yielded the diplatinum compound
Pt2(COD)2(u-n1m1-HFB) (eq. 1.15). Later, Beck used a modified approach
whereby the addition of an organometallic nucleophiles to a coordinated
alkyne on a cationic metal complex afforded dimetallacycloalkenes
(eq. 1.16).3

The first directed synthesis of dinuclear transition-metal alkyne
complexes carried out in our laboratory was by means of the condensation
of M(CO)4(n2-HFB) (M = Ru, Os) with M'(CO)s5 (M' = Ru, Os) (eq. 1.17).66
We found that the 18-electron species, M(CO)4(n2-HFB), is remarkably

10



reactive towards M'(CO)s, another 18-electron species, to give the
corresponding dimetallacyclobutenes. Similar reaction pattern was
observed when (CsMes5)M"(CO); (M" = Co, Rh, Ir) complexes were
employed. Since these first observations, the condensation reaction has
been extended to a variety of M(CO)4(n2-alkyne) complexes that have been
synthesized and characterized.5%:6575 A remarkable feature is the ease of
reaction between the two 18-electron species. The reactions frequently give
surprising results. One of the most interesting findings is the reaction of
Os(C0O)4(M2-CyH>3) with M(CO)s5 (M = Ru, Os), as shown in eqs. 1.18a and
1.18b. Os(CO)4(n2-CyH)y) reacts with Os(CO)s to give the diosmacyclobutene

species, which arises from carbonyl insertion into a metal-alkyne bond. As
ligand dissociation is normally involved in the reaction of 18-electron
complexes, it is very unusual that the reaction of the two 18-electron
complexes gives a saturated dimetallacyclopentenone species without net

ligand loss.

F,.C. CF

M'(CO)s 7=\

~ M(CO)4(n%-HFB) g ©OM——M(CO), (1.17)

M, M'=Ru, Os

Os(CO)s
, SS - )5 (0OC),Os ——— Os(CO);4 (1.18a)

- CO

DS(CD);(’TIE-CZHZ) -
RLI(CC{)S

(OC)Os——— Ru(CO), (1.18b)

11



1.2 M(CO)4(m2-alkyne) (M = Ru, Os) Complexes

Although M(CO)s; (M = Ru, Os) complexes have been known for
more than five decades, 199 the simple alkyne derivatives,
M(CO)4(n2-alkyne), have not been prepared until a discovery in our
laboratory in the late-1980's.65.66.101 Ag shown in eq. 1.19, the
M(CO)4(n2-alkyne) complexes are synthesized by photolysis at low

temperatures.

hv, A 2 37 SR )
M(CO); + RC=CR 22A23700m /o) (ZRC=CR) + CO (1.19)
L. T, pentane

M= Ru, R= SiME3, CFB;
= Os, R = SiMe;, CF3, H, Me.

The metal-alkyne bonding is usually described in a similar way as
the metal-olefin bonding by Dewar-Chatt-Duncanson model shown in
Fig. 1.2.102-104 The jnteractions include four components:3? (a) describes the
¢ bond formed by donation from the filled alkyne my orbital into an empty
o hybrid orbital of the metal; (b) shows the ®* component derived from
back-donation of electron density from the filled metal d—xy orbital to the
acetylene my* orbital; (c) illustrates the additional & interaction between the
acet};lene Tz orbital with the metal dy orbital; (d) describes the § component
resulting from interaction of the filled dyx, orbital with the empty nz*
orbital.

In general, the overlap decreases in the order:
(@) > (b) > (¢) > (d).195-108 Interactions (a), (b) and (d) are usually bonding.

Interaction (c) can be either bonding or antibonding. In early transition



valence ’/R d,,

(@) 6: 1y —=M(o) L»-y () 7: M (dyy)—- my*

|
- *-----*O

,C -n!i“,R

(©) m: m, —=M ( dy;) L»y (d)&: M (d,,)—>n,*

Figure 1.2 Bonding in Metal-alkyne Complexes

electron donor ligand. For late transition metal complexes in low-
oxidation states, the interaction (c) becomes repulsive when the metal dyz
orbital is fully occupied and is referred to as four-electron destabilization.
Interaction (d) is often neglected because of poor orbital overlap. Therefore,
bonding due to interactions (a) and (b) is analogous to the classical metal-

olefin bonding. While these synergic interactions are important, the



filled metal dy, orbital further tunes the bonding, it may ultimately
influence the chemical behavior of the metal-alkyne complexes and give
rise to distinct chemistry.

Whether the alkyne is formally acting as a two-electron or a
four-electron donor ligand may be determined by the total electron count of
the complex. The vast majority of transition metal carbonyl complexes
obey the 18-electron rule; that is, a stable organometallic complex should
contain a total of 18 valence electrons.!1! This rule is analogous to the octet
rule in organic chemistry. For the transition metal elements, there are five
nd, one (n+1)s, and three (n+1)p orbitals. These nine orbitals will mix with
the ligand orbitals to form molecular orbitals. The total number of bonding
and nonbonding orbitals produced will be nine, independent of the
number of the ligands. Thus the rule may be rationalized in terms of
filling all nire valence molecular orbitals of the complex by 18 electrons
provided by the metal and the ligands. Based on this rule, the alkyne
moiety in the M(CO)4(n2-alkyne) (M = Ru, Os) complexes is a two-electron
donor ligand.

Spectroscopic studies on M(CO)4(n2-alkyne) (M = Ru, Os) complexes
revealed that they have a trigonal-bipyramidal structure where the alkyne
ligand takes up an in-plane equatorial position.85 This structure has been
supported by X-ray crystal structures of M(CQO)4(n2-CF3C2CF3) (M = Ru, Os)
and Os(CO)4(n2-Me3SiCsSiMe3).101.112

Hoffmann%81'3 hag constructed a library of MLy, fragment orbitals,
such as M(CO)4 (Cay). As shown in Figure 1.3, the molecular orbital
diagram of M(CO)4(n2-alkyne) complex is constructed by allowing the
M(CO)4 (Cay) fragment orbitals to interact with the alkyne orbitals. Before

we analyze the interaction of the orbitals and the bonding, it is useful to
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15
point out the factors that determine whether a significant bond is formed.
These include: (1) the symmetry of the interacting orbitals must be the

same, (2) orbital overlap is significant, (3) the energy of the interacting

orbitals is similar.114

\ ] ﬂ - 7, and n¢t orbitals omitted

! for clarity

oy i )
i e

Figure 1.3 Interaction Diagram for M(CO),(n2%-alkyne)

As shown in Fig. 1.3, the interaction between m, orbital and the
metal a; orbital forms the metal-alkyne o-bond, whereas mixing between

the metal by orbital and the alkyne =} orbital forms the metal-alkyne



backbonding interaction. Although the interaction between the alkyne m_
orbital and the metal dy orbital is not shown in the diagram, it is clear that
this is a filled/filled repulsion and has a destabilizing effect. Note that the
metal dy, orbital is also responsible for backdonation of metal electron
density into the n* orbitals of the two axial carbonyls.

Another possible orientation of the alkyne ligand is perpendicular to
the equatorial plane. Although the ¢ bond is independent of the rotational
orientation of the alkyne, the metal-alkyne backbonding will be
significantly different. In this geometry, the backdonation would arise
from the unhybridized metal dy, orbital instead of by hybrid that is nicely
directed toward the alkyne. However, the metal dy orbital also interacts
with the n* orbitals of the two axial carbonyls. Furthermore, since the dy
orbital is lower in energy than the by orbital of the M(CO), fragment, the
backbonding interaction in this case will be poor due to the large separation
in energy between the two interacting orbitals. Therefore, the preferred
geometry of M(CO)4(n2-alkyne) is the one that has the alkyne in the
equatorial plane.

Reactivity studies carried out in our laboratory show that the
carbonyls of M(CO)4(n2-alkyne) complexes are very labile.6566 For example,
the carbonyls in Os(CO)4(n2-C2H3) can be readily exchanged with 13CO at
0°C. In addition, Os(CO)4(m2-C2H3) reacts with PMej3 at 0°C to afford the CO
substituted product (eq. 1.20).115

In contrast, the related 18-electron complexes, Os(CO)s and
Os(CO)4(n2-CaHy), are inert. Basolo!16 reported that CO substitution in
Os(CO)s occurs at much higher temperatures than observed for
Os(CO)4(n2-C2H>3) and the rate of the substitution is considerable only at

temperature higher than 96°C. Very recently, Poe'’’ reported that the
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g i PMe;
Cb-&;ﬁ I & 0°C OC@.., , & -
g@s Cj;z, + PMey — i-""" : !—Jg + CO (1.20)
L L E
O O

substitution reaction of the Os(CO)4(n2-C2Hy) complex at 95°C occurs via
alkene displacement rather than CO substitution. Therefore, the facile
carbonyl replacement in M(CO)4(n2-alkyne) suggests a direct role of the

coordinated alkyne in the reaction (eq. 1.21).

Os(CO)4(n*-alkyne) <====== Os(CO)3(n*alkyne) + CO (1.21)

This marked reactivity change may be rationalized by the weakening
of the Os-CO bonds in Os(CO)4(n2-alkyne) due to the four electron
destabilization or by the stabilization of the Os(CO)3(n2-alkyne)
intermediate due to the ability of the alkyne to function as a four electron
donor ligand, or a combination of both effects. In order to understand the
effect of alkyne on the carbonyl labilization, a structural comparison with
the analogous alkene complexes is instructive. Although the molecular
stl;uctufé of Os(CO)4(m2-C2H3) has not been determined, the structure of the
analogous compound Os(CO)4(n2-Me3SiC2SiMe3) has been reported.!?!

As shown in Table 1.1, the lengths of the Os-CO (axial) and
Os-CO(equatorial) bonds for both compounds are virtually identical. Thus
weakening of the Os-CO bonds in the ground state is not obvious. It

appears that stabilization of the Os(CO)3(n2-alkyne) intermediate by the
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four-électron alkyne ligand is more important. Although the postulated

M(CO)3(n2-alkyne) complexes have so far defied isolation, the isoelectronic
compounds Ir(PMesPh)3(n2-CoMej)t, Fe{P(OMe)3}3(n2-CaPh3), and
Ds(CD)(PiPrg)g(fﬁ!Cthg) are known and have been characterized by X-ray
crystallography.8%112118 f the coordinated alkyne is a two electron donor
ligand, the complexes are sixteen-electron d8 species and should, therefore,
adopt a planar geometry. However, the structure of these molecules has
approximate Cg; symmetry as shown in Scheme 1.2. The metal-alkyne
distances are very short and the C-C bond of the coordinated alkyne has
lengthened significantly; on this basis it was argued that the alkyne acts as a

four-electron donor.

Table 1.1 Selected Bond Distances for Os(CO)4(n2-CyHy)
and Os (CO)4(n2-C2(SiMe3),)

Compound Bond Distances (A) -
_OsCO@) ~ Os-CO(eq)

Os(CO)4(n2-CaHy)11? 1.943 (17) 1.920 (12)
Os(CO)4(M2-Ca(SiMe3)s) 1.937 (7) 1.925 (8)

PR,R’

=

&p
‘@ﬁ% M = Ir*, PR,R' = PMe,Ph, R" = Me;

. &
M I
& = Fe, PRyR' = P(OMe),, R" = Ph.

oy
A 3t

Scheme 1.2: Molecular Structure of M(PR3)3(n2-C2R'2)
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In the case of Ir(PMeyPh)3(n2-CaMej)+, the orbitals for metal-alkyne
interactions have been studied (Figure 1.4).112 The d8-MLj metal fragment
has C3y symmetry. The molecular orbitals are constructed by interacting
the set of frontier orbitals of the metal fragment with four alkyne orbitals.
The alkyne donates electrons from its ®; and m. orbitals té the empty
orbitals of the ML3 fragment, 4a' and 3a', to form the metal-alkyne ¢ and =
bonds. The back donation arises from the filled metal orbitals, 1a" and 2a",
to the empty =}, orbital. The interactions 7, and 1a',and m. and 2a' are
destabilizing, but weak and are compensated by the above mentioned
bonding interactions. Thus, three metal-alkyne bonds, including one ¢
bond, one metal to alkyne n back bond, and one alkyne to metal ® bond,
are present, which is the so called four-electron donation,110

It is well documented that n donation can stabilize the product of
ligand dissociation.110.120-122 For instance, facile CO ligand exchange in the

W(OR)(CO)s- complex takes place at ambient temperature (1.23).123

+ B¢

Co f |
W(OR)(CO)5” = W(OR)CO);” ==—==W(OR)(CO)(*CO) (1.23)

+ CO -1Bco

The rapid incorporation of 13CO is ascribed to the m stabilization of the
unsaturated five coordinate intermediate by the alkoxide ligand. While the
stabilization of the intermediate by n donation is quite plausible, the
filled /filled interactions (four electron destabilization) are also present in

the ground state.
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Figure 1.4: Interaction Diagram for Ir(PMezPh)3(n~CzMe»)*
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1.3  Scope of the Thesis

Previous work established that the condensation reactions of
M(CO)4(n2-alkyne) complexes with other 18-electron compounds, such as
M(CO)s (M= Ru, Os) and CpM"(CO), (M" = Co, Rh, Ir), produced a variety
of dimetallacyclic products; the nature of the products were found to
depend on the metal, alkyne and ancillary ligand.66.75.101,124 However,
attempts to obtain mechanistic information about the reactions by low
temperature NMR monitoring were largely unsuccessful. It was hoped
that, by carrying out a systematic investigation on the reactivity of
M(CO)4(n2-alkyne) complexes, and on the reactions between them and
suitable M(CO)4L derivatives, further insight into the condensation
reactions might be gained.

Before indicating the specifics, it is instructive to highlight the
established features of M(CO)s (M= Ru, Os) and CpM"(CO), (M" = Co, Rh,
Ir) complexes. Detailed kinetic studies on CO substitution reactions of
M(CO)s5 (M= Ru, Os) complexes have been reported by Poe and
Basolo.116:125,126  These reactions proceed by a dissociative mechanism
requiring either above room temperature conditions or MesNO activation
at ambient temperatures (1.24). In contrast, the CpM"(CO); (M" = Co, Rh,
Ir) complexes undergo associative substitution via a ring-slippage process,
but again at elevated temperatures (1.25).127,128

M(CO)s ——=2 "M(CO)y" Lo MOl (120)
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/M{ =L /M\ o /M (1.25)

& @

Although there is a fundamental difference between the twe
mechanisms, a common feature is that these reactions occur at
temperatures much higher than the condensation reactions with
M(CO)4(n2-alkyne) complexes. This indicates that CO dissociation from
M(CO)s or CpM"(CO)2 complexes as the initiation step of the condensation
reactions is most unlikely because these reactions typically occur at
temperatures lower than 0°C.

It is generally accepted that electron-rich transition metal complexes
can serve as electron donors,'?? and consequently may be used as ligands to
other metal centers in the formation of metal-metal bonds. This is an
important feature of M(CO)s and CpM"(CO)2 complexes. For example, the
dinuclear complexes M»(CO)g (M = Fe, Ru, Os) may be envisaged to form in

this fashion (1.26).130.131

M(CO); + "M(CO)y"———(OC);M —>M(CO)y——=M,(CO)s (1.26)

More recently, Pomeroy has reported the synthesis of a number of
heieronuclear complexes that contain unbridged dative metal-metal
bonds.132136  As jllustrated in eqs. 1.27 and 1.28, the dinuclear complexes
(OC)50sCr(CO)s and (n3-CsMes)(CO)2IrW(CO)s were synthesized by
displacing a THF ligand from M'(CO)s(THF) (M' = Cr, W) with the
complexes Os(CO)5 and (n3-C5Mes)Ir(CO);. The dative metal-metal bond is
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formed by donation of two electrons from the eighteen electron metal
center to an empty orbital of the sixteen electron M'(CO)s fragment.
Reactions of this type usually proceed under mild conditions similar to the
condensation reactions of M(CO)s and CpM"(CO)2 complexes with
M(CO)4(n2-alkyne) derivatives. Thus we felt that the nucleophilicity of
both M(CO)s5 and CpM"(CO), complexes, acting as ligands, might play an

important role in the condensation reactions with M(CO)4(n2-alkyne)

complexes.
O (0]
LY
Os(CO)s; + CrCON(THF) —=—» OC— Cf; EE,_C: co (1.27)
<rt %,

Cp*Ir(CO); + W(CO)(THF) ————  (Ir— T
ér- ti é;’.i\,‘ \

The first objective of this thesis, therefore, was to thoroughly
investigate the reaction of M(CO)4(n2-alkyne) with classical Lewis bases,
namely phosphines. It is well known that the properties of phosphines can
be changed significantly by changing the substituents.!¥” The variations are
usually rationalized in terms of electronic and steric effects.133139 Based on
the results of facile 13CO enrichment of M(CO)4(n2-alkyne) and the earlier
described substituticn reaction of Os(CO)4(n2-CaH32) with PMejs, it was
desirable to carry out the reactions of M(CO)4(n2-alkyne) complexes with a
variety of monophosphines (such as PMes, PPh3, PtBuj, etc.) to establish
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whether more than one CO could be substituted or different type of
products would form. Next, the reactions of diphosphines with M(CO)4(n2-
alkyne) complexes were of interest in hope of obtaining complexes of the
type M(CO)3(n2-alkyne)(nl-dppm). Since bidentate phosphines, such as
dppm and dmpm, have been extensively used to bridge two metal
centers,140.141 jt was anticipated that these complexes could react with other
transition metal complexes, such as Ru(CO)4(n2-C2Hy), a source of
"Ru(CO)4" f‘ragment,l‘*z'143 to synthesize alkyne containing dinuclear
complexes.

Like diphosphines, the complexes M(CO)4(n!-dppm) (M = Fe, Ru)

metal center and the free end of the dppm ligand might coordinate to
another metal center to generate dinuclear complexes. Shaw80.144 reported
the use of Fe(CO)4(nl-dppm) complex in the synthesis of a number of
heterobimetallic complexes. Ru(CO)4(n1-dppm) has been utilized in our
laboratory as a building block in the formation of dinuclear complexes.”4
An example is the preparation of Ruy(CO)7(u-dppm) illustrated in eq. 1.29.
Interestingly, this dinuclear complex readily reacts with acetylene to give

the dimetallacyclopentenone species (1.30).

thP/%!%]F‘Phg
% | ®
. + Ru(CO)g h L L
Ru(CO),(n"-dppm) m (Ru—gRu,‘ (1.29)
v, -
c O ¢

o o
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_——
PhyP PPh,

Oc | ©
— U, ]
+ HC==CH
» OC —Ru Ru—CO (1.30)

0°C I\C{; |
O

Ru,(CO);(u-dppm)

Thus it was of interest to investigate the reactions of M(CO)4(n1-dppm)
with M(CO)4(n2-alkyne) complexes in order to determine if these reactions
would yield similar dimetallacyclic complexes. The presence of the alkyne
ligand on one metal center and the bridging ligand (dppm) on the other
might stabilize reactive intermediates whose analogues were not observed
in the condensation reactions of M(CO)s with M(CO)4(n2-alkyne)
complexes. Furthermore, mechanistic studies on these reactions might
provide insight into how carbon-carbon bond formation occurs and how
the two metals and the ligands are involved in these processes. Finally,
reactivity studies on the obtained complexes were of interest with a view to

further study the properties of dimetallacycles.
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Chapter 2

Reactions of M(CO)4(n2-alkyne) (M = Ru, Os) with
Monophosphines

Introduction

The reactions of transition metal complexes with alkynes have been
extensively studied due to their practical importance in organic
synthesis.1 However, in many cases, the reactions led to the formation of
complex mixtures. For example, the reactions of alkynes with iron
carbonyl complexes, investigated mainly by Hiibel, yielded a number of
organic compounds, such as cyclopentadienones and quinones.>7 The
understood. It has been proposed that alkyne activation, by coordination to
a transition metal, is a common first intermediate.” It is therefore of
interest to investigate the synthesis and reactivity of mononuclear

metal-alkyne complexes.

are, however, rather limited. Brintzinger has observed CpCo(CO)(n2-
C2Phy) by IR spectroscopy,’® but the compound has not been isolated. Prior
to our work, there was only one example of a ternary iron-carbonyl alkyne
complex, Fe(CO)4{n2-Ca(SiMes),}.17

Interest in our research group led to#the synthesis of
M(CO)4(n2-alkyne) (M = Ru, Os) complexes.18-20 The key to the successful

synthesis of these complexes resided in is the use of low temperature
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photolysis. As mentioned in Chapter 1, the complexes were found to
undergo ready CO exchange and novel condensation reactions with other
18-electron species (M(CO)s and Cp'M'(CO)z, M' = Co, Rh, Ir ). The
mechanisms of the condensation reactions, however, remained elusive.
As part of our reactivity studies on M(CO)4(n2-RC2R) M =Ry, R=R'=
CF3.M=0s; R=R' =CF3; R=CF3, R=H; R=R'=H; R =R' = CHj3)
complexes with nucleophiles, it was of interest to investigate the reactivity

with monophosphines are presented in this chapter.
2.2, Results and Discussion

2.2.1. Reactions of M(C0O)4(n2-RC3R") (M = Ry, R = R' = CF3; M = Os,
R = R' =CF3; R = H, R' = CF3) with PR"3 (R" = CH3, Ph)

Initial studies focussed on the thermally stable hexafluorobutyne and
trifluoropropyne derivatives. Reaction of Os(CO)4(n2-HFB) (1a) with one
equivalent of PMe3 proceeded readily and gave the monosubstituted
product 2a (eq. 2.1). The reaction was monitored by IR spectroscopy.
Another minor species 3a, which will be described later, was also formed.

The formulation of the compound is based on elemental analysis and mass
spectroscopy.

O5(CO){(2-FsCC,CFy) — Ve 220 L os(cO FyCCCFy) (2.1
: “2_F CF,) ——————— - : PMe)(F. ' .
CO)4("™-F3CC,CF3) 0°C, pentane Os(CO)3(PMe;)(F,CC,CF3) (2.1)

1a 2a

*
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As shown below phosphine substitution could give rise to two

distinct geometrical isomers A or B.

>
w

The 19F NMR of 2a showed one resonance as a doublet at - 57.0
would lead to two inequivalent fluorine resonances. The corresponding
31P{1H)} NMR spectrum exhibited a septet at & - 43.5 (4]pp = 2.0 Hz) consistent
with the structure A. Furthermore, the 13C{1H} NMR spectrum, showed a
doublet at & 179.2 (3Jpc = 10.6 Hz) and a doublet at § 170.4 (2Jpc = 113.0 Hz),
with an intensity ratio of 2:1, indicating that two of the carbonyls are
equivalent while the third is distinct. In addition, the resonance with the
intensity one at 8 170.4 shows a large 13C-31P coupling constant as expected
for the trans orientation between the phosphine and the carbonyl.
Therefore , the NMR spectroscopic data clearly establish the structure of 2a

as having the PMej ligand located in the axial position, i.e. structure A.

To investigate the possibility for multisubstitution, the reaction of
Os(CO)4(M2-HFB) with two equivalents of PMe3 and excess of PMe3 were
carried out. In both cases, the reaction gave the same disubstituted

product 3a (eq. 2.2).
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+ 2PMe;, -2CO ) o
= Os(CO),(PMej3),(F3CC,CFs) (2.2)

Os(CO)4(2-F;CC,CF :
(CONM7-F3CC,CF) 0°C, pentane

3a

The formulation of compound 3a is based on mass spectrometry and
elemental analysis. The molecular ion and sequential loss of two carbonyls
were observed in the mass spectrum. On the basis of the geometry of the

monosubstituted product 2a, the two most likely structures are shown

below.
PMe;, PMe;
o , O¢ | -
C’I,' I CFB Cf:,_ 1 C(:FB
(0 C ﬂ\g‘? I CF,
PMe; S
C D

The 31P(1H} NMR spectrum of 3a showed a single resonance as a
septet at § - 42.7 (4Jpr = 3.06 Hz) suggesting structure C with equivalent
phosphines. The presence of only one 19F NMR signal as a triplet at & - 55.2
(4Jpr = 3.06 Hz) is also in accord with structure C. Moreover, the
observations of a single 13C{1H} NMR signal in the carbonyl region as a
triplet at 8 186.0 (2Jpc = 7.8 Hz) and one 1H NMR signal as a pseudotriplet at
81.42 (JpH = 3.8 Hz) provide further support for structure C. The appearance
of the IH NMR signals as a pseudotriplet is attributed to virtual

structure C.
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Reaction of the trifluoropropyne derivative, Os(CO)4(n2-F3CCoH) (1b)
with PMe3 proceeded in a similar fashion producing the respective mono-
and disubstituted complexes 2b and 3b. The only difference is that the
reaction of 1b with one equivalent PMe3 yielded 2b cleanly. The
spectroscopic parameters are similar to those of 2a and 3a, indicating
analogous structures (Scheme 2.1).

In contrast to the PMej reactions described above, the reaction of

with two equivalent of PPha. This allowed the identification of the

spectroscopic signatures of 2¢ and 3¢ which again are similar to previous

(Scheme 2.1).

Like the PPhj reaction described above, the reaction of Ru(CO)4(n2-
HEFB) (1¢) with one equivalent PMe3 gave primarily the disubstituted
species 3d, with a very small amounts of monosubstituted product 2d and
unreacted starting material, suggesting that the rate of the second
substitution is much faster than that of the first. When the reaction of was
carried out with either two equivalents or an excess of PR3 (R = Me, 3d; Ph,
3e) pure disubstituted products 3d and 3e, were obtained respectively
(Scheme 2.1).

To gain some insight into the steps leading to the formation of
mixtures 2¢/3c and 2d/3d, the reaction of Os(CO)4(n2-HFB) with PPhs and
that of Ru(CO)4(n2-HFB) with PMe3 were monitored by low temperature
1H, 31P, and 19F NMR spectroscopy. Since both reactions share common

features, only the former one will be discussed.
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M=0s, R=R'=CF;
R" =Me, 2a; R" = Ph, 2c.
M=0s,R=H,R' =CF;,
R" = Me, 2b.
M=Ru, R=R'=CF;,
R" = Me, 2d.

M =Os, R =R’ =CF,, R" = Me, 3a; R" = Ph, 3c.
M =0s, R=H, R = CF;, R" = Me, 3b.

M =Ry, R = R' = CF;, R" = M, 3d.

M =Ru, R = R' = CF3, R" = Ph, 3e.

Scheme 2.1

Figure 2.1 shows the 19F NMR spectra obtained at different times and
temperature during the reaction of Os(CO)4(n2-HFB) (1a) with one
equivalent PPh3. At - 20°C only one 19F NMR signal is observed due to the

starting material, Os(CO)4(n2-HFB). The solution was then allowed to
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Figure 2.1: Variable Temperature 19F NMR Spectra



warm. At - 10°C, the monosubstituted species 2¢ was also seen as a doublet
at & - 55.4 4Jpp = 1.9 Hz). Further warming to 0°C and maintaining the
solution at this temperature for 30 min resulted in the appearance of the
new species 3¢c. The relative intensity between 2c and 3¢ was 7:1. The
intensity ratio gradually decreased to 1:2 when the NMR sample was
maintained at + 10°C for 60 minutes. No other peaks were observed.

These observations clearly show that the disubstituted product 3¢ is formed

observations indicate that the rate of the second substitution is faster than
that of the first, and this has been confirmed by a recent kinetic study by
Dr. Jean Pearson of our laboratory.2?

It is well documented that the majority of eighteen electron
complexes react by dissociation of a two-electron ligand leading to a high
energy, reactive sixteen electron active intermediate. Exceptions to this
occur with ligands which exhibit different bonding modes and hapticity,
such as, NO and Cs;Hs ligands, and thereby allow for associative
substitution.?426 Based on this premise, it is likely that CO dissociation
from a M(CO)4(n2-RCR") complex is the rate-determining step. This
assumption was corroborated by kinetic studies on the reaction of
Os(CO)4(n2-HFB) with a series of monophosphines,?® which showed that
the rate of the first carbonyl substitution is independent of the nature of the
phosphine.

The effect of phosphines on the rate of substitution reactions in
octahedral complexes is a well known phenomenon,?6-?® and usually
results in CO labilization towards substitution. Thé origin for such
labilizatio"n is ascribed to the stabilization of the unsaturated intermediate

by the electron-donating phosphine ligand. Indeed, in the case of the



reaction of Os(CO)4(n2-HFB) with PPhs, the second carbonyl substitution is
faster than the first, in line with phosphine labilization arguments. In
contrast, with PMej3 the substitution of the second carbonyl is slower. Thus
ground state effects may also play a role as a phosphine ligand would
increase the electron density on the metal center thereby enhancing the
metal-to-CO backbonding and preventing further CO dissociation. In
addition, the kinetic studies showed that the size of the phosphine ligands
also influence the rate of the second CO substitution.?> With a view to
understand the role and importance of all these factors, further kinetic
studies in our laboratories®? and theoretical calculations on structures and
energy changes of these systems by Prof. M. Klobukowski of this

department are underway.

2.2.2. Reactions of Os(C0O)4(n2-C2R3) (R = H, CHj) with PR'3

(R' = CH3, t-C4Hy)

To establish whether the alkyne had an effect on the substitution, the
reactions of Os(CO)4(n2-CyH3) with PMe3 and P(tBu)3 were carried out. An
earlier study showed that Os(CO)3(PMe3)(n2-CoH3) (2f) is readily obtained
when Os(CO)4(n2-C2H3) is reacted with one equivalent of PMe3.3! Hence
the focus here was on the reaction with an excess of PMe3. Three products
3f, 4a, and 4b were isolated from this reaction in 32%, 26% and 14% yields
respectively.

The mass spectrum and elemental analysis of 3f agreed with the
formulation Os(CO)2(PMe3)2(CaHg). The molecular ion and the successive
loss of two carbonyl groups were observed in the mass spectrum. The IR,
1H, 31P, and 13C NMR spectroscopic parameters are similar to those of other

disubstituted compounds described in the previous section, indicating that
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3f has the identical diaxial disposition of the two PMej ligands (Scheme
2.2).

The elemental analysis and mass spectrum of 4a and 4b were
identical and consistent with the formulation Os(CO)2(PMe3)2(COCH3)
and indicating an isomeric relationship between the two compounds. The
IR spectra showed the presence of two terminal carbonyl bands (4a: 1996,
1932; 4b: 2010, 1938) and a band around 1650 cm-1 (4a: 1652; 4b: 1649)
implying the presence of an acyl group as well, the low frequency being in
accord with an a,B-unsaturated ketone.32-3 Based on the relative intensity
of the two terminal IR bands of 4a and 4b, the angles between the two
carbonyls in 4a and 4b are calculated to be 104° and 93°, respectively.36
Further evidence for the presence of the CHCHC(O) group is seen in the 1TH
NMR spectra of both 4a and 4b (Table 2.1).

