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- : -
«.~Synthesis, properties and carbon-hydrogen activation reactions of

pyrazolylborate complexes of rhodium. have been investigated.
- 3

The tris(dimethylpyrazolyl)borato complex (HBPz*3)Rh(CO)2 (1, Pz* =

~—

3 S-dimethylpyrazol 1-y1) reacted with a variety of tertiary phosphines'

© to give the corresponding new class of monophosphine derivatives

(HBP;*3)Rh(CO)(PR3) (4). Solution infrared spectra- indicated that the

HBP;* ligand is bidentate in 4, which are tharefore 16—e1ectron Rh (I)

complexes. ly . NMR spectra indicated two fluxional processes,-an
Yo
intermediate involving tridentate HBPz*3 was proposed to explain the low

N
v

temperature fluxiOnal prosess.

] ) ) . .o
Ultraviolet irradiation of a benzene solution of 1 rapidly and

: N B e
'quantitatively‘activated benaene affording (HBP2*3)Rh(CO)(H)(C6H')'

,(6). A solution of 6 in benzene =dg undergoes exchange above room

temperature forming (HBPz*3)Rh(CO)(D)(C6D5) (8a) and it follows first—

order kinetics. L ' . s

cr - 8

Photolysis of 1 in cyclohexane using an inert gas purge °
’ : o t

quantitatively afforded (HBPz*3)Rh(CO)(H)(C6H11) (17), fully
ch;gacterized as its more stable chloro derivative . |
(HBPz*3)Rh(CO)(Cl)(C6 ll (18). . Cyclohexane in 17 was rapidly and
quantitatively displaced by benzene at 25°C forming 6ff Saturation of
cyclohexane solution of 17 with CH, at 25°C establishedxan équilibrium
bet¢een 17 and (HBPz*g)Rh(COQ_(H)(CHE}) (19) 1n which the equilf‘brium

constant favoring methane activation was l90 A combination of kinetic

1

- and equilibrium data enabled relative bond str .v,be estimated,

< ?
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Irradiation of 4b (PRy = PMe,Ph) in benzene afforded mainly
HBPz*, )Rh.(H}(C H.)Y(PMe,Ph) (32), while in ;iblohexane,orthométallaiionl‘
ne3 65 —2° _ _
- of the phényl group occurred. "
~— ) .

. Complexes (HBPz*3)Rh(CO)(nz—olefin) (0lefin = ethylene, 3A4a,
propylene, 34b) have been prepared and shown to.be four coordinate in

solution. ' These complexes activate solvent benzene in the dark at 75~

' - ¥ ,
105°C forming 6 in high yield. Thermolysis of the above complexes in
tyclohexane gave binucleaq,hydrido‘speciés (38).

Photolysis of 34a in benzene yfelded both 6 and

o
’

(HBPz* ,)Rh(CO) (Et )(Ph) (39). Carbonylation of 39 in cyclohexane

afforded (HBPz*3)Rh(CO)(COEt)(Ph) (40) as the major producti reaction of

40 with‘ZnBr2 afforded propiophenone in 82% yield. a4 e
- o . ; : 3
"Irradiation of 1 in cyclohexane using cyclopropane purge afforded

rhodacyclobutane (45). Thérmolysis of 45 in benzene géveiﬁ arong with
- \ ~'. . , » B )
propylene and cyclopropane. Carbonylatjon of 45 at 25°C yielded

,'nhodécyclopeptaqone (AT). Fuftber carbonylation Of'kl at 75°C affordea

”
7
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A

This Thesis déscribes the synthesis and p;opertigs of *
vtris(d;methyl razblyljborato cémplexes of rhodium. - The main cohcern\pf
this work 1s/to iﬁvestigate the potential of this class of complex in
bdn:hy%,ogen (C-H) activation. Before deséribing C-H activation,-a
"\:jflkedfg;ussion of the tris(pyrazolyl)borate.ligénd will be pfesentéd.
Tris(pyrazolyl)borate 1igand
The triéfbyfazolyl)bopate ligand was first reported in 1967.1 The
. use qf'this nerl'ligand to form complexes with a varietyof tranfition
metals has been described.2 The two most c¢ommon and extgnsively
investigated of.thesé ligands are derived from the unsubstitﬁted
pffazole, and B:S—diﬁethyl.sub;tituteé pyrazole. These have a formal
similarity to cycloa;ntadienide apion (CSHS") andf -
pentamethylcyclopentadienide anién (CSMeS—).‘ For'exémple, ‘
tris(pyrazolyl)bdrate anion and cyclopentadienide{aniqn are uninegative

six electron donors, the electrons being derived -from three nitrogen

lone pairs in tris(pyrazolyl)borate anion or the aromatic sextet in

C HS . .

5
. Thq‘framewo;k of tfis(pyrazolyl)borate ligand is’ shown in'the

sketche; in eq. 1—1; i\is the hydfotris(pyrazol—l—y})ﬁorato iigand,;n

/ ; S : ‘

abbrev#ated HBPz3; 2 is the hydrotris(3,5~dimethy1pyfazolf1—yl)borato'
liganqi HBPz*3 (the asterisk ind}cates mefhyl gfoups reﬁlacing tﬁo-

%ydrbgen atoms oﬁ each of the pyrazole rings).



(1-1)

PR}

3

Previous investigations of the coordination chemistry of

unsubstituted tris(pyrazolyl)borate ligand (HBPz3 ) had shown that, in

mkst cases, dinuclear rhodiun species formed preferentially to’

;//;ononuclear ones., Thus in the present investigation, the 3 S—dimethyl

derivative of pyrazole has heen used to synthesize mononuclear
tris(3 5- dimethylpyrazolyl)boratb complexes (HBPz*3)Rh(CO)(L) (L =
.carbon monoxide, tertiary phosphines, olefins) and the potential of
these rhodium complexes for C-H activation has been explored. The

dicerbonyl,b(HBP2*3)Rh(CO)2, was first briefly mentioned in 1971

1.

reported by Trofimenko~ and later examined cursorily by Powell et al.5

An interesting aspect of tris(pyrazolyl)bogate ligand is that it

-

can bond to transition metals in different ways. For example, it may

5 e,
o3

function as a bidentate ligand (two of three available nitrogen atoms
coordinated to metal) or in a tridentate'fashion (all three nitrogen

atoms coordinated to metal). It is convenient to have a shorthand

=
7



N . . [ . @

‘notation to describe the number of nitrogen atoms attached to the

6

metal. A system of notation originally suggested by Cotton~ for

'

carbocyclic ligands will be adapted for this purpose. The number of
nitrogen atoms bonded to the metal is specified by a prefixisuch as
P4

_monohapto, dihapto, trihapto. Abbreviztions for these prefixes ar - 1

-
ﬂz, 713- ‘ . -

" 5

Effective atomic number rule
The 18~electron rule provides a simple way of estimating the

stability and reactivity of many types of compléyes. This rule was
initially formulated by.Sidgwick7 in 1934 Nafter a study of the binafy
carbonyls. Few exceptions are known among compounds containing m-acid

M )

ligands. A moleculér orbithl viéwpoint of the 18-electron rule has been

provided by Mitchell and Parish.8 d}ﬁe eigﬁfeen electrons to which the

rule refers are considered to be id the nine valence shell orbitals of

v -

the metal atom (five
. . J

orbitals). More precisely, it can be said that the eléﬁtrons are placed

(n-1)d orbitals, one ns orbital, and three np

in the molecular orbitals formed from these atomic orbitals. These
electrons éomprise thbse donated by the ligands together with the d
. - 5 :

electrons of the metal ion in the appropriate oxidétion state,“To’aﬁply

18*e1ectfon rule to a specific case like Mo(CO)6, one can say that Mo is

six groups from Ehe left hand side of the Periodic-Tgble,'and thus has

o

six valence electrons. Each carbon monoxide ligand donates an electron
pair, so:that molybdenum:caﬁ be considered to obeygthe‘18—electron f;le
(6 + (6 x 2) = 18). |

A number df reactions,procéed via l6-electron, coorginatively

unsaturated interme&iate, generated by heat or ultraviolet light (eq.

~ L



’ Hv, SCO

SW(CO) W(co) ]

—> W(CO),L . (1-2)
¥

‘Thé l6-electron [W(CO)S] species is known to be involved in the Simple

L]

substitution of one ligand by another.

Stable l6-electron complekes of the later ‘transition metals (Rh, A\
8

N

Ir, Pd, Pt), all d° in their compounds, are moré the ruie“than the

exceptioni These are squafe planar complexes, and the origin can be

o

e traced qualitatlvely to the large energy gap between dxz 2 -and the next
lower orbital that emerges-even in 51mple crystal field t:eory-lo One
of the most  famous of these 16felectron‘complexes is ehe four-coordinate
iridium compound C}ir(CO)(PPh3)2.11A It is considered to be made up of a
3 . .
'Cl_ ion,'and Irf, and three neutral ligands (ligands may be either
neutral 6f‘ﬁegative, and ecch isgcensiaered’tq@donate a pair of
electﬁonsvto the.metal). Neutral iridium (nine groups f;om qhe left
handvsiae of ;he Periodic Tablef woulé have nine valence electronsi
Hence Ir+, or as it is usually représen;ed, Irl(I), will have eight
electrons. Thus the electron coune is (8 % 4 x 2) = lée. TGis iridiem
complek is a stable species, but its reactions are dominated by its

tendendy to achieve an 18e configuration., This can be shown by the

landmark reaetion11 in which hydrogen was activated (eq. 1—;).- o



v 4 s
. PPhy : PPh,
| 0 G oo | oM
"+ R, —— ir
2 . (1-3)
el (B
. PPh, | PPh,
ir(1),d8 16 7 ey, o8, 18e

7
3

The eq. 1L3 11lustrates the known geometric arrangement of ligands,
éduare planar in the reactant agd octahedral in the product. The
reactant ClIr(CO)(P;L3)é is g:16e I; (1) complex, fhe Roman numerical .
representing iridium's‘oxidation gtate} The prgduqt‘compiex
'ClIr(sz(CO)(PPh3)2 has threé negative iigands (c17, H-,.H-)'and since
tﬂe compound is unchanged overall, the metal oxidation state must be
counted as +3 or Ir (I1II). Since IrA(IIIS would have six elecérqns and
l2-electron (é x 2) are donated by ligands, the product is an i8ek
complex. The forward feact’on in ed. 1-3 1is called an ox;dative
addition (Ir is oxidized frow I to III and hydrogen ,adds tb it); the
reverse rg?ctibn (eq. 1-3) 1is calledbreductive eliminatiopn.

Tris(3,5-dimethylpyrazolyl)borato complexes (HBPz*3)Rh(CO)(L) (L =
‘CO,‘PRj, plefin).;ight‘exist‘as four-coordinate, 16—electron square
blanaf rhodium: (I) éompleXes; or és frigdnal bipyramidél<five-coordinat¢

‘18—é1ectron species depending upon the mode of attachment of the
tris(pyrazolyl)borate ligand. The coordination ch;mistry and dynémic
_behaviou- of the abo;e complexes will be addressed in; the present

investigation. -

P o



Carbon-hydrogen activation

The.activation and subsequent‘funétionalization of C-H bopds under
mild aﬂ?-homogeqeous-conditiohs are curfently aEtracting a great“§ea1 of
intérest.‘\bnly in recent years have significapt advantes in the
'stoichiometric activation of saguratea hydrocarbéns been achieved.
However, cataiytic activation of C~H bonds resulting in useful and
selective functionglization of saturated hydrocarbons remains a
cha}lengi?g objective to organometallic chemisté.' >

It is useful to regard dihydrogen as a model for C-H bonds in
activation processes; Hydrogen, like saturated hydrocarbons, is
. chemically unreactive in many reactioné even when there is a strong
therm;dynamic driving force for the reaction. For example,

hydfogenation 6f ole‘fin12 (eq. 1-4) proceeds only when a'catalyst is

present.

— (1-4)

—O—m

. AH = =33 kcal
X

Finely divided transition metals were once exclusively used as catalysts

in this reactions This éroeess is heterogeneous and the catalyst is

considered to activate hydrogen, presumably in a series of steps

S I

beginniﬁg with adsorption on thg metal surface.
Since the 1960's, Wiikinson's catalyst [Cth(PPh3)3] has become
Q .

known as an effective and widely used homogeneous hydrogenation

catalyst;§3 Details of how the catalyst activates the substrate can be

IS

\



S ‘
more readily determined in the homogeneous system than for heterogeneous
catalyéts. The pathway for hydrogenatibn is shown in eq. 1-5 for a

. . S

' = . J

soluble transition metal complex represented by [M].

-

(M)

(1-5)

The step a in eq.‘1-5 is the activation of hydrogen, 1in which.H—H
bond is broken and two new M-H bondsbére formed. Thié'is follovéd by:.'
.binding"of the olefin to an available site on thé metal (step b iﬁ eq.

'1—5); insertion bf bound olefin into a me;él—hydrogen'bond (step é); ahd
fiﬁally elimination of the saturated hydrodaréon (stép'd).‘ The unique'
feature of a catalyt;c cycle is that all steps occur rapidly and |
consecutively. |

Acfivation of saturated hydrocarbons by wéll defined,

.

intermolecular oxidative addition processes has been known only since

/
. 1982, although the activation of other saturated molecules, including

-



.
N
-

Hy, 1s widespread and has been extensively gﬁudied.14’151

Several approaches‘to C-H activation have been categorized by

1

~Hé1pern16 as follows: - o
/ . . - S\-
fl.{Elecfrophilic displacement “y /, ‘
)
£ S R ’ ,/ ' ‘ :
MY+ kY —> % + v ‘ (1-6)
?
2. Oxidative addition ”
» I /_.
2 4 - -
n ' (n+2) — -
M" 4+ X-Y —> M 1-7
~, (1-7)
3. Homolytic displacement
- L w4y ¢ 2 (1-8)
4. Nucleophilic displacement '
~
+ -— -_— B
MY+ xoy ——> M Ly : (1-9)

™y . . . ) :
O0f these general modes, electrophilic displacement and oxidative

addition have been identified for H2 and were suggested16 to be

applicablé to C-H activation. The apprbach to C-H activation involving
’ ’ ~
oxidative addition will be considered in the present investigation.;

3

o PyrazolYlborate-transitidﬁ—metal chemistr§'has'deVelobed.'

)

: (.
extensively but has not previously idte;sected the area of carbon-

. - s

hyd}ogen activatjon. Rhodium in one form or another is the basis for= -

Yy



méhy catalytic piocesseg. fo‘virtue of its position in thé'Periodic
A . :

Table and its génerai importénce in catalysis, rhodium was conside:edfé‘
. ® ' . )

’prbmising'basié for this new C-H activating system. Morgover

pentaméthylcyclopentadienyl rhodium complexes had.beén'showﬁ to.activate
C-H bonds. !’ - _. ’ o o
-, 5 7 : | .
The question of how.thé compounds formed in the iffitial C-H

’ . s : ’ b R
adtivation step can be converted to functionalized end products will

\

also be addréssed‘in this- Thesis. ' 3
(

10 poa



11.

12.

13.

14.

15.

1_6'.'

17.

11

" References for Chapter I

[ ’

S. Trofimenko, J. Am. Chem: Soc., 89 (1967) 31‘.70. ' <
(a) S. frofimenko, Acc. Cheﬁ. Res., 4 (1971) 17.

(b) S. Trofimenko, Chem. Rev., 72 (1972) 497;

(c) S. Tréfimenko, Prog. Inorg. ChemQ, 34 (1986) 115.
(a) D.J. O'éuilivan and F.J.'Lalor, J. Organomet. Chem. 65 (1974)

Ca47.

L

(b) N.F. Borkett and M.I. Bruce, J. Organbmef. Chem., 65 (1974) C51.

(c) M. Cocivera, T.J. Desm&nd, G. Ferguson, B. Kaitner, F.., Lalor
and D.J. bfsullivan, Organometallics, 1 (1982) 1125.

S. Trofimenko,‘Inorg. Chem., 10 (1971) 1372, .

S. May, P. Reinsalu and J. Powell, Inorg. Chem., 19 (1980) 1582.

F.A.-Cotton, J. Am. Chem. Sdc., 90 (1968) 6230.

. N.V. Sidgwiék and R.W. Bailey, Proc:fyoy. Soc., 144 (1934) 521.

P.R.:Mitchell and R.V. Parish, J. Chem. Ed., 46 (1969) 811.
b.Af»Tolman, Chem. Soc. Réviews, 1 (1972) 337. .
F.A. Cotton and G. Wilkinson, Adv. Inorg. Chem., 4th Ed. Wiley and

Sons, (1980) 643. : ‘ o T

‘L. Vaska and J.W. Diluzio, J. Am. Chem. Soc., 84 (1962) 679.

R.Et Harmon, S.K. Gﬁpté and D.J. Brown, Chem; Rev., 73 (1975) 21.
J.A;voéborn, F.H. Jardine, J.F. Young and G. Wilkinsor J. Chem.
Soc., (A) (1966) 1711. | |

J. Halpern, Aﬂn. Rev. Phys. Chem.; 16 (1965) 103f.

B;R. James, "ﬁomoggdeoué Hydrogenétioﬁ“, Wilef, New York, 1977.
J. Halper  aorg. Chim. Acta, 100 (1985) 41.

(a) W.D. Jones and F.J. Feher, J. Am. Chem. Soc., 106 (1984) 1650.



¢

]

———

(b) W.D. Jones and F.J. Feher, J. Am. Chem. Soc., 107 (1985) 620.

12



CHAPTER II
v

_PHOSPHINE ADDITION REACTIONS

13



Section 1

INTRODUCTION

. The hydrotris (pyrazol-l-yl)- and (3,S—dimethylpyra;ol-l-yl)boratof”“

ligands were first prepared by‘Trofimenko,1 who.has pointed out that
tﬁis‘novel and important class of ligandé may function as a bidéntate

2,3 The analogy between

iigand or in a tridentate fashion.
tris(pyrazoiyl)borate énién uBPz3_) and thé cycldpentadienide anion
(CSHS_) has also been drawn by Trofimenko.2 Thé comparison arises from
the fact that both ligands are uninegative six electron donors, the
electrons being defived‘from three ni;rogen lone pairs in HBPz3— or the
gromatic sextet in CSHS;' A similar analqu can be drawn between
hydrotris_(3,5—diméthylpyrazol—1—y1)bofate anion (HBP2*3_)vand the
pgdtamethylcyclopentadienide anion (CSMeS-).

An impoftgpt bis(oléfin) rhoéiﬁm (I) compliex (HBPz3)Rh(C2H4)2 was
first reported by Trofimeﬁko.4 On the basis of NMR results, he proposed
that the structure was like that of (acac)Rh(CZHA)é (acag'is'the
acetyiacetonate anion), a well—knﬁwn sixteen electron (16e) complex,:

‘iather than (C5H5)Rh(C2H4)2, a fivé—coordipate gighteen electron (18e)

structure.

@ e 0o N &
8] C \Rh/\\ '
\N—N o : Rh\

\
__/ Y 2N
@ 87 w7 Xy

\m/
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Siqce the three Pz ligands were equivaleqt on the NMR timescale, he
argued that some fluxional process would have to be involved if it did
not have the 18e strucfure‘where all three Pz ligands coordinated to
rhodim. ‘I

‘Over the past 15 to 20 years the st'ructurals"8 and %hemicals_lo
properties of these and related complexes have received some
-at}ention. >In this'context it is interesting to note Lalor's11 work on‘
;he (BPza)Rh(COD) complex (BPza.denotes tet?akis(l—pyra;olyl)borate
l ion), in which NMR equivalence of the four Pz grohps was found. This of
course does not tell much about the stafe’of rhodium, which on the NMR

.
evidence could be either four- or five-coordinate. Another important

— .
observation by Lalor was that Ph3P'readilz displaced C2H4 from “
(HBPz3)Rh(C2H4)2 or (BPZA)Rh(CZHA)Z; he conside;gd this as evidenceffor
a lbée structure, since di;placement of C2H4 from (CSHS)Rh(CZHg)Z‘by
phosphines has a high éctivation energy. VIn the case of
(BPza)Rh(CO)(I)Z, Lalor11 found two distinct Pz environmeﬁ@% in a 3:1
ratio in thé NMR. From this observation he supports a "tri‘N;hapto"
strﬁéture with. a dangling P; groupl A number pf other five—coordinaﬁe
rhodium diene complexes of the type (BPz,)Rh(diene) ﬁave'moré recently
been reported and characterized s r turally by X-ray crystallography.12

Using the 3,5—dimethyi derivative of pyrazole, Trofimenko13
synthesized (HBPz*3)Rh(C0D) and,(HBPz*3)Rh(CO)é and.fbund three
equivalent Pz* ligands in fhe NﬁR. From the NMR results Trofimenko
again favoured a lée, four—Coprdinaté!rhodium, but did not rule out the
possibility of five-coordination. Since then the nature of

(HBPz*3)Rh(CO)2 in the soiid state or in solution has not been

conclusively resolved.
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In 1980, an improved procedure for the synthesis of (HBPz*3)Rh(CO)2

*
was reported by Powell et al.,14 who explored some of its reactions.

: v ' . .
The reaction of,I2 with (HBPz*3)‘Rh(CO)2 to yield (HBPz*3)Rh(CO)(I)2; an

oxidative addition, was reported. React¥on?¥ Qith tertiary phosphines

and arsines were mentioned briefly, but the reaction products were not

™ 14 )

characterized and according to the authors
)

compounds' were broad and irreproducible.

the NMR spectrum of theée
P .

It appeared from the literature that nothing had beeﬁ done with
(HB}’Z*3)Rh(CO)2 since 1980. To have .a secure basis for C-H activation
studies with the complex, it was of interest to investigate its nature

‘ L
in solution and to examine in detail'some of the chemistry of this
interesting compound, sgch as phosphfﬁé addition reactioﬁs.

The nature of (HBPz*3)Rh(CO)2 ih solution and the new class of
monophosphine derivatives (HBPZ*3)Rh(CO)(PR3) for a variety of tertiary
phosphings and their NMR fluxional behaviour will be discussed in this

Chapter. The intent of this work was to provide background for work on

el
&

—

carbon-hydrogen. activation.



Section 2 _
SYNTHESIS AND PﬂbPERTIES OF PYRAZOLYLBORATE RHODIUM COMPLEXES
- | - < 3

Dicarbonyl (HBPz*3)Rh(CO)2 1) Yas éynthesized as an orange-yellow
crystaliine solid in 69% yield by reactings[Rh(CO)ZCIJZ with K[HBPz*3]
in the dark using toluene as'’a solv;nt. The compound has been ful}y
characterized by elemental analysis and spectrés opic methodsi. 1
appears‘to be slightly aiy—sensitivé,in the solid state and is'alsoA
sensitive to light and air in solution. A much betterAélemental
ahalysis.has been obtained for 1 than thai reported previously.14 Lp
addition some of the physical properties ofﬂl reported earlier14 differ
from the present observations. Th? reported infared spectrum (IR)
listed only one absofption band in the carbonyl.sttetchiné region (vco):
12045 em”! (solvent not mentfoned). in the present work, the IR of 1 in
thexane shows two Veo bands at 2055 ’1981 cm-l,‘as one would expect.

The 1H NMR spectra of 1 at ambient temperature and also at -90°C
showed the equi#alence of three Pz* ligands, in agreement with the early
report of Trofimenko.13 This NMR result is not informative as to
whether 1 has: a five-coordinate 18e or a four-coerdinate 1l6e
structure. The two likely five-coordinate fo;ps are trigonal
bipyramidal (TBP) and square pyramidal (SP). Tﬂé five- and fouf-A

coordinate forms are sketched below:
%

N A : - .
- Nl .-co N Mo o-CO
RIh—CO_ \N /Rh ~co \N h\
C .

(o}
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. .
For the five-cocrdinate forms, structures with two equivalent and one

1

unique pyreczv ring can be drawn based on eitrer geometry. In SP
geometry the two equivalent ligands would occupy cisrppsifions in the
basal plane. " Alternatively, for TBP geometry, the unique pyrazole ring

would occupy an axial position and tﬁe two equivalent ligands equatorial

positions. 1In summéry,-the 1H NMR does not distinguish the following:

(1) a fluxional five-coordinate form
(ii) a fluxional four-coordinate form

(iii) a rapidly interconverting mixture .of four- and five-coordinate

forms.

Na;ure of (HBPz*3)Rh(C0)2 (1) in Solution

At this point, IR spectra of‘some known and unambiguously four-
coordinate dicarbonyl rhodium compounds were examined in thg-cgrbonyl
stretching region. The timescale of infrared spectroscopy ié much
»faster than that of dynamic processes considered possible here, and was
expected to- shed some light on the problem. A Qell knowé 16e four-

15

¢oordinate square planar complex is (acac)Rh(CO)2 with reported IR Veo

T -

1, Another\éxample‘of a four-

(petroleum ether) at 2083, 2015 cm™
coordinate l6e complex is EtzB(Pz)ZRH(CO)2,16’with reported VCO(NujOI)
at 2080, 2020 cm—l. It apPeared that the reperted Veo of Bogh four-
coordinate rhodium (I) complexes were very similar, and that these
values are much higher (ca. 30-35 cm_l) ﬁﬁan those observed in case of
1."}t thus appeared ‘that llmighg?be five*coo?dinéte in hexane solution.
It appearéd‘that the best comparison Qould be with the cloéely
| related'ﬁigpyrazoie complex (HZBPz*z)Rh(CO)2 (2), necessarily a four-

coordinate complex. Accordingly, (HgBPz*z)Rh(CO)z was synthesized

o
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following with slight modification the procedure utilized by Bonati et

-al. 17 The compound was chqracterized by elemental analysis and
h

spectroscopic methods. The IR spectrum in n-hexane shows Voo at 2079
and 2013 cm—l, very similar to the other previously mentioned four-
coordinate cbmplexes and much higher than the Veo of 1.

From the direct comparison of Veo in a number of four-coordinate
14

dicarbonyl rhodium (I) complexes with the Voo of 1 it is\reasonable to
conclude that 1 has a five-coordinate 18e structure in splution (non- i\w

-

polar solvent) as sketched below:

-

. —~
q
H
8
) /"
N riJ N
OJJ v
kft’j Oq ) C
: o)
“ (_n3-HBPz*3)Rh(CO)2

TH ¥y

The n3 (Greek eta) notation indicates that lhree nitrogen atoms of three
pyrazole rings are atteched to rhodium.

' In general, one would expect that vco In five-coordinate complexes
would be lower thén those of four-coordieate complexee. For
(n —HBPz*3)Rh(CO)2, coordination of the third pyrazolyl group to rhodium
would‘increase the electron density on the metal; as a resuit the extent

" of back-donation from Rh to CO increases, and the C=0 bond becomes

weaker. Thus Vco 158 expected to shift to lower wavenumber relative to

i



(nz—HBPz*j)Rh(CO)Z, where oﬁlytho pyrazolyl groups are donating to

rhodium. . ®

Another very important and interesﬁing observation was made by

18

McMaster regarding the IR spectrum of 1 in a polar solvent (CHZCl

2)e
The IR spectra for 1 in cyclohexane and also in CH2C12 are shown in Figr
Ii.l for comparison. Four vco'§/areJﬁuesent in the IR spectrum of 1 in
CH,Cl,. The‘weak bands at higher veo (2080, 2012 cn”l) are very similar
.to those of (HZBPz*szthO)2 (2082, 2013 cm_l) in CH2C12. The more
intense bands at lower vco.(205§, 1982 cm-l) can reasonably be assigned
to (n3fHBPz*3)Rh(CO)2. McMaster18 also demonstréted that the appearance
ofnthe Qeak bands (2082, 20;;_cm_1) was reversible, not avresult of some
reaction. Hé removed tﬁe CH2C12 and took the sample up iﬁ_gfhexane or
cyclohexane, and the bands were no longer seen. It is thgrefore likely
that in dichloromethane; (Hsz*3)Rh(CO)2'(1) exists as an equilibrium
mixture of (n3-HBPz*3)Rh(Cb)2 and (nZ-HBPz*3)Rh(CO)2. At equiliﬁfium,

the five-coordinate geometry is very much favoured.

H )
. oo <
' / ] \ "\ ~
N ? N : N’.'B\Pz- :?»
‘()I N ' T~)( ’\\.{
- )~~
RN Q} R “c
o° , ;
o (o)
(‘na—HBPz'a) Rh(CO)2 ’ (17 —HBP2z S)Rh(CO)z
18 electrons 16 slectrons A

-

The value of the equilibrium'tonsgant is estimated as Keq(CHZCIE) =

’

QRS}’ from which AG°=3.0 kcal mol~! (af 25°C). .In view of this small

and somethat solvent dependent free energy difference, reactions of 1

20

could involve either form, even in a nonpolar solvent where the ¥raction .
) -~ ’
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of 16e form is too small for detection by IR. 1y NﬁR ébectra of 1 in
CD2C12 give no evidence even at -90°C for a second form, so it is
reasonable to conclude that the kinetic barrier for interconversion of
the k6e and 18e formé'of 1 1s low as well. Unfortunately, all attempts
to obtain crystals of 1 suitable for x-ray diffraction were
'unsucéessful; even the crystal structure ﬁould'notﬂhave established the

situation in solution, however.

Thermal decomposition of (HBPz*3)Rh(C0), (1)

’Cbmpound 1 decomposed in théftemperature,range 215-220°C during
ekamination of its melting point.‘ The IR spectrum of the decomposed
product in n-hexane was quite clean, exhibiting two new terminal Veo
(2067, 2000 cm—l), and this led to a more detailed ddnvestigation of the
thermolysis products. The experimenﬁ was again performed $y heating a
larger quantity of 1 in an NMR tube (5 mm) in a.silicone oil ba;h at
220°C for approximately 15 minutes. The IR spectrum indicated the
presencg of the same néw compound as was obtained in the melting point
tube. The compound was purified by chromatogfaphy on a Flofisil column.

The mass spectrum suggested the formula C27H§7N1002B1Rh2, which was

1

consistent with elemental analysis. The 'H NMR spectrum indicated a

transition-metal bonded hydfogen (6-12.31) coupled to two nonequivalent
" rhodium atomév(J=15.6 Hz, q=6.1 Hz), and three sets of pYraque
resonances in a 1:2:2 ratio. On the basis of elemental,anal&sis and
épectggscopic evidences the new dinuclear species is forﬁulated as
(HBPz*b)(Pz*Z)RhZ(CO)ZH, either 3a or 3b. Two possible structures are

-

proposed for 3 as shown below.



O
O
\3/2@ .

l
P

¢

’Attempts to obtain x-

4
s .
o \@\
/
—Rh(Pz;BH) H—,Rh\ /Rh(Pz BH)
\\" ,(
1

e TV

ray quality crystals were UﬂSUCj?

ssful.



-
S )
A ~Section 3
e ' PHOSPHINE ADDITION REACTIONS AND FLUXIONAL BEHAVIOUR

(HBPz*3)Rh(CO)2 (1) reacted rapidly and quantitatively at roém ’
temperature with one equivalent of a variety offtertiary phosphines to

»

-glve the’new class of monophosphine derivatives formulated as-

: o5 -
(HBPz*3)Rh(CO) (PRy) (eq-\2-1). , ) ‘
B H
! N I‘EJ\N - \8
. (- - N-/- Pz ‘
U 8% (2-1)
\F:l/ - PRy N\%}J .-co
o h CH.Cl,, 25°C - QN/Rh\Pﬁa
c 100% T '
. O 3 ’
* (n3-HBPz3)Rh(CO), ) (72-HBPZ3)Rh(CO)(PR,)
l de i / L.’ .
' 1 : 4a : R = Me
4b : PRy = PMe,Ph
i 4e ot PR3 = PMePh2
4d: R = Ph
Ge : PRy = PEtMePh

~
,
u

The IR spectrum, mass spectrum and ‘elemental analysis are consistent

with the above'formulation. This clasé of monophosphine derivatives is

extremely air sensitive in solution (especially 4a) .and moderately air
sensitive in the solid state. The Bis pyrazolylmonophosphine complexes
(HZBPz*z)Rh(CO)(PR3) (5) have also been bynthesized and characterized

. , ‘ A
where necessary for comparisoh}wtﬁegt/properties will be discussed later

o
W



in this section. 1.¢ IR Vco ©f the phosphine complexes are summarized
_in Table 2.1;

. IR speCtra of compleies 4 exhibit Vco bands very similar to thdse
of the related_gis(pyraiolyl)porste‘phosphine complexes (5). For
example, the véo for (HBsz3)Rh(CO)(PMe2Ph) (ab) in_nfhexane i1s 1978
cn™!, and the related (HZB?Z*Z)Rh(CO)(PMeZPh) (5b) complex has-the ve,
at 1979 cm-1 in the sane solvent. The comparison of Vco establishes
that the potentially‘tridentate HBPz*3 ligand is bidentate in
(HBPz*3)Rh(CO)(PR3) 4 complexes, whicbnare therefore l6e Rh(I).

1H NMR spectra of (HBP;*3)Rh(CO)(PR3) (4i?at ambient temperature ,

:show‘three equivalent Pz* rings indicating one or more fluxional

processes which average all three Pz* resonances{ Upon cooling, the

single ly er signals observed at ambient conditions exhibit splitting.

..

;\4ME\£Ssonance due, to- ‘the. 4-H ring protons (4b) at 6 5. 83 Splits into

g isignals at 6 5 92 and 6 5.79 4in l 2 intensity ratio. At the same time

the 3~ CH3 and 5- CH3 peaks each split into pairs of signals of intensity
“ratio 3:6. The temperature tequired for this’ decoalescence depends on
the phosphine (-4OPC for -4a (PMe3), -65°C for 4b (PMezPh), -75°C for 4c.

3
(PMePh,)). .

1

In other words, on cooling the "H NMR spectta of

o . ' . ’ .
(HBEz*3)Rh(CO)(PR3)3complexes show two sgets of pyrazole rings in 1:2

| ratio. Some representative spectra are shown in Fig. I1.2. In this
8



Table 2.1 vco of the Phosphine Complexes
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Compound

Voo (n-hexane) cm

'

1

(HBPz*3)Rh(CO) (PMe 5) (4a)
(Hséz*3)§h(c0)(PMe2Ph) (4b)
(HBPz*3)Rﬁ(CO)(éMePh25 (4c)
(HBPz*4)Rh(CO)(PPh3) (4d) K
(HBPZ*3)Rh(CO) (PEtMePh) (4e)
(HZBPZ*Z)Rhgco)(PMe3)fLSa)

(H2BP2*2)Rh(CO)(PMe2Ph) (5b)

1973

1978

1983

1983

1973

1975

1979
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-75°C

TH NMR (CD,Cl,)

3)Rh(CO)(PMe2Ph) (4b) in the 4-H.

reglion at ambient temperature and at -75°C..
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series of tertiary monophosphine defivntives, the 'H NMR spectrum of 4d
decoalesce;;e of only the 4-H protons occurs at ~90°C while even at
=105°C the methyl.signais remain broad{ There is sn apparent inverse
correlation of the barrier for ring intercrange with the bﬁlkiness of
the phosphine ligand; although from.the phosphines studied, the
correlation could‘be between the barrier and the Basigity of the

phosphine. .

The 1H NMR spectra of square planar (HZBPZ#Z)RhtCO)(PMe3) (5a) and
(HzBPz*z)Rh(CQ)(PMeZPh) (5b) AFig. II1.3) indicated two noneqﬁivalenc Pz*
rings'(in each case) aS'expeéted.“'Thereforé, one would expect three
nonequivalent Pz* signals in the low temperatyre limiting spectra of
(HBPz*3)Rh(CO)(PR3) if it has a four;coordinate squa:g‘planar‘

eométry. ‘quever, three nonequivalent Pz* rings were‘not'dbsegved at
the lowest acceﬁsible temperatures (-95°C). The infrared spectra
‘nevertheless indicate a four—coordinaﬁe square planar geometfy with no
other species at sufficient gonpentration to detect. It is fgasonable
to propose that the observed fluxioﬁal process involves a five-
coofdinate intermediate, which 1s trigonal bipyramidai’ahd.has a plane

of symmétry, viz,

§H N . ‘ H N
B =N\
-l 7
AN ’ . \
N -~ .;".Clo N -~




NN _.CO
O
N""  “~PMe,Ph

TH NMR, ambient temp.
Pyrazole 4-H region

(*impurity)

1 IJIJJ J I | Lol ll l Ll J l\‘

R
)
019 ppm CH,Cl,
H - |CHDCI,
\ 65.33

|

‘l L l | dd | l | 11
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Figure II.3 1H NMR spectrum of (HZBPz*Z)Rh(CO)(PMéZPh) (5b) in the 4-H

region.
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It‘is 1mma£erial which ligand, CO or phbsphine, enter; the aiial
position, becaugse at that point the plane of symmetry has made Pz*(1)
equiQalent to Pz*(2). Clearly no such intermediate is possible in the
- bis(pyrazolyl)borate complex ($avor 5b), 56 no facile averagiqg:process

N
occurs.

The fluxional ptocesées involved in the (HBPz*3)Rh(CO)(PR3) system
;Fah be summarized in the following.way. There are two kinds of
f;uxionai Rrocsﬁses; i) a high‘température»process that averages all
Pz* signals at room temperature-and can be frozen out in the —40 fo
-85°C temperature range to 2:1 ratio of Pz* signals; 11) a low
temperature process ﬁhat averages the two eqﬁatorial Pz* ligands which
are trans to different ligands in the fouf—;oordinate static structure;
the latter has not‘beeﬁ froéen out. :}-; _ Yo
Particularly inéerésting results were obtained using PMeZPh as‘the
'ligandﬂ It is convenient to discgss at this point the ly NMﬁ spectrum
of the_EiE(pyfazolyl)borate complex (HZBPifz)Rh(CO)(PMezPh), 5b, the
synthesisvof which will be'described later. The complex |
(HZBPz*Eth(CO)(PMeZPh) (5b) is considered to hgvevfpur-coordiﬁate
square planar geomecr-y. The 1H NMR,specfrum of 5b showed the two methyl
groups bound to r~ . Jorus as 41a§tereotopic,-having different chemical
shifts. This 1is vecause o} tﬁe‘chirality of the fragment to whicH >

PMe2Ph is attéched as shown- below.



e

The boat ahape of the ring differentiates the top and bottom of the
planar NthCO fragment. This is in contrast to (acac)Rh(CO)(PMezPh),

where the acac ligand, Rh and CO lie in a symmetry plane of the

P
[58)
e

molecule.: -
Returning to the trispyrazolylborate coﬁplex 4b, a moment's.

consideration will show that the\(HBPz*3)Rh(CO) fragment is also chiral
> S )

o
»

as shown below.

H‘
H 8N
N
N W N\7 N
\/ =N AN o
N co : N N---pn--C CH
\\ ~Rh~~ \\N"’ *\.P/’ 3
N/ |\Ph
CHy

Hence 1in the PMezPh complex (4b) diastereotopic methyls are expected.

However, experimentally a single methyl resonance is observed down to

<
4

-85°cC.

An explanation for thie is provided by tﬁe same trigonal
bipyramidalbinterpediate invoked 1in the low temperature pfocesses to
account for the equivalence of the two equaeorially bondeq Pz* riﬁgs.~
The trigonal bipyramidal fragments to which PMezPh is bound as’sﬁij

_ below have a plane of symmetry, they ar? achiral groups. As a\\ijylt

the equatorial Pz* ligands and - the .two methyl groups on phosphorus are

i
I

equivalent.

g

&7
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« HaG” | CHy C - Ch

Ph '

4b (axial phosphine) 4b (equatorial phoséhine)

It ié therefore concluded thét the Lnstantanebus plane of symmetrylin
- the five-coordinate trigonai bipyramidal intermediate averages the ‘two
equatérial Pz* ligand§ and aiso the two methyls on'éhosphorus.

The foregoing considerations can be taken one step further by the
use of é chiral phoesphine. 1In éuch a case, 'even forméfion'of the
proposed trigonal bipyramidal intermediateuvould'nqt éenerafe a plane of
symmetry in the complex. The }wo equatorially-bonded.Pz*.ligands would
ﬂot become eduivalent; in effect, they would ﬁe rendered diasfereotopic ’

by the chiral phosphine.

T H
|
B—N . B—N
o el
AN _
N Neig: ' \N.
Rh—CO - N “Newgy o
\\\N ' B ‘\\pqr’FTI T~\>,
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The above drawings illustrate diastereoropic character of the x
equatorially bonded Pz* ligands (here represented by N) when a chiral
'phosphine PXYZ Is coordinated, regardless of whether the phosphine is
‘akial or equatorial. ‘ N 4
Accordingly, a chiral monophosphine derivative

(HBPz*3)Rh(éO)(PEthePh) (4e) was synthesized and fuily characterized.
The 1H NMR spectrum of 4e at ambient temperature indiCa;ed three
equivalent Pz* rings as one would expect. The'variable temperature NMR
studies showed three segs of Pz* ;esonances in a ratio of 1:1:1 at
—60°C, which became sharp aE ~-83°C. The six methyl resonances of the
Pz* rings are a definitive indication of three nonequivalent Pz*

rings. This result is consistent with the proposed low temperature

fluxional process.

Energy barrier of the fluxional process

In continuation of the‘investigationS'on fluxional behaviour of
monophosphine derivatives, it was of interest to measure the energy
barrier of the exchange process which can be frozen into two sets of Pz*
signals in 2:1 ratio on . cooling. 'This has been referred to as the high
temperature averaging process. - Exchange process which occur too slowly
to cause NMR line broadening can sometimes be studied by che NMR double =
resonance'technioue known as spin'satura(ionJcra sfer (SST). 19

Spin saturation . transfer can be applied in cases where the rate of
vexchange is comparable to the rate of longitudinal relaxation of'the
nucleus used for obsergation (spin lattice relaxation time Tl)i The two
‘sites linked by an exchange_ncocess.Can be identified by saturaticn of

one site and observation of an intensity‘decrease at the,site with which
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J

: 3
it 1s exchanging. The observed decrease in intensity’ results from the

partial transfer of saturation to the new site effected by the exchange

process. 1

A spin saturation transfer experiment was performed on \

v - ) i
(HBPz*3)Rh(CO)(PMe2Ph) (4b). - It has already been mentioned that the low

temperature-lﬂ NMR indicted two sets of Pz* resonances with an intensity

ratio of 2:1. Confirmation of the site eggh;ng; is obtained by"
saturating‘the resonance dué to 4-H (6 5.92 (1H)) of the unique Pz*
ring. The intensity of the 4-H (6 5.79\§2H)) resonance due to the two
equiValent Pz*’rings decreases indicating\fﬁgz/zﬁé twd equivalent Pz* ‘
rings are exchahging with the‘third. The decreasé in signal intensity
at the & 5.79 (2H) site can be quantitatively meaéured, most readily by
means of a differénce spectrum. In this ocedqre, a normal spectrum of
4b 1s taken with saturating fielg/pnf\bugP:ot centered on:% 5.92 (1H).
A spectrum is then taken with féturation ‘of thevresonance at :6 5.92 and
the two FID's are subtracted to give a difference FID, which 'is then
fourier transformed to give a difference spectrum. This allows the
intensity decrease to be quantitat;vely determiﬁed by integration
against an internal standard. The normal, saturated and difference
'spectra of 4b are showﬂ in Fig. II.A.H | : '

| Rate constants are’derived rom the size of the decrease in signali
“intendity and a knowledge of T1 Jélues for éach'pgoton involved in the
process. The SST e#periment waé carried out in the temperature range of
-48 to,-75°C. The spin saturation'transfef data along Qith the rate
-constants are éummarizedfin Table 2.II.o |

tivation parameters for the exchange process were obtained froﬁ\

an Eﬁring plot 6f the data in Table 2.II1. The Eyring plot is shown in’

/

) ~ | 2
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T=-75C|  sitep

“CH,Cl, |} CHDCI,

55 32 6579

Relaxatlon tlme TA =2457 s
. . ) MA o) N
. z (=) ﬂ -Saturation at B,
. e . . \ .

MZ (0)-M% (=)

-

l I I !

6.0 5.8 5.6 5.4
6, ppm

Figure II.4a 1§ SST experiment on (HBPz*3)Rh(CO) (PMe,,Ph) (‘b) '
Top: normal spectrum (4-H region).
Middle: saturation at 2H site (indicated as B).
Bottom: difference spectrum. ’

-



T=-75°C Site B (relaxation time T1B= 2.3125s)"
. MB 0]
Site A z (0)
o CH,Cl, |} CHDCI,
6592 §685.79
M (<)
‘ | Saturation at A
t N
M? (0)-M3 (=)
| T T ' T
6.0 58 56 54
5, ppm
~//'i\‘ Figure II.4b ly SST experimeﬁt on (HBPz*3)Rh(CO)(PMe2Ph) (4b).

“Top: normal spectrun (4-H region)..

36

Middlé: saturation at 1 H site'(indi__cated as A).

Bottom: difference spectrum.
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Fig. II.5. Values obtalned were AH'=7.520.1 kcal mol >, AS¥=-22.140.6

eu and AG*298=14.ltOx2 kcal mol ;. These values were calculated using
data for 2H site. Using'data for 1ﬁ site, Jalﬁes obtained were ‘
AB¥=7.7£0.5 keal mol™?, AS#=j22.1t2.38.eu, AG*£98=14.0t0.8 kcal mol™l.
Actination parameters-obtained from 2H and 1H sites are in remar&ably
good agreement.
The exchange rates of Pz* rings were also determined By the line
!

. . \ ;
broadening technique. The rate constants were calculated according to

eq. 2-1 from the excess line width due to exchange. Excess widths A
£ . . )

N e

were

Vo o ' K =mx A - : C(2-1)
obtained by subtracting the line widths of the internal standard peaks

from the measured line widths of the peaks (at © [ height) of

interest. ﬁegamethyldisiioxane waa used as an internal standard. The
resonance due to‘the 4-H of pyrazole ring &as the peak of interest. Tne
. exchange’rate eonstants were determined in.the temperature ran%e -40 to
~55°C. Beyond this temperatpre range, no significant‘change in line
width of resonanees dnevtp\A—H of pyrazole ring was pbserved. The 1line
widthe af the resonance at o} 5 79 (2H site) along with the rate
constants at different temperatures are presented in Table 2. III. The

resonance at 6 5 92 (1H site) was: not well reﬁolved particularly at

—40°C, 50

”.“ramcﬁconstants. s
o

e

Activation parameters were obtainedﬁ$t ¢kn Eyring plot (Fig.

11.5), using data of Table 2.III. Values obtained were AH =134i0 7 kcal
mol™l, as*=-2043 eu, a6¥,gq=13.541.2 kcal mo17l.

