& !! National Library

of Canada du Canada

Biblicthéque nationale

Canadian Thecses Service  Service des théses canadiennes

Ottawa, Canada
K1k GG

NOTICE

1e quality ofthis microformis heavily dependentupon the
iality of the original thesis submitted for microfilming.
sery effort has been made to ensure the highest quality ot
production possibie.

pages are missing, contact the university which granted
¢ degree.

yme pages may have indistinc! print especially if thz

iginal pages were typed with a poor typewriter ribbon or

he university sent us an inferior photocopy.

zproduction ir: full or in part of this microlormis governed
the Canadian Copyright Act, R.S.C. 1970. ¢. C-30, and
ibsequent amendments.

-339 (. 88/04) €

-

AVIS

La qualité de cette microforme dépend grandement de la
qualité de la thése soumise au microfilmage. Nous avons
tout fait pour 2ssurer une quaiité supérieure de reproduc-
tion.

S'it manque des pages, veuillez communiquer avec
I'université qui a conféré le grade.

La qualité d'impression de certaines pages peut laisser A
désirer, surlout si les pages originales ont éié dactylogia
phiées al'aide d'un ruban usé ou si l'université nous a fau
parvenir une photocopie de qualité inférieure.

La reproduction, méme partielle, de cetie microforme est

soumise a la Loi canadienne sur le droit d'auteur, SIRC
1970, c. C-30, et ses amendements subséquents.

Canada



THE UNIVERSITY OF ALBERTA

TRISPYRAZOLYL TRANSITION METAL COMPLEXES

BY

LIANGBING GAN

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE
STUDIES AND RESEARCH IN PARTIAIL FULFILLMENT
OF THE REQUIRFMENTS FOR THE DEGREE

OF DOCTOR COF PHILOSOPHY

DEPARTMENT OF CHEMISTRY

EDMONTON, ALBERTA

SPRING 1990



* E Nauonas Loary
2 of Canada du Canada

piDgoneque natonaie

Canadian Theses Service Service des théses canadiennes

Omnawa, Canada
K1A ON4

NOTICE

The quality of this microform s heavily dependent upon the
quality oi the original thesis submitted for microfilming.
Every effort has been made 1o ensure the highest quality of
reproduction possible.

¥ pages are missing, contact thie university which granted
the degree.

Some pages may have indistinct print especially i the
original pages were typed with a poor typewriter ribbon or
if the university sent us an infetior photocopy.

Reproduction in full or in pac of this microform is governed
by the Canadian Copyright Act, R S.C. 1970, c. -390, and
subsequent amendments.

AVIS

La qualité de cette microforme dépend grandement de 12
qualité de la thése soumise au microfiimage. Nous avons

tout fait pour assurer une qualité supérieure de reproduc-
tion.

. St manque des pages, veuillez communiquer avec

Funiversité qui z conféré le grade.

La qualité d'impression de cectaines pages peut laisser a
désirer, suntout siles pages originales ont été dactyiogra-
phiées i t'aide d'un ruban usé ou si f'université nous a fait
parveni- yne photocopie de qualité inférieyre.

La reproduction, méme partielle, de cette microfonne est
soumise & la Loi canadienne sur le droit d'auteur, SRC
1970, c. C-30, et ses amendements subséquents.

ISBN 0-315-60378-X

NL-339 (1. 8RT4) C

(5]

Canada



THE UNIVERSITY OF ALBERTA i
RELEASE FORM

NAME CF AUTHOR LIANGBING GAN

TITLE OF THESIS TRISPYRAZOLYL TRANSITION
METAL COMPLEXES

JEGREE FOR WHIC' THESIS

WAS PREPARED DOCTOR OF PHILOSOPHY

YEAR THIS DEGREE GRANTED 1990

Permission is hereby granted to THE UNIVERSITY CF AILBERTA
LIBRARY to reproduce single copies of this Thesis and to lend or se.l
such copies for private, scholarly or scientific research purpose
only.

The author reserves other publication rights, and neither the
Thesis nor the extensive extracts from it may be printed or otherwise

reproduced without the author's written permission.

Permanent Address:

[P RN | F iR AR

Dated L ¥/




FTACULTY OF GRADUATE STUDIES AND RESZARCH

The undersigned certify that they have read, and reccmmend <2

~he Faculty of Graduate Studies and Research, £f£or acceptance, a Th2as.:

enti+led TRISPYRAZCLYL TRANSITION METAL COMPLEXES submitted ky
LTANGBING GAN in partial fulfillment of the requirements for the

degree of Doctor of Philosophy in Chemistry.

/
;‘k \E*.jk&';—‘ < ‘\II \‘*Q N N

i3

Supervisor

\\ v g;z { ka ;{4
A . »‘
Zy(’v/{(,g N0 g 0
=

y
o7 b
=7

S o
s}«\é/&//ﬁ ZZ//z 4

t

L
' N \

/ LT 3

External Examiner

Date ggq CK{C&k}L Q%SV




TO MY PARENTS



ABSTRACT

Trispyrazolyl rhenium and rhodium complexes have been
synthesized, and their reactivity has been investigated.

The structure of HBPz*3Re(CO)3 1 has been determined by a
single crystal X-ray diffraction stucy. Irradiation of 1 in THF
afforded the useful intermediate HBPz*3Re(CO)2(THF) 3 from which
complexes HBPz 3Re(CO)L (L = PMe3, PPh3, Np) are available. An
unusual reaction of 3 with CCl; cave the stable l17-electron radical
HBPz*3Re (CO) Cl 8 and the 146 .niron HBPZ  3Re(CO)Clp. Sodium sand
reduced 8 to the anion [HBP2*3Re(CO)2Cl]', the X-ray structure of
which has been determined as :the PPNt salt. Other 17-electron radicals
HBPz*3Re(CO)2X (X = Br, I, OMe, OEt) have been preparesi. O.iidation of
3 using NOY gave the radical cation [HBPz*3Re(CO)2(THF?]BFq. The
ability of the bulky ligand [HBPz 3]~ to stabilize thesc 16- and 17-
electron complexes is remarkable.

Trispyrazolylborate rhodium complexes have been stown to
activate C-H bonds. Irradiation of HE?z*3Rh(CO)(PMe3) ir Tenzene
produced HBPz*3Rh(CO)(H)(Ph) and HBP2*3Rh(H)(Ph)(PMe3) 46 in a ratio
of 3:7. Pure 46 resulted when HBPz*3Rh(C2H4)(PMe3) was irradiated or
heated (dark, 101°C) in a benzene solution. Complex 46 reacted with
H,0 to form the novel hydroxy derivative HBPz' 3Rh(CH) (Ph) (PMe3) 50.
For the exchange reaction of 46 with CgDg, AH® is equal to 24.9 £ 0.4
Keal mol™), and aS® is equal to -10.3 * 1.1 cal K mol™t.

The acetylacetonate derivative AcacRh(CO)L (L = CO, PEt3, PCy3,

PPh3) was used to prepare complexes with the general formula



[HCP2*3Rh(CO)L]BF4. All these cationic complexes activate C-H bonds
when irradiated in benzene solutions.

Some prelimilary results on the coordination chemistry of
imidazolylmethanol ligands have been obtained. Several trisimidazolyl

methanol complexes of molybdenum and manganese were prepared.

vi
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CHAPTER ONE

INTRODUCTION



This Thesis describes the syntheses of transition-metal complexes
having polydentate nitrogen donor ligands. Since most contain at
least one metal to carben bond, they are by definition organometallic
complexes. The two main and separate themes of the work to be
described are the reactivity of these complexes in carbon-hydrogen
(C-H) activation, and the ability of the ligands to stabilize
complexes which have other than the 18-electron closed shell
electronic configuration.

In this introductory Chapter, some basic principles of
transition-metal organometallic chemistry and the current state of C-

H activation will be briefly reviewed.

SECTION I

EIGHTEEN-ELECTRON FORMALISM

Most transition-metal complexes contain 18 valence electrons, a
statement known as the 1i8-electron Rule or Effective Ahomic Number
Rule or the Inert Gas Formalism. It was first propcosed by Sidgwick
in 1934.1 A theoretical treatment was given by Craig and Doggett in
1963.2 Later, Mitchell and Parish provided a helpful qualitative
explanation for this rule.3

The reasons why this formalism works can be seen in terms of a
molecular orbital description of a typical octahedral complex. A

transition-metal has nine valence orbitals: five nd orbitals (where n
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is the principal quantum number), three (n+l)p orbitals, and one
(n+l)s orbital. In an octahedral envircnment, as shown in Figure
I—l,ﬁ"4 the nd orbitals split into orbitals of tzg and eq symmetries,
the (n+l)p orbitals have tj, symmetry, and the (n+l)s orbital has ajqg
symmetry. The six o-bonding ligands give rise to ligand orbitals of
egr tius and aig symmetries. Metal and ligand orbitals of proper
symmetry then interact to give bonding (lower in energy than the
isolated metal or ligand orbitals) and antibonding (higher in energy
then the isolated metal or ligand orbitals) molecular orbitals. Thus
there are six bonding and six antiboniing melecular orbitals. The
metal nd orbitals of t2g symmetry have no corresponding ligand
orbitals with which they can interact:; they therefore remain as
nonbonding orbitals of t2g symmetry.

In an octahedral transition-metal complex, the six bonding
orbitals are always occupied and accommodate 12 electrons, which may
be considered as being donated by the ligands. A maximum of six
electrons, which may be considered as being donated by the metal
atom, can be accommodated in the three nonbonding orbitals. The eg*
orbitals are antibonding, and not occupied. Hence the total number of
electrons is 18, which is what the Eighteen-electron Rule refers to.

If the three nonbonding orbitals are partially occupied, a

complex containing fewer than 18 valence electrons results. Thus, a

17~electron complex results from the occupation of the nonbonding t2g

otbitals by five electrons. For example, HBPz " Re (CO) »C1, described
3 2

later in this Thesis, is a l7-electron complex since the formal



oxidation state of rhenium is +2 and there are only five d-electrons

from Re(II) available to populate the tp orbitals.

+H H

HBPz ,Re(CC),CI 8
Re(ll), d°

Another common type of complexe is the square planar MLg

compounds. These complexes usually consists of a d8 metal center and
have a total of 16 valence electrons. Many of the Rh(I) (d8)
complexes are square planar with 16 valence electrons such as
AcacRh (CO) 5. >

Complexes having more than or fewer than 18 valence electrons are
known. Chu and Hoffmann6 have pointed out that all these complexes
actually obey the spirit of the 18-electron rule: all their bonding
and nonbonding orbitals are occupied and all of their antibonding

molecular orbitals are empty.



SECTION II

ISOLOBAL ANALOGY

Two fragments are isolobal if "the number, symmetry properties,
approximate energy and shape of the frontier orbitals and the number
of electrons in them are similar ~- not identical, but similar”.’ The

frontier orbitals are the higher occupied and lower unoccupied

molecular orbitals.

The figure below shows the frontier orbitals of "Mn(CO)s and
‘CH3. Both fragments consist of a single a; orbital with a single
electron. The similarity of the two can also be demonstrated from
their chemical behavior. °‘CH3 dimerizes to ethane, °"Mn(CO)g dimerizes

to Mny(CO)1g. The two radicalr can even be co-dimerized to give

(CO) sMn (CH3) .

10 Qo 9

-4

-

'Mn(CO) 5 . G‘lg

Addition of one electron to both fragments should give two

anionic isolobal species, Mn(CO)g~ and CH3 . Similarly, removal of



~ne electron from both fragments should give two isolobal cationic
species, Mn(CO)s* and cus*.

Examination of their frontier orbitals shows that CHs is isolobal
to Fe(CO)4; CH is isolobal to Mn(CO)4 and C is isolobal to Fe(CO) 3.
Similar examination ¢ the frontier orbitals of cyclopentadienyl
ligand Cp~ reveals that it is isolobal with HBPz3~ and three mutually

cis carbonyl ligands. So CpRe(CO)3 is isolobal to HBPz3Re (CO) 3 and

CpRe(CO)s =—g—= HBPz;Re(CO); =—g—= Re(CO)sBr

CO) sReBr (the "two-headed arrow with half an crbital below"

represents an isolobal relationship). Table I-1 8 shows some examples
of metal fragments which are isolobal with each of the fundamentally
different one-carbon hydrocarbon fragments: CH3, CHz, CH and C. Note
that the addition or subtraction of a proton from the one-carbon
fragments does not change the number of electrons in frontier
orbitals and makes no important change in their symmetry properties,
and thus produces a hydrocarbon fragment isolobal with the original
one.

The term "isoelectronic” has been frequently used, which means
"having the same structure and the same number of valence electrons,

but differing by exchange of one or two nuclei with those of adjacent

elements in the periodic table”.8 For example, [V(CO)gl~, Cr(CO)g and
[Mn(CO)6]+ form an iscelectronic series. HBP2*3Re(CO)3 is considered

as isoelectronic with [HBPz*3Mo(CO)3]' despite the fact that the
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metals involved belong to different rows of the periodic table. Two

iscelectronic species are necessarily isolobal.

crganic molecules by isolobal substituticn. The previously mentioned

die

dinuclear Mn(CO)1g is isolobal tc CH3CH3. The trinuclear
[Mn3(CO)14] must then be related to CH3CHpCH3 since CHp is isolobal

to Mn(CO)g4 .

M (CO)y ; =—gp—= CH3CH3
M (CO) ] =—p— H,

(Mny(CQ), o] =—p—= GH;3CH,OH;

Moclecules with double, triple bonds and ring structure can be

related similarly.7 For example:

i | - | |
>c=c< " Fe—Fel ) -
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SECTION III
PARAMAGNETIC TRANSITION-METAL COMPLEXES

in Chapter III a series of 17- and lo-electron complexes which
are paramagnetic will be described. This section provides a
discussion of some general properties of paramagnetic transition-
metal complexes.
Complexes having unpaired electrons are paramagnetic. Most
commonly there is an odd number of valence electrons, but complexes
with even number of electrons can also be paramagnetic.

HBPz*3Re (CO), (C1) 8 and HBPz  3Re (CO)2(OMe) 21 are l7-electron
complexes, and they are paramagnetic. HBPZ*3Re(CO)(Cl)2 9 is a 16-

electron complex and is also paramagnetic. As another example, the

20-electron complex nickelocene, CppNi, 1is paramagnetic despite

having an even number of electrons.

=Y

The NMR spectra of paramagnetic complexes are different from
those of dlamagnetic ones. The NMR spectra of paramagnetic complexes
are usually broad and difficult to detect, and the resonances are

shifted compared to those of the diamagnetic analoques.



ESR spectra are complementary to NMR spectra. Complexes with
broad MMR resonances usually give sharp ESR spectra, and complexes
with sharp NMR spectra usually give broad ESR spectra. It is unusual
that one can perform NMR and ESR experiments on the same compound at
the same temperature. 2

In general, complexes with triply degenerate (T) ground states
give sharp NMR and broad ESR spectra. These include octahedral
complexes having the following configurations: dl, d2, low spin d4,
low spin d5, high spin d6, and high spin a’. when large distortions
from octahedral geommetry exist in the complex, the T state is split
and the NMR spectrum often becomes broader and the ESR spectrum
becomes sharper. Tetrahedral complexes with T ground states also give
sharp MMR spectra. Systems having particularly broad NMR and sharp
ESR lines include those complexes with octahedral d3, high spin 4>

and d2 configurations.?%2

Determination of the magnetic susceptibility

There are several methods available for the measurement of
magnetic susceptibility.9 The Evans' NMR method,lO employed in this
work, will be discussed in detail. In this method, a sclution of the
paramagnetic complex containing an internal standard is added to the
outer of two concentric tubes, a ncrmal NMR tube and a capillary. A
sclution of the same internal standard, dissolved in the same solvent
with the same concentration, is placed in the inner of the two

concentric tubes, or vice versa. Two separate NMR lines corresponding

11



to the standard will be observed with the line from the paramagnetic
solution lying at higher frequency. The mass susceptii ility, xg, ©of

the dissolved substance is given by the expression:

_ 3Av , Xo(do_ds) )
Yo =Zom t ot m t-1

where Av is the frequency separation between the two lines in Hz, v is

the frequency at which the proten resonances are being studied, m is

the mass in grams of substance per mL of solution, %o is the mass
susceptibility of the solvent, d is the density of the solvent, and
dg is the density of the solution. The importance of correcting the
density change with temperature in temperature dependent studies has
been pointed out.9b Multiplying g by the molecular weight produces a
molar susceptibility, %

3mole"1)

Xg ¥ MW = % (cm
The measured value % is the net magnetism, which is the sum of

the paramagnetic, Xpara and diamagnetic, xdiar contributions.9

X = Xpara * Xdia 1-2

To obtain the paramagnetic susceptibility, the diamagnetic
susceptibility must be subtracted from the net susceptibilty.
Pascal's constants in Table II-1 9 are used in this wcrk to calculate

Xdia-



In describing the magnetic properties of transition-metal

complexes, it is common to employ the quantity called the effective

magnetic moment, paff. It is defined as follows: 22

Heff = 2.828(xpara'l‘)0'S {units of Bohr Magneton, ug) 1-3

where Xpara is the paramagnetic molar susceptibility, and T is the
absolute temperature. This equation holds for substances that obey
the Curie Law %' = C/T where C is a constant. In practice, it is found
that for many compounds the temperature variation of the
susceptibility is expressed not by the Curie Law but by the Curie-

Weiss Law:

where 8 is also a constant. Often € is not known (unless the
temperature dependence of xpara is measured), and equation I-3 is

used to calculate the moment .22
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SECTION IV

CARBON-HYDROGEN ACTIVATION

The activation of carbon-hydrogen bonds, as remarked 21 years ago

by Halpern,lle is one of the most important and challenging problems
in the field of homogeneous catalysis. Progress in the area has been

extensively reviewed. 1t

Following the recognition of "oxidative addition",12 interest in
alkane activation grew among organometallic chemists. The first
example of oxidative addition of C-E bonds was provided by the so-
called orthometallation or cyclometallation reactions.13 The

catalytic synthesis of indazolones from azobenzene and CO using

Coz(CO)g14 (I-4) is an early example (1960) that must involve arene

C-H bonds cleavage. The first isolated cyclometallation product is
from the reaction of CpoNi with azobenzene (I-3), reported by Kleiman

and Dubeck in 1963.15

Co,(CO)s N\

- N-Ph -
cO yd 1-4

=0

N
- D\ o
Ni /N\

CpNi N 1-5

o)



In the study of Ru(dmpe)z,16 Chatt and Davidson found not only

that this complex spontaneously cyclcmetallates at the phosphorus
methyl groups but also that the sy<tem reacts with free raphthalene

to give cis-[Ru(Np) (H) (dmpe)2] (Np = Z-napnthyl).

cis-[Ru(Np)(H){dmpe),]
Ru(dmpe),
\— [Ru{H)(CH; P(Me)CH,CH,;PMa,) (dmpe))]

A crystallographic re-examination, by Cotton and co—workers,17

showed that the cyclometallated form "Ru(dmpe) 2" is in fact a dimer

of the type shown below:

H

P
P I P~ CHa I .- P

Ru -
P/ JJ\G_'Z__P/ I ~

NG

Other examples of homogeneous intermolecular activation of C-H
bonds are depicted in Figure 1-218, 19, 20, 39, 40

The first direct observation of alkane C-H bonds activation was
reported in 1982 by Bexgman and Janowicz?l@ and Graham and Hoyano.zza
This was particularly significant because it allowed the critical

first step in alkane activation to be studied in detail.
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CpoWH, — e "Cp,W- Ref “8

N
Q - AN . s

Ref. 19
1
fr+ + 'BUCHLCH,
c L
H

N
© . /\__: (PhaP)ReH, @ . © . i‘j + 'BUCH,CH,

Ref. 20

Cp,Lu(CHs) + '*CH, CpoLu(®CHy) + CHyq Ref. 39
Me

Cp'zTh% + CH, Cp.zTh Ret. 40



L=CO, PMes

H
.'Ir
7 ,.-'I-\
L L H R
Ir
7\
fo 8

Co

among the most important alkane activation recctions is the
activation of methane, which was reported by Graham et al. for the

first time to form a characterizable oxidatively added product.22b

This reaction was shown to occur at 12 K in a CHy matrix,220

demonstrating the low kine%tic barrier to alkane activation in this
system.

Since these studies first appeared, numerous other systems have
been reported utilizing transition-metals such as rhenium, iron,
ruthenium, osmium, rhodium, palliadium and platinum. Table 1-338 1ists
intermolecular C-H activation systems in which the initial alkyl or
aryl hydride products have been identified.

Halpern considered some of the thermodynamic and mechanistic
aspects of C-H activation.lld He classified the activation of

saturated molecules into five main reaction types.

17
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M-R bonds.

species.

-

(nor found) in the activation of C-H bonds.

Electrophilic Displacement

M o+ XY M-X o+ Y

One-Center Oxidative Addition

M o+ XY —

MU ER0C )Y

. Two-Center Oxidative Addition

oM" (or M'y)  + XY MmN

Homolytic Displacement

M o+ XY

MO 4y

Nucleophilic Displacement

M o+ XY M2,y

TMP = Tetramesitylporphyrin

Mn+1 )Y

Of these mechanisms, only the first three are thought to be
applicable to C-H activation. Nucleophilic displacement requires a
good anionic leaving group such as halide and, thus, is not expected

Homolytic displacement is

expected only in special circumstances because it is

thermodynamically highly unfavorable due to the weakness of M-H and

A rare example has very recently been reported,42 in which

activation of methane has been achieved through a metalloradical

2 (TMP)Rh- + CH, === (TMP)Rh-H + (TMP)Rh-CH,



There are many examples of C-H activation via oxidative addition
and electrophilic displacement. Most systems listed in Table I-3
involve oxidative addition. Electrophilic displacement is considered
by Halpern to be the most promising approach to the activation of
alkanes. B recent example of this type is the activation of methane

by palladium(II).41

CFRQOH _ oF.cO,CHy + CFsCOM  + Pd(0)

CH, + Pd(O,CMe), 80°C

Many of the original systems involve either cyclopentadienyl
(Cp~) or pentamethylcyclopentadienyl (Cp*') ligands. A remarkable new
C-H activation system, developed recently in this group, is comprised
of the pyrazolylborate complexes HBPZ*3M(CO)2 {M = Rh, Ir).33 This
new system activates both arene and alkane C-H bonds with great
efficiency and selectivity. The activation of methane has been
achieved under relatively mild conditions and in better yields than

previously reported systems.

X B
~ BN
or & 10 ov ¥ 0
N M ~N —RH NG 1
OC.-" .'."Co .

M= Rh, Ir
It is the interest of this Thesis to further explore
trispyrazolyl transition-metal complexes in the field of C-H

activation.

21
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CHAPTER TWO

MOLECULAR STRUCTURE AND SOME REACTIONS

OF HBPz*3Re (CO)3 (Pz"=3,5-dimethylpyrazol-1-yl)



SECTION I

INTRODUCTION

Following Trofimenko's first report, pyrazolylborate transition-
metal chemistry has been developed extensively.l Dicarbonyl (hydro-
tris (3, 5-dimethylpyrazol-l-yl)borato]rhodium was reported recently to
photochemically activate C-H bonds with great efficiency.? It has been
shown3 that there are strong similarities between the complex
chemistry of the trispyrazolylborate anion and that of
cyclopentadienyl (Cp™) or pentamethylcyclopentadienyl (Cp*~) anion.
Bergman and co-workers have okserved C-H activation by
cyclopentadienyl and pentamethylcyclopentadienylrhenium complexes.4
Thus, it was of interest to investigate the analogous
tricarbonyl [hydrctzis(3, 5-dimethylpyrazol-l-yl)borato]lrhenium complex
HBPZ3*Re(CO)3 (Pz*=3,S—dimethylpyrazol—l—yl) 1. This Chapter
describes the molecular structure of 1 and its photochemistry
resulting in the formation of HBPz3"Re (CO)pL (L = THF, Np, PMe3, PPh3)

and [HBPz3"Re(O)3lp.



SECTION II

EXPERIMENTAL

All reactions were carried out under an argon atmosphere using
standard Schlenk techniques. Most of the compounds prepared in this
work do show oxygen sensitivity, particularly in solution, however,
all can be handled in air for brief periods.

Solvents were distilled under nitrogen from the following drying

agents: hexane from Na/K; THF from potassium/benzophenone; CH3Cly from
P>0g.

[Re (CO) 4Br], was prepared by a literature method.® All other
reagents were purchased from commercial suppliers and used as
received.

Infrared spectra were recorded using a Nicolet MX-1 FT
Spectrometer in 0.5 mm KBr cells. Raman Spectra were obtained with a
Beckman Model 700 Laser Spectrometer ({(Krypton Laser operating at 6471
A). Mass spectra were measured using an Associated Electronics
Industries MS-12 Mass Spectrometer coupled with a Nova-3 computer
employing D5-50 software. Unless otherwise noted, all NMR spectra were
recorded at ambient temperature using Bruker WH-200, AM-300 and WH-400
FT NMR instruments. Microanalyses were performed by the
Micrcanalytical Laboratory of this Department.

Photolyses were generally carried out in a quartz vessel with a
gas purge. A Hanovia 450-W medium pressure mercury lamp was used as

the light source.



Tricarbonyl[hydrotris(S,Swdimethylpyrazol-l-yl)borato]

rhenium (I) (1)

Freshly prepared [Re(CO)g4Brlz (0.52 g, 0.69 mmol) in THF (15 mL)

was stirred with KHBPZ*3 (0.52 g, 1.55 mmol) for 24 h. The mixture

was then filtered and the solvent was evaporated on a rotary
evaporator with water-aspirated vacuum. The residue was washed with

methanol (3 x 10 mL) to give a white solid. The solid was dissolved in

CHyClp (3 x 15 mL) and filtered. Evaporation of the filtrate gave the
desired product as a white solid (0.65 g, 83%) .
Characterization: IR (hexane) 2020 (s), 1909 (vs) em~1, v(CO). MS,

170°C/16ev (m/e, rel.int.): M' (568, 100), MY-CO(540, 18), Mt-2C0 (512,
24), M*-3CO (484, 34) 1B NMR (CDpClp): & 2.36 (s, 9H), 2.45 (s, 9H),

5.89 (s, 3H). Anal. Calcd for CqgHypNgBO3Re:

C 38.09, H 3.88, N 14.81. Found: C 37.90, H 3.93, N 14.24.

