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ABSTRACT

The syntheses and reactions of compounds containing the
rhénium group, (n-CSHS)Re(CO)(NO)- have been invgstigated.
A series of stable, isolable complexes were prepared in
which the metal center is'boﬂded to a variety of organic
moleculgs and functional groups. Structyres and stereo-
chemistry have been determined frém infrared and NMR
spectroscopy. |

A number of nucleophiles attack the cation,
T(n- -Cg )Re(CO)z(NO)]BF4 (1) at the carbon of a carbonyl
ligand. Reduction of i‘witheaNaBH4-THF—H20 system afforded
formyl, (n-CSHS)Re(CO)(NO)(CHO)(%), hydroxymethyl (n-C HS)—
Re(CO)(NO)CH OH (3), or methyl (n- C )Re(CO)(NO)CH3 (4)
derlvatlves depending on the stoichiometry and reaction
conditions. All possible reduction steps among l, %, 3
and 4 have been studied individually. Reduction of lz%tth
on’*rgaye the hydroxycarbonyl, (n-C 5Hg) Re (CO) (NO) (COOH) (6)
which was decarbonylated to the hydride, (n-C )Re(CO)(NO)H
(5) - '

The chemistry?of the hydride 5 is dominated by reactions
wﬁich formally involve hydride (H™) abstraction. The
trityl cation.Ph3C+ rédcts with 5 in the presence of dénor
ligands L to give cations of the type [(n—C )Re(CO)(NO)L]
L = CH4CN, THF, Acetone. Reaction of 3, with Ph3c in CH2C12
resulted in formation of [(n-CgHg)Re(CO) (NO)(3,4-n2-CH,-
Cthﬂ)] (13). The coordlnated triphenylmethane of 13 is

~
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displaced by PPh, to giye [(n-CSHS)Re(CO)(NOlSEPh3)]+, and
deprotonated by Et3;N forming (n=CcHg) Re (CO) (NO) (m- and p-
C6H4-CPh2H). The hydride 5 will also react with tropylium
cation, C,H," to form I(n-c H)Re (CO) (NO) (1,2-n?-C JHg) 1%

(18) which was deprotonated to (n-C sH )Re(CO)(NO)(7 nl C7H7)
(22).

Dinuclear complexes [(n-C H )Re(CO)(NO)]z(uz—Br) (;3)
and [(n C H )Re(CO)(NO)]Z(pz—H) (gg) have been prepared
and studied. Deprotonation of 20 afforded the dimer
[ (n- C )Re(CO)(NO)]2 (21), which exists in solution as a
mixture of interconverting structurgs: bridged, nonbridged,
and diastereomers due to éhifality at each metal. |

Cycloheptatrienyl, (n-CgzH,)Re(CO) (NO) (7-n'-c.H ) (22)
and cyclopentadienyl, (n—- C H )Re(CO)(NO)(S-nl—C H ) (235
complexes have been p;epared Electrophilic attack on the
cyclopolyenyl ring gave olefin complexes Such as
[(n-C5Hg) Re (CO) (NO) (1,2-n2-C_#,)1* 18 and [ (n- CSHS)Re(CO) (NO) -
(1,2-n2-C5H6)] (ZZ)' The monohqptocyclopentad1enyl
compound_23-is fluxional and the pathway and stereochemlstry 5;
of the metal migration were studied employing proton NMR

spin saturation transfer experiments.

XN
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This thesis describes the preparation and reacﬁions
of.a series ofrorganorhenium compounds,réll of which
contain (n-CSHS)Re(OO)(NO)—, referred to as "the rhenium
group”. A variety of functional groups and molecules

will bond to this metal center to give stable isolable
'complexes. These compounds and their reactions demonstrate
many of the procesées\central to modern organotransition
metal chemistry. investigation of the rhenium group has
provided a comparison of a wide spectrum of compounds
within the same'metal.system, ah Qpporfunity se}dom
encountered in this field. Before describing the chemist;y
of the rhenium group, a brief discussion of the development'

of organotransitionAmetal chemistry will be presented.

SECTION I
ORGANOTRANSITION METAL CHEMISTRY

The student enﬁering drganotransition methl chemistry
in the 1980's is confrontediwith a bewildering array of
cémpounds and reactions. There is such avvariety of metals,
and an almost endless combinatibn of ligands. At first
sight, the structure and bonding modes.found in many of
these mectal complekes appear to be contrary to the principles .

. \_\ ‘
learned in other branches of chemistry. Sﬁrely a long

time must have been required for the field to reach this



advanced stage of development. This is true, as nearly
150‘yéais have passed since the first teported ofgano-
transition metal complex. And Yet, in this same area |
of study it is the rare compound whose existence spané a
period of o§er 30 years. This paradox is one of the most
important‘gpncepts todays' student need master to fully
ébpreciate;this challenging field.

The first preparation of organotransition metal
complexes was '‘reported by Zeisel in 18?7. The compounds
were efhylene complexes of platinum, (C2H4)PtC12, now
known to be a chloro bridged dimer and K[PtCl3(C2H4)]

commoply xeferred to as Zeise's salt. It was over 50

years befo e next crucial discovery. 1In 1890, Mond2

found th§t~carbonA onoxide would react with finely divided
nickg/ @é\give-a volatile liquid characte#ized as Ni(CO)4,
the %irst\S? the binary carboh&ls.* The properties of
this transiti6n metal compouﬁd must have been v;ry puzzling
to nineteenfh century chemists. ”

At the] turn of the century the dévelopment of

Grignard réagents provided an opportunity to prepare

simple alkyl and aryl derivatives of the transition metals.

und that ¥ransition metal halides did react with
N

Grignard reagents but stable complexes could not be

*
The first transition metal carbonyl, Pt (CO),Cl, had actually
been prepared 20 years earlier by Schutzenberger. ?

e
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isolated. 'As similar reactions with main group metal
-halides had been successful, it was'concluded that transi-
tion\metal carbon bonds were inherently unstable. This
misconception would persist for over 60 years and prove
a major deterent to further studies.*

In the first half of this century eome development
did occur in transition metal carbonyl chemistry. Many
of the binary carbonyls were prepared but in general \
progress was slow. There is one very noteworthy exce?tion
to this statement; the work of W. Hieber...6 ‘Eeginning iﬁ'
the 1930's, this German cheﬁist perfefﬁed experiments
on metal carbonyls which were far ahead of their time.
Hieber and co-workers were responsible for the éreparai
tion of many of the'binary,cerbonyls, including
Rez(CO)io,7 the first carbonyl anions, and the first
carbonyl hydrides. 1In the work of Hieber, one finds
postulation of mechanisms, such as ﬁucleophilic attack
on coordinated carbon'monoxide, which must have appeared
very.specﬁlati‘e at the time but today are widely accepted
processes. ‘\ | |

In 1951, tﬁe first reported preparation of
biscyclopentadienyliron, (n-CgHg) ;Fe appeared in the

literature. This molecule prepared by Kealy and PaUSoﬁa

* 4 ' ‘
In hindsight, during this period evidence for stable
trapsition metal carbon bonds already existed."’S®

{
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is perhaps the single most important discovery in organo-
tranéition metal chemistry. Attempts to describe the
structure of ferrocene in terms of the bonding theories
developing at that time for olefin and carbonyl complekes
led to the concept of the m-acid ligand. The realization
thathligands such as carbon monoxide and m (now
designated n) -cyclopentadienyl have both a sigma and
pi contribution in their bonding to transition metals i
marks the beginning of modefn organotransition metal
chemistry.

| The discovefy of ferrocene was foliowed by the
preparation ‘of the first.ﬁransition metal compounds
containing both n-cyclopentadienyl and carboﬂ'monoxide
groups. The use of a combinatioﬁ of these two ligands
on the same metal, resulted in a virtual explosion in
the number of réported organotransitibn metal complexes.
In the period from the late 1950's to mid 1960's, many
workers, but in particuiar the groups of G. Wilkinson
and E. 0. Fischer developed many of the basic synthetic
methods so important to,orgénotraﬁéition metal chemistry.
The search for new and.imprOVed’synthetic routes remains
today a major theme for new research.

The hext decade was a maturing period for organo-

transition metal chemistry. With a large number ‘of
compounds available fo: study, certain trends began to

appear.- To a degree it became possible to predict the



properties of unknown compounds and design synthetic
routes for their prepafatidn. Struéture and bonding
theories rapidly developed during this period. The
early empirical descriptions of bonding have been refiged
cuiminatinq in the molecular orbital calculations now
. available for many metal syétems. The use of X~ray
structural analysis has proven a valuable tool, particularly
when correlated with spectroscopic methbds. Infrared
and NMk\spectroscopy, fi{gt widely utilized in the
1950's, became indispgns;iae for the characterization of
new products. In the 1até 1960's and early 70?8; many
new ligands and functional groups were introduced.
‘Basic starting materials,i}uch as the binary cérbonyls‘
became commercially available, providing convenient entries
to an otherwise somewhat inaccessible fiela.

It was during the early 1970's that the myth
cohcerning tﬁe inherent instability of transition metal-

3¢9 With the

carbon bonds was finally laid to rest.
widespread us~ of acid ligands in the 1950's,

several compount: e.g., (n-CgHg)Mo(CO);CH,, CH3Mn(CO)5
containing sigmeé -7 bonds had been prepared. It was

assumed that the p-esence of m-acid 1igands stabilized

these complexes allcwing formation of the otherwise

unfavorable hetal-alkyi bonds. As a number of other

transition metal alkyls, some withéﬁz—;:SEiQ\ligands,



appeared in the literature this argument no longer appeared

valid. It became obvious that the lack of metal -alkyl
complexes was due, not to an inherent weakness of the
M-C bond, but to the availability in many cA;es of low
energy pathways to decamposition. Upon recognition of this
property, it was possible to design new synthetic rbutes
and ligands which would block these decomposition path-
ways. The result has been the isolation of a variety of
transition metal alkyl and afyl complexes, some of which
show excellent thermal stability. !

Beginning in the mid-1970's, one éan sense a change
- in the direction of organotransition metal chemistry.
The interest in synthesis, structures, new types of
complexes and the chemistry, pef se remains of éourse
very high. It seems however, that the emphasis foday is
placed on the utilization of new coﬁpounds_and their
relationship talother branches of science. Particularly
important in this respect has beeh the use of meta£
complexes in organic syntheses and of organic reage;ts
in organotransition metai chemistry. The combination
" of thése two interrelated fields of study has been very-
beneficiai)to both disciplines and promises to reﬁain
so in the future. ”

A great influence in modern organotransition metal

chemistry comes from the study of industrial cgtalyﬁic

a
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processes. Isolated organotransition metal compounds can
be ‘used as models to provide infdrmation helpful‘in the
development of metal catalysts for such essential industrial
?proceases as hydroformylation; met;thesis, isomerization
and polymerization of olefins; hydrogenation of alkenes,
alkynes, aromatics, nitrogen, carbon monoxide, and coal;
‘as well as many others. The use of metal complexes them-
selves as homogeneous catalysts and catalytic‘precursors
would be‘preferable in many ways to the present reliance
on heterogeneous systems. Some of the compounds ptepared
in the previous decades are already in use commercia1ly;

. others show promise.

R -

The study of organotfansition metal compounds has
come a long way since the early years of Zeise and Mond. -
This once obscure bfanch of transition metal chemistry
has grown to become a distinct and highly developed
field in its own right. No longer a little known study
of misunderstood coﬁboﬁnds, orgenotransition,metal

chemistry has come of age.



SECTION IT
THE RHENIUM GROUP, (n~CgHc)Re (CO) (NO)-

This section discusses the brief history of the
rhenilm group.' There is very little previously reported
chemistry to be examined. Only two reactions of cdmpounds
containing the rhenium group were known; they are
responsible for initiation of. the present study. 1In
addition, application of the 18-electron rule to
(n—CSHS)Re(CO)(NO)— compounds will be discussed.

The starting material for an investigation of the

o

chemistry of the rhenium group is the cation,

[(n—CSHS)Re(CO)Z(NO);+-

L ‘<:::::::;>’

|
Ro"

oc‘co

This carbonyl cation, [(nLCSHS)Re(CO)Z(NO)][PEGJ was
- first reported in 1968;by E. O. Fischer and H. Strametz.1?
The compound was obtained in 64% yield by reaction of

(n CsHg )Re(CO)3 with NOBSO,, followed by exchange of the

HSO4

counter ion for PF6 [EQ (1)]. Characterization



(n-CgHg)Re(CO) 3 + NOHSO, + NH PFg ——p o
S [ (n-CgHg) Re (CO), (NO) J[PF¢] + CO + NH, HSO,

included infrared and 1

H NMR spectroscopy and elemental
analysis. This reaction [EqQ (1)] occurs with electrophilic
substitution of"3£e of the carbonyl ligands of (n—CSHS)-k
,Re(CO)3 by No+<:\£ke process may proceed by direct attack
of Not at rhenium or byﬂprior dissociation of carbon
monoxide to give coordini%ely unsaturated Qn-CSHS)Re(Co)z.
Fischer and Strametz noted the thermal and oxidétive
stability of [(n—CSHS)Re(CO)z(No)]+ but reported no reactions
of the compound.

In 1971) N. okamoto11 developed an improved prepara-
tion of [(n—CSHS)Re(Co)z(NO)][PFG].' Duriné an exploration
. of new synthetic routes to transition metal nitfosyls,
Okamoto discovered the rhenium cation was conveniently
obtained from react}on of (n-CSHS)Re(CO)3 with ﬁoPF6 in
acetonitrile. A variation of this reaction was used in
the present study to prepare [(n~C5H5)Re(CO)2(NO)]+. It
was found that the yield andrquality of the product coﬁld
be increased‘by thé use of NOBf4 with nitromethane as
- a solvént. The methods used to prepare and purify ‘
[(ﬁ—CSHS)Re(CokﬂNO)][BF4]are described in the experimental
section of Chapter II.

The first and at the beginning of this study, the

only reactions of [(n-CSHS)Re(Co)z'(NO)]+ were reported



in 1972 by Stewart, Okamoto and Graha.m.12

These workers
prepared the corresponding hydride (n—CSHS)ReICO)(NO)H
and methyl (n—CSHS)Re(CO)(NO)CH3 compounds. The hydride

was obtainéd by reaction of [(n-CSHS)Re(CO)z(NO)][PFS]

with Et3N/H20 followed by heating [Eq (2)). The methyl
Et,N/H,0 o
acetone, & (n-CSHs)Re(CO)(NO)H (2)
[ (n-CcH:)Re(CO) ,NO)] * :
33 2 NaBH

4 - -

compound was prepared by reduction qf the carbonyl cation
with NaBH, in anhydrous THF [Eq (3)]. Both of these
neutral prodpcts showed very high thermal and okidative
stability, a property now known to be charaqterisﬁic»of
compounds containing the rhenium groﬁp.

The results of this study were a great surprise to
Gréham and co-workers. The products of these reactions
contrast sharply with those which had previously been
reported for the analogous manganese cation,
[?n—CSHS)Mn(CO)z(NO)]+. Under conditions 51m11ar to
those of Eq_(2)13 or (3) the Mn compound had been shown
to give the dimer [(n—C )Mn(CO)(NO)]2 preSumably by
way of unstable mononuclear species. It was also,knowﬂ13

that the carbonyls of [(n-CSHS)Mn(CO)Z(NO)]+ were readily

displaced thermally by other two electron ligands. No

ll.
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such reaction has ever been reported for [(n- C )Re(CO)2
(NO)]+. These results 1ndlcate the third row metal, Re
greatly enhances the{mal stability and bond strengths

in the (n-CSHS)M(CO)(NO)-system.

A reinvestigation of the feactions shown in Egs (2)
and (3) was the original aim of the present stuay. The
nature of the product‘g formed in these reactions sugaested that
intermediate complexes had been formed. This is particularly
true for the NaBH, reaction where a coordinated Colligand
has been reduced to a methyl group. .After completion of
this initial goal (Chapter II)Iit'became obvious that”a
great deal more chemistry of the rhenium gtoup remained
te be explored. The results of these further stpdiés

are described in Chapters III and V.

A Y

The rhenium group forms catlons of the type % .
[(n-CSH )Re(CO)(NO)L] , where L is a two electron donor
ligand or neutral species, (n-CSH )Re(CO)(NO)R where R
is a one electron ligand. The carbonyl cation 1s an
example of the first group, L = CO; the neutral hydride
and methyl, R = H, Cg3 demonstrate the second. Both (
these formulations cenform to the 18-electron rule, one
of "the fundamental tenets of_orgaﬁotransition metal |

chemistry. T ‘

o
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It has long been noted that'the vast majorlty of
stable transition metal combounds containing ﬂ-aé}d
'ligands~have eighteen bonding electrons about the}metal.
This observation is sufficlently general that it ‘as
. often been used as a guideline totpostulate the number -
of ligande a transition metal will coordinéte and the ij‘
type of bonding the ligands will employ. It is unfortunate
thét the 18-electron rule, also called the Inert Gas or |
Effectlve Atomic Number Rule is even today often presented
as an empirical statement without a theoretlcal explana-
tion. 'This'practice may give the reader the impression
"that, compared to the other elements there is something
unusual about tran51tlon metals. In reality the
18-electron rule is analogous to the octet rule of main
group chemlstry. |

From a molecular orbital v1ew, stable compounds are
those in which the bonding M.0.'s are occupied. If an
element makes use of all its valence orbitals when
formlng a compound, the number of electrons required to
. £i11 the bonding M.0.'s will be equal to_the number of
electrons in the outer shell of the next higher noble
gas. Carbon, for exemple, formsngtablé compounds‘of the
type CR4; wnere-eacth group can be considered a one

electron donor. The four bonding orbitals 6f the carbon

atom can be combined with four orbltals provxded by the



R groups to give a total of eight molecular orbitals.
The four bonding\M.o.'s will be occupied by the four
valence electrons of carbon plus-the”four electrons
provided by the R groups to give an eight electron complex.
The number of electrons available to carbon is the same
as that of the noble gas neon.

The situation is similar for a ‘transition metal but
a Qreater number of orbitals are available for bonding.
Rhenium is a third row transition metal in Group VIIa.

The number of valence shell orbitals on rhenium is nine;

r

lﬂlone 6s, three 6p and five 5d. If rhenium uses all nine

‘Qbrbitals, they will be combined with nine suitable ligand

orbitals to form eighteen molecular orbitals, nine bonding
and nine antibonding. To fill the‘bonding molecular |
orbitals rhenium would form complexes iniwhich there
are eighteen velence electrons. The rhenium atom 1tself
has seven outer shell electrons, the other eleven electrons
must be provided by the llganQS to which the metal is
coordinated | |

The rhenium group (n -CgH )Re(CO)(NO)— contains an.
n-cyclopentadienyl group, one carbonyl and one nitrosyl
ligand. When pi bonded to a transition metal the cyclo-
pentadienyl groub donates five electrons. Carbon nonoxidef
with‘e lorte pair on carbon, donates two, electrons to the
metall The.nitrosyl_group, in compounds of this type,15

\ J

14.
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//;s cong&dered a three-electron donor. The.rhenium group
(n-CgHg)Re(CO) (NO)~ thus has 7 + 5 + 2 + 3 = 17 valence
electrons. Stable compounds are formed, that is all
bsnding orbitals are filled, when this fragment coordinates
a singie one-electron ligand to give neutfal 4 .
(n—CSHS)Re(CO)(NO)R species or one two-electron ligand
to give cations [(n—CSHS)Re(CO)(Nb)L]+. The elecfron

count in each of these formulations is demonstrated below

for [(n-CSHS)Re(CO)z(NO)]+ and [(n-CgHg)Re (CO) (NO)CH,.

+ ‘ '
[(n-CSHS)Re(CO)z(NO)] (n-cSHS)Re(co)(NQ)CH3
Re = Te
Re = Te , “”-CSHS = Se/
n—CSH5 % 5e” o | éo . = 2e
2 xCO = d4e 3 NO = 3e’
NO = 3e ' ' CH, = 1le

18e

19e¢” - le” = 18e Total

The 18-electron rule was initially formulated by =

Sidgwick16 in 1934, after a study of the binary carbonyls.
Few exceptions aré known among compounds containinq.
n-acid ligands. 1In complexés which have only»sigma dbnér
ligands, stable cémplekes with fewer than eightéép.
electrons are often formed due to incompietevﬁse of the
megals‘ valence shell orbitals. ‘A discu;sion of'this "

aspect of the 1l8-electron rule and its relationship to
. /L- ' )

15.
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metal catalysis has been published by Tolman.17 For a

vdiécuséion‘from the molecular orbital viewpoint the

reader is.referred to a 1969 paper by Mitchell and'Parish.%"8
"Electron bookkeeping" can be an invaluable aid when

formulatihg structures for newly prepared compounds.

fAmOng the complexes of the rhenium group there a:e'no

known exceptions to the 18-e1éctron rule. This is notvto

Hsuggest that species with fewer than 18 electrons could

not,bé formed. ﬁény'reactioﬁs of the rhenium group appear

to occur via intermedi?tes which would have 16 elect;ons. .

‘Such intermediateé are expected to bé‘high—ene;gy forms

with limited lifetimes under ordinafy conditions.

16.
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SECTION III

'OPTICAL ISOMERS OF COMPOUNDS

CONTAINING THE RHENIUM GROUP.

The study of optlcal aorivity in transition metal
chemlstry began w1th the resolution of an optlcally actlve,
octahedral complex, [Co(en)z(NH )Cl] (en = ethylene-
diamine) by Werner19 in 1911. Recognitionfof this property
has proven a valuable aid in stereochemlcél studies of
Werner-type metal complexes.20 Optical acolglty in
organotransxtlon metal compounds is aJQPch more recent
‘and less developed subject. _

It was perhaps first pointed out by Hieber21 in 1963
that an organometalllc compound with four different
ligands arranged in a tetrahedral geometry would be
nonsuperlmposable on 1ts mirror lmage. The resolution
of such optical isomers arising from chirality at the metal
centerbwas first accomplished in 1969'.22 The compound
described in this report, [(n-CSHS)Mn(CO)(NO)(PPos)]BF4
has a pseudo-tetrahedral structure and thus e&iétS‘as a
pair of enantiomers. From the time of this initial
discovery a number of papers have appeared documenting
this- type of 1somerlsm with a variety of metal complexes.

Today, chlrallty at the metal center is recognized as a

useful probe for mechanistic studies in organotransition
' %



metal chemistry. -For a sqﬁmary of the historical
development and recent advances in this area the reader
is.referred to a comprehensive 1980 review article by

Brunner. 22

(1) Optical Isomers in Mononuclear Compounds of

the Rhenium Group. The compounds prepared in this

study all contain the rhenium group, (n-CSHS)Re(CO)(NO)-
On coordination of a fourth‘different ligand to the
rhenium group a chiral center is generated at the metal.
Compounds of this type, CpRe(CO)(NO)X, are expected to
have a psegdo-tetrahedral geometry and are thus non-
superimposable on their mirror images.

A compound such as (n C5 5)Re(CO)(NO)H has two

- possible conflguratlons as shown below. These molecules

1 )
i ] '
:‘ [} :
| | E |
‘e
Re ! Re
I/ -. \\
oc” | T | “co
N ; N
(o I , 0
]
[]

are enantiomers, they differ only in‘the arrangement of
the ligands about the metal&center. The enantiomere of
(n-CSHS)Re(CO)(NO)H sﬁduld have identical physieal

properties including their infrared and NMR spectra. They

18.
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would be expected to rotate plane polarized light equally
in opposite directions.

If.ié convenientbto have a notation describing the
configuratibn at the metal cenéer. In this thesis a |
variation of the R/S nomenclatﬁre23 of ofganic chemistry
will be used. The pr;ority of the ligands iﬁ a compound
of the type CpRe(CO) (NO)X, will be defined as CP>NO>CO>X,
reg;rdlgss-o? the nafure of the group X. Positioning a .
structure with the ligand X away from the viewer, the
configuration is R i? the direction on moving from higher

to lower priority among the other groups»is clockwise and

S if the direction is counterclockwise. Use of the R/S

| <>

i
oc” | Nx x,/ i Neo
N N ]
o- o
R 8

ndmenéiayure in this modified manner avoids confusion when
relating the configurations of different compoﬁndé. All
>

: compounds-of the rhenium groﬁp-yith the same 1abe1<have the
same absolute configuration. | |

No attempt has been made to resolve enantiomérs of
compounds~containing the rhenium‘group. However, the
existence of an asymmetric center can be detected in certain

of the mononuclear complexes. On coordination of a ligand

of the type -cnzx’to (n-CgHg) Re (CO) (NO) -, the two R groups
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will be rendered nonequivalent and are said to be diastereo-
topic. Regardless of the rotamer in which<the molecule
resides orrthe speed of rotation about the Re—CRZX bond

the R groups;remain nonequivalent. Diastereotopic R groups
can in some cases be detected by NMR, confirming the presence
of the asymmetrlc metal center. Examples of CpRe(CO)(NO)x
compounds containing diastereotopic groups on the' ligand X

can be found in Chapters II and V.

{2) Optical Isomers in Dinuclear Compounds of the

Rhenium Group. A number ef complexes have been

brepared in‘this study which contain two units of the
Hrhehium group. The presence of two asymmetric. metal
centers gives rise to a mex;mum of four isomers. These
isome;s correspond to permutations of the‘twovpossible
'confiétrations for each rheniumscenter in such a dinuclear
'~ _complex. | .

An example of thls type of 1somerlzatlon is prov1ded
by the dimer, [(n-C Hs)Re(Co)(NO)lzf Thls compound
contains two units of the rhenium group, held together
by a metaiemetal bond. Optical isomers for the cis.
structures of [(n-CSHS)Re(CO)(NO)]2 in yhich the CO and
NO ligands are'terminally bonded are shown ih Scheme 1.
In each of the top structures of Scheme 1, the two metal
centers havevthe same‘configeratioh. There are twof

such isomerg, RR,ahd ss which are.nonsuperimpesabie mirror

images and thus éngntiomera. These isomers, referred



N

to as the active forms, would have the same_ihfrared and NMR

spectra.

¢ f

Scheme 1

- The RS and SR structures of [ (n~C, Hs)Re(CO)(NO)]2
each contain metal centers with the opp051te configura-
tions. In this case the mlrror 1mages are superlmposable,
and thus only one isomer is formed. This isomer, referred

 to ‘as the Meso form, contalns a plape of symmetfy anq is
optically‘inactive. The meso and activerfqrms are .
diastereomers. They are physically‘and chemically

distinct and would have different spectroscopic properties.'
J o ,(: ’

21.
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The lack of optical activif; in the Meso form of
[(n~C H )Re(CO)(NO)]z, is due tola plane of symmetry
which bisects the Re-Re bond and reflects the two ends
of the molecule. If the Meso. form were drawn with a
trans structure, the compound would have a center of
symmetry and again be optically inactive. The presehgs
of these symmetry elemen%s reduces to three the nrl.'r
of optical isomers for [(n -C HS)Re(CO)(NO)]z. A deriv:
tive of the rhenium dlmer in which these symmetry elements
are absent,ufor examble trans—[(n-csﬁs)Re(CQ)(Qoﬂz(uz-H)+
* would have four optical isomers. Such a compound would
exist as two diastereoméf% each compoéed of an enantiomeric
,éair. The dlnuclear derlvatlves of the rhenlum group are

DS

dlscussed in Chapter III. _ ~ —

(3) Optical Isomers with Olefin Complexes. A

[

symmetrlcally substituted olefin, for example ethylene

has D2h symmetry Such a compound.has three mirror .
Planes and a center of symmetry aﬁdris identical to its
mirror image. If a transition metal (M) is éoordinated

to one faée of such an olefin, the.symmetgy of the result-
ﬁing adduct is CZV' The metalfcomplex hés-t@b‘planes of

ifmmetry and is also superimposable on its mirror image.

:
(

4
---“ --'3‘--- "
-

)

%
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C
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1f the\fhenium group were coordinated to a D2h olefin

the resulting complex would have one center of asymmetry

(Re) and exist as two enantiomers.

- '
o i
\'Rlo + -Rle\"'
oc” ’NO T oN” | “co
N 2 T
7N : /'-n""\

s .

A different situation egiéig with an olefin containing
two different groups in a cis configuration and Cq
symmetry. Olefins of this type have a plane of symmetry
and are identical to their mirror images. On coordination
of a metal to one face of such an olefin the mirror plane
is removed and the symmetry reduced to Cl. The metal-
eolefln complex would have an asymmetric structure and form
as a pair of enantlomers.

'
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Coordination of the rhenium group to a double bond
with this type of substitution creates a further center
of asymmetry.* There are two possible diastereomers,

each composed of an enantiomeric pair (Scheme 2). The

Scheme 2:

oc N0

-
<;1>

diastereomers would be chemically and Physically distinct
compoungs with different infrared and NMR spectra. This
type of iéomérism ig encountered with the compounds

‘discussed in Chapters III and V.

-

4

»
i

A similar result has been obtalned w1th a metal group
containing a chiral ligand.? : ‘



'CHAPTER II
THE REDUCTION OF COORDINATED

. CARBON MONOXIDE '

25



SECTION I | " >

INTRODUCTION

A. The Fischer~Tropsch Process

PN

The study of models for catalytic reaction intermediates.

~ has often stimulated the develop*fi;rof new areas of

orgahotransition metal chemistry. om the late 1970's
one of the most active fields of research has involved
readtions in which coordinated ca;bon monoxide is reduced.:
ThgnpreSeQ§ chapter discusses the’reactiéns ofq ’
[(n*CSHS)Re(CO)z(NO)]+ and their felationship to the
catalytic conversion of carbon monoxide and hydrogeh to
hydrocarboné.-‘ | _

As a regsult of the steadf increase in the érice of -
crude oil éince 1973, aﬁdva recognition thé¥ petroleum
resexves are finitej moie attention has fgctéed on coal . - N
as an energy source and a feedstock for chemical;indubtrf. |
Although coal lspﬂ£ntlfUIj§g as yet ieiatively inexpensive,

presents some dlfflCUlt

‘!:
problems.. The burning of coal’ as practlced in the last

its use in the modern worl

century, would‘cause serious environmental damage. There
are a.nhmber:of ec0nomic'barriers, including the cost of
transporting*thisrelatively low efficiency fﬁel, and the -

modification of presently il based sy;Eems to the uae of '1 :

N . S

2
ncoal. A much more attractlve approach,swould be the



conversion of coal into Jiquid products and gas.
Fortunately, the principles of this technologyjalready
exist. .

As long ago as 1869, Berthelotzsperformed the first
experiments on the direct hydrogenation of coal. On an
industrial scale a more feasible approach is the conversion
of coal in the presence of water to a mixture of CO and
H,, ed synthesis gas.  With the aid of certain transij-
tion metal catalysts, synthesis gas can be converted to/

(¢

a liquid product contalnlng alkanes, alkenes, alcohols,
aldehydes, ketones, and acids. . | ' %

The development of the present Process can be traced
to the ploneerlng studies of Flscher and Tropsch who, in
1925 reported? the flrsﬁbcatalyst an 1ron/21nc oxide
system capable of produc1ng predominantly hlgher hydro—
carbons at atmospherlc pressure Today the conversion
of synthesis gas to hydrocarbons is often referred to as
tne Flscher-Tropsch synthesis. Utlllzatlon* of the
Fischer-Tropsch process reached a peak‘in wartime Germany
;and virtually disappeared in the 1950's with the advent
of cheap o0il, coupled with rising coal costs.

The presentﬂwnrld energy crisis has brought.renewed

f oL
ihterest in the production of liquid fuel from coal.

!

*The development of industrial Flscher-Tropsch~cata1ysts has
been extensively: rev1ewed elsewhere. ?®



In recent years, research haé focused on thg development
3% homogeneous Fischer-Tropsch catalysts.* A homogeneous
process should give greatér'product selectivity and
milder reaction conditions; key economic consideratiqns.
The search for such homogeneocus catalysts and model

compounds for mechanistic study, forms an important part
: ,

- of metal carbonyi chemistry today.

'B. Mechanisms of the Fischer-Tropsch Process.

‘) ,

The first step in the Fischer-Trdﬁsch synthesis
< requi;és combustion of a coal-water slurry to generate

|- .
a carbon monoxide-hydrogen mixture, typically ca. 1l:1.

For the production of hydrocarbons and alcohols, a higher
H2:CO ratio is desirable as can be seen from Eg (4) énd

‘ (5)1?
P

n CO + 2nH, f——><CH2)-n + nH,0 : - (4)
t " nco+ (n+l)H, —— H(CHOH) H (5)

e

One'me§§6d of hydrogen enrichment of synthesis gas is

. the water gas shiff‘(WGS) reaction [Eq (6)]

HO+CO‘._-.—__—;H2+COZ (6)

2

To proceed at a reasonable rate, the WGS reaction requirés

" 28.

S

% ¢ . -
.. Por a recent discussion of the search for homogeneous
- Fischer-Tropsch catalyst see reference 29.
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a transition metal catalyst. Following removal of CO2
and othéf impuritieé the hydrogen—rich synthesis gas.is
heated under pressure with transition metal catalysts
to.give a range of organic products depending on the
exact conditions;30

Mechanisms have recently been suggested for both
-the Fischer-Tropch and WGS reactions, based on all the
available data. These reaction schemes include as far
as possible ihtérmediates and reaééions known in the
solution chemistry of discrete transition metal complexes.
This conforms to the view, first suggeSted'by'Nyh_plm,3l
of considering heﬁerogeneous catalysts as comprising
individﬁal acﬁive sites and their coordination chemiStry,
rather than the classicai "active su;faces".

The WGS'réaction is catalytic in the presence of
lbasic aqueous alcoholic solutions of certain transition
metal carbonyls. The sequence shown in SChéhe_.B has

been proposed by R. M. Laine3'2 to account for thé (:?

catalytic conversion of H,0 and CO to H, and CO,.
\

Scheme 3: . S ' . N

e . \

0
O™ + M_(CO)y —> [Ho-!-My(Co)x_l ]

(1) _
' ] _ +H20 _ :
—_— [HMy(CO)x_l ] + cO, —=—> OH + HzMy(CO)X_l

(ii) ' . ' (iii)
. !

+CO
-——-—>MY(CO)X + H,



- The initial step involves nucleophi;ic attack by
‘hydroxide ion (basic éolufion) on coordinated carbon
: ﬁonoxide to give an hydroxycarbonyl'coﬁplex (i). The
‘mefallocarboxylic acid (i) decarboxylates, reieasing
CO, and forming an anionic metal hydride '(ii). The
‘metal hydride (ii) is protonated by another water
molecule giving a dihydride complex (iii) which would
Jbe expected to eliminate hydrogen readily, forming a .
coordinatély unsaturated species'TMy(CO)x_IZ". Attack
by CO on the My(CO)X_l Eomplex régenerates the catalyst
precursor to complete the cycle. 1In basie média one might
'expect the hydroxycérbonyl complex tglexist as the
carboxylate anion, or perhaps as [O_g-My(H)(CO)X;I]-'
As discussed in Section III-B there is some question
as to the mechanism by which metallocarbokjiic acids
decarbbelate. In the present work stable exaﬁples of
some of the species suggested in ;his mechanism have
been prepared and their properties discugsed.

During the past 50 years a numbe; of mechanisms

have been éropqsed for the_Fischer-fropsch'synthesis
dépending on the catalyst used and the produc?s obtained.
More reéentiy attempts have been made to suggest a
unified reaction‘mechanism. An oft quotéd scheme
reported in'1976uby Herrici-olivé and olivé3ois of
pafticular significance to the present work. Afger a“

s

30.



3.
thorough study of reaction conditions, catalysts, and '
product distributions, the mechanism shown in Scheme 4
was proﬁosed. The authors have accoﬁnted for all
primary producté formed in Fischer-Tropsch synthgses
using wherever possible reactions and intermediates

" known from" organotransition metal chemistry.