¢
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Figure II1.5 Eyring plot of lﬂ rate consfant datK/for
~ (hsPz*3)Rh(CO)(PMe,Ph) (4b). 0, 2H site (SST); 00, 1H site
©, (SST); A, 2H site (line broadening). o
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Table 2.111 Line Broadening Data for 4b

40

Temp Line width . Line width Excess line width  k (s71)
(K) (Hz) (Hz) o A

Int. std. 2H site
218 1.12 3.00 ~ 1.88 5.89
223 0.70 3.90 3.20 10.05
228 1.02 5.10 4.08 12.80
233 0.75 7.05 6.30 19.79
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The activation parameters obtained by both spin saturation transfer

i

v

and line broadening analysis are 1in reasonably good agreement.

v ’
— &

(H,BPz*,)Rh(CO)(PR,) complexes _ ‘ . *
(HZBPz*Z)Rh(CO)Z (2) reacted readily with one equivalent of
tertiary phosphines affording the correspondiné monophosphine !

derivatives (HZBPz*z)Rh(C )(PR3) (eq. 2-2) as light yellow solids,

characterized by elemental analysis and spectroscopic methods.

“ ‘ \"
oo
2

NIN. 0 : : PR3 N)N\‘ ",CO
\)l RO ' o W—Rh
N/ \CO hexane . 25°C N PRS

2 | [/ 5a:R=Me
< S  5b: PRy = PMe,Ph
— kS

Addition of more than one equlvalent of phosphine yvielded an

unidentified compound (vCO (n-hexane) 1964 cm™ ; 3'-'Me3)éin addition.

to the above mentioned desired compound. The unidentified compound can
be isolated by fractional crystallization but in insufficient quantity

for-characterization. » ST l5°.
1 . N K
As mentioned earrier, the 1y NMR spectra of . these complexes ‘

- indicated two different pz* environments as expected for square planar
geometry. The six membered ‘B~N<N-Rh- "N-N . is(expected on the baeis of

reported structural data, to have a boat configuration. Thus ,Storr et

a1.20 have reported the crystal structure of (MeZGaPzz)Rh(COD), which is
: - oY

BN

~y
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related to the (Hngz*Z)Rh(CP)(PRs) s-stem, and the boat cqnformation .

was confirmed. ‘ | |

| As noted earlier, an interest:ag consequence of the bdét

‘conformation 15 observed in the ly NMr specﬁrum:of 5b. The two ;éfhyl

groups on phosphorus are found to be diagteféotopic ag/ambient h

temperaturé., The ﬁoneqhivalency of two metﬁyl group§ requires that the

&

boat is not rapidly inverting at room temperature. qhe boat

conformu. ion of 5b is shown below. i

H ;
B—H
N/ ” !
\\
N\N\“Rh"'co ¢
. - N/ \P/CHS ¢
: l\‘Rh p

Boat conformation of 555

[

It 1is worth noting that this is different from the (HBPz*3)Rh Sysﬁeﬁf

where only one methyl resonance was found_evenfét -95°C. 1In fhe'cése qf
5b, the PMe, groups are not equivalentiﬁinée it is attachgd to a chirgi-,
fragment. There is not a plane of symmetry invthe boét copformation.‘

An éarly examplg‘bf nonequivalent methyls was fognd id

[RhC1,Et(CO)(PMe,Ph),].2} ] .

.o ‘ ]

interestingly, the 15 MR spectrum of [MeZGaPzz]Rh(CO)(P?h3)»has

20 '

been reported by Storr er al. who observed a single “GéMe"Hresonance

at ambient temperathre. On cooling, two singlets were observed as

inversion of the boat form slowed. In contrast, the PMe, groups are
| )
w ey



nonequivalent in the 1y MR spectrum of (HZBPZ*Z)Rh(CO)(PMGZPh) (5b) at
room temperature. This direct comparison suggests that the barrier for

the boat inversion in t:heHzBPz‘f;_2 system is higher than that in the

MeZGaPz2 system.. Howevég,'ro_our'knowlenge, no prior report on the
magnitude of the barrier for the inversion of boat in a pyrazolylborate

complex has appeared 19 the lltera;ure.

. o
‘@lb determine the magnltude of the barrier for the boat inversion,

e

\ :
an»SST experfment wasfcgrried,out on '5b. Saturation of one of the

methyl resonances of PMe2 at room temperature Indicated a significant

" decrease in intensity to the other methyl resonance. This result

~

x

;. . - A \ . 1.
clearly indicated that there is transfer of spin between the two methyls'

on phosphorus. Rate constants for the exchange process were calculated
from the size of the decrease in signal inten51ty and magnitude of T1

value (l 17 s) (using xhe equation in Table 2. II). The rate constant k

-1

was 1.15 s whlch converts to AG 299—16 6 kcal mol 1.

An alternate approach to determlne the free energy barrier is from
lr» : _
the coalescence temperature of the two methyl resonances bound to

phosphorus.v The two methyl resonances coalesce at 80 C (toluene*ds) and

a

" _the rate conStant I's derlved from eq. 2-2.

K = /T x By S (2-2)
g’n :

‘where Av is the difference in frequenc& at coalescence temperature. Tne

'rarefconstanr k\was calculated as 31.9 s—l, (Av=14.4 He) which led to

AG*353;18.3 kcal mol~L. The value of AG¥ indicates a substantial

kinetic.barrier for the inversion of boat. From the published20

YariableltEmnerature NMR spectra of [MeZGaPzz]Rh(CO)(PPh3), we estimated
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~

v

26¥,3g%11.8 keal mol™'. This value 1s lover than that in the H,BPz*,
system. This is consistent with the observed single methyl resonance
foxj_GaMe2 and the two methyl resonaﬁcgs for PMe2 in case of 5b at

ambient temperature.

\
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Section 4

* EXPERIMENTAL

iThe publiened procedure22 was utilized‘for\prepdration of o “}n;w
N i i o
#r£5g(CO)2Cl]2. PotassiE?QdihydrobiSf and hydrotris— d ‘
(%,5—dimethylpyrazolxl)bofates were purchased from Coldmbia Organie-
Cnemical Co., Inc. All tertiary phosphines‘exoeot PEtMePh were
purohased from* Sterm Cnemicel Inc. and used as obtained. PﬁtMePh was
obt?ined from Alfa Products Division of Morton Thiokol Inc. s

3

d General Teehniquesih
| All reactions and manipulations were cérried out under an
atmosphere of purified nitrogen osing standard Schlenk techniques.
Reactions.were carried out at room temperature unless otherwi;e
stated. .Linde commercial nitrogen was purified by paesing through a,

>
heated column (ca. 50 C) of BASF Cu—based catalyst (R3 11) to remove

oxygen and a column of Molecular Sieves (Type 3A) to remove wate:j
Solvents were distilled under nitrogen immediately prior to use

" from the following drying agents: pentane, hexane and benzene fron

CaHz; dichlo;omethane from PZOS; THF and toluene.potassium/benzophenone.
.Infdred‘spectra were recorded using eoNicolet MX-1 FT IR

speetrometet-in 0.5 mm KC1 cells unless otherwise noted. Mass spectra
were measured using.an'Associéted Eleotrgnics Industrieg MS-12 maes
spectrometer coupled with a Nové—3 computer employing D5—50 software.
All NMR spectra were recorded using Bruker WH-200, AM-300 and WH—400 FT
NMR instruments. NMR samples for all monophosphine derivatives for

regular runs and'also for SST experiments were prepared by vacuum
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‘transfer of dried, degassed s§1vehts‘intd 5 mm NMR tubes. After three

or four cycies of freeze-thaw degassing, .the tubes were sealed off undér~

vacuum. CD2C12 was used as ghe NMR so{vent unless otherwise noted. For

NMR line broédening experiments,vhexamethyldiéiloxane was used as an |

internal standard and a twenty second relaxation'déiay was applied.
Melting points were determined using 3/ﬁicroscope equipped with a

/ .
Kofler hot stage. Microanalyses were performed by the microanalytical Y

laboratory of this department.

Prepar;tiqn of (BEPz*;)Rh(C0), (1) : - BN
A suspénsion of K[HBP?*3] (BOO'pg, 2.38 mmol) in toluene (70 mlL)
wasrstirréd for 15 ﬁinutes. To the's;uspens_ion’[Rh(CO)ZCl]2 (AOO.mg,
1.03 mmol) was added and thé reacﬁionAmixtufe stirred iﬁ fﬁe dark for
EEJIZ'S h at room temperature. The solutioﬁ;wds then filteredito remove
KC1 and unreacted startiﬁg materials and the filtrate was cooled to
-20°C-fo; Sg. 24 h, at which time orange—yelioy crystals of 1 had formed
in the flask. The supernatant was syringed from the cr&stgls which were

then dried in vacuo (520 mg). The supérnatant was concentrated to ca.

40 mL and cooled to —20°C‘f6r 48 h, giving a.further 127 ﬁg of 1 (total
yield 647 mg, 69%Z). MP decomposes above 210°C.

X

Characterization: IR (n-hexane) 2055, 1981 cm (s, VCO)' MS (200°C, 16

ev) M" (456), M'-cO, M"-2c0, M*-2C0-C(H,N,. " UV (n-hexane) 221 (e

17600), 353 (e 1820 ) nm (A

a)e TH MR (CDyC1y, 200 Mz, ambient) &

5.56 (s, 3H), 76 |

T

s, 9H), 2.16 (s, 9H). !3C NMR (CD,Cl,, 100.6 MHz,

ambient) & 18JSYENE, Jp, =69.1 Hz), 149.48 (s), 144.71 (s), 105.36

),‘14.89 (s), 12.44‘(5). Anal. Célcd for C15H228§6Q2Rh: C, 44.74; H,

[
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4.82; N, 18.42. Found: C, 44.92; H, 4.90; N, 18.12. ¢
3 .
Preparation of (HZBP;*Z)Rh'(CO)2 2) v *
To a stirred suspensi m of K(HZBPz*z] (400 mg, 1.65 mmol) in
toluene (50 mL) was added [Rh(CO)2C1]2 (3oq/gg,‘0.77l mmol). A black

precipitate formed immediately. The solution was filtered and

» ¥ x\

)
!

evaporated to dryness. The residue was then extracted with hexane (5 x

" 10 mL) and evaporated to dryness which was sublimed immediatsly at 75°C

(0.1 mm Hg) overnight to give pale yellow solid (255 mg, 4875

Charaqterization: IR (thexane) 2079, 2013 cm” ! (s,@ﬁéo)ﬂ MS (60° c, 16
. gk
ev) M'-H (361), M'-H-cO, M™-H-2c0. lu NMR (CD,CL,, 200 Miz, ambient) & .

5.8 (s, 2H), 2.35 (s, 6H), 2.27 (s, 6H). Anal. Calcd for
“12M16BN4O,Rh:  C, 39.82; H, 4.45; N, 15.48. Found: C, 40.03; H, 4.40;5“;4

Fd

N, 15.44.
Preparation of (HBPz*3)(Pz*2)Rh2(CO)2H (;l

charbonyl 1 (150 mg, 0.329 mmol) was taken in two O. 5 mm NMR tubes
and heated at 220°C for ca. 15 minutes in a silicone oil bath. During
heating the color of the solid changed from original orangehyellow to
dark brown. The combined dark brOWn solid was extracted with CH2C12 (5
mL) and chromato&raphed on a Florisil column (8 x 1.5 cm) with n-hexane
-eluent. Removal of the solvent yielded yellow solid which was further

‘purified by crystall}zation from n—hexane at -20 C over afperiod of

couple of days affording light yellow crystals (20 mg, 25%).

Characterization: IR (n~hexane) 2067, 2000 et (s, Veo) MS (175°C) mt
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(750), M*-H~CO, M*-H-2c0. lH MMR (cnzc12, 200 MHz, ambient) & 5.791(s,
1H), 5.71 (s, 2H), '5.67 (s, 2H), 2.51 (s, 3H), 2.41 (s, 6H), 2.37.(s,
‘3H), 1.65 (s, 6R), 1.47 (s, 3H), 0.94 (s, 6H), -12.31 (dd, JRh;—HEIS'G
Hz{ JRhQ_H=§.1 Hz, 1H). Anal. Calecd for C27H37BN1002Rh2: C, 43.20; H,
4.93; N, 18.67. Fqund: C, 43.09; H, 4.96; N, 18.22.

.

‘ ~
Preparation of (HBPz*3)Rh(C0)(?Me3)’(4a)
) ,
Addition of PMe; (18 pL, 0.177 mmol) to a solution of 1 '(80.0 mg,
0.175 wmol) in CH,Cl, (30 mL) gave compound 4a iﬁstantly. The solventy
was then removed under reduced pressure and the solid was washed with -
ice-cold hexane (2 x 2 mL) and dried under vacuum (O l mm Hg) for ca. 48
h affording the product as an extremely ais sensitive analytically pure

2y
yellow solid (84.8 mg, 96%). MP darkens aboye 140°C.

Characterization: IR (thexaﬁe) 1973 cm—1 (s, VCO) MS (135 C, 16 eV) M+
(504), M*-C0, M-CO-PMe;. lH NMR (CD,Cl,, 200 MHz, ambient) & 5.83 (br,

2

3H), 2.26 (br, 512H), 2.00 (br, 6H), 1.24 (dd, 2Jp_y=9.8 Hz, °J Ign-g=1-3

Hz, 9H). —AOQ% 5 5.88 (s, 1H), 5.80 (s, 2H), 2.34 (s, 3H), 2; ;2 (s,

31

3H), 2.2lg(s, 6H), 1.94 (s, 6H) (PMe3 ségnal remains unchanged. P NMR

(CDpCly) & 2.36 (d, Jp_py=147.7 Hz). Anal. Caled for CjgHy BN,OPRh:

C, 45.24; H, 6.15; N, 16.67. . Found: C, 43.90; H, 6.09; N, 15.65.

Preparation of (HBPz*3)Rh(C0)(PHe2Ph) (4b) ‘

io a solqtiqn of 1 (130 mg, 0.285 mmol) in CH2C12 (40 mL)‘was added
PMazPh (41 ulL, 6.287 mmol) resulting in ths color of the solution
changing'1nstantane0usly)from bright-yellqw to greenish-yellow. The

solvent was removed under reéduced pressure to give a solid which was
. ~ ‘ }, .
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‘ . AT . s AN .
CoY :
thn washed with B%éexane (2 x 2 mL) and dried under vacuum (0.1 mm Hg)
at 48°C for_gg,‘48 h yiéldihg the moderately air sensitive product (152
mg, QZZ). MP decomposes above 120°C.

-

Characterization:v IR (n~hexane) 1978 em™ ! (s, va). MS (130°C, 16 eV)

"Mt (566), MT-co, MT-CO-CgHii—CHy.  TH WMR (CD,C1,, 200 MHz, ambient) 6
. Nalyy -
7.86 (m, 2H), 7.45 (m, 3H), 5.83 (br, 3H), 2.20 (br, 9H), 14 (br, 9H),
1.42 (dd, 2p_4=9.6 ba, 2Jgnoy=1+5 Hz, 6H). -75°C (CD,C1,) 6 5.92 (s,
IH), 5.79 (s, 2H), 2.39°(s, 3H), 2.33 (s, 3H), 2.06 (s, 6H), 1.94 (<,
6H) (phenyl proton and PMe, signal remains unchanged). 31P.NMR (CDZCIZ)
i ‘ )
5 15571 (d, Jp-gp=154-1 Hz). Anal. Calcd for C,,Hy3BN,OPRh: C, 50.88;

~H, 5.83; N, 14.84. Found: C, 50.78; H, 5.88; N, 14.84,

frepafation of (HBPz*3)Rh(CO)(PHePh2) (4c)

Addition  of PMePh2 (42 uL, 0.223 mmol) to a solution of 1 (100 mg,
0.219 mmol) in CH2C12 (40 mL) gave a light yellbw solution
immediately. Removal of the solvent under reduced pressure éave a pale
yellow solid which was then washed Qithbgjhexane (2 x 4 wL) and dried in -
vacuo (0.1 mm Hg) at.70°C for_si.v48 h‘affording'comp@ynd 4c (128 mg, -

93%). MP darkens above 150°C.

Characterization: IR (n-hexane) 1983 cm™ (s, VCO)‘l MS (135°C, 16 eV)

M* (597, M'-co, M-C0-CeHg-CHy. UV (n-hexane) 213.3 (e 33711), 359.6
(e 2407) oo ™R (cb2c12, 200 Wiz, ambient) 5 7.42 (m, 10H),
5:86 (br LH), 2.15 (br, ®n, 2.10 (br, 9H), 1.70 (dd, 2Jp_y=9.8 Hz,

gy L-4 Hz, ). -85°C (C'_ "5) 65.94 (s, 1H), 5.78 (s, 2H), 2.38

(s H 2.34 "=, 3H), 1.96 (s ?), .1.90 (s, 6H) (the rest of. the



' signals remdin unchanged). 1P NMR (CD4Cl,) & 27.45 (d, Jp_pp=156.5
Hz). Anal. Calcd for C2§H35BN6OPRh: C, 55.41; H, 5?52§ N, 13.38.

Found: C, 55.43; H, 5.50; N, 12.73.

" Preparation of (HBPz*;)Rh(CO)(PPh;) (4d)

To a solution of 1 (228.3 mg, 0.5 mmol) in CH,Cl, (50 mL) was added
PPh3 (12 =g, 0.5 mmol) and this was stirred for ca. one and a half

hour. IR indicated complete conversion. The solvent was removed under

reduced pressutﬁland tﬁé.resulting solid was washed with_njhexane (3 x5
- mL) and dried inhvacud'(o.l mm Hg) for ca. 24 h affording the product as

a bright yellow soiix ""30 mg, 96%). MP darkens above 175°C.

£ . . _
Characterization: IR (n-hexane) 1983 cm 1 (s,
A \‘ )
1

Veo)+ MS (155°C, 16 eV)
3

T (690),"M*-co. H MMR (CD,Cl,, 200 MHz, ambient) & 7.40 (m, LSH),

5.68 (s, 3H), 2.20 (s, 9H), 1.86 (s, 9H). A-105°C (CD2C12) 5 5.88 (s,
1H), 5.52 (s, 2H), 2.30 (br, 6H), 1.96 (br, 6H), 1.30 (br, 6H) (phenyl
proton resonance remains unchanged). 31P'NMR (CD2C12) 8 42.46 (d,

Jplgy=160-5 Hz). Anal. Caled for C34H37BN6OPRh C, 59.13; H, 5.36; N,

12.17. Found: C, 59.09; H, 5.39; N, 12.22.

Preparation of (HBPz*B)Rh(CO)(PEtMePh) (4e) .
To a stirred solution of 1 (150 mg, 0. 329 mmol) in CH Cl2 (50 mL)

was added PEtMePh (50 pL). Theépriginal yellow solution became pale

ﬁx

yellow immediately. IR indicated complete convégsion. The solvent was

then removed under reduced pressure to give a yellow solid which was
Vdiss01VLd in a minimum volume of CH2C12 and n—hexane was added to this.
’ o e»"’

. : \
solution: Cooling the solution~no ~20°C over a period of couple of days

L



afforded the compound 4e as a yellow crYstalline solid (162 mg, 85%).

-

g -
Characterization: IR (n-hexane) 1973 cm~! (s, vgg)- MS (150°C, 16 eV)

Mt (580), Mt-co, M+-CO-P(C6H5)3.V g or (CD,Cl,, 200 MHz, ambient) &
7.68 (m, 2H), 7.40 (m, 3H), 5.79 (br,‘3H),.2.14 (br, 18H), 1.66 (m, 2H),
- 1.44 (dd, 2JP_H=9-.7 Hz, 3JRh_H=1.2 Hz, 3H), 0.76 (m, 3H). -85°C
(CD,C1,) 8 7.64 (m, 2H), 7.42 (m, 3H), 5.89 (s, 1H), 5.76 (s, 2H), 2.36
(s, 3H), 2.30 (s, 3H), 2.16 (s, M), 2.10 (s, 3H), 1.84 (s, 3H), 1.66
(s, 3H), 1.54 (m, 2H), 1.37 (d, 3H), Jp,_, was not observed at low
temperature), 0.66 (m, 3H). Anal. Calcd for C25H35BN60PRh C, 41.72;
'H, 6.03; N, 14.48. Found: C, 51.34; H, 6 16; N, 14.27.
Preparation of (HZBP;*Z)Rh(CO)(PHe3) (5a)

To a stirred solution of (HZBPZ’;é)Rh(CO)2 (2)v(63 mg; 0.174 mmol)

s

in n-hexane (25 mL) was added ie3 (18 uL, 0.177 mmol) resulting in the_

ty

color of the solution changing immediately from light yellow to bright
yellow. The solvent was removed under reduced pressure and the residue

extracted with n~hexane (2 x 10 mL), filtered and cooled to -20 C for

ca. three days affording the yellow crystg}iine product (30 ng, 73%).

Characterization: IR (n-hexane) 1975 em™L (s, VCO) " MS (70°C, 16 eV)

* 10y, M+—CO,‘Mf-CO—PMe3. ' MR (200 MHz, ambient) & 5.72 (s, 1H),
5.70 (s, 1H), 2.28 (s, 3H), 2.25 (s, 33)3?@521 (s, 3H), 2.20 (s, 3H),
C1.44 (dd, 25 =9.7 Hz, e _u=1-3 e, ﬁ&) g ‘Anal: " Caled for |
| Cy4HpsBN,OPRh:  C, 40.97; H, 6.09; N, v?3 66.‘.§93nd: c,_40,60; H, 6.16;

N, 12.80. o { I c



Preparation ;f (HZBPz*z)Rh(CO)(PHeZPh) (5b)

io-a,étirréd solution of 2 (70 mg, 0.193 mmol) iﬁ_gjhexane (50 my)
was added PMezph'(za uL, 0.196 mmol). After five minutes IR indicated
complété conversion to>the prod;ct. Reﬁoval of the solvent under
reduced pressure affprded the ana%z}ical pure compound’§b (87 mg, 95%).

)

Characterization: iR'(thexane) 1979 cm”! (s, vCO)' MS (120°C, 16 eV)

Mt (472), M'-co. 1l NMR (CD,Cl,, 200 Mz, ambient) & 8.86 (m, 2H), 8.43
(m, 3H), 5.76 (s, 1H)s 5.58 (s, 1H), 2.33 (s, 3H), 2.26 (s, 3H), 2.21
(s, 3H), 1.93 (s, 3H), 1.71 (dd, 2Jp_y=9.2 Hz, 3Jp, _y=1.5 Hz, 3H), 1.6%

(dd, 23p_y=9:5 Hz, 3Jpy ,=1.1 Hz, 30). Anal. Calcd for C) gH7BN,0PRh:

‘C, 48.31; H, 5.72; N, 11.68. Found: C, 48.72; H, 5.90; N, 11.55.
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- ARENE C-H ACTIVATION

L.

P
[
e

L
g

55



.Section 1

INTRODUCTION

One of the ways in which carbon-hydrogen bonds may be activated

involves interaction with a transition metal complex in such a way that
are

£

the C-H bond 1is cleaved and metal-carbon and metal—hydrogen bonds
formed. The process is shown schematically below, and may also be

described as an oxidative addition reaction. .

, R 1

ﬁ

M+ —C-H ———> M/
N~

i~

The activation of C-H bonds by soluble transition metal complexes has

received considerable attention and significant progress has been made
, ‘ g
in this area over the past 25 years.1 Major interest in this field

arises from its potential applicafion in synthetic organic chemistry and
in industrial processes as a method" of functionalizing C-H bonds. The

discussions in this Chapter will be limited to arene C~H activation

t

reactions.

Eléctrdphilic aromatic metallation reactions ha e been known for

many years and have been d'emo'nstrated.,foxf.mercury,2 thallium,3 lead,4 .
. s , :

4 : Y
K3

platinum,s palladium‘;6 and rhodium.7

H HgOAc

 [Hg(0Ac)]T ——— O ———>'H' + PhHgOAc .
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One of the'problems of electrophilic aromatic metallation is\that it is
unselect;ve and reactions with substituted arenes generally reeult in
metalla;ion'at.most of the pdéitionsvoﬁ the arene ring.~

The recently emerging field of intermolecular activation of C-H
bonds by oxidative addition may enable greater control of selectivity by
varying the nature of metal complexes. '\

The activation of C-H' bonds by oxidative addition remained elusive .

until the discovery of cyclometallatiOn. This 1is simply an

intramolecular addition of a 1igand’§rH bond to the metal.

There are many examples of cyclometallations,8 termed orthometallations
when an ortho aromatic C-H bond is ‘activated. An early example of a

9

(
reaction® that must involve aromatic C-H bond cleavage is the \catalytic

synthesis of indazolones from azobenzene and carbon monoxide (eq. 3-1).

Co

AN e, s

The first isolated cyclometalléplon product was reported by Klelmanlo in.

L N : .
N Co,(CO) '

1963, an explicit example of ihtramolecular aromatic C-H bbnd activation

(eq. 3—2);
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Ph

N

/

) " N + CpH  (3-2)

N R/ 3 X
@ Ny 7\ 135°C ya
+ Cp,Ni ————> CpNi
Perhaps the most common intramolecular C-H oxidative addition is the
orthometallation reaction of aryl groups. A typical example11 is

provided in eq. 3-3.

&

H

| o
(Ph3P)3IrCl/—> (Ph'3P)2(c1)Ir (3-3) \“3

Clearly, proximity of the reacting C-H bond to the metal-center is a

critical factwr favouring such cyclometallation processes. The more

commoti“occurrence of intramolecular‘CJﬁ activation led'chemists earlier
to speculate that entropy played a major role in the difference between

intra and intermblecular oxidative“addifibp reactiions.
. . v t ' . / . '
Recently Jones and Feher carriggdpu{ the first systematic study of

12

iritramolecular versus solvent C-H oxidative addition reactions. Their.

Etudies on Cp*Rh(PMeéCHZPh)(H)(CGHS)‘shoﬁed that there was only. a very

-

slight kinetic preference for solvent activation;_on the other hand,

there was a moderately~high Ehermodynamic preference for intramolecular
[ e

aromatic C-H activation in this system.

7’

The first example Of intermolecular oxidative addition of arene C-H
bonds was reported by Chatt and Davidson13 in 1965- They observed that

a reduction product of RuClz(dmpe)Z’interacted with benzene,
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naphthalene, and other aromatic hydrocarbons to give arylruthenium

- hydride complexes (eq. 3-4)

7 P

P"*é' il -*_»2 NaCroHe PP),Rul, + 2 C;qHx + 2 NaCl
u u a

D THF [(P P)2Rul, 10Hg

r” | e

NP leHa

P P=Me,PCH.,CH.PM (34)

- MexFLRLHoPMe, ——p -

(dmpe) P.

| n
R .
<IN
P

Following this report, numerous other examples of intermolecular arene
C-H oxidative addition reactions have appeared in the literature. Green
et al 14 have reported activation of arene C-H bonds by photochemically

or thermally generated tungstenocene 3 (n C5H5)2W (eq. 3- -5).

—~

- ‘ \.‘, ‘.

H S H | N
i / hv Ar-H F i .
szw\ EREALI 3 W o

2 - ~C_H |
\H SN 65
. 4 (3-5)
Cp e /CH4 :
2 | Nch | .

Rausch et al-ls found evidence of formation of (n -
FCSH )Ir(CO)(H)(C HS) during photolysis of (n -CSHS)Ir(CO)2 in benzene,
although they were umable to isolate the former compound. More

-

-‘recently, Hoyano and Graham 16 reported'the‘formation of



Cp*Ir(CO)(H)(C6H5) during irradiation of Cp*Ir(CO)2 in benzene solution

(eq. 3-6).

(3-6)

'The unstable Cp*Ir(CO)(H)(C6 5) was converted to the more stable chloro
‘derivative Cp*Ir(CO)(Cl)(C6 5) for characterization. Aromatic C-H
rﬁoxidative addition by a relatively electron-rich complex was also

"qldemonstrated by Janowicz ‘and Bergman17 (eq. 3- 7)

S | on YN hy L llr '.(3 7
" benzene . . L . -
M°3P ‘\\ | ion Mg A\W:::] , ‘ - '

The more widespread occurrence and earlier observation'of arene C-H

'activation has led to the view that spz—hybridized aromatic C-H bonds
u .

are more easily activated than are sp3-hybridized C-H bonds by
transition metal complexesr This may seem surprising in the light of
the difference in C-H bond strengths involved (110 kcal mol -1 for

benzene against 95 kcal mol =1 for a. typical alkanE) Parsha118 i
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suggested that the arene may precoordinate to the metal in an n“-fashion
prior to activation, a farmulation that was postulated as early as 1965

by Chatt.l3 | .

: , H
M-F'[:::] > M— N

It is suggested that prior nz-arene coordlnatiow can provide a lower
(’*'.' .

energy pathway for the oxidative addition of the C-H bonds, a Troute
which is not available to alkanes. However, the strength of M-Ar. bonds
.exceeds that of M-R bonds by a greater margin than that (ca. 15 kcal
mol 1) by which the strength of H-Ar bonds exceeds that of H-R
‘bonds.18 Fuller discussions of M-C and M-H bond energies will be found

in Chapter IV and Chapter VI.

»

n

Until recently, no experimental evidence was available for the
widely accepted-hypotﬁésis of nz—arene intermediate. Jones and Feher19
have made a strong case that nz—arene coordination is required befo;e'C—

H bond activatioﬁ'in‘eq. 3-8. | <

i : ‘ -17% - )
Cp*Rh(PMe3)(H)(CH3) > Cp*Rh(PMe3j + CH,
l C6H6. - (3-8)
1 ‘ Cp*
Cp*Rh(PMe ) (H) (CeH,) < S

-

In the photochemical oxidative addition reactions the reactive

-

N
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intermediatgs wer€ presumed to be l6-electron coordinatively unsaturated

species-16’20 For example, the photochemical reaction of Cp*Ir(CO)z

with benzene is considered to proceed vfa loss of CO to give

[Cp*Ir(CO)], a coordinatively unsaturated 16—g3ectron intermediate, : \\

which can then oxidatively add C-H bonds.16 EGiQence in favour of the

'.;postulgted intermediate [Cp*Ir(CO)] wasﬂfound ip~§§-and Ar matrix at 12

K, thbugh only small amourits were generated21 ang

19

he interpretation was

far from unambiguous. Jones and Feher

Cp*Rh(PMe3)(D)(C6D5), presumably through

coordinatively unsaturated [Cp*Rh(PMe;)] intermediate (eq: 3-9).

hv (=H,) ' / Céné
Cp*Rh(PMeB')(H)2 _ [Cp*Rh(PMe3)]

> Cp*Rh(PMeB)(D)(CGDS)

(3-9)

-

"A reactive intermédiaté.can also be formed by thermally induced
reductive elimination. Thus thermolysis of Cp*Ir(PMe3)(H)(C6Hll) in
benzene ;ielded Cp*Ir(PMe3)(H)(C6H5).22 The rate of tﬁermqusis was
‘ retarded by aéded.cyclohexane but unaffected by the concentration of
bepzene or PMe3. ‘On‘the basis of these results Bergmén et al.22
proposéd‘the.mechénism (eq. 3-10) in wﬂich [Cp*Ir(PMes)]} was postﬁlated

as. an intermediate formed by revergible loss of  cyclohexane.
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Cp*Ir(pMéB)(n)(Cy) —=> [Cp*Ir(PMe,)] + H-Cy

l CeHe ~ (3-10)
Cp*I;(PMe3)(H)(C6H5) '

The inferﬁediate in the photocﬁemical and thermal reactions appears to
be the same. 1Its relative_reaétivity toward benzene and cyclohexane is
similar whether it is generated from photolysis of Cp*Ir(PMea-)(H)2 or
from thermolyé%s of Cp*Ir(PMes)(H)(CgH, ,).22

Previous'studies reiatea to arene C-H activation were centered on
transition-metal complexes containing Cp, Cp* and phosphine--ligands.

~

Pyrazolylborate transition-metal chemistry has developed extensively

2? but the area of carbon—hydrogen_activation‘by such

over 20 .years
complexes has not been previgusly investigated. The analogy between Cp
and ¥5P23, and between Cp* and“HBPz*3 ligandgbhas been discussed in
Chapter II. It seemed that the facile tridentate-bidentate
interconversion of the tris(pyrazolyl}borate ligand (Chapter II) might
be interesting from the poinm.of view of C-H activation. The
unavailability of (HBPz3)RhQ$b)2, which forms an insoluble carbonyl-
bridged species led to the éhoice of the 3 S—dimethyl compound

(HBPz* )Rh(CO)2 (1). The interaction of 1 with a variety of aromatic

hydrocarbons will be discussed 1in this Chapter. Some kinetic and

mechanistic aspects of arene C-H activation will also be described.
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Section 2 .
" BENZENE ACTIVATION AND THE PROPERTIES OF THE HYDRIDOPHENYL'QBODQCT
The tris(dimethylpyrazolyl)borato compiex (HBPz*3)Rh(C0)2 (1)
photochﬁﬁi@ally activates24 aromatic hydrocarbons with" great efficiency

at room temperature (eq. 3-11).

/

(3-11)

Ol

,: \

z-z
C_>
(-

q? ——

T D-e-ZmZ--0—T
-

Unlike previously reported photochemical systems, activation proceeds
under daylight or tungsten 4llumination as well as with use of a mercury
arc. ' )

‘When a pale yellow soiution of 1 (53. 2 qﬁ) in a closed, evacuated
Pyrex Schlenk tube was irradiated under standard conditions
(Experimental Section) for five minutes by means of a 450-W Hanovia
- medium pressure mercury lamp, the solution became colorless, end the
conversion to the hydridophenyl rhodium (III) complex.according‘fo eq.
3—11\was EOsplete. VIt s }mportaht to note that under the same

conditions, conversion of (ns—CsMeS")Ir(CO)2 to the hydtidophenyl_comple#

was only ca. 60% after six hours irradiation, and there was a general
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dégradation atdlonger times.16 Activations using (n —CSMeS)Ir(PMe3)(H)2
also require long irradiation with a powerful UV source and do not
bproceed to completion.17’20’22b On the other hand,‘a benzene solution
of 1 (ca. Z.Q‘mﬁ) was >95Z converted to hydridophenyl complex (6) even
when irradiated with an ordinarv'75—w incandescent reflector flood light

at a distance of 2-3 cm for only two hours.

The hydridophenylrhodiim (III) complex 6 is a moderately air stablev“

”‘colorless crystalline solid, although it is quite air sensitive inp
e'—;olution. It was characterized by elemental analysis and spectroscopic
methods. ‘The low resolution electron impact mass spectrum did not show
the molecular ion M » and the observed heaviest fragment corresponded to
[(HBPz*3)Rh(CO)]2, this species is probably formed as the solid sample
is heated. However, fast atom bombardment MS (Cleland matrix) indicated
il and (M—CO) The IR spectrum (n-hexane) showed a single Vco at 2049
en! and a weak broad absorption peak athca; 2060 cm_l,-assigned as the
Rh-H stretching vibration. A high field. resonancg at '8-12.31 (1H, d,

JRh_H=21.3 HZ).in the 1H NMR spectrum is a definitive indication ofythe
rhodium-hydrogen bond. The six methyl and.three 4—H resonances in ‘the
1y NMR spectrum of 6 (Fig. III.l) are'consistent with the three
nonequivalent pyrazole ringsbin the octahedral structure. The phenyl
protons are broad (Fig. III.1) at ambient temperature suggesting a
"somewhat slowed rotation of the‘phenyl ring about rhodium-phenyl bond.
This is confirmed by the 'H NMR spectrum at -20°C, fhig. II1.2) which
%hows five sharp sets of multiplets.as rotation about the.rhodium-phenyi
 bond becomes slow on thz NMR timescale. The two edgesAof the phenyl

ring are'nonequivalent. In the aromatic region, the resonance at 6 6.95

appears as a triplet at ambient temperature and remains as such on

~
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cooling, and is accordingly assigned to the para proton. The para

. 3 .
proton is expected to be a triplet even at gmbient temperature, since
for a proton at the paré(positipn, no site is available for exchange

upon rotation. However the ortho and meta protons have sites available

for exchange. In the low temperature 1H NMR spectrum (Fig. III.2),
selective decoupling experiments confirm/fhat the resonances ét 65 7.59
, . . i .

and at -6 6.49 are due to the ortho and ortho' protons respectively,

while the'resonance at & 7.30 and 6 6.79 are due to the meta and meta’

protons respectively.

} 13c MR of complex -6 at =-20°C is given in

1
Assignment of the {"H
Experimental Section but this spectrum élone does not identify the

phenyl carbbnsvés ortho, meta and para. The two dimensional (2-D) NMR

At

spectrum was taken in the aromatic region to correlate carbons with the
hydrogens, resonances due to the hydrogens having already been assigned
in the lH NMR spectrum. ° Such a 2-D §MR spectrum, shown in Fig. III.3,ﬁ

allows assignments of the phenyl carbons as’inéicated;
{ ,
Kinetics of CcH exch§nge_of‘(EB?;f3)Rh(c0)(u)(c6BS) (6) with CcDc

solvent

f%e hydridophenyl bomp%exﬂ(Gyﬁfsﬁﬁuite stable thermally and does

- not eliminate benzene at an appfeciable rate at roo‘ktemperature. When

. a solution of 6 in CeDg 1s heated above‘40°C, a smooth first order

" reductive elimination occurs to produce C6H6 and

/

‘(HBPz*3)Rh(Cb)(D)(C6D5).' The formation of (HBPz*3)Rh(c0)(D)(q6DS) (8a)

~

v . “. " . . . ‘
intermediate (gq. 3-12).- SN : : . . .
‘ o \ by . v ¢ -

is pfeéumed\tq occur via the qgord*nati&ely unéatdfa;ed T(HBPZ*j)RthOj]

O
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Figure I11.3 2-D mMr ly-

" (HBPz*;)Rh(€0)(

Horizontal axis,

13C correlation spectrum of 5
-(C6H5) in the phenyi region.
C; vertical axis, 1H

v {
oL —~ .
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\ ﬂ;. )
k ) p
(HBPz* ;)Rh(CO) (H)(C(H) ¢ — — [(HBPz*3)Rh(CO)] + C6H6
' S|
6 -
(3-42)
. k2
[ (HBPZz* ;)Rh(CO)] + C,D <;———> (HBPz* ;)Rh(C0) (D)(CDy)
N\ _2 ) 5 ,
. i ‘ , 8a

The rate of disappearance of 6 was followed by heating the complex

\

6 in C6D6 solvent and monitoring the rate of disappearance of rhodium

hydride resonance against an internal standard (hexamethyldisiloxane).
The reaction was psendo first order under these conditions. ‘A

. logarithmic plot of the ratio (hydride rescnance/internal standard)
.versus time yielded a straight line with slope equal to -k (rate
constant). The rate of the exchange was determined at several different

temperatures, a typical plot is shown in Fig. iII.&. At each

temperature, the rate was followed for at least two to three half

"

lives. - The rate constants at varicns t 4y %&e listed in Table i

3.1. R i
From an Eyring plot of the data in Table 3.1 (Fig. III.5) the

activation parameters for the rate of disappearance of 6. were found to
R

be AH =29.6+0.4 kcal mol 1 and AS 212,241 2 eu. Jongs and- Feher19

reported the activation parameters for exchange @f Cp*Rh(PMe3)(H)(C6H5)
with CeDg as AH'=30.5£0.8 kéal mb1 1 and a8 #.14.942.5 eu. * The o
similarity of activation parameters in the two systems is 50 striking

that'the mechanisms forxexchange‘are likely wvery similgr in the two

3systens. ‘Jones et al.19 expressed surprise’reéaéggng the large‘positive”
. RN o - ;, ,,.i‘l‘. p t ] iv,r . v"i.". [N - o

] RO s
T by &,
s, i

o ~
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- Figure II1.4 First order plot.of benzene exchange data for

. (HBPz*3)Rh(CO)(H)(CgHs) (6) in CgDg at 42°C
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Table 3.1 Rate Constants foriExchange of

g

-

Benzene—d6 with 6 ‘

Temp.(K){' k (8—1)
i1
315 (1.01 £ 0.01) x 107
323 (2.92 * 0.05) x 1077
333 (1.25 + 0.04) x 1074
(5.14 + 0.08) x 1074

343

72
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¢

AS% value for reducfive elimination thch presumably involves a‘hiéhly

ordeted three-center “transition state.

. ‘yv

Negative or slightly positive AS¢ valuesﬂﬁav§‘5éenvfound'fbtfpreQiousiy

studied reductive.eliminaf&on reactionngS‘ " .‘  _ i o "
In view of the.similéf;ty of.kinetic_paéametgrsfof coméiex,6 to :

those. of Cp*Rh(PMe3)(H)CC6H5),19 Qhe would expect precoordingtion of

2—fashion prior to C#H activation in the

benzene¢to rhodium in'aﬁ b|
HBPz*3 system as was fQund for thele*Rh system.' Evidence for the nz—
benzene intermediéte c0uld in pfiﬁciplevbe foun&;by irradiatfon of the
hydride ?esonanée of (HBPz*B)Rh(CO;(H)(¢6H5)V(6). 4One‘wou1d e;pect spin

saturation transfer between the hydride resonance and the ring 'protcn

signals (eq. 3-13).

- . 2
-c(.'

+( 12 = Rh_gijf <:; Rh_/H& H  etc. **:’(3%‘3)
’ ES Z’ SR o L ( :3 |

. AN
, .

Such an experiment was catried out on ‘6 byAirrédﬁating the high*fielar

%erideltesonénce in the temperature range .-20°C to amblent

temper:iure. Under the experimental condih%yns, no appreciable :ransfer
, A -

of sztn ras observed. This negative result suggests elther that an v
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intermediate is not involved or that there is an nz—benzene internidiate

but the rate of nl-nz interconversion is too. slow relative to relaxation

times to detect in this experiment.
In an attempt to resolve this, question, an alternative approach was
to synthesize (HBP2*3)Rh(CO)(D)(C6H5) (8b) and to examine its 1y NMr

spectra from time to time to observe whether any deuterium scrambling

over the phenyl ring takes place on the laboratory time scale. If the

1

expected nz-benzene intermediate .is involved, “the “H NMR spectrum of 8b

would show gradual formation qué_hydride resonance with time and !
consequently, there would'he a decrease in intensity of the phenyl

: ¢
proton resonances due to scrambling of deuterium over the phenyl ring

In accordance with this view, complex 8b was prepared (eq. 3- 14) by

reduting (HBPz*3)Rh(CO)(Cl)(C6H5) (7 with zinc dust and aceétic acid—d4

in methanol—dA. The synthesis and broperties of 7 will be discussed

later in this Section.

CO : co

) Zn/CD3COOD ‘ //
%k - * —
(HBPz 3)Rh Cl CD3QD/RT > (HBPz 3)Rh D ‘
%% T %"s  (3-14)
7 8b 13
4 ‘r. . o . ‘.\1 .
" The Veo of 8b is identical to the corresponding protio codplex;6. The
' nMg spectrum of Bb recorded approximately two hcurs after the

;'sypthesis-showed’aﬁhigh'field fésonance;,the integrati%b of which

’ correcponded te ca. 5/6 protons, as cxpected statistically for comple e . .

’deuterium scramb‘ina over the phenvl rinp ' Thts.result provides‘some

PR
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evidence for thelintermediacy of the nz—benzene complex for-oxidative
addition of benzene C;H bonds. This i1s consistent with the observation
of nz—benzene intermediate by Joﬁes et 81.19 in the Cp*ML system. It is
of interest th;t an‘nz—C6H6 rhenium complex has recenfly been

crystallographically charécterized.26

The rate of deuterium scrambling” in 8b was too fast to determine
under the experimental conditions. Low temperature synthesis of 8b and
low temperature lp mr étudies,might allow determination of the rate of

scrambling, but were not pursued in this work in view of Jones' - .-

persuasive results. P
Reactions of (HBPz*3)Rh(CO)(H)(CgHs) (6) -t
"« Reaction with éblb

Complex 6 reacted quite readily with an excess of CCl4 to give

(HBPz*3)Rh(CO)(Cl)(C6H5) (7) (eq. 3-15) in ca. 80% isolated yield.

co ' co

- ccl . .
(HEPz* )Rh/-/—-iH 4% 5 (uBPz* )RhéCl v
3 3 ’ -
Ces Cets - G
6 7

" During the reaction of 6 with cCl,, a sméll amount of new species -

formad, préshmed'én thé'basis of.vco at 2116 cot (n-hexane) to be
(HBPZ*3)Rh(CO)(CI)2.v However,, this product could’noc'be_isolateﬂ}'4t;1s
unstable in soivfien, losing C0 slowly st room, temperature: .

: e : SN e
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The compound 7- was 1solated as yelloﬁ, alr stable crystals end was
'~characterized by IR, MS, ly NMR and elemental analysis.‘ In contrast to
(HBPz* 3)Rh(CO) (H) (C¢Hs) (6), the 15 MR spectrum of |
(HBPz*3)Rh(CO)(Cl)(C6H5) (7) at ambient temperature shewed five sharf
.sets of multiplets iﬁ the aromatic region. This is considered to be due
to the higher bar;ier to phenyl gotatioe in 7 (as compared to 6) due to
the_greater bulk of the chloride ligand. This kind oflhindered rotation
has been observed about rhodium-phosphorus and rhodium—carbon bonds in
the (CSMeS)Rh(PRB')(R)(X).system (R"= tertiary phosphines; RX =
aromatic halides).27

Decéupling experiments indicated that the pair of doublets at &
7.87 and 6.18 are due to.the-gzghg and_nghgf pretons, and the pair of
triplets at & 7.15 and 6.79 are due to the meta and meta' protons. The

’ o

triplet at & 7.01 was assigned as the para proton.