Table 2.1: Selected 1H NMR Data for 4a and 4b

Compound Hy Hp 3H.H2
(n2-CoH,C(O))Os(CO)(PMe3); (4a)  8.41 8.65 6.9
{nZCoHC(O))Os(CO)»(PMe3); (4b) 8.34 8.83 6.2
{n2-C2H,C(0)}0s(CO)Ru(CO)4P 7.46 8.17 9.0
a Couplings in Hz, b2
By analogy with organic o,B-unsaturated ketones, the two hydrogens are
assigned as o hydrogen and B hydrogen, where the f hydrogen resonates
further downfield of the o hydrogen. Based Dl;l these data, there are three

most likely structures as shown in Scheme 2.3.
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The single resonance at § - 41.5 observed in the 31P{1H} NMR
spectrum of 4a is consistent with structure E. The 13C{1H} NMR spectrum
of 4a showed two triplets at 6 186.5 (2Jcp = 7.3 Hz) and 185.3 (2Jcp = 6.0 Hz)
due to the terminal carbonyls. The third triplet at § 213.4 is assigned to the
acyl moiety. Two triplets at 8 166.7 (3]cop = 7.1 Hz) and 159.9 (EJQBF =125
Hz) are assigned the o and B carbons of the CsHCHC(O) group since ZIQBF
is generally larger than 3Jc,p in this type of complexes. In the TH coupled
spectrum extra doublet splittings for both o and B carbons were seen due to

TJcuH = 148.6 Hz and 1ICI3H 149.0 Hz; the values are similar to that in

ethylene (1Jcu = 156 Hz).3”7 The resonance at § 18.2 is assigned to the
remaining PMe3 carbons; its appearance is a pseudotriplet due to virtual
coupling and there is a further quartet splitting in the TH coupled spectrum
due to 1JcH = 127.1 Hz which is similar to that for ethane (1Jcy = 125 Hz).%
The APT experiment is also in accord with these assignments. Thus the
spectroscopic data clearly establish that compound 4a has structure E.

The 31P(1H) NMR spectrum of 4b contained two resonances at 8 - 4.4
and - 50.1, indicating different PMe3 ligands. The 13C(1H) NMR spectrum
showed two carbonyl bands at & 188.3 (2Jcp = 89.7 Hz, 2Jcp = 7.7 Hz) and 186.5
(Jcp = 9.7 Hz, 2Jcp = 49 Hz). The strong coupling (Jcp = 89.7 Hz) of the
carbonyl at & 188.3 with one phosphine indicates their frans arrangement.

The resonance at 8 207.8 ()Jcp = 11.4 He, 2Jcp = 3.7 Hz) is assigned to the acyl
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carbon. The small coupling constants is more consistent with the acyl
being cis to both phosphines instead of a trans/cis relation and hence
structure F is favored for 4b. Two resonances at 8 166.3 (Jc,p = 6.5 Hz) and
154.7 (EICBP = 43.8 Hz, ZICgF = 13.3 Hz) are assigned to the o and B carbons of
the CgHCHC(O) group. Selective 31P decoupling experiments showed that
the B-carbon is coupled to the phosphine at 8 - 50.1 with a coupling constant
of 43.8 Hz, indicating their trans disposition. Two more resonances at & 20.0
and 16.0 are assigned to the two inequivalent PMes ligands. Thus the
spectroscopic data are in accord with the structure F (Scheme 2.2). It is to be
noted that the assignments of the a and B carbons of the CpHCHC(O)
group of 4a and 4b are further corroborated by the similarities of the cis 31P-
13C coupling constants; p: 12.5 Hz (4a), 13.3 Hz (4b) and o: 7.1 Hz (4a), 6.5 Hz
(4b).

Although the reaction of compound 1d with one equivalent
trimethylphosphine cleanly and exclusively gave the monosubstituted
product 2f, the reaction of 1d and 1e with one equivalent P(tBu)j
unexpectedly gave products Os(CO)3{n2-C(O)C2R2C(O)}(P(tBu)3) (5a, 5b)
(Scheme 2.2). Since b@tﬁ 5a and 5b show similar spectroscopic features,
only one will be discussed here. Consistent with mono-P(tBu)j
substitution, compound 5b displayed three terminal carbonyl stretches
(2078, 2012, 1994 cm-1). However, the observation of a band at 1608 cm-1
indicated the presence of an acyl group as well. This was confirmed by 1H,
31P, and 13C NMR spectroscopy. The 13C{1H} NMR spectrum showed two
resonances at & 179.8 (2Jcp = 10.6 Hz), and 173.2 2Jcp = 68.8 Hz) for the
terminal carbonyls and another one at § 242.9 (2J¢cp = 7.8 Hz) for the acyl
moieties. Surprisingly the intensity ratio of the resonances was 2 : 1 : 2.

The carbonyl at & 173.2 is assigned to trans to the phosphine due to their
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strong coupling (68.8 Hz) whereas the other two equivalent carbonyls at &
179.8 are cis to the phosphine due to their small coupling constant (7.8 Hz).
In addition, a resonance at & 168.2 is attributed to the carbons of alkene
moiety in the {C(O)CMe=CMeC(O)} group. Therefore, compound 5b is a
double CO insertion product as shown in Scheme 2.2. Further support of
the symmetrical structure came from the observation of only one singlet
for the methyl group in the 1H and 13C{IH} NMR spectrum. Thus the IR
and NMR spectroscopic data clearly establish that the species 5b has the

structure as illustrated in Scheme 2.2.
2.2.3. Pathways for CO Substitution and Insertion Processes

As described above, the reactions of M(CO)4(n2-alkyne) complexes
with monophosphines resﬁlts in both simple CO substitution reaction and
CO insertion into the metal-alkyne bonds. With electron poor alkynes,
such as HFB and TFP, a second CO can also be substituted. On the other
hand, complexes containing electron rich alkynes, such as CoHs and CaMey,
also undergo CO inse:tions. Thus pathways for the formation of the two
distinct products will be discussed separately.

CO Substitution Reactions. The initial sixteen-electron species is
formed by CO dissociation (Scheme 2.4). There are two possibilities for the
generation of the four-coordinate [M(CO)3(n2-alkyne)] intermediate; CO
dissociation either from the axial or from the equatorial position of the

trigonal bipyramidal ground state structure. Hoffmann has shown that, in
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trigonal bipyramidal d8 MLs complexes, n-backbonding is stronger, but o-
bonding is weaker in the equatorial plane.?® Thus whether an axial or
equatorial CO ligand is more labile depends on the relative strength of o
and n© bonding. In M(CO)4(n2-alkyne) complexes the situation are more
complicated because of the four-electron destabilization by the alkyne
ligand; whether the axial or equatorial CO's are destabilized more is not
obvious. Structural studies on M(CO)4(n2-alkyne) complexes show that the
axial and equatorial M-CO bonds are of nearly the same length.!8,39
Although the site preference for CO dissociation in 1 is not clear, the
generated [M(CO)3(n2-alkyne)] intermediates are significantly different
(Scheme 2.4). There are several related and structurally characterized
examples of ML3(n2-alkyne) complexes, where M is a d8 transition metal (M
= Pt (I1); Co (1), Ir (I); Ru (0), Os (0)).3° These complexes adopt a structure
with approximate Cs symmetry, which we believe is very similar to the
putative [M(CO)3(n2-alkyne)] intermediate generated from an axial CO
dissociation as shown in Scheme 2.4. One of such structures, Os(n2-
CPh)(CO)(PiPr3)y, is shown in Figure 2.2.40 Theoretical calculations
established that four electron donation from the alkyne ligand is
responsible for both the unusual structure and the stability of these
species.?? Since the intermediate from equatorial CO dissociation requires
additional rearrangement to generate this structure, a process involving CO

dissociation from axial position is favored.



Figure 2.2: Molecular Structure of Os(M2-CaPh2)(CO}(PiPr3),

The intermediate [M(CO)3(n2-alkyne)] species then reacts with
phosphine to form compounds 2 (Scheme 2.4). These compounds can
undergo further CO dissociation to give the [M(CO)2(PR3)(n2-alkyne)]
intermediate.  According to Atwood and Brown's site preference
arguments,?>-27:41 equatorial CO dissociation should occur more readily
than axial CO dissociation. This is due to the fact that a stronger ¢ donor
and weaker © acceptor ligand than CO, such as phosphine, strengthens the
M-CO bond trans to it. Thus the so called "cis-effect” of PR3 directs cis CO
dissociation by strengthening the M-CO bond in the trans position. To
account for the geometry of the final disubstituted product, it is assumed
that this species rearranges to a structure similar to [M(CO)3(n2-alkyne)]
described above, and then adds phosphine. On the other hand, the so far
not fully appreciated cis-effect of two-electron alkyne ligands could assist
axial CO dissociation again and generate directly the intermediate with
proper geometry to add phosphine. The common feature for both
monosubstituted species 2 and disubstituted species 3 is that phosphine

ends up in the axial position(s), which is in accord with Rossi and
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Hoffmann's theoretical calculations.?® On the basis of symmetry and
overlap arguments, Rossi and Hoffmann have shown that for d8 trigonal-
bipyramidal transition metal complexes stronger c-donor and weaker n-
acceptor ligands prefer the axial site. There are numerous examples to
support this site preference. For instance, substitution reactions of M(CO)s
(M = Fe, Ru, Os) with PR3 yield the mono- and disubstituted compounds
with phosphine occupying the axial position(s).42-47

CO Insertion Reactions. The mechanism of CO insertion into the
metal-carbon o-bond has been extensively studied.#49 Although two
mechanisms involving either alkyl migration or CO insertion have been
observed, the former is much more common. Calderozzo®® and Flood5!
have studied the carbonylation of (CH3)Mn(CO)s by IR and 13C NMR
spectroscopy. By careful analysis of the product distribution, it is clear that
the "insertion" process involves migration of the methyl group to a cis CO

ligand.

R- R R
I\V I ~ +L

|
LM—CO —— LM—C=0 — LLM—C=0  (2.3)

As shown in eq. 2.3, the rate-determining step is alkyl migration to
form the [LaM(C(O)R)] intermediate, followed by addition of an incoming
nucleophile (L') to restore the 18-electron configuration of the metal center
and complete a two-step process. Consequently the strength of the metal-
alkyl bond plays an important role in the process. It has been found that
alkyl groups bearing electron-donating substituents facilitate the reaction

while those with electron-withdrawing substituents retard it.5253
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Scheme 2.5 depicts the proposed pathway for CO "“insertion" reaction
of Os(CO)4(n2-CHj) induced by PMes. Since PMes is a strong ¢ donor, it
increases the electron density of the metal center and enhances the four
electron destabilization between the filled dy orbital of the metal and the
filled T orbital of the alkyne. This filled-filled interaction weakens the
metal-alkyne bond and promotes the migratory insertion. It is interesting
that addition of the second PMej3 ligand generates two isomeric compounds

4a and 4b.

disubstituted species 3f has been generated. This possibility can be ruled out
since 3f does not insert CO. As will be described later (section 2.2.4), it
undergoes facile oxidative addition to give compound 6.

Unexpectedly, the reactions of compounds 1d and 1e with P(tBu)j,
gave double CO inserted products 5a and 5b. A consecutive CO "insertion"
pathway is proposed (Scheme 2.6). Several important features require
some comments. First, since the final products have one more CO ligand
than the starting materials, the additional CO must come from another
osmium species which ultimately decomposes. Second, although the

electronic properties of the two phosphines, P(tBu); and PMejs, are similar,

effects seem to be operative as well. Possibly unfavorable interactions
between the P('Bu)3 and the four-membered ring are relieved by formation
of the five-membered ring. Third, a preliminary study showed that, the
reaction of 1d with P(*Bu)3 under CO atmosphere gave the product 5a after
4.5 h at 0°C. Since this reaction did not go to completion under these

conditions, and as the reaction under Nj atmosphere was completed
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within 2.5 h at 0°C, the rate of the reaction under CO atmosphere is,

apparently, much slower than that under N> atmosphere.
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2.2.4 Thermal Stability of the Phosphine Adducts
As described in Chapter 1, the stability of Os(CO)4(n2-alkyne)

complexes depends on the alkyne. The general trend is that a complex

electron rich alkyne. This is mainly attributed to the four electron
destabilization in the ground state; the m-acceptor ability of electron poor
alkyne results in less repulsion and hence increased stability. A way of
removing the four electron interaction is to insert CO, the so formed
CHCHC(O) moiety functions as a two electron donor. Indeed, the CO
inserted products are stable at room temperature. The four-electron
destabilization remains in the simple phosphine substitution complexes
implying possible further transformations. This is, in fact, seen for

Os(CO)3(PMe3)(n2-CoHy) and Os(CO)2(PMes)2(n2-CoHp).
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(a) Transformation of Os(CO),(PMejs)2(n2-CaHy), 3f

When a dichloromethane solution of compound 3f was warmed to
ambient temperature, a new species 6 was formed (eq. 2.4). The 1TH NMR
spectrum showed two triplets at § - 7.70 and 1.51 in a ratio of 1:1. The high
field triplet at 6 - 7.70 is assigned to the hydride whereas the signal at § 1.51
is attributed to the acetylide hydrogen.>55 In the 13C NMR spectrum, two
triplets at & 182.5 and 181.1 are in the terminal carbonyl region, while the
two triplets at § 93.4 GJcp = 7.7 Hz) and 87.0 (3Jcp = 17.2 Hz) are due to the
carbon atoms of the acetylide group. The remaining triplet at & 21.0 is due
to the carbon atom of the PMes methyl group, and the pseudotriplet
appearance is ascribed to virtual coupling. Thus the NMR data obtained

clearly establish the structure of compound 6 (2.4).

o. PMe O- PMe
C!’,f I & CHzClz C;"a I A
f,-f"f - = D5, (2.4)
QC?? I Q* Dc—krt 2h QC?“?OI\H

PMES ) PMES

3f 6

As illustrated in Scheme 2.7, there are four possible pathways for
formation of 6. Mechanisms I and II are unlikely since the intermediates
generated should undergo phosphine or carbon monoxide addition rather
than oxidative addition when the reactions are performed using large
excess (100 equivalent) PMe3 or under CO atmosphere, no such
substitutions were seen. Mechanism III can also be eliminated because the

reactions under large excess PMe3 or under CO atmosphere would give a
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substitution product instead of 6. Thus the intramolecular isomerization
mechanism IV is most likely operative here. Theoretical calculations show
that such a pathway, by slippage of the alkyne to an N1 geometry, is the
initial step for alkyne to vinylidene isomerization in CpMn(CO)2(HC2R)
complexes.’® In addition, there are several examples of alkyne

isomerization to hydrido-acetylide species.5’"59 The facile alkyne-to-
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hydrido-acetylide isomerization is again attributed to elimination of four

electron destabilization in Os(CO);(PMe3)2(n2-CoH>) (3f).

(b) Transformation of Os(CO)3(PMe3)(n>-CzH>), 2

The reaction of Os(CO)4(m2-CaHj) with one equivalent PMes at 0°C in
pentane gives the complex 2f almost quantitatively.?! When this solution
was warmed to room temperature and maintained at this temperature for
12 h, an orange suspension was obtained. After removal of the solvent,
recrystallization from hexane the new product 7 was isolated in 59% yield.

Elemental analysis and mass spectrum of this product is in
agreement with the formula Os(CO)s(PMe3)2(COC4H4) indicating the
formation of a dinuclear species. This composition is reminiscent of the
well known "flyover" pentadienone complexes, M2(CO)g-nLn{p-o:n4-
(C2R2)2CO) (M = Fe, Ru; L = PPh3, n = 1, 2; R = CH3, Ph, H),8062 except that
there is one more carbon monoxide in this case. Thus a similar structure is
proposed for species 7, but with coordination of only one of the double

bonds of the "flyover" bridge (Scheme 2.8).
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The IR spectrum showed five terminal carbonyl bands (1940 - 2055

cm-1) and one band at 1605 cm!. When the experiment was repeated using
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59
Os(13C0)4(n2-CaHy), the IR spectrum showed that all six bands shifted to
lower frequency, indicating that they are due to CO absorption. Thus the
band at 1605 cm-1 is assigned to the acyl group. As shown in Table 2.2, the
acyl band of 7 is shifted to lower frequency compared to the other flyover
compounds. This is attributed to the delocalization of the electron density
in the remaining o,p-unsaturated ketones of 7.0 In the case of
diruthenium and diiron flyover pentadienone complexes, both double
bonds are coordinated to the metal center hence the stretching frequency is

similar to ketones.

Table 2.2: IR Data for 7 and Related Compounds

Compound V(acyl) (cm-1)
Rup(CO)4{p-6:n4-(CPhCMe)>CO) 16812
Fes(CO)5(PPh3){p-0:n4-(CPhCMe),CO) 16572
0Os2(CO)s(PMe3)a(p-0:m2-(CHCH),CO} 7 1605

ab1

The 31P(1H} NMR spectrum of 7 showed two distinct singlets at
8 - 31.2 and - 51.1. For the convenience of further discussion, P, is used to
stand for the resonance at 3 - 31.2 and Py, for the other phosphine. In the 1H
NMR spectrum four resonances at § 9.30, 8.79, 6.25, and 4.65 integrating as
one hydrogen each and two resonances at 5 1.88 and 1.83 integrating as nine
hydrogens each were observed. They are assigned to the acetylenic and
PMej protons respectively. Selective 31P decoupling experiments have
clearly established that the signals at § 9.30, 6.25, and 1.83 are associated with
Pa whereas the signals at 3 8.79, 4.65, and 1.88 are associated with Pp. This

indicates that the two phosphines (P, and Pp) are bound to the different



osmiums rather than the same osmium center as one would expect that in
the latter case at least some of the acetylenic hydrogen signals would be

coupled to both phosphines.

Table 2.3: Selected 1H NMR Data for 7 and Related Compounds
with Coordinated Pentenone Double Bond
Compound SHa SHp u-u
{u-n1m2-(CyH2)2CO)0s2(CO)5(PMes)y 7 4.65 8.79 9.3
{(1-n1m3-CoHC(O))Ru(CO)5(u-dppm)a 4.59 8.19 8.5
{u-n1m3-CoHC(O)IRuCpa(CO),b 3.42 10.94 7.0
{u-n1m3-CoHoC(O))OsRhCp(CO)sPMepPhe  4.72 8.82 6.3

Table 2.4: Selected ITH NMR Data for 7 and Related Compounds
with Uncoordinated Pentenone Double Bond
Compound dH'a du'p Su-H
(n-n1:n2-(C2H3)2CO}0s(COY5(PMe3); 7 6.25 9.30 126
{-n1:n1-CoHLC(O)}OsRu(CO)g2 7.46 8.17 9.0
{u-n1m1-CoHC(O)OsIXCp(CO)sP 7.51 7.98 9.1
{u-1n1m1-CoHC(O)Rux(CO)4(dppm),€ 74 8.0 9.8



(type B). It is well known that, for both types of structures, the B-hydrogen is
greatly deshielded?065.66 whereas the a-hydrogen resonates at very different
frequencies. As shown in Table 2.3 and 2.4, one set of hydrogens at § 8.79
and 4.65 have features similar to type A, while the other set at § 9.30 and
6.25 resembles type B. Thus, we can conceive the following structure for 7
where P, and Py are bound to Os! and Os?, respectively. However the

geometrical arrangement around each osmium remains to be determined.

E
'£§H
/GG

Me3Pa(CO)2@ - DS (CD)BPbM23
7

The 13C{1H) NMR spectrum showed six resonances at & 202.0, 191.1,
189.5, 188.4, 183.8, and 180.5 with a intensity ratio of 1:1:1:1:1:1. The low
field singlet at § 202.0 is assigned to the acyl while the other five resonances
are attributed to the terminal carbonyls. Four resonances at 8 173.8, 134.9,
131.9, and 64.9 are due to the carbon atoms of the ring. This has been
corroborated by the 1H coupled 13C NMR experiment, where the
resonances at § 173.8 ({Jcy = 132 Hz), 134.9 ({Jcy= 141.7 Hz), 131.9 (IcH =
155.3 Hz), and 64.9 (1JcH = 151.9 Hz) exhibit one bond C-H couplings.?” The
remaining resonances at § 22.6 and 19.5 are from the carbon atoms of the
two PMe3 groups. An APT experiment is also in accord with these
assignments. Selective 31P decoupling experiments have established that
the carbonyl resonances at & 189.5 and 183.8 are associated with P, while the

resonances at § 191.1, 188.4, and 180.5 are associated with Pp. In addition,
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the small coupling constants (5 - 9 Hz) between the phosphine and carbonyl
ligands indicate that they are cis to one another. The 13C{1H} NMR
spectrum of compound 7, prepared from Os(13CQ)4(n2-CoHj), showed that
the carbonyls at 8 191.1 and 188.4 are coupled each other with a coupling
constant of 34.5 Hz, indicating that they are located in trans positions.67
The ring carbon resonances at 6 131.9 and 64.9 showed strong cou)lings to
the acyl moiety (1Jc-c(o): 55.8 and 49.7 Hz, respectively) in the typical range
for one bond coupling.37.66 This suggests that these two resonances are the
carbons directly bound to the acyl while the other two resonances at 6 173.8
(J(C-acyl) = 17.7) and 134.9 (?J(C-acyl) = 21.5 Hz) are due to the carbon atoms
bound to the metal centers. In order to further determine the relationship
between the ring carbon atoms and the hydrogens, a TH-13C shift-correlated
2D NMR experiment was carried out (Table 2.5). The chemical shifts of Cq
and Cg are in the typical range of type A6263 whereas the chemical shifts of

C'q and C'g are in agreement with those of type B.20.65

Table 2.5: The 1H - 13C Shift-correlated 2D NMR Data for 7
CoHg CpHp C'oH'y C'gH'p
3(13C) 64.9 134.9 131.9 173.8

Although suitable crystals of compound 7 for X-ray structure
determination could not be obtained, the IR and NMR spectroscopic data
unambiguously establish the structure of compound 7. The CO

assignments are shown in Scheme 2.9.
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The formation of compound 7 can be envisioned as illustrated in
Scheme 2.10. The initial step is CO insertion, thus creating a coordination
site, followed by addition of the second molecule Os(CO)3(PMe3)(n2-CaH2)
through alkyne coordination. Coupling between the coordinated alkyne

and the acyl, followed by rearrangement gives complex 7.
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2.3. Conclusions

The compounds M(CO)4(n2-alkyne) have been shown to be very
reactive towards monophosphines under mild conditions. The reactions

generally yield two types of products; one is derived from CO substitution,

poor alkyne, such as CF3C2H or CF3C2CF3, undergo both mono- ard
disubstitution. The complexes that contain an electron-rich alkyne, such as
C»Hj or CoMe,, feature both CO substitution and CO insertion. The CO
inserted complexes are the first clear examples of coupling reactions
between a coordinated CO and coordinated alkyne unit. In addition,
compounds 4a and 4b are, to our knowledge, the first examples of
metallacyclobutenones from simple acetylene. More surprisingly perhaps,
the reaction of Os(CO)4(n2-alkyne) (alkyne = CyHjy, CsMes) with P(t-Bu)z
produces the unusual osmacyclopentenediones, in which the
metallacyclopentenediore species are derived from double CO insertions.
Although two types of products are obtained, all the reactions
proceed by initial CO loss. The facile CO dissociation is attributed to the
four electron destabilization in the ground state and four electron
stabilization of the putative [Os(CO)s(n2-alkyne)] intermediate. With
complexes containing an electron-poor alkyne, substitution of a second CO
occurs. In some cases, it appears that the rate of the second CO substitution
is faster than the first, and this is rationalized in terms of cis labilization by
the coordinated monophosphine. With compounds that contain an
electron-rich alkyne, on the other hand, CO insertion takes place due to the

weak metal-alkyne bonds. The double CO insertion observed with the



bulky P(t-t-Bu)3 indicates that steric effect also plays an important role in
the process.

The CO inserted products are stable at room temperature due to
elimination of the effect of the four electron alkyne. H(;wever, the
complexes Os(CO)2(PMe3)2(n2-C2Hp) and Os(CO)3(PMe3)(n2-C2Hy), undergo
further transformations. In the former case facile oxidative-addition occurs
to give compound 6 by intramolecular isomerization. In the later case, a
dinuclear compound 7 is generated from the coupling of two alkynes and a
CO ligand. The ease of C-C bond formation, originated from two metal
centers, is evident and provides a model for several metal carbonyl

mediated reactions involving alkynes and carbon monoxide.24:68-70
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2.4 Experimental Section

2.4.1 Solvents and General Techniques

All solvents were dried and distilled from the appropriate dying
agents listed in Table 2.1. Deuterated solvents were also dried and degassed
by freez-pump-thaw cycles and stored over molecular sieves under
nitrogen. Pentane was pretreated sequentially with concentrated sulphuric
acid, aqueous solution of sodium bicarbonate, and distilled water before
being dried over sodium sulphate and distilled from calcium hydride. The
same procedure was used for purification of hexane except that distillation

was from potassium metal.

Solvents Drying Agent

Benzene Potassium metal
Dichloromethane Phosphorous pentoxide
Diethyl ether Sodium benzophenone ketyl
Hexane Potassium metal

Pentane Calcium hydride

Toluene Sodium benzophenone ketyl
Tetrahydrofuran Sodium benzophenone ketyl

Table2.6  Solvents and Drying Agents

All glassware was pretreated with a KOH/C2HsOH (95%) solution
and a dilute HCI solution, respectively. This was followed by cleaning with
distilled water and drying at 250°C overnight before use. All reactions were
carried out under argon or nitrogen atmosphere using standard Schlenk

procedures. The argon or nitrogen was purified by passing it through a



heated (100°C) column of BASF Cu catalyst (R3 - 11) to remove any trace of
oxygen and a column of Mallinkrodt Aquasorb (P205 on an inert support)
to remove traces of water. All gases were used as received unless otherwise

stated.

2. 4. 2. Physical Measurements

Infrared spectra were recorded on a Bomem MB-100 Fourier
transform spectrometer over the range 2200 - 1500 cm-!. Solution samples
and background solvent were held between KBr (0.1 mm) plates. The 1H,
31p, 13C, and 19F NMR spectra were recorded on a Bruker AM-400, Bruker
AM-300, or a Bruker WH-200 spectrometer. The solvent was CDyCly,
unless otherwise stated. Electron impact mass spectra were recorded on an
A.E.I. MS-12 spectrometer operating at 70 ev. Fast Atom Bombardment
(FAB) mass spectra were recorded on a modified A.E.I. M5-9 spectrometer
operating at 1500 RP and 10 sec/decade using either Cleland or
3-nitro-benzylalcohol (NBA) as sample matrix. Elemental analysis were

performed by the microanalytical service of the Chemistry Department.

2. 4. 3. Photochemical Techniques

Photochemical experiments at low temperatures were carried out in
a photolysis reactor as shown in Figure 2.1. The reactor consisted of an
outside cooling jacket and a cooling insert. The system was cooled and
maintained at a constant temperature ( from 0°C to - 70°C ) by a MGM
Lauda Circulating Bath with methanol as a circulating/cooling solution. A
Philips HPK 125 Watt mercury vapour lamp was used as the irradiation
source. The wavelength of the radiation was controlled by cut filters such as

GWV (Glasswerk Wertheim) glass ( A 2 570 nm).
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Figure 2.3: Internal PhLotolysis Apparatus

Figure 2.2 shows a typical external photolysis apparatus used in our
laboratory. This system was used for the photolysis at room temperature.
Tap water was used to keep the lamp cool. Like the internal photolysis, an

appropriate cut-off filter was selected and a sample solution in a Schlenk
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2.4.4. Starting Materials and Reagents

Acetylene was purchased from Linde Gas Products and was passed
through a dry ice/acetone trap to remove acetone stabilizer. The 13CO
(99%) was purchased from Isotec, Inc. The gaseous alkynes, CF3C2H and
CF3C;CF3, were purchased from Farchan Chemical Co., while MeCsMe,
PMej3, PPhs, P(tBu)s, and Os3(CO)12, were purchased from Aldrich Chemical
Co., and RuCl3 was purchased from Johnson Matthey Inc. The following
compounds were prepared by published procedures: Ru3(CO)12,”?
Ru(CO)5,72 Ru(CO)4(n2-CF3C2CF3),!® Os(CO)s5,7° 0s(CO)4(n2-C2H2) 2
Os(CO)4(M2-CF3C2CF3),"? and Os(CO)4(n2-MeCoMe).7



2.4.5. Synthetic Procedures

Synthesis of Os(CO)3(PMe3)(n>CF3C;CF3), 2a

Trimethylphosphine (11.2 pl, 0.108 mmol) was added to a solution of
Os(CO)4(n2-HFB) 1a (50 mg, 0.108 mmol) in pentane (10 mL) at 0°C, the
solution was stirred at this temperature for 5 h. The solution was then
cooled to - 78°C and the solvent was removed in vacuo at - 78°C,
Recrystallization from pentane at - 78°C afforded 2a as a white powder (46
mg, 83%, mp: ~ 8°C). MS (FAB): M+ - n CO, n = 0-3.
IR (pentane, cm-1): Vi 2086 s, 20135, 1983 vs; Vet 1779 w.
THNMR: 1.46 (d, 2Jpy = 10.0 Hz).
31P(1H) NMR: - 43.5 (sept, 4JpF = 2.0 Hz).
19F NMR: -57.0 (d, 9JpF = 2.0 Hz).
13C(1H) NMR: 179.2 (d, 2Jpc = 10.6 Hz, 2 CO), 170.4 (d, 2Jpc = 113.0 Hz, 1CO),
16.5 (d, 1Jpc = 37.5 Hz, P(CH3)3).

Synthesis of Os(CO);(PMej3)(n-CF3;C2H), 2b

Trimethylphosphine (21.6 pl, 0.208 mmol) was added to a pentanc
solution (25 mL) of Os(CO)4(n2-TFP) 1b (82.5 mg, 0.208 mmol) at 0°C. After
stirring for 14 h at 0°C, the colorless solution was cooled to - 78°C. The
solvent was then removed under reduced pressure and the residue was

recrystallized from pentane at - 78°C to give 2b as a white powder (84 mg,

CoH1903F3PO0s: C, 24.33; H, 2.27. Found: C, 24.00; H, 2.18.
IR (pentane, cm™1): Veo: 20745, 1998's, 1967 5; V= c 1708 w.

