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ABSTRACT

The synthesis and characterization of pyrazolylborate rhodium
complexes and carborane platinum complexes have been investigated as
model compounds in carbon-hydrogen bond activation.

The tris(pyrazolyl)borate complex HB(B-Pth)3Rh(CO)2 (1) was
prepared. Ultraviolet {rradiation of a benzene or cyclohexane solution
of 1 resulted in intramolecular C~H activation of one of the 3-PhPz
groups. Reactions of the C-H activation product (7) were studied.
Complex 1 and related olefin complexes demonstrated unique fluxional
properties, with hoth bidentate and tridentate isomers present.

Bis and tris(pyrazolyl)borate ligands containing trifluoromethyl
groups were prepared. With the unsymmetric pyrazole 3-CP3-5-MePzH 18, a
regioisomeric mixture of the bis(pyrazolyl)borate ligand KHZB(CF3,MePz)2
19 vas obtained, but the tris(pyrazolyl)borate ligand KHB(3-CF3-S-MePz)3
21 revealed only one regioisomer, which was demonstrated by an X-ray
structure of the rhodium complex HB(3-CF3-MePz)3Rh(CO)2 (22). A variety
of ligand substitution reactions with 22 were investigated, specificaliy
with tertiary phosphines,'catbon monoxide and alkynes.

Photolysis of 22 in benzene afforded HB(3-CF3-S-
MePz)3Rh(CO)(H)(C6H5) (&9). A solution of 49 in toluene-ds undervent
exchange below room temperature, and it followed first-order kinetics.
The products of alkane C-H activation from 22 were not stable at room
temperature.

Bis and tris(pyrazolyl)borate rhodium complexes with alkyl
substituents on the pyrazole ting were prepared, specifically ethyl,

isopropyl, isobutyl and tertiary butyl. Irradiation of HB(3-i-



PrPz);Rh(C0), (55) in benzene afforded HB(3-1-PrPz) Rh(CO)(H)(C,Hs)
(58), while in cyclohexane intramolecular C~H activation of the
i1sopropyl group occurred.

Complexes of the type (HBPz*3)Rh(CO)(L) (79, L = ethylene, 80, L =
Co) enrichéd with nitrogen-15 were prepared. Subsequenut nitrogen=~15 NMR
studies demonstrated the hapticity of the tris(pyrazolyl)borate ligand
in solution.

Carborane platinum complexes of the type [closo~-3-(C0O)-(L)-3,1,2~
Pt(C,BgHgR',)] (L = CO, PRy, R' = H, Me) have been prepared. A variety
of ligand substitution and oxidative addition reactions were carried

out, but the complexes were inert with respect to C-H bond activation.
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CHAPTER I

INTRODUCTION



The activation of carbon-hydrogen (C-H) bonds is one of the most
important areas of organometallic chemistry in the 1980's. In a recent
text on organometallic chemiszty.la one of the historical landmarks
cited was the discovery of intermolecular alkane activationr in 1982,
Also, the C-H bond activation reaction is embossed on the front cover
design of the second edition of this text.

This Thegis describes the synthesis, characterization and reactions
of model compounds for carbon-hydrogen bond activation. The first
system investigates a number of tris(pyrazolyl)borate complexes of
rhodium. The second type of complexes studied are platinum carborane
complexes. A short discussion of the tris(pyrazolyl)borate and the

carborane ligands will first be presented.

Yris(pyrazolyl)borate Ligand

The hydrotris(pyrazolyl)borate ligand was first reported hy
Trofimenko in 1967,2 and is similar to the cyclopentadienide anion in
its formal charge (l~) and effective occupancy of three coordination
sitea at the metal. Complexes with this ligand have been shown in some
cases to surpass the stability and chemical diversity of their Cp
analogs.3

The hydrotris(pyrazol-l~yl)borate anion (4BPz3”) and the
hydrotris(3,5-dimethylpyrazol~l «1)horate anion (HBPz*3") (Pz* = 3,5
Hesz) are the most videly used ligands. These have been directly
compared to the cyclopentadienide anion (CSHS’) and the

pentamethylcyclopentadienide anion (CcMe ) respectively (eq. 1-1).
5 -5
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The above diagrams show the two tris(pyrazolyl)borate ligands bound
to the metal in a tridentate manner, with Cy, symmetry, as tuo of the Pz
groups are coming out of the page and the third is pointing back into
the page. For convenience, the latter group is presented as a vertical

"N=N", but all three Pz rings are the same in this Thesis.

The tris(pyrazolyl)borate ligand differs from the cyclopentadienide
ligand4 in that it can commonly bind to a transition metal in either a
bidentate or tridentate manner, especially for rhodium and iridium.
Cotton developed a system for specifying the hapticity of a given
carbocyclic ligand to a metal.s The hapticity is represented by a
superscript after the Greek letter n or eta, which equéls the number of
ligand atoms bound to the metal. Hence, if Cotton's system is extended
to non-carbocyclic ligands (nZ-HBPz3)M represents a bidentate
tris(pyrazolyl)borate metal complex, whereas (n3-HBPz3)H represents the
tridentate equivalent.

Although the Cp and Cp* ligands are most commonly used in



cyclopentadienyl chemistry, a number of derivatives have been

prepared.a In the same manner, this has recently begun to occur with
poly(pyrazolyl)borate ligands. As pointed out by Trofimenko,3 there are
potentially nine C-H bonds and one B-H bond in tﬁe tris(pyrazolyl)borate
ligand that can be functionalized. The initial poly(pyrazolyl)borate

ligands prepared involved symmetric pyrazoles, where R = R’ (eq. 1-2),

”
B 2

Synthesis of a tris(pyrazolyl)borate ligand involving an
unsymmetric pyrazole (R' # R) was first reported by McCurdy in 1974
involving 3-MePzR (R = H, R' = He).6 More recently, Trofimenko has
prepared his so-called second generation ligands of the type

(H_B(3-RPz),_.]~ where R is a bulky group, such as Ph,7 tuBu7 or 1-Pt.8
n ‘ 4~n

/i

H,.,B(—N—N )4.,,

A potential problem with the use «: these unsymmetric pyrazoles in
the formation of poly(pyrazolyl)boraie ligands is regloisomeric mixtures
with the R' and R groups in both 3~ and S-positions. To date, all the
literature examples are iscmerically pure ligands, where the larger R or
R' group occupies the 3-position. During the synthesis of these

ligands, it is thought that the tetrahydridoborate ion (BH,”) reacts



vith the least sterically hindered pyrazole nitrogen.

Carborane Ligand

The synthesis of carboranes, which are boron hydride complexes
containing carbon was pioneered in the early 1960's. There are a number
of carboranes, but this Thesis will focus on the twelve vertex optho-
carborane CZBIOHIZ' The carborane ligand [315277,8-0289H9Ré]2'. also
referred to as the dicarbollide anion ig a dinegative ligand which was
prepared by Hawthorne in 1968.9 The term nido refers to the fact that
one vertex of the icosahedron is missing, leaving an open face to which
the ligand can bind to the metal. The numbers 7 and 8 refer to the

positions of the carbon atoms in the anion only.

The carborane anion is considered to be electronically and
sterically similar to the pentamethylcyclopentadienyl anion (csues‘) in
transition metal complexeslo (eq. 1-3), although the former has a formal

(2=) charge, while the latter has a (1-) charge.

<> o
] @ =CR’

1! (1-3)
M M3)
R'=H, Mo
Cp'M (029H9R2')M

Both ligands are n-bound to a metal from an open pentagonal face.
Metallacarboranes are known for a number of transition metals, and in

some cagses there is no known Cp analog.11 For metallacarboranes



themselves, the numbering system is slightly different (eq. 1=-3). For
example, in £loso-3,1,2-M(CyBgHgR',), the 3 refers to the position of
the metal and all other ligands attached to the metal, while the 1 and 2
refers to the position of the carbon atoms of the carborane cage. The
term closo refers to the fact that now the metal occupies the open
vertex of the carborane cage, giving a "closed" polyhedron. The
numbering for the bhoron atoms continues from 4 to 12, but this is not

pertinent to this Thesis and is not included.

Rffective atomic number rule
The effective atomic number (EAN) or 18 electron (18e¢) rule is an

effective tool for transition metal chemists to predict or rationalize
the stability and reactivity of a particular complex. It originated in
the 1930's and was first credited to Sidgwick and Baile' as a means to
establish structures of metal carbonyl and nitrosyl compounds.12 A
transition metal itself has nine valence shell orbitals, consisting of
one ns, three np and five (n-1)d orbitals. The total of 18e ariges from
a combination of metal valence electrons and electrons donated from the
ligands surrounding the metal.

There are two conventions for counting electrons, termed the
covalent and ionic models.1 Obviously, the same results are ébtained
but the electrons arise formally from different sources. For the ionic
model, one must consider the formal oxidation state of a metal which is
obtained by removing all ligands in their closed-shell configurations.
For example for the octahedral complex Fe(CO)412, 1~ is a two-electron
donor, and CO is a two-electron donor, so the metal is in the Fe(II)

oxidation state, or d6. The total electron count is (2 x 2) + (4 x 2) +



6 = 18 e. In the covalent model, I is a one~electron donor, CO is still
a tvo-electron donor, and the metal is Fe(0) d8. so the total electron
count is (1 x 2) + (4 x 2) + 8 = 18e.

The 18e¢ rule has many exceptions, as there are stable complexes for
which the electron count is higher or lower. However, it works Best for
metals in low oxidation states involving high field ligands (i.e.
hydrides and catbonyls.)-l A convenient way to describe the 18e rule is
by a molecular orbital description, where the atomic or molecular
orbitals of the ligands and the metal are combined to make molecular
orbitals of the complex.13

An important class of complexes do not obey the 18e rule, but only
have l6e,! These involve the d8 metals of Groups 8-11 and form square
planar complexes. The l6e count arises from the larger enétsy gap
between the de_yz orbital and the next lowest orbital for the late
transition metals. Pertinent to this Thesis is the fact that Rh(I),
Ir(I) and Pt(II) complexes all form predominantly l6e square planar
complexes. Vaska's compound, trana-ClIr(CO)(PPhy),, is such a
complex., Using the ionic counting method, Cl~ is a 2e donor, as are CO
and PPh3, while the metal is Ir(1) ds. The total elsctron count is (1 x
)+ (1 x2) +(2x2)+8 = l6e.

The 18e rule is useful in predicting the mechanism and reactivity
of metal complexes. Two reactions frequently encountered in this Thesis
are ligand substitution and oxidative addition.! In a ligand
substitution reaction, an 18e metal carbonyl complex usually first loses
a CO group (dissociating to a l6e intermediate) rather than proceeding
via an associative pathway with a less stable 20e intermediate (eq. l-

4). On the other hand, a 2e donor ligand can react with a l6e complex



in an associative manner, followed by loss of CO (eq. 1-5).

MCO €O (M) _+L _  maL

‘ (1-4)
i8e 160 18e

M-cO _*L L-m-co| _=CO -L

So————

(1-5)
160 i8¢0 160

The oxidative addition of a molecule X-Y to a l6e square planar
complex is a common reaction. Por example, Vaska's complex readily adds

Hyy going from s l6e square planar to a 18e octahedral arrangement (eq.
1-6).1

PPhy PPhy
I o“.co oc"s' I ‘o"H (1-6)
Ir’ + H — Sirs

o | y o | w4
PPhy PPhy

ir(l), d8 16 e Ir (), d8, 18e

The oxidation state of the Ir center changes from (I) to (III), and

the geometry about iridium changes from square planar to octahedral.



The oxidative addition of dihydrogen to Vaska's compound (eq. 1-6)
was paramount among many such reactions in the 1960's. A number of
other substrates, such as silanes, alkyl halides, HCL and Clz vere found
to oxidatively add to a number of metal complexn.1

Interest in alkane C-H bond activation grew out of this wvork, and
as was remarked by !!a].pumu‘a in 1968: "the development of successful
approaches to the activation of carbon-hydrogen bonds, particularly in
saturated hydrocarbons, remains to be achieved and presently constitutes
one of the most important and challenging problems in this whole field
[of homogeneous catalysis]”.

The first examples of C-H activation occurred with
orthometallation, or intramolecular activation of a C-H bond (eq.

1-7). This area has been extensively reviewed.ls

~H

Intermolecular C-H activation was postulated to be responsible for
catalytic H/D exchange of arenes and alkanes.16 In the late 1970's,

17 and Felkinls demonstrated dehydrogenation reactions of a

Crabtree
number of alkanes which were postulated to proceed via a C-H oxidative
addition reaction. For example, cyclopentane reacted with aa iridium
complex in the presence of a hydrogen-acceptor olefin to give a

cyclopentadienyl iridium complex (eq. 1-8)-17a



10

CICH
lIH28(PPhy),IP + O + 3RCH=CHy %@l
(S =acetone or H,0) (R=t-buty) (1-8)
I® + 3 RCH,CH,
Phye” A\pm,

Green had earlier demonstrated thermal and photochemical arene C-H
activation with szwz. which loses dihydrogen to give a reactive
tungstenocene 1ntemed1ate.19

The first examples of intermolecular alkane C-H activation with
isolable products were provided by l;m.'gmanzoa and Guhamua in 1982 with
related iridium complexes. A number of arene and alkane C-H bonds were
activated, with stable Ir(III) alkyl or aryl hydrides isolated (eq. l-9,

Melr, L= PMes;208 ye1r, 1w o 218y,

M g
‘\
L H -H
: | <>
\ h'ﬂ o
— M
P aid AR
< ~co ) H
" g
Putative 16 e
L/ \C intermediate
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14b considered some of the thermodynamic and mcchanistic

Halpern
aspects of C-H activation. He classified four main reaction types

applicable to C-H activation (eq. 1-10).

Nucibbphilic Displacomont
M+R—H —s M—R*+H"
Electrophilic Displacement

M™ 4 ReH —» (M—R)™1H+ 4 w (1-10)

Oxidative Addmon
M+R—H —p M \R

Homolytic Displacamem
M'+R—H —» M—R+H'

Halpern almost immediately dismissed nucleophilic displacement and
mentioned that the two most common pathways are the electrophilic
displacement and oxidative addition reactions. There are nov numerous
examples of transition metal complexes that are capable of
intermolecular C-H activation. The electrophilic displacement reaction
is thought to be in operation with those systems iavolving lanthanides,
actinides and early transition metals.16° On the other hand,_the
oxidative addition C-H activation reactions generally involve low valent
late transition metal complexes. Since the initial iridius systems by
Bergman and Graham, numerous other metal systems have arisen utilizing
thenium, iron, ruthenium, osmium, rhodium, ir{dium, palladium and
platinum. Several reviews on the area of C~H activation have

appeared.16

Table 1.1 lists the transition metal complexes that have



demonstrated intermolecular C-H activation in which the primary products
have been identified. Also listed is the type of C-H bond activated,
the technique that was used to generate the reactive intermediate
(either photochemical or thermal), the year in which the first
literature report appeared and the principal author {nvolved. The
references include any subsequent work done following the initial paper.

Only those systems where the initial alkyl or aryl hydride was
detected and characterized are included. This is to differentiate those
systems that are thought to proceed through an alkyl or aryl hydride
(Ctabtreel7 and Felhinla) vith no intermediate detected. More recently,
Tanaka has demonstrated catalytic arene and alkane C-H activation using
CIRh(CO)(PNe3)2; no intermediate was detected, but functionalization of
the C-H bond occuttcé.za

The many interesting reactions of Cp'Ir(CO)Z, especially with
reference to C-H activation,ZI prompted the synthesis of other related
complexes. Hawthorne and coworkers’ have pointed out the similarity
between the carborane and cyclopentadienide ligands. This prompted the
synthesis of neutral carborane analogs, and because of the ligand charge
difference, the use of Pt(II) in place of Ir(l) would lead to neutral
platinacarborane complexes. The successful synthesis of such complexes
was initially carried out, but these were inert to C-H bond activation.

At about the same time as the synthesis of the platinacarborane
complexes, C.K. Ghooh25 in this research group demonstrated the
successful use of the trig(pyrazolyl)borate complex (HBPz*3)Rh(CO)2 for
C-H bond activation. This has prompted further research in related
systems. With the parent complex (HBPz*3)Rh(CO)2 either the metal, the

donor ligands or lastly the tris(pyrazolyl)borate ligand can be

12
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altered. Analogous iridium complexes have been prepaved {n this
research group by Dr. J.K, Hoyano.26 Ghosh also prepared complexes of
the type (HBP:*3)Rh(CO)(L) vhere L = olefin or tertiary phosphine to
study the differences in reactivity from L = co.25° A number of
different bigs and tris(pyrazolyl)borate rhodium dicarbonyl complexes
wvere prepared in this Thesia, as vell as a number of rvelated
derivatives. These were shown to successfully activate C-H bonds, but
differences were observed in comparison to the parent complex

(HBP8*3 ) Rh( CO) 2°
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Section 1
INTRODUCTION

Poly(pyrazol-1-yl) borate ligands of the type (HnB(Pz)a_n')
(n=0,1,2) were first prepared by Trofimenko in 1967,l9 The synthesis of
the related dihydrobis(3,5-dimethylpyrazol-1-yl)bhorate anion (HzBPz*z')
and the hydrotris(3,5-dimethylpyrazol-l-yl)borate anion (HBPz*3') soon
followed (P2¥ = 3,5-M32Pz).1b The hydrotris(pyrazol-l-yl) borate anion
(HBPz3') is formally related to the cyclopentadienide anion (CSHS'), in
that it is a six-electron uninegative donor which formally occupies
three coordination sites, and in the same manner (HBPz*3”) is related to
the p@ntamethylcyclopentadienide anion (CSMQS').z

The class of hydrotris(pyrazol-l-yl)horate ligands differ from the
cyclopentadienyl ligand in that they can be bidentate or tridentate on
coordination. This would be analogous to a cyclopentadienyl ligand
bonding in either a n3-C535 or ns-CSHS manner on a metal. Of course,
the latter bonding mode is most commonly observed, with a n3-C5H5
intermediate postulated in some reactions or structurally characterized
in a few complexes.3 |

The dihydrobis(pyrazolyl)boraté anions (HZBPzzf) and (Héﬁfi‘z')_can
" 'be compared to the (acac™ ) ligand, (acac is the acetylacetonate anion)

| in thét they are four-electron uninegative donors occupying two
coordination qites.a |

Pyrazolflbotate rhodium complexes containing carbonyl or olefin
groups are relatively abundant in the literature.” Trofimenko prepared
(HBPzS)Rh(CZH4)2,6§ and found that all three Pz groups were equivalent

on the NMR timescale. Hé §fop6sed that the complex resembled
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(acac)Rh(C2H4)2 more closely than (CSHS)Rh(Czua)Z' and that some
fluxional process was involved to average all three Pi ligands.

Trofimenko later prepared (HBPz*3)Rh(COD) and (HBPz*3)Rh(CO)2 which
were both fluxional by NMR 8pQCtt08COpY.6b With the (HBPz3') ligand, an
intractable complex [(HBPz3)2Rh2(CO)3Jn wvas obcained-7d More recently,
Cocivera and coworkers havg prepared a series of compounds of the type
(BPza)Rh(diene), which were characterized by NMR spectroscopy and X-ray
crystallography.7

In this research group, Ghosh investigated the chemistry of
(HBPz'3)Rh(CO)2,8“'9 first reported by Ttofimanko.éb and later by Powell
et al,l0 Ghosh and Rodgers also prepared a series of mixed carbonyl-
olefin complexes of the type (HBP:*3)Rh(CO)(nz-olefin) (olefinwethylene,
propylene and cyclooctene) and studied their fluxional behaviour as well
as subsequent chemistty.sb’c’g These latter complexes were proposed to
be four-coordinate and fluxional in solution.

The first example of the use of pyrazolylborate metal complexes in
carbon-hydrogen bond activation was provided by Ghosh and Gtaham,aa who
used the complex (HBPz*3)Rh(CO)2 to efficiently activate a wide variety

of C-H bonds (eq. 2-1).

H
|
?
N
Ol |O ' 10
\dh it -co \dn
co 1oomn5mm (2-1)
RH = banzene,
cycichexane
. . /OO
(HBPz3)RA(CO), (Han_,)nntu



The successful use of this complex in this research group has
stimulated the synthesis of other pyrazolylborate rhodium ;atbonyl
complexes. Trofimenko and coworkers have recently prepared so-called
second generation ligands [HnB(B-RPz)a_n]', (n=0,1,2) where the R group
is a bulky substituent, such as tert-butyl (t-Bu) or phenyl (Ph)o11 Due
to the steric bulk of these ligands, only half sandwich transition metal
complexes were formed, instead of the typical ferrocene-type sandwich
analogs.

This Thesis will focus on the ptdpatation of various
tris(pyrazolyl)borate rhodium complexes with differing steric and
electronic characteristics. The goal is to obtain more selective C-H
activation, for example the activation of small molecules in the
presence of larger solvent molecules. This Chapter describes the
synthesis and characterization of complexes of the type
HnB(3-Pth)4_nRh(CO)2 (n=1,2), The formation of these complexes will be
discusgsed and the X-ray structure of the complex with nel will be
described.

Carbon-hydrogen bond activation of this latter complex resulted in
orthometallation of a phenyl group. Reactions of this initial
photoproduct will be discussed. The related olefin complexes are
prepared and some reactions are presented. The tris(pyrazolyl)borate
Rh(I) complexes exhibit some unique fluxional properties involving four-

arnd five-coordinate species.
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Section 2
SYNTHRSIS AND PROPERTIES OF RHODIUM COMPLEXES

The synthesis of the bis and tris(pyrazolyl)borate rhodium
complexes are gimilar to others reported previously, for example the
preparation of (RBPz'3)Rh(CO)2 by Powell et al.,lo except that toluene
is used as a solvent instead of benzene.’ The dimer [(CO)2Rh01]212 wvas
reacted with two equivalents of RHB(S-Pth)311 in toluene, resulting in

a4 near quantitative yield of HB(3-Pth)3Rh(CO)2 (1) as yellow crystals

(eq' 2'2)0
[CIRR(CO), ],
+ Lat>  HB(-PNPZRN(CO),  (2-2)
KIHB(3-PhPz)g)
1

As obgerved with (HBPz*3)Rh(CO)2, 1 does not survive chromatography
on neutral alumina. However, unlike (HBPz*3)Rh(CO)2,9 1 is air stable
as a solid or in solution. Dicarbonyl 1 was fully chatacteti&ed by
elemental analysis and spectroscopic methods. The MS shows the
molecular ton M* at m/e = 600, although it is weak (5% relative
intensity). 1lons at m/e = 572 (35%), 544 (44%) and 400 (1002) result

from the stepwise loss of CO and a 3-PhPz group.
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Nature of HI(S-Pth)3lh(c0)z (1) in Solution

In gsolution, 1 is expected to have either a five-coordinate l8e
structure na-uﬁ(3-Pth)3Rh(co)2 1-n3 or a four-coordinate l6e structure
nP=HB(3-PhPz);R(C0), l=n?. The infrared metal carbonyl bands of the
£lve-coordinate form should be to lower wavenumber than the four-
coordinate form, as coordination of the third basic pyrazole group will
place more electron density on the metal center. This results in more
backbonding to the CO antibonding orbitals, weakening the bond and
lowering its stretching frequency. Of course, unless the complex exists
as a mixture of the two forms the absolute IR hand positions alone may
not be an indication of the hapticity.

Figure Il.l shows the IR spectrum of 1 in cyclohexane.uith Veo
bands at 2088 (s), 2679 (w), 2026 (s), 2015 (w) cm'lo Assuming this
spectrum demonstrate a mixture of the two isomers, 1 is predominantly
1-n? (2088, 2026 cnl), in equilibrium with a mmell amount of 1-v]
(2079, 2015 cm”l) (eq. 2-3).

N

N

/"'\
\?\.-I\H — @l g, IO (2-3)

ap---C0
QN’ ~~co

Ph
n2-HB(3-PhPz)3Rh(CO), 13-HB(3-PhPz)3Rh(CO),
16 electrons 18 electrons
l-nz 1-n3
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Pigure II.1 Infrared Spectrum of HB(3-Pth)3Rh(CO)2 (1)
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As 1s evident from the IR spectrum of 1, the strong higher energy
bands are quite sharp while the pair of weak bandas are broad. As a
result of the differing band widths, the absorbance values are not
directly proportional to the total area. An approximate ratio of the
two forms is obtained from the relative integrated areas of the IR
absorbance spectra. This was achieved using a modified procedure from
Schoenberg and Andetson,13 where the areas underneath the absorbance
bands were calculated. Using two reluted methods one obtains an average
ratio of n2:n3 = 84:16% in cyclohexane (see Section 6 for experimental
details).

The equilibrium position of the two forms in the IR spectrvum varies
with solvent, with polar solvents giving more of the n3 forms Im
toluene, the ratio is n’:nd w 77:23%, vhile in CH,Cl, it 1s nin? =
71:29%,

The tris(pyrazolyl)borate complex (HBPz*3)Rh(CO)2 was found to be
entirely n’ in hexane, with IR bands at vgy 2054, 1981 cm~'.? This
assignment was based on the assumption that the IR band positions of the
n2 form of (HBPz'3)Rh(CO)2 ghould be close to those of the related
bis(pyrazolyl)borate complex (HZBPz*Z)Rh(CO)zo The IR band positions
for the latter complex are considerably higher in energy, with Voo 3t
2079, 2013 eml, These bands themselves are quite sharp in comparison
to those of (BBPz'3)Rh(CO)2, vhich is perhaps indicative of fluxional
behaviour in the latter.

The predominance of the nz form of 1 {s thought to arise from the
greater steric bulk of the phenyl groups around the rhodium center,
which can accommodate all three pyrazole ligands only with difficulty.

The trend to more of the n3 form in polar solvents is opposite to that
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found for (HBPz*3)Rh(c0)2, which showed a small amount of the n2 form in
9
cuZCIZ.
The bis(pyrazolyl)borate complex HZB(B-Pth)znh(CO)Z (2) wvas

prepared in a manner similar to that of 1, but in only 33% yield (eq.

[CIRh(CO),]q SC_)? :

2=4).

- /
. ...g'%., u,a\N_ )m(cm, (2~4)
KIHgB(3-PhPz),] %
2

The addition of KRZB(3-Pth)2 to the yellow THF solution of
[(C0)2Rh01]2 immediately caused the solution to darken. This is a
common occurrence during the preparation of most of the
bis(pyrazolyl)borate complexes in this Thesis and was also observed
during the preparation of (HZBPz'Z)Rh(CO)Z.9 Trofimenko found that the
bis(pyrazolyl)borate ligands were better reducing agents than the
tris(pyrazolyl)borate analogs,l so perhaps some of the Rh(I) dimer is
being reduced to rhodium metal which would decrease the yield of
product. For example, many [HZBPzZJ' derivatives of Pd(II) or Au(l)
decompose as they are formed by reduction to the metal.Sb

As discussed above, the IR bands of 2 should be close to those of
n2~HB(3-Pth)3Rh(CO)2- The IR spectrum of 2 in cyclohexane has vVeo

bands at 2087, 2023 cm'l, virtually the same as the nz form of 1 (2088,



2026 cmfl). When one cbmpatea the IR =pectra of 2 and
(HZBPz*z)Rh(CO)z,g the Voo bands of the former are an average of 9 cm'1
to higher frequency, indicating that the 3-PhPz group 18 a weaker
electron donbt than the Pz¥ group.

The lu NMR spectrum of 2 shows one type of pyrazole group, as the
two rings are equivalent by mirror plane bymmetry. The 5~H and 4~H
resonances appear as doublets at & 7.68 (2H, 2JH_H = 2,2 Hz) and § 6.47
(24, ZJH-K = 2,2 Hz) respectively., The aromatic protons consist of two
multiplets at & 7.96~7.91 (4H, ortho) and & 7.64=7.52 (6H, meta and
para). The B-H protons appear as a very broad resonance from & 5.0~2.6

(2H) caused by the large quadrupole moment of 118.

4

ST

1 2

Nimbering for R

At room temperature all the resonances in the Iy mm spectrum of 1
in CD2C12 are broad, indicative of fluxional beha»iour. However, on
cooling the sample to -30°C, three set: of 5-H and 4-i: protons are
observed. Pigure II.2 shows the 4-H proton region, with twus Qf the
resonances in a 2:1 ratio. These are thought to correspond to the nz
form of 1, vhile the third set of resonances is the n3 form. As the
latter is five-coordinate, the pyrazole groups are presumably averaged
by a Berry type pseudorotation or turnstile rotation. From the

integration of the S~H and 4-H resonances of the two forms, one obtains

a ratio of nzzn3 » 43:57%. It 18 clear that at -30°C, the kinetic

k)|



32

2.0¢- 32 (1) ¢(00)uut(zaua-¢)gn jo mni309ds WWN H, ¢°I1 2andig

o)
?

I 00—up ="\
L
/2|m /N

00 N
Suw N
* 0D~ NN
\z/m\z

N H

1

¢
59 99 L9 8'9

| I ! y

([

¢(0D)uut(zdud-c)gH
} uoibas H- ejozeify
(D50~ ‘ZHW 00V ‘©102aD) UWN H,




barrier for 1nte;conversion is large enough to enable both equilibrium
forms to be observed by NMR.

~ Selective decoupling experiments of the S=H and 4-H protons
confirmed the assignment of the two forms. For example, irradiation of
the 5-H doublet of the n3 form at 5 7.80 caused the doublet at & 6.56 to
collapse to a singlet., In a qualitative spin saturation experiment at
-30°C, after {rradiation of the & 7.80 doublet the difference spectrum
showed a very rapid spin transfer from the n3 to the nz form.

This interpretation is consistent with the 136 NMR spectrum
obtained using the attached proton test (APT).laa In C02012 at room
temperature, the CO resonance i{s a sharp doublet at § 183.68 (1JRh-c -
69 Hz), but the remaining resonances are broad. On cooling to -30°C,
one observes two CO resonances as doublets in a 42:58% ratio, with the
n3 form at & 183,52 (IJRh-c = 69 Hz) and the nz form at &5 183,18 (IJRh'C
= 69 Hz). The remainder of the spectrum also shows three regsonances for
each type of carbon with similar percent ratios (Table 2.III).

The 'H MR spectrum of 1 in toluene-dg at -30°C also shows both
forms, but with a ratio of n2:n3 = 69:31%. This is consistent with the
trend of more of the nz form in less polar solvents as also observed in
the IR spectra. When the NMR sample is warmed to +92°C, the ly wr
spectrum shows one type of pyrazole group, as the rate of isomerization
is now fast on the NMR timescale. Due to the low solubility of 1 in
cyclohexane-dlz, the low temperature Iy me spectrum could not be
obtained.

The above fluxional process is the first example in which a

2

tris(pyrazolyl)borate complex demonstrates the existence of both n° and

n3 isomers in the low temperature limiting spectrum. In contrast, the

33
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1H NMR spectrum of (HBPz*3)Rh(CO)2 shows only one type of pyrazole group
down to -90°C.? The steric size of the tris(pyrazolyl)borate ligand in
1 must lead to a higher activation barrier for this isomerization such
that it {s observed on the NMR timescale.

It should be pointed out that the ratios of the two forms differ
from the IR and NMR data. Table 2.1 compares the IR and NMR isomer
ratios obtained for 1. Of course the equilibrium constants are
temperature dependent, with more of the n3 form present at lower
temperature. For the equilibrium nzg--bn3 as written, one would expect
AH® to be negative, as this corresponds to formation of the third
nitrogen to rhodium bond. With the two equilibrium isomer ratios at
25°C (298K) and -30°C (243K), some simple thermodynamic parameters can
be calculated,

From the data in Table 2.I, equilibrium constants can be
calculated. In CH,C1, (CDZCIZ), Kygg * 29/71 = 0.4], while Roy3 @ 57/43
®* 1.33. Using the van't Hoff equation,ls one can calculate AH®° to be
-2.95 kecal and AS° = -11.6 cal K™}, As predicted, AH° is negative, and
one would also expect AS° to be negative. The n3 form {8 more ordered
than the n2 form, the latter which has a dangling pyrazole group with
more degrees of freedom. In toluene (toluene-ds), K298 = 23/77 = 0,299,
while K243 = 31/69 w 0,449, The corresponding values of AH° and AS°® are
calculated to be ~1.07 kcal and -6.0 cal K~} respectively. Given the
different solvents, the two sets of values are fairly close.

The same phenomenon of equilibrium between nz and n3 forms is also
observed with olefin complexes prepared in Section 5. Tables 2.II and

2.1I11 present the 1H and 130 NMR data for 1 and Tabkle 2.1V coﬁpates the

NMR isomer ratios of 1 with other Rh(I) complexes.
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Table 2.I IR and NMR Isomer Ratios of lll(S-PhPs):,Ih(CO)z (1)

Technique Solvent Temperature Ratio (n2=n3)

IR (weight)® cyclohexane ambient 83:17 (%12)

IR (CAPS)P cyclohexane ambient 85:15 (RMSw4.42)C
IR (weight)? toluene ambient 77:23 ($12)

IR (CAPS)® toluene ambient 77:23 (RMSw3.38)C
IR (veight)® CH,Cl, ambient 70:30 ($1%)

IR (CAPS)® CH,C1, ambient 72:28 (RMS®3.94)C
NMR (400 MHz) CDZCIZ -30°C 43:57

NMR (400 MHz) toluene-da =-30°C 69:31

(a) weight refers to method (a) in Experimental Section

(b) CAFS refers to method (b) in Experimental Section

(c) RMS = root mean square error



The solid state X-ray structure determination of 1 was carried out
by Dr. R.G. Ball of this department. Details of the data collection and
refinement procedure as well as tables of structural parameters, bond
lengths and bond angles will be found in the Experimental Section. Two
views of the structure of 1 are shown in Figures II.3 and Il.4.

The geometry around the rhodium atom is square planar, with two of
the three 3-PhPz groups coordinated to the rhodium center. The six-
membered ring is in a boat configuration, as commonly obsefved for such
nz-pyrazolylbotate complexes.s The free 3-PhPz group {s formally in the
equatorial position of the boat form of the six-membered ring, and
definitely non-bonding with the free nitrogen N7 a long distance from
the Rh center.

In some cases, the structure in solution will have a different
denticity of the tris or tetrakis(pyrazolyl)horate ligand than found in
the crystal structute-sb For example the 1H NMR spectrum of
(BPz&)Rh(COD) suggests that it is five-coordinate in solution, whereas
the X-ray crystal structure showed it to be fout-coordinate.7 However,
for complex 1, the IR and low temperature 1H and 130 NMR spectra are in

agreement with the static structure found in the crystal.

Mechaniss of ul(3-vhrz)3lh(60)z Pormaticn - Some Speculation ‘

In the preparation of 1, a second minor product (14Y) was isolated
and determined to be [(c0)2ah(3-Pth)]2 (3), whose identity wvas
confirmed by comparison of IR, IH NMR and mass spectra to an authentic
sample of 3. Compound 3 is representative of a well known class of
pyrazole~bridged dimeta.5’16 The IR spectrum in cyclohexane has the

expected three Veo bands at 2089, 2076, 2023 cm-l, and the MS shows the
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Figure II.3 Crystal Structure of HB(3-Pth)3Rh(CO)2 (1)
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molecular ion MY at n/e=604, followed by sequential loss of four CO
groups. Unlike the symmetrical dimer [(CO)ZRthijz,16 3 can exist as a
mixture of cis and trans isomers (eq. 2-5). The ly NMR gpectrum shows
two sets of pyrazole resonances in a ratio of 1.23:1. Based on Prentice
Hall (PH) molecular models, the cis isomer 3¢ is sterically more
crowded, so the major structure of 3 has been tentatively assigned to

the trans isomer 3t.

Q (2-5)

ocC. - co ocC Cco
¢ W, W
oc N=N co GDC/' N=N \CO
3t 3

It has been suggested by Powell and co-workers that in the
preparation of (RBPz*3)Rh(CO)2, the presence of unreacted Pz*H {n
KHBPz*, results in the formation of [(CO)ZRth*]z.lo However, in the
salt KHB(3-Pth)3 there is no 3-PhPzH present by lu NMR. In a small
scale preparation of 1, excess 3~PhPzH was added, with no increase in
the amount of 3 formed.

In fact, 3-PhPzH reacts with [(CO)ZRhCIIZ to give
Cth(CO)2(3-PthB) (§), vhere the chlorine bridge is split by the
pyrazole nitrogen.

Compound 4 1s a purplish-green solid but gives pale yellow
solutions in organic solvents. It was also formed in trace amounts in

the preparation of 1, where it was identified by its intense purple
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color and IR spectrum which in cyclohexane shows vep at 2087, 2012

em”L, There are two possible isomeric structures for & (eq. 2-6),

<

=N -
OC\ VAR OC\ . (2-6)
/}ﬂh\\ /)Rrk\
oC Ci oC Cl

Two possible isomers of &

The lu mm spectrum has a resonance at & 12.34 (by, 18), which is
typical of a nitrogen-bound proton, but the S-H and 4-H resonances are
broad. This indicates a fluxional process exchanging the two nitrogen
atoms.

The PzH and Pz%H analogs were prepared by Borkett and Btuce,17a who
found a fluxional NMR process exchanging the two nitrogens between the
rhodium atom. A crystal structure of the PzH complex by Stobart and
cowotketsl7b showed a stacking of the square planar metal units along
the z-axis, with a zig-zag chain of metal atoms.

Compound 4 is a member of the well known class of compounds of the
type Cth(CO)zL first prepared by Vallarino,17° where L i{s ammonia or an
amine. These complexes exhibit a striking variety of colors in the
solid state, which is thought to be due to a metal-metal interaction
along the dzz axis. As Vallarino pointed out, complexes of the type
Cth(CO)ZL react in a similar manner to [(CO)ZRh01]2. In fact, 4 reacts

with KHB(3-Pth)3 to give 1 and 3 in the same relative amounts as found
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beginning withf[(CO)ZRhCIJZ- Hovever, reaction of & with NEt; in CH2012
gives exclusively 3 (eq. 2-7).

This suggests that the ligand KHB(3-Pth)3 is not a strong enough
bage to formally remove HCl from 4 to give the dimer 3. The presence of
3 during the preparation of 1 is thought to arise from a B~N bond
cleavage of the [HB(S-Pth)3]' ligand as suggested by Borkett and

Bruce,ua and not from any free 3-PhPzH present.

NEt

3
CIRh(CO)y(3-PhPzH) ET"-;C—I;. [(3-PhP2)RN(CO);), (2-7)
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Section 3

REACTIONS OF HB(3-PhPz)4Rh(CO), (1)

Reaction vith 1300

It i{s well known that most l8e complekes do not exchange 1300
readily, while l6e square planar Rh(I), Ir(I) and Pt(Il) complexes
rapidly do 30.18 These latter reactions were found to proceed via an
associative mechanism.l8P

A solution of 1 in cyclohexane rapidly reacts with one atmosphere
of 13CO, resulting in complete exchange in about five minutes. The
enriched IR gpectrum shows Veo bands at 2039 (s), 2030 (w), 1980 (s),
1969 (w) cm™l. The MS now shows the molecular ion M* at m/e = 602, with
gsecondary ions corregponding to loss of 13CO.

In contrast, the complex (HBPz*3)Rh(CO)2, which is exclusively n3
in hexane,9 shows no 13co exchange in four hours. In C52CI2, vhere
there is a small amount of the lée n2 form present, slow 13¢o exchange
takes place with complete enrichment in 18 hours. However, a CH,Cl,
solution of the protonated complex, [(HBPz*z)(Pz*H)Rh(CO)Zj(BF,‘)8d
exchanges 1300 completely in five minutes. The latter complex 1is
exclusively in the nz l6e form, as the proton blocks the third pyrazole
group from coordination.

The major form of 1 in cyclohexane is the l6e nz isomer, which
accounts for the rapid 13Co exchange. The bis(pyrazolyl)borate complex
2, which of course is lée, rapidly exchanges 1300 in eyclohexane with IR
vco bands at 2038, 1978 co ! after five minutes.

To study the intermolecular CO exchange, equal amounts of

HB(3-PhPz) 38h(1%C0), 1-12,12 and HB(3-PhPz);Rn(13c0), 1-13,13 vere
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dissolved in cyclohexane. Exchange took place, with the appearance of
the mixed isotopomer HB(3-Pth)3Rh(IZCO)(wCO) 1-12,13, An almost 1:2:1
equilibrium distribution of the isotopomers 1-12,12:1-12,13:1~13,13 vas
attained, but only after several days. The mixed isomer

HB(3-PhPz) 3RR('?€0) (}300) 1-12,13 can be prepared 1sotopically pure
(Section 5), and when it is dissolved in cyclohexane, the same

equilibrium is veached, again over several days (eq. 2-8).

3€0, § min_

3= e R(J= 13
HB(3-PhPz)3RN(CO), ayciohexane”  T1B(3-PhP2)3Rn('3c0),
(2-8)
HB(3-PhPz)3RN(CO),
cyclohexane
+ = > HB(3-PhP2)3Rh(12C0O)('3c0)

several

HB(3-PhPz)3Rh('3CO), days

Reaction vith [(CO),RhCl],

During the preparation of 1 an intermediate is observed in the IR
spectrum of the toluene solution (vc0 at 2091, 2075, 2028, 1998 cm'l)
which forms initially but disappears as the reaction is completed. This
intermediate vas determined o be Cth(CO)2(3-Pth)(H)B(3-Pth)2Rh(C0)2
(5), which was prepared by reacting two equivalents of 1 with one
equivalent of [(CO)ZRh01]2 in CH2C12 (eq. 2-9).

Complex 5 was characterized by the usual methods. The MS does not
show the molecular ion, but the largest fragment has m/e = 635,
corresponding to M+¥Rh(CO)2- The IR spectrum in CH,Cl, has four vg,

bands at 2093, 2079, 2031, 2004 cm”'.
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0
R O
[cmh(CO)glg oc QN c"ﬁ‘\?‘"
oryC)y N N A (2-9)
’ — e An) H-/-B—nfo
o |
HB(3-PhP2)4RN(CO)y °: (” ”)
1 5

The W NMR spectrum shows a 1:1:1 ratio of pyrazole groups, which
is thought to arise from the large "CIRh(CO)z" group on the free 3-PhPz
group. The two bound 3~PhPz groups are then inequivalent on the NMR
timescale. Decoupling experiments demonstrate that spin transfer occurs
betweea the 5-H, 4=H or ortho protons of the pyrazole groups bound to
Rh(1)s This i{ndicates that the sites are being exchanged, perhaps by a
B-N bond rotation of the pyrazole bound to Rh(2) (eq. 2-10)s No spin

transfer is observed to the 3-PhPz group bound to Rh(2).

co oc
CN), -R,h—co oc-—-w’n-—- \9
I c!t éu | (2-10)
//B\~ === B
N ,', N N/ .!,\N
Q" O O/IN®)
\./ N\ /
h Rh

N\ /7 \
oc/ % *c %



The 3¢ APT NMR spectrum of 5 shows four doublets in the CO region,
tvo of which are overlapping. Intuitively, one would predict that the
overlapping resonences at & 182.64 and 182.4] are the CO groups on
Rh(1), while the doublets at & 184.79 and 179,97 are the CO groups on
Rh(2). Three of the four coupling constants are the same (lJRh-c - 69
Hz), while the value for the high field doublet is larger (IJRh-c . 74
Hz)e This suggests that this unique CO {8 trang to the chloride, while
the other three arc trans to 3-PhPz groups.

Selective 1300 enrichment of § was used to verify thes§
assignments. Reaction of HB(3-PhPz)3Rh('3c0), 1-13,13 wteh [(co),mhcl],
in CHyCiy gives CIRh(CO)2(3-Pth)(H)B(3-Pth)2uh(13CO)2, with IR vo, at
2079, 2044, 2004, 1983 em L. The original IR Voo bands at 2093, 2031
ce~} are shifted to 2044, 1983 cn™! respectively, indicating they are
associated with Rh(l). TFrom the 13C NMR apectrum, the overlapping
doublets at & 182.64 and 182.41 are now enriched, and they appear as an
AB pattern with ZJc-c ® 7 Hz. However, a fairly rapid enrichment of the
other tuo signals at & 184.79 (dd, “Jpy_.c = 69 Hz, 25 . = 7 Hz) and
8 179.97 (dd, lapp_¢ = 74 Hz, 25o_o = 7 Hz) occurred, vith a
simultaneous transfer of both 1300 groups. This is complete in one hour
in the NMR spectrometer. The IR spectrum also showed scrambling of the
1300 label. A postulated mechanism for intramnlecular exchange 1s shown

in eq. 2~11,
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This involves one of the two bound Pyrazole groups on Rh(1l) coming
off and coordinating to Rh(2). At the same time the chloride on Rh(2)
must transfer to Rh(l), perhaps via a chloride bridge. If the 13C NMR
spectrum is run after several days, a further scrambling of the 13co
label has occurred, as both Rh(1) and Rh(2) contain 1200 and 1300. This
1s observed by the rise in the resonances which are found in the 13C NMR
natural abundance spectrum, where there is no C~C bond coupling.

This was further dew. strated with a spin-echo FT (SEFT) 13c NMR

l4b,c The resulting spectrum is similar in appearance to an

experiment.
APT spectrum, and allows one to distinguish those resonances that are
coupled to another similar nucleus (i.e. C=C coupling) from those that
are not. In summary, there are two exchange processes occurring on two
different timescales (eq. 2-12). There is a rapid process which
simultaneously exchanges_&g&h 13CO groups from Rh(l) to Rh(2),.and a
slower process which exchanges only one CO group at a time. The latter

process may occur by a stepwise CO exchange via a carbonyl bridged

intermediate.
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The other possible mechanism is intermolecular or bimolecular
exchange. Both complex S5 or the partially enriched mixture of $ above
could be completely enriched with 13CO to give IR Vco bandas at 2044,
2030, 1985, 1959 cm'l. The IR bands that were originally at 2079, 2004
cm°1 are now at 2030, 1959 em”l.  When the completely enriched complex
was mixed in equal amounts with completely unlabelled S in CHZCIZ,
scrambling occurred with the same IR mixture also after one hour. This
suggests that either intra or intermolecular exchange (or both) could be
taking place.

The presence of 5 as a reaction intermediate in the preparation of
1 can be explained. For the preparation of 1, one equivalent of
[(CO)2RhC1]2 is dissolved in toluene, and then two equivalents of the
slightly soluble salt KRB(B-Pth)3 are added. As the salt slowly
dissolves, 1 is formed, which is initially present with a large excess
of [(CO)ZRhCIJZ. Complex 1 then reacts with [(CO)ZRhCI]Z giving 5 (eq.
2-9). As more KHB(3-PhPz)4 dissolves, it reacts with 5 to give two

equivalents of 1. In a separate experiment, 5 reacts with one

4



equivalent of KHB(3-Pth)3 to give two equivalents of 1 in 84X yield.

Reaction with EBPQ

The reaction to prepare 5 (eq. 2-9) can be considered to be that of
a Lewis base HB(3-Pth)3Rh(CO)2 1 reacting with the known Lewis acid
[(CO)ZRhCIJZ.19 The free pyrazole group in 1 then behaves like 3-PhPzH,
the latter reacting with [(CO)ZRhCIJZ to give &. Another more familiar
Lewis acid is HLFa, which is known to react with (HBPz*3)Rh(CO)2 in
CH2C12 to give [(HBPz*Z)(Pz*H)Rh(CO)z](BF4),8d where the proton attacks
the pyrazole nitrogen rather than the metal center. A similar reaction
occurs with 1, giving [HB(3-Pth)2(3-PthH)Rh(CO)2](B?a) (6) as

colorless crystals (eq. 2-13).

—®

— Y [BF4)”
OK /N N N (2-13)

Complex 6 is slightly soluble in benzene, with the IR spectrum
displaying v, bands at 2092, 2031 ce™l. The !n MR spectrum exhibits a
2:1 ratio of bound and free pyrazole groups, with a resonance at & 13.25
(br, 1H) typical of a nitrogen-bound hydrogen. Also, the 4-H resonance
of the free 3-PhPz group at & 6.79 is an apparent triplet (J = 2.5 Hz),

with similar coupling to the S5-H and the nitrogen bound hydrogens. 1In
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comparigon to complex 5, the Lewis acid on the free pyrazole nitrogen is
small (a proton), so that B-N bond rotation of the free 3-PhPz group 1s
fast on the NMR timescale.

The above protonation is reversible, as a colorless CH,Cl, solution
of 6 1s smoothly converted back to 1 by the addition of NEtq, glving a
yellow solution. It is also of interest to compare the relative
strengths of the Lewis acids. A solution of § in CH2C12 reacts smoothly
with HBF, to give 6 and [(CO)ZRhC1]2. The latter can be separated from
6 by hexane extraction. Hence the stronger Lewis acid HBP, displaces

the wveaker "Cth(Co)z", which dimerizes.
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Section &
C-B ACTIVATION STUDIES

Attempts at intermolecular carbon-hydrogen activation using i in
saturated or aromatic hydrocarbons under photochemical conditions
resulted {n intramulecular activation of a C-H bond in the ortho
position of a phenyl group. Photolysis of a pale yellow solution of 1
in benzene in a Pyrex Schlenk tube for 20 minutes with N, purge results

in complete conversion to the orthometallated Rh(III) hydride (7) (eq.

2'14) .
H
v
HB(3-PhP2)jRh(CO), v N2 Purge (2-14)
KO
(complete in 20 min) \.R'h.
¢
o]
I
1 7

Although 7 is quite air sensitive in solution, it is a moderately
alir-stable colorless crystalline solid (a8 a benzene solvate) isolated
in 84% yield. Unlike the aryl or alkyl hydrides prepared by dhosh,9 the
low resolution electron impact mass spectrum showed the molecular ion
H*, ag vell as the loss of CO. This is a common indication of a
cyclometallation teactionozo The IR spectrum in cyclohexane showed a
single vo, at 2063 cm'l, and a weak broad band at ca. 2104 em L assigned
as the Rh~H stretching vibration. The IH NMR spectrum shows a high

fleld hydride at & ~14.51 (d, 1H, LJp o = 23.1 Hz). The three 5-H and



three 4-H resonances are indicative of a Rh(III) octahedral geomatry
with three different pyrazole groups. Tables 2.V and 2.VI pregent the

IH and 130 NMR data for the Rh(III) complexes prepared.

The high rate of the photolysis is similar to that of the benzene
activation by (HBPz*3)Rh(CO)2. and much greater than the C-H activation
by the Cp*Ir(CO)2 system. The UV-VIS gpectrum of 1 {n CH,Cl, has two
maxima at 252 (e = 39440), 353 (& = 2440) nm (Amax). This i{s similar to
the UV-VIS spectrum of (HBP:*3)Rh(CO)2 in n-hexane: 221 (e % 17600),
353 (¢ = 1820) nm (Amax), but quite different from that of Cp*Ir(Co)z in
hexane: 220 (e = 13000), 290 (¢ = 5500) nm (\max). It is thought that
the lowest energy electronic absorption at 353 nm i{n (HBPz*3)Rh(CO)2 is
responsible for the efficiency in near UV lighc.9

When the above photolysis was done with a “2 purge, no dihydride
was detected by IR or 1u NMR spectroscopy, as only 7 wvas formed.
Dihydrogen may oxidatively add but then reductively eliminate, followed
by orthometallation. Although no crystallographic evidence was
obtained, intramolecular activation of an ortho C-H bond i3 well
known.zo There are also literature examples of complexes that
demonstrate both inter and intramolecular C-H activation, most notably
by Jones and Werner.21

PH molecular models indicate that activation of only the ortho
position is feasible, although the five-membered ring appears
strained. Related to this work is the thermal activation of

N-phenylpyrazole with RhClj, shown in eq. 2-15.22 A similar five

membered ring is formed, with a nitrogen replacing the carbon in 7.

51



52

\ L,

CHyOCH,CH,OH
AhCly  + A e s g (2-15)
refluzed for 18 h ©

frmm——
Reactions of ﬂl(3-Pth)2(C3lez-cﬁua)nh(00)(B) (7)

Reaction with CO
Complex 7 reacts immediately with one atmosphere CO in benzene or
cyclohexane to give back the parent dicarbonyl 1. The initial
photolysis of 1 in benzene was done with a nitrogen gas purge, so as to
sweep away free CO and minimize this rapid back reactiom.
Mechanistically, this may indicate an equilibrium between 7 and the
postulated l6e coordinatively unsaturated species (eq. 2-16), which

would rapidly scavenge CO to form 1.
H H
N :
l /
gh i
— ,L N J,O (2-16)
.\\ ,4’ L Ny

In contrast to 7, the reaction of (HBPz*3)Rh(CO)(Ph)(H) with CO in
hexane is slow (:1/2 s 23 hours).9 However, a dissociative mechanism

with benzene loss was inconsistent with other kinetic results obtained.
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The rate of the CO reaction was found to be dirvectly dependent on the CO

pressure, indicating an associative mechanism.’ Neither mechanism can
be ruled out in this case but the dissociative pathway may suggest a

veaker rhodium carbon bond of the strained five-membered ring.

Reaction vith CC13X (X=C1, Br)

Complex 7 can be converted to the corresponding chloride (8a) or
bromide (8b) by addition of CCl, or CBrCly respectively (eq. 2-17), with
the yield of the latter being much higher.

3 !
1 NI
O' N CClyX N (2-17)
LG4 > /
n'k ’ XSC" Br onh\
al L
H
7 8s (X=Cl)
8b (X=Br)

The latter reaction also occurs much more rapidly, in agreement
with the observation that CBrCly is much more efficient than cCi, at
trapping organic and organometallic radicals.?3 Both 8s and 8b were
isolated as air-stable yellow crystalline solids. The IR spectra in
cyclohexane show a vp, band at 2096 and 2090 co”! for 8a and 8b
respectively. Figure II.5 shows the ly NMR spectrum of 88 in CD,Cl,.
The three different 5-H and 4-H resonances are consistent with a Rh(III)
octahedral geometry. The 130 APT NMR spectrum of 88 has a resonance at

6 154.98 (d, IJRh-C = 25 Hz) which is the rhodium-bound phenyl carbon.
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Resction with diazomethane

Reaction of 7 with excess CHyN,=Et,0 in benzene afforded
HB(3-PhP2) 5(C3HpNp=CaH CH JRR(CO) (CH3) (9), where tuo moles of "CH,"
have been formally added. The rhodium hydride has been converted to a
rhodium methyl as expected, but a CHy unit is formally inserted into the

Rh=C bond to give a six-membered ring (eq. 2-18).

U b 8

3
Ol ﬁ: O CHaNy/Et;0 7
e | N (2~18)

.Rh. n /H
o°’ l . \,'
" o
H

7 9

The IR spectrum of 9 in cyclohexane shoved a vgo band at 20642 cm'l,
and the MS showed the molecular ion M' at m/e = 600, as well as ions
formed by loss of CH3 and CO. The ly e spectrum shows three diffevent
pyrazole groups, and the diastereotopic methylene resonances appear at §
3.40 (d of d, lH, ZJH-H = 9.8 Hz, ZJRh-H = 4,1 Hz) and & 2.36‘(d, 1H,
ZJH-H = 9.8 Hz) (Pigure II.6). Decoupling experiments were used to
assign the coupling constants. Irradiating the resonance at § 3.40
collapsed the resonance at & 2.36 o a singlet, while irradiating at &
2.36 gave a doublet av & 3.40 (ZJRh-H = 4.1 Hz). A resonance at 5 -0.13
(d, H, ZJRh-H = 2.0 Hz) 18 indicative of a methyl grc.p bcind to

rhodium. The 130 APT NMR spectrum (Table 2.VI) showed the methylene
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carbon at & 16.39 (d, lJRh-c = 22 Hz) and the methyl carbon at & =1.69
(d, lJRh-C = 21 Hz), and also confirmed the Rh(III) octahedral geometry.
With a slow addition of CH,N, to 7, the IR spectrum of a benzene
aliquot in cyclohexane showed the presence of another product thought to
be HB(3-PhPz),(CyH N,-CoH,)RR(CO)(CHy) (10) with vg, at 2052 cn™l. This
was confirmed by an independent synthesis of 10, which was prepared from

reaction of the bromide 8b with MeMgl in THF (eq. 2-19).

| J
7 I -‘\.
OT :.: TO _CHaMgl OI z O
N\ E /N EQO/THF \ i (2-19)
Ph ,.v'*‘"-., -T-
0
Br CHQ
8h 10

The !H WR spectrum of 10 (Table 2.V) shows a rhodium bound methyl
group at & 0.25 (d, 3H, 2Jp,_y * 2.1 Hz) and the typical pattern of an
octahedral Rh(III) complex with three different groups trans to pyrazole
ligandsg

When 10 is reacted with excess CH,N; in benzene, 9 is isolated.
This suggests that 9 is formed from 7 by stepwise addition of

diazomethane, first forming 10, which reacts with C“ZNZ to give 9 (eq.
2'20) .
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This of course does not rule out the first Cﬁz insertion occurring
into the ring. No evidence was found regarding the mechanism of the
latter insertion, although it is interesting to note that complexes 8a
or 8b do not react with diazomethane.