L 4

Scheme 4:

0 H
co H, i o
H-M ———» H-C-M —=» H-C-M ——» ||— M ———»
b B!
{(iv)- I'(\H

|
H-C-M —» H-C——
T | || T~JHy0
H H H \\\\\:a. H H
—~ \\C5=M —
(v) = g :
H ~ .
co I Hy o
H-C-M ———» H3C-C—M _— H3C—(|2-M —
H o | H
(vi) (vii)
oy 'sz co
H3C-c':—l:l —_— H3C-CH2—M —~— Propagation
" H H '
B~H-
abstraction

H3C-CH20H + H-l"l

-~



. N
Key intermediates in fhis scheme contain coordinated
formyl (iv), hydroxymethyl (v), methyl (vi) and acyl (vii)
ligands.: Model compounds for all these intermediates
have been isolated in the present study. The reactions
and properties of these complexes in relation to previous

studies will now be discussed.

32.



_Section IT

THE REDUCTION OF COORDINATED CARBON MONOXIDE TO

FORMYL, HYDROXYMETHYL AND METHYL LIGANDS
i I

A. Introduction

The stoichiometric reduction of a coordinated carbonyl
to methyl was first demonstrated in 1967 by Treichel

33 phese authors found that treatment of

‘ahd.Shubkin.

[(n=CyHi5) M (PPhy ) (co) 5 *1, where M = Mo or W, with sodium
borohydrlde in anhydrous tetrahydrofuran, gave (n-c )—
M(PPh3)(CO)2CH3 [Eq ( 7)]. The relatively high yields

: , - + NaBH4
» . ’ ( 7 v)
(n-CgHg) M(PPhy) (C°)2CH3 .

M = Mo, W.

(69% for W and 27% for Mo) suggested the methyl ligand
arose from reduction of a ;g¥bonylA§roﬁp. In 1972, Graham
and co-ﬁorkerélz reported a similar reactlon with
[(n-CSHS)Re(CQ)Z(NO)] to give the neutral methyl deriva-
tive again in high yield {50%). It was postulated that
these reactions .occurred with the intermediacy of formYl

and hydroxymethyl complexes [Eq ( 8 )] although no such

i - '
M'-CO ——» M~C-H —» M~CH,OH — M-CH, : (8)



species were isolated. It is notewo;thy tha; the,abover
preparatios called for the use of excess NaBH4 (greater
than three moles); however, no attempts were made to
determine the true stoichiometry.

Tﬁese reactions remained anomalies in the literature,
attfacting little attention, until the late 1970's. At
this time the search for steble, isolable intermediates
»in‘the reduction of «coordinated carbon monoxide began in
earnest.’ fhe.fifstformylcomplex . 7 actually been
reported in 1973 by Collman and Winter. & Treatment of
sodium tetracarbonylferrate, NazFe(C0)4, with acetlc

formic anhydplde,;[Eq { 9)], cleanly afforded the anionic-

S
. - 'H-C-0-C-CH, A L
_Fe(CO)4 . 4='[(CO)4Fe-C—H] (9)
' : | - - ) - ,
[(CO) jFe=C-H]T —=E&—= [(CO) ,Fen] o (20)

/ : e

formyl [(CO) Fecﬁbj“. Although stable in the solid state,
the formyl complex decarbonylated in THF solution,

[Eq (10)],rto give the hydrlde,v[}CO)4FeH] ' (Fl/z‘(25°C)
Z 1?‘days (THF) ). ;In 1976, Collins and_Roper3,5 reported
the first neutral_formyl, Os (CHO)C1(CO) , (PPh,),, obtained
froﬁ hydrolysis of the corresponding thioformyl. The'

. osmium complex also rapldly decomposed 1n solution to

give the hydride. These reports established the\exlstence

34.



- of7formyl'comp1exes, and suggested their”lack of stebility
was due E% a low energy pathway to decomp031tlon (i.e.,
'decarbOKYIation).*

“The preparation ofvformyls by direct reduction of
coordinated carbon monoxide was first reported in 1976
by Casey and Neqﬁdn(37! These authors described a
straightforwardjroute to a wide range of anionic formyls
via the reaction of metal carbonyls with trialkoxyboro-

hydrides [Eq (11)]. ‘There followed a series of papers

[HB(OR) 3]7 + L M(CO) ——=B(OR); + [LyM(CHO)]~ (11)

o —— ,/
. -
1

L = PPh3, P(OPh),, CO; R = CH;, CH(CH;),; M = Fe,

Cr I3 W. * ' . ﬁ

by'va:ious‘workere38ewhich established the above as a
“general reactien/of tfansition metal carbonyls.
iﬁﬁéﬁﬂést majority of these anionicrformyl compledes
rapidly decoﬁpoeevbelow room temperatUre;’and must be
characterized spectroscopicaliy in the presence of boron
bypreducts; Thus; it was not feasible to ‘explore their

role ip carbon monoxide reduction.

*It had long been known that certaln transition metal
hydrides could be prepared by hydridic reduction of
the corresponding carbonyl cations, (e.qg.,
[(n-CsHs)Fe(CO)s]* + NaBH, + (n-CsHs)Fe(CO).H .*¢
At the time (1961) the possibility of a formyl inter-
mediate in reactions of this sort had evidently not
been considered. 1In retrospect, such a reaction may
‘well involve initial formation of a formyl complex,
followed by decarbonylatlon.

3s5.



Hydroxymethyl complexes have proven even more
e1u31ve than formyls. Indeed until the present study,
gome workers39 expressed serious doubts about the
existence of such a complex in‘the stepwise reduction
of cerbon monoxide. Two substituted hydroxymethyl
complexes have been reported, (n-C Hs)(OC) FeC(CF3)20H,40
and the very unstable (0C) MnCH(C )OH, 41 which has
been suggested as a reactlon intermediate. .In 1970, )
the preparation of (n CSHS)Re(CO)(NO)CH OH was clalmed

by Nesmeyanov42 from the reaction of 1.3 moles of NaBH4

J v
with one mole of [(n-C )Re(CO)Z(NO)] in benzene/Hzo.

-~

Identification was made by infrared spectroscopy, and
elemental analysis. Attempts to reproduce this work

43 and in other‘!aboratorle539 44

in the present study™
have been unsuccessful.v It now appears that the original
report was in error. |

| The presentvstudp was undettaken to reinvestigate
the reactions of Nasi, with [(n-C Hs)Re(CO) (No)1* (L)

and to show the existence or nonexlstence of any formyl

% or hydroxymethyl 1 lntermedlates (Scheme 5 ). ‘

B. Reactions of [(n-C.Hg)Re(CO),(NO)]BF, with Sodium

Borohxdride - Preparation-of Formyl, Hydroxymethyl

and Methyl Complexes
_ ———

The reaction of [(n-CSHS)Re(CO)z(NO)] (l) with one

mole of sodium borohydride in the presence of water led

=

36.
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Scheme 5: i o

| @ | |
Re Re H /no\ /n.\ .
oc” 1 co  oc” 'I‘\ﬁ/ oc” |} cH, oc 'lé CH,
o °© o ° o
L 2 3 ‘L
e

to the isolation of a n- ‘trel formyl complei
’(n—CSHS)Re(CO)(NO}CHO (") -n 62% yield. The formyl
compound is an orange, air stable, microcrystalliné' ‘
'solid of rather iOW thermal stability. In the solid
state 2, is stable to ca. -10°C; in dilute solutions a
slow decatbonylation occurs to give (n-CSHS)Re(CO)(NO)H,
améng other products.* |

The identity of 2 was established beinfraréd and
proton NMR spectroscopy. The medium intensity v (CHO)
“gtretch oécurg at 1635 c@fl (hexane), similar to'tha;"

found in transition metal acyl derivatives. The proton

NMR (methylcyclohexane-dl4).shqwed a characteristic

* .
“The decomposition products of 2 are discussed in Section
II-E. ,



AN

low field signal at 16.2 ppm for the“formyl hydrogen.
The thermal instability of the formyl complex prohibited
use of mass spectroscopy and elemental analysis.

Reaction of catioﬁ g‘wifh‘two moles of sodium
borohydride in the presence of water gave the first
authentic transition metal hydroxymethyl-co&plgx,
(n-CgHg) Re (CO) (NO) CH 0K ('3) in 70% yield. The hydroxy-
methyl compound 3 forms as orange, air stable, crystals
which unllke the formyl complex 2 show excellent thermal
stability (Mp 95-96°cC, sealed capillary under NZ)‘

» The infrared and mass speotfa of 3 (see Experimental,
Section II) are totally con51stent with its formulation
aswthe hydroxymethyl compound A satisfactory elemental
analysxs was also obtalned Thé proton NMR of
[(n—C HS)Re(CO)(NO)CH OH (3) is shown in Flgure 1.

?he presernice of an.asymmetrlc metal center renders the
methylene protons nonequivalent. Thus, the proton NMR

was definitive, showing a sharp singlet (5 H).at 5.88 ppm

(n—- C ) and .an ABX pattern for the CHZOH group (6(H ) 5.14,
3 3 2

G(H ) 5.55, .G(Hx) 3.94»ppm, JAX 6.1, JBx 5.5, JAB

9.3 Hz).

The reaction of [(n-CzHg)Re(€O),(N0)]* (1) with one
moZe of sodium borohydrlde under anhydrous condztzona
gave the prev1ously reported12 methyl complex'

(n-CoHe) Re (CO) (NO)CH, (4) in 88% yield. The methyl

L

38.
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compound formed al red crystals exhibiting good air and
thermal stability, MP 75-76°C. The identity of i;wés

established by COmparison of its infrafed, proton NMR

and mass spectra to llteraturekg\}ues.

(.
™~
The orlglnal Stewart Okamato and“ Graham12

)
preparation of illnvolved the use of a large (10 fold) ‘
‘excess ovaaBH4. These conditions result in some product N
.decomposition and left the stoichiohetry of the reaction .

in doubt.: It has noﬁ been established 'that only one

R

mole of NaBH4'is required for complete reduction of the
cationic' carbonyl l to the methyl 4. Use of the proper )

quantlty of borohydrlde also glves a much hlgher yield
\ ;
of (n-C HS)Re(CO)(NO)CH3 (88% versus 50%) ' The reaqtlons

of [(n-C.H 5)Re(CO)z(NO)_] (l) are summarlzed in Scheme 6.
" Y
.

L

Scheme 6 o

3

4 > (n-CgHg)Re (CO) (NO)CHO
2 9
_ 4 2'NaBH4
[(n-CzH:)Re(CO) ., (NO)] : ~v—(n—c H )Re(CO)(NO)-
55 2" H O/THF 595 .
. . o CH,OH
_’1 NaBH4

N=C sH: )Re(CO)(NO)CH
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.C. The Stepwise Reduction of Coordinated Carbon Monoxide

The preparations discussed in Section II-B demonstrat
all the compounds one would expect to obtain from the

hydridic reduction of a coordinated carbon monoxide

[Eq (12)]. fThis is the first instance in which models
H
Re —CO —-—-»Re-C H ——>Re-—CH OH — Re-— CH3 , (12)
o 30,45 N awaug

for all presumed Flscher-Tropsch stages: 0.4 have beeanr’
1sol§ted. In an attempt to better understand the
mechanisms of these reactions and the various mode;;of
reaction exhibited by ﬁdBH4, all the possible reduction
steps among compounds 1, 2, 3 and ilhave beéh§§tudied'
. indi&idually.' If the exact stoichiometry of eagﬁ\\
reduction were to be established,  product losses hadxio
be minimized. Such lqsses would'éccuf due £o product
inspability and preparative workup, For this reason |

- the reduéfion‘prqducgs were monitored by proton NMR;
and yields obtained by integrationivefauslan'intérna;;~
$tandard as outlined in the Experimental. Reactibns%

and yields are summarized in Scheme 7.

o,

™)

DISCUSSION

[*]

The reactions of Scheme 7 show a sharp contrast

in the behaviour of NaBH, under anhydrous and aqueous
_ , _ .

- conditions. 1In anhydrous THF, one mole of sodium

, . ” N _ﬁéégi. 'b‘ ﬁaé%€£*

¥

41.
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Scheme 7: o \

CpRe (CO) (NO)CH, (95%)

25°,
N 60 min 4 ( (13)
'[CpRe(CO)z(NO)] + 1NaBH, ~
1 THF/H,,0 ,
~ 0° CpRe (CO) (NO)CHO (93%)
15 min

2 = ©(14) -

‘o

CpRe (CO) (NO) CH3 (92%)

4 (15)

CpRe (CO) (NO)CHO" + 1NaBH

-3

2 >
~ CpRe (CO) (NO)CH,O0H (94%)

3 (16)

-CpRe (CO) (NO) CH,y (97%)
4 .}17)

CpRe (CO) (NO)CH,OH + 1NaBH ~

3
~ CPRe (CO) (NO)CH, '(88%) -

(18)

4
v
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borohydride is capable of reduciﬁg coordinated carbon
monoxide, formyl or hydroxymethyl ligands to a methyl
group. In the presehce of water each of these reactions

17

proceeds only to the next more reduced state.

(1) Reduction of coo;dihated CoO. pnder anhydrous
conditions [Eq (13)] one mole of NaBH4 reduces coordinatgd
carbon mpnoxide to the methyl group. However, in aqueousv'
solution this same’reaction‘proceeds\only to the formyl
stage [Eq (14)]) . The first step in both thesé reactions

“probably involve$ a one hydride transfer [Eq (l§)] giving

the formyl perhaps as a borane adduct.

o

¢ ' 0:BH

. 3 . .
A i
Re"-co + H-BH, — Re-C-H (19)
8] 1 o -2a | )

e A ~
R N .

" In aqueous solution bofane would uﬁdergo rapid
hydroleis* to poric acid preventing further reduction.
[Eq (14)] and allowing isolation of formyl 2.

Eq (13) suggests that in anhydrous THF the initial

formyl-BH3 adduct gé rearranges';p give ultimately
i “‘.the methyl derivativg 4. The/forané*;édudtion of formyl

. . | \ (o)
2, « similar to the reaction of metai acyls, M-&-CH3

&

R
'with BH,-THF first reported’by Masters46 in 1976. A

3
mechanism [Eq (20)] was suggestéd involving initial

*This is consistent with the observation that the aqueous
reactions of Eq (14), (16) and (18) otcur with gas evolu-
tion, presumably hydrogen. ‘



formation of an acyl—BH3 adduct (viii), which ::arranges

to the borane ester (ix). Masters postulated

‘ O:BH, O-BH |
i BH3 g 3 ] 2
M~C-CH; ——# M-C-CH,—>M-C-CH,  _ (20)

(viii) (ix)

the borane ester-(ix) is aﬁtacked by a second mole of
BH, to give the éthyl complex M—CHz-CH3 and [BH,OBH,].
Obviously the stoichiometry and yield of Eq (13) rule out
this type of meghanisﬁ fbr the‘BH3 reduction of the
formyl 2. | N . |

Borane has béen used extengively in organic chemistry
to reduce aldehydes.47 The‘initial step again -involves
: _formation'of a BH; carbonyl adduct. With aldehydes
this adduct undergoes further reaction to give various'
borane esters [Eq (21)]. |

ﬁ.
nR-C-H + BHy —— (R-CH,-0) BH

(x)

3-n

n=1, 2 or 3.

7

However, this reaction does not proceed to the alkane

R-CH,: rather, hydrolysis of (x) is required giving the

44.

alcohol R-Cﬂzon.‘ Neither of these mechanisms satisfactorily

 explains generation of the methyl 4 in Eq (13).



The resonance forms of (n—CSHS)Re(CO)(NO)CHO (2)
(Scheme 8 ) show a high electron density on oxygen,

suggesting the formyl complex should be a good Lewis base.

Scheme 8:

. : - | T .
After the initial hydride transfer from BH, in Eq (13),
~ the formyl may exist as an adduct 2a ﬁith the Lewis acid
BH3. HYdride transfer as in the reduction of organic

aldehydes would give a borane ester [Eqr(22)].

~ O:BH O-BH " H

_ 3 . 2 A

Re-C-H —— Re-C-H ———>Re-C-H + "HBO" S (22)
2a : 2b
.~ ~

However, unlike the reduction of orgahic aldehydes the

borane ester gh, Eq (22), apparently eliﬁinate; HBO* to
give the methyl complex i. ) 2

* » — A
HBO represents one unit of trimeric boroxine, (HBO)s which
is unstable with respect to diborane and boric oxide."®

N

45.
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'
These reactions [Eqs (13, 14)] provide a remarkable
' example of activation‘of\a ligand on cooraination to a-
‘transition metal. Sodi@? borohydride'will not reduce
 carbon monoxide under ordinary conditions‘g‘and yet

reduction of T(n-CSHS)Re(CO)z(ND)]+ occurs rapidly at

room teﬁperature. Activation in thié case,'consists of
-increaseo positive charge on the carbohyl cérbon due to
|

electron donation to rhenium. Increased .electrophilic

character of the CO ligand promoﬁes hydridic reduction.

(2) Reduction of coordinated formyl. As shown in
Scheme 7 one mole of NaBH4 reduces the formyl ligand
to hydroxymethyl in aqueous.solution [Eq flS)] or to
’methyl [Eq (16)] in anhydrous THF. Itwis informative
" to compare the formyl reactions with borohydride reauction
of an organic aldehyde.

| -Sodium borohydride reacts47 with four‘moiee of

aldehyde as shown in Eq (23). . (‘
N O -

i ' R . - |
4R-C-H + 1NaBH, —» (R-CH,-0) 4BNa . : - (23)

This reactian occurs with four successive hydride transfers
each faster than the previous step. This.obserxgyion is
consistent with the groater hydride donating ability of
alkox&bo;anesﬂaswcompared to boréno itself. When this
reaction io carried out under aqueoué conditions the S ;‘_

product NaB(0-CH,=R), is hydrolyzed to the alcohol



RCH,~-OH and NaB (OH) 4 | | ;

 In contrast to organic aldehydes, thé,formyl.complex
glconsumes‘1 mole of NaBH4. In the presence of_watef the
hydroxymethyl speciés i is formed, under Anhydrousv
condiﬁions the reduction contihues to the méthyl i. IThe
use of lesé than one mole of NaBH , resulfs‘in incomplete
reaction.* Obviousiy_the NaBH4 reductioﬂ of aldehYdes
and transition metal formyls do not occur in the same
manner.

As Suggesﬁéd_by the resonance structure of Scheme 8 -

the formyl cbmplexfz should be susceptible to-nucleophilic
| attack at the -cﬁo carbon. .A reasonable first step in
the réactiéhs'of‘both Eq'(ls) an; (ié) ié'hydr;de attack

at the fb;myl.ligand as shown in Eq (24).

0 - : H ,
o - P ' ,
Re-E—H + H-BH, —-—.>Re-(iZ-O—BH3' ' (24) |
H
2c

"~

In the presence of water the alkoxyborohydride 2c must
be hydrolyzed to the hydroxymethyl complex 3.  This

hydrolysis occurs-at a rate faster than 2¢ can reduce a

*This difference in stoichiometry is further emphasized

by Eq (16). If 4 moles of the rhenium formyl had reacted
with NaBH, the resulting -CH,-OH complex would have been
further reduced to the methyl as shown in Eq (18).

47.



eecond mole of forﬁyl. Perhaps the great bulk of.the
rhenium group prevents the formatlon of a dlalkoxyboro-
hydride species. Under anhydrous condltlons [Eq (15)]
the alkoxybordhydride 29 must rearrange to the methyl

- complex 4. It is difficult tovimagineHa mechanism for
“such a transformation. The reaction of Egs (15) and (16)
. demonstrate the behavioural modlflcatlon often observed
on coordlnatlon of a funct10nal group to a tran51tlon
metal, one of the more 1hterest1ng and useful aepects

of organotransition metal chemistry. i

(3) Reduction of Coordinated Hydroxymethyl. The !

‘reaction of (n-CgHg)Re(CO) (NO)CH,OH (3) with one mole
eleaBH4 gives'under;anhydrous or aqueous eehditions:
the'methyl complex 4 (Scheme 7 ). The reactions of

Eqs (17) and (18) agaln show the contrast between organlc
" finctional group chemistry and organotran81tlonal metal
chemietry. Alcehols'are not generally-reduced by sodlum
'borohydride.47 Certain acidic alcoholsj50 sﬁch as

N methanol do react with NaBH4 [Eq (25)], but these

reactlons occur with deprotonatlon not reduction of the

alcohol.

. - (-4 ’ ) .
NaBH, + MeOH —80°C, [cH,-0-BH,INa + H, ©(25)
Upon cOOrdination to. the rhenium group the -CHZ—OH.

group readily uhdergoes hydroxide displaéement.with

48.
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NaBH This reaction probably involves 'a nucleophilic

4.
_attack by H to displace OH™ [Eq(26)]. This remarkable
change in reactivity from that of'organic alcohols is

Re-CH,OH + 1NaBH, — Re-CH, + NaH3B (OH) (26)

readily rationalized in terms of the resonance forms of

(n-CzHg) Re (CO) (NO)CH,OH (Scheme 9 ).

Scheme 9:. .

| | —
Re e Re Re -
71N ’ Z 1N 5 oc” §en, om
0C” N CH;—OH Oc‘g CH, OH 8
o | o

'Cocrdination‘of -CﬁZOH to fhenium greatly enhances the
‘,partial positive charge on the methylene carboh.bbA |
coordinated-Cszcarbene apecies,'[(n-CSHS)Re(PPh )(NO)CH 1-
BF4 has been prepared in a recent study.-51 This complex’
is readlly attacked by hydride sources to form the methyl
complex 4.' The' presence of. the rhenlum group has actlvated
the- hydroxymethyl ligand towards reduction by hydrldlc

reagents.

49.
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A careful study of the reactions of‘NaBH'4 with
[(n-C Hs)Re(CO)z(NO)] (1) has resulted in isolatlon of i
o complexes containlng coordlnated formyl, hydroxymethyl |
and metpyl ligands. It has been shown that coordinated
carbon,monoxidev[M-C01+ can be reduced as shown in
Eq ( BS’through M-Cdo and .M-CH,OH stages to give M-CH,.
However, previous suggestions33' that formyl and
hydroxymethyl derivatives are intérmediates:in the three
. step eodium borohydride reductiou of [M-CO]+ to M-CH3
" under anhydrous conditions ere imprecise'in an impdrtant
reéSéEtﬁ Such intermediates ate;most ptobably'preeent |
as bdtane adducts or esters [Eq (22)}], differiugffrom
the ff:ee*_fgfmyl or hydroxymethyl compounds which are
,obteined upon‘hydrolysis. Thus, it is noted that the
rate of reaction of pure (n-c )Re(CO)(NO)CHZOH (3)
’1n THF (Scheme 7 , Eq‘(l7)) is qualitatively muc¢h slower
than the.{eduction of cation i’to the‘methyl derivatdue.
1'[Eq (13)]1; hence the hydroxyﬁethyl complex z;as such
caunot be an intermediate in the overall reduction of
CEq (13). o ’ , |

~-

D. Further Comments on the Mechanism of the Fischet-Trgpsoh

sznthesis.'»

The studles on the reactlons of [(n—CSH )Re(CO)z(NO)]
\wzth NaBH4 show that coordlnated carbon monoxide can be

-reduced through formyl and hydroxymethyl stages to a-



.thoroﬁghly studied process.

methyl §roup. These results confirm that the mechanism
for thé Fischer-Tropsch Synthesis described‘in'Section I-B
has invoked }easoﬁablé intermediaf%s for CO reduction.
However, as might be expected from an area of such
intense study, current views as to the mechanism of thév
Fischer~Tropsch synthesis have undergone many changeé
since the beginning of the present study.

Recently, some workers29 have expressed doubts as
to the existen&e of a gsimple metal formyl intermediate
in the cétalytic reduction of carbon monoxide. The first
step of Schéme 4 ', insertion of CO into a metal hydride

bond has been questioned due to lack of a clear example

in organotransition metal chemistry to date. This is

particularly surprising since the corresponding insertion
' ¢

¥,

of °'CO into metal carbon bonds is a well known and

52 Further discussion on'

this subject is beyond the s&ope of the présent,work.
The reader is refefred to a recent review by Masters,29
: AN

although.cautioned that this article may already be.out

of date.

Whatever the role of formyl. complexes in future

mechanisms for Fischer-Tropsch reactions, the study of

. carbon monoxide reduction promises-to remain an integral

part of organotransition metal chemistry throughout the_'

©

1980's.
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E. Studies of [(n-C.H;)Re(CO),(NO)]* by other Workers.

- In the late 1970's many research groups were interested

in the pPreparation of a stable, neutral transition metal ﬁ

formyl complex by reduction of coordinated carbon monotfde

The rhenius

R -r,— R -\

formyl, (n-C HS)Re(CO)(NO)CHO (2) ‘appeared

n 4 %_oandldate. Gré;am and his co-workersl?

hao‘aife&ﬁt ‘i'J;197g, that the carbonyl cation,

[4ﬁ’61;"‘” 3fi;i? +, could be reduced by a hydridel
séhicéf”ﬁ‘ . -;,"‘ ‘ghe.neutral (n-CcH )Re(CO)(NO)X

. derivatives reborted by these workers12 showed excellent
thermal stablllty, a prerequ:slte_for isolation of a
neutrai formyl. Thus, it is not too surprisingythat_
the reduction of the rhenium cation 1 has beeh investigated

- by other research groups, in partrcular those of cC. P. Casey

A at wlscons1n and J. A. Gladysz at University of Callforn1a~

Y Los Angeles. -~
' The formyl complex 2 was reported by both Casey53-‘
and Glady_sz39 from reaction of [(n~C HS)Re(CO)Z(NO)] (1)
Qito lithium trlethylborohydrlde; Prepared in this manner
the formyl was obtalned as an impure 011 due no doubt
to the presence of trxethylborane. aoth authors explored
~ the further_reductron of the formyl complex. It was
shown that reaction of.z'With BH, -THF does,ihoeed give.
(n=C5Hs)Re(CO) (NO)CH, (4) as suggested in Eq (22) of

Sectiop II-C. The reaction of the formyl'complex Z‘with'j

) . T
» . bt S
N . . b7 &) .
S [ ol
. - ' . N Al

..
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LiHBEt3 surprisingly gave hydride attack at the carbonyl

ligand, genérating~an anionic bisformyl complex,

(n-CgH )Re (CO} (NO)CHO + HBEt. —m——»
> 3 (27

(n- C.H )Re(NO)(CHO)z" +’Bmt3

fJEq (27)]. This contrasts sharply with the reaction of .

E‘with NaBH4 shown in Scheme 7 , wherein hydride aéfack

39

occurs at the formyl ligand. Gladysz~~ reported the

phosphine'Subétituted formYl, “(n-C Hs)Re(PPh )(NO)CHO

from LlHBEt3 reductlon of [(n-c )Re(PPh )(NO)(CO)]

This new formyl complex showed greatly enhanced thermal

stability, allowing the first x—ray‘studys4 of a, formyl

complex. The structural determlnatlon of (n-C Hs)Re(PPh )—
A .

(NO) CHO, showed an unusually short Re-C formyl bond,_

suggesting Slgn1f10§§t contribution from the carbgne

“e

‘canonical form (xi).

53.



Casey~rebogted55 a study on the decomposition products

of 2. As stated in Section II-B, the formyl complex

. r . ‘
decarbonylates in dilute solutions to-give (n-C HS)Re(CO)- )

(NO)H. However, as a neat oil the formyl undergoes a
condensation reaction glving a dimerlc metalloester

[Eq (28)].‘,Hydrolyals of this metalloester prov1ded1

—

’
N a

| |-, S | . | (28)
/’WF\~CIJ' — ,/l \\ s N //| \\

N . -
F RS

Lo:n

Casey with a route (albeit a difficult one) to the

) ) W
"~ hydroxymethyl species, (n—CSHs)Re(co)(NO)CHZOH (3).

.
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SECTIQN- III

THE REDUCTION OF COORDINATED CARBON MONOXIDE TO

THE HYDROXYCARBONYL LIGAND

"A. Introduction

As outlined in Section I-3, hydrogycarbonyl complexes
h-ve recently attracted much interest as possible inter-
mediates in the-Water-Gas Shift reaction. Despite ‘ .
%dpense study, few examples of stablev isolable compounds
4 have yet been found. The first mention of a metal complex S
containing thexfCOOH llgand comes.from.the early‘wo:k
. 6 .

of'Hieber in 1933. Alkali treatment of iron -penta-

»,ceibohyl solutions we}e-reported.to give Coz“evolution

'“the correspondlng hydrlde anion [Eq (29)1]1. Hleber

S 2 + €O,
. 7

. : o - \ , (29)i

‘oé of an hydroxycarbonyl 1ntermed1ate.' Thls metL has Aﬁl - e

: /1“ w .
aince"been used -to prepare a number of tran51t10n etal e

e hydrldes.57‘i . f ’-" A - e

The fert stable hydroxymethyl complex (or metallo—

carboxyllc ac1d) ‘was obtalned by reductlon of coordinated

250

: carbon monoxide w;th water. In 1969, Deemlng and Shawsa‘
e reporte&*the reactlons shown in Eq (30). . This work first
P, . e :
we : : A -
Z 1 & ¥, B 3 a
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demonstrated what now appears to be a general reaction
= . Et.0 o
Ir(L),C1,(c0)," + Hy0" ———2———> IT (L) ,C14(CO) COOH *(30)

- HCl/CHCl3 ~.

L = PMe,Ph, AsMeZPh

of metallocarboxylic acids. Upon ac1d1flcatlon, ‘water

-

is lost to regenerate the correspondlng carbonyl
(MCOOH + H - M-CO + H O) In agreement with Hieber' s’
postulated mechanlsm, the new complexes readlly |
decarboxylated thermally to cive the 1r1d1um hydrldes,‘
Ir(L) ,Cl, (CO)H. -

At the tlme of the present work, the only o’her
stable hydroxycatbonyl was a platlnum complex reported
in 1973 by Appleton- and Bennett59 [Eq (31)] v gwfigf.'

~ - ) s

P ) ‘R P 7 . o
N, 7 _25°/1 dtm_| $\\ ///

/)/Pt\\\ “+  CO : - /// © (31)
o2 © CH,Cl, -
- . 272 P \\\cooH
P-p = 1,2~ bls(dlphenylphosphlno)ethane or "dlphOS"
LS “ ol o g
CH3, cyclohexenyl. - .'4ﬂ?%f ‘ b C e

V*f_ Thls 1nterest1ng reactlon appears to 1gyolve carbonyl

/-’ :
1nsertlon into a Pt-o bond under extremely mild condltlons.

A

In 1972 (n-c H )Re(CO)(NO)H 6»5) was preparéd by - |

thms research group.12 The hydrlde was- obtalned on

-l t;eatment of the cationic carbonyl [(n-CSHS)Re?CO)Q(NO)l

(1) with base in acetone followed by a l hr reflux.



TheAauthorsdpostuieted the“intermediae§ of a metallo-
carboxylic acid, (n—C )Re(CO)(NO)COOH (6) ., alrhough

wi;/ they did nour&ttempt to-iso}ate such a compound [Eq (32)].

¥+

?

<=

A : Re (32)
50°/1he - oc/|_\H

0oz

_\The-present.interest iu’transition metal hydroxycarbonyl

A speczes prompted a relnvestlgatlon of this reactlon... L

The known propertles12 of (n—c H5)Re(CO)(NO)X derlvatlves

suggested 6 if it vould be 1solated _might show good
‘thermal stability. The resultg of this study are

described in the following section.

B. Results and DiscusSion" ._d;. A o B -
Co B ; . [ L
(l) Preparation of (n-C.Hg)Re(CO) (NO)B (5). The

12

orlglnal preparaizon of (n-—C5 5)Re(CO)(NO)H (5) gave

the hydrlde‘as an orange oil 1n*60% ylelda Oon repeatlng
'this reactlon w1th careful product recovery it was
L p0851b1e to increase the yleld to . 93%. Very slow cool-

ing of a saturated pentane solution gave the hydride

- W7y o
'g{" Qé'as erapge, aircatable crystals. The very low melting . ;f§¥g'

point (30. 5—31°G¥’of the: hydrlde accounts for its . Ty o

v

°

Yy 3
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original report as a liquid. The hydride was identified

. - ' l. . “’ ‘I:~ ,?1
by comparison of its infrared, proton NMR and mass -*e
12

0‘:'3-‘ Pl

1

o R
The proton NMR ah .

a characteristic60 transition- metal hydrlde peak at”

- Bpectra to litera v~ ralues,

~-8.50 ppm. It was of interest to determine the Re=H
stretching frequency. Although no . sultable band was

observed in the infrared, the Raman spectrum of 3, shows

a peak at 2050 cm -1 tentatlvely a381gned to v (Re~H) .

This was conflrmed by preparatlon* of (n-CSH )Re(CO)(NO)D e

(1) which showed v(Re=D) at 1465 em™* (v (Re-H) /v (Re-p =

1.41) Tﬁé remarkable thermal stability of 2 BUggestsgy-l

an unusually high Re-H bond strength. This iSICertJEnly
not reflected in the value of v(Re-H), which is similar
to other tran51t10n metal hyer.des,61 some of much lower
stability. ’ |
| B
The Properties and reactions of (n-C HSQRe(Co)(NO)H

» (5) are further dlscussed in Chapter Qi}

-

- (2) Preparation and Reactions of (n-C H )Re(CO)(NO)COOH

-~

6). When (n C5H5)Re(CO)(NO)H (5) was prepared as
descrlbed in the Experlmental, it was noted that addltlon
of Et3N ‘to a yellow solutlon of [(n—c Hs)Re(CO) (NO)]

(l) in acetone/H o produced an orange color. If the

reactlon is stopped at thls stage no hydrlde can be

(n—Csns)Re(CO)(NO)D (1) was obtained'using'the'procedure
for the preparation of the hydride 5 in D20/acetone-q;.

'3

H
r r‘:
: .'4'.-"

by
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arecovered,b It was felt that this orange color might'be
due to an hydroxycarbonyl species, which in excess base
‘would exist as the carboxylate anion. To isolate
(n—Csﬁs)vRe(CO) (NO)CconH (§) ’it would ' be necessary to avoid

excess base. This was accomplished by adding base
&

(Et3N or NaOH) to [(n=C HS)Re(CO)z(NO)] in aqueoue- -

solutlon. As the hydroxycarbonyl forms 1t prec;p;tates*

]

as analytlcallf pPure, yellow mlcrocrystals. ,';5-,,-;5

~a ¥

The metallocarboxyllc acid 6, shows good alnL&hd
1' ‘ ‘
thermal stability, slowly decomposlng at ;90°C. The* ;.{3*«“"
» TN
compound was 1dent1f1ed by elemental analys1s, and

infrared,. proton NMR and mass spectfa. The v(OH) and

v (COOH) stretchlng frequenc1ts were locatgg.at 2960 (br s)

and 1631 (m) cm l, respectlvety The protqiayMR shows

a broad peak at 9% 47 ppm (CD Cl ) assigned to’ the -COOH

p;oton. The acid proton readily exchanges w1th added

D0. . - | |
‘The reaction of [(n-C5 S)Re(CO)Z(NO)] (1) with

base is very similar to its reductlon with NaBH4, discussed

in Sectlon III-C. Both reactions occur with reductlon -of

ke
coordinated carbon monoxide by nucleophilic attack on the
T d
carbonyl carban Thls process is asslsted by creatlon of
9
a positive charge at carbon, due to coordlnatlon'to'the

rhenium group. 1If oneggo ligand of 1, iS‘reﬁiaced by a

*® >
If one continues to add excess base in this reaction,. 6,
redissolves to give a red solutlon, presumably of the
carboxylate anion. ~

o

Y 2
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‘phosphine, * the resulting cations are resistant to base
attack. The' greater smgma donor abillty of phosphlnes
promotes more back donation. to the remalnlng CO of
[(n-C.H S)Re(LNCOHNO)] reducing the-partial positive
charge at carbon and preventing nucleophillc attack by
OH . similar behav1our¥§n%‘?ﬁcently been reported by
'Pett1t62 for the blsphosphlne complex [(n-C Hs)Fe(L )(CO)]
L2 = diphos. -

The reactlons of 6 are characterlzed by its amphoterlc

nature as shown in [Eq (33)]

oc” l° o o ol [N T OC(’I\ }) ”(.33)

]

. () o O O \ o O
L s - 6a
| - N\ |

-~ .