Tricarbonyl[dimethoxybis(B,5—dimethylpyrazol—1—yl)borato]

(methanol)rhenium (I) (2)

A white precipitate deposited from the above methanol extract on
standing at room temperature for 3 days. The supernatant liquid was
syringed from the solid which was then washed with minimum amounts of
CH,Cly and dried in vacuum (yields variable, but always less than
15%).

Characterization: IR (CHpClp) 2023 (m), 1908 (s), 1897 (s) cm™!,

v(CC): MS, 115°C/70ev (m/e, rel.int.): MY (566, 44), M'-OCH3(535, 24),



BP* (base peak, 378, 100) . 1H MMR (CDCly): & 2.16 (s, 3H), 2.22 (s,
3H), 2.30 (s, 3H), 2.52 (s, 3H), 3.20 (s, 3H), 3.51 (s, 3H), 3.76 (s,
28), S5.86 (s, 1H), 5.89 (s, 1H), 9.9 (br, 1H). Anal. Calcd for

C1gH2gN4BOgRe: C 33.92, H 4.24, N 9.89. Found: C 33.67, H 4.22, N

10.00.

Dicarbonyl[hydrotris(3,5-dimethylpyrazol-1-yl)boratc] (THF)

rhenium (I) (3)

Compound 1 (300 mg, 0.53 mmeol) in freshly distilled THF (200 mL)
was photolyzed for 20 min with a Hz purge. IR (CO bands) showed
complete conversion of 1 and formation of the THF derivative 3. Pure
3 was not isolated and it was used as its THF solution in further
reactions.

For best results, the THF salution was placed in a tube with a
side arm to allow Hz to purge through, and the mercury lamp fitted
with a water-cooled jacket was submerged into the solution.

Characterization: IR (THF): 1896 (s), 1810 (s) cm™1, v(CoO).

Dicarbonyl [hydrotris (3, 5-dimethylpyrazol-l-yl)borato]

(trimethylphosphine)zrhenium{(I) (4)

To a fresh THF solution of 3 (50 mL, an aliquot of 185 mL THF
solution of 3 generated from 220 mg, 0.39 mmol of 1), trimethyl-
phosphine (0.15 mL, 1.45 mmol) was added. The solution was stirred

until IR v(CO) showed complete disappearance of 3. THF was removed on
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a rotary evaporator and the residue was placed on a Florisil column (1

x 20 cm, 60-100 mesh), eluting with CHoCl;. Recrystallization from

hexane gave white needles of the desired product (30 mg, 46% based
on 1).

Characterization: IR (CH»Clp) 1911 (s), 1823 (s) cm™l, v(CO). Ms,
150°C/16ev (m/e, rel.int.): M* (616, 100), M*-CcO(588, 2), M'-2C0O(560,
14), M*-2CO-PMe;(484, 12)  'H MMR (CDpClp): & 1.52 (d, 8Hz, 9H), 2.24
(s, 3H), 2.36 (s, 6H), 2.42 (s, 3H), 2.46 (s, 6H), 5.76 (s, 1H), 5.88
(s, 2H). Anal. Calcd for CppgH31NgO2PBRe: C 38.96, H 5.03, N 13.64.

Found: C 38.82, H 5.05, N 13.43.

Dicarbonyl [hydrotris (3, 5-dimethylpyrazol-1-yl)borato]-

(triphenylphosphine)rhenium (I} (5)

To a fresh THF soluticn of 3 (50 mL, an aliquot of 185 mL THF
solution of 3 generated from 220 mg, 0.39 mmol of 1), was added
PPh3 (150 mg, 0.57 mmol). THF was removed under reduced pressure and
the residue was dissolved in benzene (20 mL). The solution was then
stirred until IR v(CO) showed complete disappearance of 3. Benzene was

removed on a rotary evaporator and the residue was placed on a

Florisil column (1 x 20 cm, 60-100 mesh), eluting with CH2Cl>.
Recrystallization from CHpClz/hexane (1:1) gave colourless crystals of
the desired product. Drying in vacuum changed the crystals to pink (34
mg, 40% based on 1).

Characterization: IR (CHClp) 1910 (s), 1827 (s) cm~1, v(co). ms,

150°C/70ev (m/e, rel.int.): M* (802, 1C0), Mt-CO(774, 9), Mt-2CO (746,



2) 1l NMR (CDyClp): & 1.59 (s, 6H), 2.25 (s, 3H), 2.38 (s, 6H), 2.59
(s, 3H), 5.50 (s, 2H), 5.78 (s, 1H), 7.2 (br, 15H). Anal. Calcd for

C35H37NgOoPBRe: C 52.37, H 4.61, N 10.47. Found: C 51.94, H 4.72, N

10.81.

Dicarbonyl[hydrotris (3, 5-dimethylpyrazol-1l-yl)borato]

(dinitrogen)rhenium (I) (6)

A fresh THF solution of 3 (50 mL, an aliquot of 185 mL THF
solution generated from 220 mg, 0.39 mmol of 1) was pressurized to
1500 psi using U.S.P. grade nitrogen (Linde-Union Carbide) in a Parr
bomb and stirred for 5 days at room temperature. An IR v (CO) spectrum
showed 5% 3 unreacted. THF was removed on a rotary evaporator and the
residue was placed on a Florisil column (1 x 20 cm, 60-100 mesh),
eluting with CHpCls/hexane (1:1). Recrystallization from CH3;Cls/hexane
(1:1) gave the dinitrogen product as a white solid (22 mg, 51% based
on 1).

Characterization: IR (hexane) 2129 (m) cm 1, vV(No): 1947 (s), 1884
(s) cm™1, v(CO). MS, 240°C/70ev (m/e, rel.int.): MY (568, 12), M'-N, or
CO(540, 36), MT-N,-2C0(484, 100) 1H NMR (CDyClp): & 2.35 (s, 3H),
2.38 (s, 6H), 2.40 (s, 3H), 2.48 (s, 6H), 5.84 (s, 1H), 5.92 (s, 2H).

Anal. Calcd for Cp7HpoNgOpBRe: C 35.92, H 3.87, N 19.72. Found: C

36.52, H 4.01, N 19.36.



[Eydrotris (3, 5-~dimethylpyrazol-l-yl)borato]

trioxorhenium(VII) (7)

Compound 1 (100 mg, 0.18 mmcl) in cyclohexene (100 mL) was

irradiated with Nz purge until IR v»(CO) showed complete disappearance
of 1. The supernatant was syringed from the solid which was then
washed with acetone and CHyClp. Drying in vacuum gave the desired
product as a white solid (60 mg, 64%).

Characterization: IR (KBr) 1070 (s), 908 (vs) cm‘l, v (Re=0" .
Raman: 1068 cm~l, v(Re=0). MS, 160°C/l6ev (m/e, rel.int.): M' (532,
100): Isotope pattern (m/e, rel.int.): 533 (Found: 16:; Calcd: 19); 532
(100; 100); 531 (32; 34); 530 (59; 58); 529 (12; 14)_,6 aAnal. Calcd for
C1s5HpoNgO3BRe: C 33.83, H 4.14, N 15.79. Found: C 33.37, H 4.17, N

15.44.

C-H and Si-H activation attempts

Photolysis of 1 in benzene or refluxing a benzene solution of 3
resulted in loss of the starting material, but no new bands in IR
spectra in the 1600-2200 em™ region were observed.

Photolysis of 1 in cyclohexane with excess Ph3SiH resulted in a
decrease of 1, but there were no new bands in IR spectra in the 16C0-

2200 cm™! region.



X-ray Structure of 1

The X-ray crystallographic study was carried out by Dr.R.G.Ball of
the Structure Determination Laboratory of this Department. IThis
sSection 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 Microsystem computer and several locally written
or modified programs.

A suitable crystal was obtained from CH2Cljs/hexane, having
approximate dimensions of 0.19 x 0.18 x 0.47 mm, was mounted in a non-
specific orientation on an Enraf-Nonius CAD4 automated diffractometer.

The structure was solved using a three-dimensional Patterson
synthesis which gave the positional parameters for the Re atom. 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 using full-
matrix least-squares techniques on Fo minimizing the function

Iw(|EQl-1EcI)?
where |Fo| angd (B! are the observed and calculated structure factor
amplitudes respectively, and the weighting factor w is given by

w = 4E0?/02 (EQ?)
The neutral atom scattering factors were calculated from the
analytical expression for the scattering curves. The £' and f"
components of anomalous dispersion were included in the calculations

for all non-hydrogen atoms.



All hydrogen atoms were included in the calculations at their
1ideal' positions (C-H and B-H of 0.95 Aa). These positions were
confirmed with a difference Fourier calculation which clearly showed
most of these H atoms. The H atoms were assigned fixed isotropic
thermal parameters 1.2 times those of the attached atoms. The
positional parametexrs were constrained to 'ride' with those of the
connected atom during least-squares refinement.

Tn the final cycle 262 parameters were refined using 3688
observations having 1>36(I). The final agreement factors were

Ry = £ iEgl-lEclI/ZIEQl = 0.025, and

Ry = (tw (|Ee| - 1Ec!) 2/5wEQ2) 0+ = 0.035
The largest shift in any of the parameters was 0.2 times its estimated
standard deviation and the error in an observation of unit welght was
1.27 e. An analysis of Rz in terms of Eo, A"lsine, and various
combinations of Miller indices showed no unusual trends. The highest

peak in the final difference Fourier was 0.6(1) eA™3.



Crystal Data

C. gH22BNgO3Re
T.W. = 567.43
Crystal dimensions: 0.19 x 0.18 x 0.47 rm
Monoclinic space group P27/c
a = 7.995 (1) b = 14.076 {2) c = 18.377 (3)
= 97.27(2)°
v = 21c7 a3 zZ = 4

Dc = 1.789 gm/cm? p= 58.74 cm~1

N3



Data Collection and Refinement Conditions

Radization:

Mcnochromator:

Take—-off angle:

Detector aperture:

Crystal-to-detector distance:

Scan type:

Scan rate:

Scan width:
Data collection 26 limit:
Data collectisn index range:

Reflections measured:

Observations:variables ratio:

Agreement factors Ry, Rp, GOF:

Corrections applied:

Mo Ka (A= C.71C73 &)
Incident beam, graphits
crystal

3.0 deg

2.40 mm horizontal

4.0 mm vertical

205 mm

w—26

10.1 - 1.5 deg/min
0.66 + 0.35tan(8) deg

55.00 deg

S031 unique
3688 with I>3c(I)
3688:262

0.025, 0.035, 1.27

Abscrption correction



Table of Bond Distances in Angstroms II-1

Atoml atom2 Distance Atoml Atom2 Distance
Re N1 2.3179(4) NS NE& 1.390(%)
Re N3 2.168(3) NS c7 1.343(6)
Re N5 2.168(3) N6 Cl4 1.348(5)
Re Cl 1.804 (5) N6 B 1.533(06)
Re Cc2 1.325(5;) c4 CS 1.442(8)
Re Cc3 1.304 (5 Cc4 of 3 1.4C5(8)
0l cil 1.148(6) Ccé6 c7 1.329(8)
02 c2 1 139 (5) c7 c8 1.538¢(9)
Q3 Cc3 1.143(6) c9 Cci0 1.438 (%)
N1 N2 1.377(6) co Ccl1 1.386(7)
N1 c7 1.346 (6) Ccli Ccl2 1.339(7)
N2 C4 1.352(6) cl2 C13 1.452(7)
N2 B 1.544 (6) Ci4 C15 1.477(7)
N3 N4 1.393(5) Clila Cle 1.350(7)
N3 c12 1,246 (5) cle c17 1.426(7)
N4 c9 1.353(5) cl7 cl8 1.484(7)
N4 =) 1.536(6)

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

Dihedral Angles between Planes II-2

Plane No Plane No Uihedral Angle in Degq.

WP P
BB Wb W
eNoNeoNoNe R
a0 wwumm



Table of Weighted Least-Squares Planas II-3
The ecuations of the plane is of the form: AxX + BxY + Cx2 - T = O

where A,R,C & D are constants and X, Y,

& Z are crystallographic

coordinates
Plane No A 3 C D
1 1.1846 1.7255 -18.72%86 -2.1209
Atcms in Plane X Y z Distance Esd
C8 -.4129 0.2375 0.1030 ©.0C0o0 0.00C%
ci3 0.3134 0.4452 0.1741 0.0000 0.0002
cl8 0.2460 -0.0002 0.1288 0.0000 0.00C0
Other Atoms
Re c.0484 0.23583 0.1323 0.107
B 0.0625 0.2643 -0.0395 3.391
Plane No A B C D
2 1.2975 1.7483 -18.7176 -0.6173
Atoms in Plane X Y VA Distanc Esd
N1 -0.1571 0.2504 0.0455 0.0000 0.0000
N3 0.1699 0.3457 0.0771 0.0000 0.00G0C
NS 0.1488 0.1420 0.0566 C.0000 0.0000
Other Atoms
Re 0.0484 0.2353 0.1323 -1.384
B C.0625 0.2643 -0.0335 1.900
Plane No A B C D
3 1.2578 1.7409 -18.7222 0.7441
Atoms in Plane X Y VA Distance Esd
N2 -0.1222 0.2604 -0.0237 0.0000 0.0000
N4 0.1506 0.3475 0.0027 0.0000 0.0C00
N6 0.1495 0.1711 ~0.0138 0.0000 0.0000
Other Atoms
Re 0.0484 0.2353 0.1323 -2.750
B 0.08625 0.2643 -0.0385 0.535
Plane No A B C D
4 1.2640 1.89%07 ~-18.6955 2.8952
Atoms in Plane X Y 2 Distance Esd
CS -0.2732 0.2772 -0.1453 0.0000 0.0007%
Ccl0 0.2177 0.4524 -0.0944 0.0000 0.0000
C15 0.2441 0.1160 -0.1266 0.0000 0.0C00
Other Atoms
Re 0.0484 0.2353 0.1323 -4 .862
B 0.0625 0.2643 -0.0395% -1.577



Atoml Atom2 Atom3 Angle

N1
N1
N1
N1
N1
N3
N3
N3
N3
NS
NS
NS
Cl
Ccl
c2
NS
N5
Cl4
Re
Re
Re
N2
N2
CS
c4
N1
N1
cé
N4
N4

Numbers in parentheses are estimated standard deviation in the

ZZ AN R ERABEREORRE

Oz
H

N3
N5
Cl
c2
C3
N5
Cl
c2
C3
Cl
c2
C3
c2
C3
C3
cCl4
B
B
ol
02
o3
C5
C6
c6
c7
C6
c8
cs
C10
Cll

84.8(1)
82.5(1)
93.9(2)
94.1(2)
176.4(2)
83.8(1)
178.7(2)
93.0(2)
95.0(2)
96.1(2)
175.5(2)
93.9(2)
87.1(2)
86.2(2)
£9.5(2)
109.9(3)
119.9(3)
130.1(43)
175.5(3)
178.3(4)
176.5(5)
123.8(5)
105.5(5)
130.7(3)
107.6(4)
111.1(5)
120.4(5)
128.5(5)
124.0(3)
106.8(4)

least significant digit

Atoml

c1i0
c9
N3
N3
Cil
N6
N6
C15
Cci4
NS
NS
Clé
N2
N2
N4

Atom2
N1
N1
N1
N2
N2
N2
N3
N3
N3
N4
N4
N4
NS
NS
NS
co
Cl1i
c12
cL2
c12
Cl4
Cl4a
Ccl4
Cl6
c17
cl17
Cc17
B
B
B

Table of Bond Angles in Degrees IX-4

tom3

N2
c7
c7
c4
B

B
N4
c12
clz
(o°]
B

B
N6
cl7
cl7
cl1
Ccl2
Ccli
Ccil3
Cl3
C1l5
cle
Cl6
ci7
Cle6
Cc18
ci8
N4
N6
N6

Angle

115.9(3)
134.5(4)
105.5(4)
110.3(4)
126.0(3)
129.7(4)
119.9(2)
133.1(3)
106.8(3)
110.0(4)
119.6(3)
13C.3(4)
119.8(2)
133.8(3)
106.3(4)
129.1(5)
107.5(4)
108.8 (4)
123.9(4)
127.3(4)
122.1(49)
108.5 (4)
129.3(4)
1C6.€(4)
108.6(4)
123.4(5)
127.9(4)
108.3(4)
108.3(4)
109.1(3)
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SECTION III

RESULTS AND DISCUSSION

A Preparation of HBPz*3Re(CO)3 {1)

Compound 1 was first prepared by McCleverty and co-workers by

treatment of [Re (CO)4Cl}p with KHBP2*3, where (HPz*)zRe(Cl)(CO)3 was
isolated as a by-product.6 The authors suggested that some rhenium
species catalyzed the decomposition of KHBPz*3 into pyrazolyl
fragments. Replacing [Re(CO)4Cl), with the bromo analogue

[Re (CO) 4Brly, we obtained a better yield (80% vs 60% from

[Re (CO) 4C1l]lp) . There is also a difference in the by-product.

1, THF

[Re(CO)Brl; + 2KHBPZ 4 2, CH;CH

(1-1)

HBPz ,Re(CO), + (Me0),BPz ,Re(CO),
1 2
While Cl is still bonded to Re in (HPz™),Re(Cl) (CO)3 when [Re(CO)4Cl])
was used, there is no Br in (CH3O)ZBP2*2Re(CO)3(CH3OH) 2 in the above
reaction. The CH30 groups of 2 must originate from methanol used to
wash the major product 1. KHBPz*3 riormally contains small amounts of
KH2BPz*2. When a sublimed sample of KHBPz*3 was used, a better yield

of 1 (>90%) was obtained, but one can not rule out the possibility

that the fragment BPz*z in 2 results from the deccmposition of

HBPZ*3-.



There is an alternative s-ructure for 2 as shown below. Structure
A and B would be tautomers. IR and NMR alone can not establish the
true identity of 2. Both A and B would have the same IR v(CO) pattern
of mer-isomers and their 'H MMR should show seven distinct methyl-
proton resonances, as was observed. The boat form of (CH3O)2BPz*2 was
assumed here in the light of structures determined for other
bispyrazolylborate metal complexes.1b Structure B is nevertheless
less likely since the reaction between the plausible precursor
HoBPz*5~ or HpBPz”pRe (CO)3(THF) and CH30H should form (CH30)2BPz  »~ or

(CH30) oBPz " yRe (CO) 3 (THF) .

B Irradiation of 1 in THF

Irradiation of 1 in THF with a Hp purge gave rise to a clean and
relatively fast reaction. The major product is HBP2*3Re(CO)2(THF) 3.
The dihydride complex HBPz*3Re(CO)2(H)2 may have formed in the process
but it was never detected. Using cyclohexane or benzene instead of THF

as the solvent only resulted in the disappearance of 1. Irradiation



of 1 in THF always results in a yellow solution. The colour of this
solution is hardly attributable to 3 alone since 3 is only pale
yellow. It has proven to be extremely difficult to identify the
species or species responsible for the yellow colour. When a Ny purge
was used, the reaction was much slower and more decomposition
occurred, and once again the solution turned intense yellow after
irradiation. The Ny purge also brought about some HBPz” 3Re (CO)p (Np) 6
(see below) as a by-product. The triozxo-complex [HBP2*3Re(O)3]n 71 was
found occasionally as a precipitate from the solution. This compound
will be discussed in detail in a later section.

In the preparation of CpRe (CO)THF and Cp*Re(CO)zTHF,7 trace

amounts of dinuclear complexes were formed. We did not observe any

analogous complex here. The steric demand of HBPZ*3‘ is substantially

different from that of Cp~ and Cp*‘. Cp~ and Cp*‘ are planar, but
HBPz*3‘ is more like an umbrella and the Re atom is about 0.1 A inside
the face of this umbrella as we see in the crystal structure of 1
(below). Any dinuclear species would require the two HBPZ*3‘ facing
each other rather closely and thus causing considerable steric
crowding.

Pure 3 was not isolated. It was generated in situ and used as its
THF solution for most purposes. Storage under argon for a few days led
to a darker solution but no noticeable change occurred in the IR
spectrum (v (CO)). The CO stretching bands of 3 in THF appear at 1896,

1810 cm~1.



C Reactions of HBPz*3Re(CO) 5 (THF) 3

As expected, both PMes3 and PPh3 replace THF in 3 readily, forming
HBPz*3Re(CO)2(PMe3) 4 and HBPz*3Re(CO)2(PPh3) 5 respectively. Their
IR in the v(CO) region are typica2l for this kind o:i dicarbonyl

complex, stretching bands at 1911, 1823 cm~l for 4 and 1910, 1827 cm™

1 for s.
¢ /
N/z\ N/z\ ,
Or & 10 01 & 10
N} - ‘L N~ (11-2)
o n!": “Co e ! "Co
L =Nz
3 PM93

PPh,

The 1l NMR spectra of these complexes show a 2:1:2:1 pattern for
the six methyl groups and a 2:1 pat.tern for the 4-H's of the
pyrazolylborate ligand. These are consistent with an octahedral

geometry around the rhenium center. The reaction was carried out under

argon since nitrogen reacts with 3 to form HBPz*3Re(CO)2(N2) 6.

When a solution of 3 in THF was pressurized with Ny, the
dinitrogen complex HBP2*3Re(CO)2(N2) 6 was obtained. Small amounts of
[HBPz*3Re(O)3]n 7 also formed in this reaction presumably as a result
of Oo impurity in N2.7b The infrared stretching band at 2129 cm~1
indicative of the N5, ligand.

All attempts to produce HBPz*3Re(CO)2XY type complexes failed. No

reaction occurred between 3 and Ph3SiH. Brp and CH3I react with 3 to



give HBPz*3Re(CO)2L (L = Br,I) radicals.® McCleverty and co-workers
found that bromination of 1 resulted only in the replacement of the

4-H on pyrazolyl rings and the three CO groups remained unchanged.6

The figure below shows a view of 1 along its C3 axis. Re is about

0.1 A inside the 3-methyl-carbon-plane (see crystal structure below).

0
C
Me,, /“'\ Me
Pz P
Re
re

With three methyl groups projecting out from the pyrazole 3-positions,
only the staggered conformation is possible. Formation of any

HBPz " 3Re (CO) )XY type complex would require two of the four (CO)pXY

groups sharing one slot, which is not favorable sterically. It has
been suggested that HBPz3~ ligand hybridizes the metal orbitals into
an octahedral array much more effectively than does Cp~.2 The same
should be true for HBPz*3' and Cp"~. Thus both steric and electronic
effects favour HBPz*3ReL3 not HBPz*3ReL4 type complexes.

In the case of unsubstituted pyrazolylborate complexes HBPz3MLp,
there is less crowding around the metal center. HBPz3Mo(CO)3Br has
been reported as a 3:4 or four-legged piano-stool structure. %2 storr
et al. have shown that MeGaPz3Mo (CO) 3(CuPPh3) adeopts a 3:3:1 or capped
octahedral structure.l0 The 3:3:1 structure represents a minimum in

the potential energy surface for analogous CpMLg complexes whose
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global minimum (ground state) is always the 3:4 structure according to
the calculation of Kubacek et al.ll whether EBPz™3Re(CO)oXY can be
prepared and adopt a 3:3:1 structure remains to be seen.

We have not been able to activate C-H bonds with 1 or 3 which was

our original goal. Oxidative addition of Hy; or Brpy to 1 or 3 has not

been achieved here either.

D Formation of [HBPz"3Re(0)31p 7

The trioxo complex 7 was observed in several reactions as
mentioned above. The best method of preparing it is via photolysis of
1 in commercial cyclohexene (MCB). Peroxide impurities in the solvent

are considered to be the active species. It is well known that

cyclohexene reacts with O in the air to form peroxides. Shaking the
solvent with KI produced I,. This positive KI test of the commercial
sample supports the presence of such impurities. Peroxides have been
used to prepare other oxo-complexes in the literature. H;05, for
example, was employed to prepare the Cp*Re(O)3 from Cp*Re(CO)3.12

It is somewhat surprising that 7 is insoluble in any of the
common solvents such as hexane, benzene, CH,Cl,, acetone and methanol.
The analogous mononuclear Cp*Re(O)3 was reported to be rather soluble
and can even be chromatographed.13 Perhaps 7 is better described as
[HBPz*3Re(O)3]n. The MS of 7 (Figure II-1) showed a strong peak at
532 (100% rel.int.) corresponding to the mononuclear HBPz*3Re(O)3, but

this peak could easily come from the fragmentation of [HBPz*3Re(O)3]n
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under the conditions. The isotope pattern observed is in good

agreement with that calculated for HBPz*3Re(O)3.

E Molecular Structure of 1

The structure of 1 is shown in Figure II-2. The three CO groups
and three pyrazole N atoms form a slightly distorted octahedron, and
the Re atom occupies the center of this octahedron. Although HBPz*3~
acts as a bidentate ligand in some cases,1Pr14 it is definitely
tridentate here, which is in good agreement with the spectroscopic
data (IR and 1H NMR) and the 18-electron requirement.

Selected bond angles and distances are listed in Tables II-1 & II-
4. The three Np—-Re-Cph: angles (175.5(2), n=5, n'=2; 176.7(2), n=1,
n'=3; 178.7(2)°, n=3, n'=1) in 1 are virtually the same as those in
the isolobal HBPz*3Mo(CO)3~ complex (175.5(5), 176.8(3), 178.4(3)°).15
The M-C-C (M=Re,Mo) angles in the two molecules (175.5(5), 176.5(5) &
178.3(4)° in 1; 175.5(7), 176.0(7) & 178.4(6)° in HBPz*3Mo(CO)3‘) are
also very close. The Re-Ngyg distance in 1 is 2.174(6) A. This is
close to Re-Nayg (2.18(4) A) in PhPPz*5Re (CO) 3Br1® and slightly longer
than that found in Res03Cl4(HPz”)4 (2.109(12) A),17 reflecting the
electron deficiency of the oxorhenium(V) compared to the Re(I) in 1.