THNMR: 6.93 (dq, 4THF = 3JHp = 3.0 Hz, 1H), 1.35 (d, ?Jup = 10.5 Hz, 9 H).

70



31P(TH} NMR: - 44.5 (q, 4)pF = 2.8 Hz).

19FNMR: - 55.1 (dd, 4JrH = 3.0 Hz, 4Jpp = 2.8 Hz).

13C{1H) NMR: 182.8 (d, 2Jpc = 10.6 Hz, 1CO), 181.2 (d, 2Jpc = 10.4 Hz, 1 CO),
172.7 (d, ZJpc = 1154 Hz, 1 CO), 15.8 (d, YJcp = 36.6 Hz, P(CHs)3).

Characterization of Os(CO)3(PPh3)(n%-CF3C5CF3), 2¢

compounds 2c¢ and 3¢. Although separation of these compounds was

attempted by both sublimation and column chromatography, pure

preparation of pure 3c.
31P(TH) NMR ( 0°C ): 7.3 (sept, 4JpF = 1.9 Hz).
19F NMR (0°C ): - 55.4 (d, 4JpF = 1.9 Hz).

Characterization of Ru(CO)3(PMe3)(n2-CF3C,CF3), 2d

The compound was observed by NMR spectroscopy from - 20°C to
0°C. It was not possible to obtain the pure product because the disubstituted
product 3d was formed much faster even when one equivalent PMe3 was
employed. The carbonyl signals was identified by using a 13CO enriched
sample.
TH NMR (0°C): 0.99 (d, JJpy = 2.1 Hz)
31P(1H} NMR (0°C): - 4.98 (sept, 4Jpp = 1.3 Hz)
19F NMR (0°C): -54.9 (d 4Jpr = 1.3 Hz)
13C{TH} NMR (0°C): 198.4 (d, 2Jpc = 14.4 Hz, 2CO), 188.2 (d, 2Jpc = 119.7 Hz,
1CO).



Synthesis of Os(CO)z(PMej3)2(n2-CF3C,CF3), 3a

Trimethylphosphine ( 22.3 pl, 0.216 mmol) was added to a colorless
solution of Os(CO)4(n2-HFB) 1b (50 mg, 0.108 mmol) in 10 mL pentane at
room temperature. The reaction was stirred for 2 h. The solution was then
cooled to - 78°C. The solvent was removed in vacuo at - 78°C to give a
white solid which was recrystallized from pentane at - 78°C to give 3aas a
white powder (51 mg, 74%). Anal. Calcd. for C12H1802P2F¢Os: C, 25.72; H,
3.24. Found: C, 25.80; H, 3.08. |
IR (pentane,cm™1): Vi 19985, 1934vs; Vo 1750w,
TH NMR (CDCl3): 1.42 (t, Jyp = 3.8 Hz)
31p(1H) NMR (CDCl3): - 42.71 (sept, 4Jpg = 3.06 Hz)
9FNMR: - 55.2 (t, 4JpF = 3.06 Hz)
13C{1TH)} NMR: 186.0 (t, 2JPC = 7.8 Hz, CO), 17.9 (t, 1Jpc = 18.0 Hz, P(CH3)3).

Synthesis of Os(CO)2(PMej3)2(n2-CF3C3H), 3b
To a pentane solution (25ml) of Os(CO)4(m2-TFP) (82.5 mg, 0.208
mmol) at 0°C, trimethylphosphine (43 mL, 0.416 mmol) was added and the

solution was stirred at 0°C for 16 h before it was allowed to warm to room

The original colorless solution changed to pale yellow. The solution was
then cooled to - 78°C and the solvent was removed in vacuo at this
temperature. Recrystallization from pentane at - 78°C gave 96 mg (94%) of
a pale yellow powder (3b). Anal. Caled. for C11H1902P2F30s: C, 26.83; H,

3.89. Found: C, 27.19; H, 3.83. MS (70 ev, 220°C, m/e): M*-nCO,n=0-2.
IR (pentane, em™1): Ve: 1984 5, 1918'5; V= 1685w, 1669w.
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THNMR: 7.05 (m, 4Jyr = 3.4 Hz, 1H), 1.33 (t, Jyp = 3.6 Hz, 18H).
31P(1H) NMR: -43.1 (q, 4JpF = 4.1 Hz).

19F NMR : - 53.5 (dt, 4Jpy = 3.4 Hz, 4Jpp = 4.1 Hz)

13C{TH) NMR: 189.3 (dq, ZJcp = 9.1 Hz, 4JcF = 4.5 Hz, 1 CO), 187.5 (t, 2Jcp = 9.0
Hz, 1 CO),17.2 (t, Jcp = 17.6 Hz, P(CH3)3).

Synthesis of Os(CO)2(PPh3)2(n2-CF3C,CF3), 3¢

A colorless solution of PPh3 (87 mg, 0.332 mmol) in 14 mL CH3Cl»
was added via cannula into a solution of Os(CO)4(n2-HFB) 1b (77 mg, 0.166
mmol) in 14 mL pentane. The mixture was stirred for 3 h at room
temperature. The solvent was then removed in vacuo to give a white
solid. Recrystallization from CH,Clz/pentane gave 3¢ as a white powder
(136 mg, 88%). Anal. Calcd. for C42H30gO2P2F¢Os: C, 54.08; H, 3.24. Found: C,
53.97; H, 2.93.
IR (CH2Clz, cm1): veg: 2001 s, 1935 vs; Vo= 1731 w.
TH NMR: 7.5 (m, Ph).
31P{1H} NMR: 8.60 (sept, 4JpF = 2.8 Hz).
19F NMR: - 51.98 (t, 4Jpr = 2.8 Hz).
13C(1H) NMR: 186.03 (t, 2Jpc = 9.06 Hz, CO), 121.68 (q, JcF = 269.3 Hz, CF3),
110.30 (m, CCF3).

Synthesis of Ru(CO)2(PMe3)2(n2-CF3C,CF3), 3d

The complex Ru(CO)4(n2-HFB) 1a (68 mg, 0.181 mmol) was dissolved
in 20 mL pentane and PMe3 (37.5 pl, 0.363 mmol) was added to it with
syringe. The clear solution quickly turned pale yellow. The solution was

stirred for 2 h. The solvent was removed in vacuo at - 78°C. The residue
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was washed several times with pentane at - 78°C to give 3d (72 mg, 84%) as
a pale yellow powder. Anal. Caled. for Cy2H180,2P2F¢Ru: C, 30.58; H, 3.85.
Found: C, 30.65; H, 3.66. MS (70 ev, 220°C): M*+*-nCO,n=0-2.

IR (CH2Cla, em™1): Veg: 2005 m, 1940s; Vegm s 1764 .

TH NMR: 1.26 (t, 2Jpy = 3.5 Hz).

31P(1H) NMR: - 5.9 (sept, 4JpF = 2.6 Hz).

19F NMR: -53.2 ( t, 4JpF = 2.6 Hz).

13C(1H) NMR : 203.9 (t, 2Jcp = 11.8 Hz, CO), 125.2 (q, ¥cF = 266.6 Hz, CFa),
116.5(qq, ZJcF = 43.3 Hz, 3JcF = 7.0 Hz, CCF3), 18.2 (t, 2Jcp = 15.5 Hz, P(CH3)3).

Synthesis of Ru(CO)2(PPh3)2(n2-CF3C2CFs), 3e

A colorless solution of Ru(CO)4(m2-HFB) 1a (50 mg, 0.133 mmol) in 5
mL CH2Cl was transferred via a cannula into a solution of PPh3 (70 meg,
0.266 mmol) in 5 mL CH,Cl; at 0°C. The mixture was stirred and allowed
to slowly warm up to room temperature over 2 h. The CH3Cly was
removed in vacuo to give a white solid which was recrystallized from
CHCl2/pentane to yield 108 mg (96%) of 3¢ as a white powder. Anal. Caled.
for C42H3002P2FgRu.CHCly: C, 55.62; H, 3.47. Found: C, 55.38; H, 3.11.
IR (CHClp, ecm-1): Vi 2010 m, 1949 s; Vo= 1752w,
TH NMR ( - 60°C): 7.4 (m, Ph).
31P{1H) NMR ( - 60°C): 41.1 (br s).
19F NMR ( - 60°C): - 51.0 (t, 4JpF = 2.3 Hz).
13C{1H)} NMR ( - 60°C): 203.5 (t, 2Jcp = 12 Hz, CO).



Reaction of Os(CO)4(n2-C;Me,) with PMes:

Trimethylphosphine (11 pL, 0.106 mmol) was added to a colorless
solution of Os(CO)4(n2-C;Me3) (35 mg, 0.0983 mmol) in 20 mL pentane at
- 78°C. The solution was allowed to warm to room temperature, during
which time the color of the solution changed to yellow. The solvent was
then removed in vacuo. Recrystallization from CH,Cly/pentane gave
several products as pale yellow solids. Further isolation of these products

was not successful.

Reaction of Os(CO)4(M2-C,H,) with excess PMes:

Trimethylphosphine (3.1 mL, 29.9 mmol) was added to a colorless
solution of Os(CO)4(n2-C2H3) (100 mg, 0.305 mmol) in 35 mL pentane at 0°C.
The solution gradually turned yellow over 65 h at 0°C. The yellow solution
was then cooled to - 78°C ~nd the solvent was removed at this temperature
to give a mixture of compounds Os(CO)2(PMe3)2(n2-CoH3) 3f,
trans-Os(C0O)2(PMe3)2(n2-C2H,C(O)} 4a, and cis-Os(CO)2(PMe3)a{n2-
C2H2C(O)} 4b. Sublimation in a closed vacuum system from - 78°C to
ambient temperature gave 41 mg (32%) of 3f as a white solid. After
sublimation the residue was separated by column chromatography
employing silica gel and 70% THF/hexane as an eluting mixture. The first
fraction proved to be 4b (19 mg, 14%) as a yellow solid, the second fraction
was 4a (36 mg, 26%) as a yellow solid as well. The elemental analysis and
spectroscopic data for these compounds are listed below.
3f:

Anal. Calcd. for C1gH2002P20s: C, 28.30; H, 4.75. Found: C, 28.58; H, 3.96.
MS (FAB): M+ -nCQO, n = 0-2.
IR {pentane, cm1): Vo 1962 m, 1897 s.
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TH NMR (- 10°C): 1.23 (t, J4p = 3.66 Hz, 2PMe3), 6.30 (t, 3Jyp = 2.92 Hz, 2H).
31P(TH)} NMR (- 10°C): - 44. 64 (s).

13C{TH} NMR (- 20°C): 192.5 (t, 2Jcp = 8.9 Hz, CO), 94.5 (t, 2Jcp = 2.6 Hz,
CyHp), 16.9 (t, Jcp = 17.7 Hz, P(CHa3)3).

4a:

Anal. Caled. for C11HpgO3P70s: C, 29.20; H, 4.46. Found: C, 29.49; H, 4.41

MS (EI): M+ -nCQO, n = 0-2.

IR (pentane, cm-1): V~q: 1996 m, 1932 s; Vyaeylt 1652w.

Hz, 3Jpy = 4.48 Hz, CHy), 1.59 (dd, JpH = 3.98 Hz, 2 PMe3).

31P(1H) NMR: - 41.49 (s)

13C(1H} NMR: 213.4 (t, 2Jcp = 10.80 Hz, acyl), 186.5 (t, 2Jcp = 7.3 Hz, 1CO),
185.3 (t, 2Jcp = 6.0 Hz, 1 CO), 166.7 (t, 2Jcp = 7.1 Hz, Os-C(O)-CoH), 159.9 (t,
2Jcp = 12.5 Hz, Os-CgH), 18.2 (t, Jcp = 18.2 Hz, P(CH3)3).

4b:

Anal. Calcd. for C11Hpp03P20s: C, 29.20; H, 4.46. Found: C, 29.71; H, 3.98.
IR (pentane, cm™1): Vo 20105, 1938 vs; Vyeyr 1649 w.

TH NMR: 8.83 (ddd, 3Jyu = 6.2 Hz, 3Jpax = 0.7 Hz, 3JppH = 3.1 Hz, Hp), 8.34
(ddd, 3Jyy = 6.2 Hz, 4Jpay = 4.2 Hz, 4Jppy = 8.7 Hz, Hy), 1.68 (d, 2Jpap = 9.2
Hz, PyMej3), 1.48 (d, 2Jppy = 9.0 Hz, P,Mes)

SIP(1H) NMR: Pa:-44.4 (d, 2Jpp = 21 Hz), Pb: - 50.1 (d, 2Jpp = 21 Hz).

13C{1H} NMR (- 10°C): 207.8 (dd, ?Jcp = 11.4 Hz), 2Jcp = 5.7 Hz, acyl), 188.3
(dd, 2Jcp = 89.7 Hz, cp = 7.7 Hz, 1C0), 186.5 (dd, ZJcp = 9.7 Hz, 2Jcp = 4.9 Hz,
1C0), 166.3 (d, 3Jcp = 6.5 Hz, 0s-C(0)-CoH), 154.7 (dd, Zcpp= 43.8 Hz, Zjcp, =
13.3 Hz, Os-CgH), 20.0 (d, 1cp = 32.6 Hz, P(CH3)3), 16.0 (d, VJcp = 34.0 Hz,

P(CH3)3).



Synthesis of Os(CO)3(P(tBu)3}{n2-C(O)C;H,C(0O))}, 5a

Tri-tert-butylphosphine (36 pl, 0.153 mmol) was added to a colorless

solution of Os(CO)4(n2-CaH3) (50 mg, 0.153 mmol) in 12 mL pentane at 0°C.
The solution was stirred at this temperature for 2.5 h. The solution
gradually changed to yellow suspension. The supernatant was removed
via a cannula at 0°C. The residue was washed with pentane at this
temperature to afford 5a (27 mg, 42 %) as a yellow powder. Ture
compound 5a for elemental analysis was obtained from the reaction under
CO atmosphere. Anal. Calcd. for C19H29050sP: C, 40.85; H, 5.23. Found: C,
40.32; H, 4.79.

IR (pentane, cm’1): Ve 2081 5, 2016 s, 1980vs; V,qypi 1614 w.

THNMR: 6.86 (d, 4Jpy = 0.61 Hz, 2 H), 1.45 (d, 3Jpy = 12.5 Hz, 27 H).

31P(1H) NMR : 55.0 (s).

13C{TH} NMR: 246.6 (d, 2Jcp = 7.9 Hz, 2(acyl)), 179.4 (d, 2Jcp = 10.2 Hz, 2CO),
173.5 (d, 2Jcp = 115 Hz, 1CO), 164.3 (s, CaH2), 43.7 (d, 2Jcp = 11.3 Hz,
P(CMe3)3), 32.3 (br, P(CMe3)3).

Synthesis of Os(CO)3{P(Bu)3}(n=-C(0)C(Me)C(Me)C(O)}, 5b

Tri-tert-butylphosphine (33 pl, 0.140 mmol) was added into a
colorless solution of Os(CO)4(MeCoMe) (50 mg, 0.140 mmol) in 20 mL
pentane at - 78°C. The solution was stirred and slowly allowed to warm to
ambient temperature over 8 h. The color of the solution gradually changed
and a yellow, then orange suspension formed. The mixture was cooled to -
78°C and the solvent was removed in vacuo at this temperature. The
residue was recrystallized from CHCly/penatene at - 20°C to give 5b (24 mg,
29 %) of a light orange crystalline solid. Anal. Caled. for Cz1H33050sP: C,
4299; H, 5.67. Found: C, 40.98; H, 6.08. MS (FAB): M+-nCQO,n=0-3.



IR (pentane, cm-1): V-5: 2078 s, 20125, 1994 vs; Vacyr: 1608w.

TH NMR: 1.81 (s, 6H), 1.42 (d, 3Jpy = 12.6 Hz, 27H).

31P{1H} NMR: 54.1 (s).

13C(1H} NMR: 2429 (d, 2]cp = 7.8 Hz, 2CO;¢yn, 179.8 (d, 2Jcp = 10.6 Hz,
2Ceq0), 173.2(d, 2Jcp = 68.8 Hz, 1C,,0), 168.2 (s, -(Me)C=C(Me)-), 43.4 (4,
1Jcp = 10.6 Hz, P(CMe3)3), 33.1 {s, P(CMej3)3), 10.8 (s, C(O)C(Me)=).

BC NMR: 2429 (d, 2Jcp = 7.8 Hz, 2CO;acy1), 179.8 (d, 2Jcp = 10.6 Hz, 2Ceq0),
173.2 (d, 2Jcp = 68.8 Hz, 1C,x0), 168.2 (m), 33.1 (dq, Jcp = 10.6 Hz, Jcy =
127.6 Hz), 10.8 (g, YcH = 128.1 Hz).

Synthesis of Os(CO),(PMej)(H)(C;H), 6

A colorless solution of compound 3f (15 mg, 0.353 mmol) in 5 mL
CHCl; was allowed to warm to room temperature. After stirring for 2 h;
the solvent was stripped off in vacuo. Recrystallization from pentane gave
€ (9 mg, 60%) as a white powder. Anal. Calcd. for C;gHapO,P,0s: C, 28.30; H,
4.75. Found: C, 28.33; H, 4.55.
IR (pentane cm-1): Vg 2023 m, 1958 s.
THNMR: -7.70 (t, ZJpy = 22.2 Hz, 1H), 1.51 (t, 4Jpy = 4.1 Hz, CoH), 1.75 (¢,
JrH = 4.1 Hz, 2 PMej3).
3IP{TH} NMR: - 47.0 (s).
I3C{(1H} NMR: 182.8 (t, 2Jcp = 7.7 Hz, 1CO), 181.1 (t, 2Jcp = 7.7 Hz, 1CO), 93.4
(t, 3Jcp = 2.7 Hz, CCH), 87.0 (t, 2Jcp = 17.2 Hz, CCH), 21.0 (t, Jcp = 19. iz,
P(CH3)3). |

Synthesis of Os3(CO)5(PMej3)2{p-nt: n2Z-CoH,C(O)CoH)), 7
Trimethylphosphine (28.9 mL, 0.279 mmol) was added to a solution
of Os(CO)4(n2-CoH)) (91.7 mg, 0.279 mmol) in 35 mL pentane at 0°C. The
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colorless solution was stirred at 0°C for 3 h, its color gradually turned
yellow. The yellow solution was then allowed to warm to room
temperature, resulting in the formation of an orange precipitate. The
mixture was stirred for an additional 12 h. The solvent was removed in
vacuo. The residue was washed by adding 5 mL hexane at room
temperature and stirring for a few minutes, followed by cooling to - 78°C.
The supernatant was then removed by syringe. After this process was
repeated three times, the resulting yellow powder was dried under vacuum
. The yield of 7 was 62 mg (59%). Anal. Calcd for C16H2206P20s2: C, 25.53;
H, 2.95. Found: C, 25.09; H, 2.74. MS (70ev, 200°C, m/e): M* - n CO, n = 0-5.
IR (pentane, cm-1): V-qG: 2052m, 2022m, 1990vs, 1978s, 1936mi; Vacyl®
1605w.

IR (pentane, cm-1, with 13CO enriched product): Vco: 2006m, 1973m,
1944vs, 1934s, 1904m; "L)acy!: 1570w.

TH NMR: H'p: 9.30 (dd, 3JHqHg = 12.60 Hz, 2Jpanryg = 5.36 Hz), Hp: 8.79 (d,
3HgHp = 9.32 Hz), H'y: 6.25 (ddd, JHgHp = 12.60 Hz, 4p,H' = 2.24 Hz,
3JHH'q = 1.00 Hz), Hq: 4.65 (ddd, 3JHqHg = 9.32 Hz, 3]ppH, = 5.96 Hz,
3JHH', = 1.00 Hz), Hpy,: 1.88 (d, 2Jp,H = 10.60 Hz, 9H), Hp,: 1.83 (d, 2Jp,H =
10.72 Hz, 9H).

31P(1H} NMR: P,: - 31.2 (s), Pp: - 51.1 (s).

13C{TH} NMR: 202.0 (s, acyl), 191.1 ( dd, 3Jcpa = 4.8 Hz, ?Jcpy, = 6.4 Hz,
1C¢/d0), 189.5(d, Jcp, = 6.4 Hz, 1Ca/p0), 188.4 (d, ZJcpy, = 6.3 Hz, 1Cc/40),
183.8 (d, 2Jcp, = 6.3 Hz, 1Ca/p0), 180.5 (s, 1Cc0), 173.8 (d, 2Jcp, = 8.3 Hz,
CH'p), 134.9 (s, CHp), 131.9 (s, CH'a), 64.9 (c, CHy), 226 (d, YJcp, = 39.6 Hz,
PaMes), 19.5(d, YJcpy, = 37.9 Hz, PyMes).

13C{TH} NMR (with 13CO enriched product): 202.0 (s, acyl), 191.1 (ddd, 3er,
= 4.8 Hz, Jcpy, = 6.4 Hz, Jcc = 34.5 Hz,1Cc/40), 189.5 (d, 2Jcp, = 6.4 Hz,
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1Ca/K0), 1884 (dd, ?Jcpy, = 6.3 Hz, 2cc = 34.5 Hz, 1C/40), 183.8 (d, Ycp, = 6.3
Hz, 1Ga/0), 180.5 (s, 1Cc0), 173.8 (dd, ?Jcp, = 8.3 Hz, Ycc = 17.7 Hz, CHYp),
134.9 (d, ZJcc = 21.5 Hz, CHp), 131.9 (d, ZJcc = 55.8 Hz, CH'g), 64.9 (d, Zcc =
49.7 Hz, CH,), 22.6 (d, lcp, = 39.6 Hz, PaMe3), 19.5 (d, 1Jcp,, = 37.9 Hz,
PpMe3).

13C NMR: 173.8 (dd, 2cp, = 8.3 Hz, 1jcy = 132 Hz, CH'p), 1349 (d, JcH =
141.7 Hz, CHp), 1319 (d, Jcy = 155.31 Hz, CH'g), 64.9 (d, YJc = 151.9 Hz,
CH,), 22.£ ‘dm, Ycp, = 39.6 Hz, PaMe3), 19.5 (dm, cpy, = 37.9 Hz, PyMe3).



81

2.5. References

1
()
(33

4)

®)

6)
)

8
©)

(10)

(11)
(12)
(13)

(14)
(15)
(16)
(17)
(18)

Sappa, E.; Tiripicchio, A.; Braunstein, P. Chem. Rev. 1983, 83, 203.
Schore, N. E. Chem. Rev. 1988, 88, 1081.

Colquhoun, H. M.; Thompson, D. J.; Twigg, M. V. Carbonylation.
Direct Synthesis of Carbonyl Compounds; Plenum Press: New York,
1991.

Parshall, G. W.; Ittel, S. D. Homogeneous Catalysis; 2 ed.; Wiley-
Interscience: NY, 1992, pp 191-216.

Hubel, W.; Braye, E. H.; Clauss, A.; Weiss, E.; Kruerke, D.; BrowH; D.
A.; King, G. S. D.; Hoogzand, C. J. Inorg. Nucl. Chem. 1959. + 204
Hubel, W.; Braye, E. H. ]. Inorg. Nucl. Chem. 1959, 10, 2%%.

Hubel, W. In Organic Synthesis via Metal Carbonyls; ¥ Wei.uce. 2nd
P. Pino, Ed.; Wiley: New York, 1968; Vol. 1; pp 273-37"

Ward, B. C.; Templeton, J. L. J. Am. Chem. Soc. 1980, 1$2, 1532.
Templeton, J. L.; Herrick, R. S.; Morrow, J. R. Orgamor=:tallics 1984. 3,
535.

Birdwhistell, K. R.; Tonker, T. L.; Templeton, J. L. | Am. Chem. Soc.
1987, 109, 1401.

Templeton, J. L. Adv. Organomet. Chem. 1989, 29, 1.

Alt, H. G. ]J. Organomet. Chem. 1985, 288, 149.

Alt, H. G.; Han, J. S.; Rogers, R. D.; Thewalt, U. J. Organomet. Chem.
1993, 459, 209.

Davidson, J. L.; Vasapollo, G. Polyhedron 1983, 2, 305.

Davidson, J. L. J. Chem. Soc., Dalton Trans. 1986, 2423.

Lee, W.-S.; Brintzinger, H. H. J. Organomei. Chem. 1977, 127, 93.
Pannell, K. H,; Crawford, G. M. J. Coord. Chem. 1973, 2, 251.

Ball, R. G.; Burke, M. R.; Takats, J. Organomeztallics 1987, 6, 1918.



(19)
(20)

(21)
(22)

(23)
(24)
(25)
(26)

(27)
(28)
(29)
(30)
(31)
(32)
(33)

(34)
(35)

(36)

(37)

82
Gagne, M. R.; Takats, J. Organometallics 1988, 7, 561.
Burn, M. J; Kiel, G.; Seils, F.; Takats, J.; Washington, J. J]. Am. Chem.
Soc. 1989, 111, 6850.
Harris, R. K. Can. J. Chem. 1964, 42, 2275.
Anderson, R. A.; Jones, R. A,; Wilkinson, G. J. Chem. Soc., Dalton
Trans. 1977, 446.
Pearson, J. M.; Jordan, R. B.; Takats, J., Unpublished Work.
Angelici, R. J. Organomet. Chem. Rev. 1968, 3, 173.
Basolo, F. Inorg. Chim. Acta. 1981, 50, 65.
Atwood, J. D.; Wovkulich, M. J.; Sonnenberger, D. C. Acc. Chem. Res.
1983, 16, 350.
Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1976, 98, 3155.
Atwood, J. D.; Brown, T. L. J. Am. Chem. Soc. 1976, 98, 3160.
Howell, J. A. S.; Burkinshaw, P. M. Chem. R=v. 1983, 83, 557.
Zhang, Z. S.; Jordan, R. B.; Takats, J., Personal Communication.
Kiel, G.; Takats, J., Unpublished Work.
Burt, R.; Cooke, M.; Green, M. J. Chem. Soc. (A) 1970, 2981.
Wong, W.; Singer, S. J.; Pitts, W. D.; Watkins, S. F.; Baddley, W. H. J.
Chem. Soc., Chem. Commun. 1972, 672.
Corrigan, P. A.; Dickson, R. S. Aust. J. Chem. 1979, 32, 2147.
Padolik, L. L.; Callucci, J. C.; Wojcicki, A. J. Am. Chem. Soc. 1993, 115,
9986.
Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry; 5th ed!;
A Wiley-Interscience Publication: New York, 1988, pp 1034-1038.
Levy, G. C.; Nelson, G. L. Carbon-13 Nuclear Magnetic Resonance for
Organic Chemists; Wiley-Interscience, John Wiley & Sons, Inc.: New
York, 1972, pp 28-29.



(38)

(39)

(49)

41)

42)

43)

44
45)

(46)

47)

(48)

(49)

(50)
(51)

(52)
(53)
(54)

83

Rossi, A. R.; Hoffmann, R. Inorg. Chem. 1975, 14, 365.

Marinell, G.; Streib, W. E.; Huffman, J. C.; Caulton, K. G.; Gagne, M.
R.; Takats, J.; Dartiguenave, M.; Chardon, C.; Jackson, S. A;
Eisenstein, O. Polyhedron 1990, 9, 1867.

Espuelas, J.; Esteruelas, M. A,; Lahoz, F. ].; Lopez, A. M; Oro, L. A. J.
Organomet. Chem. 1994, 468, 223.

Atwood, ]. D.; Brown, T. L. J. Am. Chem. Soc. 1975, 97, 3380.

Cotton, E. A,; Troup, J. M. J. Am. Chem. Soc. 1974, 96, 3438.
Cobbledick, R. E.; Einstein, F. W.; Pomeroy, R. K. J. Organomet.
Chem. 1980, 195, 77.

Cowley, A. H.; Davis, R. E.; Remanda, K. Inorg. Chem. 1981, 20, 2146.

-Bellachioma, G.; Cardaci, G.; Macchioni, A.; Reichenbach, G. ].

Organomet. Chem. 1990, 391, 367.

Glaser, R.; Yoo, Y.; Chen, G. S.; Barnes, C. L. Organometallics 1994, 13,
2578.

Leplattenier, F.; Calderazzo, F. Inorg. Chem. 1968, 7, 1290.

Collman, J. P.; Hegedus, L. S.; Norton, J. R,; Finke, R. G. Principles
and Applications of Organotransition Metal Chemisiry; University
Science Books: Mill Valley, CA, 1987, pp 355-394.

Blomberg, M. R. A.; Karlsson, C. A. M.; Siegbahn, P. E. M. ]. Phys.
Chem. 1993, 97, 9341.

Noack, K.; Calderazzo, F. ]. Organomet. Chem. 1967, 10, 101.

Flood, T. C;; Jensen, J. E.; Statler, J. A. ]. Am. Chem. Soc. 1981, 103,
4410.

Axe, F. U.; Marynick, D. S. . Am. Chem. Soc. 1988, 110, 3728.
Andersen, J.; Moss, J. R. Organometallics 1994, 13, 5013.

Esteruelas, M. A.; Werner, H. J. Organomet. Chem. 1986, 303, 221.



(55)

(56)

(67)

(58)

(59)

(60)

(61)

(62)
(63)

(64)

(65)
(66)

67)

(68)
(69)

Walker, H. W.; Ford, P. C. J. Organomet. Chem. 1981, 214, C43.
Silvestre, J.; Hoffmann, R. Helv. Chim. Acta. 1985, 68, 1461.

Alonso, F. J. G.; Hohn, A.; Wolf, J.; Werner, H. Angew. Chem. Int.
Ed. Engl. 1985, 24, 406.

Hohn, A.; Otto, H.; Dziallas, M.; Werner, H. J. Chem. Soc., Chem.
Commun. 1587, 852.

Werner, H.; Baum, M.; Schneider, D.; Windmuller, B.
Organometallics 1994, 13, 1089.

Loots, M. J.; Weingarten, L. R.; Levin, R. H. J. Am. Chem. Soc. 1976,
98, 4571.

Aime, S.; Gobetto, R.; Nicola, G.; Osella, D.; Milone, L.; Rosenberg, E.
Organometallics 1986, 5, 1829.

Kiel, G.; Takats, J. Organometallics 1989, &, 839.

Dyke, A. F.; Knox, S. A. R.; Naish, P. J; Taylor, G. E. J. Chem. Soc.,
Dalton Trans. 1982, 1297.