The insertion of a CH, unit into M~H and M-C bonds has been
proposed to bhe involved as steps in the Figscher-Tropsch reductive
polymerization of CO to form alkaneaza’zs and also the preparation of
polymethylene from diazomethane in the presence of organometallic
complexesozs The insertion of CHZ into alkyl or aryl metal bonds has
been demonstrated by several groups involving w,ZSa,b RuZsc or ItZSd
complexes. No intermediate alkyl or aryl carbene complex was detected,

but it is thought to be present before migration (eq., 2-21).

#~CH CH CH
2 + N
R

(2-21)
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This migration reaction has been studied theoretically by both

Goddard and Hoffmann.%®

Reaction with Cyclopropane
A freshly prepared henzene solution of 7 was purged with

cyclopropane for one hour, resulting in partial conversion to

HB(3-PhPz) RR(CO)(CHoCH,CH,) (11). The reaction sequence to form 11 is
thought to occur via oxidation addition of cyclopropane to the lée
intermediate (eq. 2-16), giving the cyclopropyl hydride. This species
wag not detected as rearrangement to the rhodacyclobutane is pregumed
rapid.

This mechanism {s based on the work of Ghogh® and Bergman,26 where
a cyclopropyl hydride complex observed undergoes rearrangement to the
C-C inserted product. The above route is not synthetically viable, but

a better method is detailed below.

Photolyais of (1) wvith Cyclopropane
Photolysis of 1 in benzene with a cyclopropane purge for 20 minutes

resulted in consumption of 1 and a mixture of 7 and a new product,

HB(3-PhPz)3Rh(CO) (CH,CH,CH,) (1), the rhodacylobutane (eq. 2-22).

co
hv.cyclopropane Hmmpz),nlyf] PO (2-22)

HB(3-PhP2)4RN(CO),

(compiete in 20 min)

1 11
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To the mixture was added CBrCly which converted 7 to 8b. A 4 e
spectrum of the mixture indicated a 9:1 ratio of 8b to 11, which shows

that the photolysis still results in predominantly intramolecular C-H

activation.

Better yields of 11 were obtained by continuing the photolysis for
50 minutes, where the major product by IR was now 11 with a small amount
of 7. Compound 1l could be separated by decomposition of 7 in solution
in air, followed by chromatography to obtain 11 in 69% yield. The IR
spectrum in cyclohexane has a v,y band at 2034 cn”l, The ln nmm
spectrum shows the expected 2:1 ratio of pyrazole regonances, and the
protons of the rhodacyclobutane appear as 4 mul:iplets.9 The 13C APT

NMR spectrum also shows a 2:1 ratio of pyrazole group carbons, with the
zethylere carbons at 6 31.82 (d, CB’ ZJRh-C'S Hz) and & ~10.49 (d, Ca,

Lign-c®13 Hz) (eq. 2-23).

(2-23)

11 (atom labelling for NMR)

The preparaticn of 11 is the only example of intermolecular carbon
hydrogen hond activation in this system, with the driving force being
the formation of the metallscycle, which is relatively stable to
reductive elimination. Intermolecular C-H activation of other
substrates may indeed initially occur, but could be followed by rapid

reductive elimination and subsequent orthometallation.
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Section §

SYNTHESIS AND REACTIVITY OF OLEFIN COMPLRXES

There are a number of pyrazolylborate rhodium olefin complexes in
the literature. Trofimenko initially prepared (HBPz3)Rh(02H4)2.6“
followed closely by (HBPz*3)Rh(COD).6b More recently, Cocivera et 31.7
have prepared a series of compounds of the type (BPza)Rh(diene). where
the (diene) was bis(ethylene) (czué)z, 1,5~cyclooctadiene (COD),
norbornadiene (NBD) and duroquinone (DQ). By ly NMR spectroscopy it was
suggested that the (DQ) and (COD) complexes were five-coordinate in
solution, whereas the X-ray crystal structures showed that the (NBD) and
(COD) complexes are four-coordinate, while the (DQ) complex is five-
coordinate.

The synthesis of carbonyl-olefin complexes of the type
(HBPz*3)Rh(CO)(nz-olefin) (olefin = ethylene, propylene and cyclooctene)
was recently reported by Ghosh and coworkers.88:¢»9 They studied their

'fluxional behaviour as well as subsequent chemistry. These were

determined to be four-coordinate in solution.

Synthesis of Olefin Complexzes

Using methods similar to those previously tepotted,ab’c'9 olefin
complexes of the type HB(3-Pth)3Rh(L)(olefin) (L = CO, CZHé) (olefin =
Czﬂa) and (L) + (olefin) = (COD) were prepared. A freshly prepared
benzene solution of 7 was purged with ethylene for 90 minutes, resulting
in conversion to HB(3-Pth)3Rh(C0)(CZHa) (12). The reaction was
quantitative by IR, although other routes provided for direct synthetic

access to 12. A more rational synthesis is to react the dimer
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[(CO)(Czﬂa)Rh01]227 with two equivalents of KHB(3-Pth)3 in toluene (eq.

2'24)0
+ ouene, HB(3-PhPz)3Rh(COXCoH,)
KIHB(3-PhPz)3) 12

Complex 12 is isolated in 81% yield and the IR spectrum shows a
single Vgo 8t 2030 e} in cyclohexane. The IH NMR spectrum of 12 at
room temperature indicates equivalence of all three pyrazole groups, and
the ethylene resonance appears at & 2.43 (d, 4H, zJRh-H ® 2,2 B}y On
cooling to -90°C, one observes a 2:1 ratio of pyrazole resonances.
Unlike complex 1, 12 does not shovw a mixture of the nz and n3 isomers at
low temperature, nor a mixture of isomers in the IR spectrum. Assuming
a static nz structure for 12, as Ghosh postulated for
(HBPz*3)Rh(C0)(CZHb), the low temperature IH NMR spectrum should show
three different pyrazole groups. However, as discussed by Ghosh,9 a low
energy process is thought to be involved which averages the two bound
pyrazole groups. This will be discussed in full detail in Chapter IV.

The related bis(pyrazolyl)borate complex 323(3-Pth)2Rh(CO)(02H4)
(13) could be prepared but not fully characterized, as it rapidly
disproportionates or decomposes in solution to HZB(3-Pth)2Rh(CO)2 2.
This problem was also encountered when the synthesis of
(HzBPz*Z)Rh(CO)(Czﬂa) was attempted.9 However the IR spectrum of 13 in
cyclohexane shows Voo at 2023 cm'l, which is similar to the band of 12,
suggesting that the latter is nz in solution,

Complex 12 in CH2012 reacts immediately with cne atmosphere of CO



63

to give ;- With very slow and stoichiometric add;cion of 13CO to a
cyclohexane solution of 12, the complex HB(B-PhP:)3Rh(CO)(13CO) i-ll.i)
can be prepared. As discussed in Section 3, a cyclohexane gsolution of
freshly prepared 1-12,13 undergoes CO scrambling reaching an apﬁroximate
1:2:1 equilibrium distribution of 1-12,12:1-12,13:1-13,13.

When Ghosh {rradiated (HBPz*3)Rh(CO)(Czaa) in benzene he obtained
two products in an approximate 1:1 ratio, the phenyl hydride complex
(HBPz*3)Rh(CO)(Ph)(H) and the phenyl ethyl complex
(HBPz#3)Rh(CO) (Ph) (Et)8Ps9 (oq. 2-25).,

( /co
(Hhs)ﬂhtH (~50%)

co Ph

7/ hy
(HBPz3)RN CH, —_— +
H,C 0 co (2-25)

(HBPZ3)Rh=CH,CH,  (~50%)

. “en

Irradiation of a benzene solution of 12 for 20 minutes vith a
nitrogen purge results in intramolecular activation glving 7, with no
evidence of a phenyl ethyl complex.

The related bis(ethylene) and COD complexes HB(3-Pth)3Rh(C2H4)2
(14) and HB(3-Pth)3Rh(COD) (15) are prepared in a similar mannor to 12,
starting vith [(C,H,),RhC1],?® and [(COD)RC1],? respectively (eq.
2-26). Compound 14 was characterized by the usual methods, with the ly
NMR spectrum being most informative. Unlike (HBPz3)Rh(C2H4)2, vhere
Trofimenko observed one type of pyrazole gtoup,6b the IH NMR spectrum of
14 at ambient temperature in CD2012 1s similar to that of 1 at -30°C,

with three sets of pyrazole group resounances. Two of the three are in a
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[Cth“ngz |
R ot HB(3-PhP)ARIL), (2-26)
K[HB(3-PhPz)y]

14 1y = (CyH,),
1S L, = (COD)

2:1 ratio for nz-HB(B-Pth)3Rh(CZHQ)2, with the third corresponding to
nO-HB(3-PhPz) jRR(C,H,),+ The ratio of the nP:n® forms is 44:56%, which
{s similar to the ratio for 1 at -30°C. The ethylene protons appear at
5 2.66 (d, 8H, %Jp, . = 1.8 Hz, n® form) and & 2.22 (d, BN, 2gpey = 18
Hz, n3 form),.with the same ratio by integration. The 130 NMR spectrum
(Table 2.I1I) in Cchlz shows three resonances for each type of carbon,
except for the ethylene carbons, which appear at & 66.51 (d, lJRh-C = 12
Hz, n? form) and & 65.58 (d, gy . = 12 Hz, n? form).

When the IH NMR spectrum 1is run in toluene-ds at room temperature 3
mixture of the two isomers is again observed. However the ratio is
different with values of nz:n3 ® 63:37%, and in cyclohexane-dlz the
ratio 1s n’:in’ = 73:27% (Table 2.1I).

The lg NMR spectrum of 1S at room temperature in CDyCl, 18 similar
to that of 14, with a nzzn3 ratio of 50:50%. However, the resoncnces
for the n3 form are broad, and cooling to =-90°C gives a 2:1 ratio of
pyrazole group resonances, with the resonances of the nz form unchanged
(Figure II.7). The relative ratio of the two 1somers is also unchanged

(1:1). Both a five-coordinate trigonal bipyramidal or square pyramidal

ground state geometry could account for the NMR spectra, and at -90°C
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Figure II.7 H NMR Spectrum of HB(3-PhPz);Rh(COD) (1S)
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the Berry pseudorotatidn or turnstile rotation is slow on the NMR
timescale. Changing the solvent to toluene-d8 again gives more of the
nz form, where the ratio of n23n3 is 64:36%, and in cyclohexane-dlz, the
ratio of n’:n’ is 69:31% (Table 2.I1).

As demonstrated with complex 12, both 14 and 1S react with CO in
CHZCI2 giving 1, although the latter reaction is slower. The exchange
and displacement reactions with 13CO and CO respectively provide further
evidence for the n2 l6e form in solution. These results are similar to
thoge of Lalot,7d who found that PPh, rapidly displaced ethylene from
(HBPz3)Rh(C2H4)2 and (BPza)Rh(Czﬁa)z. He suggested that the complexes
are also four-coordinate in solution, similar to the l6e complex
(acac)Rh(Czﬁa)z, which also rapidly reacts with PPh3. In contrast, the
analogous reaction with the 18e complex (CSHS)Rh(C2H4)2 is a high

.activation energy process'3°

An interesting reaction of 15 was found. Analogous to 1, it should
react with the Lewis acid [(CO)ZRhCIJZ to give an adduct similar to S.
By IR spectroscopy, the appearance of 1 is observed, which suggests the
[(COD)RhCl]2 is also formed (eq. 2-27). Althcugh the products could not
be separated by chromatography or crystallization, the 1H NMR spectra

shows a 2:1 ratio of (1) to [(COD)RhCl]z.

[CIRh{CO),], [CIRN(CODII,
CH,C,
+ <2 + (2-27)
HB(3-PhP2);RH(COD) HB(3-PhP2)3RAN(CO),

15 1



67
In one sense 15 reacts like the salt KH&(3-Pth)3. wvith the

"(COD)RhCl" unit veplacing potassium. However, mechanistically the
sequence must involve a pyrazole group tranafer from 1S to [(CO)ZRh01]2
with the chloride going in the opposite direction. A similar mechanism
was postulated for the 13CO exchange in complex § (eq. 2-11), although
again this could be a bimolecular process. Not surprisingly, 1 does not
react with [(COD)RhCl]z, as the latter is not considered to be a Lewis
acid, so once the exchange takes place, the resulting complex falls

apart into 1 and "(COD)RhC1l", which dimerizes.
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Table 2.IV NMR Isocmer Ratios for Complexes 1, 12, 14 and 15

Complex Solvent Temperatuve Ratio ( nz: n3)
l toluene~dg -30°C 69:31
1 602012 -30°C 43:57

12 CD,CL, ~90°C 100:0
14 cyclohexane=d,, ambient 73:27
L4 toluene-dg ambient 63:37
14 CD,CL, ambient 44356
15 cyclohexane~d;, ambient 69:31
15 toluene-dg ambient 64:36
15 CDyCl, ambient 50:50
15 CD,C1, -90°C 50:50

n
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Sectinn 6
EXPRRIMENT.AL

KHB(3~Pth)3 and KHZB(3-Pth)2 were prepared according to

11

Trofimenko et al. [(CO)ZRhCI]z was prepared using the standard

literature procedute.12 [(Czﬂa)zkh61]2 and [(COD)RNhCl], were prepared

28 and Crabttee29

according to Cramer respectively. [(Czﬂa)(CO)RhCIIZ
was prepared in situ by the method of Powell and Shaw. 27 CHyNy was
prepared using the method of Atndt.32 CBrCl, was used as received from
Aldrich Chemical Co. 1300 was purchased from Isotec Inc. and the
isotopic composition 1s 99.7% 13C, 0.3% lzc, 05.8% 16O, 0.2% 17, and

4.0% 8o,

General Techniques

Unless otherwise stated, manipulations of starting materials and
products were carried out under a nitrogen or argon atmosphere with the
use of standard Schlenk techniques. Reactions were carried out at room
temperature unless otherwise stated. Linde commercial nitrogen or argon
was purified by passing through a heated column (ca. 80°C) of BASF Cu-
based catalyst (R3-11) to remove oxygen and a column of Mallinckrodt
Aquasorb (PZOS on inert bagse with indicator) to remove water.

Glasswvare was treated with KOH-Ethanol solution;3

and dried at
130°C. Solvents were scrupulously dried and distilled from appropriate
drying agents33 before storing under nitrogen. Column chromatography
was performed using reagent grade solvents on either neutral alumina

(CAMAG, Brockmann-Number 1) or Florisil (Baker Analysed, 60-100 Mesh)

supports with a 12 x 2.5 cm column.
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Unless otherwise stated, all solvents and reagents were purchased
from commercial suppliers and used without purification. Sealed NMR
tubes were prepared by fusing Wilpad 503-PS 7 in. NMR tubes to B14/20
ground glass joints which were subsequently attached to Lab Glass vacuum
stopcocks. All such samples vere degassed by three freeze-pump-thaw
cycles on a vacuum line.

ly wm spectra were obtained at ambient temperature unless
otherwise noted on either a Bruker WH~200, a AM=300 or a WH=400 FT NMR
instrument. Chemical shifts are reported in units of parts per million
(ppm) (&) downfield from tetramethylsilane (M3481). ly NMR shifts are
recorded relative to residual protiated solvent: CRDCIZ. 5.32; benzene-
dg» 7.15; cyclohexane-dll, 1.38 and toluene-dy, 2.09. 130{13} NMR
spectras were recorded at 75.5 or 100.6 MHz and chemical shifts are given
relative to the solvent regonance: CDzCIzv 53.8. 19? NMR gpectra were
recorded at 376.5 MHz and chemical shifts are given relative to external
CFClj. 31P{1H} NMR spectra were recovded at 162.0 MHz and chemical
shifts are given relative to external 85% HqP0, 113 NMR spectra were
recorded at 64.2 MHz and chemical gshifts are given relative to external
BF3.Et,0. All coupling constants are reported in hertz and
multiplicities assigned as follows: 8, singlet; d, doublet; t, triplet;
q, quartet; m, multiplet. .

Infrared (IR) spectra were recorded using a Nicolet MX-1 FTIR
spectrometer over the range 2200-1600 en! with 0.1 mm or 0.5 mm XCI or
KBr cells. Two methods were used to determine the relative absorbance
areas for those complexes displaying mixtures of isomers. Solutions
were prepared in either cyclohexane, toluene or dichloromethane at

concentrations of about 1 mg/ml.
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For method (a), IR spectra were recorded using a Nicolet MX-l FTIR
spectrometer in linear absorbance mode. Spectra were expanded for
maximum absorbance over the smallest possible wavenumber region. The
relative areas were measured by weighing out the appropriate pleces of
chart paper for each igsomer, giving the relative ratio. This was
determined for three different concentrations, which results in an
average value with error limits quoted (%1%).

For method (b) IR spectra were recorded using a Nicolet 7199 FTIR

1 resolution in linear absorhance mode. IR

spectrometer using 1 cm”
spectra wvere simulated using the Nicolet 1180 Curve Analysis Program
(CAPS) (June, 1978). All simulated curves were of Lorenzian shape with
no Gaussian character. The accuracy of the fit between the experimental
and the calculated gspectrum was described by the root-mean-square (RMS)
error. (A typical RMS error for a good fit is 5%.)

Magss spectra were measured using an Associated Electronics
Industries MS-12 Mass Spectrometer coupled with a Nova-3 computer
employing D5-50 gsoftware. Ultraviolet-Visible spectra were recorded on
a8 Varian DMS-100 UV/VIS spectrophotometer. Melting points vere
determined using a Gallenkamp capillary melting point apparatus and are
uncorrected. Microanalyses were performed by the Microanalytical
Laboratory of this department. |

Photochemical experiments were performed in Pyrex Schlenk tubes
with a glass frit bottom which allows for a gas purge. Solutions were
added with flowing gas purge connected to an oil bubbler. Samples were

placed approximately 2 cm from a Hanovia 450-W medium pressure mercury

lamp with a cylindrical Pyrex filter and a water-cooled quartz jacket.
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Preparation of HB(S-Pth)3Ih(CD)z (1)

To a solution of [(CO)2Rh01]2 (435.4 mg, 1,12 mmol in 40 mL
toluene) was added 1.076 g (2.24 mmol) of KHB(3-Pth)3. The cloudy
yellow solution was stirred for 1 h, filtered through Celite and the
solvent was removed under reduced pressure. The crude product was taken
up in 40 mL CH,Cl,, layered with 400 mL hexanc and cooled to -30°C. The
firat crop of crystals were collected. Two subsequent concentrations of
the mother liquors gave 1 as yellow crystals (1.1470 g, 852 yield) mp
198-200°C.

The remaining mother liquor consisted of a mixture of zis and trans
{somers of [(C0),Rh(3~PhPz)], Y, (91.6 mg, 14% yield), with a ratio of
products 1:3 of 85:14. Compound 3 was prepared independently using a
method similar to that used for [(Co)znth*]z by Banditclli et al,l6 and

the two were identical by lﬂ NMR, IR and MS.

Characterization: IR (cyclohexane) 2088 (s), 2079 (w), 2026 (s), 2015

(W) en™! (vg). M5 (160°C, 70 ev) u* (600, 5%), M*-co (35%), M*-2c0
(44%), M'-2C0-PhPz (100%). lH NMMR (CD,Cl,, 200 MHz, ambient) & 7.96~
7.91 (m, 6H), 7.75 (br, 3H), 7.52-7.48 (m, SH), 6.57 (br, 3H). 'H MR
(toluene-dg, 200 MAz, 92°C) & 7.95-7.75 (m, 6H), 7.61 (d, Jyy = 2.2
Hz, 38), 7.30-7.10 (m, 9H), 6.23 (&, JJy_y = 2.2 Hz, 3H). UV (CH,CL,)
252 (e 39,440) 353 (e 2440) nm (A\max). £nal. Caled for 0298223N602Rh:
C, 58.03; H, 3.69; N, 14.00. Found: C, 57.98; H, 3.69; N, 13.64.

X~Ray Structure of (1)
The X-ray crystallographic study was carried out by Dr. R.G. Ball

in the Structure Determination Laboratory of this Department. This
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section and the tables are adapted from his report. The computer
programs used .n the data analysis {nclude the Enraf-Nonius structure
determination package Version 3 (1985, Delft, The Netherlands) rewritten
for a Sun Microsystems computer and several locally written or modified
programs,

Suitable crystals of 1 were grown from CH2C12-haxane at -30°C. A
yellow air-stable needle-shaped crystal having approximate dimensions of
0.09 x 0.14 x 0.37 mm was mounted in a non-specific orientation. The
automatic peak search and reflection indexing showed the crystal to be
orthorhombic with systematic absgences of: Okl, 1 odd, hOl, 1l odd and
hkO, htk odd. Cell constants were obtained from the least-squares
refinement of the setting angles of 23 reflections in the range 14 < 20
< 24, The intensity data were collected at room temperature (23°C)
using a w—-20 scan mode.- The various crystal parameters are given in
Table 2.VII.

There were two reflections which were chosen as standard
reflections and these were remeasured every 60 min of exposure time to
check on crystal and electronic stability over the course of data
collection. These reflections changed in intensity by 1.1% and 2.8%
regspectively over the time span of data collection, which was considered
negligible., Data were corrected for Lorentz, polarization aﬁd
background effects.

The structure was solved using the direct methods program MITHRIL
which gave the position parameters for the Rh atom. The remaining non-
hydrogen atoms were located by the usual combination of least-squares
refinemenet and different Fourlier synthesis.

Refinement of atomic parameters were carried out by full matrix
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Table 2.VII Experimentsl Details

A. Crystal Data

C20H23BNgO3Rb;

FW = 600.25

Crystal dimensions: 0.09 x 0.14 x 0.37 mm

orthorhombic space group Peen

a = 22.091 (5),
V=5425A% Z=8§

b= 21.980(7),
D. = 1470 g em~Y;

c=11.173(6) A
u = 6.54 cm™!

B. Data Collection and Refinement Conditions

Radiation:

Monochromator:

Take-off angle:

Detector aperture:
Crystal-to-detector distance:
Scan type:

Scan rate:

Scan width:

Data collection 26 limit:

Data collection index range:

Reflections measured:
Observations:variables ratio:
Agreement factors R;, R;, GOT:

Mo Ko (A = 0.71073 A)
incident beam, graphite crystal
3.0°

2.40 mm horiz x 4.0 mm vert
205 mm

w=20

10.1 - 1.8°min~?

0.70 + 0.35tan(6)°

55°

h,+k,l for 0< 260 < 24°

hyk,1 for 20 > 24° |

5974 unique, 1911 with I > o(I)
1911: 272

0.070, 0.069, 1.41



least-squares techniques on Fo minimizing the function
2
tw (7l - Ie,])

vhere |F | and |F | are the observed and calculated structure factor

amplitudes respectively, and the weighting factor w is given by
2 2
ved4F /o (Fo)

All hydrogen atoms were included at their idealized calculated

positions, assuming C-H and B-H distances of 0.952 and appropriate sp2

or sp3 geometries. These atoms were then included in the calculations
with fixed {sotropic thermal parameters 1.2 times that of the attached
atom and constrained to ride with this atom. The boron atom and the
atoms of the pyrazole rings were refined isbcropically. All other atoms
were refined anisotropically.

In the final cycle 272 parameters were refined using 1911

observations having I > o(I). The final agreement factors were
R, = I ||r°| - Ircll / |Fo| = 0,070 and

1 2 2,1/2
R, = (zw (i7 ] - lrcl) ) /2 ¢ 0.069

/ Z wFo
The highest peak in the final difference Fourier has a density of

0.6(1) eA'3 aad 1is without chemical significance. The structure of 1 1is

depicted in Figures II.3 and II.4. Relevant bond lengths and bond

anglés are tabulated i{n Tables 2.VIII and 2.IX. Positional and thermal

80
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Table 2.IX Selected Interatcmic Angles®

Atom! Atom3 Atomd  Angle Atom! Atom2 Atomd  Angle

| 11 )] |} 86.3 (4) Rh 3] 01 178 (1)
" 1) ey 01.7 (8) 1) (] 02 178 (1)
n" 1) c2 178.5 (8) n 3 ce 109 (1)
13 » ct 174.9 (8) L} c3 co 121 (1)
1 1) c2 04.4 (8) ce c3 co 130 (1)
3] 1) c2 87.8 (6) €3 ce cs 107 (1)
113 ' 11 "”2 110.6 (8 ] cs ce 108 (1)
n £ c3 13¢.3 (0) n ce cr 110 (1)
1 " c3 108 (1) n ce c18 123 (1)
TR T 11 (1) 7 e c1s 120 (1)
n n » 118 (1) ce o7 cs 108 (1)
cs " ) 131 (1) ] cs 14 100 (1)
n | ) " 118.8 (7) c3 co c10 120 (1)
R | 1] ce 13¢.1 (9) €y o cie 121 (1)
14 13 cs 108.1 (9) c10 co cie 110 (1)
" " cs 100.8 (9) co c10 c11 118 (2)
” " » 118.9 (9) 10 c1s c12 122 (2)
cs [} ] 138 (1) 11 €12 3y 119 (2)
17 ye c23 100.9 (9) c12 c13 ci14 121 (2)
1 )4 [ ] 3 122.0 (9) co c14 c13 121 (1)
33 [ ] 128 (1) ce (31 c18 122 (1)
[ ” c21 105.6 (8) ce (313 20 120 (1)



Table 2.IX Contigued

Avom! Atom2 Atomd Angle

c16 c18 c20 117 (1)
c18 c1s c17 120 (1)
c1e c17 cis 122 (3)
c17 cis c19 120 (2)
c18 c19 €20 118 (3)
(31 c20 c190 123 (2)
14 c2 €22 130 (1)
14 €3 ce 120 (1)
€32 €34 c2¢ 138 (1)
cat €32 c23 107 (3)
e c23 c22 107 (1)
ca c2¢ c28 118 (1)
€3 c2¢ c20 128 (1)
€35 c2¢ €20 119 (1)
ca¢ €28 c26 117 (2)
c28 c28 car 126 (3)
c26 ca? c2s 118 (2)
ca? c28 c20 110 (2)
c24 €29 c2e 122 (1)
n 3 ¥ 110 (1)
n ] e 108 (1)
[ B e 112 (1)

3 In degrees. Numbers in parentheses are estimated standard deviations
in the least significant digits.
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parameters are available in the detailed report from the Structure

Determination Labotatoty.3“

Preparation of WB(3-PhPs)4Rh(}3co), (1-13,13)
A solution of 40,0 mg (0.067 mmol) 1 i{n 10 mL cyclohexane was
treated with 1 atm 1300. After 5 min, the exchange was complete by IR

spectroscopy, with a quantitative yield.

Characterization: IR (eyclohexane) 2039 (s), 2030 (w), 1980 (s), 1969

() el (vgg). MS (160°C, 70 ev) W* (602, 1%), M*-13co (157),

w*-2¢13coy (18%), M*-2(13co)-pnpe (38%), pnez* (100%).

Preparation of HB(3-PhPs)4h(}2co)(t3co) (1-12,13)

To a solution of 102.7 mg (0,171 mmol) 12 in 25 mL cyclohexane was
very slowly bubbled through 1 atm 3¢, The reaction was monitored by
IR spectroscopy, and the 1300 addition was stopped once 12 was
congsumed. Solvent was removed at once in vacuo, giving a light yellow

powder (96.8 mg, 94% yield).

Characterization: IR (cyclohexane) 2072 (s) with sh, 1996 (s), 1985 (w)

’cm'l (vco). IR (cyclohexane, after 2 weeks) 2088 (m), 2072 (s), 2039
(m), 2026 (m) 1996 (s), 1980 (m) cm™* (vg,), absorbance ratio of
1-12,12:1-12,13:1-13,13 = 1:2.0:1.27. MS (190°C, 16 ev) M' (501, 8%),
M*-12co (331), ¥*-13co (30%), M'-(*2co)(Pico) (341),

M*t-(12c0)(}3co)-phpz (12%), PhPz* (100%).
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Preparation of ﬂzl(3-vhvz)zlh(60)z (2)

To a solution of [(CO)zthIJZ (263.0 mg, 0.677 mmol in 10 mL THF)
wvas added 3.0 mL of a 0.2 M THF solution of KHZB(3-Pth)2 (1.5 mmol).
This gave an immediate black solution. After stirring for 1 h, the
solvent was removed under reduced pressure. The yellow brown solid was
taken up in 10 mlL toluene and filtered through Celite giving a yellow
golid after removal of solvent., Crystallization from CHZCIZ-hexane at
-30°C gave yellow crystals (228.6 mg, 33% yield), mp darkens at 158°C,

melts at 168°C.

Characterization: IR (cyclohexane) 2087, 2023 cm'l (vco). MS (l30°C,

16 ev) M'~co (430, 100%), ¥*-2c0 (81%). W MMR (CD,Cl,, 200 MHg,
ambient), & 7.96-7.91 (m, 4H), 7.68 (d, JJy_p = 2.2 Hz, 2H), 7.64-7,52
(m, 6H), 6.47 (d, SJy_y = 2.2 Hz, 2H). UV (CH,Cl,) 243 (e 25070) 354
(c 2380) mm (A max). Anal. Calcd for CpoH,(BN,C,Rh: C, 52.44; H, 3.52;

N, 12.23. Found: c, 52.38; H, 3.,45; N, 12,18,

Preparation of [(CO),Rh(3-PhPz)], (3)

16 a solution of 45.8 mg

Following the method of Banditelli et al.
(0.82 mmol) KOH and 139.2 mg (0.79 mmol) 3-PhPzH in 3 mL MeOH was added
to 145.6 mg (0.374 mmol) [(CO),RhC1], in 10 mL Et,0, reaultiné in a
cloudy yellow solution. After stirring for 1 h, solvent was removed.
The residues were taken up in 25 mL benzene and filtered through
Celite. A yellow oil resulted after removal of solvent under reduced

pressure. Sublimation at 120°C/0.1 mm Hg onto a -78°C probe gave an

orange solid (182.4 mg, 81% yield) mp 88-90°C.
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Characterization: IR (cyclohexane) 2089, 2076, 2023 em™! (vgg)+ MS

(150°C, 16 ev) M* (604, 100%), M*-2c0 (63%), M*-3c0 (6%), M*-4c0
(32%). 'H WMR (CD,Cl,, 200 MHz, ambient) & 8.13-7.81 (m, 4H), 7.75 (d,
2H, 3y = 2.0 He, major isomer), 7.67 (d, 2H, Iy = 1.9 Hz, minor
isomer), 7.63-7.29 (m, 6H), 6.57 (4, 2, 35y, = 2.1 Hr, overlapping).
Isomer ratio of 1.23:1. Anal, Caled for sz“14“a°a“”z’ C, 43.74; H,
2.3; N, 9,27, Pound: C, 44.40; H, 2,46; N, 9.15. |

Preparation of clnh(co)z(S-Pthu) (4)

To a solution of [(CO)2Rb61]2 (428.1 mg, 1,10 mmol) in 20 mL CH,Cl,
wvas added 318.0 mg (2.20 mmol) 3~PhPzH, giving a lemon-yellow
solution. After stirring for 1 h, solvent was removed in vacuo, leaving
a green-purple solid. Crystallization from CH,Cl,~hexane at =-30°C

afforded green-purple needles (653.9 mg, 882 yield) mp 129-131°C.

Characterization: IR (cyclohexane) 2087, 2012 cm'1 (vco). MS§ (150°C,

16 ev) M* (338, 5%), M'-co (3%), M*-2c0 (2%), Phpz* (100%). lH MR
(CD,C1,, 200 MAz, ambient) & 1234 (br, W), 7.68 (s, 1), 7.62-7.55 (m,
2H), 7.52-7.45 (m, 3H), 6.69 (s, 1H). Anal. Caled for C; HgN,0,ClRh:

C, 39.08; H, 2.38; N, 8.27. Found: C, 39.02; H, 2.42; N, 8.43,

Freparation of Cl!b(00)2(3-PbPz)(u)3(3-Pth)znh(CO)z (5)

To a solution of 1 (65.9 mg, 0.110 mmol in 15 mL CHZCIZ) vas added
21.4 mg (0.055 mmol) of [(C0)2RhC1]2. After stirring for 15 min, the
solution was concentrated to a volume of 2 mL under reduced pressure,
layered with 20 mL hexane and cooled to -30°C, affording yellow crystals

(85.4 mg, 98% yleld) mp darkens at 180°C, melts at 187-189°C.



Characterization: IR (cyclohexane) 2093, 2076, 2032, 1998 cm'1 (vco).

MS (180°C, 16 eV) M'-Rh(CO), (535, 2%), M*-Rh(CO); (16%), M*-ClRn(CO),
(12%), M*-ClRh(C0); (100%), M*-CIRR(CO), (76%). lH NMR (CD,CL,, 400
Miz, amblent) § 8.50 (d, 1H, “Jy_y = 2.2 Hz), 8.15 (d, 1H, y_p = 2.2
Hz), 8,02 (dd, 2H, o-Ph), 7.99 (dd, 2H, o-Ph), 7.92 (dd, 2H, o-Ph), 7.60
(t, 1H, p=Ph), 7.58 (t, 1H, p-Ph), 7.56 (m, 2H, o-Ph), 7.46 (t, lH,
p-Ph), 7.44 (m, 2, mw-Ph), 7.20 (d, 1H, 3Jy_y = 2.2 Hz), 6.685 (d, lH,
Wgen = 202 Hz), 6.682 (4, 1H, Ny = 2.2 H), 6.50 (d, 1R, 33 = 2.2
Hz). 13 MR (CD,Cly, 75.5 MHz, ambient) & 184,79 (d, CO, Lyp, ¢ = 69
Hz), 182.64 (d, CO, 'Jp_c = 69 Hz), 182.41 (d, €O, g, o = 69 Ha2),
179.97 (d, €0, lyp, o = 76 Hz), 158,01, 157.63, 157,02 (3-Cj, 142.90,
140.76, 138.16 (5-C), 133.68, 133.40, 133,16 (Cyp,)°", 13015, 130,08,
130.04, 129.89, 129.69, 129,16, 129.05, 128.87, 128.48 (Ph=C), 106.67
(1C), 106433 (2C) (4=C). Anal. Caled for Cq H,,BNGO,ClRhy: C, 46.86;

H, 2.79; N, 10.58., Found: C, 46.64; H, 2.70; N, 10.32.

Qeaction of (5) with KHB(3-PhPz)4

To a solution of 15.4 mg (0.019 mmol) S in 10 mL CH2012 was added
9.1 mg (0,019 mmol) KHB (3-Pth)3 and this was stirred for 1 h. The
reaction was worked up as for 1, giving a yellow powder (19.2 mg, 84X

yield) of what was identified to be 1 by IR and IH NMR spectroscopy.

Preparation of [RB(3-Pth)2(3-PhP:B)Rh(CO)2](BF‘) (6)
To a yellow solution of 1 (222.2 mg, 0.370 mmol) in 25 mL CH,oCl,
was added HBFA.Etzc unt!l the reaction was complete by IR speétroscopy

and the solution was colorless. After concentration of the solution to

87
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i:ﬁt u%der rveduced pressure 25 mL of Et,0 was added, glving a light

yellow solid. This was filtered by means of a cannula, washed with 10
oL Etzo, and dried in vacuo (235.0 mg, 92% yield) mp 157-159°C.

i

Characterization: IR (benzene) 2092, 2031 cuf'1 (vco). 1“ NMR (CD2C12,

200 MHz, ambient) & 13.25 (br, IH), 8.26 (d, 2H, Jy_y = 2 He), 8.0-7.8
(m, 7H), 7.70-7.46 (m, 9H), 6.79 (t, l1H, J = 2.5 Hz), 6.69 (d, 2H, Jy_y
= 2,5 Hz). Anal. Caled for CpgH,qB,NG0,F,Rh: C, 50.62; H, 3.37; N,
12.21. Pound: C, 50.33; H, 3.30; N, 11.99,

Preparation of HB(3-PhPz),(Cql,N,~Ccl,)RN(CO)(R).1/6(CeH,) (7)

A solution of 1 (57.4 mg, 0,096 mmol) in 25 mL benzene was
irradiated for 20 min with a N, purge. The initial pale yellow solution
turned colorless. Solvent was removed under reduced preasure affording
an off-white solid (47.5 mg, 84% yield) mp > 300°C.

Charazterization: IR (cyclohexane) 2104 (wvw) (th-H)' 2063 (vs) cu:'1

(vgg)+ M8 (210°C, 16 ev) M¥ (572, 9%), MW'-CO (5%), PhPz* (100%). Anal.
Calcd for CZBHZZBNGORh'I/6(c6R6): c, 59.52; H, 3.96; N, 14.36.
Found: C, 59.59; H, 4.14; N, 13.92.

Preparation of HB(3-PhPz),(C4H,N,~CoH,)ER(CO)(CL) (8a)

A gsolution of 1 (361.0 mg, 0.601 mmol) in benzene (35 mL) was
irradiated for 20 min with a N, purge. Excess CCl, (1 ml) was added and
after 1 h, solvent and excess CCla were removed under reduced
pressure. The resulting yellow solid was chromatographed twice on

neutral alumina (12 x 2.5 cm) with CH2C12 eluent. Yellow crystals were
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obtained from cuzclz-hexane at =-30°C (136.2 mg, 37% yield) mp 201-203°C,

Characterization: IR (cyclohexane) 2096 cm'1 (vco). MS (200°C, 70 eV)

Mt (606, 50%), M*-co (78%), M*-CO-C1 (100%). Anal. Calcd for
CZSHZIBuﬁoCth: c, 55003; H, 3069; N, 13.85, TFound: c, 54o97; H,

3'é8; N, 13,93,

Prepsration of HB(3-PhPe),(CH,N,~Cel,)BR(CO)(BE) (8b)

A solution of 1 (222.3 mg, 0.370 mmol) in benzene (50 ml) was
irradiated for 20 min with a Nz purge. Excess CBrCl3 (1 mL) was added
and the solution immediately changed in color from pale yellow to
orange. Excess solvent and CBtC13 wvere removed in vacuo. The residue
was chromatographed on neutral alumina (12 x 2.5 cm) with CH,Cl, eluent,

and yellow crysatals were obtained from CHZC12-hexaue at =30°C (217.1 mg,

90% yield) mp 237-239°C.

Characterization: IR (eyclohexane) 2090 cm'l (vco). MS (210°C, 70 eV)

w* (652, 32%), M*-co (37%), M*-Br (12%), M*-CO-Br (100%). Anal. Caled
for 028H213N603tnh: C, 51.65; H, 3.25; N, 12.91. Found: C, 52.00; H,

3.43; N, 12.60.

Preparation of HB(3-PhPz),(CqH,N,~C4H,CH,)UR(CO)(CHy) (9)

A sample of 344.5 mg (0.574 mmol) of 1 was taken up in 75 mL
benzene. This solution was irradiated for 20 min with a Nz purge, and
then excess CHZNZ/EtZO (1 ml) was added. An immediate reaction occurred
and excess CHZNZ/ECZO and benzene were removed in vacuo. The residue

was chromatographed on neutral alumina (12 x 2.5 cm) with 4:1



hexane:CH2012 eluent. The resulting white solid was crystallized from
CRZClz-hexane at =30°C giving colorless crystals (234.6 mg, 68% yield)

mp darkens at 213°C, decomposes at 222-223°C.

Characterization: IR (cyclohexane) 2042 cm'l (vco). MS (190°C, 16 eV)

M* (600, 100%), M*-CHy (6%), M*-cO (84%), M'-CO-CHy (7%). Anal. Calcd
for CqgH,gBNGORh: C, 60.03; H, 4.37; N, 14,00, Found: C, 60.01; H,
4.27; N, 13.85.

Preparation of EI(S-Pth)2(csuzuz-£;;:;;h(co)(Cua) 10)

To a solution of 8b (101.6 mg, 0.156 mmol in 20 wlL THF) was added
dropwise a solution of MeMgI in zzzo (190.0 mg, 7.82 mmol Mg, 0.5 mL,
8,0 mmol Mel in 10 mL EtZO). The reaction was monitored by IR
spectroscopy, and when starting material had disappeared, Grignard
addition was halted. Solvent wag removed in vacuo, and the product was
extracted with 5 x 50 mlL hexane. After removing solvent, the resulting
white solid was taken up in a minimum amount of CHZCIZ (3 mL), layered
with hexane (50 mL) and cooled to =-30°C, yielding a white powder (81.9

mg, 90% yield) mp darkens at 160°C, decomposes at 169-171°C.

Characterization: IR (cyclohexane) 2052 cm'l (vco). MS (180‘C, 70 eV)

u* (586, 60%), M*-CH, (2%), M¥-CO (90%), M*-CO-CH, (282), M*-CO-PhPz
(100:)0 Anal. Caled for CZ9H24BN60Rh: c, 59041; H, 6013; N, 14.33.
Found: C, 590&9; H, 4008; N,_140100

Preparation of HB(3-PhPz),Rh(CO)(CH,CH,CE,) (11)

A solution of 1 (169.4 mg, 0.282 mmol) in 50 mL benzene was
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{rradiated for 50 min with a cyclopropane gas purge, with the IR
spectrum exhibiting two vp, bands at 2058 en”l 7 anc 2031 em”! 11, The
benzene solution was left in air overnight, whereupon 7 had

decomposed. After removing benzene, the residues were chromatographed
on neutral alumina (12 x 2.5 cm) with CH,Cl, eluent and solvent was

removed in vacuo, giving an off-white powder (119.5 mg, 69% yield) mp

darkens at 140°C.

Characterization: IR (cyclohexane) 2034 cm'1 (vco)- MS (180°C, 16 eV)

M¥-co (586, 10%), M*-CjH, (95%), M'~CjH -CO (100%). Anal. Calcd for
C31“283N60Rh3 c, 60.61; H, 4059; N, 13.68. Pound: c, 60052; H, 4.67;

N’ 120990

Preparation of HB(3~PhPz)3Rh(CO)(CoH,) (12)

A sample of 105.1 mg (0.27 mmol) [(C,oH,),RRCL], and 105.1 mg (0.27
mmol) [(C0)2Rh01]2 wvere stirred together in 25 mlL toluene for 0.5 h,
giving approximately 0.54 mmol [(Czﬂa)(CO)Rh01]2. The salt KHB(3-PhPz)4
(588.,8 mg, 1.08 mmol) wvas added, and this Indian red solution was
stirred for 2 he The solution was filtered through Celite and solvent
removed under reduced pressure. The resulting orange oil was taken up
in 032C12 and chromatographed on neutral alumina (12 x 2.5 cm), eluting
the product with CK3CN. Crystallization from CH2012-hexane at -30°C

afforded yellow crystals (521.7 mg, 81% yield) mp 161-163°C,

Characterization: IR (cyclohexane) 2030 em™! (vco). MS (200°C, 16 eV)

M* (600, 42), u*-CO or C,H, (41%), M'=CO-C,H, (29%), M"-CO-C,H,-PhPz

(11%), PhPz¥ (100%). Anal. Caled for CygH,<BNgORh.CHyCly: C, 54.34; H,
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4.,12; N, 12.26, Found: C, 54.76, H, 4.19; N, 12,27,

Attempted Preparation of uzn(S-thz)zlb(CO)(czua) (13)

A sample of 25.6 mg (0.066 mmol) [(Czuﬁ)zthI]z and 25.6 mg (0.066
mmol) [(CO)ZRh01]2 were stirred together 1; 15 mL cyclohexane for 0.5 h,
yielding approximately 0.132 mmol [(Czﬂa)(co)RhCI]z. To this solution
was added 89.3 mg (0,264 mmol) of Kﬂzn(S-Pth)z, resylting in an
. immediate reaction with IR Voo at 2087 (w), 2023 (s) cm'lo These band
positions correspond well to 2, except they should be of similar
intensity. Hence complex 13 also has IR veo 8t 2023 cm'l, which ia 7
cm'1 lower than the value for 12. On monitoring the solution by IR
spectroscopy, a conversion occurs to 2 in abhout an hour, either via

disproportionation of decomposition.

Preparation of HB(3-PhPz)4Rh(C,H,), (14)

To a solution of [(CZHQ)ZRhCIIZ (84.3 mg, 0,217 mmol in 30 mL
toluene) was added 208.3 mg (0.434 mmol) of KHB(3-PhPz),. This cloudy
yellow solution was stirred for 18 h, giving an Indian red solution.
This was filterad through Celite and concentrated to an orange oil.
Dissolving in 30 mL hot hexane and cooling to -30°C afforded an orange

solid (192.0 mg, 74% yield) mp 230-235°C.

Characterization: MS (210°C, 16 eV) A (600, 31%), M+-Pth-C2R4 (100%),

H+-Pth-2(CZH4) (712). Anal. Calcd for C31H3OBN6Rh: C, 62.02; H, 5.04;

N, 14.00. Found: C, 61.90; H, 5.09; N, 14.31.
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Preparation of HM(S-PhP:)3Ih(cDD) (15)

To & solution of [(COD)RhCl]z (100,0 mg, 0,203 mmol in 30 mL
toluene) was added 194.4 mg (0.405 mmol) of RHB(B-Pth)3. This cloudy
yellow solution was atirred for 18 h, filtered through Celite and
gsolvent was removed under reduced pressure. The resultant yellow orange
oil was taken up in 30 mL hexane and cooled to =30°C, which yielded a
yellow precipitate. Two subsequent concentrations of the mother liquor

gave yellow crystals (236.6 mg, 90% yileld) mp 177-179°C.

Characterization: MS (200°C, 16 eV) ot (652, 100%), M*-cop (127), Nt

PhPz (26%). Anal. Caled for C35H343N6Rh3 C, 64.44; H, 5.25; N,
12.88, Pound: c, 6’0'75; H’ 50&7; N, 12,46,

Reaction of HB(3-PhPz),Rh(COD) (15) with [(CO),RhCl],

A sample of 64.7 mg (0,100 mmol) 15 and 19.2 mg (0.050 mmol)
[(CO)zthI]z were dissolved in 10 mL CHZC12. After stirring for 15 min,
IR showed the disappearance of the starting material with appearance of
(1), The two products could not be separated by chromatography or

crystsllization, but a lg NMR spectrum of the mixture showed the

presence of 1 and [CODRhCl]z.z9
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Section 1

INTRODUCTION

The synthesis of the first poly(pyrazolyl)borate ligands Ly
Trofimenko in 1967 were based on ordinary pyrazole (PzH).1 followed hy
3,5~dimethylpyrazole (Pz*H).2 Related ligands were also prepared using

2,3 but the extensive development of

various other pyrazoles,
pyrazolylborate transition-metal chemistry evolved primarily from the
former tyo systems.

Trofimenko has demonstrated that the asteric size of the groups in
the 3- and S-positions of the pyrazole ring limits the degree of
substitution from tetrakis to tris to bis. With ordinary pyrazole, the
tetrakis(pyrazolyl)borate ligand can be ptepatod,l but the reaction of
KBH, with excess 3,S-HeszH in a melt at 238°C stops at tris
substitution giving KHB(3,5-Mesz)3.2 The same degree of substitution
was also observed with 3.5-Et2PzH.3b hut with 3,5-Ph2PzH only the
bis(pyrazolyl)borate ligand could be prepared.3° With 3,5-t-Bu2PzR, not
even the bis(pyrazolyl)borate ligand was fo:med.3°

The first example of the use of an unsymmetric pyrazole was with
3-MePzH.% Only the sterically favored ligands [H,B(3-MePz),_  ]”
(n=0,1,2) were obtained, whose assignment was initially based on 1l R
data vith final proof being a X-ray crystal structure of a metal
complex.‘b It vas argued that in the transition state to form the
ligand, the pyrazole approaches the boron most easily from the least
hindered nitrogen, resuiting in the larger group occupying the 3-

position.

Only recently has the synthesis of new pyrazolylborate ligands been



undertaken. Trofimenko et al. have prepared the so-called second
generation pyrazolylborate ligands of the type [unB(S-RPz)a_n]-

5 and 1-Pr®) in the 3-position of

(n=0,1,2) with bulky groups (Ph,> t-Bu,
the pyrazolyl ring.
Poly(pyrazolyl)borate ligands are generally prepared by one of two
routes.7 The first involves the reaction of the tetrahydridoborate ion
(nua') with excess of the appropriate pyrazole in a melt, where the
degree of substitution is temperature controlled. The second method
involves the reaction of one equivalent of (Bﬂa') with two equivalents
of the pyrazole in anhydrous N,N-dimethylacetamide (DMAC), giving the
bis(pyrazolyl)borate ligand. In some cases the tris(pyrazolyl)borate
ligand can be prepared by reacting the bis(pyrazolyl)borate ligand with
one equivalent of pyrazole in refluxing anisole.’
Preparation of complexes of the type HnB(3-Pth)a_nnh(CO)2 (n=l,2)
vere described in Chapter II. However, C-H bond activation with
HB(S-Pth)3Rh(CO)2 1 in benzene or cyclohexane resulted in
intramolecular activation (or orthometallation). To further study
intermolecular C-H activation, the synthesis of orthometallation-proof
ligands was undertaken. Suitable candidates vwere pyrazoles containing a
CF4 group in the 3-position of the pyrazole ring, specifically using the
known pyrazoles, 3,5-bis(trifluoromethyl)pyrazole (3,5-(CP3);PzH)® and

3-trifluoromethyl-5S-methylpyrazole (3-CF3-5-MePzH)9 (eq. 3-1).

HN—N HN—N (3-1)

3,5-(CF,),PzH 3-CF4-5-MePzH
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This Chapter discusses the synthesis of new poly(pyrazolyl)borate
ligands utilizing these pyrazoles and the subsequent preparation of
Rh(1) analogs of Pz* compounds. The ligands KHZB(3,5-(CF3)2P2)2,
KHZB(3-CF3-5-MePz)2 and KHB(S-CF3-S-MePz)3 were prepared by reaction of
KBH, with the excess pyrazole in a melt at the appropriate
temperature. Preparation of the bis(pyrazolyl)borate ligands was also
accomplished via the solvent route in DMAC. Using the unsymmetric
pyrazole 3~CFq-5-MePzH results in a statistical distribution of all
possible bis(pyrazolyl)borate regioisomers KHZB(S-CF3-5-HQP2)2,
KH23(3-CF3~S-MePz)(3-Me-5-CF3Pz) and KHZB(3-M3-5-CF3Pz)2.

These ligands are the first known examples of pyrazolylborate
ligands with CF3 groups. The synthesis and characterization of
tris(pyrazolyl)borate rhodium carbeoayl and olefin complexes will be
discussed, which are suitable complexes for C-H activation studies. A
number of the bis(pyrazolyl)borate analogs are prepared. The IR vVeo
bands of the bis and the tris(pyrazolyl)borate complexes are compared to
determine the hapticity of the ligand in the latter complexes. The

X-ray structure of a tris(pyrazolyl)borate rhodium dicarbonyl will be

presented.
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Section 2
3, 5-BIS(TRIFLUOROMETHYL)PYRAZOLE CHENISTRY

8 who subsequently used it

3,5-(CF3)2PzH was prepared by Trofimenko
in the synthesis of pyrazaboles, which are boron-nitrogen heterocyclic
compounds. The pyrazole has also.been used to prepare rhodium and
iridium pyrazole bridged dimets.lo There are no reports in the
literature of pyrazolylborate ligands with CF3 groups on the pyrazole,
except by Frauendorfer and Agrifoglio who otate,ll "The reaction of KBH,
with 3,5-big(trifluoromethyl)pyrazole proceeded faster than with
pyrazole in a melt as well in the solvents toluene and monoglyme. In
all these cases we recovered unreacted KBHa and disubstituted product.”

The reac:ion of KBH, and excess 3,5-(CF;),PzH in a melt at reflux
gives exclusively the bis(pyrazolyl)borate ligand KHZB(S,S-(CF3)2Pz)2
(16). Excess pyrazole is sublimed off, leaving 16 as an analytically

pure white solid (eq. 3-2).

F” c'a '30 7 / CF.
KH‘ + ’““L: rfuz (4 Hza(_ N: )a (3-2)
16

The IH NMR spectrum of 16 shows the 4-H proton as a singlet at
5 6.80, and the 19? NMR spectrum shows two types of CFq gtoupb, with a

teiplet at & -59.57 (t, 6F, Jp_y=3 Hz) and a sharp singlet at
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5 =61.82. Further evidence in Section 3 suggests that the former
regsonance is the CF3 group in the S—position, which is a triplet due to
coupling to the hydrogens on boron. This F-H coupling is confirmed when
the spectrum is run with broadband proton decoupling, as the resonance
at & =59.57 collapses to a singlet.

Attempts at preparing the analogous tris(pyrazolyl)borate ligand
KRB(S,S-(CF3)2P2)3 were not successful, and this was thought to be due
to the greater steric constraints of the CFy group when present in both
3~ and S5-positions of the pyrazole. However, it has been found that
this ligand can be prepared, but it is fairly unstable.!? Trofimenko
attributes this to the acidity of the free pyrazole, making the pyrazole
anion a good leaving group.

The bis(pyrazolyl)borate ligand 16 can also be prepared via the so-
called solvent route using two equivalents of 3,5f(CF3)2PzH to one
equivalent of KBH, in refluxing DMAC. It was isolated as the DMAC
solvate, and reacts in the same manner as the solvent free material.

The reaction éf 16 with [(CO),RhC1], in CH,Cl, gives
H,B(3,5-(CF4),P2),RR(CO), (17) in high yield (eq. 3-3).

F,C CF
[CIRR(CO), ), “~Ore

N"N
. CH,Cly Hy a R " (3-3)
%°C N—N/ \
KIHQB(S,S-(CFa)aPz)zl F CU\CF
3 k]

16 17
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Unlike the synthesis of the bis(pyrazolyl)borate complex

H,B(3-PhPz),Rh(CO), 2, vhere the solution immediately darkened, the
solution here remained yellow during the reaction. One would expect
that the electron withdrawing CF3 groups would make the ligand 16 less
of a reducing agent which would account for the improved yield of 17
relative to z;

Also present in the reaction mixture {8 a small amount of the known
dimer [(CO)2Rh(3.5-(CF3)2Pz)]2,10a which was identified by comparison of
the IR and NMR spectra to an authentic sample. Complex 17 could be
separated from this dimer by fractional crystallization and was isolated
as a bright yellow air-stable solid. The IR spectrum in hexane showed
two v bands at 2107, 2048 em™t, which are considerably higher in
energy than those for (HZBPg'z)Rh(CO)z (vgo 2079, 2013 cm'l).13

This demonstrates that tel&tive to a methyl group, the CF; group is
more electron withdrawing. Complex 17 is also soluble in
perfluorohexane (IR vg, at 2110, 2051 cm'l), whereas (H,BPz*,)Rh(CO), is
essentially insoluble-la The presence of the CPy groups also increases
the volatility of 17 relative to the Pz* analog, as the former can be
sublimed at 35°C/0.8 mm Hg. The mass spectrum was obtained at 110°C,
which showved the molecular ion Mt at m/e = 578 with secondary {fons
corregsponding to loss of the CO groups.

The ly o spectrum shows a single regonance at & 6.99 for the 4-H
proton, and the 19? NMR spectrum showed two resonances, a singlet at
5 -59.95 and a doublet at & -60.29 (°Jp_y = 5 Hz). The latter
resonance, which is thought to correspond to the triplet in the
potassium salt 16, collapses to a singlet with broadband proton

decoupling. Based on the known structures of bis and



3¢+7 the structure of 17 is

tris(pyrazolyl)borate and gallate complexes,
not planar but is {n a boat conformation, with pseudo axial (Hax) and
equatorial (ueq) B-H groups. The 5-CF5 group appears to couple to only

one of the two hydrogens.

H
Fy l\;q
N-7" ~Hax
FaC, (:3{
e
<::i§6|"' hk‘.(:c,

The !3¢ MMR spectrum of 17 shows a CO carbon at & 181.69 (d,
IJRh'C = 71 Hz) and four quartets, two with a large C-F coupling for the
CF, group (5 119.84 and 119.13, Jo_p = 270 Hz) and tvo vith a smaller
C~-F coupling for the C-CF3 carbons (& 144.50 and 140.89, with ZJC-F = 39
and 43 Hz respectively). The 4~C appears as a singlet at & 108.22.