Table II-3 lists the distances of Re and B atoms from various
planes. The dihedral angles between these planes are listed in Table
IT-2. All the angles are less than 1 deg. T™his the planes are

essentially parallel to each other. An important feature of the



Figure II-2

Molecular Structure of HBPz*3Re(CO)3 1



structure is that the Re atom is 0.1 & abcve the 3-methyl-carblii-p

3

L&l
(plare No 1) or 0.1 A inside the symmetrical pocket formed by the Z-
methyl substituents. This ZIeature aistinguisnhes T‘Pz'3_ from Cp T and

explains some of the reactivitwv differences between their complexes.

(M
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CEAPTER THREE

NEW CEEMISTRY OF

BYDROTRIS(3,5—DIMETBYLPYRAZOL—1-YL)REENIUH



SECTION I

Pyrazolylborate complexes of many transition-metals have been

reported. Surprisingly, few such rhenium complexes are known.?l
Chapter II described the preparation of HBPz*3Re(CO)2(THF) 3 from
HBPz 3Re (CO) 3 1, and showed that complexes HBPz 3Re(CO) L' (L'=PMes,
PPh3, and Nj} are readily available from the reaction of 3 with the
corresponding ligand L'.2 Following this work, the chemistry of 3
with other reagents was investigated. Unlike the analogous
pentamethylcyclopentadienylrhenium complex Cp*Re(CO)Z(THF), 3 formed
stable radicals when treated with a variety of reagents. The topic of
metal-centered 17-electron radicals has been reviewed recently,3 and

several such rhenium radicals are known.? However ex:s"ies Of
rhenium-centered radicals remain relatively rare, and ..~
pyrazolylborate rhenium radicals have ever been reported.

This Chapter describes the formation of l17-electron coanplexes
HBPz” 3Re (CO) L (L=Cl, Br, I, OMe, OEt, OCH,CH,OH),
[HBPz*3Re(CO)2(THF)]+ and the lé-electreon complex HBPz*3Re(CO)(Cl)2.

The reduction of HBPz*3Re(CO)2(Cl) to [HBP2*3Re(CO)2(C1)]" 10 and the

crystal structure of 10 as its PPN’ salt are also reported.



SECTION II

EXPERIMENTAL

21l reactions were carried out under argon using standard
Schlenk technigques. UV-Visible spectra were recorded at room

temperature on a Varian DMS-100 spectrophotometer. HBP2*3Re(CO)2(THF)

was prepared as in Chapter II.

Dicarbonylchlorc[hydrotris(B,5—dimethy1pyrazol—1-yl)

borato]lrhenium (II) 8

Method A Excess CClg (4 mL, 41.5 mmol) was added to a THF
solution of 3 generated from HBPz*3Re(CO)3 (x, 1.2 g, 2.11 mmol) in
200 ml. THF. After stirring overnight, IR showed 95% conversion of 3.
Tur was removed sn a2 rotary evaporator and the residue was placed on
a Florisil column (2 x 20 cm, 60-100 mesh) prepared in hexane. Hexane
first eluted trace amounts of 1. CHpClp/hexane (1:1) then eluted an
orange band of 8 (0.8 g, 65% based on 1). Next, CHpClp/hexane (2:1)
eluted a yellow band from which HBPz " 3Re (CO) (Cl) 3 9 was cbtained
(yield was variable, but always less than 5%) .

Characterization: IR (CHpClp) 1995 (s), 1876 (s) cm™%, v(CO).
MS, 145°C/16ev (m/e, rel.int.): M*(575, 81)s M*-CO(547, 80), M'-
2C0(519, 100). anal. Calcd for Cj7HpoNgOpBClRe: C 35.48, H 3.83, N

14.61. Found: C 35.41, H 3.81, N 14.57. Solution magnetic moment

(CD5C1lp) : 2.20 pp.
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Method B A mixture of [HBPz 3Re(CO),(THF)]BF,; 19 (see

below, 21 mg, 0.030 mmol) and PPNCL (20 mg, 0.035 mmcl) was dissolved

in CHpClp (15 mL) at room temperature. Stirring for 1.5 h gave

complete conversion of 19 to 8 as indicated by IR. The product was

purified as above and characterized by IR and MS (16 mg, 81%).

n

Methcd C Complex 1 (20 mg, C.035 mmol) in cyclohexene (25

mL) was irradiated for 45 min with Hp purge. Use of a Pyrex cut-off
filter gave a cleaner result. IR showed an estimated 30% conversicn
of 1 to presumably HBPZ*3Re(CO)2(n2—C6H10) (v (CO) 1993, 1876 cm™1).
CCly (4 mL, 41.5 mmol) was then added to the solution. Stirring for
15 min gave 100% conversion of the rresumed HBPz*3Re(CO)2(n2-C6310)
to 8 (by IR). Complex 8 was isclated as above and characterized by IR

and MS.

Bis(triphenylphosphine)iminiumdicarbonylchloro[hydrotxis (3,

S-dimethylpyrazol-l-yl)boratc]rhenium(0) 10

Complex 8 (0.16 g, 0.28 mmol) in THF (30 mL) was stirred with
sodium sand (ca. 100 mg, 4.35 mmol). The solution turned from yellow
to colourless in a few minutes and showed v (CO) at 1875, 1781 cm™ 1.
PPNCl (0.178 g, 0.31 mmol) was then added. After stirring for 15 min,
the volume of the solution was reduced to 10 mL under vacuum.

Addition of hexane gave a yellow precipitate, which was twice
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dissolved in THF and precipitzted with hexane. Yellow crystals of 10
were obtained from CHpClo/hexane (0.242 g, 78%).

Sodium borohydride (NaBx4) can also be used as the reducing
reagent.

characterization: IR (CHpClp) 1872 (s), 1780 (s) cm™l, w(CO).
Negative FAB in Cleland (m/e, rel.int.): M~ (575, 25), (Cleland-1:"~
(153, 100). 1H NMR (CDpClp): & 2.47 (s, 6.67H, due to overlap), 2.%:
‘s, 4.67H, due to overlap), 2.72 (s, 6.67H, due to cverlap), 5.7C (s,

4y, 5.79 (s, 2H), 7.6 (m, 30H). Anal. Calcd for Cs3HgpN702BClP2Re: C

--.17, H 4.67, N 8.81. Found: C 57.11, H 4.64, N 8.82.

Carbonyldichloro[hydrotria(3,S-dimethylpyrazol-l-yl)

borato]rhenium (III) 9

Method A See the preparation of 8 (method A) in which 9 was
isplated as a by-product.

Characterization: IR (CHpClp) 1928 am™l, v(CO). MS, 140°C/70ev
(m/e, rel.int.): M* (582, 5.2), M¥-CD(554, 100), M'-CO-CL(519, 4), tu
NMR (CDpClz): & 4.92 (s, 2H), 5.59 (s, 3H), 6.68 (s, 6H), 7.32 (s,
6H), 7.42 (s, 1H), 8.69 (s, 3H). Anal. Calcd for CygH22NgOBCLlpRe: C
32.99, H 3.78, N 14.43. Found: C 32.38, H 3.80, N 14.31. Solution

magnetic moment: 0.88 up.

Method B A sample of NOBF4 (18 mg, 0.15 mmol) was added to
complex 8 (90 mg, 0.16 mmol) in CH3NO7 (20 mlL). The solution turned

black in a few minutes and showed v (CO) at 2060, 1949 cm~1; the
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latter species could be converted back to B by NaBH4 as demonstrated
in an independent experiment. Excess PPNC1 (200 mg, 0.35 mmol) was
then added to the solution. Stirring overnight gave 9 as the only
product by IR. Solvent was removed under vacuum and the residue was

placed on a Florisil column (1 x 20 cm, 60-100 mesh). Eluting with

CHoClp/hexane (1:1) gave the product as a yellow solid (67 mg, 74%) .

Carbonylchloro[hydxotris(3,S—dimethylpyrazol—l—yl)

borato]nitrosylrhanium(I) 11

Complex 8 (0.25 g, 0.43 mmol) in THF (25 mL) was reacted with

NOBF4 (0.051 g, 0.44 mmol) at -780c. The solution was slowly warmed <o
room temperature and stirred at room temperature for 20 min. More
NOBF4 (0.05 g. 0.43 mmol) was then added. Stirring overnight gave 8C3
conversion of 8. The solvent was removed under vacuum and the residue
was placed on a Florisil column (1 x 20 can, 60-100 mesh). Eluting
with CHpClz/hexane (1:1) gave the product as an orange solid (0.15 g,
60%) .

Characterization: IR (CH2Clp) 1989 (s) can~l, v(CO): 1741 (m)
cm-l, w(NO). MS, 150°C/70ev (m/e, rel.int.): M' (577, 17), M*-Cco (549,
100), M*-CO-NO(519, 78). YH NMR (CD2Clp): & 2.35 (s, 3H), 2.40 (s,
3H), 2.41 (s, 6H), 2.58 (s, 3H), 2.60 (s, 3H), 5.86 (s, 1lH), 5.96 (s,
24) . Anal. Caled for CqgHpoN7BClOpRe: C 33.28, H 3.81, N 16.98.

Found: C 33.38, H 3.85, N 16.69.



Photolysis of 8 in CH3Cls/CClg

Complex 8 (35 mg, 0.06 mmol) in CH2Cly/CClg (1:1, 25 mL) was
irradiated with a Hp purge for 25 min. IR showed complete conversion
of 8. The solvent was removed under vacuum and the residue was placed
on a Florisil column (1 x 20 cm, 60-100 mesh). Eluting with
CHpClp/hexane (1:1) gave the product as a yellow solid, wihich
contained both HBPz*5(4-Cl-Pz*)Re(CO) (Cl)p i2 and HBPz” (4-Cl-

Pz*)»Re (CO) (C1) 2 13 (1:1 ratio).

Characterization: IR (CHpCly) 1928 cm™l, v(CO). MS, 155°C/16ev
(m/e, rel.int.): MT-CO of 13(623, 18), M'-CO of 12(589, 43), BP*(base
peak, 554, 100) . Anal. Calcd for 12 and 13 in 1:1 ratio

C1gH20.5NgBOCly gRe: C 30.33, H 3.47, N 13.26. Found: C 30.94, H

3.71, N 13.92. Sclution magnetic moment: 4.69 ug.

Bromodicarbonyl [hydrotris (3, 5-dimethylpyrazol-1-yl)
borato]rhenium(II) 14 and Dibromocarbonyl[hydrotris(3,5-

dimethylpyrazol-l-yl)boratc]lrhenium(III) 15

Method A Excess CBrg (1.3 g, 3.9 mmol) was added to a THF
solution of 3 generated from HBPz*3Re(CO)3 (1,1.23 g, 2.17 mmol) in
200 mL THF., After stirring overnight, IR showed complete consumption
of 3. THF was removed on a rotary evaporator and the residue was
placed on a Florisil column (2 x 20 cm, 60-100 mesh) prepared in

hexane. Hexane first eluted trace amounts of 1. CHpClpy/hexane (1:1)

then eluted 14 as an orange solid (0.6 g, 45% based on 1l). Next,
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CH2C12/hexane (2:1) eluted a yellow band from which HBPz*3Re(CO)(Br)2

15 was obtained (yield is variable, but always less than 5%).

Characterizaton of 14: IR (CHpCly) 1994 (s), 1877 (s) cm‘l,
v(co). Ms, 140%16ev (m/e, rel.int.): M*(619, 96), M*-CO(591, 56), M*-
2CO(S63, 100). Anal. Calcd for Cy7H;pNgO2BBrRe: C 32.90, H 3.55, N
13.55. Found: C 32.69, H 3.69, N 13.44. Solution magnetic moment
(CD2Clp) : 2.37 ug.

Characterizaton of 15: IR (cyclohexane) 1931 (s) em~1, v(Cco).
Ms, 150%/16ev (m/e, rel.int.): M*¥(672, 15), M¥-CO(644, 100), M*-co-
Br (563, 100). 1H NMR (CDCl,): & 4.70 (s, 2H), 5.96 (s, 3H), 6.98 (s,

6H), 7.51 (s, 1H), 7.82 (s, 6H), 9.98 (s, 3H).

Method B for 14 A mixture of [HBPz” 3Re (CO) o (THF) JBF4 19
(see below, 20 mg, 0.029 mmol) and Ety4NBr (25 mg, 0.12 mmol) was
dissolved in CHpClz (15 mL) at room temperature. Stirring for 1.5 h
gave complete conversion of 19 to 14 as indicated by IR. The product

was purified as above and characterized by IR and MS (15 mg, 75%).

Preparation of PPN[HBPz*z(4—Br-Pz*)Re(CO)2(Br)] 16 and

PPN[HBPz” (4-Br-Pz*) 5Re (CO) 5 (Bxr) 1 17

To a solution of 3 in THF, Brp was added dropwise until IR

showed complete disappearance of 3. The solution was then stirred for
30 min. At this stage IR showed v (CO) at 1991, 1873 cm~l. Excess

NaBH4 was added and the solution was stirred until complete

disappearance of the band at 1991, 1873 cm~l occurred. Metathesis



with PPNCl gave a mixture of PPN[HBPz*z(4—Br—Pz*)Re(CO)2(Br)] 16 and
PPN[HBPZ*(4-Br—Pz*)2Re(CO)2(Br)] 17 (1:1 ratio), which was purified
by recrystallization from THF /hexane.

Characterization: IR (CHpClp) 1877 (s), 1787 (s) cm™1, v (CO).
14 NMR (CDClp): & 2.40 (m, 20.4H, due to overlap), 2.65 (m, 15.6H,
due to overlap), 5.66 (s, 1H), 5.72 (s, 1H), 5.77 (s, 1H), 7.6 (br.

30H). Anal. Calcd for 16 and 17 in 1:1 ratio CpgHpp gNgBO,Br3 gRe: C

49.85, H 3.96, N 7.68. Found: C 49.44, H 4.07, N 7.23.

Dicarbonyliodo[hydrotris (3, 5-dimethylpyrazol-1-yl)

borato]rhenium(II) 18

Method A Excess MeI (4 mL, 64.3 mmol) was added to a THF
solution of 3 ( 50 mL, an aliquot of a THF solution of 3 generated
from 220 mg, 0.39 mmol HBPz®3Re(CO)3 1 in 185 mL THF). After stirring
for 3 days., IR showed complete conversion of 3. THF was removed on a
rotary evaporator and the residue was placed on a Florisil column (1
x 20 cm, 60-100 mesh) prepared in hexane. Hexane first eluted trace
amount of 1. CHpClp/hexane (1:1) then eluted 18 as a dark purple
solid (45 mg, 57% based on 1).

Characterization: IR (CHoCly) 1988 (s), 1876 (s) am™!, v(CO).
MS, 1509/70ev (m/e, rel.int.): M (667, 69), M*-CO(639, 22), M'-
2CO(611, 100). Anal. Calcd for CyqHpyNgOoBIRe: C 30.58, H 3.30, N

12.59. Found: C 30.50, H 3.30, N 13.60. Solution magnetic moment
(CD2oClo): 2.34 pp.



Method B A mixture of [HBPZ*3Re(CO)2(THF)]BF4 19 (see
below, 25 mg, 0.036 mmol) and BugNI (37 mg, 0.10 mmol) was dissolved
in CH3NO2 (15 mL) at room temperature. Stirring for 2 h gave complete
conversion of 19 by IR. The product was purified as above and

characterized by IR and MS (<10% yield).

Dicarbonyl [hydrotris {3, 5-dimethylpyrazol-1-yl)

borato] (THF) rhenium(II)tetrafiuroborate 19

Complex 3 in THF (generated from 43.3 mg, 0.076 mmol of 1 in
150 mL THF) was reacted with NOBF4 (8 mg, 0.068 mmol) at -78%C. An
argon purge with a rate of one bubble per second was passed through
the solution to remove NO gas formed in the reaction. The solution
was slowly warmed to room temperature (over 8 h), and stirring was
continued for 2 days to give a red solution. The volume of the
sovlution was reduced to 20 mL. Addition of hexane gave a red
precipitate, which was twice dissolved in THF and precipitated with
hexane in the same manner (45 mg, 85%).

The above scale was good for avoiding side reactions. If a
larger scale (>1.0 g) was employed, or if the solution was warmed up
too quickly, complex [HBP2*3Re(CO)2(NO)]BF4 20 (see below) formed as
a by-product.

Characterization: IR (THF) 2004 (s), 1904 (s) cm™1, v(CO). FAB
in Cleland (m/e, rel.int.): M*(612, 67), M'-THF (540, 100), M'-THF-

CcOo(512, 27), M+—THF—2CO(484, 88). Anal. Calcd for Cp1H30NgO3BoFgRe: C



36.11, H 4.30, N 12.04. Found: C 35.79, H 4.35, N 12.47. Solution

magnetic moment (CDpClp): 2.2%1 pa.

Dicarbonyl [hydrotris (3, 5~dinethylpyxzzol-1-yl)

borato]lnitroaylrhenium (I)tetrafluoroborate 2¢

Method A Complex 3 in THF {generated from 300 mg, 0.53 mmol
of 1 in 200 mI. THT) was treated with NOBF4 (55.7 mg, 0.48 mmol) at -
780c. The reaction was carried ocut in a pop-bottle capped under argon
(not nitrogenj). The solution was slowly warmed to room temperature
(over 8 h), &d stirring was continued for 2 days to give a yvellow
solution with =opious yellow precipitate. The volume of the solution
was reduced t~ 50 mL and the solution was syringed from the
precipitate, wnich was washed witnh THF (3 x 10 mL) (0.272 g, 70%).

Characterization: IR (CHpClp) 2106 (s), 2043 (s) cm™1, v(CO):
1806 (m) cm~1l, »(NO). FAB in "Cleland Reagent" (m/e, rel.int.):

m* (570, 100). 1H NMR (CDpClp): & 2.41 (s, 3H), 2.46 (s, €H), 2.49 (s,
$d)y, 2.%%L s, 3H), 6.07 (s, 1H), 6.13 (s, 2H). Anal. Calcd for
20°CH»Clo C1gHogNB203F34ClyRe: C 29.16, H 3.24, N 13.23. Found: C

28.87, H 3.28, N 13.15.

Method B NO gas was bubbled through a THF solution of 19,
and the reaction was followed by IR. Excess NO should be av-.ided to
prevent side reactions.

This reaction was carried »Hut on a small exploratory scale

without isolation of the product 20.



Dicarbonyl[hydrotris(3,5-dimethylpyrazol-1-yl)

boratoimethoxorhenium (IX) 21

Method A Complex 19 (1¢ mg, 0.027 mmol) - MeOHE (12 mlL) was
treated with excess agueous KOH scolution (0.25 mL, 4 M). Zfter
stirring for 10 miii, the solvent was remcved on a rotary evaporator
and the residue was extracted with l.coxane (3 x 15 mL). Removal of
nexane gave the product as a greenish solid (15 mg, 84%).

Characterization: IR (hexane) 1966 (s}, 1863 (s) cm™1, v(CO).
Ms, 1050c/70ev (m/e, rel.int.): MY (571, 41), M*-CO (543, 36), M*-
2C0 (515, 100) . Anal. Calcd for CygHysNgO3BRe: C 37.83, H 4.38, N
14.71. Found: C 38.54, H 4.55, N 14.37. Solution magnetic moment

(CgDg): 2.17 ug.

Method B Complex 3 (20 mg, 0.029 mmcl, from removal of THEF
under vacuun} was dissoived in MeOH (15 mL), KCH (100 mg, 1.79 mmol)
was Lhen added. Stirring overnight gave complete conversion of 3. The
product 21 was purified by recryscaliization frcm hexane, and

characterized by IR and MS.

Dicarbonyl[hydrotris(3,5-dimethylpyrazol-1-yl)

boratolethoxorhenium (II) 22

Excess aqueous KOH solution (0.25 mL, 4 M) was added to complex
19 (20 mg, 0.029 mmol) in EtOH (12 mL). After stirring for 10 min,

the solvent was removed on a rotary evapcrator and the residue was



extracted with hexane (3 x 20 mL). Removal of hexane gave the produot

as a greenish solid (12 mg, 68%) .

Characterizaton: IR (hexane) 1966 (s), 1882 (s) cm~ 1, v(CQ).
Ms, 1400C/16ev (m/e, rel.int.): M7 (585, $8), MT-CO(557, €8), BP* (bas~
peak, 485, 100). Anal. Calcd for CqgHo7NgO3BRe: T 38.37, H 4.52, XN

14.36. Found: C 38.92, H 4.71, N 14.55. Sclution magnetic mcment

(CgDg) ¢ 2.20 ug.

Dicarbonyl[hydrotris(3,S-dimethylpyrazol—l—yl)borato](2—

hydroxyethoxo)rhenium(II) 23

Compiex 19 (30 mg, 0.043 mmol} in HOCHoCHp0H (20 ml) was
treated with excess agueous KOH soiution (0.30 mL, = ).
stirring for 2 h, water (15 mL) was added. Extracting the soluticn

with hexane (3 x 10 mlL) gave the product as a green-yellow solid (12

-

mg, 42%).
Characterizaton: IR (hexane) 1970 (s), 1866 (s) cm~1, v(Co).

Ms, 210%°C/16ev (m/e, rel.int.): M¥-33(568, 100), M'-33-CO(540, 22).
Anal. Calcd for C19527N604BRe: C 37.94, H 4.49, N 13.98. Found: C

39.09, H 4.87, N 13.70. Solution magnetic moment (CgDg): 2.38

Carbonyl(hydxoxycarbonyl)[hydrotris(3,S-dimethylpyrazol—l—

yl)borato]nitrosylrhenium(I) 24

Complex 20 (56 mg, 0.085 mmol) in acetone (20 mL) was treated

with HpO (5 mL) and NEt3 (1.5 mL, 10.8 mmol). After stirring for 2 h,



~~e socluticn was filtered and the precipitate was washed with zce<crne

=

(3 x 10 mL) to give the prcduct as a light crange sclid (36 mg, 231x:.
Characterization: IR (CHpClpy) 1391 (s), 1634 (m) cm™=, v (ZCi:
1743 (s) om™l, v(NC). MS, 183°C/70ev (m/e, rel.inz.): M¥(587, 37V, M7-
~H(S70, 20), M -OH-CO(542, 48), BP® (base peak, 531, 100), ~H
(CTyTlp): 8 2.28 (s, 3H), 2.31 (s, 3#), 2.32 (s, 3H), 2.36 (s, IH

2.38 (s, 3H), 2.40 (s, 3%y,

wn

.84 (s, 1H), 5.3%4 (s, 28), 7.4 (br. LEHEi.

o)

anal. Calcd for Ci7Hp3N704BRe: C 34.75, # 3.92, N 18.7C. Found: C

34.71, H 4.01 N 16.62.

Carbonyl[hydrotris (3, S~dimethylpyrazol-l-yl)borato]-

methylnitrosylrhenium(I) 25

A mizxture of ccmplex 20 (29.3 mg, C.045 mmol) and NaBHgq (7.2
mg, 0.20 mmol) in THF (20 mL) was stirred for 45 min. THF was removedld
con 4 cotary evaporator and the residue was placed on a Florisil
column (1 x 20 cm, 60-100 me=h) prepared in hexane. CH3;Cl) eluted =ne
product as a pink solid (19 mg, BE%).

Characterization: IR (CHoClps) 1953 (s) am™l, v(Cco): 1707 (s)
cm~l, v(NO). MS, 160°C/l6ev (m/e, rel.int.): M¥(557, 40), M"-CHp (%43,
98), M*-CO(529, 100) IH NMR (CDpClp): & 0.83 (s, 3H), 2.33 (s, 3H),
2.37 (s, 3H), 2.41 (s, 3H), 2.43 (s, 3H), 2.44 (s, 6H), 5.8 (s, 1H),
5.92 (s, 1H), 5.95 (s, 1H). Anal. Calcd for Cj7HpsN70,BRe: C 36.69, H

4.53, N 17.62. Found: C 36.04, H 4.34, N 17.00.



Determination of magnetic moments

~re solution magnetic moment was determined by the Evans method, >

mploying a S-mm coaxial tube and using cyclohexane in CD2Clp or Cghg as

he reference signal. To illustrate the application of this method, the

:alculation of pegs £Or HBPz 3Re(CO)2(Cl) 8 is shown below. Table ITI-2
ists the results for all the paramagnetic complexes.
On the 400 MHz FT NMR instrument, two resonance lines of the

reference cyclohexane at 562.887 and 357.086 Rz were observed at 23°C
for a sample of complex 8 (50.8 mg) in 0.8 mL CDoCls (containing less

-2

-han 1% cyclohexane as reference signal). Thus m = 6.35x10 g/mL and Av

= 562.887-357.086 = 205.801 Hz. The mass susceptibility of CD2Clp (xo)

2 x H=2x (-2.93) x 1078 = -5.86 x 10”6 cm®mole™?!
o x ClL = 2 x (-20.1) = 10”6 = -40.2 x 10”% cm3mole™t
1 xC=-6.0x 10_6 cn3mole‘1

%o = (-5.86 - 40.2 - 6.0) x 107% cm3mole™
= -52.06 x 107% cm3me1le™t
2g = (-52.06 x 10-6) /7 87 = -0.61 x 10~6 cm3g™t
Substituting the above values into eq (I-1}, and neglecting the last

term because the soluticn is dilute, gives:

3x205.801 -6
Xg = 6 -2 - 0.61x10
2x3.14%400x10 °x6.35x10

3.26x10°% (an’g™h)

575 x 3.26x10°°

1874.8x10°° (cm’mole™

=
]

)
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The diamagnetic susceptibility (xgia) of complex 8 is calculated from
Pascal's constants in the same way as that of CL2Clp,

and is found to be
~-164.1 x 10~% cm3molel.