. N‘i?é“ B . .
’“xisajl The adgltion of EtaN to D o/acetone-d6 solution

freaults in tﬁ;#dxsappearance of the peak at 5.96 for 6
SO 'ﬁ'"' ’ n,_. o v
}*%and the appearanqe of a new (n-c5 5) peak at 5. 76 ppm

Q

2
-1'3;/ ;
v

- o g
i . . -

Preparation of the phosphine cations, [(n-CsHS)Re(L)(COy- _
(NO)] i L= PPh,, P(CH,)zPh is degcrlbed in Chapter III.



.assigned to the_carboxylate_anion*u(ga); .In the ptesencel”'

of'strdng‘acids 1iké HBF4/Et20, (n-CSHS)Re(CO)(NO)COOﬁ,
 (£) is protongged to regenerate the carbonyl cation 2.
The amphoteric properties of metallocarboxylic acids

hgve fecently been explored by fettitsz with (n-éSHS);

Ee(L)2COQ§, (L = CoO, phosphines) derivatives.

(3) Decarboxylation studies on (n=CcH) Re (CO) (NO) COOH

{6). Once the hydroxycarBonyl 6 had been isolated
it was possible to test its intermediacy12 in the-
preparatlon of (n-C5 5)Re(CO)(NO)H (5). When (n-c )-
Re (CO) (NO) COOH (6) is subjected to the condltlons of
the hydrlde preparatlon, it reacts to give only
(n-C HS)Re(CO)(HO)H (>90% y1e§§%, This is consistent

w1th formatlon of 5 by thermaliﬁecarboxylatlon of thg
| hydroxycarbonyl. Howeverﬂ if 6>1s heatedlln acetone/ﬁzok'
_}(no Et N) for 1!5 hrs, only traces of 5 are formed.“ This
suggests decarboxylatlon occurs not from 6, but rather

by CO, loss from-the correspondlng carboxylate anion ga.

12

2‘.
' The original mechanism proposed by Graham, et al.

should include a aeprotonation step»[Eq (34)]. _~/)

-

61.
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-.These resuits contrast sharply with those recently’
reported by Pettit62 for ‘the hydroxycarbonyl (n-c 5)
Fe(CO)(PPh )COOH. It was found that the 1ron metallo—
carboxylic aCid rapidly loses CO2 on heating, while the
corresponding potaSSium salt was stable to 100°C. It
'v is not immediately obvious what factors determine this

difference in the route of decarboxylation for the iron

“and rhenium compounds.

Metallocarboxylic acids have been postulated as

f'reaction intermediates* ‘for nearly 50 years, and yet

In addition to the Water-Gas Shift reaction, metallo-

carboxylic acids have been invoked as intermediates in a
- number of catalytic and stoichiometric reactions. For a
- recent discussion see reference 29..



'rearrangement., In the case of hydroxycarbonyl complexes

P
{
3 ! . -

.\' .

until 1969 no stable examples‘were known. "This could
have implied an inh ren instablllty of the M-COOH moelty.

The work discussed above suggests that 1ack of metallo-

carboxylic acids‘is due hot"to an inherent weakness of
the metal caxbon bond' ‘rather as w1th metal formyl

complexes it is because of a low energy pathway to

this pathway is faclle decarboxylatlon.

63.



.SECTION IV

REACTIONS OF [(n-CgHg) Re (CO)Z(NO)]+ WITH OTHER

' NUCLEOPHILES

-A. Introduction

Some of the earliest exainples63 of reduction of
coordinated carbon monoxide were provided by reaction of

.
metal carbonyls with alkylpanions [Eq (35)].
. | . ? . .
L M-co™ + r” ——[L M-C-g] P"1)* ~ (35)
This very general reaction in&olves the addition of a

carbanion to a CO iigand at carbon which,'relative to

oxygen 1s the more p051t1vely charged site. If the

Astartlng metal carbonyl is catlonlc (n = 1), the Product -

is a neutral acyl complex, L M-g-R. ‘Neutral carbonyl

substrates (n = 0), give acylate anlons, [LlM-g R]

» wh1ch~a;e precursors to. carbene complexes.64 o

An interesting exten91on of Eq (35), was reported
in 1976 by Graham and co--workers.65 Thls study produced

the fert tran81t10n metal 811yacyls [Eq (36)] This

» P—pP = diphOé.

‘\ } N
N o8 | | ' _ Ph381\\>4p
. f p, ¥ ' f;//,p
R ) N N U B
o c o o~ C
o. .- o)
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particular rhenium cation was chosen for the known stability
of its dériVatives; Even 8o, réaotions with other group
IVA anions (Ph3Ge-, Ph3Sn-) gave only toe/deca;bonylation
products,'Re(diphos)(c0)3gph$ (E = Ge, sn).56

Transition metal acyl complexes are impo;tant’inter~
umediafes in a variety of re&ctions, and‘as such they
.have.received much study.sz'67 ‘Récently, renewed interest.
in acyls has arisen‘dpq to their use as models for chain
’ extensibn sﬁeps ksee Scheme 4 ) io hydrocarbon production
‘with transition metal catalysts. The availability of
a suitable carbonylvcation, [(n-CSHS)Re(CO);(No)]+ (L)
provided an oéportunity to explore the above }eactionsi

Iﬁ,was hoped that the high thermal'stability of

v

'(n-Cs 5)Re(CO)(NO)X species would allow isolation of a

variety of group IVA acyls. .

B. Results and Discussion’ -

_ Addltlon of methyillthlum to a THF suspension of
[(n—C H5)Re(co) (NO)] BF (1) at -78°C-gave a dark red
solution from'whloh could be isolated, by chromatography,
the methyl acyl (n—C'HS)Re(CO)(NO)C(O)CHg (8). The
‘complex formed as yellow, ,air and thermally stable
crystals in 31% yield. Tﬁg acyl was characterlzed by
' 1nfrared, proton NMR and mass spectroscopy The IR

Tl (hexane) typical of trénsition

shows abband at 1628 cm’
o eyidehce‘was'found.in this reaction for

B




the methyl complex 4 the decarbonylation product of 8.
‘This suggests that the relatively low yield of 8 was
due to difficulties encountered in carrylng out”the
reaction add‘in product recovery; not decompoéition of
the acyl. |

A silyacyl derivative,'ifrit;could be formed and
isolated, might be exbected to show similar stability
to that of 8. However, in numérous attempts'to'preparé
b(n -CgH )Re(CO)(NO)C(O)Slph3 from reaction of/Ph381L1

with 1, only spectroscopic ov1dence for the~31lyacyI

was obtained (IR (THFY): 198%(s), 17'29(s),

vProt@ NMR (THF-dg) 5. 25(s), 7.3(m) -ppm . B
811yacyl was formed in this reactlon it d1d not o
decarbonylate to (n-c )Re(CO)(NO)Slph3 All attempts
t@ purlfy the compound resulted 4in decomp051tlon to

b4 & R a
.

non-carbonyl contalnlng products.

66.
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- SECTION V

e EXPERIMENTAL

All reactions and manipulations were carried out
under a nitrogen atmosphere using standard Schlenk

techniques. Chromatography was performed under a

- nitrogen blanket with degassed solvents and supports. .

Most of the compounds prepared in this work do show
oxygen sensitivity, particularly in solution; however‘
all can be handled for brief periods in *™e air. .

Solvents.were'distilled‘urder nitrogep from the
following drying_agents- pentanes, hexanes and benzene
from CaH2 CH2C12 and acetonltrrle from onsf TﬁF fromu
potassium/benzophenone; nitromethane from‘caclz; acetone
from Drlerlte, anhydrous ether was used as obtalned from
Malllnckrodt Chemical Works.,

(n-C )Re(CO)B«was prepared by llterature methods.68
All other reagents were purchased from commerc1al suppllers

and used as obtalned. | _ . o ~

Infrared spectra were recorded u51ng a’ N1colet MX-1

,gT IR Spectrometer in 0 5 mm NaCl cells unless otherw1se

noted.. . Raman - spectra were obtained with a Beckman: Modelv

700 Laser Raman 5pectr0meter (Krypton Laser operating at

‘6471 A) Mass spectra were measured u51ng ‘an Assoc1ated

Electronics Industrles M5—12 Massg Spectrometerﬂcoupled-

67.



with a Nova~3 computer employing D5 -50. software. All

NMR specé;a were recorded unless otherWise noted at

Jambient temperature/using’Bruker WH-200 or WH-400. FT
i NMR. . Melting points were determined using a microscope

equipped with a Kofler hot’stager M‘croanalysesvwere

performed by the microanalytical laboratory of thlS

department. | ' , —

T : . -
Preparation ofv(n*CéHS)Re(CQ),XNO)BFI;-' _ ///
. . *\\;_)/ :

N1trosoniumtetrafluoroborate (0 70 g, 6.00. mmol)

in 30 mL of nitromethane was added dropwise to

at -lS?C over a period of 1 hr. The.solution gradually
. becameuiight yellom.‘ ihe reaction was warmed to room

temperature and the eolvent removed under'reduced~
'?reesurei The residue was dissolved in the minimum
volume of acetone, decolorized w1th charcoal filtered

and prec1pitated w1th ether to give lemon yellow micro-

o grystals, 2.30 g, 91% yield.

' Characterization: IR (CH2012) 2115(s), 2060(s), v(CO);
1813(s) om 1

Anal. calcd for C,HzReO,NBF: ¢, 19.82; H, 1.19; N,

. V(NO). Proton 'NMR (CD,Cl,) & 6.36 ppm.

3.30. Found: C, 19.85; H, 1.15; N, 3.37.

. .'(.

(n-C )Re(CO)3 (2.00 g, 5 ‘96 mmol) in 30 mL of CH3 2



y v(NO);“1630(m) cm-l, v(CHo). Proton NMR (methylcyclo- ‘ - 1

S Preparation of (n-C=H=)Re(CO)(NQ)CH OH. . , : , ‘ j

~ “Thise initial extracts contain tfaces of, (H‘Csns)Re(CO)- o i

(n~C585)Re(C0) (NQ)BF4 (0.5 g, 1/18£%m01) in 5 m p;/of
-]
~Hzo at\o C over the course of 0. 5 hﬁg; The ini

. (n-c HS)Re(CO) (NO)BP4 (0.500 9, 1. 18 mmol) in 5 mL of A

,resulting orange -olution was warmed to room temperature

<<<<<

of Hzo was added dropwise to a sf?{rred solution of 3

1 yellowqir"

solution -turned orange and ‘an onange prec1pitate appeared.
e
After addition of the NaBH4, the suspenseon was extracted W}_; %%n

with 3 x 20 mL of hexane and tﬂese initial extracts

~.

discarded * The aqueous suspension was .then extracted

with additional hexane (7 x 20 mL) and the extracts\

_combaned. c°oling the hexane solutlon to -78°C affords

the formyl complex as an orange, . mlcrocrystalllne solld,
J .

0.25 g, 62% yield. L S

~

Characterization: IR’ (hexane) 1999(s), v(CO); 1731(s), .

hexane-d 4) § 5.51 (SH), 16. 2 (IH) ppm

A solutlon of NaBH4 (0.090 g, 2.36 mmol) in 5 mL

of H20 was added dropwise to a stlrred solution of

820 and 5 mL of tetrahydrofuran (THF) at 0°C. The

/.. . . P . ) - . |

(NO)CH, in addition to the formyl canpo

A

l



and extracted with 3 x 7 mL of C52Cl The addition‘5$‘ érz‘jing
Lzhexane to the comblned organic layers at'-40°c gave anug

»yorange solid. Recrystallizatlon from CHzclz/hexane at

-20°c gave the hydroxymethyl compound ad?orapge crystals,
2 K
:0.279 g, 70% yield, MP 95 96°C-. T '

Characterlzation- IR (THF) 3460(5 br), v(OH); 1953(3),
l, v(No) 'Mass spectrum, 70°C/16 ev. ..

q-/"

[CpRe (CO) (NO)CH,, OH] [CpRe(NO)CH‘OH]+ VICﬁRe(CO)CH om1*,

v (CO); 1695(s) cm

[CPReCH,OH]*. -Proton, NMR (DMSO~d.) 4 5.88 RELk lines -

. of an ABX pattern (cn H OH ) ‘at 5.55 1w, 5 15 (1n)

. .o <. " fj .
| and 3.94 (18) ppms Z'Ax 6. f 35 Tgx 5 5, 2; Yo 3H.
. : ° R - " £ ) ’{
Qsanq;. calcd for C3H8Re03N.‘ c, 24,85 H,.ZQ. PNy 4d2. ot
Found: C, 24.85; Hm2.36; N, 32915 0 0 T

q

.n . . = ] _._"‘ r;,h‘ . ’ o i
Preparation of (n<Tqg LBeﬁCd)(NO)CHé;

&

L
C i
/'. N E

9

-

o\ suspensioﬁ?of Nagﬁ;'(0.645¥g, l.lBﬁﬁmol)‘eﬁd
(n—éSHS)Re(CO)'(No)BF4 (0.50 g, 1.18 fmol) invzs mL. of

THF was stirred for-1l.5 hrs at 25°C. Tﬁe resultlng red,»' 5
solutlon was flltered and the THF removed under reduced a
pressure. -The solid residue was extracted w1th hexane;
\flltered, and slowly cooled to —40°C to glve the methyl.
compound as red crystals, 0. 336 g, 88%. yleld, MP 75~ 76°C.

Characterlzation. IR (hexane) 1970(8), v(COﬁ,.l715(s)

,“cm°;, Q(No) Mass spectrum, 60°C/14 eV, [CPRe(CO)(NO)CH3]+
‘ N I L .= ? :
\[CpRe(NO)CB 1 [CPReGB3] Proton NMR (CD,Cl,) & 5.62(5H), ’

o

0. 92 (3n) ppm.



%

‘N

-
'u‘ s

71l

..5’;

CpRe(CO)(NO)CH OH (31 .
ra

¢
~{

'J.‘he st‘gpﬁse reduction of coordinated carbon monoxlde,
. . Ty
l’lydroxyrnethyl llgands
" The ?follow:mg react:.ons ( 1 ) to ( 7)  have been carrled
- u\" C L ’
';P'fﬁgnd the y:n.eld determined by NMR as explalned below.
!l .. 1y : .
p ’a . o _ ‘ e . (
: . : %;' CpRE(CO)(NO)CH x;)
et d o (95%)» o
”’[CpRe(CO) (NO’)] +- 1NaBH ,
2 N 4\ 01‘-' !
¥ o .?'o ”'ﬁ; -
b, i ;

B ,:P)- .

(9a%)“ s
o - i
@ G ' ;’) - .
. CPRe{(CO) (NO)CH, ~ (4)
(. o ' ’
- (92%) ' .
CpRe (CO) (NO)CHO- + 1N&BH, T T ‘
o | CpRe(CO)(NO)CH OH (5) ..
ST . 0°c, - e
- R PO AP
- > ‘CPRe((CO) (NO)CH;  (6)

P L o : .
CpRe (CO) (NO) CH,OH + 1NaBH, - !
RN , L I

- CPRe(CO) (NO)CH - (7).

I . (sat) '

L . .

~



.substrate (0. 25 mmol) were st:.rred in 5 mL of THF at

. a .
Reactions 1 and 6:

g ; ® P
y Sodlum’borohydride (D 25 mmol)'and the r@niume

-1

)

.room temperattﬂ'e.‘ When the reactlon was complete, the

o

“ +

-

total vélweJ of THF wa-s *“easured, an alJ.quot was . removed '

hl'j .
and the Tm‘. evaporated.' * om thlb»dallquot under reduced

pressure.y Thls’ re81d T . ken up «in THF—dB, the H.

A,

o _ NMR obtaine&, and the )f e{d def:ermnfed by inmratl@
L vgé‘i‘fts added/ benzeri% \Q: o _'ai ) ; o i
~Rea3ttions'" 2, 3Aa'n§-‘7~:v R @Z‘% & o é; L ‘k‘
' w L. &N Y - e

- ' ,So@:.u% borohyd.rlde (0.25° mmol) in*3- mL of gzo was «

' added dropwase to the rhenlum substrate "fo 25 mmol)&

“wi

CHZClzg and the total volume of the extracts ,

measured.._ An allquot was removed and tﬁﬁ so;Wents

evaporated at -30°C under reduced pregsure. ‘The' resldue

. was dissolved in TgF-ds, the H NMR obtamed, and the

yield calculated veraus added benzene.

Reactlonsv4_and 5, |

. _ o ’ ! o S o .
« In these reactlons the thermal stabillty of the . _, 

‘ “formyl complex. (n-CSH )Re(CO) (NO)CHO required that the

"quantity of thlB reagent f:Lrst be determined’by la NMR. .

-

1, .

. ¥ .
3 mL of HZO and 3 mL of THF, ag: the spec1f1ed temperature. v,
vAfﬁ“the r%actlon was ¢ te the solutlon was extracted
- ) G



B ¢
‘

After calculating the 9 ty'.-‘of» the go ' compound‘

‘was added and ?he
reactions and yield calculations carried out as described
g - : o ‘ . o
K] &ibveo ! “ ‘ . R ' ’ ’ . s e .

‘present; one equliva'l*énty g

! . )

P’i’:eparation of (n-ngg)Re(CO) (NO) COOH.

1

Y '

_ ) Triethylamz.ne was added dropw:.se to a sdlution of , g
(n-c H5)Re(CO) (NO)BE4 (0.50 g, 1.18 mmol) in 10 mL of L

ot

: ‘
water to giVe an orange so}ution Wlth a yellow precxpitag’ex iﬁ@‘-"
A\F.dltlon of (ngs)zﬂ wasp cpmtigied until precipit n

. was‘somplete. The supernatant was syringed from ?;m
yellow solid which was then wasned with 3 x. 5 mL of

.an) .

"o, HZO anz;,dried in vacuo, 0.30 g,_7l%, MP 90°C (decomp ).

| @?f' Characterization- IR (THF) 2960(br 8), V(OH); 1986(3), R

v(co), 1729(5), v(NO), 1631 (m) . cm f, v(coon) Mass
d
, spectrum"75°C/16 ev,v{CpRe(CO)(NO)COOH] [CpRe(CO)(NO}CO]

L [CpRe(CO) (NOb] : Proton NMR (CD2C12) § 5. 83 (5H), 9. 47
(br, 1H)- ppm.' Anal. calcd for C7HBReO4_N:- c, 23.73; |

. . ,‘ HI.._»IO-’]-‘-- Foundo CI 3-84, Ho 1.6,9,.
: ptbtbnat,ioh’of '-("'csﬂﬁ)ke(Cb’ (NO)COOH. ARSI

, - . -
- . . . N . | i R )
L . .

(n-c Hs)Re(CO)%NO)COOH (o 10°g, 2. 82 mmol) "as.fi"ugﬁiﬁﬁi:m :

dissolved in 10' mL of methylene chloride giv:.ng ‘an orange '

solution. 'rhe addition of HBF4/Et20 at: 0°C gave a yellow .
_ ,solution f/r‘om which precipitated a yellbw 801id. Diethyl

o eth?t (20 m(‘) was added to complete precipitation. The

~

V-
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, P, K
solid was collected, washed with 10 mL of ether and
dried in vaauo. Infrared and proto NMR spectroscopy .
showed this mater:n.al to be [(n—C 5)Re»(CO)2(NO)]BF4,

0.11 g,;,,92% yleld. "
. . B » -
_*bt. ; Y
' ?ﬁrepaéatioh of (n-Cs‘gg)Re(Cd'),(NO)H. .
A 1 : &-' ‘ . . L

iethylamine (2.0°mL, 14.38 mmbl), H,0 (2.0 mL,

111 mmel)'and (n-CgHg) Re (CO) , (NO)BE, (2.0 g, 4. 71 mmol)

were refluxed in 25 mL of. acetone at 60°C for 1.5 hrs. B

A .

5"%»:\." The resultlng red sol? iOn was‘bxtracted with 5 x 20
.?;',b_,a,a". . g e :
T mL of pentaneg. ghe wan,,}c layers comblned and the .

‘_'b.t”-_“~ .-;

R solvents removed under re%lged pressure to g:l.ve a
. . i Ay RERY
- o"il. {fter dlssolutlon of the o:.l :L.n ‘the minimum vol

of pentane, dry:.ng over Mgso4, and flltermg, coollng ' w

the solutJ.on very slowly ‘to* ~78°C gave the hydr:.de as ...

-

orange crystals, 1. 36 (c):) 93¢ yleld, MP 30 5- 31°c. ’

agaw {Characterlzatlon. IR (ﬁexane) l980(s), v(CO);«1723 (s)

Al . »
: cm-l, v (NO) . ' .Mass spectrum, 40°C/14 ev: [CpRe(CO) (NO)H]

.

.[CpRe(NO)H]+;,[CﬁieHI+g’ Proton NMR (CD,Cl,) § 5.60 (SH),

-

. - o : e LT B T -
- -8. 50 vr ('ln) ppln. o - A ) - . '] v E 'l ' . g - .\ . .t _" --:, e
- ® Preearatlon of (n C5H )Re(co)(NO)cocn3 4 - o
“@tw-t w““‘ Coe) ke e ..>, »-v“!r‘ﬂed;w co | - = o '

Uy L - A solution of methyll:.thmm (1. 26 mmol) in »gtzo '

,"‘ added dropwise to a .suspensa.on of . (n- 5 S)Re(CO)z
o . \ .y B
v.(NO),BFZ in1~»25 mL ’,of_.'rHF at -78°cC. ~-»_'1‘he resulting'dark_ ,

- . T s
Lol I - Yol



o l;3Charaé!er.‘1zat1.cm IRh (hexane) 1989(8), v(CO), 1723(5),

' - ’
| | o Wﬂ T e
— ) o ",‘ﬁ '

(,_

Ly

A\

red solution was warmed to~room temperature and the
4

solvents removed under reduced pressure to give a black ,@

'solid. A ben*.ne extract of tnis res:.due was ¢ mato- »
S
graphed on a Silica Gel (70-230 meah) column eluting \
‘-d X
with 1% THF/benzene. A yellow band wh%ch quickly mov'ed

down the column was col,lected and the solvent removed

_to give yellow microcrystals of the acyl compound .0. 13 g,@@3
31% yield. S TR a7
¥ ! i ” R -w‘ i e : u

1

o
v(NO), 1628 (m) cm {1, v«(COCH3) Mass spectnum, 5.°C/16 ev:, *

[CpRe(CO) (NO)COC}J3 ’ [CpRe (CO) ‘NO)CH3J [CpRe (CO) (NO)]

z\ene-d ) & 4.85 (sua! '2.80 (3n) Ppm..

- S

75.
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B eiective hydrldlc reduc1ng agents.?l  In the future, a

« ,
SECTION I&.,

TRANSITION METAL HYDREDES = .

‘4‘”‘ [ . L
’@‘ . . . i

A. Introductiof

Hydrlde complexes of the transltlon metals have e

long occupied a sentral«position 1n organometalllc
chemlstry. Rap&d-development in the transltlon metal
hydrlde field since the m1d 1950's is due in part to
their wldespread application in.catalytlc and st01chxo— .
“metrlc processes; Metal. hydrldes are 1ntermed1at siﬁ&# .
' €g§stions such as catalytlc hydrﬁgenatlon )

ic moleculessg and- the Flscher-Tropsch

synthesls.7 \\More recently, they. have shown promlse as

.....

77.

»r

Cowo

metal hydrldes may f1nd use as hydrogen and energy-sto:age

P e
-systems. T e -

Hydrldes exhlblt greéggvarlety in thelr reactlon

_'modes. The hydrldicﬁnomenc%ature used to descrlbe
) A ‘. ey “@ }

LhM-H specles suggests such,compounds will react as

'metal hydrides initlally seemed to conflrm their hydrldic

v.

nature. Calculatlons have shown locallzation of

Ve

ﬂnegative charge pn the hydrogens of neutral'metal carbonyl

hydrides. However, for many y ars the most commonly

a

sources.~ The high f1e1d lH NMR resonance of 7.‘j-< o

eobaerved mode of reactlon for\tranaition\metal hydrides R



e

-

I
was proton loss. The carbonyl hydride, HCo(CO)4, for
example, acts as a strong acid in solution,‘with an

estimated PK, -of 1.73 . ‘ VH»A

Today it is known74* hat transition metal hydrides

are capable of acting ag a-source of protons (H ),

v :n'

_hydrogen atoms (H "k or hydride ions (H ) depending ﬁ%&

the nature of the complex and the reaction cond;tions.

-

| ‘ > gt 4+ M
LnM-H ; - > H- + LoM-
7 - . i L
” . - : . - + W

-+ H +Laxr)M

Scheme 10. . .

-4

&

It is the flexible nature of the metal-hydrogen.bond

thch is'responsible'for the many reaction modes reported
for transition metal hydrides.

o _
A series of comprehensfve reView articles60 75 has

L gt

been published in this field. Further discussirn on the

general area of transition metal Hydride chemistry can

be found" in ‘these reports.

.
.4
s

»

B. Transition Metal Hydrides Containing Carbonyl and j U

-

-Cyclopenthdienyl Ligends PR I

‘v.‘ ‘ S >~ N

This chapter w111 discuss some of the chemistry of

the rhenium hydride, (n—CSHS)Re(CO)(NO)B (.) i\rhis compound

voe . . -
."_3‘ ~ L
- - e

B - X

oy
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y
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Y
" or oxidation leads

blexes which contain
carbonyl and n-cyclopentadlenyl ligands. Included in

this type of complex-are the- Group VIb tricarbonyls and
the dicarbonyls of the Iron triad. ?
° r

In 1955, Flscher76 reported the chromiuh group

hydrldes, (n-CSHS)M(CO) H (M = Cr, Mo, W). . Wilkinson

79.

has prepared and explored the chemlstry of ‘the Group |

VIII hydrldes (n-CSHS)M(CO) H (M = Fe,77 Ru78§.'.Prepara—

tion of the osmium analog was onlysbrlefly-mentioned in a

.

later paper by"Knt:‘n;.T9 To date”no other chemistry'of

(n-CSHS)Os(CO)ZH has appeagpd 1n the llterature.—7

'rhe chemlstryy&f the ¢

hydrides shows martyfil¥

‘yl-n*qyclopentadlenyl

B

Thermal decomp031t10n

Vo b¢nuclear spec1es [Eq (37)l( These

0]

4.

(n-csn )n(co) H. ——— [(n~C HS)M(co)xlz o "“3_'7,_?_

or A

reactlons probably rnvolve loss of H- to glve the l7e b

-~

L @

i 'Q A . v S T

: metal radlcals wh;ch rapidly dimerf;e. Reslstance to

.

thermal and oxzdatlve decompositlon 1ncreases with the

atomlc weight of the metal This suggests the strength

v wer

of transition metal°hydride bonds ‘may 1ncrease in { }
descend;ngqiigroup of the perlodic table.?sg

che carbonyl-n-cyclopentadienyl hydrldes which

have been studied all act as,weak ac1ds ln solution.j -
‘ e ST PNy : '

\
byt

s

R



“hydrogen bond (Eq (38)]. At 0°C'

B} proéeed rapldly w:.th format:.on of neitrog q@d the

correspondlng methyl compound. Thls prgy

;p-toluenesul?onamlde*| Commonly known as 'Dlazald "o

& The correspondlng carbonyl anions,78 80 CpM(co)

X =3, 2 are well known aud extremely useful reagents

for the synthesis of new metal compounds; Flscher81

»

has examined the proton donor ability of the chromium

group trlcarbonyls and . estlmated their acid dissociation

constants to be <10 5. . ‘*f.
! S

Several reactions characterlstic of metal carbonyl

"hydrldes hnve been reported for the abdbe compounds.

o 80; bl 82
An 1nterestlng reactlon occurs with dlazomethane

apparently 1nvolv1ng ingsertion o;k"‘A

; ot
» o ’ ~.~> ol

..

T : P i CH2N2 w \ 2

Nt

es a rather

¢

' 1nconven1ent route to these alkyl égmplexes whlch Are

;more readlly omgpiﬁed from the carbonyl anions w1th
' - 80 e, « P .
methyl 1od.1de. AP @ ‘ ot

' he ‘1
~vAnother reactlon pertinent tp the present study

occurs with carbonyl hydrldee83 and N-methyl-N-nltroéo-
this reagent often converts carbonyl metal hydrldes to

the- nitrosyl derivative [Eq (39)]. .Thls.reaction wesf

y



81.

" nM(H)CO -9525539L—- LnMNO (39)
Y .

reported for (n-CSHS)Mo(CO)3H'by wilkinsohao\to generate

(n-CyxHg)MO(CO) , (NO) .. A similar reaction occurs with -

(nicsns)rg(coj(NO).84

SN

(n‘CSHS)Fe(CO)zﬁ tq;givelthe-very unstable iron nitrosyl ﬂl‘ -
L .
, Few reactions with electrophiles haye yet been
reported for the carbohyl—n-cyclopentedienyl hydrides.;
‘Initial electrophllic attack may be involved in a reactlon ‘ .
.~ common to most metal hydrides, halogenat;on.85~ Treatment |

wlth cx4, X = Cl or Br.to glve qge metal hallde, has.
75¢c

often been employed to establlsh the presence of a -
metal~hydrogen bond 1n newly pr ared cOmpounds . Helqg
’ P

genatlonepf the (n-CSHS)M(CO) H compounds was. reported ' _r' xE

. o
in-an early paper by Wllklnson.po Slmilarly&ﬂ; : = 55 K
(n-CSHS)Fe(CO) H reacts wlth Br2 to give the'correspond- L
1ng bromn.de.84 I T 'v' - " ’ f | L9
g Dxrect reactlon of a caroonyl-n-cyclopentadlenyl
hydrlde with the,electrophlle 8", was observed on fTL. o .
Protonatlon of (W’CSHS)W(CO) H.86, Desplteythe acxdie‘i?b;:flu | 'j

-

propertles of the tungsten hydrlde, it reacts with.the I

strong acid cr3coon BF3 320 to nge the nis—hydrldev'@, , S

catlon L{n= CSHS)W(CO) 52] .- Protonatlon at the metal -

centex was conflrmed by detection of the 183w'§ate111tes E .
in the ln NMR L - P Lo e
< -

: n v B ) . L N T .~ ' .
R . L IR : : . o -
IO ; . . . Sy L . )
. » . i : 0 N tm .



It appears only one reaction of carbonylen—qyclo~
pentadienyl metal hydrides with an organic electrophile
(R* ) has been reported. This comes from the;work of ‘
Beck 87 who in 1978 reported reactlons of trlphenylmethyl
(trityl) cation with (n~C5H5)M(CO) H (M = Mo, W). Treat-
. ment of the tricarbonyl hydrides wzth Ph ct x (X = BF,,
‘ ‘ PF, ) in CH Cl2 gq‘p triphenylmethane and metal complexes'”

A gm;mulated as. (n-CSHS)M(CO)3x [Eq (40)] " These :eactlons
e s o 2

gt _ '__
e © (n-C.H )M(CO) :H + ph c X > -
‘ % . ) .l. ) 5 5' % , 3 “ . (40)
i, T R " S m csa YM(co) 3;;4» PhyCH :
B o . - Mo x“? BF,, PFG - P
) _ p : -

M= W tX = BF, R e

iﬁfact‘on.' The m‘fal hydrldes act as . a source of H
: L \ ’ .

toward the elpctrophlle Ph3c+ :

Q

The isolated products, ("”CSHS)M‘C°)3 spec1es,'
u", '1

. #ppear to be coordlnately and electronlcally unsaturated.

Beck’provzded infrared evidence to show that, in these ‘

complexes, the ordlnarily inert COunter ia.p BF4 and
FG" were coordlnated to the metal . This coordlnatlon
presumably occurs via the fluorine atoms. At lower
temperatures the reactions shoWn 1n Eq (40) were reported
by Beck to giveﬁ;ethynene chlorlde—stebilized species,\

s

[(n-CSBS)M(CO) (cgzclz)]x, ‘Which on warming IOle 082012

)



N

v
to give the CpM(CO) ;X comple-es. Reaction of ‘the
CpM(CO)Bx Zompounds wieh donor ligands such as Ph3ﬂi
resulted in rapid displacement of X. Similar reactibqs
with the dicarbonyl hydrideé of the iron triad have not

appeared in the literature to date.

# i

One would expect, a priori, the rhenium compound
(n=C<Hg) Re (CO) (NOJH (5) to exhibit behavior similar to
other carbonyl-n-cyclopentadienyl hydrides. The ‘
chemistry of‘(n-CSHS)Re(CO)(NO)H has now been thoroughly
investigated and as is often the case with metal hydrides,

surprising results were obtained.

83.
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SECTION II

’

INITIAL STUDIES ON (n—CSHS)Re(CO)(NO)H

A. General Properties of (n-csgq)Re(CO)(NO)H

In 1972, a new rhenium hydride, (n=CgHg) Re (CO) (NO)H
(5) was prepared in this researéh group.lz The mixed
carbonyl-nitrosyl hydride was obtained from treatment of

[(n- Ceg )Re(CO)z(NO)]BF (1) with triethylamine-water*

[Eq (41)]. 1In the initial report it was noted that 5
<= <=
Re ©® A Re (41)
T — /
oc” | Yo + oH oc” |  *co,
N acetone N
(o] ﬂie o

exhibited unusual behavior for a cycloég:tadienyl transition
metal hydride. The compound showed remarkable therma.

| stability. Only unreaéted starting material was recovered
after heating S at 90°C for 20 hrs. Similarly, the rhenium
hydride was very resisten. to oxidation. Samples have now '
been exposed to air for months with no signs of decomposi-

tion. The spectroscopic properties of "

The characterization of 5 and a p0851b1e mechanlsm for
its preparation have been discussed in Chapter II.
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<+
(n-CSHS)Re(CO)(NO)H (5) are comparable to those of other
hydrides, thus providing nqQ rationale for its exceptional

stability.

.
\

In an attempt to Setter understand the nature I 2
and other CpRe(CO) (NO)-derivatives, an extensivce study

of its reactions has been undertaken. The results of this

d

investigation are described in the following sections.

B. Lack of Reactivity for (n-ngc)Re(CO)(NO)H

The initial obstacle in an exploration of the
chemistry of (n-C4Hy) Re (CO) (NO)H (5) was finding a
reagent with which it would react. &as digpussed in
Section I-B a characteristic property of transition metal
hydrides of similar composition to 5, }s their Lowry-
Bronsted acidity. One would expect the rhenium hydfide .
to be deprotbnated in basic solution to dive tﬁe.an}on
[(n-CSHS)Re(CO)(NO)]_. Howé§er, all attempts to remo§e
ut from g;hith a'variety qf bases have been unsuccegsful.
The hydride is totally resistant to such reagentg as
triéthylamine, sodium hexamethyldisilazane (NaN[SiMe,],),
potassium tert-butoxide, l,8-bi$-(dimethylamino)—naphthalene
'("proton sponge") and KOH/EtOH.

Other reéo;ted reactidns.of transition metal carbonyl

hydrides are with diazomethane to give methyl derivatives

and with Diazald to give the ébrrespondiﬁg nifrosy}. The

.



rhenium hydride 5 does not react with either of these
reagents. Treatment of 5 with CHzNz in Et20 gave no sign
of (n—CSHS)Re(CO)(NO)CH3 (4), even though the’expected
product is a very stéble\compound (see Chapter II).
Refluxing (n-CgHg)Re(CO) (NO)H with Diazald in THF showed
no reaction after 48 hrs. Similar results were obtained
in attempts to remove H- from 5 with various free radical
sources. For example, after refluxing for 24 hrs with
dibenzoylperoxide in peqzene, the hydride was recovered
unchanged.