The concept of coordination shift has been widely used in 31p aMR
involving phosphine ligandools The 3~ and 5-CF5 groups in the 19¢ wr
spectrum of 17 exhibit a coordination shift upon complexation relative
to the free ligand 16. The 3-CF3 group, which is at & -61.82 in 16,
shifts to -59.95 i{n 17, with ACF5 = +1.87 ppme. On the other hand, the
5-CF, group has ACF3 = -0.72 ppm. This positive coordination shift for
the 3-CF3 groups and a negative value for the S-CF3 groups is

!

consistently observed with complexes in Sections 3 and 4.
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Reactions of Hzn(3,5-(0?3)2?z)zlh(CO)z (17)

As demonstrated in Chapter lI, l6e Rh(I) complexes exéhange 13CO
very rapidly. The reaction of a hexane solution of 17 with Beo s
complete in five minutes, with the IR vq, bands for the enriched complex
at 2058, 2001 em™*,

Photolysis of a benzene or cyclohexane solution of 17 fo; 24 hours
gave no reaction. This is consistent with the obaservation by Ghosh that
the bis(pyrazolyl)borate complex (HZBPz*z)Rh(CO)z does not activate C-H

bonds photochemically.la
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Section 3 |
3~-TRIVLUOROMETRYL-5-METHYLPYRAZOLE CHEMISTRY
SYNTHESIS OF BIS(PYRAZOLYL)BORATE COMPLEXES

The pyrazole 3-CF3-5-MePzH (18) has previously been prepared by

several methods9 and used to prepare mononuclear platinum16 and

dinuclear iridium complexos.wb’c There are no literature reports on
the preparation of the corresponding poly(pyrazolyl)borate ligands. As
the pyrazole itself is unsymmetric, one could pessibly get regloisomeric
mixtures of products. This stems from the fact that a CF3 and a Me
group are not that different in size.

Two methods were employed for the preparation of the
bis(pyrazolyl)borate ligand. Using the solution method (in DMAC), one
obtains the bis(pyrazolyl)borate ligand KRZB(CF3,MePz)2 (19), which is a

mixture of the three possible regioisomers (eq. 3-4).

HyC 7 \ CF; DMAC

KBH, + 2  H—t MrC.  KINGBICF Mooy
18 19

(3-4)

“3‘%?’”]@ oy | reyen T

N—N N—N

/ /
AN "B\ e

N—N N—N N—N

\ \ \
H:,c’&,)\c% &C’K)\CH:, Fsc&)‘cna ‘

192 9% 19¢
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The unambiguous assignment of the three isomers is based on the
fact that one of the three isomers can be separately prepared. The
reaction of Knaa'with excess 3-CF3-5-HePzH at 140°C yields a white solid

which melts sharply at 148-150°C (eq. 3-5).

n,c,(\rcf, n,c.@,cr
. 140°C ) 3-5
(excess)
18 o 19s

The ly wm spectrum displays the 4-H protons at & 6.19 (s, 2H) and the
5~Me group at & 2.34 (s, 6H). The 19? NMR spectrum shows a single sharp
resonance at & -61.42. This and other evidence presented later suggests
that this product is the sterically expected isomer Kﬂzn(S-CF3-5-HePz)2
(198). Most of the potassium poly(pyrazolyl)borate ligands prepared in
this Thesis do not give satisfactory elemental analyses. This 1is
typical of the majority of potassium or sodium salts ptepated.1'6

The regioisomeric mixture of 19 obtained by the solution method is
also a white solid and it melts over a fairly large temperature range
(95-105°C). The IH and 19? NMR spectra of 19 show four sets of pyrazole
group resonances, with one set corresponding to 19a.

Two of the remaining three sets of resonances with similar
integrals correspond to the unsymmetric isomer 19b, as the two pyrazole
groups are in different positions. The g wr spectrum shows two 4-H
resonances at & 6.27 (s, 1H) and 6.15 (s, 1H), and two 5-Me resonances

at 8 2.27 (s, 3H) and 2.13 (s, 3H)., Of the three remsining resonances

in the 1% NMR spectrum of 19, two are of approximate equal integral
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corresponding to 19b. One resonance is a broad signal at & -58.62
agsigned 3s the 5-CP, group (again broadened by coupling to the B~H
protons), Wwhile the other is a sharp singlet at & =6l.44 for the 3-CF3
group. The chemical shift of the latter signal is also close to that of
igsomer 19s, where both CFy groups are thought to be in the 3-position.

The last set of NMR resonances is assigned to 19e, with the lu NMR
spectrum showing the 4-H protons at & 6.29 (s, 2H) and the 5-Me groups
at & 2.11 (s, 6H). The 19F NMR spectrum shows a broad resonance at
5 -59.05, close to the 5-CP, signal of 19b. When the !%F NMR spectrum
of 19 is ly decoupled, all resonances are sharp singlets.

An almost statistical product rvatio for 19a:19bh:19c of 1:2:1 is
observed by ly and 19? NMR gpectroscopy, indicating only a small steric
preference for the CP; or Me groups in the 3~ and 5-positions. From the
integrals of the 3 isomers in the 1a NMR spectrum, the ratio of
192:19h:19¢ is 1.3:2.9:1, indicating that the distribution 1s not quite
statistical. The ratio of 19a8:19¢ = 1.3:1 is presumed to result from a
slight steric preference.

The mixture of 19 {is not surprising considering that the synthesis
of the bigs(trifluoromethyl)pyrazole ligand 16 has demonstrated that two
CF3 groups can "fit"” close to boron. The size difference between a CF,
and a Me group is not nearly as large as with some of the otﬁer
unsymmetric pyrazoles used to prepare pyrazolylborate ligands.a'6 What
is surprising is that with excess pyrazole 18 in the melt reaction,
rearrangement to the sterically favored isomer 19a occurs. When the
mixture 19 is heated with excess 3-CFy-5-MePzH in a melt at 140°C, pure
198 is obtained. This suggests that with the solution method one

obtains a statistical or kinetic product, but reaction with excess
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pyrazole in a melt results in rearrangement to the thermodynamic
product.
Further evidence for the assignments of the {somers in 19 arises
from the rhodium complexes. Reaction of [(CO)zahCl]2 with
KH28(3-CF3-5-H9P2)2 19a in CH,Cl, gives Hzn(3-CF3-5-MePz)2Rh(CO)2 (20s)

as air-stable yellow crystals in good yield (eq. 3-6).

[CIRN(CO),ly
+ i CF,-5-MeP2),RN(CO (3-6)
K[Ha(a-CFa-S-MaPz)z]
19 208

The IR spectrum in hexane shows the expected two vq, bands (with
130 garellites) at 2098 (), 2082 (vw), 2035 (s), 2004 (vw) cm™l. The
lg mm spectrum shows only one type of pyrazole group, with the 4-H
regonance at & 6,34 (s, 2H) and the S5-Me groups at & 2.36 (s, 6H)., This
indicates a mirror plane through boron and rhodium (symmetry group
Cg)+ The L3¢ ApT MR spectrum of 20 shows the CO carbon at & 183,43
(d, lJnh-c = 69 Hz). The remainder of the resonances can be all
uniquely assigned as demonstrated by Stobart for 18.16 The CF, carbon
appears as a quartet at & 120.92 with a large one bond C-F coupling
(IJP-C = 269 Hz) and the pyrazole ring carbon attached to the CFq group
1s a quartet at & 143.03 with a smaller two bond C-¥ coupling (ZJF_C =
38 Hz). The pyrazole ring carbon attached to the methyl group is a

singlet at & 147.29, the 4~C is a singlet at ¢ 106.74 and the methyl
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carbon 18 a singlet at &6 12,79, The 19? NMR spectrum shows a resonance
at & ~59.62 as a singlet, with the expected positive coordination sﬁ{ft
of ACP; » +1.84 ppm for the CFy groups.

The reaction of [(Co)zth1]2 with the regioisomeric mixture 19
yields a yellow solid (20). The IR spectrum in n-hexane shows three
sets of dicarbonyl vco bands at 2098 (s), 2095 (vs), 2090 (s), 2035 (s),
2030 (va), 2026 (s) cm'l- The two highest bands of each group
correspond to 20g. Complex 208 can also be identified from the ly and
19p NMR gpectra, which allows all other resonances to be uniquely
asasigned, as was done for 19. The assignments are detailed in the
Experimental Section, with a product vatio for 208:20h:20¢ of 1l.1:2.6:1
by I4 NMR. The three isomers can be separated, allowing identification

of the species in the original mixture (eq. 3-7).

co N=N.  co
/N /N /
Hf e O ¢ e A (3-7)
=N’ co N=N" co N@ co
Hsc/k)\CFa Fsclk)\CHa Fsc CH3
208 20b 20¢

When a concentrated hexane solution of the mixture 20 was cooled to
-=30°C only one isomer crystallized out. The IR spectrum in hexane shows
that this igsomer has the lowest Veo bands at 2090 (s), 2074 (vw), 2026
(s), 1996 (vw) cm~l. The !H MR spectrun showed one type of’byrazole
group, with the 4-H proton at & 6.39 (s, 2H) and the 5-Me groups at

8 2.45 (8, 6H).
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The 13c MMR gpectrum of 20ec {s similar to 20a. There is a slight
dovnfield shift of about one ppm of the CO carbon to & 184,31 (d, ‘Jpp-c
e 68 Hze). This observation, along with the lower IR bands is consistent
with the electronegative CFy groups in the 3-position in 208 formally
moving to the S-position in 20e. The 19p NMR spectrum shoﬁa a8 resonance
at -60,08 (ACFy = -1.03 ppm), but unlike that for 20s it appeared as a
doublet (SJE-H = S Hz), which collapses on proton decoupling. This was
also observed with 17 in Section 2. The spectral data is consistent
wvith complex 20e, the other isomer of C, Symmetry.

The remaining two isomers 20b and 208 can be geparated by column
chromatograpny. Complex 20s was identical by IR and NMR spectroscopy to
the pure material obtained above from 19a.

Complex 20b differs from 208 and 20e in that there is no longer a
plane of symmetry through boron and rhodium (symmetry group Cy). This
is evident {n both the IR and NMR spectra. The IR spectrum in hexane
(Figure I1I.1a) shows two sets of weak 130 satellites for each atrong
vco band at 2095 (s), 2082 (w), 2074 (w), 2030 (s), 2003 (w) and 1995
(w) cm-lo The two igotopomers of the complex containing 13¢o are
different (eq. 3-8). This has been previously demonstrated in the

1somers of CpPe(C0),(SiMeCly).!?

HSC\©,C Hac\©(°Fa

y PanuN '2co . /N—N\R h‘/sco (3-8)
N / \13 \N —N/ \’go
Fac@cns Fac’@c"‘s
20b

Bco Isotopomers
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As expected for bis(pyrazolyl)borate rhodium dicarbonyl complexes,

all three complexes 20 exchange 13CO rapidly (complete i{n five
minutes). The IR Veo bands of the enriched symmetric isomers in hexane
are at 2049 (s), 2034 (w), 1989 (s), 1957 (w) cm'l for 20s, vhile for
20e, tiey are at 2041 (s), 2026 (w), 1981 (s), 1950 (w) co”l,  The weak
satellites are due to the 4.0% 130180 that is pregsent in the 1300.

The exchange with 20b 1s particularly interesting, as L3¢
enrichment should {nitially increase both gets of L3¢ satellites., After
addition of a small amount of 13C0, all four 13¢ gatellites increase in
intensity (Figure IIIl.lb), and after complete enrichment, v, 2046 (8),
2034 (v), 2025 (w), 1984 (a), 1957 (W), 1948 (v) cn™*. Tuo sets of ‘50
satellites are ncv observed in the fully enriched complex (Figure
IIl.1lc)e

In regard to the IR stretching frequencies of the three {somers,
one would expect that a CP4 group at the 3-position closer to rhodium to
be more electror withdrawing than one at the 5-position. This is what
is observed on going from 20e to 20b to 20s, as successive CF4y groups
are formally moved from the 5 to the 3-pogition on the pyrazole ring.

The IH NMR spectrum of 20b shows two inequivalent pyrazole groups,
vith the 4-H protons at & 6.37 (s, lH) and 6.35 (s, lH), while the two
5-Me groups are at & 2.42 (s, 3H) and 2.34 (s, 3H). The 13 wr
spectrum also shows two CO resonances. There 18 a doublet at & 184.17
(lJRh-C = 70 Hz), while the other resonance is a doublet of quartets at
5 183.60 (YIp, o = 68 Hz, Ly, ¢ = 3 Ha),

The spectrum was unchanged With proton decoupling, which indicates
that this coupling i{s to a CFj 8roup, possibly in the 3-position. The

chemical shift of the low field CO carbon (doublet) is close to that of
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the CO carbon in 20e (6 184.31), while the high field resonance (doublet
of quartets) is close to the CO carbon in 20a (5 184.43), This suggests
that one CO group is coupled to the CF3 group in the 3-position. The
remainder of the spectrum i{s almost a composite of the 3¢ mmr spectra
of 208 and 20e, suggesting that one pyrazole group is bound as a
3-CFy-5-MePz group, while the other is a 3-Me-5-CF;Pz group.

The 197 NMR of 20b shows a singlet at & =59.25 (3-CF3, ACPy = +2.2
pem) and & doublet at & =59.97 (PJp_y = 5 Hz, 5-CPy, ACPy = =1.34
ppm). Broadband proton decoupling collapses the latter resonance to a
singlet. It was of interest to attempt a selective proton decoupling
experiment. At room temperature, the BH, resonance is a broad resonance
centered at ~ 4 ppme On cooling to -70°C, two broad but separate
resonances appear at.b 3.94 (br, 1H) and & 3.53 (br, 1H). The boat flip
appears to be slowv on the NMR timescale, so that the separate axial and
equatorial hydrogens are observed. This phenomenon has been reported by
Storr in [MeZGaPzZJRh(CO)(PPh3),18 where a single GaMe resonance was
observed at room temperature. As the sample was cooled, the single
resonance broadened and eventually sharpened into two GaMe resonances
indicating that the inversion of the boat form was slow on the NMR
timesacale.

Selective proton decoupling of 20b was performed while observing
the 19? NMR spectrum at -70°C. Irradiating the proton resonance at
8 3.94 caused no change in the 19 g spectrum, but irradiating the
proton resonance at & 3.53 caused collapse of the doublet at & -59.97 to
a sharp singlet. This demonstrated that the CF3 group in the 5-position
is coupled to one of the B-H protons at room temperature, even though

the B-H protons are broadened by the large quadrupole moment of 113. A
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similar situation exists for dimethylamine, where the N=H proton is
broad in the 1H NMR spectrum (16N quadrupole), and yet it is couplad to
the methyl group hydtogens.19

As expected from the L3¢ wr spectrum of 20b where a C-F coupling
is observed for a CO group, the 19F NMR spectrum of the 13CO enriched
20b shows a doublet for the 3-CFy group at & =59.25 (3Jp_o = 3 Ha),
while the 5-CF, group is still a doublet at & =50.97 (4, “Jp_y = 5
Hz). Broadband proton decoupling collapsed only the latter resonance to
a singlet.

The three {gomers have been distinguished spectroscopically.
Another interesting note is the large difference in melting points
between (20s, mp 74=76°C), (205, mp 100-102°C) and (20e, mp 152~
154°C). As observed with 17, all three complexes 20 are soluble in
perfluorohexane with IR.spectra similar te those in hexane.

Complex 20bh is only the second example of an unsymmetric
bis(pyrazolyl)borate metal complex. Frauendorfer prepared the ligand
[HZB(Pz)(Pzi)]', as vell as some metal chelate complexes of the type
[H,B(Pz)(Pz¥)],M (M = Co, Ni, zn).!l The situation with 20b is slightly
different, as the ligand has the same unsymmetric pyrazole bound in the

two possible orientations, whereas Frauendorfer's ligand has two

different symmetric pyrazoles.
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Section &
3-TRIFLUOROMETHYL~-S-METHVYLPYRAZOLE CHEMISTRY
SYNTHESIS OF TRIS(PYRAZOLYL)BORATE COMPLEXES

The tris(pyrazolyl)borate ligand KHB(3-CFy~5-MePz), (21) vas
prepared in a similar manner to the bis(pyrazolyl)borate ligand 19a,
except that the melt temperature was increased to 200°C. The reaction

is stopped when hydrogen evolution ceases, and 21 is obtained as a white

solid (eq. 3-9).

HaC. CF
O S
! _2og  K|We{—h—A: ) (3-9)

KBH, +  HN—N: aHy 3
18 21

Prolonged heating of the initial melt at 200°C or increasing the
temperature further results in a8 rapid decomposition, with the melt
turning yellow, then brown and finally black. At this stage no material
could be recovered.

Compound 21 appears to be regiospecific by NMR spectroscopy, with
only one type of pyrazole group. The 1H NMR spectrum shows the 4-H
protons at & 6.21 (s, 3H) and the 5-Me groups at § 2.40 (s, 9H). The
19 om spectrum in CD2012 shows a sharp resonance at & -6l1.44, which
suggests that all the CF3 groups are in the 3-position. The ligand
itself appears quite volatile since a mass spectrum is obtained at
100°C, which shows the molecular fon M' at m/e = 498, with 1dss of a
3-CF3-5-MePz group as the main secondary fragment.

Reaction of [(CO)ZRhCI]z with 21 gives the dicarbonyl



HB(3-CF4=5-MePz)4Rh(CO), (22) in good yield as an orange crystalline
solid (eq. 3-10).

[CIRN(CO),l,
CH,C! :
v 252, ca HB(3-CF4-8-MePz);Rn(CO), (3-10)
KIHB(3-CF4-5-MePz2),]
21 2

Unlike (HBPz'3)Rh(CO)2,13 22 is air-stable and can be
chromatographed on neutral alumina but both complexes are essentially
insoluble i{n perfluorohexane. This is in contrast to the solubility of
20 in perfluorohexane, and is somewhat surprising for 22 as it has three
additional C-F bonds.

Dicarbonyl 22 was characterized by spectroscopic and analytical
techniquas. The la NMR spectrum shows three equivalent pyrazole rings
at room temperature, and the spectrum is invariant to -100°C. The 13¢
NMR gspectrum is as expected, allowing assignment of each carbon as
detailed in the Experimental Section. The 19 am spectrum shows a
single resonance at & -60.40, with again a positive coordination shift

relative to 21 (ACP3 = +1,04 ppm).

2 3

As observed with 1, complex 22 is a mixture of n° and n” forms in
solution (eq. 3-11), as the IR spectrum in cyclohexane has four veo

bands at 2103 (s), 2090 (s), 2040 (s), 2025 (s) cm°l (Figure 1I11.2).
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Figure III.2 Infrared Spectrum of HB(3-CF3-5~MePz)3Rh(CO)2 (22)
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H
" N-"}s\(s-cr SMePz) O O (3-11)
3 ——— | l
N
\Q‘N _.co
Q / \co
CF,

n2-HB(3-CF4-5-MePz)3Rh(CO), 13-HB(3-CF4-5-MeP2)3Rh(CO),
However, in comparison to 1 there is significantly more of the n3
isomer present in 22. In hexane, the vg, bands are all one wavemumber
higher at 2104 (s), 2091 (s), 2041 (m), 2026 (s) cm'l. Isomer 22-n3
should have the lower stretching frequency, so for 22-nz veo in hexane
is 2104, 2041 cm'l. Comparing to the bis(pyrazolyl)borate complex 20a,

-1

the IR spectrum in hexane shows v,, at 2098, 2035 ¢m °, so in fact the

values for 22-nz are both 6 cm'1 higher. Also the values for the 22-n3
are only 9 cm'1 lover than for 20a, much smaller than the differences
between the bis and tris(pyrazolyl)borate complexes in the Pz*% system
(25 and 28 cm'l reopcctively).13 Both facts are consistent with the
formal replacement of a hydrogen on boron in 20s by the more
electronegative 3-033-5-HePz group.

An approximate ratio of the two forms can again be obtained by an
integration of the relative areas of the two sets of absorption
bands.zo Using the two methods described in the Experimental Section,
an average ratio of nz:n3 ® 32:68 was found in cyclohexane. As observed

for 1, these ratios are solvent dependent, with a ratio of nz:n3 = 43:57

in toluene, while in CH2C12 the ratio is nzzn3 = 41:59., The trend for 1
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of more n3 form present in more polar solvents is opposite for 22, with
slightly more of the n3 form present in toluene and CH,Cl,.

It is Iinteresting to speculate as to why ZZ exists as an
equilibrium mixture while (HBPz*3)Rh(CO)2 i3 exclusively n3 in hexane.
Both steric and electronic factors could apply, as there are larger and
more electronegative CF3 groups replacing Me groups in the 3-position of
the (HBPz*3) ligand, This would make it less likely for the rhodium
center to accommodate all three pyrazole groups. The fact that 1 has a
higher percentage of the nz form than 22 in cyclohexane (85:15) suggests
that steric factors may be more important than electronic ones in

determining this equilibrium position.

I-Ray Structure of (22)

Several attempts in this research group to obtain X-ray quality
crystals of (HBPz*3)Rh(CO)2 vere unsucceasful.14 On the other hand
suitable crystals of 22 could be grown, which suggests that the ligand
[HB(3-C?3-5-MePz)3]- imparts better crystallinity in addition to the
stability mentioned previcusly relative to the Pz* gystem. The
spectroscopic evidence has suggested that 22 is formulated as
HB(3-CF3-5-HePz)3Rh(CO)2 and not HB(3-Me-5-CF3Pz)3Rh(CO)2. However,
direct proof of the regioaspecific nature of the ligand is only obtained
from the crystal structure of a complex.

The X~-ray crystal structure of the dicarbonyl 22 was determined in
part by Dr. R.G. Ball of this department, who collected the data set,
and Professor M. Cowie who carried out the refinement. Details of the
data collection and refinement procedure as well as tables of structural

parameters, bond lengths and bond angles will be found in the
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Experiméntal Section.

The structure of 22 in the solid state is shown in Pigures III.3
and IIl.4. The reglospecificity of the ligand is as spectroscopically
inferred, with the CF, groups in the J-position and the methyl groups in
the S-position of the pyrazole ring. The geometry about the rhodium
‘atom is square planar with two of the three pyrazole groups coordinated,
similar to the geometry in 1. This was not totally unexpected, as the

IR spectrum of 22 shows a mixture of the nz 3

and n~ forms, although the
latter is the major form. However, as discussed for the structure of 1,
the solid and solution structure need not be the same. The third
pyrazole group is nov in the axial posaition of the boat conformation,
directly above the metal center, but it still appears to be nonhonding,
as the Rh-N6 distance is 2.623(8) A.

As noted in the preparation of 1 in Chapter II, during the
isolation of 22, a second minor product was isolated whose ly NMR, IR
and mass spectra were identical to an authentic sample of [(CO),Rh(3~
CF3-5-HaPz)]2 (23). From the IH and 19? MMR spectrum, both the cis 23c¢

and trans 23t isomers are observed, with the sterically favored trans

{gomer assigned as the major product (eq. 3-12).

HaC CFy Hsc\(Ycrs
oc ﬁ/ co oc QN co
\ \_/ NN,/

OC/’ N—N co OC/’ N=N Co

Fac:’[g))\cn3 Hsc’©\cra

trans cis

23t 23c
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n2-HB(3-CF3-5-CH4P2)3Rh(CO),

Figure III.3 Crystal Structure of HB(3-CF3-5-MePz)3Rh(CO)2 (22)
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Figure III.4 Front View of Dicarbonyl (22)
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The ratio of 23t:23c is 1.15:1, or almost statistical. This
indicates that there i8 a small but noticeable size difference between
the CFy and Me groups on the pyrazole ring.' It is thought that this
minor product arises from B-N bond cleavage in the tris(pyrazolyl)borate
ligand,zl as oace again there appears to be no free pyrazole present in
2.

A related iridium complex, [(COD)Er(B-CF3-S—HePz)]2 was prepared hy
szobgrt.IOb An X-ray crystal structure revealed digorder in terms of
CF3/CH3 gite occupancy, which suggests that a mixture of cis and trans

isomers were obtained. Subsequent 14 ™R studies revealed a l:1 mixture

of products.i0¢
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Section 3

SYNTHESIS OF OLEPIN COMPLEXRES

Sevaral pyrazolylborate rhodium olefin complexes of the general
type (RBPz4)RhL, are known in the literature, where R » H, L, =
(CH,)5,%2 Rw P2, Ly = (CoH,);, 23 R w H, Pz = Pov, L, = (coD)? and
RePz, L, = (dienc).25 More recently, mixed carbonyl olefin complexes of
the type (ﬂBPz*3)Rh(CO)(olefin) have besn teported.26 Thess complexes
have been of interest firstly in studying the coordination of the
poly(pyrazolyl)borate ligand (in solution and in the solid state) and
secondly in thermal and photochemical carbon-hvdrogen bond activation,

The synthesls and characterization of mixed carbonyl olefin
complexes of the type HB(3"CP3-5-MePz)3Rh(CO)(olotin) (olefin =
ethylene, cyclooctene (COE)) is discussed, as well as the first known
stable bis(pyrazolyl)borate analog, HZB(3-CP3-S-KePz)znh(CO)(COE).

These complexes are analogs of knowm Pz* complexes and as such are of
interest in C-H bond activation studies.

The tria(pyrazolyl)borate complexes are prepared by reacting the
known dimers [(CO)(olefin)RRC1], (olefin = C,H,%" and COB%®) with 21 in
032012 giving complexes of the type HB(3-CP3-5-MePz)3Rh(CO)(olefin) (26)
(olefin = czua) and (29) (olefin=COR) (eq. 3-13).

[CIRh(CO) olafin)),

. C;a;‘;'a, HB(3-CF-5-MeP2),AN(CO) (ol efin) (3-13)
KIHB(3-CF,-5-MePa)y]

2 26 (olefin=C,H,)

25 (olefine=COE)
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Both complexnes were obtained as yellow air-stable crystals 15 good
yields and characterized by the usual methods. As with previous
tris(pyrazolyl)borate complexes, the IR and NMR spectra are ugeful in
determining the hapticity of the ligand in solution. The IR spectra in
n-hexane shows a single Vgo 8t 2042 cm”! for 24, vhile 25 appears to be
a mixture of n* and n° forms, with Vco 8t 2033 (m) and 2019 (s) en”}
(n23n3 vatio of 23:77% in cyclohexane). The 1H and 19? NMR spectra of
26 and 29 are very similar to that of 22 at room temperature, with one
type of pyrazole group.

For 24, the e spectrum at -40°C shows a 2:1 ratio of pyrazole
groups resonances, as observed with complex 12, and also by Ghosh for
(HBPZ*;)RR(CO)(CyH,) at -60°C.13 Purther cooling to -80°C only slows
down the rotation of the ethylene group. Algo, the 1H and 19? NMR
apectra of 25 at -90°C and =50°C respectively shows a 2:1 ratio of
pyragzole group resonances, indicative of the nz isomer. Hovever,
barring accidental degeneracies, the static nz structure of 24 and 25
should show thres different pyrazole group resonances, as the two bound
groups are different. This is not unlike the situation found for
complex 12 i{n Chapte~ II and other phosphine and olefin complexes of the
type (HBPz'3)Rh(CO)(L) studied by Ghosh. There appears to be a low
activation energy process which is thought to proceed through a trigonal
bipyramidal n3 {intermediate, which averages the two pyrazole groups
opposite the two different ligands. This will be discussed in detail in
Chapter 1V.

The bis(pyrazolyl)borate analogs of 2& and 25 were prepared in the

same manner as complex 13 i{n Chapter II (eq. 3~14).
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[CIRN(CO) (olefin}y
Y Hoax'ago. H,BI3-CFy-8-MaPL,AN(CO)Olofin)  (3-14)
K{HB(3-CFy-8-MePz)y] :
19 | 26 (olefinsCyH,)

27 (olefineCOR)

As vas found for 13, HyB(3-CP3-5-MePz),Rh(CO)(C,H,) (26) is
relatively unstable in solution, and readily converts to 20s, as
monitored by IR spectroscopy. Hence complete characterization was not
done, but the IR v, band for 26 in hexane was at 2035 cn}. The IR
band for the tris(pyrazolyl)borate complex 24 has a higher value (vco at
2062 em™}), which indicates that 24 is entively n° in solution.

The COE analog 323(3-CF3-5-MePz)2Rh(CO)(COE) (27) was found to be
fairly stable in solution and disproportionated or decompoged to 208 in
two weeks in hexane and five days in CHyCly. Complex 27 was isolated as
orange crystals and the IR spectrum in hexane has = v, band at 2020
cm'l, vhich i8 cluse to the low energy band of 25. He:~» the IR band of
the n2 form of 25 ig again higher in energy (13 cm'l) than that of the
bis(pyrazolyl)borate complex 27. The 1u NMR spectrum of 27 shows only
one pyrazole group, as the chemical shifts are similar. In the 199 NMr
spectrum, two resonances are obgserved as singlets at 6 ~59.62 and
-59.63. Attempts to prepare the Pz* analog of 27, (H,BPz*,)Rh(CO)(COE)
were unsuccessful, as the complex was rapidly converted to the
dicarbonyl (Hzan*Z)Rh(Co)z.la This further demonstrated the ability of

the 3-CF3-5-MePz ligand system to stabilize complexes in comparison to
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the Pz* analogs.

Complexes of the type HB(3-CF3-5-MePz)3RhL2 (Lz - (Czna)z' (COD)
and (allyl)z) can also be prepared in a straightforward manner beginning
with the appropriate rhodium precursor. This demounstrates that the
ligand 21, although less electron rich than KHBP:*3 still forms similar
complexes as with the latter.

Reaction of [L,RRCL], (L, = (C,H,)5,%? (C0D)30 and (allyl),!) wich
21 in Cﬂzclz results in the complexes HB(3-CF3-5-Mch)3Rh(C284)2 (28),
HB(3-CF3-5-MePz)3Rh(COD) (29) and HB(3-CF3-5-MePz)3Rh(allyl)2 (30)
respectively (eq. 3-15). They were all obtained as analytical pure air-

stable yellow powders.

[CIRN( L)gl 2
CH,Cly (3-15)
+ 25°C HB(S'CFs'ﬁ'MOPZ)aﬂh( L )3
K(HB(&CFa-s-MePZ)a]
21 28 L2 - (CZHa)z

29 LZ = (COD)
30 Lz - (811y1)2

The 1H and 19? NMR spectra of the bis(ethylene) complex 58 at room
temperature and at -90°C showed only one type of pyrazole group and only
a single ethylene resonance at § 2.81 (d, 8H, zJRh-H = 1,8 Hz) as
Trofimenko observed for (HBPz3)Rh(Czﬂa)2.22 The Pz* analog
(HBPz*3)Rh(CZHQ)2 has not been reported in the literature, and several
attempts in this research group to prepare it pure has met with

failure.1l4 This again demonstrates that the ligand system in 28 imparts



gsome extra stability relative to the Pz* gystem.

The COD complex 29 demonstrates some interesting variable
temperature NMR spectra. At room temperature, the lu and 19? NMR
spectra show only one type of pyrazole group as observed with
(HBPz#3)Rh(COD), 24 but on cooling to =50°C the 'H NMR spectrum of 29
shows a 2:1 ratio of pyrazole groups. Further cooling to' =105°C now
shous a l:1:1 ratio of pyrazole resonances. If the 2:1 ratio at

2 form, the

intermediate temperature indicates the freezing out of the n
lovest temperature spectrum could indicate a slowing down of the B-N
bond rotation of the free pyrazole group, which would make the two bound
pyrazole groups inequivalent. This was shown with complex S in Chapter
II.

Complex 30 is of interest, as bhoth (acac)Rh(allyl)z and
CpRh(allyl), are known3? (eq. 3=16). 1In the former, b.th allyl groups
are n3 and equivalent by 1H NMR, bur in the latter by necessity there

1 3

must be a n° and a n~ allyl group, and these are distinguishable in the

1H NMR spectrum.

HiC

Z-Z\O—I
J

<> 'O
[}
“SRh ? Rh
O’ “~ o FiC
(acac)Rh(allyl), CpRh(allyl), HB(3-CF,-5-MeP2);Rn(allyt),

30
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The Pz* complex (HBPz*3)Rh(ally1)2 has been prepared by Powell and
cowotkers-32 Based on the lH NMR spectrum they proposed an octahedral
Rh(I1l) complex with a nl and a n3 allyl group. For complex 30, the ly
and 19 wm spectra show a 2:1 ratio of pyrazole group resonances. The
allyl resonances resemble those of the Cp and (HBPz*3) complexes rather

1 and n3

than the acac analog, indicating that the allyl groups are n
bound. This formulation is also consistent with 30 being an octahedral
Rh(III) complex, where the 2:1 ratio of pyrazole group resonances arise
from symmetry. Reactions of 30 with CO will be discussed i{n Chapter 1V,

suggesting that 30 i{s coordinatively saturated.

131
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Section 6

EXPERIMENTAL

General
3,5=(Bistrifluoromethyl)pyrazole was prepared according to
Trofimenko et al.a 3-Trifluoromethyl-S-methylpyrazole was prepared

9 with full characterization appearing

using a literature procedure,
below. The various rhodium starting materials were prepared using the
standard literature procedures as follows: [(Czﬁa)(CO)Rh01]z.27
[(CO)(COB)RRC1],,28 [(C,H,),RhC1],,%? [(coPIRNCL],, 30 [(allyl),mhcl]y, !
and [(CO)2Rh01]2.33 KBH, hexafluoroacetylacetons and

trifluoroacetylacetone were used as received from Strem Chemical

Company.

Preparation of KH,B(3, 5-(CV3),P2), (16)

A mixture of 3.75 g (18.4 mmol) 3,5- (CF3)2PzH and 200 mg (3. 71
mmol) of KBH, was refluxed for 1 h, at which time hydrogen gas evolution
ceased. FExcess 3,5-(C?3)2Pz3 was sublimed off (70°C, 0.3 mm) leaving a

wvhite solid (1.54 g, 90% yield) mp 167-169°C.

Characterization: 'H NMR (CD,Cl,, 200 MHz, ambient) & 6.80 (3, 2H).

19 W (CD,Cl,, ambient) & -59.57 (t, >Jp_y = 3 Hz, 6F), -61.82 (s,
62). L97{lH} MR -59.57 (s, 6F), -61.82 (s, 6F). Anal. Caled for
CIOHABNavlzkz C, 26.22; H, 0.88; N, 12.23. Found: C, 25.80; H, 0.71;

N, 12.05.



133
Preparation of le(S.5-(013)2Pz)2nh(60)2 (17)

To a solution of [(CO)ZRh61]2 (204,2 mg, 0,525 mmol in 10 mL
CH2612) vas added 48l mg (1.05 mmol) 16. After stirring for 0.5 h, IR
showed the reaction to be complete with bands due to the product as well
as to the known dimer [(CO)ZRh(3.5-(CF3)2Pz)]2.10a A 1u NMR spectrum at
this stage showed 98.6% of 17 and only 1.4% dimer. This mixture was
chromatographed on ncutral alumina with CHZClz eluent to remove KCl.
After removal of solvent, the resulting yellow oil was taken up in 10 mL
hexane and cooled to -78°C, whereupon pure 17 crystallized out.

Repeated concentrations gave 285.3 mg (47% isolated yield) of 17, with
the mother liquor enriched in dimer but still containing 17. They could
not be further separated by chromatography or sublimination. Complex 17

was isolated as a bright yellow solid, mp 84-85°C.

Characterization: IR (n-hexane) 2107, 2048 cm’l (vco). uv (CHZClZ)

258.7 (e = 9092), 353.0 (e = 1475) mm (Amax). MS (110°C, 70 ev) M'
(578, 4%), M*-co (100%), M*-2c0 (37%). lH WMR (CD,C1,, 200 MHz,
amblent) & 6.99 (s, 2H). 3C MMR (CD,Cl,, 75.5 MHz, ambient) & 181.69
(d, €0, Lapy_c = 71 Hz), 144.50 (q, C-CFy, 2Jo_p = 39 Hz), 140.89 (g,
C-CFy, 2J_p = 43 Hz), 119.84 (q, CFy, LJg_p * 270 Hz), 119.13 (g, CF,,
Lye.p = 270 Hz), 108.22 (s, C-H). %% MR (CD,Cl,, ambient) & -59.95
(s, 6F), -60.29 (d, 6F, Jp_y = 5 Hz). '9r(lH} mR -59.95 (s, 6F),
-60.29 (s, 67). Anal. Calcd for C,,H,BN,F ,Rh: C, 24.94; H, 0.70; N,

9.69. Found: C, 2‘0090; H’ 0070; N, 10.07.

Preparation of 3-073-5-lePzB (18)

A sample of 18.6 mL (23.6 g, 0.153 mmol) of
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1,1,l-trifluoro~2,4-pentanedione was added dropwise over 0.5h at 5°C to
a solution of 10.86 g (0,184 mol) of 852 hydrazine hydrate in 230 mL 95%
EtOH. After stirring for 0.5 h, solvent was removed in vacuo giving a
white solid. Analysis of this crude solid showed it to be the
pyrazole. Distillation of the solid at 170°C/0.10 mm Hg gave a white
product, which was further sublimed onto a dry ice probe at 80°C/0.3 mm

Hg (18.4 g, 80% yield) mp 84-85°C.

Characterization: MS (120°C, 70 ev) M' (150, 100%), M™-F (22%), M'-CF,

(242), cry* (137). lH MR (CD,Cl,, 200 MHz, ambient) & 12.22 (br, 1H),
6.3¢ (s, 1H), 2.33 (s, ). !3c MR (CD,Cl,, 100.6 MHz, ambient)

§ 143,27 (q, C-CFy, 2Jo_p = 38 Hz), 142.11 (s, C-CH,y), 122.07 (q, CFj,
Lyg.p = 268 Hz), 103.28 (s, CH), 10.60 (s, CH3). %% MR (cD,CL,,
ambient) & -62.41 (s). Anal. Calcd for CgHgN,Fq: C, 40.01; H, 3.36; N,

18,66. Found: C, 39'83; H, 3026; N’ 18.69.

Preparation of tnzn(s-cr3-s-u.yz)2 (19a)

A sample of 6.375 g (42.47 mmol) 18 and 572.8 wg (10.62 mmol) KBH,
were heated together at 140°C until no more gas evolved (3 h). 75 mL
hexane was added to the cooled melt, and with vigorous stirring, a white
solid precipitated out. This was filtered and washed with 3 x 75 mL
hexane and dried in vacuo (2.521 g, 68% yield) mp 148-150°C. From the
combined hexane washings 2.893 g 18 was recovered after hexane was

removed in vacuo.

Characterization: 1H NMR (CDZCIZ, 200 MHz, ambient) & 6.19 (s, 2H),

2.34 (s, 60). '9F MR (CD,Cl,, ambient) & -61.42 (s). Anal. Calcd for
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CloﬂloBNaF6K: C, 34.40; H, 2.88; N, 16.00. Found: C, 32.61l; H, 3.13;

N, 15.11.

Preparation of Kﬂzn(073,lnvz)z (19)

A sample of 2.346 g (15.63 mmol) 18 and 383 mg (7.10 mmol) KBH,,
were taken up in 40 mL DMAC and heated together at 140°C until gas
evolution ceased (1 h), then further heated for 2 k. Solvent was
distilled off at 140°C/10 mm Hg and the resulting oil heated in high
vacuum at 140°C. The oil was taken up in 50 mL THF, stirred with Celite
for 0.5 h and filtered and flash evaporated leaving a yellow oil.
Stirring with hexane gave a white solid, which was filtered and washed
with 3 x 75 mL hexane and dried in vacuo (1.391 g, 56% yield) mp 95-

105°C.

Characterization: la NMR (CDZC12, 200 MHz, ambient) & For 19a: 6.19

(s, 2H), 2.34 (s, 6H); 19b: 6.27 (s, lH), 6.15 (s, lH), 2.27 (s, 3H),
2.13 (s, 3H); 19¢: 6.29 (s, 2H), 2.1l1 (8, 6H). Ratio of 19a:19h:19c =
1.3:2.9:1. !9 NMR (€D,Cl,, ambient) & For 19a: =-61.46 (s, 6F); 19b:
-58.62 (br, 3F), -6l.44 (s, 3F); 19e: -59.05 (br, 6F). 9r(lW} mm
-58.,62 (s, 3F), =59.05 (s, 6F). Anal. Caled for ClO“lOBNaF6K: c,
34.40; H, 2.88; N, 16.00. Found: C, 34.37; H, 3.95; N, 14.42.

Preparation of uzn(3-cr3-s-ugrz)2nh(c0)2 (20s)

To a solution of 133.3 mg (0.343 mmol) [(CO),RhC1], in 20 mL CH,CL,
was added 240.9 mg (0.688 mmol) 19a. After stirring for 15 min, the
solution was filtered through Celite, and solvent was removed in

vacuo. The resulting yellow oil was chromatographed on neutral alumina
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(12 x 2.5 cm) with cu2c12 eluent, and solvent was removed under reduced
pressure. The resultant yellow oil crystallized on standing giving a

yellow solid (258.6 mg, 80% yield) mp 74-76°C.

Characterization:IR (n-hexane) 2098 (s), 2082 (vw), 2035 (s8), 2004 (vw)

en™} (vgg)e UV (CHyCL,) 273.1 (e w 7244), 358.5 (e = 1243) nm (A

max). MS (160°C, 70 ev) M* (470, 2%), Mt-co (100%), M*-2c0 (27%).

g MR (CD,CL,, 200 MHz, ambient) & 6.34 (s, 2H), 2.36 (s, 6H). ‘dc MR
(CD,CL,, 75.5 Mz, ambient) & 183.43 (d, €O, Lip, ¢ = 69 H2), 147.29 (s,
C-CHy), 143,03 (q, C-CFy, 2Jo_p = 38 Hz), 120,92 (q, CFy, lJo.p = 269
Hz), 106.74 (s, C-H), 12.79 (s, CHy). 57 MR (CD,Cl,, ambient)

§ -59.62 (8), Anal. Caled for Cy,H,BN,0,F¢Rh: C, 30.67; H, 2.14; N,
11,92, Found: C, 30.72; H, 2.03; N, 12.01,

Reaction of KH,B(CP4, MePz), (19) with [(CO),RhC1],

To a solution of 107.7 mg (0.277 mmol) [(CO),RhC1], in 15 mL CH,Cl,
was added 193.9 mg (0.554 mmol) 19, and the reaction was complete in 30
min. After filtering through Celite and removing solvent in vacuo, the
resulting yellow oil was chromatographed on neutral alumina with CH2C12
eluent. After removing solvent, the yellow oil crystallized on standing

(108.9 mg, 41% yield).

Characterization: IR (n-hexane) 2098 (s), 2095 (vs), 2090 (s), 2035

(s), 2030 (vs), 2026 (s) cm'1 (vco). MS (160°C, 70 eV) ¥ (470, 3%),
M*-co (100%), M'-2c0 (28%). H WMR (CD,Cl,, 200 MHz, ambient) & For
20a: 6.34 (s, 2H), 2.36 (s, 6H); 20b 6.37 (s, lH), 6.35 (s, lH), 2.42

(s, 3H), 2.34 (s, 3H); 20c: 6.39 (s, 2H), 2.45 (s, 6H). Ratio of
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200:200:20¢ = 1.1:2.6:1. !9 N (CD,CL,, ambtent) 6 FPor 20a: =59.62
(s, 6F); 20b: ~59.25 (s, 3F), =59.97 (d, Jp_yy = 5 Hz, 3F); 20c: -60.08
(dy Jp_y = 5 ﬁz, 6F).

A hexane solution of the mixture was cooled to -30°C, and only one

regioisomer came out H,B(3-Me-5-CF4Pz),Rh(C0), (20e) (19.7 mg, 8% yield)

mp 152-154°C.

Characterization: IR (n~hexane) 2090 (s), 2074 (vw), 2026 (s), 1995

(wo) o™t (vgo)e MS (160°C, 70 ev) M* (470, 22), u*-co (100%), M*-2c0
(26%). H MR (CDyCly, 200 MHz, ambient) & 6.39 (s, 2H), 2.45 (s,
6H). 13C MMR (CD,Cl,, 75.5 Mz, amblent) & 184,31 (d, €O, lJp, o = 68
Hz), 151.26 (s, C-CH3), 139.22 (q, C-CF,, ZJC-? = 41 He), 120.06 (q,
CFq, lycp = 269 Hz), 106,99 (s, C-H), 14.84 (s, CH3). 197 MMR (CD,CL,,
ambient) & -60.08 (d, SJRh‘F ® 5 Hz). IQF(IH} MMR & -60.08 (8). Anal.
Calcd for 012HIOBN402F6Rh: C, 30.67; H, 2.14; N, 11.92, Found: C,
30.81; H, 2.04; N, 12.09,

The hexane mother liquor was chromatographed on neutral alumina (12
X 2.5 cm) eluting with hexane. After removing solvent in vacuo, a
yellow powder was obtained, thought to be
HzB(3-CF3-5-MePz)(3-Me-5-CF3Pz)Rh(CO)2 (20b) (57.7 mg, 222 yield) mp

100-102°C.

Characterization: IR (n-hexane) 2095 (s), 2082 (vw), 2074 (vw), 2030

(s), 2003 (ww), 1995 (vw) cm! (vgy). MS (160°C, 70 ev) M¥ (470, 22),
M*-co (100%), ¥*-2c0 (272). l'H MMR (CD,Cl,, 200 MHz, ambient) & 6.37
(s, H), 6.35 (s, lH), 2.42 (s, 3H), 2.34 (s, 3H). IH NMR (-70°C)

6 3.94 (br, B-H, IH), 3.53 (br, B-H, lH). !3C MMR (CD,Cl,, 75.5 Mz,
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ambient) & 184,17 (4, €O, Ldp, _c = 70 Hz), 183.60 (d of q, CO, lyp, o =
68 Hz, SJp_g = 3 Hz), 151,20 (s, C-CH3), 147.77 (s, C-CH3), 142.96 (q,
C-CFy, 25o_p = 39 He), 138,80 (q, C-CFy, 2Jc_p = 39 Hz), 120,96 (q, CFy,
Ligp = 269 Hz), 120,30 (q, CP4, “Jop = 269 Hz), 106.86 (s, C-H), 14.62
(s, CHy), 12,62 (s, CHy). ‘97 NMMR (CD,C1,, ambient) & -59.25 (s, 3F),
-59,97 (4, S1py = 5 H2)e 19p(lW} MR -59.25 (s, 3F), -59.97 (s, 3F).
9 »r (13co enriched) & -59.25 (d, *Jp_q = 3 Hz, 3IF), =59.97 (d,
Spnep = 5 H2)e 19P('H} WMR (ambient) & -59.25 (4, SJp.c = 3 Hz, 3IF),
-59.97 (s, 30). 197('H(3.53)} MR (-70°C) & -59.25 (d, Jp_c = 3 Hz,
3r), -59.97 (s, 3F). Anal. Calcd for 012“103N002F6ah= C, 30.67; H,
2.14; N, 11.92, Found: C, 30.81; H, 2.04; N, 12,00,

Further elution of the column with CH,Cl, gave the last product,
identified as (20s) By comparigson of IR, l4 NMR and MS with an authentic

sample (23.4 mg, 9% yield).

Preparation of !ul(3-673-5-ﬂerz)3 (21)

A sample of 10.0 g (0.067 mol) 18 and 800 mg (0.0167 mol) KBH, were
heated slowly, beginning at 80°C., At 140°C, hydrogen gas was rapidly
given off, forming the bis(pyrazolyl)borate ligand 19a. It is important
to remain at this temperature until gas evolution has ceased. Gradual
heating to 200°C (bath temperature) gave gas evolution which ceased
after 1 h. After cooling the melt, excess 18 was sublimed off (3.85
g)s A vhite solid was obtained by stirring the melt with hexaﬁe, which
was decanted and dried in vacuo (4.46 g, 66% yield) mp 152-155°C. 1If
heating is prolonged or the temperature is raised, the melt turns from

yellow to brown to finally black, with extensive decomposition.
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Characterization: MS (100°C, 16 eV) M* (498, 46%), M*-3-CP;-5-MePzH

(100%). 'H MR (CD,Cl,, 200 MHz, ambient) & 6.2 (s, 3H), 2.40 (s,
o). 97 NMR (CD,C1,, ambient) & -61.44 (s). Anmal, Caled for
015H13BN6F9K: C, 36.16; H, 2.63; N, 16.87, Found: C, 34,03; H, 2.61;

N’ 15'37'

Preparation of Hl(3-c’3-5-lavz)3lh(60)z (22)

To a solution of 383.1 mg (0.985 mmol) [(CO),RhC1], in 20 mL CH,CI,
was added 982 mg (1.97 mmol) 21. After stirring for 0.5 h, the orange
solution was filtered through Celite, and a concentrated CH,Cl, solution
was chromatographed on neutral alumina (12 x 2.5 cm) with CHzclz eluent,
giving the crude product after solvent was removed in vacuo. Yellow
crystals of 22 were obtained by layering a CHZClz solution with hexane
at -30°C (847.8 mg, 70% yield) mp 154~155°C.

Further elution of the column with ca3cu gave 15.3 mg (2.5% yield)
of [(CO)ZRh(3-CF3-5-MePz)]2 43, which was identified by comparison of

ly NMR, IR and mass spectra to an authentic sample prepared below.

Characterization: IR (cyclohexane) 2103 (s), 2090 (s), 2040 (s), 2025

(), (hexane) 2104 (s), 2091 (s), 2041 (s), 2026 (s) cw™' (vgg). M
(120°c, 16 ev) M* (618, 36%), M*-co (68%), M¥-2C0 (100%). UV (CH,Cl,)
355.2 (e = 1504) m (Amax). H NMR (CD,Cl,, 200 MHz, ambient) 5 6.44
(s, 3H), 2.40 (s, 9H). !3c MR (CD,Cl,, 75.5 MHz, ambient) & 183.40 (d,
€0, lipyoc = 69 Hz), 147.59 (s, C-CHy), 144,15 (q, C-CFy, 2Jo_p = 38
Hz), 121.38 (q, CFy, lJo_p = 269 Hz), 106.62 (s, C-H), 13.12 (s, CH,).
19 MMR (CD,C1,, ambient) & -60.40 (s). Anal. Calcd for

C17H13BN602F9R!13 C, 33'04; H, 2012; N, 13'600 Found: C, 3301‘5; H,



2.13; N, 13,90,

X-Ray Structure of (22)

The X-ray crystallographic study was carvied out by Dr. R.G. Ball,
who collected the data for the crystal, and Professor M. Cowie who
performed the structure vefinement.

Crystals were grown from CH,Cl,~hexane at -30°C. A yellow etched
and rounded air-stable crystal of approximate size 0,10 x 0,13 x 0.25 mm
was mounted in a non—~specific orientation. The automatic peak search
and reflection indexing showed the crystal to be monoclinic with
systematic absences of hkl, Wtk odd; and hOl, 1 odd. Cell conatants
were obtained from a least-squares refinement of the setting anglea of
25 reflections in the range 13 < 20 < 25°, The intensity data were
collected using 8 w-29 scan mode. The various crystal parameters are
given in Table 3.1,

There were three reflections which were chosen as standard
reflections and these were remeasured every 60 minutes of exposure time
to check on crystal and electronic stability over the course of data
collection. A linear regression analysis of these standards showed a
negligible mean change in intensity of 4.8 (6.8)% over the time span of
data collection.

The structure was solved using standard Patterson techniques which
gave the positional parameters for the Rh atoms The remaining non-
hydrogen atoms were located by the usual combination of least-squares
refinement and difference Fourier synthesis.

Refinement of atomic parameters were carried out by full matrix

leagt-squares techniques on F, minimizing the function



Yahle 3.1 Experimentsl Details

A. Crystal Data

CygHy3BNGgO,FgR

Crystal dimensions:

FW = 618.05

0,10 x 0,13 x 0,25 mm

Monoclinic space group C2/c (No. 15)

a = 21,228(4), b = 10.996(3), c = 21.546(6) A

Bw 114.96(2)°

v = 4560 A%; 2w 8; D, = 1.800 g cm™3

B. Data Collection and Rafinement Conditions

Radiation:

Monochromator:

Take-off angle:

Detector aperture:
Crystal-to-detector distance:
Scan type:

Scan rate:

Scan width:

Data collection 20 limit:
Data collection index range:
Reflections measured:
Observations: variables ratic:

Agreement factors RI’ Rz GOF:

Mo Ke (A = 0,71073 A)

Incident beam, graphite crystal
3.0°

2,40 wm horiz x 4.0 mm vert

173 om

w=26

6.7 = 1.5° min~!

0.70 + 0.35tan(6)°

50°

h, k, 2

4231 unique, 1860 with I > 20 (1)
1860:245

0.062, 0.062, 1.476
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where |F | and |F,| are the observed and calculated structure factor

amplitudes respectively, and the weighting factor w is given by
2 2 2
wedF /o (Fo)

All hydrogen atoms were included at their idealized calculated

distances, assuming C-H and B-H distances of 0,95 A and appropriate spz

and sp3

geometries. These atoms were then included in the calculations
with fixed {sotropic thermal parameters 1.2 times that of the attached
atom and constrained to ride with this atom. All hydrogen atoms weve
included in the structure factor calculatioms, but were not refined.
The boron atom and the atoms of the pyrazole rings were refined
isotropically. All other atoms were refined anisotropically.

In the final cycle 245 parameters were refined using 1860

observations having I > 20(I). The final agreement factors were:

R, =1 ¥l - ]Fcl /T |F°| = 0,062 and

R, = [Iw (I | - |1~'c|)2 / zwroz]l/z * 0.062

2
The structure of 22 is depicted in Figures III.3 and III.4.
Relevant bond lengths and bond angles are tabulated in Tables 3.II and

3.1II. Positional and thermal parameters are available from the

University of Alberta.
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Preparation of [(CO)zlh(3-073-5-lePz)]z (23)

A solution of 40.5 mg (0.722 mmol) KOH and 95.0 mg (0.697 mmol) 18
in 3 mL MeOH was added to 128.4 mg (0,330 mmol) [(CO)ZRhCI]z in 9 oL
Etzo. After stirring for 1 h, solvent was removed in vacuo. The
residue was taken up in 25 mL benzene and filtered through Celite.
After removing solvent in vacuo, the crude product was sublimed onto a
dry ice probe at 80°C/0.1 mm Hg giving a yellow powder (152.5 mg, 75%

yield) mp 123-125°C.

Characterization: IR (n-hexane) 2100, 2084, 2034 cm'1 (vco). MS

(130°c, 16 ev) M* (616, 100%), M*-co (30%), N*-2c0 (33%), M*-3c0 (12%),
M*-4co (22%). W NMR(CD,Cl,, 200 ¥Hz, ambient) & For major isomer
23t: 6.34 (s, 2H), 2.35 (s, 6H)., For minor isomer 23c: 6.36 (s, 2H),
2.38 (s, 6H), Ratio 1.15:1. 19 wr (CDyCl,, ambient) & -61.34 (s,
23¢), -61.52 (8, 23t). Anal. Calcd for 014H8N404F6Rh2: C, 27.30; X,

1.31; N, 9.09. Found: C, 27.59; H, 1.41; N, 9.27.

Preparation of HB(S-C!3-5-!ePz)3nh(CO)(czu‘) (24)

A sample of 40.0 mg (0.103 mmol) [(CO),RhCl], and 40.0 mg (0.103
mmol) [(CZHG)ZRhCIIZ was taken up in 5 mI.CRZCIZ, giving approximately
(0.206 mmol) [(CO)(C,H,)RNCL],. A sample of 205.0 mg (0.412 mmol) 21
was added and after stirring for 1 h, this yellow solution was filtered
through Celite. A concentrated CH2012 was chromatographed on neutral
alumina (12 x 2.5 cm) with CH2C12 eluent. Yellow crystals were obtained
by layering a concentrated CH2C12 solution with hexane at -30°C (212.0

mg, 83% yield) mp 188-190°C.
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Characterization: IR (n-hexane) 2042 cm'1 (vco). MS (150°C, 16 eV)

M*-C,H,/C0 (590, 100%), M*-C,H,-CO (75%). 'H MMR (CD,Cl,, 200 MHz,
ambient) & 6.43 (s, 3H), 3.08 (d, 4H, 2ipnoy * 2:2 Hz), 2,49 (s, 9K).
1y MR (-80°C) & 6.44 (s, 2H), 6.31 (s, 1H), 3.26 (d, 2H, J = & Hz),
2.56 (d, 2M, J = & Hz), 2.42 (s, 6H), 2,30 (s, 3H). !¢ MR (CD,CI,,
ambient) & =60.40 (8). Anal. Caled for C183178N60F9Rh: C, 34.98; H,
2.77; N, 13,60, Found: C, 34.77; H, 2.69; N, 13.64,

Preparation of HB(3-CF;-5-MePz)4Rh(CO)(COR) (25)

| A sample of 107.5 mg (0.277 mmol) [(CO),RhCl], and 198.4 mg (0.277
mmol) [(COE)ZRhCIJZ was stirred together in 20 mL CHzclz for 0.5 h,
giving approximately 0.554 mmol [(CO)(COE)RhCl]z. A sample of 551.1 mg
(1.11 mmol) 21 was added and the reaction stirred for 1.5 h, whereupon
the solution was filtered through Celite and the solvent was removed in
vacuo. The crude solid was chromatographed on neutral alumina (12 x 2.5
cm) with CHZCIZ eluent, giving a yellow solid on removal of solvent.
This was taken up in CH2C12-hexane and cooled to =-30°C, giving yellow

crystals (539.5 mg, 69% yield) mp 149-151°C.

