218.,~

‘Bibliothaque nationale
du Canadasy

Naiional Library
of Canada

)

!
CANADIAN THESES THESES CANADIENNES 2}
ON MICROFICHE SUR MICROFICHE .

Eopy Tgﬂm <

NAME OF AUTHOR/NOM DE L'AUTEUR E”R[\

TITLE OF THESIS/T/TRE DE LA THESE

S 0w AsPicTs of ZHE OféﬂA/OMf/ALL/L

_ CHENISTRY

>

UNIVERSITY/UN/VERS(TE__«w . A Ee\’}&

DEGREE FOR WHICH THESIS WAS PBESENTED/
" GRADE POUR LEQUEL CETTE TIfIESE FUT PRESENTEE

YEAR THIS DEGREE CONFERRED/ANNEE D’OBTENTION DE CE DEGRE

NAME OF SUPERVISOR/NOM DU DIREC TEUR DE THESE

- Permission is héreby granfeg to_ the NATIONAL LIBRARY OF
CANADA ‘to microfilm this thesis and to lend or sell copies
of the film,

The author reser.ves‘ other publicaﬁon rights, and neither the
thesis nor extensiﬁ? extrécts from it méy be printed or pthér-

wise reproduced without the author’s written permission.

o
it3

7‘{ 7:&&( (°?7L/ SIGNED/SI‘GNE'

DATED/DATE_

OF THE. GROVP | TRANS . 77t W STETALS
N o
PLD

L4y
WAG. . br a(«aw\ e

L'au;orisat'ion est, par la présente, acco}dée a /a BIBLIOTHE-
QUE NATIONALE DU CANADA de microfilmer cette thése et
de préter .ou de veh’&ra des exémplairea du film.

L'au;eur se réserve les autres droits-de publication; ni la

“théseni de longs extraits de celle-ci ne doivent étre imprimés

ou autrement reproduits sans /’autorisation écrite de I’auteur,

-

‘ cml

PERMANENT ADDRESS/RESIDENCE FiXE

Ubuu

o7ﬂ Cé\emlca/ Ev;}(uw V:«Z

Alberte =~

A L@P_Q TA

EBH(_)NYFWU ,

NL-91 {11.73)



THE UNIVERSITY OF ALBERTA

SOME ASPECTS OF THE ORCANOMETALLIC

1

CHEMISTRY OF THE GROUP -VI TRANSITION METALS

L

by
(:::) EZRA EDDY ISAACS

A THESIS

SUBMITTED TO THE FACULTY OF
GRADUATE STUDIES IN PARTIAL FULFILMENT
'OF THE REQUIREMENTS FOR THE DEGREE OF

A\

DOCTOR OF PHILOSOPHY

Department of Chemistry

4

‘ EDMONTON, ALBERTA

Falt, 1974



THE UNIVERSITY OF ALBERTA

FACU.TY OF GRADUATE STUDIES AND RESEARCH

The undersignéd certify that they have read, and
recommend to fhe Faculty of Graduafe Stqaies and . ..
Research, for‘acceptance, a theéis entitled
SOME_ASPECTS OF THE ORGANOMETALLIC CHFMFITRY.Of GROUP
VI TRANSITION METALS
‘submitted by EZRA EDDY ISAACS

in partial fulfilment of the requirements for the’

' Ug;@‘% L

Supervisor

./’7 //r '/',»/“7.
Lo B FE i

degree of ﬁoctor,of Philosophy.

Ft ;(z\o"%éw -

}3;7Y—&bﬁ:%f‘;;¢/ﬁ“”;'/




ABSTRACT

The reaction of cycloheptatrienyltricarbonyl molybdenum
cation with variéus main group V donor ligands (L)
yieided, in general. mono-substituted complexes,

31P nmr studies on some related di-

e H Mo (cO) ,L] Y.
tertiary phdsphine compleies provided a convenient and
unequivocél determination of the stereochemistry.
The reduction of the cation’ - cycloheptatrienyl
f :
complexes with sodium borohydride provided a suitable
synthetic route to the group V derivatives ogncyclo-

heptatrienetricarbonylmolybdenum. The infrared, lH

and 136 nmr, and mass spectral properties of these
complexes were studied; Some main group IV ligands bonded
to cycloheptatrienyldicarbonylmolybdenum were also
prepared and studied by gpectral meahs.

A nuﬁber of main group IV - group VI metal .penta-
ga;ponyl anionic derivatives have been prepared by the
reaction of the chloropehtacarbonyl anions with the
organolithium compounds of the group IV elements. These
compounds have the general formula, [R3M'—M(CO)5]_
(wherevR = Me, Ph or halogen; M' = Si, Ge, Sn or Pb;

M = Cr, Mo or W).‘ Approximate carbonyl force coﬁstants
were calculated‘ from the infrared cafbonyl stretching

vibrations and these provided some insight into the

nature of the metal-metal bonds.



\

Transition metal nitrosyl derivatives have also been
prepared by the reactlon of some anionic complexes .
with nitrosonium hexafluorophosphate. These compounds
have the general formula LM(CO) NO (where L is a main
group IV ligand or a halogen group'and M is Mo or W).

The carbonyl and nitrosyl force constants were
calculated and are discussed in terms of the‘relative
bonding properties of CO and Né ligands.

-Finally, the okidation reactian of some dinuclear
metal carbonyls-with AgNO2 led to the formation of metél
carbonyls containing nitro ligands. Linkage isomerism.
involving nitro and nitrito species was encountered
in solution. The [ (CH 3CN) Re(CO)3] cation was_fofmed
- from the oxidation reaction of [Re (CO)16]2_ in aceto-

n1tr11e
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CHAPTER I

INTRODUCTION

The first portion of this thesis (Chapter II to.
IV) concerhs the preparation of qyclohegtatriene and
cyclcheptatrienyl molybdenum derivatives. The second
part deals with the properties and synthesis of main
"
group IV metal-transition metal anionic complexes ¢
(Chapter V) and the preparation of main group IV-
molybdenum, -tungsten nitrosyl.complexes (Chapéer VI).
The last seetion (Chapter VII) invblves a study on the
oxidation of metal cafbonyl complexes using silver
salts. A review of the literature relevant to each of
the fields mentioned above is.given.as an ihtroduction
at the beginning, of each chapter. ?his chapter is
intended to serve as a brief genergl introduction to
certain basic concept§ in transition metal carbonyl -
chemistry. The-main types of ligands present in the
complexes mentionedj%@ the thesis are intfoduced and
the nature of the bot&éng between these ligands and
transition metals a e\discussed briefly. There are

1,2,3 4,5,6

and periodicals

numerous texts which give a

comprehensive intrpduction to the chemistry of metal

carbonyls and their derivatives; what follows owes much

to these reviews

/



Transition metal carbonyl complexes

The discovery of Ni(CO)4 by Mond7 in 1890 led to
the development of the chemistry of metal carbonyls
and subsequently to derivatives of metal carbonyls.
Whereas in the ensuing sixty years praogress was;only
modest, at the present time'the study of transition metal
complexes containing carbon monoxide groups as ligands
has become one of tﬂe most active areas for research.
This research activity has stemmed mainly from the
realization that the metal carbonyls form numerous
derivatives, and in part from the amenability of many
of the compounds to study by bhysical methods. A very
practical stimulus is provided by the fact that metal
carbohy1s are also exqeilent catalysts for certain
industrial processeé.

A carbonyl liéand is known to bond either in a
linear fashion to a single metal atom (terminal carbonyl).
or form a bridge between two or more metal atoms (bridging
carbonyl). An intermediate éituat;on involving unsym-~
metrical carbonyi bridges (semibridginé carbonyl) has
recently been shown to occur.8 As an example the X-ray
structure of a 2,2'-bipyridine defivative of nonacarbonyl-
diiron, dipy Fe2(C0)7, which contains all three types of

CO groups, is shown ina£.
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The molecplar'orbital description of the M-CO bond
is as follows: An overlap of a filled sp h&brid of carbon
and a vacant orbital on the metal as shown in’g, is
accompanied by dative overlap of a filled dm or a hybrid
dprm metal orbital with an empty antibonding n* orbital

of CO as shown in 3.
. ~

MC—_——O M c

2

The bonding mechanism is synergic, since the 7 bond

removes the excess charge built up on the metal by the



o-donation and a stronger bond is produced than the sum
of the two efiectS'éepafately.

A significant consequence of the presence of
electrons in the n* orbitals of CO is the reduction of
¢-0 bond order. The infrared (ir) séectra of these
systems provide a most convenient and useful estimate of
this as demonstrated by the values of the carbonyl
| stretching frequency [v(CO)] .or the iso-electronic
complexes listed below. )

Mn (CO) cr(co)y Vv(co)g

2090 1981 ‘ 1859

A negative charge, or lower oxidation state of the metal,
places a large electron density on the metal, which

means more ﬁetal to n* bonding and as a result a decrease
in the C-O bond order and lowering of v(CO). Since the
v (CO) are sensitive to changes in the elecﬁron density

on the metal they will also depend on the nature of the

other ligands attached to the metal.

Effective atomic number rule

The great majority of transition metal carbonyls
and their derivatives are diamagnetic, and their stoi-
chiometry is dictated by the very useful effective atomic
number (ean) rule. This formalism requires that the. :

ligands contribute electrons such that the metal atom

IaN
R



takes up an electronic confiquration like the succeeding
noble-gas atom. Thus chromium has six valence electrons
and requires twelve more to attain a noble gas configura-
tion. A molecule of CO contributes two electrons; it
follows that six molecules are needed to give the stable

compound Cr(CO)G.

Complexes with unsaturated organic ligands

The investigation of the interaction of olefins
with transition metals has proceeded at a rapid pace
over the past decade. There are many types of m-complexes
including mono- and di-olefin, n-allyl, rt-cyclopenta-
dienyl and n-arene complexes. The nature of bonding in
all complexes of this type appears to be similar. In
the simplest case bf_the mono-olefin complexes the
bonding is believed to consist of two independent compo-
nents, as shown pictorially in 4, (a) the n-electron
density of tﬁe olefin overlaps with a o-type acceptor
ofbitai on the metal atom; and (b) back donation from

the metal into the antibonding n* orbital of the ligand.




This view is thus 51m11ar to the bondl/g of CO dlscussed
earller, except that in the cgse of "the olefin the
- m-electrons themselves provide the primary (dative)
o~-bond. Thus in contrast to the carbonyls, where the
metal lies in the nodal plane of the n—électrons,'bonaiﬁg
in the olefin complexes is at right angles to the nodal
plane. .

In this work we shall consider the‘compiexes bf

the following species:

“H H ™

©

cycloheptatriene cycloheptatrienyl or
~tropylium ion

5 . . 6

In classifying n-complexes.it is con&enient to use the
number of electrons formally available from the neutral
hydrocarbon. 1In ean formalism each olefinic linkage can
be regarded as a two-electron donor, so that cycléheb—
tatriene, C7H8, can potentially act as a six-electron
ligand. In this category are the (h C H )M(CO)
complexes formed with the group VI metal carbonyls.

Each double bond supplies two electrons, so that with

the six electrons from the carbonyls the metal attains

the rare gas configuration.. On the other hand, iron



.

ofavors a diene rather than a trlene and forms the cyclo-
aheptatrlene complex (h4—C )Fe(CO)B, where only four
'vof the - electrons of the trlene bond to iron.
| .Cotton9 has proPOSed a convenlent notatlon to
sbec1fy the number of carbon atoms that are attached to.‘
. a metal atom by use of ‘a preflx such as tetrahapto—
pentahapto— hexahapto—i etc + abbreviated as h h5¥,
h6~;.etc; Thls notation w1ll be used in thlS work in
‘caseq mhere the number of carbon atoms attached to the
metal’ 1s less than the maximum of two per oleflnlc
llhkage.i As ﬁn example, in the- cyclopentadlenyl-.
}(cycloheptatrlenyl)dlcarbonylmolybdenum complex the
cyc!oheptatrlenyl is known to functlon as a three electron
donor. as shown ln‘z this 1s symbollzed-as\ P

(1 ~CgH )Mo(c0)2(h3—c H,).

/Mo
O
O .
S o
: 2z ‘

The tropylium ion+,'C7H;, is an aromatic six

+In thlS thesis tropylium will refer to the unco-~-ordinated
ion and cycloheptatrlenyl to. the complexes of the latter.



hn-eiehtfdn sYstem, iso-electronic with CSH5 and CeHe s and
V_Wouid beiexpected to form analogous n-complexes with
”transition.metals. Cycloheptatrienyl complexes are
“ptepsred indirectly from.cycloheptatriene; for exsmple,
the latter reects with V(CO)6 forming cycloheptatrienyl-

tricarbonylvsﬁadium, (h7—C7H7)V(CO)3.