Reaction with CO
The cemplex 6 in n-hexane reacted slowly at room temperature under

one atm pressure of CO to give (HBPz* )Rh(CO)2 (1). 1IR monitoring
indicated ca. 70% conversion in 40 hours of reaction, coqresponding to a
'half life of about 23 hours. The IR gave no indication of ;he formetion
of fbrmyl or benzoyl intermediates.or ofvbenzaldehyde as a broduct. v

"'Reggrding the mechanisi of formation of .(HBPz*;)Rh(C0), (1), the
most obyique possibility is perhaps a reversible’firet ordef reducti&e

. ‘b,",.np: .

ek&h{mﬁbionpof benzene as the rate determining step (eq. 3-16).
AN T : ' , . g
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L)

/ k)

(HBPz* )RhZ—H ——> [(HBPz*3)Rh(C®)] + C_H

< 66
k
) oy CeHy -1
(3-16)
| . k,z i .
[(HBPz*B)Rh(CO)] + CO ——==> (HBPz*,)Rh(CO),
-‘;Lmb o k_2
)'I"p, ;, T B . . l e

If.kl in eq. 3-16 is the rate determining step; then an upper limit for
the rate of réaption’of 6 with éb\may be computed from the activation
parameters fqr the C6D6 exchange reaction of 6 (eq. 3-12). Usiﬁg the
activation parameters for eq. 3—12,‘the value of k at room temperéture
—l,vwhich tyanslates to a half life of 343

ugt
Y

_ is calculated as 5.62 x 107/ s
 hours as a lower limit. -The half 1life f;%%the reaction of 6 with one
atm. CO péessure\was abproximgfely 23 houf%ta This comﬁarison excludes
the "obvious” méchanisgic possibility of eg:§3—i6.
An important obserQation concerned tﬁé regc;ioq of 6 with four aﬁm
' CO pressure in n-hexane at réom tempefature. vThe‘rgge of disabpegrange

o
Sy

of 6 was_monitored qualitatively by IR, and it was clear that-cqﬁbiékiw
reacted relatively faster at four atm. CO pressure than it did at.oﬁéh
atm. CO.® This g;essufe dependency suggests an associative mechanism -for

the formation of 1. To account for the obsefjed CO. pressure dependency

- the following mechanism is propbsed (eq. 3—17).\§

>

~ -
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0
C .
(n>-HBPz*, )Rh(CO) (H)(C. H, ) } co&—El—> (n?~HBPz* )ih‘///co
7 3 65 <—T_l 3|. \H
. Ph (3-17)
0
1 k '
(nz—HBPz* YRh =~ 2 5 phH + (n%JHBPz* YRh(CO)
PN BPz*4 2
LA
Ph !

A process such as eq. 3-17 would be CO pressure dependent if‘k1 Qere the
e

rate determining step. Further studles of the .reactions of 6 with déﬁar
ligands would be of considerable interest and importance.

: sinceifunctionalization of benaene by reactionvof‘.
(HBP2*3)Rh(CO)(H)(C6H5) (6) witn Cvaas not accomplished, an alternative
approach was to prepare derivatives of the hydridophenyl complex that .

would reductively ellmlnate less readily. " One such compound is

(HBPz*B)Rh(CO)(CH3)(C6H5), discussed in the follow1ng section.

»

Reactfon with CB2 2

PUSa
R A e N

Complex 6 reacted at a moderate rate w1th CH2N2 at 0°C to give

P

A cleanly (HBPZ* )Rh(CO)(CHj)(C6H5) (9) (eq 3-18). -

Raglal “
. co.. CH N, o co
(HBPz*,)Rh —H \f——v—-> (HBPz* )Rh —CH
N 0%C "\ 3
T, Cells . ‘ CeH 1 (3-18)

'l 6 A ) . 4 H 9 ‘ . -



The compound 9‘333 isolated as colorless crystals in ca. 70% yield. The
formulation of the cippouhd was confirmed by IR, MS, 1y NMR' and

elemental analysis. The IR spectrum showed a single Veo' at 2045 cm—l'

this is 4 cm™ L lowér than that of the hydrido complex 6, a reasonable

shift for the more electron-releasing methyl group. The 1H NMR spectrum

indicated a doublet at 6 1.20 (d, 2JRh_H=2.1 Hz), chargpteristic for
methyl bosga\to a rh?dium center. Two sets of doubdkets and three sets

of triplets were found in the aromatic region, as was the case for

o

(HBPz*,)Rh(CO)(C1)(C,Hc) (7). This is another example of hindered
3 6"s , g

b

rotation of the phenyl ring about the rhddiUm-carbbn bond. The CO

-
r

insertion reaction of'thisvcompound will bé discussed in Chapter VI

along with the other CO-insertioP\%eactions.

o



' Section 3 '

- . ACTFVATION OF OTHER AROMATIC HYDROCARBONS

Qs

. -

As 1t/does benzene, the tris(dimethylpyrazolyl)borato complex

(HBPz*_,)Rh(CO). (1) also photochemically activates other aromatic
3 2

hydrocarbons with great efficiency. T _ o
“ ) (

Toluene as substrate

~. - . N ' 3
Complex 1 activates toluene sp2 C-H bonds efficiently at ambient-

-

temperature. Irradiation of a yellow solution of 1 (ca. 7.8 mM) in a
. . ‘ - '
closed Pyrex Schlenk tube for 15 minutes afforded a colorless

<8olution. IR indicated quantitative,conversiqn ®0 the hydridotolyl
rhodium (III) complex (10)\according to6 eq. 3-19.

4

'

h"\), -Co co

' (ngzfé)gh(CO)z ~————f4f—>’1(#3P2#32Rh{_H

o100 0

b

Conversion of Cp*Rh(PMe3)(H)2 to the hydridotolyl complex!? was only ca.

. 20% after 43 minutes of irradiation at —45 c. Complex-lO was

e

.characterized by spectroscopic m@thods and elementai analysis.'
: é

3

The IR spectrum (n—hggane) showed a single VCO .at 2048 em™L and a
weak broad band at 2060 cm 1, assigned as the Rh-H stretching

. ¥
- vibration. The ’//NMR\spectrum of 10 at - ambient temperature indicated

two sets of doublets in 2:1 ratio in the high field region. On cooling R

ra



., .to -80°C, three sets of hydride resonances in 21 46:33 ratio were found
An the - 1H NMR spectrum. The three pairs of Rh-H resonances are

presumably due to para and two meta conformers as shoun in eq. 3-20.

x -

H O H y
I }

i or’s\.o Oy’i\
N \5/ ~ (3-20
o N

I_./;---
.C)
I .
OV
K
-—3
/7
(')
Ir
w
(@
T ...

ara o meta » meta

Presumably the meta conformers interconvert rapidly.at ambient
temperature on the NMR timescale but only slowly at —80 c.
Although the foregoing interpretation of the isomers of 10 appears
- most. reasonable, there is an alternative explanation that cannot be
excluded without further experimentation. That alternative is that the
three hydride resonances at -80°C are due to_grthg, eta and para tolyl
isomers. Thus in the . photochemical reaction of Gp*Rh(PMe3)(H)2 with

'ff}toluene at -45 C, Jones et al.19 found an isomeric distribution of 567

'1rmeta 367 para 7. 6Z ortho and less than 1% benzyl isomer. Present

82

ﬂ.toluene experiments‘using 1 were carried out at ambient temperature, and

Wi

:!so are not directly comparable to those of Jones.lg' In view of the

_lower stability of the p—xylyl derivative of 1 (see below) it 15

)

possible that an initially formed ortho-tolyl isomer would be unstable ﬂ’

at room’ temperature with respect ‘to reductive elimination leading to_:"

\

~
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meta.or_para isomers. Certainly, this would be the likely fate of any
benzyl isomer at room temperature, in view of the lability*of j
hydridoalkyl.derivétives of 1, to be discussed in a later Chapter. T
PrentigeFHall (éH) models suggest that thehpéra;isomer would belthe most

favoured sterically, then meta, while the ortho isomer would be the

-, least favoured.

The resonances due to the aromatic protons*are broad at room
temperature while a number of- sharp sets of multiplets are found on
&

co ng. Overlap of resonances does not allow assignments‘of the

.o

aromatic protons.’

\;ﬂ ~ /

P—xylene.a§ substrate ' i . '
Irradiation of 1 in p—xylene (ca. 3.3 mM) at room temperature in ‘an

-

evacuated Pyrex Schlenk tube for, ca. 25 minutes resulted in ca. 907 -
%

_conversion to c0mplex 11. 1IR showed complete conversion of 1 to 11

withinvseven minutes uhen'a N2 or Ar purge was used during photolysis to

prevent the back reaction with released co (eq. 3-21).

| co
(HBPz* 3)R(CO), ~ > (HBPz*)RhZ—H ,

/N or Ar purge | ' O (3_21): ;

1 | : S 1 .
A o - Va

v, =CO

This is unlike (HBPz*3)Rh(CO)(H)(C6H5) (6), where no appreciable back

reaction with released CO was observed and indicates qualitatively the

0lview of ‘its limited _i.r

. . e . - e
Y K - . ot T

greater lability of‘the pékylyl hydride (11) ZI
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stability, the complen 11 ‘was not isolated .but converted by reaction
with CC14 to the stable chloride (HBPz*3)Rh(CO)(Cl)(2 5~ C6H3Me2) (12)
for characterization. |
Compound 12 was isolated as yellow srystalline solid. The IR in n=
hexane showed a weak VCO at 2085 cm -1 and a strong Yco at 2079 cm” L
“The 1H NMR indicated eight methyl resonances, 8ix of them due to the
methyls of three nonequivalent pyrazole rings and two due to the methy]
groups on the aromatic ring. ‘Two doublets at 5 6. 95, 6.73 and a singlet\
at 6 5 ;1 were found in the aromatic region. '
Additional weak peaks in the IR NMR spectrum of 12 clearly indicate .
the presence of a minor isomer which by integration of xylyl methyl

signals represents ca. 137 of the product. This iS'consistent with the

presence of tw0'vco bands in the I spectTum. The two isomers

V4 P

pPresumably result from the two different orientations methyl groups
bound ‘to the benzene ring. Sketches of the two conformers\ are shown in

.;3-22.

-
\‘.
ZwmZ--m—T -
__zl/
-

7

K
e Omn. >-..

-The X-ray crystal structure of (HBPz*3)Rh(CO)(CZHS)(C6H5) (Chapter VI)\

suggests that the orientation of the phenyl ring would be such as to.

I
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align it with one of the "grooves" between the pyrazolyl groups; Ph '
models show the crowded surroundings if gké ortho methyl on aromatic

ring is directed towards the pyrazolylborate ligand. From this it 1is

N : ' )
suggested that'the‘major isomer has -the ortho methyl directed away from
. . ‘ - . p
the pyrazolylborate ligand, while the minor isomer has the other

orientation. From thé_EIemental analysis and also from 1H NMR it

appears that 12 contains 0.5 mol GH2C12 as solvent of
4

crystallization. Hydridoaryl complex with methyl substituents close to
o

t 3

the metal center appear to be less Stable than (HBPz*B)Rh(CO)(H)(C6H5)

(6), as might be expected

Para—difluorobenzene as subs(fate A

- . t

Irradiation of 1 in parajéifluorobenzene (ca 3.3 mM) in an

v

evacuated Pyrex Schlenk tube for seven mlnutes afforded complex 13

accordlng to eq. 3-23 in quantitative yield.

- - /
. S ~hv, -CO » /CO - 3
(HBP2*3)R)’1(C0)2 / 7 > (HBPZ*3)Rh - H F ; \\ |
| s ' (3-23)
S : .
. F ;

1 R . P
1 13

Compound 13 was isolated after chromatography on a Florisil column -as
‘-colorless crystals and "’ characterized by the usual spectroscopic methods
and elemen.al analysis.' The IR (n~hexane) showaﬂ a strong v

cn™! and a weak broad band ca. 2080 cm -1 assigned aSijh_H- The

Veo at 2065



N
-

.

o //' . e T LT

e o ’ C . '. ~ M
Gom
observed IR band positions fbr this complex dre much higher than those

of the corresponding hydridopheny complex (6) (2049 cm 1, 2060 cm~ )
Thé M MMR of 13 showed -the 1gh fleld resonance at &-12.31 (dd
loane §719:0 bz, 335 HT13:0 Bz, 1H), characteristic of rhodium hydrdde.

Three complex multiplets were found in the aromatic region. -The six

\methyl resonances are consistent with the three nonequivalent pyrazole -

rings in the. octahedral geometry®™ The { H} 19F NMR. indicated two

z

nonequivalent fluorines which appeared as a doublet and a triplet.v

Compound 13 is more’ robust than the unsubstituted phenyl hydride 6;

!

for example *13 is readily chromatographed. A more detailed study ‘of

.

the stability of 13, such as the barrier to reductive.elimination of P

C6H4 2> has not yet been carried out, although it -would certainly be of

9
‘

interest.



Section 4 "
CHAﬁISM OF C-H ACTIVATION - SOME ' SPECULATION

-
L N

Judging from carbonyl stretching frequencies, the electron richness
of 1 (VCO 2055, 1981 pm_l in_thexane)\is.similar to that of_(ns—

CsHg)RR(CO), (vCOf2049;_198§ cn~1 %plnfhexane)aathe averages of the band

' rd

.

ultraviolet-visible (UV—VIS).spectral data of 1 with those of other R
) ) fi ) . . i-,/
‘compounds which have been known previously to activate C-H bonds.” Such
a comparison is showm in Table 3.II.
N -
t o Table 3.II UV-~VIS spectral data
- 'Compound : | Solyent . : xmax’ nmﬂcs)
(HBPz*3)Rh(CO)2 o n-hexane ,* 221 (17600), 353 (1820)
(q5-)csme5)rr<c0)2' . n-hexane 220 (13000), 290 (5500)
(nS-CSMGS%EE(PMe3)(H)2 cyclohexare . 259 (1600)17

e

v X . ~

~,

The ability of (HBP2*3)Rh(PO)2 (1) to function w1th near UV llght

presumably results from th; position of its lowest energy electronie\
absorption band at 353 M. H!bh quantum efficiency is also necessary
for\;esponse.to the much less intense incandescent and daylight

sources.i Surprisingly, there is some flux from an incandescent tungstenH

28

lampbeven at 350 nm. " Although the origin of this efficienéy is not

yet clear, it is tempting to speculate ‘that it may inyolve facile

tridentatejbidentate interconversions of the tris(pyrazolyl)borate,

ligand.

<pairs“ane identical. "In this context, it will be interesting to compare .
\ ' -
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The previously reported examples of intermolecular C-H activation
\ -

reactions cited in the introductory section-of this Chapter have usually ’

‘been considered to. result from qge<oxidative addition of the 16-e1ectron
coordinatively unsatyurated metal fragments [ML ], generated by the

photochemically induced loss of Hy, or CO, into C-H bonds of hydrocarbons

—
L3

as shown below.. . S, S s

~

ir . - “ . §

AN | -

T sH, ,q§::§?_ . .1::i?.

\ ' ) RH : »
) /)r . ’7\
Ir
/ Pufative 16a R
N .&: \b Intermediate .
NN
v -

J ) : T
R . .
b) PR §

i "F

Co T This point has not been settled however. Recent results of Marx

35

and Lees on (n —C HS)Ir(CO)Z appear to favor ns > n3-r1ng slippage

-

-
rather than Co dissociation, as “the initial photochemlcal step., Also
very recently, Bloyce et al. 29 36 reported work on C-H activation by

(n —C5 5)Ir(CO)(D)2 which Were difficult to reconcile with D2 loss as
.the only Photochemical process. o

§&milarly, the photochemical process for (HBP;*B)Rh(CO)2 could

B -
Al

v involye either CO ejection or slippage of the trispyrazolylborate

giligand;! If it i1s the latter, n3 > nl is more attractive than n3 nz,

-

‘Z because ground state (n —HBPz*3)Rh(CO)(L) complexes (Chapters II and VI)

': are. not reactive to hydrocarbons at 25° C without irradiation. A

- reaction scheme based on a 14—electron (n —HBPz*3) intermediate is shown’

<

in eq. 3-24.

..
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ﬁh3—HBPz*3)Rh(c0)2

(n'-HBPz*, )RR(CO),, +.RH

o O N
- . \C '
: | co

- s

v >'(nl-HBPz*3)Rh(CO)2

. L 0/ |
T
>‘ (n —HBPz* )Th \H

Cco

,>‘(n34HBPz¥3)Rh—-H + CO

T

Cm2sy
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PR : Section 5 ) .
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/ i S GHKHICALLY ASSISTED C—-H ACTIVATION '
Introduction

As discussed- at the beginning of ‘this. Chapter, ultraviolet or
"visible light has been utilized in. mosnﬁ\ases for intermolecular C-H
activation. The role of the photon (hv) is to generate a coordinatively

ve intermediate. Carbon-hydrogen activation

unsaturated highly

" products are consigb' ¥io result from insertion of this reactive

internediate into the C-H bonds of hydrocarbons.

From the standpoint .of large scale industrial applications, it
would be desirable to find alternatives to photochemistry in C-H

activation. One approach would be to use a chemical reagent to remove a
-

‘ligand. by converting it to a new and weakly binding species. Hawthorne

et al.3 introduced the use # arylnitrile oxides ArE—N -0 (oné of the
class of 1,3-dipolar reagents31) tc remove a CO ligand from a relatively

electron rich complex. They recently32 33 applied these rgagents to
chemically and thermally induce benzene activation by Cp*Ir(CO)2 as
~ shown in- eq. 3 ~25.

' Cp*Ir(CO)2 + Ar—CNO — Cp*Ir'— N

e b S
—~—— .
Ar// N
: . : (3-25)
. ' ‘ Ar
” 0 . - e
: o 0 _ Cp* ) C : p* R
- V4 50°%¢ (-co), N /” ~ArCN ., ~
Cp*Ir — C - RA > Ir —f§§—> Ir
T N o N o oc” g
oo 0 - ' ' U
Ar .(9' |
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Following the initial report on the use of arylnitrile oxideo}for
CO. remShal Dr. C.F. Barrientos in this Laboratory also explored their
us th Cp*Ir(C0)2 to achieve C-H activation.34 He also successfully
used a readily available 1 3-dipolar reagent, nitrous ‘oxide,
= n-

nectivation by Cp*Ir(CO)z.

. .

0 : in the 60-80°C temperature range to induce benzene .
34 ’ : R

. 4 ) b ‘ )
§~It was accordingly of interest to explore NZO as a reagent in
inducing C-H activation in the pyrazolylborate system. The results are

described in this section.

/

‘Nitrous oxide induced benzene activation

-

Chemically induced arene C-H activation was achieved when a be&zene
solution’ of (HBPz*3')Rh(CO)2 (l) (2.19 mM) was purged with nitrous oxide
at.room température in the dark as shown in eq. 3-27.

ne

¥

CoO
Cel 6 /
(HBPz* )Rh(C0)2 0 purge/4.5 —> (HBPz*B)Rh——H |
o C, Hq - (3-27)

The conversion of l to hydridophenylicomplex (6) was complete in 4.5
h. Judging from the IR carbonyl stretching frequency intensities of 1
and 6 and assuming ‘that the extinction coefficient of vCO .in the "
‘compounds are similar, it appeared that the conversion of: 1 to6 was -
quantitative. This 1is the,first_example of chemiéally induced C—H
activation at room temperature. For comparison it is worth noting that -
(n —C Me 5)Ir(CO)(n -NCQG Cl) activated benzene’ at 50 C in 90% yield

'-after fiye weeks.32
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Cyclohexane activation using nitrous oxide . : .
After nitrous oxide induced benzene activatiOn,hit.waé<of lntereet
.,oo attempt‘activation ofzsp3 C-H bonds. Thus a cyclohexane (Ultrapure)

solution of 1 (ca. 2.0 mM) was purged with NZO at room temperature in

~

the dark. At an earvly stage of the reaction, the IR showed Veo at 2028

cm 1 presumed to be due to (HBPL 3)Rh(CO)(H)(C6Hll) (17), although the

short-lived 17 (Chap“or I111) converted to the hydridophenyl complex (6
with the progress of the reaction. After seven hours of N50 purge,.no'
starting mater;>1 was left. Judging from the IR band intensities, the
yield of 6 was ca. 30%. The conversion of 17 to 6 is an 1nteresting butde;
a compllcated phenomenon,, whlch will be dlscussed in Chapter III ”Ihé

) \ .

presence of 17; at the" initlal.stage of reaction,;and of 6 indicatelezO;

induced cyclohexane activation.

Possible mechanism - , . -_7
-The anticipated reaction with nitrous oxide 1s shown in eq..3-28.

. SRR co’

(HBPz*3)Rh(CO)2 +:=N-o0 ."_————> (HBPz*3)Rh/ C,/ (3~28a)
. A e , N\ R
- o RN o
| | \\\N/
o - : » : ' CO o
,/ 2?0 co, . /0 N2-. Ay
(HBPz* )Rh c\\ — (BBPz* )R] 5 (HBPz* JRW—H  (3-28b)
} é // NQN - i \ . Rm“ .

. \\\
The metallacycle in eq. (3 28a) is not exp\cted to be stable I

T

because of the fo:mation of two very stable products CO2 and N2 on
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decemposition. The COé by-product was detected by passing the»effluent

gases during the reaction through Ba(OH)2 solution. This observation

C supports the formation of the intermediate metallacycle (eq. 3- ~-28a).

n /

“The 1ntermed13£e dlnitrogen complex (eq. 3 28b), 1if formed at all

expected to 1lose N2 readily to generate the reactive 1ntermediate for C-

< . -

H aetlvatlon. , Ty



Section 6 |

* EXPERITMENTAL

‘General -

Inﬂirradiation'experiments degassed solutions in ciosed Pyrex,
Schlenk tubes wvere placed approximately 2 cm from a Hanovia 450-W medium
pressure mercury -lamp fitted with a ¢ylindrical Pyrex filter and a
water-cooled quartz jaéket.. |
Prepatation of (HBPz*3)Rh(CO)(E)(CGH5) (6)

When a yellow degassed solution of 1 (120 mg, 0.263 mmol) in
benzene (50 mlL) was irradiated for 12 min, the solution had become |
colorless and-the IR indicated complete-conversion to the nydridophenfl
complex 6. Removal of.solvent under reduced pressure afforded an
analytically pure off—white solid‘(125 mg, 94%). A trace amounﬁ of free
benzene was found in the.lﬂ NMR - spectrum of 6. Cooling the n—henane

solutlon of 6 at —20 C under a nitrogen atmosphere yielded colorless

~

crystalline material (99.7 mg, 75%). “\\ _ - o 3

Characteriiation: IR (n—hexane) 2060 cm~1 (w, BT, wpp_ ﬁ), 2049 cm~! (5,

Vo) MS (FAB, Cleland matrix) M* (506), M*-co. ‘ln m® (cD 2C15,

/

ambient, 200 MHz) 65 7.6~6.4 (br, SH), 5. 90 (s 1H), 5.86 (s, 1H), 5.76

(s, 1H), 2.50 (s, 3H), 2.44 (s, 3H), 2.41 (s, 3H), 2.36 (s, 3H), 1.92

(s, 3H), 1.57 (s, 3H), =12.31 (4, JRh H—Zl .3 Hz, 1H); Phenyl region (-
20 c, 400 MHz) 5 7. 59 (d, o-H), 7 04 (t, m-H), 6.94 (t, P-H), 6.79 (t,

—H 6. 49 (d, o'~H).
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'm 3¢ mm (ep,C1,, -20°C, 100.6 Miz)

v N
co 3,5-C of Pz 4-C of‘Pz Ar-C i - MeC of Pz
(8 O T ¢ (8 ()
T : . .
189.7 (d, - . '150.58 105.88 145.94 14.64
,J=66.4.Hz)- 149.74 105.77 (d,J=26.5 Hz) 13.8%
149.63  105.34 142,61 12.76
144.58 137.46 12.36
O 144.22 : 127.06_'
143.97 ’ 126.30 -
122.56
- o | _ p )

Anal. Calcd for 022ﬁ28BN60Rh: ¢, 52.17; H, 5.58; N, 16.61. Found: C,
52.55; H, 5.97; N, 15.73.
Arene encﬁenge reacfions

A solution of 6 (20 mg, 0.040 mmol) . in benzene d6 (0.5 mL) along
with hexamethyldisiloxane (1 pL 0 005 mmol) was transferred to an NMR
t. be fitted with a vacuum ad- tpr. After three cycles of freeze—thaw,
degassing, the-NMR tube was sealed off under vacuum. 4 ¥H NMR spectrum
was recorded.to determine tne relatine intensify of hexa;ethyldisiloxane
and hydride resonance of 6. A relaxatioqﬁdelay of 20 sec. was used.

The NMR tube was immersed in a bath (Lauda RK 20) at a specified"
. temperature and periodically removed to recor Iy mr spectra. The rate
‘of disappearance of 6 was.folloned by monit--ing the raté of o

L
[
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\

disappearance of the hydride resonance against the internal standard

(hexamethyldisiloxane) : ‘ R
- . A

. Prepatation of (HBPz* )Rh(CO)(Cl)(C6 5) (7)

To a stirred solution of 6 .(80 mg, O 158 mmol) in CH Cl2 (30 mL),
CCl& (4~ mL) was added The- i ifially pale yellow solution became
greenish-yellow. After 1 S\h of stirring IR indicated complete
conversion of 6. Solvent was remoyed‘under reduced pressure, the
resulting ligh. .cllow’solid dissolved in CH2C12 and was chromatographed

OQ a Florisil column (10 x 2.5 c¢m) eluting with: CH2C12. Solvent was

removed, "'solid was dissolved in a minimum volume of dichloromethane and

Ejhexane added to it. Cooling the solutlon to -20°C afforded yellow

crystals of 7 (68.5 mg, 80%).

Cnaracterization' IR - (n hexane) 2086 ‘cm” (s; ;CO)' MS (110°C, 70 ev)
\(540), MT~CoHc1, M Ce 5C1-CO. - Ty NMR (CD,Cl,, ambient, 200 MHz) &
7-88 (d, o-H), 7.17 (t, m-H), 7.03 (t, pH), 6.81 (t,_5'~ﬂ); 6.20 (d,
o'-H), 5.91 (s, 1H),,5;83 (s, 1H), 5.79 (s, 1H), 2.59 (s, 3H), 2.44 (s,
3H); 2.43 (s, 3H), 2.42 (s, 3H), 1.66 (s, 3H), 1.65. (s, 3H). Anal.
Caled for Cy)H,7BCINGORh: - C, 48.49; H, 5.00; N, 15 56. Found: c,
48.07; H, 5.03; N, 14.77. | ' _

T
Preparation of (HBPz*3)Rh(C0)(C6H5)(D) (8b)
To a stirred so@ution of 7 (20 mg, 0.037 mmol) in methanol d4 (20

v

mL) at’ room temperature was - added zinc dust (200 mg, 3.06 mmol) and

' glacial acetic acid- d4 (0 20 mL 0.210 mg, 3 50 mmol). - The solution was

stirred for 0.5 h and fiitered. Hexane (10 mL) was added, followed by
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slow addition of water (ca. 100 mL).  The mixture was shaken vigorously

-

and aft?r settling, the lower aqueous layer was removed. The remaining

,‘hexane solution was//ashed with water (3 x 100 mL) and then dried over

'”anhydrous sodium sulfate for 0.5 h. Removal of solvent under reduced“

oy

pressureryielded colorless;solid (8b). :
;:\Etion of (HBPz*3)Rh(CO)(H)(C6 5) (6) vith co ;‘..‘A]

Compound 6 (40 mg, O. 079 mmol) was taken up n-hexane (40 mL) and

,dlvided into two parts. One part (ca. 20 mL) of the above stock

solution was saturated with one atm. CO pressure in a pop bottle and

"vstirred at roou temperature. " The ‘rate of disappearance of 6. was

s

,imonitored melitatively by IR. The second part (cas ‘20 mL) of the stock

\

solution was pressurized with 4 atm. €0 in another pop bottle and
stirred at room temperature.‘ The'progress of the reaction was. monitored
qualitativelyiby IR. .

At room temperature and l’atm. CO pressure, the absorhance of the
2049 cm! band (vg, of 6) varied as follows: start, 1.04; Sh, 0.79;
16.5 h, 0.58; 24 h, 0.48; 30 h, 0.43; 40 h, 0.25

At room temperature and 4 atm. CO pressure, the absorbance of the

2049 e varied as follows: Sh, 0.54; 16.5 h, 0.32; 24 h, 0.18.

" Preparation of (HBPz*3)Rh(005(CB3)(C6H5) (9)

Excess ethereal“CHzN2 was added to,a stirred solution of 6 (150 mg,

0.296 mmol) in n-hexane (100 ml) at O°C. Reaction was complete in 45

vmin. Removal of solvent yielded a pale yellow solid which was dissolved

v

in CHZLI2 -and chromatographed on a Florisil column (8 X 2.5 cm)

Elution with dichloromethane and hexane (1l: 1) afforded a colorless solid
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after removak_of solvent.. Recrystallization from CHZClz-hexane at -20°cC

' afforded a colorless crystallime solid (120 mg, 787) of 9.

L 4

Characterization: IR (n-hexane) 2045 cm"1 CVCO). MS (130°C, 16 ev). M+

(520),'M+~cu3, MY-CH3~C,Hs, M'-CHg=C H~Co. ln NKR (CD2C12, ambient,
200 MHz), & 7,40 «, o—H), 7.10 (t, m-H), 6.94 (t, p~H:, 6.74. (t,vm ~H),
* 6.51 (d, o —H), 5. so (s, 1H),,5.79 (s, M), 5.75 (s, 1), 2.44 (s, 6H 2/“

) wc01n01denta1 overlap),. 2 42 (s, 3H), 2 40 (s, 3H), 1.72 (s, 3mH), 1.52“

-

(s, 3H), 1.29 (d,‘?JRh_H=2.1 Hz, 3H).'_Anal. Calcd for Cp3Hy(BN,ORh: ¢,

53.07; H, 5.77; N, 16.15. Found: .C, 53.54; H, 6.01; N, 15.78.

e

Preparation of (HBPz*3)Rh(C0)(H)[p—C6H4(CH3)] (10).

Photoly51s of 1 (127.2 mg, 0.279 mmol) in toluene (35 mL) in an

s

evacuated Pyrex vessel for 15 mio; ; :ided cleanly‘ﬁydridotolyl complex

(10). Removal of solvent under reduced pressure resulted in an

———

_ analytically pure colorless solld.

-1

Characterization: IR (thexane)-2060.cm_1_(y, br, VRh—H)’ 2048 cm (s,

.

+

Voo)+ MS (195°, 16 ev) 856, assigned as {(HBPz*;)Rh(CO)],*; M' not

‘Aobserved 1y ar (CD,C1y, ‘ambient, 200 Miz) § 7.5-6.2 (br, 4H), 5.86

(s, 1), 5.82 (s, 1H), 5.72 (s, 1H), 2. 48'(5 3H), 2.42 (s, 3H), 2.38

(s 6H cbincidental overlap), 2 34 (siﬁ§H), 1.91 (s, 3y, 1. 54 (s, 3H),
'-12 41 (d JRh-g=21.2 Hz), -12.44 (d, &§h g=21.2 Hz) [Two sets of:
hydride resonance integrate to 1H], phenyl region (CD2C12, -80°C, 400 .
MHz), & 7.4-6.2 sharp sets of complex multiplets hydride region: §
=12.39 (d, JRh—-pg=21-4 Hz), -12.40 (d, JRh_H—21.4 Hz), -12.43 (4,

JRh-g=21-4 Hz). Aoal. Calcd for C23H3OBN60Rh:"C, 53308; H, 5.77; N,
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16.15. Found: C, 53.26; H, 5.82; N, 15.09.

Preparation of (HBP;*3)Rh(CO)(2,5—C6H3Mez)(C1) (12)

“ Compound 1 (60 u@,%d:132 mmol) in p-xylene (40 mL) was irradiatéd
for 7 min under a nitrogen purge. The solution became colorless,
1ndi;ating formatibn of the Rh(III) compiex was complete. The lamp was
e;;inguished, and excesstCla (3 mL) was added anq allowed to react for
ca. 1 h. Solvent was removed under reduced pressure and fhg resulting
yellow solid d%ssolved in €H2C12‘and was chfomatographed on a neutral-
alumina column (8 x 2;5 cm)\yith CH2C12 elution. Reérystalliza;ion from
a mihimum\vdlume of CH2C12 ana hexane at -20°C over five'days afforded
the product as aAyellow crystalline solid (;5 mg, 747%).

Characterization?: IR (n-hexane) 2085 em L (w,'vco), 2079 cm~1 (s

1200 + + + s
vCO)' MS (130°C, 70 eV) M' (568), M fCl{ M'—Cl—ZCH3, M -Cl—2CH3—CGH3,
M+—Cl-2CH3-C6H3—CO. 1H NMR (CD2C12, ambient, 200 MHz) major 1lsomer: 6
6.95 (d, 1K), 6.73 (d, 1H), 5.91 (s, 1H), 5.83 (s, 1H), 5.80 (s, 2H, -

coincidental qz?rlap), 2.93 (s, 3H), 2.64 (s, ), 2.49 (s, 3H), 2.46

/ : 7 ‘
(s, 3H), 2.44 (s, 3H),. 1.87 (s, 3H), 1.74 (s, 3H), 1.59 (s, 3H); minor
‘} . ~ . .

igoﬁer: most peaks of/the minor isomer were not resolved, but methyl
| . . .

f / ‘ .
f /
signafs at & I1\82 d 6 1.76 integrating ca. 13% of products are
/ ‘ i e '

/

assigned to it. Anal. Caled for C,,H3;BCIN ORR.0.5 CH,Cly: C, 48.11;

'H, 5.24; N, 13.75. . Found: C, 48.10; H, 5.78; N, 13.37.

Preparation of (HBPz*3)Rh(C0)(H)(C6H3F2) (13)
Irradiation of 1 (15 mg, 0.033 mmol) in paradifluorobenzene (10 mL)

in an evacuated Pyrex Schlenk tube for 7 min produced a colorless

|
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solution of 13. The IR indicated a quantitative conversion. Solvent

was.removed under reduced pressure and the resulting colorless solid
qdissolved in CH2C-, an” chromatographed on a Florisil column (8 x 2 5
cm). Elution with 1: 1 CH2C12—hexane and crystallization from the
minimum volume of hexane, maintaining the solution at -20°C ove'r a
period of two days, afforded 13 as colorless crystals (14 mg, 79%). .

,)‘ 3
Characterization: IR (n-hexane) 2080 (w, br, vk\_H), 2065 cm™! (s,

-

VCO)‘ MS (180 C, 16 eV) m/e 356, 527, 513 428, 40? etc. The MS of 13
was anomalous, not showing the anticipated molecular lon (at 542). A~
7puzzlingAfeature was a eignificanugpeak at 556. 1H'-NMR (CD2C12,
ambient, 200 MHz) &8 6.72 (m, 1H), 6.54 (m, 1H), 6.05 (m, 1H), 5.78 (é
1H), 5.75 (s, 1H), 5. 64 (s, 1H), 2.38 (s, 3H), 2 31 (s, 3H), 2.28 (s
3H), 2.27 (s, 3H), 1.76 (s, 34), 1442 (s, 3H), -12.31 (dd J 19.0 Hz,
J=13.0 Hz, 1H). 19 mvr (CD,Cly) & 65.52 (t, 1F), 36.31 (d, 1F). Anal.
Caled for C, 26BF2N6ORh "¢, 48.71; W, 4.80; N, 15.50. Found: °C,

48.71; H, 4.98; N, 14.60.

Nitrous oxide 1ndu¢ed'ectivation8

o

" Benzene activation ;- . .
L .

Dicarbonyl 1 (20 mg, 0,044 mmol) was dissolved in benzene (20
mL). The IR spectrum was recorded and the solution placed in a Pyrex
purged vessel which was wrapped with Al-foil and a continuous purge of
nitrous oxide from the tank (Matheson) was maintained. The reaction was

monitored by taking IR. After 4.5 h the IR showed disappearance of 1

and indicated the formation of (HBP2*3)Rh(C0)(H)(C6H5) (6).

IS
{
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tyclohexane activation

>

g A sample of 1 (30 mg; 0.066 mmol) was taken up iniultrapnre
cyclohexane (30 mL). The IR‘of the resultingieeiutiqnﬁnés recorded.‘
The solution was placed. in a foii—wrephed purged veeeel and purged with
N20 at room temperature. After 20 min. the IR examinetion of the

Areaction mixture exhibited a new Yeo band at 2028 cmfl_presumed to be
due to (HBPz*3)Rh(€0)(.i)(CcHy,) (17). With time, the band at 2028 cm~l
slowly disappeered and at the same time a.ndw band at 2048.cm—1‘started
growing, whichi is assigned to (HBPz*3&§hiCO)(H)(C6H5) (6). The IR

indicated'bomplete disappearance of 1 in\7 h. At the end of the

¢
/

reaction the IR showed mostly 6 and a small amount of_(HBPz*3)Rh(CO)(H)2

£, )

Nitrous oxide was bubbled through solvent benzene at room

(14).
Detection of CO2

temperature in)ﬁhe dark and the effluent gas was allowed to pass through
Ba(OH)Z solution for 4.5 h. No significant change in the Ba(OH)2
solution was obserned. i | | |

A solution of 1 (25 mg, O. 055 mmol) in benzene (20 mL) was purged
with NZO in a foil—wrapped Pyrex vessel and the effluent gases were
passed through Ba(OH)2 solution. The BQ(OH)2 solquon had become clogdy
-with the.progress of reaction. At the end, white precipitate in the
Ba(OH)2 solution was observed.f This suggests the presenee of CO2 in the

L

effluent ‘gases.

.~
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Seetion 1 -

INTRODUCTION

General .

Saturated hydrocarbons cre potentially attractive feed -stocks for
the synthesis of organic compounds. They are maJor constituents of

) naturad gas, petroleum, and coal liquefaction processes. A major
7 N
problem lies in the chemical inertness of alkanes. Thus activation of

carbon-hydrogen bohds homogeneOusly and under mild conditions by

1

transition metal catalysts would be of\great interest to the

petrochemical industries. .

- - \

! The unreactive character of alkanes is attributed to the

unavailability of both lone pairs ‘and empty orbitals at accessible
energies. Carbon and hydrogen both have a number of valence electrons
'equal to the number of valencé orbitals available. The strong bonding
between carbon and hydrogen (90-<100 kcal mol~ ) ig consistent with the
fact that the HOMO' s are deep 1lying o bonding orbitals and the LUMO's
are high lying o* antibonding orbitals. Neither of them is easily
accessible to an attacking reagent. ’
"\ In this respect, the probleonf activation_of C-H bonds in ;

saturated hydrocarbons is similar to that of activation of hydrogen,
- where the cleavage of the strong H-H o bond is_required. However, many
metal complexes ‘are known to activate H2' Formation'of M-H (M'stands
for metal) bonds is considered as an intefmediate step in fﬁe process of
activation of hydrogen‘with metal complertes.2 Shilov and co-workers3 in
1977 suggested that the strength of M-C bonds wasfonly slightly lower
than that of’M-H bonds,4 so,that activatioh of C~H bonds by oxidat;ve

'

\
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-addition should be thermodynadically possibie.' More recently, Halpern5

has stressed that the re@ative weakness of metal-alkyl bonds may place ail;;7

N

thermodynamic constraint upon the process. From the comparison of -
physico—chemical properties of alkanes and moiecular hydrogen it was
'proposed3 that saturated hydrocarbons are lless vulnerable” Ato a
_chemical attack than H2 It is” presumed that the iatter refers to -
K&netic barriers. S ))’“ | |

| %}nce 1982 therefhjve been tremendous advances in the“

stoichiometric activafion of al'anes by oxidative addition reactions. -

~

These include, the first direc obserVatibns of R-H (R stands for’alkyl) ‘

' oKidative addition and activat of methane. . A

l}'

Historical ) A !
Durlng 1960's the ox1dative additiqn reaction in which low—valent
metal complexes were shown to insert .Into a variety of X~Y bonds (XY =

H2, HC1l, MeI, R3815H, %}2 etc.) (eq. 4—1), prompted interest in the _'

alkane activation problem.

Y

MT o+ X-Y > X - w2 o (4-1).

~

The widespread occurrence of cyclometallation (dlscussed in Chapter III)
raised the possibility that alkane aétivation might be possible. The

- first example gf/cxz&ometallation of sp3 C-H bongd ;as reported in 1965 5
by Chatt and Davidson6 (eqe 4-2). o

’ o . ~

o )
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\ Me - Me
< | Me- ng
Mg\\g”\\f,/’ \ \\r‘\F /// é
Me "™ i Me =P ' -
Me\\P,/’$u > Me AP~ n . -2

L‘//h ‘ .Me//iv/£.-me . . ’

Cotton7 later showed crystallographically that the cyclometallated form

of Ru(dmpe)2 is a dimer of the type shown 1y eq. 4-3.

- EP+~ lT CH2 , ‘
(@mpe)Ru > T :> (4-3)
| P -l'\P CHQ/ \
P P=Me,PCH,CH,PMe, - H
(dmpe) )

In the late 1960's and early 1970's it was demonstrated that..

‘certain platinum salts, in the presence of acids, could be used to -

effect H-D exchange (eq. 4~4),

first in aromatic compounds and then dn
. .

alkanes.

2

//////’DZO/DOAC + HCI or aeloa? RD:
~ . S L (4-0)
\\\\\\¥ HyPtCl /K, Ptcl, 8

110-120”c/cp3coon } R-C1 - R-0-

K,PtC1,/100°C

R-H

* This result is not straightforward, and some considered that it might

dnvolve - :lerogeneous catalyéis by platinum metal particles. 0

Following the repoff by Chatt and'Davidson, 8 number of examples of
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intramolecular alkane C;H activation appeared,9 For éiample Foley and
Whitesidesga fepofted the cleavage‘of a C-H bond in dineopentyl |
bis(triphenylphosphine) platinum (II) (eq.vé—S). 'Sh;w<et ai.gb observed
)intramolecular C-H activation during reaction of IrCl3 vith

(t-Bu),P-(CH,) s~P(t~Bu), eq. (4=6).

%
t.P CH CMe
3\
\P/ A N 45 \»/*—\

t p///’ t\\\CH cM T ey e Et P’// s ?

3 €3 -

(t-Bu),P-(CH,) .~P(t-Bu)

Iecl, a2 72 (4-6)

The incidence of examples of intramolecular C-H activation led to the

suggestion that enﬁrqpy played a major role in the difference between
intra- and intermolecular 6gidative addition~reactions. @

The search for direct‘intermolecular C-H oxidative addition had
‘been frustrating. tA few relativeiy electron-rich complexes were known
to undergb insergion into C-H bonds activated by ad jacent functional

groups (eq. 4-7 and 4-9). The metal centers in these complexes reacted

more readily with the C-H bonds in their own ligands (eq. 4-8) than with

" alkanes.l0 ' ‘



. S 110

i . - ArH o H 5
(dmpe) M > (dmpe)2 \\ 3 p
© Ar H3C-8-‘CH3 CH,~C-CH, (4-7)
(M = Fe, Ru)
4 e
| @ [
. N
cyclohexane | (4-8)
or 4E:::>__..
' 0/7 4 ether H/ W\
\ _-H - S
/' ~n )
. ?‘Mea .
. CH,
CHyST ! | (4-9)

The first observation that sé@med mechanisticaily to fequire
oxidative addition of a saturatedéhydrocarbon to @ metal center was made
by Crabtree ana co—wor‘:ers11 in 1979. “ They observed the dehydrogenation
of‘éycloalkanes by an iridium complex in chlorinatéd solvents in the ‘

presence of t-butyl ethylene. The olefin was required ‘as an HZ accepto:

to make the reaction thermodynamically feasible (eq. 4-10).
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b

;S 4PPhy) 1@ + O + SACH=CH, SoHzCHCl <
80°C GQ
(S = acetone or H,0) " (R=1~butyh)

Y

A similar reaction involﬁing LzReH7 has been described by Felkin and co-

workers!?2 (eq. 4-11).

L ReH7, SOOC, <9 turngver
L TrH, 150”c, 23 turnover/3 hr’ +t - BuCH,CH,
L = i-Pr_ P

3 ,
(4-11)

The direct observation of oxidative addifion of a saturated
hydrocarbon C-H bond ta a transition metal_center was indé}endently
reported in 1987 by two groups. Janowicz and Bérgman13 found that
irradiation of (CSMeS)(PMe3)Ir(H)(H) in saturated hydrocarbon medig,
e.g., cyélohegane and heopentane, led to hydrogen elimination and

formation ofvthe corresponding hydridoalkyliridium complex )

(CgMe: ) (PMey)Ir(H)(R) (eq. 4-12).

(4;10%

\



hv, -ﬁ " H -

2 yd :
> (CcMe_ ) (PMe )Ir
e C6H1 575 3 \5Cy -
: Ir H)F > : . 4~
(Csteg) (Pue) eIy, oy g 412)

—=5 TCoMe, ) (PMe )Ir
CMe, 5°5 3 ,Cle,)

It i1s worth noting that the competitivé internal oxidative addition was
not observed with this‘particular system. Hoyano and Graﬁamla
demonstrated‘that photolysis of a solution of (CSMeS)Ir(Cd)z in

neopentane at-room temperature yielded a new hydridoneopentyliridium

compound. »Afsimilar compound was generated by the iridium complex in

cyclohexane (eq. 4-13). ‘ y

hV-‘CO' ; lr
CHsCCHg; ¢ l CHZ0(CHy);

(4-13)

o (@) ‘ '
~hy,-CO @
cyclohexane S
¢
a - © H.\‘

Both groups extended their results to methane showing that even such

strong (105 kcal'mol_l) C-H bonds.can be attacked. Methane was shown to
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react in the first‘instance by using eight atm of}CHA over a
perfluorohexane solution oé diqarbonyl.l6 Recently, Graham, Rest et

al 17 have reported CH, activation at 12 K by irradiation of Cp*Ir(CO)z
in a CH4 matrix. This demonstrates how low the kinetic barrier to
dlkane activation by the photochemically gefierated ntermedie:e must be
in this sysrem. The activation of methane C—H'bonds was also

e
demonstrated by Watson18 with a lutetium complex (eq. 4-14); the
mechanism of this exchange reaction i1s entirely different, since

oxidative addition to lutetium (iII) is not,possible.

i

' ‘ ) 13cH
, (cyclohexane) 4 . § bl 3 (4-14)

Activation by scandium'and the lanthanides and actinideslg’zo will not
be codsidered further here. |

Jopes.and Feher21xstudied (CSMeS)(PMe3)Rh(H)(H), an an ogue of
" Bergman's iridiu&ﬁcompféx. They reported that irradiation of Fhis
rhodium dihydride in liquid propane at =55°C produced\hydridooropyl
derivative, which decomposed at -15° C unless\converted to the
corresponding stable bromide with bromoform (eq. 4- 15) Generalizing
this result would suggest .that more stable alkane oxidative addition

_prodhc;e be formed with metals fromn;ﬁe third row of the periodic table.



. : b ' -\' N g
. T . : . - . _ H

hv . (4 15)
Rh > Fh
. liquid propane
] MeP A\H ™ MesP A n-CgyHy

eliminates CzHg>~15°C.

~-

The same rhodium system was also studied by;Befgman et ‘al., who found
, greafer‘selectivity between different types‘of C-H bonds with thé
rhodium complex than for the iridium analogue.13’22

More recenFly, Baker andbf"ie'ldz3 reported élkane,activation by a

first-row trahsition metal complex at‘—90°C (eq. 4~16).