Therefore Xpara T X T Xdia

1874.8 x 10”6 - (-164.1 x 1075
2038.9 x 107® cm3mole™l
Finally, substituting the above value into eqn (I-3) gives

pefe = 2.828 x (2038.9 x 107°% x 296)70-3

2.20 up
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SECTION IIX

RESULTS AND DISCUSSION

A Preparation of EBPz*3Re(CO)2x (X=Cl, Br, I) and

EBPz*3Re (CO) (X)2 (X=Cl, Br)

These paramagnetic complexes were first encountered in thne -H

\MR study of HBPz®3Re (CO)o(THF) 3. A sample of 3 in CDpClp was

observed to change from yellow to crange over several days. Both IR

and MS suggested the formation - ;.. 27 3Re(CO)2(Cl) 8. It has been

shown that HBPz 3~ stabilizes u- + = =) complexes such as

HBPz*3Mo(O;(C1)29 and HBPz 3 - i The special steric demand
of HBPz 3~ is considered to be a major factor. The cone angles of
CpMo, RBPz3Mo and HBPz" 3Fe are 1000, 1809 ana 2259 respectively.6

The reaction of 3 with CClg afforded both 8 and
HBPz*3Re (CO) (C1) 9. Similarly, the reactiocn of 3 with CBrgq afforcez

HBPz qRe (CO} » (Br) 14 and HBPz*aRe (CO) (Br)> 15. Complex 14 can also
3 2 3 2

P
~ HBPz ;Re—CO X=Cl 8
. O al
HBPZz 3R0\-\—CO ‘———'_—‘bﬁ + (-1
THF
/oo
3 \HBPz ;Re —— X X= CI 9
~

X Br 15



be prepared from the reaction of 3 with CH3Br. None of the expected
HBPz*3Re(CO)2(CH3)(Br) was cbserved in this reaction. The iodo-
derivative HBPz*3Re(CO)2(I) 18 was prepared from the reaction of 3
with CH3I. Alternatively, all the 17-electron radicals can be
prepared from [HBPz*3Re(CG)2(THF)]+ 19 as shown in Scheme III-1.

The presumed intermediate HBPz*3Re (CO)»(n?-CgHig) (CgHig =
cyclohexene) has similar reactivity to 3 and reacts with CClg to Zom
8. But because of its poor yield (30% from HBPz 3Re(CO)3 1),
HBPz*3Re(CO)2(n2—E6H10) is not a preferred precursor.

Irradiation of 8 in CHCl,/CCl,s afforded a mixture of

HBPz*, (4-Cl-Pz*)Re (CO) (C1)p 12 and HBPz* (4-C1l-Pz”)Re(CO) (Cl) 13. In

; i
~ 2~ 0N
()? N IO o] c T N IO cl
N NG
SFal FRel
cr” l'“cn ct” l'“m
3 3

-
N
-
[N

addition to the expected replacement of one CO group, the 4-protons

of Pz* were also replaced by Cl. Another example of such pyrazole

ring halogenation was observed in the reaction between 3 and Brj.
These products were identified as the reduced forms {HBP2*2(4-Br-
Pz*)Fe(CO) 2 (Br) ]~ 16 and [HBPz” (4-Br-Pz”),Re(C0)2(Br)]~ 17. 16 and
17 formed in an approximate 1l:1 ratio as determined by the

integration of 4-protons in the 1 vr spectrum. Cases of partial and



HBPz 3Re(CO)2Y

B Y = OMe 21
i OEt 22 iv
CL:HQCHon 23

HBPz 3Re(CO)2(THF) (HBPz 3Re(CO)a(THF|’

3\ 19
V .

. vi
.\'\.
\ »
HBPz 3Re(CO)2X
X = Cl 8
Br 14
1 18
i
vii viii i
|
' r
HBPz 3Re(CO)Cl2 HBPz 3Re(CO)(NO(CH) HBPz aRe(CO)CI)
g 11 10
Scheme |ll-t
i NOBF,, Arpurge ii NaBHa, HoO iii MeOH v HY+KOH(aq) v MeBr, X = Br:
Mel, X =1 vi PPNCI, X = Cl; EtyNBr, X = Br; BugNi, X = | vii 1.NOBF4 2.PPNCI in

CH3NO, viii 2eq NOBFin THF  ix Na sand
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complete pyrazole halogenation at the 4-positions have been reported

before. For example, chlorination of HBPz*3Mo(CO)2(NO) afforded

HB (4-C1-Pz*) 3Mo (NO) (C1) 5.’

B Mechanistic considerations

Carbon tetrachloride is known to react with Cp*Ir(CO)Z to
produce Cp*Ir(CO)(Cl)Z 15 ana CBrCly was used to prepare
HBPz* 3Rh (CO) (Br) 5 from HBPz*3Rh(CO),.1® The formation of 17-electron

8 and l6-electron 9 is unusual. There are two plausible routes, A and

B, for the reaction between 3 and CCl,. Route A does not account for

the formation of the l6-electron species. A similar sequence appears
likely in the reactions between 3 and CHoX (X=Br, I) where no 16-
elect. >n complexes were isolated. Examples of halocarbon binding to

transition-metals are known.8

Route A

| HBPz 3Re(CO)o(THF) + CClg =—————a Hapz'3nle(00)2 + THF
CI-CCly

f HB‘nz'aF,ua((:O)2 =  HBPz ;Re(CO)(Cl) + -CCly
CI-CCly

Route B

| HBPz 3Re(CO)a(THF) + CCly ———— [HBPz jRe(CO)s(THF)]" + CCl~
I cCly" =————e CI' + -CCl3

Il [HBPZ 3Re(CO)o(THF)]* + CI' == HBPz ;Re(CO)(Cl) + THF



76

IV HBPz 3Re(CO -(Cl) + CClg

[HBPz 3Re(CO)2(CH]* + CCl¢"

Vv cCly”

CI" + »CCla

VI [HBPz 3Re(CO)2(Cl)]* + CI ————= HBPz 3Re(CO)Cl)z + CO

Step III of route B was confirmed directly by treating the
isolated [HBPz*3Re(CO)2(THF)]+ 19 with PPNCl in THF. Steps IV-VI are
parallel to I-III except the starting complexes are different. Step I
starts with 3 and Step IV starts with 8. Step VI was confirmed

indirectly from the preparation method B of 8. In this method, NOt

HBPz’ NOSE 4 : +
2 3Re(C0O),C! STRYS) [HBPZ 3Re(CO),LCI]* + NO
8 3 2

PPNCI (Vii-2)

HBPz 3Re(CO)Cl,
9

first oxidizes 8 into [HBPz™3Re(CO)2(Cl)1* (suggested by IR v (CO)
(CH3NO2) at 2060, 1949 cm 1y, PENC1 then reacts with this
intermediate to form 9. Unfortunately this intermediate was not fully
characterized as it is very unstable.

Preparation metrod B of 9 mentioned above was carried out in
CH3NO,. Changing the solvent to THF afforded a completely different
result. Instead of any radical species, the diamagnetic
HBPz* 3Re (CO) (NO) (C1) 11 was formed (Scheme I). The maximum conversion

of 8 was 80% even though 2eq of NOBF4 was used.



C Reactions of 3 with NOBF4

Complex 3 reacts with NOBF4 to give either
[HBPz*3Re(CO)2(NO)]BF4 20 or [HBPz*3Re(CO)2(THF)]BF4 19 depending on
the experimental conditions. In a clcsed system 20 formed; and in an

open system with an inert gas purge, 19 formed. The selectivity was

good (>90%) in small scale {ca. 43 mg) reactions.

- +
co
A HBPzZ Ré/ coO
urge N
purg NThe
o 19
Hapz'aae<-—co + NO* (111-3)
THF
+
o |
3 . anBPiaRQ?—CO
-DO 2
PoP NO
20

While 20 is scarcely soluble in THF, 19 is fairly soluble, This
solubility difference provides & handy means of separating the two
compounds. Both 19 and 20 are air-stable and can be stored for weeks
without noticeable decomposition.

Bubbling NO gas through a solution of 19 in THF produces 20
(Scheme III-1), which suggests thz 20 probably formed according to
the following two steps in the above reaction. A similar mechanism

has been proposed for the formation of CpRe (CO) (NO) (COPh) from

[CPRe (CO) » (COPh) ]~ and AgBF4/NO. 4e



8

HBPz ;Re(COR(THF) + NO*

[HBPZ ;Re(CO)o(THF)]* + NO

[HBPZ 3Re(CO)(THF)]* + NO [HBPz ;Re(COR(NO)]" + THF

Step I is a simple redox reaction. NO* obtains one electron
from 3 to produce 19 and NO gas. The NO gas formed here can be
removed from the system with a flow of inert gas. Thus in an open
system the reaction stops at Step I and affords 19. In a closed
£lask, like the pop-bottle used in this work, NO remains in the
system and Step ITI becomes possible, producing 20. NO is formally a
radical and can act as a one-electron or three-electron donor. In
Step II, NO probably first couples with 19 and acts as a one-electron
donor to form a diamagnetic intermediate which then losés THF to give

20. NO is considered as a three-electron donor in the diamagnetic 20..

D ©Preparation of HBPz*3Re (CO)2(OR) (R=Me 21, Et 22,

CH»CH0H 23)

The three alkcoxide derivatives were prepared analogously from
19 (Scheme I). They are all greenish air-stable complexes. The
methoxide derivative 21 was also observed from a methanol solution of
the neutral intermediate 3. Stirring *“he solution in air accelerates
the formation of 21. It is reasonabie to suggest that Op in the air

oxidizes the intermediate HBPz*:Pc: ~ 5(MeOH) to 21. Unfortunately

this presumed intermediate coulcw 2 identified.



Complex 22 was intended as a precursor to a lé-electron
complex HBPz*3Re(CO)(nz-OCHZCHZO). However both irradiation of 23 and
reaction with NOT/OH™ resulted in deccnposition. Ring formation with
the dianion of ethanediol has been observed in HBPz*3Mo(O)(n2—
OCHZCHZO).g In marked cont- 3st, only HBPz"3Mo(NO) (I) (OCHpCHOH) and

HBPZ*3MO(NO)(OCH2CHZOH)2 were reported.lo

E Reactions of 20

Extensive research has been carried out on the Cp*Re(CO)(NO)
system. A stepwise reduction of coordinated carbon monoxide was
achieved from the reduction of Cp*Re(CO)z(NO)BF4 by NaBHg4 in
'I‘HF/HZO.11 In the present work, twc complexes of this type were
prepared, HBPz*3Re(CO)(NO)(COOH) 24 and HBPz*3Re(CO)(NO)(CH3) 25.

Table III-3 shows v(CO) bands of some HBPz*3Re complexes along
with their Cp*Re analogues. In the first three sets of complexes, the
average wave numbers of v(CO) are higher for Cp*' than those for
HBPz*3_, and in the last two, the trend is reversed. Differences up

to 12 and 26 cm~l can be seen for v (CO) and v (NO), respectively.
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F Spectroscopic studies ©f the paramagnetic complexes

All i7-electron complexes showed very brcocad resonances in wneir
1y MMR spectra. However, the i6-electron complex 9 showed sharp
resonances for all the protons (Figure III-1). The 4-protons of the
HBPz*3" ligand normally appear around 5.8 ppm and the methyl protons
appear in the 1-4 ppm region in a diamagnetic complex. Compared to
these chemical shifts, two of the 4-protons of HBPz*3‘ in 9 were
shifted upfield and all the other protons were shifted downfield. The
four methyl resonances integrate as 1:2:2:1 and the two 4-proton
resonances integrate as 2:1. The analogous dibromo derivative 15
showed the same pattern in its 1y R spectrum. These integral ratiocs

are consistent with the structure below:

The values of the solution magnetic moments at room temperature
are shown in Table III-2. They were determined by the Evans methocd.
All the magnetic moment values for l7-electron radicals are larger

than the spin-only value 1.73 ug for one unpaired electron, indicating

the possibility of an equilibrium between electronic states.
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Figure III-1

‘H NMR Spectrum of HBPz 3Re(CO)Cl, 9
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In complex 9, Re(III) is d? and the total number of electrons
1. sixteen. The small magnetic moment exibited by 9 cculd reflect the
existence of high-spin and low-spin cross-over with the low-spin
state predominant in this 16-electron complex. In contrast, the
mixture of 12 and 13 is strongly paramagnetic and exhibits a
magnetic moment of 4.64 up, close to the spin-only value 4.90 pp for
fcur unpaired electrons. Thus the high-spin state seems to be
predominant in thic mixture. For the closely related l6-electron
complex HBPz3Re(PPh3)C12,22 no *H NMR spectrum was reported and its
magnetic moment was determined as 2.1 ug.

The UV-Visible absorption spectra showed two bands for all the
l17-electron complexes and one band for the lé-electron 9 and 18-
electron 10. All the dicarbonyl species show two CO stretching rands
in the 1600-2200 cm~1 region. The cationic 19 exibits v (CQ) at 2004,
1904 cm~1l, which are about 100 cm™1 higher than its neutral precursor

3 (vV(CO) in THF, 1896, 1810 cm™1).

G Preparation and molecular structure of

PPN[HBPz*3Re (CO)2(Cl)] 10

Complex 8 was reduced by sodium sand in THF. Metathesis with
PPNC1 gave 10. PPNC1l was used so that Cl~ could depress the cleavage

cf Re-Cl bond. The CO stretchings of 10 appear at 1872, 1780 cm~1 in

CHpClp, which are about 100 cm~! lower than the neutral complex 8
(1995, 1876 cm™}, v (CO) in CH,Clp). This is the same difference

observed between the neutral 3 and cationic 19. The 1H NMR of 10



exhibits five resonances for the pyrazolylborate ligand. The three <
Hs are as expected with a 2:1 ratio. The methyl groups, however, are
not in the expected 2:1:2:1 pattern., There are only three resonances
due to the six methyl groups. Perhaps accidental overlap occurs for
the methyl groups. Accidental overlap of the methyl ygroups is alsc
assumed for 11, 16, 17 and 25, where less than expected distinct
resonances were observed.

The struzture of 19 was confirmed by an X-ray diffraction
analysis carried out by Dr. R.G. Ball in the Structure Determination
Laboratory in this Department.21 Figure III-2 shows the structure of
the ion pair PPN—[HBP2*3RQ(~”‘; T1)1 10. Clearly there is no
interaction between the twc icns, Figures III-3 and III-4 show
different views of [HBPz*3Re(CO)2(Cl)]_. The anion is disordered with
respect to the Cl atom and one of the CO groups. To mociel this
disorder, two half-occupancy CO groups and two halri-o>:cupancy Cl

groups were included in fixed positions on Re atom. In spite of the

disorder, respectable R} and Rp values were obtained, 0.051 .und 0.058

respectively.

E Conclusion

The hydrotris(3, S-dimethylpyrazol-l-yl)borate ligand HBPz" 3~

stabilizes unusual complexes. Prior to this work, the l1l7-electron

complexes HBPz*3Mo(CO)312 and HBPZ3M0(CO)313 had been reported. Now

some 17- and l6-electron rhenium complexes have been prepared by

using this ligand. However none of the HBPz”3Re(CO)p(X) (Y) type



complexes was prepared. Perhaps too much strain would ke involved in
a HBPz*3Re(CO)2(X)(Y) type complex if it adopts a piano-stool or 3:4
structure. The theoretically allowed capped-octahedral or 3:3:1

structurel4 was reported by Storr and co-workers for
MeGaP23Mo(CO)3(CuPPh3).17 The steric demand of HBPz*3‘ plays a wvital

role in the chemistry of its complexes, and the ability of HBPZ*3' to

stabilize 17- and l6é-electron complexes is remarkable.

86
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Figure III-3

Cc10

Molecular Structure of [HBPz*3Re(CO)2Cl]‘
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Figure III-4

Structure of [HBPz'3Re(CO)2Cl]‘, viewed
approximately along the pseudo threefold ax:.s

=4



Crystal Data

Cg3HgoBCLN70,PZzRe
F.W., = 1113.46
Crystal dimensions: 0.16 x 0.21 x 0.23 mm
Triclinic space group P-1
a = 15,896 (5) b = 16.422 (3) c = 9.847 (3) A
a= 95,05 (2) B= 96.55 (2) y= 84.24 (2)°
v = 2533 A3 zZ =2

Dc = 1.460 gm/cm3 p= 25.91 cm~t
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Data Collection and Refinement Conditions

Radiation:

Monochromator:

Take—-off angle:

Detector aperture:

Crystal-to-detector distarice:

Scan

Scan

Scan

Data

Data

type:
rate:
width:
collection 20 limit:

collection index range:

Reflections measured:

Observations:variables ratio:

Agreement factors R;, Rp, GOF:

Corrections applied:

Mo Ka (A= 0.71073 a)
Incident keam, graphi:zs
crystal

3.0 deg

2.40 mm horizontal
4.0 mm vertical

205 mm

w-298

10.1 ~ 2.2 deg/min
0.80 + 0.35tan (8) deg
55.00 deg

h, *k, *1

10152 unique

7228 with I>3c(I)
7228:577

0.051, 0.058, 1.60

Absorption correction
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Atomi

suas=
C1
Cl
C1
Ccl
Cl
Cl
c1l’
c1’
cl’
C1’
ci-’
N1
Nt
N1
N1
N1
N3
N3
N3
N3
NS
NS

N3

Atom2

Re
Re
Re
Re
Re

Atom3

sanme
ci-’
N1
N3
N3
Cis6
C17
Nt
N3
N3
Cis6
€17’
N3
N3
Cié
C17’
c17
NS
Cis
C17°
C17
Cié
17

C17

Angle

T P
93. 08
89.6 (1)
170.0 (1)
8.6 (1)
4.9 (3)
Q4. 46
176.0 (1)
93.4 (1)
92.7 (1)
90.35 (2)
92. 92
83. % (2)
84.5 (2)
2.2 (3
89.8 (1)
173.9 (1)
83. 5 (2)
92.7 ()
170.3 (1)
91.8 (1)
173.2 (3)
88.9 (1)

91.1 (1)

in Tecree
Atoml Atom2
amuxn eTepep——
Nt N2
C1 N2
Re N3
Re N3
N4 N3
N3 N4
N3 N4
(o) N4
Re NS
Re NS
N& NS
NS NS
NS NS
C1i NS
P1 N7
N2 C1
N2 Ci
c2 (o3
Cci1 c2
N1 c3
N1 €3
c2 c3
N4 cs

Atom3

Né&
ce
c8

Cs

Né6
Ci13
Ci13

Cit

P2

C4
Ca
C3
c2
CS
CS
c7

Angle

= o X3 5
119. 4

130.

-

120.
134.
104.
109.
118.
131.
118.
134.
106.
108.
120.
130.
150.
106.
122.
130.
107.

109.

4 U 0 N NN N N O uw N VO DS

120.
130.1

ioe 7

3
(4)
(3)
%)
(6)
3
(&)
(4)
(3)
(3)
(&)
(S)
6)
(4)
3
(&)
(&)
(3)
(&)
¢3)
(&)

(7)



Table

Atoml Atom2
cis Re
C16 Re
c17’ Re
Re C1
o2 C1
Re cl’
o2 c1’
N7 P1
N7 P1
N7 Pi
cie P1
ci8 P3
c24 P1
N7 P2
N7 P2
N7 P2
c30 P2
c30 P2
€3¢ P2
Re Ni
Re N1
N2 N1
N1 N2

Atomd

e
c17-
c17
c17
o=’
Ci7’
o2
C17
cis
C4
c48
C4
c48
C48
c30
C3s
ca2
C36
Ca2
C42
N2
c3
c3

C1

Angle
=xmmn
4.6 (D)
92.0 (2)
94. 31
178. 70
177. 06
170. 03
161. 90
108. 4 (3)
113. 6 (3)
113. 9 ()
103. 5 ()
1C8. 6 (3J)
106. 4 ()
119.1 ()
111. 2 (J)
109. 5 (3)
108. 2 (J)
105.8 (3)
106. 6 (3)
119. 3 (4)
134. 2 (4)
106. 0 ()
109. 9 (3)

Cegree

Atomi

nm
N&
c7
Cé
N3
N3
c7

N6

c12
Ctli
NS
NS
cCi12
Re
ke

Re
P1
Pi
cie
ci18

c19

(cconzinued)

Atom2

cé
(o7 )
c7
ce
c8s
ca
C11
c1l1
Ci1
C12
C13
€13
c1i3
(of ¥ 3
c17’
C17’
C17
Ci7
cia
cie
ci8
C19

c20

Atom3

amann
Co
co
c8
c7
cio
C10
c12
ci4
Ci4
Cc13
C12
(oh -]
C15
01
ci
o2’
cl’
02
€12
c23
C23
C20

c21

Angle

123.
128.
106.
110.
120.
129.
108.
122.
129.
107.
109.
128,
129.
177.
178.
180.
169.
180.
122.
120.
117.
120.

121.

2 (8)
1 (a8

3 (6)

[S3

(7}
(7)
(8)
(%)
(8)
(7)
(&)
(73

(&)

N DO u W N O & W

(7)

(1)

00

75

1 (3)

[

(3)
(&)

7))

o W o

(7)



Table III-5 Bond Angles in Degree (continued)

Atoml Atam2 Atom3 Angile Atoml Atom2 Atom3 Angle

s T L T Semms Esmen Lt 1 2] o mm - REmmn

C20 c21% C2 120. 31 (7) c3z C38 c3%v 118. 9 (9
c21 caR €23 120.4 (7} c3s8 c39 C40 121.2 (%)
ci18 c23 c22 120.3 (7) c3ae C40 Ca1 119. 1 (9)
Ry c24 C25 117.8 (%) c3s Ca1 c40 120. 3 (9)
Py C24 c29 123.9 (3) P2 caz2 CA43 121. 4 (35)
cas5 c24 C29 118.2 (&) P2 Ca2 Cc47 119. 4 (5
Cas c23 C26 120. 6 (&) C43 C42 C47 119. 1 (&)
(-1 c26&6 c27 120. 9 (7) CAR2 C43 Cas 120. 4 (&)
C26 c27 c28 118.8 (7) CA3 Cas C43 120. 7 «7)
c27 ca8 c29 120. 1 (7 Ca4 (o 1] Cas 120. 2 (7
Cas c29 c28 i21.3 7) CA> Ca6 C4&7 120. 4 (7)
RO c30 €31 122.9 (&) ca2 Ca7 C46 119. ¢ (&)
P2 €30 c3s 119.3 &) P1 cag Cas 122. 0 (&)
Cat c30 C3y 1172.7 P1 c4a8 Cc53 120. 3 &)
€30 c3t C3z2 122. 1 (B) CAS ca8 C353 117. 72 (7)
Cas c32 €33 118.1 (9 cae o 1} c50 120. 7 (8)
caz €33 C3as 122.1 (9) c49 Csod €51 120. 1 (9
Ca3 Cc34 Cc3s 118. 6 () €50 C51 C52 121. 4 (8)
C30 c33 C34 123.3 8) cS1 c32 C53 119. 2 (8)
RO c3& c37 119. 6 (&) €48 £53 cs52 120. 9 (8)
R2 c3s Cay 122. 2 (&) N2 B N4 108. 1 (9)
C37 c3& C41 118.2 (7 N2 B Né& 110. 0 (5)
C3s c37 €38 122.2 (8) N4 B Né& 109.8 (5)
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CEAPTER FOUR

SYNTHESIS OF AND C-H ACTIVATION BY

TRIS (3, S-DIMETHYLPYRAZOL-1~-YL) METHANEREODIUM COMPLEXES



SECTION I

INTRODUCTION

101

Following the first report of C-H activation by a tris(pyrazsi-

1-yl)borate rhodium complex,l

several related papers have appeared.-”

-~

These pyrazolylborate transition-metal complexes provide a highly

efficient and selective system in C-H actiwvation.

H H

b B

g g

| N | | )

) N

Nl i N R-H )
M MO

o€ i |

R

M = Rh, Ir

Tris (3, S-dimethylpyrazol-l-yl)methane HCPz*3 is isoelectronic <«

HBPz*3'. However,

HCP2*3 has not been studied as extensively as that of HBPz*3'

\

Z

(1V-1)

b d

-
~

the coordination behavior of the neutral ligand

3 As an

extension of the successful C-H activation by the pyrazolylborate

syztem,

the possibility of C-H activation by tris(pyrazol-l-yl)methane

He= e

rhodium complexes was investigated. It has been noted that the

cationic fragment { (N(CHCHPPhp)3]Rh}Y, generated from

(N (CH,CHpPPhy) 3] Rh(H), activates C-H ponds . 4

This Chapter describes the preparation of [HCPz*3Rh(CO)L]+ (. =

CcOo, PEtjy, PPh3, COE and CpHg), and the activation of arane C-H bonds

by these complexes.
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SECTION II

EXPERIMENTAL

General

[Rh(CO) 2C1]2, 5 AcacRh(CO) %2, AcacRh (CpHg) 2P, HCPz3! and

HCPz*38 were prepared by literature methods.

Dicarbonyl[tria(3,S-dinothylpyrazol-l-yl)methane]rhodium(I)

tetrafluoroborata 26

To a solution of AcacRh(CO)2 (52.1 mg, 0.20 mmol) and HCPz*3
(64.8 mg, 0.22 mmol) in CHpClz (25 mL), HBF4'Et20 was added dropwise.
The reaction was followed by IR. Excess HBF4'Et0 should be avoided to
prevent side rxeactions. After all the AcacRh (CO); had been converted,

hexane was added to give crude 26 as a yellow precipitate. Complex 26

was purified by twice disseclving the crude product in CH2Cl; and

precipitating with hexane (81.6 mg, 75%).
Characterization: IR (CH2Clp) 2098 (w), 2078 (s)., 2036 (w), 2010

(vs) em~l, »(CO). 1H NMR (CDpClp): & 2.56 (s, 9H), 2.45 (s, 9H), 6.14

(s, 3H), 7.93 (s, 1lH): there was no change down to -100%. Anal. calcd

for CqaHooNgOsBFgRh: C 39.69, H 4.04, N 15.44. Found: C 39.77, H 4.12,
18822NeY25% 4

N 15.50.
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Reaction between [Rh(CO)2Cl], and HCPz 3

A solution of [Rh(CO)2Cl]y (40 mg, 0.10 mmol) and HCPz 3 (25 ma,
0.08 mmol) in CHpClp (20 mL) was stirred overnight. The IR spectrum
then showed CO stretching bands at 2090 (m), 2078 (s), 2070 (s), 2035
(w), 2019 (br. m), 1992 (s) and 1862 (w)cm™'. Separation or further

identification of the products was not attempted.
Protonation of 26

To a CHpClp, solution of 26, HBF4'Ety0 was added dropwise. IR

showed complete conversion of 26 to a new species, presumably
[{HCPz* (HPz*) }Rh (CO) ] (BF4) 2 27 with v(CO) at 2110, 2050 cm™ .