Complexes with group V ligands

A variety ef trivalent phosphorus, arsenic, anti-
mony, and bismuth 1igands also form complexes with the
transitien metals. In addition. to being quite strong
Lewis bases these donor atoms have empty dr orbitals
and back bondlng into these orbitau.s 1s possxble
The relative 1mportance of these two contrlbutlons to"
the bondlng depends markedly on the electronegat1v1ty
of groups attached to the donor atoms

Considering that other ligands are qenerallylstronger
'c—donors and poorer n-acceptors, the replacement of co
with other ligands decreases the v (CO) of the remainihg
carbon monoxide in the substituted product. Based oh
extensive ir studies, the group V donor atoms can be
arranged in the following order of decreasing importance
of n~bonding and increasing importance qf o-bonding

»

. . 1
contribution.

-

PF3 > PCI3 ~ AsCl3 ~ SbCl3 > P(OR)3 > PR3 - AsR3 ~'SbR3

S

(R = alkyl or aryl) .



Complexes with main gréup IV metals

In the past decade numerous compounds containing
the elements silicon, germanium, tin and lead bonded
directly to transition metals have been.prepared. The
metal-metal bonds in these compounds are normally assumed
ﬁo consist of a o-bond and a d“—bond'é;mbination\analogous
to the formal o-donor and mT-acceptor system of the
tertiary phosphines and arsines (R3Ge_ and R3Ps are
iso-electronic). Attempts to correlate.Cp stretching
frequencies or force constaﬁts with o and » effects of
the metal-metal bonds suggest that while n-bonding is
present, it is secondary energetically to the o-bond.lo'll
The n-character appears to be appreciable only when
halogen 5voups are attached to the group IV metals as
shown by 119Sn Méssbauerr2 and 59Co NQR13 stu@ies as
weli as molecular orbital calculations.l?

Apart from direct attachment to a single transition
metal the group IV elementg, like CO, can act as a bridge
between two or more metals. As an example of this
versdtility, the X-ray diffracfion structure15 of the

product from the reaction of Eriorganotin hydrides with

Ru3(CO)12 1s shown 1n’g.
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Metal—nitrong complexes

Nitric oxide, NO, like carbon monoxide, forms
stable complexes with transition metals but not.with the
simple acceptor molecules or non-transition metals.
However, NO has an additionai electron in an arti-

. bonding n* orbital whic¢h is readiiy lost (ionizat -on
/rvﬁazgitial 9.5 evi to give the nitrosonium ion, No*, iso-
electronic with CO. e |

Althdughimost terminal metal nitrbsyls contain
essentially linear M-N-O bond angles, a considerable
number occur with bent M-N-O bond angles which are
close to 120°. The nitrosyl complexes prepared in this
work coné;in linea; M-Nip‘linkages.

Traditipnally“términal NO.groupsshave been regardeé

as bonding to the metal in one of three ways:



(a)

(b)

(c)

Transfer of an electron from a n* orbital of NO to
the metal followed by an electron-pair donation

- + ) S .
from NO , in a mannder analogous to CO. This gives

i

rise to a linear bond with NO contributing three

electrons.

By acceptance of one electron from the metal

followed b§ co-ordin&tidh of the nitrosyl anion,

NO , resulting in a bént bond and a single electron

contribution from NO.

By donation of tdéﬁelectrons from the neutral NO,

t

with the unpairedielectron remaining in the n*

orbital.

A more convenient description of linear metal-nitrosyl

bonding is illustrated in’g and 10. .

MO EON—0  —>  MCESN—0
o : S

~

[N

9
-~

— . MﬁN———O

10

11



1 N 12

According to thisidescription, in linear MNO Gﬁs the
basic interaction is by donation of a o palr from N

along with a covalent Nr*-dn bond, often with sOme
additional bonding due toidnﬁNni interaction: The advan-
tage of this scheme is that the occupation of the n*
orbital is éitﬁgx unaffected or increased oﬁ co-ordination,
so that the nitrosyl stretching fréquency in the infrared
is. expected to be close to or lower than that of free

NO (1876 cm_l). In fdct4mos£ nitrosyl complexes absorb“ _
at frequencies lower than this, indicating an increase

in electron density in the =* orbital.

An bent MNO groups the interaction is basicaily a
single covalent bond formed by a o electréﬁdin an sp2
"orbitél on nitrogen.

The complex [Ru(NO)z(PPh3)2Cl]+ 16 provides an

elegant example of both bent and linear NO groups in

the same molecule, 11
. ) ~
- S
//£)

c, N

N\,
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An example of reversible isomerism “etween linear

(N0+) and bent (NO_) forms have been proposed for

Co(NO)L2C12,17 where L is a phosphine ligand, shown in i&.
- o
L J /

S I T

0 N Co p—— C?
0% < <
L N
Cy \

12

‘ —~
Although it now appears that further:studies are
warranted to clarify this hypbﬁhesis,l8 it has been
suggested6 that systems of this type, where there is a’
reversible change in the formal oxidation state of the

metal, will be useful as catalysts.



CHAPTER II

REACTIONS OF CYCLOHEPTATRIENYLTRICARBONYLMOLYBDENUM

HEXAFLUOROPHOSPHATE WITH GROUP V DONOR LIGANDS

INTRODUCTTION

In contrast to the numerous accounts of n-cyclo-
pentadienyl metal carbonyl co'mplexes,19 the chemistry
of other n—bondgd ring‘systems has been much less studied.
‘This work was begun in a modest attempt to fill this void
and to develop a suitable synthetic route to group V
derivatives ok C7H8M0(CO)3. The preparation of these
derivatives will be described in the succeeding chapter.
fhé bresent chapter deals with the reactions of
[C7H7M0(CO)3]+ cation with tertiary and ditertiary group
V ligands. 1In Chapter IV the preparation of‘some main
group IV derivatives will be discussed. A brief intro-

| .
duction and a review of relevant work in this field is
presented ;t the beginning of each ,chapter. The metal
carbonyl complexes of cycloheptatriene and cyclohepta-
trienyl have been extensively reViewéd.20;21’22

Initial attempts to prépare cycloheptatrig;yl
complexes from tropylium salts, thereby extending the
known arohafic %bcomplexes of cyc}opentadienyl and

', 23

“benzene, failed. It was hoped that successful pre-

paration could be achieved by reacting suitable metal

14
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compéﬁnds with free C7 g* The first reactlon of C7H8
with a metal carbonyl [Mo(CO)G] led to a cyclohepta-
triene complex, 7 8Mo(CO)3, and not a cycloheptatrlenyl
complex.24 Infrared and nmr studies showed the presence.
of co—ordinated éycibheptatriene.23'25'26 The six
olefinic CH groups were assumed to lie approximately in
the same plane forming a delocallzed m-electron system,
with the methylene group bent away from the metal, 13.

Subsequently it was shown that triphenylmethyl -
tetrafluoroborate abstracts‘éihydride ion from F:7H8M0(CO)3
‘to give the cycloheptatrienyl complex salt,
27

. .
[C7H7M0(CO)3] BF,.

C_H_Mo(cO). + [Ph.cltBFT ———— [
78 73 3t 4
CH.Cl
\ 2572
+ - £
[ H Mo (CO) ;17BF, + Ph,CH II-1

The nmr spectrum shows only one sharp signal confirming.
the presence of a symmetrical seven-membered ringy and

the ir spectrum contains only two carbonyl'frequengies

pointing to a symmetrical structure for the whole

molecule, ;3.27 ‘In C7 8Mo(CO)3 three carbonyl bands

are observed due to the asymmetry caused/by the methylene

group.
X-ray analysis has confirmed the proposed structure

28 ' L+ 29

for both C7H8MO(CO)3 and [C7H7M0(CO)3] ‘

. o . [ :
C-C ring distances found in i} (1.36 A and 1.43 A) are

The

/



16

oC / R o / \o
o | S
O
L -
X 4

'those/;J be expected for alternate single and double
bonds. 1In ;é the C-C distances are nearly equal averaging
1.400 g. The average Mo-C (earbonyl) distances are

1.97 g and 2.032 g respectively. The latter is the
longest found in ? Mo(CO)3 complex. This, coupled‘with
the Mo-C (ring) distance of 2.314 i, one of the shortest
found in Mo-arene complexes, has been taken to indicate

a stronger than' normal interaction between the Mo, atom

and the C.H, rlng.g?' By contrast the short Mo-C (carbonyl)
‘distance in %3’ appreciably shorter than 2.08 ﬁ in
Mo(CO)G, indicates a relativeiy weak interaction between
the metal and the C7H8 ringi The present Qork will

attempt to show that the difference in the chemistry of

3 and 14 is related to their contrasting structural
~ ~ . N , -



features.
Complexes of the type C7H7M0(CO)2X (X = C1, Br, and

I) have been prepared by treating 14 with the appropriate

- halide ion.30 The reactlon of C7H7M0(CO) I with group v

donor ligands has been 1nvestlgated With tertiary

phosphlnes and phosphxtes, monosubstituted complexes

resulted'31 32 : : .

-

C7H7MO(CO)ZI + PR3 , —Egﬁg—+ C7H7MO(CO)PR3I + CO II-2

where R = OPh, OMe, OEt, Ph and NMe2.
Reaction with bidentate ligands has led to the

formation of five types of product.33 The overall réaction

sequence and types of complexes formed,»£§ to ag, are

summarized below.

I . R0

L 4

17



where L-L = Ph2PCZH4PPh2, PhZPCH=CHPPh2 or PhZAsCHZAsPh
"In the present work complexes of type ;g and 19 will be
Prepared by an alternate route.

.
-

By contrast to the reaction of C7H8M0(CO)3 with
Lewis base ligands, which result in the dlsplacement o§
the C7H8 ring (see introduction to chapter III), there
are no accounts of similar reactions of [C7 7Mo(CO)3]

A priori this cation may be expected to react with donor

Jligands in two ways.

+ +
Mode l.‘[C7H7Mo(CO)3] + 3L -+ L3M0(CO)3 + C7H7 I1I-3

+ +
Mode 2: [C7H7M0(CO)3] + L - [c7H7Mo(c0)2r.]. + @D I1-4

It was hoped that these reactions would lead to CO sub~-
stitution, II-4, and not to ring displacement, II-3.
The results of the reactions w1th mono-tertiary group \'%

‘ligands will now be described.
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RESULTS A ND DISCUSSION

1) Reactions with Tertiary Grodé V Ligands

| It was found that P(OPh),, PPh., PPh,Me, AsPh and
SbPh3 reacted with [C_H7M0(CO)3]+PF5 in ethanol at reflux
temperature. The carb ny substituted product,‘g}j

resulted as the only ca:bony® containing product in all

cases.

m e
0.
o
bco/ \PR3
Co ,

L ; .
21

Lo

With PPhMe a small amount of (CO)_.Mo(PPhMe.). was also
_ 3 2’3

9t
formed. Reaction with P(OMe)3, P(OEt)3, P(n—Bu)3 and
P(Et)3 resulted largely in ring displacement with for-
mation of the’fris—phosphine substituted product.

These results are in marked contrast to the réaction
of C7H8M0(CO)3, where displacement of the ring was the
only mode of reaction. A comparison of the X-ray
structures of C7H8M6(CO)3 and [C7H7M0(CO)3]+ as noted
earlier, revealed a greater degree of metai—ring‘inter—
actionAfor C,H, than for C.H This may reflect the

777 7°8°
decreased Fendency toward ring displacement in the latter

complex.



A possible mechanism of the reaction resulting
in the displacemeqtéof the ring from [C7H7M0(CO)3]+
may be the same ihng@neral detail as that found by Al-
Khathumi and Kane-Maguire in a kinetic study using

34

acetonitrile as nucleophile. The reaction is first

order in both reactants, and the postulated SN2 displace-

ment mechanism is shown in II-5.