Takats, J.; Washington, J.; Santarsiero, B. Organometallics 1994, 13,
1078.

Washington, J. Ph. D. Thesis, University of Alberta, 1994.

Mirza, M. A,; Vittal, J. J.; Puddephatt, R. J. Organometallics 1994, 13,
3063.

Tachikawa, M.; Richter, S. I.; Shapley, J. R. . Organomet. Chem. 1977,
128, C9.

Pearson, A. ].; Shively, R. J. Organometallics 1994, 13, 578.

Hubel, W. In ; I. Wender and P. Pino, Ed.; Interscience Publishers:
New York, 1968; Vol. 1; pp 273-342.

84



(70)

(71)

(72)

(73)

(74)

85

Pino, P.; Braca, G. In Organic Synthesis via Metal Carbonyls; 1.
Wender and P. Pino, Ed.; Wiley: New York, 1977; Vol. 2; pp 419 -
516.

Bruce, M. L; Jensen, C. M.; Jones, N. L. Inorg. Synth. 1989, 26, 259.
Johnson, B. F. G.; Lewis, J.; Twigg, M. V. J. Chem. Soc., Dalton Trans.
1975, 1876.

Rushman, P.; van Buuren, G. N.; Shiralian, M.; Pomeroy, R. K.
Organometallics 1983, 2, 693.

Washington, J.; McDonald, R.; Takats, J.; Menashe, N.; Reshef, D.;
Shvo, Y. Organometallics 1995, 14, 3996.



86
Chapter 3

Reactions of M(CO)4(n2-alkyne) (M = Ru, Os) Complexes
with Diphosphines

3.1. Introduction

In the previous chapter, the reactions of M(CO)4(n2-alkyne)
complexes with monophosphines were described. In general, the reactions
with one equivalent of PR3 (R = Me, Ph) gave the corresponding CO
substitution products. When two equivalents or an excess of PR3 were
used, two types of products were obtained. With electron-poor alkynes,
such as CF3C2CF3, a second CO was replaced also. In the case of electron

rich alkynes, such as CoHs, CO insertion prcducts were obtained. In order

RoP(CH2),PR2 (n =1, R = Ph, dppmp R = Me, dmprn; n=2R=Ph, dppeg 4
= M2, dmpe) was undertaken. Base:l on the previous precedents described
in Chapter 2, three types of products (H, I, and J) may be anticipated. Each

type offers attractive attributes for further elaboration.
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It is well documented that the dppm ligand has a strong tendency to
bridge dinuclear centers and is widely used for the synthesis of dinuclear
complexes.!” In addition, the presence of an alkyne ligand in species H and
I provides the possibility for further condensation reactions. In the case of
species ], the metallacyclobutenone may undergo ring expansion. In this
chapter the results of the reactions of M(CO)4(n2-alkyne) compounds with

diphosphines are reported.

3.2.1. Reaction of Ru(CO)4(n2-F3CC2CF3) with dppm and dmpm
Ru(CO)4(n2-HFB) (1¢) reacts readily with dppm or dmpm to give a

single product in each case in good yield (eq. 3.1).

CH,Cl,
——— "Ru(CO)3(R;PCH,PR,)(HFB)" (3.1)

e + R,PCH,PR, — 55C 1. t

R =Ph, 74%, 8a; Me, 70%, 8b.

The mass spectrum of 8a showed a parent molecular jion at m/e 732
with the expected isotope pattern, followed by loss of three carboayls. In
conjunction with elemental analysis, complex 8a can thus be formulated as
"Ru(CO)3(PhoPCH>PPh2)(HFB)". The IR spectrum showed three terminal
carbonyl stretching bands at 2085 (s), 2028 (m), and 2000 (s) cm-1. The
31P{TH) NMR spectrum showed two distinct phosphine resonances at § 32.9
and 47.7. The 19F NMR spectrum showed two resonances at § - 43.3 and
- 48.8. Selective 31P decoupling experiments clearly showed that the

phosphine at § 47.7 is not only coupled to the other phosphine at § 32.9 but
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is also coupled to the fluorines of one of the CF3 groups. The 13C{1H} NMR
carbonyls with equal intensity at & 198.7, 195.9, and 192.2. In combination
with the 31P{TH} NMR spectrum of the same enriched sample, the carbonyl
at 8 192.2 is evidently coupled to the phosphine at § 32.9 with a coupling
constant of 83 Hz, indicating a trans relationship, whereas the remaining
two carbonyls at 5 198.7 and 195.9 are coupled to the same phosphine at 5
32.9 with a coupling constant of ca. 10 Hz , suggesting a mutual cis
arrangement. The important feature is that the three carbonyls are not
coupled to the other phosphine at & 47.7. Therefore, it appears that the
structure of the product is similar to the axially substituted
monophosphine derivative described in Chapter 2 except that one end of
dppm has some unexpected interaction with one end of the HFB ligand.
Finally, the TH NMR spectrum showed that, surprisingly, the two
methylenic protons of the dppm ligand are no longer coupled to each
other. One of the protons is coupled to both phosphines, as would be
typically expected for dppm ligand, but the other is coupled not only to both
phosphines but also to the fluorines of one of the CF; groups; this was
confirmed by selective 19F{'H} decoupling experiments. In order to solve
the puzzle, the molecular structure of this unusual compound 8a was
determined by X-ray crystallography.

Solid-State Structure of 8a. The X-ray structure of complex 8a is
shown in Figure 3.1; Table 3.1 shows selected bond distances and bond

angles.
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Figure 3.1: ORTEP View of

I |
(OC);Rp-P(Ph,)(CH)-P(Phy)-C(CFy)-C(H)(CF), 8a
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Table 3.1: Selected Bond Distances and Angles for

P I
(DC);REsP(th)(CH)nP(Phg)—fC(CE)ﬁ?(H)(QF;) , 8a

Bond Distances ( A )

Ru-C(1) 1.89(2) Ru-C(2) 1.92(2)
Ru-C(3) 1.95(2) Ru-C(6) 2.14(1)
Ru-C(7) 2.20(1) Ru-P(1) 2.389(4)
P(1)-C(4) 1.72(1) P(2)-C{4) 1.66(1)
P(2)-C(7) 1.84(1) C(6)-C(7) 1.53(2)

Bond Angles (deg.)

P(1)-Ru-C(1) 89.2(5) P(1)-Ru-C(2) 90.8(5)
C(1)-Ru-C(2) 102.7(7) P(1)-Ru-C(3) 178.5(5)
C(1)-Ru-C(3) 90.2(7) C(2)-Ru-C(3) 88.0(7)
P(1)-Ru-C(6) 86.6(3) C(1)-Ru-C{6) 105.6(6)
C(2)-Ru-C(6) 151.5(6) C(3)-Ru-C(6) 94.9(6)
P(1)-Ru-C(7) 88.4(3) C(1)-Ru-C(7) 147.0(6)
C(6)-Ru-C(7) 41.4(4) Ru-P(1)-C(4) 105.8(5)

P(1)-C(4)-P(2) 120.4(7) C4)-P(2)-C(7) 108.7(6)



The structure reveals that, as expected, one phosphine is coordinated
to the ruthenium center, while the other phosphorus has linked with the
coordinated alkyne and undergone C-H bond cleavage and hydrogen
transfer to one of the alkyne carbons from the methylene of dppm. The
bonding in this interesting heterobicyclic structure can be viewed as

contributions from four possible resonance forms (Scheme 3.1).

H
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Scheme 3.1

The C6-C7 bond length ( 1.53 (2) A ) is typical for a carbon-carbon
single bond.® The metal-carbon distances of Ru-C(6) (2.14 (1) A) and
Ru-C(7) (2.20 (1) A) are typical Ru-C single bonds.”® Therefore, the

resonance forms M and N are not likely to contribute significantly to the
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bonding as a shorter C-C bond distance and longer Ru-C bonds would be
expected. The P1-C4 (1.72 (1) A ) and P2-C4 ( 1.66 (1) A ) bond distances are
much shorter ( by ca 0.1 A ) than those in dppm complexes,!2:510 put
similar to those containing deprotonated dppm ligands,'1"13 thus suggest
some double bond character. Since P1- C4 separation is 0.06 A longer than
the P2-C4 distance, the ylide resonance form K appears to make a greater
contribution than the zwitterionic structure L. Thus the structure is best
described as the ylide form K with some contribution from the zwitterionic
form L. On the basis of its very similar spectroscopic features, compound 8b
is assigned an analogous structure.

Formation of 8a and 8b. In an attempt to provide an insight into the
mechanism of the formation of complexes 8a and 8b, the reaction of
Ru(CO)4(n2-CF3C2CF3) with dppm was monitored by low temperature 1H,
19F, and 31P NMR spectroscopy. Unfortunately, no intermediate could be
detected from - 80°C to room temperature; immediate product formation
was seen at - 10°C. Based on the fact that the reaction of Ru(CO)4(n2-

CF3C2CF3) with monophosphines (PR3, R

CHj3, Ph) gives only CO
substitution products with the coordinated hexafluorobutyne remaining
intact, a plausible pathway for the formation of 8a and 8b is shown in
Scheme 3.2. Initial CC dissociation, followed by coordination of one end of
the dppm ligand forms an intermediate which mimics the
monophosphine substitution. The dangling phosphine in this
intermediate then attacks the coordinated alkyne carbon to generate a

carbanion. In analogy with the deprotonation of methylene of dppm with

methylene group of the diphosphine to complete the process.
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! & o 5.+ RyPCH,PR,
U= g5 Ru(CONn*HFB)—————>

Scheme 3.2

Coupling of free or metal coordinated alkynes with a phosphine is
not novel. For example, the reaction of hexafluorobutyne with phosphines
is known,’® and intermolecular addition of a phosphine to alkyne
complexes to give ylide-carbene complexes!’-? has also been observed (eq.

3.2).



Cfp ?P
2 — - Mn H L (32

alk.yne unit in a mononuclear camplex. In hindsight it is not that

step is nc:tewcrthyi The formation of single pmduct and the pasxticpn of the
hydrogen atom, syn to the methylene carbon, is consistent with an

intramolecular hydrogen migration step.

3.2.2. Reaction of Ru(CO)4(n2-HFB) with dppe and dmpe.
In contrast to dppm, the reaction of Ru(CO)4(m2-HFB) (1c) with dppe
or dmpe proceeded by simple substitution of two CO ligands and gave

compounds 9a and 9b in moderate yields (eq. 3.3).

R,P 2 ,
CH,Cl, 2o | CCE 3

e+ RPCHCHPR, —— -~ o~ Ru—y) (3.3)
oc” L&
S 3

R =Ph, 64%, 9a; Me, 60%, 9b.
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The IR spectrum of complex 9a showed two carbonyl bands at 2027
and 1961 cm-1, as well as an alkyne carbon-carbon stretch at 1772 cm-1. The
13C{1H} NMR spectrum showed two carbonyl signals with equal intensity at
8 203.8 and 195.6. The resonance at 6 195.6 appeared as a doublet of doublets
with coupling to both phosphines with 118.2 Hz and 5.0 Hz, respectively.
The large coupling constant indicates a trans arrangement between the
carbonyl and the phosphine. The31P{1H} NMR spectrum displayed two
resonances at 8 65.3 and 54.4. Compared to the 31P chemical shift of free
dppe at 8 - 12.5,2 the large downfield shift indicates that a five-memberec
chelating ring has formed upon coordination of dppe.2425 The
spectroscopic data are consistent with the structure shown in eq. 3.3. The

IR, TH , 31P(1H), 13C{1H]), and 19F NMR spectra of complex 9b are very

It is well known that the reactivity of diphosphines depends on the
length of their hydrocarbon backbones.l2 Due to its preference to form
five-membered rings, dppm and dmpm are excellent bridging ligands for

the preparation of dinuclear complexes, whereas dppe and dmpe behave as

reaction of Ru(CO)4(n2-HFB) with dppe or dmpe results in the substitution
of two CO ligands. A simple reaction sequence for the formation of

compounds 9a and 9b is shown in Scheme 3.3.
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uij),? + RzPCHECHzFRZ

Scheme 3.3

After initial CO displacement by one end of a diphosphine, the
substitution of a second CO by the dangling phosphine generates complexes
9a and 9b. Again, the facile substitution of CO is ascribed to the formation of

an intermediate stabilized by a four-electron alkyne donor. It is interesting
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to note the different outcomes between substitution reactions which give
9a and 9a and the phosphine-alkyne coupling reactions which generate 8a
and 8b. Note that, for both types of reactions, the first step is the same CO
substitution by one end of the diphosphine. Although it is known that the

the basicity of free PhoPCHPPh; is essentially the same as that of
PhoP(CH2),PPhy; the same is true for the other pair Me;P(CH2)nPMe; (n =
1, 2).2627 As described in Chapter 2, the reaction of Ru(CO)4(n2-HFB) with
monophosphines (PR3, R = Ph, CHj3) gives only substitution products, even
when excess phosphine was used. Thus the distinct reactivity patterns are
independent of the basicity of the dangling end of the RyP(CH2)hPR2 (n =1,
2) ligand. This suggests that both the decrease in the acidity of the
methylene groups in dppe and dmpe, and the formation of a seven-
membered chelating ring prohibit coupling between the dangling

phosphine and the coordinated alkyne with these ligands.

3.2.3. Reactions of Os(CO)4(n2-C,H3) (1d) with dppm

The reaction of 1d with dppm in dichloromethane leads to the
formation of two complexes, 10a and 10b (eq. 3.4). Formulation of 10a and
10b are based on elemental analyses and spectroscopic data. Both
compounds have identical mass spectra, a parent molecular ion at m/e 686
with the expected isotope pattern, followed by sequential loss of two
carbonyls and the C(O)C,H, fragment. The IR spectra showed two terminal
carbonyl bands (10a: 2009, 1948 cm-1; 10b: 2002, 1946 cm-1) and one band at
1633 cm-1 for 10a and at 1630 cm-! for 10b. In order to identify whether the
low frequency bands are due to an acyl group or a coordinated alkyne

carbon-carbon stretch, a carbon-13 labelling experiment was carried out. By
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employing 13CO enriched starting material, Os(13C0O)4(n2-CaHj>), the IR
bands of corresponding products 10a and 10b shifted to lower wave
numbers (10a: 1962, 1905, 1595 cm-1. 10b: 1955, 1903, 1593 ecm-1), indicating
that these bands are evidently attributable to two terminal carbonyls and
one acyl group. Based on these data the two isomeric compounds are

formulated as the CO inserted products, Os(CO)(C(O)C2H2)(m2-dppm).

| CH,Cl, i
1d + dppm — Y = Os(CO),(COC,Hy)(dppm) (3.4)

10a, 10b

Table 3.2: Selected IH NMR Data for 10b

Compound Hgy Hp 3JH-H?
{(nZ-C2HC(0))Os(CO)2(dppm) (10b) 8.05 9,17 6.0
{nZC2HC(0))0s(CO)2(PMe3); (4a) 8.41 8.65 6.9
NZCzH2C(0))Os(CO)2(PMe3); (4b) 8.34 8.83 6.2
{NZ-C2H>C(O)Os(CO)Ru(CO)4b 7.46 8.17 9.0

a Couplings in Hz. b2

The TH spectrum of 10b had two multiplets integrating as one proton
each in the low field region at 8 9.17 and 8.05, reminiscent of the ring
protons of the CHCHT(O) group (Table 3.2). For compound 10a, these
resonances were not observed due to their overlapping with the phenyl
protons. The 31P{1H} NMR showed two resonances (10a: - 45.6, - 50.6;
10b: - 41.9, - 39.9) at higher field with respect to free dppm, indicating that a
four-membered ring has formed.2%% The 13C(1H) NMR spectra displayed a
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similar pattern for both compounds (Figure 3.2). There are three equal
intensity carbonyl resonances for each compound; one carbonyl is strongly
coupled to a phosphorus {10a: 188.5 (94 Hz); 10b: 188.3 (92 Hz)} indicating a
trans orientation between that carbonyl and the phosphine. In addition,
the 13C{1H} NMR spectrum of 10a shows that the resonance at § 198.5,
assigned to the acyl group, is a doublet of doublets and hence it is coupled to
both phosphorus atoms. The large coupling (54 Hz) is due to a trans
arrangement. In the case of 10b, a broad-band 31P and 1H decoupling
experiment conducted on a 13CO enriched sample clearly established that
the acyl group at 8 201.4 is coupied to the equatorial carbonyl at §186.7 with
a coupling constant of 17 Hz, which is in agreement with a trans
arrangement. Therefore, it appears that compounds 10a and 10b can be
formulated as shown in Figure 3.2.

Solid-State Structure of 10a. To corroborate the assignments, the
solid state structure of 10a was determined by single crystal X-ray
crystallography. As shown in Figure 3.3, the molecule contains an
osmacyclobutenone unit, Os-C(3)-C(4)-C(5), which arises from the coupling
of the coordinated acetylene and a carbonyl ligand. The geometry around
Os atom is distorted octahedral. One of the axial positions is occupied by
P(1) while P(2) is bent away from the equatorial plane with the P(1)-Os-P(2)
angle of 70.6 (1)°. In addition, the P(1)-Os-C(2) angle of 172.5 (5) is
somewhat less than 180° (Table 3.3). The Os-C(3) (2.13 (2) A) and Os-C(5)
(2.11 (1) A) bond distances are representative of normal osmium carbon
single bonds.?? As well, the C(4)-C(5) bond distance of 1.35 (2) A and the
C(3)-C(4) bond length of 1.45(2) A are in the typical range of C-C double
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Figure 3.2: The 13C(TH) NMR Spectra of 10a (top) and 10b (bottom)
in the Carbonyl Region



101

c4

N5

03

02

Figure 3.3: ORTEP View of Os(CO)2(n2-COC;H2)(n=dppm), 10a



102

Table 3. 3: Selected Bond Distances and Angles for
0s(CO)2(n2-COCzH;)(n%-dppm), 10a

Os-C(1)
0s-C(3)
Os-C(5)
Os-P(2)
C(3)-C(4)

P(1)-Os-P(2)
P(1)-0s-C(2)
P(1)-Os-C(5)
P(2)-0s-C(3)
C(1)-0s-C(5)

Bond Distances (A)

1.89(1) 0s-C(2)
2.13(2) Os-C(4)
2.11(1) Os-P(1)
2.381(4) C(3)-0(3)
1.49(2) C4)-C(5)
Bond Angles (deg.)
70.6(1) P(1)-Os-C(1)
172.5(5) P(1)-0Os-C(3)
90.8(4) C(3)-0s-C(5)
159.1(5) 0s-C(2)-0(2)
161.1(6) P(1)-C(6)-P(2)

1.82(2)
2.68(2)
2.403(4)
1.22(2)
1.35(2)

92.1(5)
94.6(5)
63.4(6)
175(2)

96.9(6)



bond and C-C single bond distances, respectively.63%31 The C(3)O(3) bond
length of 1.22 (2) A is in the normal range of a C=O bond distance in an
a,p-unsaturated ketones.?? Thus the data are in accord with the view that
the bonding in 10a is properly represented by the osmacyclobutenone form
0, while contributions from the resonance structures P and Q are not

significant (Scheme 3.4).

~ /PPh, H /PPh, Y 7 PPh, y
PhoP,, | , ,

o
g
(@]

Scheme 3.4

Formation of compounds 10a and 10b. In an attempt to establish the
mechanism for the formation of 10a and 10b, the reaction was monitored
by variable temperature H, 31P(1H} and 13C{1H} NMR spectroscopy. From -
80°C to - 20°C, no intermediate was observed besides the starting materials
Os(CO)4(n2-CaH)) and dppm. At - 10°C, the 31P{1H) NMR spectrum showed
a new species 11 that had two resonances at 8 - 5.9 and - 28.3. The 31P
chemical shift of free dppm is at § - 22.7. Thus we feel confident in
assigning the resonance at § - 28.3 to the free end of the nl-dppm ligand and
the other at § - 5.9 to the coordinated phosphine. The chemical shifts of the
uncoordinated phosphine in the closely related complexes, Ru(CO),(n1-

dppm)3 and Fe(CO),(n1-dppm),3* are at § - 26.2 and - 25.7, respectively. The
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TH NMR spectrum of 11 showed a lowfield doublet at § 5.63, which is
characteristic of hydrogens of a coordinated acetylene. Selective 1H(31P)
decoupling experiments clearly established that, as expected, the two
protons at § 5.63 are coupled to the phosphine at § - 5.9. In order to obtain
the carbonyl resonances, an experiment was carried out by starting with
13CO enriched sample of 1d. The 13C{1H} NMR spectrum of the species 11
showed two carbony! resonances at § 186.2 and 175.7 with an intensity ratio
of 2:1, the signal at § 175.7 also displayed a large coupling to the coordinated
phosphine at 6 - 5.9 with a coupling constant of 116.7 Hz, establishing their
trans arrangement. A singlet at § 184.2, due to free 13CO, was observed also.
Therefore, there is little doubt that intermediate 11 has a trigonal
bypyramidal configuration as shown in the Scheme 3.5.

On warming the solution to room temperature from - 10°C, this
species gradually converts to the final two isomeric products without any
other additional observable intermediate. As seen in previous schemes,
and also shown in the Scheme 3.5, migratory insertion of carbonyl into
coordinated acetylene leads to the formation of osmacyclobutenone and
leaves a vacant site for coordination of the free end of the dangling
diphosphine ligand. There are two possible ways for the diphosphine to
chelate, thus formation of two isomeric 10a and 10b.

In order to determine the effect of CO, the reaction was monitored by
31P{1H]} and 1H spectroscopy under N3 or CO atmospheres, respectively.
When the reaction was performed under a Ny atmosphere, after 30 min at
- 10°C, almost all the starting material was consumed. In the case of a CO
atmosphere, only half of the starting material was converted into

intermediate 11 and final products. This indicates that the rate of the
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reaction under a CO atmosphere is substantially slower, and implies that

the reaction proceeds via CO dissociation.
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Scheme 3.5: The Mechanism for Formation of 10a/10b



3.2.4. Reactions of Os(CO)4(n2-C;Me,) (1e) with dppm
As described above, the reaction of compound 1d with dppm led to
the formation of two isomeric products 10a and 10b. Surprisingly, the
reaction of compound 1e with dppm resulted in the formation of a single
product 12 (eq. 3.5).
CH,Cl,

le + dppm _789C —m 1. L. > 0s(CO),{(CO),CoMey)l(dppm)  (3.5)

12

The IR spectrum of 12 showed two terminal carbonyl bands at 2019
and 1968 cm! and an acyl band at 1581 ecm-!. The 1TH NMR spectrum
showed iwo resonances at § 1.61 and 1.19, each integrating as three protons
and the methylene hydrogens showed up at § 5.32 and 4.94, each integrating
as one proton. In the 31P{1H]} spectrum, two signals were observed at
d - 43.2 and - 47.6, the high field shifts compared to that of free dppm
indicating the formation of a four-membered chelate ring.2425

The 13C{1H} NMR spectrum (Fig. 3.4) shows two bands at § 185.7 (3Jcp
= 9.2 Hz) and 1845 (2Jcp = 73.9 Hz, 2Jcp = 7.2 Hz) in the typical range of
terminal carbonyls.3> More importantly, two resonances at § 248.4 (?Jcp =
12.5 Hz, 2Jcp = 5.1 Hz) and 241.0 (]Jcp = 56.8 Hz, 2Jcp = 9.0 Hz) suggest the
presence of two acyl groups in the molecule. The 13C data, in conjunction
with the large trans 31P-13C coupling, establishes the presence of two
carbonyls and two acyl groups, one of each being frans to a phosphorus
atom. Thus, there are two possibilities for the molecular structure (Scheme

3.6).
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Consecutive double insertion of carbon monoxide leading to
structure R is very unusual, only two examples have been reported.8:36
Complexes of structure type S are more common,3”-3 although not via CO
insertion. Liebeskind reported the synthesis of maleoylmetal complexes
from benzocyclobutenedione (eq. 3.6).4° For both types of compounds, the
chemical shifts of the acyl carbons are similar. Thus, although the
molecular structure of 12 could not be unambiguously deduced from
chemical shift assignments, the magnitude of the 31P-13C coupling favored

structure S.

= /°
+ L (3.6)

MLy: Fe(CO)s, CIRh(PPhy)s, CICo(PPhy);, CpCo(CO),

Solid State Structure of 12. To verify the molecular structure of

compound 12, an X-ray structure determination was carried out. A



Figure 3.5: ORTEP View of Os(CO);{n2-C(O)CMeCMeC(O)}(dppm), 12
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Table 3.4 Selected Bond Distances and Angles for
Os(CO)2(n2-C(0O)CMeCMeC(O)}(dppm), 12

Os-P(1)
Os-C(1)
Os-C(3)
P(1)-C(9)
C(D-0O(D)
C3)-0(3)
C(3)-C4)
C(5)-C(6)

P(1)-Os-P(2)
P(1)-Os-C(2)
P(1)-Os-C(6)
P(2)-0s-C(3)
C(1)-0s-C(2)
C(1)-Os-C(6)
C(2)-Os-C(6)
0s-C(2)-0(2)
Os-C(3)-C(4)
(3)-C(4)-C(7)

C(6)-C(5)-C(8)

Bond Distances (A)

2.403 (2)
1.884 (8)
2.081 (8)
1.851 (7)
1.149 (9)
1.25(1)
1.50 (1)
1.39(1)

Bond Angles (deg.)

69.37 (6)
93.8 (3)
96.4 (2)
95.3 (2)
93.9 (3)
88.6 (3)
169.0 (3)
170.7 (9)
115.6 (6)
119.2 (8)
119.2 (9)

Os-P(2) 2,389 (2)
Os-C(2) 1.931 (9)
Os-C(6) 2.135 (7)
P(2)-C(9) 1844 (7)
C(2-0(2) 1.15(1)
C(6)>-0O4)  1.316 (9)
C@4)-C(5)  1.36(1)
Co)»-C(®) 1.49(1)
P(1)-0Os-C(1) 99.4 (2)
P(1)-0s-C(3) 163.9 (2)
P(2)-0s-C(1) 164.5 (2)
P(2)-0s-C(6) 822 (2)
C(1)-0s-C(3) 94.5 (3)
C(2)-0s-C(3) 93.3 (4)
C(3)-0s-C(6) 75.8 (3)
Os-C(3)-0(3) 127.8 (6)
C(3)-C(4)-C(5) 115.0 (7)
C4)-C(5)-C(6) 115.1 (7)
Os-C(6)-C(4) 123.3 (5)
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perspective view of compound 12 is shown in Figure 3.5. The relevant
bond lengths and angles are listed in Table 3.4.

Figure 3.5 clearly shows that the molecule contains an Os-C(3)-C(4)-
C(5)-C(6) osmacyclopentenedione ring. The ring is almost planar with
atomic deviations from the weighted least-squares plane being less than

0.04 A (Table 3.5). The geometry around osmium is distorted octahedral.

Table 3.5 Weighted? Least-squares Plane Comprising Os-C(3)-C(4)-C(5)-C(6)
Coefficientsb Defining Atoms

with Deviations¢

5.3067 8.7377 -7.0213 1.4648 Os 0.030 C3 -0.036
C4 0025 C5 0.013
C6 -0.031

aWeights are derived from the atomic and positional esd's using the
method of Hamilton (Hamilton, W. C. Acta Crystallogr. 1961, 14, 185).
bCoefficients are for the form ax + by + ¢z - d = 0 where x, y, and z are
crystallographic coordinates.

¢Deviations are in angstroms.

The major deviations are the P(1)-Os-P(2) angle of 69.37 (6)° and C(3)-Os-
C(6) angle of 75.8 (3)° (Table 3.4), which reflect the requirements of the
chelating dppm ligand and the osmacycle. The Os-C(1) bond distance (1.884
(8) A) is somewhat shorter than that of Os-C(2) (1.931 (9) A), reflecting that
the trans position of the former to a phosphine ligand enhanced back
bonding to this carbonyl. The C(4)-C(5) bond length is 1.36 (1)A, which is

somewhat longer than that of a C-C double bond due to its conjugation
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with two acyl groups.6 The Os-C(6) bond distance is 2.137 (7) A which is
almost the same as the Os-C(sp2) bond length of 2.138 (5)A in Os2(CO)g(u-
DMAD)*! whereas the Os-C(3) distance (2.018 (8) A) is much shorter than
that of Os-C(6), and presumably reflects again its trans disposition to a
phosphine ( P(1) ). Consistent with the conjugation of O(3)-C(3)-C(4)-C(5)-
C(6)-O(4), the bond distances of C(3)-C(4) (1.50 (1) A) and C(5)-C(6) (1.39 (1)
A) are between a C-C single bond (1.541 (3) A) and a C-C double bond (1.337
(6) A).6 Finally, the bond distances of C(3)-O(3) (1.25 (1) A) is in agreement
with the C=O bond length of 1.23 (3) A found in Ruz(CO)4{p-
C(0)C2(CO2Me)z}(dmpm),8 and that of 1.24 (3) A in OsIrCp(CO)s(p-
C2H2C0)#2 while the C(6)-O(4) (1.316 (9) A) bond distance is somewhat
longer. These bond distances suggest that the resonance structure U also

contributes to the bonding (Scheme 3.7).

~®
D .
Ph2P I," I ‘\\\ C\ CMe Ph2P ‘s, .\\C = ME
. . \ . . 3
/OS \C/\CME /Ols\qf@CMe
OC I 1] OC ‘
cC O c O
O O
T U
Scheme 3.7

insertion reactions of Os(CO)4(n2-alkyne) described above, a plausible
mechanism for the formation of 12 is given in Scheme 3.8. The initial step

is substitution of a carbonyl by one end of the dppm ligand, followed by CO
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Scheme 3.8: Proposed Mechanism for Formation of 12
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insertion to generate a sixteen electron species. This intermediate is
stabilized either by phosphine coordination Path 1 or through CO
coordination Path 2. Since the reaction of Os(CO)4(n2-CH3) with dppm
proceeds through Path 1, the same pathway is more likely to be operative in
this case. The next step is alkenyl migratory insertion,3-45 followed by
addition of CO to give complex 12. Apparently the Os-C(Me) bond is
sufficiently weaker to allow the facile insertion of the second CO ligand.
This has been supported as the reaction of Os(CO)4(n2-CaMej) with dppm,
even performed under strong N> purge, gave the product 12 rather than

mono-CO inserted product.