5 : . . )
K\P ' . ) (\P |
P P ' +H

. H
» Pu,,"”’ Fl‘ ;“../ hv, —H2> \F / > Pt,, -, F ‘\\
S _ — e — "~ Fe
P s0°¢C 7/ N\ mCstin”  pe W\ (4-16)
| 7 N ,
P . ,
P P = DMPE
Mechanism:

The intermediates 1in the C-H activation process are Eresumabl the

coordinatively unsaturated l6-electron Cp*ML (M = Rh, 21,22 Ir, L =

"co, 14,16,17 13

) species. Bergman et al. suggested that a "a-complex” is

ninvolved in R-H oxidative addition (eq. 4-17).
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;
_H h\’, -H,. A
(CMeo)(PMe NIrT ——32 [(CcMe ) (PMe . )Ir] )
57eg) ey Ny 5°5 3/t
RH .
" (4-17)
, H ,H ¥
‘(CSMeS)(PMeB)Ir\R — [(CSMeS)(PMe:;)Ir\\I:Z ]

kg-complex”

The proposed "o-complex” is also in line with the Hogfmann predictions

and calculations.2” ‘ -

Initial formation of weak molecular alkane complexes may help
explain the kinetic selectivity observed in C-H oxidative addition by
Cp*Ir(PMe3); In general the rate of attack on C-H bonds is in the order

i

primary > secondary >> tertiary. This 1s also the ordé}'of

thermodynamic stability of'aikyl complexes.zs’26

Presenf pork
It is'clear_from the foregoing that only in recent yeers has
significant progress been made toward interﬁolecuiar alkane C-H
activation. Tﬁe previous studies have mainly in;olved phosphine, Cp and
Cp* systems. The small number of systemg in which the photochemical

. Y
activation processes were observed were not very efficient; only partial

e

conversion to hydridoalkyl complexes was obtained It appeared that

“useful new information could be derived from the study of other, more

varied svstems.
As statedAih Chapter III, the tris(dimethylpyrazolyl)bdrato complex

(HBPz*,)Rh(C0), (1) photochemically activates aromatic C~H bonds with
3 2 K . ‘
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¢

high‘efficiency. Accqrdingly photochemical éctivation of saturated'\

hydrocarbons using qoﬁgiex 1 toward molecular hydrogen, cyclohexané, and
a variety of acyclic alkanes will be repor;ed in tQis Chapter. Relative
-Rh-C bond.étrengths in some of the alkyl and aryl complexes will also be

discussed.

¢
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Section 2 -

ACTIVATION OF DIHYDROGEN ANRD CfCLOBEXANE

Activation of dihydrogen

The addition of hydrogen toﬁa transition metal complex is a key

step Invmany catalytic cycles. Dihydrogen is the simplest two-atom
nonpolar substrate. The reaction of (HBPz*3)Rh(CO)2 (1) with Hy was

considered to be a good staf’ingjgoint for the investigations of alkane

4
C ~H activation with compound 1..

Complex } reacted Elowly but smoothly with 42 psig of H, pressure
in the laboratory light at room temperature with complete conversion

after tHreé days to give dihydride 14 as an i1solable stable compound

¢

(eq. 4-18).
H H
| |
I 5
* , ()T ? T (4-18)
N O H,.4 atm, 25°C " N\ ';'/N |
\R'h/ n-hexane, lab light ., _Rh )
\ | 3 days ocA' ‘ “H
) H ;
i Ky
LS
1 14

If the_reéction in eq. 4-18 is allowed to continue after complete
conversion of 1 to 14, the product slowly decomposes to an unidentified

species Qbich shows no carbonyl stretching bands in‘ité IR\ 8pectrum and
: o - .

is insolubie in n~hexane. Under similar conditions, the réaction of 1

.
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with'HZ:did not take élace.in,the dark; Compound 14 ées felly ‘
charecterized by elemental apalysis and spectroscopic metho&s. a§§

lThe MS of 14 did not show the molecular ion. The observed heaviest
‘ fragment eorresponded to M+-H2 (428); simulation and fitting using the

27 suggested that loss of hydrogen ligands onccurred in

program "HLOSS"<
pairs. The contribution due to M' —H was not significant. The IR in_Ef
hexane exhibited Veo at 2041 cm ! and a weak broad band at 2060 cm_li‘
assigned to th—H' To support the VRh-H aséignment, the compound
(HBPz*3)Rh(CO)(D)(D) (15) was prepared by reacting 1 with D,. The Vo

: fof 15 was found at 2042 Cm_l in n-hexane. The VRh=D for 157was perhaps
obscured by the solvent abéorption beak in the soletion IR SPEC&$um.

The solid state IR of 15 (KBr dlsc) showed a weak band at 1468- c%
presumably due ‘to VRh-D' . The band(at 1468 cm™1 was not present in the
. IR spectrum (KBr disc) of a sample of (HBPz*3)Rh(CO)(H)(H) (14). The
observed Vgh—H/th—D ratio is 1.40, which is close to the calculated
value of'l.él(/f); The 1H NMR spectrum showed the high field hydride
resonance at & -13.55 (d, JRh H—18 «0 Hz, 2H) and the two sets of

pyrazole resonances in a 2:1 ratio. 'The NMR data is consistent with an

'OCtahedral rhodium (III)d6, 18—e1ectrpn complex. .

Reaction of 14 with CH,N,
Complex 14 reacted slowly with an excess of ethereal CH2N2 at 0°C

to yield (HBPz*3)Rh(CO)(CH3)(CH3) (16) (eq. 4.19). This reaction was

not very satisfactory«as a synthetic method.
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Co co

cnznz/o°c
%* —_ * -— .
X (HBPz 3)RQ\‘H -hexane/s w> (HBPz*,)Rh—CH,
H : CH (4-19)
3 .
14 16

Therebappeared to be some decomposition of the starting dihydride (14)
under the reaction conditions. After chromatography and crystallization
complex 16 was isolated as colorless crystals in 20% yield. The IR

-showed v, at 2032 cm! in n-hexane. The 1

H NMR .dndicated two sets of
pyrazole resonances in-a 2:1 ratio as one would expect fo; 16. The
methyl group bound to -hodium appeared as a doublet at & 1.00 (d,
JRh_HﬁZ.O Hz, 6H). Compound 16 is a potential candidate for the CO

insertion reactions described in Chapter VI, but this was not

investigated.

Activation of cyclohgxané

Irradiation of'(HBPz*B)Rh(CO)2 (1) (Eéf 1.8 mM) at room temperature
in rigorously purified cyclohexane28 in an evacuated Pyrex vessel
resulted in partial conversion to the‘hydridocyclohexyi complex

(HBPZ*B)Rh(CO)(H)(C6Hll) (17) (eq. 4-20).
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‘ g o . /ﬁ
(HBPz*3)Rh(CO)2 h—g'f—@) (HBPz* , )Rh — H ‘ |
612 f
1 | 17
N\
! cct,’ |
- (4-20)
v . co

(HBPz*3)Rh-———-Cl

.-

(

18 ' ~

Veo ©f 17 in cyclohexane;is 2028 cm_l. Compound_l7 was present as the

- major product immediately after irradiation.- Ho\gver, approximately 607

of it was converted fairly rapidily (within minutes) back to the

&

dicarbonyl (1) by released €0 in solution. The reversal of the ‘feaction
- )

was dramatically shown by the color changes. The initial yellow ¢
solution of 1 was colorless when the UV lamp was switched off. It began
within minutes to take on the yellow color again as 17 was converted
back to 1. | i

When a N2 purge was'used.during photolysis to prevent the back

reaction with released CO the IR showed complete conversion of 1 to 17
- )L)

/

within five minutes. As soon as the IR~spectrhm could be qaken at the

end of the five minute purged photolysis, small peaks (each estimated to
be 57 of the intensity of the main band) were observed at 2048 and 2040
cm_l. These are assigned to phenyl hydride (6) and dihydride (14) on
the basis of known bands of those compounds. This unusual decomposition

reaction of 17 will be discussed ip a later section.
- \

In view. of complex 17's lability and limited stability, it was not

[,

isolated but converted with ninimum delay by reaction with CC14 to the-

n’



‘structure. The Rh- ~CH resonance appear:j at & 4.65, rather far
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Shloro derivative (HBPz*3)Rh(CO)(CI)(C6H11) (18) (eq. 4-20) for full
T : :

'characterization.,'

r -

) . o - . 1
-The reaction of 17 with CCl4 was fast and compound 18 was isolated

after cﬁromatographic purification and crystallization as light yellow

solid in ca. 70-75% yield. .vg, for 18 was found at 2067 e ! in n-

hexane. The six methyl resonances in the 1H NMR specbrum suggested N

'

three nonequivaleﬁ? pyrazole rings in a octahedral rhodium (ID%)

\

!

downfib¥ﬁ- In the analogous Cp and Cp iridium complexes, the position

/
of ~a—cyclohexyl protons i1s 6 3.1-3.3. 14, »29 o q
| : 3
P

The complete characterization of the chloro derivative 18
establishes that in the evacuated and therefore unpurged vessel the ‘.

complex 17 was present as the maJor product immediately after

photoly51s it was rapidly but not completely converted back to the

)

“starting’ dcarbonyl (1) by release@/Céﬁin solution. It is presumed that

/

this happens by a dissociative equilibrium (eq. 4 21), from which the

w

16-electrorm species is scavenged by CO to give 1.

0
-

o co - o . ’
(H’BPz,*B)Rh/—H P {(HBP'z*3)Rh—co} + O
e - ‘ L 16e ’ .ﬁ
17 _
) €o (46-21)
. -‘-"-...* .
(HBPz* 1 )Rh(CO),

1.

This. is in contrast with CpRh(CO)Z, which .upon irradiation in

hexane at room temperature gave szRh (CO)3 and [CpRh(CO)]3.

: t
Formation of binuclear or trinuclear speciles is not favoured in the
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HBRz*3 systc  perhaps for steric reasons. '

Since reasonably pure (HBPz*a)Rh(CO)(H)(C6H11) (17) could be.
obtained in ultrapure cyclohexane by using a purge, it appeared that
this solution would provide what amguntad to a thermal source of the
Feactive intermediate [(HBPz*3)kh(CO)] for activation of other
moieoules,‘such as~C6H6, CHA, HZ’ C2H4, C3H6, etc.. Inveffect,
cyclohexane provides a quasi-inert solvent for studying‘reactions of'l,

within the short times before significant irreversible thermal

decomposition of 17 occurs.
Reactions of (HBPz*3)Rh(CO)(H)(CgH;;) (17)

Reaction Vith_c6ﬂ6a o <

Addition of a slight excess of benzene to a ffeshly prepafed : d

\

cyclohexane solution of 17 at 25°C resulted in its quantigative

conversion tp (HBPz* )Rh(CO)(H)(C6H5) (6) within ten minutes (eq. 4~ 22)

) ~

co- . o ‘ co

(HBPz* )Rh< H + c He (1) — — (HBPz*3)Rh/ H + C.H, (x)
M.JCGHII ‘ ‘ ‘ : " ©(4=-22)
7 L 6 .|

This tranefonmation underlines’the 1ability‘of 17 ano felative.
stabilities in the—system.‘ It also explains the need for rigorously
purified cyclohexane in the preparation of 17, since ‘benzene is a
nersistent impurity. Displacemenp of alkahe\by arene inw

(C-MeS)M(PMe3)(H)(R) complexeS'appears general. Rath are significant

at -17°C for MeR h31 but only above 100°C for M—Ir26 Compound 17 is a

¢ o
2
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remarkably efficient scavenger for aromatic hydfocérbons.

Kinetics of the reaction of 17 with C6 6
The reactlon in eq. 4-22 was too fast for accurate kinetic studies

and temperature control was based on room temper~ture. The r action of

17 with C6H6'at 25°C follows pseudo=first-order kinetics. Kinetics were

measured by following the decrease in bsorﬁiﬁc; of the band at 2028
cm_lzof 17. A pseudo—ﬁirst?order condifTEﬁ was obtained using a 50 fold
excess of benzene. A straight’line was oﬁserved for plot of 1n
absdfbance against. tifie (Fig. IV.l);' Tﬁe rate constant was evaluated in
the usual 'way from £he negative gradient of the straight line. The
obsérved rate constant fpr eq. 4-22 is k = (8.8i0;4) X 10—35_1 at

25°C. As mentioned earlier, this reaction was rather fast, with half-

life 79 seconds, so k is certainly nnt very accurate.

It is reasonable to assume that the reaction in eq. 4=22 involves
the ;Zf;{sSizgg;ingermediate [(HB?2*3)Rh(CO)]. The prbposed overall

reaction scheme is shown in eq. 4-23.

' /co ‘ 5
(HBPz* )Rh(i-) ¢ (HBPz* YRh~CO} + O ' ~
G S 423
. . B p) ‘
S : . . T
e R ' /CO g&:
[ (HBPz*_)Rh~CO] + @ > (HBPz*_)Rh'—H :
3 N 37 :

Now for the scheme in eq. 4-23, one can follow a standard steady state "

-
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method32

* to obtain the ratio R,/k_l- k_, ir nezligible at 25°C. The
ratio kz/k_1 glves the relativ= rates at whic an intermediate

_— ]
[(HBPz* JRh(CO)] reacts with substrar. henzene and cyclohexane.

Appllcation of the steady-state approximation to [(HBPz* )Rh(CO)] leads

to eq.- 4-24.

S

12]
6]

H
]’_‘

(4-24)

=
|
F K
—| N
ol o
o o
== M=

kobsd 1 172

The observed rate constants at different~ratios of [C6H12]/[C6H6] are
shown in Table 4.1I. '

A plot of 17kobs§ against [CgHy,]/[CcHg] was linear (Fig. IV.2)
with a slope of k—l/klkZ’ and intercept of.l/kl; from thése~the fatio
kz/k_l is calculated as‘99.0. This means thaﬁ benzene reacts with the
intermeg}ate [(HBP2*3)Rh(CO)] about 100 times faster thén doeé;-c
cyclohexane, an impressive selectivity. 1In this context, a 5.4:1
selgctivity»for benzéﬁe over cyclopentane was observed at —35°C in

Cp*Rh(PMeB) system.31 In a related'Cp*Ir(PMe3) system13b a 4:1

selectivity for benzene over cyclohexane was found at room temperature. -

ghe kinetic results, even though approximate, plus assumptians - )\
about the reaction coordinate enable a reasonable estimate of AG:98 for .
' ‘ : : o - i\

the reécﬁion to be made.A Thi; can in turn be used_to estimate AG° for
eq.‘4—22' this is showh in Fig: IV.3. All AGT values are éiven at
25°C. Thervalue of k for eq. 4=22 is (8.8£0.4) x 10 367! at 25°C which
convelf//to 06298—20 3 keal mol 1. The ﬁctivation paraﬁeters for eq.

3-12 are’ given';n Chapter III, from which AG is calculated as 25. 7
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Rate constants of the reaction of 17 at different [06H12]/[C6B

Taﬁle 4.1 ' >.

126

6] ratios

Cyclohexane Benzene Ra;io"’ LR
(M) M x 102) [CgH, 21/ [CeHy] x 103 (s7)
9.20 “2.19 420 . 3.01
9.20 6.58 140 6.62

. 9.20 10.96 84 8.77

7
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Figure IV.2 P | T . ratios e
n g lot of Ukobsd versus [C}{H]/[C6H6] Tatios for the reaction

of (ngzt3)gh(c0)(n)(0y) (17) with benzene at 25°¢.
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AAGH = 2.7 keal 5
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§ 25.6 kcal
461
s
x
) , \ '
AG°=8.0 kcal j
I \{
Rh(H)ICy (RN}~ Rhgiyen | -
o+ + PhH +
PhH +CyH CyH

AFigure IV.3 Energy profile for the reaction of (HBPz*3)Rh(CO)(H)(CY)

o

with C6H6 (not to scale).
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s ™

l.ccal—mol’1 at Z§°C.

L2}

o co |
* — PR %* — ' -
(HBPz 3)R2A H + C6D6 > (HBPZ 3)RQ\ D + C6H6 (3 12?
“C_H ' . C.D

65 65

Now, the ratio k?_/k__1 when combined with the Eyring equation (at 25°C),
. ) .

leads to AGfl—AG§=2.7 kcal as the difference in activation energies
Ink = 1n constant - (AG /RT).

for reaction of the intermediate with cyclohexane on tﬁe oné hand and
benzene‘oh the other. The diagram in Fig. IV.3 is then cémplete. 8°,
the free eneréy change at 25°C for eq. 4=22, is approximatély -8 kcal.
Making the assumption that AS°=0 for eq. 4-22, AH°=8 kcal. Applying

f -

Hess's 15? to the bond dissociation energ’ies33 involved in eq. 4-22,

/H ] o /H '
Rh + Ph = H ———> Rh +Cy = H
ey | “ph ]
110 kcal - 95 kcal
one calculates:
D[Rh-Ph] - D[Rh-Cy] = 23 kcal

| v '
This means that the Rh-Ph bond is approximately 23 kcal stronger
than the Rh-Cy bond. This is not unreasonable, given’spz'versus sp3

.
<
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carbon, and the very impotrtant steric factor in this complex.

For the Cp*(PMe3)Ir'system, Bergman and co-workersZ2® estimated that

vD{[Ir-Ph] - [Ir-Cy]} > 25 kcal mol™l. More recent thermochemical

34

studies in the same system"lead to the conclusion that Ir-Ph bond is .

30 kcal mol”™ stronger than the Ir-Cy bond.
@
Reaction vitu gH4
Methane is one of the most interesting hydrocarbons because of its ’

abundance, availability and also because of its C-H bond strength (105

-1 i
kcal mol ). *

A Cyclohexane“solution of 1 (;a, 2;0 mM) was irradiated under CHQ
purge for eight uinutes. The IR spectrum in cyclohexane (Fig. IV;A)
then‘exhibited Veo at 5035 cm_i, ‘assigned to (HBPz*3)Rh(CO)(H)(CH3) (19)
and at 2028 cm™!, due to (HBPz*3)Rh(CO)(H)(CcHy ) (17). Weaker Vo
bands (<10%) appearing at 2048 and 2040 cm ! are assigned to
(HBpPz* )Rh(CO)(H)(C6H5) (6) and (HBP2*3)Rh(CO)(H)(H) (14) respectively.

In a variation of this procedure, a fresh cyclohexane solution of
17 (ca. 2.2 mM) was prepared with N2 purge. The lamp was extinguished,
and the purge was immediately changed to CHA.l After 17 minutes, the
solution exhibited IR bands at 2035 cu ! (19) and 2028 cn™! (17) and two
other weaker bands as already mentioned- The dark reaction of CH, with

17 indicates thermal equilibrium between 17 and 19 (eq. 4 -25) at roonm

temperature.
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Figvure 1v.4 IR spectrum showing the equilibrium between *

(HBPz*3)Rh(CO)(H)(Cy) (17) and (HBPz*3)Rh(CO)(H)(CH3) (19)

f) at25 C.

L
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co ’ Co

- a | .
. * __ — * .
-: (HBPz 3)Rh\ H + CHA < ~ (HBPz 32Rh H + C6H12
Cy CH3 " (4-25)
17 / < 19
e H ] L ‘
Y K =§6_L2_ .-[1_91
? eq [CHA] [17]

h
—

-

The ratio of absorbances of the 2035 and 2038 cm™ ! bands was 0.60;

S .
1

this would repregent the @olar ratio if extinction coefficients of 19

and 17 were the same. Another estimate of the molar ratio 19:17 was

: I :
0.63, obtained from the Iy NMR of the mixture of stable chloro .

.

‘deriéétiQes (HBP2f3)Rh(CO)(Cl)(CH3) (%?) and 18 resulting from reaction
. with excess CCl,- At 25°C and 1 atm the solubility of CH, is 0.0302

M,3% [cyclohexane] is 9.20 M, and thus Keq = 190 for eq. 4-25. This

<o

indicates a reasonably high equilibriu selectivity favouring the -
primary rﬁodium*methyl bond.
For K,o = 190, £G° is calculated as -3.0 kcal mol™l. 'Taking AG® =

AH® = -3.0 kcal (i.e., the assumption AS° = 0) for eq. 4-25, using the

33

known values of D[H—CH3] and D[H—C6Hll], one can

. . ] , 5 H
] RH/H +H—CH, —0 " % + H— Cy
AN r 3 . \ :
Cy 2 ' CH3_ g
105 kcal 95 kcal

. .

w0

e ‘ O ‘
estimate '

m

D[Rh-CH3] ~ D[Rh=Cy] = 13 kcal mol”l.
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This of course implies, with the previous result, that DfRh-~Ph] - D[Rh-

31

CH3] 2 10 kcal mol-l. Interestingly Jones and Feher>" made an estimate

of the same quantity by kinetic methods in the Cp*Rh(PMe3)(H)(R) system

and found 12.6 kcal mol™l. Considering the uncertainties involved thisn

is indistinguishable from the (HBPz*3)Rh difference. | .
Repeated attempts to separate'(hBPz*3)Rh(CO)(H)(Cl)(CH3) (20) from

the mixture of 18 and 20 were unsuccessful. However 20 was

independently‘synthesized from (HBPz*3)Rh(CO)(I)(CH3) (21) according'to

the eq. 4-26.

-7

co ¢ ’ co 4 - co

/7 ager, [ -+ Bt N'C1T,
(HBPz* )Rh'—T ——=—> [ (HBPz* )Rh=THF]" —% 3 (WBP2*_)RH—C1
SN TTHRTRT 30T LN
cH | CH, ci,
21 | - 20 ‘

(4-26)
“The Intermediate cation (eq. 4-26) was not isolated. Compound 20 was
isolated after chromatographic ‘purification as a light yellow solid.

y -1

The .IR (n- hexane) showed VCO at 2075 cm 1, 11 cm higher than the

corresponding iodo compound (21) The methyl group on rhodium appeared

as'a doublet in the 1

HNMR (6 1. 94 d, 2ag H-l .9 Hz, 3H).

Thevcomplex (HBPz*3)Rh(CO)(I)(CH3) (21) was synthesized by reacting
1 with CH3I. Dicarhonyl (1) reacted quite rapidly and smoothi? with
CH3I at roon temperature to yield 21. Compound 21“was isolated as

orange crystals after chromatog-aphy and cfystallization'and fully

characterized by the usuai spectroscopic and analytical techniques.
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Reaction with Hz .
. Irradiation of 1 (2.19‘m§) in.cyclohexane for half -an hour under a

H2 purge afforded mostly (HBPz*3)Rh(CO)(H)(H) (14) (eq. 4-27).

: ‘ co y ,
hv, =CO ./
* 2 *
(HBPz 3)Rh(CO)2 C6H12/H purge>.(HBPz 4 Rh'—H

H C(4-27)

N & \

14 werd observed at 2048 and at 2028 cm 1. As discussed earlier, the

I : 4
Weakerébanjﬁ estimated to be less than 5% of the intensity of the VCO of
band at 2048 c:m_1 is assigned to (HBPZ*3)Rh(CO)(H)(C6H5) (6),,the band
at 2028"cm_l is due tOz(HBPz*3§Rh(CO)(H)(CeHal) (17). Based on\vcé band

inteusities it appeared that conversion of 1 to 14 was approximately

90%  This method of synthe51s of 14 is faster than that of. the H2

pressurized reaction of ﬁ discussed at the beginning of this section.

Reaction w::ith'CzH4

A cyclohexanevsolution of 1 (1.8 mﬁ)‘ﬁas saturated by means of a

. -,

CZHA purge and then-irradiated for 15 minutes under a continuous purge
of ethylene. The IR:shoyedbtwoinew Veo bands at 2048‘and 2012'.c’m:'I in a
1:1 ratio. As the solution stood,for a few hours at 25°C, the band at
é048 cm-1 disappeared and at the same time the band at 2012 ‘cm -1 showed
a relative increas - in intensity. The" VCO band at 2048 cm -1 is presumed
to be due to the vinyl hydride (HBPz*3)Rh(CO)(H)(CH CHZ) The peak at

2012 cm -1 is assigned to (HBPz*a)Rh(CO)(n -C2H4) (343) ‘The nz—ethylene

complex was 'Isolated as;a ye&low solid after chromatography. An .

alternate synthesis, characterization and propETties of 34a will be
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discussed in Chapter VI.
Bergman et al,36 observed-Cp*(Pke3)(H)(CH=CH2) and Cp*(PMe3)Ir(n2j

C5H,) in a 2:1 ratio when Cyclohexane'eolutionfof .
2% N\ -
Cp*Ir(PMe3)(H)(CéH11) was heated at 130 160°C - under 20 atm of C

PR
which on further heating above 170°C ylelded exclusively Cp*(PWe3)Ir(n -

\
2‘&4 )

CoH,). From the,IR observations,'tn conjunction with the results of
related Cp*(PMe3)Ir system,'it 1s suggested that n2—C2H4 complex (34a)

formed via the 1ntermediate vinyl® hydrlde (HBPZ*B)Rh(CO)(H)(CH CH ),Vas

!
&

shOWn in eq. 4 -28.

.CO Co

v A .
1 hy S (HBPz* JRE—H BTy (uBpo+ )Rh// o
C6H “/C H4 purge”. N\ : 37N Z_C H o :
>~ CH—CH2 : T (4-28)
- 34a

34a isg con31dered to be the thermodynamlc product The presumed vinyl

drlde intermediate was not isolated.

Reaction with CH3OH ; 'Yiiil'“‘ . y@ﬁ . N
The methanol reéctlon was egq@fh d{ﬁnly<f% a cursory fashion. ‘A

")4 "’x\

slight excess of CH3OH was added t&ﬁg

solution of 17. After four minutes, the“IR examination‘%f the reaction
mixture showed Voo at72038 em™1 and at 2028 cm"1 in approx@mately a l 1
ratio. On the basis of Veo hand,positions in other well characterized
hydrido species, the band at 2038 cm ! is presumed to * ‘e to
gHBPz*B)Rh(CO)(H)(CHZOH),.and the band_atc2028 cm™ ! is .gned to 17.

After the solution stood for 15 minutes, the IR indi:atd # gradual

disappedrance OEtho band at 2038 cm_l, and at the same time a Band at
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-2040 cm~! was growing. ' The vp, band at 2040 cm‘i is assigned to

(HBPz*3)Rh(CO)(H)(H) (14). As judged fromlthe IR carbonyl stretching
: . , # '

frequencies, it appeared that the converstion of the presumed

(HBPz*3)Rh(CO)(H)(CH20H) to 14 was complete in about 40 minutes. The

overall reaction is shown by eq. 4-29.

Ky . ‘ Cco Co

’ / 250¢ ' / o
* _— * - -
(HBPz )gn\ H CH3OH > (Hapz 3)Rh—H + c6n12 (4-29a)
- C6H11 , o CH,, QH
/co . ’ S /Co
'(HBP2*3)Rh-H _ (HBPz* JRh—H + Unidentified (4-29b)
.\ \CHZOH ‘ J\\H product(s)

The ’ unldentified product(s) in eq. 4-29p cou’ d be either HCHO or CO and
Hz. The analysis of unidentified product(s) was not pursued. May and
v <

Graham37 reported conversion of (CSMeS)Os(CO)ZCHZOH to (CSMeS)Os(CO)ZH

CO and H2 either photochemically or at- elevated temperatures.

ieaction.ﬁith cyclopropane

Irradiation of a cyclohexane solution of 1 for nine minutes under a
»cyclopropane purge afforded stable ‘isolable rhodacyclobutane
(HBPz*3)(GO)Rh cuzcnzcnz,b A ful er discussion of thisrreaction will be-
found‘in Chapter_Vllt‘ﬂ |
;co-position (HBPz*3)Rh(00)(H)(C6H 1) (17) .
IR monitoring of a cyclohexane solution of ‘a freshly prepared

‘sample of 17 at room temperature indicated disappearance of its veo band
Y . . o 7 ’ . »

~
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(2028 cm‘l) with time. At the same time it showed the growth of two
peaks at 2048 and 2040 cm-l..'The disappearance of veo band at_2028 cm"‘1
(17) 795 complete in about three hours. The peaks at 2048 and 2040 cm™!
were/éstimated to be 30% and 10% respectively of the intensity of 2028

e ! band (17? initially present. lThe'bands a. 2048 and 2040 em ! are?
assigned to {HBPz*3)Rh(C0)(H)(C6H55 (6) and (HBPz*3)Rh(C0)(H)(H) (14)
respectively on the basis of known bands of those compounds. The
estimated combined yield of 6 and 14 (eq. 4-30) was substantially less

than the amount of 17 initially used.

. /CO : /CO
3500 - Unidentified
% F * —
17 =35> (HBPz* )Rh—H  + (HBPz 3)Rh\H + ©+ product (s)
C_H : H

65
(4-30)

Another estimate of the yields of 6 and 14 was obtained from H NMR -
| of the mixture of methyl derivatives (HBP2*3)Rh(CO)(CH3)(C6H ) (9) and -
(HBPz*3)Rh(CQ)(CH3)(CH3) (16) resulting from treating the reaction
products with excess CH,N, atk0°§. The“values were 33 and 8%
.reepectively. Hexamethyldisiioxane was used as an internal standard for

4 ™R run. ' ) T %

the
Cyclohexene was.detected as the major-otganic product in thev

decomposition reaction of eq. 4-30 by gas chromatography and estimated

to be ca. 97-of 17. 'The details of GC work will be found in 4he

Experimental Section. As mentioned earlier, 'the yield of //

(HBPz* )Rh(CO)(H)(H) (14) in eq. 4—30 was about 10%. of/{/f' These

observations led to the speculation that dihydride 14 may result from B-

Jelimination of 17.
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Phenyl hydride 6 may be the result of a thermal reaction ‘
superimposed on the photochemical reaction. When a cyclohexane solution
.of 17 was irradiated for about: ‘half an hour it gave mostly dihydride
(14) (30% of 17 initially presont) and only_Ei. 5% phenyl hydride (6).

o

On the other hand the dark reaction of 17 ylelded ca. 30% phenyl hydride
(6). gs//(
One might‘pf ume that 6 is, formed from 17 by dehydrogenation of

cyclohexane as shown in eq.~4-%17€ R
- . P A

)

CO ; CO . »/‘yv,\ . \

. 0 R
(HBPz*3)Rh{LH E:ri Tark > (HBRZXRE—H  + 3 (g)
N\ -
CeHy | CHs (4-31)
17 | 6.

If AG°Lfor eq. 4-31 is estimated and iﬁdicates that the process is
unfavourable, then it is likely the overall eq. 4-31 1s wrong even
though one of the products is correct. Such an estimate is possible by

noting that eq. 4- -31 is th§ sum of eq. 4- 22 and eq. 4 32:

¢

~

co co

QW"

(HBPz*)Rh—H - + CH (1) —_— (HBPz*,)Rh—H  + CeH, ()
CH, | ‘CeHs O (4-22)
17 A e
- . . s
i ' ' l ) e N
Csle(ﬁ)hi—————————> C H (X) + 3H2(g) ‘ , ﬂl05:32)

AG° =23.35"kcal
AH° =.49.66 keal

= 86.20 eu
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-If AG° for eq; 4731 is tc "= negative, then AG° for eq. 4-22 must
be negative to the extent of 25.4 kcal or more to drive it a}ong.,.As
discussed earlier in this section, AG° for eq. 4-22 1is estinated to be
~8 kc-1, not nearly favourable enough to'offset'ed- 4~32. In fact it
leads to an equilibrium constant for eq. 4-31 ot ca. 5 x 10_12. This
suggests that eq. 4f31 is incomplete 1in some iqurtant way,“most}tikeiyl
in . rms of unidentified products that play an ;;sential part. - ‘$.

Considering that the yield of phenyi hydride (65 is only 30%, "‘this is

likely. 1Identificatic .7 the other,rhodihm—containing'ppoduct(s) will
be required to reach : "derstanding of the imteresting‘decomposition -

of 17.

. &7 P
The preceding thermodynamic argument is not exact owingmﬁowthe use

of different standard states for benzene and hydrogen. Equatlons 4 31

and 4 -22 involve cyclohexane solutlons of benzene and hydrogen wheqeas

»

eq. 4-3 refers to pure liquid benzene and hydrogen gas at 25° C“and ¥

atm. The assumption has been made that correction : terms for standard L

4

states will -be small in comparison with the other quantlties involved

3
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Section 3 Y
w ACYCLIC ALKANE ACTIVATION

'

4

“:

.

Activation of n—hexane

gﬂ' When - a yellow solution of (HBPz*3)Rh(C0)2 (1) (ca. 2.5 mM) in

‘ hexane was irradiated for five minutes ‘under a purge of nitrogen, it
became colorless andsfrom IR spectra the conversion tp
n(HBPz*B)Rh(CO)(H)(C Hy 35) (22) according to eq. 4-33 was complete. The |
,IR (n-hexane) showed Voo at 2030 en™ ! and a weak broad band at 2060
emhl, assigned -ta th H "sIn some experiments, a trace amount of ¢
(HBPz*B)Rh(CO)(H)(HQ (14), recognized by its IR bands, formed along with
22 during photolysis. ' '

; Complex 22 in n—hexane was not stable with time and it appeared
that isolation was not feasible. Observations on the decomposition are -
described at the end of’ this Section. Immediately‘after photolysis an
excess of SCl4 was added to the n-hexane solution of 22 to make the more

v

stable chloro derivatibe for characterization. s .

B
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Co

(HBPz*. )Rh(CO) hv, —Co ;-(HBP R
273 2 E_—hexane/N2 purge 273 < K
- S E IR (4-33)
ccl, , .
,  RT 22 ~ /
RN
L ’ A | \\' -
| //co | //co | B "\ //co
(HBP2*3)Rh—-C1 + (HBP2*3)Rh<iCl W ,HQ% (HBP2*3)Rh<:Cl
Un o v ] A _
?HZ , H ? CH, H ? CH20H3
. . e ‘
fnz ﬁHz o 558 fH2>
iﬁz ?Hz 4 ’ THz _
B G " CH CH
A S I 2 , 3
/ | | \
B 9, . ) R \
, ?HZ : CH, ‘
3 : . ‘
CH ‘ ‘
23a (87%) 23b (13%) : 23c

ﬁ .

The reaction of 22 with CCl4 was fast<izszﬁ:>colorless solutlon

became yellow during the reaction. After ch matography and
crystallization the'chloro derivative Qf422 was isolatéd as.yelloﬁ.
cr&stals in 81% yield. The:IR.in_thexane exhibitedkvéélét 2070 cm—'1
with a small shoﬁlder; the shoulder suggested that more than one isomer
of 23 might béupfesent. There was an indlcatiqp;of-the presence of a

1 J”w

minor isomer in the 'H - ‘NMR but it was not well resolved due to complex

nature of resonances in the hexyl reg§on. Six methyl and three 4-H
resonances of pyrazole rings were rgcoénized clearly.

" The attached proton test (APT3'13C NMR ehabled the isomers of 23 to
be recognized and identifiedf Comppund'23q appeared as the major isomer

(872). For 23a, seven methyl carbon resonances (six from three
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a ., ) . '
nonequivalent pyrazole rings and one from n—hexyl)'were found. Of the

Pa

methylene carbons, four appeared as singlets and the one bound to
rhodium as doublet (6 23.46, d, JRh C—17.2 Hz) as one would expect.‘;f.
| In addition to these resonances, APT 13C NMR showed the presence of
a carbon bound \t8" rhodium (6 38.11, d, JRh_C=6.7 Hz) having an odd’
number of hydfogens. Three singlet resonances in the methyiene -carbon
\ region and eight singlet resonances in the methyl carbon region Werev{:;\h_
g;; also found. %hese data are consistent with structure 23b ot 23c. The
APT 13C NMR cannot distinguish between the two possibilities. The minor
1somer\aEEounts for about 13% of the stable chloro derlvative. The - *

. Primary insertion appears to be preferred over secondary.
In the foregoing, it has been assumed that isomer ratios initially
present are not altered bythe‘CCl4 reaction. This may not be correct,
and the conclu51ons regarding primary versus secondary C~-H activation

s

‘.must for the present be regarded as tentative. N
" As the hexane solution of 22 stood at_room temperaturg‘for
approximately two hours the intensity of the 2030 cm™! band decreased
(ultimately disappearing'inleightvhgirs) as a new band at 204§ cm grew
in. The 2049 cm -1 band then began to disappear and after a day or two ,/
no Von Were observed in the solution. Some precipitate»was noted. it 5
was initially thought tha't ;the 2049 cn™ ! band was due to a vinylic
" hydride, but this would have been expected to 1somerize to an nz-olefin
complex, which it .did not.
Pertinent to this problem is the reaction of 17 with hexene-1,
which, by IR monitoring, passed through a vinylic hydride stage (vCO
ZQAO(cm ) to an nz—olefin complex (VCO 2006 cm” ) which suffered

\
little decomposition over two hours inssolution%

1]
I's
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Activation of n—pentane

In conﬁinuation of'the investigation of acylic hydrocarbons,
phofolysis of 1 in n-pentane was examined to see whether both primary ‘%E%
and secondary C-H insertioniproducts wouid also be obtained. Thﬁs,
 irradiation of 1 ngf 1.46 mM) in_gjpéntane with a‘N2 purge ‘for' six
minutes at room temperature gave a colorless solution. The IR of the .
solution at thi; stage exhibited vp, . ‘at 2060 en™! and Veo af 2031
cm—l, which are assigned to the_ééntyl hydride 24 (eq. 4—34). The -
éonversion of 1 to 24 was quantitative oﬁ the basif of IR. Complex 24 ¢
waé converted to its stable chloro derivative by reaction with CCla wiﬁh .

‘minimum delay (eq. 4~34). The chloro derivative of 24 was isolated as a

yellow crystalline solid after chro@atography.

".co

TN s hv, -CO /
* _ -2 * —_—
(HBPz*, )Rh(CO), E»_pentane/Nz.purge> (HBPz 3)Rh—H
: o CsHyp
1 ccl, 2
co - co - . /co (4-34)
(HBPz*_)Rh’— C1 + (HBPz*_)Rh'— C1 or (HBPz*_)RW-— C1
3 3 : — 3 N
o -C - - -C - C
H ¢ CHy . - H T - CH,CH,
C
o, o,
C
IHZ | CH,
CHy =« (

Wny

25b (10%) .. 25¢




143
7/
The IR of the s*able chloro derivative in n-hexane showed Voo at

2070 o] with a small shoulder. This\again suggested the presence of

3 :
more than one isomer in the product. The 1H NMR 1s consistent with the .

.

structure as shown for‘25a. However the APT 13C NMR suggested 25a as
the major isomer (907), while the minor isomer (10%) ¢ §Uld be either 25b
or 25c. &5

<l

Interestingly, Bergman et al. 13b observed a number %f diff@fen%.

secondary insertion products in addition to the&primary C-H insertion ‘ Jﬁﬂ‘:?
q g S '
product during photolysis of Cp*(PMe3)Ir(H)(H) in_gfpentane at *6°Cu

Heating the mixture of four products formed from_nfpentane to 110°C for

ar

17 h converted them completely fnto-the primary product,.whicn.was"gw),x
thermodynamically the most staple; It is worth noting that in Cp*Ir
system, the alkyl hydrides]were much more stable to B-elimination or
other degradation reactions. ) . ‘.1 ‘ ,

1

o |
Activation of neohexane (H3C-C—CH2—CH3) - S
e,

The dicarbonyl (1) apparently does not activate C-H bond of
neopentane, which is perhaps due to steric factors. 1In the Cp* (PMe3)Ir
system, Bergman and co—workers26 reported that neopentyl hydride was
‘less stable than cyclohexyl hydride. Neohexane was considered as a

convenient alternative to neopentane, in ‘which only the methylene bonded
methyl group would be a likely candidate for acti§jtion.

Irradiation of a yellow solution of 1 (ca./éso mM) in neohekane for

eight minutes using N2 as a purge afforded a colorless solution

‘ indicating complete conversion of the starting material. The IR



spectrum of the neohexane solution showed VRh—H.at 2060 cm™ !

Voo assigned to 26 at 2030 cm™ ! (s)

hydridoneohexyl complex (26) gave cleanly the stable

‘

(27) (eq. 4-35).
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(w, br) and

- Addition of excess of CCl, to the

chloro derivative

3

) o
! W
. en
(HBPz*1)Rh(CO), gg’ ¢ > éhBPz*3)Rh{LH o
|3 y : 13
1 HC - C - cHy -CHy <736 CH)= -CH,~ ¢ - on,
o CHB CH3 4
\ Q ‘
ccl, (4-35)
Cco
k3 —_ ¥
(HBPz* )Rh—C1 fH3
chz— CH - c ; CH,
CH
27 |
%ﬂ B ‘ . \ """0‘

. The reaction of,CClA with 26 was complete within half an hour.

Complex 27 was isoiated as yellow crystalline solid

characterized.

«Ty

suggesting one isomer.

Yy nmr.

13

group ‘in the The methylene protons for the

diastereotopic. The

thefIR.

product.

For comparison it is noted that a 1 1 mixture of Cp*(PMe3)Ir

H
and Cp%(PMe3)Ir—~\)( formed during photolysis of

'neohexare,26

sterically hindered Cp*(PMeB)Ir

_H
~X

and fully

The IR in n-hexane showed a single Voo at 2085 cm_l,

A single resonance was found for the t-butyl

a.and ‘B carbons are

C NMR suggested only one isomer in agreement with

This demonstrates high selectiv1ty for primary C-H insertion

_H
XN\
Cp*(PMe3)Ir(H)(H) in

which on heating at 140°C converted completely to the least
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, | H3
Activation of t-butyl methyl ether ka3c-o—é-cn3) e

// | o - 'é33 |

Tertiaryytugyl methyl ether, H3Cf9fC(CH3)3 is a little like HyC-
_Qﬁz—C(CH3)3 stericaily. Based ‘on the results for neohexane one might
¢y expect that H3C~O-C(CH3)3 to be activated at the Ofg§3 group to form‘
'W%HBP2*3)Rh(CO)(H)(CHZOC(CH3)3) The electronegative oxygen might raise
the stability of the hydrido species.

fhotolysis 6f dicarbonyl il)'(ca. 2;7 mM) in t—butyl methyl ether

for eight minutes using N2 as a purge gave 28 in quantitative yield (eq.
4— 36) by IR. Compound 28 showed reasonable thermal stability, although
it did not survive chromatography. Removal‘of solvent under reduced

pressure afforded a pale yellow solid that was characterized by

eleméntal analysis and spectroscopic methods.

lm
/CO
hv, -Co
* * —
(HBPz 3)Rh(CO)2 e- O-C(CH B ~>  (HBPz 3)Rh—H .
N, purge CHz"'(’ o~ ™ (4-36)
' \
H3 CH3
1 28
e IR in n-hexar - . -wed VRh-H &t 2‘07O.cmm1 (w, br) which is a

] .cle higher than other &, cnmplexes; Vo at 2050 cm—; (s, br), very
lc.e to th vy, of (HBPz*): (CO)(H)GC6H5) (6). The high ffeld

ssonc ce in the 'H MR spec: ~um was found at & —13.0 (4, Jgpg=22.0

Hz) indicative of h (ride -he methylene protons appeared as two broad
~~onances, while a sin:’ esonance was observed for the t-butyl
13.

grcup. Th- NMit sh~ d only one isomer which is consistent with the
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-

IR obse:vatiod. .This is another example of selective C-H activation.

T worth noting .that complex 28 reacted with a tecfold excess of
PPh3 at _oom temperature in hexane to give (HBPz*s)Rh(CO)(th3). The
‘reaction appéared toifdllow pseudo. first order kiéetics with a half life

: L R o : :
of about 10 qurs.J B
‘ .

'Reaction with CC

Comgpund 28 1 ced with an excess of CClA to give the
cqrresp?nding chlorofdetivative,(HBP2*3)Rh(CC)(Cl)(CHé;O—C(CH3)3) 3
(29). Complex 29 was isolated as a'yellow crystalline solid and fully
characterlzed in the usual fashions. The methylene protons appeadared as-

two w1dely separated doublets at 6 6.03 (d, J=3.0 Hz) and 4.02 (d, J=3.0

.Hz) in the lg: NMR spectrum
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- Section 4

L= g . EXPERIMENTAL
&7

/ General

N .
Prior to use 1in photolysis experiment, cyclohexane waﬁﬁpurified by
passing through a AgNO3-A1203 column.28 Tertiary butyl methyl ether was
purified in the‘game way.
Preparation of (HBPz*3)Rh(CO)(H)(H) (14)
! l-Dicarbonyl (1) (70 me, 0.153 hmol) “and Dh-hexane (60 mL) were placed
in a Pressure bottle which was closed with a rubber septum and a bottle
cap that contained a stir bar. The resulting yellow solution was then
pressurized with hydrogen (42 psig) and atirred at room temperature in
the laboratory light (fluorescent and daylight) The IR indicated

complete disappearance of the startid :“

gterial after thre& days. At "

““this stage, the solvent was removed in yacuo~ d‘the residue was taken
'up in a ninimal amount of CH2C12 and chromatographed on a Florisil

column (10 x 2 5 cm) with 1:1 CH2012 hexane eluent. Removal of the

ffn :
»solvent under reduced pressure afférdedmeompound 14 as a colorless solid
X \ul\.f‘ é? s i
(40 mg, 61%). , : ) Vs

Ug: e
St
5

Characterization' IR (n-hexane) 2060‘cm (w, br, th;H),'é041-cm—l'(s,

Vo). MS (1so°c 16 ev) Mt ~H, (428) Mt ~H,-Co. AIH NMR (CD,Cl,, .-

ambient, 200 MHz) &.5.83 (s, 2H); >-82 (s, 1H), 3.24 (s, 6H), 3.21 (s,

- 3H), 2.37 (s, 6H), 2.33 (s, 3H), <13.55 (d, Jp, =18.0 Bz, 2H), Apel.

Calcd for 016H24BN6ORh: C, 442\

65; H, 5.58; N, 19.53. Found: C, 45.10;

E)

H, 5.64; N, 18.88. - - j?f - . o
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Preparation of (HBPz*3)Rh(C0) (CH;)(CHy) (16)
To a stirredvsolntion of 14 (60 mg, 0.136 mmol) in hexane (40 mL)

3

~at 0°C, an excess of’ethereal CH2N2 wns added. The reaction was .
followed by IR. After 4 h no starting material remalned. Solvent wés
removed nnder reduced pressure. The resulting pale yellow solid was.

#
taken up in a minimum amount of CH2012 and chromatographed on a small
alun%na column (10 x 1 -em) with 1:1 CHzClz—hexane as eluent. Removal of
solvent‘under‘vacuum left a colorless oolid which was roorystalllzed

from CHZClz-hexane at -20°C over one week to afford colorless crystals

(13 mg, 20%).

Characterization: IR (n—hexane)‘2032 em™ ! (s, QCO)- MS (150°C{ 16 eV)
Mt (458), tocy, wt ~2CH4-CO. [ (CDyCl,, ambien®s 200 MHz) 6§ 5.86
(s, 1H), 5.80 (s, 2H), 2.37 (s, 3H), 2.35 (s, 6H), 2.32;(s,>3H),;2.30

2

(s, 6H), 1.00 (d, “Jpy_py=2.0 Hz, 6H). Anal. Calcd for. CjgH,gBN,ORh: C,

§

47.16; H, 6.11; N, 18.42. Found: C, 46.17; H, 6.30; N, 16.75.