Characterization: IR (n-hexane) 2033 (m), 2019 (s) cm b (vgg)e MS

(210°C, 16 ev) M* (700, 1%), M'-co (1%), M*-COE (96%), M'-CO-COE

(100%). lH MR (CD,C1,, 200 MHz, ambient) & 6.45 (s, 3H), 4.31 (m, 2H),
2.23 (br, 9H), 2.04 (m, 2H), 1.7-1.2 (m, 10H). L'H NMR (-=95°C) & 6.46
(s, 2H), 6.40 (s, 1H), 4.16 (m, 2H), 2.41 (s, 3H), 2.06 (s, 6H), 1.95
(m, 2H), 1.7-1.2 (m, 10H). !9 MMR (CD,Cl,, ambient) & -60.40 (s).
Anal. Caled for C24H27BN60F9Rh: c, 41.17; H, 3.89; N, 12.00. Found:

c, 41.11; H, 3.90; N, 11.85.
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Attempted Preparation of 825(3-013-S-unra)zlh(60)(czB‘) (26)

A sample of 43.9 mg (0,113 mmol) [(CO)ZRh01]2 and 43.9 mg (0.113
mmol) [(czaa)znhc1]2 was taken up in 30 mL hexane, giving approximately
0,226 mmol [(CO)(Czﬂa)RhCIJZ. A gsample of 158.2 mg (0.452 mmol) 19a was
added and after stirring for 0.5 h, this yellow solution was filtered
through Celite. Attempted chromatography on neutral alumina resulted in

extensive decomposition.

Characterization: IR (n-hexane) 2032 cm~! (vgp)+ MS (150°C, 70 eV) ut

(470, 43), N'~CyH,/C0 (100%), N*~CH,~CO (44%). 'w MR (CD,CL,, 200
Miz, ambient) & 6.27 (s, 2H), 3.94 (d, 4H, 2yp, o ® 1.8 Hz), 2.3 (s,

6H).

Preparation of uzn(3-013-s-ucrz)znh(co)(coz) (27)

A sample of 64.3 mg (0.165 mmol) [(CO)ZRhCI]z and 118.7 mg (0.165
mmol) [(COE)ZRh01]2 vas stirred together in 25 mlL hexane for 0.5 h
giving approximately 0.33 mmol [(CO)(COE)RhCl]z. A sample of 231.1 mg
(0.66 mmol) 198 was added and the reaction was monitored by IR
spectroscopy. After 0.5 h, the reaction was almost complete. A
further 0.5 h stirring showed the appearance of 20s, so the solution was
filtered through Celite and concentrated to S mL. Cooling to -30°C gave
orange crystals. (218.4 mg, 60% yield). The mother liquor contained
both product 27 and more 20s, but they could not be separated. For 27,

op 149-151°C.

Characterization: IR (n-hexane) 2020 cm (vgg)+ MS (170°C, 16 eV) ut
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(552, 23), M*-co (1%), M*-COE (100%), M*-CO-COE (12%). 'H NMR (CD,Cl,,
200 MHgz, ambient) & 6.25 (s, 2H), 4.64 (m, 2H), 2.58 (m, 2H), 2.34 (s,
6H), 2.0-1.3 (m, 10H). !9F NMR (CD,Cl,, ambtent) & -59.62 (s, 3F),
-59.63 (s, 3F). Anal. Calcd for C19u263N4°F6Rh‘ C, 41,33; H, 4.38; N,

10.15. Found: C, 61047; H, 4053; N, 10,15,

Preparation of um(3-c73-5-uavz)3nb(czna)z (28)

To a solution of 70.5 mg (0.181 mmol) [(C,H,),RhCl], in 5 mL CH,Cl,
was added 181.0 mg (0,363 mmol) 21. After stirring for 3 h, this yellow
solution was filtered through Celite, and a concentrated CH2C12 solution
was chromatographed on neutral alumina (12 x 2.5 cm) with CH,Cl, eluent,
giving a yellow powder on removal of solvent. Yeliow crystals were
obtained by cooling a concentrated hexane solution to -78°C (60.5 mg,

27% yield) mp 117-119°C.

Characterization: MS (80°C, 16 eV) M™-C,H, (590, 62%), M'-2(C,H,)

(100%). UV (CH)Cl,) 417.3 (e = 925) mm (Amax). lu aMR (CD,CL,, 200
MHz, ambient) & 6.42 (s, 3H), 2.81 (d, 8H, %yp, _y = 1.8 Hz), 2.31 (s,
9H). !9 NMMR (CD,Cl,, ambient) & -59.87 (s). Ansl. Calcd for
C195213N6P9Rh: C, 36092; H, 3.42; N, 13.60. Found: C' 36085; H, 3.38;

N’ 13'&50

Preparstion of 33(3-673-5-!3P:)3Rh(con) (29)

To a solution of 165.0 mg (0.335 mmol) [(COD)RhCl]2 in 15 mL CH2012
was added 337.0 mg (0.676 mmol) 21 which was stirred for 2 h. The
solution was filtered through Celite and the solvent was removed in

vacuo. The resulting orange oil was chromatographed on neutral alumina
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(12 x 2.5 cm) with CHZClz eluent, and solvent was removed. The
resultant yellow oil was pumped in vacuo for two days, giving a yellow

solid (235.7 mg, 53% yield) mp 163-165°C.

Characterization: MS (180°C, 16 eV) ut (670, 100%), M+-COD (45%).

'H NMR (CD,Cl,, 200 MHz, ambient) 6 6.43 (s, 3H), 4,16 (br, 4H), 2.29
(s, 9H), 2,04 (br, 4H), 1.60 (m, 4H). 'H MR (~50°C) & 6.52 (s, lH),
6.40 (s, 2H), 4.30 (br, 2H), 3.81 (br, 2H), 2.43 (s, 6H), 2.35 (br, 2H)
1.92 (s, 3H), 1.80~1,30 (m, 6H). 'H NMR (~105°C) & 6.50 (s, LH), 6.39
(s, 1H), 6.35 (3, lH), 4.69 (br, 2H), 3.72 (br, 2H), 2.65 (br, 1H), 2.37
(br, 6H), 2.05 (br, 3H), 1.85 (br, 3H), 1.71-1.11 (m, 4H). Anal. Calecd
for CZ3H258N6F9Rh: C, 41.22; H, 3.76; N, 12.54. Pound: C, 41.22; H,

3080; N, 12.24.

Preparation of EB(3-093-5-uavz)3lh(allyl)z (30)

To a solution of 89.4 mg (0.203 mmol) [(allyl)ZRhCIJZ in 10 mL
CH,Cl, was added 202.3 mg (0.406 mmol) 21. After stirring for 4 h, this
yellow solution wvas filtered through Celite and solvent removed. A
concentrated hexane solution (10 mL) was cooled to -30°C, giving a

yellow powder (189.4 mg, 72% yield) mp 149-151°C.

Characterization: MS (170°C, 16 eV) Mt (644, 10%), M+-allyl (100%),

M*-2(allyl) (212). H MR (CD,C1,, 200 MHz, awbient) & 6.51 (s, 2H),
6.2 (s, 1H), 4.52 (m, 1H), 4,22 (m, 1H), 4.16 (m, 2H), 3.88 (d, 2H, J =
7.3 Hz), 3.19 (4, 2H, J = 12.0 Hz), 2.58 (s, 6H), 2.44 (s, 3H), 2.35 (4,
20, 1 =7 Hz). 9% MR (CD,C1,, ambient) & -57.06 (s, 3F), -58.34 (s,

6F)o Anal. Calcd for c21H23BN6F9Rh: C, 39.16; H, 3-60; N, 13.05.

Found: C, 39.21; H, 3.82; N, 13.00.
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Section 1
INT20DUCTION

The previous Chapter has dealt with the synthesis and
characterization of poly(pyrazolyl)borate rhodium complexes containing
the CF3 group on the pyrazole ring. This Chapter discusses reactions of
these complexes with comparisons being made throughout to |
(HBPz'3)Rh(CO)2, the complex utilized hy Ghosh.la'b The few studies of
pyrazolylborate complexes of rhodium prior to Ghosh's investigations
have focussed primarily on synthetic and structural aspects. Subsequent
chemistry of these complexes had not been well developed relative to the
cyclopentadienyl rhodium analogs.

This Chapter will present various ligand substitution reactions.z
specifically with carbon monoxide, tertiary phosphines and alkynea. The
reaction of tertiary phosphines with (HBPz¥,)Rh(CO), has been explored
by Ghosh, where the substitution of CO was found to ecscur, wiving a
monophosphine complex.la The analogous reaction was carried out with
the dicarbonyl 22, and with PMe,, both mono and bis(phosphine) complexes

are formed. These complexes are fluxional in solntion and exhibit

3 2

interesting NMR spectra which are thought to involve n2==sn and nknnan
equilibria.

With larger phosphines, such as PPh, and PCy,, only the
monophosphine complex is formed. The so~called low temperature
fluxional process alluded to by Ghoshla was found to have higher
activation barriers in these phosphine complexes than in the Pz%

system. For further insight into the hapticity of these complexes, a

number of analogous bis(pyrazolyl)borate complexes were prepared.
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There are no literature examples of pyrazolylborate rhodium alkyne
complexes. Two such complexes were prepared by the displacement of COE
in complex 25 by either 2-butyne or hexafluoro-2-butyne (HFB). These
two complexes were spectroscopically characterized and compared to known
olefin analogs.

A number of products are formed by the reaction of the dicarbonyl
22 with Me4NO in different solvents and conditions, giving substituted
carbonyl complexes with nitrogen—bhased ligands. These exhibit similar
fluxional NMR behaviour to that observed with the phosphine complexes.

The oxidative addition of "classic” reagents such as dihydrogen,
silanes and methyl iodide will be discussed to determine the feasibility
of C-H bond activation. C-H bond activatinn involving arenes and
alkanes will be presented, as well as an example of the less common
thermal or chemically assisted benzene activation. The first example of
Me1NO assiasted activation of benzene is presented, which takes advantage
of the relative electron-poor system used. Some kinetic aspects of the
benzene activation and reactions of the hydridophenyl rhodium complex
will be discussed, again with comparisons being made to analogous Pz¥

complexes.
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Section 2

PHOSPHINE ADDITION HUEACTIONS

The addition of one equivalent of PRy to (HBPz*3)Rh(CO)2 gives
complexes of the type (RBPz*3)Rh(CO)(PR3).18 By comparison of the IR
spectra to those of the bis(pyrazolyl)borate analogs, these complexes

2

appear to be n° in solution.

(n2-HBP23)RR(CO)(PRg)

However, the 1H NMR specita show a 2:1 ratio of pyrazole group
resonances at low temperature, instead of three unique groups as
predicted from symmetry; this was also observed with the corresponding
carbonyl-olefin complexes. When Ghosh used the phosphine PCy,, the room
temperature IH MMR gpectrum of the complex showed a 2:1 ratio of
pyrazole groups. On cooling to -80°C, the low temperature limiting
spectrum was observed, with a l:1:1 ratio of Pa% tesonances.3
It is thought that there are two separate processes at work: a
high temperature process (Figure &4~1b) which exchanges the bound and
free pyrazole groups and averages all the pyrazole groups; and a low
temperature process (Figure 4~la) which averages the two bound pyrazole
groups trang to different ligands in the four-coordinate sctuctute-la

This latter process is thought to proceed through a five-coordinate

trigonal bipyramidal intermediate, which would then give the 2:1 ratio
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of pyrazole resonances by averaging the two equatorial groups. As
pointed out by Ghosh.18 it is immaterial whether the phosphine is in the
axial or equatorial position, as both forms have aquivalent equatorial
pyrazole groups due to tne plane of symmetry in the intermediate (eq.

4'1)'

{a) Low temperature process

HooN B—N
/B. / /
~>< W N‘\N \T
N N .-CO — N W-..
~~Ap° Ah—CO
\\N, \Pna \~/ $R
J

(4-1)
(b) High temperature process
H
B~
AN
"7 *Z L e

|
"""-nn—co = ""mn—co == NM-m—co

| S L ” |
PRy Ay PR,

When a dilute solution of one equivalent of PMe, 1s added slowly
(dropwise) to a dilute solution of the dicarbonyl 22, two products are
observed by IR spectroscopy while starting material is still present.
These were identified as the anticipated Pz* analog
HB(3-CF3-S-MePz)3Rh(C0)(PMe3) (31) and the unexpected bis(phosphine)

complex HB(3-CF3-5-MePz)3Rh(CO)(PMe3)2 (32) (eq. 4-2).
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» PMe o
HB(3-CFyS-MePZIANCOl, .3 ,  HBI-CFyS-MeP2ANCONPMey),  (4-2)
Hexane
22 31 n=l

32 =2

Addition of another equivalent of PMe, reacts with 22 and 31 to
give exclusively 32. Apparently, 31 reacts more rapidly with PMe, than
does 22 giving a substantial amount of 32. Attempts to prepare a pure
sample of 31 from the carbonyl ethylene complex 24 also gave both
products.

Complex 31 can, however, be prepared pure by the reaction of

[(PMe3)(COIRRC1],* with 21 (eq. 4-3).

Hsc@' "

[CIRMCO)(PMey)l,
_toluane \~ V2 (4-3)
Y —asC (\X o
KIHB(3-CFy-5-MeP2),) QN‘/ nn(m
3
CFy
21 3

The IR spectrum of 31 in hexane shows a single veo band at 1996
cm'l, and the mass spectrum shcws the molecular ion Mt at m/e = 666.

The ly NMR spectrum at room temperature shows a 2:1 ratio of
pyrazole group resonances, with the 4-H protons at & 6.46 (s, 1K) and
6.37 (s, 2H) and the 5-Me groups at & 2.46 (s, 3H) and 2.12 (s, 6H).

The PMe, resonance appears as a doublet of doublets at & 1.17 (9, ZJP_H

19

= 10.4 Hz, 3JRh-H = 1.3 Hz)., The ““F NMR spectrum shows a doublet at
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-60.43 (6F, J = 2 Hz) and a singlet at =-60.69 (3F). The 2 Hz coupling
does not disappear on broadband proton decoupling. Also, the 31? NMR

spectrum shows a doublet at § 3.47 (IJRh-P * 152 Hz), with no smaller

coupling. This implies that the 2 Hz coupling in the lgF NMR spectrum
is aJRh-F’

The spectroscopic data is consistent with the n2 isomer as observed
for (HBPz'3)Rh(CO)(PMe3) at -40°c.l2 However, three nonequivalent
pyrazole groups should appear for 31 at low temperature. When the y
NMR spectrum was obtained at -90°C, the signal at & 2.12 was biroadened
to a width of ~ 1 ppm, but the anticipated low temperature limiting
spectrum was not realized.

Complex 32 can also be prepared by reacting Cth(CO)(BMe3)25 with

21 (eq. 4=4).

CIRN(CO)(PMa,) , |

. c;,.télz HB(3-CFy'8-MaPz)4RN(COXPMey), (4=4)
KIHB(3-CFy-5-MaPz),)
21 32

The IR spectrum of 32 in hexane shows a single vVeo band at 1978
cm'l, and the mass spectrum shows a m/e = 714 corresponding to M+-CO.
The complex 18 fluxional on the NMR timescale as the 1H NMR spectra at
room temperature shows a broad resonance for the 4-H protons and a broad
singlet for the 5-Me groups. The PMe3 groups appear as a virtual
triplet, with a broad central line as expected for an AA'X9X'9 spin

system.6 This portion is similar to the resonance reported for
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CLRh(CO)(PMe3),,* (and verified in this vork) and this pattern is
typical of a trans arrangement of the phosphine groups where ZJP-P is

4,7 The 31? NMR spectrum shows a single phosphorus resonance at

large.
8 -9.10 with typical rhodium coupling ('Jp, » = 116 Hz).}'® on cooling
the sample to -60°C, the 1H NMR spectrum shows a 2:1 ratio of pyrazole
group resonances as observed for 31. Further cooling at =-80°C caused
broadening of the peaks but no change in the spectrum.

At least two structures for 32 are possible based on the
spectroscopic data (eq. 4-5). By electron counting, 32 {s presumed to
be either a 18e five-coordinate complex if two of the three pyrazole
groups are bound (nz), or a lée four-coordinate complex, with a square

planar geometry, where only one pyrazole group is attached to rhodium

(n}) (eq. 4=5).

Hsc\( YCFS N
& Ol

PMe,
\ \ ¥ _CO
/[ —B-—H th cO = ¢u, >B/H An”

N-—N
c@ e F°°_<O/Lc Ak -
Hy CF, H 3

1-HB(3-CF4-5-M8P2)qRN(CO)(PMag);  n'-HB(3-CFy-5-MeP2)3Rn(CO)(PMey),

Either structure could account for the 2:1 ratio of pyrazole

resonances observed at -80°C, assuming the two free pyrazole groups in

1 structure are equivalent. Regarding the fluxional process, it is

3

the n
unlikely that 32 would go through a six-coordinate 20e n° intermediate,
so perhaps an n2;=§rﬂ mechanism is plausible. Such a process has not

been previously postulated with bis or tris(pyrazolyl)borate complexes,
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since prior to this work there were no known tris or tetrakis-
(pyrazolyl)borate RhLy complexes, where L {s a 2e donor ligand.

Further evidence concerning the hapticity of the
tris(pyrazolyl)borate ligand in 31 and 32 can be obtained by comparing
their IR spectra to those of the bis(pyrazolyl)borate analogs. Reaction
of HZB(3-CF3-5-MePz)2Rh(CO)2 208 with one equivalent of PMe, proceeds in
a similar manner as with 22, giving two products identified as
828(3-CF3-5-MeP2)2Rh(CO)(PMe3) (33) and 328(3-CF3-5-MePz)2Rh(CO)(PMe3)2
(34) (eq. 4=6). Addition of another equivalent of PMe, gives

exclusively 34,

PMe
HBQ-CFyS-MIPOANCOl,  —— 2, W BR-CFy5-MePL,RNCOKPMeg),  (4o¢)
Hexane :
208 33 s}

34 n=2

Complex 33 can be prepared pure in the same manner as 31, by

reacting the dimer [(PHe3)(C0)RhC1]24 with 198 (eq. 4~7).

*bc~\«ffj7;'CFb
[CIAN(CO) (PMe,)),

N
CH,CYy s N 0 (4=7)
+ e Hza\ /Rh\
KIHoB(3-CFy-S-MePz),] %isl PMe,
Hsc’()\ CF,
19 i3

The IR spectrum of 33 in hexane has a Vo band at 1996 cn”!, identical
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to the value for 31, which suggests that 31 is nz in solution. The 'H
NMR spectrum of 33 ghows two 4-H protons at § 6.24 (s, 1H) and 6.23 (s,
l1H) and the 5-Me groups at 6 2.33 (s, 3H) and 2.32 (s, 3H) as
expected. The PMe, resonance is similar to that In 31. The 19? NMR
spectrum exhibits one resonance as a singlet at & -60.40, while the
other is a doublet at & -59.35 (SJP-F = 4,6 Hz). The assignment of the
coupling was confirmed by examining the 31? NMR spectrum. One observes
a doublet of quartets at 6 6.78, with the larger doublet coupled to
rhodium (IJRh-P = 151 Hz), while the smaller quartets have couplings of
4.6 Hz. This coupling is similar to the F-C counling of a CO and a CFq
group in complex 20b discussed in Chapter III.

The addition of one equivalent of PMey to 33 cleanly gives 34.

When a hexane solution of 33 {s purged with CO, the IR spectrum shows

the appearance of dicarbonyl 208 and the bis(phosphine) complex 34. The

following scheme is proposed to account for this reaction'(eq. 4-8).

\B/H
N7 O
New |
.o -PMe,
H y \ > Rh—PMe, R _H
>B/H haxane N’é N\/B
N?
4 - o - NN-. ..CO
N N"“nn"'co \N SR
N \PM% co
20s
33 \
PM \ (=8
7
N 7”93
\,N th —CO
PMQS

34
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The five-coordinate dicarbonyl phosphine intermediate is not
unreasonable, and loss of PMe, would give dicarbonyl 20a. The free PMe,
would react with 33, giving complex 34.

For complex 34, the IR spectrum in hexane shows the Vgo band at
1972 cm'l, which is 6 cm ! lower than for 32. This suggests that the
hapticity of the pyrazolylborate ligands in 32 and 34 is the same. At
room temperature, the ly om spectrum shows the 4~H protons at & 6.28
(s, 2H) and the 5-Me groups at & 2.20 (s, 6H), as well as the typical
virtual triplet for trans PMe3 groups. On cooling the sample to -90°C,
one observes two different pyrazole groups, with the 4-H protons at &
6.36 (br, lH) and 6.13 (br, lH), while the S5-Me groups are at & 2,30 (s,
3H) and 1.91 (8, 3H). The PHe3 groups are a brecad singlet at 8 l.l4
(18H). This suggests that there is some fluxional process at room
temperature which averages both pyrazole groups. The spectral evidence
does not rule out a nz five-coordinate to a nl four-coordinate exchange
process (eq. 4-9), and the low temperature NMR spectrum suggests that

1

the n~ isomer is present.

/ \\\>' v
Sn” | & R N=N" ) (4-9)
PMes Q) Wi
H MCF S CFy
3 3 3

n°-H,B(3-CF3-5-MePz),Rh(CO)(PMez),  1'-H,B(3-CF4-5-MePz),Rh(CO)(PMes),

A structure based on a unidentate bis(pyrazolyl)borate cannot be

ruled out. This has been recently demonstrated with the related acac
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ligand. Addition of one eguivalent of P(i-Pr)3 to (acac)Rh(CO)z gives
the expected (acac)Rh(CO)(P(i-Pr)4) complex, but addition of another
equivalent of P(i-Pr)3 gives (nl-acac)nh(CO)(P(i-Pr)3)2. a square planar
rhodium complex with a unidentate acac group and a trans phosphine

arrangement (eq. 4-10).9

. €% pR 0 PR R 0

- - 3 .o 'vc 3P\. 'vc
N, ——— - —_—3 : 4~10
2/3’“ Co Et,0 g’“ ""PRS Eta0 "\ma ( )

(R=i-Pr)

Although the latter complex was crystallographically characterized,
the authors found that it was unstable {n solution, losing P(i-Pr), and
forming (acac)Rh(CO)(P(i-Pt)3). Similarly, both bis(phosphine)
complexes 32 and 34 were found to be unstable in solution, as one
observes free PMey and 31 and 33 respectively in the NMR and IR spectra
cver a few hours. To summarize, the spectral evidence suggests that in
both bis(phosphine) complexes 32 and 34 the ground state structure has a
nl tris and bis(pyrazolyl)borate ligand respectively,

The reaction of larger tertiary phosphines such as PPh3 or PCy,
with 22 gives exclusively HB(3-CF3-5-HePz)3Rh(C0)(PPh3) (35) or

HB(3-CF3-5-MePz)3Rh(CO)(PCy3) (36) respectively (eq. 4-11).
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HB(3-CFy-5-MaP2)4RN(CO), .ﬂi_. HB(3-CFy-5-MaP2)4AN(COXPR,) (4-11)
Hexane
22 35 RePh
36 R=Cy

The IR vo, bands in hexane are at 2004 cm™! for 35 and 1989 cm™!
for 36. For 3§, the resonances of the pyrazole groups in the 1H and 19?
NMR spectra a: room temperature appear in a 2:1 ratio, but are broad.
Cooling the sample to -60°C showed a 1l:1:1 ratio of pyrazole group
resonances, which sharpened further at -80°C. For 36, the resonances of
the pyrazole groups in the IH and 19F NMR spectra at room temperature
appear in & 1:1:1 ratio, with two of the three signals broad. Cooling
the sample to -10°C results in the low-temperature limit. Based on the
spectral data, hoth 35 and 36 :ve formulated as l6e square planar
complexes, analogous to complex 31 (eq. 4-3) and those phosphine
complexes prepared by Ghosh.l3

The barriers to both the high~ and low-temperature processes are
higher in complexes 31, 35 and 36 than in the (HBPz*3)Rh(CO)(PR3)
analogs-18 As previously mentioned, for the Pz* analog with PR3'PMe3,
the room temperature 1H NMR spectrum shows three equivalent Pz* rings,
and only on cooling to =40°C is the splitting of the signals in a 2:1
ratio observed. For PR4=PPh,, one has to go to ~105°C to obtain the
same 2:1 pattern. For PR3-PCy3, the room temperature spectrum shows a
2:1 ratio, with the low-temperature limiting spectrum observed at
-80°C. These differences could be steric in nature, since the HB(3-CF4~

S-HePz)3 ligand is bulkier than the HBPz*; ligand.
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The bis(pyrazolyl)borate complex 528(3-CF3-5-NePz)2Rh(CO)(PPh3)
(37) is prepared in the same manner as 35, with the IR veo band in
hexane at 2005 cm'l, suggesting that 35 is also nz in solution. The 1“
NMR spectrum shows two different pyrazole groups as found for the PMe 4
complex 33. As well, one CFy group in the 19 wr spectrum {s a doublet
coupled to phosphorus, while the 31? NMR spectrum shows a doublet of
quartets, as observed for 33, Table 4.1 lists the IR Vco bands for
several Rh(I) complexes in this and the previous Chapter where the Pz*
analog is known. One finds that the IR Veo bands for the Pz* analogs
have values that are 19-45 cm™! lower than their trifluoromethyl
analogs.

Addition of one equivalent PPhy to 31 gives a mixed bis(phosphine)
derivative HB(3-CF3-5-MePz)3Rh(CO)(PMe3)(PPh3) (38) (eq. 4-12).

PPh f
Ha(a-cr,-s-mmanmcoupma) __.__’_. H(a-cr,-s-unm),amcoxPma)(l»ms) (4-12)
Hexane

k) 38

)The IR spectrum shows a single Veo band at 1983 ¢:m'1 and the 1y and
19? NMR spectra at room temperature show three nonequivalent pyrazole
groups. The PHe3 resonance at & 1.38 now shows additional coupling to
the second phosphine (ddd, 2JP_H = 9,9 Hz, 4JP_H = 1,8 Hz and 3J§h-H =
1.3 Hz). The 31P NMR spectrum shows two resonances, both as doublet of
doublets with the large P-P coupling (2J,_p = 316 Hz) indicative of a
trans geometty.7’1° As with complex 32, the tris(pyrazolyl)borate

ligand could be bound in an nz or nl manner. The spectral data is
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{nconsistent with the 18e structure as there are three inequivalent
pyrazole groups instead of the 2:1 ratio observed with 32.

Inspection of a Prentice-Hall (PH) molecular model of the nl form
of 38 shows a sterically crowded metal center. This would present a
large barrier to B~N bond rotation about the coordinated pyrazole, and
the two free pyrazoles are fixed in different environments. Based on
the related bis(phosphine) complexes 32 and 34, complex 38 {s thought to

1

have the n* structure below.

CF,

N
@',‘\B/” p%" _co
M S "\
re~<QOL ‘@‘w Phy
Hy 19 ’

n'-HB(3-CFy-5-MaPz)4Rh(CO)(PMeyPPh,)

Attempts to prepare the bis(pyrazolyl)horate analog of 38 yields
interesting results. One equivalent of PPhy was added to 33 in hexane,
giving an immediate reaction and a single IR Veo band at 1980 cu:"1 which
corresponds to HyB(3-CP4-5-MePz),Rh(CO)(PMey){(PPhy) (39). The 14 mr
spectrum was complex, with several species present in solution. When
the IR spectrum was subsequently rerun, additional bands had appeared at
2005, 1996 and 1972 cm'l, due to the complexes 33, 37 and 34
respectively. This could be a disproportionation reaction similar to

that observed with complexes of the type CIRh(CO) (PPh4)(L) (eq. 4-13).11



169

CIRN(COXPPhg. — . CIRR(CO)PPhg)y + CIRR(COML,  (4-13)

However, as observed with the bis(phosphine) complexes 32 and 34,
which lose one mole of PMe3 readily in solution, the loes of PMe3 or
PPhy from 39 would give rise to 33 and 37 respectively, with free PMe,
reacting with 33 to give complex 34 (eq. 4-14),

HaBR-CPy - MaPtl AINCONPMayPPRy) %8 H,Bi-Co b MaPryANCO) PPy

PPRy L 39 ¥ (4-14)
HBI-CPy 8-MaPLIAN(CO) (PMay) ._;'._:_:T, H,B(3-CFy8-MaPr), AN(CONPMay)y
13 34

The complex 523(3-CF3-S-M3P2)2Rh(C0)(PPh3)2 is unlikely to form, as
the reaction of 20s with excess PPh, gave only the monophosphine complex
37. Although 39 could not be obtained pure, the similar IR vgp bands of
38 (1983 cn~l) and 39 (1980 cm™}) suggest that both contain n' tris and

bis(pyrazolyl)borate ligands respectively.
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Section 3
OTHER LIGAND SUBSTITUTION RRACTIONS

CO Reactions

As discussed in Chapter 1I, CO substitution or exchange reactions
with Rh(1l) and Ir(l) square planar complexes are known to be rapid,
involving an associative mechanism. The tris(pyrazolyl)horate rhodium
complexes discussed i{n the previous chapter are postulated to be either

2 and 1’ forms, HB(3~CP,-5-MePz),RR(C0), 22 and

equilibrium mixtures of n
HB(3-CF;~5-MePz);Rh(COV(COE) (25), or entirely n2, HB(3~CPq=5-
MePz)3Rh(CO)(CoH,) 24 and HB(3~CFy~5-MePz)4Rh(COD) (29). For the
bis(ethylene) complex BB(S-CF3-5-MePz)3Rh(CZH6)2 28 there 18 no
indication of the hapticity by either IR or NMR spectroscopy, whereas
for HB(3-CF3-5-MePz)3Rh(allyl)2 30, by analogy to CpRh(allyl)z and

3 18e RN(III) complex. The

(HBPz¥4)Rh(allyl), it appears to be an n
relative eage of the displacement reaction with carhon monoxide may then
be an indication of the hapticity of the vris(pyrazolyl)borate ligand
and vhether the complex is or is not coordinatively unsaturated.

Hexane solutions of the olefin complexes 24-29 all react rapidly
with one atmosphere of co resulting in complete conver:. .. to the parvent
dicarbonyl 22 in five minutes. These fast CO reactions suggest an
agsoclative pathway with a l6e Rh(I) square planar species.

In contrast, the reaction of HB(3-~CFPy-5-MePz)sRh(allyl), 30 with CO
is relatively slow. When the reaction of 30 with one atmosphere CO in
CHZCI2 is monitored by IR spectroscopy, a single IR v, band at 2070

1

cm © appears initially. Further reaction causes this intermediate (30e)

to disappear, with the appearance of the dicarbonyl 22 after 18 hours.



The reaction can also be monitored by ly NMR spectroscopy. A solution
of 30 in CD2C12 was kept under one atmotphere CO for 16 hours.
Resonances due to 22 and 1l,5-hexadiene were present. The reaction of
[(allyl)ZRhCI]2 with CO in benzene was rapid, with the formation of
[(CO)ZRhCllz and I,S-hexadiene.lz

At shorter reacticn times (four or eight hours), one observes an
intermediate present in the 1H NMR gpectrum with a 2:1 ratio ¢f pyrazole
l

group resonances and two n- allyl groups. This is consistent with 30a

which is present in the pathway below (eq. 4-15).

FsC o)~ CF -
3 4J g k§ 3 (4-15)
cy \o
CH,Cly

N H
MG CHy
'hE)va’é‘\.T(;ns 30a ()Tof’é‘\nT()
N ' N
Fy N>“:"‘{N Fy Fy ”\R‘"<N Fy
Ky &, %
o AN

The IR band of 30a (2070 cm™!) is consistent with a Rh(III) dialkyl
species. For example, Ghosh found that for (HBPz*a)Rh(CO)(He)z.'the IR
Vgo band in hexane was at 2032 enl.l2 The IR vco band for 30s is then
about 38 cm'1 higher than the dimethyl Pz* compound, which is.consistent

with other Rh(III) analogs presented in Section 5.

171



172
Complex 30a does not appear to be isolable. On removing solvent
and redissolving in CHyCl,, the IR Vo band disappears, so perhaps 30a
loses CO to give 30. Unlike other olefin displacements by CO, the above
reaction is quite slow. There is also further evidence that 30 is a
coordinatively saturated 18e Rh(III) species and that exchange occurs

%===n1 allyl group exchange, or via an n3;==n2 pyrazolyl

only via an n
group exchange. Bergman postulates an n%::inl mechanism operative in an
iridium aikyl hydride complex,ua and such a mechanism is also

congistent with some kinetic results of CO and phosphine substitution in

various systems.l3P»C

1300 Exchange Reactions

As demonstrated with HB(3-PhPz)3Rh(C0), 1, the exchange of !3co
with 22 is very rapid in hexane solution (complete in five minutes) with
IR Voo bands at 2053 (s), 2041 (s), 1994 (s), 1979 (s) cm'l for HB(3-
CF3-5-MePz)3Rh(13CO)2 22-13,13. Even though the n3 form {8 the major
isomer of 22 in solution by IR spectroscopy, the n%advp process
facilitates 1300 exchange, although the 1300 exchange 18 thought to take
place via the nz isomer only. On the other hand, as found for 1, the
so-called intermolecular exchange is slow. When equimolar amounts of 22
and 22-13,13 are stirred together in hexane a statistical equilibrium is
reached only after several days, with appearance of

HB(3-CP3-5-MePz) 3Rh(12c0) (13c0) 22-12,13.

Alkyne Reactions
Although pyrazolylborate rhodium olefin complexes are abundant,

there are no reported examples of alkyne analogs. Clark prepared a
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serles of five coordinate Pt(II) alkyne complexes of the type
(HBPz3)Pt(Mn)(alkyne),14 and postulated that the alkyne was bound

2 fashion. It was of interest to determine whether stable

in an n
pyrazolylborate rhodium alkyne complexes could be prepared, and {f so
to study their structure and reactivity.

Cis-cyclooctene is a labile ligand that can be easily displaced by
stronger donor groupsols A hexane solution of
HB(3-CF3-5-MePz)3Rh(CO)(COE) 25 vas found to react with 2-butyne or
hexafluoro-2-butyne (HFB) resulting in complete conversion to give
HB(3-CFPy-5-MePz)4Rh(CO)(MeCSCMe) (40) and
HB(3-CF3-5-MePz)3Rh(CO)(CF3CECCF3) {41) respectively in less than an

hour (eq. 4=16).

R,CC=CCR
HB(3-CF-5-MePz);AN(CONCOE) 3 HB(3-CFy-5-MaPz)qRR(COXR,CCECCR,) (4-16)
Hexane
25 40 ReH

&1 ReF

Complex 40 appears to be a mixture of nz and n3 forms ft&m the IR
spectrum in hexane with v, bands at 2040 (s), 2022 (w) cel. The
complex is fluxional on the ly NMR timescale, as the room temperature
spectrum shows broad resonances corresponding to a 2:1 ratio of the
pyrazole groups. The 2-butyne resonance appears as a broad singlet at &
2.05. On cooling the sample to ~95°C, all the resonances sharpen up.

Hovever, as observed with the olefin complexes in Chapter III, no low
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temperature limiting spectrum is obtained. From the above spectral data
the low temperature form could be either the nz or n3 isomer.

For complex 41 in hexane, there is a strong IR vVeo band at 2086
cm'l, with a weak band at 1897 cm”} (vez¢)+ The band position of the
terminal carbonyl is in the region of a Rh(III) complex, as discussed
above for the 30s. The lH WMR Spectrum at room temperature shows a 2:1
ratio of pyrazole group resonances, which is un~hanged at =95°C. The
19? NMR spectrum shows that all the CF3 groups on the pyrazole rings are
coupled to those on HFB. The two equivalent CFy groups are quartets
coupled to one CFy group of HFB, while the unique pyrazole CF3 is a
septet coupled to both HFB CP; groups. This latter coupling suggests

that the tris(pyrazolyl)borate ligand is bound in an n3 manner,

Postulated structure for 41

For toth complexes, the two limiting canonical forms of the alkyne
linkage may resemble a Rh(I) n2 alkyne or a Rh(III) metallacyclopropene

complex (eq. 4-17).28




L75

Rh(l)*ﬁ:l RA(ITT) ” (4-17)
N C_

As ig well recognized,za (p. 42) complexes containing an alkyne
which is a sufficiently good acceptor (such as HFB) can be described as
a metallacyclopropene. From the spectroscopic evidence, a Rh(I) alkyne
complex seems reasonable for 40, while 41 is more like a Rh(I1X)
metallacyclopropene complex. It 1s also intereasting to point out that
the reaction of 40 with.one atmosphere CO in hexane is fast, with
complete conversion to dicarbonyl 22 in five minutes, while the

analogous reaction with &1 is complete only after several hours.

Reactions of EB(3-CI3-5-HaPz)3Rh(CO)2 (22) vith Trimethylamine N-oxide
A method for replacing a CO group by another ligand 1a by using
trimethylamine N-oxide (Me3NO). This reagent works well for CO groups
with high terminal stretching frequencies, generally above 2000
cn~l,16 The nucleophilic oxygen of Me,NO attacks the relatively
electropositive carbo;yl carbon, giving carbon dioxide and a
trimethylamine complex, which can be replaced by a stronger donor
ligand.,
When one equivalent of Me3NO i3 added to a solution of 22 in CH3CN,

an immediate reaction takes place with gas evolution. The acetonitrile
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complex HB(3-CF3-S-MePz)3Rh(CO)(MeCN) (42) is formed in good yield (eq.

4' 1 8 ) .
Me,NO
HBI(3-CFy-5-MePz),RN(CO), e HB(3-CF-5-M6P2);Rh(CO) (CH,CN) (4-18)
3
22 42

The IR spectrum in hexane shows a Veo band at 2014 cm'l, and a
CHyCl, or CH4CN solution shows a weak vey band at 2338 and 2339 et
respectively, with the strong Voo band at 2004 and 2005 <:tn'1
respectively. The acetonitrile group can potentially bind in an end-on
or side-on manner. The high Ve band in the vicinity of free CH3CN is
consistent with an end-on bound acetonitrile gtoup,17° as a side-on
bound nitrile would have a vcy band several hundred cn”! lower. A
number of rhodium and iridium side-on bound aryl nitrile complexes were
recently tepotted.ub

The mass spectrum of &2 showed the molecular ion M’ at m/e = 631,
with loss of CO and MeCN. The complex is also fluxional on the lj NMR
timescale, with a single pyrazole group resonance at room temperature,
and on cooling the sample to -90°C, one observes a 2:1 ratio of pyrazole
group regonances. As with the phosphine complexes, one would expect to
observe a l:1:1 ratio of pyrazole signals based on the symmetry of the
n2 form, but again the activation barrier must be quite low. The
coordinated acetonitrile group is a singlet at & 2.51, which 1s similar
to other known end-on acetonitrile rhodium complexes.uc

When the addition of one equivalent of Me,NO to 22 is carried out
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in CHZCIZ, two vpq bands appear {n the IR spectrum at 1987 and 1982
cm'l,f§ht about half of the starting material still remains. The Iy NMR
spectrum shows three compounds present. There is still 45% starting
dicarbonyl 22, 39% of what is identified to be
HB(3-CF4-5-MePz),Rh(CO)(NMe,) (44), and 16% of
HB(3-CF3-5-MePz)3Rh(CO)(ONMe3) (63) (eq. 4-19).

HB(3-CFy-5-MaP2),AN(COXNMe,)

Me,NO
HB(3-CFy-5-MeP2),AN(CO), + L 1] (4-19)
CH,Cl,
HB(3-CFy-8-MePz),RN(CON Me,NO)
22 43

Upon addition of a second equivalent of Me4NO, only complex'43
remains., In hexane, the IR spectrum of 43 shows a Veo band at 1982
cm'l, and the MS shows the molecular ion M' at m/e = 665. The lg MR
spectrum shows a 2:1 ratio of pyrazole groups at room temperature, with
the Me3NO group at & 2.72 (s, 9H). On cooling the sample to -100°C, one
now observes three well separated 5-Me resonances, as found with the
phosphine complexes 35 and 36.

The product then is postulated to have an oxygen bound

trimethylamine N-oxide group to rhodium. There are a few examples of

18

other aliphatic amine oxides coordinated to a transition metal. When

the reaction of a rhenium carbonyl complex with Me4NO was carried out in
the CH2C12 solvent, Brown had evidence for 2 NMe3 complex, and the NMe3

ligand is displaced with more ONMey (eq. 6-—20).188
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N o M, s o Phs
(CO)R o), —3 ol RE— MeNO 4=20
\RE——Raco), e W€ aca, g (€Ol RE—PRacal, (4-20)
\

This reaction sequence reported by Brown and covorkers 1is very
similar to the one postulated below (eq. 4-21). In a 1H NMR experiment,
one equivalent of 22 was taken up in 002012 and two equivalents of Me3NO
were added. Vigorous gas evolution was noted, and the 13 NMR spectrum
showed the product 43 and one equivalent of free NMe, at & 2.21 (s, 9H).

Slow dropwise addition of a CHZCIZ solution of one equivalent of
Me4NO to a CHyCl, solution of 22 saturated with NMe, results in
formation of the NMe; complex HB(3-CF3-S-MePz)3Rh(CO)(NMe3) 44. The IR
spectrum at room temperature shows a 2:1 ratio of pyrazole group
resonances, with the NMe, group at & 2.27 (d, 9H, 3JRh-H = 1.1 Hz), On
cooling the sample to -60°C, the spectrum shows three different pyrazole
groups, as observed with complex 43 at -100°C. The following scheme is
proposed to account for the formation of 43 and 44 from the dicarbonyl

22 (eq. 4-21).
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Me NO
WBI3-CFy-8-MaP2),AN(COl, ——,  HBI3-CFy:5-MaPa) RNICONNMay)

CH,Cl, (4=21)
Me,NO | CH.CI
22 3 t | &
43

Brown mentions that based on IR data, Me3NO is a good donor
ligand.w8 This is also observed in 43, as the Voo band is lover {n
frequency than for the PMe3 31 or MeCN 42 complexes. Also, the rate of
CO substitution of complexes 43 and &4 is quite different. The reaction
of CO with a hexane solution of 44 is instantaneous, resulting in
complete conversion to the dicarbonyl 22. On the other hand, the

analogous CO reaction with 43 requires two hours for completion.
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Section &
ACTIVATION OF H-H AND Si-H RONDS

The activation of H-H and Si-H bonds by transition metal complexes
can be thought of as model reactions in the study of C-H bond

activation.l9

Activation of B-R
The activation of dihydrogen with (HBPz*3)Rh(CO)2 gave

(HBPz*3)Rh(C0)(H)(H), as demonstrated by Ghosh.1 When a cyclohexane
solution of 22 was {rradiated with a dihydrogen purge for 20 minutes,
the dihydride HB(3-CF3-5-HePz)3Rh(CO)(H)(H) (4S) vas formed, with no

evidence of cyclohexane activation (eq. 4-22),

Hj

H
B CH,
7 N (4=22)
hv, Hy purge N 'i’ N
HB(3-CF3-5-MePz)3Rh(CO), | & ]
N\ L N
A CFy
o° ‘ H
H

—_——
'
O Fa o'n >

(compiete in 20 min)

22 45

The IR spectrum in hexane showed a weak band at 2110 cm-l (VRh-H)
and a strong band at 2077 c:m'1 (vco)- The 1H NMR spectrum showed the
two sets of pyrazole resonances in a 2:1 ratio, as well as the high
fleld hydride at & -14.22 (d, 2H, Ly, _, = 18.8 Hz).

The 19? NMR spectrum shows the expected two resonances of CF3
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groups in a 2:1 ratio. The two CFy groups trans to the hydride ligands

appear as a doublet at & -60,90 (aJRh-F w 1.5 Hz, 6F), while the
remaining CF; group appears as a doublet at § <61,52 (4JRh-F = 3,0 Hz,
3F). Broadband proton decoupling does not change the spectrum, so these
couplings of the CF3 groups are to the rhodium center. It is formally a
four bond coupling which was also observed in the phosphine complex 31.
The reaction of diazomethane with (HBPz*3)Rh(C0)(H)(H) gave the
dimethyl complex (RBPz*3)Rh(CO)(Me)(Me).la When the same reaction vas
carried out with 45 no product could be isolated. The reaction is
presumed to proceed through a methyl hydride i{ntermediate, which is
thought to be thermally unstable at room temperature in the CPqy,MePz

system. This will be discussed further in the next Section.

Activation of Silanes

Irradiation of a cyclohexane solution of 22 containing excess
trichlorosilane or trimethylsilane for 10 minutes resulted in the
formation of HB(3-CF3-5-MePz)3Rh(CO)(H)(SiCl3) (46) and
HB(3-CF3-5-MePz)3Rh(CO)(H)(SiMe3) (47) respectively as colorless

crystalline solids (eq. 4-23).
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1
H3 H
B 3
|
&N
hv, HSIR N
HB(3-CF3-5-MePZ);RN(CO)y —0— 3, S (4-23)
F3 ‘,R'L‘ Fs
o€ ‘ H
SiRy
(complete in 10 min)
R =Cl, Me
22 46 ReCl
47 ReMe

Both complexes Qte air-sensitive in the solid state, but were
completely characterized by analytical and spectroscopic methods. 1In
the IR spectrum, 46 exhibited a weak band at 2160 cm~! (VRh-H) and a
strong band at 2099 cm'1 (vco), while the corresponding bands for 47
were at 2155 (w) and 2055 (s) em! regpectively. For complex 46, the ly
and 19F NMR spectra show three different pyrazole resonances, as
expected from the proposed octahedral structure.

The high field hydride resonance at § =13.52 appears as a doublet
of quartets (IH, 'Jp . = 14.9 Hz, SJpy = 3.5 Hz). From the !9 mm
spectrus, two of the resonances are singlets at & =57.44 and -60.84,
while the third is a doublet of doublets at & =57.30 (aJRh-F = 2,0 Hz,
SJp_y = 3.5 Hz). The coupling in the latter vas assigned by the 9r({lu)
spectrum, which now only showed a doublet (43Rh-F = 2.0 Hz).

It was found that in CHZCI2 solution complex &7 rapidly converts to

the dihydride 45, so the 1H NMR spectrum was run in cyclohexane-dlzc
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The 4-H and 5-Me protons both appear as singlets, so the chemical shifts
of the three pyrazole groups are very close. The high field hydride
appears at § -15.21 (d, 1H, lyp,_y » 20.1 Hz). Both 46 and 47 can be
formed at room temperature by reaction of 25 in hexane with H81c13 and
HSiMe, respectively, which displaces COE. Both &6 and 47 do not react
with the free COE, but rapidly react with CO in hexane to give the
parent dicarbonyl 22.

Common types of oxidative reactions are presented in a recent
organometallic textbook by Crabcree.zb The oxidative addition reactions
of a substrate X-Y with square planar d® 16e Rh(I) and Ir(I) complexes
is well knowm, giving Rh(III) or Ir(III) 18e octakedral complexes (eq.
4-24a).2 The analogous oxidative addition to an 18e complex must be

accompanied by loss of a 2e ligand to give a M(III) 18e complex (eq.

4'24b)0
M o+ =Y e, X=WI)-y (4=24a)
16 e 186

L=MD)  +  X=Yy . X=MII}-y + L - (4-24D)
180 180

L=MID) + X-Y . X=MIIl)=y <+ L (4=24¢)

160 16e
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The oxidative addition of a molecule X~Y to a lée square planar
complex with loss of a ligand is extremely rare, as the product would be
a l6e Rh(III) or Ir(III) complex (eq. 4~24c).

However, the oxidative addition of Me,5iH to complex 20a has been
demonstrated (eq. 4-25), with loss of a CO group. Irradiation of a
cyclohexane solution of 20s with a Me381H purge for 10 minutes results

in complete conversion to 48.

H2B(3-CF3-5-MaPz),Rh(CO), Mﬂ” H,B(3-CFy-5-MaPz),RN(CON(SiMe,) (H)  (4=25)

20s (compilate in 10 min) 48

The product 48 is unstable in solution, with 20w reappearing. If
the solvent is immediately removed, 48 is isolated as an unstable tan
oil. The IR in hexane shows a weak broad band at 2120 cm ! (Vgp-y) and
a strong band at 2050 cm'l (vco)o The latter value compares well with
the more stable tris(pyrazolyl)borate analog 47 (vco = 2055 cm"l).

The H and 19F NMR spectra show two different pyrazole groups, with
the SiMe, groups appearing at 5 0.46 (s, 9H) and the high field hydride
at 6 -13.80 (d, 1H, 1JRh_H = 26,7 Hz). The large Rh-H coupling suggests
that this is a genuine Rh(III)(H)(SiMe3) complex and not a Rh(I)(nz-
HSiMe3) l16e complex.

As 48 {s five-coordinate, it can have a trigoncl bipyramidal (TBP)
or square pyramidal structure. Assuming the more common TBP geome % ry,
both pyrazolyl groups cannot be in the equatorial plane, as they would
be equivalent by symmetry. Also, the ideal bite angle for the

bis(pyrazolyl)borate ligand is closer to 90° rather than 120°. The
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oxidative addition of silanes usually occurs in a cis manner and {n TBP
 ;géomgtt1os, the more sterically demanding group occupies the equatorial

\ ‘J
-position, so 48 is postulated to have the following structure.

Postulated structure for 48

Due to the instability of 48, a mass spectrum or a good elemental
analysis could not be obtained. However, the spectroscopic data
strongly supports the formularion. Complex 48 can also be prepared by
reacting Me3SiH with a hexane solution of 27. However, on removing
solvent, the more volatile Me3SiH i3 removed first, leaving the less
volatile COE in solution. Unlike complex 47, 48 rapidly reacts with
added COE to regenerate 27. In a IH NMR experiment, reaction of 27 with
a slight excess of Me3SiH in CD2612 gives 48 and free COE. As expected,
48 reacts instantaneously with CO in hexane solution. Also, addition of
other donor ligands in order to stabilize the l6e complex resulted in
reductive elimination of Me;SiH. Other silanes react in a similar
manner to Me3SiH, but the products were less stable. No photochemical
or thermal reaction of 208 or 27 with dihydrogen was observed.

Tris(pyrazolyl)borate rhodium complexes have been shown to
oxidatively add a wide variety of C-H bonds, but this has not been

demonstrated with the l6e bis(pyrazolyl)borate or acac Rh(I)
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complexes. Under similar photolytic conditions as previously employed,
no C-H activation occurred with (HZBPz*Z)Rh(CO)23 or (aéac)Rh(CO)z,zoa
the rationale being that the products would be unstable Rh{iII) l6e

species.
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Section S

C-H ACTIVATION STUDIES

Activation of Benzene

Irradiation of a benzene solution of the aicatbonyl
HB(3-CF3-5-MePz)3Rh(CO)2 22 with a nitrogen gas purge results in
formation of the phenyl hydride complex HB(3-CF3-5-HePz)3Rh(CO)(H)(Ph)
49 (eq. 4~26). However, 90 minutes of photolysis is required for

complete conversion and the yield is low.
T
Hy B Hy
[]

R
N
hv, Ng purge Ngo ' 4N (4-26)

Rh
F Lol s F

(complete in 80 min)

HB(3-CF ,-5-MePz),Rh(CO),

22 49

The photolysis of HB(3-CF3-5-MePz)3Rh(CO)(Czﬂa) 24 in benzene also
results in formation of 49, with the reaction complete in 20 minutes

(eq. 4-=27).

/%0 hv, Ny purge <0
HB(3-CFy-5-MaPz)y AN CH, —_ HB(3-CFy-5-MaPz); ANH (4=27)

H,C @ CeHg

(compiate in 20 min)

24 49
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There 18 no evidence of an ethyl phenyl complex, which was observed

when (HBFz*3)Rh(CO)(C2H4) was photolysed in benzene (eq. 4-28).]""'d

/,CC)
(HBPz3)Rh—H (~50%)
\ .
Ph
/CO hy J (4=28)
(v-cr-'z:;)tahy'_.".‘2 +
H,C @ /CO
(HBPzé)Rh—CH.‘,CHs (~50%)
\ \Ph

Complex 49 can be isolated as an air-sensitive off-white powder.
The IR spectrum in benzene shows the product at 2145 (v) em™! (vap-n)
and 2077 (s) et (VCO)' The analogous IR spectrum of 49 in hexane
shows the product at 2145 (w) ctn'1 (VRh-H) and 2083 (s) em™! (vco).
There 1s also present another band at 2067 cm~! (m), which is thought to
be the hexyl hydride. This point will be further discussed later in
this Section. When a few drops of benzene are added to the hexane
solution, the IR band at 2067 cm} disappears. In cyclohexane, the IR
spectrum shows the product 49 at 2150 (w) em ! (vgh-g) and 2082 (s) en”!
(vco), with no evidence for the cyclohexyl hydride.

The elemental analysis and IH NMR spectrum shows the presence of
one mole of benzene of crystallization. The 1H NMR spectrum at room
temperature shows an octahedral Rh(III) complex with three different
pyrazole groups. The high field hydride is a doublet at § -13.35 (lH,
IJRh-H = 21.2 Hz). As observed for (HBPz*3)Rh(CO)(H)(Ph),1 the meta and
ortho phenyl protons are broad at room temperature due to phenyl ring

rotation, while the para proton is a sharp triplet. On cooling to
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-30°C, one observes five resonances for the phenyl protons, as the
phenyl ring rotation becomes slow on the NMR timescale. The 130 NMR
spectrum again shows three different pyrazole groups, with the rhodium
bound phenyl carbon at & 142.17 (d, g, o = 26 Hz). The %% M
spectrum shows the expected three resonances at & -59,10 (s), -60,24 (¢,
J = 2 Hz) and -60,51 (t, J = 2 Hz), there is one singlet and two
triplets. On broadband proton decoupling, the 2 He coupling disappears
in the latter two resonances. The coupling appears to be due to the two
ortho protons of the phenyl ring, ﬁhich would formally be a seven bond
H-F coupling. This suggests a through space rather than a through bond
interaction, as a PH molecular model of 49 shows that two C?3 groups are
in close proximity to the ortho phenyl protons.

Under comparable irradiation conditions, the rate of activation of
benzene by the dicarbonyl 22 is slower than with (HBPz*3)Rh(CO)2,1 with
the latter reaction complete in five minutes. As noted earlier, there
is a substantial difference in the IR Voo bands of 22 and
(HBPz*3)Rh(CO)2, indicating that 22 is much less electron rich. The UV-
Vis spectrum of 22 in Cﬂzclz shows a transition at xmax = 355.2 nm (¢ =
1504), virtually identical to that of (HBPz*3)Rh(CO)2 in hexane (xmax =
353 nm, € = 1820). The transition at 353 nm in the latter complex 1is
thought to account for C-H activation by visible or tungsten light. The
rate of benzene activation with 22 is still much faster than with
CP*It(CO)z,ZOb so that these rate differences between 22 and
' (HBPz*3)Rh(CO)2 are due to the electronic or steric differences of the
two systems.

The rate of reaction of 24 to form 49 is slightly faster, as the

ethylene group {3 perhaps more photochemically labile. Also,
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irradiation of benzene solutions of HB(3-CF3-5-MePz)3Rh(CO)(COE) 25,
42 resulted in complete conversion to the phenyl hydride 49 in 20 to 30

minutes.

Kinetics of Cellg Exchange of (49) with C,Dg Solvent

Ghosh demonstrated that (HBPz*3)Rh(C0)(H)(Ph) is quite stable in
CeDg at room temperature and does not exchange at an appreciable rate
below 40°C.18 oq the other hand, the ly NMR spectrum of 49 in CeDg at
room temperature shows rapid and complste exchange. This indicates that
the activation barrier for reductive elimination for 49 is considerably
lower than for (HBPz*3)Rh(CO)(H)(Ph). Unfortunately, the uge of C6D6 as
a solvent is limited to temperatures above +5°C, so toluene-ds (C7Ds)

was used. At temperatures from -10°C to +20°C, smooth first-order

reductive elimination takes place (eq. 4-29).

_co " e
HB(3-CFy-5-MeP2)aRhH — HB(3-CF4-5-MaPz); RN +CyHy
CqHs k.

(4=-29)

co

co K /
Ha(s'CF3's'M.P‘)3Rh/ + 0700 .__.k HB(&CF{S'MOPZ)SR"(cD o
2 707

The experimental procedure for the kinetic studies in this work
were the same as employed by Ghosh.18 The rate of reaction of 49 was
followed by monitoring the rate of disappearance of the high field

hydride resonance against an internal standard (hexamethyldisiloxane).
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The kinetics were performed at four different temperatures in the NMR
spectrometer. To determine the raﬁe constants, least-squares plots of
log(I[Rh=H]/I[int. std.]) versus time gave straight lines with rate
constants k determined from the slope. Figure IV.l shows a typical plot
at -10°C. As was done with (HBPz*3)Rh(CO)(H)(Ph). all runs were
monitored for at least two to three half lives, with Table 4.II iisting
the rate constants. |

To determine the activation parameters, an Eyring plot of the data
was done (Figure IV.2), with the resulting values of AH' = 19.8 ¢ 1.1
kcal mol™! and aS* = -2.1 & 3.8 eu. The parameters for
(HBPz*3)Rh(CO) (H) (Ph) are AH® = 29.6 ¢ 0.8 keal mol™) and as* = 12.2 ¢
2.4 eu,!® This shows that AH* for 49 is about 10 keal mol™! lover than
the value for the Pz* analog, which represents a lower barrier for
reductive elimination. The interpretation of the as® value is less
obvious. The key point i{s that the reductive elimination in &9 {s not

entropically favored, as it is in the Pz¥ case.