The first reactions found for the rhenium hydride
involved halogenation. Treatment of §,with CBr4 or Br,

'gives the bromide, (n-CsHS)Re(CO)(NO)Br (3) as red, air

stable crystals [Eq (42)]. The preferred route for
N
(n-CsHs)Re(Co)(NO)H ————-—*-(n-CSHS)Re(CO)(NO)Br (42)
or Br

- 2
preparation of the bromidg Fequiréé refluxing 5 with Br, in
acetone for 2 hrs (83% yield). The new complex, 9*, was
identified by infréred, proton NMR,‘mass spectroscopy
and elemental analysis.
As discussed in Section I-B, reaction of transition
metallhydrideé.ﬁith halogenating reagents may occur by

an_electrophilic meqhanism. This suggested that 5 might

86.

e

* - - ‘ '
Reactions of (n-CsHs)Re(CO) (NO)Br (3) are discussed in
Chapters IV and V. "



be more reactive toward electrophilés: The following
sections describe reactions of (n—CSHS)Re(CO)(NO)H (§)
with electrophiles, which formally involve hydride

.abstraction.

87.



SECTION III

REACTION OF (n—CSHS)Re(CO)(NO)H WITH

THE ELECTROPHILE Ph3CPF6.

A. Preparation of the cations [(n-CcHc) Re (CO) (NO) L] PF. ;
-y T O

L= CHBCN, THF, Acetone.

Addition of triphenylmethy1 cation to a solution of
(n—CSHS)Re(CO)(NO)H (5) in acetonitrile'gave a 94% yield
"of a cationie‘complex formdlated as [(n—CSHS)Re(QO)(NO)—
(NCCH3)]PF6 (10). similar reactions between trityl cation
and the hydride 5 in the presence of THF and acetone
gave [(n-c sHy )Re(CO)(NO)(THF)]PF6 (11) and [(n- C5H5)-
'Re(CO)(NO)(acetone)]PFG (12) in 45% and 33% yields

[Eq (43)]. All three cations form as yellow, air stable

(n=CsHs)Re (CO) (NO)H + phyc* — L

. 2 " (43)
[(n-C5H )Re(CO) (NO)LI* + PhCH

L = CH,CN,’ THF, Acetone

microcrystals. Their identity was establlshed by infrared,
proton NMR and elemental analysis. ’; comparlson of the
spectroscopic properties of the new compounds with those of
(n- C5H5)Re(co)(NO)H ;s shown in Table 1. . e

As expected, the carbonyl and nitrosyl stretching

frequenc1es for the cations occur at higher wavenumbers

than for the hydride, indicating less back-donation to

——

88.
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1. ~

TABLE I .

1

Comparison of IR and ~H NMR Parameters

v(CO) v (NO) " §(ppm)

CpRe(CO) (NO) (NCCH,) Y 2030 1769 6.08 (5H) ,2.82 (1H)

- CpRe (CO) (NO) (THF)* 2017 1755 6.12(5H) ,4.24 (m, 4H) ,
' 2.12(m,4H)

CpRe(CO)(NO)(acetone)+ 2019 1757 6.16(5H) ,2.66 (6H)

CpRe (CO) (NO)H 1971 1702 5.60(5H) ,-8.50 (1H)
B . Y .

these m-acid ligands. The very high v (C0O) and Q(NO)
frequenc1es of the acetonitrile cation relatlve to those

>

of the THF and acetone complexes may 1nd1cate acetonitrile
is an effective T-acid. In the 1H NMR, ‘the cyqlopenta—-
dienyl protons were found at lower flelds for the cations
than for the neutral hydride 5 In all (n- C )Re(CO)(NO)X
compounds prepared in this study the IR and NMR parameteré?
are very sensitive.to'the nature of the ligand X. This
has proveh an extremely cseful aidﬂﬁn the preliminary
identification of new compounds.

The cations [(n-c5H )Re(COi(NO)L]+ (L = CH3CN THF,
Acetone) all show proton NMR signals for L whlch are

shifted downfleld from the free llfand This conflrms
»

S



<
that in CD2C12/(the solvent most frequently used) these
ligands are coordinated to rhenium.> The acetonitrile and
THF cations ehow good stability in solution. However, the
acetone cation ;3 slowly decomposes in CD2012 to give
‘free acetone. When ;3 was dissolved in acetone-a;, the
*IH NMR immediately Ehowed a signal for uncoordinated.
CH3;C(0)CH31_ This shows that the coordinated ligand
. exchanges with free acetone much more rapidly'than
decomposition occurs. |
Dissolution of the acetone catlon 12 in THF, followed

by precipitation with Etzo, afforded the THF catlon 11
Similarily the THF cation can be converted to ;3 by '
stirring at room temperature in acetone. It would appear
that THF and acetoneuare only weakly coordinated (labile)
in these cations. 1In contrast, the acetonitrile cation
%Q has shown no evidence for ligand d%ssociation, The
presence of snitable n-ecceptor orbitals on CH3CN may
account for this difference in solution properties of
:‘the cations.A |

| Reasonahlesstructures for the THF and acetone cations
are shown as ;} and &3. These structures suggest that
coordination to the rhenlum group should render the two
81des of the THF and acetone llgands nonequlvalent

However, as shown by the 1

H NMR data of Table I this
expected difference was not found. The lack of diastereo-

topic shifts in the THF cation aa_may be due to a rapid

!

90.



Py l + '
Re Re
R L s
C ‘ 0" C ‘ ‘O’
(o) I (o)
(o4
7~ N
HsC CHy
11 | 12

inversion at the oxygen atom attaehed to rhenium. A
fast, reversible dissociatien of the conrdinated’ligand
would equally well explain the experiﬁental obse:vations
for both cations. o

The other product obtained in the reactions shown
in Eq (43) was triphenylmeehane. This suggeeted‘that
cation formation proceeded with hydride abstraction from
3 to give a coordinately unsatufated speciee
[(n-CsHs)Re(CO)(NO)]+ which would be rapidly attacked
by the ligand L. 1In an attempt to better understand the
mechanism of this reaction and the nature of any
coordinately unsaturated'intermediate(s), a thorough
study of the reaction of (n-csﬂs)Re(CO)(NO)H with Ph3CPF6
in the abgence of atrong ligands has been undertaken.

\\.

91.
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The results of this study are described in .the following

sections.

B. Reaction of (n-cggs)Re(CO)(NO)H with Trityl Cation

The addition of Ph,CPF, to a methylene chloride

‘solution containing an equimolé& amouht of (nQCSHS)Re—
(CO) (NO)H (5) at 25°C resulted in a black reaction
mixture from which no carbonyl containiné produéts could
be isolated. Monitoring of thisﬂreaction by 1y NMR

- showed the generation of Ph,CH and the presence of several
n-cyclopentadienyl containing products. The reéults were
much diffe;ent whenbthis same reaction was carried out
~at low temperature. Slow addition of trityl cation to.

5 in CH,C1, at —78°C.gave initially a reddish-yellow
solution from which precipitated a yellow, air stable
solid (13). The color and sdlubility characteristics

of aé-suggestedﬂa cation of the rhenium group. ”The
infrafed-spectra sho@ed carbonyl and nitrosyl bands at

2026-and 1765 cm~1, again consistent with a cationic

fox'{xulation .

87 it seemed

' Based on the previous studies of Beck,
reasonable that 13 would prove to be the methylene
chloride cati§n [(n-csns)ne(co)(No.)(CH2c12)']+ or a PF.~
/Eoordinated ;pécies, (n-CSHS)Re(CO)(NO)(PFG). However,)

the analysis of {2 showed high carbon and hydrogen content ‘



inconsistent with either of these structufes. Repedted

analyses of the new compound gave rebroducﬂbie C,,H and
’_./\;u i)

N percentages conslstent with the fﬁrmula#f‘n- 5H5)Re-

(CO) (ND) (Phy CH)]PF The Eeegtlon Q{?ﬁh h
\‘\ \r
tTh=C, sHg)Re (CO) (NO)H (5) had glven a proaupt in which the
A

rhenlum group 1ncorporated\one moleculé of triphenyl-—

methane [Eq (44)]

=78°C

Y

(n-CSHS)Re(CO)(NO)H + Ph3¢PF6

CH2C12 (44)

[(n—CSHS)Re(CO)(NO)(Ph3CHz]PF6

) - .
. ©

 The presehce of some form of triphenylmethane was
confirmed by decompbsition studies of 13. The complex

is very unstable in solution, rapidly decomposing at ca.
L / '
-40°C to give one mole of triphenylmethane and unidentified

»cyclopentadienyi%products. In the solid state, 13 exhibits

much higher thermal stability, only slowly decomposing

at room temperature. Before discussing the'1H NMR of
0
N
£3 it is informative to examine its chemical reactie/s.

L4

c. Reactions of the Triphenylmethane Cation
(n-C5§5)Re(CO)(NO)(Ph3CH)]PF5 (13) .

The rhenium group with a positive charge, CpRe(CS)(NO)ﬁ o
is a 16—e1ectron species. To form a stable 18-electron
compound thls unsaturated moxety would coordlnate two

one-electron donors or one two-electron ligand. Keeping.

e
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»
these electronic requirements in mind, two passible
structures for the triphenylmethane cation are shown as

13a and ;}b. k

e

" Re © Re
oc” / \\CPh 71y
. _ _ —N - Ph
o | ° T H
13a ' 13b Ph

Both structures are consiétent with the propertjes
of 13 described in Section III—B; The hydridoalkyl 13a
would be expected.to form by'airect attack of trit?i catiqn
at the metal center. The nz-arEne structure {}b could
arise from initial hydride abstraction from §, follpﬁed‘
by coordination of the unsaturated'CpRe(CO)(NO)+ to one

88 and

double bond of triphénylmethane.' Hydridoalkyl
T-arene complexes89 are known in organotfanéition metal
chemistry but neither form has been repq:ted_fér tri-
-Phenylmethane. It was hoped that the reactions'of the
triphenylmethane cation 13 would provide evidence for one

of these two structures.
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(1) Reaction of [(n~b5§5)Re(co{(No)(Ph3CH)]PF5 with «

Ph,P. The addition of one equivalent of triphenyl-

phosphihe to a CH2C12 solution of the triphenylmethane

‘cation. 13 gave a yellow solutlon from which was isolated

o
a yellow, air stable Bolid. The new compound with the

physical prqperties of a rhenium cation, was formulated
as the trlphenylphosphlne complex [(n—CSHS)Re(CO)(NO)*
(Ph P)]PF6 (14) [Eq (45)] and was obtained in 96% yield.

B Ph.P
[(n-C:H;) Re (CO) (NO) (1>h3'cr1)]+ ————3-——--» ) 45)

[(n-C5Hg) Re (CO) (NO) (Ph,P)]* + PhyCH
This was confirmed by infrared, protén NMR and elemental
analysis. The IR and NMR parameters of 14 are very
szmllar to those of the acetonitrile cation 10. The new
catlon shows excellent thermal stability with no evidence
%or llgand dlssoc1atloh. |

Consistent with the formulation of 13 as a tri-

éhenylmethane cation, the reaction shown'in Eqﬁ(45) also
pr;éﬁces one equivalent of Ph,CH. Formation of the”
triphenylphosphine catlon in this reaction could occur
from either of the structures suggested for-. 13. In the
presence of a .strong llgand the hydrldoalkyl structure
13a mlght reductively eliminate Ph3CH, giving the
coordinately unsaturated spec1es CpRe(CO)(NO) P whicﬁ

<

would react with Ph3Pbt0‘give 14. Similarly,

95,
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triphenylphosphine would be. expected to displace the

coordinated arene of structure l3b to glve the observed

“‘products. A much more informative reaction of the tri-

phenylmethane cation occurs with the base Et3N.

. [f2) Reaction of [(n—Csﬂs)Re(CO)(NO)(Ph CH)]PF‘ with

Et N. The two possible structures of the triphenyl-

methane complex would be expected to give very different

- products on deprotonation. The hydridoalkyl‘cation 13a

b

h:__shonld react with base tc glve a neutral trlphenylmethyl
Sy

complex, (n—C )(OC)(ON)ReCPh3, in which the trltyl

. " group is sigma bonded to rhenium through the aliphatic

‘A.carbon. It was not immediately obv1ous what product (s)

would be obtalned on deprotonation of the T-arene species
13b. Coordlnatlon of a double bond to the positive metal

center might activate the carbons attached to rhenium

;f sﬁfficiently to allow their deprotonation. This would

'presumably gipe neutral rhenium aryl derivatives.

The trlphenylmethane cation 13 readily reacts with
Et3N at -78°Cvto give a red solutlon, from which can be
1solated rea air stable, crystals. The infrared
frequenc1es,wcolor, and solublllty characterlstlcs of
thls material suggested a neutral CpRe(CO)(NO)- derivative.
The mass spectra and analysis indicated the composition

-~

(n-C Hs)Re(Co)(NO)(Clngs) which would be consistent

.. With the sigma bonded triphenylmethyl compound. However,

“;

96.
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1H NMR was much more complex than that expected for

the
(n-CSHS)Re(CO)(NO)(CPh3). In particular, two cyclopenta-
dienyl peaks and a series of complex signals in the
aromatic region were observed. It soon became evident
that the deprotonation of [(n-CSHS)Re(CO)(NO)(Ph3CH)]PF6
had given two isomeric coﬁpounds.

The isqmersvwere separated gy repeated fractional
recrystallization from hexane-dicloromethane. Each
was séparately characterized by infrared, proton NMR,
mass spectroscopy and elemental analysis. .Deprotona—
N ‘tion of the triphenylmethane cation with triethylamine
:gives a mixture of para (1l5) and meta (16)

(n-CcH;) (OC) (ON)ReC H,CPh,H [Eq (46) ]

6
Et3N
[(n-CgHg)Re(C., 'NO) (PhyCH) JPF —
<> < (o)
. - ,
Re ' N
7
oc” | HPh, - oc’ rL |
o | o CHPh,
16 15 |

The structures and 400 MHz proton NMR of 15 and 16

are shown in Figure II. The para isomer 15. has an
4D ~
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400 MH:
25°C

H2,6

H35

{9*-CyH s NONHOC)Re

H3

.

HS

H2

n3-C4H;

CHDCl,

400 MHz
25°C

{9°-CgHy HONNOCIRe

H4

7 -CsHs

CHDCI,

Joue

FIGURE II.

lH NMR of para and meta (n

60

(C6H4CPh2H), 400 MHZ, CD2C12. '

‘CSHS) Re (CO) (NO) -
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n—cyclopentadienyl’signai at 5.67 ppm (5H), a reasonable
Cp shift for an arjl derivative of tge rhenium group.
The singlet at 5.46 6(1H) is assigned to the aliphatic-
CPh2H hydrogen. The chemical shift of this prdton has
moved slightly upfield from its pbsitidn (5.56 ppm) in
unsubstituted triphenylmethane. In the aromatic region
the monosubstituted phenyl rings occur as a series of
multiplets centered at ca. 7.2 §(10H). Bracketing the
phenyl peaks are two doublets at 6.82 §(2H) and 7.43

8§ (2H) . Decoupling the signal at 6.828 caused collapse
of the other doublet at 7.43 8. Such an AA'XX' coupling
pattern could only be consistent with para disubstitution
in a C¢H, ring. The doublets at 6.826‘;nd 7.438 have
‘been assinged to the pairs of chemically equivaient
protons H3,5 and H2,6 respectively. This .assignment is
based on the observation that in all the compounds
prepared in this study, protons are shifted to higher
fields by close proximity to the metal.

‘The proton NMR of_thé)meta isomer ;g (Figure II)
exhibits man& features similar to that of the para
compound. Two singlets at 5.60 §(5H) and 5.44 §(1H)
were a%signed to the n-cyclopentadienyl and aliphatic
-CPh2ﬂ protons. 1In the éromatic :egion, it was observed‘
that decoupling the triplet at 6.96 §(1H), resulted in
colggpse'of both doublets at 6.71 6 (1H) and 7.40 6(1H).

This coupling pattern could only be consistent with meta

4



disubstitution. The triplet at 6.968 was assigned to HS5,
coupled to both H4 and H6 (Tya us ~ Jys,me = 7-3 Hz).
The doﬁblets at 6.716 and 7.4OS‘Were assigned to H4 and
H6, witﬁ the hydrogen closest to the metal resonating
at higher fiéld. On closer examination the signals at.
6.7168 and 7?‘06 were found to be triplets of doublets.
This'further;splitting is due td meta coupling (JH2,H4
JHZ,HGZJH4,H6;1'5 Hz). The remaining proton of the
disubstituted phenyl ring, H2 is obscured by the C6H5
multiplets at ca. 7.28 (10H). \ /

It is noteworthy that deprotonation of the
- triphenylmethane cation gave only the para-15 and meta
16 compounds described above, there was no indication of
an ortho isomer. The ratio of para to meta isomers in
the initial product mixture before separation was 55:45.
Their combined isoigted yield was 89%.

beprotonation of the triphenylmethane caﬁioﬁnis

readily reversible. Thus, treatment of a 55:45 mixture

of the para 15 and meta 16 compounds with HBF4/Et20 at

-50°C gave an 82% yield of [ (n~CgHc) Re (CO) (NO) (Ph,CH) IBF,.

This material was identical in every way to that obtained
from treatment of (n-CSHS)Re(CO)(NO)H ({é)_with Ph3cf.
Protonation of the para and meta compounds separately

gave a similar result.

100.
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(3) Reaction of [(n—C H )Re(CO)(NO)(Ph CH)]PF with

MezPhP The different products obtalned in the

reactions shown in Egs 45 and 46 must be due to two"

combeting reaction modes of the triphenylmethane cﬁtion.
With the strongly coordinating ligand.PhBP, displacement
-of Ph3CH occurs, with the more basic Et,N, the exclusive

path is deprotonation of the triphenylmethane ligand.

It was felt that with a suitéble reagent the triphenyl-

-

t

methane cation might exhibit both reaction modes. Such
a reaction occurs with dimethylphenylphgsphine. Treatment
of [(n-CsHS)Re(CO)(NO)(Ph3CH)]PF6 in CH,Cl, with Me,Php
gave a 2:1:1 mixture of [(n—CSHS)Re(CQ_)(NO)(P.MeZPh)]PF6

17, 15 and lg [Eq (47)]. The new phosphine‘cation 11

/ .

: PMezPh ,
[(n—CSHs)Re(CO)(NO)(Ph3CH)]PF6 — , (47)
I + + R + R. . )
Re [ ]
J HPh 7
oc/pla Pll‘zPh\oc | 2 OC Ig
9 \ (o) . C"H&
17 L 16 : L |

.can be isolated in 58% yield as yellow, air stable

crystals.r The compound was characterized by infrared,

1

proton NMR, and elemental analysis. The “H NMR of 17



showed in the methyl region two closely spaced doublets

‘at 2.2858 (3H) and 2.2916 (3H); = 10.7 Hz. The

7 (p-cH,)
asymmetry of the metal cente; in [(n-CSHS)Re(CO)(NO)-
(PMeZPh)]PF6 renders the two mgthyl groups nonequivalent.
The observation of this diastereotopic shift in the
'proton NMR confirms that the phosphine ligand is hot
rapidly dissociating on the NMR time scale.

The exact ré;io of products obtained in Eg (47;;15
temperature dependent. Aé -78°C, the yield of the
phosphine’cation ;2/is ca. 60%; at higher temperatures
it drops to about 50%. Thé raéié ?f the para %élto
meta lé isomers remains constant with temperature and is
identical to that obtained with Et,N.

The feactions of the triphenylmethane cation ;3
with Et3N and'PMézPh are not consistent with the
hydridoalkyl structure ;éa. The products ébtained in
Eq (46) have arisen by deprotonation of the para and
méta poéitions of one phenyl ring of ériphenylmethane.
Depfotonation pf aromatic sp2 carbons by Et3§ suggests
“that in the triphenylmethanevcation 13, -the para and
meta C-H bonds have beén highly activated. Such activa-
tion would be consiétent with céordination of the

CpRe(CO)(NO)+ group to the 3,4 double bond of one phenyl

xring of triphenylmethane.

e

1

could be obtained from the “H NMR of %3. This work is

/

It was hoped that further evidence for this structure

102,
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described in the following section.

D. Proton NMR Studies on [(ﬁ-ngs)Re(Co)(NO)(Ph3¢H)]PE5_i;§L
| | |

The insolubility and low thermal stability of the

triphenylmethane cation 13 severely hampered attempts to
obtain high quality-ln NMR data. Extremely long acquisi-

tion times were required to collect good spectra because
\ R .
/

of the very low solubility of 13 in CD,Cl,. Better
results were obtained in much less time by reacting trityl
cation with (n-C.H.)Re(C5) (NO)H (5) in the NMR tube. This

generated supersaturated. solutions, which only slowly

&

precipitate 13. Spectra recorded in this manner were

identical in every respect to those obtained on dissolu-

bty

tion of so0lid samples of the tripﬁenylmethane cation ;3;

1

A typical 400 MHZz “H NMR of v[(n-CSHS)Re(CO) (NO) -

(Ph3CH)]PF6 is shown in Figure III. The spectrum remained - A
constant over the limited temperature range -70°C to -40°C,
above which_decomﬁbsition began. The triphenylmethane 's
cation 13 shéws an n-cyclopentadienyl peak at 5.506 (5H) ,
typical of a 3+ion of the rhenium éroup. The aromatic
fegion/containr series of complex multiple;s integrating

~.

to IS5 protons.  icse portions of the spectrum are

-

consistent with e.vr2r of the postulated structures for
[(n-CgHg)Re (CO) (NO) (P CH, ]PF,. It is the singlet at |

5.656 (1H) which distinguishes these structures and rules

-
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out the hydridoalkyl form l3a. A transition metal
hydrzde would be expected to resonate at much higher
fleld, typically -10 to ~20 ppm. The singlet at 5.656
(1H) is much more consistent with &he -aliphatic-CthH |
proton of the m-arene structure 13b. At higher

amplitude, this singlet exhibits satellites attributed

"to coupling to the adjacent aliphatic carbon. The value

of this coupling constant (J(l3é;H)'= 128 Hz) is of the
correctnmagnitnde for a Csp,—H interaction.

The —CPhZH proton at 5.658 in ;3 has been shifted
to lower field only slightly.from its position (5.5668)
in free triphenylmethane. . In'the aromatic region, again

consistent with the m-arene structure, several small

multiplets appear shlfted upfleld from the phenyl Oy

“a

multlplets. These peaks are a381gned to the unique

phenyl ring which 1s coordlnated to the metal center.

, Close prox1m1ty to rhenlum would be expected to Shlft S

Sy

the resonances of these protons to hlgher flelds. .
Furthe; evi@ence(for the structure of the triphenyl-
methane cation 13 comes from studies with the rhenium m
deutefide, (n-C.H )Re(CO)(NO)D (6). Reaction of this“
complex w1th trityl cation glves a trlphenylmethane

1H NMR 1dent1ca1 to that shown in Figure IIT

catlon w1th a.
except for the 31nglet at 5. 656, which is absent.

Deprotonatlon of the trlphenylmethane cation containing
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deuterium in the aliphatic position gave para- and meta-

(n=CgHg) (OC) (ON)ReC H,CPh,D [Eq (48)].

|
oc” | o oc” |
N N Ph
° ° ¥,
Ph

(48)

CDPh, + Cc/.l F
@

These results show that reactlon of the rhen1um~
deuteruieoccurs‘io give Ph3CD, which then coordlnates
< to the unsaturated CpRe(CO)(NO) to give deuterated | .
tribhenylmethane cation. The reaction of A
[(n-C )Re(CO)(NO)(Ph3CD)]PF with Et3N [Eq (48)] conflrms
that the protons removed were originally attached to ‘
aromatlc sp2 carbons. Deprotonatlon with the weak base, )
~ Et3N, demonstrates the.remarkableAdegree to which
" coordination of the rhenium group has activated one of
the phenjl rings of triphehylmethane.
- All the evidence dlscussed thus far for the structure
of the trlphenylmethane cation 13 p01ﬁts to coordlnatlon
r :
T~ T
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T\

of the rhenium group to one phenyl ring. The electronic
requirements of the rhenium group dictate coordination

to one double bond to give an.18-e1ectron, nz-complex.

The products obtained from deprotonation with Et3N
suggest- the rhenium is coordinated to the 3,4-double

bond. Based on these observations the structure shown as
l3c is suggested for the cation [(ﬁ~C5H5)Re(CO)(NO)(Ph3CH)]-

PFG. . ' W

7N Ph
o /
N C-H
O \ph
i3c
As reasonable as these argumente'eépear, this sinéle
static structure does not totally explain the ln NMR of
‘Eg. As outllned in Chapter I and demonstrated in Chapter
' v, coordlnatlon of an unsymmetr olefih like triphenyl-
methane to the asymmetric rhepium group should'give twohﬁ
diastereomers.;'Such diastereomers would be distinguishable

by proton NMR. Diastereomers are not evident in the 1y
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NMR of the triphenylmethane cation shown in Figﬁre III
(i.e., there ig only one N-CcHo resonance). It may be
that_diasterebmeis in this 8ystem cannot be distinguisheq
by protonvNMR; or perhaps only one ‘diastereomer ig formed,
but this seems unlikely. A More reasonable explanation
for the.proton NMR of 13 is interconversion of the two
diaétéregmers shown in Scheme 11 by a process which is

rapid on the NMR time scale. fThe observed 1H NMR of ;3

Scheme 11: Diastereomers of [(n-CsHg) Re (CO) (NO) (3, 4-n2-
| CGHSCPhZH)]PFG' Only one enantiomer is shown

for each diastereomer. .

would thus représent the avgrage énQironments for the

Protons in thesge two chemicallx distinct Qtructures..
Interconversion ofﬂdiastereomers in the‘triphényl-

methane cation could occur by direct miération of the

rhenium.group to the adjacent double bond. 'This ﬁould

r
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generate a 1y NMR consistent with the observed results.
However, if the two diastereomers of Scheme 11 represent
é%ewdéiy structures of [(n-CSHS)Re(CO)(NO)(Ph3CH)]PF6

(13) it must be postulated that the reaction with Et;N
iﬁvolves direct deprotonation 6? an aromatic C-H bond. -
Although qOordination of the pbsitive rhenium group to
the 3,4 double bondﬁmight enhancé the acidity of these
positions,‘it‘is questionable if this would sufficiently
activate the carbon-hydrogen bonds to allow facile |
deprotonation with Et3N. Before addfessingﬂthe question
of how deprotonation of the tribhenylmethane cation oécurs

it is of interest to examine the reported chemistry of.

other n°-arene complexes.

E. n2~Arene Complexes with Transition Metals.

A8

- .
A large number of m-arene complexes.of transition -

metals have been reported;89 However, the vast majority

of such compounds have structures in which the metal is
. ghutad O %
bonded to thé entire m-system (e.g. (nG—CGHG)Cr(CO)3);

2

only a few transition metal n”-arene complexes are known

and these examples contain pélyfluorinated aromatic rings.
In 1973, Stone et al. prepared the highly fluxional r

molecule bis (triethylphosphine) [ (hexakis(trifluoromethyl) -

benzene]platinum.go_ A similar platinum phosphine

-

complex containing perfluoro-1,2-3,4-5,6-triethanobenzene
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@
was feported bjﬁﬁinsteing} in 1978. Crystal structures ' .
have been obtained for these complexes and in each case
the metal was shown to be bonded to only two carbons of
the aromatic ring. Dihapto coordination of the metal
results in loss of aromaticity of the carbon ring. Tbﬁf
is evidenced by non-planarity of the benzene ligand ahd
the alternating short and long C—C‘distances (i.e.,
localizéd double and single bonds). In contrast to the
solid state structure, where the metal interacts with
only two carbons, in solution the complex is fluxional
via metal migration about the T system.

‘" In spite of_a scarcity of isolabie examples, nz-arene;

complexes are commonly inyoked intermediates in processes
which involve activation of aromatic C-H bonds such as

92 93

ortho metallation and H-D exchange in arenes. The

beginnings of this fruitful area of study may be traced
to the early work of Chatt and Davidson.94 In 1965, thgse
authors reported an unusual series of compounds obtained

»

. ¢ \
from reaction of the reduction product-of RuClz(dmpe)2

(dmpe = Me2PCH —CH'-PMez) with benzene, naphthalene, and

2 2

other aromatic-hydrocarbonS.“ The products obtained in
theée‘reaétions were shown to be.(dmpe)zRu(arene) species.
However, -there was some question as to the structures of
the new compounds. The spectroscopic data sugjested they
contained hydri@oaryl ligands but the chemical properties

©

were reported to be more consistent with m-arene structures.
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An X-ray study of the ruthenium compound was 1ater
reported Sy Gregory and co—w'orkers95 who also prepared
the osmium analogs. "It was found that in the solid state
(dmpe)ZRu(naphthalene) exists as a hydridonaphthyl
complex. 1In solution this structure is in equilibrium

with an nz-naphthalene species [Eq (49)]. This tautomerism

. H
(Pp)z Ru (PP)2 Ru/

l ~

(49)

A

between 7~ and o- complexes accounts for the chemical
properties of the Ru complék such as formation of
(dmpe)zRﬁ and naphthalene on pyrolysis.

A process such'as this involving prior coordination,
followed by oxidative addition of the Caryl—H bond to
the metal.is believed to be the path by which transition
'metAIS can activate aromatic carbon-hydrogen bonds.gza’b’96
However, it appears there is, as vet, no direct-éxperimental

. . 9
evidence for such a mechanism. 7



F. The Solution Structures of [(n-ngs)Re(CO)(NO)(Ph3CH)]PF5

Initially a tautomerism between nz-arene and
- hydridoaryl structures seemed to provide a reasonable

rationale for the lH NMR characteristics of

112,

(n?CSHS)Re(CO) (NO) (Ph;CH)JPF (13) and its facile deprotona--

tion with Et_N.  The process shown in Scheme 12 would

3
Scheme 12: Re = (n-CSHS)Re(CO)(NO)-.
Re*
HPh2C
H | Re*— H

l .

N L
‘.pr;c—®

interconvert the diastereomers obtained on nz-coordinatioh
of triphenylmethane to the rheniumngroupvand'provide a
mechanism for activation of the ortho and para C-H bonds.

In'the presence of Et3N. the hydridoaryl species would

e



readily deprotonate to give the products obtained in Eq
(46). However, a close examination of the NMR results

provides strong evidence against the hydridoaryl structures

of Scheme 12. /

The‘lH NMR of the triphenylmethane cation (Figure
"ITI) has three small multiplets at 6.836 (4, 1H), 6.956

(m, 2H), and 7.0168 (t, 1H). Decoupling experiments show
.'theSe signals are due to protons attached to the same
phenyl ring and that the muitiplet at 6.956 is due to two
different hydrogens. The observation of at least four |
separate signals for the phenyl ring bonﬁed to the metal
center suggests the process which interconverts the
diaspereomers of Scheme 11, does nbt equiliﬁrate the

two sides of this C6H5— group.* The intercénQersion of
diastereomers vig a para-hydridoaryl complex (Scheme 12)-
in which thgré is free rotation gbout‘the Re—cafyl bond
would‘average these phenyl protons. Thus, rapid eéuilibra-
tion of the structures*shown in Schemé 12 would not give

a 1H NMR consistent wﬁih fhat of the triphenylmethane

. cation 13. =

-An intermediaté.which‘will equilibrate the diastere-

omers and leave the'prOtons of the rhenium bonded phenyl

ring distinct is the o-complex ;éd. Such a species would

..

113.

r _ — :
This result also rules out interconversion of diastereomers
by reversible dissociation of the triphenylmethane ligand.
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oC N CPh,oH
OH

134
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2

be formed from the 3,4-n“ structure by electrophilic attack

of the metal in the phenyl ring with fomgation of a sigma
bond to carbon. | '

The sigma complexyof ;gd ig similar to the benzonium
ion intermediate of aromatic eléctrbphiliq:SQbstitution
in organic chemistry. The mecﬁanism.forlelectrophilic

98

substitution has been postulated”  to involve initial

R_ .
formation of a 7 complex as shown in Eq (50). Rearrangement

\

N v " .
' EY ' . -yt
— Et &— E &— - (50)

of this w intermediate'gives a o-complex from which the
product is formed by deprotonation. Electrophilic sub-
stitution provides a model for the deprotonation of

[(n-CSHg)Re(co) (NO) (Ph3CH) ]1>1-"6 with Et3N.

114.
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Utilizing such an inéermediate for interconversion
of diastereomers, and remembering that both para (15)
and meta (16) isomers were obtained on reaction with
Et;N, the mechanism shown in Scheme 13 isvéuggested to
explain the 'H NMR of [(n-CgHg)Re(CO) (NO) (Ph,CH) IPF, (13).

In each 3tructure the two sides of the metal bonded CGHS_

ring are Aon-equivalent./lThus, the weighted average

should show five distinct proton signals shifted upfield

from the free phenyl region. Rapid ekchange of the n2 |
and o-structures of Scheme 13 would give an average lH
NMR spectrum for the triphenylmethane cation ;3 consistent
with the one shown -in Figure III.

It is difficult to predict the exact éppearance of
such an averaged NMR spectrum.. Intuitively the 'spectrum
of {3 resembles more closely that ‘expected for the 3,4—n2
diastereomers alone. The sigma structures would likely
shift the hydrogens of the metél bbnded phenyl rihg and
.perhaps the;gliphatic—CPhZH protoh from their positions
in pncoordinated Ph3CH. The‘overall similarity of the
14 NMR of [(n-C Hg)Re (‘c0) (NO) (Ph3CH)v]PF64 tc/>_that of
uncoordinated triphenylmethane may'suggest the dominance
of 3/4-n2kbonded structures. ‘ |
_ Formation of.the sigma complexes of Scheme 13,

provides a path\for activation of the para and meta C-H

bonds of Ph,CH. Deprétonation of the triphenylmethane



Scheme 13:

116.
Proposed Solution Structures of

[(n-Cqg )Re(CO) (NO) (Ph, cH)1*. only one

enantiomer of each structure is shown.

a" -

O
ozZm- ?-

CPh,H
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cation would occur from these intermediate structnres.’
Failure to observe an ortho product in the reaction with
Et,N may reflect the absence of sigma structures in which
the rhenium group is bonded to the, ortho carbons.* On
steric qronnds such a structure is expected to be a highv
energy form. The 3,4-112 diastereomers should fcrm equal
quantities of the para and meta o-complexes, provided they
are of comparable energies.h This agrees well with the
observed 55:45 ratio of para ;é and meta %é isomers ~
obtained on deprotonation. The ratio of products in the
Et3N reaction/WOuld also berinfluenced by the telative
acidities of theltwc types of o-complexes.

Based on the structures ofeScheme 13, the'triphenyle
methane cation would react with strong coordinating |
llgands in the pi bonded forms.<\D1splacement of the -
arene ligand with Ph3P would give Ph3CH and the trlphenyl-
phosphlne cation 14. The more ba51c ligand dlmethyl- |
phenylphosphlne reacts w1th both pi and 81gma ‘structures
of 13 g1v1ng displacement and deprotonation products.

The Me PhP reaction shows a decrease in the amount of
: displacemernit vérsus deprotonatlon with 1ncrea51ng tempera--
| ture. fThis result could be due in part to a variance of

the equlllbrlum constants of Scheme 13 to favor 31gma

Scheme 13 could also include forms where CpRe(CO)(NO)+
n? bonded to the 2,3 double bonds, but the experimental
data does not requlre such structures.