4 !

Preparation of (HBPz*3)nhkc0)(c1)?c6ni1) asy - |
Complex 17 [(HBPz*3)Rn(C0)(H)(C6H11)] was«generated by irradiation
of 1 (70 mg, 0.154 mmol) ln ultrapure cyclohexane (85 mL) for 5 min in a"
varéx photolysis veésel‘néing Nzlas'purge.‘ An excess CCIA (5 mL) was
added immediately after photolysis to the above mentioned solution and
the reaction was allowed to continue for O. .5 h. Solvent and excess-CCl4
were removed .in nacuoi, The IR of a hexane extract of the'résulting '
yelloy solidﬂshowed Voo at 2067 cm-l; assigned to 18’and two weaker

bands at 2ll6 and 2049 cm™!, presumed to be due to - ' ’
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(HBPz*3)Rh(CO)(C1)(C1) and (HBPz*3)Rh(CO)(C1)(C6H5) (7) respectively.
The yellow solid was dissolved in the minimun,amount of CH 012 and
' chromatographed on a Florisil column (8 x 2. 5 .cm) with CH2C12 eluent.
After chromatography, a small amount of 7 was still present (by IR)
along with the major product (18). Crystallization ftﬂE"CHZCIQ—hexane °
afforded yellow crystals (58.7 ng, 7OZ)a- ‘

»

Characterization: IR (Ejhex;ne) 2067 (s, Veg)+ MS (125°C 16 eV) m/e

750, 722, 692, 654, 598, 464, 428, 400 etc. -The MS of 18 .was anomalous,
not showing the anticipated molecular ion (at 547). A puz%ling feature
was a signiflcant pg%k at-750. Peaks at higher masses may . be present
,but the mass limit of MS-12 was 750 in this particular case. The MS of .

-~

18 S not recorded at higher masses using the MS 9‘instrument.

(CD,¢1,, ambient, 200 MHz) & 5.88 (s, 1H), 5.86 (s, 1H),'5 78 (s, 1H),

4.65/(bt{‘RhEE),-2774 (s, 3H), 2.52 (s, 3H), 2.44 (s, 3H), 2. 39 (s, 3H),
/2«69 (s, 3H), 2.32 (s, 3H), 1.5 (br, m, 10H). Anal Calcd for '

Y . . . - ) b ol T . .
¢22H33301N60Rh. c, 48.31{ H, 6.09; N, 15.38; C1, 6.49. Found: c,

47.61; H, 6.45; N, 15.56; C1, 6.53.

Preparation of (HBPz*3)x£}c0)(1)(cu3) (21)

Complex 21 was prepared by the addltiod of methyl iodide (0 03 mL,
}O «478 mmol) to a CH2C12 solution (40 mL) of 1 (150 mg, 0.3%9 mmol). The
reaction was complete in ca.r2 h. Solvent was removed uilder vacuum to
leave an orange'solid. The residue was dissolved in CHZCl and
chromtographed on an alumina column (8 x 2.5 cm) with CH Cl2 as
eluent. Crystallization from CH,Cl,-hexane at o°c afforded‘oraoge

.. crystals (140 mg, 75%).
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Characterization: IR (n-hexane) 2064 (s, vgy)- MS (90°C, 26 ev) M*
(570), M*-CH31, M¥-CHjI-co. lH NMR (CD,Cl,, ambient, 200 ME- & 5.95
(s, 1H), 5.88‘(5, 2H, coincidental overlap), 2.68 (s, 3H), 2..7 (e, 3H),

"2.44 (s, 3H), 2.42 (s, 3H), 2.37 (s, 3H), 2.36 (s, 3H), 1.93 (d,

2JRh_Hf2.O Hz, 3H). Anal. Calcd for Cj,H,sBIN,ORh: C, 35.78; H, 4.38;

3

N, 14.74. Found: C, 35.60; H, 4.30; N, 1l4.44.

.

Preparation of (HBPz* )RH(CO)(CI)(CH3) (20)

i

To a stirred THF solution (40 mL) of 21 (60 mg, O. 105 mmol) was
added AgBF4 (20. S mg, 0.105 mmol) After 40 min of-stirring at room
temperature, the solution was filtered to remove the white precipitate
of'AgI;‘ To the filtrate was added smﬁid Et,NC1 (64 5 mg,- 6 390 mmol)
and the mlxture was stirred for a further 8 h. The resulting solution
was filtered and evaporation of solvent afforded a pale yellow solid.
The solid was taken up in CH?_Cl2 ‘and chromatographed on a small Florisil
column (8° ;“1 cm) with 1:1 Cd2Cl2 hex;ne as eluent. The re51due after

removal of solvent was dissolved in a minimal volume of CHzCl2 and

"hexane added. Crystalllzation at room temperature'afforded pale yellow

: /
crystals of 20 (15 mg, 30%).

&

-

_Charaqterization: IR (n-hexane) 2075 em™ ! (veg)» MS (210°C, 16 eV) MT
(478), M¥-cH,, M'-CH,y—CO.  'H NMR (CD,C1,, ambient, 200 MHz) & 5.86 (s,
3H, accidental degeneracy of pyrazole 4-H groUps), 2.56 (s, 3H)," 2.48
(s, 3H), 2.37 (s, ~6H), 2.36 (s, ~3H), 2.32 (s, ), 1 94 (d,

2 ‘eq.
“Jpp-y=1+9 Hz, Rh-CHy). Anal. Calcd for C17H?5BCIN6ORh p, 42.63; H,

”5.22; N, 17.55. Found, C, 43.06; H, 5.79; N, 16.07.
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Detectlon and estimation of cyclohexene
Gas chropatography (GC) analyses of the decomposed pnoducts of 17
dvere'performed’by using’ a Hewlett- ~Packard Model 5890 gas chromatograph
"using a 30 ft x 0.13 in. stainless steel column packed with 23% sp-
1700/chromosorb PAW at 105° C. Helium was used as a carrier gas and a

’

flow rate of 25 mL/min was maintained.
0,‘ v

fl» In a typical run, 1 uL cycLohexane solution of the decomposed

J“'ﬂl * ‘
‘products of 17 was injected into tne column. Cyclohexene was detected

in‘the injected sample by matching the retention time of an authentic
sample. The retention time of cyclohexene was recorded as 31 min. The _

’ GC‘!ntegrator could not pick up the area of cyclohexene peak produced
‘from the unknown sample, perhaps _because of the fact that the peak was
weak and broad. To estimate the amount of cyclohexene produced, a
series of standard solutions of‘cyclohexene in~cyclohexane (Q.OQl;
0.002, 0.004, 0.01% cyclohexene) were made and their GC traces were-

&}ocogded. By comparing the peak areas of these standard solutions with
the peak area of the unknown . sample ‘1t appeared tliat the amount of

cyclohexene produced was approximately 0.002% by volume. Mmol Rh

used: 4.38 x lO_z, mmo1 cxglonexenevproduced:- 0.4 x 1072, g

n

‘cyclohexene 9. -

i
A'Preparation of (HBPz*3)Rh(C0)(C1)(C6H13) (23) o
Dicarbonyl 1 (80 mg, 0.175 mmol) in n—hexane (70 mL) was irradiated
for 7 min-under a N2 purge in a purged photolysis vessel. The Bolution
became colorless and the IR indicated a single VCO band at 2030 cp~!

assigned to (HBPz*3)Rh(CO)(H)(C6 13) (22). An bxcess CCl, (5 mL) was
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added to the photolyzedisolution and the reaction was allowed tq
continue for ca. 1 h. The solvent and excess CCl, were removed in vacuo
'ana the light yellow solid was taken up in CHéCl2 and chromatogréphed on
a Florisil column (10 x 2.5'cﬁ) with CH2C12'as'e1uent. Removal of
sqlvent under reduced pressure yielded a solid which was dissolved in
the miniﬁum amount of‘CH2C12 énd héxane édded to it. Cooling the

solution to 0°C gave yellow crystals (79.6 mg, 822). .
: . Sk e

M

I

: - . @} N
Characterization: IR (n-hexane) 2070 cm—1 (s, vCO) MS'(150°C, 16 eV) Mt

& (548), M'-C(H,, MT-C¢H, 4~Cl, M'-C¢H 3-C1-CO. 1o NMR (CD,C1,, ambient,.
200 Miz), & 5.82 (s, 1H), 5.80 (s, 1H), 5.75 (s, 1&),'2.90»(m, 2H), 2.58
(s, 3H), 2.42 (s, 3H), 2.34 (s, 3H), 2.32 (s, 3H), 2.30 (s, 3H), 2.28
(s, 3H), 1.74 (m, 1K), 1.53 (m, 1H), 1.25 (m, 6H), 0.82 (5, 3H).

13

Attached proton test (APT) C NMR (see text) indicated the presenéé of

two isomers; 23a: (CD,Cl,, ambient, 75.5 MHz) & 184.47 , JRH_C=61.§‘
Hz), 153.09, 151.63, 151.45, 145.98, 144.58, 144.36, 109]6;, 108.54,
106.93, 34.14, 32.31, 31.95, 23.46 (d, Jg,_c=17.2 Hz, Rh-CH,), 23.01,
14.69, 14.42, 14.24, 13.86, 13.23, 12.97, 12.36. 23b or 23c: & 41.11 ..
(CH,), 38.11 «(d, JRE_C;6.7 Hz, Rh-C(H)(CH;) or Rh-CH(CH,(CHj), 29.82

" (CHy), 23.06 (CH,), 19.35, 15.09, 14.79, 14.62, 12.89, 12.62, 11.89,
11.75. Anal. Caled for C22H3SBC1N60ﬁh:'.C, 48.13; H, 6.38; N, 15,31;f:

&

Cl, 6.47. Found: C, 47.04; H, 6.31; N, 15.03; C1, 6.01. -

R4

Preparation of (HBPz*3)Rh(CO)(Cl)(CSHII) (25)

»

An n-pentane solution (90 mL) of 1 (60 mg, 0#132>mmol) in a Pygex

-

photolysis vessel was irradiated for 6 min using N, as purge. Thé]IR-__:T';

E
i

indicated complete disappearaﬁce of 1 and formation of hydridoﬁént}l

.

s
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~

complex (24). An excess‘CCIA (4 mL) was added quickly with a syringe to i
the colorless solution and conversion to 25 was complete within 1 h.
Solvent was removed under reduced pressure and the resulting yellow
residue was dissolved in CH2C12 and chromatographed on an alumina column
(8 x 2.5 cm) with CH C12 as eluent. The. solid after evaporation of
solvent was taken up in a minimal amount of CH2C12, and n-hexane
added. The solution afforded yellow crystals (52.7 mg, 75%) after -

. cooling to O C over a period of a few days.

'Characterization: IR (n-hexane) 2070 cm_1 (s, VCO) MS (145°C, 16 eV)

Mt (534), M+ ~CsHyp MP-CoH) ,~C1, MF CSH 11-Cl- co¢%"1

’H(Nug (CD,C1,,

ambient, 200 MHz) 85.90 (s, 1H), 5.87 (s, %g}Vs.amfrk, 1H), 2.95 (m,
ZH), 2.63 (s, 3H), 2.47 (s, 3H), 2.40 (s -~3H), 2 39 (s ~3H), 2.38 (s,
3H), 2.36 (s, 3H), 1.98 (m, 1H), 1.54 (m, 1H), 1.29 (mk 4H), 0.90 (&, .,
. 3H). 13C‘NMR (75.5 MHz) 25a: 5 184.46 (d, JRh_c=6O{7 Hz), 153.09,
151f63, 151.45; 146.99, 144.59, 144.37, 109.03, 108.53, 106.93, 34.91,
33.89, 23.42 (d, Jéh—C=17'2 Hz), 22;78, 14.69; 14.41'(accidental.overlap
of two pyrazole methyl'carbons), 13.88, 13.22, 12.97, l2.35,'25b or
éSc: ¥o) 31;88 (Eﬁz), 27.5 (4, JRh-c=6-7 Hz, Rh—CH); 23.03 (CHZ);u
resonances in the methyl region were difficult to read but on the
expanded scale eight methyl carbon signals were foudd.ﬁ &nal. Caled for
21H33BC1N60Rh C, 47.14; H, 5?98, N, l5.?3. Found C 46 18; H,

6.10; N, 14.47. ]

Preparation of (HBPz*3)Rh(CO)(C1)(CBZCHZC(CH3)3) (27)

A yellow soldtion‘of 1 (70 mg;_OQ154 mmol)ain neohexane (80 mL) was
4

placed in a Photolysis vessel and irradiated for 8 min’ using N2 purge.
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At the end of this period, the solution had become colorless.and excess
CCl4 (8 mL) was added to it without any delay- The conversion to 27”was‘
'complete within'O.S h. Removal of the golvent under reduced pressure
yielded a yellow 'solid that. was dissolved in CH2C12 and chromatographed
on a Florisil column (10 x 2.5 em) with CH2C12 as eluent. The residue
after removal of solvent was taken up in a minimum amount of hexane and
cooling the hexane solution at 0°C gave yellow* crystals of 27 (64.8 mg,
77%).

: / ‘ ‘f N
/ . : <3

Characterization: IR (n-hexane) 2069 cm_l (s, VCO) MS (170 C, 16 eV)

(549), Mt ~CH,,CH C(CH3)3), Mt CHZ—CH ~C(CHy)4~C1, M CHZCH C(CH3)3~C1—

co. 1

H NMR (CD2C12, amblent 200 MHz), & 5.92 (s, 1H), 5.90 (s, IH),
5.84 (S, 1Hl, 3.15 f(m, 1H), 2.86 (m, 1H), 2.67 (s, 3H), 2.48 (s, 3H),
2,40 (s, 3H), é 39 (s, ~6H), 2. 36 (s, 3H), 2.10 (dt 1H), 1.73 (dt, 1H),
0.97 %(s, 9H). L3¢ mm (75. 5 MHz) 6 185.91 ¢d, Jp,_c=66.0 Hz), 154.52,
153.05, 152.90, 147.52, l§6.15, 110.56, 110.01, 108.39, 49.96, 31.51,
31.04,21.76 (d, Iph-c=17-3 hz, Rh-CH,), 16.27, 15.68, 15.28, 14.63,
14 39, 13,78.' Anal. Calefl for CooH3SBCINGORN:  C, 48.13; H, 6.36; N,
I5.31. Found: C, 47.77; H, 6.62; N, 14.75.
Preparat%on‘of (HBPz*3)gh(cb)(ﬁ)(CHz—o—C(CH3)3) (28). .
& Dicarbonyl 1 (50 mg, 0.109 mmol) taken in purified t- butyl methyl‘
ether (40 mL) and was photolyzed for 8 min using N, as purge. The}IR

Id s

indicated quantitative conversion to 28. The solvent was removed under.__

. .
vacuum (25°C, 10-? mm Hg) affording pale yellow solid (53 mg, 94%).

Py

é.&:;
g

Characterization: IR (n-hexane) 2070 cmt (w,.br, vgp_y)s 2050 cm L

(s,
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i
br{X»Csz\//MS (110°c, 70 ev) M+-CH3-O-C(CH3)3 (428), M —CH3OC(CH3)3
co. 1lm mr (C6D12, ambient 200 MHz) '8 5.70 (8, 1H), 5.64 (s, lh), 5.54
(s, 1H), 4. 66 (t, br, 1H), 4.54 (t » 1H), 2.49 (s, 3H), 2. 43 (s 3H)
' 2.36 (s, 3H), 2.30 (s, 3H), 2.26 (s, 3H), 2.17 (s 3H), 1 19 (s, 9H),

-13.02 (d, JRh_H=22.0 Hz, 1H). A trace amount of free t-butyl methyl

ether was found in the 1H NMR spectrum.' 13

C NMR (75.5 MHz) § lgl-ll (d,
JRh—b=7O'9'Hz)’ 150.64 150.54, 149.24 143.99, 143. 39 143.12, 106.66
(accidental overlap of two Pz* 4-C resonances), 105. 61, 74. 15 56.0 (d
JRh C—23 4 Hz', Rh-0- CHZ) 27.73, 15. 40 14. 83 14.35, 1; 85, 12.58,
12.50.  Anal. Calcd for Cy Hy,BN,O,Rh: c; 48.84; H, 6.59; N, 16.28."

¥
Found: C, 48.65, H, 6.79; N, 15.71.

Preparation of (HBPz*3)Rh(CO)(C1)(CHZ-O—C(CH3)3) (29)
A yellow solution of 1-(64'mg, 0.140 ‘mmol) was irradiated in

”purified t~butyl methyl ether (50 mL) for 8 min using N2 purge. | Excess o

/‘.
R

CC14 (6 mL) was added to the\irra&iated sal*_ and the reaction was
allowed to continue for 1 h. The. solvent waa'removed, the resulting
yellow solid dlssolveé'in CH2C12 and chromatographed on an alumina
column (8 x 2.5 cm) with CH2C12 as eluent. Solvent was evaporated and

the sb&id was taken up in a minimal amount of hexane. At -20°C, the

hexane solution afforded yellow crystal (57 mg, 74%) .

i

Characterization:: IR (n-hexane) 2088 em”! (s, Veo) MS (150°c, 16 eV)

+ + : -
(550), M -CHZ-O-C(CH3)3, -GH2—O C(CH3)3 -c1, Mt -CH,~0- C(CH3)3—C1-
”1H NMR (CD,Cl,, ambient, 200 MHz) & 6.03 (d, J=3.0 Hz, 1H), 5.90
(s, 1H), 5.82 (s, 2H), 4.02°(d, J=3<)¢k, 1H), 2.63 (s, 3H), 2.56 (s,

3H), 2.44 (s, 34), 2.34 (s, 9H, accidental overlap of three nspﬁ?l\

t
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resonances), 1.28 (s, 9H, t-butyl). Arnal. Calcd for C21H33BC1N662Rh:‘

C, 45.77; H, 5.99; N, 5,26. Found: C, 45.21; H, 6.37; N, 13.81.
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CHAPTER V

C—H ACTIVATION BY MONOPHOSPHINE DERIVATIVES -
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Section 1 =~ = = .

.
-INTRODUCTION

As shown in Chapter 111 and 1v, dlcarbonyl 1 efficlently activates N\\J
- C-H bonds under irradiation. Accordlngly it was of interest to examine
the.potential'of the new class of monophosphine derivatives
‘(HBPz*B)Rh(Co)E?Rj) (&3 descriﬁed in Chapter I},‘particularly
(HBPz*3)Rh(c0)(éM92Ph) (&b), for C-H activation.’
Metallations of phenyl*substitueed bhesphln“ ligands have been

freqdently described and termed orthometallations. A few .examples of

. < @
orthometallation of complexes contalnlng phenylphosphlngﬁks

phosphlr_e3 4,5 ligands are represented imr eq. 5-1 and 5- 29

PPh .
(PhBP)332§§H3) (5-1) 3
: i - Rh(PPh 1)) :
N
c1
.. B ¢ . ~
. [(66H50)3P]4RUHC1 <—;——> v[(C6H50)3P} Ru— (5-2)

2
© - (CgH0) P07

Metallation of-sp3—hybridized C-H bonds of alkyl groups attached to
phosphines has also been observed. For instance, Werner6 reported
intfémdlecular cyclometallation of a phosphine isogropyl group by a
'ruthenium complex (éq. 5—3). However, the intermoleculér:C-H activation

was observed only in the case,of benzene by this rutheniim compound.

- f
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| hv, —H2 . |
.Ru g wRuw
Hi \ Y612 TR | T Pli-Pr),
B CF(1-Pr), ; C/
H : C— ~H Y

. : CHg (5-3)
<> |
1 hv, -H .
! \ 2 > “gu
C6H6 o .
HY ‘ P(i-Pr) '

The absencefof,intermolecular alkane activation indicated thig

r
)

particular process was kinetically»or'thermodynamically unfavourable. - A
On the other hand, intermolecular arene and alkane Odl%ctivation were

q

observed during irradiation of (nS—CSMeS)Ir(PMeB)(H)Z,inyaromatic and
Saturated hydrocarbons respectively; no evidence for any intramolecular ‘
reaction was reported-? Prior to that report, there were no clearly

defined examples of intermolecular alkane C -H activatlon . v

Irradlation of complexes containing phenyl substituted phosphlne

&

‘ligands in- aromatlc*hydrocarbons have been. reported to give both intra-

and 1ntermolecular C—H activarion products.{ For example xgadlation of

(n C Mes)(PPh )Ir(H)2 in benzene ylelded intermolecular and

~

orthometallated productf (eq 5~ 4).‘ ' o o . 2 R

1
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g
hv,=H, L H H
Cp*(PPh,)Ir(H), ——2-> Cp*(PPh.)Ir + Cpr1ir 7 (5-4)
3 2 CH 31 ~
| 676 . - Ne PPh,

C

A » p
However, irradiation in other sdlvents (eﬁg. acetonitrile and

cyclohexane) gave either-all orfmostly orthometallated product.

4

In the context of intra- versus intermolecular C -H activation,

Halpern8 suggested that the greater ease of intramolecular C-H oxidative

addition has 1its origin in thermodynamic rather than kinetic

differences. :Jones and Feher® hayve studied the thermolysis of

Cp*Rh(PMe CH Ph}(CBHS)(H) in cyclohexane—d 12 solution, and observed a\

‘ clean first- order reductive elimination of benzene with the formation of
orthometallated species Cp*Rh(PMe CH2C6H4)H. A similar thermolysis in
benzene;alsouresulted inia first4order‘elimination of benzene,'bnt it
did notvéo to:completion.“lnstead an equilibrium mixture of
Cp*Rh(PMe2CH2C6 4)H'and Cp*Rh(EMeZCHZPh)(C6H5)(H) was formed. From the
kinétic?resdlts it was‘concluded;that}there is little kinetic

selectivity between intra— and intermolecular reactions involving neat
17 - /

1 solvent, but .that there is moderate thermodynamic preference for the

intramolecular activation.

03

. The aim of the present work was to'investigate the potential -of the

L

new monophosphine derivative (HBPz* )Rh(CO){J%e Ph) (4b) toward carbon-

7?4hydrogen_activation. ‘The- results of irradiation of Ab in aromatic and
. -
also in saturated hydrocarbons will e described in this Chapter.'
©g ‘ 1
Irradiation of Aﬁ in benzene afforded mainly ' )

(HBPz*,)Rh(H) (C H. ) (PMe Ph),;while'in cyclohexane;Horthometallation of
Sl 3 675702 = g . : g -

-

RN | -
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)
4+

the phenyl group oceurred.’

& x-ray structure of a derivative of the

latter will be described.
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Section 2

C-H.ACTIVATION BY (HBPz*3)Rh(CO)(PMe,Ph) (4b)
o %

Act:vation of benzene |

Irradiation of 4b (3.53 wM) in benzene in a Pyrex photolysis vessel

Jnder a N2 purge afforded two products (6;:30) and the reaction
R ) ) )
according to eq. 5-5 was complete in ca.. 40 minutes.

Co

(HBPz*3)Rh// | g s (HBP2*3)Rh + (HBPz* )Rhf:.ﬂ R
AN 6 6

PMe. Ph | ey
2 PMe Ph (5=3)

4b o . 30 6

Judging from the intensity of veo of 4b and 6 and assuming, as usual,

that the extinction coefficients of VCO in the compounds are not very

kX

dlfferent it appeared _that conversion "1y ca. 15 ~20%.

‘However the relatively strong th H in'tfe»IR guggzsted the presence of
a, major hydrido species in addltion to 6. Considering the probable
difficulties of separating the mixture of hydrido specles py
chromatography, they were instead converted to the more stable chloro

'derivatives (eq. 5-6) by reaction with excess CQJA for separation and

. ot
B

characterization. I

N
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. ' - co

c1
0014 o : //
.6 + 30 > (HBPz*;)Rh —C1  + (HBPz* ,)Rh " — CeHs
" (5-6)
C6H5 PMezPh
7 31

3

»

IS

The.chloro derivatives (7 and 31) were separated by careful
chromatographylon a Florisil colnmn. The identity of 31 was established
by MS, 1y NMR and elemental analysis.

The MS indicated the molecular ion, and subsequent loss of C6 55

Cl, etc. The 1H NMR of 31 is shown in Fig. V.1. The resonances at §

é7.92 (d, 1H), 6.68 (t, 1H) and 6.30 (d, 1H) are due to the phenyl group

.bound to rhodium center. The resonance at & 7. 02 (m, 7H);accounts for

the five protons of the phenyl group attached to phosphorus and also for

i

- the remaining two protons of the rhodg um- bound phenyl group. The two
{

methyl groups on phosphorus are diastereotopic (6 2.04, d,
4

2Jp_y=10.2 Hz); 6§ 1.75, d, 2Ip_yg=9.5 Hz) as expected. _The six methyl

resonances of the three non—-equivalent pyrazole rings are consistent

1

with octahedral geometry for 31. The H NMR and elemental analysis

'suggested that 31 contains one mole of CH2012 as solvent of
] .
"crystallization. L i .
{
T_he‘formation'-of.(HBP’z*3)Rh(H)(C6 5)(PMe2Ph) (30) 1s considered to

b’occur via loss of co from 4b, whiIe loss of phosphine ligand would
'account for 6. No evidence for any intramolecular reaction was observed

dﬁring photolysis of 4b in benzene. o L

< Co N . B ’
. . < B ) . \ . "
N . . .

Photolysis of 4b in cyclohexane A ; - o
' . .‘t‘.‘

Irradiation of 4b (ca. 2. 0 mM) in ultrapure cyclohexane at-room .-

'
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temperature\using N2 purge afforded one product as shown in eq. 5-7.

The reéction was complete i“.EE£ﬁ45 minutes.

/s

The presence of v

4b

(HBPz* ,)Rh(CO) (PMe, Ph) 22 =C0y (ypp. « )Rh/
3/Rh( 2 cCH.
\‘l ‘ . P

3

e . v

)

B H

Me2 (5-7)

32

Rh=H in the IR suggested the formation of a hydrido
, .

species of rhodi um. In view of anticipated limited stability of 32, 1t

was convérted to the more stable chloro “derivative (33) for .

tharacterization (eq. 5-8).

g

in 75% yield after chromatographic purification and crystaliization.

(HBPZ*3)Rh

H ' CCla //Cl
————>  (HBPz* )Rh@

‘ ' 37 N

P P :

32 -

s 7

H

4 ,

Mez. (5-8)

33

Complex 33 was chéracteriiéd by. the usual spectroscopic methods and

4

elemental analyéis. The evidence of orthometallation of phenyl _group

was first grov1ded by the. 1H NMR spectrum. In the phenyl regioh the

resonanceb at 6 6 32 (m, 1H), 6. 22 (m, 1H) and 6.14 (m,

for—\Bur,protons of the phenyl ring, sugges ng loss of a hydrogé/A}rom

\5..«

the aromatic ring ﬁith the. concomitant formation of a metal-carbon bond

' makihg the‘four—membered metallacyg&e. The diastereotopic phosphorus—
Y .

bound methyl groups appeared és two doublets (6 2. 90 d 2 B—HEIZ'O‘HZ"

.

. . v
L i . - -
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Compound 33 was isolated as yellow crystals

2H) account only

R
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5 1fa§, d,-ZJP_Hzlz.O’HZ) in the ln W spectrun. The 'H NMRhspectrum )
and microanalysis suggested the presence of 0.5 mol CHZCl in compound
,33 as solvent of crystallization. | | ‘
l The.spectroscopically deduced-structure ofv33 uas'confirmed b&.an '
X—ray crpstal structure determination carried.put hy Dr. Richard Ball of.
_ )
this Department. Details of the data collection and refinement
procedure as well as-tables of structural.parameters; bond lengthsvand
bond angles will be found in the Experimental Section. The structure of
33 in the solid state is shown in Fig V.2. It fhows appronimately
octahedral geometry around rhodium;vthe'three pyrazole rings occupy one
face of the octahedron,gandtthe other face is occupied.bﬁ P, Cl and
-Cig- The dimensions of the four memhered‘metallacyclic ring are (A°):
Rh-P=2.282; P—018=1.793; C£8-C19=i.38§; kﬁ—c1§=2Q004}

The absence of any intermolecular C—H.activation product in
cyclohexane is likely due to thermodynamic factors;v As shown in Chapter
IV, Rh-R bonds are much stronger when.R=aryl than when R=alkyl.

Moreover, as demonstrated earlier, cyclohexyl hydride. (17) is veryya TR
‘labile, and reacts with benzene to fbrm the phenyl hydride (6) ﬁi
quantitatively. The implication for all these factors is that

/
(HBPz* )Rh(CO)(PMe Ph) (db) may also agtivate cyclohexane C-H bonds
3 2

intermolecularly but that the product may have been -missed” due to its

lability and lack of thermal stability. This means that the equilibrum

‘o

ASRCTV favours 32 and CyH. : ’ .

/PHe?Ph
. CyH + 32 <———-> - (HBP2*; JRh——H ‘ £5-9) .

Cy
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Figure V.2 Molecular structure of (HBPz*B)Rh(Cl)(PMeéabﬂa) (33). ,
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Seétion 3
' | EXPERIHENTAL
Preparation of (HBPz*3)Rh(Cl)(C6H5)(PHe2Ph) (31)

- Compound 4b'(100,mg, 0.177 mmol) was igraéiated in benzene (50 mL)
for ca. 40 min using N, purge. The initial pale yellow solution was
colorless at the end of irradiation. The fR indipated the presence of
(HBPz*B)Rh(CO)(H)(C6H55 (6) (VCO(hexane):2049 cm—l) and a felatigely
_strong ;Rh—H' - Excess CCl4 (10 mL) was added to the photolyzed
solution. After lh, solvent and excess cc1, we;e‘pgmovéd under reduced
pressure. Thé¥;é$ult£ng solid was taken up in a minimum volume of
CH,Cl, and chromatoéraphed on a Florisil column (10 x 2.5 cm) with 1:4
CHZClzjgghexane eluent. Removal of solvent from this fraction afforded
lighf yellow solid of 7 (l4 mg , 15%). The remaining péle yellow band
was eluted with CHéClz. The yellow SQIia after removal of the solvent

. , . , . \
In vacuo was dissolved in a minimum amount of CH,Cl, and mrhexane was

added. Slow evaporation of the solvent at room temperature yielded 7

light: yellow crystals of 31 (69 mg, 607).

3

Characterization: MS (145°C, 70 ev) Mt (650), M- Hq, MY-ceHg-Cl. 1w
NMR (CD,Cl,, ambient, 200 MHz) & 7.92 (d, 1H), 7.02 (m, 7H), 6.68 (s,

H), 6.30 (d, 1H), 5.72 (s, 1H), 5.66 (s, 1H), 5.56 (s, 1H), 2.50 (s,

3H), 2.48 (s, 3H). 2.38 (s, 34), 2.34 ¢s, 3H), 2.04 (d, ZJP_H§1OQQ'H2;
WY, 175 (dy A l4=9S HE M), 1.52 (s, @H), 1232 (s, 3H). Anall’

" Caled for 29H3§8C1N6Pth%.O ;u561é; c, aa,gé;‘n,'s,aa; N, .42

v o ) S
Found: €, 49.0%1; H, 5.47; N, 11.99. ' -

¥
! FUR-
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Preparation of (EBPz*3)Ilh(Cl){P(CH3)TZC6H4} (33) |

| Compound 4b (80 ug, 0.141 mmol) was photolyzed in "ultrapure"
cyclohexane (70 mL) for ca. 40.min under N, purge. The IR indicated
complete disappearance of 4b.‘ Excess CC14 (5 mL) was added to the
photolyzed solution and the mixture was stirred for 1 h. Solvent and
excess CC14 were removed under vacuum and the resulting light-yellow
solid was taken up in CH2C12 and chromatographed on a Florisil columnA(8
X 2.5 cm) with CH2C12 as eluent. Solvent was removed in vacuo, and pure
33 was obtalned as yellow crystals (60.7 mé, 75%) from CHZClzjnjhegane

by slow evaporation of solvent.

Characterization' MS (110°C, 16 ev) Mt (572), Mt -C1, M ~Cl-~ PMez- 1H

- NMR (CD2C12, ambient 200 MHz) & 6.32 (m, 1H), 6-22 (m, 1H), 6.14 (m,

2H), 5.96 (s, 1H), 5.89 (s, 1H), 5.62 (s, 1&), 2.54 (s, 3H), 2.46 (s,
61, accidental degeneracy), 2.43 (s, 6H), 2.38 (s, 3H), 2.96 (d,
JP_H=l2.O Hz, 3H), 1.50 d, JP_H=12.0 Hz, 3H), 1.10 (s, 3H). Anal. Caled
for C23H32BC1N6PRh.O.5 CHZCIZ: C? 45.85; H, 5.37; N, 13.65. Found: c,

45.48; H, 5.38; N, 13.52.

?h@ X&ray crystallographic study was carried out by Dr. ﬁ.G. Ball

oy

3

in the Structure Determination Laboratory of this Department. This

o \ftwkﬁsg'éggigﬁg‘fables are adapted from his}report.' The computer o

progr%9§ used in’ the data analysis include the Enraf- Nonius structure

deterw ;adéfn package. Version 3 (1985 gelft The'Netherlands)

»

Wi y
;j%éé Sun Mlcrosystems computer and several locally written or
N v " W, ( i :v\“
modi f1ed Jrogrm’nf Jor "_1»1- \

: K )

0
el

o
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N A yellow crystal With approximate dimensions of 0.21 x 0.21 x O. 06
F”ﬂ,mm was used for data collection. Crystals were grown by slow

evaporatimn of 1 2—dichloroethane and n- butyl ether at room

5 LEae
N4 v

temperature. Details of data collection are listed in Table 5.I.

The structure was solved using a three dimensional Patterson
synthesis thch gave the’positional parameters-for the Rh atom. The
remaining nonhydrogeh atoms were located by the usual combinaticn of
least squares refinement and difference fourier synthesis.

Refinement of atomic parameters was carg%ed out,using full-matrix
least-squares techniques on FO minlmizing theffunction

T ([ - F D)

where [Fol and ]F | are’ the observed and calculated structure factor s

amplitudes respect1Vfly, and the welghting factor W is given by
W= AFO/U(FO)

All hydrogen atoms were included at their ideallked calculated

. positions, assuming C;h and B-H of 0.95A° and-approprlate spz‘and sp3
geometrfegf The methyl H'S were fitted by least—squares to“peaks
observed in a difference Fourier. Theae atoms were then included in the
calculations with flxed, lsotropic thermal parameters 1.2 times that of
the attached atom and constrained to 'ride'’ with this atom.‘}

In the final cycle 298 parameters wree refined using 3314

observations having I > 30(1) The final agreement factors were:

3
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Ry = I |F_| - ]Fc] / E lFo‘l;- 0061 ,
| - T o
R, = [ (IFO.[ - |F1) 7 ;:w}Fo]l/2 = 0.071
The largest shift in any parameter was 0.05 times itg estimated standard
ﬂiydeviation and the error in an observation of unit weight was 1.90e. An
analeis of R2 in terms of fo, X_1~sihe, and various tombinatiqns of
Miller indiées showed.no unusual trends;~'The highesf_éeak in the final
difference‘fourier has a density of 2.0(1)eA°;3, is located near the Rh
atom and is without chemica} s&gnifican;e. The‘structure'of 33 is
depicted in Fig. v.2. Relevant bond lengths and. pond angles are
tabulated in Tables S.iI and 5.III. Positional agd thérmal parameters

are available in the detailed report from Structure Determination

~ - .
. La QQ r,a-_'ut OI.Y . 1-0 : g o o



Table 5.I. Experimental Details &
B '

L g
‘A. Crystal Data
Crystal dimensions: 0.21 x 0.21 x 0.06 mm

e

monoclinic space grouprP21/n _
a = 14.207 (5), -b = 12.870 (5), c = 14.319 (4) A
' g = 1otves (3)° L
V= 2562 A3; . z =°4; Dc§='1.484 g ey po=8.44 co !

B. Data Collectidﬁ and Refinement .Conditions
kRadiation:' MoK (M = 0.71073 &) ’
Monochromator: _ ihcideht beam?'graphite crystal
7 e-off angle: . 3.0° ‘
.;,gcfér apeiéure: | 2.40 mm horiz x 4.0 mm vert
\Lystal—to—détectOg . 205 mm _ -~ ‘

Se¢an type: ;g?;206 ‘ ' ~

Scan rate: ﬁv*?}bf% i.6°:min_1_ )

Scan width: 8 0.+ 0.35tan(8)°

Data colled 'y ;459; . v A

'Data colled :
Reflections f76153 dﬁ1q&e, 3314 with I > 30(1)
<% 3314: 298

05061, 0.071, 1.90

-

Observations:

© Agreement factol T
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. Table 5,.III ‘Se‘loc‘tod Interatomic Angles®
_Atom1  Atom2 Atom3  Angle Atomi Atom2 Atom3 l;lglo
c1 Rh P 85.67 (8) n2 8 118.3 (5)
X m Bl 91.3 (1) c4 "2 B 131.5 (5)
c1 m -3 90.6 (1) gy L E) " 115.8 (3) °
a Rh @S 176.9 (1) gy N3 €6 “136.9 (4)
. € " m c19 89.8 (2) ﬁ"u4 3 cs. 106.4 (4)
P - _ Rh 3 103.7 (1) g3 | ZON £ 108.2 (4)
P ‘Rh £ 168.5 (1)  y3 "B 120.2 (4)
P Rh 5 97.2 @) co TR 131.1 (8)
P Rh €19 9.4 (2)  p X5, . ¥e 114.7 (3)
3 R  E] 87.3 (2§ Rh XE 11 139.4 (4)-
- R . EE 89.1 (2! " X cit 105.8 (4)
n Rh c19 172.9 (2) g 18 c14 109.5 (4)
n R EE 86.3.(2) g Xe B 121.7 (4)
3 Rh €19 99.7 (2) C14 [ B 128.6 (5)
15 Rh c19 2@ w2 1097 6
R P " cie 125.4 (2)  $1 c1 c3 121.8 (6)
R P c17 1235 (D) ¢ ¢t .c3 128.4 (6)
mp Ci8 ~ 83.8(2) 1 " cp ¢4 " 10831 .(8)
. cte ' ‘?.,_ €T 100.2 (3) - ca c2 107.4 (6)
e res 1087wy e i 124.2 (7)
o P cts CM38() e o cs 128.4 (6)
LS PR P 1684 w3 g - o l'.xzé.é.(s)
T " ’f;:cr  : ' 136:6(4) . g3 cs s 109.6 }e)
2OEM e 1081 (8) e - TR T
no o €4 1018 8 . cg - gp y
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4 ‘Table 5.III Contd ... .- ST

N

Atoml  Atom2 Atom3 ~ Angle

4 co cs . 108.3 (8)
21 e  ci10 120.5 (6)
q?*' - ce : L c10 130.1 (8) »
X5 ‘el €12 126.7 (5)
I3 c11 €13 110.3 (5)
ciz’  ‘c11  c13 1229 (8) ,
ci1 €13 cu 105.6 (5) -
[ ‘Cc14 c13 108.8 (5)
¥s C14 C15 123.4 (6) ‘
c13 €14 €16 . 127.8 (6)
P C18 Ct9 100.0 (4)
P ci8 €23 - 138.4 (6) o \
o . c19 c18 €23 123.5 (8) A
\ Rh C19  C18 108.7 (4)
Rh c19 €20  134.8 (4) .
. c18 €19 €20 118.2 (5)
" ci9” €20 €21 119.3 (6),
N c20  c21 €22 121.6 (1)
c21 €22 c23 1120.2 (6) .
ci8 €23 . €22 117.2 (6)
2 B W 108.5 (B) -
” B N8 110.1 (5)
" wa B me . 109.8 (8

In degrees._ Numbex:s in parentheses are estixnated standard-
deviations in the least‘ significant digits.r( :

.3
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Section 1.
INTRODUCTION

B ;

Olefins are ligands in numerous transitioéon metal compounds.‘ Olefin
complexes are: involved in many reactions which are promoted or catalyzed
by transition metal compounds. Ihese imclude alkene hydrogenation,
. dimerization, polymenizatiop, cyclization, hydroca:bonylation;
;;drocyanation etc. ' ‘

The two major clasées of bis(olefin) rhodium(I) complexes are: 1)
g the four-coordinate, l6—electron 2 4—pentanedionato derivative
(acac)Rg(CzHA)z, and (ii) five—coordinate, 18—e1ectron, b
cyclopentadienyl complex (n —C5H5)3h<C2H4)2. The hydrotris (pYigzol—If |
yl)borato ois(etnylene)rhodinm(l){ (HBPz3)Rh(C2H4)2 s a bridge between

1
the above two groups. It might exist as,a~fourrcoordinate, l6-electron
: ”

square planar rhodium(I) complex, or as a trigonal bipyramidal five—

" coordinate 18-e1ectron spécies. éHowever, a four-coordinate 16-electron
1

structure was favoured by Trofimenko1a (as has been discussed in Chapter
lI). Similarly, a four-coordinate square planar geometry was preférred
fot'hydrotris (3,5—dimethylpyrazol—l-yl)borato bie(cyclooctadiene)
rhodium(I), (HBPz*;)Rh(COD).1P

’ More.recently, Cocivera et 31.2’3’4 have studied Rh(l) compleaes:of:

the type (BPz4)Rh(diene) where BPz4 signifies tetrakis (lvpyrazolyl)

borate ion and diene signifies duroquinone”(wq)i

*1,5 cyclooctadiene_‘

3

(cod), or norbornadiene (nbd) The x-ray crystal_étfucture&}oBHoWedi

vthat the dq complex is pentacobrdinate whereas the- cod and nbd complexes

are fonrécoordinate. The question of coordination number in solution

1y NMR? and it was suggested that the dq .and cod

.

was studied by means of

e
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complexes vere pentacoordinate; i.e, three pyrarolyl érbups of hp;4 are.
bound to rhodium via nitrogen. - - 'g.lQA

From the point of view of carbon—hydroéen activatlon by olefin
complexes, an interesting report of deuterium exchange betveen benzene-‘
dg and (n —CSHS)Rh(CZHA)Z appeared in 1974 5_.A phenyl hydride

intermediate formed by ethylene loss was proposed to accoumt for the

»gxchange.‘ The proposed mechanism 1is illustr&ted in Fig. VI.1l.

-

) v
. - ‘C’Rﬁ(c!ﬂq)grﬁ '
. » . A | )
. rd
N o - CaMy » - »
. ) ‘ . C.DgH C’Rh(CgH‘) ' »
- :>///" \\\<:o°o »
T €eDs. €aDs
cpRh—H chh—D
. CH, = CHD ) CHy = CH,
, Dy
\\\\\\ 7/
. chh.
CHaCH, D

Figure VI.1 Mechanism for exéhange betwen benzene--d6 and coordinated

ethylene in (”'Csﬂs)Rh<Cz“4)z-
Since Qpen no report on C—H activagion using olefin compleres has
appeared in the literature.
Mixed‘carbpnyl—olefin complexee conteining pfre?olylborete_ligands
" have not‘heen reported; Thus synthesis‘of earbonyl-olefin complexes,
(HBPz*3)Rh(C0)(olefin) was of interest. Synthesis, properties and |
fluxional behaviour of these complexes will be discussed in this
k'Cheb er; In addition, novel photochemical and thermal reactions of the

mixed carbonyl-olefin complexes with hydrocarbons leading to C-H
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activation will be described. Finally, as‘an extensj‘ibﬁf the
investigation, functionalization of C-H activation products has been
explored.

@
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’
Section 2 o

+

SYNTHESIS AND PROPERTIES OF OLBFIﬁ.COHPLEXES'

nz—ethylene complex - ; : ‘ o
The mixed carbonyl—ethylene complex, (HBPz*3)Rh(CO)(ﬁ2~C2H4) (348)

was prepared by regcting K[HBPz* ] withrthe known -binuclear mixed

Y

complex [(u—Cl)Rh(CO)(n -C2H4)]2 in the dark (eq. 6- 1)

. RT
K[HBPz*a] + [(u—C1)Rh(c0)(c2H4)]2 —_— (HBPz* )Rh(CO)(n -C, )
' Toluene

34a (6-1)

~
?

. During reaction (eq. 6-1), a small amount of (HBPz*3)Rh(CO)2 (1) formed

along with the desired product 34a.. 34a was isolated as a pale yellow
crystalline solid in 64% yleld -after chromatographic purification and
characterized .by MS, lR,iNMR spectroscopy and mioroanalysisr
As expected, the‘IR exhibited a single v., at 2013 cn ! in_gf

hexane. The ly NyR spectrum at room temperature indicated three
equivalent Pi*’rings, suggesting that one oOr more fluxionallprocesses
averages all three Pz¥* resonances: The resonance due to 4-H of the fz*
rings appeared as a broad singlet at 6.5.83(3H). At the same time a
. broad singlet was found at 6 2. 36 due to the 3 CH3 and 5- CH3 ring
' protons. Two resonances were observed for olefinic protons, one as a
broad singlet at & 3. 24 and the other (6~2. 47) overlapping the. pyrazolyl
methyl resonances.

| On cooling to —60 C the 4—H4resonance splitavfito signals at
6 5.90 and 5.60 in a 2:1 ratio. At the same time the peak at & 2.36

splits into four signals of intensity ratio 6: 6 3:3. The olefinic
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resonance at, 5 3.24 appeared as a doublet (J=8.5 Hz), while the

[y

resonance at ~§ 2.47 remains partly obscured by the methyl resonanoes of
the riné. Thus  at -6C°C, two Pz* rings are equivalent and one is unique
on the NMR timescale.r This-result is similar to that observed in the
low temperature 1y NMR spectrum of (HBPz* )Rh(CO)(PMeZPh) (4b) in

Chapter II, and the interpretation is similar.

2 3

and n” coordin®on in 34a is not readily

-

‘to this fluxional behaviour. The best

A distinction between n

made by Iy NMR, partly owing

approach is to compare't.f' ;;of‘343 with that of the related

A

(HZBPz*Q)Rh(CO)(Czﬂa),vuh’ is'necessarily 16—electron square planar.
Accordingly, the bis-pyrazolylborate complex,'(HzBPz*z)Rh(CO)(CZHA) was
prepared by reacting K[HZBPZ*Z] with"['(u;CI)Rh(CO)(nZ—CZHa)]2 in n-
'hexane at room temperature. iThe hexane aolution immediately'after the‘
reaction (no purification was attempted) exhibited Voo at 2012 cm 1,
which is almost identical to Veo of 34a (2013 cm 1). Unfortunately_
'(HZBPZ*Z)Rh(CO)(C2H4) could not be fully characterized owing;to its
fairly rapid disproportionation to (HZBPz*z)Rh(CO)é in:solution at.room
temperature.” The comparison of Veo shous that nz—ethylene complex (3%;
is four-ooordinate in solution.