Activation of Ethylene

The photolysis of a cyclohexane solution of the dicarbonyl 22 with
ethylene purge resulted in a complete conversion to
HB(B-CF3-5-MePz)3Rh(CO)(Czﬂa) 26 in 150 minutes. Ghosh found that the
analogous reaction with (HBPz*3)Rh(C0)2 initially gives the vinyl
hydride complex (HBPz*3)Rh(C0)(H)(CH-CHZ), which isomerizes to
(HBPz*3)Rh(CO)(CZH4) in five minutes.l3:2l No evidence of the vinyl
hydride complex was observed in this system. When the analogous iridium
ethylene complex HB(3~CF3-5-MePz)3It(CO)(Czua) is heated at 100°C in

cyclohexane, it is converted to the vinyl hydride complex HB(3-CF3-5-
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In [I(Rh-H)/I(int. std.)]

Figure IV.l

Time (h)

First Order Plot of Benzene Exchange Data for

HB(3‘CF3'5"MGPZ)3Rh(CO)(H)(C6HS) (‘9) in C7Ds at -10°C
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Table 4.1I1 Rate Constants for tichanuo of !blucno-ds vith 49

Temperature (K) k (s'l)
263 (7.10 £ 0.30) x 1073
273 (2.26 £ 0,06) x 10~%
283 (1.12 ¢ 0,03) x 10™3

293 (3.52  0,24) x 10”3
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Figure 1V.2 Eyring Plot for the Exchange of
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MePz)3Iz(CO)(H)(Cl'l-Cl-12)o21 Heating a solution of 24 {n cyclohexane at
100°C for one week resulted in partial decomposition with appearance of

the dicarbonyl 22 but no evidence for the vinyl hydride complex.

Therual Activation of Renzene
Recently, there have been several examples of "chemically assisted”
C-H bond activation. Hawthorne activated C-H bonds with Cp*It(CO)z

using a 1,3-dipolar reagent (eq. 4-30).22

(4-30)

@ PG so-c
: "s.
\ Nu,CO\THF G i
O co ™y
Sunou

This has also been observed in this research group by Dr. C.
Barrientos.23 Ghosh demonstrated benzene activation with
(HBPz*3)Rh(CO), using another 1,3~dipolar reagent, nitrous oxide.l®
These reagents react with a CO group on an electron-rich metal center to
give COZ and either an aryl nitrile or nitrogen.

As demonstrated in Section 3, another method of removing CO groups
is with Me3N0, which reacts with carbonyl groups on more electron poor
metal centers.l'® The reaction of a benzene solution of the dicarbonyl
22 with one equivalent of Me4NO at 25°C results in quantitative

conversion to the phenyl hydride 49 in 90 minutes (eq. 4-31).
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N
MeNO Ng | N (4=31)

HB(S-CFS-S-MQPZ)SHMCO)Z —_—

FsC ANl &F
QO ML

(complete in 80 min)

22 49

The limiting factor in the rate of the reaction is thought to be
the lack of solubllity of MesNO in benzene. An W NMR experiment in
CeDg showed a 93% yield of 49, The spectrum also showed one equivalent
of free NMe3 present. If this gsolution is left overnight, the phenyl
hydride is converted into HB(3-CF3-5-MePz)3Rh(CO)(Nue3) 46, This is
another route for the preparation of &&. Mechanistically, it is thought
that the Me,NO removes the CO, creating a reactive intermediate which
reacts with benzene, perhaps initially via an n2 arene complex. In
terms of equilibria, complex 49 must be the kinetic product in this
reaction, and Nne3 displaces benzene to give the thermodynamic product

44, despite the huge excess of benzene.
Reactions of 8!(3-073-5-!3Pz)3nh(00)(H)(Pb) (49)

Resction with OO

The reaction of complex 49 with CO in benzene is instantaneous,
resulting in complete conversion to the dicarbonyl 22 in less ‘than five

minutes. This reaction could either proceed via benzene dissociation,
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as postulated for the tolueue-da exchange or by an associative reaction
with CO. Based on the rate of toluene exchange at 293K = 20°C, t12 "
0.693/3.52 x 1073 gec™? = 1,98 x 10° seconds or 3.30 minutes. This
value is not inconsistent with benzene dissociation, followed by
reaction with CO.

The rate of this CO reaction is in contrast to the same reaction

found by Ghosh in the Pz% system (eq. 4-32),l8

HsC s o HyC CFy
co
HB(—N=N— RREH Jamco, HB(—N=N—) A
3 “Ph 3 “co
t,, (25°C) ~1 min.
: (4-32)
HaC CHy HaC CHy
co co
HB(—N—N—) AR latmco, HB (—N—N-—-) AhC
3 Ph Hexane 3 ~co

t,, (25°C) ~30h.

In the latter system, a dissociative mechanism which accounts for the
kinetics of 6606 exchange is incompatible with the rate of CO
reaction. Also, when four atmospheres of CO pressure were used, the
reaction rate was faster, suggesting an associative mechanism. The

following scheme was proposed (eq. 4-33).l2
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co k ] _CO
(n*-HBP23RNSH === (n"-HBPZ})An”
3) h\Ph + CO > (n HBPZQ)R|h\H
Ph

(4=33)

.1._¢co co
(r-HBPIRN] %2 (MBRZ AN + PhH
~H n\co

h

As pointed out by Ghosh, the rate is 70 préseute dependent if kl is
the racé determining step.18 Unfortunately, such a comparison is
difficult here as the rate of reaction of 49 with CO is so fast, such
that the pressure dependent rate information cannot be obtained.
However, the same above proposed mechanism (eq. 4-33) is not
incompatible for the feaction of 49 with CO. Given the fact that 22 is
a mixture of n2 and n3 forms, the third pyrazole is less tightly bound

than in (HBPz*3)Rh(C0)2, so that the weaker rhodium~nitrogen bond may be

more easily broken in 49, which would increase kl'

Puncticnalization

The conversion of an aryl or alkyl hydride to the more séable
chloride or bromide is a common derivatization -.:thod in C-H activation
studies. For example, (HBP:*3)Rh(CO)(H)(Ph) reacts with CCl, to give
(HBPz*3)Rh(CO)(C1)(Ph). If the reaction is left past completion,
another product forms, thought to be the dichloride
(HBPz*3)Rh(C0)(Cl)(Cl), although it is too unstable to 1solate.la The

reaction of 49 in benzene with a variety of reagents (cCl,, CClyH, N-
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chlorosuccinimide (NCS), CBrH, CClyBr and N-bromosuccinimide (NBS)) all
resulted in conversion to what is thought to be the diha11d§ complex
HB(3-CF3-S-MePz)3Rh(CO)(X)(X) (X = Cl1, Br), which is not stable in

solution (eq. 4-34),

HyC CFy . . H4C. CF
O €0 c-X 3 O 3 _€o
HB(-— N—)RI'Q-H —— HB(—N—N—)M;!
3 P 3 X
(4=34)
X=Cl,Br
49 "C=X" = CCla, CCI3H. NCS, CBr3H, CCIJBt, NBS

A small amount of the desired HB(3-CF3-5-MePz)3Rh(CO)(X)(Ph) (X =
Cl, Br) appears to form, but reacts further to give the dihalide.

This indicates a more reactive rhodium-phenyl bond than in the Pz*
analog. There was also no reaction between 49 and excess diazomethane
in benzene. The analogous reaction in the Pz¥ system gave the methyl-

phenyl complex (HBPz*,)Rh(CO)(Me)(Ph).!8

Reaction vith czn‘ sud 63116
A benzene solution of 49 reacts slowly with excess ethylene or

cyclopropane in about an hour giving 24 or the new complex

HB(3-CF3-5-MePz)3§h(CO)(CHzcﬁ;&HZ) (50) respectively. Complex S0 can be
more easily prepared by irradiating a cyclohexane solution of the

dicarbonyl 22 with a cyclopropane purge for 20 minutes (eq. 4=35).
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co
HB(3-CFy-5-MaP2)4RN(CO), hv.cyclopropane Ha(a-cr,.s-mm)sné (4=35)
22 50

There 18 no evidence under the experimental conditions for a
cyclopropyl hydride intermediate, although this is a plausible

intermediate based on related systems.z4

For complex 50, there is an IR Voo band in hexane at 2056 el and
the la and 19F NMR spectra show the expected 2:1 ratio of pyrazole
groups based on the symmetry of the Rh(III) octahedral complex. The

ring protons were assignéd based on known analogs.la'z4

, \C/ /He
I

| /a'

8 Ha‘ Hbl

50 (atom labelling for NMR)

Reaction with Methyl Iodide

The oxidative addition of methyl iodide to (HBPz*3)Rh(CO)2 occurs
in CH,Cl,, giving (HBPz*3)Rh(C0)(I)(Me).1a The analogous reaction of
dicarbonyl 22 with Mel in CH2012 does not occur. It is thought the

rhodium center is not nucleophilic enough to attack. However, the



desired complex can be prepared by the addition of excess Mel to a

benzene solution of 49, giving HB(3-CF3-S-MePz)3Rh(co)(I)(Me) (51) (eq.
4=36). ’

H H
HaG 8 CHy HaC 8 CHy
PR 7 I
N N N CHal N N N
L & i 3 L & l (4=36)
] ) -
) N /N
Fa ‘,‘nh5‘\ cFa Fsc “¢Rh~“ Fa
ot H of !
Hy
49 1

The reaction is complete in three hours. The complex has an IR Veo
band in hexane at 2097 cm™l. The 'H NMR spectrum demonstrated the
Rh(III) octahedral geometry, with the rhodium bound methyl group
appearing as a multiplet at § 2.08. The 136 NMR spectrum shows the Rh-

CH; at & -1.74 (d, IJRh-C = 15 Hz), and the 19p NMR spectrum shows three
CF3 groups.

Activation of Aliphatie C-H Bonds

The activation of benzene with the dicarbonyl 22 lead to a stable
RhR(III) phenyl hydride 49. When a cyclohexane solution of the
dicarbonyl 22 i{s irradiated, a very slow decomposition appears to occur,
with no new product bands, only a precipitate forming. With the
ethylene complex 24 or the COE complex 25, a faster reaction occurred in
cyclohexane, but no stable product was detected. The fact that the

starting material disappears indicates a reaction, but perhaps the

201
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product is unstable at room temperature.

This was confirmed by some low temperature photolyses. Photolysis
of 22 or 24 in hexane at room temperature leads to no detectable
products, but the starting materials are consumed. However, when the
photolysis of the more soluble COE complex HB(3-CF3-5-MePz)3Rh(CO)(COE)
25 1s performed at -30°C for 20 minutes, conversion is observed with the
IR spectrum showing the product IR vco band at 2067 en”l, In the
presence of free COE in solution, 25 reappears in the IR spectrum as the
solution warms up in the IR cell. However, the complex is stable at
=30°C for several hours. Attempts to convert the product into a stable
halo derivative also resulted in rapid formation of dihalide, as
observed with the more stable phenyl hydride 49,

The product has the same IR band position as one that is present in
the IR spectrum of HB(3-C?3-5-MePz)3Rh(CO)(H)(Ph) 49 in hexane. On this
basis, the product is assigned as HB(3-CF3-5-MePz)3Rh(CO)(H)(hexyl) 49a,
which is apparently unstable at room temperature. Also, 1t was
previously mentioned that the IR spectrum of the phenyl hydride in
cyclohexane showed no evidence for the cyclohexyl hydride. This is
consistent with Ghosh's observation that a Rh=cyclohexyl bond is weaker
than a Rh-(l-hexyl) bond (primary alkyl).

The presence of the hexyl hydride HB(3-CF3-5-MePz)3Rh(CO)(H)(hexyl)
49a suggests a thermal equilibrium between 49 and 49a at room

temperature (eq. 4-37).



co _co
HBG-CFyS-MOPIIARTH  + RH ===t HBO-CFyS-MePzlyRRCH  + PhH
Ph R
(4=37)
49 49a
- _[_P_h_"j]_.[_l_Ol RH =heaxane
(RH] (40

From the IR spectrum of the phenyl hydride 49 in hexane, the ratio
of absorbances of the 2067 and 2084 cm™! band was 0.28. This would
represent the molar ratio if the extinction coefficients of 49 and 49a
were the same. The IR spectrum was obtained with approximately 20 mg 49
in 10 mL hexane. Accounting for 49 containing a mole of benzene
solvate, [PhH] = 5.4 x 1073 ¥, [Hexane] = 7.66 M, and thus Roq * 2 X
10'6. This still indicates a high equilibrium selectivity favouring the
rhodium phenyl bond over the rhodium hexyl bond in the presence of a
large excess of hexane. However, the presence of hexyl hydride 49a
suggests that the diffevence in energy of a rhodium phenyl and a rhodium
hexyl bond is less here than in the Pz¥ system, where no hexyl hydride
1s observed.l®

Comparison of the IR band position of 49s with the Pz* snalog
confirms the assignment of the former species. Table 4.III lists the IR
Veo bands for several of the Rh(III) complexes which are analogs of the
Pz* gystem. There is a consistent 32-37 cul'1 difference between
analogous complexes.

The above system appears tc be very similar to that of Jones,25

where the aryl hydride products are stable at room temperature, but the

corresponding alkyl hydrides were stable only below -30°C. However, the
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alkyl hydrides are much less stable than the Pz¥ analogs. This could in
part be due to the electron-poor ligand in 22, which would weaken the
Rh=C bond sufficiently such that reductive elimination occurs above

'30°Co
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Section 6
EXPRRIMENTAL

[(CO)ZRhCIJZ was prepared using the standard literature
ptocedure.26 PMeq, ?Ph3 and HSiCl3 were used as received from Strem
Chemical Company. I,S-hexadieﬁe was obtained from Aldrich Chemical
Co. HSiMe3 wag purchased from Petrarch Systems Inc. 2-butyne and
hexaflﬁoro-z-butyne were.used as rveceived from Columbia Organics
Chemicals Co. and PCR Chemicals respectively. Anhydrous Me;NO was dried
from Aldrich Me3N0-2H20 by azeotropic distillation of water from
toluene, follcwed by vacuum sublimation. [(CO)(PMe3)Rh01]2 was prepared
according to Goggin and coworkers.4 Cth(CO)(PHe3)2 was prepared

according to Poilblanc et al.d

Reaction of EM(3-CI3-5-!QP¢)3nh(CO)2 (22) wvith vun3

A sample of 128.0 mg (0.207 mmol) of 22 was taken up in 25 mlL
hexane. A solution of 21 uL PMe3 (0.207 mmol) in 5 mlL hexane was added
dropwise over 1 h. After 1 mL of solution was added, IR showed the
appearance of 2 vy, bands at 1996 ca”! (31) and 1978 co™! (32). Once
the addition was finished, IR still showed the presence of 22, along
with approximately 1:1 of the two products. Dropwise addition of
another equiv of PMe, gave the one band at 1978 co~l,  After the solvent
was removed, a light yellow solid remained 97.0 mg (0.131 mmol, 63%
yield) of what was identi{fied to be HB(3-CF3-5-MePz)3Rh(CO)(PMe3)2 (32),

mp 149-151°C.
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Characterization: IR (n-hexane) 1978 cm™} (veg): M5 (150°C, 16 eV),

M*-Co (714, 90%), M*-PMey (522), M¥-CO-PMe, (100%). lW M (CD,Cl,, 200
Miz, amblent) & 6.36-6.20 (br, 3H), 1.90 (br, 9H) 1.20 (t, 18H, 2y,_, =
3.8 Hz). 'H MR (-60°C) § 6.42 (s, lH), 6.20 (s, 2H), 1.86 (s, 3H),
1.76 (s, 6H), 1.13 (br, 18H). 97 mm (cD,C1,, ambient) & -60.40 (s).
e MR (CD,CL,, ambient) & -9.10 (d, Mg, p v 116 Hz). Anal. Caled for
CygH3)BNGOFQP,Rh: €, 35.60; H, 4.21; N, 11.32, Found: C, 36.34; H,
44425 N, 11,20,

Alternate Preparation of um(3-013-5-ubva)3lh(60)(vuns)z (32)

To a solution of Cth(CO)(PMe3)2 (41,0 myg, 0.129 mmol) in 3 mL
CH,Cl, was added 65.0 mg (0.130 mmol) of 21. After stirring for 1 h,
the solution was chtohatosrapbed on neutral alumina (12 x 2.5 cm) with
CHzclz eluent, giving a yellow oil after the solvent was removed. It
was taken up in hexane and cooled to -30°C, giving a yellow crystalline

solid (31.3 mg, 332 yield).

Preparation of EB(3-013-5-N3Pz)alb(CO)(Pln3) (31)

To a solution of [(CO)(PMe3)RhC1]2 (149.0 mg, 0.307 mmol) in 10 mL
toluene was added 306 mg (0.614 mmol) 21 and the reaction stirred for 1
he The solution was filtered through Celite and the toluene was removed
under reduced pressure. The solid was chromatographed on neutral
alumina (12 x 2.5 cm) with CH,Cl, eluent, giving a yellow solid after
solvent was removed in vacuo. This was taken up in 100 mL hot hexane
and cooled to -30°C, yielding yellow crystals (244.7 wg, 60% yield), mp

179-181°C.
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Characterization: IR (n-hexane) 1996 cm'l (vco). MS (150°C, 70 ev) u*

(666, 372), N'~CO (100%), M*-PMey (22), M*-CO-PMe, (10%). lu ma
(CDZClz, 200 MHz, ambient) & 6.46 (s, 1H), 6.37 (s, 2H), 2.46 (s, 3H),
2,12 (s, 60), 1,17 (dd, 9H, Hpy = 10.4 Hz, Hp, o = 1.3 H2), 19
(CDaCly, ambient) & ~60.43 (d, 6F, “op,_p = 2 Hz), -60.69 (s, 3F).

1P R (CD,CLy, ambient) & 3.47 (4, Lig,_p = 152 Ha). Anal. Caled for
019H223N60F9th: C, 34.26; H, 3.33; N, 12.62, Found: C, 34.37; H,

3043; N, 12.75,

Preparation of Hzl(3-613-5-thz)2lh(CO)(Plca) (33)

To a solution of [(CO)ZRhClJZ (61.3 mg, 0,158 mmol) in 10 mL hexane
was added dropwise 32 uL PMey (0,315 mmol) in 5 mlL hexane, giving an
orange precipitate of [(CO)(PHes)RhC1]2. This was concentrated to 3 mlL,
and cooled to =30°C. Solvent was pipetted off, giving approximately
0.158 mmol dimer. This solid was taken up in 10 L cazclz, 110.6 mg
(0.16 mmol) of 19a was added and the reaction stirred for 0.5 h, The
solution was filtered through Celite and the solvent pumped off. The
resulting solid was chromatographed on neutral alumina with CH2C12
eluent, giving a yellow solid. This was taken up in CH2012-hexane and
cooled to -30°C, affording yellow crystals (107.4 mg, 66% yie}d), mp

179-181°C.

Characterization: IR (n-hexane) 1996 cm'1 (vco). MS (130°C, 70 eV) u*

(518, 932), ¥-CO* (100%). 'H MMR (CD,CL,, 200 MHz, ambient) & 6.24 (s,
18), 6.23 (s, 1), 5.33 (s, 1H, 1/2CH,CL,), 2.33 (s, 3H), 2.32 (s, 3H),
L.44 (dd, 9H, 20p 4 = 10.3 He, Yy g = 1.4 H2). 1% ma (CD,C1,,
amblent) & -59.35 (d, 3F, SJp_p = 4.6 Hz), -60.40 (s, 3F). 3lp mwm
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(CD,Cly, amblent) & 6.78 (d of q, Lip_p = 1SL He, SJp_p = 4.6 Ha).
10,00, Pound: c, 31062; H, 3068; N, 10,11,

Preparation of uén(s-cr3-s-uavs)2nb(c0)(vn.s)z (34)

A sample of 101.2 mg (0.215 mmol) of 208 was taken up in 25 nl
hexane. A solution of 44 ulL PMe,y (0,430 mmol) in S mL hexane was added
dropwise over 1 h. After half of the solution was added, IR showed the
appearance of 2 v., bands at 1996 em™! 33 and 1972 cw™! 36 with about
half of the starting material remaining. Once the addition was
complete, the IR shoved one band at 1972 cm™}. After the solvent vas
removed, a light yellcw solid remained (128.1 mg, l00T yield), mp 76~
82°c.

Characterization: IR (n-hexane) 1972 c:m'l (vco)- MS (150°C, 70 evV)

M*~co (566, 75%), M'~PMey (100%), M*-CO-PMe; (100%). 1 MR (CD,Cl,,
200 Mz, ambient) & 6.28 (s, 2H), 2.20 (s, 9H), 1.30 (v, 18H, 2y, , =
3.8 Hz). 'H NMMR (-90°C) 5 6.36 (br, 1H), 6.13 (br, LH), 2.30 (br, 3H),
1.91 (br, 3), 1.14 (s, 18H). 3lp NMR (CD,Cl,, ambient) & =7.71 (d,
Lgn-p * 116 Hz). Anal. Caled for CyHygBN,OFP,RR: C, 34.37; H, 4.75;

N, 9.43, Pound: C, 34.51; H, 4.79; N, 9.44.

Preparation of ﬂl(3-c13-5-Hch)3nh(CO)(PPh,) (35)
To a solution of 22 (78.7 mg, 0.127 mmol) in 10 mL hexane was
slowly added 33.3 mg (0.127 mmol) PPh3. Solvent was removed in vacuo,

glving a yellow powder (100.9 mg, 93% yield), mp 183~185°C.



Charactarization: IR (hexane) 2004 cm™! (vgy). MS (150°C, 70 ev) M

(852, 100%), M*-cO (44%), M*-PPhy (1%), M*-CO-PPhy (10%). ‘ M@
(CD5Cly, 200 Miz, ambient) & 7,38-7.29 (m, 15H), 6.53 (br, H), 6.03
(bry 2H), 2.44 (br, 30), 2,17 (s, 6H). *H NMMR (-80°C) & 7.90 (, 2H),
7.51 (m, 3H), 7,20 (m, 4H), 7.00 (m, SH), 6.53 (s, IH), 6.06 (s, 1H),
5.98 (s, 1H), 2.44 (s, 3H), 2.42 (s, 3H), 1,76 (s, 3H). O3lp
(CD5Cly, ambient) & 42.57 (d, Ly, _p » 166 Hz). Anal. Caled for
C34HpgBNGOFgPRR:  C, 47.91; H, 3.31; N, 9.86, Found: C, 47.92; H,

3.23; N, 9.75.

Preparation of nm(3-cv3-s-ubrz)3nh(c0)(vcys) (36)

To a solution of 22 (6S5.1 mg, 0.105 mmol) in 10 mL hexane was
slowly added 29.3 mg (0.105 mmol) PCy3. Solvent was removed in vacuo,
giving a yellow oil, which on continuoug pumping in vacun afforded a

yellow powder (84.0 mg, 92% yield), mp 171-173°C,

Characterization: IR (hexane) 1989 cm'l (vco). MS (150°C, 70 eV) ¥t

(870, 782), M'-Co (62%), M'~CO~3-CPy-5-MePz (100%), M*-2Cy, (51),
M*-CO-PCy3 (17%). 1H NMR (002012, 400 MHz, ambient) & 6.49 (s, 1H),
6.39 (br, 1H), 6.27 (br, 1H), 2.55 (br, 3H), 2.39 (s, 3H), 1.70 (br,
3H), 1.90-0.8 (m, 33). H MR (-10°C) & 6.46 (s, 1K), 6.38 (s, 1H),
6.24 (s, 1R), 2.48 (s, 3H), 2.34 (s, 3H), 1.70 (s, 3H), 1.90-0.8 (m,
33). 1% WR (cD,C1,, ambtent) & -58.00 (br, 3¥), -60.14 (s, 3F),
=62.09 (br, 3). P MR (CD,CL,, ambtent) & 49.46 (d, Lrg, p = 155
Hz). Anal. Caled for C34846BN60F9PRh: C, 46.91; H, 5.33; N, 9.65.

Found: C, 47036; H, 5054; N, 9.13.
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Preparation of ﬂzn(3-073-5-N1Pa)225(co)(th3) (37)

To a solution of 208 (94.3 mg, 0,200 mmol) in 10 ml hexane was
slowly added 52.6 mg (0.200 mmol) PPhye After stirring for 15 min,
solvent was removed, and the crude yellow solid was chromatographed on
neutral alumina (12 x 2.5 cm) with CHyCly eluent. Recrystallization
from 5 mL hexane at -30° gave orange crystals (80.6 mg, 57% yield), mp
169-171°C,

Characterization: IR (hexane) 2005 cm'1 (vco). MS (150°C, 16 eV) ¥t

(704, 100%), ¥*-CO (100%). ‘H NMR (CD,Cl,, 200 MHz, ambient) 5 7.66-
7.50 (m, 6H), 7.46-7.26 (m, SH), 6.29 (s, IH), 5.8 (s, 1H), 2.35 (s,
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), 2427 (s, 3W). 97 MR (CD,CLy, ambtent) & -60.03 (d, 3F, Mp_p = 5

Hz), =60.23 (s, 3F). 3lp NMR (CD,Cl,, amblent) 44,93 (d of q, Lyp, p =
165 Hz, 'Jg_p = 5 Hz)s Anal. Caled for CpgH,cBN,OFPRh: C, 49.46; H,
3058; N, 7.96, Found: C, 49063; H, 3071; N, 7.83,

Preparation of HB(3-613-5~H3Pz)3Rh(60)(PNa3)(PPb3) (38)

To a solution of 40.0 mg (0.060 mmol) 31 in 10 mL hexane was added

15.6 mg (0,060 mmol) PPh3. After 1 h the solvent was removed, leaving a

light yellow powder (40.7 mg, 73% yield), wp 139-141°C,

Characterization: IR (n-hexane) 1983 cm™l (vgg). MS (140°C, 16 eV)

u*-Co (900, 26%), M*-PMe, (4%), M*-PPhy (63%), M*-CO-PPh; (82%), PPh,*
(1002). 'H MMR (CD,Cl,, 200 MHz, amblent) & 7.35-7.27 (m, LSH), 6.17

(s, 1), 6.09 (s, 1H), 5.77 (s, 1H), 1.90 (s, 3H), 1.73 (s, 3H), l.6Y

4

(s, 3H), 1.38 (ddd, 9H, 2Jp = 9.9 Hz, “Jp_y = 1.8 He, dop g = 1.3

Hz). !9% mR (CD,Cl,, ambient) & -59.93 (s, 3F), -6l.72 (s, 3F), -61.88
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(8, 3F). 'p MR (CDCLy, amblent) & 27.16 (dd, PPhy, lup, , = 122 Bz,
2rp_p = 316 Ha), -5.74 (dd, PMey, Ly o = 123 he, 20p_p = 316 Hz).
Anal. Caled for C37H37BN60F9P2Rh3 c, 47087; H, 4.02; N, 9,05. Fourd:

C, 48000; H, 4000; N, 9.35,

Preparation of 325(3-673-5-H3Pz)znh(00)(Pub3)(PPb3) (39)
To a solution of 42.8 mg (0.083 mmol) 33 in 10 mL hexane was added
21,7 mg (0.083 mmol) PPh3. After 30 min the solvent was removed,

leaving a light yellow powder (62.8 mg). IR (n-hexane) 1983 cm~! (vgo)+

Reaction of ul(3-C73-5-N9Pz)3lh(011y1)2 (30) with CO in Cn,Cl,

A sample of 24.0 mg (0.037 mmol) 30 was taken up in 0.4 mL
002012. The sample was pressurized with 1 atm CO for 16 h, whereupon
the initial pale yellow solution had turned a lemon yellow. ly NMR
(002C12, 200 MHz, ambient) 5 6.44 (s, 3H) and 2.39 (s, 9H) for 22; 5.82
(m, 2H), 5.06, 4.98, 4.94 (m, 4H), 2.15 (m, 4H). The three sets of
multiplets were confirmed to be 1,5-hexadiene, as the spectrum was
identical to that of an authentic sample (Aldrich).

At earlier reaction times (4 or 8 h), an intermediate was detected
in the 1H NMR spectrum in addition to resonances of 30, 22 and
1,5~hexadiene. IH NMR (CDZCIZ, 200 MHz, ambient) & 6.58 (s, 2H), 6.22
(s, 1H), 2.66 (s, 6H), 2.48 (s, 3H), 4.70 (m, 2H), 4.20 (m, 4H), 3.26
(m, 4H).

On a IR scale reaction, about 5 mg of 30 was taken up in 5 ml
CHZCIZ. One atm of CO was bubbled through, with the immediate

appearance of a single Vgo at 2070 cm'l. At longer times, this band
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disappeared and bands due to the dicarbonyl appeared. After 18 h, IR
(CHpCl,) 2101 (s), 2087 (s), 2036 (s), 2020 (s) cm™* (vgy),

corresponding to authentic 22.

Preparation of un(3-cr3-s-uavz)3nh(co)(cu3c5c1m3) (40)

To a solution of 25 (59.0 mg, 0.084 mmol) in 15 mL hexane was added
3 oL (excess) 2-butyne. After 40 min, the reaction was complete, so
solvent was removed in vacuo, giving a white-yellow solid and an orange
film. This was chromatographed on neutral alumina with CH2012 eluent,
and after the solvent was removed {n vacuo, the product crystallized as
fine light yellow needles from a concentrated hexane solution at =30°C

(43.0 mg, 80% yield), mp 149-151°C,

Characterization: IR (n-hexane) 2040 (s), 2022 (w) cm'l (vco). MS

(150°C, 16 ev) M* (644, 23%), M'-Co (12%), M*-CHyC=CCH4 (100%),
M*-C0-CHyC=CCHy (45%). lH MMR (CD,Cl,, 200 MHz, ambient) & 6.47 (br,
2H), 6.31 (br, 1H), 2.47, 2.40 (br, 9H total), 2.05 (s, 6H). 'H NMR
(-95°C) 6.46 (s, 2H), 6.29 (s, 1H), 2.42 (s, 6H), 2.33 (s, 3H), 1.96 (s,
6H). 197 MR (CD,Cl,, ambient) 6 -58.22 (br, 3F), -60.27 (br, 6F).
Anal. Caled for CpoH,gBNGOFgRh: C, 37.29; H, 2.97; N, 13.05. Found:

C, 37.42; H, 3.06; N, 13.03.

Preparation of nl(3-013-5-lcrz)3lh(00)(CI3CEccr3) (41)

A sample of 25 (90.0 mg, 0.129 mmol) was taken up in 10 mL
hexane. Hexafluoro-2-butyne was bubbled through, resulting in an almost
colorless solution after 15 min. Solvent was removed in vacuo, and the

residue was chromatographed on neutral alumina (12 x 2.5 cm) with CHZCI2
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eluent. The product crystallized as fine colorless needles from a
concentrated hexane solution at -30°C (43.0 mg, 80% yield), mp 198~

200°C.

Characterization: IR (n~hexane) 2086 (s) (vco), 1897 (w) (VCEC) cm'l.
MS (150°C, 16 eV) M* (752, 0.1%), M-F* (17%), M~co* (4%), M-CO-F' (23%),

M*-CF4C=CCFy (90%), M*-CO-CP4C=CCPy (100%). W NMR (CD,Cl,, 200 Mz,
19
F

6.1 HZ), -60.28 (q, 6?, JF'F = 8,5 Hz). Anal. Caled for
c20H133N6P15Rh: C, 31.94; H, l.74; N, 11.17, Found: C, 32.23; H,

1.79; N, 11.06.

Preparation of um(3-c13-5-uhvz)3uh(eo)(cuacu) (42)

A sample of 226.6 mg (0,367 mmol) 22 was taken up in 20 mL CH4CN.
To this yellow solution was slowly added 27.5 mg (0.367 mmol) Me4NO.
After 10 min, the solvent was removed in vacuo and the residue vas
chromatographed on neutral alumina with CH2012 eluent. Crystallization
from a CHyCly-hexane solution at ~30°C gave 150.9 mg (65% yield) of a

yellow powder, mp 155-157°C.

Characterization: IR (n~hexane) 2014 cm'l (vco), (CHZCIZ) 2338 (w)

(VCN)’ 2004 (s) cm’1 (vco), (CH3CN) 2339 (w) (VCN)’ 2005 (s) cn”?

(veg)+ MS (165°C, 16 eV) Mt (631, 27%), M*-co (100%), &+-CH3CN (82),
M+-C0-CH3CN (83%). lm mm (CD,C1,, 200 MHz, ambient) & 6.40 (s, 3H),
2.51 (s, 3H), 2.15 (s, 9H). lH WMR (~90°C) & 6.40 (s, 2H), 6.38 (s,

H), 2.44 (s, 3H), 2.15 (s, 3H), 2.07 (s, 6H). 19F m@m (cp,c1,,
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ambient) 6 -60.47 (br, 3F), -60.55 (br, 6F). Anal. Caled for
018H16BN70F9Rh: C, 34.26; H, 2.56; N, 15.54. Found: C, 34.39; H,

2.69; N, 15.08.

Reaction of (22) with Me4NO in CH,CL,

A sample of 86,9 mg (0.141 mmol) 22 was taken up in 10 mL CHyClyo
11 mg (0.146 mmol) Me,NO was added and two new products appear in the IR
spectrum (vg, 1987, 1982 cm'l) but starting material sti{ll remains.
Solvent was removed and the residues were taken up in 0.4 mlL of
CD,Clys The 1H NMR spectrum showed three species in different
amounts: 45% starting material 22, 39% of what was identified to be
HB(3-CP3-5-MePz) yRh(CO)(NMe4) &4 and 16% of
HB(S-CF3-5-MePz)3Rh(CO)(ONMc3) 43, Individual syntheses of the latter

two complexes are detailed below.

Preparation of EB(3-073-5-N3P1)3nh(c0)(Oule3) (43)

To a solution of 22 (76.8 mg, 0.124 mmol) in 10 mL CH2612 was added
18,7 mg (0.248 mmol) M33NO with an immediate reaction. Solvent was
removed in vacuo, leaving aﬁ analytically pure yellow solid (82.9 mg,

100% yield), mp 144-146°C.,

Characterization: IR (hexane) 1982 cm"1 (vco). MS (150°C, 16 eV) Mt

(665, 100%), M'~CO (41%), M*-2Me (482), M'-3Me (86%), M*-ONMe, (192),
M*-CO-ONMe, (100%). lH NMR (CD,Cl,, 200 MHz, ambient) & 6.42 (br, 1H),
6.38 (br, 2H), 2.72 (s, 9H), 2.44 (s, 3H), 2.12 (s, 6H). 'H MR
(-100°C) & 6.38 (s, 3H), 2.63 (s, 9H), 2.45 (s, 3H), 2.36 (s, 3H), 1.58

(s, 3H). Anal. Calcd for C19H228N702F9Rh: C, 34.31; H, 3.33; N,
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14,74, Found: C, 33052; H, 3033; N, 14.79,

ln R Experiment of (43)
A sample of 22.0 mg (0.036 mmol) 22 was taken up in 0.4 mL

CD2C12. 5.4 mg (0.072 mmol) Me3N0 was added with resulting vigorous gas
evolution. 1H NMR (CDZCIZ. 200 MHz, ambient) 6 6.42 (br, 1H), 6.38 (br,
ZR)’ 2'72 (8. 9“), 20&4 (8, 3“)’ 2'21 (8. 9“. NMB3), 2'12 (8, 6“)0

Preparation of un(3-c13-s-uarz)3nh(c0)(unn3) (44)

A sample of 90.0 mg (0.146 mmol) 22 was dissolved in 10 mL CH,Cl,
saturated with NMe3. 11 mg (0,146 mmol) Me3NO was added and the
solution atirred for 90 min. Solvent was removed in vacuo, and the
residues were chromatographed on neutral alumina (12 x 2.5 cm) with
CKZCIZ eluent. The resulting yellow ofl was taken up in 10 mL hexane
and the solution cooled to -30°C, giving yellow crystals (37.0 mg, 39%

yield), mp 147-149°C,

Characterization: IR (hexane) 1987 cm'l (vco). MS (160°C, 16 eV) Al

(649, 58%), M'-CO (92%), M*-Nie,y (99%), N*-CO)-NMe, (100%). lu mm
(CDyCl,, 200 MHz, amblent) & 6.41 (s, 2H), 6.34 (s, IH), 2.44 (s, 3H),
2.27 (d, 9B, 2dpy g = 1.1 Hz), 2.18 (br, 6H). lH NMR (-60°C) 5 6.43 (s,
1H), 6.38 (s, 1H), 6.32 (s, 1H), 2.44 (s, 3H), 2.38 (s, 3H), 2.19 (s,
94), 1.76 (s, 3H). Anal. Calcd for CIQHZZBN70F9Rh: C, 35.16; H, 3.42;

N, 15.10. Found: C, 36013; H, 3041; N, 15.13.

Preparstion of un(3-cr3-s—uerz)3nh(00)(n)(n) (45)
A sample of 205.8 mg (0.333 mmol) 22 was taken up in 50 mL
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cyclohexane. The solution was purged with hydrogen gas for 5 min, then

irradiated for 20 min with purge. Solvent was removed in vacuo and the
srude product was chromatographed on neutval alumina (12 x 2.5 em) with
3:1 hexane:CH2012 ag the eluent. Crystallization from CHyCl,y~hexane
layering at -30°C gave colorless crystals (157.4 mg, 80% yield), mp 233~
235°C.

Characterization: IR (cyclohexane) 2110 (vw) (VRh-H) 2077 (s) cn”}

(vgo)+ MS (180°C, 70 ev) M™-2H (590, 53%), u*-Co-2u (100%). lH NMR
(CD,Cl,, 200 MHz, amblent) & 6.42 (s, 2H), 6.40 (s, 1H), 2.50 (s, 6H),
2.46 (s, 3H), -14.22 (d, 2H, g,y = 19 Hz). !9 and 19(lW} wvm
(CD,CLy, ambient) & -60.90 (d, 6F, “Jp, o = 1.5 Hz), -61.52 (4, ¢,
“Jgn-p ® 3:0 Hz). Anal. Caled for CjgH, gBN,OFqRR: C, 32.46; H, 2.55;

N, 14.19. Found: C, 32.64; H, 2.58; N, 14.0S.

Preparation of ul(3-673-5-H3Pz)3uh(00)(n)(81013) (46)

A sample of 93.7 mg (0.152 mmol) 22 was taken up in 20 mL
cyclohexane. The solution was charged with 3 mL C1381H {(excess), then
irradiated for 10 min with Nz purge, giving a colorless cloudy
solution. Solvent was removed in vacuo, giving a light yellow solid.
This was extracted with 3 x 25 mL hexane (cannular filtration),
concentrated to 10 mL and cooled to -30°C, giving a white powder (101.5

mg, 92% yield), mp 131-133°C.

Characterization: IR (cyclohexane) 2160 (vw) (VRh-g)» 2099 (8) cm™

(vgp)+ MS (200°C, 70 ev) M-c1* (690, 1%), M*-Cl,5tH (88%), M"-CO-Cl,5tH

(1002). 'H MR (CD,Cl,, 200 Mz, amblent) & 6.58 (s, 1H), 6.53 (s, lH),
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6434 (s, 1H), 2.58 (s, 3H), 2.53 (s, 3H), 2.37 (s, 3), =13.52 (d of q,
1H, Npyg = 1449 He, gy v 3.5 Ha). 1% MR (CD,CLy, ambent) s
=57.30 (d of d, 37, SJp_p = 3.5 He, Y0y o = 2.0 Hz), -57.44, (s, 3F),
-60.84 (s, 3. PP('H} MR (CD,C1y, ambtent) 6 -57.30 (4, 37, 4o, ;=
2.0 Hz), ~57.44 (s, 3F), -60.84 (s, 3F). Anal. Caled for
CygH4BNgOPQSICI3RN:  C, 26.49; H, 1.95; N, 11.58, Found: C, 26.70; H,

2001; N, 11.71.

Preparation of uB(B-cvs-S-lan)3lh(CO)(u)(81!33) (47)

A sample of 109.4 mg (0.177 mmol) 22 was taken up in 25 mL
cyclohexane. The solution was purged with Me3SiH for 5 min, then
irradiated for 10 min with purge, giving a colorless solution. Solvent
was removed in vacuo, g'ving a tan oil, which was taken up in 5 mlL

hexane, then quickly removed to give an off-white solid (102.3 mg, 87%

yield, mp 233-235°C.

Characterization: IR (cyclohexane) 2155 (vw) (VRh-H)' 2055 (s) em”!

(vco). MS (110°C, 16 eV) vt (664, 2%), M+-Me3SiH (100%), M*-CO-Me3SiH
(76%). IH NMR (cyclohexane-dlz, 200 MHz, ambient) & 6.30 (s, 3H), 2,43,
2,42 (s, 9H), 0.28 (s, 9H), -15.21 (d, 1H, IJRh-H = 20.1 Hz).. Anal.
Calcd for C19H233N60P981Rh: C, 34.36; H, 3049; N’ 12.65. Found: C,

3‘096; H, 3055; N, 12.39.

Preparation of 823(3-073-5-!3P:)2lh(co)(u)(81!33) (48)
A sample of 63.5 mg (0.135 mmol) 20s was taken up in 25 mL
cyclohexane. The solution was purged with Me;SiH for 5 min, then

irradiated for 10 min with purge, giving a colorless solution. Solvent
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was removed in vacuo, giving an unstable oil.

Characterization: IR (hexane) 2120 (ww) (VRh-H)' 2050 (s) et (veo)

'H WMR (CD,Cl,, 200 Miz, amblent) & 6.40 (s, 1H), 6.34 (s, 1), 2.40 (s,
3H), 2.38 (s, 3H), 0.46 (s, 9H), -13.80 (d, 1M, lJp . = 26.7 Hz). !'%F
NMR (C02C12p QMbiQnt) 5 =58,27 (8, 3?). -59.64 (3. 3?)'

Preparation of ﬂl(3-¢!3-5-unvz)3nh(60)(Pb)(u) (49)

A sample of 160.7 mg (0.26 mmol) of 24 was taken up in 20 ml
benzene. This yellow solution was irradiated for 20 min with Nz purge,
giving a colorless solution. Benzene was removed in vacuo, giving an
off-white powder as the benzene solvate (195.8 mg, 100% yield), mp 133~
135°C.,

Characterization: IR (cyclohexane) 2082 cm'l (vco). MS (120°C, 70 eV)

MT=CgHg (590, 272), M™~CO-CgH, (33%),. 3-CP,-5-MePz* (100%). ' MM
(CD,Cl,, 400 MHz, ambient) & 7.35 (s, 6H), 6.89 (br, 3H), 6.67 (br, 1H),
6.48 (s, 1H), 6.38 (s, 1H), 6.35 (s, lH), 6.22 (br, 1H),2.57 (s, 3H),
2.50 (s, 3H), 2.44 (s, 3H), -13.35 (d, W, lyp, o = 21.2 Hz). W MR
(-30°C) & Phenyl Region: 7.33 (d, lH, o-Ph), 6.99 (t, lH, m=Ph), 6.88
(t, 1H, p-Ph), 6.65 (t, 1, m'-Ph), 6.18 (d, 1H , o'-Ph). 'H NMR (C/Dq,
200 MHz, ambient) & 7.18 (s, 12H), 5.98 (s, lH), 5.78 (s, lH), 5.74 (s,
18), 1.95 (s, 3H), 1.80 (s, 6H). 3¢ MR (CD,Cl,, 75.5 Mz, ambient) &
187.50 (d, 'Jgp.c = 70 Hz), 147.10, 146,96, 146.81 (s, C-CHy), 145.13,
144,28, 144.10 (q, C-CFy, 2Po_p = 39 Hz), 142.17 (d, lug, o = 26 Hz),
128.70, 127.10, 123.79 (s, Ph C), 121.20, 121,05, 120.00 (q, CFy, “Jo_p

= 270 Hz), 108.40, 107.45, 106.60 (s, CH), 13.40 (s, 1CH4), 13.08 (s,
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2cH3). 197 MR (D,C1,, ~30°C) & =59.10 (s), 60,24 (¢, J = 2 Ha),
"60.51 (t, J = 2 He). Anal. Caled for Cp,H, gBNGOPQRR.CGH,: C, 45.07;
Hy 3.38; N, 11,26, Found: C, 44.47; H, 3.41; N, 11.32.

Preparation of HB(3-CPy-5-NaPx),RR(CO)(CH,CH,CH,) (50)

A sample of 117.3 mg (0,190 mmol) 22 was taken up in 30 mL
cyclohexane. The solution was purged with cyclopropane gas for 5 min,
then irradiated for 20 min with purge. After removing solvent the crude
product was chromatographed on neutral alumina (12 x 2.5 cm) with
CHzclzo Cryastallization from Cuzclz-hexane layering at -30°C gave light

yellow crystals (51.6 mg, 43% yield), mp 209-211°C,

Characterization: Id (cyclohexane) 2055 cm'1 (Vco)' MS (180°C, 70 eV)

M'~C0 (604, 72), M¥-Cgg (152), N*-CO-C,H, (100%). 1l ma (CD,CL,, 200
Miz, amblent) & 6.56 (s, 1H), 6.39 (s, 2H), 2.87 (m, IN, H,), 2.68 (m,
18, Ho), 2048 (br, 9H), 1.90 (m, 2H, ), 1.65 (m, 2, H ). !%F mm
(CDZCIZ’ ambient) 6 -56.68 (s, 3F), -60.53 (s, 6F)¢ Anal. Caled for
CrgH) gBNGOFgRh:  C, 36.10; H, 3.03; N, 13.30. Found: C, 35.97; H,

3.00; N, 13.42.

Preparation of ul(3-CP3-S-Han)3Rh(CO)(I)(He) (51)

A sample of 136.1 mg (0.220 mmol) 24 was taken up in 20 mL
benzene. The solution was purged with nitrogen, then irradiated for 20
min with purge, giving a colorless solution of 49. To this benzene
solution was added 5.0 mL (1l1.4 8, 80.3 mmol) MeI, and reaction was
complete by IR in 3 h, so solvent was removed in vacuo. The resulting

orange solid was chromatographed on neutral alumina with CH,Cl,
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eluent. 57.0 mg (36% yield) of 51 was obtained as red-orange crystals

from CHyCly~hexane layering at =30°C, mp darkens at 180°C, melts at 218-
220°¢,

Characterization: IR (n-hexane) 2097 cm'1 (vco). MS (145°C, 16 eV) vt

(732, 11%), M*~Cy (2%), M*-CO-CH, (43), M'-T (8%), M*-Mel (l00%),
MF-Me1-CO (68%). W MMR (CD,Cl,, 200 Miz, ambient) & 6.52 (s, IH), 6.44
(s, 1H), 6,40 (s, 1H), 2.46 (s, 3H), 2.45 (s, 3H), 2.40 (s, 3H), 2.08
(8, 3). 1o MR (CD,CLy, 75.5 Wiz, amblent) & 180,84 (d, €O, lypy =
64 Hz), 148.04, 147,70, 147.01 (s, C-CHy), 146.38, 145.21, 143.94 (q, C-
€y, 2Jgap = 39:2 Hz), 121.35, 120.87, 120,84 (q, CPq, lIg_p = 270 Hp),
111,07, 109.67, 108.23 (s, C-R), 13.78 (s, 2C, CHy), 13.06 (s, 1C, CHy),
=174 (d, Rh=CHy, 1y o = 15 HE). 1% MR (CD,C1,, ambient) & -54.70
(s, 3F), ~57.02 (s, 37), -58.90 (s, 3F). Anal. Caled for

Cy7H) gBNGOPQRRI: C, 27.90; H, 2.20; N, 11.48. Pound: C, 28.07; H,
2.11; N, 11.41,

Reaction of WB(3-CF3-5-MaPz)jRh(C0); (22) with Me,NO in CsDg

A sample of 22.0 mg (0.034 mmol) 22 was taken up in 0.4 mL CgDg
along with 1 uL Me3SiOSiHb3. The 'H MR gspectrum was taken for the
internal standard calibration. 2.5 mg (0.036 mmol) M23NO was'added and
the tube was sealed in vacuo. After shaking for 90 min, the ly mr
spectrum was run. LH MMR (CgDg» 200 MHZ, ambient) & 6.00 (s, 1H), 5.80
(s, 1H), 5.76 (s, lH), 2.10 (s, 9H, NMey), 1.96 (s, 3H), 1.8l (s, 6H),

0.14 (s, Me3SiOSIMe3). The conversion was 93%.



IR Rsaction
A sample of 90.0 mg (0.146 mmol) of 22 was taken up in 10 mlL

benzene. To this yellow solution was added !l mg (0.l146 mmol) Me4NO,
and after vigorous stirring for 90 minutes, IR shows quantitative
conversion to phenyl hydride 49 (vep = 2077 cm'l). If the solution is
left overnight, the IR spectrum showed disappearance of &9 and
appeétance of the NMe, complex 44. It was isolated as detailed for the

preparation of &4 by another route and identified by IR spectroscopy

(12,0 mg, 137 yield).
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Section 1
INTRODUCTION

The successful use of the complex (HBP:'3)Rh(CO)2 by C.K. Ghosh1 in
this research group for C-H bond activation has prompted further
research into related systems. In Chapter Il of this Thesis the complex
HB(S-Pth)3Rh(CO)2 1 was used for C-H activation studies, but the
proximity of the 3-Ph group to the metal center resulted in
intramolecular C-H activation, or orthometallation. This problem was
circumvented by using the complex HB(3-CF3-S-MePz)3Rh(CO)2 22 in
Chapters III and IV, but only the benzene C-H sctivation product was
stable at room temperature.

One inherent problem encountered by Ghosh in C-H activation etudies
was the low solubility of (HBPz*3)Rh(CO)2 in saturated hydrocarbons,
typically about 1 mg/ml in cyclohexane.la By increasing the size of the
aliphatic groups on the pyrazole ring from Me to perhaps Et, i-Pr, {-Bu
or t-Bu the solubility of the rhodium complexes in saturated
hydrocarbons should increase.

The recent report of Trofimenko's so-called second generation
pyrazolylborate ligands of the type [HnB(3-RPz)4_n]° (ne0,1, 2 and R
= Ph,z t-Bu,2 or 1-Pr3) facilitated the preparation of complexes of the
type HnB(3-RPz)4_nRh(CO)2 (n=1, 2; R = t-Bu, {-Pr). The aynthesis and
characterization of these complexes as well as C-H activation studies
will ba discussed. Also, the n2:n3 isomer ratios and IR vVeo bands of
the known tris(pyrazolyl)borate rhodium dicarbonyl complexes are
presented to compare the steric and electronic effects in these various

systems.
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Two other alkyl-pyrazoles, 3-Et-5-MePzH and 3=1-Bu~5-MePzH were
prepared. However, the synthesis of the corresponding
tris(pyrazolyl)borate ligands revealed regioisomeric mixtures in both
cages. The subsequent rhodium (dicarbonyl) complexes were prepared, but
attempts at separation of the reglioisomers were unsuccessful. As a
congequence, no C~H activation studies were carried out with these
systems.

The synthesis of two other pyrazoles containing CF3 groups, 3-
CF3CF2-5-MePzR and 3-Ph-5-CF3PzH are described, but subsequent attempts
to prepare pyrazolylborate ligands were unsuccessful. Only the familiar
pyrazole bridged dimers could bhe prepared, and these will be compared to
the other such species prepared in this Thesis. Thia Chapter then
highlights some of the problems encountered in the synthesis of new
pyrazolylborate systema.

One feature of the tris and tetrakis(pyrazolyl)borate ligands is
the fluxional behaviour via n2;=én3 interconversions. A possible
sensitive probe to determine the hapticity of these ligands is 15N NMR
spectroscopy. The synthesis and subsequent ISN NMR spectra of (HBPz*3)

rhodium complexes enriched with ISN will be explored.
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Section 2 B
3-TERTIARYBUTYLPYRAZOLE CHEMISTRY

The so-called second generation pyrazolylborate ligands of the type
[H,B(3-RPz),_ ] " (n =0, 1, 2and R = Ph,2 t-Bu,% or 1-Pr3) allow one to
"custom=fit" a pocket about a metal center. In the preparation of
cobalt half sanduich complexes of the type HB(3-RPz)3CoLn, Trofimenko
and coworkersz’3 found that for R = Ph and {-Pr, five ligands could be
accommodated about the metal center. On the other hand with R = t-Bu,
the complexes were always four-coordinate, prompting Trofimenko? to term
the ligand (RB(3-t-Bu?z)3]' a "tetrahedral enforcer". A crystal
structure of the thallium complex TlﬂB(3-t-BuPz)3 wag recently

reported, 8

which determined it to be monomeric, with all three pyrazole
groups coordinated to thallium. This structure is quite unlike the
polymeric zig-zag structures for TiCp and T1Cp*, but is similar to the
structure of [rlczagallj‘.“a -

The dicarbonyl HB(3-t-BuPz)3Rh(CO)2 (52) is prepared by teactidg
[{CO)oRhCL], with KHB(3-t-BuPz)3 in CHyCl, or toluene. Along with 52 a

considerable amount of the dimer [(CO)ZRh(S-c-BuPz)]z (53) also forms

(eq. 5-1).
[CIRK(CO), ),

+ “HE%  HBO-t-BuPI,AN(CO), + (-t-BuPIANCO)],  (5-1)
K[HB(3-t-BuPz),)

52 53



In previous systems in this Thesis, these two types of products
could be separated by chromatography or crystallization. Unfortunately,
neither technique was successful in separating 53 from 52. It was
pointed out by Trofimenko that the known presence of 3~t-BuPzH in the
potassium salt KHB(3-t-BuPz)q may lead to the formation of 53;‘he
suggested using the thallium salt, which does not contain free
pyrazole.ab However the analogous reaction of [(CO)ZRhC1]2 with T1HB(3-
t-Bupz); (eq. 5-1) still produces similar amounts of $3. This suggests
that its presence arises not from free 3-t~BuPzH but from B-N bond
cleavage of the tris(pyrazolyl)borate ligand,s similar to those systems
encountered in Chapters II and III.

Complex S2 does not survive chromatography on Florisil, while on
neutral alumina extensive decomposition occurs. This notwithstanding,
small amounts of 52 can be separated from 53 for characterization. The
IR spectrum of 52 in hexane shows two sharp vep bands at 2084, 2017
co™l. The MS shows the molecular fon M" at m/e = 540 with fons
corregsponding to loss of CO and a 3-t-BuPz group. The lﬂ NMR spectrum
shows a 2:1 ratio of pyrazole group resonances, with the 5-H protons at
67.73 (d, 1H, 3JH-B = 2,2 Hz) and 7.28 (d, 2H, 3JH-H = 2.3 Hz), while
the 4-H protons are at & 6.21 (d, 1H, 33,y = 2.2 Hz) and 6.09 (d, 2H,
3JH~H ® 2.3). The t-Bu groups appear as sharp singlets at § 1.51 (s,
18H) and 1.35 (s, 9H). The element analysis for 52 is poor, as the
complex is an unstable air-sensitive yellow oil.

The dimer 53 could be obtained pure from the above mixture by
chroiatography on Florisil which decomposes complex 52, and the IR, 1H

NMR and MS are identical to those of an authentis sample.6 Complex 53
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has three v,, bands in hexane at 2090, 2072, 2023 cm'l. and the 'H MR
spectrum again shows two sets of pyrazole group resonances. These are
agsigned as the cis and trans isomers (eq. 5-2). The trans:cis rati{o of
2.37:1 is considerably larger than in 3 (Pz = 3-PhPz, 1.23:1) or 23 (P:z
- 3-CF3-5-MePz. 1.15:1), which suggests a larger steric rather than
electronic effect. Section 4 will compare and contrast a number of such

unsymmetric pyrazole bridged dimers prepared in this Thesis.

« Qe w QA

\_/
\h‘/ /ﬂn\ :? (5=2)
Mﬁsc O k)\CMea
trans cis

The bis(pyrazolyl)borate analog of 52, 328(3-t-BuPz)2Rh(CO)2 (56)

was prepared (eq. 5-3).

CMe,
[CIRN(CO), @T o

CHyCly 4 / -
+ s R M\N ).,\c (5-3)
K[HB(3-t-BuFz),) O\ °
CMe,
54

The IR Veo bands of S4 in hexane are at 2082, 2015 cm'l, only 2 cm'1

lower than the bands for 52. This suggests that the latter is
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exclusively nz in solution. The lH NMR spectrum of 54 shows one
pyrazole group resonance, similar to other related complexes.
Complex 52 i{s the only example of a neutral tris(pyrazolyl)borate

rhodium dicarbonyl species which is exclusively nz in solution.

t-Bu
[ v
N
- B\H
><
‘/ \co
t-Bu
52

n?-HB(3-1-BuPz)3Rh(CO),

This emphasizes the steric requirement of the ligand in 52 relative to
HB(3-Pth)3Rh(CO)2 1, where in cyclohexane one observes a nz n3 ratio of
85:15%, as determined by IR spectroscopy. This further suggests that
the equilibrium. position of the two forms is more dependent on the size
of the tris(pyrazolyl)borate ligand than on electronic factors. This
will be discussed in more detail in Section 3, with comparisons made for
a8 number of such complexes.