Complex 27 could be converted back to 26 by addition of HCPz*3. An

attempt at isolation of 27 failed because of its instability.

Reaction of 26 with NEt3

A solution of 26 (20 mg, 0.036 mmol) in acetone (15 mL) was
reacted with NEt3 (1 mL, 1.2 mmol) and H20 (0.5 mL). The reaction was
complete in a few minutes as indicated by IR. Evaporation of the
organic layer and hexane extraction of the residue gave a bright
yeliow solid, which was characterized as the known [Rh(CO)sz*]Z.

Characterization: IR (hexe 2086 (s), 2072 (s), 2018 (s) am™1,

v(CO). 1H NMR (CDpClp): & 5.85 2H), 2.30 (s, 12H). MS, 180°C/1éev
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(m/e, rei.int.): Mt(508, 11), M*-CO(480, 3.4), M*-2C0(452, 4.3), M*-

3co(424, 1.7), Mt-4c0(396, 3.3), BPY (base peak, 202, 100).

Carbonyldibromo{tris (3,5-dimethylpyrazol-l-yl)methane]

rhodium (IIX)tetrafluoroborate 28

A solution of Bry in CHCls; was added dropwise to 26 (20 mg,
0.036 mmol) in CH2Cly (15 mL) until IR showed complete disappearance
of 26. The solution changed from yellow to orange when the reaction
was complete. Removal of CHpCl; gave the product as an orange solid
(24 mg, 100%).

Exposure of 28 to wet CHpClp caused the appearance of a broad

IR band at 2060 cm™1 in the 1600-2200 cm~1 region. These new species

was not isolated or further identified.

Characterization: IR (CHClp) 2132 cm™l, v(co). 1H NMMR (CD,Cl,):
5 2.67 (s, 6H), 2.73 (s, 6H), 2.75 (s, 3H), 2.85 (s, 3H), 6.25 (s,

2H), 6.28 (s, 1H), 8.11 (s, 1H). Anal. Calcd for

28-CHyCl,, C18H24NgBr0CloRhBF4: C 28.42, H 3.18, N 11.05. Found: C

28.29, H 3.22, N 11.40.

Carbonyliodomethyl[tris(3,5-dimethylpyrazol-l—yl)methane]

rhodium (IXI)tetrafluoroborate 29

Iodomethane (2 mL, 32 mmol) was added to a THF (15 mL) solution
of 26 (20 mg, 0.036 mmol). The solution was stirred at room

temperature for 16 h. IR showed complete disappearance of 26. THF was



105

emoved under vacuum and the residue was recrystallized £rom

HpoClp/hexane to give the product as an orange solid (27.Ll mg, 89%) .

Characterization: IR (CHzClp) 2086 eam=l, v(co). tu NMR (CD2Cl2):

, 2.10 (4, 2Hz, 3H), 2.43 (s, 3H), 2.58 (s, 3H), 2.66 (s, 6H), 2.69

(s, 3H), 2.72 (s, 3H), 6.16 (s, 1H), 6.21 (s, 1H), 6.22 (s, 1H), 7.99
(s, 1H). Anal. Calcd for C1gHpsNgOIBFqRR: Cc 32.85, H 3.83, N 12.77.

Found: C 32.97, H 4.11, N 12.78.

Carbonyltriphenylphosphinetris(3,S-dimethylpyrazol—l—yl)

methanerhodium(l)tetrafluoroborata 30

A solution of AcacRh(CO)2 (40 mg, 0.155 mmol) was stirred with

PPh3 (40.6 mg, 0.155 mmol) in CHpClz (25 mL), evolving CO gas
instantaneously. The product AcacRh (CQ) (PPh3) showed v (CO) at 1377
am L. HCPz*3 (46.3 mg, 0.155 rmol) was then added. Complete conversion
of AcacRh(CO) (PPh3) to 30 was obtained with the addition of 1 eq
HBF 4 Et20 (monitored by IR). The pure product was obtained by twice
dissolving the crude product in CHpCl2 and precipitating with hexane
as a green-yellow solid (106 mg, 88%).

characterization: IR (CHpClp) 1999 cm-1, v(CO). TH NMR (CD2Cl2):

5 1.84 (s, 9H), 2.29 (s, 9H), 6.00 (s, 3H), 7.4 (m, 15H), 7.80 (s,

1q). At -76%C: & 1.25 (s, 6H), 2.06 (s, 6H), 2.48 (s, 6H), 5.84 (s,

rr
24), 6.24 (s, 1H), 7.3 (m, 15H), 7.76 (s, 1H). Anal. Calcd for 30-0.5
CHoClp, C35.5H38N6POCthBF4: C 51.91, H 4.63, N 10.24. Found: C

51.49, H 4.71, N 10.09.
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Carbonyltriethyiphosphinetris(3,5-dimethylpyrazol-1-yl)

methanerhodium(I) tetrafluorcborate 31

This complex was prepared according to the same procedure as
azbove. The pure product was obtained by twice dissolving the crude
product in CHCl; and precipitating with benzene as a pale yellow
sclid (>8C% yield).

Characterization: IR (CH2Clp) 1991 cm™1, w(Cco). lu aMR (CDyCls):
5§ 1.0 (d of £, 17Hz, 7Hz, 9H), 1.63 (g of 4, 6H), 2.3 (b, 18H), 6.18
(s, 3H), 7.70 (s, 1H). At -36%C: § 0.93 (d of t, 17Hz, 7Hz, 9H), 1.56
(g of 4, 6H), 2.04 (s, 6H), 2.23 (s, 6H), 2.43 (s, 3H), 2.45 (s, 3#H),
.09 (s, 2#), 6.22 (s, 1H), 7.65 (s, 1H). Anal. Calcd for

Cp3H37NgOPBF4Rh: C 43.55, H 5.88, N 13.25. Found: C 42.69, H 5.97, N

13.44.

Carbonyltricyclohexylphosphinetris(3,5~-dimethylpyrazol-1-yl)

methanerhodium(I)tetrafluoroborate 32

This complex was prepared according to the same prcocedure as
30. The pure product was obtained by twice dissolving the crude
product in CHpCls and precipitating with hexane as a green-yellow
solid (>80% yield).

Characterization: IR (CHpCly) 1986 cm™l, v(CO). lH MMR (CDoClp):
6 1.3 (m, 154#), 1.85 (b, 18H), 2.10 (8, 6H), 2.29 (s, 6H), 2.44 (s,
3H), 2.S1 (s, 3H), 6.11 (s, 2H), 6.25 (s, 1H), 7.58 (s, 1H). At -€20z:

§ 0.7-2.0 (m, 33H), 1.59 (s, 3H), 2.08 (s, 3H), 2.36 (s, 3H), 2.40 (s,
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34), 2.47 (s, 64), 6.03 (s, 1H), 6.10 (s, 1H), 6.22 (s, 1HY, 7.8%2 (s,

e

14). Anal. Calcd for C3gHgsNgOPBF4Rh: C 52.78, H 6.96, N 10.55.

Foundc:

c 51.7., H 6.77, N 10.21.

Carbonylcyclooctene[t:is(3,5—dimethy1pyrazol-1-y1)methane]

rhodium (I)tetrafluoroborate 33

A solution of complex 26 (192.8 mg, 0.35 mmol) in CH>Cly/CCE
(10/35 mL) was stirred at room temperature for 4 days. A Np purge with
a rate of one bubble per second was passed above the solution to
remove CO formed in the reaction. The IR showed 90% conversion of 26
to 33. Hexane was added to the solution to give a mixture of 286 and
33 (1:8 ratio by 1y NMR) as a yellow solid. Separation of the twc was

not achieved and the mixture was used as the source of 33 in further

reactions.

Characterization: IR (CHpClp) 2017 cm™l, v(Co). lH MMR (CD2Cl2):
§ 1.5-1.9 (m, 10H), 2.0 (d, 2H), 2.44 (s, 9H), 2.58 (s, 9H), 4.22 (d,
2H), 6.10 (s, 3H), 7.84 (s, 1H). Anal. Calcd for CpsH3gNEOBF4qRh: C

47.94, H 5.79, N 13.42. Found: C 46.63, H 5.67, N 13.53; Calcd for 1:3

-~ .

mixture of 26 and 33: C 47.02, H 5.6C, N 13.64.

Photolysis of 26 in benzene

A solution of 26 (20 mg, 0.036 mmol) in CHpClp/benzene (1:25

ratio, 20 mL) was irradiated for 8 min with Np purge. The IR spectrum

showed complete disappearance of 26 and 1y NMR showed that the
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sroducts contained both [HCPz 3Rh(CC) (Ph) (H) 1" 34 and
r5CPz*3Rh(CO) (H) 21" 35 in a 37:3 ratic ¥ TH NMR.

Characterization of 34: IR (benzene) 2063 cam™l, v(CO). 1y avm
(CDClz;: & 1.63 (s, 3H), 2.06 (s, 3H), 2.38 (s, 3H), 2.64 (s, 3H),
2.67 (s, 3H), 2.72 (s, 3H), 6.05 (s, 1H), 6.12 (s, 1H), 6.20 (s, 1H),
2.0 (b, SH), 8.06 (s, 18), -12.71 (d, 21Hz, 1H). At -60%C: & 6.53 (g,

7.58z, 1H), 6.85 (t of d, 7Hz, 1H), 7.02 (g of 4, 7.5Hz, 28), 7.45 (<,

7.0Hz, 1H), no significant change to other H's.

Carbonylchlorophonyl[tris(3,5-dimothy1pyrazol-1-yl)methane]

rhodium (III)tetrafluoroborate 36

A sample of 26 (201.9% mg, 0.37 mmol) in CHyClp/benzene (1:25
ratio, 100 mL) was irradiated for 45 min with a Ny purge. CCly (3 mL,
31 mmol) was then added and the resulting solution was stirred for 1
h. 36 deposited from the solution slowly as a yellow solid. Filtering
the soluticn and adding pentane to the mother liquor gave a second
crop of 36. The combined solid was twice dissolved in CHCl2 and
precipitated with hexane (190 mg, 82%) .

Characterization: IR (CHClp) 2110 am~l, v(co). H MMR (CDpClo):
5 1.84 (s, 3H), 1.85 (s, 3H), 2.63 (s, 3H), 2.71 (s, 3H), 2.74 (s,
34), 2.77 (s, 3H), 6.14 (s, 1H), 6.22 (s, 2.5H, due to overlap), €.26
(s, 0.5H, due to overlap), 6.94 (t of d, 7.2Hz, 2.0Hz, 1H), 7.12 (£ of
d, 1H), 7.24 (¢t of 4, 1H), 7.77 (d cf 4, 7.7Hz, 1H), 8.16 (s, 1H).
anal. Calcd for 36°0.5 CgHg, CpgH3gNsClORNBF4 C 46.77, H 4.53, N

12.59. Found: C 47.19, H 4.64, N 12.66.
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Carbonylethvleneitris (3, 5-dimethylpyrazol-1-~

vl)methane]lrhodium(I)tetrafluoroborate 37

Method A A solution of complex 26 (88.7 mg, 0.16 mmol) was

irradiated in CHpCljz/benzene (1:25 ratio, 100 mL) as above for 20 min.
Solvent was removed under vacuum and the residue was dissolved in
CHCly (10 mL). The solution was pressurized to 900 psi ethylene and
stirrest at room temperature for 42 h. The pure product was obtained by
twice dissolving the crude product in CE»Cls and precipitating with
hexane as a greenish solid (41 mg, 46%).

Characterization: IR (CHpClp) 2032 cm™1, v(CO). 'H NMR (CDoClp):
5 2.40 (s, 9H), 2.60 (s, 9H), 3.15 (b, 4H), 6.10 (s, 3H), 7.87 (s,
1m). at -16%: & 3.4 (4, 8Hz, 2H), 2.74 (d, 8Hz, 2H), assigned to
CoHg, no significant change to other H's. At -56%C: 8 2.22 (s, 3H),
2.42 (s, 6H), 2.50 (s, 3H), 2.55 (s, 6H), 2.72 (d, 8Bz, 2H), 3.34 (d
of 4, 2H), 5.90 (s, 1H), 6.17 (s, 2H), 7.76 (s, 1H). Anal. Calcd for

C1gHpgNGOBF4Rh: C 41.94, H 4.82, N 15.44. Found: C 41.61, H 4.82, N

15.27.

Method B A solution of complex 33 (20 mg, 0.036 mmol) in
CHpCly (5 mL) was pressurized to 900 psi ethylene and stirred for 2
days at room temperature. The IR spectrum showed complete conversion
of 33 to 37. The product was purified as above and identified by

comparing IR and 1 MR spectra with those from above.
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Carbonyldihydrido[tris(3,5-dimethylpyrazol~1—yl)methane]

rhodium (III)tetrafluorcborate 35

A sample of 26 (15 mg, 0.028 mmol) in CHyClo/benzene (1:25
ratio, 30 mL) was irradiated for 8 min with a No purge. Solvent was
removed under vacuum and the residue was dissolved in CHpClp (2 mL),

which was then pressurized to 80C psi Ho and stirred for 22 h. IR

showed complete conversion cof 34 to 35.

Characterization: IR (CHpClsy) 2067 cm~1l, v(co). 1 R (CD2Cl5) :
8 2.29 (s, 3H), 2.32 (s, 6H), 2.62 (s, 3H), 2.64 (s, 6H), 6.12 (s,
1H), 6.14 (s, 2H), 7.98 (s, 1H), -13.80 (d, 19Hz, 2H). Elemental

analysis was not obtained because of its low stability.

Photolysis of 30 in THF

A sample of 30 (77.8 g, 0.1 mmol) in THF (30 mL) was irradiated

for 23 min with Ny purge. IR showed complete disappearance of 30.

Adding hexane to the solution and recrystallizing the precipitate frem
CHpCls/hexane gave the product [HCPz*3Rh{(C684)P(C6H5)2}(H)]BF4 38 as
an off-white solid (62 mg, 80%).

Characterization: 1H NMR (CDyCly): & 0.72 (s, 3H), 1.82 (s, 3&),
2.58 (s, 3H), 2.66 (s, 3H), 2.68 (s, 3H), 2.70 (s, 3H), 5.83 (s, 1i),
6.08 (s, 1H), 6.22 (s, 1H), 7.1-7.8 (m, 14H), 7.98 (s, 1H),

-14.93 (d of d, 21Hz, 31Hz, 1H). Anal. Calcd for C33H3gNgPBF4Rh: C

54.42, H 4.97, N 11.20. Found: C 53.59, H 5.14, N 10.64.
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Photolysis of 30 in benzene

A sample of 30 (20 mg, 0.025 mmol) in CHpCljy/benzene (1:25

ratio, 25 mL) was irradiated for 12 min with N, purge. Removal of

solvent under wvacuum gave a mixture of 38 and a new species

[HCPz* 3Rh (H) (Ph) (PPh3) ]BF4 [or [HCFz 3Rh(H),(PPh3)]BF4 30 A] in a

97:3 ratio, which was detected by 1y ar spectrometry.

Characterization: 1H NMR of 30 A (CDyCljp): & -16.26 (t, 12Hz),

cther resonances were not resolved.
Photolysis of 31 in benzene

A sample of 31 (20 mg, 0.033 mmol) in CHsClo/benzene (1:25

ratic, 25 mL) was irradiated for 12 min with N; purge. Removal of

solvent under vacuum gave a mixture of 34, 31 A and 31 B, which were
detected by the 1 MR spectrum.

Characterization: ‘H NMR (CDClp): & -12.70 (d, 21Hz),
-16.33 (3 cf &, 25Hz, 33Hz), -17.C0 (t, 26Hz) in an integral ratic <f

6:22:11. others resonances were not resolved.
Photolysis of 37 in benzene

A sample of 37 (20 mg, 0.036 mmol) in CHzCly/benzene (1:25
ratio, 25 mL) was irradiated for 12 min with Ny purge. Removal of

solvent under vacuum gave 34, which was identified by 1g nvr

spectrum.
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Dicarbonyl([tris(pyrazol-l-yl)methane]rhodium(I)

tetrafluoroborate 39

To a solution of AcacRh(CO) (40.0 mg, 0.16 mmol) ard HCPz3
(33.3 mg, 0.17 mmoi) in CH2Cly (20 mL}, HBF4 'Et-~0 wos adurd Zdrcpwise
until IR showed complete disappearance of AcacRh(CO}z. The reaziica
was preferably carried out under CO atmcsphere instead of Ar =sinze 39
loses CO readily to form 40 as a white precipitate. The clear yellow
solution was syringed from the precipitate 40 (see below), and hexane

was added to it to give a yellow solid 39, which was twice dissolved

in CH7Cl2 and precipitated with hexane in the same manner.
Characterization: IR (CHpCly) 2104 (w), 2088 (s), 2045 (w), 2023
(vs) am~1, v(co). lg rvr (CDCl2): & 6.51 (t, 2.5Hz, 3H), 7.89 (d,

2.1Hz, 3H), 8.38 (dof d, 0.7Hz, 2.2Hz, 3H), 9.39 (s, 1H). Anal. Ca.zd

for CyoH1gNgO2BF4Rh: C 31.34, H 2.19, N 18.27. Found: € 31.42, H 2.13,

N 18.26.

(h~tricarbonyl)bis(trispyrazol-l-ylmethane)dirhodium(I)

bis(tetrafluoroborate) 40

The white precipitate from above was washed with CHClp (3 x 10

mL) and dried.
Complex 40 1is insviuble in CH,Cly, CH30H and acetone.
Characterization: IR (CCly supension) 1858 (b), uv(CO).

Anal.Calcd for Cz3HpgN1203B2FgRhy: C 30.97, H 2.26, N 18.84. Found: C

30.28, H 2.30, N 18.45.
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Bisethylene[tris (pyrazol-l-yl)methane]rhodium(I)

tetrafluoroborate 41

One egquivalent of HBF4°Et,0 was added to a solution of
AcacRh(CzHy)p (61.2 mg, 0.237 mmol) and HCPz3 (5C.2 mg, C.238 mmcl) :in
ZHpClp (25 mL) . After stirring for 1 h, the volume <f the soluticn was
reduced under vacuum (10 mL). Crude 41 was precipitated by the
addition of hexane, which was then twice dissolved in CH2Cl, and
precipitated with hexane to give 41 as a pale yellow solid (87.1 mg,
82%) .

Characterization: 'H NMR (CD5Cl,): § 2.73 (d, 1.7Hz, 8H), 6.48
(t, 2.5Hz, 3H), 7.94 (d, 2.2Hz, 3H), 8.35 (d, 2.7Hz, 3H), 9.27 (s,

14). at -80%: 2.22 (4, 10.7Hz, 2H), 2.89 (d, 10.5Hz, 2H), assigned o

CpHg, no significant change to other H's. Anal. Calcd for
Cj4H1gNgBF4Rh: C 36.55, H 3.94, N 18.27. Fecund: C 36.26, H 3.84, X

18.10.

Ethylenetriphenyiphoaphine[tris (pyrazol-l-yl)methane]rhodium

(I)tetrafluoxroborate 42

A sample of AcacRh(CzH4)2 (100 mg, 0.39 mmol) was stirred with
PPh3 (83 mg, 0.32 mmol) in CHClp (20 mL) for 30 min. HCPz3 (83 mg,
0.41 mmol) was then added, followed by 1 eq HBF4 Etp0O. After stirring
for 1 h, the volume of the solution was reduced under vacuum (10 mL).

Crude 42 was precipitated by the addition of hexane, which was then
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twice dissolved in CHoCls and precipitated with hexare to give 42 zs
a pale yellow solid (226 mg, 85%).

Characterization: 'H NMR (CDoCls): & 1.8 (m, 28), 2.3 (m, 2H),
6.28 (s, 3H), 7.3 (m, 18H), 8.38 (4, 3Hz, 3H), 9.30 (s, 1H).
znal.Calcd fcr 42°0.5 CHpClp, C3p.g5H3gNgClPRhBE4: C 49.72, H 4.10, ¥

11.41. Found: C 49.84, H 4.35, N 11.23.

Trichloro{tris (3, 5-dimethylpyrazol-l-yljmethana]lrhodium (III)

43

A mixture of RhCl3°'xH20 (76.3 mg, 0.29 mmol) and HCPz*3 (86.4
mg, 0.29 mmol) was refluxed for 4 h in absolute ethanol (20 mL). EtOH
was syringed from the solid, which was washed with THF (2 x 10 mlL) and

hexane (2 x 5 mL). Drying in vacuum gave the product as a reddish

solid. Complex 43 is not soluble in CH2Cl; and acetone.
Characterization: Anal. Calcd for CjgHz2NgCliRh: C 37.86, H

4.37, N 16.55. Found: C 37.63, H 4.50, N 15.80.

Trichloro (ethoxytrispyrazol-l-ylmethane) rhodium (IIXI) 44

A mixture of RhCl3'xH20 (92.3 mg, 0.35 mmol) and HCPz3 (75.0 mg,
0.37 mmol) was refluxed for 4 h in absolute ethanol (20 mL). EtOH was
syringed from the solid, which was washed with THF (2 x 10 mL) and

hexane (2 x 5 mL). Drying in vacuum gave the product as a pale yellow

solid. Complex 44 is not soluble in CH2Cl; and acetone.
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rmaracterization: Anal. Calcd for CjoHjgNgCl3ORh: C 30.83, H

3.02, N 17.97. Found: C 31.25, H 3.02, N 17.83.
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SECTION III

RESULTS AND DISCUSSION

A Preparation of [HCPz 3Rh(CO),]1BF, 26

The anionic HBPz*3' reacts with [Rh(CO)2Cl}o cleanly to form
HBPz*3Rh(CO)2.9 In contrast, the reaction between the neutral HCPz*3
and [Rh(CO)2Cl]l, gave a very complex result, and no CO bands were
attributable to [HCPz*3Rh(CO)2]+ 26. As an alternative AcacRh(CO)3
was employed to prepare 26. Addition of acid to a mixture of
AcacRh(CO) > and HCPz*3 released HAcac and gave 26 as the only
detected product. The reaction was instantaneous, making IR monitoring
both effective and efficient. Excess acid should be avoided since

protonation of 26 occurs as follows:

- H NH T
\C———N’//
N/
* + H+
[HCPZ ,Rh(CO),] NN . . CO {iV-2)
- o
28 N\Nf ~~ Cco
27

In the protonation of HBPz*3Rh(CO)2,1O it was shown that the

incoming proton attacks the pyrazole nitrogen rather than rhodium. The

same pattern is assumed here. Prior to this work, AcacRh (CO) o has been

used by L. A. Oro and co-workers to prepare some bispyrazolylmethane

rhodium complexes such as [HZCP2*2Rh(CO)2]ClO4.11



117

As an intended precursor to 26, HCP2*3RhCl3 was prepared from
refluxing RhCl3'xH30 and HCP2*3 in EtOH. Its intermediacy has not been
tested because of the success of using AcacRh(CO),. Worth mentioning
here is the reaction between the unsubstituted pyrazole ligand HCPz3
and RhCl3°xH20 in EtOH, where EtOCPz3RhCl3 was isolated. This
indicates that the C-H bond of H-CPz3 was cl»aved and replaced by a

EtO-CPz3 bond. Such a reaction is formally "alkane alcoholysis"™.

Alkane
C-H 'H ——————— R5;C-OR’ H Iv-3
Ra * R'H Alcoholysis 3 * 2 ( )

Silane
R4Si-H RH —————— R4Si-OR' + H IV-4
he * Alcoholysis 3 2 ( )

In th2 reaction of HCPz*3 with RhCl3*xH>0, the same process is
probably sterically unfavorable, thus not observed. The related silane

alcoholysis (eqg IV-4) is well known, and its catalysis by an iridium

complex has very recently been J:eport:ed.12

B Reactions of 26 with CH3I, Bros and Et3N

Both CH3I and Brp add oxidatively to 26 forming Rh(III)

complexes (3cheme IV-1). The methyliodo derivative 29 is air-stable,
but the dibromo- derivative 28 seems to be moisture sensitive.

Exposing 28 to wet CH,Cl,; produced a new IR band at 2060 (very broad)

cm™1, which has not been assigned.
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The 15 NMR spectra of 28 and 29 are as expected for an
octahedral geometry around rhodium. 29 exhibits three sets of
pyrazole resonances and 28 exhibits two with a ratio of 2:1.

In an attempt to prepare a neutral pyrazolylmethane rhodium
complex, 26 was treated with Et3N and H0. Instead of any neutral
species, decomposition occurred and the known pyrazolyl bridged dimer
[Rh(CO)sz*]z9a formed ¢(Scheme IV-1l). Degradation of HCPz*3 by base
appears to be common, and decomposition of other complexes were also

observed when treated with base.

C Preparation of [HCPz 3Rh(CO)(L)]% (L = PEt3, PPh3, PCys,

C2H4 and COE)

The three phosphine complexes were prepared according to the
same procedure as that of 26 starting from the corresponding

AcacRh{CO) (PR3) (R = Et, Ph and Cy). All three compounds are more

soluble in organic solvents than 26 and are moderately air-stable.

AcacRh(CO)(L) + HCPz 4 H:’;ac [HCPZ ;RA(CO)L)]* (IV-5)
L= CO CCE
PPhg CoH,
PEt;
pCYg

Stirring 26 at room temperature in CHCly/COE led to the

replacement of one CO group and the formation of 33. The reaction was

very slow and 100% conversion of 26 was not achieved. Pressurizing 33
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with ethylene afforded the ethylene derivative [HCPz 3Rh(CO) (CpHg)l™
37. Complex 37 alsc formed f£rom the reaction of
[HCPz*3Rh(CO)(Ph)(H)]+ 34 with ethylene (Scheme IV-1). No

ethylrhodium product from an iissertion reaction was detected.

D Spectroscopic studies of [HECPz 3Rh(CO) (L)l (L = cO, PR3,

COE and CjzHy)

In this group13, a detailed spectroscopic study has been carried

out on the neutral HBPz*3Rh(CO)(L) (L = CO, PR3) system. It has been
well established that HBP2*3Rh(CO)2 exists as both the 18- and 16-
electron forms in CHCls (eg IV-6) and the equilibrium lies far to the

left where HBPz*3" acts as a tridentate ligand (n3—).