L ' L
7_ + m\\
[h'=C;H Mo (CO) 317 oy o7 N fast
22

L

3 + +
[h -C7H7)M0(CO)3L2] fast” L3M0(C0)3 + [C7H7] II-5

This mechanism is very similar to that propdsed for

reactions of areneMo(CO)3 complexes with phosphinés.35

Formation of 22 as an intermediate in these reactions

offers a qualitative rationalization of the observed

variation in our results. Two competitive pathways are

envisaged for the fate of 33.

|
Mo
_
Cd//y \}oL -0 : ovo N
c J C7-7 (0] CO)ZL

(o]
22

20

- . T
+
( <:::7 [ +21_»L3Mo(CO) 3 + [CoH,] II-6

I1-7
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The less basic and bulkier aryl substituted ligands would
tend to favor II-7 while the superior pucleophileé'and‘
less sterically hindered alkyi substituted pPhosphites
favor II-6. Moreover in the reaction of PPhMe2 the ratio
of products formed could be varied markedly by changing
the stoichiometric concentration of the ligand. With a
large excess of ligand (co)3Mo(PPhMe2)3 was formed almost
exclusively whereas with slow addition of ligand the
carbonyl substituted product ‘was predominant.

It must be empha51zed that the solvent appears to
play a critical role 1n these reactions. Wwhen '98%
ethanol' (containing ca. 2% benzene) was used, in some -
reactions.no carbonyl proﬂﬁct was obtained and in other
cases the yield was considerébly curtailed. The presence
of ca. 5% water, '95g ethanol', is necessary for most
of these reactions. We are unable to rationalize this
observation at this time.
| The compounds of type [C7H7Mo(CO)2L]+ PFE range
in color from orange to wine-red. They are insoluble
in water and hydrocarbon sg}vents but readily soluble
in dichlopomethane, acetone, and acetonitrile. 1In
solution these compounds. undergo slow decompositioh,
even under nitrogen, with the llberatlon of tropyllum
hexafluorophosphate. Solid samples are air stable for
ldng periods of time. The compounds were characterized

by ir, nmr and elemental analysis. Results wc-~ consistent
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with the postulated formulation 2}' The. ir spectra in

the CO region are discussed next.

Infrared spectra

In general the infrared spectrum is the,moét widely

" reported feature of metal earbonyl complexes. 1In addition
to providing a means of distinguishing one compound

from another; for recognizing structural similarities

in groups of compounds, and for deducing molecular
symmetry, the infrared aids in understanding of tke
bonding in cafPonyl complexes.

. The CO stretching frequencies of metal carbonyl
compounds are found between 2150 and 1650 cm—l. They
‘éfe dependent upon tﬁe C-0 bond order, hhich in turn
reflects the metal-carbon double bonding, itself.depen-
dent upon the nature‘of the other ligands present. Lewis
bases, which are poorer n—acceptorquhan carbon monoxide,
lower the CO frequency when tﬁey'replace carbonyls.

Thus the effect on v (CO) provides an indication of the
~ 7 and J—bonding capabilities of. the ligand.

In the present work, fof.example, the éompound
[C7H7Mo(CO)’2PPh3]+ shows v(CO) at 2027 and 1985 cm L
compared to 2082 and 2030 cm-l in the parent tricarbonyl.
-This 3hift to lower frequency is observed for all
compéunds reported in Table I, which lists the infrared

spectra. The ir spectra of these complexes are typical
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of compounds of general formula(Ring)M(Co)zL showing
- two bands assigned to the symmetric A' (higher frequency)

and the ant{—symmetric A" modes. The infrared spectrum

' + - . .
of [C7H7M0(CO)2P(OPh)3] PF6 measured in CH2C12 is

shown in Figure 1 as a representative example.

lH nmr spectra

The proton nmr spectra show, in addition to phenyl
and/or methyl groups bonded t§ the ligands, one sharp
signal at ca. 4 1 coniirming the presence of the syﬁ—
mefrical seven-membered ring. For the phosphine and‘
phosphite complexes, the signal is‘gpiit into a doublet
by coupling éo the phosphorus ngcleus. The C_,H7
resohance.is shifted to higher field ih these complexes
as compared to the parent tricarboqyl which shows a y
signal at 3.38 r.. This represents an increased shielding