E-2
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structures ‘at higher temperatures.

o

The characteristics of the trlphenylmethane cation
(e.g., insolublllty, low thermal stablllty, very complex
. 1H NMR) present many problems in the determlnatlon of '
the solutlon structures of this unusual compound Pibsum—
ably slmpler arene derlvatlves of this system would.prove
more amenable to such studles. .Hopefully, the future
preparatlon of other [(n-CSHS)Re(CO)(NO)(arene)]+ complexes

w111 prov1de furt@sr insight into the structures of thls

4

novel class of compounds. ' o )
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( SECTION 1V

REACTIONS OF (n-CgHg)Re (CO) (NO)H

WITH OTHER ELECTROPHILES

The reaction of (n-C Hs)Re(CO)(NO)H with trltyl catlon
qccurs with hydrlde abstraction to generate trlpheny\:
methane. The isolated product [(n- CSHS)Re(CO)(NL °h Cg}]-'

6 (13), obtalned at low temperatures contains Pr .CF
‘coordlnated through a phenyl ring to’ the nietal center.
Although the propertles of the triphenylmethane cation
are not consistent with the hydridoalkyl structure 13a

" such an intermediaterma?’initially.be formed and then
reerrenge to the isolated product. A study/of reactions
of the rhenium hydride E’with other electrophiles was
/undertakenAin_an‘attempt to isolate such”a compiex.
Reaction of 5 with CH3+, for example, might be expected ~‘C;

to form the hydrldomethyl cation [(n-C H5)Re(CO)(NO)(H)—

’_"—/‘; -
.

-

(CH, y1* |
~ No reaction uas observed on treatment of

(n—CSHS’Re{?O)(NO)H with Me3OPF¢, CH,0SO;F, or EtéOBF4.
Attempts to prdtonate 5 with the etrong acid HBF4-Et20
‘1-arefsti11 in a preliminary Stage. The hyﬁride does react
with this acidrbut the results of protonetien will have
to aﬁait further study. .

The only electrophile other than trityl cation whlch

has been found ‘to abstract H from tle hydrlde is
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4

tropyi?ﬁm\tetrafluoroborate. Reaction of the rhenigm

4

hydride- 5 w1th C7 7 occurs rapidly in CHZClz-at room

' temperature to give [(n CSHS)Re(CO)(NO)(l 2- n2 C7H8)]BF4

(£§) [Eq (51)}. 1In contrast to the nz—arene complex the -

+

(51)

] -’ |

Re - /,Re H
OC//}L\\H + TEEETEEE{. oc” &‘\\

o The 0

nz—olefin compound {E shows excellent thermal and oxidative

stability. There is no evideneglfor.nonrigidity or

ligand displacement in the chemistry* of the nz-cyclo—
heptaﬁriéne complex. | ’

‘ It is noteworthy that the reaction shown in Eq (51)°
cen also be carried.out in THF. A separate experiment

showed cycloheptatriene wiil hot‘pisplaee THF from the

'[(n-CSHS)Re(CO)(NO}(THF)]+ cation. This may suggest the

abstractlon—coordlnatlon process of Eq (51) is concerted.
The reactlon of C7H7 w1th (n—Csﬁs)Re(Co)(NO)H was

mon1tored~at low temperature (lH NMR) in an.attempt to

‘observe a hyd:ido-aikyl intermediate, [(n-CgHg)Re(CO) (NO)-

(H)(C7H7)]+. This gtudy showed on;y direct;formatiqp of

R

The characterization and chemical pr0pert1es of 18 are -
described in Chapter V.
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18. If an intermedi&te complex is involved in Eq (51)

it must be rapidly converted to the fin nz-C.]H8 product.
The reaction of (n-CSHSfRe(CO)(NOfH with tropyliuﬁ

cation (C-,H.,)+ is analogéus to that with the trityl cation

(Ph3c+).‘ Isolation of ;3 in‘&hich the rhenium group is

coordinated to one double bond of cycloheptatriene provides

further evidence for the structures of [(n-CSHS)Re(CO)~

(NO) (Ph;CH) ] PF suggested in'Section ITI.

<r
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SECTION-V
—_—

FURTHER COMMENTS ON THE BEHAVIOR

OF (n-CSHS)Re(CO)(NO)H.

-The initial report12 on the preparation of

(n—CSHS)Re(CO)(NO)H (3) suggested this compound was very
423 .

unusual for a carbonyl-n—cyclopentadienyl transition

metal hydride. The lack of reactlvlty encountered in the

-

present 1nvest1gatlon of’ the chemistry of 2, seemed to
confirm the suspicion. Further studies were undertaken
on the only mode of reaction exhibited by (n~C5H5)Re(CO)~ -
(NO)H; reaction with electrophlles. Although 5 showed
similar behavior to the Group VIb tricarbonyls en treat-
ment with trltyl catlon (1 e., H_ abstraction) the 1solatpd
products were very much different. Once again the rhenium
hydride appeared to show anomolous propertles. ~

As (n—csHs)Re(CO)(NO)H (5) is also a nztrosyz n—cyclo~
3 pentadlenyl hydride, perhaps the NO ligand  greatly /~x\
1nfluences its behav1or. This suggestlon was strengthened
“ by the wonk of Legzd1n399 on (h- CSHS)W(NO) H repqrted in
1979, \L;ke 3, this h}trosyl hydride shows "no proton
doner propertiest' The chemistry of the bis-nitrosyl
.complex is dominated by its tendency_to function as a

source of H . However, the thermal and oxldatlve stablllty

of the tungsten hydride is much less than that exhibited
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by (n*CSHS)Re(CO)(NO)H. FurthermoréJ'the similarity in
the electronic and steric'properties of CO and NO suggest
the presence of a nitrosyl ligand would not greatly change
the properties of 5 from that of other carbonyl hydrldes.

The most, dlrect comparlson to (n- C5H5)Re(C0)(N0)H
would be the correspondlng Mn and Tc hydrides. UnfOrtunate—'
ly nelther of these compounds has been 1solated All-
atteméstsl3 14, 190 to prepare the manganese complex have
glven "the dimer [(n~c )Mn(CO)(NO)]z, presumably vta the

100

unstable hydride. 1In 1980 Legzdlns - obt%}ned further

ev1denceﬁfor the instability of {n-¢, HS)Mn(CO)(NO)H. The
triphenylphosphine derivative of thlS hydride waa‘pregared
and found: to have very lowlair and thermal_stabilityt
_The properties of the manganese hydrides suggested the‘
metal as the source of stebility in (n-CgHg)Re (CO) (NO)H.
The influence of a:thité row transition metal is evident
trdﬁ a comparison of the etabilities of the Group VIb
tricarbonyl‘hydridee (Sectien I-B). |

~ Even more enlightenipéf%g»the current investigation cé

101

by Hoyano and,Graham of.the little known (n4C5H5)OS(CO)2H.

The osmium h&dride shows excellent air and thermal stability;
comparable te that of (n-CSH;)Re(CO)(Nb)H. ;n contrast t0<{
the Fetand'Ru ahalbgs, (n-CSHs)Os(CO) H is';esistant to

deprotonation; No evidence has yet been obtalned for thei

anlon, CpOs(C0)2 . Reaction of the osmlum hydrlde with -

the electrophiles Ph3c and C7H7 gave n?-Ph3CH and N
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nz—C7H8 cations similar.lo those of the rhenium hydride
§; The lack of obvious H' and H™ donor properties for"
the osmium and ‘rhenium hydrides'may largely be due to the
strenéth of the metal-hydrogen bonds.

With the knowlédge of these recentbrésults the
.behavior of (n-CSHS)Re(CO)(NO)H no longer seems entirely
uniqge. Work is currently-underway in this research group
'to eQZZEH\bhe reactioné of the rhenium hydride to othef
metal'systemé. "Initial results obtained with iron group
dicarbonyl hydrides show reactions modes somewhat similar
to those of §: It seems probable that many of the | :
processes first obServeé with (n-CSHS)Re(CO)(NO)H will

prove to be éeneral reactions of transition metal hydrides.
- Ny :

i

Y : -
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SECTION VI

EXPERIMENTAL

Preparation of (n—ngg)Re(Co)(NO)Br:

(n C )Re(CO)(NO)H (0 5 g, 1.61 mmol) was dissolved
in 25 mL of acetone and cooled to 0°C. Bromine (0.098
mL, 1.90 mmole) was added dropwise and the sélution
refluxed for 2 hrs at 60°C. The solvent was removed
under reduced pressure to give a dark red solid. This
materlal was placed on a Florisil (100-200 mesh) column
and eluted with benzene. A red band moved quickly down
the column, was collected, and the solvent removed to
give the bromide as réd microcrystals, 0.52 g, 83% yield,
M.P. 133-134°C. o |
Characterizarion: IR (héxane) 2003(s), v(CO); 1742 (s)

cm_l, v (NO). Mass Spectrum, 90°C/16 ev:

IbﬁRe(éO)(NO)Br]+;‘[CpRe(NO)B:]+, [cpReBr]t. Proton

NMR (CQ2C12) § 5.86 pém. Anal Calcd for C6H5Re02NBr-

C, 18i51;-H, 1.29; N, 3.60. Found: C, 18.51; H, 1.29;

- AN

N, 3.57.,

Reaction of“(n;csg:)ne(CO)(NO)n with CBr,:

~Carbon tetrabromide (0.22 g, 0.64 mmole) and
(n—CSHS)Re(CO)(NO)H were heated in 10 mL of benzene at

60°C for 2 hrs. The solvent was removed under reduced
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pressure to give a black solid. This material was placed
on a florisil (100-200 mesh) column and eluted with
benzene. A red band guickly moved down the column, was
collected, and the solvent removed uﬁder reduced pressure
to give red, micrbcrystals of (n—CSHS)Re(CO)(NO)Br, 0.13
g, 52% yield.

The compound was identifiea by comparison of its
infrared; protohnNMR and mass spectra with authentic

samples.

preparation of (n-CgHg)Re(CO) (NO) (CH;CN)PF,:

~(n=CgHg)Re(CO) (NO)H (0.5 g, 1.61 mmol) was dissolved
in 20 mL of‘acetbnitrile and cooled t0‘0°C. Triphenyi-
carbenium hexafluorophosphate (0.625 g, 1.61 mmol)
| dissolved 1n 10 mL of CH3CN was added dropw1se to give
a bright yellow solution. The addition of diethylether
gave, a precipitate which was collected and washed with
3 x-20 mL of ether toAgiVe the acetonitrile cation as
Yellgw, microcrystals; 0.75 g, 94% yield.

Characterization: IR (CH,Cl,) 2030(s), v(CO); 1769(s)

em™l, v(NO). Proton NMR & 6.08 (SH), 2.82 (3H) ppm.
‘Apal. calcd for C8H8Re02N2PF6: C, 19.40; H, 1.63;5N,_

5.65. Found: .C, 19.47; H, 1.63; N, 5.56.

n

(
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/
Preparation of (n-ngz)Re(CO)(NO)(C,gBO)PFsi

(n—C )Re(CO)(NO)H (0.1 g, 0.32 mmol) was dissolved

in 5 mL of THF and cooled to 0°C. Triphenylcarbenium ' >
hexafluorophosphate (0.125 g, 0.32 mmol) in 5 mL of

CH2012 was added dropwise. The solution became yellow

and a yellow precipitate appeared. The addition of
" diethylether gave more of the precipitate, which was
.cOllectéd and washed with 3 x 10 mL of ether to give

yellow microcrystals of the THF cation, 0.077 g, 45%

yield. | -

Characterization: IR (CH2C12)2017(S), v(co); 1755 (s)

em !, v(NO). Proton NMR (CD,C1,). 6 6.12 (5H), 4.24 (m,
y e

4H), 2.12 (m, 4H) ppm. Anal calcd for C10H13ReO3NPF6
C, 22.82; H, 2.49; N, 2.66. Found: C, 22.56; H, 2.29;

N, 2.78.

Preparation of (n- CSHg)Re(CO)(NO)(C O)PF

(n-C Hg)Re (CO) (NO)H (0.1 g, 0.32 mmol) was dissolved
in 5'mL of acetone}and cooled to 0°C. T;iphenylcarbénium
’hexafluorophoéphate {(0.125 g, 0.32 mmol) in 5 mL of
acetone was added dropwise tovgive a reddish-yellow
soiution. Thé addition of diethylether gave a precipitate
which was collected, and washed with 3 x 10 mL of ether

-~

' to give the acetone cation as yeilow, microcrystals,

7

0.055 g, 33% yield.



Characterization: IR (CH2C12) 2019(s), v(CO); 1757(s)

em™, v(NO). Proton NMR (CD,Cl,) 6 6.16 (5H), 2.66 (6H)

ppm. Anal. Calcd for CnglReOBNPFG. C, 21.10; H, 2.16;

N, 2.73. Found: C, 21.29; H, 2.09; N, 2.89.

Preparation of (n- C )Re(CO)(NO)(Ph CH)PF

Triphenylcarbenium hexaflubrophosphate (0.125 g,
0.32 mmol) was dissolved in 10 mL of CH2C12 and cooled
to -78°C. (n- C5H5)Re(CO)(NO)H (0.10 g, 0.32 mmol) was
added as a solld in four equal portions over ~15 min.

The solutlon turned reddlsh—yellow-and within 0 5 hrs‘

/
a yellow pPrecipitate appeared. The solutlon was filtered.

at -78°C, and the SOlld washed with 2 x 5 mL of cold

CH2C12 to give yellow microcrystals of the triphenyl-

methane cation,nd.Zl g, 93% yield.

Characterization: IR (CH,C1,) 2026(br,s), v(CO); 1765

(br,s) cm ’ v(NO).« Proton NMR (see discussion). Anal.

calcd for'C25 21ReozNPF6 C, 42.98; H, 3,1%;'N, 2.00,'

Found: C, 42.96; H, 3.02; N, 2.11.

Reactions of (n C )Re(CO)(NO)(Ph CH)PF6

(a) With triphenylphosphine -

1

Preparation. of (n-ngq)Re(CO)(NO)(PPbé)PFSi

. v %
i
Triphenylcarbenium hexafluorophosphate . (0.125 g,

0.32 mmol) was dissolved in 10 mL of CHéCl2 and cooled

128.
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to -78°C. (n-CSHS)Re(CO)(NO)H (0.10 g, 0.32 mmol) was -

added as a solid in four equal portions over ~15 min to

give a reddish-yellow sofution. Triphenylphosphine
(0.085 g, 0.32 mmol) was added and the resulting yeliow
solution stirred at -78°C for 1 hr then warmed to room
temperature. The addition of diethylether gave a
precipitate which was colléctéd, and washed with 3 x 10
mL of ether to give the triphenylphosphine cation as

yellow microcrystals, 0.22 g, 96% yield.

Characterization: IR (CH,CL,) 2023(s), v(CO); 1767(s)

em™l, v(NO). Proton NMR & 5.83 (5H), 7.5 (m, 15H) ppm.

Anal. Caled for C..H..ReO:NP.F.: C, 40.23; H, 2.81;
24Hy RGO NP gt

N, 1.95. Found: C, 40.49; H, 2.80; N, 1.92.

Reactions of (n-csgg)Re(CO)(No)jPh3CH)PFsi

~ .

(b) With‘Triethylémine - ) | U
| - K 3

Preparation of para and meta (n-C.H:)Re(CO) (NO) (C_H,CPh,)H:

' Triphenylcarbenium hexafluorophosphate. (0.625 g,
1.61 mmgl) was diﬁsolVed in 10 mL bf_cn2012 and cooled
to -78°C. (p—CSHS)Re(CO)(NO)H (0.50 g, 1.61 mmol) was
addgd as é solid in_four equal portions ovéf ~15 min to -
give a réddish—yellow solution. Triethylamine (0.90 mL,
6.47 mmol) was added apd/the'resulting red sd%utionrl
stirred at -78°C for 1 hr. vAfter warﬁing to room tempera-

ture, the solvent was removed under reduced pressure to
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give a red solld. Thls solid was extracted with hexane;
the extracts flltered and cooled to -78°C to give pink
crystals of para and meta (n—CSHS)Re(CO)(NO)CGH4CPh2H
0.79 g, 89% yield. Th?tpara and meta i.omers occur in

a 55:45 mixture which may be separated by rep-* d

fractional recrystallization from CH2C12/hexane.

®Characterization: para isomer: IR (hexane) 1982.4(8),

v(CO): 1731.3(s) cm—l, V(NO). Mass Spectrum, 120°C/24 ev:
[CpRe(CO)(NO)C H CPh H] [CpRe(NO)C6 4CPh H]

[CpPReC .H CPh H] * . proton NMR (see discussion).

64
Anal. Calcd fog C25H20Re02N: C, 54.33; H, 3.65; N, 2.?3.

_‘Found: C, 54.04; H, 3.65; N, 2.57.

meta isomer: IR (hexane) 1981.6(s),
/

v(CO); 1730.7(s) em~l, v(NO). Mass Spectrum, 120°C/20 ev:
[CpRe(co)(NO)c H,CPh, H)* [CpRe(NO)C H, CPh, 1t '

(CpReC H4CPh2H] . Proton NMR (see dlscu981on) Ahal.

6
Calcd for c25 20ReozN. C,” %N,BB H, 3.65; N, 2. 53.

Found: C, 54.09; H, 3.64; N, 2.59.
(c)‘With Dimethylphenylphosphine -

preparation of”(n—csnn)Re(CO)(NO)(PMezph)PFsi

v ' o R .

/

Triphenylearbenium hexafluorophpsphate (0.625 g,

'1.61 mmol) was dissolved in 10 mL of éﬁéclz and cooled

to ~78°C. (n-CgHg)Re(CO) (NO)H (0.50 g, 1.61 mmol) was

. added as a solid in four equal portions over -15 min

-
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to give é reddish-yeilow solution. Dimethylphenyléhosbhine
(0.25 mL, 1.69 mmol) was added and the resul;ing.orahgé
solutioﬁ stirred for 1 hr at‘-78°C then warmed to room
temperature. The addition qf diethylethef-gave a
precipitate which was collected and washed wiﬁh 3 x 20

mL of éther to give the dimethylphenylphosphine cation

as yeliow microcrystals, 0.55 g, 58% yield (see discussion).

Characterization: IR (CH,C1l,) 2022(s), v(CO); 1771(s)-
cm™l, v(NO). Proton NMR (CD,Cl," 5 5.93 (SH), 7.68 (m,

5H), 2.285 (d, 3H), 2.291 (d, 3:. ppm; J(CH, -P) = J(CHy, -P)

= 10.7 Hz. BAnal. Calcd for C14H16Re02 P2F6 C, 28.383

H, 2.72; N, 2.36. Found: C, 28.34; H,\2.69; N, 2.43.

Protonation of para and meta (necsgg)Re(Co)(NO}(C5§4CPh2H)§

: An equimolar mixture of para and meta (n- CgH )Re(CO)-
(NO)(C6H4CPh H)(O 10 g, 0. 18 mmol) was dlssolved in 10 mL
of CH2012 and cooled to -78°C. The ad@1tlon of HBF4/Et20
gave a yellow-orange solution from which slowly précipi—
tated a yellow éolid. The solid was collected by
filtration at -78°C, and washed with 2 x 5 mL of cold
‘CHZClé. infrared and proton NMR spectroscopy showed /
this material to be the trlphenylmethane catlon,

(n -C Hs)Re(CO)(NO)(CPh H)BF,, 0.116 g, 82% yield.
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Preparatlon of (n- CSH )Re(CO)(NO)(l 2~ nz—c )BFI

Tropilium tetrafluoroborate (0.057 9, 0.32 mmol)
and (n-C Hs)Re(CO)(NO)H were stlrred in 5 mL of CH Cl2
for 1 hr at room temperature. The addition of diethyl-
ether to this yellow solution éave a precipitate, which
was coliecﬁed,'and washed with 3.x 10 mL of ether to
give yellow microcrystals of the cycloheétatriene cation;
0.146 g, 93% yield. |
'Characterization: IR (CHéclz) 2057(b£,s).v(co); 1778 (br, s)

Cm-l, Vv (NO) . Proton NMR (see discussion). Anal..Calcd

for C ReO NBF

13 13 2 4t

C. 31.98; H, 2.68; N, 2.87.
Found: C, 31.78; H, 2.62; N, 2.83. |

.



CHAPTER IV
DINUCLEAR PRODUCTS OF

o -
THE RHENIUM GROUP

133



134.

SECTION I
INTRODUCTION

The Previous chaptei described a series of compounds
obtained in a study of;hydride abstractibn from
(n-CSHS)Re(CO)(NO)H (3). 'The reaétion-of trityl cgtion
with g can be used to prepare cations of the ‘type,
[(n-CSHS)Re(CO)(NO)L]+, thqh are themselves valuable
syhthetic intérmediatés. in the present chapter similar
reactions are explored which provide convenieht routes

to dinuclear derivatives of the rhenium groupw__

L]

A. Carbonyl-n—Cyclopentadienyl Metal Dimers.

A number of transition metal carbonyls are kﬁowﬁ“
which contain z&g Or more metal cénters. The compounds
range from the simple dinuclear éarbonylg»(e.g. Reé(CO)IO)
to polynuclear complexes such as RhG(COjls..,studies of
polynuclear.metal cafbonyls have traditionally focused
on the many structural and bonding modes exhibited by
these types of complexes.,* Beginning~in 1973, when
Kae32103 flrst drew attention to the analogy:Of cluster
chemistry to reactions on metal surfaces, this.arga of

A_organometallic chemistry has greatly expanded. Much of

current research on metal carbonyl clusters emphasizes

A number of reviews have been published on transition
metal clusters.!92 . '
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their use as homogeneous catalysts and(catalytlc models.104

In the present study, a series of compounds has been
prepared, each of which contains two unlts of the
CpRe (CO) (NO) - group. The }arent.molecule in this series
is the rhenium dimer, [(n—c HS)Re(CO)(NO)]Z. This compound
is one of a class of dlnuclear species containing
carbonyl-n-cyclopentadienyl ligands and metal-metal bonds.
Among the best known examples are the chromium group:
»tricarbosyl [(n-CSHS)M(CO) ]2 (M = Cr,76 Mo, wlOS) and
the dicarbonyl dimers of the iron triad, [(n—C HS)M(CO)2]2
(M = Fe,106 Ru,lo7 05108). These dimers. show many
similarities in their reactions, structures, and bonding.

A mggecular orbital treatment of the bonding in the iron

group dimers can be found in a recent publication by

Hoffmann:109

Many reactions’ of the carBonyl—n—cyclopentadienyl

. metal dimers occur with\cleasage of the metal-metal bond
to glve mononuclear spec1es. However, other réactions
produce dinuclear complexes in whlch some metal-metal
’bondlng remains. Protonatlon86 »110 ot the dimers, for
example, gives hydride bridgcd cations [E (52)]. These

7}

+ .
[(n-CgHg)M(CO) 1, —H— [(n-CgHZ)M(CO) ] (uy=H') (52)

X=2;M#Fe, Ru .

"X =3; M= Mo, W. . ' .



.complexes probably have structures. in which the hydrogen
is bonded equally to both metals while a metal-metal
bond is maihtainéd. The bridged hydride cations form:

part of agother group of polynuclear compounds called

’

hydrldo clusters. Rev1ews on the chemlstry of hydrido

\

clusters can be found ln the general reports on metal

hydnldes,eq ' 75 and 1n“£ﬁo more specialized articles by

Kaesz.103 111 : n

In still other reactions, the carbonyl—n~cycloggnta—
dienyl dimers have given dinuclear proaucgp withouty
metaiémetal bonding. Controlled haiégenation of the
iron- and ruthenium dimersi1? has been ﬁsed to prepare"
“bridged halidé cations [(n-C.Hg)M(CO),] (u,-X)¥, M= Fe,

Ru; X = halogen.~ Application'of the 18-electron rule to

these compounds suggests there would be no direct bonding .

beétween the metal centers. The absence of a metal-meta;.

~,

‘bond in the iodo bridged iron dimer has been confirmed
by én X-ray study.;;3 T

‘ The deéree of metal-metal interaction in sﬁch ai-

v nuclear\complexes was for many yéars a hotly debatea
~subject. The 18- electron rule and spectroscopic ev1dence

can be used to postulate structures but the f1nal

conflrmatlon requires X-ray or neutron dlffractlon studles.

[N v

The results of a crystal structure analysis can also be
open to.various interpretations, particularly for bridged

hydride complexes. For a discussion of this problem_and'

136.
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I

©

. a comparison oﬁ'M—M; M—(uz—H)—M and M-(uz—cl)-M bonds S
the reader is referred to recent papers by Dahl“ et al. 114

and by Churchlll 115

B. Stereochemlcal Nenrlgldlty in. Carbonz; n—Cyclopentad1e4y1'~

Metal Dlmers.

The most widely studied aspect of the chemistry of - '//4\

carbony1~n—cyclopentadlenyl metal -dimers has been the R

[

‘varlety of structures they exhibit 1n\solut10n and the -

interconversion of these structures. All six chromium

1

and iron gtoup"dimers show stereechemical-non:igidity'
detectabie by infrared and NMR gpéctroséObx, . In solutien /
these tompounds exist as a rapidly exehengihg mi%tﬁre of .
two or moretstrﬁctural,forms.“ A reviewvhasibeen éeblished
dlscu581ng nonrlgldlty in metal carbonyl dlmers and ﬁﬁe
'methods used to study such processes.116 \

The Mc “imer [(n-c Hs)Mo(CO)3]2, has pentahapto—
cyclopentadlenylgroupsand six terminal carbonyl llgands.

Utilizing the lS-electron rule. there are two p0831b1e

¥

struetJZes for thls complex. As shown in Eq (53) the
‘molecule could have.a cis or trans ar;angement with respect
to the cyclépentadienyl ligands. In the SOlld state,
[(n-CSHS)Mo(CO)3]2 has the trans structure.117 (A 1972
study by Adams and ‘Cottonll8 foﬁn§ that in solutien,thisl' (?Q"_
complex exists as a rséidly'exchanging mixtufeaof the‘Eis‘ ) .

o
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O
v. ¢ 0
C C
F— . Mo Mo 2 (53)
c/é\c c/é\c c/é\c N\ :
00 (o] o o
° & o o
CIS TRANS
g;ﬂ‘« "y

N

and trans forms. at -iS°c the lH NMR showed two cyclo-~
pentadlenyl signals separated by ca. 0.2 PPm. These
Peaks were assigned to ¢ig and; trans 1somers. The slgnal
at higher fleld was more abundant in polar solvents and
was thus’ attrlbuted to the c1s conformatlon. On warming
the slgnals broadened and coalesced to give one sharp
peak at +6?°C. At this temperature the exchange of. cis
and trans 1somers is rapld on the NMR time scale, g1v1ng
one averaged 81gna1 for both structures The Lntercon-
verslon of cis and trans forms is belleved to occur
intramolecularly, by rotation about the Mo—Mo bond. The
two geometrlc zﬁomers can also be distinguished by 1nfrared?_
spectroscopy. Andlogous behav1or has ‘been reported for
the Cr and W dimers. 119 J

The iron dimer [(n-CSHS)Fe(CO) ] shows slmilar

nonrigidity but the process is more camplex dﬁe to the

i
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presence of bridged carbonyl llgands. The brldglng ﬁgfgfﬂ///’////‘

of the iron dlmer contain pentahaptocyclopentad1enyl groups
with two terminal and two bridging CO llgands. In the
solid state,120 the compound has trans or cis structures
depending on the polafity of the solvent-used for crystal-
lization. In solutipn, [(n C )Fe(CO)2]2 exists as an

equilibrium among cis and trans, bridged and”nonbrldged Vs

forms (Scheme 14). Rapid exchange of these structures o

Scheme 14:

—00
N\

/OO

'CIS”or TRANS

N\

[
0

GG

S

occurs by bridge-terminal exchange of CO ligands and
by internal rotation about the Fe-Fe bond in the non-=

bridged forms. ~ These processes have been dellneated by

the use of proton and carbon NMR correlated w1th 1nfrared

121 122

data. Similar behavior may occur in [(n-CSHS)Ru(CO)zl2

but with a much higher concentration of cis and trans

- LIN
{
.

nonbridged structures. The osmium dimer exhibits 6nly' _ §t~
) | ‘ 7
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!
cis and trans unbridged structures.101 These results

suggest the tendency of carbon monoxide to bridge metal- =
metal bonds decreases on descending a group of the
periodic table.

Bridge-terminal excharige is not unique to carbonyl
ligands. Studieé on the nitrosyl dimers,
[(n-csHs)Mn(CO)(NO)]z and [(n—CSHS)Cr(NO)Z]Z, were repprted

123 1

in°1973 by Ibers, Marks, et al. Thé infrared and “H

)

NMR data for these compounds showed bridge-terminal

' exchange also occurs with nitrosyl ligands and at a rate

140.

L
a3

comparable to the carbonyl process. The nonrigid behavidr :

of [(n-CgHg)Mn(CO) (NO)1, will be more. fully discussed in

o

The above studies suggest a relatively small energy
difference bet&een structures having bridged-and terminal
CO/NO ligands,-andvalsd between cis and trans isomers.:

Small chandes in environment or the nature of the'cbmplex

can greatly aiter the structure of such dinuclear compounds._'

The stereochemical nonrigidity of other n-cyclopents " " =2nyl

.

metalbdimers sugéested similar behavior might be poss.iple

for [(n-C5H§)Ré(CO)(NO)12;'v-,

N
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SECTION II
CHEMISTRY OF [(n—c )Re(CO)(NO)]Z(uz Br)PF

The previous chapter outlined some reactions of
(n—CSHs)ReZCO)(NO)H (3) with electrophiles® ‘Arkyl cations
like Ph3C+ abstract H from the hydride, giving forma1iy,A
coordinately unsaturated CpRe(CO)(NO)+ ﬁhich undergoes
further reactions. A similar process occurs when the

N .
rhenium bromide (n-CSHS)Re(CO)(NO)Br (9)* is reacted

with. trimethyloxonium hexafluorophosphate (Me3OPF6).
\

A. Preparation of [(n—csgc)Re(CO)(Noﬂgggz-Br)PFsi

~.
~

When a-red solution of (n-CgHg)Re(CO) (NO)Br (9) was

treated with Me36§Fg\in CH2C12 a slow reaction occurred

'_over‘a period of ca. 8 hr to give.a reddlsh—orange color.

Infrared monitoring 1nd1cated formatlon of a oatlonlc

compound of the rhenium group Proton NMR of the producrwaﬁﬁi;
mixture showed MeBr and cyclopentadlenyl 51gnals in the
region expected for rhenium cations. Addition of dlethyl—
ether gave orange, air stable,xmicrocrystals. Elemental
.analy51s of the new compound was con51stent with its ;:

formulation as the brominated dimer, .[(n~ C )Re(CO)(NO)]2

(Br)PF, (19) [Eq (54)].

The preparatlon and characterization of (n- C5H5)Re(CO)(NO)Br
have been discussed in Chapter III.



2(n—GSHS)Re(CO)(NO)Br + lMe3OPF6 —_—

[(n Csg )Re (CO) (NO)] (Br)PF + MeBr + Me,O

The nature of the rhenium product, and the presence

~of MeBr suggests the initial step of Eg (54) involves

Br abstraction from (;2). This process may occur by

direct attack of CH + at bromine. Alternatively electro-

3
philic attack at the metal center would give
[(n-C;H )Re(CO)(NO)(Br)CH 17 which could reductively

eliminate methyl bromide. The:formal product of bromide

abstraction is the electronically and coordinately

unsaturated CpRe(CO)(NO)+ ~ This presumed 1ntermed1ate »
would readlly 8oordinate a second molecule of (9) through
one of the 1one pairs on bromlne to glve the observed
dinuclear product [(n-C Hs)Re(CO)(NO)](u —Br) . The
relatively low yield of (19), 38%, is llkely due to the
instability of Me3OPF6 in solutlon- unreacted (n-C )—
Re (CO) (NO)Br was detected in the reaction mlxture.

The route used to Prepare (19) is very s;miiar to

those reported to glve the iron analog [(n- CSHS)Fe(CO) 1-

N"’(uz—Br) The iron compound was obtained on reaction

of (n- CSHS)Fe(CO)ZBr\WLth the Lew1s acids, AlBr3 or

e m——

124 . oo T .
BF4"OEt,.

with AgBF4 generates the correspondlng brldged 1od1§e
complex. A’ thorough mechanlstlc study of the latter

reaction has recently been carried out by Mattson and

Graham.125

(54)"

142,
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B. Reactions of [(n-C.H;)Re(CO) (NO) ], (1,=Br)PF .

! . . o R A

The bonding in the bridged bromide dimer,
[(n-Cg )Re(CO)(NO)]ZKuz-Br) can be represented by the
two resonance structures shown belcw. In each canonical
+ J .‘o_ +

Br. _ *Br

] [

- form, the bromine atom is formally sigma bonded to one

neutral rhenium fragmenr while donating a lone pair of

e

electrons to the other, cationic rhenium. This complei

may be considered a cation of the type CpRe(CO)(NQ)L+,

iwhere L is a two-electron neutrdl licand; in this case
&8 CpRe(CO)(NO)Br. This view'suggests the bridgedlbromide

>

(19) would be susceptible to cleavage. by dlsplacement of
PR

~ the rhenlgﬂ/promidé/ilgand. This postulate was confirmed
by the reactions of [(n- Cg )Re(CO)(NO)]z(u2 BHXFFG (19),

vsummarlzed in Scheme 15. The products of these reactlons
have all been prepared separately in- thlS study. Their
presence was established by comparlson of infrared and

lH NMR spectra to authentlc samples.

The chemlstry of the bridged bromlde(19) is dominated
by dlsplacement of the coordinated CpRe(CO)(NO)Br unit.
Donor ligands (L) such as CH3CN and PEh rapldly cleave

the bromlde brldge to glve al:l mlxture of
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Scheme 15.

CH,CN .y | N
[ (n-C4H;)Re(CO) (NO) (NCCH,)

4 (n_csns)Re (CO) (NO) Br
(n=C 5 (OC) (ON)Re

N PPh3 -
Br” — (n~C HS)Re(CO) (N0) (PPh, )yt

(n-c H )(OC)(ON)Re ,
+ (n~CH)Re(CO) (NO)Br

’ EtzNBr 3 ;
L——» 2(n~C¢H;)Re (CO) (NO)Br

[

(n- Cg )Re(CO)(NO)L arnd (9). With the anionic nucleophile
Br , an instantaneous reactioﬁ'occurs'to give two moles

of the neutral bromlde (n-C Hs)Re(CO)(NO)Br. Similar

L 4

reactlons of the brldged halide dimers,
B [ (n-CSHS)Fe(CO) 2] 2 v(U2-Br) PFG and [ (n"'CSHs)R'u (CO) 2] 2 (U'z-x) PFGI

X =Cl, Br, I with neutral and anionic nucleophiles have

112b . 124

been reported by Haines, et al. and by Fischer.

~ C. The Structures of [(n-ngz)Ré(CO)(NO)]ZLEQ;Br)PFc.

In contrast to the parent metal-metal bonded dlmers
llttle study has been devoted to the structures of the
halogen bridged compounds. Infrared and NMR data have L

been'repprted‘for the [(n-CSHS)M(CO)2]2X+
. !
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M= ﬁe,124'112a'125 Ru112b) complexes with little

. discussidh as to the structures they might imply. Solid
state data is available from-the x—ray_study of the
1odo -bridged dlmer, [ (n- CSHS)Fe(CO)Z]Z(u2 I)BF, reported

in 1973.113

The crystal structure confirmed that the
two métal centers are bridged symmetrically by the iodine

. atom. As predicted by the 18-electron rulé, the complex
does not‘contain an Fe-Fe bond. The cyclopentadienyl
groups adopt a trans arrahgémenttpresumably to minimize
steric repulsion between the rings.

Informatlon on‘the structure of [(n-C )Re(CO)(NO)]z
.(uz-—Br)PF6 can be obtalned by 1nfrared and NMR spectro-
sébpy and frqm»an additiqha; probe: - the ésymmetric
. metal éenters. Assumihg the generél feaﬁures are similar
to those:of [(n—c )Fe(co) ] (u2 I)BF4, two possible

structures are 19a and 19b. The brldged bromide could

o

-0
N c§3
+ |
Re —m Br = Reo
Y 4 : N
C'N
19a-CIS ‘_ : 19b-TRANS
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“
2%

exisﬁ in.sglution in a cis or trans forhror as a mixture
of:both these geometric isomers. wBessgse_of.the'presence

‘of two asymmeﬁric centers, two diastereomers are possible

for each geometric isomef. Structures for the two .

diastereomers of the cis isomer are shown as Lga—RS and

¥3a—RR,' On steric or electronic,grounds there is no

T
L

o
s

0

0
\

oz

19a-RS ' ~ 19a-RR*

obvious’difference'iﬂ the expected stability of diastereomers
of the bridged'brdmide (19). As the cbmpound has been |
’COnstructsd from two separ~te rhenium units} fhere-is
every reésgnwts‘expect any‘cis or trans geometric isomers
of lgltd form with approximately equal proportions of tﬁeir
two 'diastereomers. |

In CH2C12, [(n C )Re(CO)(NO)] (uz Br)PF6 (19) shows
two symmetrzc bands ‘at 2020.0 and 1761.7 cm. 1, frequenc1es

consistent with terminal CO and NO stretchlng.modes.