7’ -HBPz ;Rh(CO), — n°-HBPz 3Rh(CO), (I\v-8)

The HBPz*3Rh(CO)(PR3) corplexes, on the other hand, exist only as the
16-electron form in which HBPz 3~ is bidentate (n2-). Solution IR
spectra using the related bispyrazolylborates HZBPz*th(CO)(PR3) for

comparison strongly support this n2

- only formulation.

Table IV~1 lists CO stretching frequencies of [HCPz 3Rh(CO) (L)]7
along with those of the analogous HBP2*3Rh(CO)(L) complexes. All the
values for [HCPz*3Rh(CO)(L)]+ complexes are higher than those for

HB?z*3Rh(CO)(L), indicating rhodium is mcre electron rich in the

latter. The CO stretching bands of 26 (Figure IV-1) exhibit a very
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similar pattern to that of HBPz*3Rh(CO)2. Thus it is reasonable to

assume the same equilibrium exists for 26 in CHClpy solution:

/\
N.,,, —_— /\N“ (1v-7)

Fh—-CO oy CO

l Nc"' ;‘vco
L g _

The bis(3,S-dimethylpyrazol-l-yl)methanz rhodium complex
[H,CPz* HRh (CO) 1C10411 shows CO bands at 2100, 2035 cm™! (Nujol mull),
which are very close to those of the above lé-electron form. The 1y
NMR spectrum of 26 was not useful in studying the above equilibrium.
It showed all the three pyrazole rings to be equivalent both at room
temperature and down to -100%. Presumably the above interconversion

of 16- and 18-electron forms is too rapid for NMR to show both

separately as was the case in the analogous HBPz*3Rh(CO)2.13

Remarkably, NMR did show the two forms for HB(3-PhPz)3Rn(CO)o
according to Krentz's work .14

Unlike the dicarbonyl 26, the IR spectra of [HCPZ*3Rh(CO)(L)]+
(L = PEt3, PPh3, PCy3 and CpHg) show a single CO stretching band
likely due to the lé-electron species [n2-HCPz ™ 3Rh (CO) (L)}
comparison to the well-established HBPz*3Rh(CO)(L) complexes. The TH
NMR spectra of 30, 31 and 37 are similar. They showed one type of
pyrazole at room temperature and two types with a 2:1 ratio at lower

temperatures (Figure IV-2). The more bulky PCys3 derivative 32 showed

a somewhat different pattern with two types of pyrazoles at roocm



temperature and three types at lower temperatures (Figure IV-3). The
interconversions shown in Scheme IV-2 provide a plausible explanation
for this lH NMR behavior, but other mechanisms cannot be ruled out at
this stage. A similar mechanism has been proposed to explain the 1y
NMR behavior of HBPZ’3Rh(CO)(PR3) complexes.13

For 30, 31 and 37, all the 16- and 18-electron
interconversions are rapid on the NMR time scale at room temperature,
avrraging all three pyrazoles. At lower temperatures, only the first
two processes are active, averaging the two pyrazoles bonded to
rhodium. Thus a 2:1 ratio of pyrazole proton resonances is observed.
The 18-electron intermediate is perhaps very short lived and not
observed in 1H NMR, which is in accord with a single v(CO) band in the
IR spectrum. For the more bulky PCy3 derivative 32, there is likely
more crowding around the rhodium center and as a consequence the
energy barriers are greater for all the processes. Thus only the first
two processes are active at room temperature. At lower temperatures,
all the processes are effectively "stopped"” and all the three

pyrazoles exhibit proton resonances at different chemical shifts.
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E Activation of arene C-H bonds by 26

Irradiation of 26 in benzene yielded both 34 and 35 in ca.

97:3 ratio by 1y NMR. Addition of small amount of CH3Cl, improves the
solubility of 26 in benzene, but too much CH2Clz tends to slow down
the reaction. A ratio of 1:25 (v/v) between CH,Cly; and benzene was

usually employed.

+
/c01
HCPz ,Rh —Ph
r ; \\H
34
. I :] JaHaCl,
[HCPz sRhCORT — < + (1v-8)

_ro7"
\\HCPz sRh —H
N

35

The phenylhydridorhodium complex 34 shows three distinct
pyrazoles in its 1y R spectrum. The hydrido proton appears at
-13.8 ppm as a doublet (Jgh.y = 18Hz), indicative of a rRh-H bond. The
phenyl protons appear as a brnad singlet at room temperature as
rotation about the Rh-Ph bond is vast (Figure IV-4). Four separate
multiplets with a ratio of 1:1:2:% were observed on cooling to -60%
(PFiqure IV-5).

Treating 34 with CClg produced the chlorophenyl derivative 36
(Scheme IV-1). Complex 36 showed five separate multiplets with a

ratio of 1:1:1:1:1 for the phenyl protons at room temperature. The
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barrier for Rh-Ph rotation, as expected, is higher in 36 than that in
34. The same trend has been cbserved for other systems.l'15

The formation of the dihydride 35 is puzzling. The analogous
reaction of HBPz*3Rh(CO)2 gave only the phenylhydride species. Cther
systems16 including the cationic [P(CHZCHZPPh2)3Rh]+ fragmentq
activate benzene C-H bonds but do not form dihydrido complexes in the
process.

Pressurizing a mixture of 34 and 35 with H, brought about
complete conversion of 34 to 35 (Scheme IV-1). The 1g ar spectrum of
35 shows a 2:1 ratio for the three pyrazole resonances, in accord

with a mirror plane i1 the molecule.

F Activation of arene C-H bonds by [HCPz 3Rh(CO)(L)]BFgq L =

PEt3, PPh3 and C3Hy)

Photolysis of 31 in benzene gave at least three products as
indicated from the hydride region of the 1y MR spectrum. Besides the

known phenylhydrido 34, 31 A and 31 B were

[HCPz ,Rh(CO)PEt,)]"

3 + 31A + 318B (1V-9)

31
also observed. 34 corresponds to the loss of PEt3. 31 A or 31 B may
correspond to the loss of CO as indicated by the presence of phosphine
coupling to the hydride resonance, and could be formulated as
[HCPz*3Rh(H)(Ph)(PEt3)]+. The third species is probably a dihydride or

a cyclometalated compound (structures below). Separation of the
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a cyclometalated compound (structures below). Separation of the
products was not practical because their ionic character ruled out

column chromatography and recrystallization failed.

|
,én. N\:Rﬁf’
H l'ﬂpas H I “-PEts

Ph H

H +

|

N/‘a;\ |
0L & 10

. Rh".
H UPEtZ

The PPh3 derivative 30 is different from 31 in that photolysis
cleaved the Rh-CO bond exclusively. No v(CO) band was detected from
the photolysis solution of 30. When THF was used as the solvent, only
the orthometallated product 38 formed. But a second product 30 A was
detected in ca. 3% yield when benzene was used as the solvent. It has
not been identified, but is probably a phenylhydridorhodium complex
[HCPz*3Rh(H)(Ph)(PPh3)]BF4 or the dihydride [Hcpz*3Rh(H)2(PPh3)]BF4.

Irradiation <of 37 in benzene yielded 34 cleanly (Scheme IV-1).
No other hydrido species were observed. HBPz*3Rh(CO)(C2H4) was
reported to form the ethylene inserted product HBPz*3Rh(CO)(Et)(Ph) in
addition to HBPz*3Rh(CO)(H)(Ph) when irradiated in benzene. Apparently

the same insertion did not occur with 37.
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G Trispyrazolylmethanerhodium(I) complexes

An analogous method was used for the preparation of
unsubstituted pyrazolylmethane complexes [HCPz3Rh(L) (L')]BFg4. Unlike
the 3, 5-dimethylpyrazolylmethane ligand HCP2*3, the reaction between
HCPz3 and AcacRh(CO)2 afforded a dinuclear product 40 besides the

expected 39 (eg IV-10).

ol”
~ HCPz3Rh

co
39

+

AcacRh(CO), + HCPz; ~—im < .
. |-;c|=’z3Fah{/-——8> RhPz,CH

5

40

(V-10)

The formation of 40 is probably a result of both steric and
electronic factors. HCPz3 is less electron donating than HCPz*3. Thus
its Rh-CO bond in 39 should be weaker than that in 26, and should

more easily dissociate to form a monocarbonyl intermediate

[HCPz3Rh (CO) 1¥; this intermediate could then combine with another
molecule of 39 to form 40. With no methyl groups, HCPz3 does not
impose any steric crowding on 40. The methyl substituted HCPz*3 would

introduce considerable crowding into an analogous dimer

[ (HCPz™ 3Rh) 2 (CO) 31 2%,
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The v(CO) bands in the IR spectrum of 39 appear about 10 cm”+

higher than those of 2€ (Table IV-1), reflecting the weaker electron

donating ability of HCPz3 compared to HCPz*3. As in the case of 26
and HBPZ*3Rh(CO)2, 39 shows two sets of carbonyl stretching bands. 2
similar 16~ and l1l8-electron equilibrium must exist here as well.
The bispyrazolylmethanerhodium cation [HZCPzth(CO)Z]+ 11 showed
v(CO) at 2100, 2040 cm‘l, close to the l6-electron species above.
While this work was in progress, Oro and co-workers reported the
preparation of [HCPz3Rh{COD)1C10417 and [ (HCPz3Rh),(CO)3] (BF4) o, 8

which is numbered as 40 in this work. The pyrazolylmethane dimer 40

is very similar to the pyrazolylgallate [(MeGaPZ3)Rh2(CO)3}l9 and the
pyrazolylborate [(HBP23)Rh2(CO)3]2O complexes.

The ethylene derivatives 41 and 42 were prepared from

AcacRh (CpHyg) 2 and AcacRh(CpHy) (PPh3y) respectively. Both 41 and 42 are

pale yellow mecderately air-stable solids.
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CHAPTER FIVE

C-BE ACTIVATION BY TRIS(3,5-DIMETHYLPYRAZOL-1-YL)

BORATOPHOSPEINERHCDIUM COMPLEXES
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SECTION I

INTRODUCTION

Extensive research has been carried out on pyrazolylborate

transition-metal chemistry. Recently, HBPZ*3M(CO)2 (M = , Ir) has

been shown to activate C-H bonds with high efficiency and

selectivity.l

; y
O PR
Ot 10 . QLA
M
o % o T TH

R
M= Rh, It

Prompted by these successful results, monophosphine analeogs of
the above dicarbonyl complexes were investigated. Compared to a CO
group, PR3 (R = alkyl) is a better electron donor and more sterically
demanding. Both of these two factors should stabilize the C-H
inserted M(III) products in this system. The phosphine ligand should
also enhance the solubility of the complex in the hydrocarbon to be
activated. This Chapter describes the activation of benzene C-H bonds
by HBPz*3Rh(L) (L') (L = CO, L' = PMe3, PEt3, PCy3; L = CpHg, L' =
PMe3) and the kinetic study of benzene reductive elimination from
HBPz* 3Rh (H) (Ph) (PMe3) 46 in CgDg. The novel formation of

HBPz*3Rh (OH) (Ph) (PMe3) from 46 and H0 is also reported.
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SECTION II

EXPERIMENTAL

General

(Rh(CoHg) 2Cl] 5,2 HBPz™3Rh(CO) (PR3) (R = Me,> Cy®) were prepared
by literature methods. HBPz*3Rh(CO)(PEt3) was prepared by the same
procedure as HBPz“3Rh(CO) (PR3) . A Hanovia 450-W medium pressure
mercury lamp, fitted with a Pyrex filter and a water-cooled jacket,
was used as the light source and samples were placed approximately 2

cm from the lamp in photolysis reactions.

Ethylonotrimothylphosphin.[trin(B,S-dimothylpyrazol-l—

yl)borato]lrhodium (I) 45

To a solution of [Rh{CpHg)2Cl])z (196.9 mg, 0.51 mmol) in
toluene (50 mL), PMes (104.7pL, 1.01 mmol) was added, and the
resulting mixture was stirred for 5 h. KHBPz'3 (358 mg, 1.07 mmol)
was then added. After stirring overnight, the solvent was removed
under vacuum and the residue was extracted with hexane (2 x 20 mL).
The hexane extracts were evaporated to give a yellowish solid which
was extracted again with fresh hexane (15 + 5 mL). Removal of the
solvent gave crude product as a pale yellow solid. Pure 45 was

obtained by cooling a concentrated solu:ion to -40%C and syringing tre
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solution from the precipitate 45 at the same temperature (149 mg,
58%).

Characterization: MS, 170°C/l6ev (m/e, rel.int.): M¥-CyHg (475,
100), M*-CpH4-PMe3(400, 17)  YH NMR (CDClp): & 0.90 (d, 1O0Hz, 9H),
2.05 (s, 3H), 2.14 (s, 3%, 2.42 (s, %H), 2.47 (s, 6H), 5.38 (s, 1lH),
5.86(s, 2H), CpH4 proton resonances were very broad and not observed:
at -40%: & 1.48 (m, 2H), 2.58 (m, 2H) due to CjHg4, no significant

change to other protons down to -600C. Anal. Calcd for CpgH3sNgPBRh: C

47.64, H 7.00, N 16.67. Found: C 47.34, H 6.86, N 16.81.

Bydridophenyltrimothylphosphin.[hydrotril(3,5-

dimethylpyrazol~l-yl)borato] rhodium(ITII) 46

A solution of 45 (20 mg, 0.04 mmol) in benzene (20 mL) was
irradiated for 12 min. A N purge was maintained during the
irradiation. Removal of solvent gave 46 as a yellowish solid.

Characterization: MS, 1609C/70ev (m/e, rel.int.): M"-H(553, 2),
M*—CgHg (476, 43), M*-CgHg-PMes3 (400, 14), BP*(base peak, 78, 100) 1H
MMR (CDpClp): 8 1.35 (s, 3H), 1.47 (dd, 1lHz, 9Bz, 9H), 2.02 (s, 3H),
2.33 (s, 3H), 2.35 (s, 3H), 2.40 (s, 3H), 2.51 (s, 3H), 5.56 (s, 1H),
5.79(s, 1H), 5.87 (s, 1H), 6.5-6.9 (m, 4H), 7.45 (d, 8Hz, 1lH), —17.40
(dd, 25Hz, 30Hz, 1H); In CgDg: & 1.1 (d, 9Hz, 9H), 1.72 (s, 3H), 2.02
(s, 3H), 2.10 (s, 3H), 2.18 (s, 3H), 2.24 (s, 3H), 2.35 (s, 3H), S.47
(s, 1H), 5.67(s, 1H), 5.87 (s, 1H), 6.83 (t of 4, 1H), 7.01 (t of 4,
18), 7.13 (m, 1H), 7.23 (4, 1H), 7.67 (d, 1H), -16.89 (dd, 24Hz,

30Hz, 1H).
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Thermolysias of 45 in benzene-dg

A solution of 45 (10 mg, 0.02 mmol) in dg-benzene (0.6 mL) in

an NMR tube was freeze-pump-thaw degassed three times, then sealed
under vacuum. Irradiating for 14 min or heating the solution at 101°:
ir. the dark afforded 100% conversion of 46 to HBPz*3Rh(D)(C6D5)(PMe3)
47 which was detected by 1y NMR and shown to have the same chemical

shifts as those of 46 for all the pyrazole protons. The half-life

tg.s5 ©f the thermal reaction is about 30 h.

Bromo (phenyl) (trimethylphosphine) [hydrotris (3, 5-

dimethylpyrazol-l-yl)boratolrhodium (IIXI) 48

A solution of 45 (20 mg, 0.04 mmol) in benzene (20 mL) was
irradiated for 12 min while purging with Ny. NBS (7.1 mg, 0.04 mmol)
was then added, and the solution was stirred for 8 h. Solvent was
removed under wvacuum and the residue was extracted with hexane (3 x
15 mL). The hexane extracts were combined and evaporated to give
crude product as yellow solid. Pure product was obtained by
recrystallization from hexane as yellow crystals.

Characterization: MS, 240°C/70ev (m/e, rel.int.): M* (633, 0.%),
M*-CgHg-Br (476, 100). 1H NMR (CgDg): 5 1.15 (d, 10Hz, 9H), 1.49 (s,
3H), 2.07 (s, 3H), 2.12 (s, 3H), 2.16 (s, 3H), 2.27 (s, 3H), 2.74 (s,

3H), 5.48 (s, 1H), 5.54(s, 1H), 5.69 (s, 1H), 6.58 (m, 2H), 7.00 (t,
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1H), 7.317 (t, 1H), 8.17 (d, 1H). Anal. Calcd for Co4H3gNgPBrBRh: C

45.53, H 5.73, N 13.27. Found: C 46.13, H 5.78, N 13.25.

Bromo (phenyl) (trimethylphosphine) [hydrotris (4-bromo-3, 5-

dimethylpyrazol-l-yl)borato]rhodium(III) 49

A solution of 45 (20 mg, 0.04 mmol) in benzene (27 mL) was
irradiated for 12 min with a N, purge. NBS (42.1 mg, 0.24 mmol) was
then added, and the mixture was stirred for one week. Solvent was
removed under vacuum and the residue was extracted with hexane (3 x
20 mL). The product was purified as above as yellow crystals.

Characterization: MS, 270°C/18ev (m/e, rel.int.): M* (870, 0.6),
BPY (base peak, 78, 100} 1H NMR (CD2Cl»2): & 1.51 (d, 10Hz, 9H), 1.61
(s, 6H), 2.39 (s, 3H), 2.50 (s, 6H), 2.65 (s, 3H), 6.30 (d, 1H), 6.67
(t o£ d, 1H), 6.92 (t of 4, 1H), 7.05 (£t of 4, 1H), 7.71 (d, 1H); In
CgDg: & 0.98 (d, 10Hz, 9H), 1.55 (s, 3H), 1.7 (s, 3H), 2.07 (s, 3H),
2.10 (s, 3H), 2.16 (s, 3H), 2.77 (s, 3R), 6.43 (d, 1H), 6.55 (t of d,
1H), 6.92 (t fo d, 1H), 7.10 (t of 4, 1H), 9.97 (4, 1H): Anal. Calcd
for Cp4H33NgPBrgBRh: C 33.14, H 3.82, N 9.66. Found: C 32.92, H 3.77,

N 9.69.

Hydroxo (phenyl) (tximethylphosphine) [hydrotris (3, 5-

direthylpyrazol-l-yl)borato]rhodium(III) 50

A solution of 45 (40 mg, 0.08 mmol) in benzene (25 mL) was

irradiated for 14 min with N purge. H»0 (1 mL, 56 mmol) was then
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added. After stirring for 10 days, solvent was removed under vacuum
and the residue was extracted with hexane (3 x 10 mL). The volume of
the combined hexane extracts was reduced under vacuum to 10 mL.
Cooling the concentrated hexane solution to -780C afforded some white
precipitate, which has not been identified. The solution was then
filtered at -780C and the filtrate was evaporated to give crude 50 as
a yellowish solid. Pure 50 was obtained as a white solid by cooling a
hexane solution of the crude 50 to -780C and syringing the solution
from the precipitate 50 at the same temperature.

Hexane could also be used as the solvent in the reaction with
H2O0.

Characterization: MS, 155°C/1l6ev (m/e, rel.int.): M* (570, 0.4),
M*-H,0(552, 7), M*-94(476, 7), BP* (base peak, 84, 100) lH mm
(CDpC1lp): 8 1.34 (s, 3H), 1.43 (d, 10Hz, SH), 1.75 (s, 3H), 2.35 (s,
3H), 2.44 (s, 3H), 2.45 (s, 3H), 2.53 (s, 3H), 5.60 (s, 1H), 5.78(s,
1H), 5.82 (s, 1H), 6.54 (4, 1H), 6.68 (t of 4, 1H), 6.88 (t of t,
1H), 7.50 (t of 4, 1H), 7.40 (d4, 1H), -3.24 (1H, broad at room
temperature, sharp at -20%, disappears upon addition of D20): in
CgDg: 8 1.10 (d, 10Hz, 9H), 1.68 (s, 3H), 1.70 (s, 3H), 2.10 (s, 3H),
2.22 (s, 3H), 2.27 (s, 3H), 2.61 (s, 3H), 5.43 (s, 1H), 5.63(s, 1H),
5.72 (s, 1H), 6.84 (t of d, 1H), 6.98 (d, 1H), 7.07 (t, 1H), 7.28 (t
of 4, 1H), 7.83 {d, 1H), the OH proton was not detected at room
temperature and low temperatures were not accessible because of the

melting point of benzene-dg (ca. 7°C): anal. Calcd for Cp4qH37NgPOBRh:

C 50.55, H 6.54, N 14.74. Found: C 50.60, H 6.53, N 14.47.
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Dihydridotrimethylphosphine ([hydrotrisa(3,5-dimethylpyrazol-

i1-yl)borato]lrhodium (ITI) S1

Complex 45 (40 mg, 0.08 mmol) in CH3Clp; was pressurized to
2000 psi Hp. Stirring the solution for four days at room temperature
gave complete conversion of 45 to 51 as indicated by 1y amR.
Recrystallizing from hexane gave the product as a white solid.

Characterization: MS, 155°C/l6ev (m/e, rel.int.): MY-2H(476,
100), M*-2H-PMe3(400, 42) 1H NMR (CgDg): & 1.21 (d, 9Hz, 9H), 2.16
(s, 3H), 2.27 (s, 6H), 2.33 (s, 6H), 2.45 (s, 3H), 5.53 (s, 1H), 5.77

(s, 2H), -17.07 (dd, 21Hz, 36Hz, 2H).

Carbonyl(no:bornylono)t:imothylphosphino[hydxotris(3,5—

dimethylpyrazol-l-yl)borato]lrhodium (III) 52

Complex HBPz"3Rh(CO)2 (60 mg, 0.132 mmol) in hexane/NBL (25

mL/3 g) was irradiated for 11 min with Ny purge. IR showed v(CO) at
2030 cm~1, due to HBPz"3Rh(H) (CgHi13) (CO) according to Ghosh's work. 3
After stirring for 1 h, a new band at 1996 cm~l had formed and the
2030 em~! band had disappeared. Solvent was removed under vacuum and
the residue was placed on a neutral alumina column (1 x 20 cm)
eluting with CH3Clj;. Recrystallizing from CHpClz/hexane gave the
product as a yellow solid.

Characterization: IR (hexane) 1996 cm~l, v(CO); MS, 150°C/l6ev

(m/e, rel.int.): M*(522, 1), M*-NBL (428, 100), M'-NBL-CO(400, 51) l'H
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NMR (CDCljp): & 0.83 (d, 1llHz, 1H), 1.26 (m, 3H), 1.67 (d, 8Hz, 2H),

2.35% (s, 18H), 2.77 (s, 2H), 3.73 (d, 3Hz, 2H), 5.79 (s, 3H). At

-80%: 0.7% (d, 11Hz, 1H), 1.16 (m, 3H), 1.58 (4, 7Hz, 2H), 2.15 (s,

3H), 2.19 (s, 3H), 2.32 (s, 6H), 2.35 (s, 6H), 2.69 (b, 2H), 3.59 (b,

2H), 5.56 (s, 1H), 5.90 (s, 2H). Anal. Calcd for Co3H35NgBORh: C

=

52.90, H 6.18, N 16.09. Found: C 53.11, H 6.16, N 15.83.

Photolysis of 52 in benzene

A solution of 52 (10 mg, 0.02 mmol) in benzene (15 mL) was

irradiated with N purge. The reaction was followed by IR at four-

minute intervals for 12 min, which showed HBPz*3Rh(H)(Ph)(CO) as the

only product; no transient carbonyl species were observed.

Photolysis of EBPz" 3Rh(CO) (PMe3) 53

A solution of 53 (20 mg, 0.04 mmol) in benzene (20 mL) was

irradiated for 1 h in a sealed tube. Solvent was removed under vacuum

and the residue was dissolved in CD2Clp (0.6 mL) for 1z R
spectroscopy, which showed both 46 and HBPz*3Rh(H)(Ph)(CO) (68:32

ratio) were present.

Photolysis of EBPz"3Rh(CO) (PEt3) 54

A solution of 5S¢ (20 mg, 0.037 mmol) in benzene (20 mL) was

jrradiated for 38 min with N purge. Solvent was removed under vacuum
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and the residue was dissolved in CDpCl, (0.6 mL) for lH NMR
spectroscopy, which showed both HBPz*3Rh(H)(Ph)(PEt3) 54 A and
HBP2*3Rh(H)(Ph)(CO) (61:39 ratio) were present.

Charzcterization: lH NMR of 54 A (CD2Clo): 8-16.97 ("apparent

triplet”, 25Hz), other resonances were not resolved.

Photolysis of HBPz"3Rh(CO) (PCy3) 55

A solution of 55 (20 mg, 0.037 mmol) in benzene (20 mL) was

irradiated for 40 min with No purge. Solvent was removed under vacuum
and the residue was dissolved in CD3Cl, (0.6 mL) for 1H NMR

spectroscopy, which showed HBPz*3Rh(H)(Ph)(CO), S5 A, 55 B and 55 C

were present,

Characterization: 1H NMR of HBPz 3Rh(H) (Ph) (CO), 55 A, 55 B
and 55 € (CDpClp): & -12.35 (d, 22Hz), -16.15 (q, 21Hz, 22Hz), -17.20
(q, 20Hz, 24Hz), -19.40 (g, 22Hz, 30Hz) in an integral ratio of

17:7:5:13. Other proton resonances were not resolved.

Reductive alimination of CgHg from 46 in CgDg

A sample of 4€ in benzene (6 mL, an aliquot of a solution
generated from 44 mg (0.087 mmol) »f 45 in 30 mL benzene) was
evaporated and the residue was dissolved in CgDg (0.55 mL). The
sample was placed in an NMR tube and freeze-pump-thaw degassed three
times before sealing under vacuum. The NMR tubz was then immersed in

a Laude K6 temperature bath and heated at the required temperature.
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The disappearance rate of 46 was monitored by following the integral
change of the Rh-H resonance at 5 ~16.89 using the pyrazolyl methyl
resonance at 81.72 as a standard. Duplicate runs were obtained for
each different temperature from 64°C to 104°C at an increment of 10°,
giving a total of ten runs. All l1H NMR spectra were recorded at room
temperature (the rate of arene exchange at room temperature is

negligible compared to that at the bath temperatures).
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SECTIONR III

RESULTS AND DISCUS3ION

A Preparation of 45, 51 and 52

The ethylene derivative HBsz3Rh(CH2CH2)(PMe3) 45 was preparad
analogously to CpRh(C2H4)(PMe3).4 [Rh(CpHg) 2C1l]o was stirred with twe
moles of Me3 in toluene to give [Rh(CpH4) (PMe3)Cl]p, which was then
treated with KHBPz'3. 45 was purified by recrystallization from
hexane. Decomposition occurred when 45 was placed on a Florisil

column.