Attempts at C-H bond activation with 52 in aliphatic or aromatic
hydrocarbons did not meet with much success. Photolyses of benzene or
cyclohexane solutions of 52 led to consumption of starting material but

no appearance of products containing a CO group as monitored by IR

spectroscopy. One might expect to get intramolecular activation of one
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of the methyl groups of a t-Bu group as observed with a phenyl group in

complex 1, but perhaps the size of the ligand does not allow the third
pyrazole group to coordinate into an octahedral geometry. This again
emphasizes the "tetrahedral enforcer” nature of the ligand [HB(3~-t-
BuPz)3] . Perhaps in complex 52 this is just a case of steric overkill
where access to the metal center i{s too restricted, even for incoming
hydrocarbons,

As might be expected, since both complexes 52 and 54 are postulated
as l6e square planar complexes, they should exchange L3go rapidly, as
demonstrated for other tris and bis(pyrazolyl)borate rhodium dicarbonyl
complexes in this Thesis. Hexane solutions of both 52 and $& are
completely enriched with one atmosphere of 13¢o after five minutes, with
IR veon bands at 2035, 1971 cm'1 and 2033, 1969 cm'1 respectively for the
enriched species. Given the fact that large amounts of pure 52 could
not be reasonably obtained, further chemistry was not done in this

system.
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Section 3
3-1S0PROPYLPYRAZOLE CHEMISTRY

Introduction

The unsuccessful C-H activation results with the complex HB(3=-t~
BuPz)3Rh(CO)2 32 prompted the synthesis of other pyrazolylborate ligands
with alkyl substituents. A report by Trofimenko on the pyrazolylborate
ligands of intermediate steric size was recently published involving the
3~1-PrPz group. The synthesis of pyrazolylborate ligands of the type
[Hnn(3'i'Per)a-n1- (n=0, 1, 2) as well as a number of transition
metal complexes was tepotted.3 This ligand system was described as a
steric intermediate between the parent [HnBPza_u]' ligands7 and the so-
called second generation bulky ligands [HnB(3-RPz)4_n]',2 (n=0,1, 2,
R = Ph, t-Bu) with properties lying between the two.

This Section discusses the preparation of complexes of the type
RnB(3-i-Per)4_nRh(CO)2 (n =1, 2) and subsequent characterization,
particularly regarding the hapticity of the tris(pyrazolyl)borate
ligand. C-H bond activation studies of the complex with n = 1 will be

discussed.

Synthesis
The dicarbonyl HB(3-1-Per)3Rh(CO)2 (55) was prepared in the same

manner as other analogous complexes (eq. 5-4).
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-

[CIRh(CO),],
CHyCly ' .
+ s HB(3-i-PrPz)3Rh(CO), (5-4)
KIHB(3-i-PrPz)3]

55

Although Trofimenko reports that the salt KHB(3-1-Per)3 contains
free 3-1-PthH,3 only a small amount of the familiar pyrazolelbtidged
dimer [(CO)ZRh(B-i-Pth)]z (36) was formed. As before an authentic
sample was prepared and the two were found to be identical by IR, 1R NMR
and MS.

Unlike 52, complex S5 survives chromatography and vas isolated as a
yellow solid. As observed for complexes 1 and 22, the IR spectrum of 59
in cyclohexane shows two sets of Vo bands at 2082 (s), 2058 (s, br),
2017 (s), 1987 (s, br) cm'l, (Figure V.1), which arise from an

equilibrium mixture of the n2 and n3 forms (eq. 5-5).

i-Pr

z z
,,-\B\ N/fEJ\N
K:N){ H —_—— @L\?/i‘(}‘, (5-5)

\(N“‘nn -° Ah
< i-P
QN/ ~~co ' / N\
o© %
i-Pr
n2-HB(3-i-PrPz)3Rh(CO), 1°- HB(3-i-PrPz)3RN(CO),

16 electrons 18 electrons
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0 © 2100 2000
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Figure V.1 Infrared Spectrum of HB(3-1-Pth)3Rh(C0)2 (58)
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From the combination of the two methods outlined in the General
Experimental Section (Chapter II), relative ratios of the isomers can be
obtained. In cyclohexane, the average rati{o of n2:n3 is 35:65%, while
in toluene it ig 42:58% and in CHaCly the ratio is 38:62%. As observed
for 22, the ratios in the three solvents do not follow the smooth
progression observed for 1, but the equilibrium position i{s still
solvent dependent.

The IH NMR spectrum.of 55 shows just one type of pyrazole group,
with the 5-H and 4-H resonances at & 7.54 (d, 3H, 3JH-H » 2,2 Hz) and
6.10 (d, 3H, 3JH-H ® 2.2 Hz) respectively. For the isopropyl group, a
characteristic septet for the C-H resonance i{s observed ar & 3.28 (3H,
3JH-H = 6.9 Hz), while the methyl groups are a doublet at & 1.30 (184,
3JH—H = 6.9 Hz). There is no change in the spectrum when the sample is
cooled to -90°C. This was also observed with complex 22, which shows
similar n2:n3 IR ratios.

It is interesting at this point to compare and contrast the five
tris(pyrazolyl)borate rhodium dicarbonyl species discussed {n this
Thesis, as shown in Table 5.I. The five complexes demonstrate changes
in the electronic and steric properties of the tris(pyrazolyl)borate
ligand which are reflected in the IR Veo bands and nzzn3 ratios
respectively. These latter ratios vary from a complex that is entirely
n3 ((HBPz*3)Rh(CO)2). to two that are mostly n3 (approximate 2:1 ratio
for 22 and 55), to one that is mostly nz (HB(3-PhPz)4Rh(C0), 1), and
finally a complex that is entirely nz in solution (Hn(3-t-BuPz)3Rh(C0)2
52). |

3

There are several comparisons that suggest that this nz:n ratio is

predominantly governed by steric rather than electronic factors. For
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example, the Veo bands for the n2 form of 52 and S% are virtually
identical, which suggests the two tris(pyrazolyl)borate ligands are
similar electron donors; yet the former is entirely nz in solution,
while for the latter the major form in solution is the n3 isomer. Also,
when comparing 22 and 35, the vco bands for both the nz and n3 {aomers
of the former are much higher in energy, which shows that the ligand in
22 is a poorer electron donor. However, the nz n3 ratios for 22 and 5%
are almost the same. If the steric effect largely governs the n2:n3
ratio, one could arrange the groups in the 3-position of the pyrazole
ring in order of increasing size: Me ¢ CF3 = {~Py < Ph < t-Bu.

The steric effect in a number of phosphines was represented by
Tolman using the concept of a cone anzle.8 In the same manner
Trofimenko reported cone angles based on crystal structures of
tris(pyrazolyl)borate complexss. He found that for HBPz4 the cone angle
1s 184°, while HBPz*3 has a value of 224° and HB(3-t-BuPz)3 has the
largest value at 264°,28 One would expect that as the cone angle
increases, the amount of n3 form would decrease, as observed on going
from (HBP2*3)Rh(CO)2 to 52.

The analogous bis(pyrazolyl)borate complex of 58, HZB(3-1-

Per)ZRh(CO)Z (57) vas prepared (eq. 5-6).

-Pr
[CIRK(CO), ), @ (5-6)
‘ LN e
%°C SN \co
KIHoB(3-i-PrPa),) @ -
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The IR v, bands of 57 {n hexane are at 2081, 2016 ca™l, whose
positions are similar to those assigned to SS-nzo A8 observed with 54,
the lH NMR spectrum of 57 shows only one type of pyrazole group.

As was demoﬁstrated for complexes 52 and Sé in Section 2, both 55
and 57 rapidly exchange 13CO (complete in five minutes in hexane) with
the enriched IR spectra giving Voo bands at 2035 (s), 2011 (s, br), 1972

(s), 1941 (s, br) cm~! and 2033, 1970 cm~! respectively.

C-H Activation Studies

Irradiation of a benzene solution of 55 for 20 minutes resulted in

the formation of the phenyl hydride compiex HB(3-1-Pth)3Rh(CO)(Ph)(H)

(58) (eq. 5-7).

”f-z-z}m—x

\ v

N
CClyBr l |()
HB(3-i-PrPz)yAh(CO), "L”i"ﬂ'. O I:O> : Ml > (5-7)

-
(complm in 20 min) |
N

55 59

The IR spectrum in benzene showed a weak band at 2076 cm‘l assigned
as the Rh-H stretch and a strong band at 2048 cm™! for vpge Complex 58
was not isolated but converted to the bromide (59) with CBtCl3 in good
yield (eq. 5-7). The IR spectrum of 59 in hexane shows a Veo band at
2085 cm'l, and the MS shows at weak parent ion M* at m/e = 627,

The lH NMR spectrum of 59 shows three inequivalent pyrazole

groups. Three different S5-H and 4-H doublets and three C~Y septets are
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observed. The two methyl groups on the isopropyl group are now
nonequivalent by symmetiy, resulting in six different doublets. It is
assumed that the isopropyl group is in the least hindered position, with
the C~H group pointing inward to the metal, and the two methyl groups
pointing outwards. The phenyl ring is not rotating on the NMR
timescale, as the five different ring protons are observed. The 13¢ APT
NMR spectrum shows the carbonyl carbon at & 183,18 (d, IJRh-C = 1 Hz)
and the phenyl carbon attached to rhodium at & 143.84 (d, lJRh-C » 22
Hz). One also observes three carbon resonances for the 5-C, 4-C, 3-C
and C-H groups, and six methvl carbons.

The irradiation of 53 in cyclohexane gives a product (60) with
VRh-y 2070 (v) and ve, 2031 (s) cm”l. The product was found to be
unstable, so the presumed hydride was convertes to the bromide (61) with
CBrC13. The IR spectrum of 61 in hexane shcsed a single Voo at 2068
cm'l. The MS showed a molecular ion M+ at m/e = 550, which corresponds
to the product from intramolecular C-H activation.

There are two isomers possible, as one could activate the isopropyl
methyl group, giving a five-membered ring, or the {sopropyl C-H bond
giving 2 four-membered ring. The former would be predicted to be
favored based on a less strained ring, and in fact this structure was
confirmed by IH and 13C NMR spectra. Hence the C-H activation product
is HB(3-1-Per)z(C3H2NZCH(CH3)63;;&h(c0)(H) 60, which i3 converted to

the bromide 61 (eq. 5-8).
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The IH NMR spectrum of 61 shows three 5-H and 4-H doublets, and
more importantly, two septets and one multiplet for the isopropyl C-H
groups. The two septets correspond to the C-H protons of the free
{sopropyl groups, while the multiplet srises from coupling of the C-H
group to a methyl and the diastereotopic methylene groups of the
metallated isopropyl group. As anticipated only five isopropyl methyl
groups appear, and the diastereotopic methylene protons of the
metallated group appear at & 3.46 (m, 1H) and 2.56 (m, 1H). The ‘3¢ NMR
spectrum again shows the CO carbon at & 183.53 (d, 1JRh-C = 58 Hz), and
sets of three resonances for the 5-C, 4=C, 3-C and C-H carbons. The
metallated carbon 1s observed at & 33.39 (d, IJRh-C = 18 Hz) and one now
observes only five methyl carbons.

In benzene one obtains intermolecular activation with 55, while in
cyclohexane intramolecular activation results. One final experiment
involves the thermal activation of benzene with 60. A solution of 60 in
cyclohexane reacts with excess benzene at room temperature with complete
conversion to the phenyl hydride S8 in about one hour. This was again

converted to the bromide 59 and isolated in good yield (eq. 5-9).
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This sequence of reactions is reminiscent of Werner's work with

(CgHgRU(P(1-Pr)4)(H), (eq. 5-10).9

! hy
1N He . I\
=Py P | o onyp "‘ CoMs
m\
cycichexane CeHe
\
n'
(Fpﬂz jk\u
G-
ol

(5-10)

Werner et 31.9 found that when the photolysis was performed in

benzene, the phenyl hydride complex was obtained.

When the photolysis

vas performed in cyclohexane, intramolecular activation of one of the i-

Pr groups occurred.

Subsequent reaction of the latter complex with
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benzene gave the phenyl hydride complex in five minutes. Of course, the
metallated product in that instance contained a four-membered ring,
presumably more strained than the five-membered ring in 60 and expected
to react faster with benzene.

When the photolysis of S$ in cyclohexane was performed with a
_
cyclopropane purge, a mixture of mostly 60 and HB(3-1-Per)3Rh(CO)-
—
(CRZCHZCHZ) (62) was observed after 20 minutes. If the solution was
purged with cyclopropane for a further 20 minutes, 60 is completely
converted to 62 (eq. 5-11), which is a stable complex which could be

completely characterized.

HB(3-i-PrPz}AR(CO),  .Cveicprooens SYCoroune 0 (5-11)
80 (20 min) HB(3-i-PrPz),
{compists in 20 min)
55 62

The initial product mixture is similar to that obtained from the
reaction of HB(3-Pth)3Rh(CO)2 1l with cyclopropane. In the latter case,
there was not complete conversion to the rhodacyclobutane .

The IR spectrum of 62 shows vgp 8t 2027 el and the lu MR
spectrum shows a 2:1 ratio of pyrazole group resonances. The assignment
of the hydrogens of the metallacycle followed that used for complexes 11

and 50.

l \ /
--C,- /Hc
/'th\c,/ AW
/° Hg
& Hy: Hb.

62 (atom numbering for NMR)
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Section 4
OTHER LIGAND SYSTENMS

As previously mentioned, the low solubility of (HBPz¥4)Rh(CO),
in saturated hydrocarbons was a problem in C-H bond activation
studies. Two other pyrazoles, 3-Et-5-MePzH (63) and 3-i-Bu-5-MePzH (67)
(eq. 5~12) were prepared, and these are direct extensions of Pz*H.
Electronically, the subsequent pyrazolylborate ligands should be
similar, but the larger alkyl groups should be more sterically demanding

around the metal center.,

(5-12)

HN—N HN—N
3-Et-5-MePzH 3-i-Bu-5-MePzH
63 67

3-Et-5-MePzH has been reported previously by several different
toutea.lo However, spectroscopic analysis was not complete, so this is
detailed in the Experimental Section. 3-Et-5-MePzH 63 was prepared by
the reaction of 2,4~hexanedione with hydrazine hydrate, much like the
synthesis of Pz#H.!l 1¢ was isolated as a clear liquid after
distillation. The 1H NMR spectrum shows a broad resonance at &5 11.98
(1H) assigned as the N-H proton. The 4-H resonance appears at & 5.90
(s, 1H) and the methyl group directly bound to the pyrazole ring is at §

2.33 (s, 3H). The ethyl group consists of the typical methylene quartet
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(8 2.70, 2, 2y = 7.8 Hz) and the methyl triplec (5 1.28, 3, gy
7.8 Hz). Similar 'H NMR spectra have been reported.}0¢d
The synthesis of the tris(pyrazolyl)borate ligand was identical to

that of KHBPz#y !28 (aq, 5-13),

KBH, +  HN— —2,?%' KIHB(E! MeP2);) (5-13)
63 64

However, the ly NMR spectrum of KHB(Et,MePz)3 (64) revealed a
regioisomeric mixture, with at least four sets of pyrazole group
resonances detected in a 6.5:2.2:2:1 ratio. There appears to be one
ma jor product and at least two minor isomers. With the
tris(pyrazolyl)borate ligand, there are now four possible orientations
of the ethyl and methyl groups in either 3- or S-positions. Perhaps
this result is not surprising in light of the fact that the complex
KHB(3,S-Et2Pz)3 was also prepared by Ttofimenko,lzb which requires that
three ethyl groups can be accommodated in the 5-position near the boron
atom. The size difference between a methyl and an ethyl group is
undoubtedly small, so that in the transition state for the formation of
the pyrazolylborate ligand a mixture is obtained.

The subsequent rhodium dicarbonyl complex HB(Et,MePz)3Rh(CO)2 (65)
was prepared (eq. 5-14), and like (HBPz*3)Rh(C0)2,18 6S is also air-

sensitive in the solid state.



[CIRN(CO),],
CH,CI -14
+ —mc>  HBIE MeP2)yAN(CO), (5-14)
KIHB(E!t MeP2),)
64 65

In contrast to (HBPz*3)Rh(CO)2. 65 survives column chromatography,
and can be separated from the ever-present rhodium dimer [(CO)ZRh(3-E;-
5-MePz)], (66). Complex 65 is also much more hexane soluble than
(HBPz*3)Rh(CO)2. The IR spectrum of 65 {s identical to that of
(HBPz¥3)h(C0),, with Vg, bands at 2054 and 1980 cm™! in hexane. By
analogy, 65 is then entirely n3 in solution, with no evidence for the n2
isomer. Consistent with this ohservation is that complex 65 shows no
1360 exchange after four hours in hexane, as previously reported for
(HBPz*3)Rh(CO)2. Since 65 appears to be entirely n3 in solution, it was
then not necessary to prepare the analogous bis(pyrazolyl)borate
complex.

The 1H NMR spectrum of 65 shows two sets of pyrazole group
regonances whose intensity ratio is not indicative of a single
regioisomer. The 1a NMR spectrum of 6& shows the presence of several
reglioisomeric forms, but these are not all separated in the 1H NMR
spectrum of 635. Attempts at separation of the regioisomers were
unsuccessful, although a slight enrichment of one species was
accomplished by fractional crystallization. Although complex 65 is
analytically pure it is not isomerically pure, so no C-H activation

studies were done. An obvious solution to the solubility problem in
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(HBPz*3)Rh(CO)2, without the problems present in 65 would be to prepare
HB(S.S-Etsz)3Rh(CO)2. ag the ligand was prepared by Trofimenko. This
complex was not prepared in this Thesis, but points the wvay to further
work with these type of complexes.

An asuthentic sample of 66 was prepared. It is interesting to note
that the ratio of the presumed trans and cis isomers is the nearest to
unity in this complex (1.09:1). This suggests a very small steric
preference for a methyl or ethyl group. A comparison of such pyrazole-
bridged rhodium dimers will be made later in this Section.

In the hope of preparing a tris(pyrazolyl)borate ligand where only
one regioisomer is present, a pyrazole with a longer alkyl substituent
was prepared. The diketone 6-methyl-2,4-heptanedione is commercially
available, which would lead to 3-i{-Bu-5-MePzH. There is only one report

of this pyrazole in the literature, obtained from a mixture of
ptoducts.13

The pyrazole 3-i-Bu-5-MePzH 67 (eq. 5-12) was prepared by reacting
6-methyl-2,4-heptanedione with hydrazine hydrate. It was obtained as a
colorless liquid after distillation, and unlike 83, 67 solidified at
-30°C. The ' NMR spectrum of 67 13 similar to that of 63, except for
the 1-Bu rather than Et resonances. The Cﬂz group appears at'é 2,48 (d,
2H, 3JB-H = 7.2 Hz), while the methyl groups appear at & 0.92 (d, 6H,
3JH-H = 6.6 Hz). The C-H resonance appears as an apparent nonet from
coupling to the two methylene and six methyl hydrogens at & 1.89 (nonet,
1H, 3JH_H ® 6.8 Hz). Irradiating the methylene doublet at & 2.48 causes
the nonet to simplify to a septet, while irradiating the methyl doublet

at & 0.92 causes the nonet to collapse to a triplet.

The 130 APT NMR spectrum of 67 showed the 5-C and 3~C resonances at
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elther 6 148,10 or 144.88. The 4=~C resonance is at & 103.88, while the
methylene carbon i3 at & 36.44. Unfortunately, the APT techniqus can
only differentiate CH or CH3 carbons from CH2 or quartenary carbons, but
it cannot distinguish a CH from a CH3 group. However, the DEPT
(Distortionless Enhancement Polarization Tranafer) NMR technique is
capable of distinguishing a CH from a CH, graup.l6 e 3¢ DEPT NMR
spectrum of 67 determined that the C-H group was at & 29,32, the
isopropyl methyls at & 22.55, while the single methyl group {s at
12,56, The latter two assiguments are based on compatrison of the ¢
chemical shifts of the pyrazole methyl group to the Et, MaPz and
CF3,MePz system, as well as the Pz* system.'?

The synthesis of the bis and tris(pyrazolyl)borate ligands were
straightforvard (eq. 5-15 and 5-16 respectively), the former prepared by

the so-called solvent route.

u,c\(ycn,cum, DMAC (5-15)
KBH, + 2 H—A —‘T‘a%f- KIH,B(i-Bu,MeP2),)
67 68
HiCF A CHCHMe, (5-16)
KBH, + m ~qec | KIHB(i~Bu,MePz),]
-3H;
67 70

Unfortunately, in both the bis(pyrazolyl)borate ligand KHZB(i-
Bu,MePz)2 (68) and the tris(pyrazolyl)borate analog KHB(i-B@.MePz)3
(70), the lﬂ NMR spectra show the presence of regioisomers. Apparently,

the sise difference between an i-Bu group and a Me group is still not
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large enough to ensure even a regioisomerically pure tris(pyrazolyl)-
borate ligand. Although the isobutyl group is definitely longer than a
methyl group, it can still bend avay from the boron atom in the
transition state and appear like a methyl group. On the other hand,
with reference to the {somerically pure ligand KRB(B-CF3-MePz)3 2L, a
CFy group is spherically like a methyl group but larger, so that the
steric effect at boron is more pronounced.

The corresponding rhodium dicarbonyl species were again prepared,
the bis(pyrazolyl)borate complex HZB(i-Bu,MePz)ZRh(CO)Z (69) and the

tris(pyrazolyl)borate analog HB(i-Bu,MePz)3Rh(CO)2 (71) (eq. 5-17),

[CIRN(CO),),
CH,C n
+ e HBli-BuMePr) ANCO),  (5-17)
KiHpB(i-Bu,MeP2),_ ]
68 n=2 69 nw2
70 nel 71 n=l

The IR spectrum of 71 in hexane shows a mixture of the nz and n3
forms, with Voo bands at 2079 (w), 2054 (s, br), 2014 (w), 1981 (s, br)
cm’l. The major species is still the n3 form, whose bands are identical
to thosge of (HBPz*3)Rh(CO)2 and 65. One could argue that the appearance
of some nz form (ca. 1%) in solution is due to the greater steric bulk
of the {-Bu group relative to a Me or Et group. Of course, 71 is a
mixture of regioisomers, so this argument is less valid.

At this point, the question of 1300 exchange rates arose. A hexane

solution of 71 under one atmosphere of 1300 is completely enriched after



20 hours (IR Voo bands at 2030 (w), 2004 (s), 1967 (w), 1934 (s)

cm'l). The small amount of the n2 Lsomer of 71 present by IR i{s thought
to have facilitated this exchange. On the other hand, (3392'3)Rh(00)2
and 65, which show only the n3 lsomer present, show no 1300 exchange
after four hours. In fact, the 13CO exchange of (HBP:'3)Rh(CO)z in
032C12 1s complete in about 18 hours, consistent with the fact that the
IR spectrum in CHZCIZ shows about 1% of the nz {somer present. Also,‘as
expected, the bis(pyrazolyl)borate analog of 71, complex 69, is rapidly
13CO enriched (complete in less than five minutes, with IR Vgo bands at
2030, 1967 em™! in hexane) .

The 1H NMR spectrum of 71 shows several pyrazole group
resonances. The 136 NMR spectrum of 13¢o enriched 71 shows three
distinct CO carbons, which suggests that theve are at least three
regioisomers present. The remainder of the spectrum shows at least
three resonances for each type of carbon.

The bis(pyrazolyl)borate complex 69 has IR Vco bands in hexane at
2079, 2012 cm'l, which are very similar to the bands for 71-n2. The IH
NMR spectrum shows three sets of pyrazole groups resonances, indicating
the presence of regloisomers, similar to those of H23(0F3,H3Pz)2nh(CO)2
20. One might expeut to observe several sets of IR bands, as with the
latter complexes. However, electronically, there is not a large
difference betweeﬁ a {-Bu and a Me group, so these bands would be
superimposed.,

The pyrazole-bridged dimer complex [(CO)ZRh(3-1-Bu-5-MePz)]2 (72)
was again isolated in small amount from the preparation of 71. Its
identity was confirmed by comparison of spectral data to an authentic

sample. The ratio of the trans:cis isomers now i{s larger than for 66
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(1.80:1), which suggests a larger steric difference between an {-Buy and
Me group than a Et and a Me group.

The synthesis of two other pyrazoles contalning CF; groups were
accomplished (eq. 5-18). The first, 3-CF3CF2-5-HePzH (73) was prepared
by reacting the known precursor 1,1,1,2,2-pentafluoro-3,S-hexanadionels
with hydrazine hydrate. It was obtained as a white solid in good
yield. This pyrazole can be viewed as an extension of 3-CF3-5-KePzH 18,
with the hope of increasing the fluorocarbon solubility of the

tris(pyrazolyl)borate rhodium complexes without drastically changing the

electron donor properties.

HyC(# \-CF,CFy PWQFS
/ /
HN—N

HN—~N (5-18)
3-CFyCF,-5-MePzH 3-Ph-5- CF Py
73 75

The 1H NMR spectrum of 73 is very similar to that of 3-CF3-5-MePzH
18, and the 13c NMR spsctrum allows unique assignment of each
tesonance. Of particular interest are the resonances of the CF3CF2
grouye The CF3 8roup appears at 6 119.34 (q of t, 1JF_C = 285 Hz, ZJF_C
= 39 Hz), vhile the CF) carbon s at & 111,49 (t of q, lJp o = 252 Hz,
ZJF-C ®» 39 Hz). The 19F NMR spectrum shows the CFy group at & -85.45
(s, 3F) and the CFZ group at & ~113.55 (s, 2F). Although it was
initially puzzling that there was no 3JF-F coupling, it is apparently
common for a CF3CF2 group. In fact, for perfluorocarbons, it is

generally the case that AJF-F > 3JF-F' the latter couplings being less
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than 1 Hz.16

The other pyrazole 3-Ph-5-CF3PzR (75) was prepared according to
Nishiwaki.!’® The Experimental Section cetails the complete
characterization. The pyrazcle has also been prepared by anciher
method17b and used in the synthesis of pyrazolyl-bridged iridium
dimers.17° This pyrazole can be considered a "hybrid" between the two
systems encountered in Chapters II and III.

Subsequent attempts to prepare any pyrazolylborate ligands with
either 73 or 75 were unsuccessful. The reaction of either pyrazole with
KBHa resulted in a rapid coloring of the melt even at 140°C, with only
unreacted pyrazole being recovered. This is similar to the
decomposition that occurs 1f the melt reaction to prepare KHB(3-CF4-5-
MePz)4 21 is left at high temperatures for extended periods of time.

The low temperature decomposition appears :o be exclusive to those
pyrazoles containing CF3 groups. The melt reactions of any of the
alkylpyrazoles in this Thesis show no sign of decomposition up to
270°C. Trofimenko has pointed out that at eufficiently high
temperatures, pyrazolylborates do decompose resulting in the formation
of pyrazaboles and free pytazole.7’12 Either the subsequent
Pyrazolylborate ligands are simply unstable or there is some reaction of
the pyrazoles with KBH4. Even the attempt to prepare just the
bis(pyrazolyl)borate ligands by the solvent route met witn failure.

It is well documented that the fluorine atom of the C-F bond is
susceptible to attack by nucleophilic reagents,lsa and fluorccarbons in
general are known to react with complex metal hydrides, most notably
LiAlH, and NaBH,, resulting in displacement of F by H and the formation

of strong B-F bonds.18b It is therefore thought that this side reaction
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of KBHQ and a CF3 group prevents the formation of pyrazolylborate
ligands.

This Chapter highlights some of the possible prob.ems that can be
encountered in the synthesis of new pyrazolylborate systems. The only
rhodium complexes of the pyrazoles 73 and 75 that could be prepared are
the familiar pyrazole bridged dimers [(CO)2Rh(3-CF3CF2-5-MePz)]2 (76)
and [(CO)ZRh(3-Ph-S-CF3Pz)]2 (76).

At this point, it is pertinent to compare all such complexes
prepared in this Thesis. Table 5.I1I shows the IR Vo bands and the
trans:cis ratio of these unsymmetric pyrazole bridge dimers. It has
previously been argued that these are the cis and trans forms posible
when an unsymmetric pyrazole is used. It was presumed that the major
forem was the trans isomer, as PH molecular models indicate more steric
congestion of the larger groups in the cis positions. Hence, the ratio
of the trans:cis could be taken as a measure of the steric size
difference between the two groups on both 3- and 5-positions on the
prrazole ring (eq. 5-17). It should be pointed out that these dimers

are not planar as shown but are in folded boat forms.

N— N—N 0
OC\ y, N /CO nC \, o
Rh /Rh ‘/RQ\ /RQ\
o w=n” Yo o “w=n’ “co (5-17)
R/@R' R&}R'
(R#R') _
trans cis

The work cf Stobart and covorketsuc with similar pyrazole-bridged

iridium dimers is interesting. Complexes of the type



Table 5.1I1 IR and NMR Data for [(CO)zlh(pytuole)]z Complexes

Compound ) Vco (Hexane) et Trans:cis Ratio
(pyrazole =)

Pz 2090, 2079, 2022 N/A

Pz¥ | 2080, 2060, 2005 N/A

3-PhPz &) 2090, 2077, 2023 1.23:1
3,5=(CF4),Pz 2111, 2095, 2049 N/A

3~CF4-5-MePz (23) 2100, 2084, 2034 1.15:1
3-t-BuPz (53) 2090, 2072, 2023 2.37:1
3-1-PrPz (56) 2088, 2075, 2020 2.23:1
3-Et-5-MePz (66) 2086, 2072, 2018 1.09:1
3-1-Bu-5-MePz  (72) 2086, 2072, 2018 1.80:1
3-CF4CF,-5-MePz (74) 2101, 2083, 2034 2.49:1
3-Ph=5-CF 4Pz (76) 2101, 2086, 2037 4,02:1

a Recorded in CHCl3 6
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[(COD)Ir(pyrazole)]2 were prepared, and when the pyrizole was
unsymmetric, either mixtures or only one of two possible isomers were
obtained. For example, when the pyrazole was 3-CF3-S-MePzH, a 1:1 ratio
of cis and trans isomers was obtained. A mixture of the two products
was also found with 3-MePz, but for 3-Ph-5-MePzH, only one isomer was
formed. A subsequent X-ray structure showed thisg to be the trans
isomer. Also, with the pyrazoles 3-CF3CF2CF2-S-t-BuPz and 3-Ph-5-
CF3PzH, only one of the two isomers was found by 1H and 13C NMR studies.

Some interesting trends arise from Table S5.II to suggest that not
only steric factors govern the trans:cis ratio; electronic factors also
appear important. Based on the steric series found from Table Se1, mith
the t-Bu group being the largest, one might expect the largest trans:cis
rat{o for 53. It is one of the larger ratios, but not the largest.
However, based on a steric argument for complex 3 (with Pz = 3-PhPz) the
transicis ratio should be larger than that for 76 (Pz = 3-Ph-S-CF3Pz),
and yet the largest ratio is observed for the latter complex. This is
clearly an electronic effect with the more electronegative CF3 group in
76 replacing a hydrogen in 3.

However, there are some comparisons that are consistent with a
steric argument. For the complexes 23 (Pz = 3-CF3-5-MePz) and 74 (Pz =
3-CF3CF2-5-HePz), the IR Vo bands are virtually identical, so that
electronically the two pyrazoles are similar. However, the trans:cis
ratio for 74 is 2.49:1, much higher than that for 23 (1.15:1), which is
thus entirely a steric effect. Also, as mentioned earlier, complexes 66
(Pz = 3-Et-5-MePz) and 72 (Pz = 3-1-Bu-5-MePz) have identical Vo bands,
but as expected on steric grounds, the latter complex has a large

trans:cis ratio. A similar trend is observed betweeen 53 and S6.
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Section S ‘
NITROGEN-15 NMR STUDIES

Introduction

IH NMR spectroscopy has been invaluable in discerning some of the
dynamic processes in pyrazolylborate complexes. Unfortunately, {n some
cases the information obtained does not allew one to predict the
hapticity of the ligand. One method used throughout this Thesis has
been to compare the IR apectra of a particular tris(pyrazolyl)borate
complex with {ts bis(pyrazolyl)borate analog, and thus {nfer the
hapticity of the former. This has also been used by Ghosh for his
Thesis work, for example, showing that (HBPz*3)Rh(CO)2 is n3 in
solution,

A possible probe to determine the hapticity of these ligands would
be 19N WR spectroscopy. The availability of high-field MMR instruments
with variable frequency probes has allowed the routine study of nuclel
of spin 1/2 other than the traditional ones of IH, 130. 19 and p
studied i{n this Thesis.

The 15N nucleus, which i{s present in only 0.365% natural abundance
has a sensitivity of only 2% relative to 130.19 Furthermore, the
nucleus has a negative gyromagnetic ratio, which results in a long
relaxation time, and proton-decoupled 1SN NMR has a negative Nuclear
Overhauser Effect (NOE), which can diminigh the intensity of the .signal
to zero in some cases. These drawbacks can he overcome by the addition
of a paramagnetic relaxation reagent, such as Cr(acac)3 to the
solution.198 Also, the use of lsN enriched samples would greatly aid

the sensitivity, and spectroscopy with 95% L3y enrichment is several
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times wmore sensitive :hgn natural abundance l3c,198 Regarding a shift
reference in ISN NMR spectroscopy, there i3 no universally accepted
standard. The two most common references are external Ni4 or
CH3N02.198 However, the former reference is much more common in the
recent literature and will be used in this Thesis.

There have been a few reports of nitrogen NMR studies involving
pyrazole complexes in general. The prototopic tautomerism of a series
of azoles was studied by natural abundance 15N NMR specttoscopy.zoa The
chemical shift of pyrazole in CDCI3 was found at § 248.0 (relative to
external NH3), while the two resonances for l-MePz are at & 200.9 and §
306. 5,208 Similar results were obtained by aqothet group for PzH and
I-MePz.zob Algo, for 3-MePzH, two resonances were observed at & 247 and
242, while for 3,5-M32Pza, a single resonance was observed at §

242,200 For 33% L5y enriched pytazole,zoc some N-H coupling constants
were reported, for example, 3JH~H = 3.4 Hz. TFor 95% enrichad l-Pth,zod
two 1oy resonances were observed at & 198.4 and ¢ 280.4, with IJN_N s
12.8 Hz.

A multinuclear NMR study of pyrazaboles (which are heterocyelic
compounds based on the B=N~N~B-N-N ring) and pyrazolylborates veported

some natural abundance 15N NMR data.21 For pyrazahole itself

[HyB(u=P2)],, a sharp multiplet was observed at & 222. Although the lH,

lsN NMR data was given.

11y and 13C NMR data were reported for KBPz,, no
In a 1"'N NMR study of molydenum nitrosyl complexes,22 the authors
reported that for (HBPz*3)Mo(CO)2(H0), the (HBP:*3) ligand absorbs at §
=13 (relative to neat CH3N02), with a line width of 850 Hz. They
mention that this signal is not as easily detected as that of the

nitresyl group. There appears to be no literature work involving the
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synthesis and subsequent 15N NMR gpectra of 15N enriched pyrazolylborate
metal complexes. However, much work has been done with lsu enriched

imidazole complexes.l93

Synthesis of Compounds

15y enriched 3,5-dimethylpyrazole (77) (eq. 5-20) was prepared
using the procedure for natural abundance 3,5~He2PzR according to Wiley
and Hexnet,lo beginning with 98.6% enriched 13y hydrazine sulphate. The
IR spectrum (Nujol) shows tha expected isotopic shift to lower
wavenumber of several of the vibrations. The IR gpectrum in CCla ghows

1, as compared to vy, at 3484 em™! for natural

the vy_y at 3466 cm™
abundance 3,5-Me2?zﬂz3 (also verified in this work). The Strong ve,y
band at 1589 cm™' in the latter {s shifted to 1581 cm™} in 77. The MS

shows the expected Mt at m/e = 98 for the 15N2 entiched sample.

Hac(‘»,cua HyC ) CH (5-20)
pNEN: K{HB(—N-2R: )
3

¥7 78

The IH NMR spectrum of 77 at room temperature showed the N-H
resonance at & 11,86 (br, iH), while the 4-H proton is a triplet at &
5.86 (1lH, 3JN_H = 3 Hz) due to coupling to the two 15y nuclet. The
methyl resonance is a doublet at & 2.26 (6H, 3JN—H s 2,8 Hz) coupled
presumably to an adjacent 15N group. On cooling to -83°C, the proton

tautomerism is slow on the NMR timescale, so one now observes the N-H
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resonance as a doublet at & 13.83 (lH, IJN-H = 88 Hz)., The coupling
constant is of the same magnitude as a number of IJN-H values in ISN-
enriched aniline derivatives.z4 The 130 NMR spectrum at room
temperature shows the 3-C and 5-C resunances as a broad singlet at &
144.57, while the 4~C 13 a singlet at & 104.20 and the methyl group
carbons are at & 12.28 (d, %Jy_o = 5 Hz).

The subsequent synthesis of 15N6-KHBPz'3 (78) (eq. 5-20) was
similar to Trofimenko's ptocedure,l1 with modifications detailed in the
Experimental Section for a small scale preparation. The carhonyl
ethylene complex 15N6-(HBP3*3)Rh(CO)(CZH4) (79) (eq. 5-21) was prepared
according to Ghogh.l2:¢1d appor chromatography to obtain 79, a yellow
band remained on top of the column. Elution with CH3CN gave a mixture
of 79 and the dicarbonyl 15N6-(HBP2*3)Rh(CO)2 (80). A CO ptrge of a

CH2012 solution of this mixture converred 79 to 80 (eq. 5-215.

HSR(YCHS
K@ O _) Rh:co (5-21)
3 Cco

—m—m-— R H (- =
h\/ B(—~N1=N2
TR

As expected the IR Vep bands of 79 and 80 are unchanged relative to
the unenriched compounds® at 2013 cm”! and 2055, 1981 em™! 1n hexane

respectively. The MS of both show the M™ at m/e = 462 with loss of CO

or Czaat
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The experimental details of the 19N NMR spectra are found in
Section 6. The '3N MMR spectrum of 15N2-3.5-Me2PiH (77) at room
temperature shows a broad resonance at § 245. This is similar to the
chemical shift reported for natural abundance Pz*H at § 242.20b The
broad signal is the result of the rapid proton tautomerism which
averages the two nitrogens. On cooling the sample to -83°C, one
observes two resonances, a singlet at & 282.54 and a doublet at & 207.58
(IJN_H = 90 Hz), which suggests that the proton tautomerism {s now slow
on the NMR timescale. The doublet is then assigned as Nl (eq., 5-20) and
the coupling constant {s the same as obtained {n the lu NMR apectrum at
-83°C. When the ISN NMR spectrum i3 broadband proton decoupled, this
doublet at 6 207.58 coliapses tc a sharp singlet. The chemical shifts
are in the same region as found for PzH, 1-MePz and l-Pth.zo

It is instructive to look first at the Loy NMR spectrum of the
dicarbonyl 80 (Figure V.2). As previously discussed, the IH NMR
spectrum shows one type of pyrazole group down to =90°C. The 15N NMR
spectrum would then be a good model for more complex spectra. At -60°C,
one observes the twc expected resonances for the nitrogens bound to
rhodium and to boron. The latter rescnances are expected to be broad
due to boron quadrupole broadening. A sharp triplet at & 245.08 (J = 11
Hz) and a broad doublet at & 223.25 (J = 11 Hz) are observed. The
triplet is agsigned to the N2 nitrogens bound to rhodium. The signal is
thought to arise from approximate equivalent coupling of N2 to Rh and
N1, that 1s a doublet of doublets with the coupling about the same,
that is 1JRh-N2 = 11 Hz and 1JN1-N2 = 11 Hz, Thesge coupling constants

are not unreasonable, as for a series of singly bent diazenido metal
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complexes, 1JN»N was reported in the range 12-17 Hz, %3 Also, for l-
PhPz, 1JN_N is 12.8 Hz-zob The literature values of IJRh-N appear to be
quite dependent on the geometry and the nature of the nitrogen in other
complexes, with values ranging from 3-44 Hz.l98

Another potentially eleg>at method to determine the hapticity of
the tris(pyrazolyl)borate ligand in these L3y enriched complexes would
be to obtain the l3¢ NMR spectrum and observe N=C coupling with the CO
groups. Ghosh reported that the 13¢ NMR spectrum of (HBPz*3)Rh(C0)2 in
CD,Cl; has the CO carbon at & 189.68 (d, ‘Jp,_» » 69.1 Hz). Based on
his presumption that the complex is entirely n3 in solution, the 13¢ NMR
spectrum of 80 should show a doublet of quartets. This is what is
observed, as the 13C NMR spectrum of 70% 13CO enriched 80 reveals a
resonance at 6 190.35 (d of q, CO, 1JRh-C = 69 Hz, 2JN_C = 5 Hz) (Figure
v.3).

The remainder of the spectrum is similar to the one reported by
Ghosh, except some of the resonances show additional N-C couplings.
Signals at § 150.20 (d, JN-¢ ® 3 Hz) and 145.21 (d, Iy-¢ ® 10 Hz)
correspond to either the 3~C or 5-C pyrazole carbons. The 4-C {8 at §
106.16 (d, JN-C = 2 Hz), while one methyl resonance is a doublet at &
15.35 (Jy.c = 6 Hz) and the other a singlet at & 12.80.

For the carbonyl ethylene complex 79, Ghosh found that the 1H NMR
spectrum at room temperature showed broad resonances, indicative of
fluxional behaviour. On cooling to -60°C, a 2:1 ratio of pyrazole group
resonances was obtained. This evidence, along with the comparison of
the IR bands of 79 and the bis(pyrazolyl)borate analog, allowed Ghosh to
suggest that the tris(pyrazolyl)borate complex was n2 in solution.

Based on the lH MMR spectrum at -60°C, the LSy nr spectrum of 79
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at ~60°C should consist of four resonances. One should be a triplet,
due to the two bound N2 nitrogens coupled to Rh and N1, as obgerved for
80. The other two Nl nitrogens of the bound pyrazole groups should
again be a broad doublet, coupled to N2 and broadened by boron. For the
uncoordinated pyrazole group, the N2 nitrogen should be a sharp doublet.
(coupled to N1), while N1 should be a broad doublet. One possible
pr ~'em may he {in the chemical shift difference of the latter two
doublets. For 80, there is a large difference between nitrogens bound
to rhodiwm and boton, which could be interpreted as a coordination
shife.,

The 1Sy NMR spectrum of 79 at -60°C in fact is almost as
predicted. One has the downfield triplet at & 248.92 (2N, J = 12 Hz)
and a broad doublet at & 223.20 (2N, J = 12 Hz) for the bound NI and N2
nitrogens. The resonanceés of the uncoordinated pyrazole group appear as
an AB quartet at & 227.00, suggesting that the chemical shifts of Nl and
N2 are not very different, The resonance is also closer to the Nl
resonance of the bound pyrazoles, which is a good indication that the
third pyrazole group is not coordinated. The AB quartet is broad, so no
attempt was made to analyze it in terms of & and J values. However, the
L3y wr spectrum of 79 corroborates the other spectral evidence in
suggesting that the complex is nz in solution.

The 13¢ NMR spectrum of 79 again may prove to be instructive in
revealing the ligand hapticity. Based on the spectrum obtained for 80,
the CO group in 79 should be a doublet of triplets, the triplets arising
from coupliing to the two bound pyrazoles averaged by the gso-called high
temperature process. A sample of 70% 13CO enriched 79 was prepared by

irradiating a cyclohexane solution of 70% 13CO enriched complex 80 with
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ethylene purge for seven minutes according to Ghosh.la This initially
gives the vinyl hydride, which rapidly rearranges to the carbonyl
ethylene complex.

The 3¢ mr spectrum of this sample in CDyCl, at -40° reveals an
unexpected douhlet of doublets for the CO group at § 189.25 (d of d,
IJRh-c * 64 Hz, Iy-c © 18 Hz). This suggests coupling to only one L5y
nucleus. Also, the N-C coupling is larger than observed in 80, where
2JN_C = 5 Hz. When the same sample was run at ambient temperature, the
CO regonance was a doublet of quartets, very similar to that found for
80. This suggests a room temperature averaging of all three pyrazole
groups, even though the ground state structure {s the nz i{somer. Ou
warming the sample slowly from ~40°C to room temperature, the doublet
collapses to a broad resonance which sharpens up to a quartet,

There are several scenarios which can account for the L3¢ mm
spectrum of 79 at ~40°C, Firstly, this may represent the so~called low~-
temperature limit, where there is no exchange occurring. The 2:1 ratio
of pyrazole group resonances then represent an accidental degeneracy of
the two bound pyrazoles, suggesting that the carbonyl and ethylane
groups are not significantly different. Some evidence for this arises
from the bis(pyrazolyl)borate rhodium carbonyl olefin complexes prepared
in Chapter III, 328(3-CF3-5-MePz)2Rh(CO)(olefin), 26 (olefin -'CZHA), 27
(olefin = COE)., The 1H NMR spectra of both thesge complexaes show only
one pyrazole group, even though no fluxional process can average the
tvo.

On the other hand, there are a number of carbonyl olefin and
carbonyl phosphine complexes prepared in this Thesis and also by

Ghosh,la which show a 2:1 ratio of pyrazole group resonances at low
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temperature. It is highly unlikely that accidental degeneracy occurs in
all these systems. Also, when the low temperature limit {s achieved as
1s the case for some of these complexes, three distinct pyrazole groups
are observed.

A reasonable explanation exists hased on the two-site exchange.
where a nucleus ({i.e. 3C) 13 coupled to two different nuclei (10 c18
and trans 15N). At a very slow exchange limit, one would axpect the 136
resonance to he a doublet of doublets (ignoring 103py, coupling) with a
large trans and small cis 2JN-C coupling. On inctgosing the exchange
rate, the two irner lines of tha doublets of doublets would begin the
coalesce, and at an intermediate rate, one wouid observe a single large
doublet. At the fast exchange limit for two-site exchange, the two
inner lines coalesce to a single central line, glving a triplet with
coupling = 1/2 Uyeans * cis)'26

Thus, the doublet observed for 79 at -40°C may be only a stage of
the coalescence of a doublet of doublets to a triplet. Unfortunately,
the resolution of the 13C NMR spectrum was insufficient to obgerve an
intermediate triplet as the sample was warmed from -40°C to room
temperature. Of course, the so-called high temperature process alsr
comes into play, which averages all three pyrazole groups at room
temperature.

Lastly, perhaps a reconsideration of earlier interpretations of the
exchange procesges §8 in order. The so~called low temperature process
has bean postulated to involve a trigonal bipyramidal intermediate,
which exchenges the two bound pyrazole groups. It is not out of the

question that this intermediate could resemble a square pyramid, as the

bite angles of the tris{pyrazolyl)borate ligand are closer to 90° rather



than 120°, Also, from inspection of Prentice-Hall molecular models,
therve is severe steric congestion of the R group in the 3-position of
the axial pyrazole group with the ligand in the equatorial position.

A second possible fluxional process occurs where one pyrazole group
in the square plane remains attached, while the other more labile group
exchanges with the uncoordinated pyrazole. Very recent discussions
within this research group of such a revised intepretation have
concluded that it is equally capable of accounting for the facts known
to date. It is hoped that experiments with 15N labelled species
subsequent to the completion of this Thesis will enable a choice to be

made between the alternative interpretations.
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Section 6
RXPERIMENTAL

General

[(CO)ZRhCI]2 was prepared using the standavd literature
procedure.27 3-t-BuPzH2 and 3-1-PerR3 were prepared according to
Trofimenko et al. KHB(3—t-BuPz)3 and KHzB(3-t-BuPz)2 were prepared
according to Trofimenko et al.2 KHB(S-i-Per)3 and KH23(3-1-Per)2 vere
also prepared from a more recent Trofimenko effort.3 3-Et=-5-MePzH and
3-1-Bu-5-MePzH weve prepared using a procedure similar to that of 3,5~
MeZPzH-l1 6-methyl-2,4~heptanedione and 2,4~hexanedione were used as
received from Aldrich. 1,1,1,2,2 pentafluoro-3,5-hexanedione was

15

prepared according to Park et al.,”~ with a minor modification using NaH

as the base rather than NaOMe.z8

Hydrazine-lSNz sulphate (98.6 atom % 15N) was used as received from
MSD Isotopes. ISNZ enriched 3,5-dimethylpyrazole was prepared according
to Wiley and Hexner. !l 15N2 enriched KHBPz*3 was prepared according to
Trofimenko,lza with some modifications discussed below. [(Czﬂé)th01]2

was prepared according to Cramer,29 while the mixed dimer

30 using

[(CO)(Czﬂa)RhCI]Z was prepared according to Powell and Shaw,
toluene rather than benzene as solvent. 15N6 enriched
(HBPz*4)Rh(CO)(C,H,) was prepared according to Ghosh,18:¢5d
15y NMR spectra were recorded at 40.5 MHz on a Bruker WH-400 FT
spectrometer. The chemical shifts were determined with respect to
external MeNO2 and corrected to external ammonia at 25°C by addition of

380.2 ppm.20a The paramagnetic relaxation agent Cr(acac)3 was added to

the rhodium complexes (102 by weight), with no apparent reaction.
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Prepacsilon of ul(3-t-BuPz)3Rh(cO)z (52)

A sample of 59,5 mg (0,153 mmol) [(CO)ZRhC1]2 was taken up in 10 mL
toluene. 130 mg (0.31 mmol) of KHB(3~-t-BuPz)y was added, causing an
immediate color change from yellow to black. After stirring for 1 h,
the sqlution wag filtered through Celite, and a concentrated hexane
solution was chromatographed on neutral alumina (12 x 2.5 em). Elution
with hexane and removal of solvent gave 10.4 mg (12% yield) of a yellow
oil [(CO)zkh(3-t-BuPz)]2 $3 which was identified by comparison of 1H
NMR, TR and MS spectra to a known sample prepared by an {independent
method. Further elution of the column with hexane and CH2012 gave a

yellow, air sensitive oil after removal of solvent (32.7 mg, 20% yield).

Characterization: IR (n-hexane) 2084, 2017 cm'l (veg)e MS (80°C, 16

ev) M* (540, 3%), M*-co (100%), M*-2c0 (41%), M'-2CO-t-BuPz (23%). lH
NMR (CD,Cl,, 200 MHz, ambient) § 7.73 (d, lH, Iy, = 2.2 Hz), 7.28 (4,
2H, gy = 2.3 Ha), 6,21 (d, 1, gy = 2.2 H2), 6.09 (4, 2H, Sy, =
2.3 Hz), 1.51 (s, 18H), 1.35 (s, 9H). Anal. Calcd for C23H3QBN602Rh:

C, 51.13; H, 6.34; N, 15.56. Found: C, 55.17; H, 7.34; N, 15.93.

Preparatiou of [(CO),Rh(3-t-BuPz)], (53)

A solution of 27.0 mg (0.481 mmol) KOH and 57.6 mg (0.464 mmol) 3-
t-BuPzH in 3 mL MeOH was added to 85.5 mg (0.22 mmol) [(CO)ZRhCII2 in 9
mL Etzo. After stirring for 1 h, solvent was removed. The residues
were taken up in 25 mL benzene and filtered through Celite. The dark
red oil was chromatographed on neutral alumina with CH2C12 giving a

yellow oil after solvent was removed (101.6 mg, 82% yield).
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Characterization: IR (n-hexane) 2090, 2072, 2023 cn”! (vco). MS

(160°C, 16 ev) M* (564, 89%), Mt-co (17%), M*-2c0 (100%), M*-3c0 (6%),
M*-4c0 (23%). lH NMR (CD,Cl,, 200 MHz, ambient) & For major isomer:
7.28 (d, 2, Ny = 2.0 Hz), 6.00 (4, 2H, My y = 2.1 Hz), 1.40 (s,
18H). For minor isomer: 7.47 (d, M, 3Jy_y = 2.0 Hz), 6.20 (d, 2H,
Jyoy = 2.1 Hz), 1.45 (s, L8H), Ratio 2.37:1. Anal. Caled for
C18H22N404Rh2: C, 38.32; H, 3.93; N, 9.93., Found: C, 38.44; H, 3.90;
N, 9.97.

Preparation of HyB(3-t-BuPz),Rh(CO), (54)

A sample of 135.7 mg (0.349 mmol) [(CO),RhC1], was taken up in 20
mL CH,Cl,. 208.8 mg (0.70 mmol) of KH28(3-t-BuPz)2 was added, giving a
black solution and after stirring for 0.5 h, it was filtered through
Celite. A concentrated CH2012 solution was chromatographed twice on
neutral alumina (12 x 2.5 cm) giving a yellow, air-sensitive oil after

solvent was removed (36.1 mg, 12% yield).

Characterization: IR (n-hexane) 2082, 2015 cm'l (vco). MS (130°C, 16

ev) M*-co (390, 37%), M*-2€0 (50%). lH NMR (CD,Cl,, 200 MHz, ambient) &
7.46 (d, 20, dy g 2.2 d2), 6.18 (d, 2H, g = 2.3 Hz), 1.46 (s,
18H). Anal. Caled for C,gHy,B¥,0,Rh: C, 45.96; H, 5.79; N, 13.40.

Found: C, 45.73; H, 5.94; N, 13.34.

Preparation of Hm(3-i-Pth)32h(CO)2 (55)
A sample of 338.1 mg (0.87 mmol) [(CO)ZRhCIJZ was taken up in 25 al
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added, After stirring for 1 h, the solution was filteved through
Celite, and a concentrated hexane solution was chromatographed on
neutral alumina. Elution with CH3CN gave a yellow cil after solvent was
removed in vacuo. On standing, it crystallized, giving a yellow powder

(633.4 mg, 73% yield) mp 72-74°C.

Characterization: IR (n-hexane) 2083 (s), 2060 (s, br), 2018 (s), 1988

(s, br) em ™ (vgy)e MS (150°C, 16 ev) M* (498, 17%), M*-co (100%), '-
2€0 (79%). M NMR (CD,Cl,, 200 MHz, amdient) & 7.54 (d, 3, 3y, = 2.2
Hz), 6.10 (d, 3H, 3Jy_y = 2.2 Hz), 3.28 (septet, 3H, Jy_y = 6.9 Hz),
1.30 (4, 18H, 5y = 6.9 Hz). !3c WMR (CDyCL,, 75.5 MHz, ambient, APT)
5 187.38 (d, CO, Mgy o = 69 Hz), 162.26 (s, 3-C), 136.83 (s, 5-C),
101.74 (s, 4=C), 29.34 (s, CH(CHs),), 23.56 (s, CH;). Anal. Caled for
C20H283N602Rh: C, 48.22; H, 5.66; N, 16.87. Found: C, 48.16; H, 5.90;

N, 16.63.

Preparation of [(CO)znh(S-i-Per)]z (56)

A solution of 32.5 mg (0.579 mmol) KOH and 61.6 mg (0.559 mmol) 3-
i-PrPzH in 4 mlL MeOH was added to 102.0 mg (0.265 mmol) [(C0)2RhC1]2 in
10 mL Ety0. After stirring for 1 h, solvent was removed. The residues
were taken up in 25 mL benzene and filtered thr&ugh Celite. The
resulting dark red oil after solvent was removed was chromatographed on
neutral alumina with CHZC12 and concentrated in vacuo giving a yellow

oil (51.0 mg, 361 yield).

Characterization: IR (n-hexame) 2088, 2075, 2020 cm™' (vgg)+ MS

(160°C, 16 ev) M* (536, 100%), M'-co (21%), M*-2c0 (79%), M*-3c0 (5%),
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M*-4c0 (15%). lH MMR (CD,C1,, 200 MHz, ambient) & For major isomer:
7.3 (d, 2M, dy = 2.2 He), 6,02 (d, 2H, 33y = 2.2 Ha), 3.16
(septet, 24, 35 . = 6.8 Hz), 1.22 (d, 6H, Ngog = 648 Hz), 1.16 (d, 6H,
304y = 6+8 Hz). For minor isomer: 7.28 (d, 2H, gy = 2.2 He), 5.98
(dy 2, gy = 2.2 H2), 3.11 (septet, 2H, 33, = 6.8 Ha), 1.24 (d, 6H,
\goy = 648 H2), 1,20 (d, 6H, 35y = 6.8 Hz). Ratio 2.23:1. anal.
Calcd for C16H18N404Rh2: C, 35.84; H, 3.38; N, 10.45, Found: C,

37.22; H, 3.72; N, 10.17.