Only one enantiomer of the Cis RR/SS diastereomer is shown.

T N
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'There is no suggestion of shoulders or the near coincidence

- of two bands.’ As cis and trans forms would be expected

to show dlfferent v(CO) and v(NO) frequencies, this

result suggests 19 exists as only one geometrlc isomer

" in CH2 12* at room temperature. The solld state infrared

of 19 in Nujol also shows single bands for the CO and NO
ligands;. agaln suggestlve of one geometrlc isomer (cls |
or trans). ’

The diastereomers of cis and trans forms of 19 have
in princ1ple different 1nfrared spectra. However, the
complete resolution of thls dlastereotoplc dlfference

by solutlon infrared spectroscopy has not been possible

for any of the compounds prepared in this study. The

very low symmetry of their structures predlcts that each

'rules.

diastereomer of each geometrzc zsomer of 19 would exhibit
two carbonyl and two. nitrosyl stretching modes in the
infrared. The actual number of peaks. observéd can, of
course be less than that predlcted by the symmetry :

126 In the case of the bridged. bromlde only one

‘v(CO) and one v(NO) bang?could be found in dlchloromethane

B

or in a Nujol mull ST R

As CH2C12 glves somewhat broad peaks it would be of
‘interest to obtain infrared data in other medla,
unfortunately 19 is cleaved by other solvents of’
sufficient polarlty to dlssolve the compound.
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Further evidence for the solution structures of
[(n~C sHg) Re(CO) (NO) ] 2 (U= Br)PF comes from the ‘proton NMR.
In CD2C1 at 200 MHz, the compound shows two n- CSH5
signals of approxlmately equal intensity at 6.08%2 and
6.066 ppm. The spectrum remains constant from -90°C to
" +60°C. The Sseparation of the cyclopentadlenyl signals
is typ1ca1 of dlastereomers of the rhenium group (see
Section III-C and Chapter‘V) The approximate 1:1 ratio
of these 81gnals and the lack of temperature dependence
further suggests they are due to diastereomers of 19
rather than cis and trans geometrlc isomers.

In summary, the data indicate that [(n-CsH )Re (CO) -
(NO} (u2 Br)PF6 (19) exlsts in solution and the solid
state as two dlastereomers of one geometfic isomer. From
'sterlc arguments, and in anajogy to [(n-C H )Fe(C0)2]2

(u -I)BF these dlastereomers are assigned the trans

‘structure l9b

—

AN

n
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SECTION III

CHEMISTRY OF I(H-CSHS)RG(CO)(NO)]z(u2~H)PF6

The reaction of (n-C )Re(CO)(NO)H (5) with trltyl

Acation, described in Chapter 1II, occurs with hydride

Kprepare dinudlear dérivatives containing two units of

the. rhenium group.

A. Preparation Sf [(n-C.H.)Re(CO) (NO) 1, (up~H)PF .

Dropwise addition of aCH2Clzsolut10n of Ph3CPF6

to« (n~C )Re(CO)(NO)H (5) at room temperature gave ”

initially an orange solution from which rapldly precipitated

NS%ange, air stable microcrystals. Infrared monitoring"

7 indicated terminal carbonyl and nitrosyl bands with
frequencles suggestlve of a cation of the rhenlum group.
1H NMR of ‘the product mlxture showed PhBCH, and cyclo-

_ pentad1eny1 signals in the cation region. In addition,/
peaks conslstent with formatlon of a metal hydrlde were
found at ea. -15 Ppm. Elemental analy31s of the precipitate
suggested the new compound be formulated as. the dlnuclear
hydrlde, [(n—CSHS)Re(CO)(NO)] (H)PF6 (20) [Eq (55)1.

. 3 ,,:gjﬁ o

-
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. methane complex.

.reactions of the trityl cationﬁwith“(n-CSHS)M(CO)

(M= Mo, W) afforded the, hydrides [(n=CgHg)M(CO) 3) ) H».

in the literature. 1In 1978, Beck

!

2(n-C.H:)Re (CO) (NO)H + 1Ph,CPF_, ——im
575 3 6 (55)

[(n-C )Re(CO)(NO)] (H)PF +‘1Ph3CH

[}

In the reaction shown in Eq (55), one mole of ph3c+
consumes two moles of the rhenium hydride (5). The first

step of this reaction would involve hydride abstraction from

‘one mole of 5. From the studles described in Chapter III,

&

the 'expected product of this initial step would be one

mole of [(n4CSHS)Re(CO)(NQ)(PhjCH)]PFGv(lé); The nature

of the rhenium-product isolated in 78% yield from Eq (55)
suggests the second step is displacement of P£3CH from 13
by the Second~mole of (nACSHS)Re(CO)(NO)H (5). Howevef,

in a separate experlment, reaction of [(n~C5H )Re(CO)(NO)—
(Ph3CH)]PF6(l3) w1th 5 resulted in decomp031tlon, with
formation of only traces of the'&inuclear hydride 20; o
thus 13 as such cannot beran intermediate in Eq (55)

After the initial hyﬁrlde abstractlon step of Eq (55),

150.

formatlon of the dinuclear hydride 20 must occur by a. -

more direct route without the 1ntermediacy of a triphenyl-

.(_. ) . . .
The preparation of dinuclear transition metal hydrides

. with triphenylmethyl cation has only recently heen reported

87 discovered similar

127

Cutler in 1980 reported that reaction of

3
4,
P o

> B
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(n C )Fe(CO)(L)H (L = phosphlne) gave phosphlne,

substltuted, hydride dimers [(n-CSHS)Fe(CO)(L)IZH .

B.. Reactions of [(n-C.Hg)Re (CO) (NO) 1, (u,~H)PF¢.

’ The hydrlde [(n-C H5)Re(CO)(NO)] (H)PF6 (23) can be
consxdered a cation of the type [(n-C )Re(CO)(NO)L]
whe:e the ligand L is (nfCSHS)Re(CO)(NO)h (2). The
analogous compound 19, where L is (n?CSHS)Re(CO)(NO)Br, , <,,_
(2) reacts rapidly with nuclebphileé‘to displace the
rhenium bpoﬁide 9 (see Seétion II;B). Whén these same
reéctioné‘wqre atté&pted,with;the dinuclear hydride 20
very different results were obtained.'-fhe réaqtiéns of (: v
20 are Qhowh in Scheme lé} the rhenium producfs, é}l'Of "

Scheme 16:
\

<

CH.CN

- N.R
B  PPh.- : -

[(n-CSHS)Re“(CO)(NO)IZHf < e [(nc )Re(CO)(NO)]2

o

Et 4NBr

- (n-C4H;)Re (CO) (NOYH
+Tn-CgH )Re(CO)(NOLBr

v

acetonitrile to give orange solptlons with inf;ared and
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1y NMR spectra similar to those recorded in other solvents.

There is no evidence for displacement products as were
obtained with [(n-CSHs)Re(CO)(NO)]b(uz-Br)+. The hydride
gg does react with Ph3P, but to give the deprotonation 1
product, [(n-CSH )Re(CO)(NO)]2 . This reaction suggestg,
‘[(n—CSHS)Re(CO)(NO)]zﬂ is a Lowry-Bronsted acid, capable
of donating a proton to the base‘?Ph Only with the

anionic nucleophlle Et4NBr was a displacement reaction

of gg observed. The weakly basic Br cleaves:

I(n—CSHS)Re(Ce)(NO)] 5 to give g%i;l mixture of the
mononuclear hydride. 5 and the bromlde 9.

These reactlons reflect a fundamental difference in
the bonding modes of the bridged bromide.;g and the

hydride 20. The 18-electron rule as applied to the

ltgyRe(co)(no) fragment‘requires a two-electron donor

A% ,0 B
sug&ested by the resonance forms of 19. The re t;ons ~ o o

.%&Eh dlsplacement of thls weak. donor by more strongly

ff'fcbordinatlng ligands. The rhenlum hydrlde (n CSHS)Re-
(CO)(NO)& (ﬁ) does not have a 51m11ar lone pair of -
electrons on hydrogen and thus cannot form two-electron.

‘}

.~ bonds inuthls fashion. | 'Vf»' E

*The, chexnlstry' of the rhenium dimer, [(n-CsHS)Re(CO) (NO) «y@ <
is ﬁiscnssed in Section Iv. ,
o : }‘ KR

: : :
o ¢ . »," R Bl
Sy B

- . - . ' R s
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, d -
The bonding in [(n-C Hs)Re(CO)(NO)]z(H)PF6 (20)

is probably best described as a closed, three-genter;

two-electron molecular orbital. Overlap of a vacant
- ‘ i

‘sigma type orbitql on the CpRe(co) (NO)* fragment with the '

two orbitals of the rhenium hydride bond in (n-C )Re @ o s

(CQ) (NO)H (5) would provide three new molecular orbltals.

L0

The low energy bodalng MO would be occupled by the two—r‘
electrons, orlglnally contained in the rhenium hydrlde |
bond of (5) In such a Brldglng complex there 13 a

-

bonding interaction ef the hydride with each metal and

: . ° . - . w‘é? : ¢
betweéh*the two'metal centers. B . ¢?{f S
B :
ﬁ ) The‘presence.of a metal-metal bond 1n [(n-C Hs)Re-
a‘ - .‘& u
X (CO)(NO)] PALDH H)PF6 (20) would explaln the fallure to

i »

“to observe cleavage reactlons with neutral donor llgands. 'Q
An alternate route of reactlon, deprotonatlon, becomes
avhllable with llgands of suff1c1ent baslc1ty. .A»

bridglng hydride structure for 20 could best be conflrmed

60"

by a crystal study.- .There is some evidence thqt_the

3
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bonding.
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NMR resonance of abhydride bridgingwtwo or more metals
will occur at‘higher fields than a terminal hydrogen.

This is certalnly consistent with the bondlng proposed

L~ IR

r for L(n—c Hs)Re(CO){NO)]z(uz—H)PF6 &%9) The hydrlde

/

resonance 1n thls comple% has been shlfted ca. 7 ppm

wpfieldwi?om lts poaltlon (-8.50 §) in the mononuclear
=k
hydrlde ~t(n—c5‘H5) Re (CO) (NO)H (5). _
' ghe bondlng in hydrlde brldged\dlnuclear complexes
128

WaS'flrst described by Doedens and Dahl in 1965. “The-

brlglnal scheme prov1ded for bondrng only beétween the
hydride and the two metal centers (i.e., an open,
two-electron, three-center bond). The gréater numbersw
of highervquality structunal‘studies.now available |
k] ' )

suggest brldglno hydrldes are best descrlbed by closed,

‘“two-electron, three center bonds with some metal—metal

114,115

~ C. The Structures of ancsgflge(co)(NOl%zigz—H)PFs; -

A5

T

. B ‘.‘i,_ . ! ‘\
Desplté the 1ntense ‘study of hydride brldged metal

complexes, llﬁtle structural information is avallable
Ry

on such compounds contalnlng v-cyclopentadlenyl llgands.
.9.A

Analysxs of the infrared spectra of [(n-CsHs)Fe(CO)Z]2

(uz-H) in an attempt to.obtaln structural information

was reported by Symon and Waddlngton129 in 1971. After

equuglng lmputrty peaks, only two carbonyl bands were ; g{i_

found for the»&ron complex. Thls is cons;stent with the

PR
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presence of one“cycTopentadienyl peak in the lﬁ NMR and. )
was ass:Lgned to a’ centrosymmetric structure with traf(\s?
Cp rings. The spec :copic data which has been r t

+.110°

fox [(n-C 5)b1(CO) ]2(“2-H) (M = Mo, W)86 would'a}so

be consistent with the presence of only trans isomers.

110

N 3
Recently, Gray reported protonatlon of the monophosphlte f‘;55>1
J g 4

.o,

‘analog of the iron dimer to glve [(n C5H5)2Fe (CO)é- ' o
P(ocH3)3(H)]x (x = BF4 » PFg 7). ?he.lﬁ NMR data of both .
these compounds and the infrared of the BF4- complex, -
suggested~@€1y one geometric isomer was’formedf The ‘¥blid "{.'

state infrated spectrum of the PFG* salt shows extra 'y 9
’ . )

V(CO) bands which the authors attributed to a mlxture ‘of .

c1s and trans 1somers.

P N

| The crystal structure of a related hydride complex,
(n o H5)2M02(H)(PMe2)(CO)4 was ré!ﬁ&ted in 1965 128 The

molybdenum compound contains brldglng hydrid@ and PMe2

A

groups with terminal carbonyls and trihs cyclopentadlenyl
ilgands. Thls structure was cofifirmed and the exact

hydrogen position- located in a later neutron dlffractlon

114 i

study. The molecule has a bent Mo-H—Mo arrangement

. cons;stent with a closed, three-center, two -electron bond.
A similar bridging hydride structure for

[(n-C Hs)REQCO)(NO)JZ(ﬁ -H)PF_ (20), could have a cis

6
(20a) or trans (20b) conflguration. Two dlastereomers'

are posslble for each of these geometric isomers. As

3 .
Ces A ‘ \

R
_— ' _— <32
N . ¢ 3 -
s, . . ¢
e Ry 22

N
By
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with the brldged bromide dimer 19 dlaste;eomers would .

» ",;::".'r

be expected to form in roughly equal amounts.‘
The 400 MHz, 'H NMR of [(n-CgH / 5)Re (CO) (NO) 1, (u,~H) PFg

(20) in CD2C12 has cyclopentad1eny1 resonaq%es at 6.040

(lOH) and 6.033 (19H) ppm. - Peaks assigned t‘mgrldg;gg e

‘_hydride ligands occur at -15.315 (1H) and -15.609 (1H) .

ppm. The spectrum was unchanged from -90°C to +60°C.

The small chemical Shift difference between the cyclo-

pentadienyl signals (0 007 ppm) suggests they are due to

two diestereomers.‘ There was no change: in the ratlo of

1

these peaks when the “H NMR was recorded in the more

polar solvent CD3CN,as would be expected for geometrlc
- B . ) td

isomers. These observations an%éthe;}ack of temperature

1

dependence of the 'H NMR suggests;[(n-c 5Hs) Re (CO) (NO) 1,

~{u Z-H)PF6 (20) exists fh solution as two dlasﬁereomers
of one geometrlc isomer; presumably the‘less sterically

/FM’ N b B
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. N o
hindered trans structure 20b. =~ =~
The infrared spectrum of [(n-CSHS)Re(CO)(NO)] (uz-H)PF
(20) in CH,Cl, is shown in Figure IV. The two partly R
overlapping bands at 2023 end 2013 cm_l suggest terminal
carbonyl ligands. In the tefminal nitrosy; region, there
is a broad band at l756$§?51$Wprobably due to two unresolved
peaks. Prediction of the number of infrared bands expecte&
for 20 is rather difficuit due to the presence of dia-
stereomers and the lack ofrexact structural data. For

example, if the hydride ligand in the enantiomer of the

trans form shown in 20b-RS were located exactly between

1A : - o
¢ -+ C
- - o .
. R ' N |
' \ a \ et N Q-
Re Re : .
" . \ -
& ‘ |
'0O" . N
. B o
5 . . 20b-RS .
p 1 : ~ - :
% ' ' g
: : the.nhenlum atoms, the molecule would have .C; symmetry.
. 3 /» AR

dﬂﬂ one band would be predzcted for the CO(NO) ligands.
va the hyd “dﬁﬂliyand were 1ocated off-center, the

ey

d-symmetry would bqireduged~to Cl and two CO(NO) bands
are expected. The.qitgetlon 18 further compllcated as.
the symmetry rules only predlct the mazzmum number of y

. D
3
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1

bands that may be observed.
7 The 1nten31ty of the 1nfrared bands for [(n- Csﬂg)-
Re(CO)(NO)]z(uz—H)PE6 (20) do not change in the more

polar,scluent CH3CN, as would be expected for Qeometric

isomers. This observation, in conjunction with the NMR

data, suggests these peaks are due to two diastereomers

- of the trans geometric isomer 20b.

' The infrared spectrum of [(n-Cg4Hg)Re(CO) (NO)1, (it,~H)PF,
(20) in Nujol shows four carbonyl bands‘and four partially

resolved nitrosyl peaks all of approx1mately equal

ulnten51ty The extnqﬁbands could suggest (20) in contrast

to the solution structures ex1sts 1n the solid state as

comparable amounts of cis and trans 1somers.' Alternatlvely

_dependlng upon thelr exact structures this 1nfrared data

could still be consistent with two dlastereomers of - the
trans geometrlc 1somer. . Perhaps the_dlfference in the
infrared spectra ofodlastereomers isiemﬁhasized in the-
solia’state. Experlments are. presently in progress to
grow x-ray quallty crystals of 20 - Further 1nformatlon.
on the structure of [(n C )Re(CO)(NO)] (”2 fﬁ)PF6 (20)

w111 have to await an X-ray study. , .

159.



. SECTION IV _h R .

.

'Re(CO)(NO)]z - o NS

/A. Preparation of [(n-csgs)Re(CO)(NO)]z;

THE CHEMISTRY OF [(n-c )Re(CO)(NO)]2
\' Y .
In Section III it was noted that one of the reaction

modes of. the bridged hydrlde, [(n-C5 5)Re(C0)(NO)]2(u2 H)PF

'160.

(20) was deprotonatlon. This reaction prov1des an excellent’

route to the long sought metal carbonyl dlmer, [(n C )--

.

s

'H Addltlon of Et3N to a suspen51on of [(n--c5 5)Re(CO)-
(NO)] (uz-H)PF6 (20) in CH2012 gave 1n1t1ally a red
solution from which prec1p1tated ‘reddish-black crystals.‘

’

Mass spectrum and elementel anelysis showed this

material to- be the rhenium dimer [(n-CSH )Re/ﬁp)(No)]2

(21) [Eq (56)1. The infrared and NMR spectra of 21

Et3N'
[(n-Cg )Re(co) (o)} (uz-H) — 56,
i | (5

—

(see SectionAIV-C) are consistent'with this formulation.
As with other derlvatlves of the rhenium group, the
dlmer shows remarkable air and thermal stability [MP 220°C

(dec.)].',The compound is ;nsoluble in hexane; in solvents

- such as acetone or acetonitrile, its'selubility is limited

»gand.highly tempg;gture'dependent.‘ The reaction of the/
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bridged hydride 20 with Et3N [Eq (56)] provides a - s

i
8

convenient and high yield route for the preparation of
[(n-Csﬁs)Re(CO)(NO)lz'(g&)i If necessary. the initial
product cap be further purified by column.chromatography
or recrystallization. | |
: It is interesting to note that the original investiga—
tion of the chemistr*ﬁof [(n—CSHS)Re(CO)é(NO)]BF4 (1) by

12

Graham, et al. was in search of the rhenium dimer

[(n-CSHS)Re(CO)(Nb)]2 (21). .synthetic rouﬁes which had -
provided the correspondihg manganese dimer were unsuccess-

ful in the rheniuﬁ system because of the therm: stability

v , ) N
of intermediates.( However,“in one thermal reaction of

triethylamine wlth the carbbnyl cation 1 N.' Okamoto130

'_was able to isolate ca,»SO mg of a black crystaillne

1

_material, on which he obtained infrared, “H NMR and mass

-

spectral data. ’Unfortunately, Okamoto was never able to
peckra )
repeat thisfpréparatioh. Comparlson of spectroscog%é

data of the Okamoto product, with that now avallable for

21 shows that his compound;was indeed the rhenlum dlmer

[(n—C )Re(CO)(NO)]2

<« C. Reactions off[(necsgg)Re(Cos(Nd)]z;

Application Qf‘the}lefelectron rule to I(n-CSﬁS)Re-

(CO)(NO)]2 g&,'predicts the rhenium dimer should contain

“' . : N . ~

a two-electron metal-metal bond. Such’ a compound was

LR

- -



T

expected to undergo reactions involving electrophilic
attack on this electron-rich bond, followed in some cases
by loss of the metal-metal interaction. "The reagtions'

of [(n—C )Re(CO)(No)]2 (21) shown in Scheme 17, include

Scheme 17:

162.

s B - HBF, ‘ .
- - > [(n-CgHy)Re(CO) (NO) ], (,~H) B,
o T Br, _
[ (n-csus)ne(cq) (¥0)1, —+  2(n-CgH,)Re (CO) (NO)Br
Na/Hg > 'slow deeomposition

or Na/K

'examples of both these processes. Details of these
reactions may be found in the Experlmental, Sectlon'V.

' The Lowry-Bronsted acxdlty of the bridged hydrlde,
[(an )Re(CO)(NQ’] (uz-H)PF6 (20) was descrlbed in
Sectlon—II—B. The . hydrlde is a relatlvely ‘strong gt

.source, protonatlng sach weak bases as Et3N, HZO' PMeZPh,
;2Ph3, and acetone. This reaction is readily reversible

;[Eq (57)1; the conjugate base, [(n-CSHS)Re(CO)(NO)]Z‘can

[(n-Csﬁs)Re(CO)(ﬁg)]2H+:2:::f=f[(n-C )Re(CO)(NO)]z'FH
:be protonated with the strong acid HBF4/Et 0, to regenerate
the br ed hydrlde 23 as the BF4 salt. This reaction
, s Q‘ _ : _

'Aﬁ‘r
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: eonfirms that the metel-metal bond of‘[(n-Csas)Re(CO)(NO)']2
(%l) is an area of relatively higp electron density,
readily-attacked by electrophiles. Similar protonations

I of metal carbonyl-n 7yclopentad1enyl dlmers with strong |

acids have been reported for the Group VIb and iron group.

_compounds, [(n—CSHS)M(CO)X]z (X =3, M= Mo, wiB x = 2,

[ 3
Another common reactlon of metal carbonyl dlmers 1s,

cleavage by halogens to glve the correspondlng mononuclear
\

halldes. The' rhenlum'dlmer 21 reacts readlly with bromine
~ . .

at low temperatures, but the reartion mixture nf§

heated&&o glve the final product (n-C Hs)Re(CO)'IO)Br

(2). Infrared monltorlng shows the initial product of

thls reaction to be a spec1es almllar to the bridged )

brqmlde, [(n*CSH )Re(CO)(NO)](uz-Br) (19) This suggeste

the 1n1t1a1 step of bromlnatlon is electrophlllc attack

on theiRe-Re bond of 21 to give [(n-CSH )Re(CO)(NO)]2

N(uz-Br)~Br . At hlgher temperatures, the bromide counter
ion cleaves the brldged dlmer to give two moles of |
(n—CsHs)Re(CO)(NO)Br (3). A model for the second steo ofr.
thls process is prov1ded by the reactlon of the brldged
brom;de 19 Wlth Et,NBr; shown in Scheme 15. A similar

| mechanism-to‘thatidesgribed~above~has been suggested for

the halogenatlon of the iron dlmer, [(n=- CgH 5)Fe(CO)z]2 112,131

In® Chapter III, it was noted that attempts to prépare

*
4 ‘- a&-“( ’

-~ . P EW

, the anlon (n—CSHS)Re(co)(NO) from- (n-CSHS)Re(CO)(NO)H (5)

-



' C._The Structure of [(n-ngg)Re(CO)(NO)]zi
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. P
had been frustrated by the non-acidity of the hydride.ﬂ

Another commonly used method80 107

for the preparation

of carbonyl-n-cyclopentadienyl metal anions’invoives the

" reduction of the metal-metal bond of the corresponding
dimers. All attempts to reduce the rhenium dimer,
[(n-CSHS)Re(CO)(NO)]z (21) with sodium amalgam or
sodium-potassium4alloy'gave onig slow»decomoosition to
non~-carbonyl containing producrsQ Similar re: :1ts were - /
obtained.in the-reducridn of the browide, (n- CSH5 Re (CO) -
(NO)Br'(g). Apparently the anion eit .er does not form

in these reactions or has very low stability. The failure
to prepare (n-CSHS)Re(CO)(NO)"by these'routes is

,surprising, and an explanation is not apparent.

Stereochemicai nonrigidity'in dinuclear metal
carbonyl- -cyclopentadlenyl complexes is one of the more in-
| tensively studled subjects of organotran81tlon metal .
chemlstry. The-varlety of structural forms exhibited by
‘the iron dimer [(n-c )Fe(CO)é]2 is typicai ofbthis
#class of compounds as a whole. It was assumed that
spectroscopic studles would detect slmllar behavzor for

[(n~C )Re(CO)(NO)]2 21. The complexlty ofvinfrared

- and NMR results obtained for the rhenium dimer surpassed :

all expectatlons. Before @iscusslng this data, the



. behavior of the analogous manganese dimer will be discussed.

‘A detailed study, including the crystal. structure of

[(n C )Mn(CO)(NO)]2 was publlshed in 1972 Ly Ibets,
123

' Marks, and co~workers. In the solid state the manganese

dimer was suggested to have a trans- st gctute‘w1th mixed

CO and NO bridging ligands. In solution the compound exists

as a mlxtute ofvc1s and trans brldged forms belleved to be
in equlllbrlum w1th small amounts of nonbrldged spec1es
The concentration of putatlve cis and trans nonbrldged
forms is too low to bevdeteCted.spectrosoopicall&. There
is no evidence in the case of the manganese dimer for
strncturee containing two CO or two NO bridging ligands.

1

The limiting low temperature.(—62°C) H NMR spectrum

,of {(h*CsHS)Mn(CO)(NO)lz showe two doublets separated by

ca. 0. 23 ppm. " Each doublet is due'to'two chemicaliy P’

nonequlvalent cyclopentadlenyl rings on,theemlxed bridged -
.’

: forms. ‘The more abundant low field doublet was a551gned

to the trans 1somer, the other doublet is due to the cis

£



~?

@

form. .The cis and trans mixed bridged structuresvare
also readily distinguished byfinfrared apectroscopyu~7» .

The ratfo of cis to trans forms was found to increase *

w1th.the polarity of the solvent.’ On warming the two:
’ “ 3 N _
" doublets coalesced to one sharp‘siénaf above ca. 40°C.
\_/" ‘

These N;R changes were attributed to ﬁ&ldge—terminal
exchange of the CO and No lig;nds, followed by rotation
about the Mn-Mn bond in nonbridged forms. P : v
The observation of a single sharp line in the high '
temperature limit for [(n-c H )Mn(CO)(NO)]2 was quite
: unexpepted. The presence of two asymmetric metal centers
creates diastereomers for each of the cis and trans non-

)'"

yf bridged forms. Thus, even 1f c1s—trans exchange is

occuring rapidly on the NMR time scale the high temperature '

Y

spectruft. should still show two cxclopentadienyl 81gnals
for the two distinct'diastereomers, Perhaps‘one of the,
most reasonable explanations suggested/gor‘this_result
<was‘a.rapid inversion of the conficuration.at the metal
centers in the high temperature limit.' Racemization
Pwould equllibrate diastereomers, giVing one averaged
"cyclopentadienyl signal for all the structural forms of
[(n-Csﬂstn(CO)ﬁNO)lz. It was hoped that the detailed
information available for the manganese system would aid
elucidation of any similar processes occuring with -

[(n#‘bsas)ne(co)(uo)]2 (21).

-

R ®. ® *® ‘%

[ 4
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. ' R . .._ . . ) ) . ‘?y:l
There are a large number of’ structures one could Hﬂﬁﬁ.
draw. for a compound Wlth the formula [(n=C H5)2Re (CO)Z(NO) ].

Eliminating chemlcally unreasonable specieé;and utlllzlng
Q

- only forms for whlch there is precedent in the llterature,

four structural types are’ posslble for [(n—CSHS)Re(CO)(NO)Jz

(g&). These structures are shown in Scheme 18. ~Included
oy «

Scheme 18: P0831ble atructural types” f. [(n—c Hs)Re(CO)-

2

(NO)]Z. Only the c1s isomers are shown

(o) o
'N\
(4 \\
/ \N/ .
(o) | Y

are the nonbridged 21a zed the mixed CO/NO bridged structures

21d luggested for the manganese dimer. Symmetrically

B



A

e br‘idged erma containing two term:mal €0 21b or NO 2lc
‘_ilig‘af_nd t @180 bé considered for. [(n-CgHg)Re (CO) (N0)12.~
r v \
%' iny* is isomers are shown in Scheme 18, but each
. #

ne

structural tYpe could also have a trans geometric isomer.. .

oy

Y
21 f"@n addltion to the four structural types each w1th

two geometrlc 1somers, there 1'% also the pOBSlbllltY'Of
. optlcal isgmefb.‘ The\hhbrldg@iiiPrms contaln two
asymm;tr:.c metal centers. ‘I'he" éi‘%m@ ;t,rgrra_ y,;somers
g; would eachhexlsﬂwas a palr of dlestesfo?eg;?{fstructures )
for the two c&sfdnonbrldgegﬁaiastereomer;‘are-shown as;
b

21a—Rs and 21a—RR * These dlastereomeré‘ané;dpfferent

o
ude ~ N

%

P

: compounds ahd should be distinguiehabie- by sp'ectroscopic'"“
._m_et»hqd‘s_'.vf ‘The gls and trans lsomers of the m:l.xed bridged
'struct'ure 2ld would each exist as two enantlomers. The
enantiomers would be 1ndistinguishab1e ‘by 1n ared or NMR

. spectroscopy.»: The cis and trans isomers of/the

[
- e oo . -

« . Vs

Only 6ne of the “wo mntiomers of the’ RR/SS dlastereomer
o is shown.,?}-

‘0"



i : ' r . o . "'\‘r %
. . . ) : o
L q" ) ' . . l ' . vm{
symmetrically bridged forms 21b and glcﬂwould not show '
S » 1 =~ , . - B
"~ optical isoﬁers. e L

* In total there are ten distlngt structureiigossxble

4

for the rheniumdp I: is and trans nonbridged, each

‘W1th two daastereo )s, ai:,and trans mixed CO/NO bridged
. *-.\1

cis and trdﬁs bridging quf. ‘cis and trans bridging NO!'s.

ﬁ'&. The solid state and sollli Q‘ hf%fureszof"'
[(n-Csﬁs)R@!‘(CO)(NO)]2 ”;éiat ldﬂﬁxhibit some or all of

w e
these&forms.olFrom prev1ous s%udies agp the régkits §ﬁ“”

r;.,., - "
A ,présented in Sectionsai14c and III C, 3ll tenup0581ble .

!

SR
RS strubtures of [(n-C )Re(CO)(EEE?)]2 %ould in gr1nc1ple

. o be distingdﬂshable by a combination Qiyinftared and NMR T P
T By o . s ) . . |
- - spectroscop§S %3*.h;? ' T . :-..:‘ S‘ J .
‘ ! ) . ) . " 'M\p ’ . i v . :
v ’ T @ K
» * * * .% * *

ahe mfr“ared spectrﬁg [(n-Cs.ﬂs)Re(CO) (NO)]2 (21)
s in. CH2C1 ié shown fh Figure V. The rhenium dimer has i

- strong bands consistent w1th terminal caﬂbonyﬂg at 1955 5

-1 and\terminal nitrosyls at 1675 (distinct
shoulder). and 1668 cm 1. The medium peak at 1727 0 cm l_,7'

andA1931@5'cm

", . .and the smaller one at 1605 5 ¢cm -1 are probably due- to

Jbridged co and NO li.ands, respectively. his'spectrum
is consxstent w1th the various structures discussed above

"Jfor [(n-CSHS)Re(CO)(NO)]2 (21) The number of peaks and

‘their relative intensities suggest a variety of structures

4

. . . . . . M . - =
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are present. In contrast to the manganese analog,_the

rhenium dimer has a preponderance of forme containing' S
only terminal CO and NO lJ.gands. As was found with the

iron group dinmrs the tendency to form brldglng structures

' cf'ecreases with the heav:.er metal

g > ! S
@ The J.nsolubillty of [(n-C Hs)Re(CO) (NO)]2 (21) in

o

hexane severely llm:LtS the amount of information obtalnable

by,1nfrared_spectroecopy. In other solvents*_, the rhenium

. s . B . . o
dJ.mer shows the same basic features as Figureé V with Lo

_45'-':{' sllght changes in the ﬂ!io of mgaks. The intensity of -
YW
-{1;?‘7) the hlghest fr&guerfcy termlnal co and NO bands 1ncrease
e : mw— - :

. .

S ; w‘lth solvent polarlty ThlS behav1or lS s:Lmllar to.
; K2
. 'manganee"e dimer and sugdests thé“?bands at 1955 S and
5 . . -
1675 cm -1 are malnly due to c1s struct-ures. ,

The varlable temperature 200 MHz, lH NMR spectra

-

of [(n-CSHS)Re(CO) (NO)]2D(21) é.s shown in Flgure VI. 1In
ugsw /I‘HF.‘-d8 at -120°C, the .rhexnum dlmer shows ezght dlstlnct‘
| cycldpentadlenyl 81gnals »betwéen 5 6 and 5.9 ppm. On

warmlng, these s:Lgaals coalesce,' by a complex series of o -

| changes ‘to ‘give ultlmate}y a s:mgle broad peak at ea.. - "
. +100°C. %o obtam the 11m1t1ngl high- temperature spectrum .
o ' :,‘ wa‘s necessa&:y to change the solvent to DMSO--d6 ‘At
.:p}( +1;0°C,» the »rhenfum»dimer shows'one sharp Cp signal at

A}
Y

) » - S =
x

. &ared data was also obta:med in benzene, toluene,
chloroform, THF, acetone, acetonitr:.le, nit,romethane and’.

dmethylsulfoxide .

[as .
"t A . ~ .
A%y o . . L f

~
&



172. .

AN

L e

. - bl

. v ~, . ¥ 1, . )

mmz 00z ‘Z1(oN) 882: mmouc: uo mzz H :w> BSw.Hh

om 8 . 09 .




173.

. 5.975 ppm {Figure VI). The latter observation suggests

“w

that at‘this temperature, 1nterconver81on of all structures

1scmcurr1ngrap1dly on. the NMR time scale by a.process(es)

whlch results dn racemlzathn St rhenlum ¢
. 4,‘; - . .

’.A’~.' The low temperature spectruh of ?1 (Figure VI), shows
e elght Cp signals of unequal 1nten31ty.= Bhe p0551ble

1
sﬁructures dlscussed for [(nnCSHSJRe(CO)(NO)]jL(21) each -w’ C;

£‘»

contaln chemrcally equlvalent cyclopentad;enyl rlngs w1th

Y

the exceptlon of the mlxed Co/No‘brldged spec1es 20d.=

«»’

A the manganesé study demonstrated, each mlxed brldged

¢_*. P
‘ geometfié 1somer would show a i l doublet 1n the low -

( ,)‘_,‘ IL" k G R
temperature llmltt The éomplete absence of any two peaks

o - ! '

o
vof equal 1uten§1ty that could be 1dent1f1ed as. a 1:1

\1’ - v

doublet of thlS type 1n,the THF—d8 spectrum of Flgure VI

rules out these forms as pQSSlble structures for 1§9a7
.n’d w '

[(n C )Re(CO)(NO)]z Replacemeét of Mn for the ‘heavier

rhenlum atoms in the [(n-C %? 5)M(CO)(NO)]Z’system has

I3

greatly changed the relatlve stabllltles of poss;ble .

structures.‘ R ‘ OfJ

o -

Ellmlnatlon of the two mlxed co/No brldged geometrlc . "_':/l'

e
*

1somers leaves elght phy81cally dlstlnct structures for

the rhenlum dlmer. These eight structures are shown in

e o

Scheme 19- eaCh would show one n—cyclopentadlenyl resonance.