[Rh(CoH) 2Cll; + 2PMe,

[Ra(PMe3){CoH ) Clh

KHBPZ , V-1

HBPZ RN(C,H )(PMey)
45

The iH NMR of 45 showed two sets of pyrazole resonances in a
2:1 ratio at room temperature. The ethylene protons are fluxional and
appear very broad. Two separate multiplets were observed for the four
ethylene protons at -4009C. No significant change occurred for pyrazole
protons down to -600C. This is consistent with a static l8-electron

trigonal bypyramidal structure for 45.
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/\N,,

PMe,

J
n

In view of the HBPz 3Rh(CO) (PR3) complexes studied by Ghosh, 5¢°

an alternative structure (below) for 45 is possible.

Mo

/\N 1s, oot c\QH'd
N.\\Nu!" -“'wag

The rhodium atom in this structure is four-cocrdinate with an n2—
HBPz*3 ligand. The complex is fluxional between -60°C and room
temperature such that only two pyrazolyl signals are observed by N/R
rather than the three expected. In the complex HBPz*3Rh(CHZCH2)(CO),3
ail three Pz" groups were NMR equivalent at 25°C, but showed a 2:1
pattern at -60°C. The complexes I~ 2z 3Rh(CO) (PR3) 3/ showed one Pz”
signal, 2:1 pz”* signals, or 1:1:1 pz” signals depending on PR3 and
temperature. IR evidence suggested that both of these carbonyl

derivatives were four-coorainate, 1l6e, and that they had an nZ—HBPz'3

ligand.

The nature of 45 in solution remains to be determined, since

the NMR evidence is consistent with either n2 or n3 bonding modes for
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* ~ 3 - - . > ~
the HBPz 3 ligand. The inva uable evidence provided by a _arbonyl

ligand through its IR absorption is lacking in 45.

. " .
HBPz 3Rh:C52H4)(PM93) 5500 o HBPz 3R;(|:)2(PM93) V-2

Pressurizing 45 with Hy yielded HBPz*3Rh (H)> (PMe3) 51. No
other products were detected in this reaction. Although the analogous
Cp"Rh (H) » (PMe3) is described as extremely air-sensitive,’ 51 is
moderately air-stable. The MS of 51 showed M“-2H as the major peak.
The 1H NMR spectrum cf 51 showed two sets of pyrazole resonances in a
2:1 ratio and a high field doublet of doublets at -17.05 ppm due to
hydrido protons, consistent with an cctahedral geometry arcund the
rhodium center.

Complex HBPz*3Rh(NBL)(PMe3) 52 was prepared by irradiating 45
with excess NBL in hexane solution. The intermediate
HBPz*3Rh(H)(C6H13)(CO)3 was observed even though a large excess of

NBL is present. The conversion of HBP2*3 ....... Y(CZD)y +2 852 was

monitored by IR and was complete in 1 h.

HBPz 3RN(C,H)(PMe,) —DNBLHexane . pap,” gi iy e H4)(PMey )
4s

+NBL| -Ceth s

HBPz ,Rh(NBL)(PMes)
52
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Complex 52 showed the same lH NMR pattern as that of
HBPz*3Rh(CZH4)(CO).3 All six methyl groups appear at the same
chemical shirt at room temperature and in a 2:2:1:1 ratio z-

temperatures. The MS of 52 showed a very weak molecular icn peak.

B Fcrmation of 46 and 47

Irradiation of 45 in benzene resulted in rapid formation of
HBPz” 3Rh (H) (Ph) (PMe3) 46. The solution changed from yellow to
colourless upcn completion of the reaction. The lH NMR spectrum of 46
exhibits three sets of pyrazole rescnances and a high field quartet
at -16.89 ppm, indicative of a doublet Rh-H resonance coupled to
phosphorus. The fiv phenyl protons appear as two multiplets in a 1:4
ratio in CDzC1l3, but five separate multiplets were observed in CgDg.
This is attributed to a Rh—Ph rotation which is slow on the NMR time
scale, making the two sides of the ring different. Changing CD2Cls to
CgDg also caused a large shift of one methyl group, which appears at
1.35 ppm in CDpCls and 1.72 ppm in CgDg. The rotaticn barrier for +he

fir 7 bond in 46 is apparently greater than that in the analogous

L Pz*3Rh(H)(Ph)(CO), for which the five phenyl proton signals are
sharp and separated only at -20°cC.

Whenl the above irradiation was carried ocut in CgDg, complex 47
formed. The lH NMR spectra of 47 and 46 are superimposable in the
1.0-7.8 ppm region (protons in HBPz*3). 47 was also prepared by

hrating a CgDg solution of 45 at 1019C in dark. The half-life of this

thermal reaction is ca. 30 h. The analogous conpplexes

1
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HBPz*jﬁh(CO)(nz-olefin) have been reported to activate benzene

thermally.l2

hv
. GDs
HBPz 3Rh(C,H,)(PMes) HBPz yRh—D V-4
45 A, 101°C PMe;

47
6

Both reactions leading to 47 were carried cut in sealed NMR
tubes and followed by 1y NMR. The conversion of 45 to 47 is

quantitative. No other products were detected. Recently
HBPz” 3Rh (CpHy4) (CO) has been reported to form both HBPz*3Rh (H) (Ph) (CO)

and HBPz” 3Rh(Et) (Ph) (CO) when irradiated in benzene.® There is

definitely no ethylene inserted product here.

Cc Reactions of 46

The reaction between 46 and CCTl, ¥ 31cw (a few Jdayst,

b e

1)
o)
H

and 1 MR showed more than one product formed. NBS reacts -h one
equivalent 46 to form HBPz*3Rh(Br)(Ph)(PMe3) 48. Stirring excsse NBS
with 46 for cne week resulted in complete bromination cf the pyreznole
4-positions and formation of HB(4-Br-Pz”)3Rh(Br) (Ph) (PMe3) 49.
Species presumed to be partially brominated at the 4-positions were
observed after stirring for two days. The pyrazolyl ring halogenation
has been observed before by McCleverty and co-workers for rhenium and

molybdenum complexes.l3
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N

o HBPz 3Rnh(Br)(Ph)(PMe.)

. 48
HBPZ 3RN(H)(Ph)(PMey)

48 oxcess — HB(4-Br-Pz"),Rh(Br)(Ph)(PMe )
49

The lH NMR of 49 exhibits only two sets of pyrazole methyl

resonances in a 2:1:2:1 ratio in CD2Cl; instead of the expected
three. Accidental overlap must have occurred. Three sets of pyrazolyl

methyl resonances were okserved in CgDg. There are no resonances

attributable tc 4-H's of the pyrazole rings, in accord with complete
bromination of the 4-positions. The lH NMR of 48 in CgDg exhibits a
similar pattern for the methyl groups, but the three singlets of 4-
H's clearly indicates no bromination in this case. The phenyl protons

of both complexes appear as five separate multiplets at room

temperature.
Addition of H0 to a benzene or hexane solution of 46 yielded
HBPz”3Rh (OH) (Ph) (PMe3) 50 slowly. On an 80 mg scale, 50% conversion
3 3

was observed by }H NMR in 10 days. Besides 50, there is another

H
N/: ~ i
I l
ON\;/ V-6
T Ph

i
i
48 Ho” ,!M%

§¢

HBPZ 4Rh(H)(Ph)(PMe;) + H,0O

product formed in this reacton. It is a white sclid and showed no

sharp 1y NMR resonances. Its identity has not been established.
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The 1H NMR of SO (Figure V-1) exhibits three sets of pyrazole

resonances and five separate multiplets for the phenyl protons.

Changing CD2Cl; to CgDg caused a large shift of one methyl cgroup,

which appears at 1.34 ppm in CD2Cl and 1.68 ppm in CgDg. The same

phenomenon was observed for 46 as discussed earlier. The CH proton
appears broad at room temperature, and as a sharp singlet at lower
temperatures. Additicn of one drop of D0 caused the disappearance of
this resonance, which is characteristic of OH groups. The MS of 50
(Figure V-2) showed a weak molecular ion peak at 570. The peak at 476
is attributable to M'-CgH5OH, i.e., elimination of phenol.

The reaction of 46 with H20 is unusual. Most metal hydrides
decompose when exposed to moisture. A few metal hydrides are stable
in HpO0 and some are strongly acidic in 820.8 Recently Crabtree and

co-workers reported an aqua hydride [ (bg)Ir (H) (H20) (PPh3)]SbFg

H,, bgH
25°C L, (Hzc)l:r
H

I(COD)Le

bgH = 7,8-benzoquinciine; L = PPh,

(bq = 7,8-benzoquinolato) which resulted from benzoquinoline

cyclometallation.? Unlike the reaction with 46, H20 does not attack

the Ir-H bond, but instead coordinates to the metal.



155

wu:umwaEmB wooy 1e

05 (tawd) (ud) (HO) W' zdeH 3O um1109ds ¥WN H; V¥(-A 2Inb1a
w .
0°¢ oY 0°9 0’8
v Y _44. ...,_.4 44<.|d..< T .— v —'4 vy —

Z{DOHAD v ox " -




156

2009-
05 (YaWd) {ud) (HO) uf zdgy Jo umijdads WWN H;  €I-A 2Inbrg

0°¢ 0°p : 0'9 0'8

AR EAS AR AARASARAN] ARNARARAS) RAASARARAS AARAARARY ARAnasast RAARASASRS

wMC [

vee-

Z10HAD

44444



157

] 3 92 ] 1 31 [ I )
FLLL.LL.L.L.F;FF__._._p..__.___.,___________Fl_wnrwr..;.Fg] v

[ 14
1
1
8S
89
[ 4
§8

05 (foWd) (ud) (HO) udt,zdal 30 um1303ds SSeW z-n 2Inb1d e e

5% H‘ﬂ ‘ug -] 1/ 3¢
T I N N B A R AN B B S AR N .
% e J

g2

g€

g
s
”
L 13

[ 1]
- #6

o
296§ P AN

i



158

D Benzene exchange reaction

Complex 46 in CgDg was heated over a 409C temperature range.
The conversion rate of 46 to 47 was monitored by following the
integral change of the hydride resonance against the methyl resonance
at 1.72 ppm, which appears at the same chemical shift in 46 and 47.
Table V-1 lists the rate constants at different temperatures over a
40°C range. These rate constants are obtained by plotting logarithmic
ratios of hydride resonance/methyl resonance versus time. A typical
first—order plot is shown in Figure V-3. The activation parameters
are obtained from the Eyring plot of the data in Table V-1 (Figure V-
4). They are AH* = 24.9 * 0.4 kcal mol™}, AS* = -10.3 + 1.1 cal K~
lno1-1,

Jones and Feher reported the activation parameters for the
exchange of Cp”Rh(PMe3) (H) (Ph) with CgDg to be AH* = 30.5 % 0.8
kcal mol™!, AS* = 14.5 2.5 cal K lmo1™1.7P Ghosh's work on
HBPz” 3Rh (H) (Ph) (CO) shows AH* = 29.6 + 0.8 kcal mol™}, AS* = 12.2 +
2.4 cal K lmo171.3 The values of both AH* and AS* are virtually the
same in the two systems. The positive AS* value is surprising,
according to the authors, since the transition state for reductive

elimination presumably involves a highly ordered 3-center

..

transition state. Negative or slightly positive AS#* values have been

found for other reductive elimination reactions. 10
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Figure V-3 First Order Plot of Benzene Exchange Data for

HBPz"3Rh (H) (Ph) (PMe3) 46 with CgDg at 80°C
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Figure V-4 Eyring Plot of Benzene Exchange Data for

HBPz"3Rh (H) (Ph) (PMej3) 46 with CgDg
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E Photolysis of HBPz 3Rh(CO) (L) in benzene (L = PMe-, PEtas,
Y 3 3 3

PCy3 and NBL)

Irradiaticn of the carbonyl prhosphine derivatives in benzere
Jives more than one product. In the case of HBP2*3Rh(CO)(?Me3) 53,
both 46 and HBPz™ 3Rh(H) (Ta. (CC) are produced as indicas=3 by

compariscn of the 1y MR spectrum o those of authentic samples.

HBPZ 3Rh(H)(Ph)(PMes)

; 46
HBPz JRh(CO)(PMesy) —2 8w

hu
53 .
~ HBPz ,Rh({H)'Ph)(CO)

This indicates that beth Rh-CO and Rh-PMe3 bonds are cleaved by the
irradiation source employed. The triethylphosphine complex
HBPz"3Rh (CO) (PEt3) 54 shows a similar result with a 61:39 ratio for
the two products HBPz*3Rh(H)(Ph)(PEt3) 54 A (not completely
characterized) and HBPz*3Rh(H)(Ph)(CO). Prior to this werk, Ghosh had
cbserved the same type of mixture in the irradiation of
HBPz " 3Rh (CO) (PPhMe,) in benzene.3

The bulky tricyclohexyl derivative HBPz”3Rh(CO) (PCy3) 55 is
different from other phosphine derivatives in that at least four
products are produced Jjudging from the hydride resonances of the <H
NMR spectrum. One of them is a doublet, attributable to
HBEz*3Rh(H)(Ph)(CO). The other three resonances are all quartets,
coupled to both rhodium and phosphorus. Separation of these products

hAas not been achieved. Some speculative structures are drawn beiow.
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Milstein and co-workers recently repcrted Ir(I)-catalyzed

norbornylene insertion into a N-H bond. 11

|f(pEt3)2(C2*‘t)zcl + NHZPh + hexane

lr( pEta)z(H)(NthC7H1 Q)C=

In the light of this result and the combination of henzene activaticn
with ethylene insertion by HBPz*3Rh(CO) (CpHg),® HBPz*3Rh(CO) (NBL) 52
was prepared and the possibility of norbornylene insertion into an
arene C—-H bond was investigated. The result is negative. No insertic:.
products were detected. Irradiation of 52 resulted in only the loss

of NBL and formation of HBPz” 3Rh(H) (Ph) (CO).
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CHAPTER SIX

TRANSITIOR-METAL COMPLEXES OF

IMIDAZOL-2-YL TRIDENTATE LIGANDS
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SECTION ONE

INTRODUCTTON

A variety of trisimidazolylmethanol ligands have been
prepared.l The zinc(II) complexes of the trisubstituted methanols
have been employed as models for the enzyme carbonic anhydrase by
Brown and co—workers,2 and the copper (I) complex has been noted as a
model for the carbonyl derivative of Hemocyanin.3 The complex binding
constants of (N-MeIm)3COH to metals such as Cu2+, zn?* and co?* have
been reported by Breslow and co-workers. 12

In Chapter IV the preparaticn of some pyrazolylmethane rhodium
complexes was described, and [HCPz*3Rh(CO)2]BF4 26 has been shown to
activate benzene C-H bonds. Trisimidazolylmethanol ligands are
analogou’s to trispyrazolylmethane in that pboth are neutral tridentate
ligands and have three five membered rings. Similar coordination
behavior between the two ligands is therefore expected. This Chapter
presents some preliminary results on the cecordination chemistry of

trisimidazolylmethanol ligands. This includes the syntheses of

several Mo and Mn carbonyl complexes of both HOCIm'3z (Im' = 1-
methylimidazol-2-yl) and HOCIm'3 (Im 3 = 1,4, 5-trimethylimidazc.-2-
yl).

An objective in this part of the work was to prepare ‘midazolyl
analogs of the pyrazolylborates such as KHBIm'j3. This was not

realized, but some of the unsuccessful reactions are described.
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SECTION II

EXPERIMENTAL

General

1,4,5-trimethylimidazole (HIm"),> HOCIm'312, Re(cO)sBr®

[Re(CO)4Br]27 and [Rh(CO)2C1]28 were prepared according to literature

methods. All other reagents were used as received.

Tris(l-methylimidazol-2-yl)nsii:anol, HOCIm' 3

To a solution of l-methylimidazole (2.2 g, 26.8 mmol) in ether
{40 mL) =* . .. wag added n-butyllithium in hexane (2.4 M, 11 mlL,
2.4 mmoil the resulting mixture was stirred for 1 h.
Diethylcarbonate (0.925 g, 7.8 mmol) was then added. The solution was
warmed to 1G°C over 2.5 h, followed by addition of H30. The product
was 1sclated by continuous extraction with ethylcarbonate and
crystallization from benzene as a white solid (644 mg, 30%).

Characterization: MS, 100°C/70ev (m/e, rel.int.): MY (272, §5)-
M*-81(191, 100) 1H NMR (D20): & 3.42 (-, SH), 6.96 (d, 1.2Hz, 3H),

7.20 (4, 1.2Hz, 3H). Anal. Calcd for Cj3H]gNgO:

C 57.34, H 5.92, N 30.86. Found: C 57.08, H 5.82, N 30.85.
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Bis(l-methylimidazol-2-yl)ketone, O=CIm'?

The same procedure as akove was followed, except each reagent was

increased by a factor of 3. Compound Im'3CO was purified by
recrystallization from benzene/hexane.

Characterization: MS, 100°C/70ev (m/e, rel.int.): M* (190, 1CO3)
lg MR (DpO): & 3.92 (s, 6H), 7.20 (d, 2H), 7.38 (d, 2H). Anal. Calcd

for CgH1qONg: C 56.83, H 5.30, N 23.46. Found: C 56.48, H 5.41, N

29.52.

Tris(l,4,5-trimethylimidazol-2-yl)methanol

To a solution of 1,4,5-tzim = _< 22 >le (1.82 g, 16.5 mmol)
in ether (40 mL) at -6C°C, was adve i .- = ithium in hexane (2.4 M,
6.62 mL, 15.5 mmol), and the re_o . ' mraCire was stirred for 2 h.

Diethylcarborat.» (0.65 g, 5.5 mmol) was then added. Stirring was
continved for 30 min at -60°C and 1 h at room temperature. The
reaction was quenched by addition of H20. The product was isolated Ly
continuous extraction with ethylcarbonate and crystallization from
benzene/hexane as a white solid (1.2 g, 60%).

Characterization: MS, 100°C/70ev (m/e, rel.int.): M' (356, 52)-
M*T-126 (230, 100) lg m (CDoClp): & 2.08 (s, 9H), 2.09 (s, 9H), 3.17
(s, S9H), 6.10 (s, 1H). Anal. Calcd for C;gHpgNgO:

C 64.02, H 7.92, N 23.58. Found: C 62.15, H 7.90, N 23.33. Note:
difficulty was experienced in getting duplicate analyses due to the

moisture sensitivity of the compound.
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Bromo[bis(1-mothylimidazol—2—yl)ketone]tricarbonylrhenium

(I) 56

A mixture cf Re(CO)sBr (0.196 g, 0.48 mmoL) and HOCIm'3 (0.131

g, 0.48 mmol) in THF (15 mL) was stirred for 12 h. Solvent was
removed under vacuum and the residue was placed on a Florisil column
(1 x 12 am). Eluting with CH,Cl3/CH30H (10:1) gave two yellow bands,
which were collected separately. Evaporation of the second fraction

gave 56 as a yellow solid.

Characterization of the second fraction (56): IR (CHpClj,) 2023,
1917, 1895 am™l, v(CO). MS, 2009C/1l6ev (m/e, rel.int.): M* (540, 100),
M*-CO(512, 37), M'-2C0(484, 36), M'-3CO(456, 23) 1 NMR (CDaCly): &
4.13 (s, 6H), 7.24 (d, 1.SHz, 2H), 7.62 (d, 1.S5Hz, 2H). Anal. Calcd
for CjpHjQN4O3ReBr: C 26.67, H 1.87, N 10.37. Found: C 26.23, H 1.88,
N 10.55.

Evaporation of the first fraction gave a yellow solid 56 A with

L(CO) (CHCly) at 2022, 1910, 1881 cm™ L. Crystallization of 56 A from

CHzClz/hexane resulted in complete conversion of 56 A to 56 (see

discussicn).

T:icarbonyl[tria(l—mothylimidazol-z-yl)mothanol]molybdenum
57
A solution of Mo(CO)g (0.54 g, 2.05 mmol) and HOCIm'3 (0.556 g,

2.04 mmcl) in CH3CN (20 mL) was heated at 70°C for 3.5 h. Two v (CO)

bands at 18%5 (s}, 1760 {vs) cm™t gradually appeared, then
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disappeared along with the formation of some precipitate. The
solution was syringed from the precipitate, which was then washed
with THF and dried under wvacuum to give complex 57 as a greenish
solid (0.38 g, 41%).

Characterization: IR (Nujol mull) 1891, 1773, 1682 cm™i, v{(CO).
Anal. Calcd for CjghHigNgOgMo: C 4%.43, H 3.57, N 18.58. Found: C

42.14, H 3.63, N 18.62.

Dicarbonylnitrosyl[tris(l-methylimidazol-2-yl)methanol]

molybdenumtetraflw::roborate 58

To a solution of HOCIm'3Mo(CO)3 (0.11 g, 0.24 mmol) in CH3NOp
(15 mL), NOBF4 (0.028 g, 0.26 mmol) was added, and the solution was
stirred overnight. Solvent was removed under vacuum. The residue was
dissolved in CH3CN, filtered and the fil*-ate was evaporated to give
crude solid %58. Crystallization of the crude product from
CHsCly/hexane gave 58 as orange crystals.

Characterization: IR (CHpClp) 2024, 1935 cm™l, v(cO); 1669 cm™!

’

Vv (NO) . lg R (CD3CN): 8 4.03 (8, 3H), 4.08 (s, 6B}, 5.98 (s, 11),

6.96 (4, 1.SHz, 1BH), 7.05 (d, 1.5Hz, 2H), 7.06(d, 1.5Hz, 1H), 7.29

{(d, 1.5Hz, 2H). Anal, Calcd for CjgHgN704MOBF4: C 33.30, H 2.98, N

18.12. Found: C 33.07, H 2.94, N 18,03,



Tricarbonyl[tria(l,4,S-trimothylimidazol-2-y1)mothanol]

molybdenum 59

A mixture of Mo(CO)g (0.30 g, 1.14 mmol) and HOCIm*3 (0.407 g,
1.14 mmol) in CH3CN (20 mL) was heated at 70°C for 3.5 h. Two v (CO)
bands at 1892 (s), 1757 (vs) cm™ 1 gradually appeared, then
disappeared along with the formation of some precipitate. The
solution was syringed from the precipitate, which was then washed
with THF and dried under vacuum to give complex 59 as a pale yellow
solid (0.24 g, 39%).

Characterization: IR (Nujol mull) 1887, 1772, 1755, 1733, 1719

an™l, v(CO). Anal. Caled for CppHpgNgOgMo: C 49.26, H 5.26, N 15.67.

Found: C 49.51, H 5.32, N 16.10.

Reaction of 59 with NOBFg4

To a solution of HOCIm 3M0(CO)3 (0.175 g, 0.33 mmol) in CH5NO,
(15 mL), NOBF4 (0.035 g, 0.33 mmol) was added, and the solution was
stirred overnight. Solvent was removed under vacuum. Crystallization
of the residue from CHzCly/hexane gave a mixture of
[HOCIm" 3Mo (CO) 2 (NO) |BF4 60 and [Im™C(OH)Im",Mo (CO)5(NO)]BF, 60 A
(see discugsion) as yellow crystals (0.10 g, 49%).

Characterization of the mixture: IR (CHpClp) 2020, 1929 cm-1,
v(CO): 1663, 1616 cm™t, v(NO). H NMR (CD5Cl;), 60 (or 60 A): & 2.02
(br, 9H), 2.14 (d, 0.7Hz, 3H), 2.17 (d, 0.7Hz, 6H), 3.76 (s, 3H),

3.80 (s, 6H), 6.20 (s, 1H); 60 A (or 60): 2.12 (d, 0.7dHz, 9H), 2.26

72
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(d, 0.78z, 3H), 2.28 (d, 0.7Hz, 6H), 3.88 (s, 3H), 3.92 (s, 6H), 6.60
(s, 1H); the ratio between 60 (or 60 A) and 60 A (or 60): 30:70.

Anal. Calcd for Cp1HgN704MoBF4: C 40.34, H 4.51, N 15.68. Found: C

40.34, B 4.42, N 15.61.

Tricarbonyl[tris(l-methylimidazol-2-~yl)mathanol]

manganesehexafluoropho:phate 61

A mixture of Mn(CO)gBr (2.144 g, 7.8 mmol) and HOCIm'3y (2.12 g,
7.8 mmol) in CH3CN (20 mL) was heated at 70°C until IR showed
complete disappearance of Mn(CO) sBr. The reaction mixture was then
poured into H20 (40 mL) containing excess NaPFg. The resulting
precipitate was filtered and washed with minimum amount of CH;Cl; to
give complex 61 as a pale yellow solid (3.6 g, 83%).

Characterization: IR (CHyCly) 2038, 1935 cm™l, v(CO). Positive
FAB in Cleland (rel. int.): M*(411, 100). H NMR (CD3CN): & 3.95 (s,
9H), 6.02 (s, 1H), 6.97 {(d, 3H), 7.34 (d, 3H). Anal. Calecd for
C;1gH1 gNgO4MNPFg: C 34.55, H 2.90, N 15.11. Found: C 34.65, H 2.95, N

15.11.

Tricarbonyl[tria(l, 4, -trirethylimidazol-2-yl)methanol]

manganesshexafluorophosphate 62

A solution of Mn(CC'sBr (0.348 g, 1.27 mmol) and HOCIm 3 (0.45
g, 1.26 mmol) in CH3CN (20 mL) was heated at 70°C for 20 min. The

reaction mixture was then poured into Ho0 (40 mL) containing excess
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NaPFg. The resulting precipitate was filtered and crystalized from
CHpClp/Hexane to give complex 62 as a yellow solid (0.61 g, 75%).
Characterization: IR (CH3Clp) 2031, 1926 am™l, v(CO). Positive
:AB in Glycerol (rel. int.): M' (495, 24), BP*(base peak, 93, 100). 1y
NMR (CDpClp): 8 2.1. (s, 9H), 2.39 (s, %h), 3.90 (s, 9H), 5.21 (s,

1H). Anal. Calcd for CypHygNgOgMnPFg: C 41.26, H 4.41, N 13.12.