3.3. Conclusions

The work presented in this Chapter has demonstrated that
M(CO)4(n2-alkyne) (M = Ru, alkyne = HFB; M = Os, alkyne = CaHy, CaMey)
complexes readily react with diphosphines to generate novel metallacyclic
complexes. In the case of Ru(CO)4(n2-HFB), the reaction with dppm and

dmpm results in formation of the metallabicyclic complexes

I ] |
(OC)3Rlu-P(R2)(CH)§F(RZ)-C(Cfg)agz(H)(CFg) (R = Ph, 8a; Me, 8b) as a result of

nucleophilic attack of the coordinated HFB ligand followed by remarkably
facile proton abstraction. By contrast, the reaction with dppe and dmpe
gives simple substitution of two CO ligands and formation of the expected
Ru(CO)2(n2-RPCHCH2PR)(2-HFB) (R = Ph, 9a; R = Me, 9b). This suggests
that both the acidity of the methylenic hydrogens of the diphosphine
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ligands and the formed chelate ring size are important in facilitating -

nucleophilic attack by the dangling PR group on the coordinated alkyne.



Consistent with the alkyne-CO coupling reactions observed between
Os(C0O)4(n2-RC2R) (R = H, CH3 ) complexes and monophosphines, these
complexes readily undergo CO insertions into metal-alkyne bonds in the
presence of dppm to give the osmacyclobutenone species
Os(C0O)2{n2-C(O)CHCH)}(n2-dppm) (10a,10b) and the
osmacyclopentenedione complex
0s(C0O),(n2-C(O)C(CH3)C(CH3)C(0))(n2-dppm) (12). Low temperature NMR
spectroscopic experiments established that the reaction of Os(CO)4(n2-CaHp)
with dppm proceeds through the CO substituted intermediate
0s(CO)3(n2-CaHz)(n1-dppm) (11), before the second phosphine coordinates
to generate two isomeric species 10a and 10b. The pathway for formation of
compound 12 is postulated to be similar to that of 10a and 10b. The facile
insertion of the second CO in this case is attributed to the weaker Os-
alkenyl bond (Os-C(Me)= vs Os-C(H)=) thereby facilitating the migratory
insertion step.4647  Although there are several metallacyclobutenones and
metallacyclopentenediones reported,3!/48-53 the osmacyclobutenones (10a
and 10b) and osmacyclopentenedione species 12 described in this Chapter
and those presented in Chapter 2 are the first clear examples of formal CO

insertion reactions into metal-based alkyne ligands.

115



3.4. Experimental Section

3.4.1. Starting Materials and Reagents
The ligands, bis(diphenylphosphino)methane (dppm),
bis(diphenylphosphino)ethane (dppe), bis(dimethylphosphino)methane

Aldrich Chemical Company; dppm and dppe were recrystallized from

ethanol before use. 13CO (99%) was purchased from Isotec, Inc.

3.4.2. Synthetic Procedures

Synthesis of

(OC);Rpt-P(R;)(CH)-P(R,)-C(CF;)-G(H)(CF;) (R = Ph, 8a; Me, 8b)

8a: To a solution of dppm ( 38 mg, 0.10 smmol) in CH2Cl; ( 5 ml ) was
added Ru(CO)4(n2-HFB) ( 39 mg, 0.10 mmol ) at - 5 °C. The clear solution
was stirred at 0°C for 1 h, followed by slow warming to room temperature
over a period of 2 h. The solvent was then removed in vacuo.
Recrystallization from CH,Clz/pentane at - 20°C afforded 54 mg ( 74% ) of
8a as colorless crystals. A similar procedure was used to prepare 8b in 70 %
yield.
Data for 8a:
IR ( pentane, cm-1): Ve: 2085(s), 2028(m), 2000(s).
"H NMR: 2.85 (m, 3]pH = 16 Hz, 3]py = 9 Hz, 1H), 069 (dd, 2Jpy = 9 Hz,
Jpy= 18 Hz, 1H).
31P{TH) NMR: 32.9 (d, 2Jpp = 84 Hz), 47.7 (dq, 2Jpp = 84 Hz, 3]pf = 6 Hz).
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1I9F NMR : -43.3 (dq, 5]fr = 10 Hz, 3]pp = 6 Hz), - 48.8 (dq, 5Jpr = 10 Hz, 3Jpy =
9 Hz).
13C(1H) NMR: 198.7 (d, 2Jpc = 14 Hz, CeqO), 195.9 (d, JJpc = 7.5 Hz, CeqO),
192.2 (d, 2Jpc = 83 Hz, C;,0).
Anal. Calcd for C3oH22F¢O3P2Ru: C, 52.54; H, 3.03. Found: C, 52.41; H, 2.87.
Mass Spectrum (70 ev, 220°C, m/e): M+ - nCO, n = 0-3.
Data for 8b:
IR (CH2Cla, em™1): Ve 2080(s), 2018(m), 1988(s).

31P(1H) NMR ( - 70°C): 7.0 (d, 2Jpp = 75 Hz), 40.1 (dq, 2Jpp = 75 Hz, 3Jpr = 8
Hz).

19F NMR (- 70°C): - 46.5 (dq, 3JpF = 9 Hz, 3JpF = 8 Hz), - 49.9 (dq, SJrr = 9 Hz,
3JHF = 10 Hz).

BC{TH) NMR (- 70°C): 197.9 (d, 2Jpc = 13 Hz, CeqO), 196.5 (5, CeqO), 192.3 (d,
2Jpc = 81 Hz, CaxO).

Anal. Caled for C12H1403P2FgRu.0.5 CH2Cly: C, 28.56; H, 2.88. Found:
C, 28.77; H, 2.48.

Synthesis of Ru(CO)>(n2-R,PCH,CH2PR5)(112-HFB) (R = Ph, 9a; R = Me, 9b)
9a: A solution of dppe (78.6 mg, 0.197 mmol) in 10 ml CHCl; was
added to a solution of Ru(CO)4(n2-HFB) (74 mg, 0.197 mmol) in 10 ml
CHCl; at 0°C. The stirred solution was allowed to slowly warm to room
temperature over a period of 3 h and was stirred at room temperature for
30 min. The solvent was then removed at - 40°C. The residue was
dissolved in CH,Cl; and purified by silica gel chromatography. Elution
with a mixture of CH2Clz/hexane (2/3) afforded 87 mg (64%) of the product
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9a. Complex 9b was prepared similarly in 60% yield except recrystallization
from CH,Cl>/pentane.

Data for 9a:

IR (CH2Cl, em™1): Ve 2027(s), 1961(s); Ve 1772(w).

THNMR: 247 (m, 1H), 2.84 (m, 1H), 2.92 (m, 1H), 3.03 (m, 1H).

31P{1H)} NMR: 65.3 (dq, 3Jpp = 16.5 Hz, 4JpF = 9.2 Hz), 54.4 (d, 3Jpp = 16.5 Hz).
YFNMR: - 53.4 (q, 5JFF = 6.0 Hz), - 54.7 (dq, 5FF = 6.0 Hz, 4Jpf = 9.2 Hz).
13C{1H) NMR: 203.8 (d, 2Jcp = 13.1 Hz, CeqO), 195.6 (dd, ZJcp = 118.2 Hz,

ZJcp = 5.0 Hz, CaxO).

Anal. Calcd for C32H240,P2FgRu: C, 53.56; H, 3.37. Found: C, 53.36, H, 3.08.
Mass Spectrum (70 ev, 220°C, m/e): M+ - nCO, n = 0-2.

Data for 9b:

IR (pentane, cm-1): vo: 2028(s), 1959(s); v c=c 1785(w).

TH NMR (- 70°C): 1.74 (d, 2Jpy = 10 Hz, 3 H), 1.64 (d, 2Jpy = 8 Hz, 3 H), 1.38
(d, 2JpH = 9 Hz, 3 H), 0.88 (d, 2Jpy = 10 Hz, 3 H), 1.90 (m, 2 H), 1.59 (m, 2 H).
31P(1H) NMR (- 70°C): 41.2 (m, 3Jpp = 20 Hz, 4]pF = 6 Hz), 35.3 (d, 3Jpp = 20
Hz).

19F NMR (- 70°C): - 55.2 (dq, 5JFF = 6 Hz, 3JpF = 6 Hz), - 53.5 (q, 5]FF = 6 Hz).
B3C{TH} NMR (- 70°C): 204.4 (dm, 2Jcp = 14 Hz, CeqO), 195.5 (dm, 2Jcp = 120
Hz, CaxO). |

Anal. Caled for C12H1602P2FgRu: C, 30.71; H, 3.18. Found: C, 31.00; H, 3.18.
Mass Spectrum ( 70 ev, 220°C, m/e): M* - nCO, n = 0-2.
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Synthesis of Os(CO),(n2-C(O)CHCH}(n%~dppm), 10a; 10b
A solution of Os(CO)4(n2-C2H3) (75.6 mg, 0.230 mmol) in

dichloromethane (10 ml) at - 78°C was added to a solution of dppm (88.6
mg, 0.230 mmol) in dichloromethane (10 ml) at - 78°C. The reaction
mixture was stirred vigorously and allowed to slowly warm to room
temperature for a period of 3 h. After the solvent was removed in vacuo at
- 20°C, the residue was separated by silica gel column chromatography
using a THF/hexane (7/3) mixture to give 69.4 mg yellow solids of 10a
(44%) and 52.6 mg (32%) orange solids of 10b.

Data for 10a:

IR (CHzClz, em): Vg 2009 (vs), 1948 (s); Vyeyyi 1633 ().

TH NMR: 54 (m, 2Jyy = 15.7 Hz, %Jjup = 8.6 Hz, 2Jyp = 8.0 Hz, 1H,
Ph2PCH2PPh2), 4.8 (m, 2Jyy = 15.7 Hz, 2Jup = 9.4 Hz, YJyp = 8.8 Hz, 1H,
Ph2CH2PPhy).

31p(1H) NMR: - 45.6 (d, §Jpp = 4 Hz), - 50.6 (d, JJpp = 4 Hz);

Bc('H) NMR: 1985 (dd, Jcp = 54 Hz, 2Jcp = 9 Hz, COacyl), 188.5 (dd, Jcp =
94 Hz, }cp = 5 Hz, COax), 186.7 (d, %Jcp = 8 Hz, COeq), 165.9 (dd, 3Jcp = 309
'Hz, %jcp =83 Hz, 0s-C(O)CH), 153.3 (dd, Jcp = 11.7 Hz, % cp = 6.0 Hz, OsCH).
Anal. Calcd for C3gH403P20s-0.5CH2Cly: C, 50.38; H, 3.47, Cl, 4.88. Found:
C, 50.59, H, 3.43, Cl, 4.44. One half equivalent of CH,Cl> was also verified
from crystal structure determination.

Mass Spectrum (70ev, 200°C, m/e): M*-nCO,n=0-2.

Data for 10b:

IR (CHoCly, em™): Veo: 2002 (vs), 1946 (s); Vayl 1630 (w).

TH NMR (8, CD,Clp): 9.2 (ddd, 3Jup = 6.0 Hz, 3Jyp = 3.7 Hz, 3gp = 1.4 Hz,
1H, OsCH), 8.05 (m, 3Jyy = 6.0 Hz, 4Jyp = 2.1 Hz, 4Jyp = 5.9 Hz, 1H,
OsCHCH), 5.2 (m, 2Jyy = 147 Hz, Yyp = 5.1 Hz, qup = 4.8 Hz, 1H,
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PhoPCH2PPhy), 4.8 (m, 2Jyy = 14.7 Hz, YJup = 6.2Hz, 2Jyp = 6.2 Hz, 1H,
PhoPCH,PPh).
S1P('H) NMR: - 41.9 (d, ?Jpp = 13 Hz), - 39.9 (d, 2Jpp = 13 Hz).
3¢('H) NMR: 201.4 (m, %Jco.cottrans) = 17 Hz, Jco-CO(eis) = 4 Hz, COacyl),
188.3 (dd, Jcp = 92 Hz, %cp = 6 Hz, COax), 186.7 (m, 2Jco-cotrans)= 17 Hz,
Y c0.cOcis) = 2 Hz, COeq).
Anal. Caled for C3gH2403P20s:0.5CH;Cly: C, 50.38; H, 3.47. Found: C, 50.28;
H, 3.47. The amount of CHCl; was established from 'H NMR spectrum in
dg-toluene.

Mass Spectrum (70 ev, 200°C, m/e): M+-nCO,n=0-2.

Characterization of Os(C0);(n2-C,H,)(n1-dppm), 11

1H NMR: 5.63 (d, 3Jyp = 3.0 Hz, C,H,), 2.85 (dd, Zyyp = 10.6 Hz, Yyyp = 2.2 Hz,
PPh,CH,PPh,).

31P(1H} NMR: - 28.3 (d, ZJpp = 101.6 Hz), - 5.9 (d, 2Jpp = 101.6 Hz).

13C{1H] NMR: 186.2 (d, JJcp = 11.1 Hz, 2 CO), 175.7 (d, 2 op = 116.7 Hz, CO),

Synthesis of Os(CO),{n2-C(O)C(CH;)C(CH;)C(0))(n2-dppm), 12

A colorless solution of dppm (45 mg, 0.118 mmol) in 10 ml CH,Cl,
was added to a solution of Os(CO)4(n2-CoMe») (42 mg, 0.118 mmol) at - 78°C.
The solution was allowed to slowly warm to room temperature over a
period of 4 h. The clear solution gradually changed to white suspension,
then to a yellow solution. After being stirred for additional 1 h, the solvents
were removed in vacuo. Recrystallization from CH,Cl,/pentane yielded 83
mg (85%) of a pale yellow powder of 12.
IR (CH,Cl,/pentane, cm-1): Veo: 2019 (vs), 1968 (s); Vacylt 1581 (m).



TH NMR: 5.32 (m, 2Jyy = 149 Hz, 2Jpy = 7.6 Hz, 2Jpy = 6.4 Hz,
Ph,PCH,PPh,), 4.94 (m, 2Jy;y = 14.9 Hz, 2Jpy = 10.0 Hz, 2Jpy; = 9.6 Hz,
PPh,CH,PPh,), 1.61 (s, OsC(O)C(CH3)=), 1.19 (s, OsC(O)}C(CH3)=).

31P(1H) NMR: -43.2(d, Ypp = 17.4 Hz), - 47.6 (d, Jpp = 17.4 Hz).

13C(1H) NMR: 248.4 (dd, Icp = 125 Hz, 2Jcp = 5.1 Hz, C,;0), 240.8 (dd, Fcp
= 56.8 Hz, 2cp = 9.0 Hz, C,,|0), 185.7 (d, % cp = 9.2 Hz, C,0), 1845 (dd, I p
=73.9 Hz, 2] -p = 7.2 Hz, C, 0O), 167.3 (d, 3] -p = 20.7 Hz, OsC(O)C(CH,)=), 166.8
(s, OsC(O)C(CH3)=C(CHj,)-), 42.2 (dd, 1Jcp = 30.7 Hz, 1Jop = 24.9 Hz,
PPh,CH,PPhy,), 10.1 (s, OsC(O)C(CHa)=), 9.7 (s, OsC(O)C(CH3)=C(CH,)-).
Anal. Caled for C33H,50,P,0s: C, 53.51; H, 3.81. Found: C, 52.95; H, 3.55.

Variable Temperature NMR Monitoring the Reaction of Os(CO)4(n2-C,Hj)
with dppm. In a typical experiment, a solution of Os(CO)4(n2-CoH>) (21.4
mg, 0.065 mmol) in CD,Cl, (0.7 ml) was added via a cannula into an NMR
tube containing dppm (25 mg, 0.065 mmoi) under argon at - 78 °C. The
NMR tube was then transfered into the NMR probe at - 80°C. The reaction
was monitored by 1H, 31P{1H]}, and 13C{1H} NMR spectroscopy. The various
NMR spectra were recorded from - 80°C to ambient temperature with an

increment of 10°C.

3.4.3. X-ray Structure Determination of 8a

A colorless single crystal was grown by cooling a CH,Cl>/pentane
solution of 8a at - 20°C. The X-ray data collection and structure refinement
were carried out by Dr. Andrew Bond and Prof. Robin Rogers at Northern
Illinois University. The crystal was mounted in a thin-walled glass
capillary under argon and transfered to the goniometer. The structure was

solved in the space group P2,/c by using standard Patterson and Fourier
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techniques. All non-hydrogen atoms were located. The geometrically
constrained hydrogen atoms were placed in calculated positions 0.95 A
from the bonded carbon atom. The hydrogens H (1) C(4) and H(2) C{6) were
located from a difference Fourier map and included with fixed
contributions (B = 5.5 A2). A summary of data collection parameters is
given in Table 3.4. The final atomic coordinates are givén in Table 3.6. The

selected bond distances and angles are given in Table 3.1.

3.44. X-ray Structure Determination of 10a

Yellow crystals of compound 10a suitable for X-ray diffraction
analysis were grown by slow evaporation of solvent from a solution of 10a
in a CHCl2/pentane mixture at - 20 °C. The X-ray data collection and
structure refinement were carried out by Dr. Andrew Bond and Prof. Robin
Rogers at Northern Illinois University. A single crystal of 10a was
mounted in a thin-walled glass capillary flushed with Ar and transferred to
the goniometer. A summary of data collection parameters is given in Table
3.8. Least-square refinement with isotropic thermal parameters led to R =
0.088. The solvent molecule was found to be disordered about a
crystallographic center of inversion. The disorder placed Cl (1) and C (31) in
essentially the same position and it was not possible to resolve them. This
position was refined as a 1/2 weighted Cl and 1/2 weight C. Cl (2) was also
refined at half occupancy. All non-hydrogen atoms were located. The
hydrogen atoms were placed in calculated positions 0.95 A from the bonded
carbon atom and allowed to ride on that atom with B fixed at 5.5 A2. The

final values of the positional parameters are given in Table 3.9.
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Table 3.6: Crystal Data and Summary of Data Collection

and Structure Refinement for 8a

formula
formula wt.
crystal size, mm
space group
temperature, °C
unit cell parameters

a, A

b, A

c A

B, deg.

v, A3

Z
Dcale, g cm-3
Mcale, cm1
diffractometer
radiation
monochrometer
scan type
scan width
take-off angle, deg.
maximum 2 g, deg.
reflections measured
reflections observed

No. of parameters varied

C32H27F¢O3P;Ru
731.54
0.10x0.15x 0.35
Py/C

20

10.776 (3)
18.248 (6)
15.756 (9)
93.86 (5)
3091

4

1.57

6.74

Enraf-Nonius CAD-4

MoK (A= 0.71073)
graphite

w-20

0.80 + 0.35tang

2.0

50.0

5913

2386

397
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Ra 0.067
Ryb 0.085
GOFe 1.82

aR=X1IF,! - IF.!1/Z1F,1
bRw = (S| F,y | - 1F¢1)2/SwF,2)1/2
CGOF = {Tw(|Fy! - 1F:1)2/(NO - NV))1/2



Table 3.7: Final Fractional Coordinates for 8a

atom x/a y/b z/c Bleqv), A
Ru 0.12322(9) 0.46345(6) 0.75340(7) 227
P(1) 02663 (3) 04912(2) 08714(2) 215
P(2) 04236 (3) 04952(2) 0.7266 (2) 219
F(1) 0.0139(7)  05739(5)  0.5925(6) 4.64
F(2) 0.0774(8)  0.6622(5) 0.6718(6)  4.52
F(3) 0.1811(8) 0.6305(5) 0.5670(6)  4.60
F(4) 0.1631(7) 04726(5) 0.5371(5)  3.97
F(5) 0.3610(8) 04758(5) 0.5394(5) 4.05
F(6) 0.2718(8) 0.3841(4) 0.5886(5) 3.85
o(1) -0.089(1)  0.5208(7) 0.8510(8) 5.37
o) 0.129(1)  0.2992(6) 0.790(1)  6.87
0o@) -0.071 (1)  04180(8) 0.6105(8) 5.70
C(1) -0.008(2) 04972(9) 0.817(1) 353
C() 0.131(1)  03608(9) 0.781(1)  3.83
C(3) 0.005(1)  0439(1)  0659(1) 415
C(4) 0405(1)  05119(7) 0.8285(9) 238
C(5) 0.115(2)  0.6204(9) 0.631(1) 355
C(6) 0.194(1)  05586(8) 0.6937(8) 267
C(?) 0269 (1)  04919(7) 06685(8) 235
C(8) 0263 (1)  04569(8) 0.5854(8) 291
C(9) 0.288(1) 04167 (7) 09478(8) 236
C(10) 0405(1)  03913(8) 09738(9)  3.09
C(11) 0423(1)  03363(8) 1.033(1)  3.56
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C(12)
C(13)
C(14)
C(15)
C(16)
C@17)
C(18)
C(19)
C(20)
C@1n)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C@ED
C(32)

0.324 (2)
0.206 (2)
0.189 (1)
0.226 (1)
0.265 (1)
0.241 (2)
0.184 (2)
0.143 (2)
0.169 (1)
0.523 (1)
0.642 (1)
0.720 (1)
0.687 (2)
0.571 (2)
0.489 (1)
0.503 (1)
0.477 (1)
0.536 (1)
0.620 (1)
0.648 (1)
0.586 (1)

0.3055 (9)
0.3312 (9)
0.3835 (8)
0.5665 (7)
0.5646 (8)
0.624 (1)

0.686 (1)

0.6862 (9)
0.6274 (7)
0.5651 (8)
0.5724 (8)
0.625 (1)

0.6672 (9)
0.6600 (8)
0.6082 (7)
0.4091 (7)
0.3481 (7)
0.2821 (7)
0.2769 (8)
0.3347 (8)
0.4023 (8)

1.068 (1)
1.044 (1)
0.985 (1)
0.9407 (8)
1.026 (1)
1.077 (1)
1.047 (2)
0.962 (1)
0.908 (1)
0.6835 (9)
0.724 (1)
0.695 (1)
0.624 (1)
0.586 (1)
0.6152 (9)
0.7062 (8)
0.7555 (8)
0.744 (1)
0.682 (1)
0.633 (1)
0.645 (1)

4.31
4.12
3.27
2.54
3.58
4.74
5.45
4.84
3.64
2.76
3.52
4.46
4.25
3.89
2.90
222
2.70
3.49
3.45
3.95
3.43
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“Table 3.8: Crystal Data and Summary of Data Collection

and Structure Refinement for 10a

formula C30H24030sP,-0.5(CH2Cl)
formula wt. 727.14
crystal size, mm 0.08 x 0.15 x 0.20
space group PT
temperature, °C 19
unit cell parameters

a, A 9.502 (4)

b, A 9.889 (2)

c, A 15.706 (6)

a, deg. 81.26 (2)

B, deg. 83.94 (3)

Y, deg. 83.43 (3)

v, A3 1443

V4 2
Dcalc, g cm™3 1.67
Keale, cm! 49.1
diffractometer Enraf-Nonius CAD-4
radiation MoK (A= 0.71073)
monochrometer graphite
scan type w-20
scan width 0.80 + 0.35tano
take-off angle, deg. 2.0
maximum 2 o, deg. 50.0
reflections measured 5067



128
reflections observed 2766
No. of parameters varied 333
Ra 0.049
Ry 0.053
GOFc 0.70
aR=21IFy! - IFcl 1 /ZIF, !
bRw = (Zax( | Fo | - | Fc1)2/TwFy2)1/2
¢GOF = {Zw(IFy | - 1Fc1)2/@NO - NV))1/2
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Table 3.9: Final Fractional Coordinates for 10a

__z/c Blegv)a

atom_ __x/a __ y/b

Os 0.09880 (7) 0.60271 (6) 0.75719 (4) 245
P(1) 0.0446 (4) 07478 (4)  0.6252(2) 239
P(2) 0.1069(3) 0.8368(4) 07742(2) 245
o) 0.407 (1) 0.540 (1) 06919 (9) 646
0(2) 0.145 (1) 0.456 (1) 09368 (9) 598
O(3) 0.070 (1) 0.327 (1) 0.6875(8)  5.30
C(@1) 0.292 (2) 0.566 (2) 0.715 (1) 3.82
C(2) 0.133 (2) 0.513 (2) 0.864 (1) 4.30
C(@3) 10.022 (2) 0.426 (2) 0.723 (1) 4.46
C@4) -0.126 (2) 0.460 (2) 0.761 (1) 5.05
C®) -0.119 (2) 0.580 (2) 0.791 (1) 3.50
&(5y) 0.068 (1) 0.910 (1) 0.6610 (8) 2.77
C(?) -0.133 (1) 0.773 (1) 0.5860 (9) 244
C(@®) -0.158 (1) 0.758 (1) 0.5030 (9) 2.83
C(9) -0.290 (2) 0.781 (2) 0.476 (1) 4.29
C(10) -0.404 (1) 0.816 (2) 0.533 (1) 3.65
C(@11) -0.385 (2) 0.831 (2) 0.617 (1) 441
C(12) -0.251 (1) 0.805 (1) 0.646 (1) 3.24
C(13) 0.164 (1) 0.733 (1) 0.5283(8) 2.18
C(14) 0.213 (2) 0.598 (1) 0.512 (1) 3.99
C(15) 0.300 (2) 0.579 (2) 0.439 (1) 4.24
C(16) 0.337 (2) 0.694 (2) 03816 (9)  3.13
C@17) 0.287 (1) 0.825 (1) 0.396 (1) 3.28



C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(29)
C(25)
C(26)
C(@27)
C(28)
C(29)
C(30)
C@31)/CK1)
Cl1(2)

aBleqv) = 4/3[a2By1 + b2Py; + c2B33 + ab(cosy)B1a + ac(cosP)Biz + be(cosa)Basl.

b Isotropic refinement.

0.198 (1)
-0.024 (1)
-0.069 (1)
-0.161 (2)
-0.209 (2)
-0.169 (2)
-0.078 (2)
0.269 (1)
0.284 (2)
0.409 (2)
0513 (2)
0.500 (2)
0.377 (2)
0.454 (2)
0.500 (2)

0.840 (1)
0.920 (1)
1.058 (1)
1.118 (2)
1.040 (2)
0.900 (2)
0.839 (2)
0.910 (1)
1.044 (2)
1.098 (2)
1.007 (3)
0.870 (3)
0.824 (2)
0.536 (2)
0.615 (2)

0.4696 (9)
0.8467 (9)
0.834 (1)
0.896 (1)
0.969 (1)
0.983 (1)
0.9233 (9)
0.7923 (9)
0.770 (1)
0.787 (1)
0.827 (1)
0.846 (1)
0.828 (1)
1.042 (1)
1.087 (2)

290
2.62
3.23
4.40
4.58
3.96
3.43
2.74
4.00
5.47
6.23
5.48
433
18.2(6) b
175@) Db
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3.4.5. X-ray Structure Determination of 12

Orange crystals of compound 12 suitable for X-ray diffraction analysis
were grown by slow evaporation of solvent from a solution of 12 in a
CHCly/pentane mixture at - 20 °C. The X-ray data collection and structure
refinement was carried out by Dr. R. McDonald at the Structure
Determination Laboratory, Department of Chemistry, University of
Alberta. A single crystal of 12 was mounted on a glass fiber with epoxy, and
optically centered in the X-ray beam of the diffractometer. The crystal was
cooled to - 50°C using a cold air stream apparatus and all measurements
were made at this temperature. The positions of most of the non-hydrogen
atoms of the complex were found using the direct methods program
SHELXS-86. The remaining non-hydrogen atoms were located from a
series of difference Fourier maps. The hydrogen atoms were generated at
idealized calculated positions by assuming a C-H bond length of 0.95 A and
the appropriate sp2? or sp3 geometry. A summary of crystallographic
experimental details, data collection, and refinement conditions is given in
Table 3.10. The atomic coordinates and equivalent isotropic displacement

parameters are listed in Table 3.11.

[
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Table 3.10: Crystal Data and Summary of Data Collection

and Structure Refinement for 12

formula
formula wt.
crystal size, mm
space group
temperature, °C
unit cell parameters

a, A

b, A

c A

o, deg.

B, deg.

Y, deg.

v, A3

VA
Dealc, 8 cm-3
Hcale, cm-1
diffractometer
radiation
monochrometer
scan type
scan width
take-off angle, deg.

reflections measured

C34H30Cly040sP,
825.67

0.24 x 0.23 x 0.14
P1

-50°C

8.856 (2)

11.056 (2)

18.035 (3)

83.69 (1)

83.58 (1)

69.40 (1)

1637.8 (6)

2

1.674

41.94
Enraf-Nonius CAD-4
MoK (A= 0.71073)
graphite

2-20

0.50 + 0.344tane
3.0

50.0

5709
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reflections observed 4645
No. of parameters varied 388

Ra 0.045
RyP 0.069
GOFc 2.098

aR=3| IFy! - IF| [ /Z1F,|
bRw = (XX | Fo | - 1 F1)2/TwF,2)1/2
°GOF = {ZaX | Fo | - |Fc1)2/(NO-NV)}1/2



Table 3.11: Final Fractional Coordinates for 12
atom x/a__ y/b. z/c Bleqv), A

Os 032262 (5) 0.21817(4) 030250 (2) 1.463 (8)
C191 0.0785(7) 0.3325(6) 0.8720(4) 10.7 (2)
C192 0.0426 (8) 0.0827(7) 09010(5) 13.3(3)
P1 0.5885(3) 0.1653 (2) 0.3440(1) 1.66 (6)
P2 0.4713 (3) 03335(2) 0.2245(1) 1.71 (6)
O1 0.224 (1) 0.0100(8) 0.3975(5) 4.5(3)
02 0.143 (1) 04225(8) 04143(55) 4.1(3)
03 -0.0119(9) 03657 (8) 0.2533(5) 3.5(2)
O4 0.541 (1) 0.0102(8) 0.2010(4) 3.3(2)
C1 0.258 (1) 0.090 (1) 0.3605(6) 1.9(2)
2 0.222 (2) 0.347 (1) 03736 (6) 3.5(3)
c3 0.123 (1) 0.281 (1) 0.2390 (6) 2.5 (3)
C4 0.145 (1) 0.217 (1) 0.1673(6) 3.0(3)
C5 0.289 (1) 0.119 (1) 0.1562 (6) 2.9 (3)
Cé 0.394 (1) 0.0952(9) 02121(6) 2.0(2)
c7 0.016 (1) 0.267 (1) 0.1139(7) 4.3 (4)
C8 0.343 (2) 0.043 (1) 0.0887 (7) 52(4)
C9 0.670 (1) 0.2265(9) 02545(5) 1.8(2)
C11 0.726 (1) 0.003 (1) 0.3681 (6) 2.0 (3)
Ci2 0.689 (1) -0.103 (1) 0.3526 (7)  3.1(3)
C13 0.792 (1) -0.229 (1) 03733 (7) 3.2(3)
Cl4 0.927 (1) -0.247 (1)  04109(7) 3.3(3)
Ci15 0.961 (2) 0.141(1)  04271(8) 4.4 (4)
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C16
C21
C22
C23
C24
C25
C26
C31
C32
C33
C34
C35
C36
C41
C42
C43
C44
C45
C46
CI91

0.863 (1)
0.614 (1)
0.537 (1)
0.560 (1)
0.659 (1)
0.738 (1)
0.721 (1)
0.444 (1)
0.568 (1)
0.538 (2)
0.373 (2)
0.250 (2)
0.285 (1)
0.476 (1)
0.342 (2)
0.335(2)
0.466 (2)
0.593 (2)
0.603 (2)
0.164 (3)

-0.017 (1)
0.2568 (9)
0.248 (1)
0.309 (1)
0.379 (1)
0.391 (1)
0.331 (1)
0.4991 (9)
0.548 (1)
0.679 (1)
0.761 (1)
0.712 (1)
0.584 (1)
0.3384 (9)
0.421 (1)
0.423 (1)
0.346 (2)
0.266 (1)
0.260 (1)
0.178 (3)

0.4069 (8)
0.4152 (6)
0.4855 (6)
0.5449 (6)
0.5344 (6)
0.4643 (6)
0.4059 (6)
0.2411 (5)
0.2355 (6)
0.2426 (7)
0.2539 (7)
0.2601 (7)
0.2542 (6)
0.1235 (6)
0.0879 (6)
0.0110 (7)
-0.0312 (7)
0.0020 (7)
0.0802 (6)
0.880 (2)

3.7(3)
1.9 (2)
22@3)
29@3)
2.7 (3)
29 @)
23@3)
22(3)
2.8 (3)
39 @)
4.8 (4)
394
26 (3)
20Q@)
34 ()
4.6 (4)
5.0 (4)
4.2 (4)
3.3 (3)
15.1 (3)
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Chapter 4

The Role of Metallacyclobutenone in the Formation of

Dimetallacyclopentenone Complexes

41 Introduction
Coupling reactions between carbon monoxide and alkynes promoted
by transition-metal carbonyl complexes have attracted much attention for

compounds’® have been synthesized. It has been proposed that
metallacyclobutenones (V) and dimetallacycles (W), (X) and (Y) are probable

intermediates in these reactions (Scheme 4.1).