of the ring protons due to an incfease in electron

density on the metal which in turn is brought about by

,!xi,. Bl

~~~~~

a greater o-donor and a lésser m-acceptor power of the
group V ligands compared to CO. Results of the nmr

3

spectra are included in Table I.

Reaction with PPhMe2

. . + - . .
The reactlonQOf [C7H7MOKCO)3] PF6 w1th'PPhMe2”
affords in addition to [C7H7MO(CO)2PP}}Me2]+ PFg, a

low iield of a white crystalline compound. Thé«iaﬁter,
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idehtified as the known fae- (CO) Mo(PPhMe2)3, 36 exhlblts
one 1ntense and one very intense carbonyl ir band at
1934 and 1830 cm 1, indicative of fac-stereochemlstry
(see Figure 5). The'lﬂ nmr in the methyl region, shown
in Figure 2, consists of a bread central peak flanked
by/QWO side peaks. Analy51s of nuclear spin systems of
tWZs type has been developed by various researchers 37 ¢
This type of spectrum-has been considered as a spec1al
case of a "deceptively 51mple" spectra in an X part of'

an AXGA X’6'"X"6 nuclear spin system (X = H, A = P).38

12) Reactions With-Bis Tertiary Phosphine Ligands

The bis tertiary phosphine ligands are known to )
co-ordinate to transition ﬁetals in three ways. They most
commonly behave as bidentate chelates,‘gg, more rarely
as bidentate bridging ligands, 25' and in a few cases

as monodentate ligands with the possibility of either end

being attached to the metal; gé.

- | ,tg;{cHZ)n‘/é’ :
an -~ \M' M—p

M O, M

/? (CHZ]n
P
23\ 24 * 25

27
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Figure 2. lH(CH3) nmr spectrum of fge-

(CO)3M0(PPhMe2)3 in CDC13.
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In this work bis(diphenylghosphinb)methane (dpm)
and bis(diphenylphosphino)ethane (dpe) were reacted
with [C7H7M0(CO)3]+PFE, the results of which will now be

described.

Reaction with thPCHzPPh2 (dpm)

A mikt%re of dpm and fC MO(CO) ] PFG’ when gently
heated in acetone for a short perlod of time afforded
two compounds which were separated by column chromato-
graphy. A yellow compqpnd, whose properties wiil be o
described in the next section, was eluted first ;h
‘CHZCIZ.
(4-1), was identified as [C H Mo(CO) dpm] PF6 The

A red ionic compound eluted with CH2C12—¢H3CN

ir spectrum showed two carbonyl bands at 2025 and 1978
-— l )
cm T,
Prolonged refluxihg of i’ﬁctants resulted in the
formation of the chelated complex [C7H7M0(C0)dpm]+ with
only one ir carbonyl absorption at 1963 cm-l.

' The CO substitution reactions are envisaged to

involve two steps:
-

[C'H Mo(CO) ] + de\- fast [c Mo(CO)dem]+‘#'co II-8

[C,H Mo (cO) ,dpm] * §l9‘—”-»)[c ;Mo(CO)dpm] ¥ + co II=-9

.

L4

The isolation of [C7H7M0(CO)2dpm]+_can thus be attributed

to the relative slowness of II-9 under mild>cohditions.



) //N\\ . 30
L . |

It is noteworthy that the barrier to chelation
is reasonably large, as exemplified by a kinetic study
on the rate of the chelation reaction shown in I1-10;

dpmM (CO) 5 —» dpmM(CO), + €O II-10

r

where M = Cr, Mo, W, the enthalpy of activation is of

the order of 33 kcal mole_l. 39

31

The 1H(C7H7) and proton decoupled P nmr of both

cycloheptatrienyl complexes\ formed with dpm are shown

in Figuges 3 and 4. The lH nmr shows a'doublet for

the monodentate complex, [C7H7M9(CO)2dpm]+, arisiqg'

from the coupling of theiring protoffs to the co-ordinated

31P spectrum shows two phos-

phosphorus nucleus. The
phorus signals (AB pattern) and demonstrates conclusively
that the potentially bidentate ligand is co-ordinated m

to the metal throdbh only one of its phoséhorus atoms,

And that répid exchange between the two bhosphorﬁs atéms
does not take Elace.v The chelated complex, [C7H7M0(C0)dpm]+,
shows a 1:2:1 triplet in the lH nmr spectrum consistent
with the splitting of the ring protons by the two complexed
phosphorus nuclei. The chemical equivaleﬁce of the -
latter is manifestedviﬁ a single 31P resonance.

On the basis of the nmr spectra the dpm derivatives

were formulated as shown, 26 and 27.
R o~ Ca'd
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Figure 3. lH(C7H7)ar;d 31P nmr spectra of [C7H7M0(CO)2dpm]+PFg.
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Figure 4. %H(C7H7)and 31P nnr spegtra of [C7H7M0(C0)dpm] PFG'
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Fac- and mer-isomerism

The gﬁture of the additional yellow compound formed
in the reaction of dpm with [C7H7MO(C0)3]+PFgf was at
first uncertain. It showed v(CO) at 1968, 1943, 1868,

and lé45 cm_l in CH_C1. The relative intensities of

2772
the bands varied between successive recrystallizations,.
indicating the possible presence of isemers.” Indeed,
evidence which'will belpresepted led us to forhulgfe
these as mixtures of facial (fac) and meridonal (mér)
isomers of (CO)3Mo(dpm)2 as shown. in £§ andnigupespec—
tively. |

When this yellow cgmpound was refluxed overnight in
benzene, a yéllow solid was isolated. Its ir showed
v {CO) at 1969(w)h 1867 (vs), and 1841 (m,sh), the o

relative intensities suggesting the mer configuration.40
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Ph.P |
2 . Ph

Mo | CH Mo CHZ
//////// \\\\\ ,/// 2_ é///////
0C P oC |

CO Co

33 (fac) | | 29 (mer)

No change was observed when the compound was reflugeﬁ
in acetonitrile or ethanol. .

We found that by reacting dpm with C7H8MO(CO)3
in benzgne, a ygllow compound having identical physical
propérties as the apove mer isomer could be prepared.
Moreover the identical reaction performed in dichloro-
methane afforded an off-white compound; the relative
intensity 6f the ir bands at 1958 (vs), 1845 (vs,br)
are reminiscent of faec stereochemistry.41

In this way it was possible to obtain the one

isomer free of the other The infrared spectra of the

fac and mer isomers are shown in Figures 5 and 6.
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More direct evidence for the stereochemistry of
thése isomers was provided by tﬁeir 31P nmr spectra. The
31? nmr of fac—(C0)3Mo(dpm)2, shown in Figure 7, demon-
strated cénclusively the presence of both chelating and
non-chelating ligands in the same molecule. It consists
of three types of phosphorus atoms, in the ratio of 1:2:1.
The doublet of triplets at lowest field is assigned to
.Pb’ the phosphorus atom of«the monodentate dpm co-ordinated
to the metal. It is split into a doublet by the un-

,2

complexed Pa ( 34.2 Hz.) which in turn is split

Jabl
into triplets by coupling to the two chemically equivalent
atoms, P_, of the chelate (lszc[ = 24.4 Hz.). The high
field doublet which has a chemical shift very similar to
that of pure.dpm is therefore assigned to ﬁhe free
phosphorus atom, Pa, in the complex. The lower field
doublet corresponds to the chemically equivalent Pc

atoms of the chelate. The shift downward from that of

pure dpm has been described as the chelation shift.39

By contrast, the 31P nmr of the mer isomer, showr
in Figure 8, shows four signals and demonstrates the
stereochemical difference with the faé isomer. All four
phosphorus atoms are dniqué, the P atoms of the chelate
are no longer equivalent{ PC having Pb and Pd cis to
;it and Pa haviﬁg P and Pb trans. The lower field

triplet is assignable to PC having similar coupling

to the two P atoms in cis positions. The higher field
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quartet results from cis and trans coupiing and is

H

~assigned to Pd. Pb is now coupled to three chemically

inequivalent P atoms giﬁing rise to the‘doublet'of quar-
tets at lower' field. )

There are many examples of fac and mer isomerism?6’40'4l
however littleJis known apout the”mechanism of isomer—
ization. This ie the first example of isomerization
involving potentially bidentate ligands.

It may be noteworthy here that bls(dlphenylar51no)

methane, thAsCH2A§§2§ reacts with C7H8Mo(CO)3 in benzene
42

to glVe (CO) Mo(Ph AsCHzAsPh2)3 of fac stereochemlstry

And wrth dpe in benzene, C7 8Mo(CO)3 was reported to give
the blnuclear spec1%§ MoZ(CO)G(dpe)2,43,44/45 our
attempts'to‘obtaig the 3lP nmr spectrum of the latter

were hot successful due.to solubility limitations.,

Reaction of PhZPCHQQEZPPhZ(dpe)

Two products_were isolated from the reaction of (dpe)

yith;[C7H7Mo(CO)3j+. The first was identified as the

Vcheieting complex [C H'Mo(CO)dpe]+. Its ir and mmr

compared well with the” same compound prepared by Houk
et al 33- Attempts to 1solate a monodentate complex of
dpe were not successful, although ir ev1dence for its
formation durlng the reactlon was obtalned v

The addltlonal compound formed was .insoluble in

dichloromethane_and‘couid thus be separeted from the

' R
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"

above. 1Its 1nfrared showed two v (CO) bands in aceto-

nltrlle and its 15 nmr (C7H7) in QD3CN showed a 51ngle ,
o o 31 , .

trlplet due to C7H7 ( Jp -g = 1.1 Hz.). The P nmr

“showed a single resonance hav1ng a chemical Shlft indi-

cative of a.brldglng dpe group (see next section). This
\

data favors a blnuclear structure where dpe is brldglng

two C7H Mo(CO)2 moieties as shown in 32
s

4
(¥

" . s ——— g

32

’ S —

In accordance with the €ean rule a d1p031t1ve species is
Predicted. The measured molar conductivity in nitromethane
gave a value of 172.7 ohm lcmzmole 1. For 1:2 electro—'

lytes, in nltroéethane, values claimed cover the range

115 - 250 ohmflcmzmole-l, an average value being

168 ohm-lemzmole-l. 46 - The conductivity of some com- . .'.
pounds reported in this ehapter are tabulated in Table

IITI. The values bbtained for‘the mononuclear species

are close to 88.5 ohm-lcmzmole—l,'the average value

‘j‘-aﬁ



. repofted for 1:1 electrolyte complexes.46

Other reported dpe bridge complexes containing a
n-ring, [CSHéFe(CO)I]Z—u—dpe47 and [C,H, Fe (CO)],~u-dpe, *®
also showed one signal for_the CSH5 gfoups, élthough no
coupling was observed to the phosphorus nuclei of the
dpe. The coupling constant of 1.1 Hz. we obgerve for‘
;g, is substantially dgcreased in comparisoﬁ to a value
of 2.7 H?. in the chelated complex [C7H7M0(C0)dpe]+.
A corresponding decrease in going er%ﬂ[CSHSFe(CO)dpe]+
(3Jp_H = 1.6 Hz.) to the bridged s@iteﬁs would result
in é coupling constant toénsmall to be observed.

4+
Reactions of [C5§5Fe(CO)29E3CN] PF6

It seemed desirable to extend the study of systemd
in which a potentially bidentate ligand acts also as a

monodentate iigand. To this end we prepared
+_ - \ 4
[C.H_Fe (CO) CHBCN] PF, by the literature method,49 and

575 2
réacted it with both'dpm“and dpe. We found that re-

action in toluene at 110° afforded the chelated
A

complexes .

+ 110°
[C HFe (CO) ,CH;CN] ~ + Ph,P(CH,) PPh, ——

[CSHS
where n = 1 or 2. Both complexes have been prepared by

50,51

otgér\synthetic routes. Reaction in ethanol at

+ .
Fe(CO)PhZP(Cﬂz)nPth] -f CH3CN + CO I1-11

40
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78° resulted in the exclusive formation of the mono-

dentate complexes

+ - ' 78°
[CSHSFe(CO)ZCH3CN] PF6 + PhZP—(CHZ)n-Pth ———f—a

+ 1— ) '_.
[CSHSFe(CO)2Ph2P—(CHz)n—PPhZJ PEG + CH3CN II-12

where n = 1 or 2. While this work was in progress Meyer
and c0—workers52 reported the preparation of the above

by analternate route -

t . cn

. ' + - C 66
[CSHSFe(C"O)2 OC(CH3)2] ClO4 f PhZP(CHZ)nPPhZ 55
. + -
[CSHSFE(CO)zPhP—(CHz)n—Pthl C‘ilO4 + (CH3)2CO - II-13

where n = 1 or 2. our method is advantageousjéffording
a higher overall yield and the handling of perchlorate

salts is avoided.

The 3'lP nmr of these complexes has been measured

and included in Table II, which Jﬁsts the results of all

31P nmr measurements. A discussion of these results

follows.

31 ' ‘?"'”~”;;-.«'_.~.r : .

P nmr spectra . ST e
31

P nmr spectroscopy was used to di#ﬁinéuish thé
form of complexation in the ditertiary compounds pre-
pared in this chapter. The large variation in chemical
shift (§) is diagnostic of the mode of bondiﬂé.

The spectra of the complexes containing dpm'as

~ - - -
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the monodentate ligand (£§) dehonstrated conclusively
the presence of the complexed and uncomplexed phosphorus
atom. = The resonance of the unco-ordinated end remained
eSsentially unshifted from that of the free ligand.

The complexed end showedva lower field resonance. This