Preparation of u23(3-1-Pth)2Rh(co)z (57)

A sample of 76.9 mg (0.154 mmol) [(CO)ZRhCIIZ was taken up in 10 al
CHZCIZ' 124.3 mg (0.46 mmol) of KHZB(B-i-Pth)Z was added, giving an
instantaneous black solution. After stirring for 0.5 h, the solution
was filtered through Celite, and a concentrated CHZCIZ solution was
chromatographed on neutral alumina (12 x 2.5 cm). Elution with CH2C12

and solvent removal gave a yellow oil (88.7 mg, 50% yield).

Characterization: IR (n~hexane) 2081, 2016 cxn"1 (vco). MS (120°C, 16

ev) M* (390, 3%), M*-co (96%), M"-2c0 (100%). lH mMR (CD,C1,, 200 Miz,
amblent) & 7.44 (d, 2H, 3Jy_y = 2.2 Hz), 6.04 (d, 2H, Ny = 22 H2),
3.20 (septet, 2, Y5y, = 6.9 Hz), 1.23 (d, 128, 34y = 649 Hz). Anal.
Caled for CIAHZOBNAOZRh: C, 43.11; H, 5.17; N, 14.36. Found: C,

42036; H, 5023; N, 14.03.

Preparation of HB(3-1-Pth)3Rh(CO)(Ph)(Bt) (59)
A sample of 147.4 mg (0.296 mmol) 55 was taken up 1n 25 mL benzene

and with a Nz purge, the solution was irradiated for 20 min. HB(3-1i-



PrPz)4Rh(CO)(Ph)(H) (58) was detected by IR (Vpp-g ® 2076 (W), voo =
2048 (s) cm'l), but the product is too unstable to i{solate. 2 mL CBrCl,
(excess) was added, and after 30 minutes, benzene and excess CBrCl3 vere
removed in vacuo. The residue was chromatographed on neutral alumina
(12 x 2.5 cm) with CH2C12 eluent, giving a yellow oil after solvent was
removed. This was taken up in 5 mL hexane and cooled to -78°C giving

yellow crystals (145.1 mg, 78% yield) mp 229-230°C.

Characterization: IR (n~hexane) 2085 cm'l (vco). MS (200°C, 70 eV) wt

627, 1%), M*-pn (32), M*-Ph-co (3%), Mt-Ph-Br (96%), M*-Ph-CO-Br
(1002), lH NMR (CD,Cl,, 200 MHz, ambient) & 8.02 (d, IH, J = 8.3 Hz, o-
Ph), 7.68 (d, 2H, JJy_y = 2.4 Hz), 7.66 (d, 1H, JJy g = 2.5 Hz), 7.17 (¢
of d, 1H, J = 1.8 Hz, J = 7.5 Hz, w-Ph), 6.99 (t, 1H, J = 7.2 Hz, p-Ph),
6.84 (t of d, 1H, J = 1.8 Hg, J = 7.5 Hz, m'~Ph), 6.18 (d, 1H, 2y =
2.3 Hz), 6.12 (d, 18, 3Jy_y = 2.4 Hz), 6,09 (d, 1H, 35y = 2.5 Ha),
5.99 (d, lH, J = 7.9 Hz, o'-Ph), 3.98 (septet, 1H, Jy_y = 6.8 Hz), 2.80
(septet, 1H, Iy, = 6.7 Hz), 2.30 (septet, 1H, Jy_y = 6.8 Hz), 1.29
(d, 3, 33y = 6.7 Hz), 1.26 (d, 3H, dy_y = 7.0 Hz), 1.04 (4, 3,

3 6.6

3y = 607 Hz), 0.97 (4, 3, 3y = 6.9 Hz), 0.70 (4, M, Jy_y =
Hz), 0.58 (d, 3H, 3Jy_y = 6.8 Hz). 13C MR (CD,Cl,, 75.5 Mz, ambient,
APT) & 183.18 (d, CO, JJp, o = 61 Hz), 166,08, 164.67, 163.56 (s, 3-C),
143.84 (d, Rh=C, LJgy o = 22 Hz), 141,60, 138.59 (s, Ph-C), 137.37,
136.56, 136.32 (s, 5-C), 128.66, 127.99, 124.78 (s, Ph=C), 104.29,
103.90, 102.77 (s, 4-C), 28.91, 28.51, 28.19 (s, GH(CHj),), 25.59,
24.66, 24.48, 23.70, 22.77, 22.26 (s, CH3). Anal. Calcd for
CpsHy3BNGOBFRh, (1/6C4H;,): C, 48.68; H, 5.55; N, 13.10. Found: C,

48.78; H, 5.65; N, 12.96.
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Preparation of un(3-t-vrvz)z(csuzuzcu(cus)éﬁ;;;h(cO)(nz) (61)

A sample of 157.0 mg (0.315 mmol) 55 was taken up in 25 mL
cyclohexane. With a Nz purge, the gsolution was irradiated for 20 min,
whereupon HB(3=1-PrPz),(CH,N,CH(CH;)CH,)RR(CO)(H) (60) could be
detected by IR spectroscopy (vpp_y ® 2070 (W), Voo = 2031 (s) cal).
This was not isolated buf 2 mL CBtC13 (excess) was added, and after 30
min solvent was removed. The residue was chromatographed on neutral
alumina (12 x 2.5 cm) with CHZCIZ eluent and solvent was removed in
vacuo, giving a yellow oil. is was taken up in 5 mL hexane, and

cooled -78°C giving yellow crystals (103.6 mg, 60% yield) mp 218-220°C.

Characterization: IR (n-hexane) 2068 cul'1 (vco). MS (160°C, 16 eV) M+

(550, 100%), M"-co (84%), M'-Br (23%), M'-CO-Br (58%). lu MMR (CD,Cl,,
200 MHz, ambient) & 7.73 (d, 1H, Jy y = 2.4 Hz), 7.65 (d, 1H, Iy, =
2.4 Hz), 7.43 (d, W, Jyy_p = 2.5 Hz), 6,21 (d, 1, 3g_y = 2.3 Ha),
6.08 (d, 1H, Jy_ = 2.3 Hz), 5.95 (d, 1H, Jy_y = 2.5 Hz), 3.80 (m, 1H,
CH of intra ligand), 3.68 (septet, 1lH, 3JH-H = 7,0 Hz), 3.46 (m, lH,
CH,), 2.82 (septet, 1H, Jy_y = 7.0 Hz), 2.56 (m, 1H, CH,), 1.31 (d, 3H,
4oy = 70 HB2), 1.26 (d, M, 3y = 7.0 Hz), 1.23 (d, 3H, 3yyy = 7.0
Hz), 1.20 (d, 3H, 3Jy_y = 7.0 Hz), 1.15 (4, 3H, 5y = 7.0 Hz). 3¢
MMR (CD,Cl,, 75.5 MHz, ambient, APT) & 186.53 (d, €O, lJp, o = 58 Hz),
165.28, 163.70, 161.52 (s, 3-C), 138.31, 137.19, 136.97 (s, 5-C),
103.68, 102.35, 102.11 (s, 4-C), 39.05 (s, GH(CH;),), 33.39 (d, Bh-C,
Lign-c = 18 Hz), 29.43, 28.73, 24.81, 24.43, 23.12, 22.71, 18.13 (s, two
GH(CHy),, five CHy). Anal. Caled for CyqH,;BNGOBTRh.(1/6CgH;,): C,

41.56; H, 4.96; N, 15.31., Found: C, 42.39; H, 5.13; N, 14.78,



Reaction of (60) with benzene

A solution of 114.3 mg (0.229 mmol) 5SS in 20 mL cyclohexane was
irradiated for 20 min with a N, gas purge, generating 60, 1 mL (excess)
of benzene was added, and after one hour the reaction was complete with
58 present by IR spectroscopy (vgy_y = 2077 (W), vgy = 2050 (s) em™l),
A sample of 2 mlL CB:C13 (excess) was added, and aftetISO min solvent was
removed. The bromide 59 was purified as previously described (99.1 mg,
69% yield).

Preparation of un(3-1-?:?:)3ih(c0)(cuzcuzéaz) (62)

A solution of 90,2 mg (0.181 mmol) 55 in 20 mL cyclohexane was
purged with cyclopropane for 20 min. The yellow solution was irradiated
for 20 min with a cyclopropane purge, giving a colorless solution. The
IR spectrum showed a mixture of mostly 60 (vco = 2031 cm'l) and some
product 62 (vco » 2026 cm'l) (77:23 ratio by absorbance values). If the
cyclopropane purge is continued for 20 min, only 62 is present by IR.
After solvent was removed in vacuo, the residues were chromatographed on
neutral alumina (12 x 2.5 cm) with CH,Cl, eluent. After removal of
solvent, a tan oil remained, which on pumping in high vacuum gave a

fluffy off-vhite solid (81.8 mg, 88% yield), mp 141-143°C (dec).

Characterization: IR (n-hexane) 2027 cm ' (vgg). MS (180°C, 70 ev) ¥'-

CyHg (470, 40%), M¥-CO-CiH, (100%), M-CO-CjHc-3-1-PrPz (66%). 'H NMR
(CD,Cl,, 200 MHz, ambient) & 7.63 (d, lH, 3J,_y = 2.2 Hz), 7.53 (d, 2H,
3gyoy * 2.2 Hz), 6.21 (d, 1, 33y = 2.4 Hz), 6.06 (d, 2H, JJy_y = 2.4

Hz), 3.58 (septet, 1H, 3J,_, = 6.8 Hz), 3.37 (septet, 2H, “Jy_y = 6.8
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He), 3.05 (m, 1M, H,), 2.96 (m, I8, Hy), 1.75 (m, 2H, H ), 1.54 (v, 24,
Hy)y 131 (d, 68, My y = 6.8 Hz), 1.27 (d, 6H, 30y = 6.8 Ha), 1.12
(d, 6H, 33, = 6.6 Hz). Anal. Calcd for CypH3,BNgORR: €, 51.58; H,
6.69; N, 16,41, Found: C, 51.60; H, 6.65; N, 15.91.

Preparation of 3-Kt-S-MePzH (63)
A sample of 4.76 g (5 mL, 0.042 mol) of 2,4-hexanedione was added

dropwise over 0,5 h at 5°C to a solution of 2.21 g (0,044 mol) hydrazine
hydrate in 40 mL 95% EtOH. After stirring for 1 h, solvent was removed
in vacuo giving a pale yellow oil. Distillation at 77-80°C/0.1 mm Hg

gave a clear liquid (3.94 g, 81% yield).

Characterization: MS (100°C, 70 ev) M (110, 100%), u*-cH, (96%), M*-

CHyCHy (3%). 'H WMR (CD,Cl,, 200 MHz, ambient) & 11,98 (br, IH), 5.90
(s, 1), 270 (q, 2H, Yy = 7.8 Ha), 2.33 (s, 3H), 1.28 (r, 3H, 3,
s 7.8 HZ)O Anal. Caled for C6H10N23 C, 650[‘2; H, 9015; N' 25.43.

Found: C, 65.38; H, 9.02; N, 25,24.

Preparation of !ﬂ!(!t.larz)3 (64)

A sample of 3.917 g (35.55 mmol) of freshly distilled 63 and 479.5
mg (8.89 mmol) KBH, were heated slowly with stirring to 270°C (fused
salt bath tempetature31) until gas evolution ceased. The melt was
cooled down, and vigorous stirring with 50 mL hexane gave a white solid

(1.162 g, 35% yield) mp 115-125°C.

Characterization: 1H NMR (CD2C12, 200 MHz, ambient) & 5.78 (s, 3H),

261, 2.60, 2.46, 2.45 (q, 6H total, “Jy_y = 8 Hz), 2.19, 2.11, 2.10,
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2.09 (s, 9H total), 1.15, 1,10, 1.09, 1.07 (¢, 9H toeal, I,y = 8
Hz). Anal. Caled for CigH,gBN(K: C, 57.14; H, 7.46; N, 22.21,
Found: C, 56.19; H, 7.51; N, 22.40.

Preparation of HB(Et,NeP3)4Rh(CO), (65)

A sample of 135.3 mg (0.348 mmol) [(CO),RhCL], was taken up in 15
oL ca2c12. To this solution was added 264.1 mg (0.698 mmol) of 64.
After stirring for 1 h, the yellow solution was filtered through Celite,
and a concentrated hexane solution was chromatographed on neutral
alusina (12 x 2.5 cm). Elution with hexane gave 15 mg (0.028 mmol) of
[(CO)Rh(3-Bt~-5-MePz) ], 66 vhich was identified by comparison of ly NMR,
IR and MS spectrs to an authentic sample. Further elution of the column
with CH2012 followed Sy CH3CN gave a yellow air-sensitive golid after

solvent was removed in vacuo (204.2 mg, S9% yield) mp 162-164°C.

Characterization: IR (n-hexane) 2054, 1980 cm'1 (vco). MS (150°C, 16

ev) u* (498, 67%), M*-co (1002), M*-2c0 (96%). l'H NMR (CD,C1,, 200 Mz,
amblent) & 5.88 (s, 3H), 2.81, 2.78 (q, 6H total, Jy_y = 8 Hz), 2.41,
2.36 (s, 9H total), 1.27, 1.21 (t, 9H total, Jy_y = 8 Hz). Anal. Calcd
for c20H283N602Rh: C, 48022; H, 5066; N, 16.87. Found: C, 47093; H,

5.63; N, 16.78.

Preparation of [(co)zlh(S-!t-S-uer)]z (66)

A solution of 37.2 mg (0.663 mmol) KOH and 70.6 mg (0.640 mmol) 63
in 3 mL MeOH was added to 117.9 mg (0.303 mmol) ((CO)ZRhCIIZ in 9 oL
EtZOO After stirring for 1 h, solvent was removed. The residues were

taken up in 25 mL benzene and filtered through Celite. After removing
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benzene, the solid was purified by sublimation onto a dry ice probe at

80°C/0.1 mm Hg giving a yellow solid (136.6 mg, 84% yileld), mp 65-75°C.

Characterization: IR (n-hexane) 2086, 2072, 2018 em™* (vgo)e MS (70°C,

16 ev) M* (536, 100%), M*-co (33%), M*-2c0 (36%), M*-3c0 (62), M*-4cO

(9%). IR NMR (CDZCIZ, 200 MHz, ambient) & 5.89 (s, 24, both isomers),
For major {somer: 2,72 (q, 4H, Jy_u = 7.7 Hz), 2.33 (s, 6H), 1.24 (t,
6H, 3Jy_y = 7.6 Hz). For minor isomer: 2.73 (q, 4H, Sy = 749 H2),
2.31 (s, 6H), 1,27 (t, 6H, 3Jy_y = 7.6 Hz), Ratio 1.09:1. Anal. Caled
for 016H18N404Rh2: C, 35.84; H, 3.38; N, 10.45. Found: C, 35.97; H,

3031; N, 10.56,

Preparation of 3~{-Bu-S-MsPzH (67)
A sample of 40.15 g-(0.282 mol) 6-methyl-2,4-heptanedione was added

dropwise over 0.5 h at 5°C to a solution of 14.84 z {0.296 mol)
hydrazine hydrate in 350 mL 95% EtOH. After stirring for 2 h, solvent
was removed in vacuo giving a pale yellow oil. Distillation at 76-
81°C/0.3 mm Hg gave a clear oil. This was stored under argon at =-30°C,

where it slowiy solidified (37.35 g, 96% yield).

Characterization: MS (70°C, 16 ev) M* (138, 78%), M'-CH, (81%), M'-

(CHy),CH (100%). IH NMR (CD,Cl,, 200 MHz, ambient) & 11.00 (br, 1H),
5.84 (s, 1H), 2.48 (d, 2, JJy_y = 7.2 Hz), 2.27 (s, 3H), 1.89 (nonet,
16, Jy_y = 6.8 Hz), 0.92 (d, 6H, gy = 66 B2). e e (CD,C1,,
75.5 MHz, APT, DEPT, ambient) & 148.10, 144.88 (C4,C5), 103.88 (C,),
36,44 (Giy); 29.32 (QH), 22.55 (CH),, 12,56 (CHy). Anal. Caled for
CgHi4Np: C, 69.52; H, 10.21; N, 20.27. Found: C, 69.60; H, 10.08; N,
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19.98.

Preparation of Inzl(i-lu.uavl)z (68)

A sample of 3,216 g (23,27 mmol) freshly distilled 67 and 628 mg
(11,27 mmol) KBHa were heated together in 50 mL refluxing DMAC until gas
evolution ceased. Solvent was distilled off under reduced pressure
(128°C/140 mm Hg), leaving a cloudy oil. This was taken up in 10 mL

hexane, giving a cloudy solution which was used for the next reaction.

Preparation of Hzl(i-nu.HaPz)znh(CO)z (69)

A sample of 220.4 mg (0,567 mmol) [(CO)ZRhCllz was taken up in 20
ml hexane. To this solution was added 0,97 mL (1.134 mmol) of 68,
giving an immediate black solution. After stirring for 15 min, the
solution was filtered through Celite, then chromatographed on neutral
alumina (12 x 2.5 cm) with Cﬂzclz eluent giving a yellow oil after

solvent was removed in vacuo (235.1 mg, 462 yield).

Characterization: IR (n-hexane) 2079, 2012 em™! (vg,). MS (130°C, 16

ev) M" (446, 5%), MY-CO (83%), M'-2€0 (100%). W MMR (CD,Cl,, 200 MHz,
ambient) 6 5.80, 5.79, 5.77 (s, 2H total), 2.60-2.48 (m, 4H total),
2.36, 2.31, 2.27 (s, 6H total), 2.04, 2.02, 1.82 (m, 2H total), 0.93,
0.92, 0.87 (d, 12H total, Jy_, = 7 Hz). Anal. Caled for
CygHpgBN,0oRh:  C, 48.46; H, 6.33; N, 12,56 Found: C, 48.28; H, 6.33;

N, 12.58.

Preparation of Iﬂl(l-Bu.uePz)3 (70)
A sample of 3.950 g (28.58 mmol) freshly distilled 67 and 392.3 mg
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(7.27 mmol) KBH, were heated slowly with stirring to 270°C (fused salt
bath temperatute31) until gas evolution ceased. Excess 67 was distilled
off, leaving a light yellow oil-solid. Vigorous stit;ing with 50 mL
hexane gave an off-white solid, which was filtered and dried in vacuo

(2.092 g, 62% yield) mp 152-155°C,

Characterization: MS (145°C, 16 eV) M* (462, 41%), M'-1-By,MePzH

(100%). ly mm (CDZCIZ, 200 MHz, ambient) & 5.73 (s, 3H), 2.52 (d, J =
6.9 Hz), 2.31 (d, J = 7.1 Hz) (6H total), 2.20, 2.19, 2.11, 2.09 (s, 9H
total), 1.77 (nonet, 3H), 0.89 (4, J = 6.9 Hz), 0.85 (d, J = 6.9 Hz)
(18H total). Anal. Calcd for CoyHyoBNgK: C, 62.32; H, 8.72; N,

18.17. Found: C, 58067; H, 8037; N, 17.11,

Preparation of BB(i-Bu,Han)3nh(CO)z (71)

A sample of 316.1 mg (0.813 mmol) [(CO)ZRhCIJZ was taken up in 20
nl hexane. To this solution was added 752.0 mg (1.63 mmol) of 70.
After stirring for 1 h, the yellow solution was filtered through Celite,
and a concentrated hexane solution was chromatographed on neutral
alumina (12 x 2.5 cm). Elution with hexane gave 15.4 mg (0.026 mmol) of
[(CO)ZRh(3-1—Bu-5-HePz)]2 72 which was i{dentified by comparison of 1H
NMR, IR and MS spectra to an authentic sample. Further elution of the
column with CH2C12 followed by CH3CN gave a yellow oil after solvent was
removed. A yeilow powder was obtained as a benzene solvate (599.2 ng,

63% yield) mp 154-155°C.

Characterization: IR (n-hexane) 2079 (w), 2054 (s), 2014 (w), 1981 (s)

cm ! (vgg)e MS (150°C, 1o ev) M* (582, 100%), M'=co (97%), M*-2c0
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(11%). H NMR (CD,Cl,, 200 MHz, ambient) & 7.37 (s, 3H), 5.86, 5.84 (s,
M total), 2.66, 2.64, 2.63 (d, 6H total, Jy_y = 7 Hz), 2,40, 2.35 (s,
o £p:a1), 2,04, 1.83 (m, 3H total), 0.96, 0.95, 0.94 (d, 18H, Sy = 7
H2). 13 MR (0D,C1,, CO reglon, 130 enriched, 100.6 MMz, ambient) §
190,55 (d, €O, lyp, o = 69 Hz), 190.14 (d, €O, lyp, o = 69 Hz), 189.60
(4, Co, lJRh'C = 69 Hz). (Remainder, 75.5 MHz, APT, ambient) & 153.90,
153.67, 150,16, 149,27, 144,95, 144462 (C4,Cg), 106,02, 105.96, 105,57,
105.45 (C,), 39.02, 36,51, 36.41 (CH,), 29.42, 29.32, 29.19 (€H), 22.83,
22,76 (CHy),, 15,70, 15.55, 13.04 (Gi3). Anal. Caled for
CogHyoBNGOoRN. (1/2CgH,):  C, 56.05; H, 6.97; N, 13,52, Found: C,

55v78; H, 7004; N, 13,50,

Preparation of [(CO),Rh(3-i-Bu-5-HePz)], (72)

A solution of 41.3 mg (0.736 mmol) KOH and 98.2 mg (0.711 mmol) 67
in 3 mL MeOH was added to 130.9 mg (0.337 mmol) [(CO),RhCLl], in 9 ml
Etzo. After stirring for 1 h, solvent was removed. The residues were
taken up in 25 mL benzene and filtered through Celite. The dark red oil
obtained after removal of benzene in vacuo was chromatographed on
neutral alumina (12 x 2.5 cm) with CH,Cl, giving a yellow oil (88.1 mg,

44% yileld).

Characterization: IR (n~hexane) 2086, 2072, 2018 cm™l (vgy)e MS

(120°C, 16 ev) M™ (592, 100%), M*-co (40%), M*-2co (28%), M*-3c0 (97),

M*-4c0 9%). IH NMR (CDZCIZ, 200 MHz, ambient) & For major isomer:

3

5.80 (s, 2H), 2.53 (4, 4H, “Jy_y = 7.1 Hz), 2.27 (s, 6H), 2.06 (nonet,

2H, 3JH-H = 7 Hz), 0.89 (d, 12H, BJH-H = 6.6 Hz). For minor isomer:

5.84 (s, 2H), 2.54 (d, 4H, 3JH-H = 7.3 Hz), 2.32 (s, 6H), 1.98 (nonet,
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2, dgy = 7 Hz), 0.82 (4, 12H, 35y, = 6.6 Hz), Ratio 1.80:1. Anal.
Caled for 020H26N404Rh2: C, 40-56; H, 4.42; N’ 9,46, TFound: C, 40072;

H, 4.68; N, 9,49,

Preparation of 3-CF,CP,-5-MeP2B (73)

A sample of 14,72 g (0.072 mol) 1,1,1,2,2-pentafluoro=3,5~
hexanedione was added dropwise over 0.5 h at 5°C to a solution of 4.45 g
(0.076 mol) hydrazine hydrate in 110 mL 95% EtOH. After stirring for 1
h, the solvent was removed in vacuo giving a crude white solid.
Distillation at 170°C/0.3 mm Hg gave a clear oil, which solidifiea on
standing. It was further purified by sublimation onto a dry ice probe

at 70°C/0.3 mm Hg (9.33 g, 65% yield) mp 85-87°C.

Characterization: MS (60°C, 16 ev) MY (200, 100%), n*-cvz (1%), M*-cr,

(18%). 'H MR (CD,Cl,, 200 MHz, ambient) § 10.76 (br, 1H), 6.36 (s,

IH), 2032 (s, 3). !3c MMR (CD,Cl,, 75.5 MHz, amblent) & 141.95 (s, C-
CHy)s 141,72 (t, C-CFp, 25p_c = 28 Hz), 119.34 (q of t, CFy, lyp_o = 285
Bz, Z5p_c = 39 Hz), 111.49 (¢ of q, CF,, lyp o = 252 He, 2y = 39 H2),
104,37 (s, C-H), 10.57 (s, CH;). °F NMR (CD,Cl,, amblent) & =85.45 (s,
3F, CFy), -113.55 (s, 2P, CF,). Anal. Caled for CgHgN,F: C, 36.01; H,

2v52; N, 14.00. Found: C, 35051; H, 2008; N, 14.24,

Preparation of [(c0)2nh(3-c13crz-s-uerz)12 (74)

A solution of 36.4 mg (0.649 mmol) KOH and 125.5 mg (0.627 mmol) 73
in 3 mL MeOH was aaded to 115.5 mg (0.297 mmol) [(CO)ZRhCIJ2 in 9 mL
Etzo. After stirring for 1 h, solvent was removed. The residues were

taken up in 25 mL benzene and filtered through Celite. The product was
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obtained as a yellow powder after sublimation at 80°C/0.1 mm Hg onto a

-78°C probe (177.3 mg, 83% yield) mp 81-83°C,

Characterization: IR (n~hexane) 2101, 2083, 2034 cm71 (vco)- MS

(120°C, 16 ev) M* (716, 100%), M*-co (27%), M*-2c0 (22%), M*-3co (6%),
M¥-4c0 (11%). lH NMMR (CD,Cl,, 200 MHz, ambient) & 6.33 (br, 2H, not
resolved), 2.39 (s, 6H, major isomer), 2.35 (s, 6H, minor isomer) Ratio
2.,49:1. Anal. Calecd for CI6H8N404F10Rh2: C, 26,84; H, 1.,13; N, 7.82,

Found: C, 27.55; H, 1.32; N, 7.88,

Preparation of 3-Ph-5-CP4PzH (75)

A sample of 53.35 g (0.247 mol) of benzoyltrifluoroacetone was
added slowly over 0.5 h at 5°C to a solution of 15.27 g (0.259 mol)
hydrazine hydrate in 250 mL 95% EtOH. After stirring for 2 h, a thick
slurry resulted and the solvent was removed in vacuo leaving a crude
white solid. Distillation at 180°C/0.5 mm Hg gave a clear oil, which

solidified on standing (48.47 g, 92% yield) mp 102-105°C.

Characterization: MS (120°C, 16 ev) M (212, 66%), M*-F (31%), u*-cv3

(1002). lﬂ NMR (CDZCIZ, 200 MHz, ambient) & 12.45 (br, 1H), 7.61-7.41
(m, SH), 6.76 (s, 18). 97 NMR (CD,Cl,, 200 MHz, ambient) & -62.62
(3)0 Anal. Calcd for C10H7N2F3: C, 56-61; H, 3033; N, 13.20. Found:

C, 56047; H, 3017; N, 13.06.

Preparation of [(CO)ZRb(B-Ph-S-CF3Pz)]2 (76)
A solution of 35.6 mg (0.634 mmol) KOH and 130.0 mg (0.613 mmol) 75

in 4 ml, MeOR was added to 112.9 mg (0.290 mmol) [(CO)ZRhCI]Z in 10 oL
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Etzo. After stirring for 1 h, solvent was removed. The residues were
taken up in 25 mL benzene and filtered through Celite. Removal of
benzene gave a dark red oil which was chromatographed on neutral alumina
(12 x 2.5 cm) with CH2012 glving a yellow oil upon removal of solvent,

which crystallized on standing (166.3 mg, 77% yield) mp 150-153°C.,

Characterization: IR (n-hexane) 2101, 2086, 2037 cm'1 (vco). MS

(150°C, 16 ev) M* (740, 100%), M-co (4%), M*-2c0 (34%), u*-3c0 (8%),
u¥-4co (122). W om (CD,Cl,y, 200 MHz, ambient) & 8.00 (m, major
isomer, o-Ph), 7.90 (m, minor isomer, o-Ph), (2H total), 7.50 (m, 3H,
not resolved), 6.86 (s, major isomer), 6.80 (s, minor isomer) (lH
total), Ratio 4.02:1. Anal. Calcd for CzaHIZNQOankhzz C, 38.,94; H,
1.63; N, 7.57. Found: C, 39.56; H, 1.61; N, 7.59.

Preparation of !3,-3,5-(CH,),Pel (77)

The procedure of Wiley and Hexner was followed.lo From 1.0 g (7.57
mmol) of hydrazine-lsnz-sulphate one ohtained after sublimation
(50°C/0.3 mm Hg onto water-cooled probe) 635.3 mg (86% yield) of

crystalline product, mp 106-109°C,

Characterization: IR (Nujol) 3186, 3127, 3100, 3022, 1653, 1588, 1420,

1301, 1148, 1122, 1014, 997, 977, 851, 780, 729, 663 cm '+ IR (CCL,)
3466 (vyg), 3186, 3129, 3105, 3023, 2976, 2927, 2869, 1581 (vgey),
1478, 1450, 1416, 1300 cm™l. MS (100°C, 70 ev) M* (98, 100%), M'-H
(78%), W'-CHy (17%). W MR (CD,Cl,, 200 Miz, ambient) 6 11.86 (br,
1H), 5.86 (t, 1H, Iy . = 3.0 Hz), 2.26 (d, 6H, 3y = 2.8 Hz). At (-

1 83°C, 400 MHz) 13.83 (4, 1H, 'y, = 88 Hz). l3c wR (CDCL,, 75.5 MHz,
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ambient) & 144,57 (br, C3, Cg), 104,20 (s, C;), 12.28 (d, CHy, 2Jy g = S
Hz). 1N MR (CD,CL,, 40.5 MHz, -83°C) & 282.54, (br, 1N), 207.58 (br.
dy N, hryy = 90 H2). DSN(lH) WMR (CD,CL,, 40.5 Miz, -83°C) & 282.54,
(be, 1N), 207.58 (br, 1N). Anal. Caled for CgHg (98.6% 'SN,): c,
61.21; H, 8.22; N, 28,55, Found: C, 61.21; R, 8.41; N, 28.99,

Preparation of 15w6-unnvz03 (78)

A modified procedure of Trofimenko was employed. A sample of 6l4.6
ng (6.26 mmol) 77 and 67.7 mg (1.25 mmol) KBH, were heated together with
stirring under argon, slowly until the bath temperature reached 270°C
(fused salt bath).31 The melt was cooled under argon. Excess 77 vas
sublimed off (170.0 mg, 1.73 mmol), leaving 400.0 mg (937 yield) of

crude 78.

Preparation of !Sn,-(HBPz¥4)RR(CO)(C,H,) (79)

The procedure of Ghosh was followed with minor modifications. A
sample of 112.8 mg (0.29 mmol) [(CO),RhC1], and 112.8 mg (0.29 mmol)
[(Czaa)ZRhCI]z were stirred together in 50 mL toluene for 0.5 h, giving
0.58 mmol [(CO)(Czﬂa)Rh01]2. To this solution was added 397.8 mg (1.16
mmol) 78, and this was stirred in the dark for 2.5 h. Solvent was
removed in vacuo, and the residues were chromatographed on neutral
aluming (12 x 2.5 cm) with CH2C12 eluent. A total of 395.6 mg (742
yield) of 79 was obtained as a yellow powder. Further elution of the
column with CH,CN gave an orange band, which by IR was a mixture of 79
and 15N6-(H3Pz*3)Rh(CO)2 80. CO purge of a CH,)Cl, solution for 0.5 h

converted the mixture to pure 80 (23.1 mg, 4% yield).
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Characterization: IR (hexane) 2013 cm’l (vco). MS (160°C, 70 eV) Mt

(462, 3%), M'-CO/C,H, (100%), M*-CO-C,H, (53%). 'Y M (cD,Cl,, 100.6
Miz, ambient, 70 13c0 enriched) & 189.97 (4 of q, gy = 64 Hz, Zay
= 6 Hz), 144.64 (br), 106.82 (br), 24.21 (d, Mg, o = 14,4 Hz), 12.83
(br). (At =40°C) & 189.25 (d of d, lypy o = 66 Hz, 25, = 18 Ha),
152029 (d, Jyc = 5 Hz, 1C), 149.84 (d, Jy_o = 5 Hz, 2C), 144.58 (d,
Iy-c = 10 Hz, 10), 144,58 (d, Jy_o = 10 Hz, 1C), 144,14 (d, Jy_¢ = 10
Hz, 2C), 108.68 (s, 1C), 105.19 (s, 2C), 23.35 (d, Mg, ¢ = 15 Ha),
14.62 (d, Jy_c = 6 Hz, 2C), 13.46 (s, 1C), 12.18 (s, 3C). !5y mm
(CD,Cly, 40.5 MHz, -60°C) & 248.92, (t, 2N, bound N1, Jp, o = 12 Hz,
IJN-N = 12 Hz), 227.00 (AB quartet, 2N, free Nl and N2), 223.20 (br. d,
2N, bound N2, gy = 12 Hz), Anal. Caled for C,gHpeB(1 N, )0RR: €,
46.78; H, 5.67; N, 18.19., Found: 46.09; H, 5.91; N, 17.63.

Preparation of 1u.-(HBPz#)Rn(C0), (80)

Although small quantities of 80 can be obtained from the
preparation of 79 above, a more rational route is described. Of course
80 could be prepared according to Ghosh1 or as follows. To a solution
of 45.0 mg (0.097 mmol) of 79 in 10 mL CHZCIZ was bubbled through CO.
After 5 min, the reaction was complete, so solvent was removed in vacuo,

leaving an orange solid (43.2 mg, 96% yield).

Characterization: IR (hexane) 2054, 1981 em™! (vco). MS (180°C, 70 eV)

M (462, 82), M'-CO (377), u*-2c0 (1007). lH MR (CD,CL,, 200 MHz,
smbient) & 5.82 (m, 3H), 2.38 (d, 9H, 3Jy_y = 3.0 Hz), 2.33 (d, 9,
Hyn = 2.0 Hz). 3¢ nm (CD,Cl,, 75.5 MHz, ambient, 70% 130 enriched)

5 190.35 (d of q, 'Jg,_ ¢ = 69 Hz, 25y = 5 Hz), 150.20 (d, Jyc ® 5
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Hz), 145.21 (d, Jy_¢ = 10 Hz), 106.16 (d, Jy_¢ = 2 Hz), 15.35 (d, Jy_c ®
6 Hz), 12.80 (s). !N MR (CD,C1,, 40.5 MHz, -60°C) & 245.08, (t, 3N,
N1, Logpy = 11 Rz, Loy = 11 Ha), 22325 (br. d, N, N2, Ly = 11

HZ)Q
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Section !
INTRODOCTYION

The carborane anions [gigg-7,8-C239H9R'2]2' (R' = H, Me) were figst
prepared by Hawthorne,l who prepared several transition metal
derivatives and compared them to known cyclopentadienyl analogs. Both
ligands are n-bound to the metal from an open pentagonal face, although
the carborane anions are dinegative, while the cyclopentadienyl anion is
uninegative. The carborane anion [51g2f7,8-6289311]2' i3 considered to
be electronically and sterically similar to the pentamethylcyclo-
pentadienyl anion (CSMGS') (Cp*”) in transition mccal‘complexes.z The
many interesting reactions of CptIr(CO)z and related analogs have
prompted the synthesis of carborane analogs. Owing to ligand charge
differences, the use of Pt(II) in place of Ir(Il) would lead to neutral
platinacarborane complexes.

Over the last twenty years metallacarboranes have come to be known
for virtually every transition metal, with many analogs to known
cyclopentadienyl complexes-3 However, very few types of
platinacarboranes are known. Hawthorne and coworkers have prepared
[closo-(COD)=3,1,2-Pt(C,BgH,,)]* (COD = 1,5-cyclooctadiene), while two
other groups have prepared several derivatives of the type
[¢loso-3,3=(L),=3,1,2-t(CyBH; 1)1, as well as palladium and nickel
analogs. These papers have dealt mainly with the structural aspects of
the carborane ligands in these d8 metal systems, but have not explored
their subsequent chemistry. This Chapter deals with the synthesis,
structural characterization and reactions of several platinacarboranes.

The intent of this work was to prepare complexes of the type
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[eloso~-3-(C0)=3=(L)~3,1,2-Pt(CyBgHqgR'y)] (L = CO, PRy, R' = H, Me) and
investigate some of the reactions of these complexes which arve typical
of Cp*Ir(C0),. The synthesis and subsequent chemistry of these
complexes will be discuassed in this Chapter, including the X-ray

structure of a complex.
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Section 2
SYNTHESIS AND PROPERTIES OF COMPLEXES

The first platinacarborane reported in the literature was
(eloso-(COD)-3,1,2-Pt(CyBgH; ;)] (8l) by Hawthorne and coworkers.? As
was mentioned {n the paper, "The isolaticn of this platinum complex
suggests that others of the general type L2~3,1,2°Pt(0239311) where L =
a two-electron donor ligand, could be synthesized".4

The inltial report of C-H activation with Cp*Ir(C0),%2 {n this
research group has prompted the search for other such complexes. The
initial target complex in this work is the platinum carborane analog,

that is [closo-3,3-(CO)2-3,1,Z-Pt(CngﬁgR'z)] (R' = H, Me) (eq. 6-1).

T ® =CR’
2N
L % R'=H, Me

As Hawthorne pointed out, such complexes could be accessible from
the COD complexes [glgggf(COD)-3,l,Z—Pt(CZBgﬂgR'Z)] (R' = H, Me). The
COD complex 81 with R' = H has been prepared by Hawthorne4 and the
dimethyl analog is prepared by the same route.
[g;ggg-(COD)-3,1,2-Pt(C239H9M22)] (82) was prepared by reacting

(COD)PtCl,’ and T1,C,BgHgMe,8 in THF (eq. 6-2).
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O =BH

(CODWPHCl, + T, o

(6-2)

81 R'sH

82 R'sMe

The complex was isolated as a yellow solid, and as with Hawthorne's
analog 81, this compound did not analyze well, but was similarly
characterized by 14 ™R and mass spectral data.

Reaction of 82 with 1500 psi (102 atm) CO in CH,Cl, at 65°C for 4
days resulted in partial converstion to the desired product [closo-3,3-

(C0)5-3,1,2-Pt(CyBgHgMe,)) (83) (eq. 6-3).

°
10265 . °=8n
Pt CH,CI P
/N v \ .
1 ﬂ coD o"‘/ CO R'=H, Me
81 R'=H 83 R'sMe
82 R'=Me 84 R'sH

The IR spectrum in hexane showed Vgo 8t 2118 and 2079 cm'l-

However, the IH NMR spectrum showed only 40% of product 83 and 60% 82.
Longer reaction times and varying pressures and temperatures failed to
improve the conversion. One possible problem is the reaction of the

liberated COD with 83 when the CO pressure is removed to give back 82.
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In fact, when excess COD is added to the reaction mixture, the IR
spectrum shows the disappearance of 83 in about one hour.

The analogous CO reaction with Hawthorne's complex
[glgggr(COD)-3,I,Z-Pt(cngﬂll)] 81 resulted in some conversion, with IR
evidence for [giggg-3,3-(€0)2-3,1,2-Pt(CzBQH11)] (84) (v, at 2121, 2082
cm'l). Unfortunately 8& appears much less stable than 83, as removal of
solvent results in decomposition. The enhanced stability of the
dimethyl carborane complex 83 over 84 appears similar to the stability
of some Cp* metal complexes over the Cp analogs. The dimethyl carborane
ligand 1s slightly more electron donating, as observed by the slightly
lower CO bhands for 83.

A more direct route to 83 in pure form, albeit in low vield, is by
the reaction of (CO)th0129 and T1,CyBgHgMe, in CH,Cl, under one

atmosphere CO at -78°C (eq. 6-4).

OC\ /Cl . CHzClz oig':‘
oc” Mot ° -78°C o 0=CMe  (6-4)
c” ¢
o) °
83

The IH NMR spectrum of analytically pure 83 shows a singlet at §
2.56, and the mass spectrum shows the molecular ion Mt at m/e = 411,
with sequential loss of CO. Unfortunately, 83 is unstable even at =30°C
under an inert atmosphere. The reaction of pure complex 83 and excess

COD in hexane gives a good conversion to the COD complex 82 in about an

hour (eq. 6-3).
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A remarkable difference in the carborane platinum and Cp* iridium
systems 1s observed. The IR spectrum of (55232-3,3-(00)2-3.1,2-
Pr(CyBgHgMe,)] 83 in hexane shows v, bands at 2118 and 2079 cm'l. while
for Cp¥1r(C0), Voo is 2020 and 1953 em™ 110 Thig suggests that the
carborane ligand is a much poorer electron donor than the Cp* ligand.
The analogous reaction of (CO)ZPtCIZ with leczsgull failed to give any
84,

Other routes for the preparation of 83 and 84 were explored.
Cyclobutadiene metallacarborane complexes are rare, although many mixed
sandwich compounds of metallacarboranes are known.3 Hawthorne has
prepared a pair of cyclobutadienyl palladium carborane complexes,
(n%+C,Phy)=3,1,2-Pd(CyBgH; ;) and (n’-C,Ph,)=3,1,2-Pd(C,BgHgMe,) . L
Platinum analogs hav; been prepared by the reaction of
[(n?-C,Me,)PtCl,],!2 with T1,CoBgHgR', (R' = H, Me) in CH,Cl,. Good
ylelds of (n®-C,Me,)=3,1,2-Pt(CoBgH;;) (85) and (n’-C,Me,)-3,1,2-
Pt(Czsgﬂguez) (86) were obtained as air stable tan solids (eq. 6-5).

[(-CMe PCL]; + T,

85 R'=H

86 R'=Me

1H NMR spectrum shows a singlet with platinum

For complex 86, the
satellites at 6 2.15 (12H, 3JPt-H = 22 Hz) for the C Me, group, and a

singlet at & 2.08 (6H) for the methyl groups of the carborane liganq.
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Unfortunately, the complexes 85 and 86 did not react with CO under the
same conditions as with the COD complexes.

The relative difficulty in obtaining large amounts of pure
dicarbonyl 83, as well as its instability prompted the search for other
related complexes. A mixed phosphine carbonyl complex, that is an
analog of Cp*It(CO)(PMe3)13 was sought. Reaction of leczngﬂgk'z (R' =
H, Me), with (PRy)(CO)PtC1,'4:15 {n CH)Cl, yields neutral complexes of

the type [clogso-3-(PR,)=-3-(C0)-3,1,2=-Pt(C,BqHqR",)] (eq. 6-6).
£20%0 3 27979 2

ocC Cl =
NP CH,Cl, ©=8H (6~6)
RPZ Mo 2 — o=CR

™
7N\
oC PR,

For R'sH, 87 ReMe For R'sMe, 92 RsMe

88 ReEt 93 R=Et
89 Rei-Pr 94 RePh
90 RePh 95 PRy=PMe,Ph
91 ReCy 96 ReCy

For R' = H, the phosphines with R = Me, Et, i-Pr, Ph and Cy gave
the complexes (87), (88), (89), (90) and (91) respectively. For R' =
Me, the phosphines with R = Me, Et, Ph and Cy gave the complexes (92),
(93), (94) and (96) respectively. With the phosphine PMe,Ph, (95) was
obtained. These complexes were fully characterized by IH and 31P NMR,
mass spectroscopy and elemental analysis. These compounds have high IR

Voo bands (2057-2066 c:m"1 in CHZCIZ), and the 31P NMR spectra are
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singlets with 19%p; gatellites (Table 6.1). It was hoped that by
increasing the size of the aliphatic R group on the phosphine or by
going to the dimethylcarborane ligand (R' = Me) that the solubility of
these complexes in saturated hydrocarbons would be increased. However,
although the complexes are soluble in polar and aromatic solvents they
are virtually insoluble in saturated hydrocarbons. They are slightly
air-sensitive yellow crystalline solids, which melt without
decomposition. »

The characterization of a aspecific compound

[c¢loso=3-(PMe4)=3-(C0)-3,1,2-Pt (C,BqH;,)] 87 will be discussed.

87

The complex was isolated in 72% yield after chromatography. The IR
spectrun shows a vy band at 2058 cn™. in CH,Cl,, which s considerably
higher than vg, for Cp*Ir(CO)PMe, (1923 cn™! in hexane).!3 The ln iR
spectrum in CD2012 (Figure V1.I) displayed the carborane C-H protons at
6 3.65 (s, 2H) and the PMe; group at 5 1.94, which is a doublet with
195pe satellites (9H, 2Jp_y = 11.5 Hz, 3Jp, y = 35.8 Hz). The 1'B N
spectrum 1s typical for a 52959-3,1,2-0239H11 cage.16 The 13C NMR
spectrum (Figure VI.2) showed the CO carbon at 8 171.7, with a small

phosphorus and large platinum coupling (d, 2JP-C = 15 Hz, lth-c = 1700
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Teble 6.1 3!p{lE)} N® and Infrared Spectral Dats for the Complexes
[¢loso-3~(L)-3-(C0)-3,1,2-Pt(C,BqHgR)) ]

Complex 6(P) lJ(Pt-P) VCOb

L R' ppm® Hz ce”}

PMe, (87) H =-22.1 3120 2058
PEt, (83) H 19.1 3029 2055
P(i-Pry) (89) H 51.7 2942 2057
PPh, (90) H 19.4 3112 2066
PCy, (91) H 39.6 2909 | 2054
PMe, (92) CH, -19.1 2974 2056
PEt 4 (93) CH, 18.3 2906 2056
PPh, (94) CH, 44.6 3109 2064
PMe,Ph (95) CH,4 -10.6 2965 2059
PCy, (96) CH, 37.2 2802 2051

(a) All 31P NMR spectra were recorded as CD2C12 solutions.

(b) Infrared spectra were recorded as CH,Cl, solutions.
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Hz, the carborane carbons at & 50.6 (s, lJp,_q = 3020 Hz) and the

carbons of the PMe, group at & 18.8 {(m).

X-Ray Structure of (87)

The X-ray crystal structure determination was carried out by Dr.
R.G. Ball of this Department. Details of the data collection and
refinement as well as tables of structural parameters, bond lengths and
bond angles will be found in the Experimental Section. A perspective
view of the compound is shown in Figure VI.3 with a projection of the
top view showm in Figure VI.4.

The structural analysis confirms that the carborane cage and the 48
platinum atom define a highly distorted icosahedral polyhedron. The
projection in Figure V1.4 show§ the so-called slipped structure and the
orientation of the P-Pt-C4 fragment. The Pt atom is shifted away from
€(5,6) and toward B(7,8,9), like a n3 allyl group. This rvaigses the
question of whether the complex should be regarded as having 16 or
18e. These distortions are very similar to those reported for
3,3=(PEt3),-3,1,2-Pt(C,BgH; ). 3¢

The Pt-P bond length of 2.274(2) A in 87 is similar to the Pt-P
value of 2.2750 A in 3,3=(PEt;),-3,1,2-Pt(C,BgH,,).>¢ As vell, the
Pt-C(6) and Pt-C(5) distances of 2.508(8) A and 2.471(9) A tedpectively
are comparable to distances of 2.530(7) A and 2.613(7) A.Sd The
internal stereochemistry of the Pt(PMe3)(CO) fragment is similar to that
of 3,3~(PEt3)2-3,1,2-Pt(C239H11), with the P~Pt-C plane parallel to the
C5-C6 bond axis. The dihedral angle between the C(5,6)B(7,8,9) plane

and the C4-Pt-P plane is 91.8°.
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Figure VI.4 Projection View of Structure (87)
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Section 3
LIGAND SUBSTITUTION RRACTIORS

CO Excheange Raaction

As vas mentioned in Chapter II, the rapid CO exchange reactions
with square planar d8 transition metal complexes are thought to proceed
. via an asasociative mechanism. For example, the rate of L) exchange
with [(CO)PtCl,], was too fast to meagure.l’

The analogy between the carborane anion [giggr7,s-cznga11]2‘ and
the pentamethylcyclopentadienyl anion (Cp* ) in transition metal
complexes has been recently noted.? Hence [clogo~3,3-(C0),-3,1,2-
Pt(CyBgHgMe,)] 83 should show reactivity similar to Cp*Ir(CO)z. The
dicarbonyl 83 exchanges one atmoaphere of 1300 rapidly in hexane
solution (complete in five min, with veo 8t 2070, 2032 cm'1 for enriched
complex). In contrast, the L3eo exchange rate for Cp*Ir(CO)2 in hexane
at one atmosphere CO is relatively slow “1/2 s two houtu)-lo This
suggests that there ig a low activation pathway for exchange not present
in the Cp* gystem.

The slipped structure of the carborane anion [5599-7,8-0239311]2'
in complex 87 suggests a n3-c239311-Pt(II) 16e complex. PFor the
carbonyl phosphine derivative 87, the 1360 excha.ige reaction in CH,C1,
is slower, with t1/2® 28 hours at one atmosphere 13CO, but t1/2 is two
hours vith three atmospheres of L3¢y, The presasure dependent rate

suggests an assoclative mechanism for 1300 exchange.

Reactions vith Phosphines and Isocyanides

Dicarbonyl 83 reacts instantaneously with one equivalent of PMes in
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Cl-lzcl2 to give 92 (eq. 6=7),

L o=8H (6=7)
C§= qo o,
92 L-PMe3
83 97 Let-BuNC

In contrast, Cp*Ir(CO)2 reacts with Pue3 to give Cp*It(CO)(PKe3)
only under more forcing conditions of 70°C for 24 hours using excess
lizand.l3 Complex 83 also reacts with one equivalent of Me;CNC (t-BuNC)
in CH,Cly to give [closo~-3-(t-BuNC)-3-(C0)-3,1,2-Pt(CyBoHoMe,)] 97 (eq.
6~7). The IR spectrum of 97 in CH,Cl, shows vy, at 2214 cm™) and vg, at
2077 cm”l. The lH MR spectrum shows the t~BuNC group at § 1.59 (s,
9H), Further addition of t-BuNC to 97 gives [closo-3,3~(t-BuNC),-3,1,2~
Pt (CyBgHgMe,) ] (98). Due to the unavailability of a larger quantity of
83, 98 was prepared by the addition of exceas t-BuNC to 82 in CH,Cl,

(eq. 6'8) .

© =BH
® =CMe (6-8)

Me;CNC” P“CNCM.,

82 98
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The IR spectra of the two compounds prepared by both routes were
the same, with two Vcy bands at 2207 and 2180 cm'l. A palladium analog
[giggg-3,3-(t-BuNC)2-3,I,Z-Pd(CZBgﬂll)] has been recently teported.Se

The related bis(phosphine) complexes were also prepared. Both 87
and 92 rapidly react with one equivalent of PMe3 in CH2C12 to give
[glggg-3,3-(PMe3)2-3,1,2-Pt(CZBQH11)] (99) and [:zloso-~3,3-(PMey),-3,1,2-

Pt(C,BgHgMe,)] (100) respectively (eq. 6-=9).

PR © =BH
3 . (6-9)
® =CR
CH,CI, ';'
c” P'\PMo R.P7 “PMe
o) 3 3 3
87 R' = H 99 R'sH, ReMe
92 R' = Me 100 R'sMe, ReMe

102 R'sMe, ReEt

103 R'=Me, PRy=t-BuNC

These complexes can also be prepared by Stone's method,sa where
(PMe;),PtCly!8 15 reacted with T1,C,BgHGR', 1n CH)Cl,. Complex 99 has
been reportedSe using the second mechod in the Experimental Section.
The addition of one equivalent of the larger PPhy to [21232-3;(PPh3)-3f
(CO)-3,1,2-Pt(0289311)] 90 gives [5122273,3-(PPh3)2-3,1,2-Pt(0289H11)]
(101).

With the choice of suitable phosphines, mixed bis(phosphine)
complexes can be obtained. For example, reaction of 92 with one
equivalent of PEt3 in CH2C12 gives [glggg-3-(PMe3)-3-(PEt3)-3,1,2-

Pt(Cngﬂgﬂez)] (102) (eq. 6-9). A reaction related to the addition of



phosphines is the reaction with isocyanides. Reaction of 92 with one
equivalent of t-BuNC in CH2812 glves [glggg:3-(PHe3)-3-(:-BuNC)-3,1.2-
Pt(C,BgHgMe,)] (103) (eq. 6-9). Complexes 98-103 are all air-stable
yellow solids. Table 6.I1 presents some 31? NMR and miscellaneous

spectral data.

Reaction with Me;NO

A useful criteria for the successful reaction of trimethylamine
N-oxide (Me;NO) with transition metal carbonyls is that v,y > 2000
cm'l.19 Hence both dicarbonyl 83 and a mixed phosphine carbonyl 92 are
suitable candidates for removing carbon monoxide chemically. Reaction
of Me3NO with the dicarbonyl 83 in a variety of solvents rasults in
decomposition, However, reaction of 92 with one equivalent of Me4NO in
CH,CN gives the fully characterized acetonitrile complex [closo~3~

(PMeq)~3-(CH4CN)-3,1,2=Pt(C,BgHgMe,)] (104) (eq. 6-10).

¢ =CMe (6-10)
P P
c” “PMa, CHCN” “PMe,

92 104

The analogous reaction in CHZCI2 gave no evidence of NMe3 or ONMe,
complex as observed in Chapter IV, but only resulted in decomposition.

The tris(pyrazolyl)borate rhodium acetonitrile complex HB(3-CF3-S-

310

MePz)3Rh(CO)(CH3CN) 42 in Chapter IV was determined from its IR spectrum
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Table 6.13 lp{'m} M@ and Miscellaneous Spectral Data for the
Complexes clolo-S-(Pu¢3)-3-(L)-3.I,Z-Pt(czngﬂgné)

L R' 5(P) Lipeop IRP
ppn® Hz
PMe, (99) H -26.8 3379 -
PMe, (100) CHy -21.0 3015 -
PEt4 (102) CHy 16,5 3007 (PEt,)
-20.6 2996 (PMey)
t-BuNC (103) CH, -21.5 3088 vye=2177 cm™t
CH4CN (104) CH, -16.8 3479 vey=2342 cn™t
C,H, (108) CH, -18.7 3549 Veec®l511 cm™t
(Br), (107) H .7 3141 -
(3r), (108) CH, 22.6 3015 -
(H)(SiEt3)  (109) H -26.8 2466 Vpp 2130 cm”!

(a) All 31P NMR spectra were recorded as CDZClz golutions.

(b) Infrared spectra were recorded as CHZCIZ solutions.,
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to have an end-on bound acetonitrile group. In the same manner, the
acetonitrile group in complex 10& could be bound to platinum {n an end-
on or side-on manner. These two binding modes can be distinguished by
observing VezN in the IR spectrum.zoa In fact, a weak VezN stretch is
observed at 2342 em™! in CHyCly, indicative of an end-on bound CH4CN, as
represented in eq. 6-10. This IR band is very similar to other
literature values of Pt(Il) acetonitrile complexes.2°b'° The 'H NMR

spectrum of 104 shows the coordinated acetonitrile at & 2.37 (d, 3N,
43pp—y = 8:8 Hz, Jp_y = 1.1 Hz). Agatm, this chemical shift is similar
to that reported for cis-PtClz(CH3CN)(Czua), where § (CH3CN) ig at 2.45
ppm in CD3CN.2°°

Complex 104 reacts rapidly with CO in CH4CN to give back 92 and
algso with ethylene in CH2612 to give [glggg—S-(PMe3)-3-(C2H4)-3.1,2-

. o =BH (6-11)
24
— ® sCMe
CHLCH  “PMay N P,
CH,
104 108

Complex 105 can also be prepared independently by reactiﬁg
cig-(PMeq)(C,H,)PtCl, (106) with T1,C,BgHgMe; in CH,Cly. The ethylene
group in the ] spectrum appears at & 3.38 (d, 4, ZJPt-H = 50.9 Hz,
3JP-H « 2,9 Hz), which suggests that it is rapidly rotating in
solution. A weak IR band appears at 1511 cm.l, which has been assigned
as Vouc* Complex 105 also reacts rapidly with CO in CH2C12 to give back

92.
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Section &

OXIDATIVE ADDITION STUDIES

A second reaction type explored is oxidative addition. Bdth Bry
and Mel react with Cp#Ir(C0),, giving Cp*Ir(C0)Br,%l8 and
Cp*1r(CO)(Me)(1)21P+€ regpectively. Treatment of a CH,Cl, solution of
87 or 92 with one equivalent of bromine gives the dibromides
[¢loso-3,3-(Br),=3,1,2-Pt(CyBgHgR" )] (107) (R' = H) and (108) (R' = Me)

(eqs 6-12).

Br, ©=BH
—. ®-CR (6-12)
CH,Cl,
PN ar” \pme
oc PM»3 Br 3
87 R'sH 107 R'sH
92 R'sMe 108 R'sMe

These complexes are bright red crystalline solids, which are in the
Pt(IV) oxidation state. In contrast to the reactifons of Cp*It(CO)z,
both 87 and 92 do not oxidatively add methyl iodide and are not
protonated by HBP, vhereas Cp*Ir(CO)2 is easily protonated by HBF4.22
This difference {3 indicative of the electron-poor carborane ligand on
the Pt(II) metal center. There are no known examples of stable cationic
metallacarborane compounds in the literature, although neutral and
anionic species are abundant.3

With relevance to carbon-hydrogen bond activation, Cp*Ir(CO)2

activates saturated and unsaturated C-H bonds6 and Si-H bondsZIa



photochemically whereas the photolysis of 87 or 92 in benzene under

similar conditionssb

gave no reaction. Also photolysis of complexes
containing an aryl phosphine 90, 94 and 95 in benzene showed no
intramolecular C-H activation (or orthometallation)., This suggests that
the chances for an intermolecular process are small. Attempts to form
the Pt(1IV) dihydride with a “2 purge during photolysis in benzene gave
no reaction. The very low solubility of any of the complexes in
saturated hydrocarbons precluded C-H activation studies in those
solvents. Also, the reaction of 87 in benzene with Me4NO resulted in
decomposition, with no isolable product.