Scheme 4.1

Although there are a number of examples of metallacyclobutenone
complexes (V)*14 and dimetallacycles (W),21519 (X),2-4.16,20-22 g (Y)23-28
reported in the literature, studies on the relationship between these species
are very limited. Recently, Chetcuti reported that species of the type Y can

be converted to a dimetallatetrahedrane by heating (eq. 4.1),2%27 and
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Gladfelter showed that ring expansion of the dinuclear
ruthenacyclobutenone species gives the diruthenacyclopentenone complex
(eq. 4.2).7° These studies prompted us to investigate possible ring

expansién of csmac:yclgbutencnes that had been preyared. Compound 10a

containing a dppm ligand are well known to be versatile building blocks for
the synthesis of dinuclear complexes.21:22:29-31 Thyg, the reaction of 10a
with Ru(CO)4(n2-C3H4) and CpRh(CO);, was undertaken. The results of
this study are reported in this Chapter.

Me,P o PMe, Me,P PMe,
7 1 7 C~0 I sC’D I 7‘7\(1@ I Ney
OC—_Ru =———— Ru'. _ — — Ry —CO 4.2)
Vad -/ l #CR =k//
o 0*“ I CR |
MEZP%"S P Méz ME;P PMEE

R = CO,Me
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4.2. Results and Discussion

4.2.1. Reaction of Os(C0)3(n2-C2H,C(0)}{n2-dppm) (10a) with
Ru(CO)4(n2-CHy)
Reaction of compound 10a with Ru(CO)4(n2-C2Hy) afforded the
dinuclear complex OsRu(CO)s(CoH2CO)(dppm) (13) in good yield (eq. 4.3).

’ +Ru(CONMn™C;Hy OsRu(CO)s(C,H,CO)dppm) (4.3)
10a —————————» OsRu(CO)s(C,H,CO)dppm) (4.
2 CH,Cl,/pentane SRu(CO)(CHCONdppm)

13

The 31P{TH} NMR spectrum showed two signals at § 30.8 and 8.4, the
lower field positions compared to those of 10a indicate the formation of a
five-membered ring, consistent with the presence of a bridging dppm
unit.3233 Moreover, the chemical shift of § 30.8 is similar to those found in
Ru2(CO)s5(u-C2H2CO) (u-dppm) (8 30.3 and 44.2)20 and Ruz(CO)4(pn-
CoH2CO)(u-dppm)2 (8 27.7 and 30.0).77 and is assigned to the ruthenium
coordinated end of the p-dppm ligand whereas the signal at & 8.4 is
attributed to the one attached to osmium. The IR spectrum showed five
terminal carbonyl bands and one band at 1707 em-1. The position of the
which the double bond is also coordinated to a metal center (Table
4.1).23:20.34-36 In the case of dimetallacyclopentenones without double bond

coordination, the band will shift to lower frequency.
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Table 4.1: IR Data for 13 and Related Compounds

Compound v(acyl) (em-1, CH,Cly)
OsRu(CO)5{u-C2H2C(O))(u-dppm) (13) 1707
Ruz(CO)s5{p-CoH,C(O)}(u-dppm)20 1703
Fex(CO)5{u-CoH2C(O)} (-dppm)* 1725
OsRhCp(CO)4{p-CoH»C(0))36 1738
OsRhCp(CO)3(PMeaPh){u-CoHyC(O))37 1696

On the basis of the previously synthesized Ru(CO)5{u-CoHaC(O))(p-
dppm) complex,? two possible structures, with different orientations of the
{C2H,C(O)} bridge are possible, one having the acyl bound to the
ruthenium center (Z), and the other having the acyl bound to the osmium

center (2").

Ph,P PhP " pph
2 PPh2 21 P 2 .
'®)
OC"I I \‘\CO chlﬁi I I \“C’
oC Ru /Os CO OoC—0s —'*f;;,R,u CcO
cI: JH | c|: //CHr!
O CH @) (:H O
Z VA

The TH NMR spectrum showed four resonances at § 8.1, 5.43, 4.53,
and 2.82, each integrating as one proton. The low field signals at § 8.1 and
5.43 are characteristic of the protons of the C(Hp)=C(H)C(O) group with
alkene moiety coordinated to a metal center (Table 4.2). The two

rescnances at 6 4.53 and 2.82 are assigned to the methylene protons of



dppm, although the large separation between the two signals is
noteworthy. Selective 31P decoupling experiments showed that the B
hydrogen is associated with the Os-bound phosphine, as decoupling the 3!P
resonance at 8 8.4 led to collapse of the doublet of doublets at 8 8.1 into a
doublet, while decoupling the other 31P resonance had no effect. On the
other hand, the o hydrogen resonance, which is a doublet of doublets,
collapsed into a doublet on selectively decoupling the 3!P resonance at
8 30.8, and remained unchanged upon decoupling the other 31P resonance.
The presence of strong coupling (15.3 Hz) between the o hydrogen and the
Ru-bound phosphine is in better agreement with structure Z than Z', as the
latter Z' involves a four-bond coupling between the o proton and the

Ru-bound phosphine, which is usually quite small.17.20,38

Table 4.2: Selected 1H NMR Data for 13 and Related Compounds
' 8 (ppm, CD,Cly)

Compound 7 o
H, Hy JlyyHz)

OsRu(CO)5{u-C2H,C(O)) (u-dppm) (13) 543 81 8.2
Rup(CO)5{u-C2H2C(0)) (u-dppm)? 461 822 85
Fe2(CO)5{p-CoHaC(O))(u-dppm)® 363 863 7

OsRhCp(CO)4{u-CoH2C(0)}% 500 7.85 7.4
OsRhCp(CO)3(PMezPh){p-CoH,C(O))7 472 882 63

The 13C('H) NMR spectrum (Figure 4.1) shows a low field doublet at
8 233.3 (9Jcp = 59.4 Hz), which is assigned to the acyl group. The large
coupling constant indicates that the acyl moiety is trans to a phosphorus

atom. The resonances at § 205.0 and 200.3 (?Jcp = 11.06 Hz) are typical of the
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terminal carbonyls that are bound to ruthenium, whereas the resonances at
5 185.0 (?Jcp = 10.06 Hz), 180.3 (2Jcp = 97.6 Hz, 3]cp = 6.03 Hz), and 178.0 (Ycp
= 10.06 Hz) are characteristic of terminal osmium carbonyls.?® The large
coupling indicates that the carbonyl at & 180.3 is trans to a phosphine and
consequently assigned to CO(4) in the diagram appearing in Figure 4.1. The
signals at & 200.3 and 178.0 are attributed to carbonyl ligands labelled CO(2)
and CO(5), respectively. In a related compound, RuOs(CO)g{n-nt:inl-
C2H3)}(p-dppm) (15) that will be described in Chapter 5, it is clearly
demonstrated that a carbonyl ligands trans to a metal-metal bond are
located at high field. Pomeroy has also reported that carbonyl ligands trans
to a dative metal-metal bond are usually found at high field.40-43 The
remaining resonances, not shown in the Figure, at 6 141.1 and 55.0 are
attributed to the alkene carbons in the CHCHC(O) group (Table 4.3); as

expected these signals appear as doublets in the TH coupled spectrum

Table 4.3: Selected 13C{TH)} NMR Data for 13 and Related Compounds

3 (ppm, CD,Cly)
Compound

C Cp

o

OsRu(CO)s5{pu-C2H2C(O)) (u-dppm) (13) 55.0 141.1
Ruz(CO)s5{p-C2HaC(O)) (u-dppm) 55.4 1619
Féz(CQ)EILL-CinC(D)](u-dppm)35 44.8 168.4
OsRhCp(CO)4{p-C2H2C(O))% 44.4 1157
OsRhCp(CO)3(PMe;Ph){-CoHaC(O) ¥ 52.8 156.0

(6 141.1, YJcH = 143.4 Hz and 55.0, JcH = 161.5 Hz) . The coupling constants
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are similar to that of ethylene (156 Hz).44 Furthermore, an APT experiment
is in accord with these assignments. Thus, the IR and NMR data are in
accord with structure Z for compound 13. This formulation has also been

confirmed by an X-ray structure determination.4>

Ph,P PPh, -
DCZ i, | I -‘\EQ
OC;—Ru 05 —C;0

S //c:}"_'; |

oI~y o

= T | | T T
230 220 210 200 190 180
3, ppm

Figure 4.1: 13C{TH)} NMR Spectrum of 13 in the Carbonyl Region (Below);
Expansion of Some of the Signals (Top).



Formation of compound 13. In an attempt to gain some information
about intermediates in the formation of 13, the reaction of compound 10a
with Ru(?@)é(ﬂz-CEHg) was monitored by 1H and 31P(1H)} NMR
spectroscopy. From - 80°C to - 10°C, no new species except the starting
materials were observed. At 0°C, both TH and 31P(1H) NMR spectra showed
a new species 15. The TH NMR spectrum of 15 showed two resonances at
8 8.19 and 7.72, characteristic of the {CH=CHC(O)) protons of a
dimetallacyclopentenone ring.16!7 Upon warming the solution to room
temperature, this species gradually converted to the final product 13. No
other species was observed. Full characterization of compound 15 and its
transformation to compound 13 will be discussed in Chapter 5.

The lability of ethylene ligand in Ru(CO)4(n2-CoHy) is well
documented.2046-49  After ethylene dissociation, there are two possible

intermediates that might form (Scheme 4.1); one is through phosphine

2). Further transformations in both pathways require opening of the two
four-membered rings of 10a. Opening of a four-membered ring containing
the dppm ligand to generate a dangling phosphine is well

documented.21222930 Ring expansion of a metallacyclobutenone ring to a

the best of our knowledge, there is only one recent study by Gladfelter
which demonstrated ring expansion of a ruthenacyclobutenone species to a
diruthenacyclopentenone at room temperature.!” Our failure to observe

the first intermediate in Path 1 may be rationalized in terms of its slow

Ru(CO)4(m1-dppm) with Os(CO)4(n2-CoH>) (Chapter 5), it has been found
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Scheme 4.2



that the same intermediate is readily converted to the intermediate 15.
Although the initial step of Path 2 is favorable due to the coordination of
the better m-acidic alkene moiety of 10a and its high concentration
compared to the ring opened Os(CO)2(n2-C2H,CO)(n1-dppm) required in
Path 1, the last step may be slow because it involves both ring opens and

ligand rearrangement. Therefore, both pathways are possible.

4.2.2. Reaction of Os(CO),(nZ-C2H,C(0)}(n2-dppm) (10a) with CpRh(CO),
Compound 10a reacted with CpRh(CO); in toluene, but only at reflux

temperature, to give complex 14 in 80% yield (4.4).

_toluene

—» CpRhOs(CO)5(C,H,CO)dppm) (4.4)

110°C

16a + CpRh(CO), -

14

The mass spectrum and elemental analysis of compound 14 agreed
with the formulation as shown in eq. 4.2. The IR spectrum of 14 showed
three terminal carbonyl bands and one band at 1588 cm-!, which is
attributed to the acyl group in the {CH=CHC(O)) group. The low energy
band at around 1600 cm-! implies that the alkene group is not coordinated
to the metal center (Table 4.4).

In the 31P{1H) NMR spectrum two resonances were observed at § 44.6

(1Jrhp = 186 Hz, 2Jpp = 62.4 Hz) and - 21.3 (Jpp = 62.4 Hz). The signal at

center due to the strong coupling observed between rhodium and
phosphorus, the other signal at § -21.3 is attributed to the osmium

coordinated phosphine.
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Table 4.4: IR Data for 14 and Related Compounds

Compound v(acyl) (cm-1)
OsRhCp(CO)3{p-CaHC(O))(u-dppm) (13) 1588a
OsIrCp(CO)5(p-CoHaC(0))% 15982
OsRu(CO)g(u-C2H2C(0)) 16 1635b
Rhy(Cp)2(CO){p-C2(CF3),C(O)}* 1628P

aln CH,Cl,. bIn pentane.

In the TH NMR spectrum two doublets at 8 7.93 and 5.31, in a ratio of
1:5, are assigned to the B proton of the {CHRCHgC(O)} group and the CsHs
group while the o proton of the {CHRCHC(O)} group is hidden in the
phenyl region.16:177 The remaining two resonances at § 4.70 and 4.15 are
characteristic of the methylene protons of the dppm ligand. The 13C{1H])
NMR spectrum showed four equal-intensity resonances at 8 188.9 (}Jcpgs =
94 Hz), 184.4 (}Jcppg = 8 Hz), 170.8 (Jcpps = 9 Hz), and a singlet at § 161.4.
Heteronuclear 13C(31P) decoupling experiments clearly established that the
coupling is due to phosphorus only and that the carbonyls are coupled to
the phosphorus that is coordinated to the osmium center. The signal at &
188.9 is assigned to the acyl group. The large coupling constant (ZICPDS =94
Hz) between the acyl and the phosphorus indicates that they are trans to
terminal carbonyls. The small couplings between these carbonyls and the
phosphorus suggest that they are oriented cis to the phosphine. The
resonances at 8 163.3 (IJrnc = 6.6 Hz) and 150.3 (3Jcpp, = 16 Hz) are assigned
to the B and a carbons of the (CgHCoHC(O)} group (Table 4.5).1617 The
remaining resonances at § 93.2 and 39.3 are attributed to the CsHs group

and the methylene of dppm. In the 1H coupled spectrum, the resonances at
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8 188.9 (]JcH = 4.5 Hz, acy),%! 163.3 (1Jcy = 145.4 Hz, CHCHC(O)),4 150.3
(MJcn = 143.3 Hz, CHCHC(0)),* 93.2 (1Jcy = 175.0 Hz, CsHs)4 showed
additional doublet splitting, which is consistent with the assignments; the
signal at & 39.3 was too weak due to its complicated coupling to both
phosphorus atoms and the methylene protons. Furthermore, an APT
experiment also agreed with the assignments. Thus the proposed structure

of compound 14 is as shown below.

Table 4.5: Selected 13C{1H) NMR Data for 14 and Related Compounds

8 (ppm, CD,Cly)
Compound i
Cq Ca
OsRhCp(CO)3{u-CoHC(O)) (H-dppm) (14) 1503  163.3
OsRu(CO)g{p-CoHoC(O))16 131.4 166.5
Ruz(CO)4(p-C2H2C(0)) (u-dppm);1? 1708  176.8
Ph,P PPh
2; ZC,D
| R Os'—CO
1A
" HC= Cs
Hes~-~"%~0
H
14

compound 14 (Scheme 4.2).
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Scheme 4.3

- CO

CpRh(CO),
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Consistent with initial CO dissociation from CpRh(CO),52:53 the
reaction does not take place at room temperature and elevated
temperatures are required. In a related study, the reaction of compound 10a
with (C5sMes)Ir(CO); was performed in refluxing toiuene. This reaction
took much longer (53 h) than with CpRh(CO);, which is in accord with
reduced lability of the carbonyl ligands in (CsMes)Ir(CO);. However
separation and isolation of the products were not successful.

It is notable that in 14 the acyl ligand remains on osmium whereas
in 13 it has migrated from osmium to ruthenium; at present we have no

rational explaination for these differences.

4.3. Conclusions

The reactions of Os(CO}2(n2-C2H2CO)(N2-dppm) (10a) with
Ru(CO)4(M2-C2Hy4) and CpRh(CO); have been shown to generate
dimetallacyclopentenone complexes. In the case of the reaction of
Ru(CO)4(m2-CoHy), low temperature NMR studies established that the
dimetallacyclopentenone species 13 is derived from ring expansion of the
osmacyclobutenone precursor. This is important since it implies that a
metallacyclobutenone may play a role in the formation of

dimetallacyclopentenones.



4.4. Experimental Section

44.1. Starting Materials and Reagents
Ru(CO)4(n2-CaH2)% and CpRh(CO)2°4 were prepared by published

procedures.
4.4.2. Synthetic Procedures

Synthesis of OsRu(CO)s{u-nLin3-CHCHC(O)}(u-dppm), 13

A yellow solution of Os(CO)2(n2-C2H2C(0)}(n2-dppm) (10a) (50 mg,
0.0731 mmol) in 15 mL CH;Cl, was added to a colorless solution of
Ru(CO)4(n2-CoHy) (17.7 mg, 0.0734 mmol) in 13 mL pentane at - 78°C. The
mixture was allowed to slowly warm to room temperature and stirring was
maintained at room temperature for 5 h. The solvent was then removed
in vacuo. The orange residue was recrystallized from CH3Cly/pentane to
give 44 mg (69%) of compound 13. Anal Caled. for C33H24060sP2Ru: C,
45.57; H, 2.78. Found: C, 45.66; H, 2.44.
IR (CH2Cl2, em™1): Vo 2061 s, 2002 sh, 1990 vs, 19665, 1945 sh; Vaeyt'
1707 w.

THNMR: 8.1(dd, 3JHH = 8.2 Hz, 3JppeH = 15.5 Hz, 1H), 5.43 (dd, 3JqH = 8.2

Hz, 3]pp,H = 15.3 Hz, 1H), 4.53 (dm, 2y = 13.7 Hz, YJpp.H = 10.6 Hz, Ypg,H
= 9.7 Hz, 1H), 2.82 (dm, 2JuH = 13.7 Hz, 9Jpg,H = 11.2 Hz, 2Jpg,H = 10.0 Hz,
1H).

31P(1H) NMR: 30.8 (d, 2Jpp = 120 Hz, P-Ru), 8.4 (d, 2Jpp = 120 Hz, P-Os).
13C(1H)} NMR: 233.2 (d, 2Jcp = 59.4 Hz, acyl), 205.0 (s, 1CO), 200.3 (d, ZJcp =
11.06 Hz, 1CO), 185.0 (d, 2Jcp = 10.06 Hz, 1CO), 180.3 (dd, 2Jcp = 97.60 Hz, 3Jpc

=6.03 Hz, 1CO), 178.0 (d, 2Jcp = 10.06 Hz, 1CO), 141.1(dd, Jcp =94 Hz, JcH =

-
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143.4 Hz, CpH), 55.0 (dd, Jcp = 14.9 Hz, 1Jcy = 161.5 Hz, CqH), 41.3 (dd, Ycp =
32.5 Hz, 1Jcp = 12.8 Hz, PPhyCH,PPhy)

Synthesis of CpRhOs(CO)3{u-ntinl-CHCHC(O))(u~dppm), 14

A pale orange solution of CpRh(CO); (23.2 mg, 0.104 mmol) in 10 mL
toluene was added to a suspension of Os(CO)2(n1,n1-C(O)CoH2)(M2-dppm)
(71 mg, 0.104 mmol) in 10 mL toluene. The yellow suspension was then
heated to 110°C, during which time the yellow suspension gradually
changed to an orange solution. The solution was kept refluxing for 4 h

before it was cooled to ambient temperature. The solvent was removed in

obtained as a yellow solid (74 mg, 80%). Anal Calcd. for
C36H20040sP2Rh-CHCly: C, 46.02; H, 3.24. Found: C, 46.00; H, 2.80. One
equivalent of CH>Cly was verified by TH NMR in dg-THF. MS (Fab):
M+ -n CO, n = 0-3; loss of COCsH, was observed also.

IR (CHClp, em1): Vy: 20385, 1978 5, 1949 s; Vaeyr: 1588 w.

THNMR: 7.93 (dd, 3] = 9.3 Hz, 3JppeH = 3.3 Hz, 1H), 5.31 (d, 4JpgyH = 1.4
Hz, 5H), 4.70 (m, 2JyH = 13.2 Hz, 2JRhH = 6.8 Hz, 2JpgyH = 9.8 Hz, 2JpgeH =
10.6 Hz, 1H), 4.15 (dt, Juu = Zpo.H = 13.2 Hz, 2JprpH = 12.4 Hz, TH).

31P(TH} NMR: 44.6 (dd, 2Jpp = 62.4 Hz, 1Jrnp = 186 Hz, P-Rh), - 21.3 (d, 2Jpp =
62.4 Hz, P-Os).

13C{1H} NMR: 188.9 (d, 2JposC = 94 Hz, acyl), 184.4 (d, 2JposC = 8 Hz, 1CO),
170.8 (d, 2Jppsc = 9 Hz, 1CO), 163.3 (d, 1JRhc = 6.6 Hz, Rh-C(H)=), 161.4 (s,
1CO), 150.3 (d, 3Jpgsc = 16 Hz, Os-C(O)-C(H)=), 93.2 (s, Cp), 39.3 (ddd, Jpc =
36.7 Hz, 1Jpc = 28.6 Hz, 2Jrhc = 4.3 Hz, PPhyCH,PPhy).



Characterization of OsRu(CO)g{u-n1m1-CHCHC(O)}(u-dppm), 15
IR (CH2Cl3, cm-1): Voot 2071 s, 2035 s, 2002 s, 1989 sh, 1960 m; Dacyls

1605 w.
TH NMR (0°C): 8.19 (dd, 3JHu = 9.60 Hz, 3JpogH = 2.04 Hz, 1H), 7.72 (dd,
3JHH = 9.60 Hz, 4Jpg H = 4.08 Hz, 1H), 4.90 (dt, 2JyH = 14.20 Hz, JpogH =
10.83 Hz, 2Jpg,H = 10.92 Hz, 1H), 443 (m, 2JHH = 14.20 Hz, YpegH = 13.39 Hz,
2pp,H = 1140 Hz, 1H).

68.2 Hz,

31P{1H) NMR (0°C): 20.9 (d, 2pp = 68.2 Hz, P-Ru), - 16.7 (d, 2Jpp
P-Os).

13C{1H) NMR (- 40°C): 250.7 (dd, Zacyi-cO = 21.0 Hz, 2Jpg,c = 11.1 Hz, acyl),
201.6 (d, Jpg,,C = 89.5 Hz, 1C0), 199.6 (m, 2Jacyl-cO = 21.0 Hz, 2Jpg,.c = 10.2
Hz, 1CO), 188.8 (d, EJPRHC =13.1 Hz, 1CO), 185.9 (d, ZTPQSC = 92.6 Hz, 1CO),
183.6 (d, 2]13@5(: = 8.0 Hz, 1C0O), 172.0(d, 2]'?@5(: =9.1 Hz, 1CO).
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Chapter 5
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Reaction of M(CO)4(n2-alkyne) with M(CO)4(n1-dppm)

(M, M' = Ry, Os)

5.1 Introduction

Recent work from our laboratories has demonstrated that the

18-electron M(CO)4(n2-alkyne) (M = Ru, Os) complexes undergo facile

condensation reactions with other 18-electron compounds, such as M(CO)s

(M = Ru, Os) and (CsR5)M"(CO)z (M" = Co, Rh, Ir) to generate

have been obtained depending on both the metal and the alkyne

employed.1-3

I H

M' = Ru(CO)y; M" = Cplr(CO)

Cl

(C}C)QDS e Mncp

M" = Co, Rh



Attempts to observe reaction intermediates by NMR monitoring the

that reaction of M(CO)4(n2-alkyne) complexes with phosphines yields,
besides simple substitution, CO inserted products. This suggested that
similar chemistry with M(CO)4(n1-dppm) complexes might be observed as
well. In addition, the ability of the bridging dppm unit to maintain the two
metal centers in close proximity may allow detection of hitherto elusive
intermediates in the condensation reactions. With this in mind the
reaction of M(CO)4(n2-alkyne) complexes with M(CO)4(m1-dppm) was

investigated.
5.2. Results and Discussion

5.2,1. Reaction of Os(CO)4(n2-CoH3) with M(CO)4(m1-dppm) (M = Fe, Ru)

5.2.1.1. Synthesis and Characterization of OsRu(CO)s{u-n1l:n3-
CHCHC(O)}(u-dppm) (13) and FeOs(CO)g{u-nl:n1-CoH2C(O)}(p-dppm) (18).
Reaction of Os(CO)4(n2-CoHp) (1d) with M(CO)4(m1-dppm) (M = Ru, Fe) gave
bimetallic complexes 13 and 18, respectively, in good yields. The reactions
required a few hours at 0°C and were completed by warming to room
temperature.

The reaction between 1d and Ru(CO)4(nl-dppm) gave the same
preduct as obtained from 10a and Ru(CO)4(n2-CaH,) as described in Section
4.2.1. Thus compound 13 will not be discussed further.

Elemental analysis and mass spectroscopy indicated that compound

18 could be formulated as FeOs(CO)g(C2H2CO)(dppm) (eq. 5.1).
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1d + Fe(COY(Ml-dppm) — 22
- et e————
+ Fe(CO)(n'-dppm) ————
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FeOs(CO)(,(CzH2CO)(dppm) (5.1)

18

The IR, 1H, 13C NMR spectra are consistent with the formation of a

dimetallacyclopentenone ring where the alkene moiety is not coordinated

to a metal center.247 Thus there are four most likely structures E', F', G/,

and H', where the two five-membered rings are either cis (E' and F') or

trans ( G' and H') to one another.

Ph,P PPh,
| \C’O \CO
OC— Fe- Os CcO
<l —=7 ,
| H
cH C
O O
E'
Ph,P PPk,
\C’O \CO
Fé— 05 — CO
OoC ~ /
oc <
H
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In the 31P(1H)} NMR spectrum of 18, two resonances at § 46.7 and

compound 18 showed two signals at 8 8.47 and 3.92 in a 1:2 ratio. The
resonance at 8 8.47 is typical of the B hydrogen of the (CHRCHC(O)} group
while the resonance at & 3.92 is attributed to the methylene protons of
dppm.13-17 The presence of one methylene resonance rules out structures
E' and F' as these would give rise to two chemically inequivalent protons.
Selective and broad-band 31P decoupling experiments clearly show that the
proton signal at 8 8.47 is coupled to the osmium bonded phosphine (3Jpn.H
= 0.79 Hz) indicating that the complex has the structure G' rather than H'.
Although the a proton signal of the {CHsCHyC(O)} group is hidden under
the complex phenyl proton resonances (8 7.4), it is coupled with the f
proton. The coupling constant (3Jyy = 9.16 Hz) is characteristic of cis
coupling in the (CHRCH,C(O)} group.?47

The 13C{1H) NMR spectrum of 18 showed two resonances at § 246.7
and 201.6 in a 1:6 ratio. The low field signal at & 246.7 is assigned to the acyl
group while the singlet at 6 201.6 is due to the terminal carbonyls. As the
chemical shifts of iron and osmium carbonyls are typically 220 ppm and 180
ppm, respectively,!8 the appearance of the singlet at 8 201.6, which is at the
average chemical shift of iron and osmium carbonyls, is rationalized in
between Fe and Os.'? Selective 13C{31P) decoupling experiments showed
that the signal at § 246.7 is coupled to the phosphine that is coordinated to
the iron center, the magnitude of the coupling (18.5 Hz) indicates a trans

relationship between the two and provides further confirmation of
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structure G'20 The additional two resonances at & 161.3 and 139.6 are
typical of the {CHCHC(O)} group.?? In the TH coupled spectrum, both
resonances show C-H coupling (8 161.3, 1Jcy = 153.4 Hz and 139.6, 1Jcp =
148.8 Hz). The resonance at & 139.6, which appears as a doublet of doublets
of doublets, collapses to a doublet of doublets on selectively decoupling the
Hp resonance at 8 8.47, showing that it belongs to the B carbon of the
(CgHC4HC(O)} group (Figure 5.1). There are several examples in which the
B carbon in the {CgHCHC(O)) group is located at higher field than the o.
carbon.? Consistent with this assignments, selective 13C{31P} decoupling
experiments clearly showed that the resonance at § 139.6 is strongly coupled
to the Os-bound phosphorus atom (41.3 Hz), indicating that they are trans
to each other. Thus the NMR data unequivocally establish that compound
18 has structure G'.