shift on co-ordination, which is defined as a =
o coord

6coordinated - 6free~ligand' 1s of the order of -50 ppm

for Mo and -80 ppm for Fe complexes.

An anomalous behavior was observed in the spectrum
of the dpe complek, [CSHSFe(CO)dee]+. While the lower
field signal 'gue te the co-ordinated phosphorus showed

-74. 7‘p§m, only a

the expected doublet with A coord = )

broad signal was observed for the free end of the ligand.
The spectrum did not change down to a temperature of -40°.

The chemical shift of the chelated bidentate | o e
complexes, which is defined as Achel = 5che1ate - anaalignﬁ’
is heavily(éependent on the number of —CH2— groups ‘2
separating the twn phosphorus atoms. A shift to higher
field is observed for the chelated complexes containing
dpm as ligands, in comperison to the monodentate com-

Plexes, i.e. A For example,

coord Achelation'
§ = -28.3 ppm for [C H Mo(CO)dpm] and § = -12.8 ppm

for [CsHsFe(CO)dpm]j a Shlft to higher field by ca.27

PPm and more dramatlcallygﬁo pPpm respectlvely. e
YA shift to lower.field is oﬁserved for the complexes

eontaln;ng dpe.as ligands, i.e. Achel

> .
Acoord. For \



example, 6§ = -81.1 ppm for [C7H7M0(C0)dpe]+ and § =
-105.2 ppm for [CpFe?COfdpe]+, this represents a shift
to 1ower field by ca. 28 and 23 ppm respectively ;
This parallels the result of other 31P nmr stud;es39 53
where a large lower field shift was observed in going

» from complexes of the type LM(CO) to the chela‘ :4 LM(CO)4;
where M = Cr, Mo or W and L = Me PC2H PMe2 39

PC_H PPh(l—pr). These authors E

Ph2PC2H4PPhMe,53 or Ph2 2 ‘
have pointed out that the dramatic influencevof chelation
upon 31P shift is evident from'a combarison of, for
example, the complexes Me3PCr‘(CO)5 and cis—(Me3P)2Cr(CO)4
in which the sﬁifts remain almost identical.et -6.5
ahd -6.7 ppm.respectively.

It is generally agreedlﬁhat three factors deterﬁige

the,BlP chemical shifts; these are, briefly, the

following:39’55

a) Electronegativity differences among the substituents
on phosphorus, |

b) The ocoupancy of p and 4 orbitals (by‘p“—-dTT or
dn—qrbondiﬁg).on phosphorus,

‘c) Changes in the bond angles at'phosphorus

From the above, Connor et a139 attribufed their observed

chelation shift to lower field, to the constraints in

the chelate ring which leads to a change in_the bond

angle on phosphorus Our ‘results which show a shift to

both higher and lower fleld substantiate thlS conclu51oq.

43
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In summary, tﬁe dpm chelates form a four-membered
ring with a consequent decrease in the bond.angle
at phosphorus which results in a chelation shift tor
higher field. The dpe chelates form a five-membered
ring and a greater bond angle at phosphorus causing a
shift fb lowér field.

In the case of the bidentate ligand bfidging two.
metals, the éo-ordination shifts are in the small range
normally expected for ordinary monodentate ligands. )
In monodentate coﬁplexes tﬁere are two types of phosphorus
atoms whereas in the‘bidéntéte bridging iigand only one
signél is observed and thus unequivocal assignment can
be made. The.pﬁserved co-ordination shift for ig'is
reminiscent of those reported for complexes
(CO)SMP&PM(CO)5.53 | 8 ;

The spectra of the fae- and mer—(CO')BMo(dpm)2
have been discussed earlier and provide an elegantveiample

where 31P nmf affords a rapid, convenient and unequivocal

determination of the stereochemistry.

B
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EXPERIMENTATL

1

N\ . . : .
Melting points were determined using a microscope

equipped with a Kofler hot stage. ﬁiproanalyses were <

performed at thg‘microanalyticaljlaboratory of this
department by Mrs. Darlene Mahlow and Mrs. Andrea Dunn.
Results are given in Table III.

The conductivity measurements were madé on a lOf3

M nitromethane solution using a Philips conductivity -~

bridge, model PR 9500, and a cell with platinum elec-
trodes. The specific conductivity for nitromethane was

4.2 x-10°7

ohm—l and the cell‘constant was 1.4 cm.
Results are included in Table III.

Infrared‘spectra in the carbonyl stretching region
were measured using a Perkin-Elmer #odel 337 spectfo—
meter equipped wi£h expanded sgcale readout accessory
and é Hewlett ?ackard 7127A recorder. The expanded
spect:um‘obtained on the recorder Was calibrated by
introducing a carbon monoxide gas cell during a con-
tinuous run. Speétra were then measured by use of a
calibration chart "Circos", which was conceived by Dr.
R. K. Pomeroy and drafted by Mr. G. R. Johanson. The
spectra were obtéined in diéhloromethane solution‘using
0.5 mn NaCl cells. Carbonyl stretcﬁing freq&encies are

given in Table I.

The proton nuclear magnetic resonance spectra were

47
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7

ﬁ!measured on Varian A56/60 and A56/60a instruments using
tetramethylsilane as an internal standard. All the.
compounds described in this céapter gave sharp nmr
resonances with expécted chemical shifts and are thus
presumed to be diamagnetic. RéSults are included in
‘Table I. N | |

The proton decéﬁpled phospﬁorus—3l nmrAspectra'were

measured on a Bruker HFX-90 operating at 36.4 MHz and
a.deuterium lock using~P4O6 in a sealed capillary as an

eéxternal standard. The values in Table II are glven

relative to 85% H3PO4 which was taken at 112.5 ppm upfield

from P406
Reactions were performed under a nitrogen atmosphére.
Work up procedures were generally'performed in air; how-
ever, nltrogen was bubbled through the solutions before
storlng 1; the refrlgerator Chromatographlc separations
were done using Florisil (100 - 200 mesh) obtainedsfrom
the 'J. T. Bakér Co. and Fisher Scientific co.
Cycloheptatrlenetrlcarbonylmolybdenum and cyclo-
heptatrlenyltrlcarbonylmolybdenum hexafluorophosphate
| were prepared by establlshéd r‘nethods.56 Group V ligands

were obtained from Strem Chemical Co. Triphenyl-’

phdsphine, -arsine, and —stlblne were recrystalllzed from
A

n-pentane before use. ' ' - e
%ﬁ' n-Octane purchased from the Phillips 'Petroleum Co.
-~ ‘ : ’ p/-

was used in the prepération of C7H8Mo(CQ)3.,,Reactions

., ] ’ . 3



were carried out in 95% ethanol and reagent acetone.
Dichloromethane was drled over PZOS Skelly 'B' refers
to petroleum ether 60 - 80° fraction.

‘The basic synthetic procedure involved stlrrlng
equxmolar amounts of [C H7M0(CO)3] PF6 (hereafter will
be denoted by ;g) and ligand at reflux temperatures.
Filtration of theusolution resulted in solid residuee
Awhich were purified bylxeqrystallization from dichloro-
methene-ethénol mixtures. In some instenees column
chromatography'was used for further pprification and/or
Separafi%?.

Preparatién”of n—cycloheptatrienyldicarbonyl(triphenyl-

phosphine)-molybdenum hexafluorophosphate,

[ (n- C, )Mo(CO) ,PPhy ] PF5

Trlphenylphosphlne (2.7 g, 10.7 mmol) and 14 (4.2 g,
lO 1 mmol) in 120 ml of ethanol were heated at refluxing
' temperatures for 60 mlnutes. The red reaction mixture.
was allowed to cool to room temperature, affording a
massive precipitate. This was filtered, washed with
ethanol and air dried to give 5.1 g (78% yield) of pfoduct.
The red solid was used as obtained for further reaction.

The'analytical'sample was recrystallized from dichloro-
7

. P
1 .

“_y‘_"'-.-v g

methane~ethanol. “e‘

The PthMe, AsPh and SbPh3 derivatives were prepared

‘ . . 4

similarly.
A7
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Preparation of n- cycloheptatrienyldlcaghonyl(trlphenyl—

phosphite)-molybdenum hexafluorophosphate,‘

In—c7§7Mo(CO)2P(OPh)3] ppg

o Triphenylphosphite (3.3ag,‘10.7'mmol) and 14 (4.2 g,
1q. L,mmol) in 60 ml of ethanol were heated at reflux1ng
-temperathre for 0.5 hr.  Some Mo(CO)6 was formed and
sublimed onto the water cooled condenser. The orange—

red rqactlon mixture was . flltered while hot and the
solutlon was cooled overnlght at —QO° | The ordnge solid"
formed was flltered and washed Wlbh €ther. Recrystal- ‘
112at*on from dlchloromethane ether afforded 3.2 g (45%
yleld) of product.

%

Preparation of n-cycloheptatrlenyldlcarbonyl(phenyI-

oy

dlmethylphosphlne) molybdenum hexafluorophosphate

“
s

2] PF5 o " i

To 'a suspension of 14 (6. 0 g, 14. 4 mmol) in 60 ml

[(n— C7H7)MO(CO) PPhMe

AS

of ethanol at reflux temperature, phenyldlmethyl-

phosﬁhlne in 20 ml of ethanol was added through a. dropplng Co.
. é"t;
,funnel over the course of 1.5 hr. The reactlon was g :

L, . .#‘f{w ﬁ V\A )
monltored by the dlssolutlon of the orange startlngl* e o

i R
material and addltlon was stopped when the solutlon4

Lo e

became clear. The hot spolution. was flltered ‘and cooled J@&ﬁ

U,

N
to 0°. The brogggprec1p1tate was flltered _washed wmth e%her,;

- 3y .

dried,. and purlfled by chromatography der an aIumlna :

cSlumn. .




:

I
The product was regrystallized from dichloromethane-

ethanol yielding 2.4 g (30% yleld) of [C 7Mo(é0)2-d‘~

PPhMe,)] PF6 A - . A

To the filﬁkate from the reaction mlxture was added

30 m1 of ether. oOn coollng overnight .4 g ofé /}yvh
[ > K
krystals were obtained. ThlS compound was char_

as the known fac—(CO)3Mo(PPhMe2)3 (see text).

R
excess of ligand resulted in a_greater yield Qﬁ“th;s;J
. Ll

S

substance. -
.

v

i repal rtion of w- cycloheptatrlenyldicarbonyl{bls(dlphenyl—

e

Bhosggéno)methane}molybdenum hexafluorophosphate,

[n-C,11,Mo (CO), Ph paé PPh, ] st o

Bls(diphenylphosphlno)methane (1 8.9, 4.8 mmol) and 14

(2.0 g, 4.8 mmol) were stlﬂ%ed ét 50-55° in 100 ml acetone

for 0.5 hr. The ir spectrum showed that’ some startlng

materlal was still present, and .thus: an addltlonal 5 g

*

of ligand was added After a further 15 mln, thé soluent

3

was removed on a rotary-evaporator using water aspiration.

The resultlng‘opd was chromatographed ové% a Florisil
:“‘J‘
"column (2.5 x 20 cm). 'chhlqromethane eluted a yellow

band of (C@i Mo(Ph PCH PPh2)2, which was recrystalllzed

from dlthoromethane ethanol to yield .5 g of pale yellow
‘Q
crysuqls A second’ red band con81sting of

4C7H7Mo(co) Ph PCH2PPh ] PF6 was eluted w1th dlchloro-

Q;methane acetonltrlle (4 1), and was recrystalllzed from v
- . ' 5
1 »

3 v i B - - Y *

T

R
D)

53

®



L.

B . \ 54
. )

dichloromethane to give 111 g (30% yleld) of red cry-

stals.

Use Af a tvofold excess of ligand,under otherw1se
- A
1dentlca1 reaction conditions and purification Procedures,
resulgﬁd in 1.6 g (35% yield) o. (CO)3Mo(Ph2PCH2PPh2)2
as the'major product

Preparatlon of fac- trlcarbonyl[bl{bls(dlphenylphOSphlno)

methane}]—molybdenum, fae-(CO) Mo(Ph PCH2PPh2)2

Bls(d1phenylphosph1no)methane (2.2 g, 5.7 mmol)
*and C7H8M0(CO)3 (0.5 g, 1.8 mmol) were stirred in 50
ml dichloromethane at room temperature for 1 hr. After
turning pale'yellow, the :olution was.filterefd and 50 ml
Tof ether add%d. On cooling overnight off-white crystale‘ ‘ .
resulted. The sample was recrystallized once more fr;;

'dlchloromethane -ether t& yield 1.5 g (86% yield) of the

fae isomer.

Av‘
e ;

X % )
'%tpparation of mer-tricarbonylpzlfbls(dlphenylphOSphlno)
7

P

~

methane}]-molybdenum, mer— (CO) Mo(Ph PCH PPh2)2

Bis(dlphenylphosphlno)methane (2 2 g, 5. 7 mmol)
w,

ped

and C7H8Mo(00)3 (0 5 g, 5. 7 mmol) were stlrrgg in benzene (30 ml)

~for 15 min; the solutlon turned yellow. The benzene was

N

removed using water aspiration vacuum Recrystalllzatlon

from dlchloromethane and ethbrkafﬁorded 1 6 g (91% yleld)

A ey
.‘I’u

yellow crystals of the mer 1somer. _ : ‘ , .
e N .



Preparation of n-cYclohAptatrlenylcarboyl{b?é?dlphenyl—

E*pspblno) methane}molybdenum gexafluorophosphate,
In-C H7Mo(CO)Ph PCH PPh2 4
Bls(dlphenylphosphqsﬁgpethane (1.6 g, 4.2 mmol)

was added to a 100 ml hot ethanol solution of 14 (2.0 g,

4.8 mmol) and the mixture refluxed fox -®. SInr' The red
- reaction mixture was allowed to/ cool V L“t:;mpe{ature
and the prec1p1tated solid was 1ltered asqsyashed With
ethanol, and dichloromethanb. Recrystallfkatlon from

acetonltrlle -ether affordéd needie llke red crystals,

L% (
1.9 g, 43% yield. ‘ .

y \
.. y \

)

Preparation of - cycloheptatrlenylcarbonyl{tls(dlphenyl—

EpOSphlno)ethane}molybdenum hexafluorophosphate,

In-cC C.H Mo(CO)Ph pPC H4PPh ] PF6 and bis(n-cyclohepta—

trlenyréﬁcarbonylmolybdenum) u—bls(dlphenylphosphlno)

ethane hexafluoroﬂhosphate, [ (m- C7H Mo(CO)2)2 ks Ph2292H4-
‘ s '
PPh ]“ (PF6)2