The‘IH NMR spectrum corresponding to a static, square planar
. structure with an nz-HbPz*3 ligangsshould.exhibit.three nonequivalent
Pz* rings (barring accidental degeneracies). As was the case for the
monophosphine derivati;es, this low temperature 1imiting spectrum was
";vnot obseryed downvto -90°C. \

The variable temperature spectra can similarly be explai.. on the
basis of two kinds of fluxional process. "The high temperature-process

5

}that averages all/Pz* resonances at ambien temperature'can.be:frozen'atﬂ'

(\/'/ : N ' »
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-60°C to 2:1 ratio of sz‘signalé. The low temperature process, which
averages the two equatorial Pz* rings which are trans to different )

ligénds hag not been frozen out even at —9Q°§s To account for the
observed éqﬁgéalence of the two equatorially bonded Pz*:ringé in the loﬁ
temperature fluxional process, a trigonal bipyramidal intermediate
having a plane of symmetry is again proposed. It doe§ not matter which
ligand, CO or CZH4’ enters the axigl position, becahse at that point ;hé
plane of symmetry has made_Pz*(is,équivaleﬁt to Pz*(2).

For the carbonyl-phosphine complexeé, evidencé consistent with the
postulated trigonal bipyramidal intermediate for,the'loﬁ temperature‘_
fluxional’prdcess came from NMR studies of the chiral monophqsphine
‘derivative (4e), which showed three nonequivalent Pz* rings in the low
| temperature 1H‘NMR speétrum. |
' A similar reasoning can be applied ;o an olefin ligand, ggcogniéing
that a chiral center isrgeneratea when one face of an olefin such as = ~
vpropyléne is coordinated to a trans;tion‘metal-6 Such a chiral center
woﬁld'not produce a,piahe of symmetry in the proposéd trigonal
bipyramidal-intermediaté; the equatorial pyrazoles Qoﬁld be réndered
_dlastereotropic by the chiral center.

Accordingly, the-synthesis of the bropylene cémplex
(HBPz*é)Rh(CO)(CH2=CHCH3) was of interest. It apneared that 34b would
Fossess a chiral center and atlthe same time represent only a slightj
perturbation on the original molecule (34a). ‘Mpr20ver, it Q&Gldlstill
have an uncluttered NMR spectrum. In.the.(acac)Rh(-olefin)’2 system;‘
sﬁbstituted ethylenes are 100-1000 times‘less'stable (iﬁ ferms of
‘4equilibriuh constant) than éthlene itse;f;7 From‘the viewpoint ﬁf this

‘reduced binding energy, 34b was also.conéidered to’bé'a'candidate.for -
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thermal carbon—hydrogen activation. . ' -

’?F—propylene complex | : : ‘ \

.The complex.(HBPz*3)Rh(COXnZ—CH2CH§H3) (34b) was prepared by

photolysis using‘a’prbpylene purée of a cyclohexane solution of
- ;

(HBPz*,)Rh(CO). (1). Immediately after irradiation, the IR in
3 2

cyclohexane exhibited Voo a- 2040 el (with a small shoulder). As the
cyclohexane solution stood in the dar- at'room/temperatufe,,a ney VCO
appeared-at 2006 cm—l,kaile the bancd at 2040 cm—1 slowly disappeared.

The 2040 cm™ L

band had completely diSappeared in Eé_48 houts. The\band
at 2640 em ! is assigned to the allyfic hydride (HBPZ*B)Rh(CO)(H)—
(HZCCH=CH2) (35), while 34b accounts gorvvéo at 2006 cm_%. Tﬁe IR
indicated a quaﬁtitatice conversion of (HBPz*3)Rh(CO)2 (1)5 A pladsibIei.

mechanism for the fcrmation.of‘34b is .shown belqwf

co : co -

o . v hv .
(HBPz*_ )Rh(CO), — > [(HBPz* )Rhf:;H] —> (HBPz* )Rh’/ v
3 2 C H, /propylene 3
1 612 ,purge - 35 \Z:: 34b ‘~J47
) ccl,
Y o . ‘,'LC‘O
(HBPz*B)Rhf::Cl

~ The proposed inte medlate \35) was converted by reacting with CC14 to
the stable chloro derivatlve (36) for characterization. Carbon

: tetrachloride was added to the photolyzed solution with minimum delay

Ce TN
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~and the reaction was complete in an hour. The IR band at 2077 cm—l (nj "
hexane) suggested 36 as the major product. A minor bandfat 2117‘cm-?
(n—hexane) was presumed to be due to (HBPz*3)Rh(CO)(Cl)2 Compound 36

was isolated as a yellow crystalline solid after chromatography and

crystallization.

»The identity of 36 was confirmed by MS, IR, NMR methods'andv

v

elemental analysis. As expected the 1H NMR spectrum showed three

nonequivalent Pz* rings. In ‘the allylic region, Hé N : . >
s b -~ .

y.
- . o

T L _- /CNHa L
- : : . _ / o ..

BV
o

e

aPPeared as a multiplet at 6“6.40;“th“doubletsﬂof doubletsvwere found .

for Hb and H at ) 5 36’ (}b,—lo 0 Hz, Jb =2. 2 Hz) and 5. 00 two triplets

wereVobserved for Hd and H at 5 3.85 and 3 55.

The intermediate 35 is somewhat surprising. One might have | = =

expected the vinyllic isomer (HBPz* )Rh(CO)(H)(CH=CHCH3) as the
‘intermediate_since the spZCth bond‘would_be stronger. Moreover, one
cannot rule:out‘the;possibility ofrearrangement‘in-the‘CCl4 reaction.
.'kThe rate of'isomerization'of‘BS to 34h;was studied:at room .
. ~ : : \

g~convenient to monitorvthE'rate

temperature_(sa3 25°C). >It appeared mos
of rowtt of vco‘band4(2006 cm ) of the product being formed (34b). :It
followed first order kinetics over three half lives. The rate constant
¥as found to be k = (1.440. 1) x 1074 71, which gives ‘the half 1ife of

i

-.the isomerizat}gﬁ as t; ;o = 84’ min at 25° C. ' T
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Addition of a slight excess of benzene to a freshly prepared ;

cyclohexane solution‘of 35 did not prodhce any“detectable‘amount of -

(HBPz*3)Rh(CO)(H)(C6H5) (6), instead 35 was converted to 34b in the
usual fashion. This suggest§ that conversion of 35 to 34b is

intramolecular. I1f 35 had'the nl—allyl hydride structure, it might have

been expected to react with.benzene (cf._the reaction of the cyclohexyl
hydride 17). This observation may indicate an n3—ally1 structure.
'.The‘nz—propylene complex 34b was isolated as a pale yellow solid in
ca. 90% yield. It does'not survive chromatography, but the synthesis
was clean enough that pure product ;as obtained by removing cyclohexane
under vacuum. Solid 34b is quite stable, and was fully characterized

1H NMR at ambient temperature showed three equivalent Pz* rings .

The
indicating fluxional behaviour. The methyl resonance of propylene was
found at 65 1.70 (dd J=6.2 Hz and J=2.Q.Hz). The resonance due to the CH
proton appeared as a multiplet at § 4.65. The_Qﬂz resonances overlapped

- with the Pz* methyl‘resonances. The - H NMR spectrum at —60 C indicated |
three nonequivalent Pz* rings as expected from the foregoing

discussion. This NMR result is also consistent with the trigonal

hipyramidal intermediate previously invoked to explain the low

.temperature fluxional process observed for 34a.

Enetgy barrier of the fluxional process in 34a

The energy barrier of. the fluxional process that can be slowed at

-~

-60°C was of interest. This has been referred to as the high
temperature averaging process.

A A'spin saturationvtransfer (SSTl.experiment was carried out on the

ethylene complex 34a. A brief descriptionxof SST experiment has been
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: s
provided in Chapter 115' As pointed out earlier, two sets of Pz*
resonances with an inﬁensity'ratio 2:1 were found in the low temperaﬁure
1y R spectgﬁm of 34a. C&nfirmation of site exchange waé‘obtained by
‘ satu;ating the resonance due to 4—H‘of the unique Pz* ring (6 5.58(1H))
in the ﬁemperéture'rénge -40 to -60°C. The intensity of the 4-H signal
due to the two equivalent Pz* ring (6 5.88(2H)) decreased significaﬁtly,
indicating that the two equivalent Pz* rinés were exchanging with the
unique one. Similarly, saturatipn of ‘the resonance atlé 5.88 resulted
in a decrease in intensity of the resonance Gt $ 5.58.

?hé dec;ease 1h signal intensity due to partial spin transfer was
cuantitatively measured by integrati;n of a difference spectrum against
an internal standara. «The exéefiments were carried out at -40°C, -50°C
and -60°C. Rate constants were derived from the decrease in signéi
inténsity éf the protén to which spin saturation is transferred, and a
knowledge of it:s'T1 value. The SST data aqug with the derived rate
constants are summarized in Table 6.1. a |

}An Eyring plot of the rate consﬁaﬁts from Table 6.1 i#vshOWn in

o VI.Z.‘ Using data of 2H sife, the activation parameters obtained

for tﬁg/g;change process are AH' = 10.7+0.2 kcal mol—l, As¥ = -14.0£1.0
p P
eu. Using data of 1H site, the values obtained are_AH*’= 8.70&0.03:kcal
S B
mol *, AS" = -22.60+0.13 eu.

The exchange rate of Pz* rings was also determined. in a higher
temperature range (0 to —ZOfC) by measurement of line broadening. The

line width of resonance due to 4-H of Pz* ring {¢7.88(2H)], internal”™
standard  (hexamethyldisiloxane), excess line w dth and rate constants at

different temperatures are given in Table 6.II.

»
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Table 6.1

Line Broadening Data for (HBPz*3)Bh(CO)(n’~C,H,) (34a) .

, Tem:\\%: ‘ Line width
‘ int. std.

LS

o «Lfnelﬁidﬁh%' ‘n‘u\ Excess ’ ‘ ‘k (s—lfB
4 55.88 (2H) - 1line width =
(K) - (Hz) (Hz) ()
 253_‘  0.875 3.700  2.825 " a.87
. 258 f;,.L - 0.813 4.950 K 4.135 12.99
263 '”f:"o.625  7.0 0 _6.425{&m 20.18
é@é{“ 'Q¥O.67S , N 10.250 S 9.575 - 30.08
273 9.875 g 15.25¢;Q;; 14.375 45.16
o Full line w_id-th at half height of the peak.
J; Determined froﬁ therquation k=7 x A

~ Internal standard is hexamethyldisiloxane.
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In (k/T)

-7.0 |- -
-8.0 - -
: | | 1 l. I | | !J i
3.5 37 39 41 »4.3_ 4.5 4.7 49
%— X 103

Figure VI.2 Eyring plot of 1H rate constant data for _
(n?-HBPz*3)Rh(CO)(n?~C,H,) (34a). O, 2H site (SST); O,
site (SST); A, 2H site (line broadening)..
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An Eyring plot of the rate constants 1s shown in Fig. VI.2. Values

of activation parameters obtained AH*

= 10.7040.2 kcal mol™}, as¥ =
~12.0+£1.0 eu. The wvalues doth compare terribly well, but this may not
be surppiéing considering small'temberéture range and small number of
potits. -

nz—éyclbhexene complex L
Examples of nz—cyclohexene\Fomplexes of traﬁsifion‘metals are
rare. Angelici'and Loéweﬁs.studEEd the stability of a series of
(C5H5)Mn(CO)2(ole§in) complexes, and repofted'that attempted
preparations of thé cyclohexene complex did not even give spéétroscopic
evidence for‘its formation. An‘interést in wéakly bonded iigands that
woﬁld dissociate thermally and activate C-H bonds at lower tempefature
led to an investigation.df'cyclohexene COmpleQ;;—of the pyrazolylborate.
rhodium system. |
In this work, some spectroscopic evidence has been fouﬁd fof.the“
formation of (HBPz*S)Rh(CO)(nz—cyélohexene)~during the react%on of
(HBPz*3)Rh(CO) (H)(CeHyp) (17) with cyclohexene. . This reaction is
interesting buﬁ complex in nature. |
When a -slight exceés of cyclohexene was addeqvtola freshly_
generated cyclohexaﬁe solution of cyclohe#yljhydridg (17), the iR
.exhibited three new Veo bands at‘2043, 2037 and 1996 cm—l. Tﬁe IR also ‘;)
indicated that a small amount of (uﬁpz*3jéh(c0)(ﬂ)(06usj (6, vg, 2048
‘cm-l):was preseﬁt. /The'cyclohexané solution was allowéd}to:stand af
§6om temperature for several hoﬁré;.no,noticeabie qhange in the ratio of

the three bands was found during this time. Removal of solvent yiélded

a light yellow solid (37).



Elemental analysis (C, H, N) on this yellow solid gave. results in
fair agreement with the composition (Hﬁfz*3)Rh(C0)(C8HP4) The
spectroscopic data discussed below indicate that 37 1s a mixture
(possibly an equilibrating mixture) of three isomers. No purification
-was possible, so the sample studied contains a small quantity of 6, no
doubt formed from the cyclohexyl‘hydride. The IR of 37 in a KBr disc
. showed v at’%OAO (br) and -1990 cm-l, while the IR in n-hexane
indicated three bands at 2044, 2039 and 1997 cm_l. The 2044 and 2039
en ! hands appeared as a doublet with 2039 en ! oa little stronger. “ N
-Visual estimation suggestd that the comblned absorbance of . these two
bands was about the same as that of the 1997 cm -1 band.

lhe 1997 cmf1 band of mixture 37 is close to‘that of the ethylene
and propylene complexes 34a (2013 cm-l) and 34b (2007 cmtl) and to that
of the well-characterized cycloocténe comple'x9 (HBPz* )Rh(COj(nz—
cycloocterie) at 2061 cm_l. On the IR evidence, it 1s reasonable to
suggest that this component of 37 is in fact the nz—cyclohexene complex

1y mr

(HBPz*3)Rh(CO)(ﬂ —cyclohexene) which will be referred to as- 37a.v
studies discussed below are consistent with this.

The other two IR bands (2044 and 2039 cm ! ) are hi;h enough to
suggest a rhodium (III) compleu; compare; for example the phenyl]hydride
6 (vCO 2049 cm ) ‘and the proposed intermediate allyl hydride 35. (VCO
2040 cm 1) ,;H NMR spectroscopy, discussed below is conslstent i;
showing that two hydridorhodium species are present in mixture 37 (in
addition to the known impuritr 6). These two hydridorhodium (lII)
species will be referred to as 37b\and 37¢, but their id:ﬁ%ity is not
clear from the evidence presently'avaipable.

1

: y . . '
" The "H NMR ‘spectrum of 37 will be discussed next. The regions of

-~

. . i . L G R R b > P ST R
Co . e : e - 196
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interest will be the metal hYdride region, the pyrazolé 4-H region, an&'
the olefinic region. 'Speétra were run in toluene—dé, and sam '-35 were
kept frozen except during runs to aQoid a slow room tempef;ture reaction
with the solvent (see below). ighe hyaride region at ambient temperature
consisted of a broad resonance centered at 6—12.45, and the sharp
doublet of impurity 6 (6—13.04, J=18;5 Hz in this solvent). At —-80°C,
th;ée sharp doubleté.ﬁére observed at -i2.13 (J=21.3 Hz), ;12.45’(J=22.2
Hé) and 412.83((J=18.8 Hz; 6 with a slight temperature shift).
Inﬁegrals of these peaks are 1n a ratio of 9:5:3,'respé&tively. It is
“clear that the'";ajor" {37b) and "minor! (37c) unknown hydride spécies
are'interconverting,‘and.that the rate is such as to produce coalescence
} near room temperature.

The room temperature averaging of ﬁydridé signals affects the Pz*
4-H region; and the'nz—cyclohexene complex 37a believed to be present
should, like the well characterized"nZ;oléfiﬁ complexes discussed

earlier, exhibit a single 4-H signal at ambient temperature whigh‘gbes

to two in a 2:1 ratio at low temperature. In fact, the 4-H region is

quite simple at ambient temperature: three peaks at & 5.65, 5.53 and L\/?ﬁ

5;43 (relative ratio ca. 8:35:7).. At -85°C, this region of the spectrum
is quite complex, exhibiting no 1e§s than 13 @gaks;»it 1§“reproduced in
Fig.’VI.B. These éignals can be grouped or assigned up to a"po;;t,
kéeping in mind that a complex of ihé tyée (HBPz%3)Rh(CO)(H)(R) will
have three 4-H resonances in its static form. |

Assignments are fairly unambiguous fbf”the nz—cyclohexene complex
37a, peaks at & 5.70 and 5.11 (2:1 ratio) arérdesignated "a" in Fig.
VI.3. _The broader peak at 8§ 4.55 1s likely due to thé‘oiefinic protons

2 9 .-

in 37a. In the 7 —cyclaoctene complex’ the olefinic protons showed
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J=7.7 Hz to rhodium; this coupling is not resolved for 37a at -85°C.
However, at 20°C, the 6 4.51 ﬁeak of 37a is a symmetrical multiplet
(quartet'or dd) that could involve JRh-H’

The 4-H protons of 37b (major hydride) and 37c¢c (minor hydride) may
be assigned, keeping in mind that a cémplex of the tYﬁe
(HBPz*3)Rh(CO)(H;}R) should have three'4—ﬁ‘sigﬁals of equal inteﬁsity in
its static form. Theée are marked "b" andv"c" in Fig. VI.3. 4-H.peaks
due to impurity 6 ;re marked as such.

The unsettled question about the two hydride species is the nature

of the "R" group. Two possibilities are the cyclohexen-l-y& and

cyclohexen-3-yl (vinylic and allylic) isdmers.

H a H

/

o O

Isomers having rhodium bonded to the cyclohexene 4 (or 5) carbon atom

»

are considered uglikgly becaustéyclohexyl—like instability might,be

: _*
'expected.
| A distinction between thése onding modes or a clue tovother
possibilities shoﬁld be possible-on the basis of the olefinic protons in
the NMR. Unfortunately, that fegion is éomewhattémbiguous due to
possibie overiap with the Pz* A—ﬁ region. 1In the spectrum three signals
can be aésigned'with reasonable confidence to olefinic protons of the ™
hydrido éomplexes}v Tﬁat at & 6.19 éppeafs from its intensity to be

aésociated with major isomer 37b. On the same grounds a peak at & 5.07

seems to belong with 37c. Intensity considerations for the 8 5.43 peak
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»Uhggest it may involve acq\dental degeneracy of 4-H and an olefinic

proton of 37c. Integrations of these closely spaced resonances are

~-unreliable. This uncertain and possibly incomplete information simply

does not permit a decision as to .the mode or modes of attachment of the

cyclohexenyl group.
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Section 3

THERMAL C-H ACTIVATION

Thermolysis in benzene | | ' C

No‘example has been.reported in which a carbon-hydrogen bond
oxidativély adds to a stable coordinatively unsaturated gomplex (i.e.
undergoes activation) in the way that dihyq;ogen adds to .
ClTr(CO)(PPh3)2¢10‘ The difference can pefhaps bé rationalized in terms
of relative bond energles, although values of D[M—Hi and:D[M—C] remain
for the most part uncertain.‘11 The energetics of C-H activation are

even less attractive when a metal-ligand bond must be broken, as in eq.

6-2.

* e - L .
> Ln_lM.(H)(R) + L (6—2)

L M+ RH
n

Consistent with this view, activations of C-H bonds have generally,

12

required photolysis. Two exceptions have very. recently been

13

reported. Chetcuti and Hawthorne Jobserved‘activation of benzene by

(CSMeS)Ir(CO)(nz-NCC6H4Cl) at 50°C with thermal loss of the side-bonded

o - .

nitrile ligandi After five .weeks reaction the yield was 90%. Another

‘example of thermal benzene activation was by the presumed l4-electron
.intermediate IrCl{P(i-Pr), }, at 80°C in 58% yield. 14

N
Investigation of trispyrazolylborate rhodium complexes has shown

that (HBP£*3)Rh(CO)(nz-olefin);(34a and 34b) activate benzene in the
dark in a closed system forming‘(HBPz*3)Rh(CO)(H)(C6H5) (6) in high
yield at temperatures from 75-105°C (eq. 6-3). This provides another

example of thermal -C-H activation with loss of an electron pair donor



‘ - s o 'a.,'e izbéi

“

iigand. It 1s the first example where the ligand 1s an olefin.
. . /

H ﬁxfsk
'\~N,.\-B/ \N
S:’{ an: ..co 70000
| N/ (o BT

(6-3)

4

@
lI—-r ZwmP- G—I
C:) :
-

\

<+ oOlefin

'_'7

34a: olefin =_C2H4

34b: olefin =:CH2CHCH3

“For 34a (13.2 mM), the reaction was complete in five'days'ai 105°C,‘and
‘the yield of 6 was 897 (NMR). In case of 34b (29.8 mM), 6 formed in 94%

, o ’ _
'yleld (NMR) at 75°C in 45 hours. It appeared that 34b reacted faster
than 34a, which can be related to the weaker attachment of propylene to’
rhodlum.7 Free ethylene and propylene were detected in ‘the products by
_NMR for 34a and 34b respectiﬁe;y.

‘From the discussions in Section 1, {t is likely that 34a and 34b
exist in solution as the four-coordinate, l6-electron Rh(I),\sketched in
eq. 6-3, while there is little question of the tridentate character of
HBPz*3;11gand in. the Rh(III) product (6). Thus in the overall
{energetics, formation of a new Rh-N' bond partly)offsets the‘loss of the
Rh-olefin bond. This may be a significant factor in the effectiveness -

of trispyrazolylborate systeh in C-H activation. ‘Kf

- It was surprising in light of the imtroductory discussion that the

-



‘activation[of eq. 6-3 proceeded thermally to a measureable extent.

Initially, the reaction of 34a'with benzene was carried out with -
. »
intermittent pumping down to monitor progress, ‘this would have- removed

v

.ethylene and displaced the equilibrium. ’However, the reaction was.

.

nearly complete in about the same time when the container was kept

closed so that released ethylene would have accumulated This means
that-K eq. for- the reaction is not very small. The reaction of “34b inﬂ.'
cyclohexane at 75 C with a tenfold molar efeess of benzene proceeded__

'nearly to completion but at a slower .rate {(ca. eight days) than that in-

pure benzene under similar conditions.

lnterestingly, Rodgers9 determined the equilibrium at 100 C for the
reaction (eq. 6-4) e o ' -
(HBPz*3)Rh(CO)(nz—cyclooctene) + C6h6“= 6i+ eycloootene , (6-4) -
B - L . - ( . 3 &
as 0.016. Keq = 0.016 implies that AG°373 ="3.1 kcal. Rodgers9 has

P
~.

also measured the activation enthalpy for the . reaction in eq. 6 4 as

-~

35.4 Kcal, which sets an upper 1limit for D[Rh-COE]. Assuming that
AS°=0, AH°ZAG°g73 = 3.1 kcal < D[H-Ph]'> + D[Rh-COE] - D[Rh-H]

Lo b )
D[Rh-Ph] = 110 + 35.4 - D[Rh-H] - D[Rh-Ph],"so that
D[Rh-H] + D[Rh-Ph] < 142 kcal

This treatment neglects the potentially important.formation of the
third pyrazole-rhodiym linkage in the product, which as noted above
would offset to some degree the loss of the olefii~rhodium bond. The

~

larger the contribution of this ligand reorganization, the further
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{DfRb-H] + D[Rh—Ph]}-Vill fall below the été;ed’ﬁpper‘iimitL For . |
comparison, the strengths of'genéric first-row transition metal-hydrogen
and —jcarbon bonds ha@e\been estim;ted at 60 and 30 kcal,
respectively;11 while in the (CSMES)Ir(?Me3)(H)(R)‘series;‘ {D[Ir-H] +
- D[Ir-Ph]} = .154.8 keal.l® | |
Thermolysis in c?cloheiédei

Thermélysis of 34brwas.§arried:out in puré'cyclohuxane at 7?°é'in
the dark. ‘Afte; éight days, the reacfion'wa§ compiete and.a newil
binuclear species had formed. .In thelinigiél stage of thefmolysis'é
small dmount of (HBPz*3)Rh(CO)(H)(CHy) (6) formed, which slowly
diséppeared with the progfeés.bf reaction. In a sepapgte experiment, a
"~ cyclohexane solution of 6‘was heated at 75°C and found to be conQerted
tg the same binuclear-spg;ies. Aé discussed in Chapter IV, 6 is
presdmed to be forméd frbm the primary solvent activation product
(HBPz*B)Rh(CO)(H)(C6H11) (17). Moreover, the.pfesence of cyclohéxene in
th; products suggested sol?ent acfivation!xv | .

The binhgleat speéiés was isolaté;'és,ygllow microcryétal§ after . -
”chromatdgraéhy ana c}ystalfizatioﬁ..,Its.IR in n-hexane indicated a
terminal and a bridging vg, at 2039 and 1860 cm™! resﬁectively. The MS
gave ghe heaviést fragmcﬁt at m/e_856, which cérrésponds to
[(HBPz*3)Rh(CO)]2. Elementalyanalysis is éonéistent with the
formulz on [(HBPz*;)Rh(CO)],. The H NMR showed a hfgh field hydride
fesonauce at 5-18.00, é much higher field tﬁan the terminal Rh—H o
obse;ved in mononu;le;r prazolylborates.. fhis suggested a bridging
hydride, and this was'confirmed bfvits sizeable'ébupling constanté to

»twoﬁfﬁodium ceéters (J=18.9 Hz and J=14.9 Hz). The "H NMR also revealed

L
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six A—é resonances, and eleven 3~ and S-CH3‘r¢songnces (Fig. VI.4)
(Twelve 3- and 5-¢H3 signals expected). Inte;estinély, two additional \;
doublets of doublets ‘}ere found at & 2.52 (dd, Jgy=15-0 Hz, Jpy _p=2.2
Hz, 1H) and at & 2.42 (dd, Jﬂ_ﬁ-}a.s Bz, Jpy_y=3-2 Hz). These two
signals are ppeaumed to be due to the two diastereotopic protons jof qu
1H NMR results suggested that one of the pyrazole methyi
groups has been activated during tﬁ%rmaiysis. JOn the basis of IR, MS
1

H NMR results structure 38 is proposed for the new binuclear

hydrido species;

H N=N . _H
~ PLLN
, B, . _—=RhZ—Rh(Pz:BH)
Pz N—N | N~ 73 .
AON. S ©
( H,C CHso
é
7 38

Further evidence in support of the proposed structhfe is providéd
by the APT 13c NMR. The !3C MMR is shown in Fig. VI.5. It showed the
bridging and sermiﬁal CO at & 226.80 (dd, J=51.7 Hz and J=25.3 Hz) and
187.36 (d, J=57.4‘ﬁz) respectively. it’indicated tweive 3—‘aﬁd 5-carbon ’
andvsix 4-C of:the Pz* ring as one would expecf. Eleven methyl carbons
of.the rings wefe also . found. More impo’rtantly,'the._g_ﬂ2 appeéred at &

4.78, and 1s a doublet'(Jﬁh_C-20Q3 Hz). Unfoftunately,'attempts to

»
i)
.

I4 ’ -
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Figure V1.4 1H NMR spectrum of binuclear hydrido specles (38) in Pz CH3
i region; showing elevepn methyls and Jwo diastereotopic
methylene protons.

. .
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Figure V1.5 13c NMR spectrum (75.5 MHz, cn2012) of binuclear hydtide
‘species (38).
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obtain X-ray quality c;ystals for structure determination were not
A :
. [y
successful.
This provides an example of thermal intramolecular sp3 C-H

activation in the trispyrazolylbofatg rhodium system. 38 can also be
4‘prepared bf thermolysis of 6 in cyélohexéne»#t 75°C. Thérmolysis of
ethylene comﬁlex (34a) in cyclohexane at 105°C also yielded 38.

| It is of interest to é:;trast the behavior of the lé-electron
fragment [Cp*Rh(CO)]. Generation ofvthis fragment abparently leads to
lthe dimer [Cp*Rh(p¥C0)]2.17 The related intermedlate [(HBPz*3)Rh(CO)]v
does not simply dimerize -~ presumably for steric reasons - but
:intramolecularly attacks 1ts own methyi group, ultimately forming the
hydride~bridged species 38. |

. P
Thermal C-H activation at room temperature
A benzene solution of the’cyclohéxene complexes 37 (2@&) in a

tlosedffoil-wrapped Schlenk vessel at,roomvtemperature was coéverted
completely to hydridopheny™ . mplex (6) in E3. five days. This provides
a rare example of thermal b ..zene activation at room temperature. In |
‘this reaction, the ratio of the IR bands of 37 remained approximately
constaﬁt, (benzene removed, spectra in hexane),indicating éither that
all coﬁponents reapted at thé same rate, or that there was an
équilibrium.‘ -

‘ Coﬁplex 37 also'activatea a C-H bond of the methogy group of
H3C—O;C(CH3)3 at réom teﬁpérature in the dark. This etﬁer was seleéted
as solvent because the activation product:would be stable in this
case; A t-butyl methyl ether solution of 37 (2mM) was stirred in a

closed foil—wrapbed Schlenk vesSel at room temperéture for five days.
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The conversion to (HBPz*3)Rh(€O)(H)(CHZOC(CH3)3) (28) was complete.
W . - :
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Section 4

NOVEL bHOTOCHEHICAL REACTION OF THE CARBONYL-ETHYLENE COMPLEX (34a)

Ifradiatien of (HBPz*3)Rh(CO)(n2-C2H4) (34a) (2-4 mM) in benzene in
a closed, evacuated Pyrex Schlenk tube for eight minutes yielded two
products in a 1:1 ratio (eq. 6-5). No starting material was left at
this point. One of the products was the familiar
‘(HBPz*3)Rh(CO)(H)(C6H5) (6) and the other was the new and unexpected

ethyl phenyl complex (39).

. co o
hv - )/,
(HBPz*, YRh(CO) (1’ ~C,H,) ———————> (HBPz*;)Rh—H + (HBPz*;)RhI—Et
C H /8 min Ph : Ph
3uE : _ 6 -39
(6-5)

Complex 39 is air stable even in solution, and is quite robust
thermally. Investigation of its reactivity seemed warranted.

Compound 39 was isolated as colorless crystatls (39% yield) and
:haracte:ized by IR, MS, NMR spectroscopy andreiemental analysie. Its
AIR in n-hexane exhibited a single Voo at 2043 cmﬁl, which is 6 cm_l
lower than that of 6. The MS showed the moleculer ion. Peaks
corresponding to successive loss of C2H5, CO and C6H5 were also
observed. The 1H NMR spectrum indicated three nonequivalent Pz* rings

suggesting octahedral geometry. Two doublets and three triplets were

found in the aromatic region, indicative of hindered rotation of the
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- phenyl ring abont the rhodium carbon bond. This is in contrast to 6,
where five sharp sets of multiplets wefe found ogly at temperatures
belowlsg: -20°C. The diastereotopic meth&lene (QEZ) protons appéared as
multiplets, and the @gthyl group (CHZ—Q§3) was‘a triplet.

The structure of 39 was'confirmed by an X-ray crystal structure
determination carried out by Dr. R. Ball of ;his department. Détails of
the data collect;on, bond'iengths and bond angles will be found in the
Expérimental Section. . The structure is shown 1n Fig. VI.6, whilg the
Fig. VI.7 shows a view of the complexllooking approximately along the B-
Rh pseudo three-fold axis. The structure 1s consistent with the
spectroscopically deduced structure. It codfirms the n3—coordination of
Pz* groups to rhbdium. The phenyl fing is aligned with one of the
"grpoves" between the pyrazolyl groups. The rhodium atom lies 0.127A°
on the boron side of Ehe plane formed by C5, Cl10, and ClS; that is, the
rhodium lies in a shallow pocket formed by the methyl groups.

Thermolysis of 34a in benzene yielded 6n1y phegylhhjaride (6); no
ethyl phenyl complex (39) was detected in the thermolysis prdduct. The
thermal and photochemical reactiqﬁs are therefore quite different. To
optimize the yield of the ethyl phenyl coﬁpound (39), a number of |
different irradiation4§ources were explored. A maximum yield of 55% was‘
obtained using the Oriel focussed beam 500 W lamp.

The relative yields of 39 and 6 for different irradiation sources
are summarized in Table 6.[;1. These results are not easily
interpreted, but the product ratio éppears sensitive to the wavelength
uged. The highest ratio 39/6 was obtained with a‘relatively narrow
. bandpass filter\at 360 an» It abpears that' longer-wavelengths present

in the otker experiments lowered the ratio. It is not known what
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Figure VI.6 Mole%ular structure of (HBP2*3)Rh(CO)(Et)(Ph) (39).

O
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Figure VI.7 A view of ethyl phenyl complex (39) along the boron-rhodium °

pseudo three-fold axis.
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Table 6.1I11

Relative ylelds of Ethyl phenyl (39) and Phenyl hydride (6)

\i ,

Irradiation Time of** . log (transmittance) ! Ratio
.source irradiation 39/6
: 6 39

Direct sunlight 35 min 0.84 0.41 0.49
in laboratory
Tungsten§ lamp 2 h 0.89 .  0.45 0.51
450 W * mercury ‘
lamp (Pyrex 8 min 0.66 $0.66 1.0
filtration)

Oriel focussed .
beam 500 W ' o 6 min 0.34 0.42 1.24
7-37 filtert ’

** Approximate time for disappearance of 34a, irradiation of 2 mM
benzene solution

* A 3 290 nm; t 340 < A < 380 with Ao,y @t 360 nm

§ ca. 2 cm from 75 W reflector flood light



215

)
3

wavelength Initiates the reaction, but 34a shows weak.absorptidn in the
 350-400 nm region. Sunlight and even a tungsten lamp have a small
output even at 350 nm.

Teméerature’of the irradiated samples in these exéeriments was not
controlled; it was subsequently shown that sample temperature during
irradiation with the tungsten lamp increased from 25°C to nearly 50°C at
‘the‘end'o} the irradiation. To ascertain the importance Sf temperatureq
effects on the product ratio, two additional experiments were performed
using the 450 W mercury lamp. Sample; were thermostatted at 5°C and
38°C by means of a beaker of water; there was not significant difference
in the ratio in these two experiments. Further detailed studies of the
wavelength dependence of reactién in eq. 6-5 Would clearly be of
interest, but wer:z b: "ond the scope of the presedt work.

To elucidate thc mechanism of the‘reac;ion in eq. 6~5, a few
reactions were carried out which ruled out some possible reaction
pathways. A frgshly genenerated benzene solutioﬁ of
(HEP2*3)Rh(CO)(H)(C6H5) (6) was purged with ethylene for about an hour
at room temperatﬁre in the dark; no appreciable change was found to take
place.. Ihe solution was then photolyzed for about an hour}under
ethylene purge.  No reaction was-obser;ed apart from a-slight
decompositioﬁ of the starting materiél. This experiment clearly
demonstrated‘that 39 is not formed by reaction of phenyl hydride (6)
with C2H4 released during the reaction. ?hotolysis of 39 in benzene
afforded 6, but only very slowly; For example,Aleés than 10% conversionv
was obtained after‘3d min irradiétion; in contrast, the\original

photolysis of carbonyl-ethylene (34a) in benzene was complete in only

eight mivutes to give 6 and 39. This rules out the possibility that 39
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is the primary product of the reaction,'q;th_G formed from it'in a
. P . ,

subseduent photochemical step<1 One possible reaction pathwzy’ﬁould
involve a common intermediate such as (n -HBPz*3)Rh(CO)(n oH, ) (H)(Ph);

2

the 7 -n3 change of the (HBPz* ) ligand could be accompanied either by

ethylene loss (to form 6) or ethylene insertion-into the Rh-H bond (to

form 39). However, there is at present no evidence for such an

intermediate.
It is worth noting that i}radiation_of 34a in cyclohexane and in n-
: ‘ s
hexane yielded (HBPe*3)RH$CQ)(H)(CéH11) and (HBPZ*3)Rh(CO)(H)(C6H13)

respectively. No ethylene insertion product was observedi _Furthermore,,

irradiation of a benzene solution of the propylene complex 34b afforded

ca. 957 6, but .an IR band at 2046 cm—l (n-hexane) suggested that ca. 5%

of the propyl phenyl complex had formed; the latter complex wes'not
isolaced or othepwise cheracterized. fhus.it appears that this
interesting combination.of C-H activation and olefin insertion’is_ggg a
general reaction, but imposes fairly definite requirementsvon both

hydrocarbon and olefin.
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Section 5, Y

_FUNCTIONALIZAIION'USIHG CARBON MONOXIDE

Introduction

_?his section addresses the question p%‘hoh the compounds formed Q&
the initial C-H activation step can be transformed.to useful end
products; The objective was td find somevprocess'that would éonvert the
C-H activation products to functionalized organic products.

V The catalytic incorporation of carbon monoxide into organic
compounds has been extensively studied since the early 1940s. One of
the most important and fundamental reactioné i ‘transition metal
oréanometalliC'chemistry and in éatalysis is the' isertion of CO into

metal;carbon sigma bonds to form an acyl complex as shbwn in eq. 6.6.

LM + L' — LnM/ ~g (6-6)

. N

R is an organic group, and L' represents'a ligand capable of dOnatihg an
electron péir. The reaction in eq. 6-6 1s referred to as an alkyl
migration or a CO insertion or sometimes. even as a migratory insertion.

The classical example of an insertion reaction is the cérbohylafion

of élkyl (pentacarbonyl) manganeée by carbon monoxide (eq. 6—7).18
A o » _ .

~ 0. o
T i ,, ‘
R = Mn(CO)g + CO —> R - C ~ Mn(CO) C(6-7)

’
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4been reviewed extensively.

.(eq. 6;8).
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A large number of ekamples are now known of the above type of reaction

in whichgco is inserted into a meta’-carbon sigmq\hond, and the area has
19 22 ,

In most cases it has' been established that CO-inseftion reactions

proceed via alkyl (or arjl) migration from the'metal to coordinated

r

co. The alkyl migration mechanism was first confirmed for [MeMn(CO)S]

by a series of classic studies with labelled CO.23

24- %o . ‘
: with various nucleophiles (L) to

The reactions of [RMn(CO) ]
give‘the corresponding [MnQCO)A(COR)L] complexes have been the “subject -
of many kinetic studies., These have shown that’ the ft:;t step involves
an equilibrium hetween the:octahedralhalk§l and'a five¢coordinatelacyl

P

RMn(GO)S — ——> 'R- ﬁ - Mn(CO)A ) (6-8)

€

The coordinatiyely nnsaturated acyl then adds the incoming ligand L (CO,

PPhg etc) to reform an“octahedréllcomplex (eq. 6-9). . .
o " N A. . IYVA\ " . Q
RC - Mn(CO); + L ——> R~C-Mn(CO),L - (6-9)

0

.
~

Donor solvents can participate in preequilibria and‘increase'the rate by

as mich as 103-10% times (eq. 6-10). .’

RMn(CO) > RCOMn(CO) S ————> RCOMn(CO) L (6—16)

5. < =5 (

~
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measured.3o

One point worth noting 1s that a hydride ligand has never Beqn
observed to migrate to CO to prodﬁiﬁra metal formyl complex (eq.

6f11). Instead, the reverse reactié??is a general feature, of formyl

Eomplexes. / —
( 0 | | -
CO a " g ’
LM + L' —> L M H (6-11).
o .,n .\H < " ‘L' '

‘ As sﬁéwn in Chapter 111, carbonylation of (HBPz*3)Rh(CO)(H)(C6H5).“

(6) led to”(HBPz*3)gh(CO)2 (1)." No formyl,or'benéoyl complek was
idetectedjhéhamii éppeared that reductive elimination of. benzene waé

' fav.ured”over migrétion.  However, since the kinetic barrier ta

: .

| 'redi::}qg_glimﬁﬁafion'i; higher in dialkyis than in alkyl hydrideé,
possible migration’proqess'invthe gthyl phenyl complex 39 were‘ﬁf"
interest. The 1ikely,products would be the propionyl complex |
(HBPz*j)R@tCO)(COEt)(Ph) or the benzoyl complex
(HBPz*3)Rh(CO) (Et)(COPh). Finally if alkyl or aryl migration occufs,iw
, »ghere‘would be the interesting possibility gf ketonevformatioﬁ in a

subsequent rédwtifve elimination proéess (eq. 6-12).

~ , .~ . . ‘ ;“j
co | S 0 |
(HBPz*3)Rhf:R . —> [(HBPz*;)Rh(CO)] + R C = R'
c : L T
07 ! o l L co . (601D
' (HBPz* )Rh"/
;. 3 \L'

With this in mind, carbonylation of (HBPz*3)Rh(CO)(CZHS)(C6H5) (39

.
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P

and (HBP2?3)Rh(CO)(CH3)(C6H5) (9) have been explored. The results of

these reactions will be discussed in this Section.

Carbonylation of (EBP~*3)Rh(CO)(C,Hs)(CeHs) (39) . *
The carbonylation of 39 was carried out in a Parr bench autoclave .
with 950 psig of CO at 100°C using hexane“as a solvent. The IR

indicated complete disappearance of 39 in two weeks and suggested

formation of two new acyl complexes (eq. 6- 13) >

Co )

€0/950 psig ,
39 > (HBPz*3)Rh——-C—-Et + (HBPz*3)Rh——-C-—Et
1009¢/2 weeks AN ~
Ph O C 0
.hexane = - . ‘ AN (6-13)
i : . K- : . O ) Ph
40 : 48]

Judging from the Veo band intensities of ‘40 and 41 and assuming ‘that the
extinction coefficients of Veo in the compounds are not very different,
the ratio‘of 40 andvsl shortly after the reaction is approximately
h2:1.' The IR monitoring suggested that the ratio of 40 and &1 remained
almost unchanged during the progress of reaction. Propiophenone was not
observed in the reaction products.

The propionyl phenyl compound 40 was isolated as colorless crystals
in 437 yleld after chromatography and crystallization. However,bkl did
not survive chromatography under the experimental conditions and has not
been obtained pure; its identity will be discussed later.

The IR spectrum of 40 in n-hexane exhibited a terminal Vo at 2069
cm ! and an acyl vg, at 1670 cm -1, The-MS showed peaks for (M_CZHS)’
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(M-CZHS—CO), (M—CZHS—ZCO), (M—Czﬂslﬁbr‘ ) but,tﬁe molecglar iop wéé
not observed-. .TheAlﬂ ﬁMR spectrum indicated three nonequivalent Pz*
rings. The phenyl protons appeared in the range & 8 24 to 6.37 as three
triplets and two doublets. - The methylene protons (QEZ) in 39 were
diastereotopic_with‘a ehemical shift separation of 0.45 ppm; in 40, the
methylene protons appeared as a multiplet, resembling a quintet but
overlapping Pz* methyl signals to some extent.‘ The methylene protons in
40:are more nearly equivalent than they are in the ethyl phenyi complex
39; this is reasorable in view of their greater separatioq from the
“chiral rhodiumvcenter. A triplet (J=7.2 Hz) was found- for the methyl
protoes.

The APT 13C MR of 40 showed both terminal (& 187.85, d, Iphog=72+4
Hz) and aeyl (& 233.42, 4, JRh_C=27;2 ﬁz)‘cafbonyls.. The key point is |
that the 13C NMR indicates that the phenyl‘group is bound directly to
the rﬁodium center; the valﬁe of JRh—C for the phenyl carbon is 28.7‘Hz
" which is very similar to that found in (HBPz*3)Rh(CO)(H)(C Hg) (6)
(JRh—C=26'6 Hz). Moreover the CH2 resonance of 40 appeared as a singlet
(6 45.58). These NﬂR results,strong19 suggest that in 40, CO has
inserteé into the Rh-C,Hg bond.

An important and interesting observation is that the other ptoduct':

of the reaction, formulated as'the_bis(aeyl)coéplex 41 slowly converted

in 2jhexane solution at room temperature to 40 (eq.l6—145.



J Cco . co
S 250¢ yd
(HBPz*3)Rh——C —~——Et ——> (HBPz*,)Rh —— C —Et
\ Il ' hexane _ 3 \ i
0 0 .
_C . Ph (6-14)
s " Ph :
41 42

A ) 7
This conversion was monitored by IR and was complete in about a month at

room temperature. An identical result was found by followinglthe ly NMR
of the mixture of 40 and 41 in CD2C12 in a sealed NMR tube using an
internal standard to monitor the decrease of one and increaee of the
other. |

Recently31

it was shown that carbonylation of (CSMeS)Rh(CO)(Me)(Ph)
yielded acetophenone more readily in acetonitrile, than in e&tlphexane,
'nolintermediate acyl complex was detected or isolated.

In the light of tﬁis report, it was of interest to study the
carbonylation of 39 in acetonitriie. Either an enhanced rate of acyl
formation or actuei ketone,(CZHSCOC 5) elimination was expected.
Accordingly, the carbonylation of 39 was carried out in'acetonitrile
with' 1000 psig of CO at'lOO;C. The,reaction was complete in Efgk60
- hours, a rate enhancement ef-roughly five times as compered with'
cyclohexane. |

When acetonitrile was removed in vacuum and replaced by n*ﬁexane,"
the IR showed mainly 41 with a small quantity of 40 (ca. 5%). As noted
earlier, 41 could not be obtained pure. The IR spectrum of this sample

-of 41 (n—he»ane) exhibited the terminal VCO at 2068 cm~ (1 cm -1 lqwer

than 40 the terminal carbonyl bands of 40 and 41 are not resolved) and
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the acyl™., at 1694 and 1621 cu L.

The.carbonylation in acetonitrile provided the best sample of 41
‘that has been obtained. As mentioned above, 41 does not survive
chromatograbhy and slowly converts to ;0 in solution. Hence the
identification of 41 i; based on studies of a solution of ca. 95%
purity.k

In contrast ;ith 40 (slow phenyl rotation at ambient temperature,
five sharp multiplets), the phenyl regibn of 41 shows three broad
resoﬁances in the lH NMR spéctrum. This implies more rapid'rotation of
the‘phenyl ring in 41, consistent wiﬁh the benzoil_structure, which
would placé the ring at a greater distance froﬁ the bulky_(HBPz*3)v
ligand. The’méthylene protons in 41 appears as two multipletsvat 5 3.63
and & 2;90 in CD4CN. Althouéh thevdiastereotopic methylene protons in
the phenyl ethyl compound 39 differed by 0.45 ppm, it‘ié extrémely
surprising to see an even rger chemical shift differgpce in 41, where
the_ethyl'group is separafed by an aéyl grbuﬁ.from the chiral rhodiﬁm
ce&ter. _ o The phepyl.propionyl complgx 40, thé methylene proton
separation S Qﬂly 0.053 PpPD.

| The large chemicai shift difference of the methylene protoﬁs of 41>
(0;73 ppm) initially led td its formglation as a benéoyl ethyl complex,
,(HBPz*B)Rh(CO)(COPh)(Eﬁ). Howevér‘the_13CvNMR of a 40/61 mixture
 measured by Dr. Glenn Sunley established that the methylene éarbon atom
of 41 was_ggg directiy bonded to rho&ium in. view of its small (4.6;Hz>‘
: ; . N X

coupling constant. Moreover, the two‘acyl bands‘in the IR of 41 would
seem tn indicate that it contains two 5cy1 groués.