5.2.1.2. Reaction of 13 with CO: Synthesis and Characterization of
OsRu(CO)s{p-ntm1-C2H,C(O))(dppm) (15). Stirring a dichloromethane
solution of compound 13 under carbon monoxide atmosphere for 5 h
resulted in the formation of the new compound 15 (e.q. 5.2). In the IR
spectrum the acyl band of 13 at 1707 cm-! has shifted to 1605 cm-1, a region
characteristic of the acyl group of dimetallacyclopentenone, where the
alkene moiety is not coordinated to a metal center.24.7

13 + CO ——— OsRu(CO)s(C,H,CO)dppm) (5.2)
CH,Cl, 5\2117 PP

15
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Figure 5.1: 13C and 13C{1H} NMR Spectra of Compound 18
in the Olefin Region
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In the 31P{1H) NMR spectrum, two doublets were observed at & 20.9
and - 16.7 due to the Ru and Os-bound phosphorus atoms, respectively.
The 1H NMR spectrum showed two low-field signals at 8 8.18 and 7.72 in
the typical range of the f§ and a hydrogens of the {CHCH,C(O)} group.247
Selective 31P decoupling experiments indicated that both hydrogens are
only coupled to the Os-bound phosphine. The 13C(1H) NMR spectrum
(Figure 5.2), showed a low-field signal at 8 250.7, due to the acyl group, and
six terminal carbonyl resonances at & 201.6, 199.6, 188.8, 185.9, 183.6, and
172.0. This sample of 15 was obtained by reacting 13, approximately 50%
enriched in 13CO, with 13CO.

Selective and broad-band 31P decoupling experiments clearly
differentiated the Ru-bound carbonyls from those on Os. Upon selectively
decoupling the 31P resonance at 8 20.9 (belonging to Ru), the 13C O
resonances at 8 250.7 (?Jcpg,, = 11.1 Hz), 201.6 (3Jcpg,, = 89.5 Hz), 199.6 (%Jcpg,
= 10.2 Hz), and 188.8 (?Jcpg, = 13.1 Hz) simplified accordingly, while they
remained unchanged when the other 3P resonance was decoupled,
indicating that they are bound to ruthenium. The large coupling between
the carbonyl at 8 201.6 and the phosphine suggests that they are trans to
each other. A broad-band 31P decoupling experiment showed that the
carbonyl at 8 199.6 is strongly coupled to the acyl group at & 250.7 (20 Hz),
indicating that they are located trans to one another. The three doublets at
6 185.9 (Jcpps = 92.6 Hz), 183.6 ()Jcpp, = 8.0 Hz), and 172.0 (Jcpp, = 9.1 Hz)
collapsed to three singlets upon selectively decoupling the phosphorus
resonance at 8 - 16.7. This demonstrates that these three carbonyls are
bound to the osmium center. The large coupling between the carbonyl at

0 185.9 and the phosphine (92.6 Hz) indicates that they are located in trans
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Figure 5.2: 31C(1H) NMR Spectra of Compound 15: (a) from the reaction cof
compound 13 (50 % 13CO enriched) with 13CO; (b) from the reaction of

compound 13 (without carbonyl enrichment) with 13CO
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positions. Furthermore, an interesting observation is that the intensity of
the carbonyl at 8 199.6 is about twice that of the other carbonyls, suggesting
that the 13CO has been introduced specifically to one site of the ruthenium
center in the reaction of compound 13 with 13CO. This will be discussed
fully in the next section. Thus, the NMR data are consistent with the
structure shown in Figure 5.2.

5.2.1.3. Interconversion between Compound 13 and Compound 15.
In the previous section, the reaction of compound 13 with carbon
monoxide to give compound 15 was described. Subsequently, an attempt to
investigate the reverse reaction was carried out by purging a
dichloromethane solution of compound 15 with nitrogen. After 30 min.,
compound 15 was quantitatively decarbonylated to afford compound 13,
identified by IR and NMR spectroscopy (e.q. 5.3). Because of the rapid
decarbonylation at ambient temperature, the NMR spectra of compound 15

had to be obtained at low temperatures or under a CO atmosphere.

/\
Ph,P PPh, PhaP PPh
0 ¢ | 0 l O
C/," | I.“‘\ + 13CO .“\\3C “\C 7
OC—Ru Os 0= OC—Rui Os —CO (5.3)
I\Cg I ) 13(:00/&:,///1{/ I
zC 4 ' C H
0" "Scy O C C
H S S
13 15

As mentioned earlier, the 13C{TH} NMR spectrum of 15, prepared
from about 50% 13CO enriched 13 and 13CO, showed that the intensity of

the carbonyl signal at 8 199.6 was twice that of other carbonyls, hinting that
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the addition of 13CO occured trans to the acyl group. Confirmation came
from conversion of 15 to 13 by purging the solution with N3. It was found
that the acyl group and the carbonyl signals in the resulting 13 have the
same intensity, indicating that it is the carbonyl that was introduced from
13CO that had dissociated from species 15.

Further experiments were carried out to verify the site specificity of
interconversion (e.q. 5.3). The reaction of RuOs(CO)s5{u-n1:n3-CoHoC(O)) (u-
dppm) (13) (natural abundance 13CO) with 13CO led to incorporation of
13CO exclusively into the site trans to the acyl moiety (Figure 5.2). In the
corresponding 31P{1H} NMR spectrum, the Ru-bound 31P resonance at
8 20.9 showed an additional doublet splitting due to EIQPRU = 10.2 Hz, while
the other phosphorus resonance at 6 - 16.7 remained a simple doublet
(2Jpp = 68.2 Hz). When this solution was purged with N3 at room
temperature, decarbonylation and formation of 13 was complete in 30 min.
The 31P{1H} NMR spectrum of 13 showed two doublets at & 30.8 and 8.4
(2Jpp = 120 Hz). The absence of additional coupling to carbony! (13CO) also
suggests that it is the 13CO ligand in species 15 that had been completely
dissociated. Consistent with this observation, in the 13C{1H} spectrum no
carbonyl signals were observed after the same number of scans were
collected as in the previous 13C{1H} experiment on 15. Clearly, the
interconversion between species 13 and 15 is site specific. It is interesting to
note that the analogous OsRu(CO)s{u-n1:n1-C2H2C(O)} compound is stable
at room temperature and does not undergo CO elimination.2 This
indicates that the cis-labilization of the phosphine ligand is important in
facilitating cis-CO dissociation.2124 The reason for the specificity is likely
the trans effect of the strong o-bonding acyl group which labilizes the

carbonyl ligand trans to it.2025-30 The 16-electron species is then stabilized
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by coordination of the double bond of dimetallacyclopentenone. By the
principle of microscopic reversibility, it is expected that CO addition to 13
will end up trans to the acyl group. Since the carbonyl ligands do not
scramble in either 13 or 15, the integrity of the initial attack is maintained.
5.2.1.4. Formation of Compound 13. In order to obtain information
about the mechanism of formation of compound 13, the reaction of
Ru(CO)4(n-dppm) with Os(CO)4(m2-C2H2) was monitored by 1H and 31P{1H)
NMR spectroscopy at different temperatures (Figure 5.3). From - 80°C to
- 20°C, no new species were observed aside from the starting inaterials. At
- 10°C, the 31P{1H} NMR spectrum showed two new species 16 and 17, each
with two 31P doublets. For compound 16, the doublet at & 31.2
(?Jpp = 25.4 Hz) is assigned to the Ru-bound phosphorus atom while the
doublet at § - 9.2 2Jpp = 25.4 Hz) to that bound to osmium. The relatively
small coupling between the phosphorus nuclei (25.4 Hz) suggests that there
is no ruthenium-osmium bond present in this intermediate (Scheme 5.1).
This suggestion is based on similar observations reported by Shaw? who
showed that the 2Jpp coupling constants in p-dppm complexes in which
there is no metal-metal bond, such as (OC)4Fe(p-dppm)Mo(CO)s
(?Jpp = 27 Hz) and (OC)4Fe(u-dppm)Mn(CO)4Br (2Jpp = 37 Hz), are much
smaller than in the corresponding compounds where a dative metal-metal
bond is present, (OC)4Fe(p-dppm)Mo(CO)4 (Jpp = 85 Hz) and
(OC)4Fe(u-dppm)Mn(CO)3Br (?Jpp = 78 Hz). The TH NMR spectrum of 16
shows a doublet at § 6.03 (3Jgp = 2.0 Hz) and a doublet of doublets at 6 3.47
(EICPEE = ZICPQS = 7.5 Hz), integrating as two protons each. The chemical
shift at § 6.03 is very similar to that of Os(CO)4(n2-C2H3)? while the other
resonance at & 3.47 is characteristic of the methylene protons of

dppm.13-17.31 The 13C{1H) NMR spectrum of 16, obtained from monitoring
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the reaction of Ru(13CO)4(n1-dppm) with Os(13C0O)4(n2-CyHj), showed two
carbonyl resonances in the region typical of Os-bound carbonyls at & 175.3
(Jcpo, = 117 Hz) and 186.1 (%Jcpp, = 10.1 Hz) with an intensity ratio of 1:2.
The corresponding 31P(1H)} NMR spectrum clearly showed that these
doublets were due to coupling to the Os-bound phosphorus nucleus. The
large splitting (117 Hz) of the carbony!l signal at 6 175.3 indicates a carbonyl
trans to the Os-bound phosphorus nucleus,?’ while the other carbonyls at
0 186.1 are cis to the phosphorus atom. There is an additional resonance at
3 204.1 belonging to 16, the signal overlaps with that due to unreacted
Ru(13CO)4(m1-dppm) starting material, suggesting that they have similar
structures. As found in the related compounds Ru(CO4L (L = dppm,
PR3),1332 the presence of only one resonance for the Ru-bound carbonyls,
even down to - 110°C, implies that the carbonyls bound to Ru are fluxional.
Rapid axial-equatorial carbonyl exchange process can be rationalized in
terms of the well-known Berry pseudorotation mechanism.33 For species
17, the two 31P doublets at § 21.5 and - 16.7 are assigned to the Ru- and Os-
bound phosphorus. More importantly, the coupling constant (76.3 Hz)
between the phosphorus nuclei is significantly larger than that found in
species 16 and indicates the formation of a metal-metal bond. In the 1TH
NMR spectrum, two signals at & 8.59 and 7.75, belonging to 17, are
characteristic of the f and « protons of a (CHRCHuC(O)} group where the
alkene moiety is not coordinated to a metal center.2’ Two resonances at
8 4.63 and 3.88 are typical of the methylene protons of dppm. Based on
these data the structure of 17 is proposed as shown in Scheme 5.1. The
presence of donor-acceptor Ru—Osbond is to satisfy the 18-electron rule,

but it may also help promoting the CO insertion reaction. The possibility
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Figure 5.3: 31P{1H} NMR Monitoring of the Reaction of Ru(CO)4(n1l-dppm)

with Os(C0)4(n2-C2H>): Formation of 13
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Ru(CO),(n'-dppm) + Os(CO)4(n*-C,H,),

- 10°C, 40 min
- CO

Ph,P PPh,

(OC);Ru Os(CO)3(CoH,)

0°C, 20 min

Ph,P

17

Scheme 5.1: Mechanism for the Formation of 13



that, instead of Ru—>Os bond, a side-on bonded Ru-CO fulfills the
electronic demand of the Os center can not be ruled out. Unfortunately the
complicated nature of the 13C NMR spectrum and the small concentration
of 17 at this stage of the reaction prevented its clear identification.
Warming to 0°C results in conversion of 17 to 15. This is an interesting and
crucial observation since it shows that ring expansion of
metallacyclobutenone to dimetallacyclopentenone is a definite possibility
along the condensation reaction pathway. As already mentioned in

Chapter 4, on warming to room temperature, species 15 converts to the

final product 13.

5.2.2. Reaction of Ru(CO)4(n2-CF3C,CF3) with Fe(CO)4(n1-dppm)

As mentioned in the introduction, the products of condensation
reactions of M(CO);(n2-alkyne) with other 18-electron species depend on
the metal and the alkyne. In contrast to the reaction of Fe(CO)4(n1-dppm)
with Os(CO)4Mm2-CoHy), which gave dimetallacyclopentenone 15 and 13, its
reaction with Ru(CO)4(n2-CF3C2CF3) gave a dimetallacyclobutene species,

FeRu(CO)g(u-CF3C2CF3)(u-dppm) (20) (eq. 5.4).

+ Fe(CO)4m'-dppm)
4\N"-Gpp > FeRu(CO)g(u-CF;3C,CF;)(p-dppm) (5.4)
CH,Cl,/pentane, 43 h

20

Formulation of 20 is based on elemental analysis and spectroscopic
data. The TH NMR spectrum displayed a triplet at 8 3.58 corresponding to
the methylene protons of dppm, implying that these two protons are

equivalent. Thus there are two possible structures, I' with a two-electron
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alkyne and a Fe-Ru bond and ]J' with a four-electron alkyne and no Fe-Ru

bond.

Ph,P PPh PP T pp)
2 2 “hyl . PPhy
‘\CO I ,\C’O I ‘\C"D I i\QD
OC — Ru: Fe — CO OC —Ru Fe — CO
7 7 e o .
&N\ & " N\
C=C 1=/°
' F3C CF3 (:
CF,
I' Ji

In the 19F NMR spectrum two resonances 2: 3 - 55.5 and - 56.9 were
observed, which is consistent with structure I' instead of J' as the latter
would render the two sets of CF3 groups equivalent. The 31P{1H} NMR
spectrum showed two signals at § 63.7 and 33.5 for the phosphorus atoms
bound to Fe and Ru, respectively.11® Both the down-field shifts with
respect to that of free dppm (86 22.7) and the strong coupling (100.4 Hz)
between the phosphorus nuclei suggest the formation of a five-membered
ring3435 and a metal-metal bond.” The room temperature 13C{1H} NMR
spectrum exhibited only one resonance in the terminal carbonyl region at
6 208.1. As the chemical shifts of the terminal carbonyls bound to Fe and
Ru are around 220 ppm and 200 ppm, respectively,!8 the presence of one
singlet at the approximately average position is indicative of rapid carbonyl
scrambling. The carbonyl exchange process is best accounted by the well-
known "merry-go-round" carbonyl exchange process,’” and has been
observed in the related Ruz(CO)g(p-n1:n1-HFB).! Thus, the NMR data are

clearly consistent with structure I' for species 20.



When the reaction of Fe(CO)4(n1-dppm) with Ru(CO)4(n2-HFB) was

carried out for only 2 h, a mixture of compounds 19 and 20, in a ratio of

1:1.3 was obtained (eq. 5.5).

A

Ph,P PPh,

] O(‘," l I ‘\CO
+ Fe(CO -dppm . o
(CONn -dppm) Ru Fe—CO + 20 (55)
CH,Cl,/pentane, 2 h I \ =C/ I
C CF; CF5C
(®) (9]
19

Formulation of 19 is based on NMR spectroscopic data. The TH NMR
spectrum displayed two resonances, belonging to 19, at 8 4.18 and 3.33,
which are due to the methylene protons of dppm. The 31P{TH} NMR
spectrum showed two doublets at & 43.3 and 20.0 that belong to 19. Again,
the down-field shifts of the coordinated dppm resonances with respect to
that of free dppm implies that a five-membered ring has formed.
Consistent with this, the relatively large coupling (55.2 Hz) between the
phosphorus nuclei also supports the formation of a metal-metal bond.
Furthermore, the observation of two signals at & - 53.3 and - 55.5 in the 1°F
NMR spectrum, indicating inequivalent CF3 groups, is in accord with the
structure as illustrated in eq. 5.5.

In an attempt to obtain information about the mechanism of
formation of compounds 19 and 20, the reaction of Ru(CO)4(n2-HFB) with
Fe(CO)4(n1-dppm) was monitored by 31P{1H} and 19F NMR spectroscopy at
low temperatures (Scheme 5.2). At 0°C, the 31P{1H} NMR spectrum showed
a new species 21, with signals at § 66.4 and 25.7 due to the Fe- and Ru-bound
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phosphorus atoms, respectively. The small coupling (36.2 Hz) between the
phosphorus nuclei indicates that there is no metal-metal bond present.
The 19F NMR spectrum displayed a doublet at § - 54.4 (4Jpf = 1.5 Hz), which
is consistent with the equivalence of the two sets of CF3 groups. When the
temperature was raised to room temperature, no other intermediates were
seen but both species 19 and 20 started to appear in the 31P{1H} and 19F
spectra. When the solution was maintained at room temperature,
compound 19 gradually converted to compound 20.

Consistent with the facile CO substitution of Ru(CO)4(n2-HFB) with
monophosphines described in Chapter 2, the reaction proceeds by initial CO
loss from Ru(CO)4{n2-HFB) followed by attachment of the dangling
phosphine of Fe(CO)4(n1-dppm) to afford intermediate 21. Since both
metals in compound 21 are coordinatively saturated, the following step of
the reaction could proceed by CO dissociation from either the ruthenium
center or the iron center. Dissociation of CO from Ru(CO)3(PR3)(n2-HFB)
complexes takes place readily at room temperature, while CO dissociation
from Fe(CO)4(nl-dppm) does not occur even at 80°C.12 This suggests that
the CO dissociation in species 21 is most likely to take place at the
ruthenium center to give (OC)4Fe(u-dppm)Ru(CO)2(n2-HFB) where a
Fe —»Ru dative bond is proposed to maintain the 18-electron configuration
at the ruthenium center. Such a dative bond is typical of dinuclear
complexes containing Fe(CO)4(dppm) wunit such as
(OC)4Fe(p-dppm)Mn(CO)4Br in which a Fe—Mn dative bond was
proposed.’123 This species then converts to products 19 and 20. Since 19
slowly isomerizes to compound 20, this implies that itis the kinetic
product and compound 20 is thermodynamically more stable. The slow

isomerization process could involve switching of the two electron HFB to a
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four electron mode with concomitant cleavage of the Fe-Ru bond, i.e.
structure J'. Similar bonding mode changes of alkyne ligands have been

observed in several dinuclear complexes.137-41

5.3. Conclusions

The results of this study show that M(CO)4(n2-alkyne) (M = Os,
alkyne = CyHp; M= Ru, alkyne = CF3C2CF3) compounds react readily with
M'(CO}4(ni-dppm) (M' = Fe, Ru) to yield two types of dimetallacyclic
complexes.

The reaction of Os(CO)3(n2-CoHj3) with M'(CO)4(n1-dppm) (M' = Fe,
Ru) gives the corresponding dirhetallacyclopentenone compounds 13 and
18. For the reaction of Os(CO)4(n2-CoH3) with Fe(CO)4(nl-dppm),
mechanistic studies showed that the reaction proceeds by initial CO
substitution in Os(CO)4(n2-C2Hj) by the free phosphine end of
Fe(CO)4(nl-dppm) to yield species 16. This species then undergoes CO
insertion at the osmium center to generate an osmacyclobutenone species
17 that is stabilized by a ruthenium to osmium dative bond. These steps are
analogous to those identified in the reaction of Os(CO)4(n2-CoH3) with
dppm. The following step involves ring expansion of osmacyclobutenone
from intermediate 17 to generate dimetallacyclopentenone 15. It is
interesting that this species undergoes facile CO dissociation to yield the
final product 13. While the conversion of compound 15 to compound 13 is
reversible, it is clear that the CO ligand dissociates from a position trans to
the acyl group at the ruthenium center; this is attributed to a combination
of cis-labilization of the phosphine ligand, the strong trans effect of the acyl

group and the weak Ru-CO bond energy.“? In contrast, FeOs(CO)g{p-
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CoHC(O)(u-dppm) (18) resists CO dissociation from the iron center.
Undoubtedly this is a consequence of both the different geometry of the
complex and the stronger bond between iron and carbon monoxide
compared to that between ruthenium and CO.%2

The reaction of Ru(CQO)4(n2-HFB) with Fe(CO)4(n1-dppm) affords the

dimetallacyclobutene compounds 19 and 20. The reaction proceeds via

This species then undergoes further CO dissociation from the ruthenium
center, followed by alkyne migration from a terminal to a bridging position
to yield compounds 19 and 20. Isomerization of 19 to 20 may involve
bonding mode change of the alkyne from parallel, two electron donor
ligand, to perpendicular four electron donor ligand and reformation of the
dimetallacyclobutene core of 20.

These studies provide further examples that the reaction of
M(CO)4(n2-alkyne) (M = Os, alkyne = CoHjy; M= Ru, alkyne = CF3C2CF3)
with M'(CO)4(nl-dppm) (M’ = Fe, Ru) is both metal and alkyne dependent.

The formation of two types of products, dimetallacyclopentenone and
dimetallacyclobutene, are analogous to those from the condensation
CF3C2CF3) with other 18-electron compounds such as Ru(COjs. This
indicates that, in general, the intermediates observed here should be closely
related to those in the condensation reactions of M(CO)4(n2-alkyne) with

other 18-electron compounds.
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5.4. Experimental Section

5.4.1. Starting Materials and Reagents

Fez(CO)9 was purchased from Alfa Chemical Company. The
compounds Fe(CO)4(n1-dppm)® and Ru(CO)4(n!-dppm)!3 were prepared by
the published procedures.

5.4.2. Synthetic Procedures

Synthesis of OsRu(CO)s{p-n1:n3-CHCHT(O))(u~-dppm), 13

A solution of Os(CO)4(n2-C2H3) (50 mg, 0.152 mmol) in pentane
(25 mL) was added to a reddish brown solution of Ru(CO)4(n1-dppm)
(91 mg, 0.152 mmol) in CH>Cl; (10 mL) at - 5°C. The reaction mixture was
then placed in an ice/water bath and kept stirring under a stream of argon
at 0°C for 2 h. Over this time the orange solution gradually changed to an
orange suspension. The mixture was then allowed to warm to ambient
temperature and was stirred for 5 h. The solvent was removed in vacuo.
Recrystallization from CH,Cly/pentane gave 13 as a yellow solid 107 mg

(81%). The spectroscopic data are listed in Section 4.4.2.

Synthesis of RuOs(CO)¢{p-n1n1-CoH2C(O)}(pu-dppm), 15

A dichloromethane solution of compound 13 was stirred under
carbon monoxide atmosphere at room temperature for 5 h. Over this time
no obvious color change took place. The reaction was monitored by IR

spectroscopy and showed quantitative formation of compound 15.

IR (CHzClp, em): V¢ 2071 s, 2035 5, 2002 s, 1989 sh, 1960 m; Vi 1605 w.



TH NMR (0°C): 8.19 (dd, 3JuH = 9.60 Hz, 3JpgsH = 2.04 Hz, 1H), 7.72 (dd,
3Jun = 9.60 Hz, 4JpogH = 4.08 Hz, 1H), 4.90 (dt, JJHH = 14.20 Hz, 2poeH =
10.83 Hz, 2Jpg,H — 10.92 Hz, 1H), 4.43 (m, 2JHH = 14.20 Hz, 2JpoeH = 13.39 Hz,
2pp H = 11.40 Hz, TH).

68.2 Hz,

31p{1H) NMR (0°C): 20.9 (d, 2Jpp = 68.2 Hz, P-Ru), - 16.7 (d, 2]pp
-0Os).

13C{1H) NMR (- 40°C): 250.7 (dd, ZJacyl-cO = 21.0 Hz, 2Jpg, ¢ = 11.1 Hz, acyl),
201.6 (d, 2Jpg,C = 89.5 Hz, 1CO), 199.6 (m, Yacyi-co = 21.0 Hz, 2Jpg,,-C = 10.2
Hz, 1CO), 188.8 (d, 2Jpg,C = 13.1 Hz, 1CO), 185.9 (d, ZJpp,c = 92.6 Hz, 1CO),
183.6 (d, YppsC = 8.0 Hz, 1C0O), 172.0 (d, Jpp,c = 9.1 Hz, 1CO).

Characterization of RuOs(CO);(n2-CoH)(u-dppm), 16

1H NMR( - 10°C ): 6.03 (d, 3Jpy = 2.0 Hz, CoHp), 3.47 (dd, Jpy = 7.5 Hz, 2H).
31p(1H} NMR( - 10°C ): 31.2 (d, 2Jpp = 25.4 Hz, P-Ru), - 9.2 (d, 2Jpp = 25.4 Hz,
P-Os).

13C{1H} NMR (- 10°C): 204.1 (Ru-CO), 186.1 (d, ZJFC)SC = 10.1 Hz, 2CO), 175.3
(d, Ypoyc = 117 Hz, 1CO),

Characterization of RuOs(CO)g{n2-CoH,C(O)}p-dppm), 17

TH NMR ( 0°C ): 8.59 (d, 3JqH = 9.4 Hz, 1H), 7.75 (dd, 3Jyy = 9.4 Hz, 4]pH =
8.8 Hz, 1H), 4.63 (m, 1H), 3.88 (m, 1H).

31P(1H) NMR ( 0°C ): 21.5 (d, 2Jpp = 76.3 Hz, P-Ru), - 16.7 (d, 2Jpp = 76.3 Hz,
P-Os). ‘

Synthesis of FeOs(CO)g(u-—n1ml--CoH2C(O)}(u-dppm), 18
A colorless solution of Os(CO)4(n2-C2Hj3) (50 mg, 0.153 mmol) in

pentane (12 mL) was added to a reddish brown solution of
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Fe(CO)4(nl-dppm) (84 mg, 0.153 mmol) in CH,Cl; (7 mL) at 0°C, which
resulted in the formation of an orange suspension. The reaction mixture
was stirred under a stream of argon at 0°C for 3 h. The suspension gradually
turned to an orange solution and then changed back to an orange
suspension. The ice bath was removed and the mixture was allowed to
warm to room temperature and kept stirring at room temperature for
additional 2 h. The solvent was then removed in vacuo. The residue was
recrystallized from CH,Cly/pentane to give 18 as a yellow powder (101 mg,
78%). Anal. Calcd. for C34Hp407P2FeQOs: Caled: C, 47.90; H, 2.84. Found: C,
48.24: H, 2.91. MS (FAB): M+= - nCO, n = 0-6.

IR (CH3Cly, cm-1): Veo: 2079 w, 2014 s, 2002 vs, 1964 m, 1934 m; Vool
1604 w.

TH NMR: 8.47 (dd, 3JpogH = 0.79 Hz, 3 = 9.16 Hz, 1H), 3.92 (dd, ZJpoeH =
10.64 Hz, 2Jpg.H = 9.56 Hz, 2H).

31P(TH) NMR: 46.7 (d, 2Jpp = 83.7 Hz, P-Fe), - 14.3 (d 2Jpp = 83.7 Hz, P-Os).
I3C{TH} NMR: 246.7 (dd, 2JppC = 18.5 Hz, 3TposC= 9.7 Hz, acyl), 201.6 (s,
6CO), 161.3 (d, 3Jpg,c = 11.7 Hz, Fe-C(0)-C(H)-), 139.6 (dd, Jpg.c = 41. 3 Hz,
3]PpeC = 3.3 Hz, Os-C(H)=), 48.3 (dd, HposC = 28.4 Hz, 1Jpg,c = 19.3 Hz,
PPh;CH,PPhy)

Synthesis of FeRu(CO)g{p-n1m1-Co(CF3)2}(u-dppm), 20

A colorless solution of Ru(CO)4(n2-HFB) (50mg, 0.133 mmol) in 13
mL pentane was added to a reddish brown solution of Fe(CO)4(n1-dppm)
(74mg, 0.134 mmol) in 6 mL CHCl; which resulted in the formation of a
reddish brown suspension. The mixture was then stirred under a slow
stream of N2 at room temperature for 43 h. The solvent was then removed

under vacuum. Recrystallization from CH,Cly/pentane gave 20 as a yellow
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solid (104 mg, 90%). Anal.Calcd. for C35H2206P2FgFeRu: C, 48.24; H, 2.54.
Found: C, 48.15; H, 2.68.

IR (CH2Clp, emi1): Ve 2084w, 2024s, 20125, 1976m; ; Veoc: 1603 w.

TH NMR: 3.58 (t, 2Jpy = 10.27 Hz).

31P{1H} NMR: 63.7 (dq, 2Jpp = 100.4 Hz, 4Jpr = 1.9 Hz, P-Fe), 33.5 (dq, 2Jpp =
100.4 Hz, 4Jpf = 6.2 Hz, P-Ru).

19F NMR: - 55.5 (dq, 4Jrr = 13.7 Hz, 4Jpf = 6.2 H2), - 56.9 (dq, 4JFF = 13.7 Hz,
4pr = 1.9 Hz).

13C{1TH) NMR: 208.1 (s), 45.8 (t, 2Jcp = 27.6 Hz, PPhoCHj1'Phy).

Characterization of FeRu(CO)g{u-n1ln1-C2(CF3)2)(u-dppm), 19

1H NMR: 4.18 (ddd, gy = 13.22 Hz, 2]py = 12.56 Hz, 2Jpy = 11.48 Hz, 1H),
3.33 (ddd, 2y = 13.22 Hz, Jpy = 12.43 Hz, ZJpy = 12.73 Hz, 1H).

31P{TH) NMR: 43.3 (dq, Jpp = 55.2 Hz, 4JpF = 5.3 Hz, P-Fe), 20.0 (d, Jpp = 55.2
Hz, P-Ru).

19F NMR: - 53.3 (q, 5]pz = 12.8 Hz), - 55.5 (m, 5Jfp = 12.8 Hz, 4Jpper = 5.3 Hz).

Characterization of FeRu(CO)7{n2-C2(CF3)2}(u-dppm), 21
31P(1H) NMR: 66.4 (d, 2Jpp = 36.2 Hz), 25.7 (dm, 2Jpp = 36.2 Hz, 4JpF = 1.5 Hz)
19F NMR: - 54.4 (d, 4JpF = 1.5 Hz)
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Chapter 6

Reactivity of Metallacycles

6.1. Introduction

As described in Chapter 1, metallacycles are involved in numerous
organic reactions mediated by transition metal compounds.!® Two
important classes of such compounds, which are closely related to those
described in the previous Chapters, are dimetallacyclopentenones and
metallacyclobutenones. Dimetallacyclopentenone complexes containing
iron and ruthenium have been extensively studied.”!> The ease of carbon-
carbon bond formation is elegantly exemplified by stepwise formation of a
diiron tropone complex via a diferracyclopentenone compound as an
intermediate.1* Rich organic chemistry at dinuclear centers has also been
revealed in a variety of thermal rearrangements, leading to

dimetallacyclobutenes!!!> and bridging vinylidenes (egs. 6.1- 6.2).1016.17

@z COzMe

A N\ 7/

Q O GAERS)
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In contrast to homonuclear systems, relatively little is known about the
organic chemistry of heterometallic complexes. It was, therefore, of interest
to investigate the reactivity of heterodimetallacyclopentenone complexes
such as compound 13. While dimetallacyclopentenone complexes have
attracted much attention, it is perhaps surprising that there are only a few
known examples of simple mononuclear metallacyclobutenone
complexes.1820 Wojcicki?!22 and Chetcuti?® recently reported that
metallacyclobutenone complexes are prone to undergo electrophilic
addition to yield metallacyclobutadiene complexes (eq. 6.3). Such
complexes are of interest in that they are related to Fischer carbene

Ccmplexes which have been w;dely used in organic synthems 24-27 These

and Qsmacyclépentenedigne 12 towards electmphilesi The results of

alkylation of 10a and 12 and thermolysis of 13 are described in this Chapter.

o , £OMe Qo | LoMe
N N BtjOPFs N1 Ox0 .
,,S"Rei‘s CCDzME = KRE% 7 f CQQEME (63)
R | C e l C
O - OEt
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6.2. Results and Discussion

6.2.1. Alkylation of Os(CO)3{n2-C;H,C(0)}(n2-dppm) (10a) and
0s(C0O),(n=-C(Me)C(Me)C(O)}(n2-dppm) (12)

When compound 10a was treated with methyl triflate in
dichloromethane, the new compound [Os(CO)2{n2-CHCHC(OMe)}(n?2-
dppm)][SO3CF3](22) was obtained in 86% yield (eq 6.4).