Found: C 41.54, H 4.67, N 12.49,.

Reaction of NaBHg; with l-methylimidazole

A mixture of l-methylimidazole (6.8 g, 82.8 mmol) and NaBHg4
(0.94 g, 4.9 mmol) in THF (50 mL) was refluxed overnight, then

filtered. The filtrate was cooled to and maintained at -20°C for 18

h, yielding [HIm'3Na]BH4q as white crystalline solid .

Characterization: 1H NMR (THF~d8): 5 -0.4 (quartet, 40Hz, 3.2H;
septet, 12Hz, 0.8H), 3.65 (s, 9H), 6.86 (s, 3H), 6.91 (s, 3H), 7.40
(s, 3H). Anal. Calcd for C;2HypNgNaB: C 50.72, H 7.80, N 29.58.
Found: C 49.13, H 7.54, N 29.11.

In a separate experiment under similar conditions, [HIm'jyNaBH4
was isolated as suggested by its ailalysis instead of [HIm'sNa)BH4.

Characterization of [HIm';Na]BH4: Anal. Calzd for CgHjgNgNaB:
C 47.56, H 7.98, N 27.73, Found: C 47.7%, H 7.59, N 27.87. n mvR

spectrum was not available due to insufficient sample.



Formation of [(CB30)2BIm']y €3

To a solution of l-methylimidazole (1.8 g, 22 mmol) in THF (290
mL) at -40°C, LiBu in hexane (2.6 M, 8.44 mL, 22 mmol) was added via
syringe. The mixture was stirred for 20 min. Neat B{OCH3)3 (2.80 mL,
23.8 mmol) was then added dropwise. After stirring for 18 h, the

solution was filtered, and the filtrate was evaporated under vacuum.

The residue was dissolved in a minimum amount of CH2Cljz/hexane (1:1),
from which [ (CH30)2BIm'], 63 slowly deposited as a white solid.
Characterization: TH NMR (CDClp): & 2.90 (s, 12H), 3.92 (s,
6m), 7.01 (d, 1.6Hz, 2H), 7.18 (d, 1.6Hz, 2H). Anal. Calcd for
Cy12Hp2NgB2O4: C 46.80, H 7.20, N 18.19. Found: C 47.08, H 7.20, N
18.19. Determination of molecular wéight by osmometry in CHpBrop: 319

(Calcd for [(CH30)2BIm']p: 308).
Reaction of lithium(l-methylimidazol-2-ate) with B(OCH3)3

To a solution of l-methylimidazolie (5.15 g, 62.7 mmol) in THF
(50 mL) at -60°C, LiBu in hexane (2.39 M, 26.24 mL, 62.7 mmol) was
added via syringe. The mixture was stirred for 2 h at -60°C, then 30
min at room temperature. B(OCH3)3 (2.38 mL, 20.2 mmol) in THF (25 ml)
was added to the mixture dropwise at -6C°C. Stirring was continued at
-60°Cc for three days and at room temperature for another three days.

The clear solution was syringed from the preu.pitate (presumably

CH30L1 as suggested by its 1g spec: ), and treated with hexane
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o give scme white precipitate. The solid was then twice dissolved :in
THF and precipitated with hexane.

Characterizaticn: 'H NMR (Dy0): & 3.33 (s, LiOMe), 3.68 (s,

3B), ©6.96 (s, 1H), 7.08 (s, 1H).

Formation of Re(CO)3(BEIm')2Br 64

To a solution of {Re(CQ)4Brlz ( 40 mg, 0.05 mmol) in Et20,

excess amount of the white solid from above was added. The mixture

was stirred until IR showed complete disappearance of [Re(CU) gBrls.

Solvent was removed under vacuur, and the residue was placed on a

Florisil column eluting with CH2Cl,/CH30H (S:1). Removal of solvent

gave complex 64 as a yellow soliid.

Characterization: IR (CHpClp) 2021, 1910, 1881 am™l, v(CO). MS,
170°C/16ev (m/e, rel.int.): M*{514, 0.2), BP*(82, 100) IlH mm
(CDoClp): 5 3.70 (s, 6H), 6.80 (&, 2H), 7.20 (t, 2H), 8.0 (b, 2H).

Anal. Calcd for Cyj1Hi2NgqO3ReBr: C 25.69, H 2.35, N 10.89. Found: C

25.68, H 2.33, N 10.89.

Preparation of [ (CH30)2BIm'2]Rh{(CO)2 65

To a soluticn of [Rh(CO)2Cl], (10 mg, 0.026 mmol) in toluene
(20 mL) was added excess amount of the white solid (the same solid as

used for the preparation of complex 64). IR showed complete

disappearance of [Rh(CO)2Cll,; instantly, and formation of new v(CO)

bands at 2074, 2051 am™! (both with a higher wave number shoulder)
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and 2061 cm™ 1. After stirring ocvernight, the solutisn turned
colourless and only two v{CO) bands remained at 2073, 2002 cm +. The
solutipn was filtered and the filtrate was evaporated to give a
yellcw solid. Crystallization of the yellow solid from hexane gave 65
as a moderately air-stable solid.

Cha_acterization: IR {hex.ne) 2074, 2005 cm‘l, v(CC) . MS,

100°C/70ev (m/e, rel.int.): MY (394, 2., MT™-CO(366, 32), M‘-OMe (363,

[

40), BP*(base peak, 308, 100) 1H NMK (CDClp): § 2.65 (s, 3H), 2.66

(s, 3H), 3.80 (s, 6H), 6.82 (d, 1.5Hz, 2H), €.98 (d, 1.5Hz, 2H).

Anal. Calcd for CypH1gN4O4RhB: C 36.58, H 4.09, N 14.22. Found: C

36.50, H 4.21, N 13.30.



SECTION IIX
RESULTS AND DISCUSSION
A Synthesis of tris(imidazol-2J-yl)methanol ligands

Tris(l-methylimidazol-Z-yl)methanol was prepared according to
the method reported by Breslow and co—workers.la l-methylimidazole

was metallated at C-2 with n-butyllithium, which was then treated

with diethylcarbonate to give HOCIm'sy.

Me Me
[N\> + L"By — [:\>—L;
N

(EtO),CO l

Me
Hoc%\:j
3

In scales of 2.2 g l-methylimidazcle, HOCIm'g is the only isolated

product. When the scale was increased by a factor cf 3 (6.6 g 1-

methylimidazole), pis(l-methylimidazol-2-yliketone Im',CO was

produced.

Me o) Me
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preparing Im';CC,
lithiated, and treated with 0.05 mol diethylcarbonate. There is no

trisubstituted product reported even though a 3:1 ratio of LiIm' and

(E£0) oCO was used. So large scales seem to favour the formation of
Im',CO.

The trimethyl substituted HOCIm*3 was prepared by the same
procedure. Unlike HOCIm' 3, HOCIm*3 appears very moisture sensitive.

¥+ sure oIl HOCIm*3 to air results in rapid liquification.

B Reactions of HOCIm'3 and HOCIm*3

(a) Reactions with M(CO)gBr (M = Re, Mn)

Stirring Re (CO) gBr with one equivalent of HOCIm' 3 brought about
the degradation of HOCIm'z. Only the bis(imidazoi-Z-yl)ketcne
derivative (Im',CO)Re(CO)3Br 56 was obtained. Two complexes are
isolated initially by chromatography with v (CO) at 2023, 1917, 1885
cm™! (due to 56) and 2022, 1910, 1881 cm™ ! respectively.

Crystallization of the second species caused its isomerization to

cemplex 56, but the fully characterized complex Re (CO) 3(HIm'),Br 64
exhibits the same v(CO) bands as this s=zcond species, i.e., 2022,

1910, 1881 cm™l. Further evidence is needed to clarify this result.
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NI,,' l Lot coO
Re(CO)sBr + HOCIm! O= . Ra.
5 3 N - l \CO Vi-2

The lH NMR spectrum of complex 56 shows a single methyl
rescnance and two resonances with an AB pattern for the 4,5- ring
protons, reflecting the presence cf a mirror plane in the molecule.
This suggests that 56 has the structure shown in egn VI-2. The MS
shows a molecular ion peak at 540 and consecutive losses of three CO
groups.

Treating Mn(CO)gBr with HOCIm'3 or HOCIm' 3, followed by
metathesis with NaPFg gave the salts [HOCIm' 3Mn (CO) 3]PFg 61 and

(HOCIm" 3Mn (CO)3]PFg 62, respectively.

HO 1

N
SN, ‘ . COo
HOCIm’; + Mn(CO)sBr N l\ ' Vi3
c
o)
61

The 1B NMR spectra of both 61 and 62 show one type of
imidazole resonance and OH proton at 6.02 and 5.21 ppm respectively.
The CO stretching frequencies of 61 (Table VI-1l) are higher than

those of 62, reflecting the electron donating effect of additional

methyl groups on the imidazole rings. A c-mparison of v(CO) of 61 and
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[HCPz3Mn (CO) 3]PFg reveals once again that HOCIm'3 is more electron

donating than HCPz3.

(b) Reactions with Mo (CO) g

The reactions of Mo{CO)g with HOCIm®3 and HOCIm*3 are similar
to those with HCP23.10 A rather insoluble solid of empirical formula
HOCIm'3Mo (CO) 3 or HOCIm*3Mo(CO)3 was formed when Mo(CO)g was reacted
with one equivalent of BOCIm'3 or . .*3. Their insolubility
suggests "polymeric” structures, as in the case of

trispyrazolylmethane derivatives HCPz3M(CO)3 (M = Cr, Mo, W).lo

HOCIm', + Mo(CO)g

[HOCIm'3Mo(CO)4]n

Nd¥il V-4

[HOCImM'3Mo(CO) o(NO} ..
58

The "polymeric" HOCIm'3MO(CO)3 reacts readily with NOB:4 to
give [HOCIm'3Mo (CO)o(NO)]BFg 58. Tl:e 1a MR spectrum of 58 shows two
types of imidazole resonances in a 2:1 ratio and the OH proton at
5.89 ppm. The CO and NO stretching frequencies of 58 (Table VI-1) are
lower than those of the pyrazolylmethane analogs, indicating HOCIm' 3
is more electron donating than HCPz3.

The insoluble HOCIm*3Mo(CO)3 reacts with NOBF, forming

[HOCIm™ 3Mo (CO) » (NO) ]BF4 60 and [Im’C(OH)Im" Mo (CO) 4 (NO) 1BF, 60 A.
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//H 1,
o
NN ', I . CO
N I“~vco
N
le)
60 60 A

The presence of two isomers is evident from the 1a R
spectrum, which showed more than two types of imidazole resonances as
would be expected for a single isomer. While two NO stretching bands
are observed, only one set of CO bands are observed for the mixture
of 60 and 60 B It is possible that the NO group is trans to the ©
atom in 60 A and the interchange of the ligand trans tc NO does not
affect v (CC) significantly.

The coordination of O at.m of OH in the place of an imidazole N

atom or pyridyl N atom has been reported before in

[HOCIm' 3Hg (Me) INO34 and [ (HOCPy3) oRu)?Y (Py = 2-pyridyl) .1l

Cc Attempted synthesis of poly(imidazol-2-yl)borates

Both polypyrazolylborates and polypyrazolylalkanes are known.
However only polyimidazolylalkanes are known. To the writer's
knowledge, no polyimidazolylborates have been reported in the

literature.

To synthesize the tris(l-methylimidazol-2-yl)borate HBIm' 3~
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ligand, the reaction between 1 mol NaBHg and 3 mol l-methylimidazole
was first investigated. It was hoped that the 2-H of the imidazole
ring would be acidic enough to neutralize the BH4 . This did not
occur, however, under the condition of refluxing the mixture in THF
cvernight. The only product isolated was (HIm')3NeBHg and

(HIn') pNaBHg .

The 1H NMMR of (HIm')3NaBHy is worth mentioning. There are three
imidazole ring proton resonances, indicating that the 2-H of the ring
remains unsubstituted. The integral ratios between the BH4 proton
resonance and that of HIm' suggest that the sodium atom is
coordinated to three HIm'. The BH4 anion appears as a quartet and a
septet coupled to 1lg (1 = 3/2) ang 10 (1 = 3y, respectively (Figure
VI-1) . The integral ratio of the two multiplets, 80:20, is in good
agreement with the relative natural abundance of the two isotopes of
poron (11B:108 = 80.4:19.6).

As an alternative approach to the target ligand HBIm'3z", 1-
methylimidazole was reacted with LiBu to give lithium 1-
methylimidazol-2-ate LiIm', which was then treated with B(OMe) 3.

Complex {(MeO)oBIm'}, 63 was isolated when LiIm' was treated with one

mole of B(OMe) 3.
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Me Me
E'\S + LBy —e E%—u
N N
/3 B(OMe),
MaN

@)
Me O, )——‘N\ ,OMe
Meo’B\N—(B\OMe
O

Me

The 1H MMR spectrum of 63 shows one type of imidazole
resonances. The two imidazole ring proton resonances exhibit a AB
pattern. The absence of a third ring proton resonance is indicative
of the substitution of the 2-H. The formulation of a dimer is

indicated by a solution molecular weight measurement.

An interesting rhodium dimer [Rh(COD)Im'], has been reported,

Mae,

o

rd

(COD)A A(C O D)

which was prepared by the reaction of (COD)Rh(HIm')Cl and CH3Li.12

The two imidazole rings bridge the two rhodium atoms in the same

manner as that in complex 63.
Treating one mole B(OMe)3 with three moles LiIm' gave a white

solid. It is thought that this white solid is a mixture of LiOMe and

Li (MeO)BIm'3 and/or Li(MeO),BIm',. Separation of the mixture has

proven to be difficult and has not been achieved. The g am spectrum
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shows two imidazole rir. - proton resonances, suggesting the

substitution of the third.

The assumption that the white so0lif contained Li (MeQO)BIm' 3
and/or Li (MeOQ)2BIm'y is partially verified through the preparation of
[ (MeO) 2BIm'2]Rh(CO)2 65. The rhodium dimer [Rh(CO),Cl}, reacts with
an excess of the above white solid, yielding cuinplex 65. The reaction
is relatively clean; no other v(CO) bands were cbserved when the
reaction was complete.

The lH MMR spectrum of complex 65 (Figure VI-2) exhibits
resonances due to one type of imidazole, two ring proton resonances
with a AB pattern and a single resonance due to the three methyl
protons. The two methoxc groups appear at slightly different chemical
shifts. This small difference is perhaps a result of slow
conformational interchange on the NMR time scale, and only the static

structure is observed.

The mass spectrum (Figure VI-3) shows the molecular ion peak at

394 and losses of CO and OMe groups, consistent with the Fformula

(MeO) »BIm’ ;RN (CO) 2. The v(CO) bands of 65 appear at 2074, 2005 cm—1
(Figure VI-4). These values are lower than those of H2BPz*2Rh(CO)2
(2079, 2013 cm"l),14 indicating that (MeO) 2BIm'5>~ is more electron

donating than HpBPz*,.
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Somewhat contrary to the assumption of the white solid
containing Li (MeQ)BIm'3 and/or Li(MeOQ)oBIm',, complex
Re (CO) 3(HIm') 2Br 64 was isolated from the reaction of [Re (CO) 4Brlo
with the white sclid. The presence of three ring proton resonances in
the 1 MMr spectrum of 64 indicates that unsubstituted
l-methylimidazole is present. Perhaps degradation of the ligand
occurred in this reaction. Rhenium species have been noted to
catalyze the decomposition of pyrazolylborate ligands.l3 As discussed

earlier, degradation of HOCIm's3 is thought to take place in the

preparation of complex 56.
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A number of pyrazolyl tridentate transition-metal complexes have
been prepared, and their reactivity in C-B activation has been
investigated. The rhodium complexes activated C-H bonds efficiently.
The rhenium complexes, however, Jdid not show any actiwvity in C-H
activation, and instead provided some rare examples of 17- and 16-

electron radical compounds. The work described in this Thesis is

summarized below according to the tridentate ligands: HBPz*3_ and

*

HCPz 3.
1. Trispyrazolylborate complexes
A Rhenium

The rhenium tricarbonyl complex, HBPz*3Re(CO)3 1, was first
reported by McCleverty and co-workers in 1979.1 It was prepared by
treating [Re(CO)4Cl], with KHBPz" 3. In the light of the successful C-H
activation by HBPz*3M(CO)2 (M = Rh, Ir),? it was of interest to
investigate the reactivity of 1 in C-H activation.

Photolysis of 1 in benzene gave no detectable products,
resulting in only the decomposition of 1. The THF derivative
HBPz*3Re(THF)(CO)2 3 was prepared from the photolysis of 1 in THF
with a gas purge. Hydrogen purge is preferred over nitrogen since the
latter gave a poor yield of 3 and formed the by-product

HBPz*3Re(CO)2(N2) 6. Complex 6 and the phosphine derivatives 4 and 5

are readily available from 3 (eq VII-1).



co co
HBPz ;Re— CO + L Hspz'ane{—co
rue L
3
L= PMe, 4
PPh, 5
N, 6

(VI-1)

An unusual reaction of 3 with CCl, afforded the 17-electron

complex HBPZ*3Re(CO)2(Cl) 8 and the l6-electron complex

HBPz" 3Re (CO) (Cl) o 9.

co
~ HBPz ;Re — CO
N
cl
co 8
. cCl,
HBPz 3H8—CO “'—b< +
N
THF
3 ] co
\HBPz ,Re —— CI
cl
9

(VIi-2)
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Complex 9 was isoclated as a minor product in the above reaction

(<5%). It can be prepared from 8 as follows:

PPNCI

HBPz 5Re(CO),ClI NOBF

SRR HBPz ,Re(CO)Cl,

8 9

(V-3

Another route to the 1l7-electron radical 8 involved the

cationic radical 19 (eqg VII-4).
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HBPz ;Re(CO), (THF) S = : o7 S [HBPZ ,Re(CO), (THF)]BF,
18
FOR X
KOH (Vil-4)
HBPz 4Re(CO),Y HBPZ ,Re(CO),X
Y = C\Ne R= Mo X =Cl
OEt Et Br
OCH,,CH, CH CH,CH, CH I

Complex 19 is a uszful precursor in the syntheses of other

neutral l1l7-electron radicals such as HBPZ*3Re(CO)2(OR) (R = Me, Et,
CHpCHpOH) (eq VII-4).
All l7-electron complexes are paramagnetic and exhibit magnetic

moments, Heff, Close to the spin-only value 1.73 pup for one unpaired

electron. Two X-ray molecular structures were obtained in this work.

One is that of complex 1; the other is that of PPN[HBPz  3Re (CO)»Cl]

10 which was prepared by the reduction of 9 with sodium sand.

B Rhodium
Much of the previous C-H activation work was done on the
dicarbonyl system HBPz*3M(CO)2 (M = Rh, Ir).? In this work the
reactivity of several monophosphine derivatives was investigated.
Photolyses of the carbonyliphosphine derivatives,

HBPz" 3RN(CO) (PMe3) and HBPz” 3Rh(CO) (PEt3), in benzene gave two

rpreocducts (eq VII-S).



HBPz 3RN(CO)(H)(Ph)

HBPz ,RNCO)(PR,) _Q__

hv + (VII1-5)

R= Me HBPz 3Rh(PR,)(H)(Ph)
Et

The tricyclohexylphophine derivative HBPz*3Rh(CO)(PCy3) gave a
more complicated result in that at least four products were formed
judging from the hydride region of the ln spectrum. Perhaps the
bulky cyclohexyl ring was activated. Separation of the products was
not achleved and they are not identified.

To avoid a mixture in the photolysis reaction, complex

HBPz “3Rh(CpH4) (PMe3) 45 was prepared (eq ViI-6).

[Rh(CoH()CI]a + 2PMa,y {RR(C,H }(PMay)CIL

KHBPZ , (VI1-8)

HBPZ ,RNC2H, )(PMe3)
485

Photolysis of 45 in benzene, as hoped, gave only
HBPz  3Rh (H) (Ph) (PMe3) 46. Treating 46 with 1 equivalent NBS yielded
HBPz*3Rh(Br)(Ph)(PMe3). If an excess amount of NBS was used,
bromination of the pyrazole 4-positions took place, giving
HB (4~Br-Pz”) 3Rh (Br) (Ph) (PMe3) .

The reaction of 46 with H50 afforded the novel hydroxy

derivotive HBPz”3Rh(OH) (Ph) (PMe3) 50 (eq VII-T).
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A kinetic study has been carried out on the following reaction:

HBPz ,Rh(H)(PH)(PMe;) + Cghx — HBPz ,Rh(D)(CeDs)(PMes) + CgHe (V11-8)

The activation parameters AH® andAS* were determined as 24.9 %
0.4 kcal mol™!l and -10.3 % 1.1 cal K imo1~? respectively. The AS* is
negative here, opposite to the value reported for similar systems, but
like that for other reductive eliminations. The same exchange reaction
of HBPz"3Rh(CO) (H) (Ph) and Cp Rh(H) (Ph) (PMe3) exhibit AS* as 12.2 %

2.4 cal K Imo1™1 and 14.59 % 2.5 cal K lmo1~1 respectively.za'3

2. Trispyrazolylmethane complexes

The neutral tris(3, 5-dimethylpyrazol-l-yl)methane ligand HCP2*3
is isoelectronic and isosteric to the anionic ligand HBPz*3—, but the
coor.::uation chemistry of HCPz*3 has not been studied as extensively
as that of HBPz*3-. In Chapter IV, a series of trispyrazolylmethane
rhodium complexes were described and some of them were shown to

activate benzene C-H bonds.



The acetylacetone derivative AcacRh(CO)L (L = CO, PEtj3, PCyj,
PPh3) was used as the rhodium source in the preparation of complexes

with the general formula [HCPz*3Rh(CO)L]BF4 as follows:

AcacRh(CO)L + HCPz 3 —DEf4 o [HCPz ,Rh(CO)LJBF,

L= co (VI1-9)

PEY
pCYQ
PPh,

All these complexes activated benzent¢ C-H bonds when irradiated

in a benzene solution. The dicarbonyl 26 gave cne major product

[HCPz*3Rh(H)(Ph)(CO)]BF4 34 with small amounts of the dihydride

[HCPz " 3Rh (H) 2 (CO) ]BF4 35.

[HCPzZ  ,RMCOXH)(Ph)]*

. 34
[HCPz 3Rh(CO),1" —-?0—-— + (V1-10)

L 4CPz JRHCOH,T

26 .

Complex 34 reacted with CClg to give the chlorc derivative
[HCPz*3Rh(Cl)(Ph)(CO)]BF4 36, which has been fully characterized. The
dihydride species 35 is rather unstable and the yield is only about

3% from the above reaction. A larger amount of 35 was obtained by

pressurizing a mixture of 34 and 35 with Hj.

Two olefin complexes were prepared in this system,

[HCP2*3Rh(CO)(COE)]BF4 33 and (= Rh (CO) (CpHy) IBFg 37 (eq VII-11).

Photolyses of both in benzene gave 34 as the only product.



[HCPZ ,3N(CO),]° + COE ———= [HCP2z ,RNCO)COE]"

GH (Vil-11)

[HCPz 5Rh(CO)C,HJ)]*
26

Several rhodium complexes of HCPz3 were prepared similarly to

those of HCPz*3.

AcacRh(L)(L) + HCPz, ﬁ&»[Hcpzsnh(L)(L')IBE (VI1-12)

L= L'= 02w
L=CoH,, L' = PPh,

In the synthesis of the dicarbonyl complex 39, a dinuclear by-

product 40 was isclated, which has been very recently reported by Cro

and co-workers.4

[HCPz, Rh(COLJ*
39
AcacRh(CO), + HCPz, s . (V1i-13)
[(HCPz3Rh), (CO))°*
40
3. The coordination chemistry of imidazolyl

multidentate ligands.

There are strong similarities between the trisimidazolylmethanol

ligands, HOCIm'3 and HOCIm*3, and trispyrazolylmethane ligands.



Treating 1 mol HOCIm'3 with 1 mol Mo(CO)g produces a "poly.eric" solid

[HOCIm'3Mo (CO)3]lp 57. Complex 57 reacted readily with NOBK4 to ¢.ve

the monomeric salt 58.

Mo(CO)g + HOCIm'y [HOC Im’3 Mo(CO)a]

NOBF (VI1-14)

[HOCIm'sMo(CQ),(NO) BF 4

58

The trimethylimidazolylmethanol derivative behaved slightly

differently from that of HOIm'3 in that two isomers, 60 and 60 A,

were formed in the reaction of [HOCIm*3Mo(CO)3]n 59 with NOBF,4.

The reaction of HOIm's or HOIm 3 with Mn(CO)gBr gave
3 3 5
[HOCIm'3Mn(CO)3]+ or [HOCIm*3Mn(CO)3]+. However the analogous reaction

of rhenium caused the degradation of the ligand, and [Im'CO]Re (CO)3Br

was formed (eq VII-15).



Re(CO)sBr + HOCImM’,

N/,‘. I Lot CcCC
o= R (VIl-15
S SR

56
Attempts to prepare trisimidazoclylborate ligands failed.
vevertheless scme interesting results were cbtained. Trimethylborate

reacted with 1 mol LiIm’ to give an imidazole bridged dimer.

Me,
Me O @ ,OMe
-8 Bl
Me O N———< OMe
O

Me

Treating 3 mol LiIm' with 1 mol B(OMe)3 produced a white solid,
wnich reacted with [Rh (CO)2Cl]lo to give [(MeO)zBIm’z]Rh(CO)Z 65. This

suggested that the white solid contained Li[ (MeO)>BIm's3].

\r©

SN co
B(OMe); + 3Lilmy (RNCO),Cllp, (MeO),B \Rh< (Vil-18)
"ﬁ—N’/ co
3
65

The same reaction of the white solid with [Re(CO)4Brl,, however,
gave only Re(CO)3(HIm'),Br. Perhaps rhenium brought about the

degradation of imidazolylborate as it does to pyrazolylborates.l’5
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