I

The elght peaks obtalned 1n the low temperature 11m1t1ng

e .

. spectrum of {(ﬁ-CSHS)RE(CO)(NO)IZ 21 are attributed to
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& . o | 4

Scheme 19: The probable structures of [(n-CSHS)Re(CO)(NO)]Z,
only one enantiomer is“shown for the RR/SS
 diastereomer. vl '
| “ “"b,. r ‘fb;.‘i .-' Ca
i-,'r '\"‘ K
.Q:, : | ‘?
Vool e . - h'
“ - ° —



these eight isomers. It is proposed that the eight

structures of.[‘('ﬁ--_CSHS)Re(CO)(NO)]2 (21) are interchanged

‘at higher temperatures by three processes: (1) bridge-

terminal exchange of CO/NO\ligands, (2) cis~traﬂs

A

isomerization via rotation about the Re-Re bonds in the

4 A

nonbridged structures, and (3) racemization at the‘metal
: _ >

center(s). .
Without further information, the exact assignment
of these processes to the line shape changes*in the lH'

NMR of 21 becomes véry speculative. It was hoped that

'dl%c NMR could be correlated with the proton results.p

The. 1nsolub1.11ty of [(n-CgH 5) Re (CO) ¥ 1, (21) has thus

“‘far prevented the acquisition of good&carbon NMR data

even at room-tepperature. Other experlments onvthe

" rhenium dimer are still in progress. Crystals of 21 have

beén submitted %or X—ray analyeis'and hopefully the solid
state structure(s) w1ll soon be a$a11able. The use of
variable temperature infrared spectroscopy may Jrov1de

(¥l

information on the 1nstaneous solution structures of the

n:rhenium dimer. Derlvatives such as [(n-MeSC )Re(CO)(NO)]2
_'and [(n-C¢ Hs)Re(PPh3)(NO)]2 mlght give spectroscopic data
.much 1ess;qpmplex than that- og_g;. %These studies could
A'ahed-further‘light.ou tﬁe'F(n?C”Hg)Re(CO)(NO)lz\ayatem

Whatever the results of future studies, the rhenium dimer

®

[(n-CSHS)Re(Co‘)(NO)]2 provides one of the MO%E:Btrlklng;,

175.
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SEC‘I'ION v

’
-EXPERIMENTAL

hJ

Preparation of [(ntcsgs)Re(CO)(NO)]'Z(u2 Br)PF5 (19).

Trimethyloxonium’hexaflgotqphosphate (0.026 g, 0.13
mmol) and (n=CgHg) Re (CO) (NO) Bx (0 10 -2 0. Zé mmol)‘we?e
stlrred in 10 mL of CH2C12 for 8 hr at room temperature.'
After filterlng, the addltlon of dlethyl ether gaveq
preclpltate which was collected and §§shed with 3 x 5 mL >
of ether to glve orange mlcrocrystgféwof the bromlnated | |

R N wg B ': g ; .“._n "_ - R »
Characterlzatlon. IR and proton NM&;;rﬁ,:..::”;, .

: : ..’ A . ‘;5?
: Anal Calcd for ClzﬂloReZO4NZBrPF6 C,_ 7.09;‘5, 1.19;
R N, 3%32. Foundo ‘C' 17 02 H, 1 16 N' 3 40 Lol
Preparation of "“t(n-c_,,‘g,;)né(CO) (Nonz'('{rfé-n-w 0. &
- A - . ; T , : ot T

Trlphenylcarbenlum hexafluorophosphate (1.25 g, 3. 22

mmol) dlssolved Qn 10 mL of CH2C1§ was ad,ded dropw:.se to

a solution of (n CSHS)Re(CO)(NOlH 00 - 6 44 mmol) in

‘5 mL of CH2¢1 at room temperaturé. ' The solution_tuﬁhed

orange and an.orange prec1p1tate appeared The solvent

. _was SYringed away and”the preclpltate washed Wlth 2 X 5 ‘
) ‘\
4of CHch to glve orange mlcrocrystals of the protonated QJ

dimer (20). l 92 g, 78% yleld. S o e -




3 . ‘
//’\\Eﬁixépterization: IR and proton NMR (see Discussion).

“12711

~ Anal. VCalcd for C,.H ReOZNPFG; Cc, 18.85; H, 1.45; N,

3.661 Found: C,.18.70; H, 1.44; N, 3.64.

. ’ "r"‘ . o - gy
Preparatlon of [(n—C H )Re(CO) (NO)]2 21) . - &

. Triethylamine (15.0 mL, 107.85 mmol),was added
dropwise to a suspension of [(n;ésus)Re(CO)(NO)]z(uz-H)RF6

(2.00 g, 2.62 hmol) in 30 mL of CH,Cl, at room temperature.

‘As the starting mater1a1 dissolved the soiutlon became .

‘ dark red and a reddlsh-black preéiﬁltate appeared The.y

solvent was removed under reduceg pressure to - g;ve a black
i q‘\w

- _re81duez This materlal was chromatOgraphed on- an

Alumxnlum oxide (neutral) column w1th GHCl atfordlng

. reddish-black crystals ‘'of the dimer (21), 1.50 g, 93%

YIeld, MP 220°C (dec.)., . . -

'Characterlzatlon. - IR and proton NMR ?;ee Dlscu581on)

. '

Mhss spectrum, 125°C/14 ev: [Cp2Re (CO) (NO) ]

‘[CP2Re (CO)(NO) ] R Anal Calcd for C12H10 204N2 j;iﬂgji #-
¢, 23.30; n. 1. 63;. N, 4. 53. Fcuqd- c, 23.38; H, 1.60;7 .
N, 4.53. R R L
. S A o ? o o r . |
Reactions of - [(n- c g)Re(CO)(NO)lz.‘ o '
RIS RO SR BT

~

(a)'Brominationix'

Bromine (0.025 mL,_O .48 mmole) was added dropwise éo

-

[(n~c H5)Re(co)(N0)]2 (o 2 g, 0. 32 mmol) in 10 dL of c32e1§

L o oo °

PN
ol
'
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L‘ mass spectra to aiggentlc samples. :
. |5 N R ‘ - !

‘,[' (n;C;SHS) ?ej(CO) (NO) ] 2(112-‘H) BF4 .

at 0°C. After reflhxing the solutzon for 2 hr at .50° c,
solvent was removed Junder reduced pressure to give a red
solid. This material was chromatographed with benzene ‘
onuFlorxsil (100-200 mesh) to give red crystals.of »
’(n-C HS)Re(CO)(NO)Br (9), 0‘17 g, 68% yield The bromide
was idéntified by comparison of its 1nfrared, NMR and

-

(b) Protonatxon wltb“gBF’/Etzo. e

.,
] b

‘The rhenruﬂ afer 21 (0 10 g, 0 16 mmol) was dlssolved

. in 10 mL of methylene chlorlde at room temperature formlng

L

lorange solutlon from which precxpltated an orange solld.

1ethy1 ether (20 m%} ‘was. added to complete preclpltatlon.
Thé%holld was colle;ted, washed wlth 1,x 10 mL of ether
and dried zn.vacua (0 109 g, 96%oy1eld) _ Infrared and

proton.NMR spectroscopy showed this materlal to be

A

A T B |

-a dark red solutlon. Addltlon of HBF4/Et20 produced an 4.
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SECTION I
INTRODUCTION

In this chapter the chemistry of some compounds in
yhich the rhenium group is bonded to cyclopolyene.and
cyclopolyenyl ligands will be discussed. The specific
organic ligands which have been used are cyclopentadiene
and cycloheptatriene. &he study of these complexes has

focused on their reactions and the structures they

exhibit in solution.

A. The Interconversion of Sigma and m Structures.

The requirements of the lB-eiectron rule as applied
to the rhenium group, (n—CSHS)Re(CO)(NO)-, provide two
possible bonding modes with ligands derived from cyclo-
pentadiene or cycloheptatriene. In the first, the metal
centér can be bonded to one of the double bonds of the
CSHG or C7H8 mélecule to form cationié’tyclopolyene
species, [(n-CgHg)Re(CO) (NO)L]Y, L = CgHg, C,Hg. In
these compiexes the rhenium group is n2—bonded to the 1,2
double bond (Scheme 20) ' In the sécond, the metal can
replace one of the methy.ene hydrogens of C5H6 or C.,H8
forming neutral nl-cyclopolyenyl derivatives
(n-CgHg) Re (CO) (NO) (n'=R), R = CgHg, C,H, (Scheme 20).

In such compounds the rhenium group is sigma bonded to

the aliphatic carbop CS(CSHS) or C7(C7H7).
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Scheme 20: Re = (n-CSHS)Re(CO)(NO)-

Much of the work discussed in this chapter involves
the interconversion of sigma and w structures. There

s
are two very different types of o-w rearrangements132

with
relevance to this study. Somewhat similar examples of
both these reaction modes can be found in the chemistry
of metal aliyl compléxes.

The monohaptoallyl group M—CHZ-—CH=CH2 can be converted
to a m-acid ligand by either of the reactions shown in
Eqs (58) and (59). In the f;rst example [Eq (58)], a
mohohapto ligand is converted to a species of higher.
hapéicity. qu the oFallylf (Cq)sMn(nl-C3H5)1?3'this can

5
D
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(59)

)
cH, |
\
(CO) gMn~CH, ~CH=CH, —~— (C0) ,Mn— |CH " (58)
/
H,
_ ut o4 CHy
(11-CgHg) (CO) yFe~CH,~CH=CH, —— (n-CgH,) (CO)ZFe-l
cl:n
CH,

be accomplished by heating the compound; As the starting
material is an iB-electron complex sucﬂ a rearrangement
likely involves prior dissociation of carbon monoxide.
Sigma-m conversions of‘this type may occur thermally or
be induced photochemically. Although such reactions were
not éxtensiVely investigated in the éresent study, it
appears the non-lability of the ligands bonded to rhenium
inhibits a similgr process for the nl—cyclopolyenyl |
cdmp;gxes of Scheme 20.

A different kind of o-7 rearrangement is shown in
Eq (59). In this example the o-allyl,»(nfCSHS)Fe(CO)z-
(ql;C3H5)l34 is converted to an\nz-progene cation by
reaction with the elec?tophile H+. The protonation of

l-allyl complexes was studied by Green134

in the early 1960's. More recently Rosenblum135 has

various iron n

examined similar reactions of transition metal nl-allyl

compounds with electrophiles other than H' and discussed

' their potential use in organic synthesis.
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In this thesis, nl -+ n2 and nz -+ nl conversions have

been explored for the complexes shown in Schgme 20. NMR

has played a key role in structural determinations.

-Before turning to the details of this work some background

will be presented on the fluxional properties of nl-cylco-
' (]

polyenyl compounds.

B. Fluxional nl—Cyclgpolyenyl Compounds of the Transition

Metals.

L
v l‘ '
Transition metal n -cyclopolyenyl compounds have

been intensively studied for nearly 25 year8. The interest -

in such complexes is due to their nonrigid behavior. 1In

& . ' . . .
solution these compounds are often fluxional via intra-

. molecular réarrangements in which the metal center migrate

‘about the cyclopolyenyl ring. In certain cases this

| v
motion can be detected by NMR spectroscopy an;\zhg pathway

by which the metal migrates determined. \\\\/ ' «

The majo;ity of fluxional transitioﬁ metal nl—cyclo-‘
polyenyl complexes contéin the cyclopentadienyl ligand. |
The first exaﬁple of such a species,(n—CSHS)Fe(CO)2(C5H5)
was reported by Piper and Wilkinson80 in 1956. A reason-
able structure based on the 18-electron rule and the
properties of othef alkyl derivatives of this iron group
would contain one pentahapto- and one monohapto-cyclo-

pentadienyl ring. It was therefore very surprising when
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the 1

H NMR spectrﬂm was found to show only two singlets

of equal intensity. It was postulated that an ns,nl \ C e
formulation could still be consistent if the irén-carbon
sigma bond were continually shifting among all five

carbons of the monohapto ring at a rate sufficient to

cause averaging of the lH NMR spectrum. The term "ring
whizzing"lhas been applied to such a process.

In 1966, Cotton et qi, 136

reéorted ancx—ray study
of the iron complex which confirmed the (n-CSHS)Fe(CO)Z—
(S—nl—CSHS) strgeture. These same authors recorded the
lg NMR at -80°C. At this temperatu:e the spectrum showed
-the pattern expected for a S-nl—CSHS ring. As the
temperature was raised theee signals collapsed, then
reappeared as a single line confirming the original
suggest10n80 that (n- C )Fe(CO)2(5 nl CSHS) was—fluxional
via a ring whizzing process.

| Many other examples of nl-cyclopentaéienyl complexes
of the transition metals have since been shown to exhibit
similar fluxional behavior>.137’138 It was long presumed
thet 7—nl—cycloheptatrienyl compounds would also be
fluxional with metal higration about the C,H, ring._ fhe
dlfflcultles encountered in the preparation of 7~ nl—C7H7
derivatives of the transltlon metals prevented such a -
study until 1979. In” that year the first monohaptocyclo—

heptatrlenyl complex of a tran31tlon metal,

(CO)SRe(7-n1-C7H7) was reported by Heinekey and
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Graham.139 The solution structures were investigated
N o ~
with'lH NMR spectroscopy and the complex shown to* be

fluxional.by a pfocess similar»to that of the hl-csﬂs
complexes. . | ‘

The fluxional behavior of transitioiagg;al nl-cyclo-
polyeﬁyl syste;s may be similar to the sigmétropic
rearrangements of organic chemistry. It h#s been

140

suggested that the path of metal migration could be

.expected to obey orbital symmetry rules’.141 To test the
validity of these rules as applied‘to sigmatropic

rearrangementsl42 with transition metal complexes, it is

necessary to determine the pathway by which metal migration

occurs. The tool which has been used most frequently in

‘such studies is NMR spectroscopy.

*

There are'two NMR methods which have been used to
monitor sigmatropic”hearrangements in nl-cyclopoiyenyl
complexes. The technique which has received by far fhe
wider application is line shape analy§}8.116 Th£S'method
utilizes the broadening of NMR qiénals which occurs when
the éorresp&nding nuclei are gxchanged’at rates which
are comparabl? to their separation in chemical shift.

The shape of tge NMR pe&ks for nuclei affected by the
sigmatropic rearrangement can be cor:elated to the path- .

way of migration. An example‘of the changes in 18 NMR

spectra of S-nl—CSHS complexes at various rates of exchange

. o

186.
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is provided by the variable temperature NMR of
(n=Cy4Hg) Fe (CO) , (5-nl-C_H,) described above.

A second NMR technique which has been used more
recently to detect fluxionality inbolves ;pin saturation
transfer gxperimenté.l43'
irradiation at its resonance frequency and then moves
to a new site at a rate fast compared to ité rélaxatlbn
time, the saturation will also be tran;ferred. The
~exchange of the nuclei will be reflected iﬁ a decrease

in intensity at the site to which the irradiated nucleus

was transferred. The positions with which the irradiated

.

-

nucleus exchanges can demonstrate the path of migration.
- The spin saturation transfer technique was used recently
to determine the pathway of fluxionality in.

. 139 ’ .
(CO)SRe(7 n C7H7). |
Tite current investigation of the chemistry of the

rhenium group has provided an opportunity to prepare

monohapto~-cycloheptatrienyl and -cyclopentadienyl compounds

in the same metal system. The prevalance of fluxional
behavior in other nl-cyclopolyenyl complexes* suggested
similar properties mightvalso be exhibited by the rhenium

compounds.

If a nucleus is saturated by .

'187.

.

Fluxional n'!-cyclopolyenyl compounds of the main group
elements have also been prepared. For discussions on
the chemistry of these complexes see references 116, 140
and 144. ’ :
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SECTION II ' v

1

PREPARATION OF n~-CYCLOPOLYENYL COMPOUNDS

OF THE RHENIUM GROUR.

A. Introduction. R

The routes used to prepare nl—cyclopolyenyl complexes

=

triene can be converted to anions and cations respectively,

of thefgransitién metals have been dictated by the nature

of the organic ligand. Cyclopentadiene and cyclohepta-

which have the arpmatic stabilization of six n-electrons.

5

CsHg — C,H CyHg —= cHy

0

These réagents, the first a hucleophile, the'seCOnd an
électrophile,provide convgpient starting points for fhe
preparation of cyclopolyenyl ébmpounds. . .

It appears there are tﬁp factors mdsé important in
the isolation of a t:anéition metal monohaptocyclopolyenyl
compound. The metal group must be able £o provide a stable
metal-carbon sigma bond with the cyclopolyenyl ligénd and
theré can be no facile pathﬁays to species of ﬁiéhef‘
hapticity under the reaction conditions. The influeRce
of these factors is apparent from a compariéon'of early
. attempts to prepare nl-CSH5 ahd n14C7H7 coméounds. N
The first reaétions whiqh wou;d‘have beeﬁ expected

tQ give nl-CSH5 complexes‘were performed in the early
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1950's. It was found that the cyclbpentadienyi ion would
react with many'of the traﬁsition metal halides to give
stable, fsolable complpxes. (However, these reactions
usually generated péntahaptocyclopentadienyl products,
presdmably through monohapto intermediates. Soon after-
wards it was discovered that with coordinately and
electronically saturated halides, nl-cs 5 products ¢ould
be isolated.

The iron iodidef (n- C )Fe(CO) 21, for example, reacts
with CgHy™ to form (n-C, 5)1:~'e(c0)2(s-nl-c5H5>. The
ability of the iron group to maintain an nl-CSH5 ring '
could be attributed to the nonlability_of the carbon
monoxide ligahds. Consistent with this interpretation,

136 to give carbon monoxide and

the iron complex is reported

ferrocene on decomposing (i.e., nl - ns conversion). One

would expect other metal halides with nonlabile ligands

to stabiliie monohapioéyclopentadienyl forms with respect

to species of higher hapticity. i
In reported attempts to prepare nl—C7H7 éompounds,

problﬁys have.beeh encountered which suggest an inherent

low stability of the metal-carbon sigma bond and a

tendency to form polyhapto species. 1In 1958, hilkinson

trled to prepare (CO)SMn(7-n1-C7 7) from reaction of

(9

(CO) Mn with C7H7+.145 The products of this reaction

[Eq (60)] were the corresponding metal dimer and ditropyl.
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as evidence146 for the 1nstab11{fy of qlqgﬁ
. L '
of the transition metals.
In 1968, a similar reactlon é% tropyliuh‘cation
~ N
l |7

with (n-c )Fe(Co)z_ was reported to give the trihapto

complex, (n—c )Fe(CO)2(n——G—H7¥r—~A—new route to
7 7 species was attempted in 1971. White51desl48
prepared the acyl compound (CO) g Mn- 8 -C.H,. Decarbonylation
of the manganese complex would be expected to glve
(CO)SMn(7—nl C7H7), 1nstead the product of low temperature
photolyéis was the pentahapto species, (C0)3Mn(n -C7H7). !
These preparations were taken as a further indicatién of
the ihﬁerent instability of nl-C7H7 complexes.

In fact, the n3 and nS compounds described abové
were probably the first evidence for the existence of
7 7 species. It seems pfbbaéle that a monohapto-
cycloheptatriqu}ﬁmetal éomplex.xgs an intermediate in

n1°C

, /
both the iron and manganese preparations. The failure to

isolate nl-C7H7 compounds in these metal systems could

be attributed to the lability of the carbonyl ligands

upder these conditions.

Evidence for this suggestion is provided by the

1 139

preparation in 1979 ofv(Cb) Re(7-n -C 7) The

rhenium compound can be obtained from either of the
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)

reactions shown in Eqs‘(61) and (62). \The authors suggest

\

n lq
- + 1
(CO) cRe” + C,H,” —— (CO) gRe(7-n"~C,HxT (61)
: 0]
{Co) Re—g-c H ‘———22—*> (Co) Re(7-nl—C H.) (62)
5 777 5 777 :
l\

the stability of the rhenium compound is due in part to

the strength of the rhenium-carbon sigma bond. The

-stability of (COY) Re(7-nl—c H,) with-respect to species— —_
5 777 , :

of higher hapticity could be attributed to the reluctance

: »
of the (Co)sRe- group to dissociate carbon monoxide. The
Krhenium compound can be induced to eliminate CO giving

" the trihapto, (CO)4Re(n3—C7H]) and pentahapt®d, |

(CO)3Re(n5-C7H7) complexes.149

‘The nature of other alkyl derivatives of the rhénium
group suggested nl—CSH5 an@ nl;C7H7 cémplexes if they could-
be formed would be stabilized by:a high rhenium-carbon
sigma bond strength. The nonlability 6f the ligands in
the CpRe(CO) (NO)- system further suggested such compounds
could be maintained at the monohapto- stage. The prepara-
tion of nl-cyclopolyenyl complexes of the rhenium group
will be described chronologically, beginning with the

cycloheptatrienyl systeﬁ. -

p. Preparation of (n-ngs)Re(CO)(NO)(7—nl—c7§71;

The methods discussed above for the preparation of

nl-c.,H7 derivatives involved use of the corresponding

S
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metal anions. As ail attempts to.prepare [(n-CSHS)Re(co)-
(NO)]~ have been ﬁnsuccessful an alternate iynthetic

appréﬁch was required. PFortunately an entry to cyclo-
heptatriene chemistry of the rhenium grdup,

[ (n-CHg) Re (CO) (NO) (1,2-n?-C,Hg) 1BF, (18) was already
available from J study of the reactions of (n-CSBS)Re(CO)- .
- (NO)H (5) with-organic electrophilss (Chapter III).

“The cycloheptatrieneggdtion %9 reacts rapidly with

Et3N in CH,Cl, to givé a red'solution from which was -
isolated a dark red crystalline cpmpound (23).. Cohsisten;
.with the color and solubility chérécteristiés of the new
compound, infrared monitoring indicated formation of a
neutral species of the rhg;ium group. Mass spectrum and
elemeﬁial analysis suggested the new compouhd had the
form#&a (n-CSHSlRe(CO)(NO)(Cjn7) (23). ’?he proton and
carbﬁn‘NMR spectra of 22 (see Section IV) are totally

coné;stent with its formulation as the monohaptocyclo-

\ |
heptatrienyl complex, (“_CSHS)Re(CQ)(NQ)(7‘n1-C7H7)

[Eq (63)]. o c
) Re @ Hn Et.N R H
° ' : e :
/l N -3, /I (63)
o's ocC
N : N
O . (0]
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ek | The nl-cycloheptatrienyl comp‘\nd 22 shows excellent
air and thermal stability (MP 94-95°C). In solution the

M‘complex decomposes alowly at 130;b~(11/2 ~ 76 min, DMSO-d )
forming ditropyl and the rhenium dimer, [(n-CSH )Re(CO)(NOHz

Under these thermal condltlons there was no evidence for

5.

formczion of n3- or n -C7 " products. The possibility of

photochemlcally inducing such a reaction has not yet been
investfgated. ‘Thermally, 23 is substantially more stable
than (COYSRe(7-n1-C7H7) for which the calculated half life

at 13056 is 16.3 sec. It would seem that the strength

5 >of the rhenlum-carbon sigma bonds in these complexes is
Wy P ‘..' w

‘”?f highly dependent on the nature of the other llgands to
:yhich the metal is bonded.
s o The yleld of the reaction shown in Eq (63) was 90%.

It was thlClpated that this route could be extended to

- S

{mv the other metal systems. Given the number of’ reported
tran31tlon metal hydrides, if reaction with C7H;/+ to give

gyclohéptatrrene cations like 18 proves to be a general
N |
process ‘it will provide access to many new nl-C7H7 compounds.

ﬁ:Thie.wo&fd be particularly useful in systems where the
F W )
correspondlng anlon is not avallable.k Initial results

._.‘,

have been promlslng, to date thls ‘meéthod has been used

to pfepare lp QEHS)OS(CO)2(7 nl C7H7). (H-Me )Os(CO)2

1 149

(7= nl ), 1 anda (n ~Me;Cg) Ru (CO) , (7-n"-C,H.,) .
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C. Preparation of (n-ngg)Re(CO)(NO)(S-nl-ngsl;

Two routes have been found for oreparation of
(n-CzHg) Re (CO) (NO) (5-n*=C.Hg). The first of the syntheses
to be discussed utilizes the reaction of NaCp with a
metal halide. The availability of cations of the rhenium
group [(n-csns)Re(Co)(NO)kL)l+ containing labile ligands,
L suggested a second method.

The bromo derivative,'(n-CSHS)Re(CO)(NO)Br (9)
provideé a convenient starting material forx;he preparat;on°
f an nl—C5 5 derivatice of the rhenium groué&n Addition
of NaCp to a THF solutiop of (2) at -15°C resufked in
a rapid reaction with some decomposition. Infrared
monicoring indicated generation of an alkyl complex of .
the rhenium group. SolQent removal.gaveLa black residue
from which could be isolated a red crystalline compound
(ag). The mass spectrum and elemental analysis suggested —
23 be formulated as (n- C )Re(CO)(NO)(C '), obtained
in 42% yield.

The 18-electron rule predicts the second CSH5 ring

of 23 would be bonded in nl

1 13

fashion; this was confirmed
H and C NMR studies (see Section IV). Presumably
the monohaptocyclopentadienyl qompound is formed by

nucleophlllc displacement of Br from 9 [Eq (64)]. This

reaction may occur by direct attack at Re, or by initialo

formation of [(n-C.H )Re(CO)(NO)(C(O)CSHSH , followed by

,_:ﬂ
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R'. NaC5H5 /RL H (64)
AN
oC JI L OC §N
o O

elimination of Br . The new complex 23 shows good
oxidative and thermal stability. !

The monohaptocyclopentadienyl derivative 23 can
also be prepared from the cgtion [(n-CSHS)RekCO)(NO)(TnF)]+.
The THF cation reacts very rapidly with NaCp in THF at

-20°C as ghown in Eq (65). As discussed in Chapter III,

[(n-CSHS)Re(CO)(NO)(THF)]+ ggg-'

(65)
(n=CgHg) Re (CO) (NO) (5-n'-C_H,)

[(n-CSHS)Re(CO)(NO)(THF)]+ may rapidly dissociate THF in
solution. . The reaction of Eq (65) might therefore occur
with.érior'ioss of THF to give coordinatively unsaturated
[(n-CsHs)Re(CO)(kO)]f which would readily be attacked by
NaCp. As the yield ;f-Eq-(GS) is 29%, the bromide route
is the preferred method for preparation of (n—CSHs)Re-

(co)(No)(s-nl-CSH ).
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The infrared spectrum of 23 is shown in Figure VII.
In hexané the compound shows two sharp carbonyl bands

at 1989.2(m) and 1971.9(s) cm L. 7The terminal nitrosyl

region has one somewhat broad band at 1720.2 cm-l,

believed due to two unresolved peaks. An identical

infrared spectrum was obtained with product prepared

from either Eq (64) or Eq (65). Fraptional crystalliza-
tion and sublimation produced no chahge in the intensities
of the infrared bands of 23. It is suggested that the

two ;ets of peaks exhibited by (n- Cg )Re(CO)(NO)(S nl-C )
are due to the existence. of rotamers about the
Re—(S-nl-CSHS) sigma bond. A siﬁilar phenomena has been
reported for the iron compound (n- C )Fe(C0)2(5 nl C H ).

There is no evidence for conversion of the nl-CSH5

ring of 23 to n3 or ns bonding modes. The compound has
e .

been heated in toluene to 110°C with no sign of reaction

or decomposition. 1In hexane, ultraviolet irradiation of

{(n-C HS)Re(CO)(NO)(S nl-CSHS) gave only a very slow

decomposition to unidentified products insoluble in
J

organic solvents.
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SECTION III

INTERCONVERSTION OF n;-CYCLOPbLYENXL AND

nz-CYCLOPOLYENE COMPLEXES OF THE RHENIUM
' GROUP.

The nl-cyclopolyenyl complexes of the rhenlum group
are susceptible to attack by electrophiles. These

reactlons occur with formatlon of cationic nz-cyclopolyene

derlvatlves of (n-C )Re(CO)(NO)-

2

The reverse reactions
n® -+ nl have also been studied.

A. Reaction of (n-c.H )Re(CO) (No) (7- l-c H, ’ and

' (n- C H )Re(CO)(NO)(S -n -C H c) w1th Electrophlles.

4

The route used to Prepare (n-C H )Re(CO)(NO)(?-n -C H7)

(22) involved deprotonatlon of the 1 2-n2-cycloheptatr1ene

/
cation 18 Complex 22 can be Protonated w1th strong -
ac1ds to regenerate the cycloheptatrlene cation

[n=CgHg)Re(CO) (NO) (1,2-n2-C.Hy)1* as shoun in Eq (66).

H .Re © _H

Et;N OC/' N (66)
N
o

Dropwise addition of HBF4'Et20 to a diethyl ether solution
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of (n-CgHg)Re (CO) (NO) (T-n’-C.H,) (22) resulted in an
almost instantaneous precipitation of [(n-CSHS)Re(CO)(NO)-
(1,2-n2-C,Hg) 1BF, (18) isolated in 94% yield. The cyclo-
heptatriene cation 18 prepafed in this manner is identical
to that obtained from reaction of (n-CSHS)Re(CO)(NO)H

~(5) with C.H, BF4' (Chapter III, Section IV). Tﬁe
protonation of 23 has also been carried out with’.

3COOH. With these acids the process
R ' /

/

anhydrous HC1l and CF

is more complex due to a further reaction.
When gaseous HC1 was briefly passed through a red

CH,Cl, solution of (n-CgH )Re(CO)(NO)(?-nl—C H,) (23)

lan immediate reaction occurred_resultlng in a yellow

color. Infrared monitoring indicated férﬁation of

'(n—C )Re(CO)(NO)(l 2- n2—C7H8)]+¢ Gradually, as the

react;on mixture was stirred at room temperature the

solution turned red. Infrared spectroscopy then indicated

formation of a neutral compiek of the rhenium gréup.

Proton NMR of a sample’of the reaction ﬁixture showed

the presence of cycloheptatrlene and an n- C5 5 8ignal

in a region expected for a halidg_gompound of the rhenium

gréup. The rhenium product was isolated and shown to be

the chloride (n- C )Re(CO)(NO)Cl (25) The properties

~

o €4
of 25 are very sxmllar to those of the bromide

(n-C )Re(CO)(NO)Br (9.

A slmllar sequence of reactions occurred on addltlon

L —

of trlfluoroacetic acid to a CH2C12 solution of
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!
(n=CgHg) Re (CO) (NO) (7-n'-C.H,). From this reaction a
trifluoroacetate complex of the‘rheqium group (n-C Hg ) -
Re(CO)(NO)(OC(O)CF3) (26) was isolated as orange crystals
E\fup,a 134-135°C) in 81% yield. The thermal and oxidative
stability of aé is similer to that of other neutral
(n-CSHS)Re(CO)(NO)- derivatives. » The solubility and
spectral parameters of 26 are intermediate between those
of the halides and Ehe cations of the rhenium'group.‘
The infrared spectruﬁ of (n-CSHs)Re(CO)(NO)(OC(O)CF3)
(gg) shows a somewhat broad:ggak\at'l716(m) cm_l, assigned
to the acetate carbonyl stretching mode. The metal
carbonyl‘ahd nitrosyl regions show two sets of bands
similar to those found for the monohaptocyclopentadlenyl
complex 23 this is attributed to rotamers about the
rhenium-oxygen bond. 4
Trifludroacetate"complexes of the transition metals

86 The

were reported by Wi;f}nson, et al. in 1962.
compounds (n-CsHs)MfC093(QC(O)CF3), M= Mo, W we;e‘
obtained on protbnatioﬁ of the corresponding hydrides
with CF3COOH-BF;-H,0. The authors provided evidence to
show that these reactions occurred with initial formation
of [(n-CSHS)M(CC,4(H)2]+0C(O)CF3_, followed by reductive .

elimination of hydrogen.* Presumably a similar process

occurs on protonatior of (n-C Hs)Re(CO)(NO)(7-n1-C 7) (22)

T

similar reactions with (n-CsHs)M(CO) sCH; (M=Mo,W) generated
the trifluoroacetate complexes and methane.
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.

with HCl and CF,COOH. As suggested by the reaction of

22 w1th HBF4, initial protonation would give olefin catlons “
of the type [(n-CgH )Re(CO)(NO)(l 2-n?-coug)1*x", x =

Cl, oO- C(O)CF3. A slower second reacthn muyst then occur

in which the counter ions displace cycléheptatriene to'

give the isolated products [Eq (67)]. Although the

(n=CgHg) Re (CO) (NO) (7=nt-c_h,) —HE o

K}

[(n-CgHg) Re (CO) (NO) (1, 2-n2-C_Hg) 1¥X™ ——= (67)
.(n-CSHS)Re (CO‘)V(NO)X + C7H8

X = Ci,-p-é-CF3.

cycloheptatriene ligand can apparently be displaced by’
the anionic nucleophiles Cl~ and CF3C027, reaction of 18

with trlphenylphosphlne at room temperature gave no
/ki ————

ev1dence for [(n-c HS)Re(CO)(NO)(PPh 1+ " (14).

Reactions of (n-CgH 5)Re(CO)(NO)(7Jn1-C H,) (22)
'with electrophileS'other than H' have also been explored.
Initial-results indicate that 22 is éuééeptibié“tp attack
by a variety of alkyl cations, such as Ph3C+, C7H7+

Me30+ and Et30+: These reactions occur'to give

substltuted cycloheptatrlene cations of the rhenium

group [Eq - (68)]. The cationic products can be deprotonated

with Et, N to give subgtltuted-n¥-c7 6R compounds. This

method can be used to prepare a number of new spbstitutéd

Do
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R+

(n=CgHg) Re (CO) (NO) (7-n"'-CH,) ———
[(n-CgHg)Re (CO) (NO) (C,H,R) Y ——— " (68)

(n-CSHS)Re(CO)(NO)(C7H6R)

”monohaptocyc1oheptatrieny1 qomplexes but this was not

pursued.

The mohohaptocyc1opentadienyl compound 23 can be
protonated in a reaction similar to that of (n-CSHS)—
. - :
Re (CO) (NO) (7-n C7H7) (%3). When HBF4 etherate yas
added to a red Et,0 solution of (n-CgHg) Re (CO) (NO) (5-n*~CgHy

(gé)'a rapid‘reaction occurred to give a yellow precipitatg.
The color and solubility of the new cdmpound suggested a ~

é&tioh of the fhénium group. The inftared spectrum of
the precipitate was very similar to that df the cyclo-
peptat:iene compléx {gf’ Eleméntai‘analysisrsugéested #he
product be formula;s? aé_[(hTCSHS)Re(Cb)(NO)(CSHG)]BF4 o
(ZZ). The lH NMR of %z (see Section III—C)his consistent %’
.with coordination of the rhenium group to one double bond
of cyclobengadiene to élve a 1,2-n2 olefin_complex 
[Eq (69)]. The grotonatidn of 2§ is readiiy reversible;
treatment of [{n-csﬁs)ne(co)(uo)(L,Z—nz-csns)]+ with
Et3ﬁ.regenerateé the monohaptprclopentadienyl,complex

22 [Eg (69)]. Both these reactions occur in greater than

i
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| H+ | + H
 Re H — Re
N I N S
oC N - 0C N
(o (o)
90% yield.:

Protonation of an nl—cyclopentadienyl transition
metal compléx has béen reported previously. In 1962,
Greenl.51 re;cted (n-CSHS)Fe{CO)z(S-nl-CSHS) with dry
HCl in Et,0. Replacement of the chloride cqun%er ion
with PF&' géve a stable product formulated as ”
[}n-CSHS)Fe(COr:(1,2-n2—c5H6§]PF6. The structure of the

iron compound was suggested b& proton NMR spectroscopy.