The formulation of 41 as‘a bis(écyl)cbmplex-seemSjthe most

-

reasonable interpretation of the results at the present time. The
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compound has not been isoiatéd in view of 1its slow conVetsion to 40.' So
the formulation must still be regarded as somewhat tentative; the large
v_&iasteteotopic shift difference of the methylene protons remains
puzzling. Further iﬁvestigations of 41 and related éomplexes aré
currently undér way in this laboratory by Dr. Glenn Sunley, to whom we

are grateful for stimulating discussions and suggestions.

Elimination of éropiophenoné ftom'(HBPz*3th(C0)(COEt)(Ph) (40)

As just described, reductive elimination of propiophenone during
carbonyiation of 39 in n-hexane at 100°C did not occur. A further
attempt to remove ketone by heating 41 under 1OOQ psig.of‘CO in

acetonitriié at 145°C was also unsuccessful. Under.tﬁese ctnditiohs 41
decomposed to-unidentified products.

" Bergman et al.32 demonstrated that treatmeﬁt of hydrido alkyl
complexes'Cp*Ir(PMe3)(H)(R) with reagents such as ZnBtz, H202, Brz, HBFA
or 0, resulted in reductive elimin;tion of the hydrocarbons. It
therefore appeared teasonable to try the reéction of
(HBPz*3)Rh(CO)(COEE)(Ph) (40) with ZnBr,.

Transformation of 40 into propiophenone occurred readily upon
treatment with excess ZnBr2 in dichloromethane at room temperature. The
ketone was identified by comparison of its IR and NMR spectra with those
of,an authentic sample.. The yield of propiophenpne was_gg. 827% by,1H

" NMR. Other products of reaction, in particular the fate of the rhodium,

are not known.

"Carbonylation of (HBPz*3)Rh(CO)(CH3)(CGH5) (9)

The carbonylation of 9 was carried out with CO at 1050 psig in -
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hexane at 100°C. The reaction proceeded smoothly but very slowly to

give (HBPz*3)Rh(CO)(COMe)(Ph) (42) as the major product.' The minor

product was presumedito be (HBP2*3)Rh(CO)(COMe)(COPh) (43). The ratio

of 42 to 43 was about 2:1.

///CO | co co

'(HBPé*B)Rh-—-Me CO/1050 psig, (HBPZz* ,)Rh'— C—Me + (HBPz*,)Rh— C—Me
1009C/hexane I \ |

Ph A ) .
o=\, "
- . . , Ph
9 42 a 43 i
: : (6-15)

The reaction in eq. 6-15 was almost complete in about three months.
Carbonylation of the ethyl phenyl complex (39) was faster than that of 9
under similar conditions. This can be related to the presumed weaker
attachment of ethyl than that of methyl to rhodium.

Compound 42 was isolated as colorless érystals after chromafography
and crystallization. The'minor productvh3 did not survive |
chromatogréphy, and was not isolated becausé of the problem associated
with its stability. The IR speétrum of 42 {thexane) ipdicated the

1

terminal Voo at 2070 em - and the acyl~vco ét 1677 cm_l} The MS showed

the molecular-ion and peaks.due to successive loss of'CH3, CO were also

L

‘observed. The 1H NMR spectruﬁ showed five 5harp multipleté in the
aromatic region as expected.‘ The observed six Pz*:methyl and three 4-H
resonances are coﬁsistent with the octahedral geohetry of 42. The

methyi group (COMe) appeared as a singlet at § 1.32. In hexane, 43

exhibited terminal and acyl vg, bands at 2070, 1697 and 1623 en L.

)
%

/

S
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Elmination of acetophenong from (HBPz*3)Rh(C0)(COHe)(Ph) (42)

| During,éarbonylation of 9 in n-hexane at 100°C, no acetophenone was
detected, so the reaction of 42 with ZnBr2 was attempted. Compouna 42
reacted slowly with excess ZnBr2 in CD2C12 withvthe elimination of

1

acetophenone; the "H NMR yield was 84%.
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EXPERIMENTAL

General
Following the procedure reported by Crgmer33 [(u-Cl)Rh(qz—CZHA)]z
was prepared.' The synthesis of [(p—Cl)Rh(CO)(nz—CzHA)]2 was carried out
’ accordingsto the procedure provided by Powell and Shaw.34 The following
compounds were purchased from commercial spurées: research gfade

ethylene, propylene and carbon monoxide.

Preparation of (HBPz*3)Rh(CO)(n2 zﬂa) (34a)

To a suspension of/KTﬁﬁPz*B] (0.795¢g, 2.37 mmol)vih toluene (100
mL) was added [(quI)RﬁkCO)(nZ—CZHA)]Z (0.402 g, 1.03 mmol). The
reaction mixture was stirred for ca. 2.5 h in the dark. Removal of
solvent gave a yellow_residue which was extrécéed with CH2Cl2 and
purification was‘effected by column chromatography. Neu&rallaluﬁina
column (10 x 2.5 cm) was employed as the stationary phase with CHZClz‘as
the eluting solvent. Removal of solvent afforded a palé yellow SOIid

(0.597 g, 64%). MP darkens above 215°C.

Characterization: IR(n-hexane) 2013 em b (va)' MS (90°C, 16 eV) Mf'

(456), M -co/czﬁa, MY-CO-CpH,. 'H NMR (002012, ambient, 200 MHz) &
5.83 (br, 3H), 3.25 (br, 2H), 2.36 (br, 20H). IH NMR (€D,CL,, 4%o°b,
- 400 MHz) & 5.90 (s, 2H), 5.60 (s, 1H), 3.15 (d, 2H,.J=8.5 Hz),v2f33 (s,
ca. 8ﬂ; aécidéntal overlap of ethylene protons and pyrazole methyl

proton.), 2.32 (s, ca. 6H), 2.20 (s, 3H), 2.16 (s, ). L3¢ MR

(CD2C12, ambient, 100.6 MHz) & 190.12 (d, Jgy_c=64.0 Hz), 144.67 (8),
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106.84 (br), 24.40 (d, Jpy o=14.4-Hz), 14.21 (br), 12.88 (s}, 3¢ MR
1(CDyCLy, —40°C, 100.6 MHz) 6-189.28 (d, Jp,_564.0 Hz), 152.34 (s),
149.89 (s), 144.63 (s), 144.19 (s), 108.70 (s), 105.22 (s), 23.37 (@),
14.62 (s), 13.51 (s), 12.21 (s). Anal. Caled for C,gHpgBNgORN:  C,

47.37; H, 5.70; N, 18.42. Found: C, 47.24, H, 5.76; N, 18.28.

Preparatién of (HZBPz*z)Rh(éO)(nZ-C2H4)
To a stirred suspension of K[HZBPz*z] (100 mg, 0.409 mmol) in n-

hexane (40 ﬁL) was added [(u-Cl)Rh(CO)(nZ—CZHA)]2 (100 mg, 0.257
mmol). The reaction was cartied out in the dark at room temperature.
"After 10 min. the IR showed a new Voo band at 2012 cm;l; no,stagtihg.
material was left at this stage. The new band is presqmed to be due to.
(H) BP2* )Rh(co)(n ~CyH,)- As the hexane solution of (H,BPz*,)Rh(CO)(n’- "
CZHA) stood for a whlle at room temperature, a new band at 2079 cm—l‘was
growing without significant decrease in intensity of the band at 2012
cm-l. After 0.5h, two bands of approximateiy equal intensity were ftund;
at 2079 and 2013 cmhl. These bands correspond to the known
.charaqterized (HZBPZ*Z)Rh(CO)2 compound. Because of this fairly rapid
disproportionation in solution at room teﬁperéture (H BPz*Z)Rh(CO)(nZ—

2 4) was not isolated. Furthérmore a sample of (H BPZ*Z)Rh(CO)(n -
CyH 4) in CD Cl2 in an NMR tube indlcated the formation of a new unknown

hydrido species (&-13. 52 d, JRh y=18.8 Hz). The IR of this latter

compound in hexane exhibited Vep. at 2039 cm™l.

Preparation of (H,BPz*,)Rh(CO)(n2-CH,CHCH,) (34b)
3 . yBPz* 3 2CHCHS

A solution of (Hﬁpz*3)Rh(c0)2 (1) (50 mg, 0.109 mmol) in purified
o . ' :
. cyclohexane (50 mL) was irradiated for 10 min. under a continuous purge
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of propylene.” Immediately after photolysis, the IR showed mostly the

Voo band at 2039 cmil, presumed toAbe due to

(HBPz*3)Rh(CO)(H)(CHZCé=CH2) (35). Compound 35 in solutiqn at room

temperature isomerized to 34b.. The isomerization was comélete in 48h.
' — t

Removal of solvent under reduced pressure éfforded light’yellow solid

(46.3 mg, 90%).

Charactefization: IR (Ejhexane).2606vcm_l (vCO). MS (110°C, 1§ eV) M+
(470), M+—CH2CHCH3, MT~CH,CHCH,~CO. 'H NMR (CD,Cl,, ambient, 200 MHz)
65.79 (br, 3H), A.OSI(m, 1H), 2:34 (br, 20H), 1.70 (dd J=6.2 Hz and
J=2.0 Hz, 3H), ' MR (-60°C) 6.5.89 (s, 1H), 5.87 (s, lH); 5.59 (s,
1H), 3.94 (@, 1ﬁ), 2.37 (é, 34), 2.36 (s, 3H), 2.34 (s, 3H), 2.31. (s,
3H), ca. 2.28 (ca. 2H, ;ccidental overlap with Pz* methyl resonance),
2.21 (s, SH), 2.19 (s)"BH), 1.64 (d, 3H). Anal. Calcd.for ,
C_gHygBN,ORh: C, 48.51; H, 5.96; N, 17.87. Found: C. 47.67, H, 6.18;

N, 16.76.

Preparation of (HBPz* )Rh(C0)(C1)(CH,CHCH,) (36)

Compound 1 (60.0 mg, 0.132 mmol)‘in purified cyclohexane (60 mL)
was irradiatédbfor'ggj 10 min under a propylene pufge. To the |
ppdtolyzed solution, CClA (5 mL)' was ‘added impedfately ana the solution.
was' stirred for ca. 1 h at room temperature. Removal of solvent under
,vacuum gave Iight yel}ow solid. The éolid was éxtra;ted with CH2012 and
chromatographed on a neutrai alumina column (8 x 2.5 cm)‘eiuting wifh
CH2C12. Remeal of soivent ga§e a yellow residue. Crystallization from

a layered CH2C12/hexane afforded yellow crystalline solid (33.3 ng,

50%).
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Characterization: IR (n—-hexane) 2077 (vCO). MS (175°C, 16 eV)be
(505), MT-co, M+—CO—C3H5, M+—CO—C3H5—C1. 1y R (CD,Cl,, ambient, 200
MHz) & 6.40 (m, 1H), 5.90' (s, 2H), 5.83 (s, 1H); 5.36. (dd, J=10.0 Hz,
J=2.2 Hz, 1H), 5.00 (dd, J=10.0 Hz, J=2.2 Hz, 1H), 3.85 (t, 1H), 3.55
(t, 1H), 2.68 (s, 3H), 2.48 (s, 3H), 2.42 (s, 3H), 2.39 (s, 3H3, 2.38
(s, 3H), 2.34 (s, 3H). vAﬁal. Calcd-fof CigH,;BCIN,ORR: C, 45.19; H;
5.35; N, 16,65, Found: C, 46.01, H, 5.56; N, 15.43.

7

Preparation of (HBPz*3)Rh(CO)(nz—cyclohexene) (37)

Compound ?“(¢5.0 mg, 0.098 mmol) in purified cyclohexane (45'mL5
was irradiated for 6 min using N, purge. ‘Cyclohéxéne (1 mL).was added
to the above photolyzed solut;on with\minimum delay. The‘reéction was
allowed to coﬂtinue for 0.5h. Removal of solveﬁt under vacuum yielded

pale yellow solid. Anal. Calcd forAC24H3éBN6ORh: C, 51.76; H, 6.28; N,

24 47. Found: C, 52.94; H, 6.84; N, 15.67.

Thermolysis of (HBPz*3)Rh(CO)(n’-C,H,) (34a)

A solution of 34a (13.2 mM) in_CGD6 along with' 1 pL
hexamethyldisiloxane as an‘inte;nal.staﬁdatd-was transferred to an NMR
tube fuséd to ground glass joint. ?he tube was subsequently.topped with
a vaccuum stopcock; After three cycles of freeze-pump-thaw, the NMR
tube was éealed under vacuum. 'The foii—wrapped NMR tube was heatéd at
105°C for 5 days. During this period, the NMR tube waé taken out of the
oil bafh occas. nally, and was shaken'té dissolve the solid that came

out: of the solution and heated again in the usual way. The 1H NMR

indicated complete conversion of 34a and the yileld of
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(HBPz*,)RH(CO) (D) (CgDg) was ca. 89%. - &
The therﬁolysis'experiments were normally carried out in.closed
foil-wrapped Schlenk vessels (total ﬁoluﬁe_gi. 45‘mL).,’Compound 34a'(16‘.

vmg,.0.022'mmol) in freshly distilled benzene (20 mL) was heated under

thevahpve conditions and the progress of the reaction was monitored by

taking IR (n-hexane). The reaction was complete'in Sldays.

Thermolysis of (HBPz*3)Rh(C0)(n —CHZCHCH3) (34b)

A solution of 34b (29.8 mM) in C6D6 (0.5 mL) along with 1 uL
hexamethyldleiloxane was.transferred to an NMR tube fuseé to a ground
‘gless joint- :The NMR tube was sealed under vacuum after.three cycles.of
.freeze—pump—thaw of the;solution. _The foi vrapped-NMR tube wés'heated
at 75°C for 45 h. The‘lﬂ NMR indicated completevcbnversidn of skb and
the yield of. (HBPz*3)Rh(CO)(D)(C¢Ds) was ca. 941 |
| In the usuel run, 34b (10 mg, Q.021 mﬁol) in benzene (10'mL) was

heeted'in a closed evaCuated.feil-erapped Schlenk vessel (total Qolume
ca. 45 mL) and thejreaction was moniﬁofed ﬁy taking iR. Complete -
‘ieaépearanee of the etartingbmaterial was In ca. 43 h.

A

A
Preparation of (HBPz*3)Rh(C0)(u—CO)(p—B%Fh(CAHGCHZNZ)(Pz*ZBH) (38)

FIRT
"Compound - 34b (60 0 mg, 0 lf%x‘ q&uﬁén g&gﬁfied cyclohexane (45 .mL)
;52.? u’V iy

v&apped Schlenk vessel at 75 c

was heated in an evacuated closed ﬁé
for 8 days. Removal of solvent ender reduced pressure- yielded yellow
solid. The residue was extracted with CHZCl2 and chromatographed on a
neutral alumina column (8 x 2.5 cm) with CHZCIZVeluent. Crystallizétion
from a layered CH2C12/hexane at -20°C afforded yellow m1~roerystals of

38 (40.5 mg, 747).
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Characterization: IR (n—hexane) 2039 1806 cm -1 (vco) MS (250°C, 16

ev) ¥ (856), M*-co. lu MM (GDyCLy, ambient, 200 Miz) & 6.03(s, 1N),
6.00 (s; 1H), 5:85 (s, 1H), 5.81 (s, 1H), 5.75 (s, 1H), 5.61 (s, 1H),
2.61 (s, 3H), 2.52 (dd, Jy_y=15.0 Hz, Jp, .22.2 Hez, 1H), 2.53 (s, 3H),
2.46 (s, 3H), 2.43 (s, 3H), 2.41 (s, 3H), 2.40.(s, 6H), 2.37 (s, 6H),
2432 (s, 3H), 2.24 (dd, JH_Hélé.e Bz, Jp,_y=3-2 Hz, 1H),.2.23 (s, 3H),
~18.00 (dd, Jp, =18.9 and 14. ;‘hz; 18). “13¢ mr (D €1z, awbient, 75.5
MHz) & 226.80 (dd,,JRh G=51.7 and 25.3 Hz), 187.36 (4, Jp,_c=57.3 Hz),
161.81 (s), 152.04 (s), 151. 69 (s), 150. 98 (s), 150. 66 (s), 150.00 (s),
146-36 (335 145.42 (s), 145.12 (), 145.03 (s), 144.65 (s, 144.13 (s),
107.22 (s), 107.06 (s, 20), 106.84 (s), 105.50 (s), 103.30 (s), 16.98
(s),d15.3o,(s), 14.61 (s; 2C), 14.05 (s), 13.48 (s), 13.25 (s), 12.96
(s), 12.71 (s), 12.56 (s, 2C), 4.78 (4, Jrn-=20-3 Hz}. Anal. Calcd for
C3oMuBaN 200k, C, 44.86, H, 5.14; N, 19.33. Found: C, 44.89; H,
5.17; N, 19.33. - . . ~

Preparation of (HBPz*B)Rh(CO)(C2 5)(C 5) (39)

Complex 34a (100 0 mg, 0. 219 mmol) in benzene (60 mL) was degassed
' and.irradiated_in a:closed Pyrex vessel for 8 min. .Selvent was removed
dnder‘reduced preesure end the reeulting colorlese‘solid.was extreCted
withAhexane._ The'hexane'extrect was. left in the.air for decompositidn.\
.of (HB i 3)RB(CO)(H)(C6H5) (6)\over night. ~Solvent'was remo:ed under
reduced pressure and the. residue was extracted with CH2C12 and
chromatographed on a Florisil column (8 X 2. 5 cm) eluting with 1:1
CH2C12/hexane mixtureﬂ. Crystallization from hexane_ar room temperature

afforded colorless crystals of 39 (48.6 mg, 39%) MP .176-178°C.
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Characferization: IR (n-hexane) 2043 cg-l (v-p). MS (100°C, 16 eV) Mt
(534), Mf-C,He, M+-C2H5—CO,:M+-C2ﬁ5—CO—¢6H5. ' NMR (cnzciz, ambient, ’
200 MHz) 67.34 (d, lHj, 7.13 (g,-iH), 6.98 (t, 1H), 6.79 (t,, 1H), 6.58
(d, 1), 5.90 (s, 1H), 5.80 (s, 18), 5.79 (s, 1H), 2:65 (m, 1H), 2.49
(s, 3H), 2.48 (s, 3H), 2.46 (s, 3H), 2.44 (s, 3H), 2.20 (m, 1H), 1.68
(s, 3H), 1.58 (s, 3H),v0.6§ (t, 7.0 Hz, 3H). Anal. Calecd for
-C24H3ZBN6ORh: C, 53.93; K, 5.99; N, 15.73. Found: C, 53.73; H, 6.02;

N, 15.62. .

X-ray Biructure of (HBPz*3)Rh(C0)(CZHS)‘C6H5) (39)

The x-ray“crystallographic étudy was carried out by Dr. R.G. Ball
at the Structure Determination Laboratory>bf this department. “betails
of data collection are listed in Table 6.IV.  The structure of 59 is
depicted in Fig. VI;6 and VI.7. Relevant bond lengths and bond -angles
" are tabulated in Table 6.V';nd'6.VI. Posifional and thermél‘parametgrs
"ére availablg\in the detailed report from the Structure Determination

‘ Laboratory_.35 ' \ _ | . B

-

Preparation of (HBPz*3)Rh(C0)(COC,H5) (CgHs) (40)
: A soluciob,ofEs9 (100.0 mg, 0.187 mmol) in hexane (50%2mL) was
placed in a 150 mL Pérr benéh autoclave with a magnetic stirrer and was
flushed with carbon monoxide. The.sblution was then preséurized with
,950 psig of CO. The reaction mixture was-stirred at iOO°C for tvo'
Qeeks. No starting material was lefgiat this Qoins. Removal of'soivent

-resulted 1n off-white éolid. The residue was extracted with CH2012 and

chromatographed. on a Florisil columnl(8 x 2.5 cm)'using CH2C12 as
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Table 6.IV A -

Experimertal Details

~
4

LD .

7

o
o

)
).

A. Crystal Data

iC%$H;2§N6ORh
#‘;wu ‘,:'- 534 . 28
Crystal dimensions: 0.14 x 0.22 x 0.40 mm

Monoclinic space group P21/n

10.753 (3) b =

17.591 (3) ¢

13.751 (2) A

104.43 (2)°

‘a =
B:
V = 2519. a3
Dc = 1.409 gm/cm3 :
.7
B. Data
Radiation:
Monochromator:

Take-off anéle;"t S
thggtor aperture:
Crystal-to-detector distance:
Scan type:

Scén rate:, )
Scan widéq:

Data collection .index range:

N

Reflections measured: )
Oﬁéervatiqns: variables ratio:
Agreement factor§ Rl’ Rz,,GTE:'
Corrections applied:

Z =4

h=6.93 cm !
Collection and Refinement Conditions

. Mo Ka (A = 0.71073 A)

Incident beam, graphite crystal
3.0 dég
2{40 mm ho}izontal
4.0 mm vertical
205 mm
w20 -
fig;i”— 2.2 deg/min,.
0.80 + 0.35tan(8) deg .
hy k, -1 -
.5936 unique,
13601:298 A
0.035, 0.044,1.26

Vi Y

3601 width I>30(I)

Absorption cqtnéétion

T4
iy

o

\J.u ,|: .
i 6 ‘
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N

eluent. Crystallization by slowievaporation from hexane solution

afforded colorless crystais of 40 (46.3 mg, 44%7). MP 184-185°C.

Cha?acterization: IR (Ejhexane)A2069,'1670 cm—1 (vco); MS (150°C, 16
ev) Mr=C,Hg (533), MT-C,H-CO, M'-CjH -2C0. 'H NMR (CD,Cl,, ambient,

200 MHz) & 8.24 (d, 1H), 7.18 (t,vlma,L6$§6 }t, iH), 6.74 (t, 1H), 6.37
(4, lﬁ), 5.94 (s, 1H), 5.84 (s, 1H), S{ggh(s, 1H), 2.50 (s, 3H), 2.46

(s, 3H), 2.42 (s, 3H), 2.35 (m, 2H, Qﬂz),-2.25“<sgﬁﬁﬁ), 1.59 és, 3H),
1.29 (?’,3P)’ 0.82 (t, J=7.0 Hz,t3H). The 400 ﬁHz 1y »r specfrum
establisgééythat the 2H mulkiplet~at 8 2.35 was an AB spectrum with

addea 7 Hz coupiing tg CH3j the chemical shift separation of these ’ \
diastereotopic mefhy}ené protons was 0.093 ppm, with JAB=19 Hz. 13C NMR .
(CD,Cl,, 75.5 MHz) & 233.42 (d;;JRh_C=27.2 Hz),’187.85 (d, Jpp_c=72-5
Hz), 151.52 (s),. 150.85 (s), 150;34 (s)’~145f91 (d, JRh—C=28'7 Hz),
145.35 (s), 145.10 (s), 144.64;(9), 139.25 (s),'138;49 (s), 127.39 (s),
126.71'(5), 123.69 (s), 107.95 (s), 107.03 (s), 106;61 (s), 45.58 (s),
15.02 (s), 14.35 (s); 13.66 (s), 13.34 (s) 12.90 (s), 12.60 (s), 10.00
(s). Anal. Calcd for c25H3zBN662Rh: C, 53.38; H, 5.69; N, 14.95.

Found: C, 53.31; H, 5.90; N, 14.30.

N ‘ ’ \3 o
Preparation of (aspz*3)nh(00)(coczas)(cocggg%.141)

b

Compound 39 (AOFmg, 0.071 mmol) in acetonirile (20 mL) was placed
iﬁ a 100 mL Parr bénch autocélave which contained a magnetic bar. The
solution was first flushed with CO and then pressurized with 1050 pgig
'of CO and heated at 100°C for 62 h-with stirring. The reaction was
complete during this period.. Remgval of solvent yielde& off-white solid

(91).

T
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Characterization: IR (n-hexane) 2068, 1694, 1621 cm! (veo) - '1HG§M3 : ,_ 

— 5
(CD3CN, ambient, 200 MHz), & 7.20 (br, t, 1lH), 6.91 (br, t, 2H), 6.65
, s .

(br, d, 2H), 5.84 (s, 1H), 5.78 (s, 1lH), 5.65 (s, 1H), 3.63 (m, 1H),
2-90‘(m, 1H), 2.48 (s, 3H), 2.46 (s, 3H), 2;40'(5, 3H), 2.07 (s, 3H),
1.88 (s, 3H), 1.24 (s, 3H); 1.00 (t, J=7.0 Hz, 3H). &‘
‘ S I
Preparation of (HBPz*3)Rh(CO)(COCH3)(C6HS) (42)

‘A solution of 9 (50 ng, 0.096 mmol)}in hex;ne (35 mL) was
pressurized with 1050 ﬁsig of CO in a 150 mL Parr bench autoélaQe. The
reaction mixture was stirred at 100°C for.thrée monthg. Progress was
monitored by'IR at approximately two—week intervals. At 8 weeks, the
éoncéntration of 9 had decreased to approximatgly 60% of its inital
value. At three months d;s;ppearance of 9 was nearly completé. Reéoval
of solvent yielded pale yellow solid..- The»solih residue waé extracted
with CH2C12 and chromagographed on a Florigil column (6 x ée5+cm5. Tﬁe

r .
column was first washed with 200‘mL'Ejhexanevto remove the small

quantity of unreacted starting material. Elution with CH2C12 gave 42.

. Recrystallization by slow evaporation from hexane afforded colorless

crystals of 42 (20 mg, 40%). MP 196-198°C.
. o . f

Characterization: IR (n-hexane) 2070, 1677 cn ! (vco). MS (ISOpC, 16

ev) M" (548), M'-CHy, M'-CHy-CO, MP-CH;-2c0. lH MR (CD,C1,, -ambient,

200 MHz), & 8.20 (d, 1H), 7.15 (t, 1H), 6.96 (t, 1H), 6.74 (t, 1H), 6.34

(d, 1H), ‘5.92 (s, 1H), 5.82 (s, 1H), 5-72;(8, 1H), 2.50 (s, 3H), 2.46

(s, 3H), 2.42 (s, 3H), 2.28 (s, 3H), 1.98 (s, 3H), 1.60 (s, 3H),<3.32

(s, 3H).. Anal. Calcd for C,,H;oBN.O,Rh: C, 55.55; H, 5.47; N, 15.33.
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Found: C, 55.23; H, 5.47; N, 14.76.

Reactions of (HBPz*3)Rh(C0)(COCZHS)(C6H5) (40) and

(HBPz* 3)Rh(C0) (COCH;) (C4Hs) (AZ)LW%}h ZnBr, 2
',Compound 40 (8.0 mg, 0.015 ?ﬁgl) was placed in a, vial contéining‘

CD2C12 (0.6 mL). 'Excesé ZnBr2 (20.3 ;g, 0.090 mmdl) was added to the

above solutiop; The vial was shaken forlgi. 4 h. The initial colorless

solution~becaée dark yellow. The solution was filtered and transferred

to an NMR tube. Héxamethyldisiidxane (1.0 pL) was added to ghe solution

as an Internal standard. The 1

H NMR showed pgppiopﬁenone asbthe organic”
product [& 7.92 (m; 2H), 2.56 (m, 3H), 3.92 (q, 2H), 1.24 (t, 3H)] in
82% yield. | |

Complex 42‘(6.0 ng, 0.011 ?mol), CDZC;Z (0.6 mL) and excess ZnBr2
(19.6 mg, 0.087 mmql) were pléced in a small v@al. ‘The‘vial‘was shaken

for ca. 36 h. No starting material was left at this point. The

solution was filtered and transferred to an NMR tube.

Hexamethyldisiloxane (1.0 ul) was added to the NMR solution. The 1

H NMR
spectrum showeé acetophenone [6 7.98 (m, 2H), 6.54 (m, 3H), 2.26 (s,

3H)] as the organic product in 847 yield.
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Section 1

INTRODUCTION

A metallacycle can be defined as a carbocyclic system in which one
or more carbon atoms is replaced by a metal. Two examples of platinum
metallcycles1 are shown in eq. 7—1.

&R

Ph,P ‘ Ph,P

3 . 03 ' '
_ \\\ // : \\\ .
Pt l ‘ Pt. )} (7-1)
Ph3P/ Ph3P/ ’ | .

Although metallacycloalk ~esg can be formally regarded as metal complexes
‘wite.FWO alkyl ligands, their chemistry is somewhat‘different'from that
of acfclic dialkyl’complexes. For example ﬁhe piarinum‘ﬁetellacycles
(eq. 7-1) are much more stable thermally than their acyclic

codnterparts.z- _ oy

B

During recent years, metallacYcl_éT%omﬁpund .-0f the transition

metals have drawn considerable attention behé"é;of their important role

in a‘number of catalytic reactions, e.g. olefin-metathesis,3_7

isomerization of strained carbocyclic rings 8-11 cycloaddition of

’\F‘Iy
12 13 0 : z

alkenes and oligomerizationﬁdv

*a

dé@hes 14~ 17N A general review of

metallacycles appeared in 1982'u,f )

e wTE "'r-.

In 1955 Tipper19 made the first metallacyclic COmplex by treating
chloroplatinic acid .with cyclopr@paﬁe in acetie anhydride. Its formula
was [PtCl (C H6)] 5 and the dompound was. later shownzo*to be a dhloride
bridged tetramer,‘with a structure analogous to Pt(IV) alkyls in which

platinum was inserted into ‘the cyclopropane.ring. P13t1nac§clo§ﬁﬁ§nesv
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are among the most extensively studied metallacyclic compounds, and this

area has been reviewed.z1
'Me*allacyclobutanes are sometimes prepared by the reaction of 1,3

3

jdimagnesiopropanes-with,metal dihalides (eq. 7—2).22 , v ﬁ

Br£;>~<ngr + Cp,2rCl, ——> Cpr (::::::>x<: (7-2)

The product of reaction (7-2) is more stablexﬁhan tﬁe correéponding
zirconacyclobﬁtane without methyl substituents. They cén also be
prepared in certain cases by reduction of appropriate n3—ally1
compléxesl Eq. 7-3 illustrates the synthesis of metallacyclobutane

23

-derivatives of tungsten from an allylic derivative.

Cp CH, CH=CH . o,
~ 2 2 NH,PF, N+ -
///w‘\\\ C—2 i T S
Cp. . CHZCH=CH2 Cp 0 g - .
MeLi B
. T aey
Cp '

Cp

k:  | ’ . o " o |

A more recent examplez4 is represented by eq. 7-4.

£
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\Ye

+
A o+ Me P ‘ o
p * ,
RhCp LiEt‘3BH _ ? \
| > = Rh , (7-4)
PMe o -
3 Cp

A number of metallacycles have been prepared via decomposition of
alkyl complexes of the transition metals, in which therwell known
decomposition pathway, B- ellminatlon, is blocked by substltutlon at the

a4

B-carbon atom. Metallacycles have been made by cyclometallation

reactions in which a Yc-y bond is attacked.25’26’27 :Eq. 7-5 shows such

L ° [hd

an example.25

(7-5)

_\ | pt'ﬁ{ +—> ' \Pt + C(CH

( P 130,
L _
J :

N - . v’

Tulip and Thorn26 reported the'formation of a sfable
hydridometallacyclobuténe (eq. 7-6) from the reéction’of [Ir(PMe3)4Cl]

with LICHZCMe3 in hexane or toluene at room temperature. However,

4

P

[(MeyP),TrCl] ——> [(Me,P),Ir~CH,CMe,].
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e

more often thé hydrogen is coupled to another alkyl ligar- and

eliminated as alkane.25’27 The formation bf:a'thoracyclobutane was

27 ~ o .

reported by Marks et al. and is considered to result from

electrophilic attackvby a Th-C bond on a C-H bond (eq.'7—7).

J

H 21 |

) |
CH -0 H CH~----H

_ _74; 2 | - _7§; 12 -, | (CHy) ,C

s

cw'm///\\\N<; —> [Cp*,Th = ~-—-cCH,] —> cp*, Th{ "\,
2 2 2
{ (7-7)
+ N .

24,28

Periana and Bergman reported the formation of

hydridocyclopropylrhodium complex (eq. 7-8) by irradiation of
Cp*(PMe3)Rh(H)2 in liquid cyclopropane at -60°C, which rgarranged upon

. warmlng to 0°C. The final product.(eq. 7-8) was ,a C-C. cleaved

’

metallacyclé. It was suggested that completely uncoordinated

O /
cyclopropane was not an intermediate, as was shown by the inability of
. v
[+

solvent beqzene to divert all the rhodium to Cp*(PMe3)Rh(H)(C6H5) by

intercepting/Cp*(PMe35Rh during rearrangement.

hv, 4H2 /

Cp* (PMe, )Rh(H) — Cp (PMe )Rh
2 "C-C,H,/-607C \\\H

R (78
e lo 10% <7-8)

o _ | Cﬁ*(PMeB)RH:::::>y

’ - 247
\ N
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In the related iridium system, a stable hydridocycloprop&l complek
[Cp*(PMe3)IT(H)(c—C3H5)] was obtained by irradiation of

Cp*(PMé,)Ir(H) 29 in liquid cyclopropane. No C-C insertion product was.
37 2 . v v

.observed in this system.

.

v
BN

v
3

In}cbhtinuation of C-H activation studies with (HBPZ*B)Rh(CO)Z (D),
g0t ’

Y
)' B - ’

i bﬁéureacfion of cyclopropane ;was of interest. 1In view of the results

5N
ey

btained in a related Cp*(PMé/ﬁRh system, one would expect the formation
R 1 3 P

“of a rhodacyclobutane in the present system. The reaction of

cyclopropane and méthylcyclopropéne with 1 will be deséribed. The
chgite of methylcyéibpropane raised questiéns as to the regiq— and
§tere0chemistry of the reactipn. The kinetic results (6f thermolysis of
- . . ‘ .
rhodacyclobutane in benzene and the mechanism of formation of
(HBPz*B)Rh(CO)kH)(CéHS)'in fhis reaction will be discussed. Finally,

carbonylation of the metallacycle to form five and six membe red

metallacycles has been explored.

?
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Section 2
_—

SYNTHESIS AND CHARACTERIZATION OF METALLACYCLES

¢

Reaction of_(HBPz*3)Rh(CO)2 (1) with cyclopropane

Irradiation .of a yellow cyclohexane solution of 1 (2¢ g& mM) umder a

. @
cyclopropane purge for nine minutes at room tempetatuif afforded a

colorless solution. The IR spectrum of the reaction mixture in

cyclohexane immediately after photolysis indicated complete

L

disappearance of 1 and showed new carbonyl bands at 2023 en ! and 2036

cm—l; the latter was weaker.” The IR indicated disappearance of the 2036

cm_l band over a few minutes with a simultaneous increase in intensity

of the 2023 cm band. The observed Vco band at 2036 cn L is presumed

,

to be due to hydridocyclcpropyl'complex (44);vwhile“the band at 2023

LS

cm_1 is assigned to rhodacyclobutane (45) (eq. 7—9){

Co

hv, -CO ///

* R
(HBPz )Rh(CO)2 S H

6H /cyclopropane> (HBP2 3)Rh _ L
: purge | \\\;;7. : o (7-9) ’
1 : . 44 . u” 4 e

s

(HBPz* )R

3

C ; ’

45 I

o
B

"

Compound: 45 was isolated as colorless crystals in 75% yteld after o
chromatographic purification. It is quite stable thermally and not .
\
particularly air sensitive. It was fully characterized by spectral and

\

analytical techniques. The IR spectrum of 45 in n-hexane showed a
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single v, at 2024 cm_l.. The MS did not show the molecular ion; the
highest observed m/e'corresponded to M —C3H6. A peak due to loss of CO
was observed. The 1H NMR spectrum exhibited two singlets in the 4-H
region of the Pz* ring in a 2:1 ratioy and pairs of signals in the 3-
and S—CH3 region in 6:3 ratic. This NMR result suggests that the
metallacyclobutane ring is symmetric about the Rh- CB axls as onewould

24

UL
expect.- The crystal structure“”/of the related Cp*(PMe3)Rh CH&CH CH2

B
showed that the metallacyclobutane ring was. essentially symmetric and -

planar. i

45 (atom labelling for NMR)

.

In 45, Ha and.Ha, were equivalent and appeared as a multiplet (6

1.65) in the 1H NMR spectrum. A complex multiplet was found for.Hb and

'Hb, (6 1.40). HC and Hd appear as multiplets at‘é 3}15fand 2.82

¢ .
) el

1

The {11} 13¢ mur spectrun of 45 1s 1nform5c£§é. The' Rh-C_ and RL—
5 of the metallacycle were found at 6 -13.31 (d, JRh c*15.0 Hz) and.
35-5 (d, Jpp_c=3-8 Hz) respectively. Details of 13C NMR data will be
found in the Experimental Section.
Attempts to isolate the presumed hydridocyclopropyl intermediate
(44) (eq. 7-9) were not guccessful. A cyclohexane solution of 1 was

irradiated at -15°c'using a cyclopropane p%rge for 15 minutes. \Extees
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CblA was added to the photolyzedlsolution.pt ~15°C and the reaction was
allowed to continue for 1.5 h. The; IR spectrum (hexane) exhibited vCO
‘at 2077 and 2024 cn ! in an absorbafice ratio of 2.5: 1. "Based on the
positions of vgqg bands of some well characterized alkylrhodium
chlorides, the band at 2077 cm_1 is'presn?ed to be due to the chloro
derivative;of 44-, Unfortunately, attenpts to separate the mixture by
chromatography on alumina or by crystallf%ation were not sncceesful;

Based on the IB’evidence and also from the results’ of the relatéﬁa‘
Cp*(PMe3)Rh system,Zh it is presumed that the initial C-H activation
product (44) undergoeé rearrangement to the corresponding C-C insertion
product, rhodacyclobutane (45) (eq. 7-9).

CQmpound 45 decomposed at ca. 150°C during examination of - its
melting point. ~The IR of a‘hexane extract of the decomposed product
indicated<the presence of the dimer (38), which was also obtained'during
thermolysis of (HBPz*3)hh(CO)(n2;C3H6) (34b) or (hBPz%3)Rh(CO)(H)(t6H5> e
(6) in cyclohexane at 75°C.» ‘ ;

‘ &

Reaction of (HBPz*3)Rh(C0)2 (1) with -ethylcyclopropane

When a yellow solution of 1 (2.19 mM) in purified cyclohexane was

-
p
s

irradlated for ten minutes using a methyicyclopropane.purge, the °
¢ o .

~

solution became colorless. The IR (cyclohexané)‘indicated a weak Veo
band at 2033 cm_h‘and a strong Vgq band.at 2022 cm 1. After a few
minutes, the TR showed complete disappearance of the 2033 cm -1 band and
a corresponding increase in intensity of the 2022 cm -1 band. This
observation is similar to the cyclopropane reaction. The band at 2022
_cm_1 is assigned to the stable rhodamethylcyclobutane (46)%(eq. 7-10).

J
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§ . N ,/&\\_ H
hv, -CO -
* ]
(HBPz 3)Rh(CO)2 C6 12/methylcyclopropane> Rh"\\."r’5*<:::CH
o purge o« 3

46A (ca. 85%)

+ (7-10)

_ _— : )
Compound 46 was isolated.as colorless crystals in 65% yleld and

/

' characterized by the usual spectroscoyi -and analytical teéhniques.

Although the IR speztrﬁm (hexane) eth% t%d only one Veo at 2023 cm 1,
the 1o NMR suggested the presence of more than one isomer of 46 (eq. 7=
ldlf The - resonances due to the major isomer (46A) were Well resolved
(46A was identified as the major isomer by 13¢ NMR which will be -

_ discussed later). The 1h R of 46A showed two singlets in the 4-H
region in a 2:1 ratio (6 5.85, 5.58) and p;lfs of‘singlets'in the 3- and
S—Ch3iregion in a 6:3 ratio. HBvappeared as a broad multiplet at 6 3.44
(1H). Ha appeared as muloiplets atlo 2.00 (2R) and 1.00’(2H); . The -
.fmethyl group on éﬁ’appeared as\a-doublet (6 1.13, J=7.0 Hz). Althongh
most of the peaks of the minor isomers (46B and 46C) were not well

resolved, a- CH3 signals at 5 1. 17 (d J=7.0 Hz) and ldjz/gd, J=7.0 Hz)

were resolved by integration of these signals, 46B a d 46C comprise ca.
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15% of the isomeric mixture.
APT 13C MMR of the isomeric mi;ctgre of 46 is quite informative and
é rcpresentative spectr;m is shown in Fig. VII.1. It showed on1y the
major isomer 46A. Detailed assignménts are given in experimental |
section. FB of the metallacycle (assigned by means of its odd-number of.
protons) appeared as a doqﬁiet at 40.77 (Zth_C=3.8 Hz). A doublet at_s

'w—3.36'(JRh_C=14.3 Hz) wés gxhipited by Ca’ assigned by means of the even’
'ilFﬁﬁmbef‘pf prétons attached. The methyl carbon bound to CB of the ring
appééréa as é'singlet‘ap 5 23.07.

' '?:Pfénpi¢e;HélL (PH).modéls show a crowded environment “"above™ the
'met;;iacyéiébutané ging (i.e., on the borén sig%:b} the rhodium). ~An
éx&remély}hindered situation résultsvwhen the B;éH3 group of the
metallaéyievis dire;ted towar%s the pyrazolylbprate ligand. Less
.crowding rgéulté when the B—CH3qis ?iféCted,éﬂil from the ;o
pyrazolylbéfate ligandﬁ The aSsignménp of 46A as the major isgmer is

based on these steric ‘considerations.

-

It appeared from'the PH models'th;t a methyl group on the a-carbon
Bf the fing;can j@st be accommoda;éd."lt-appeared to make 1iﬁt1e
difference%whether it was directéd towards or away from ther
pyrazolylborate ligand. This would.explaiﬁ the presenée of two minor

~

lisomers 46B and 46C. - . ' ,.1"9
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Figure VII.1 v13C NMR spectrum (75.5 MHz,

CD2C12) of methyl-substitpted
i L metallacyclobutane (46A). ' : '

-
’
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Section 3

’ CRwL
THERMOLYSIS OF METALIAACYCLES

fher-olysis of 45

ﬁd out in-benzene—d6 at

égé used as internal

75°C in a sealed NMR tube. Hexamethyldisiloxéﬁ

¥

standard. At specified times the NMR tube was:withdrawn from the

TR
constant temperature bath and cooled, and NMR'speéiEa%wére recorded at
room temperature. Thermolysis was obserQed to proceed slowly and “
afforded mostly (HBPz*3)Rh(CO)(D)(C6D5)‘(8a).

During thermolysis, fhe 1y MR indicated the formation of
(HBPz*3)Rh(CO)(nz-CHZCHCH3)'(34b), which slowly disappearéﬁ with thé_
brogress of reaction. This Obseryétion suggested the intermediacy of
34b iﬁathe formation of 8a. As described iﬁ Chapfer VI, thermolysis of
34b in benzene\%t 75°C yielded phenylﬁydride 6 and propylene. Fig.
VII.2 shows the changes in concentration of 45, 34b and 8a as a function
‘of time. The dfganic products in the thermolysis reactioﬁ‘were

1H NMR. The presence of

propylene and cyclopropane, identified by
propylene and cyélopropane suggested ﬁhat'two independent pathways might
be involved for the formation of 8a. | |

One route is presuﬁed to be the direct conversion of 45 t; 8a wiih
the reductive elimination of;c;clobropane, supported by the presence of
cyclopropane in the produc;s. The second pathway involves the
" conversion of. 45 to 34b, which acts as an interpedi te for the fofmatidn

of 8a. »The overall scheme proposed for the conversion of .

mefallacyclobutane (45) to 8a is shown in eq. 7-11.
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Figure VII.2 Plot of normalized concentrations of metallacyclobutane
. (45, 0), pentadeuterophenyl deuteride (8ay{]) and
nz-propylene complex (34b, A) at 75°C.
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e k, - k D
H 1 Rh-J —2 5 + , .
: ¢ »
6°5 .
45 ' 34b 8a
: | | ) : | .Hz (7-11)
X e
.3 >Rh/ + /\
' \\c D H.C CH.
. 65 2 ”
(23 )
8a

Examples of the rearrangement of metallacyclobﬁtanes to olefin complexes
are known.30 |
To evaluate kl’ k2 andhk3 in eq. 7-11, a detailed kinetic StQQy was
carried out. The rate of disappe;rance of 45 was followéd by heating
the complex in CBD6 solvent at 75°C and monitoring the integral of one
- of the methyl resonances of the Pz* ring (& 2.44) against the internal
standard. Good first*order kinetics;over tﬁree half-lives was
oBserved. A typical plot of the ln(relative intensity) of the methyl
pyrazole resonance versus time is shown‘in Fig. VII.3. The observed
rate constant (k; + kg) is (2.7+0.1) x 100 s71.
To de;ermine_kz in eq; 7-11, an_independent kinetic study of
thermolysis of (HBPz*3)Rh(CO)(n?~CH,CHCH;) (34b) in C(Dy solvent at 75°C
-in a.sealed NMR fube was carried out. The rate of disappearance of 34b

~was followed by monitoring therggtééral of the methyl resonance of the

propylenevagainst the intergal/standard (hexamethyldisiloxane). A

- .

logarithmic plot of the Wéiative intensity of thc methyl resonance
versus time yielded a stfaighﬁ line (Fig. VII.4) with slope equal to
—k2. The value obtained for kz is (7.6+0.3) x 10_6 s—l-

integrated rate equations appropriate to the kinetic scheme of eq.
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Figﬁre VII.3 Pseudo-first-order plot for the disappearance of

metallacyclobutane (45) in benzene-d6 at'75§C,
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Figure VII.4 Pseudo-first-order plot for the reaction of .
nz-prOpylene complex (34b) with benzene—d6 at 75°C.
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3

. 7-11 are avallable as a special case‘of'mbre general solutions in the

31

1iterature. e ’ ‘.
Ky : k2 .
A (45) —> B (34b) ———— > C (8a)
=(k k)t "
A/A =e . ’ - -
o y :
ok —(k +k )t —k.t .
By [ 1T 2 ﬁ
ky = Ceptieg) o e
o . -k, t - (k.-k,) —(k,+k, )t -k .t ;
C/Ao = [i - e 2 I+ - 3 2 [e L3 e 2 ]

k2 - (k1+k3) .