Bls(dlphenylphosphlno)ethane (1.5 g, 3.8 mmol) and

14 (l 5 g, 3 6 mmol),ln 70 ml ethanol were refluxeé
for 3 hr. The brown reaction mixture was filtered and

dded to the letrate The residue -

the brpwn solid mesidue washed with ZS ml hot ethanol
and'the washings;a

was then washed with several portlons of dichloromethanc

and recrystallized from acetonltrlle —ether affording

55°

‘orange-red crystals of [(C H Mo(CO)2)2—u‘Ph2PC2%‘rPh2]2+(PFE)2

3

2

F=
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_The'filtrate was aIIOWed to cool at -20° overnight
afforaing a brown solid. T;}s was filtered, washed with
Tcold ethanol and ether and recrystallized from dicﬁrere—
methane-ether to give the red-brown [C H Mo(CO)thPCZ—
H4PPh ] PFG' 1.1 g 40% vyield.

the yield of the binﬁelegt'eomplex can be improved
1by addition of iess than stoicﬁ}ometric,amount of ligand.
iFor example, Ph PC H PPQQ (ItO g, 2 5 mmol) and 14 (1.5 g,
3.6 mmol) reacted as ées%flbed above to ylelﬁ 0 .7 g (16%

yield) of ['(Cc,H Mo (CO) )Jh%Ph PC H PPh ] (pF xz,

? ’ f“; "‘ . p ,. . ' -
¢ ’ -»_,-&f?’n I RE uﬁqyg’éﬂ

Preparatlon of 7n- cyclopentadlenyldlcarbonyl{bls(diphenyl—

J
Ehgsphlno)ethane}lron hexafluorophosphate,

-
Y/

sHe Fe (COJ ggzggzg4pph 1t F - .

A solution o! Bls(dlphenylphosphlno)ethanb (1.2 g,

3.0 mmol) and [CSHSFe(CO)ZCH3CN] PF6 (1.0 g, 2.8 mmol)

[n-C

in 120 ml ethanol was refluxed overnight. ‘The eoiution
was filtered while hot and allowed to coel to room
temperature; brown-yellow crystals separaégd out. These
_were washed llberally with benzene and eﬂﬂ*r and re-
crystalllzed‘from dichloromethane and skelly B to give

R4

1.4 g (71% yield) of yellow needles.
N ' :
g ..
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Preparation of n- cyclopentadlenyldlcarbonyl{bls(dlphenyl—

Ehosphlno)methane]lron hexafluorophosphate,

[n- CSHSFE(CO) Ph,peH, PPh, ] PFg e i

A solution of bls(dlphenylphosphlno)methane (1.2 g,

3.1 mmol) and [n- C H, Fe(CO) CH CN] PF6 (1.0 g, 2.8 mmol)

_in 120 ml ethanol were refluxed for 5 hr. The solvent
kg .

e
as removed on a rotary evaporator using water aspiration,

>

the residue chromatographed on florisil with dichloro-

methane as solvent and eluent. Recrystallization from

dichloromethane and skelly B afforded the analytical

<

sample; 1.4 g, 72% yield.
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CHAPTER II#:

GROUP V‘DERIVATIVES OF : \

CYCLOHEPTATRIENETRICARBONYLMOLYBDENUM

INTRODUCTTIO N

In the introductory remarks made in Chapter 11,
we have seen that the earliest n- complexes of C7H8
and C7H7 were tHgse,formed with the'group VI metal-
carboﬁyls It is not surprlslng that the chemlcal be-
hav1or of thege complexes has been studied 1n great
detail.

The reactions of the cations [C H7M(CO)3]+ (§£=7

Cr or Mo) with nucleophlllc reagents, can proceed by four

dlffe%t routes: C ;

(a) © Ring substitution‘takessplaoe with various anione
giving rise to 7-éubstituted cycloheptatriene complexe557’27
. | _
[c,H.M(co) 51" + R™ — [(C,H,R)M(cO), III-1
where M = Cr, R = H, OMe, HS, or cH,Bu®; M= Mo, R = n.
The net effect of this mode of attack é&ews the positive
charge as residing on the ring. N
When R is not equal to H, exo and/or endo 1somers
are’ poss1ble as shown in 33 and 34 respectively. Xéray58

and nmr59 studles have 1dent1f1ed the exo isomer as

being formed in all the cases studled



T

Ay

W
/ Mo / Mo
G | \\?\\
0 , Co f o< Co
L3 ‘\
§ | &
* 33 (exo) . . 4 (endo)
& ‘v': = M ad it . o~

S
»

(bf A Becond mode of attack assumes that sufficient of

the positive charge is located at the metal for anionic

A

attack at this point,

[C7H7MO(CO)

+ - b
3] .+.x —_— C7H7MO(CO)2X + CO ITII-2

»

Only the halogen ions (X =-Cl, Br or I) have been found

_to reacp in this way.30 L

(c) When the chrgmlum cation is reacted with basic ___
substances, such as potas51um cyanlde, sodium amide,

phenylllthlum an& sodium acetate, the so-called abnormal

reaction occurs. The main products are the dicyclohepta-

. . 57
triene complexes C14H14Cr(co)3 and C14H14{Cr(co)3} a

(d) With sodium cyclopentadienide or‘sodiﬁm diethyl’

malonate a contraction of the ring takes place and the

-

59



seven-membered cycloheptatrienyl ring is converted into

. s i 57 : '
a six-membered benzene ring. \

+ S ' ’ N
[C7H7M(COZ3] + C5H5 —_— CGHGM(CO)3 + C6H6 LITI-3

'Attempts to prepare derivatives of C7H8M0(CO)3
have not met with much success. Tﬁus Friedel-Crafts
substitution -reactions on the‘sevéhLmembered ring were
unSuccessful.23 {;ltempts to replace one of the carbonyl
groups by other ligands also féiled; instéad the
Cycloheptétriene ring is easily displaced by a large
variety of Lewis-base ligands (L) such as amines,

phosphines; arsines, stibines and sulphides with formation

23’60761 This fac ' le displacement of the

of L Mo(c0)3.

3

ring has made C7H8Mo‘(‘CO)3 a most useful intermediate in
. A .

. IVJ‘-’. . R
the preparation of'nﬁmerous tris-substituted complexes.
However, this has mednt that carbonyl substituted

derivatives of C7H8M0(CO)3 could not be prepared directly.

a2 )
An exception is a derivative of 9;phenyl—9—phosphoﬁ§e§élo
A
N

[4.2.1)nonatriene formed from the following reaction.61

' ' - 110°
C8H8PC6H5 + C7H8MO(CO)3 |
‘Q7H8MO(CO)2(C8H8PC6H5) + (C8H8PC6HS)2MO(CO)4 ITI-4

- -

The relatively poor yield of 3% indicates the low ten-
dency of this type of reaction to take place;
In contrast, the cycloheptatriene ring in the

chromium complex, C7HéCr(CO)3, is not reaaigy displaced,

X

60



“e

ag evidenced by the formation of trlphenn@a?hosphlne

and —phosphlte derivatives under photochemlcal conditions. 62
‘ N

hv, =78°
H8Cr(CO)3 + L THF, 46 hrgﬁ C7H Cr (CO) L + CO III-5

C,

The present chapter describes,the synthesis of
cycloheptatriene molybdenhum derivatives of the group V
elements by reduction of the cationic complexes prepared

in chapter 1II.



| , '/V
RESULTS AND DISCUSSTION
R [

" .
The addition of sodium borohydride to the cyclo-
P .
heptatrienyl complexes éontaining tertiary Group v
ligands, afforded the corresponding cyclbheptatriene

derivatives

+ -
[C7H7M0(CO)2L] PF%.+ NaBH, ——

4
) ’ ' -
€ HgMo (CO) L + NaPF6 + 'BHy'  III-6
where L = P(OPh);, PPh., PPh,Me, PPhMez,'AsPh3, and .
. ey

SbPh3. The reactions were carried out using either a

) il » .
two layer benzene-water system, or more conveniently
. . r .

using tetrahydrofuran (THF) as solvent:

In theory, two conformational isomers are possible;
a symmetric conformation having CS symmétry wifh a
reflection planeVbisecting the cycloheptatriene and
he Co-groups,_gél and two enantiomeric conformations.
having Cl symmetry, %E' ‘Results of temperature depen-

O

(g le)

62



’

dent 13C nmr spectra, which will be presented later/

favor.the existence of only a single c¢onformer, 2;.
Addition of alkyllithium reagents to some

[C7H7M0(CO)2L]+ complexes in THF or ethgr resulted in

the formatioén of alkyl—substituted complexes:
w
R

-

&

+- R
Mo (ro) .L]"T —

r d

[C7H7 I11I-7

F*N

wh%re R = Me, L = P(OPh)g, PPh3 and PthMe; R = But,?ﬁ

L =‘Pph3.“ S - |
Again, although two isomers are possible, only
the exo-isomer, shown in 37, is thought to be formed.

Similaf additions- to caﬁiohic complexes_haVe been -
o o + 63 + 64 ¢
studied in the [C6H Mn(CO)3] , [CSHSFe(CO)3]1, and

57

6
[C7H7Cr(CO)3]+ series. All additions have bégh

shown to occur from the less sterically hindered.éxo
side. The most cdnvihcingvevidénce, which includes nmr59
and mass spectral65 studies as well as an X—ray'
exanmination of 7—phenylcycloheptatrienetricarbonyl—“vv
qbrﬂmiﬁ@; ha% been aépumulated for the chfomium series.

. whén [C7H7MO(CO)3]+ was treated with methyllithium

63



complete decomposition resulted. vThe latter is evidently
much less stable than its phosphine substituted deriva-
tives. Likewise, Pauson57 had noted the instability
of [C7H7M0(CO)'3i+ to nucleophilit attack in comparison
to the chromiuh analogue.
The C7 8M0(CO)2—PPh3 and —AsPh3 complexes failed
to react with additional ?Ph3 and 2_\sPh3 even,in'refluxing
benzene. As roted e~rlicr C7H8M0(CO)3 reacts with donor
molecules at rooum Lemperature. No doubt, the bulky-
phenyl substituted ligands diminish the availability ';” 5
of sites for further attack on the metal. ' %
The cxcloheptatriene eompounds prepared, form
red crystals which-are air stable for-long périods.
The stability of.these derivetives is in marked contrast
to that reported for C7H Cr(CO) —P(OPh)j‘and —PPn'.62
The derlvatlves prepared in the present work are suf—
ficiently soluble in hydrocarbon solvents for 1nfrared
measurements. .In donor solvents such- as acetonitriile,
and acetone they beginvto oxidize after a few hours.
-The compoundssﬁere characterized by thei- mr and
mass spectra and by elemental analysis. :ctroscopic
properties are discussed next.
Inf}ared spectra - . ‘

%, Y
The 1r spectra show, with one notable exceptlon,

the expected two bands in the carbonyl reglon. The

o



spectra of the triphenylphosphite derivatives,

.C7H8M0(CO)2P(OPh)3 and (C7H7Me)Mo(CO)2P(OPh)3, are

k]

anomalous in showing more carbonyl stretching bands

than there are Co"groups in the molecule. The typical

spectra, showh,in Figures 9 and 10, are to be contrasted *

Al

with the complex spectra displayed by the P(OPh)3
derivative%ﬁ Figures 11 and 12. The observed carbonyl
stretehing bands are listed in Table TV.

The P(OPh)3 derivatives show at least three terminal
stretching bands, a symmetrical high frequency band and
a lower frequency band épllt 1nto two peaks and a
shoulder (see arrow). Repeated recrystallization and
Vchromatography did noﬁ'change these spectra. A complete
elemental analy51s of C7H8Mo(co) P(OPh) ruled out
the possibility of a dlfferent molecular formu
Molecular weight and exact mass spectral measurements
established these derivatives to be monomeric. Moreover,
the lH’and 13C nmr speetra displayed no unusual features.

It is generally accepted that the appearaace of
'extra' carbonyl stretching bands is due to the presence

of isomeric forms, and cogsiderable interest in their

detection has developed in recent Years. Optical

lsomerlsm such as in C H Mo(CO) Y (Y = pyrrolcarbalde-

‘575

hyde(Z)methylbenzylamlne *pn) and cis-trans isomerism

observed in CSHSMO(CO)ZP(OPh)é(Me)67 can be immediately

. : hd : :
excluded in this casel The only other type of isomeri

L
)

L]

654
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bl

" *

, , : R}
reported , in organometallic chemistry, conformational
iszu~TTSM}‘fa113ginto two classes: ‘
cry I , L 0 -

TG ‘ ' o . K
(a) j)sOmerism due to restricted rotation about . a
68

metal~11g8nd bond as in CSH Fe(CO) SlCl Me gnd

2
69 '

Mn (CO)" SR (R = alkyl group); the 1somer1c forms

5 5 2
differ in orlentatlon of groups on the llgand relatlve .
)

F
,_0

'.to the ring and the carbonyls.'“ . . ig.

W

(b) Isomerlsm due to restricted rotaté’£ w1th1n thé

.

)

=

llgand 1 self such as- in phosphlte%?qmplexes of .the type

24

Lo & mcm P(OPh) and CP.},MO (€0) P (OPR), (1

*Conformatlonal 1somprlsm of the latter type seems

g” . -

:a reasonable explanation for the multlpllcrty of v (Co)
bands in the 1r spectra of” the phosphlte defgvatlves

In general theyefféct of conformatlonal isomerism causes

S
the spllttlng or asymmetry of” both 1r aétlve“ﬁodes.

%, .

Thus. the observed spectra are*not:tyngal show1ng
spllttlng of only the asymmetric lower frequency mode.

To our knowledge only in ome other system (C3H4X)C0(CO) L 71

ki
(X = H, Me, Cl ‘and L = P(OPh)B, P(OMe)3, PPh ), do

the ir spectra showmthersame features observed in the

present work.t The reason for thé dlfﬁerenqg are not

LR

&E‘““*
understood and this empha51zes ‘the' 4 »
1nvestlgate the nature of thls isOmerlsm.

The Ar spectra when measured in dichloromethane and

other polar solvents are shlfted to lowen-frequency in

(\‘

70
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comparlson to the spectra measured in hydrocarbon solventsx

7
1931 and 1857 cm -1 in n-hexane and in dichloromethane

!
" For example, C H8M0(CO) PPh3 showg carbonyl bands at ¢

at 1909 and 1826 cm 1. Although shifts of this type

are not uncommon in metal carbonythOmpleXes, the . .
‘ ‘ R T
ones Qbserved here are larger than“in most systems.

- 8 . T oes
. : o &
Force '‘constants : '

)