The intercohversibn of nl—cycig;;)yenyl a;d
nz-cyclopolyepe complexes of the rhenium group [Egs (66)
and (69)] present interesting ex;mples of the behavior
. modificationtwhich can occur on qoordinqtién.of an organic

molecule or functional group to a transition metal.

te
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Re. H S : A Re

\ oc/-l “EeN oc/ |,\
N N (66)
o) o |
22 18 N\

| H+ ~ l <+ H
- Re_H P — Re
7| Et.N 7 | N H
oc N oc y
0 . 0
23 27 .

3

The protonation reactions are presumably similar to

1

the conversion to n--allyl to nz-propene complexes.

134 ¢0r a number of

Such reactions have been'studied

sigma all&l compounds of iron. It was shown that mt attack
: op _(n-csns) (Cp) 2I-‘e—c ,HZ—CZH-‘CIHZ occurred at C, to give
\¥(n4CSH5)(CO)2Fe(2,3-n2—C3HG)]+. These results would
lzspggest érotonagién of 22 and aa'occurs at C,, followed

by rearrﬁngement to giVe‘the olefin cations. The initial
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site of H' attack might be at rhenium to form a hydrido-
alkyl cation followed by transfer of H' to the ofganic
ring. Wilkinson's results on proton#tion of (n-CSHS)M—
(CO)JR (M = Mo, W; R = H, CH;) suggest this would be the
path whén-the alkyl group is saturated.

In the reverse reactions of Eq (66L\qnd (69); cyclo-
pentadiene and cycloheptatriene have been deprotonated
with the weak baée Et3N.* Coordination of the olefin
fing fnghe positive metal center wéuld‘be expected to
increasg the acidity of the-méthylene protons. This
postulate and thﬁ inhgrent.acidity of dycloﬁentadiene
provide a rationale for the’deprotonation oflaz'will

Et.N. Reaction of the cycloheptatriene cation with Et3N <

3
is a much more surprising result."

’,

Cycloheptatriene is a very weak acid with an estimated

PK, of 36.153

Deprotonation of 18 with Et,N indicates.
that coordinati:op to the rhenium group has lowered the

pKa of cycloheptatriene to <3.4 (i.e.f pKa for Et3NH+).

Activation of the cycloheptatriene ligand to this extent

Ty - J . )
" suggests deprotonation of %3 may not occur directly from

the aliphatic carbon. The for@ard reactidn)of Eq (66)¢
protonation of 22 to give 18 may proceed with initial
- et ~ .

attack of H+ at the metal. If this is the mechanism of

*
Deprotonation of olefins coordinated to metal cations-has
ample precedent,!®? although it is not a general reaction.
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this reaction deprotonation of (18) would occur with
initial formation of [(n-CSHS)Re(CO)(NO)(?-nl-C7H7)(ﬁ)*].
Proton loss from such a hydrido-alkyl cation to Et3N

would seem mnch more reasonable than deprotonation of an .

sp3 carbon-hydrogen bond. - , N r b

‘,
B. The Proton NMR Spectra of [(n-C He )Re(CO)(NO)

(112 n27C7_8 ]BF‘ and [(n-C. H )Re(CO)(NO)(l 2- nzrcgws)]BF .

n

In_this section, possible structures for the cyclo-
pentadiene cation (n-c )Re(CO)(NO)(l 2—n2-C H8)]BF
(18) and cyclopentadiene cation [ (n-CcHg) Re (CO) (NO) -
(1,2-n%-CH,) 1BF, (27) will be discussed. Information.
on the structures of these olefin complexes has been

1y ‘NMR spectroscopy. Because

obtained from infrared and

of the asymmetric metal center, the NMR spectrafof these

compounds are more complex than might initially be

. expected. The somewhat simpler cycloheptatriene system

will be dlscussed first. °, : P
It appears that only two nz-cycloheptatrlene complexes

of the transition metals have been reported in the

154

literature. In 1977 Knox and co-workers prepared

(n-C Hs)Mn(CO) (1,2- n2-c7 8) from reaction of cyclohepta»
triene with'(n-CSHS)Mn(CO)zTHF. Reger155 in 1979 found
reaction of (n-C Hs)Fe(CO) with C7 Lo afforded the . .

olefin cation (n-C5 5)Fe(CO)z(l 2- n2 C )]BF4 The
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structures of these complexeslwere suggested by l& and
13C NMR spectroﬁcopy ( C only ~for the iron compound).
However, an assxgnment of the NMR spectra was not given. .

155

It has been suggested -that coordination of a metal to

7 8 occurs at the 1,2 position because this arrangement
. provides for less ring strain. "

Coordination of the rhenlum group to cycloheptatrlene
in 18 also occurs at the 1,2-double bond 5 As dlscussed
in Chapter I, olefin complexes of (n C )Re(CO)(NO)-
qre expected to show optical isomers. Upon coordination
of (n—C )Re(CO)(NO)— to an olefin with different sub-.
stituents in cis positions, such as the 1,2 double bond
in cycloheptatriene, two diastereomers are formed. . The

“struttures of the dlastereomers of {(n- C )Re(CO)(NO)-

(1,2~ n2 C7H8)]BF‘ (%g) are shown as ;ga and %gb.*

;g& : ~

* .
Only one enantiomer of each diastereomer is shown.
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'Diastereomers of ;g would be expected to show different
infrared and NMR spectra.

14 NMR spectrum of [(n-CgHg)Re(CO) (NO) -

The 400 MHz,
(l 2- nz—C )]BF4 (18)- is shown in Figure VIII. The
proton NMR of £§ shows two n-CSH5 singlets at 6.295
and 6.254 ppm of relative intensity 2:1 and two sets‘of

multiplets for the C7H8 rings in the same intensity

/

~
L
a

ratio. The numbering scheme used to label the spectrum
is shown in 18a and 18b. These labels are provided only.
for convenience when discussing the speptra, and no -
suggestion of absolute eonfiguration is implied. The
assignment of individual peaﬁs in Figure VIII is based on
relaéive chemical shifts,’aecoupling experiments aﬂd on
the similarity (in terms of symmetry and multiplicity)
of corresponding multiplets in-the two diastereomers.
The muitiplets due'to corresponding hydrogens on the‘fwo
diastereomers have very srmilarneoupling patterns. This
is particularly noticeable for the proton pairs H7, H7'-
| agd Hé, ﬁj'. Aliewing for the
1H NMR of 18 is similar to
154

Hg, Hg'i: Hy, Hy'; Hy, Hy';
presence of diastereomers the
that reported for (n-C Hs)Mn(CO)z(l 2- nz-c7H8).
The spectrum shown in Flgure VIII can be d1v1ded
into three regions. At hlgh fleld,‘between 2.0 and 4.0
Ppm, there are four signals assigned to the aliphatic

protons H7, Hs.and.the corresponding positions, H7', Hs'
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FIGURE VIII. 1

been regfg@uced in both expansions.

B NMR Of [(n-CgHg)Re (CO) (NO) (1, 2-n?-C,H ) 1F,,

400 MHz, CD,C1 The peak assigned to Hl has

209.
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of the minor diastereomer J (H,-Hg ) < J(H7'—HB')-='13.8 Hz .
The two multlplets at 2.05 and 2.42 ppm were assigned

8; Hs' on the assumptlon that close proximity to
rhenium would shift these protons to higher field than

to H

Hyr Hy'

peaks in the region pbetween 4.0 and 5.5 ppm are
attrlbuted to protons of the 1,2 double bond. ‘Coordination
to the metal center .would be expected to shift the resonances
‘of these protons to higher fields156 than those of the
uncoordinated 3,4 and 5,6 double bonds. Irradiation of
the aliphatic positions resulted‘in loss of large couplings
to the multiplets at 4.36 and 4.65 ppm. These. signals |
are.therefore assigned to Hy. Hl', the protons closer to
‘the aliphatic carbon.

The region from»6.0 to 7.2 ppmrcontains eidnals for
protons.on the_qncoordinated double bonds. Assignments
~in this region are more difficult as some of the signals
for corresponding protons on the two diastereomers overlap.
Deooupling experiments provided the basis‘for deciding
which portlons of these multlplets were due to eacn dia-
stereomer. ) ‘ “ |

In the structures of [(n-Cglg)Re(CO) (NO) (1, 2-n2—c.,n8)]
BF4 shown in 18a and 18b the metal occupies a posxtlon

above the bent C7 8 ring. The rhenlum group could be

bonded to the opposite gide ‘of the 1,2 double bond but
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<

examinationjbf molecular models suggests that arrangemént.
would be less favored'sterically. In uncoordlnated cyclo-
_heptatriene the ring undergoes a rapid lnverslon between
the two boat conformations. Upon coordination to the
rhenjum group this motion may be restrioted.‘ As expeoted,
the pro NMR of Figure VIIf:ahows the difference in
. chemd shifts between correspondlng protons on the two
diastereomers is greatest for those p081tlons Closest to
the asymmetrlc metal center. -

The 400 MHz, lH NMR of [(n-CgH5) Re (CO) (NO) (1,2-n?-C_H g
BF4 (EZ) is shown.in Flgu;e IX. Coordination_of the
rhenium group to ong douole bond of the cyclopentadiene
rino would give rise to the two diasté;gomers pPictured

as 27a and 27b.* The proton NMR of 27 shows n-C.H. signals
~ -~ SRS : 575 .

272 . 27

*
Only one enantiomer of each diastereomer is shown.
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assigned to the two diastereomers at 6q25b and 6.230 ppm
in a 3:1 ratio. Assignment of the remainder of the
spectrum 1s based on relative chemical shifts, peak
1nten51t1es, decoupling experiments and comparison to
the proton NMR of the cycloheptatriene cation 18.

The size of the coupling constants in the cyclopenta-
diene system is.on average much smaller than those of
the cycloheptatriene cation £§. The only large coupling
is between the methylene protons Hg (Hs') and He (HG')
J(H,-Hg) = J(Hg'-H_ ') = 23. 3 Hz. As a result the’

.6
assignment of the1 NMR of 27 is made with less confidence

7
difference between corresponding protons as assigned in

"than that of the 1,2- n?-c Hg analog. The chemical shift

Figure IX is consistent with the proximity of the protons
to the asymmetric metal center.

Arguments for the as51gnments are-based'upon visual
‘comparison of many spectra with and without decoupling.
'The'conclusions which are somewhat tentative in severall
' cases, are'often based upon quaiitative changés in a
chplex multiplet; which‘arevnot readily verbalized. On
tne other hand,vit would not‘be possible to reproduce
‘all the relevant spectra?in a thesis of reasonable length.
VSince the'details of the assignments of.the nzrcsns cation
gz:constitute a ninor aspect of the work, the decision

‘was made to state only the tentative assignments without

213.
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pPresenting the detailed arguments that support them.

The presence of diastereomers for the olefin* complexes

18 and 27 should in principle aiso be detectable by
infrared spectroscopy. ™e relevant spectra are shown
in Figures X and'XI. In CH2C12 the cycloheptatrlene cation
18 has bands at 2051 (br,s) and 1777.5 (s) cm™ assigned
to v(CO) and v(NO), respectively; The correspondlng
infrared peaks of 27 were found at 2053 (br, s). ‘and 1779. 5(s)
.cm; . Somewhat surprisingly - the only ev1dence for dia-.
stereomers is the sllght asymmetry of the carbonyl bands.
The shape of these peaks may be caused by the presence
of two overlapplng bands due to the two dlastereomers *
The dlfference in the dlastereomer% 1s not evident at -all
rn_the n1trosy1 bands. | .

| The infrared frequencies of the olefin compiex 18
and 27 are higher than any of the other catlons of the
rhenlum group prepared~1n this study. /Thls observatlon

is conslstent w1th the n—acceptor propertles of the

moleflnic ligands.

*The asymmetry of the carbonyl bands of 18 and 27 are more
obvious when tle- spectra are expanded. Much of this
effect is- lost in the reductions shown in Figures x and
XI.

o«
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”

Th;\;t?ﬁctures which have beén suggested for the
olefin cations 18 and 27 assume. little perturbation of
"‘the organic rlng on coordxnation to the rhenium group.
“ rhis may well be an oversigplification of the txue :
structures. No attempt has been.made to~extractwin£6rma-
’tlon on the exact conformatlons of the C Hg and CSH

rings from the 1

H NMR spectra. Diastereomers of these
‘complexes cbuld‘pfesumably be separated and their solid

state structures determined from an X-ray study.

217.
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SECTION:IV -

NMR STUDIES ON ﬂl—CYCLOPOLYENYL COMPOUNDS

OF THE RHENIUM GROUP.

A. Introduction.

f

v

As discussed in Section'I, traqéition metal nl—cyclo-
polyenyl complexes often show fluxional behavior. These “ .
compounds undérgb ring whf%zing prdcesées'via sigmatropic
shifts of the metal center about the polyenyl ring. NMR
spectroscopy has been used in an attempt ﬁo observe
similar behavior for (n-CSHS)RE(CO)(NO)(?—nl-C7§7) and
(n-CSHS)Re(CO)(NO)}S-nl-CsHS) and to determine the pathway
of any metal migrations. ,

 The firsfisystem in which the pathway of sigmatropic -

.rearréngement was established was the monohaptocyclbpenta-

. , 1 136
dienyl complex (n-CSHS)?e(CO)Z(S-n -CSHS). ,

The path
’qf metal migration was determined from’a qualitative line
ﬁshape analgsis of the lH NMR épectrum.nAt -89°C, the
gnl-csﬂs portion bf this,specfrum'shows an AA'BB'X pattern
at 6.3(m, 2H), 6.0(m, 2H) and 3.5(s,br, 1H) ppm. The

- v

/

broad peak at 3.56 can be unambiguously assigned to Hx. The
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multlplets must be due to the olefinlc protons AA'BB'.
Assignment of these peaks could not be made from chemical
shift arguments or by decoupling experiments.

As the temperatﬁre'isnincreased the low field
multiplet of the AA'BB' signals broadened at a rate \\\\\
faster than the high field multiplet. This result v
eliminates the possibility of random shifts by.the metal

116,1%6 that these line shape /

center. It can be shown
changes correspond to a 1,2 (equivalent to 1,5) shift
if the low field multiplet at 6Q3§‘is assigned to the
AA;'protoﬁs or_to a 1;3 (1,4) ﬁhift.iffthe low field
.multiplet\}szdue to the Bp' protons. Correct assignment

of the olefinic region is crucial to the proper choice

o

b

of the migration pathway.

136

Cotton, et al. a851gned the low field multiplet

to the AA’ hydrogens, those closgest to the metal. (This

dec1slon was initially based on the'postulate that the

l\

AA' signaltwould“be the more highly coupled of the two

olefinic peaks. Confirmation of this assignment was
150

.

from a computer simulation’ of*the lH )

later reported
NMR of the analogous ruthenium complex, (n*CSH )Ru(CO)2
(S-nl-c5 5) * The metallmigratzon was therefore presumed

to occur by a series'of 1,2 shifts. A number of other

. \),_v

* i
There are a nquer of other arguments whlch prov1de
ev1dence for this a881gnment. ‘See reference 1ll6.

£y
. 7y



-cyclopentadzenyl compounds these rules predict

N

-posslble to determine both the pathway and stereochemlstry

220.
nl-cyclopentadienyl compounds of the tramsition metals
have been studied and in each case the pathway for
fluxlonality is believed to involve 1,2 shlfts.137 116, 157

As noted earlier, only one nl—cycloheptatrienyl
complex of a transition metel has been reported.ﬁl3'9 The
compound (CO)SRe(7-n¥-C7H7) was studied using the spin
ssturation transfer method (lH NMR) and shown to be . <F
fluxional by a serles of 1,2 (1,7) shlfts of tme metal
center about the C7H7 rlng.'

T?e Woodward-Hoffman symmetry rules for slgmatroplc
shlfts, if thgy are applicable to nl-cyclopolyenyl compounds
of the transition metals, can be used to suggest the paths
of‘mlgratlon whlch would be symmetry allowed For nI-
142,157
1,2 shifts are 'allowed if they‘bccur with retention of
conflguratlon at the metal 1,3 shifts are allowed with ;

~

znverston of the metal center. For. nl-cycloheptatrzenylu
142, 157

) complexes the symmetry rules predict 1,2 and 1,3

shifts are allowed with tnversz/n and 1,4 shifts with &
retention of the metals' conflgurqtlon. %I-Cyclopolyenyl
compounds of the,type dlscussed above, conta1n1ng ”
symmetric metal centers, can be used"to determine the
pathway of srgmatrop1c shifts but not the stereochemlstry.
Wlth a compound in which an nl-cyclopquenyl 11gand

is bonded to an asymmetrlc metal center it should be

r-
e
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of ﬁhe metal migration. Such a complex would be expected
to show separate s.ynals for each of the ring protons “( /
(or carbons). Analysis of this situation in the course\
of this workshas showg that iﬂ principle, a spin satura-
tion transfer experiment could be used to un&mbiguously
establish the-stereoéhemiétry of sigmatropic shifts:

The preparation of (n=C Hs)Re(CO)(NO)(7-n1—C1§?}//
(22) and (n-CSHS)Re(CO)(S n1 CSHS) (23) provided an
opportunlt;\zb\pggform the experlments descrlbed above.
The 1,2 shifts reported for other tran81tlon metal

nt ~CgHg complexéq could be éonsisﬁent withathé predictions

of the symmetry rules of a similar process in the rhenium g
compound 23 werejshown to occuf with.reténtion.- The
observatlon of 1,2 shifts in (CO)SRe(7 nl-C )139
‘suggested any sigmatropic Bhl}%S in 23 might occur with.

- inversion ofﬁconfiguratiqn at rhenium if the.symmﬁ%ry

&Y

-~

‘rules are applicable to these systems.

1

B. (ﬂ“C He )Re(CO)(NO)(7 n —C )

1The‘400'MHz, 1H NMR of the nl-cycloheptatrienyl

complex (n-CgHg)Re(CO) (NO) (7-n'-C,H,) (22) is shown in
Figure XII. ‘This spectrum was obtainéd at room témpera—

~ture. As a resﬁlt'of the asymmetric metal center,

separate signals are observed for the seven-distinct

3

protons of the C7H7 ligénd. ‘The assignment shown in

' Figure XII was determined by decoupling experiments.
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The triplet at 3. 65 ppm is assigned to the aliphatic
proton H7. The size of the coupllng of H7 to H1 and H6
[J(HL-H7) © J(H6-H7) = 8.0 Hz] suggests3? the rhenium

group occupies a quasi-axial position as shown in structure

/
gga.* This conformation is consistent with the chemical
|

~
+ OC

Re

NO

gga
shift differences between diastereotopic proton pairs
(/6H1-6H6/>/6H3-6H4/>/6H2 -8H5/) . .Presumably the closer

the protons are to the chlral center the more they will -

sense the difference in their environmenté. A«himilar

13

‘trend was observed in the ol NMR of (n- C )Re(CO)(NO)—

(7~ nl-C ) In benzene—d6 at 25°C the carbon NMR shows

slgnals at 13. -3 (C )i 91.7 . (n-CSHS), 122.2 , 122.6 (C 2 5);r3

132.8 ; 134.3. ('l 6); 139 5, 140 5 (C 3, 4), 210 2 (co)

13

ppm. The C NMR was assigned by selectlve proton

decoupllng.

* » —
In the solid state, (CO)sRe(7-n! ~C7H,) adoptS‘a conforma-~
tion similar to that shown for 2Ra.! "
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The appearance of'éeparate signals for all seven »
. positions of tﬂé cycloheptatrienyl ring suggested it
woqLd»be'possible>to determine the pathway and stereo-

- chemistry of metal migration should the compound be
fluxional. Attempts were made to observe sigmatfopic
shifts by heating’gg to +130°C in DMSO-d.. At thig

1H NMR remained ﬁnchanged from

temperature the 200 MHz,
the‘spectrum obtained/at room temperature. A spin satﬁra—
tion transfer experiment at 130°C in DMSO-d¢ showed no
evidence fd; fluxional behavior. This observation B
implies not only é lack of fluxionality buﬁ also that
.the chiral metal centerkis configurétionally stable at
130°C on the NMR time scale. | |

- The only other reported nl—C7H7 complex of a transition
metal,'(Cb)sRe(7-n1-c7H7) exhibited fluxional Character.

. } o
lH NMR in the 15°-40°C range.139 The barrier

observable by
to metal migration in gg’must be considerably.highef thénf
that of the pgntacarbonyl coﬁpound. Although both compounds
'~ decompose to ditropyl and the corresbonding metal dimers,

- the therﬁal stability‘of'the (CO)SRe— cdmpound is much

less than that of (n-C.Hc)Re(CO) (NO) (7-nl-C.H,). The
factors which are respoﬁsible for thefrélative Re-—C7H7

sigma bond strengths in these complexes may also influence

their widely different barriers to sigmatropic shifts.
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C._(n-CgHg)Re (CO) (NO) (s-nl—csgs_)_._

A reasonable structure for the cyclopentadlenyl
complex (n-CSHS)Re(CO)(NO)(C H ) would contain one n-Cp

ring and one'nl-Cp‘ring as shown in 23. A similar

23

structure has been reported for ‘the iron analog,

,(n-c )Fe(CO)2(5 nl C 5).136 Suchis fcrmulation is in
accord with the l3C NMR. of 23. In anélé at -80°C the
carbon NMR spectrum has ‘peaks at 22.1 (Cg); 92.9 (n-c 5) i
119.6, 120 9 (C2 3)i 143.9, 145.5 (C 4), and 209.4 (CO)
ppm 'Assignment of the 13, NMR of 22 is based on. the .
relative chemlcal shlfts and by analogy to that
reported158 for (n-CH )Fe(C0)2(5 nl-C5H5) Consistent

;w1th this assignment the size of the chem1cal shift

- difference between the d;astereotoplc carbons C1, 4 is

P

- greater than that fcr'dz 3.

The proton NMR spectrum of (n-C Hg ) Re (CO) (NO) (5-n -C5H5)
;at -80°C is shown in Flgure XIIIa (200 MHZz, CD2C12) The

. spectrum shows a sharp ‘singlet at 5.46 (5H) ppm a?d five
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FIGURE XIII. Spin saturation transfer experiments with

| ~ (n-CgHg)Re(CO) (NO) (5-n-cgHy), cDye1,, -8O°C.

Peak intensities are indlcated by the numbers

in parentheses. The posltlon of saturatlon is

‘indlcated by an arrow (see text) .
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multiplets each of intensity 1H. On‘further cooling the
‘ spectrum remained unchanged and therefére likely represents
| the lou temperature.limit. On warming, the four small |
multiplets and the signal at 4 90 ppm coalesced and at
room temperature formed a broad peak at ﬂa; 6.1 ppm. ’At
higher temperatures_the peak at 6.1 ppm sharpenecé to give
a s}nglet-of equal intensity to the peak at L.46 ppm.
TThese observations show. (n-CSHS)Re(CO)(NO)(S nl-cs Hg) - -
'is fluxional via metal migration about the monohapto ring.

The assignment of the‘low,temperature spectrum of
v’23 is-shown in-Figure XIIla; The singlet at 5.46 ppm is
due to the n—C5 g ring.” On the basis of its-chemical
shift the peak at 4.90 ppm is assigned to HS5, thei‘
' aliphatic proton} . Decoupling of HS.gaVe onlyasmall
changes injthe_four olefinic signals.'sThis;_in contrast
) to-the,cycloheptatrienyl system makes assignment'of thed
olefinic region:rather diffiCult.‘ As discussed in
Section III-A, a Similar probledghas been encountered
in many of the monohaptocyclopentadienyl complexes of, : )
the/transition metals. There is considerable eVidence I
‘to suggest the olefinic protons closest to “%he metal
(Hl,4)vwill resonate atslower fields in such compounds. 5
' .On this basis the multiplet'at'6464 ppm is assigned to Hl.*.

o

The designation of one of the Hl/H4 resonances is of course B
: arbitrary. _
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Once the choice of H1 has been made, the other oleflnzc
v'slgnals can be assigned by decoupllng experiments. De- .
coupling of H1 resulted in loss of a large‘coupling to-

the peak at 6. 08 ppm As the only large'couplings.ih the
1-CSH5 r1ng should be across the double bonds,k' he

J(H1-H2) and are asslgned to H4 and H3. At thls polnt
a choice between H4 and H3 cannot be made. o

The spln saturatlon transfer me..rod was used to

~

”determlne ‘the path of metal mlgratlon in (n-C Hs)Re(CO)(NO)-.

(S-nl-c sHg ) (23). The intensity loss on 1rrad1atlon was N

:measured by in ation versus the n ~CsHg peak. Saturatlon

of H5, the al‘ hatlc proton, resulted in an 1nten51ty loss
at the 6 64 a 6.30 ppm slgnals (F1gure XIIIb) On the .
‘basis that-th\ " at\ 6.64 ppm is, Hl, the’ Shlft pathway
would be 1, 2. Thls experlment also enables a551gnment ofn
'_the peak at 6 30 ppm to H4 The“remalnlng slgnal at 6.16 -
ppm must therefore be H3. B | |

. The ch01ce of 1,2 shifts as the path of metal migra-
rtion for (n-csn )Re(CO)(NO)(S-nl-C 5) ;s of course
~’dependent upon the correct asslgnment of the oleflnlc
protons. Other metal systems in whlch a 1 2 pathway has
~been 1nferred suffer from the" same llmitation. However,~

in the case of theirhenium,compound.there_is importaht;

/
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lH NMR

further ev1dence for the correct assignment of the

229,

spectrum, Throughout the present study it has been noted

that the chemical shift difference between diastereo- .

topic proton (or carbon) pairs increases Qith proximity x
to the‘netal. This trend can be maintained with

(n—C )Re(CO)(NO)(S-nl-C ) only 1f the lH NMR spectrum
of Figure XIII is assigned as discussed above. The . |

chemical shift difference between H1,H4 is greater than

between H2,H3. ThlB observation;suggests that the correct “

assignmént and'therefore the'correct pathwayifor metal
migration has been chosen. .
To determine the stereochemistry of the 1 2 shifts
injaé{\Lt‘lS necessary to saturate one of the protons
'in thejolefinicgregion. For’this purpdﬂe ﬁl wasAchosen.f
:Saturationvat H1 should result in an}intensity decrease
at H5 andvﬂi ifhthe.l 2 shift occurs hith retention, or
.:-at HS and H3 1f metal migration Qccurs w1th inversion o;
configuration at the metal. As :%own in Figure XIIIc
saturation of Hl resulted in a dédcrease in intensity of
H_ the peaks at 4.90 and 6.08 ppm. As these positions are
' assigned to H5 and H2, 1,2 shifts must be;occurring with
»retentio; of configuration at the-metal\center, '
» An ekperiment similar‘to'the one discussed.above was’
‘carried out by Mann and co-workers.lsg’ Metal‘migration'

“in (n-csns)(ON)[(SZCN(n-Bu)EJMo(S-nl-C Hs) was_shown to
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occur via a 1,2'shift.~ It was not specifically &iscussed
in the paper, but Mann’évresults are also consisrent with
retention of configuration at the metal during sigmatropic ’
shifts. The conclusions concerning the path of‘migratiqh
in the molybdenum‘ccmpouhd are'alsc dependent uéon.the
correct asslgnment of the olefin p031t10ns.

 The experiments performed with (n~C Hs)Re(CO)(NO)-
(5-n l--CSHS) demonstrate & further example of 1,2 shlfts
in monéhaptocyclopentad1enyl complexes of the transition
metals. The presence of the chiral metal center in this
ccmpound has prov1ded a conyenlent method for determlnlng
B both the pethway and“stereochemistry of metal migrarioﬁ.
'In the rhenium. system 1 2 shifts occur Wlth retentlon
_of conflguratlon at the metal. These;rdtults are in
accord with the predlctlons of orbitaljsfmmetry ralee_as
epplied'ro_sigmatrcpic shifte.." o o

[
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SECTION V

EXPERIMENTAL

' preparation of (n-csgs)Re(CO)(NOf(?-nl-C7§e) (22) .

Triethylamine (0.20 mL, 1.44 mmol) Qas added dropwise
to a solution of (n- CSHS)Re(CO)(NO)(l 2-n2-c H7)BF4 (0.50 g,
1 02 mmol) in 10 mL of CH,Cl,. The solvent was removed |
under reduced pressure to give a red solid. This solid
was extracted with hexane, flltered, and cooled to -20°C
_to give red crystals of the monohaptocyc1oheptatr1eny1
compound 22, 0.37 g, 90% yield, MP 94-95°C. .
:Characterlzatlon: IR (hexane) 1967(s), Vv.(CO); 1712(s)

cm™}, v(NO). Mass Spec- -um, 70°C/12 ev: [CpRe(CO)(NO)C7 71,

E [CpRe(NO)C7H7]+, [CpPReC H7?+. Proton and carbon NMR
(see‘dlscu531on). Anal. Calcd for C13 12Re02N:r C, 38.99;
H, 3.02; N, 3.50.  Found: C, 38.89; H, 3.02; N, 3.68.

.

Preparation of (n-CgsHg)Re(CO) (NO) (5-n"-C.Hc) (23).

(a) é;pm (ﬁ-CSHS)Re(CO)(NO)Br\(9)-

-
(n C )Re(CO)(No)Br (0 55 g, '1.41 mmol) was dlssolved

in 15 mL of THF and cooled- to -15°C. A solution of NaCSH5

»in THF was added dropwise; until infrared. monltorlng }

indlcated all the bromlde had been consumed. The dark

.red solution was warmed to room temperature and the solvent

removed'under reduced pressure to give a black, tarry
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. ( p)
regidue. The residue was extracted Wlth hexane, filtered

fand cooled to —78°C giving a red sclld Recrystallizatlon

from hexane at -20°C gave the monohaptocyclopentadienyl

e

- compound 23 as red crystals, 0.201g, 42% yield.

Characterization: IR .(hexane) 1972(s), v(Co); 1720 (s) cm-l,
V(NO). Mass Spectrum, 35°C/14 ev: [CpRe(CO)(NO)C5 517,
‘[CpRe(NO)CSH5]+, [CpReC5H5]+. Proton and carbon NMR (see
Discussion). Anal. Calcd for CIIHIOReOZN' c, 35'28f

H, 2.69; N, 3'74ﬂ Found: C, 35.25, H, 2.71; N, 3.91.
' /

(b) From [(n-CgHg)Re (CO) (NO) (THF)PF, (11):

[(n—cSHS)Re(co)(NO)(THF)]PF6 (0;2339,'0144 mmol)
was suspended inild'mL'of THF and cooled to -20°C. a
solution of.Nacsns-in THF wes'added dropwise until all
the starting material had dissolved. The dark red
solution was warmed to room temperature and the solvent
removed under reduced pressure to give a black, tarry
resxdue. The residue was extracted with hexane; filtered, "\A
'?andvcooled to -78°C to give a red solid. The compound
was crystallized from hexane at -20°C 0.042 g, 26% yleld.
The monohaptOcyclopentad//nyl compound 23 was 1deét1f1ed
‘ by éomparlscn of its 1nfrared proton NMR; and mass spectra

to authentic samples._

-
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Reactions of‘(n~C5§5)Re(CO)(NO)(nl—C7§7) (32).

/' (a) Protonation with HBF, /Et,0:

(n—QSHS)Re(CO)(NOl(?-nl-C7H7% (0.10 §, 0.25 mmol)
Qas dissolved in loimL of diethyl ether at room temperature
- giving a red solution. 4The.addition of HBF4/Et20 gave a
fellow solution:rrom which quickly preCipitated a yellow
solid. The solid was collected, washed w1th 3 x 10 mL
of ether and drled in vacuo. 0.114 g, 94% ylelg} Infrared
and proton NMR spectroscopy showed thlS materlal .to be

the cycloheptatriene cation .18. . ' .
; } J

m(b) Protonaticn with anhydrous HCl: .

(n—CSHS)Re(CO)(NO)(n —C7H7) (0.10 g, O. 25 mmol) was
dlssolved in 5 mL of CH Cl at room- temperature to glve a
tred 8olutlon. Hydrogen chloride was bubbled through the
solution for .15 sec, result:ng in a brlght yellow color.
Infrared monitoring at,thls p01t§’suggested theupresence
- of the cycloheptatriene cation 1 The’solution was
stlrred for 1 hr durlng which the color changed from yellow
to dark red. The solvent was removed under reduced
' pressure:to give a red solxd whlch was washed w1th 3 x5
mL'of hexane. Comparlson of the spectroscopic propertles

of this material with those of (n-CSHS)Re(CO)(NO)Br w(d

‘suggests the ‘product was (néCSHS)Re(Cp)(NO)CI,.0.067 g,
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]

788 yield. 4

Characterization: IR (hexane) 2004 (s), v(cO); 1744 (s), .

v(NOL. Mass Spectrum, 100°C/14 ev: [CPRe(CO)(NO)CI] ‘

[cpre (NO)c11*. proton NMR (CD,Cly) §5. 85" ppm.
) N
- ’ 7 /

(¢) Protonatidn with Trifluoroacetic'acidi

preparation of (n-CgHg) Re (CO) (NO)O(O)CCF4t

Aﬁxc Hs)Re(CO)(NO)(n»-C7H7)-(0 .10 g, 0.25 mmol) was .
dlssolved in 5 mL of CH2C12 at room temperature g1v1ng a
“'red solutlon. Trifluoroacetlc acid (0.037 mL, 0.50 mol)
. . was added dropwlse to glve 1n1t1allyﬂa yellow solutlon
which: became orange after stlrrlng for 0.5 hr The
'Lsolvent was removed’under reduced pressure to‘glve an !
orange solid. The solid wes exrraeted with dietﬁyl.ether,
filtereé and eoeled to —78°C‘ro give,orange crystals of‘f,_
the trifluoroacetate ester 26, 0.085 g,‘81%lyield, MP
134-135°C. ', | c
Characterization: IR (hexanej-ZOiS(s), 2604(m), v(co);
-1 '

1754(m), 1746(s), v(NO); 1716(m) cm 1, v(CF4C00) . (see .

__Discussion) . -ﬁess Spectrum,95°é/16év: [CpRe(Cé)(NO)O(O)—

. ecr3]+{ [CpRe(NO)O(O)CCF3] . Proton NMR‘(Cchlzl 55.90
ppm. Anal. Calcd for cansnéo4NF3 ., 22.75; H, 1.19;

N, 3.32. Found: C, 22.63; H, 1.44; N, 3.38.
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Protonation of (necsgs)ne(CO)(NO)(S—nlécsns)‘with nsrg:;
: " - | ,'
(n-CSHS)Re(CO)(NO)(S-nl-c s) (0.10 g, 0.27 mmol)

4was dissolved in 10 mL of diethyl ethér”at room temperat%rg
giving‘a red solution. Tﬁe addition of HBF,/Et,0 gave a
yellow solution from which quickly precipitated a yellow
solldij The solid was washed with 3 x 10 mi of ether aﬁd
dried in vacuo to give [(n—c 5Hs) Re (CO) (NO) (1, 2-n?-C.H() 1BF,

0.12 g, 97%,yield.

‘Characterization: IR (CH,Cl,) 2053 (br,s), v(CO); 1779.0(s)
',cmil, v(NO). Proton: NMR (see Discussion). Anal.‘Calcégég A

for CllﬂllReozNBF4. C, 28.58; H, 2.40; N, 3.03. Found:

c' 28.4}0;!{' 2-38; N' 3.020 » . %

2
Deg;otonatlon of (n Cs_g)Re(CO)(No)(llz n -C5_6)

o

Triethylamine (0 10 mL, 0»72’mmol) was added dropwise
to a solution of [(n-CgHg)Re(CO) (NO) (1;25n’~CgH)IBF,
(0.10 g, 0.22 mmol)-in 10 mL of CH,Cl,. The solvent was
, removed under .edéced pressure to give a red solid. This
solid wasléitrécted with hexane, the sblution fi}tered and
cooled to -40°C to give»red;drystﬁié bf the monohapté-
cyclopentadienyl compound 23, 0.074 g, 91% yield: The
.p£oduct wih idéﬁtifieavby cogparisoh of its IR,»lH NMR and
Mass Spectrum‘to.aﬁthentic samples.

J
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