_ < PPh, H /~PPh,

PhoF, | WO . PhP 2 H
L D ~H CH;;SC’SCEB ) ’
EDE\ CF

e CHCL

O

CcH (6.4)

10a 22

spectroscopy. The IR spectrum of 22 contains two terminal CO stretching
bands at 2045 and 1989 cm-!, both bands are at higher frequencies with
respect to the terminal CO stretches of compound 10a. This indicates less
back-bonding from the metal d orbitals to the carbonyls, which is consistent
with the formation of a cationic species. In the TH NMR spectrum, three
resonances at & 9.12, 7.90, and 4.68 in a ratio of 1:1:3 are assigned to the
protons of the osmacyclobutadiene ring and methoxy group, respectively.
The 31P{1H) NMR spectrum showed two resonances at § - 45.5 and - 50.2,
which are at higher field than that of free dppm and indicate that the four-
membered chelating dppm ring remains unchanged.2829 In the 13C{1H)
NMR spectrum the low field doublet of doublets at & 234.2 (2Jcp = 61 Hz,

Zjcp = 9 Hz) is assigned to the carbene carbon as the chemical shifts of
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Fischer carbene carbons are in the range from 200 ppm to 400 ppm.3® The
13C{1H)} NMR spectrum, obtained by starting with a 13CO enriched sample
of 10a, where the acyl carbon was also enriched, showed this resonance to
be the same intensity as those of the terminal CO resonances and indicated
that the carbene carbon at § 234.2 comes from the acyl group of compound
10a. The coupling constants of 61 Hz and 9 Hz are due to the trans and cis
couplings between phosphorus and the carbene carbon. These data are in
accord with the proposed structure for 22. Further confirmation came from
an APT experiment which showed that the resonances at § 181.4 and 160.8
were clearly due to carbons bonded to one hydrogen. In comparison with
10a, the chemical shift of the B-carbon has moved to lowfield by 15 ppm
whereas the carbon originating from the acyl group in 10a has moved
downfield by 35 ppm. The remaining resonances at 8 180.0 (2Jcp = 89.8 Hz,
2Jcp = 6.7 Hz) and 181.7 are characteristic of terminal carbonyls bonded to
osmium.?! As shown in Scheme 6.1, there are three possible resonance
structures. The disappearance of the acyl band in the IR spectrum suggests
that resonance structure L' does not make a significant contribution to the
bonding, whereas the 13C NMR data indicate that both K' and M' appear to
contribute to the bonding where K' is the major contributor. Thus, the IR
and NMR spectroscopic data are consistent with the resonance structures K'
and M' whereas resonance forms L' does not make a significant

contribution to the bonding in compound 22.
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Although compound 12 has two potential reaction sites, the

alkylation reaction, even with excess methyl triflate, occurs only at one site

to yield the corresponding alkylation product[Os(CO);
(n2-C(O)C2(Me)2C(OMe)}(n2-dppm)][SO3CF3] (23) (eq 6.5).

Based on the spectroscopic similarity between compound 22 and
compound 23, the characterization of 23 is straightforward. The 13C{1H)
NMR spectrum shows one low field signal for the carbene carbon at § 286.4
(Jcp = 55.8 Hz, ZJcp = 7.5 Hz); the coupling constants of 55.8 Hz and 7.5 Hz
indicate that the carbene carbon is trans to one phosphorus atom and cis to

the other. Consistent with the alkylation occurring at the acyl group trans
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‘to the equatorial phosphine, the chemical shift of remaining acyl group at &
238.8 (?Jcp = 11.9 Hz, ZJcp = 6.3 Hz) is similar to that of compound 12 and
the coupling constants are in accord with its cis disposition to both
phosphines. Two resonances at 8 182.6 (2Jcp = 9.3 Hz) and 177.8 (2Jcp = 67.1
Hz, 2Jcp = 8.3 Hz) are due to the terminal carbonyls.3! The resonance at &
177.8 exhibits strong phosphorus coupling indicating that it is trans to the
axial phosphine. The two remaining ring carbons resonate at 8 179.9 and
165.1, both resonances showed additional couplings to hydrogens in the 1H
coupled spectrum. All other features of the IR, 'H, and 31P{1H} NMR
spectra of compound 23 closely resemble those of compound 22. Thus the

compound 23 is formulated as shown in eq 6.5.

6.2.2, Thermolysis of OsRu(CO)s{p-n1n3-C,H,C(O))(n-dppm) (13)

Compound 13 is stable in solution at room temperature. However,

when it is heated in refluxing toluene, it gradually converts to a single
product. In light of the structure of Fea(CO)s5(pn-
PhoPCH,P(Ph)CgH4C(CHPh)) obtained from thermolysis of the analogous
Fea(CO)s5{u-n1:n3-CoHaC(O))(u-dppm),®2 product 24 was identified as shown
in eq 6.6.

Ph,P PPh, Ph,P " Spp |

\\ 7 I QQ

I T \ A | i‘\, S

| e - CO - tDl,ue,ng,,; OC—Ru—/[=0s—CO (6.6)
I‘\fHI reflux I "‘ch I

S CH, !

/CH € C ’c
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The formulation of compound 24 is based on extensive spectroscopic
studies including 13C labelling experiment. The IR spectrum of 24
exhibited four terminal carbonyl bands at 2043, 1986, 1952, and 1926 cm-1,

More importantly, one band is also observed at 736 cm-! and is

4.38, and 3.25, in a ratio of 1:1:3, are assigned to the two inequivalent
methylene protons of the bridging dppm ligand and a methyl group,
respectively. The 31P{1H} NMR spectrum showed two doublets at & 30.3
and - 3.6. The former resonance is attributed to the Ru-bound phosphorus
nucleus whereas the latter is due to the Os-bound phosphorus.3> Itis
noteworthy that, in contrast to the chemical shifts of compound 13, the
chemical shift of the Ru-bound phosphorus is not changed significantly
while that of Os-bound phosphorus is shifted to higher field by 12 ppm,
consistent with orthometalation taking place at the osmium center.36 As
shown in Figure 6.1(a), the 31C{1TH} NMR spectrum of 24 displays five
terminal carbonyl resonances at 6 205.8, 197.1, 186.5, 185.3, 178.7. No other
signals are observed in the region from 200 ppm to 700 ppm. Selective
decoupling of the higher field, Os-bound, phosphorus resonance leads to
collapse of the three doublets at 5 186.5, 185.3, and 178.7 into singlets, while
the doublet of doublets at § 197.1 is simplified to a doublet (Fig 6.1 (c)).
Similarly, selective decoupling of the other phosphorus resonance at 6 30.3
leads to the collapse of the doublet of doublets at 8 197.1 into a doublet
while the other resonances remain unchanged, Fig 6.1(d). This
demonstrates that the resonances at & 186.5, 185.3, and 178.7 are due to the
carbonyls bound to the osmium center while the other two signals at

8 205.8 and 197.1 are attributed to those on ruthenium. In addition, the
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Figure 6.1: 13C{1H) and 13C{31P} NMR Spectra of 24:
Spectrum (a) at 100.614 MHz; Spectra (b), (c), and (d) at 50.323 MHz



strong coupling (91.1 Hz) between the carbonyl at  185.3 and the high field
phosphorus resonance indicates that they are in trans positions, whereas
the other carbonyls are cis to the phosphorus nuclei as can be deduced from
their small coupling constants. The methyl group signal was observed at
8 34.1 and was confirmed by its quartet éppearaﬁce in the 1H coupled
spectrum. The 1Jcy of 126.2 Hz is similar to that of ethane.3’ In order to
identify the carbyne carbon, the preparation of compound 24 was carried
out using compound 13 in which the alkene unit in the (CoH2CO) group
was enriched in 13C (compound 13 was prepared from Ru(CO)4(n!-dppm)
and Os(CO)4(n2-13C2H3y)). The corresponding 13C{1H} NMR spectrum of 24
(13C3) showed two doublets of doublets at 8 130.0 and 34.1; the signal at 34.1
is at the same position as observed in unenriched 24 (Jcc = 36 Hz). The
values of chemical shift are similar to those (8 143.4 and 47.0) found in
Fep(CO)5{u-PhaPCH,P(Ph)CgH4C(CH,Ph)}.32 The 1jce coupling constant is
similar to that of ethane (34.6 Hz).37 Selective decoupling of the
phosphorus at § 30.3 leads to collapse of these signals into two doublets,
while decoupling the other 31P at & - 3.6 does not affect these signals. This is
consistent with the CCH3 unit being approximately trans to the phosphorus
on ruthenium and cis to the phosphorus on osmium. The molecular
structure of Fez(CO)s{u-n1:m3-CoH,C(O)(pu-dppm) shows that this is indeed

Proposed Pathways for Formation of 24. Two reasonable pathways

are proposed for conversion of the dimetallacyclopentenone species 13 to
alkylidyne compound 24 (Scheme 6.2). Path 1 is initiated by a 1,2-hydrogen
shift to give intermediate N', which undergoes CO dissociation,

presumably at the ruthenium center because of the weaker Ru-CO bond,?8
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followed by CO migration from osmium to ruthenium and
orthometalation at the osmium center to generate species O'. This
intermediate undergoes further transfer of the hydride to the methylene
carbon and carbonyl rearrangement to give bridging alkylidyne species S'.
Finally, carbon-carbon bond formation between the alkylidyne carbon and
the orthometallated carbon generates complex 24. Path 2 involves initial
decarbonylation to give a dimetallacyclobutene species P; such a process
has precedent.!! Species P' undergoes CO dissociation, again presumably at
the ruthenium center, followed by CO migration from osmium to
ruthenium and orthometallation at the osmium center to give species Q'.
This species undergoes hydride transfer to give the vinyl species R'.
Further 1,2-hydrogen shift and carbonyl rearrangement yield bridging
alkylidyne species S', followed by carbon-carbon bond formation to afford
complex 24.

The common features for both pathways are the 1,2-hydrogen shift
and the orthometallation steps. The 1,2-hydrogen shift in complexes
containing either {u-n1:n3-CHCHC(O)} group or (u-n':n2-CHCH)) group is
known.3%40 Tt is also well documented that triphenylphosphine frequently
undergoes C-H bond cleavage of a phenyl ring to form a cyclometallation
products.4l  Although orthometallation reactions involving dppm are
much less common, there is increasing evidence demonstrating that such
pfocesses are possible.42-44

In the thermolysis of the analogous Fex(CO)s5(p-n1:m3-Co2H2CO)} (-
dppm) complex, Hogarth reported that a complex analogous to N' is
formed by 1,2-hydrogen shift at 90°C before the orthometallation step takes

place at 111°C (Scheme 6.3).4546 Based on the similarities between the two
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reactions, we believe that Path 1 is more likely operative in the present case
as well, although Path 2 can not be ruled out.
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I | |
of ~CH Hg d

.
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L& YR e
(OC),Fe —\- Fe(CO), + (OC),Fe’——— Fe(CO);

Me

Scheme 6.3

6.3. Conclusions

Both osmacyclobutenone 10a and osmacyclopentenedione 12,
Fischer-type carbene complexes (22 and 23). The dimetallacyclic complex 13
converts to complex 24 at high temperatures by a sequence of steps
involving interesting C-C and C-H bond cleavage and formation. Future
studies should be directed toward the reactions of the dimetallacycles with

electrophiles. Thus protonation of 13 could give the corresponding cationic
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dinuclear vinyl complexes, which ought to have rich derivative
chemistry.10,12,13,46

6.4. Experimental Section

6.4.1. Starting Materials and Reagents

0s(C0)2(n2-C2H2C(0)}(n2-dppm) (10a) and Os(CO)a{n2-
C(Me)C(Me)C(0)}(n2-dppm) (12) were prepared as reported in Chapter 3.
Methyl triflate was purchased from Aldrich Chemical Co..

6.4.2. Synthetic Procedures

Synthesis of [0s(CO),(n>-~CHCHC(OMe)}(nZ-dppm)}[SO3CF3], 22

To a methylene chloride solution (5 mL) of Os(CO)2(n2-CaHC(0)}
(n2-dppm) (10a) (16 mg, 0.0234 mmol) was added 2.6 pL (0.0234 mmol)
methyl triflate with a gas-tight syringe. The color of the solution gradually
changed from yellow to orange over 40 min. The solvent was removed
under reduced pressure and the residue was recrystallized from
CH,Cl,/pentane to give 17 mg (86%) of an orange solid (22). Anal. Calcd for
C32Hy7F306P2S0s: C, 45.28; H, 3.21. Found: C, 44.73; H, 3.21.
IR (CH,Cl,, em1): Ve 2045 (s), 1989 (s).
TH NMR: 9.12 (dd, 34y = 6.4 Hz, 3]p = 2.1 Hz, Os-CH), 7.90 (ddd, 3]y = 6.4
Hz, 4yp = 3.8 Hz, 4Jyyp = 3.7 Hz, Os-CHCH), 5.52 (ddd, 2y = 16.5 Hz, Jpyp =
9.5 Hz, 2Jp = 9.5 Hz, Ph,PCH,PPh,), 5.29 (ddd, 2y = 16.5 Hz, 2Jyp = 9.2 Hz,
2Jyp = 9.3 Hz, Ph,CH,PPh,), 4.68 (s, OCHj).
31P(1H} NMR: - 45.5 (d, 2Jpp = 19.3 Hz), - 50.2 (d, ZJpp = 19.3 Hz).



13C(TH} NMR : 234.2 (dd, Y cp = 61 Hz, 2Jp = 9 Hz, OsC(OCHS,)), 180.0(dd,
?Jcp = 89.8 Hz, 2Jp = 6.7 Hz, CO), 181.7 (s, CO), 181.4 (d, 2Jp = 12.6 Hz,
OsCH), 160.8 (d, 3]cp = 12.0 Hz, 3]p = 8 Hz, OsCHCH), 70.6 (d, 4] p = 3.4 Hz,
OCHjy), 46.2 (t, 2 cp = 31.4 Hz, PPh,CH,PPh,).

Synthesis of [Os(CO)2{n%-C(O)CMeCMeC(OMe)(n-dppm)I[SO;CF;], 23

To a solution of compound 12 (25 mg, 0.0338 mmol) in 10 mL CH,Cl,
was added methy! triflate (23 uL, 0.205 mmol) with a gas-tight syringe. The
resulting solution was stirred at room temperature for 18 h, during which
time the color of the solution gradually changed from yellow to pale
orange. The solvent was then removed in vacuo. Recrystallization from
CH2Clz/pentane gave 26.8 mg (88%) of an orange solid (23). Anal. Calcd for
C35H31F307P250s-0.5CH>Cly: C, 45.01; H, 3.40. Found: C, 44.46; H, 3.71.
IR (CH2Clp, em1): V: 2048 s, 1998 5, 1630 w; Vyeytt 1605w.
TH NMR: 5.69 (ddd, 2Jyy = 15.5 Hz, 2Jpay = 9.2 Hz, Jppy = 9.3 Hz, 1H), 5.11
(ddd, 2Jyn = 15.5 Hz, 2Jpay = 12.6 Hz, 2Jppy = 13.1 Hz, 1H), 4.91 (s, 3H), 1.87
(m, 5JpaH = 0.7 Hz, 5THy = 1.0 Hz, 3H), 1.27 (m, 5Jpay = 5JHH = 1.0 Hz, 3H).
31P(1H)} NMR: -40.0 (d, 2Jpp = 28.4 Hz, P,), - 50.0 (d, 2Jpp = 28.4 Hz, P}).
13C{1H} NMR: 286.4 (dd, 2Jpc =55.8 Hz, 2Jpc = 7.5 Hz, Os=C(OMe)-), 238.8
(dd, ZJpc = 11.9 Hz, 2Jpc = 6.3 Hz, acyl), 182.6 (d, 2Jpc = 9.3 Hz, 1CO), 179.9 (s,
Os-C(O)-C(Me)=), 177.8 (dd, 2Jpc = 67.1 Hz, 2Jpc = 8.3 Hz, 1CO), 165.1 (d, 3Jpc =
8.3 Hz, Os=C(OMe)-C(Me)=), 38.6 (dd, 2Jpc = 30.4 Hz, 2Jpc =34.3 Hz,
PPhoCH,PPhy), 27.5 (s, CHj), 11.5 (d, 4jpc = 12.2 Hz, CH3), 72.9 (s, OCHj).

Thermolysis of OsRu(CO)5{u-n1n3-CoH,C(O)}(u-dppm), 13
A solution of compound 13 (115 mg, 0.397 mmol) in 5 mL tcluene

was refluxed for 5 h, during which time the reddish brown solution



gradually turned a dark reddish brown color. The solvent was then
removed in vacuo and the residue was recrystallized with CH>Clz/pentane
to yield 83 mg (74%) of 24 as a brown solid. MS (70 ev, 220°C, m/e): M+ -n
CO,n=0-5.

IR (CHClp, cm-1): Vo 2043 5, 1986 vs, 1952 5, 1926 m.

TH NMR: 8.2 - 6.7 (m, Ph), 5.55 (ddd, JJHH = 2JPogH = 149 Hz, 2Jpg,H = 6.7
Hz, 1H), 4.38 (ddd, ZJHH = 14.9 Hz, 2Jpg, H = 10.3 Hz, 2JpoeH = 2.2 Hz, 1H), 3.25
(dd, 4Tpg,H = 4.6 Hz, YIpogH = 2.2 Hz, 3H).

31P(1H) NMR: 30.3 (d, 2Jpp = 97 Hz, P-Ru), - 3.6 (d, 2Jpp = 97 Hz, P-Os).
13C{1H) NMR: 205.8 (s, CO), 197.1 (dd, 2Jcpg,, = 5:6 Hz, ZJcpo, = 2.5 Hz, 1CO),
186.5 (d, 2Jcpog = 11.4 Hz, 1CO), 185.3 (d, 2Jcpg, = 91.1 Hz, 1CO), 178.7 (d,
2Jcpos = 9.0 Hz, 1C0), 50.8 (dd, Ycpo, = 59.0 Hz, 1Jcpg,, = 19.2 Hz,
PPhaCH2PPhy), 34.1 (d, 3Jcpg, = 2.7 Hz, CH3). New resonances in the Ph
region compared to compound 13: 135.9 (s), 124.7 (d, 3Jcpg, = 8.4 Hz), 122.0
GJcpo, = 8.4 Hz), 72.3 (d, 2Jcpg, = 52.6 Hz).

13C{1H) NMR (with 13CaHz SM): 130.0 (dd, 1Jcc = 36.0 Hz, 2Jcpg, = 91 Hz,
CCH3), 34.1 (dd, YJcc = 36.0 Hz, 3Jcpg,, = 2.8 Hz, CCHa).

13C NMR (with 13CyHj SM): 130.0 (dm, Jcc = 36.0 Hz, CCH3), 34.1 (ddq, YJcc
= 36.0 Hz, 3Jcpg, = 2.8 Hz, JcH = 127.3 Hz, CCH3).

TH NMR (with 13CoHj SM):  3.25 (dm, 1Jcy = 125.0 Hz, CH3).

Synthesis of Os(CO)4(nZ13C,H,)

A pentane solution of Os(CO)s (115mg) was transferred under argon
to an immersion well cooled to - 40°C and sufficient pentane was added
(ca. 110 mL) to ensure that the level of the solution is above the lamp. The
system was then partially placed under vacuo. Acetylene (13CoHj) was

admitted until approximately one atmosphere pressure of 13CoHjy was
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obtained. The solution was irradiated at this temperature for 2 h. The
solution was then transferred to a round bottom flask, and the solvent was
removed in vacuo at - 78°C. Sublimation to a dry-ice cooled probe gave 67

mg (58%) of Os(CO)4(M2-13CyHy) as a white solid.
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Chapter 7

Conclusions

the reactivity features of M(CO)4(n2-alkyne) (M = Ru, Os) species, namely,
the roles of these species in the formation of dimetallacycles. The
M(CO)4(m2-alkyne) complexes seem to be simple, yet their reactions with
other metal carbonyls frequently reveal surprising results.!" Therefore, the
approach used was to first investigaie the reactions of these species with
simple monophosphines. As described in Chapter 1, this was of interest as
it could provide a basis for understanding the unusual and interesting
condensation reactions of M(CO)4(n2-alkyne) with other eighteen-electron
species M(CO)s5 and (CsR5)M'(CO)2 (R = H, Me; M' =Co, Rh, Ir), resulting in
the formation of dimetallacycles.¥ The second project was to examine the
reactions with diphosphines (e.g., dppm, dmpm, dppe, and dmpe). The
reactions with dppm were of particular interest since the products obtained
were expected to be suitable precursors for synthesis of dinuclear
complexes.>¢ We were also interested in the reactions with M(CO)4(nl-
dppm) (M = Fe, Ru) in order to closely mimic the condensation reactions
between M(CO)4(m2-alkyne) and other metal carbonyls. It was hoped that
the presence of a dppm ligand in M(CO)4(n!-dppm) would allow the
observation of some intermediates in the condensation reactions. Finally,
the reactivity of the metallacycles obtained was investigated in order to

further understand the properties of these complexes.
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Reactions of M(CO)4(n2-alkyne) with monophosphines generated
two types of products (Chapter 2). With electron poor alkynes (e.g., CF3C2H
and CF3C3CF3), both monosubstituted and disubstituted products were
obtained. On the other hand, in the case of electron rich alkynes (e.g., C2H3
and Cy(Me)>), in addition to CO substitution, CO insertion products were
also observed. Reactions with diphosphines (e.g., dppm, dmpm, dppe, and
dmpe) (Chapter 3) are also consistent with this general trend, except that
Ru(C0O)4(n2-HFB) reacted with dppm and dmpm to form the unusual

metallacyclic complexes

1
(C’C);Rlu-lf’(Rg)(QH)EP(RZ)—C(CFB)ECT(H)(CFQ,) (R =Ph, 8a; Me, 8b), in which

the phosphine ligand has linked with the alkyne carbon. To our
knowledge, the CO inserted complexes Os(CO)2(PMe3)2(n2-C(O)C2H2)} (4a,
4b), Os(CO)3{P(t-C4Ho)3) {n2-C(O)C2R2C(O)} (R = Me, 5a; H, 5b), Os(CO)z(n?2-
C(O)CHCH)(M-dppm) (10a, 10b), and Os(CO),n=-C(O)C(CH4)C(CHZ)C(O)(n2-
dppm) (12), are the first clear examples of coupling between coordinated CO
and coordinated alkyne ligand in a mononuclear complex.

Although the reactions are strongly dependent on the nature of the
coordinated alkyne, they all appear to proceed by initial CO substitution. As
described in Chapter 1, the facile CO dissociation from M(CO)4(n2-alkyne) is
attributed to a combination of four electron destabilization in the ground
state and four electron stabilization in the putative M(CO)3(n2-alkyne)
intermediate. The manifestation of the four electron interactions is also
seen in subsequent steps of the reactions where either facile CO insertion or
further CO substitution takes place. This can be explained by comparing the

M(CO)3(PR3)(n2-alkyne) and M(CO)4(n2-alkyne) complexes in terms of
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weakened metal-to-carbonyl and metal-to-alkyne bonding thereby
facilitating both further CO substitution and CO insertion reactions.
However the more electron rich nature of the metal in the phosphine
substituted derivatives is also expected to enhance metal-to-ligand
backbonding and oppose the effects of the four electron destabilization. It
appears that metal-to-alkyne backbonding dominates in
M(CO)3(PR3)(n2-CF3C2CF3) complexes containing the strongly electron
withdrawing hexafluorobutyne, as migratory CO insertion into the
metal-alkyne bond does not take place (or does so only very slowly) due to
the strong metal-alkyne bonding. Since, in the case of electron rich alkynes,

facile CO insertion reactions occur following phosphine substitution, four

important factor. Although electronic factors apparently play an important

role in both CO substitution and CO insertion reactions, evidence of steric

effects is also seen as double CO insertion takes place in the reactions of
M(CO)4(n2-C2R3) with bulky P(t-Bu)z to yield Os(CO)3P(tBu)s{n2-
C(O)C2R2C(0)} (R = Me, 5a; H, 5b). In order to fully understand the nature
and mechanisms of these reactions, kinetic studies and theoretical
calculations in collaborations with Professors R. B. Jordan and M. A.
Klobukowski of this Department are currently underway.

As expected, most CO substitution and CO insertion products are
stable at room temperature due to either the strengthening of the metal-CO
bonds or the elimination of four electron destabilizing interactions, but it is

interesting to note that Os(CO)(PMe3s)2(n2-CH3) and Os(CO)3(PMe3)(n2-



C2H3) undergo further transformations at room temperature. While the
former compound undergoes an intramolecular oxidative addition
reaction to give an acetylide hydride product, Os(CO)2(PMe3)2(H)(C2H) (6),
the latter species forms a novel dimetallacyclic product,
Os2(CO)5(PMe3)2{u-0:n2-CaH2C(O)CoH3) (7). It is noteworthy that, in the
later case, facile C-C bond formation between two-metal sites takes place.

Perhaps the most noteworthy feature of these studies is that a strong
correlation was found between the reactions of M(CO)4(n2-alkyne)
compounds with M"(CO)4(nl-dppm) (M" = Fe, Ru) (Chapter 5) and their
reactions with the other metal carbonyls, M(CO)s and (C5R5)M'(CO)»> (R =
H, CHj3; M' =Co, Rh, Ir).1"* In the case of electron rich alkynes, the
condensation reactions give dimetallacyclopentenones while, for electron
poor alkynes, dimetallacyclobutenes are formed.!"* Thus, reactions of
Os(CO)4(M2-C2H3) with M"(CO)4(nl-dppm) (M" = Fe, Ru) generated the
corresponding dimetallacyclopentenones, OsRu(CO)s{p-nl:n3-
CHCHC(O)}(u-dppm) (13) and FeOs(CO)s{p-n1:n1-CoHC(O))(u-dppm) (18),
whereas the reaction of Ru(CO)4(n2-HFB) with Fe(CO)4(nl-dppm) resulted
in the formation of dimetallacyclobutenes FeRu(CO)g{u-C2(CF3)2}(u-dppm)
(19, 20).

In an attempt to investigate the possible role of
metallacyclobutenone species in the formation of
dimetallacyclopentenones, reactions of the osmacyclobutenone species,
Os(CO)2{n2-C2H2C(0)}(n2-dppm) (10a), with Ru(CO)4(n2-CaHy) and
CpRh(CO); were carried out (Chapter 4). These reactions generated the
corresponding dimetallacyclopentenone complexes,

OsRu(CO)5{C,H2C(0)}(dppm) (13) and CpRhOs(CO)3{p-1n11-CHCHC(O))(u~
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dppm) (14). This indicates that metallacyclobutenione species may be
involved in the condensation reactions.

Another important theme of these studies was to identify reaction
intermediates by monitoring the reactions at low temperatures using 1H,
31P, and 13C NMR spectroscopy. One of the most interesting findings was
discovered while monitoring the formation of compound 13 from the
Consistent with the reactions of Os(CO)4(n2-C2Hj) with phosphines, the
first step of the reaction is CO substitution by the free phosphine end of
Ru(CO)4(n1-dppm) to give the intermediate, RuOs(CO);(n2-CoH)(u-dppm)
(16). Due to the four electron destabilization, this species then undergoes
CO insertion at the osmium center to generate the osmacyclobutenone
species (H-dppm)Ru(CO)40s(CO)3{n2-CoH2C(0)} (17). It is noteworthy that
the {Ru(CO)4P) unit in species 17 acts as a two electron donor ligand to the
osmium center. Intermediate 17 undergoes further transformation to the
dimetallacyclopentenone species, RuOs(CO)g{pu-n1:n1-C2H2C(O)}(n-dppm)
(15), by opening of the osmacyclobutenone ring of compound 17. Finally,
species 15 undergoes facile CO dissociation to generate
dimetallacyclopentenone compound 13, wherein the alkene moiety is
coordinated to the ruthenium center. It was found that CO dissociation
occurs specifically from the carbonyl trans to the acyl group in compound
15. This is attributed to the strong trans effect of the acyl group.

Finally, reactivity studies (Chapter 6) of the metallacyclic complexes
demonstrate that both osmacyclobutenone Os(CO)2{n2-C,H2C(O))(n2-dppm)
(10a) and osmacyclopentenedione Os(CO),{n2-C(Me)C(Me)C(O)}(n2-dppm)

(12) undergo facile alkylation reactions to yield the corresponding
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dppm)1[SO3CF3] (22) and [Os(CO)2(n2-C(O)CMeCMeC(OMe))
(n2-dppm)][SO3CF3] (23). More interestingly, thermolysis of the
dimetallacyclic compound 13 generates compound OsRu(CO)s{(un-
PPhoPCH,P(Ph)CeH4CMe} (24).

In summary, the results of these studies clearly demonstrate the
importance of four electron interactions in determining the reactivities of
M(CO)4(n2-alkyne) complexes towards CO substitution, CO insertion, and
condensation reactions. Monitoring the formation of the obtained
metallacycles provided insights into the related condensation reactions of
M(CO)4(ri2-alkyne) with other transition metal carbonyl complexes. Since
most of these studies were aimed at understanding the reactivities of
M(CO)4(n2-alkyne) complexes towards nucleophiles and elucidating the
reaction mechanisms for formation of metallacycles, future work in this
area should be directed to further develop the organic chemistry of these
metallacycles and thereby increase our knowledge of the potential role

metallacycles play in heterogeneous and homogeneous catalysis.
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