The force constants for C HSMO(CO) L, derlved for
u

7
the C .isomer 35 consist of one CO stretchlng constant o
.‘kl) and‘pne co 1nteract10n constant - (k ). The two

'”he symmetrlc’

( *’observed 1r bands, which are a551gnqd

RN R e, 1
*ﬂkz and asymmetric An normal Mot ‘4 ‘ff1c1e t to,
4 n

A ~ “

' calc lategthe force constants 1 s system. - The values

for Lhe force constants are 1ncluded iﬂ Table 1v; those
‘of the parent é7H8Mo(CO) requlre further comment., In’
6&)5 system there are two CO stretchlng cdonstants and ’
' two 1nteract1;n‘constants. Alopg with thg three bands -
\ frqm the all= Q molecule; the two‘hands from the
\ nmno—13CO molecule/gre well resolved and were used 1n i
the calculatlon. The all—lZCO bands at ii?? and 19383.y

. \
- cm were asslgned to the symmetrlc A' and asymmetrlc A"

v e

stretch of the two equ1va1ent co groups 1n the molecule,'

* e \

-

Zid whlf the band at 1908 7# Lo the Al mode of-the unique
CO group. The'two CO bands at 1985 and 1878 cm'l‘ B

‘were assigned to A r(C;) and A', (C.) corres onding to’
S .8 P g G

.

71
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- COo groupﬁbrespectlvely

A;n n hexané shbuld be compared w1th bands at 1985, l93§

:and 1880 cm -1 1n CH Cl2 ‘This Shlft rESults in abnormally"

e

i

substltutlon of one of the equlvalent CO . and the unique

PR . . N .
. Y
.

The welghted average force constant"“for C H M‘(CO)3
Q

has been calculated by Mafifi” and is con51derably dif-

ferent ¥rom the values Salculated i thls work The ‘

former was. based dn\&r spectra measure&”ln CH C12,

PR, %

whlch;as has already been mentlonéﬁ* &@uses a substantlal

Gdecrea&e 1n v(CO) The above obserVed alli- l CO bands

2

low values for\the force constants

It 1s generally assumed that the varlatlon 1n the CO
Ly ®
forq!ﬂsg%stants arise predomlnately from the varlatlon
& ¢ ‘
in’ the extent of n—bondlng 10,73,74 Substltutlng a
B

CO by ‘a poorer n~acceptor and/or better o~donor reduces

the value of the force constants.A ThlS is refhected in N -y
. "%ﬁ .
the ca. .7. md?n/A decreasé in valu? of tﬁz pr1nc1§le, S
4 . .b-"
force constant 1n the C7H8Mo(CO) L derlvatlves as com-' -

A _
R\red to the parent trlcarbonyl The relatlvely low - : '

value of ca. 14.5 Wdyn/A observed for these derlvatlves,

. ‘ L - , / !
points to a- healthy degree of n—bondlag between tbe metal vwz

‘._.n

and tha, carbonyls S Ty

~“,T\/" . . . ’ . { \

l

qfiihe varlatlons 1n the force constants between the o 1

‘ various donor llgands are very small; and due to the

conclusions can be drawn.

&
approximation inherent in the calculation no meaningful

Cow

%.)



lH ﬁﬁ} Sspectra

The lH nmr spectra of C7H8M(C0)3 (M = Cr,

©and the.cyoloheptatriene—substituted analogues have ‘ .
Ty b . 3 ~
" been assign'é“d.35’5.9 They are characterlzed by three

W
£

,types %f oleflnlc 51gnals shlfted to higher field from
P

‘the parent hydtocarbon and, in thefcase of the unsub-
_istl;uted.derivatives, 51gnals due, to the Thethylene protons ‘fﬁ”'
whlch”have become non- equ1valent oh .co-ordination.
. d J

The» H nmr specfraupf the C7 8Mo(CO) L derlvatlves

P

.
A B

were measured and are slmllar to that of C7H8M0(CO)3. ~
gﬁﬂ The 51gnals in’ therdlcarbonyl deggvatlves are all shlfted

'\ -

to hlgher fxeld Eor example, the nmr spectfum of

“,;

o 7 8Mo(CO) P(OPh) ing- CD2C12 showed broad cyclqbepta—

trlene proton peaks centred at 4, 6 5.6 7 2, and

7. 5 1 having relatlve aréa 2 2:2:2.:1n good agreement
T TI
w1th the ﬁpectrum of C. HgMo(CO) (multlplets centred at

h ] ‘ >

4.0, 5.1, 6 4, and 7.2 1). The Shlft to higher field

! 1ngthe ring protons has also been observed in C7H8Cr(CO) L

with the correspo ifg

~

(I“; P (OPh) 4 and PPh;) in ‘comparjis
. \r\‘ 62 .
tricanmbonyl compotnd. The upfiel sh;&t is con51atent

w1tp an increased electron densrty on the cyclohepta-'
x A ’ ”~

trlene ring as a result of suhstltutlon of donor Group V

llgands for co. o

5
P

Nmr spectrostog<vhas also been used. to dlstlngulsh
between?exo and endo isomers ‘in substltuted cyclohepta

’ triene derlvatrves of chromium.59 -L$ was found that exo

N

| R .



L N

- spectra and in many the ring- peaks were broad

. soluﬁ%gnq

wg?

alkyl groups were shifted to higher field and endo to

lower field by comparison with the unco~ordinated parent
. p . -

hydrocarﬁ&b. In the presgnt work the methyl resonance

of (C,H,Me)Mo(CO),L (L = P(OPh) ; and PthMe) dccurred
at 9.9 1, shifted to, higher field from 9.06 1 in C7H7Me
¢

- “
and are indicative of the exo geometry. 3

The results of the nmr spectra are listed in

'Table V. The spectrum of (C H Me)Mo(CO) PPh Me AS

shown in Flgure 13 along with the conventlonal assignment

in 38 Not all compounds exhlbtﬁsd such well deflned QQW

BT
o

- ] .
. . 4

3C nmr spectra !

1

. N
B a

The use of carbon—lB.nmr spectroscopy in organo-

metallic chemistry is increasing rapidly and is fast

[

‘becoming a powerful tool for deduc1ng structures in

75 . ) -

o Th§‘ 3¢ nmr spectrum qf C,HgMo (CO) 4 has-;eﬁently

e

been a381gned by Mann,72 it showed omly one type Qf
7

carbonyl group at roomhtemperature Two 13C (carbonyl)
51gnals are é;pected due.zo the aSymmetry caused by the
methylene group. \vindeed at —50° Krelter and Lang7Go

observed two 130 (carbonyl) 51gnals in the ratio of 1: ?v

On warmlng to ambient temperatures the . two signals

coalesced due to an averaglng process on the nmd time

scale.ﬁ,W: | ) N
/ ". -

! N
“ [~
% .

~ PR A
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The Fourier transform proton decoupled 13C nmr spectra

of some C_H Mo(CO)ZL (L = P(OPh) g, PPh,, PPh,Me, PPhMe , )

7
. . . ’ 4 »
derivatives were measured at various temperatﬁr@? in
: . ] .

acetone—d6 and CD2C12. The results a s%edv}n Table

VI. The spectrum of C7H8Mo(CO)2P§h and its assignment

based on that of C7H8 77 .and C7H Mo(CO) 76,72 is shown .
+ . | Dl ' AAH . lQ; . -,
in Flgure 14 and 23. . e .i?\_

iy .
The 13C(C H )chemical shifts are in good agreement

L]
with those neportéd for C7H8Mo(CO)3, remalnlng sharp , | v‘jé?
- > - ) Ly o

at all the measured temperatures - No coup}lng bEtween
R e '
the ring.g?rbonxand the phosphorus nucle1 was observed

ThlS parallels the result in complexes of the type
.- S e ¢

5 5W(CO) PR3QQ (R = Mé,\Ph OMe, anduX = i,‘SnMe )

.and in C

79 ° 2 '
5 5Fe(CO) PPh3 | where4 JP -C ls also - zero

The reason for d:‘hls phenomehon is not well(gnderstood

and confilctlng views exlst on its 1mp11catlon 78 80

The p0581b1L1ty of CS and Cl conﬁormational*isomer

35 and'36,'has been'TentiOned e&%&ier ; For' ), both Cp L N

grpups are equivalemt and ,a 51nglev13c Ccarbonyl) 51gnal ,Al,
vv . ‘ . :

is expected Fox 36 two 51gnals are expected and more— p
’ - .

over C2 and CS" 3 and C4, Cy and G‘ oSee 39y are no
longer chemlcally equ1valent / 5 '\\. ‘ .

FRN ” e
Only one 13C (carbonyl) slgnal,_s llt by the ;

phoSphorus nucleus with 2JP éO ranglng between lO and 17
N ¢

Hz, was: observed down to the lowest temp rature obtalnable“
$ - & ’

( 70°;1n ‘the most favorable case). Above\ZO? the 51gnal
. ) A c e i ' R

£l

’ »
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was lost due to ab increase A0 moise Only four signals
" due to the ring were observed at all temperatures.
An actlvatlon energy of ca. 11 kcal was estlmated
for the averaglng process 1nvolv1ng C7 8Mo(CO) 76
The effect of substituting.a phosphine ligand for co
‘would be to increase thé batrier for interconvension,lv
regardless of whether the mechanism involved :otatiom
of the carbonyls or the ring or both.} It'Seems unlikely
that the single cafbonyl.signal is_an averaged one, and
argues in favor of the existepce of the Cs isomer alone.
In connection-with the above, attempts to measure
the lo; temperature H nmr spectrum of (C7H7Bu )Mo(CO) PPh
and (C H Me)Mo(CO) oL (L = P(OPh) and PPh Me) in CD2C12

were not successful because of the tendency of the solu-

tions of these compounds to become very v1scous at about

1

-20°.> The “H (Me) 51gnals<1n these compounds remain

sharp up to a temperature of 100° in toluene—da.

A
. - e

Mass spectra

Mass spectroscopy, together with nmr and ir spec¢-
troscopy, is nowadays one of the most 1mportant standard
methods of investigation in organometallic chemlstry.81
"Mass spectral data of numerous compounds have been
reported im the literatufe; most have dealt with4parent
ion identification for the purpose .of Charaoterization,

of ‘new compounds, a few have dealt with a detailed

81

&



analysis of the fragmentatlon patterns as an a1d in
establl<h1ng molecular geometrles.82 83 For e&ample,
it has been shown that exo or endowstereochemlstry of
rlng subslvfucnts in cycloheptatriene and cyclopenta-
diene metal complexes can be dlStlthlShed conclu51vely
by examination of the mode of decomp051t10n in the mass:
spectra.s.5 84 * |

In the-'present wdork, mass specrra were employed
mainly as an aid in characterization of new compounds.
This involved the identification of observed ions from
the mass-numbers. Molybdenum contains a mixtUre of
isotopes and irltombination with the mainly mono-
%soropic elements such as <carbon, phosphorus and arsenic
or the bi-isotopic antimony characteristic paﬁterns
are formed which are diagnostic of the presence of the
metal in a given ion. The interpretation of the mass
spectra was faciiitated-by calcdlation of theoretical
© peak masses and isotopio'combinatioq patterns (for a
comparlson of observed and calculated patterns see chapters
IV and VI). Some isotopic patterns were complicated
by the loss of hydrogen fragments. The relative ratio
of‘éﬁe ions forﬁing the 'complex! isotopio patterns
were estimated by comparison of the)bbserved and theo-
retical isofopic‘patterns.

The important fragments in.the mass spectra of

C HSMO(CO)ZL (L = co, P(OPh)3,4PPh3, PPhMez, and ASPh3),

7

'01

82



(c,H Me)Mo(CO) ,PPh,Me and (C.H Bu )Mo(CO) ,PPh, are listed

2 7°7
in Table VII as representatlve of the spectra obtained.

‘All compounds showed 51m11ar features. in their frag-
’ ) .

mentatlon patterns ' © L
A parent peak was observed for all compounds, the
relativc intensity of whichudecreased markedly"from

.that of C7H8M0(CO)'. (The ion correspondlng to a loss

of one CO was also of very low 1nten51ty by ccmparlson

to the parent trlcarbonyl ThlS is consistent with . ‘

: 85 62
the,results for CSHSMn(CO) L and C7 8Cr(CO)2L

‘(L = PPh3,P(OPh) ). It has been suggested that the.

5

presence of the L group ‘weakens the M -CO.’ bonds 62

The loss of the last CO was accompanled by the
ellmlnatlon of H2 In most cases the loss of 58 mass
units (2CO + H ) from the parent ion corresponded to
the most intense peak coﬁkalnlng the molybdenum ion and
in some cases %0 the base peak It appears that there is
a general tendency for n-bonded cycllc hydrocarbons
to eliminate H2. Inﬁboth the mass spectra of
(h C H )Fe(CO) 86 and C7 W(CO)3'83 the tendency forh
the carbonyl freellons C6H8Fe and C7H8W+ to undergo
dehydrogenation producing C6H6Fe and C7H6W has been
noted. It is likely that the elimination of H2 is
facilitated in particular if it involves the formation

of a 6-r-electron system. A likely, but nevertheless

speculative, species that may be formed with a loss of

)
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H, :is shown in 40.
2 . ~

i~ o o
; +

(CoH RIMo (COpLY T2, oy mymort TH2_, |
' - Mo-L

40

Pand

It is 1nterest1ng to note that the methyl substituted
compounds (R = Me, L = P(OPh)3, PPh Me) showed no CH3
loss. In contrast (C H7Bu )Mo(CO) PPh3 showed prominentA
peaks due to. loss of C4H9 and the base Peak in the

spectrum corresponded to C7H7MoPPh;l Simultaneous loss

of 58(H + 2CO) and 57(C4H9) units was also observed.

‘The ions C7H8Mo -and Mo—L+ were either hot observed

or of weak’ 1nten51ty By contrast C7H8Mo forms the
base peak in the spectrum of. c H Mo(CO) | Also, Cr- L

is prominent in the spectra of C7H Cr(CO) L (L = P(OPh)

and PPh ). . by .t .

Free cycloheptatrlene loses an H atom on electron

impact to form the\gefz\sfable tropyllum 1on, C7H7,

whereas this tendency is not-shown‘by the w-bonded

+
C7 8)peaks correspondlng to both’ C7H8 and C7H7 as

(j

well as C7H6 are observed.
In connection w1th the .complex ir spectra’ dlsplayed
by the trlphenylphosphlte derlvatlves, the exact mass of