A is the initial (t=0) concentration of A (45), while the initial

concentrations of B (34b) and C (8a) are zetd. .

vA computer program written by Mr. Kam Kong of *this Department took-
input values’of-(k1+kj), k,, and the ratio k1/k3. The: first two of % ,)

.these parameters were directly measurable. The progeam ‘calculated [A],
vw )

[B], and [C] at specified times generating values that could be

t»/

compared with tze experimental concentrations for various assUmed ratios

<k /k3. The ratio k /k3 could be selected that vrsually afforded g;e Y
r . o
best fit of the data (cf. Fig. VII. 5). S ' o
N \__ ? : ! .

‘, .The k /k3 ratio in effect gives the split ‘betwen the direct and

a - .
% - s—

indirect pathways for conversion of A (45) to C (88) It should be

noted that k2 is a .pseudo- first order rate constant, the concentration
» .
of C6 6 being effectively constant. :

It™appeared that the\c0ncentration of .8a was not very sensitive to-
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[34b] normal;i_zed to [45]
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)
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Figufe VII.5 Calculated and observed cqncentrations of nz—propylene
' ‘ ‘complex. (34h) when 45 is heated in C6D6 at 15 C.

, ‘The numbe-s with arrows indicate k /k3 ratios.
¥ - | o y o .

f
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kllk3 ratios. However, the concentrat;on of 34b was quité sensitive to
kl/k3 ratios. The best fit of the normalized concentration of 34b with
the observed concentration was obtained using kl/k3 = 3. 'A typlcal plot
of the cbserQéd and calculatcd (using kl/k3 = 2-5) concentration of 34b
a; a function cf time is shown in Fig. VII.5. From fitting kinetic.data

[k; + kg = (2.740.1) x 10% 671, k, = (7.6£0.3) x 1076 &71, e, /iy = 3]

the rate constanfs obtained’ are:

R A \

K, = (2.0'% 0.1) x 1076 &7}

- - ©
(6.8 + 0.1) x 1077 s~ !

fl

k3

. The ratio kl/k3 = .3 suggested that propylene/cyclopropane ratio‘would be

= 3 at fhe completion of reaction, assuming similar solubilities of the

two gases in C6D6' From intégratioc of cyc}aproéane acd propylene
resonances, the ratio of propylene/cyclopropane was 4.5%1. Considering
the uncertainties‘in§olvgd, thic value appeaféd to be 15 reasonable
;greement with the‘expected ratio of‘3.

It is concluded from the kfnetic data analysis that 75% of the

thermal decomposition’ of metallacyclobutane (45) proceeds via the

-

internediate nz—pronylen{ complex (34b) and 25% by direct reductive

elimination of cyclopropane (eq. 7-12).

N

. o ;.? 9 ' S . L , <



Rh/,CO
! : (7-12)
LB )
45 .
+ [Rh-CO] ' ’
The intermediate - n2 propylene complex (34b) may form by a B- .
ellmlnation process facilitated by an n3 n2 shift of the (HBPz*3)
ligand, -as shown in eq. 7-13. '
e poi
\ N v 2 / u\
9 —HBPz* co Rh/ CH, ——> (n"-HBPz*,)(CO)Rh CH
' 2 .
. < H . }{2
45
(7-13)
H
2 . CH
2 o /C\ ) AN CH/ 3 '
- * : - * B :
(n”~HBP2*3)(CO)RH —_cH > (n HBP}z 3)(C‘O)Rh «—|| L
: , ﬁ/ o - . ' CH,
‘. H 2 .

34b
+In the reafrangement of ‘metallacycles to olefin compleXes, it has -

generally been agsumed32 that the initia%::fep is B- hydrogene

':\'eliminétion.

S
o

»

Howevem5 ﬁo«mc allacycle has been directly observed to

form an, allyl hydride complex by thydrogen elimination.

-

. --An inte;esping\question is whether B-derogen eliminetion could
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still occur with the ma jor isomer of 46 (#46A), which is considered to
‘ ‘ f B
have methyl in the B-positién of -the ring and directed away from
(HBPz* ) ligand14 Thus thermolysié of 46 was carried out, and the
‘i e v
results will be- d&gcussed in the following section. , -
Thermolysis of 46

Thermolysis of 46 was carried out in benzene—dé.solvent at 75°C in

a sealed NMR tube using hexamethyldisiloxane as an internal standard.

. The thermolysis was followed by recording 1H 1R spectra at ambient

1

temperature at specified times. The “H NMR indicaced the formation of

(HBPz*3)Rh(CO)(D)(C¢Ds) (8a) as the thermolysis proceeded.
Qualitatively, the rate of disappearance of 46 was'éiower than that of

45, No 1ntermed1ate olefin complex was observedfdurlng the ‘g‘ -

. thermolysis. This is in contrast to the thermoly51s of 45 where an

1

. LS
intermediate nz—propylene complex (34b) was found.

The organic products in the therMolysis reaction were identified by

H NMR as methylcyclopropane and 1sobuty1ene ;\lsobutylene is cons1dered

to form from an unobserved nz—lsobutylene 1ntermed1ate. The

~

1ntermed1ate nz isobu;ylene complex_was presumably not observed because.
of its ‘more lablle nature as compared with 34b The ratio of
{

methylcyclopropane/isobutylene was approximately 4 by 1H NMR. Tﬁis

- ratio suggested that 807% of phe reactlon proceeded by dlrect eliminatlon

‘Tz—isobutylene complex (eq. 7 14)

of methyltyclopropane and 207 of the reaction proceeded via the presumed

5 ooy

¥

. "y ) G
- : 2 Lo .o
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75%
C6Dg - SR o (7-14)

- 46

__‘_éT—> /CH\\ + [Rh—CO]

?

~

vvia the nz—propylene«complekhgyd 25/ by direct elimination of

- B -

cyclopropane. : o ~%?“ ;AQ‘”

As described earlier, 46x@ontains ca. 15% o

>

B~H atoms (the a—methyl isomers). Perhaps it is these (46B and 46. ,'A
that areLgiv1ng rise to olefin, while 46A gives only

methylcyclopropane., This»possibility could be tested if a means to
¢ :);
‘L

'separate isomers of 46 could®be foundo :
. ﬁ}""

- As discussed previously, Pﬁ models showed serious crowding 'above"

n

.the metallacycle ring, it was considered that the. major isomer,(kﬁA had

[N

.a downWard projecting B- CH3 5ubstituent. It appears reasonable that B-"

% N X 17~~'
f’hydrogén transfe;@&o the ring v%hld require some folding of the ring {as

shown beélow). ,

-L:
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N

-l

(46A)

ig

For 46A this would require folding into the crowded region,

. disfavouring olefin formation. For 45 05 the other hand, there is a B-H

=% p)

on either side®of the ring, which could ﬁpld away from the 3~methyl-
pyrazole group 1in the’ transfer process.

This argument offers a rationale for the observed preponderance of
methylcyclopropane in‘§he thermolysis ‘of 46A. These discussions are
tentative, because it was not possible to obtain a pure sample of 46A._
More intensive efforts at purification might be justified in future
work.

Cyclopropane or methylcyclopropane formation from the metallacycle-

T

can be considered as a simple reductive elimination process (eq. 7- 15)

'

) 0 ‘ N N
-\ | f o2, - - e g T
Rh/\)\ CH(R). ———> [Rh-COJ“+

‘al ﬁz . s :‘ ,/> . . o T
G , o ,

(7-15) . ..

VA

-

'Sihcereg; 7=15 proceeds spontaneousiy.ae‘written, it inplies that

- . . e
‘ . . . .

v 3
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c&clopropanes will not react with the unsaturated intermediate to form
the metallacyclobutane difectly, Of'courSe,'they_do_nBt, the\pathway

instead involving c-H activation.
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» ° Section 4 o

FUNCTIONALIZATION OF METALLACYCLES

* This section addresses séﬁé aspééts bf functionalizatiom of
metallacycles. As described in Chapte? VI' one of the most important
reactions in organometallic chemistry and, in catalysis is ‘the insertion
of carbon monoxide into metal-carbon sigma bonds. Examples of stable
carbon monoxidé’inserted metallacydles are rare. éf;bbs and coworkér533
reported the reaction of nickélacyclopénténe with CO under mild

conditions to give cyclopentanone (eq. 7—16).

.

0
. , ]
| ) . C.
_ / CO, 20 psi < : v? ' ‘ B
(Ph3P)2Ni heptane/2506> +.(1‘>h3P)2Ni(CO)2 (7-16)
(75%) (94%)
A K
_ ?
No metallacyclohekanone was detected in this reaction although it would < fﬁy

be a plausible intermediate.

As an extension of the present work, carbonylation of

Fl

metallacyclobutane (45) was investigated to éeCQﬁmine whether 1t would
~ - ol X

affofd a stable metallacyclopentanone, or whethef cyclobutanone would

form via the presumed CO inserted species., A general discussion on

carbonylation reactions will be found in Chapter VI.

»

.Carbouylatlon of (HBPz*3}(CO)Rh-CBz-CH2~CH? (&5)

The carbonvla;ion of 45 was garrie* out 1n n*ﬁexane al room

temperat ure fsing 950 p&ig af OO The reaction accevding to eq. =17
. . .. ) ) ) n ;

wag complete in. soven days.

-
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. Co co

- £0/950 psig /
* *
(HBPz* ,)Rh ooy (HBPz*)Rh cge\
[ 'I ' | CH.. . (7-17)
,/C ﬁ/ 2
T o7 2 -
45 47 ’ . -

On the basis of the intensities of the Veo bands and assuming similar
.extinction coefficients, the IR indicated quantitative ¢dnverstion of 45
to 47. Cyclobutanone was not detected in the reaction products.
Céépqumd 47 was isolated as colorless cfystals after
.chromaéographic purification and crystallization and fully characterized
by the usual spectral and analytical techniques. The IR (hexane)
indicated a terminal and an acy1~yCO at 2038 ;nd 1707 cm}
respegtively. The MS showed the.molécular ion and peaks due to

successive loss of C3H6; CO, etc. were observed. All six methylene
’ s A ‘
protons of the metallacycle are nonequivalent,.and the 1H NMR exhihited

six'multiplets in the range 6 3.37 - 6 2.04. :The resonances.at & ca.

2.14 (m, IH) and ca. 2;04=(m, 1H) showed~some:overlap“with’thg methyl [,

resonances of the Pz* rings. <Coincidental overlap among the 4-H and 3- -~

E

and 5~CH3-resonances'of the Pz*.rings was also observed.

. The APT 3¢ N¥R of 47 showed the acyl and terminal CO resonances agh

I

8‘241,5'(d,,JRh_Cf35.7'ﬁz) and 189.45 (d, Jpy_=72.5 Hz?ufsépeétively.:w

- The resopance - at & 24.45 (d, JRH_C=21:9 Hz) is assigned to C, of the
. PR ‘. ". ‘f. y . . v'." . "

PR - (XS
metallacycle.

L .- R g
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04
H2 B K
c CH
2
SOl
C CH
Vi 2
0 Y

47 (ring only)

Judging from the chemical shift of CB in 45 (8 35.5), the resonance at &
26.35 (s) is assigned to CB in 47. One would expect the resonance due
to CY to occur downfield relative to Ca and CB since it is attached

directly to CO; thus the resonance at § 59.20 (d, 2JRh_C=8.3'Hz)‘can be
asigned to CY. In view of its connection to rhodium via an sp2 carbon

atom, the observed J=8.3 Hz value is quite reasonable.

~

/

Attempt to elininate cyclobutanone from 47

As.shown in Chapter VI, the propionyl phenyl complex (40) reacted
with ZnBr2 to give propiophenone in good yield. Thus the reaction of 47
w1th ZnBr2 in CH2C12 at room temperature was carriea out with a view to
elisinating cyclobutanone; The reaction of 47 with ZnBr2 was fast’and

IR monitoring showed the growth of two bands at 2071 and 1731 co™ L.

e Qlobutanone was not observed among the reaction products. The new

‘hv

i
ey
viﬁvnunﬁdentified species did” not survive chromatography -utider the

o,
e

experiméntal conditions.
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o~

have revealedftﬁat the CO molecule that becomes the’acyl-carbonyl is not

derived from external CO but is one already poordinated to the metal -

atom. Since:tne carbonylation of 45 afforded the stable isolable acyl

“oy. derivative 47, it was of interest to examine the reaction of 45 with a
S S e ' . ) .

pn@sp%ine'with the expectation of obtaining an acyl complex. The
formation of an acyl:.compound would be consistent with the migration
nechanism.

Reaction of 45 with an e#cess of‘PMezPh in CH,Cl, was carried_out
at room temperature. The IR showed the complete disappearanCe of 45 in‘

two days and indicated the formation .in good yield of a new acyl complex

l
Ju .

(48) (eq.-7-18). f%;
; (11\}
. . . PMe ,Ph

co 7 PMe 2 ,Ph S
* * — *_:n,'
(HBPz 3)Rh CHZCl /RT/Z days> (HBPZ 3)Rh CH2 ; -

. 3 0 \H/ v . :"f."}‘(7—18)
\ 2
45 o o 48

+

Qnalitative observations indicated that the fate of fornation;of 48
increased with the phosphine concentration. |
RN Compound 48 was isolated as colorless crystals in 75% yield after “<
nghromatography and crystallization and fully characterized by the usual
spectroscopic and analytical techniques. The acyl carbonyl dppeared at
;1650 cm_1~(CH2C12) substantially lower than in 47 (1707 cm~1lin hexanej.

1

The ‘H NMR spectrum of 48 showed three 4-H and six 3~ and 5~CH4

resonances of the Pz rings, suggesting three nonequivalent rings in the
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octahedral geometry. Three multiplets at § 7.15 (Ih), 6.96 (2H) and
6.82 (2H) were found for.the ardmétic protons. The metailacycle
methylene protons appeared as three multiplets at 6 3.15 (2H), 2.82 (2H)
and 2.94 (2H). The phosphorus bound methyl groups are diastereotopic

and appeare

5/1.75 (dd, %3, ;=8.5 Hz, Jgn-=1-0 Hz) and 1.7Q (dd,
e . .

JP_H=8.2 . Hg).
TR
B CH
Y 2
'

48 (ring only)

[
»

The APT 13C NMR exhibited the acyl CO as a doublet of doublets at &
~251. 55 (JRh c—30 9 Hz; JP C—lO 6 Hz) - The phosphorug bound phenyl
ITLI o Qn',:—:z > .
‘Carbon appeared as - a doublet at 6 135.75 (J —43.8 Hz). CY of the
metallacycle’appeared as a "triplet"” at 6-57Q11 (preéumably overlapping
double g?ublets, involVing similar coupling cogstante to Rh and P). CB
& L) )
appeared as a singlet (& 25.06), while C, was a doublet of doublets (6
. - - . -;/_\ ) .
21.30, Ju,_~=26.0 Hz; J}_.=9.4 Hz). Two doublets were found for the
Rh-C \ C . _
diastereotopicrmethyl groups on phosphor@é [& 13.33 (d, JP_C=3O.9 Hz);
. . b ]
161699 (d, Jp_=33.2 HZ)]. Full details of '3 NMR data for 48 will be
. B - - 7 ) L

found. in the Ekperimental’Sec&ion.

. B ' AP — |
Carbonylation of (3592*3)(%O)Qh—C(oacazcuzcuz (47)
The earbonvlatfon of 47 at an elevated tCmerdCUTB was carried oput

with the aim of forciwg reductive eliminction o; :yclnbutannng e shown
%

«

[d/”
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in the hypothetical eq. 7-19. ' ‘
\ ﬁ oo " B
(HBPz* )Rh/ - >[ (HBPz* ;)Rh(CO +azc< >
s FIN N f (7-19)
* ' : h ;
(HBPz*,)Rh(CO), "

~
I3

' Carbonylation of the acyl complex 47 inmhexane at 75°C under 1000
‘p51g of CO for eight dayeﬁﬁfforded no . cyclobutanone., The IR spectrum

indicated quantitative conversion of &7 to a new species, formulated as

the six membered metallacycle 49 (eq. 7-20). C}
. . . . Cco . >
, i 0
co /. :
(HBP‘z*3)Rh/’ zU CO, 1000 psig o (ypp,& yRH —" .
e ~75YC/hexane/8 days © 34 : :
S - \ (7-20)
. . 49 -

'4(1) _ s

s colorless crystals in 81%%vield.. It is
oes: not survive chromatography. It was

f'éﬁtallization. I1f ‘a solution of 49 is allowed to
stand' ({n eXane)'at room temperature for several days, a small amount
of 47 form$; Compound 49 was fully characterized by the usual egezfral

and analytical techniques. ‘,‘

The IR spectrum (hexane) (Fig. VII. 6) exhibited the terminal Vag at+
2045 cm “1 and the acyl Voo at 1702 and 1673 cm ~l. The two acyl bands
are attributed to a coupling of the individual frequcncies. The_smaller

splitting of~ach"bands is'presumed to be due to ring conformations. .
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uthe Pz* rings at ca. 6 2.40 and & 2.18.

'h[ratio.' B yas a doublet at 5 53 29 Jpp- c =3.7 Hz), (Fig. 7b) while c:

b : T IO T \\-" 275

“

One'might‘expect the six membered metallacycle to have a‘plane of °

'_symuetry (perhaps'time averaged) COntaining Rh and C_. The'lﬁ NMR was

y
consistent with this, exhibiting two singlets in the 4-H region of the

Pz* regiﬁh In a 2:1 ratio. The four B, B' protons appeared as a

.

multiplet at’ & 2.92. The y.protons overlapped with methyl resonances ‘of

49 (only ring) .

The APT 13¢ NMR of 49 is shown in Fig. VII.7a. It showed the acyl

;and terminal CO at 6233.37. (d, JRh C=25.7 Hz) and 189.92 (d, JRH C=74.7
HZ) respectively. It exhibited two signals for the pyrazole 4-carbon in,

o a 2 1 ‘ratio amd four. s;gnals for 3- and 5= pyrazole carbons in a 2:2:1:1

Y

lifappeared as’ a singlet at 6 21 31. . The detaiis of 3¢ nr data will be

found in the Experimental Section.

Compound 49 decomposed at ca. 220 C during examination of its w&\

melting point. The IR of the hexane extract of the decomposed product

-

showed mostly the five membered metallacycle (45)



e

T
248

T T T
238 2 218

T
2.

T
2 i3 1) 109 1728 168 150 149 .
. e

~ . r
T T U T \ T T T U T T
tis 188 ” (1 . (1] 113 @ »n | 19 .
g
)
) »
. :
‘ s
) _ oy F
A Y- P °
. - o

Figure VII 7a
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53,.79%

Figure VII.7b Exﬁéhsion of 13C NMR spectrum of 49 showing the: doublet
BRI .. at 8 53.29 due to CB of the ring. Othepvpeaks are due to
¥ CD2C12 solvent. R é». ;




Séction 5
'EXPERTMENTAL
Preparation of (HBPz*3)(C0)Rh-CH2CHéCHZ (45) .

\ ' ' ‘ : '
Compound 1 (87.5 mg, 0.192 mmol) was taken up in purified

27%

cyclohexane (70 mL)lm»The resulting yellow solutior wés irradiated for 9

_min using a c&clopropane«pﬁrge. The solution had becomdrcélotlesé at
the end of‘this perlod. Removal of solvent under reduced p*esgure left
a golonless_solid which was dissolved in‘CH2C12 and cﬁromatbgraphed on
Florisil column (8 x 2.5 cm) eluﬁing with CHéClz. Removal of solvent
under vacuum afforded 45 as ahcblbplesstsblid (68 mg, 75%) which

decomposed at ca. 150°C without melting.

Characterization: IR‘(Ejhexane) 2024 cm™ b (VCO)' MS (140°C, 16 eV)

MT-CqH, (428), M =C4H,~CO. 1y NMR (CDyC1,, ambient, 200 MHz) & 5.80 (s

a’

b

1H), 5.68 (s, 2H), 3.15 (m, 18 (H_/Hj, see text), 2.82 (m, lH (H_/Hy],

2.50 (s, 3H), 2.30 (s, 3H), 2.25 (s, 6H), 2.20 (s, 6H), 1.65 (m, 2H
(H_/H ), 1-40 (m, 20 (H,/H)). 13c.nmMr (CD,C1y, ambient, 75.5 MHz) &
©193.36 (d, Jgy_=74-2 Hz), 151.50 (s), 150.46 (s), 145.16 (s), 143.96
(s), 109.00 (s), 1b6.29 (s), 35.50 (d, JRh c=3.7 Hz,__ﬁ), 13.83 (s),
13.58 (s), 13.31 (s), 12.50 (s), -13.31 (4, JRh (=150 Hz, C; ) Anal.
Calcd for C19 28BN6ORh C 48.51; H, 5.96; N, 17.86. Found: C, 48.86;
H, 6.05; N, 17.56.
‘.

"Preparation of (HBPz*3)(CO)Rh-CHZCHCH3CHé (46)

Irradiation of 1 (80 mg, 0.175 mmol) in purified cyclohexane (80

mL) under a methylcyclopropane purge for 10 min afforQed a colorless

o -



<1y

.

hsolﬁtion.“-The sdlvent‘was;reﬁoved‘undér,réquceq preséé;g'and thé'
rgsuiting-solid was disso}ved in CHéClz and ﬁﬁen ghfomg;ogfaphéd'on a
Florisil éoiﬁmn (8 x 2.5 cm) with.CH,Cl, eiue%t- .Re;QValzofrholvent in
.Qacuo yielaéd a colorless soiid (55 mg, 65%). _Attempfs to ggpara;e.fhe

isomers of 46 (see discussion) by cry®rallization were not sqpcessfdf-v

.«

%, MP Sfrkens above 145°C.

. .\ , : o

Characterization: IR (n-hexane) 2Q23'cm—¥.(vco), MS (135°C, 16 eV)

Mt-co (428), M+-CO—C4H8. 1HVNMR (CD2C12, ambient, 200 MHz)‘major isomer S
(46A): 6&6.5.85 (s, lH), 5.78 (s, 2H), 3.44 (m, 1H), 2.57 (s, 38), 2.36~
(s, 3H), 2.32 (s, 6H), 2.25 <s; 6H), 2.00 (m, 2H), 1.13 (d, J;fﬁ=7.o Hz,
3H, B;Q§3), 1;00 (m, 2H); minor isomers: mostheaks of the minor
isomer§~(46B ;ﬁd 46C) were not well resoived, but methyl (boun& to
metailacycle)‘signals'éq 51.17 (a,ﬂJ=7.0 Hz) apd 1.07 (d, J=f.0 Hz)
were reasonably‘well resolved and”integratedO(together) as ca. 15% of
the products. 13C NMR (CDZélZf ambienﬁ,f?S.S MHz)‘ba}br isomer 46A:

O : 6 193.7 (d, J=74.0 Hz).

3,5 ng : & 150.95, 150.52, 145.31, iaa.qb
4 PzC : & 108.64, 106.30
BC : & 40.77 (d, J=3.8 Hz) S "\:«/f

.

BC-CHy : §'23.07

..3,5 PzCHy : 6 13.82, 13.72, 13.65, 1251
ToC : -3.35 (d, J=14.3 Hz)

13

The minor isomers were not observed in the “C NMR spectrum. Anal.

Caled for C,gH44BN,ORh:. C, 49.59; H, 6.20; N, 17.35. Found: .C, 49.85;

)

H, 6.38; N, 17.42. ; B S .
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Jther-olysis of 65
Compound 45 (11 2 ng, 0.024 mmol) hexamethyldisiloxane (1 pL,
0. OOi/mmol) and benzene—d6 (0.5 mL) vere placed in an NMR tube sealed to

La ground lass joint. - After three cycles of —thaw degassing, the
| £ .

h ]
NMR tube was Sealed off under vacuun. _A 1H NMR spectrum was-recorded to

determine the relative 1ntensities of hexamethyldisiloxane and methyl
.resonances of the Pz* rings. o o ' _‘ -

‘

P The NRM tdbe was immersed in a 75 c bathl(Ladda RK 20) and

;periodically removed to record the 1H NMR : spectrum.. Before recording

the NMR spectrum, the foil—wrapped NMR' tube was- allowed to cool ‘to room
o TN ~ .
temperature and shaken to dissolve the gaseous products formed during

4

IS

thermolysis. The rate of disappeérance of 45 was followed by monitoring L

r

the integral of one of thé Pz*ﬁmethyl resonance (8 2.44) against theﬁ'}'

" internal standard. The change in COncentration-of the~intermediategn

(HBPz*3)Rh(CO (n/—CHZCHCH ) (34b) versus time ‘was followed by monitoring
the intensity of the methyl resonance of. the nz propylene ligand (6
1.83) against the internal7standard. The rate of appearance of 8a was
followéd‘hy.monitoring the rate‘bfnappearance o% one: of 4-H resonances’
of 8a (6 5.45). Thevresonance dneﬁ;o cyclopropane nas~at.6 0.16. Free

»

propylene resonances appeared at & 1. 54 (m, 3H [Q§3]), 4 96 (m, 2H) and

e

5.74- (m, b ’).0

R

Thermolysis of (HBPz*3)ah(c0)(ﬁz—cscncu3)'(34b),

'Compodnd 34b (10 mg, 0;021 mmol) was dissolved in benzene—dé (0.5
mlL) in a'ﬁMR tube, and hexamethyldisiloxane (1 uL;»0.00S mmol) was added
to the solution. The ﬁMR tube was sealed off under vacuum after three

~cycles of freeze-thaw degassing. The_lﬂ NMR - spectrum of the resulting



.Ther-olysis of a6 Ny

a;<solution was recorded to determine the. relative intensity of the d-

-
N

internal standard and methyl resonance of ‘the nz—ptopylene ligand in

36b.> ‘The NMR tuhe was heated in a bath [Lauda RK 20] at 75 C and

removed periodically and cooled 'to room temperature and 1H NMR apectra

. e

.0’

were recorded.a The rate of disappearance of 34b was followed by

~monitoring ‘the integral of the methyl resonance of the nz—propylene&

.-'vu - -

ligand. Propylene was detected as the organic product.

. ;v
- . . . . PR

kxS

Compound”46 (11 5 mg, 0.024 mmol), hexamethyldisiloxane (l uL,

. '0.005 mmol)’ and benzene-d6 (0.5 mL) were placed in an NMR tube that was

attached to a ground glass'joﬂnt. After three cycles of degassing, the
tube was sealed under vacuum. The thermolysis was carried out by
heating the NMR tube in a constant temperature bath (Lauda RK 20) at

75 C. The NMR tube was removed from the bath from time to time, cooled

;wto room temperature and shaken before taking NMR spectra. ‘Thé 1H NMR

indicated methylcyclopropane and isobutylene as the organic products.
Resonances due to methylcyclopropane appeared in the +1 to -1 ppm

region. The resonances due to isobutylene were at 8 5.54 (septet 2H)

and 2. SM‘ 6H)

| ————
: Preparationaof (HBPz*3)(CO)Rh—C(O)CHZCHZCH2 (47)

Metallacyclobutane 45 (95 mg, O. 202 mmol) was.: taken up in n—hexanev-
(60 mL) The resulting solution was pressurized with 950 psig of CO in

a 150‘mL Parr bench auteclave containing a stirrer bar and stirred

‘magnetically at room temperature for 7 days. The IR indicated virtually

quantitative conversion of 45 to the new acyl complex 47. Removal of

P

0

Ve
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solvent under reduced presSure gave a colorless solid that ‘was dissolved

- ) . . . 5 74 . A . . e . | 282

in CH2012 and chromatographed on a ﬁiorisil column (8 X 2.5 cm) with
CHZClZ eldent.‘1Recrystallization from CH2C12/hexane by slow evaporation,

afforded colorless crystals (55.3 mg, 55%). \

Characterization: IR (p-hexane) 2038 (vco_terminal), 1707 (vCO acyl)

em™l. Ms (195°C, 16 ev) MY (498), M'-CqH., M'-CgH -2C0. 1y »MR

(CD,Cl,, ambient, 200 MHz) 5 5.83 (s, 2H), 5.79 (s, 1), 3.37 (m, 1H),
3700 (m, 1H)? 2.86 (m, 1H), 2.75 (m, 1H), 2.45 (s, 3H), 2.30 (s, 9H
coincidental overlap of tnree Pz* methyl resonancesz, 2.18 (s, dﬁ), ca.
?.14 (m, 1H, ovetlapped with methyl resonance); 2.08’(s, 3H), ca. 2.04
J( /oLH;doverlapped with methyl resonance). 13C NMR (CD2C12, ambient
75.5 MHz) & 241.51 (d, JRh-c=25+7 Hz), 189. 45 (4, JRh c=72.5 Hz), 151.02
(s), 150.52 (s), 149.92 (s), 145.21 (s), L44.95 (s), 144.25 (s), 108:55"
(s),_107;07 (s), 106.45 (s),‘59.20 (d; 2J -c=8-3 Hz, C ), 23.65 (s,
Cg), 24.45‘(d1'JRh_é=21.9 Hz, C,), 15.00 (s), 14.34 (s), 14.05 (s),
13.41 (s), 12.65 (s), 12.57 (s). Anal. Calcd for C20H283N60Rh: C,.

48.15; H, 5.62; N, 16.68. Found: C, 47.80; H, 5.61; N, 16.81.

‘Preparation of (HBPz*4)(PMe,Ph)Rh—~C(0)CH,CH,CH, (48) . S

Compound 45 (70 ng, 0.149 mmol) was taken up in CHZClé (40 mL).
.Excess PMezPh (0.2 mb, 1.5 mmol) was added and the reaction mixture was
fstirred at room temperature for two days. The IR indicated complete
.disappearance of 45 and the new .Vco at 1650 cm 1 forméd. Removal ,of
'solvent and excess phosphine under reduced»ptessute gave a colorless

solid. The resulting'solid-was dissolved in CHZCIZ and chromatographed

on a Florisil column (8 x 2.5 cm) with acetonitrile eluent. The solid



»

after evaporation of solvent was taken up in a minimal amount of- CHZCIZ,{{
and’ n-héxane added. Slow evaporation of the solution over.a periqd-ofq
few days yielded colorless crystals (70 mg, 75%).

3 ° ) L . ' L
‘\ . . . - ,'

.Characterizatiou: IR (CH,C1,) 1650 cm ! (v ,‘acyl). 'MS (230°C, 16 éV)
2542 ' co § ;

4+ .. ' + - + A ; 1 : ' ;

M _C3H6“566), M _C3H6 CO, n -CBHG CO PMeZPho H NMR (CD2C12, ambient!‘

200 MHz) & 7.15 (m, 1H), (m, 2H), 6.82 (m, 2H), 5.7 (s, 1), 5.72

(s, 1H), 5.48 (s, 1H), 3 2H), 2. 82 (m, 2H), 2.42 (s, 3H), . 6

(s, 3H), 2.28 (s, 3H), 2.%(s, 3H), 2.14 (s, 3H), ca. 2.94 (m, 28),

1.87 (s, 3H), 1.76 (dd, 2J,_,;=8.5 Hz, 33p, .=1.0 Hz, 3H), 1.70 (dd

Jp-u

2Jp_y=8.2 Hz, 3J,_p=1.2 Hz, 3H). 13C NMR (CD,CL,, amblent, 75.5 Miz) &
P_H— .o Z, P_H— . Z’ . . 2 2, m Vn Py . VA ‘—

251.55 (dd, Jrh-c=30.94 Hz, JP_C=10.6 Hz), 151.54, *150.42, 149.60,

145.12, 144.40, 143.64, 135.76 (d,-JP_C;43.8 Hz), 130.86, 130.73;

129.48, 127;8é, 127.35, 107.94 (overlapped two pyrazolyl 4-C), 106.96,

57.11 ("t", presumably overlapping double doublet?), 25.06, 21.30 (dd,

Jo_o=33.2 Hz), 15.69, 15.42, 14.88,. 14.25, 13.62, 13.06 (two Pz* methyls

p-C
overlapping)} Anal. Calcd for C27H34BN6OPRh.O.5 CH2C12: C, 50.73; H,

6.15; N, 12.91. Found: C, 50.73; H, 6.37; N, 12.23.

- . l —
Preparation of (HBPz*3)(CO)Rh—C(O)C32CHZCH2CO (49)
Compound 47 (100vmg,‘0.200 mmol) in n~hexane (60 mL) was placed in

a 150 mL Parr bench autoclave that contained a stir bar. The solution

' - . was first flushed with CO and then. pressurized with 1000 psig of CO and

T ]

heated at- 75° C in an oil bath with magnetic stirring. After / _uys the
IR indicated essentially complete conversion of 47 to 49. Comparison of
‘the IR Spectrum qf authentic cyclobutanone suggested that no

cyclobutanone formed in the above reaction. ‘Removal of solvent under
. o
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reduced pressure yielded a colorless. solid which was dissolved in a

minimal amount of n—hexane., Cooling the hexane solution to —20 %

o

‘afforded colorless crystals of 49 (85 mg, 817) MP decomposed above

220_C. vﬁ“ﬁa - : ) ‘%i

Cha?écterizatibn:. IR (n-hexane) 2045 (Voo term;nal),'1702;‘i673 (Veo»
acyly co-l. Ms (170°C, 16 ev) M* (526), M™-ca, ﬁf-cb—c3u6, M+f2CO—C3H6,
M"-3C0-C4H, . iu NMR (CD,Cl,, ambient, 200 MHz) 5 5.88 (s, 2H), 5.82 (s,
1ﬁ), 2.92' (m, 4H), 2 40 (10H: La. 9H for three-pyrazole methyl and IH ‘
for HY.of metallacyclé), 2.18 (7H: 6H for two pyrazole methyls ‘and 1H
for H), 1.80 (s, 3H). e om (ep,cl,, ambient, 75.5 ‘MHz), 6 233.37
(d, JRh_C=25.7 Hz), i88.92 (d, JRh c= =74.7 HZ), 149 91, 148.82, 144.99,
107.45, 106.77, 53.29 (d,'zJRh;C=3.7;Hz), 21.31, 15.;4, 14.45, 13.47,
12.64. \Anal. Calcdygor'C21H288N6O3Rh: c, 47.9i; H, 5.32; N,‘15.97.

Found: © C, .48.07; H, 5.38; N, 15.37.
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' The wofk renosted in the foregoing‘Chante:s involves the compound
-(HBPz*B)Rh(CO)Z (1), its reactions and the characterizasion of various_‘
derivatives. Although 1 was fi;st mentiened in the literature in 1971;
1t had received - (st no attention until tnls work began; The
investigations comprising.this Thesis can be summarized under four ma jor
headings. | |

R

1-.Coord1nation chenistry‘and dynamic behaviour
Tris(3,5-dimethylpyrazolyl)borato complexes, (HBPz*3)Rh(CO)(L)
(L co, PR3, olefin) have been synthesized and characterized. From a
comparison of the veo of the unambiguously four-coordinate l6-electron .
'dicafbonyl rhodium compound, (HZBPZ*Z)Rh(CO)Z, it  was concluded that
(HBPz*3)Rh(CO)2 (1) has a five-coordinate 18-electron structure,in
hexane solution. However, the IR speetrum of 1 in CH2Cl2 suggested that
a small (ca. 17%) amount of the four-coordinate (n"?--H‘KBPz*3)Rh(CO)2 was
'pfesent_in eQuilibrium.'_Hence the energy difference besﬁeen four- and
five—eoordlnate forms of 1 1s suall. , . -
\Solution infrared spectra using the related_Eispyrazolylboratesv

(H BPz*Z)Rh(CO)(L)‘(L=PR3, olefin) for comparison established that the

HBPz*3 1igand vas bidentate in (HBPz*3)Rh(CO)(L) (;=PR3, olefin). Iy
NMR spectra of the latter complexes showed three equivalent Pz* rings at
25° c, going to two in a 2:1 ratio at low temperatures. Low temperature
limiting spectra having three nonequivalent Pz* rings as e#nected for
the sEaEféwssfuctures could not Be obtained. Tne observed dynemic
behaviour was explained on the basis of two kinds of fluxional

process:. ; high temperature precess, which averages all Pz* resonances.

v

at ambient temperature and. is slowed in the -40° to -90°C range to
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produce EWO Pz* signals, and a low temperature rrocess, which averages
the\;wo equatorial °z* rings which are trans to different ligands. The

latté&r has not been frozen out even at —90 C., It was. propoSed that the

290

observed low temperature rluxional process involves a five~coordinatebi'

9. -

intermediate, which is trigonal bipyramidal and has a plane of
symmetry, Activation parameters for the high temperature fluxional
‘gprocess wer determined for two representative compounds, (nz—

o
nHBPz*S)Rh(CbQ(PMezPh), 4b and (n? —HBPz* )Rh(CO)(n —C,H 4), 34a.
N\ N ,
2. Photochemical C-H activation

a. Aromatic .
Compound 1 [(HBPz*3)Rh(CO)2]‘photochemically activates aromatic
‘ "hydrocarbons with great efficiency at room temperature. Unlike

previously reported‘photochemical systems, activation proceeds under

daylight or tungsten illumination; : -

When a benzene solution of 1 was irradiated for five minutes under

standard. conditions, the conversion to'(HBPz;3)Rh(CO)(H)(C6H5) (6) was
complete. Under-the same conditions, conversion of Cp*Ir(CO)2 to, the
hydridophenyl complex was only ca. 60% after six hours irradiation, and
there, was a general degradation at longer times.1 There was a

significant barrier to phenyl rotation in this compound (6) and its

‘h derivatives due to the large steric requirements of the HBPz*3 ligand.

Above room temperature solutions of 6 in benzene—d6 underwent exchange
forming (HBPz*3)Rh(CO)(D)(ng5)_and followed pseudo~first order

. Y. . . R
- kinetics. " The»activation parameters for the exchange process are very

similar to those of Cp*(PMe3)Rh(H)(C6H5) with C6D6'2, The similarity in
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activation parameters in the two systems is so striking that the
f'"mechanismvfor eicnange is likely very similar in the two systems.
As it does beniene, compound 1 also efficiently actiy 'ted other’

2--CH bonds

n;atomaticﬂhydrocarbons. Forﬂéxannle; gtiactivated toluene sp
at ambient temperature. The LitR of fi{ﬁi’z*ﬁRﬂi(CO)(H)(C6>H4Me) (10) at
. =80°C showed three hydfide resonances wnich were presumed to'be due to
cjpggé‘ahd two_Egta conformers. JConpoundflvalso activated p-xylene and#p—
difluorobenzene to- the corresponding bydrido species.' A detailedkstudy
of the stability of p-difluoro compound (HBPz* )Rh(CO)(H)(C H3F2) (13,
such as barrier to reductive elimination of p—C6H4F2 would be of future
_interest. ~ . v ,
v ‘Like c0mpound‘1, (ﬂ2~HBPz*3)Rh(CO)(L) (L=PR,, ofefin) aISO
aactinated aronatic C-H bonds. For instance, irradiation of
(n —HBPz*3)Rh(CO)(PMe2Ph) (4b) in benzene afforded mainly -
‘(HBPZ*3)Rh(H)(Ph)(PMe Ph). One of the most significant discoveries’was
that photolysis of (ﬂQ—HBPz* )Rh(CO)(n —C2H4) (34a). in benzene yielded
not only the hydridophenyl compound 6, but the unexpected
(HBPz*3)Rh(CO)(Et)(Ph) (39) in approximately equal amounts. The product
//f\ ratio appeared to be sensitive to the wavelength used.- Experimentation

using other olefin complexes and hydrocarbons suggested that this

\

. kS
combination of C-H activation and olefin insertion 1s not a general.
reaction, but imposes fairly definite requirements on both hydrocarbon

and olefin.

b. Aliphatic
-Photolysis of 1 in purified cyclohexane (CyH) for five minutes

using a N, purge gave complete conversion of 1 to (HBPz*3)Rh(CO)(H)(Cy)
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(17): The N, purge was u@ed during irradiation‘tq’p:evenﬁ back reaction
of 17 with released CO. 1In vie&'of its lability and 11ﬁi£ed stabilityé

4 . - F
17 y35unot isolated but conve;ted by reaction witHﬁCClA to the chloro
derivative (HBPz*é}Rh(CO)(Cl)(Cy)‘(18) for charactepiiation._ The
solutiop of 17 provided a th rmal,squ;ce o£ the reactive intermediate
[(HBP2*3)Rh(C0)] for acLivatTpn of'ofher molgéules, sﬁch[as C6H6, CH,,
Hy, CoH,, CqHg, C-CaHe étc..v

Addifion of benzene to a gyclohexanevsolufion of.17 at 25°C

-

resulted in its quantitative conversien to pheayl hydride (6) within 10
minutes; 17 is a remarkably efficient scavenger for aromatic

hydrocarbons. The'kiﬂetics of this reaction, in conjunction with the
activation parameters of the éxchange reaction of 6 with C6D6’ enébled
an‘eatimate to.be made of the relative‘étpengthS'of Rh-Ph . and Rh—Cyv
bonds in these molec;les. The Rh~Ph bond is strongér by ca. 23 kgal
_mol;l.

The dark reactibﬁ»of CH,, Vith 17 indicaté@ thermal equilibrium

between 17 and (HBPz*3)Rh(CO)(H)(CH3) (19) (eq. 8-1) at room

temperature.

°

(HBP2#3)Rh(CO)(ﬁ)(Cy) + Ch, —> (HBPZ*B)Rh(CO>(H)(CH3) + CyH (8-1)

4 —=

17 19
. H

The equilibrium constant for eq. 8-1 was ca. 190, indicating a
reasonably high equilibrium selectivity favouring the primary'rhodiui—
methyl bond. With the usual assumptions and known bond dissociation

energies involved it was estimated that
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v

D[Rh-Me] - D[Rh-Cy] = 13 kcal mol~l.

This implies, with the previous result, that D[Rh-Ph] - D[Rh-Me] 5:10
kéal,mol—l. | ‘

Compougﬁ 1 also éctivated C-H bqnds of a variety of a;yclig
hydrocarbons such as n-pentane, n-hexane, neohexane and tert-butyl
methyl ethexs. |

As noted earlier, (nZ—HBPz*3)Rh(COj(PMezPh) (4b) activated solvent
-benzene intermolecularly.  However, bhotolysis of 4b in cyclohexané .
resulted in EEEEEmoieCular‘C—H a&tivatidn (orthometallation of the

'bhenyl ring). No intermolecular C-H activation pfoduct was observed in

this case.

c. Olefips and cycloptopane

Phofblysis of 1 in CyH under ethylene and propylene purge gave
(HBPz*3)Rh(C0) (n?~CyH,) (34a) and‘(HBP2*3)Rh(CO)(n2—C3H6) (3ab)
respectively as the final products. 34; was presumed tobfprm via vinyl
hydride (HBPz*3)Rh(CO)(H)(CH=CH2). 34b formed presumably through the
intermediate allylic hydride (%BPZ*&)Rh(CO)(H)(CHZCH=CH2).

Irradiation of 1 in CyR using cyclopropane purge yielded stable ,
isolable rhodacyclbbutane (HBP2*3)(CO)Rh—CH20H2CH2 (45), presume& to be a
rearranged from the initial C-H activation product,

(HBPz*,)Rh(CO)(H)(C,H:). An analogous reaction with methylcyclopropane
3 : “3%5

afforded é mixture of methyl-substituted metallacyclobutanes (46).

3. Thermal C-H activation . k»>.
: ‘ . ‘
1 activated benzene solvent in thé dark forming

3
4
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(HBP2*3)Rﬁ(CO)(H)(CGH5) (6). A reasonable rate was achieved only at
140°C, at which temperature the reaction was complicated by formation of
two binuclear hydfides 9, ;gg. The new olefin complexeé
(nz—HBPz*3)Rh(CO)(nz—olefin) (34a, olefin = CoH,; 34b, olefiq =
CHZCHCH3) activate@ benzene cleanly in tﬁe yields of 90% or more in the
75—105°C range. Activaiion of an aromatic C-H bond by thermal loss of
electron pair donor.ligand is not é common pfocess, and it usually doeé-
ﬁot proceed to a measurable extent unless combined Qith some other
energetically favourable step. The uniqueness of this reaction is that
benzene oxidative'addition alone is enough to drivelthém’to a measuréble
extent. The-energiés‘of'M—H\and M-Ph bonds forméd must compensate for
the M-L' and Ph-H bona; lost in eq. 8-2.

ML L' + Ph-H _dark (ML_(H)(Ph)] + L' ©(8-2)

-

As mentionéd earliar 34a arnd 34b exist in solution as the fou}-

v

coordinaté, lé-electron Rh (I), while there is little question of the

\~ ,\_

triden;ate chéracter of HBPz*3 ligand in the RB (I11) product (6). Thus
in the overail energetics, formatlion of a new Rh—N‘bond partl;*qffset

thé loss of the Rh-olefin bond. This may be a significant fgc}or inhfheb
effeétiveness‘of the trispyraéolylborate system in C;H activation.

* Thermolysis of 34b in c&&iohéxane ét‘7S°C afforded the binuclear’
hydride-bridged species (38), wheye iﬁlramolecular activation of one of
the pyrazole methyl groups had‘occurred. This.iévin constrast to
Cp*Rh(CO),, where generation of the l6-electron fragment, [Cb*Rh(CO)]
led.to the dimer pr*Rh(p-c0)12.3 |

Therﬁolysis of»metallacyclobutane (45) in ‘benzene at 75°C gave
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phenyl hydride (6) in, good yield. Two pathways were involved in the
formation of 6. The major route.involved the inte}mediacy of n2—
prapylene complgx (HBPz*3)Rh(CO)(nz—propflene), 34b, while the second
involved direct reductive elimination of'cyclopropane.
R . _
4. Functionalization using carbon monoxide
Carbonylation of (HBPz*3)Rh(CO)(Et)(Ph) (39) in ﬁexane afforded
maihly (HBPz*;)Rh(COEt)(Ph) (40) as a stable compagnd, while the minon
product was presfmed to be (HBPz*3)Rh(COEt)(COPﬁ) (41). 41 slowly
convertéd in he 2 sqluﬁion at room,&emperature to 40. Transformation
of 40 into pfopiophenone in high yield occurred readily upon treatment
with ZnBrZ. Similarly carbonylation of (HBPz*3)Rh(CO)(Me)(Ph) (9) gave .
(HBPz*3)Rh(COMe)(Ph) (42) as the ﬁajor product._ The minoriproduct was
presumed’to be (HBPz*3)Rh(COMe)(COPh) (43). 42 also reacted with ZnBr2
with the eliminatioﬁ of acetophenone in good yield. '
Carbonylatipn of metallacyclobutane (45) at room tempgratﬁre
yieldedva stable isolable metallacyclopentanone (48). ’Further'
carbohylétion o? this five membered acyl'complek at elevated temperature

resulted in a six membered metallacyclic dione (49).

P
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