There are known example§ of C~-H activation with Pt(Il) and Pt(1lV)

salts, primarily by Shilov and coworkets.23 For example, methane 18

converted into methanol and methyl chloride with [PtClG]z' (eq. 6~13).

80 — 120°
H20

CHg4 + [PtCIg]2- (CH3Cl, CH3OH) + Pt (ID) (6-13)

However, these reactions are thought to proceed by an electrophilic
mechanism, and some consider that it might involve heterogeneous
catalysis by platinum metal particles.

Whitesides and coworkers have recently demonstrated C-H activation
via a postulated Pt(0) intermediate to give Pt(II) alkyl or aryl

hydrides (eq. 6-14).2%

314
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Cy.PCH,CH,PC m/H RH % (6=14)
(Cy,PCH,CH,PCy,) \ oo (CszGHQCHaPCyz)Pt\
CH,CMe, R

The starting complex is a Pt(II) neopentyl hydride with a bulky
chelating ligand. On heating, reductive elimination of neopentane
occurs, generating a reactive Pt(0) intermediate which reacts with C-H
bonds.

Hence, there are literature examples for C-H activation by a Pt(Il)
complex, although by different mechanisms. Perhaps the metal center in
the platinacarboranes is too electron poor to oxidatively add a C-H
bond, but not electrophilic encugh to react as with Shilov's system.

A useful model for C~H activation is Si~-H activation.6a Photolysis
of a sample of 87 in the presence of excess Et4SiH for 28 h gave a new
product, asgsigned as the silyl hydride 15123273-(Et381)-3-(H)-3-(PMe3)-

3,1,2'Pt(C239H11)] (IM) (eq. 6"15)0

. 0 =BH
hy, EtsSiH 0 CH (6-15)
e CH,Cl, N
£ PMe, 28 hrs EtySi” | “PMe

87 109
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The IR spectrum in CH,Cl, shows a weak band at 2130 cm'l. assigned

ags the Pt-H stretch, and the MS shows the molecular ion M* at m/e ®

520, The 1H NMR spectrum shows two resonances at & 1.18 (q, 6H, SJR-R -
7.8 Hz) and 6 1.06 (t, 9H, SJH-H = 7,8 Hz) for the Et481 group and a
high field hydride at & -7.85 (d, N, 23,y = 26 Hz, lyp, y = 900 Ha).
The reaction is general with a variety of silanes (Ke381ﬂ, C1381R and
Ph3SiH), but the products do not appear as stable as 109, Reductive
elimination of EtySiH from 109 takes place rapidly with CO in CHyCl, to

give 87,
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Section S

RXPERINENTAL

rlzczngall and lecznguez were prepared using literature
procedutes.8 (COD)PtClZ was prepared using the method of CLark.7
[closo-(COD)-B,1,2-Pt(C289H11)] 81 was prepared according to
Hawthorne.a [(na-cauea)Pt612)]2 was prepared according to

Malatesta.lz (CO)ZPtCIZ was prepared by the method of Calderazzo et

8109

(Pue3)(CO)PtC12 and (PMezPh)(CO)PtCIZ were prepared by the methods
of Gog:gin”‘a and Orchinlab regspectively. Other analogous compounds
(PR3)(CO)Pt012 ReEt, {-Pr, Ph, Cy vere prepared according to Clatk.15
[(PMeq)PtCl,y], and (PMe,)Pt,Cl, were prepared according to Hartley-18
cis-Pt(Pue3)(Czﬂa)C12 106 was prepared using a procedure similar to that
of cis~Pt(PPhy)(C,oH,)C1,.23

Ortho-carborane was purchased from Dexsil Chemical Corporation and
was used as received. PMe,, PHeZPh, PEt,, P(i-Pt)3, PPhy, PCyy and
t-BuNC were used as received from Strem Chemical Co. Anhydrous Me,NO
was dried from Aldrich Me3N0.2H20 by azeotropic distillation of water

from toluene, followed by vacuum sublimation. Research purity ethylene

(99.98%) was used as received from Matheson.

Preparation of [g;ggg-(con)-S,1,2-Pt(czn939!ez)] (82)

To a solutiom of (COD)PtCl2 (374 wmg, 1.00 mmol in 20 mL THF) was
added €00 mg (1.05 mmol) lecngﬂguez. After stirring for 1.5 h, a
black solution resulted. After filtering through Celite and removing

the solvent, the black residue was chromatographed twice on Florisil (12



X 2.5 cm) with cu2c12 eluent, giving a yellow powder upon removal of
solvent in vacuo., Recrystallization from Cﬂzclz-hexane at =30°C gave

yellow crystals (231 mg, 50% yield) mp 180°C, decomp.

Characterization: MS (105°C, 70 eV) vt (463, 100%), M*-COD (18%),

M*-C,BgHgMe, (29%). lH NMR (CD,C1,, 200 MHz, ambient) & 5.21 (br, 4,
2ppoy ® 60 Hz), 2.60 (br, 6H), 2.47 (d, 8H, Ny _, = 7.8 Hz). Anal.
Calcd for 012“2739933 C, 31008; H, 5.87. Found: C, 270963 H, 5.71,

Preparation of [g;g!mrﬁ,3-(0072-3,1.2-Pt(czlgﬂguaz)] (83)

A solution of (CO)th012 (254 mg, 0.79 mmol in 10 mL CHZClz) was
cooled down to -78°C under 1 atm CO., To this clear solution was added
471 mg (0.83 mmol) 112c239a9uez and the golution was slowly allowed to
warm to room temperature. At =-40°C, the solution darkened and the IR
spectrun showed disappearance of the vy, bands of the starting material
(2177, 2137 en”}) with appearance of product (2128, 2088 em™l).  After
warming to room temporature, the drown solution was stirred for 3 h
under CO, filtered through Celite and concentrated. Chromatography
twice on Florisil (12 x 2.5 cm) with CH2612 eluent gave yellow crystals

on removal of solvent in vacuo (35 mg, 11% yield) mp 128-130°C.

Characterization: IR (hexane) 2118, 2079 cm'1 (vco). MS (55°C, 16 eV)

Mt (411, 15%), M¥-cO (100%), M'-2€0 (77%). lH NMR (CD,Cl,, 200 Mz,
ambient) 5 2.56 (s). Anal. Calcd for 063153902Pt= c, 17.51; H, 3.67.

Found: C, 17063; H, 3.61.

318
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Attempted Preparvation of [closo-3,3-(00)2-3,1,2-Pt(cngnll)] (84)
The reaction was done in the same manner as 83, but the resulting

product was much less stable. Only IR evidence for 84 was observed with

Vgo bands in hexane at 2121, 2082 cm™l.

Reaction of COD complex 82 with CO

A sample of 482 mg (1.04 mmol) 82 was taken up in 25 mlL CHyCl, in a
125 mL Parr autoclave. The solution was charged with 1500 psi CO and
heated at 65°C for four days. After cooling and venting the €O, a green
solution remained, with IR Veo bands at 2128, 2088 cm'lo This was
chromatographed twice on Florisil (12 x 2.5 em) with Cﬂ20l2 eluent,
giving 400 mg of = 7ellow solid. The IR spectrum in hexane showed 83
was present, but the ly mm spectrum showed a mixture of 40 83 and 60%
82. Separation by chromatography or crystallization were
unsuccessful, With different CO pressures and bath temperatures,
varying amounts of 83 were obtained, but always containing 82. The
analogous reaction can be done with [glgggr(COD)-3,1,Z-Pt(czngﬁll)] 81

at 65°C, but the product 84 was much less stable and only detected by

IR,

Reaction of Dicarbonyl 83 w'<h COD

A sample of 25.0 mg (0.061 mmol) 83 was taken up in 20 mL hexane.
3 drops of COD were added, and after 1 h the reaction vas complete,
After removal of solvent and excess COD, a yellow solid remained. It

was identified as 82 by its 1R NMR spectrum (26.7 mg, 95% yield).
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Preparation of [closo-(n*-CMe,)-3,1,2-P(C,BeM,)] (85)

To a sample of [(n°-C/Me,)PLCly], (37 mg, 0.05 mmol) in § mL CH,CL,
was added 54 mg (0.1 mmol) of leczngﬂllo After stirring for 6 h, the
solution was filtered through Celite, concentrated and layered with
hexane. On cooling to =30°C tan crystals were obtained (23.4 mg, 54%
yield) mp 260-268°C,

Characterization: MS (135°C, 16 eV) ut (436, 100%), H+-0289H11 (72%).

8 MR (CD,C1,, 200 MHz, amblent) & 3.16 (s, 2H, 2Jp, 4 = 42.5 Hz), 2.39
(s, 124, 355,y = 23.5 He). Anal. Caled for CyoH,yBgPt: C, 27.57; H,
5.32. Found: C, 270&03 ﬂ, 5.27.

Prepsration of [clo-o-(n‘-c‘uaa)-s,1,z-vz(czn,u,ucz)1 (86)
This was isolated as light tan crystals in 57% yield using the

procedure above for 8%, mp 214~-216°C.

Characterization: MS (150°C, 70 eV) M' (463, 85%), M'~C,BgHgMe,

(100%). gy R (CD2C12, 200 MHz, ambient) & 2.15 (s, 12H, SJPt-H = 22
Hz), 2.08 (s, 6H). Anal, Calcd for C12H2789Pt: c, 31.08; H, 5.87,

Found: C, 31.07; H, 5.89.

General Preparation of [closo-3-(PB4)-3-(C0)-3,1,Z-Pt(C,BgHgR'y)]

A 1 mmol equivalent of TIZCZBQHQR'Z was added to a solution of 1
mmol (PR3)(C0)PtC12 in 10 mL CHZCIZ. The stirred mixture was monitored
by IR spectroscopy and the reactions were generally complete in 3 h.
The dark brown solution was filtered with a cannula to separate the

solution from the precipitated T1Cl and concentrated in vacuo. A CHZCLZ
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extract was chromatographed on a Florisil column (12 x 2.5 cm) eluting
with Cﬂzclz. A yellow band which quickly moved down the column was
collected and the solvent removed to give yellow microcrystals which
were recrystallized from hexane layering of a concentrated C52012

solution at =30°C.

Preparation of [e;ogo-a-(vun3)-3-(00)-3.1,z-vz(czngui1)1 (87)

The complex was obtained in 72% yield using the general procedure,

mp 165-168°C,

Characterization: MS (195°C, 16 ev) M* (431, 10%), M'-CO (100%). lm

NMR (CD,Cl,, 200 MHz, amblent) & 3.65 (s, 2H), 1.94 (d, 9H, 2Jp_y = 11.5
He, Jpp_y = 35:8 H2). N MMR (CgDg, 200 Mz, ambient) & 3.08 (s, 2H),
0.8 (d, 9H, Jp_y = 11,4 Hz, Mp, ;= 35.8 Ha). LlB e (cd,cl,,
ambient) & 8,47 (d, lyp_y = 140 Hz), -3.70, =7.00, -9.32, -11.93,
-19.74, -21.53, -23.67. 13 WMR (CD,C1,, 50.3 MHz, ambient) & 171.7 (d,
co, ZJC_P = 15 Hz, IJC-Pt s 1700 Hz), 50.6 (s, carborane C, IJPt-C =
3020 Hz), 18.8 (CH;). Anal. Caled for CgHyBoOPP:: C, 16.70; H,

4.67. Found: C, 16.59; H, 4.83.

I-lay Structure of (87)

The X~-ray crystallographic study wss carried out by Dr. R.G. Ball
in the Structure Determination laboratory of this Department. This
section and the Tables are adapted from his report. The computer
programs used in the data analysis include the Enraf-Nonius structure
determination package Version 3 (1985, Delft, The Netherlands) rewritten

for a Sun Microsystems computer and several loéally written or modified
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programs.

Suitable crystals were grown from CHZClz-hexane at =30°C. A yellow
air-stable crystal, with approximate dimensions of 0.23 x 0,23 x 0,37 mm
was mounted in a non-gpecific orientation. The automatic peak search
and reflection indexing showed the crystal to be orthorhombic with
systematic absences of h00, h odd; OkO, k odd; 001, 1 odd. Cell
constants were obtained from a least-squares refinement of the setting
angles of 25 reflections in the range 19 < 26 < 28°, The intensity data
were collected using a w20 scan mode. The various crystal parameters
are given in Table 6.III.

There were 3 reflections which were chosen as standard reflections
and these were remeasured every 60 minutes of exposure time to check on
crystal and electronic stability over the course of data collection. A
linear regression analysis of these standards showed a negligible mean
change in {ntensity of 1.2 (i.3)Z over the time span of data
collection. Data were collected for Lorentz, polarization and
background effects.

The structure was solved using the direct methods pv2gram MULTAN
which gave the positional parameters for the Pt atome. The remaining
non~hydrogen atoms were located by the usual combination of least~
squares refinement and difference Fourier synthesis.

Refinement of atomic parameters was carried out by full matrix
least-squares techniques on F° minimizing the function

2
tw (IF ] - IF.])

where |F_ | and |F,| are the observed and calculated structure factor



Table 6.1I1 Experimental Details

formula

fw

crystal size/mm
appearance
diffractometer
radiation
wavelength/A
space group
a/A

b/A

c/A

v/a3

z

p(calcd)/g cm3
p/cm=1

scan width/deg

scan rate/deg/min
no. of unique reflections

no. of obs. reflect.

I > 30(I)

20 max/deg

C652039°PPt
431.59
0.23x%x0.23%x0,37

yellow crystal

Enraf-Nonius CAD4F

Mo K, (graphite)
0.71073

P2,2,2,
11.500(2)

12.749(3)

10.361(2)
1519.1

4

1.88%
94.13

0.70 + 0.35 tan(sg)

100 1'009
2120

1912
56.00
0.037
0.051
1.97
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amplitudes rvespectively, and the weighting factor w is given by

An examination of a difference Fourier for hydrogen atoms showed
very few peaks in reasonable positions. It was decided to not include
any H atom contributiona in the latter stages of refinement.,

In the final cycle 164 parameters were refined using 1912

observations having I > 30(1). The final agreement factors were:

R =2 llpol - |Fc|| /L |y°| » 0,037 and
2 241/2
R, = (zw (Ie,l - Ircl) /twe, )*¢ = 0.051
26

During structure refinement Roger's "eta"” parameter®” was refined
to indicate if the correct polarity of the molecule was chosen. This
parameter refined to a value of 0.37 which indicates that the correct
enantiomorph was chosen. The highest peak in the final difference
Fourier was 1.3(2) eA'3, it {s located near the P atom and {s without
chemical significance. The structure of 87 is depicted in Fig. VI.3.
Relevant bond lengths and bond angles are tabulated in Tables 6.IV and
6.V. Positional and thermal parameters are available {n the detailed

report from the Structure Determination Laboratory.27

Preparation of [clono-S-(PBt3)-3-(CO)-3,1,2-?:(0239811)] (88)
The complex was obtained in 32% yield using the general procedure

(mp 107-109°C).



Table 6.1V Selected Interatomic Distances (R)

from to dist® from to dist?
Pt P 2.274(2) B(1) B(S) 1.77(2)
Pt c(4) 1.850(9) B(1) B(4) 1.79(2)
Pt C(5) 2.471(9) B(1) B(3) 1.86(2)
Pt c(6) 2.508(8) B(l) B(2) 1.75(2)
Pt B(7) 2.24(1) B(1) B(6) 1.78(1)
Pt B(8) 2.26(1) B(2) B(3) 1.78(2)
Pt B(9) 2.24(1) B(2) B(6) 1.76(2)
P c(l) 1.79(1) B(3) B(4) 1.81(1)
P c(2) 1.83(1) B(3) B(9) 1.80(1)
P c(3) 1.81(1) B(4) B(5) 1.73(2)
o c(4) 1.15(1) B(4) B(8) 1.75(1)
c(5) c(6) 1.56(1) B(4) B(9) 1.83(2)
c(5) B(2) 1.75(1) B(5) B(6) 1.81(1)
c(5) B(3) 1.65(1) B(S) B(7) 1.81(2)
c(5) B(9) 1.75(1) B(5) B(8) 1.79(2)
c(6) B(2) 1.73(1) B(6) B(7) 1.79(2)
c(6) B(6) 1.64(1) B(7) B(8) 1.89(1)
c(e) B(7) 1.74(1) B(8) B(9) 1.78(2)
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(a)

Standard deviations in parentheses.



Table 6.V Selected Interatomic Angles (deg)

from through to angl.ea

P Pt c(4) 91.0(3)

P Pt c(5) 144.2(2)

P Pt c(6) 110.1(2)

P Pt B(7) 91.5(3)

P Pt B(8) 116.8(3)

P Pt B(9) 163.3(3)
c(4) Pt c(5) 106.1(4)
c(4) Pt c(e) 132.9(4)
c(4) Pt B(7) 175.4(4)
c(4) Pt B(8) 132,0(4)
c(4) Pt B(9) 100,2(4)
c(5) Pt c(e) 36.5(3)
c(5) Pt B(7) 69.8(4)
c(5) Pt B(8) 74.4(3)
c(s) Pt B(9) 43.4(3)
c(6) Pt B(7) 42.5(3)
c(e) Pt B(8) 75.6(3)
c(6) Pt B(9) 70.8(3)
B(7) Pt B(8) 49.6(4)
B(7) Pt B(9) 78.2(4)
B(8) Pt B(9) 46.6(4)

(a)

Standard deviations in parentheses.
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Characterization: MS (120°C, 16 ev) M' (473, 13%), M*-co (100%), M*-co-

Et (8%), lﬂ NMR (Cchlz, 200 MHz, ambient) 6 3,70 (s, 2H) 2.13 (d of q,
6H, gy = 7.5 Hz), 23p_y = 10 Hz, 335,y = 31 Hz), 1,22 (d of ¢t, 9K,
3py = 18.2 Hz, 0y = 7.6 Hz). Anal. Caled for CgHcByOPPE: C,

22.82; H, 5.53. Found: C, 20.64; H, 5.54.
Preparation of [clooo-S-(P(i-Pt)3)-3-(00)-3,1.2—Pt(czlgull)] (89)
The complex was obtained in 25% yield using the general procedure

(mp 104-106°C).

Characterization: MS (165°C, 16 ev) M' (515, 3%), M'-co (100%),

M*-co-1-Pr (9%). lH NMR (CD,Cl,, 200 MHz, ambient) & 3.90 (s, 2H), 2.64
(d of septets, 3H, ZJP-H = 10 Hz, 3JH-H = 7,5 Hz) 1.37 (d of d, 18H,
3y = 71 Hz, 3Jp_y = 15.5 Hz). Anal. Caled for Cy,Hy,BgOPPE: C,

27.95; H' 6.25. Found: C, 26010; H, 6.10,
Preparation of [elolo-3-(PPh3)-3-(CO)-3,1,2-Pt(czlgﬁll)] (90)
The complex was obtained in 81% yield using the general procedure

(mp 162-165°C).

Characterization: MS (155°C, 16 ev) M* (617, 8%), M"-co (100%). l® WMR

(CD,C1,, 200 MHz, ambient) & 7.50 (m, 15H), 3.38 (s, 2H). Anal. Calcd

for C, HycBgOPPt: C, 40.83; H, 4.26. Found: C, 38.05; H, 4.21.

Preparation of [closo-3-(PCy,)-3-(C0)-3,1,2-Pt(C,BgH;,)] (91)

The complex was obtained in 32% yield using the general procedure
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(mp 208-210°C).

Characterization: MS (200°C, 70 ev) M* (635, 1%), M*-cO (100%). W MMR

(CD,yC1l,, 200 MHz, ambient) & 3.86 (s, 2H), 2.40-1.22 (m, 33H). Anal,
Calcd for CzlﬂaaBQOPPt: C, 39.66; H, 6,97, Found: C, 39.07; H, 7.12.

Preparation of [gloso-3-(PMes)-3-(C0)-3,1,2-Pt(C, BylgHe,)] (92)
The complex was obtained in 74% yield using the general procedure

(mp 174=176°C).

Characterization: NS (95°C, 16 ev) M' (459, 13%), M"-co (100%). lu wMR

(CD,M,, 200 MHz, ambient) & 2.39 (d, 6H, “Jpy = 2.2 Hz), 1.84 (4, 9,
2ypy = 11.2 Hz, 33p,_y = 3.3 Hz). !B MR (CDyCL,, ambient) & 12.87
(d, 1B, Y3y = 148 Hz), -1.73 (d, 2B, lJp_y = 158 Hz), =5.20 (d, 28,

Lygy = 150 Hz), -8.37 (d, 2B, lyp_y = 149 Hz), <17.31 (d, 2B, lyp, =
125 Hz). Anal. Caled for CgHp,BgOPPt: C, 20.91; H, 5.26. Found: C,

20087; H, 5.19.
Preparation of [elo-o-a-(vzc3)-3-(co)-3,1,z-vz(c239u9uaz)1 (93)
The complex was obtained in 56% yield using the general procedure

(mp 134-136°C).

Characterization: MS (95°C, 16 eV) Mt (501, 11%), u*-co (100%). la NMR

(CD,Cl,, 200 MHz, ambient) 6 2.37 (d, 6H, “Jp_y = 1.9 Hz), 2,10 (d of q,
6H, 3Jy_y = 7.5 Hz, 25pp = 10 Hz, 55,y = 30 H2), 1.18 (d of t, 9,
33,4 = 17.8 Hz, 33y = 7.5 Hz). Anal. Caled for Cj HyqBgOPPE: C,

26.33; H, 6.03. Found: C, 26.52; H, 6.01.
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Preparation of [clooo-3-(PPh3)-3-(00)-3.1,2-Pt(czngngncz)] (94)

The complex was obtained in 47% yield using the general procedure

(mp 196-198°C).

Characterization: MS (160°C, 70 eV) Al (645, 3%), M*-co (100%). 1H NMR

(CDZCIZ, 200 MHz, ambient) & 7.60 (m, 15H), 1.93 (d, 6H, aJP-H = 2,3
HZ)' Anal, Caled for C23H30890PP1:: C, 42'77; H, 4,68, Found: C,

42.18; H, 4.67.
Preparation of [cloto-3-(PunzPh)-3-(CO)-3,1,2-Pt(czlguglaz)] (95)
The complex was obtained in 62% yield using the general procedure

(mp 159-162°C).

Characterization: MS (180°C, 16 ev) M* (521, 7%), M'-co (100%). lH W

(CD,Cly, 200 MHz, ambient) & 7.56 (m, SH), 2.16 (d, 6H, “J,_y = 1.5 Hz),
2.13 (d, 68, 255y = 10.9 Hz, 3y, o = 35.1 Hz). Anal. Caled for

C13H26590PPt: C, 29093; H, 5.02, Found: C, 29090; H, 4,94,

Preparation of [elooo—S-(PCy3)-3-(00)-3.1,2-Pt(czngﬂglcz)] (96)

The complex was obtained in 20% yield using the general procedure

(mp 195-197°C).

1

Characterization: MS (200°C, 16 ev) M' (664, 5%), M"-co (100%). lu MMR

(CD,Cl,, 200 MHz, ambient) & 2.35 (d, 6H, 4JP_H = 1.7 Hz), 2.29-1.28 (m,
33H). Anal. Calcd for Cy3li,gBgOPPL: C, 41.60; H, 7.29. Found: C,

41.41; H, 7.30.
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Preparation of [g;ggg-s-(:-nuuc)-a-(co)-s.1.z-vt(czn,u9u.z)] (97)

To a solution of 83 (82 mg, 0.2 mmol) in 5 mlL CR2012 was added a
solution of t-BuNC (23 uL, 16.6 mg, 0.2 mmol in 2 mI.CH2C12)- The
reaction was instantaneous and after removing the solvent under reduced
pressure, the orange residue was chromatographed on Florisil (12 x 2.5
cm) with CH2C12 eluent. Hexane was layered on a concentrated cu2c12
solution at -30°C, which gave yellow-orange crystals (87 mg, 93% yield)

mp 140°C (decomp).

Characterization: IR (CH,Cly) 2214 em™l (vyo), 2077 ew™d (vgy) MS

(140°c, 70 ev) M* (466, 3%), M*-co (33%), M*-r-BuNC (79%), M*-t-BuNC~CO
(100%). H NMR (CD,Cl,, 200 MHz, ambient) & 2.41 (s, 6H), 1.59 (s,
9“)' Anal. Calcd for C10H2489N0Pt: C, 25074; H. 5018; N, 3.00.

Found: C, 25'60; H, 5.18; N, 3.06.

Preparation of [clogo-3,3-(t-BuNC),-3,1,2~Pt(CyBqylgNe,)] (98)

To a solution of 129.2 mg (0.279 mmol) 81 in 10 mL CH,Cl, was added
dropwise 63 uL (46.4 mg, 0.558 mmol) of t-BuNC in 2 mL CHZCIZ. After
the CH2012 wag removed in vacuo, the yellow solid was chromatographed on
Florisil with CH2012 eluent. Crystalllzation of the resulting solid
from CHZCIZ-hexane at -30°C gave lemon yellow flakes (100 mg, 69%

yleld), mp 163~165°C.

Characterization: IR (CHZCIZ) 2207, 2180 em”t (VNC). MS (150°C, 70 eV)

w* (521, 100%), u*-2(t-BuNC) (50%). 'H MMR (CD,C1,, 200 MHz, ambient) &

2.23 (4, 6H, “3p_y = 1.8 Hz), 1.53 (s, 9H). Anal. Caled for
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C16H3339N2Pt: C, 32.23; H, 6.37; N, 5.37. Found: C, 32.48; H, 6.32;

N, 5.49.

13co Issctions

One atm of 1360 was bubbled through a hexane solution of 83. The
exchange was rapid (complete in 5 minutes) with IR Vgo 8t 2070, 2032
cm”L, |

A slover exchange of 13c0 was noted for 87 in CHy)Cly (ty;,9 = 28 h

at 1 atm 1300. but t1/2® 2 hat 3 atm 1300 (vco at 2009 cm"l).

Preparstion of (g;g!g-a.3—(vub3)z-3.1.2-?:(0239311)] 99)

To a yellow solution of 87 in 25 mL CH,Cl, (18 mg, 0,042 mmol) was
added dropwise an excess PM03 solution (100 uL, 1,25 mmol) in 2 mL
CHzclz, which immediately reacted. Solvent and excess PMe3 wera removed
under reduced pressure, and crystallization from CHZCIZ-hexane at =30°C
gave orange crystals (17 mg, 84% yield). The compound could also be
prepared uging Stone's method.sa To a8 solution of (Pue3)2Pt012 (83.6
mg, 0.2 mmol in 15 mL CRZCIZ) was added 113.6 mg (0.21 mmol)
leczsgall. After stirring for 19 h, a brown solution and yellow
precipitate (T1Cl) resulted. After filtering through a cannula, the
solution was concentrated and hexane layered over. Cooling to -30°C

gave a yellow solid (86 mg, 90% yield), mp 178-179°C.

Characterization: MS (145°C, 16 eV) M" (479, 47%), M'-C,BgH,, (100%).

b4

'H MR (CD,C1,, 200 MHz, amblent) & 2.94 (s, 2H), 1.77 (d, 18§, 23, =
1044 Bz, Jp,_y = 32.0 Hz), Anal. Calcd for CgpgBgP,Pt: C, 20.03; H,

6.09. Found: c, 19051; H, 5.72,
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Preparation of [clo-ons.s-(vua3)z-3.1.z-vz(czn,u9uaz)1 (100)

The complex was obtained in 82 and 85% ylelds as a yellow-orange

solid using the previous procedures for 99 (mp 160-163°C).

Characterization: M5 (120°C, 16 eV) M (507, 71%), M*-C,BgHgMe,

(100%). W MR (CD,Cl,, 200 MHz, ambient) & 2.16 (t, 6H, “Jp_y = 1.1
Hz), 1.70 (d, 18H, 2Jp_ = 10.1 Hz, Yp, y » 29.8 Hz), Anal. Caled for
CioH33BgPaPt: C, 23.66; H, 6.55. Pound: C, 23.83; H, 6.48.

Preparation of [clooo-S.S-(PPh3)2-3,I,Z-Pt(czlgull)] (101)
The complex was obtained in 48% yield as gold-orange flakes using
the procedure for 99. One equivalent of PPhy was added to one

equivalent of 90 (mp 256-258°C).

Characterization: MS (190°C, 70 eV) Al (852, 10%), H+-c289811 (100%),

u*-PPhy (6%). 'H NMR (CD,C1,, 200 MHz, ambient) & 7.44-7.28 (m, 30H),
2.96 (s, 2H). Anal. Calcd for C38H4139P2Pt: C, 53.57; H, 4.85.
FOUBd: C, 53'2“; H, 5026'

Preparation of [closo-3-(PMey)-3-(PRt3)-3,1,2-Pt(C,BolgMe,)] (102)

To a yellow solution of 92 (92 mg, 0.2 mmol in S mI.CHZCLZ was
added 30 puL (23.6 mg, 0.2 mmol) PEty, giving immediate gas evolution and
an orange -yellow solution. After 0.5 h stirring, the CH,Cl, was pumped
off, leaving an orange solid. Recrystalllzation from CH,Cl,~hexane at

-30°C gave an orange-yellow powder (93 mg, 85% yield), mp 178-180°C.
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Characterization: MS (140°C, 70 eV), M* (550, 66%), M*-C,BylgMe, (842),

M*-C,BgligMe, Bt (1002). 'H NMR (CD,CL,, 200 MHz, ambient) & 2.17 (t,
60, 4Jp_y = 1.7 He), 1.96 (m, 6H), 1.67 (d, 9H, 2y, = 10,0 Hz, 33, *
29.8 Hz), 1.16 (d of t, 9H, I, . = 16.7 Hz, 30y = 746 Hz).  Anal.
Calcd for C13H3989P2Pt: C, 28.40; H, 7.15., Found: C, 28.35; H, 6.89,

Prepavation of [closo-3-(PUe4)-3-(t-BulC)-3,1,2-Pt(CyByHgMe,)] (103)

Tc a yellow solution of 92 in 3 mlL Cﬂzclz (46 mg, 0.1 mmol) was
added dropwise a t-BuNC solution (1l uL, O.1 mmol) in 2 mL CRZCLZ,
giving an instantaneous reaction by IK spectroscopy. The CHZClz vas
removed in vacuo, and crystallization of the resulting solid from
CHZCIZ-hexana at -30°C gave yellow crystals (50 mg, 97% yield), mp 163-

165°C.

Characterization: MS (155°C, 16 ev) M (514, 60%), M*-t-Bu (100%),

M*-t-BuNC (82%). lH NMR (CD,Cl,, 200 Miz, ambient) & 2.23 (d, 6H, .
= 2.2 Hz), L71 (4, 9, 25,y = 11.0 Hz, 0,y = 33.7 Hz), 1.53 (s,
9H). Anal. Calcd for Cy12H43BgNPPL: C, 28.00; H, 6.46; N, 2.72.

Found: C, 27.90; H, 6.43; N, 2,51,

Preparation of [g;g!g-3-(PN93)-3-(cu3Cl)-3,I,Z-Pt(czngﬂguez)} (104)

To a yellow solution of 92 (92 mg, 0.2 mmol in 10 mL CH4CN) was
added 21 mg (0.28 mmol) Me;NO, giving immediate gas evolution and an
orange solution. After 0.5 h stirring, the acetonitrile was removed
under reduced pressure, leaving an orange solid. Crystallization from
CH,CN-ether gave an orange-yellow solid (31 mg, 33% yield), mp 137-
139°C.
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Characterization: MS (165°C, 70 eV) M'-CHyCN (431, 2%), M*-CHyCN-PMe,
(100%), W MR (CD,Cl;, 200 MHz, amblent) & 2.37 (d, 3, “Tp,_y v 8.8
He, SJp_y = L1 B2), 2.17 (d, 60, “0p_y = 2.2 He), 1.56 (4, OW, 21, =
10,6 Hz, Mp,_y = 33.6 Hz). Anal, Caled for CoHpBgNPPL: C, 22.87; H,
5.76; N, 2.96. PFound: C, 22.34; H, 5.74; N, 3.07.

Preparation of [g;g!g-s-(vu.3)-3-(c2u‘)-3,1.z-vc(czn,u,uoz)] (108)

To a solution of cis-Pt(PMe3)(Czua)Clz (106) (370 mg, 1.0 mmol) in
25 mL CHyCly was added 570 mg (1.0 mmol) T1,C,BgHgMe,. After 6 h
stirring, the brown solution was filtered through Celite.
Chromatography twice on Florisil (12 x 2.5 cm) with CHyCly eluent gave a
red-brown powder after solvent was removed in vacuo (176 mg, 38% yleld),

mp 120°C (decomp).

Charscterization: M5 (130°C, 70 eV) M' (460, 2%), M'-C,BgHgle,
2

(100%). '8 MR (CD,Cl,, 200 MHz, ambient) & 3.38 (d, 4H, 2p,_y = 50.9
Hz, 3y = 2.9 Hz), 2.03 (4, 6H, 0, = 1.9 He), 1.70 (d, 9, 25,y =
11.2 Hz, 3Jp,_y = 34.6 Hz). Anal. Calcd for CgHygBgPPL: €, 23.52; H,

6.14. Found: C, 23.03; H, 6.15.

Ueactions of Acetonitrile Complex 104

A solution of 104 is taken up in CHZCIZ. CD i3 bubbled through for
15 min, and the IR spectrum shows Voo 3t 2056 cm'l. Analysis shows the
product to be the original starting material 92.

Ethylene is bubbled through a solution of 104 in CH,Cl, for 15

minutes. The product is purified as before and spectroscopic
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{dent{fication shows it to be 108,

Preparation of cls-Pt(PMe3)(C,H,)Cl, (106)

A method similar to the preparation of cis-Pt(PPh3)(C2H4)C12 was
used. A suspension of [(Pue3)PtC12]2 (684 mg, 1 mmol) in 30 mlL CHZCIZ
was pressurized with 4 atm ethylene in a thick-walled glass bottle.
After stirring for 24 h, the yellow suspension changed to a colorless
solution, which was filtered and concentrated to give a white solid.
Recrystallization from CHZCIZ-ether-hexane gave a white powder (705 mg,

95% yield) mp 100°C (decomp).

Characterization: 'H NMR (CD,Cl,, 200 MHz, ambient) & 4.21 (br, 4H,

2appay = 626 He), 1.62 (d, 9, Xp_p ® 11,9 Ha, 30p, y = 29.1 He).
3lp MR (CDyCL,, amblent) & -17.15 (s, l1p,_p » 3057 Hs). Anal. Calcd
for CSH13PC12?t: C, 16023; H’ 3.54. Pound: C, 16038; H, 3.49,

Preparation of [closo-3~(PMey)-3,3~(Br),~3,1,2-Pt(C,ByH,,)] (107)

To a yellow solution of 87 in 7 mlL CHyCly (73 mg, 0.169 mmol) was
added dropwise a bromine solution (10 uL Bry, 0.194 mmol) in 2 mL
CHZCIZ. giving a red solution. Solvent and excess Br, were removed
under reduced pressure, and recrystallization from Cuzclz-hexane at

-30°C gave red crystals (94 mg, 99% yield), mp l17-121°C.

Characterization: MS (130°C, 70 ev) M* (563, 4%), M™-Br (100%), M*-2Br

(80%). W MR (CD,C1,, 200 MHz, amblent) & 5.40 (s, 28), 2.38 (%H, d,
20py = 12.7 Hz, 335, 4 = 36.3 Hz). Anal. Caled for CgH,oBgPBr,Pt: C,

10066; H, 3.58, Found: C, 10.64, H, 3.55,
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Preparation of [clo.o-a-(pnca)-a.3-(3:)2-3.1.z-nc(czn,a,u.z)l (108)
Beginning with 92, the complex was obtained in 100% yield using the

procedure for 107, mp 127-130°C,

Characterization: MS (120°C, 70 ev) M* (591, 6%), M*-Br (92%), M*-28Br

(100%). 'H MMR (CD,Cly, 200 MHz, ambient) & 2.77 (4, 6H, “Jpy w 1.1
Hz), 2,40 (s, 9H, 20y = 12.3 Wz, 30y, = 37.9 Hz). Anal. Caled for
CyHyuBgPBryPt: C, 14.22; H, 4.09, Pound: C, 14.28; H, 4.06.

Preparation of [closo~3-(PMes)-3-(¥t451)-3-(H)-3,1,2-Pe(C, BqH;,)] (109)

To a solution of 100.0 mg (0,232 mmel) 87 in 20 mL CHoCly was added
1.0 mL (exceas) BtqSiH. The yellow solution was freeze-pump-thaved
tuice, then irradiated for 28 h. Excess Et4SiH and CH,Cl, were removed
under reduced pressure, leaving an off-white solid (110.4 mg, 92%

yield).

Characterization: IR (CH,Cly) 2130 (W) cm'1 (vpp-g)+ MS (150°C, 16 eV)

w* (520, 23%), M™-28r (70%), M*-EtqsiH (1002). H MR (CD,C1,, 200 Mz,

3 -
Jppoy ® 2743

Hz), 1.18 (q, 6H, 2Jy_p = 7.8 Hz), 1.06 (t, 9K, 2Jy_y = 7.8 Hz), -7.85

ambient) & 3.30 (s, 2H), 1.90 (d, 9, %y, = 1l.1 Hs,

(d, 18, 25p_g = 26 He, Ly, = 900 Hz). Anal. Caled for
CpHygBgS1PPL: C, 25.42; H, 6.98. Found: C, 25.29; H, 6.73.
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The work reported in the foregoing Chapters involves the synthesis
and characterization of a number of pyrazolylborate rhodium and
carborane platinum complexes, which have been studied in carbon=hydrogen
activation reactions. The investigations comprising this Thesis can be

summarized under five major headings.

l. Synthesis of Rhodium and Pistinum Dicarbonyl Complexes

A number of tris(pyrazolyl)borate rhodium dicarbonyl complexes of
the general form HB(3-R'-5-RPz)3Rh(CO)2 (1, R" = Ph, R = H; 22, R' =
CF3y R = CHq; 52, R' = t-Bu, R = H and 55, R' = i{-Py, " = H) have been

prepared (eq. 7-1).

R R
O co
—_— I P 7-1)
HB( NN )sn"\co (

These are direct analogs of (HBPz*3)Rh(CO)2 (R' = R = Me), the
complex utilized by Ghosh i{n C~H activation studies.1 From the IR veo

bands of the latter complex, Ghosh determined that the complex was

3 in solution. On the other hand, complexes 22 and 55 consist

of mixtures of nzzn3 isomers in an approximate 2:1 ratio, whereas

entirely n

complex 1 is predominantly nz in solution and 52 is entirely so. These
nZ:n3 ratios appear to be governed primarily by the steric size of the
R' group in the 3-position of the pyrazole ring close to rhodium. As
the steric size increases from Me < CF3 = {=Pr < Ph < t=-Bu, there is an
increasing amount of nz form present in the order (HBPz*4)Rh(CO), < 22 =

55 < 1 < 52.
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For complex 1, the IR and low temperature 1R and 13C NMR spectra in

2 3 forms present in varying amounts.

k)

several solvents show both n° and n

The results shed new light on the question of nz versus n~ coordination,
and is the first example of an equilibrium where both forms were present
in observable amounts which can be monitored by NMR, Based on the IR
and NMR nzzn3 ratios obtained at two different temperaturves, some
thermodynamic parameters could he estimated in two cases. For the
nlamen? equilidrium as written, AH® = =2.95 keal and AS® » =11.6 cal K™
in CH,Cly, and i{n toluene, &H® = -1,07 kcal and AS® » -6.0 cal KL,
These values are consistent, as AH®° is negative, corresponding to
formation of the third nitrogen to rhodium bond, and AS® is also

3 2

negative, as the n~ form is more ordered than the n° form.

It should be mentioned that two other such complexes were prepared;
HB(Et,MePz) 4Rh(CO), 6S and HB(1-Bu,MePz)4Rh(CO), 71, Both the
tris(pyrazolyl)borate ligands themselves were mixtures of tegipisomers,
where Me groups occupy both R' and R positions. The IR veo bands of 65
and 71 in hexane are similar to those of (HBPz'3)Rh(CO)2, but 71 also

2 isomer (estimated 12%).

shows a small amount of the n
For the above complexes, the bis(pyrazolyl)borate analogs 823(3-R'-
5-RPz),Rh(CO), (2, R" = Ph, R = H, 20y, R' = CPqy, R = CHj; S5, R' =

t-Bu, R = H and 57, R' = {-Pr, R = H) have been prepared (eq. 7-2).

R@R'

N-—N\\ (7-2)
/

N

Rh(CO),
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The hapticity of the tris(pyrazolyl)borate complexes can also be
determined by comparing their IR vVeo bands to those of the
bis(pyrazolyl)borate analogs. For those complexes that exist as
equilibrium nzzn3 mixtures, the Ih Voo bands of the bis(pyrazolyl)borate

2 form present.

complexes are very similar to those of the n

For complexes HZB(CF3,MePz)2Rh(CO)2 20 and Hzn(i-Bu,Mon)zkh(CO)z
69, mixtures of regioiwcicrs weve obtained. For the former set, the
three possible isomers were separated and characterized, but this could
not be accomplished with the mixture 69. Complex 323(3-CP3-5-M3P3)(3-
Me-S-CF3Pz)Rh(CO)2 20b is the first example of a bis(pyrazolyl)borate
complex with an unsymmetric pyrazole bound in the two possible
orientations. The bis(pyrazolyl)borate complex 323(3,5-
(CP4),P2),RR(CO), 17 vas also prepared, but the tris(pyrazolyl)borate
analog was not realized.

In the reactions to prepare the tris(pyrazolyl)borate rhodium
dicarbonyl complexes, a second product was igolated, so-called pyrazole
bridged dimers. These are thought to arige not from free pyrazole
present in the tris(pyrazolyl)borate salt, but from B-N bond cleavage in

the ligand. The majority of the pyrazoles used were unsymmetric, which

leads to trans and cis isomers (eq. 7-3).

\N_/ AN \_/
Rh\ /Rh\ /Rh\ /Rh\ (7-3)
oC N— cO oC N—N co
R"zg;jx"‘ﬁ' R R’
(R#R’)

trans cis



The trans form was assigned as the major isomer, based on steric
crowding of the larger R groups in the cis isomer. The trans:cis isomer
ratio appears to be governed by both steric and electronic f#ctots.
Stobart has prepared velated irvidium dimers of the type
[(COD)I:(pyrazole)]z.2 and it vas found that with unsymmetric pyrazoles,
either mixtures or only one major isomer was obtained.

A platinacarborane analog of Cp*Ir(CO)z. [closo-3,3~(C0),y-3,1,2~
?t(czsguguoz)] 83 vas prepared. The IR vgq bands in hexane were of
_higher energy than those for Cp*It(CO)z, indicating that the carborane
ligand is a poorer electron donor than Cp¥*. This is the first example

of a carbonyl platinacarborane complex.

2. Synthesis of Pyrazolylborate Thodiwm Olefin Complezes

The synthesis of a number of bis(olefin) and mixed olefin carbonyl
complexes was accomplished. With the HB(3-PhPz)4 and HB(3-CF;-5-MePz);
ligands, the carbonyl ethylene, bis(ethylene) and COD complexes were
prepared.

Similar to complex 1, the bis(ethylene) and COD complexes (14 and
15 respectively) exhibited interesting NMR spectra, as both showed

2 3

equilibriuvm mixtures of the n° and n”° forms at room temperature. The nz

fo:m has the expected 2:1 ratio of pyrazole group resonances, while the
n3 form has a single resonance, where all three pyrazole groups are
averaged by a pseudorotation or turnstile mechanism. On cooling the COD
sample 15 to -90°C, the latter process was slowed down on the 1y R
timescale to give a 2:1 ratio of pyrazole group resonances arising from

the five-coordinate geometry.

Ghosh prepared carbonyl olefin complexes of the type

4
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(HBPz'3)Rh(CO)(olef1n) (olefin = ethylene and COB)1 and based on
comparison of the IR Vo, bands of the unstable bis(pyrazolyl)borate

2 {n solution. However, it was found that

analogs, these complexes are n
the lov temperature lﬂ NMR spectra showed a 2:1 ratio of pyrazole group
resonances. There {s thought to exist a low~-tempecrature process which
averages the two bound pyrazole groups by proceeding through a trigonal
bipyramidal intermediate.

The IH NMR spectra of the carbonyl olefin complexes 13, 24 and 25
all show a similar 2:1 ratio of pyrazole group resonances at low
temperature. The bis(pyrazolyl)borate analogs of the carbonyl ethylene
complexes 13 and 26 wvere also found to be unstable in solution, but the
COE complex HyB(3-CPy=5~MePz),Rh(CO)(COE) 27 was relatively stable.

The first examples of pyrazolylborate complexes enriched with L3y
were prepared. Efficient syntheses of lsN labelled
tris(dimethylpyrazol~-l-yl)borato complexes (HBPz*3)Rh(CO)(L) (79, L =
ethylene, 80, L = CO) were worked out. Subsequent 130 and 15N NMR
studies served as a probe to establish the hapticity of the

tris(pyrazolyl)borate ligand in solution, and will be important in

ongoing studies of the mechanism of the fluxional processes.

3. Ligand Substitution Reactions

A number of ligand substitution reactions of the various dicarbonyl
complexes were studied, specifically with carbon monoxide, tertiary

phosphines and other two-electron dcnors.

8. Carbon wmonoxide

It is well established that 18e metal carbonyl complexes do not
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readily exchange 1300, but cyclopentadienyl complexes are thought to do

so by an associative mechanism, where the Cp ring changes {ts hapticity

5 to n3. In the same manner, a tris(pyrazolyl)borate complex

3

from n

in solution (18e) would not be expected to exchange
2

which is entirely n

1300, whereas one that is partially or entirely n“ should rapidly do

80. As demonstrated in this Thesis, (anz'3)nh(60)2, which i3 entirely

3 l

n” in hexane,’ shows no 1300 exchange in hexane after four hours. In

2 isomer is present in the IR

C32C12, vhere a small amount of the n
spectrum (estimated at 1!),1 complete L3eg exchange talkes place after
about 18 hours., Complexes 1, 22, 52 and 35, which all shov some nz
igomer in solution, rapidly exchange 3o in about five minutes.

On the other hand, complex 63, which is entirely n3 in hexane,
ghows no 13CO exchange after four hours. Complex 71, which has about 1%
of the nz isomer present in the IR gpectrum in hexane, is completely
13¢o enriched after about 20 hours. As expected, all the
big(pyrazolyl)borate analogs (2, 17, 20, 54, 57 and 69), which by
necessity are l6e species, completely exchange 3o in about five
minutes.

Lastly, for the platinacarborane complex [5222273,3-(C0)2-3,1,2-
Pt(CyBgHgMe 5) ] 83, rapid 13¢o exchange occurs. There 1s some question
in these d8 metallacarborane complexes regarding the slipped structure
of the carborane ligand, as observed from the crystal structure of 87

and other related platinum complexes. This slipping suggests an n3

3-Cp group, which would make the Pt

carborane ligand, much like an n
complex l6e. This would account for the rapid 13CO exchange relative to
Cp*1r(CO),, which exchanges 1360 much more slowly (t;,, © two hours in

hexaﬁa).3 This is the first such chemical evidence consistent with a
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3

facile ns-n conversion,

b. Tertiary phosphines

The reactions of the bis and tris(pyrazolyl)borate complexes 22 and
20s with PMe; gave both mono and bis(phosphine) compliexes. These were
postulated to be nz and nl isomers respectively based on the variable
temperature NMR spectra. With larger phosphines, such as PPh3 or PCyq,
only monophosphine complexes of the type RB(3-CF3-5-NePz)3nh(CO)(PR3)
were formed. At low temperature, the 1y mm spectra of these tvo latter
complexes show a 1:1:]1 ratio of pyrazole group resonances. Thig is the
sloving down of the so-called low-temperature process responsible for
averaging the two bound pyrazole groups. Both the barriers to the so-
called high and lov temperature processes are higher in thesge
monophosphine complexes than in Ghosh's Pz* analogs.

The reaction of PMe; with the dicarbonyl 83 rapidly gives the
complex [5523273-(00)-3-(Pue3)-3,1,2-?&(623989K02)] 92. This i{s in
contrast to the forcing conditions vequired to form Cp'lt(CO)(PMe3) from
Cp*Ir(CO)z (excess Pue3. 70°C, 24 hours).“ Other carborane platinum
complexes of the type [cloao-3-(C0)-3~(L)-3,1,2-Pt(C,BgHgR',)] (L = CO,

PR3, R' = H, Me) have been prepared. These complexes also react further

vith tertiary phosphines to give a number of bis(phosphine) complexes.

c. Other ligend substitution reactions

Both the dicarbonyl HB(3-CF3-5-MePz)3Rh(CO)2 22 and the carbonyl
phosphine [5222273-(CO)~(PMe3)-3,1,2-Pt(0239H9H32)] 92 react with Me4NO
In CH4.CN to give the acetonitrile complexes HB(S-CF3-5-MePz)3~

Rh(CO)(CH4CN) 42 and [closo-3-(CH,CN)-3-(PMe;)-3,1,2-Pt(CyBgHoMe,)] 104
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respectively. Based on IR and NMR spectral data, the acetonitrile

ligand is bound in the more common end-on manner in both complexes.
When the reaction of 22 with MeaNO is repeated in cu2c12. two
products form, HB(3-Cv3-S-EQPz)3Rh(CO)(NK03) &6 and NB(3-CF3-S-
MePz)4Rh(CO)(ONMe4) 43, and the latter complex is postulated to have a
coordinated MesNO ligand. The reaction sequence to form these two
complexes is thought to be similar to that proposed hy Brown for some
dinuclear rhenium complexes.s
The first examples of pyrazolylborate rhodium acetylene complexes
were prepared in this Thesis. Diaplacement of the labile COE ligand in
25 by 2-butyne or hexafluoro-2-butyne resulted in complexes of the type
HB(3-CF3-Mch)3Rh(CO)(R300500R3) (40, R = H, 41, R = P), Complex 40 is
best described as a Rh(I) acetylene complex which exists as mixtures of

2 and n3 forms, while &l appears to be best described as a Rh(III)

3

the n

metallacyclopropene complex, with an n” trig(pyrazolyl)borate ligand.

&. Carbon-Hydrogen Bond Activation

The parent complex (RBP:'3)Rh(CO)2 utilized by Ghosh demonstrated
efficient C-H bond activation of a number of alkanes and arenes. A goal
of this Thesis ws: to prepare analogs of this complex and compare and
contrast the C-H activation reactions.

Ultraviolet {rradiation of a benzene or cyclohexane solution of
HB(3-PhPz)3Rh(CO), 1 resulted in intramolecular C-H activation of one of
the 3-Ph groups. The product 7 is thought to have a five-membered
orthometallated ring. The reaction of 7 with CH,N, resulted in a double
insertion of "CH,", giving complex 9. The rhodium hydride has been

converted to a rhodium methyl group, and formally a CH, group hag been
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{nserted into the five-membered ring giving a six-membered ring product.

Photolysis of HB(3-CP;-5-MePz)4Rh(CO), 22 in benzene afforded
HB(3-CP3=5-MePz);Rh(CO)(H)(CgHg) 49. Complex 49 can also be formed
thermally by the reaction of the dicarbonyl 22 with Me4NO in benzene, A
solution of 49 in toluene-dy undergoes exchange in the range of ~10°C to
+20°C, and it follows first-order kinetics. The enthalpy of activation
ai* 18 about 10 kesl mol™! lover than the value for the benzene-d,
exchange kinetics with (HBPz¥3)RR(CO)(H)(CEHg)+! Also, the rate of the
so-called CO bhack veaction to give the parent dicarbonyl is quite
different from that determined by Ghosh.1

Complex 49 reacts rapidly with one atmoaphere CO in benzene (“1/2 -
five minutes) to give 22, vhereas the analogous reaction in the Pg¥
system is slow (‘1/2 ® 23 hours in hexane). Attempts at conversion of
49 to a more stable halide derivative resulted in formation of
dihalide. Also, the IR spectrum of 49 in n-hexane shows the presence of
the hexyl hydride HB(3-CP4-5-MePz)4Rh(CO)(H)(hexyl) 49a, which suggests
an equilibrium between 49 and 49a. This was not observed in the
analogous Pz* system. The above reactions suggest that the rhodium
phenyl bond is weaker in 49 than in the Pz* analog.

In contrast to the Pz* system, the products of alkane C-H
activation from 22 were not stable at room temperature, but the hexyl
hyd:ide appears stable below ~30°C. This is very reminiscent of work by
Jones with Cp*Rh(PMe3)H2,6 where the arene activation products are
stable at room temperature, but the analogous alkane activatioq products
are stable only below -30°C.

Irradiation of HB(S-i-Pth)3Rh(CO)2 35 in benzene afforded the
phenyl hydride HB(3-1-Pth)3Rh(C0)(H)(Caﬂs) S8, while in cyclohexane the
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{ntramolecular C-H activation product 60 {s formed, which like complex 7

also is thought to have a five-membered ring. A cyclohexane solution of
60 reacts thermally with excess benzene to give the phenyl hydride 358 in
about an hour. This sequence of reactions i{s similar to that reported
by Werner with (06H6)Ru(P(i-Pt)3)H2.7 where one of the isopropyl groups
of the phosphine was activated.

Although the three dicarbonyls (1, 22 and 55) above give different
types of C-H activation products, all three complexes reac:

photochemically with cyclopropane to give the corresponding

rhodscyclobutane complexes HB(3-R'-5-RPz)4Rh(CO)(CHaCH,CH,) (11, R' ®
Ph, R = H; 50, R' = CP3, R = CHy and 62, R' » i~Pr, R = H, aq., 7-4).

‘O’ co
HB N— )nn—- (7-4)

This reaction was also demonatrated by Ghosh with (HBPz'3)Rh(CO)2,

and this suggests that cyclopropane activation may be a good model for

complexes to test C-H activation.

5. Other Oxidative Addition Reactions
One can also consider the oxidative addition of dihydrogen or

8 Tha dicarbonyl 22

silanes as model reactions for C-H activation.
reacts photochemically with H2 in cyclohexane giving the dihydride 45,
and also adds HSiCly or HSiMe, to give complexes of the type HB(3-CF4-5-
MePz)3Rh(CO)(H)(SiR3) (66, R = C1, 47, R = Mp). Although the

bis(pyrazolyl)borate complexes prepared in this and Ghosh's Thesis



appear inert to C-H bond activation, HZB(3-CF3-5-uePz)2Rh(CO)2 20a
oxidatively adds HSiMe3 to give an unstable l6e Rh(III) complex 828(3-
CFy-5-MePz),Rh(CO)(H)(S5iMey) 48.

Although the platinacarborane complexes are also inert to C-H boand
activation, the complex [5122273-(Pue3)-3-(CO)-3,1.2-Pt(czngﬂl1)] 87
reacts with HSiEt3 photochemically giving the product [5123273-(Et381)-
3-(H)-3-(C0)~3,1,2-Pt(CyBgH,,)] 109.

The oxidative addition of bromine to complexes 87 and 92 cccurs
readily, giving the complexes [5322273-(Pue3)-3,3-(Br)2-3,1,2-
Pt(C,BgHgR'5)] (107, R' = H, 108, R' = Me). The oxidative addition of
methyl 1odide does not occur with any of the Rh(I) or Pt(II) complexes
prepared {n this Thesis. However, the phenyl hydride &9 reacts

thermally with CH4I giving the complex HB(S-CF3-5-MePz)3Rh(CO)(I)(Me)

s1.

351



352

References for Chapter VII

1. C«K. Ghosh, PhD Thesis, University of Alberta, 1988.
2. (a) K.A, Beveridge, G.W. Bushnell, S.R. Stobart, J.L. Atwood and
M.J. Zaworotko, Organometallics, 2 (1983) 1447,
(b) G.W. Bushnell, D.0.K. Fjeldsted, S.R. Stobart, M.J. Zaworotko,
S+A.R. Knox and K.A. Macpherson, Organometallics, &4 (1985) 1107,
3. J.K. Hoyano, personal communication.
4. R.K. Pomeroy, personal communication.
5. P.0O. Nubel, S.R. Wilson and T.L. Brown, Organometallics, 2 (19813)
515,
6. W.D. Jones and F.J. Feher, Acc. Chem. Res., 22 (1989) 91.
7. He Kletzin and H. Werner, Angew. Chem. Int. Ed. Engl., 22 (1983)
873.

8. W.A.G. Graham, J. Organomet. Chem., 300 (1986) 81.