the' parent ion in the mass spectrum of (C H7Me)Mo(CO) P(OPh)3

was measured at 570. 0495 The calculated Value, u51ng

-

86



the 98

Mo isotope, is 570.0490,

87 .



88

EXPERIMENTAIL

Melting points, microanalysés, infrared and proton
nmr spectra were obtained as previously described.

[ 3

Melting points and microanalytical results are given in
Table VII;Ainfrgred carbonyl'stretching bands are N
tabulated in Table IV; the lH nmr result§ are summarized
in Table V. |

- Energy factored force fielé vibrapional analyseé
were carried out usihg the MOLVIBS program written by
Dr. RQ S. Gay.87 The‘program, basgd on the work of
Schactschneider and Snyae;QB refines force’ constants -
and calculates frequ~nci;s for a group of’isotopically
substituted moledﬁles, glven an 1nput set of frequenc1es:
.Results are included in Table IV. .

Carbon-13 nmr spectra were recorded on a Bruker
HFX-10 operating at 22.6 MHz and a Varian HLFT operating
at 22.15 MHz and using the pulse Fourier transform ‘ -
technique. The number of scans was usually 4k and the
spectrégwere proton decoupled. Results are given in
Table Vi.

Mass spectra were obtained by electron impact (70 ev),
with direct probe, us1ng Associated Electronics
Industrles MS-2 or MS-9 1nstruments._ Mass spectra were

1nterpreted with the aid of a computer program which

calculated exact masses and isotopic combination patternsl'
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A legst squares computer'proéram,developed_by Dr.

A, S. Foust in this department, fits the computed patterns

' with observed peak he{ghts and calculates the ratio of

the species which give rise to the observed isotopic

pattern.
. The important fragments observed in the mass spectra

are summarized in Table VII. .

Sodium borohydride was pureLased from the American
brug and Chemical Co. and Fisher Scientific Co. Alkyl-
lithium reagents were purchased from the Ventron Corp.;
Florisil (Fisher 100-200 mesh) was used in chromato-
graphy. columns. a

Two methods were found convenient for the reduction

of the cYclbheptatrienyl salts (prepared in chaptex-II)

to the neutral cycloheptatriene derivatives. The first,

~

u51ng sodlum borohydride in a heterogeneous watexr- benzene :

mlxture, is a modlflcatlon of the method used by Pauson57
for the conversion of [C7H Cr(CO)3] Clo4 to C7 8Cr(CO)3.
The second utilizes THF or ether as solvent and either
sodium borohydrlde or ‘alkyllithium reagents as nucleo—
philes to give cycloheptatrlene and alkyl substltuted

cycloheptatrlene derlvatlves.
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Preparation of m=cycloheptatrienedicarbonyl (triphenyl-

L}

phosphine)molybdenum, n-C7§8Mo(CO)2PPh3;

Method A .

The compound [c7ﬁ7ﬁo(c0)2gyh3]+ppg (2.2 g, 3.4 mmol)

was placed in. a benzene-watér (300-100 ml) mixture, |
containiﬁg a few drops bf acetone to élloh better mixiny
between the phases. Excess sodium borohydride (5 - 8 g)
was added in small portions and the mixture was $tirred
vigorouély for three hours. The fenzene layer acquired
a deep‘red cdloration as_the product was formed.
The réaCtion mi%ture was then transferred to a sepera-
tory funnel and Khe water léyer discarded. The bengéne
layer was washed with several portions of water and ﬁhen_
placed over anhydfous magnesium sulphate to dry over-
night. The solutiop was filtered and the_solvént
removed on a rotary evaporator using water aspiration.
Recrystalliza?ion from dichloromethane-pentane afforded
1.1 g 163% yield) of the red crystals. |

The PkOPh)3, PPhZMe, PPhMe2 de;ivatives were pre- .

pared similarly with the exception that they were re- -

crystallized from hot skelly 'B'. : R

Method B

To a mégnetically’stirred THF solution of
[C7H7M0(C0)2PPh3I+PF; (1.1 g, l.7'mmol)‘exce§$'sodium
borohydride was added in small portions over é period of
1 hr. The solution was filtered and the solven rremoved
on a rotary evaporater. Chromatography on Florisil,

“w

B
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using dichloromethanc as solvent end eluent, was fol-
lowed by recrystallization from dichloromethaﬁe—heptane
to give .6 g (70% yield) of product.

The AsPh3 and SbPh derlvatlves were prepared
51m11arly with the exception that they were recrystallized

from hot skelly 'B'.

Preparation of n-7- methylcycloheptatrlened1carbony1—

(trlphenylphosphlte)molybdenum, (n- C7H7Me)Mo(CO)2P(OPh)3

To a suspension of [C7H7M0(CO)2P(OPh)3]+PF; (0.75 g,

l.1'mmol) in 60 ml of ether, 1.5 M methyllithium in ether
(0.9 m1, 1.3 mmolf was added. After stirring for one .
hour the deep-red reaction ﬁixture was filtered and

the ether solvent removed on a rotary evaporator.. The
product was extracted with 50 ml hot skelly 'B' and
crystallized‘on cooling to —2d°. Recrystallization

from dich}oromethane afforded red plate‘like crystals;

0.5 g, 82% yield.

Preparation of =n- 7—methylcycloheptatrlenedlcarbonyl—

(dlphenylmethylphosphlne)molybdenum, (n— C Me)Mo(CO) Pthge

To a solution of [C7H7MO(CO)2PPh2Me] PF6 (1.7 g,
2.9 mmol) in 20 ml tetrahydrofuran, 2 ml of 1.5 M methyl-
lithium in ether was addegjslowly and. the solutioh stirred
for 1 hr. The solvent was removed under reduced pressure

and the re31due extracted w1th dlchloromethane and filtered.

92
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The solution was concentrated and chromatographed on
Florisil, eluting as a 51ngle réd band 1n dlchloro—
methane. Recrystalllzatlon from hot skelly ‘B! afforded
8 9 g (68% yield) of product. V

_ The compounds (m= C7H7Bu )Mo(CO)zPPh3 aﬁd‘
(n- C7 7Me)Mo(CO)ZPPp3 were prepafed similarly. The

latter was only slightly soluble in dichloromethane

and was purified by Washing with dichloromethane and THF.



CHAPTER 1V

CYCLOHEPTATRIENYLDICARBONYLMOLYBDENUM DERIVATIVES

' QF THE GROUP IV ELEMENTS

INTRODUCTTION

Cycloheptatrienyliododicarbonylmolybdenum reacts

with anions such as Mn(CO) 90 C5H5,90and C6 5MgBr 9;

with the displacement of the iodo group

Mn(CO), 7. ' T

5', (h'-C;H,) Mo (CO) Mn (cO) Iv-1

C,H_Mo (CO) , I, CgHg R (h -C,H ’MO(CO)Z(h CgHg) V-2
CeF sMgBr (h7-C7H7)Mo (co), (n1 “CeF.)  Iv-3

The X-ray structure of C7H7M0(CO)2C6F5 has been deter-

mined92 and is remarkably similar to that of the

[C H7Mo(CO) ]+ cation.

7
The above compounds together w1th the phosphite
and phosphlne substltuted compounds, discussed in the
vlntroductlon to Chapter II, are the only reported deri;
Vatlves of C H ‘

777
made to prepare derivatives of the group IV elements.

Mo(CO)ZI. No previous attempt has been
It was with this end in view that the preparation of-

some“cycloheptatrienyldicarbonylmolybdenum derivatives

of the gfoup IV elements was undertaken. \

94 ¢
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RESULTS AND DI SCUSSION

Synthetic procedures !

Trichlorotin and trichlorogermanium Herivatlves
were prepared by the direct reaction of cycloheptatrlenyl—
chlorodlcarbonylmolybdenum w1th SnC12 or HGeCl3 ih

dichloromethane solvent:

C7H7M0(CO)2C1 + SnCl2 —_— 0§H7M0(CO)2SnCl3 Iw-4

| _ . |
C,H;Mo (CO) ,C1 + hiGecl, —23°, c,H, Mo (CO) ,GeCl, + HCl

Iv-5

Reactions of tin(II) and ge;manium(II),halides witﬂ a
variety of transition metal halides, classified as x
insertion reactions, have been widely investigated and
often provide convenient synthesis of compounds containing
a transition metal bound to a main group IV element.93’94
In many chemical reactions HGeCl3 is considered to be a
source of GeClz.

| The mechanism of these reactions 1s not entirely
'clear bu 1t has been suggested, for CSHSFe(CO)zanl3,
phet initially Snél2 is‘co—ordinatively bonded to the
transiti metal, and that intramolecular migration of
the halogen from the transitioh meﬁal.to tin occurs.95

"Trichlorosilane reacted with C7H7M0(CO) Cl only

~ in the presence of trlethylamlne using acetonitrile

as solvent
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. . 25° _ '
C7HyMo (CO) ,C1 + HSICly + Et N —s
‘ : : + -
C7H7MO(CO)2$1C13 + Et3NH Fl IV-6

Benkeser et. al.96 in a study of HSiCL3—amine ﬁ\
. system in acetonitrile have shown that the trichloro-

- \ .
sily! anion, SiCl,, is present, and that the  following

"equilibrium lies far to the right:

. : + " _
- 1 + — 1 —
(n Pr) ;N + HSiCl; 2 (n Pr),NH  + SiCl, | Iv-7

.

This anion is no doubt‘the reactive species in the for-
mation of the trichloroéilyl»derivative.
A trifluorogermanium derivaiive was prepared by
fluorination of the trich}orogermanium compound as
\ .

- shown:

C.7H7M0(CO)2GeCl3 + 3AgBF4 — C7H7M0'(CO)2GeF3 +

-3AgCl + 3BF ©  IV-8

A
dTheAuse of sjilver tetrafluoroborate fof‘the synthesis of
fluoro-group ‘metal organbtransi;@on metal coﬁpounds /) )
was first de cr{;ed.by-Marks and Seyém.gl
The'an'én, [C7H7M0(CO)2];,_was prepared by . the
reduction of C H7Mo(CO)2CL using sodium amalgam. A
;olution éf C7;k¥9120)ztl in THF was stirred with excess
sodium amalgam for about 1 hr. 'At the end of this period

the solution had lost its original green color and became

brown.  The progress of the reaction was followed by the

a
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ir spectrum; the bands at 2023 and 1975 em™ 1 due to

»
the starting material disapﬁéared and new bands at’
1926 and 1857 em™ L emerged. '

It was hoped that addltlonal group IV derivatives
could be prepared by treatment of thlS anion with a
stoichiometric amount of«organomet§lllg’” 'es. Only

triphenylchloro-germane and ~tin reécted +his way:

. } . \
i + . ; , _
Na [C7H7MO (CO) 2] + Ph3M Ccl’ W C7H7MO (CO) 2M Ph3 IvV-9

The progré;s of tg% reaction could_again be followed by
the ir spectra, aﬁd solutions were stirred until the
bands due to the anion had disappeared;

Triphenylchlorosilane and trimethylchlorotin did
not relct even after prolonged stirring at reflux. The
failure of the [C7H7M0(CO)21_ anion to react has not
been confined' to thiﬁ.study. King and Bishette89 noted
that the sodium amalgam reducélon of C7H7Mo(89)21
followed by methyl iodide treatment failed to give the
desired C7H7M0(CO)2CH3. Nor is this anion unique in /
its lack of reactivity. Thus [C3F7Fe(CO)4]- faiis to
react even with Ph‘3$nCl.98

‘Sasse and Ziegler99 have recently repofted'the
formation of C7H7M0(C6) SnPhZCl and -SnPhC12 from the
reverse salt reaction of C7H7M0(CO)ZBr and LlSnPh3.

No preparative detail for this peculiar‘reaction'has

been given, although the structures ‘have.been determined.



In addition, the authors refer to the pPreparation of
Ph3Sn, C13Sn and Br3Sn derivatives in a forthcoming

publication. ,

Physical and spectroscopic properties

The six derivatives pPrepared in this chapter range
in color from brown to.red. They erevinsoluole in.hydro—
.carbon solvents, ether and only slightly soluble in
benzene. With one exception, the compounds are very
soluble in dichloromethane, acetonltrlle, and acetone.
The trichlorotin derivative is only sparlngly soluble
in these solvents. 1In general, the compounds¢:;n be
handled in air for short periods, but are gradually
oxidized on long exposure.

Ali compounds.were characterized by their ir, nmrv
and mass spectra. ;The“ir spectra showed the expected
two bands in the ¢ rbonyl region'and'the lH nmr spectra
confirmed the Presence of the cycloheptatrlenyl group.

The molecula formulae of the group Iv compounds
was conflrmed by their mass spectra. The molecular ions
vwere observed for all compounds in their electron 1mpact
(ei) mass spectra except for the trichlorotin derlvatlve,
whose moleculer ion was observed only in the methane
chemical ionization (ci) spectrum, The ei spectrum
for the SnCl3 derivative did not show a parent peak but

peaks due to loss of the two carbonyls, chlorine,



dichlorotin, and tropilium from the parent were observed
in low.abundance;

Extraneous peaks, identified by computer fitting .

of thg observed patterns, due to C15 140 C13Mo2 (m/e 525)

and C14H14C13Mo; (m/e 481) were observed in the ei maés
spectra of both the trichioro—gefmanium and -tin but
not for trichlor@silicon. The pattern centred at m/e
481 was also observed in the mass spectrum of
C7H7M0(CO)2C1. It is not clear if thé extraneous
peaks are due to the.preéence of an impurity in the
starting material or formed in the mass spectrum.

| The results of the ¢i mass spectra are summarlzed
-in Table IX which lists the main fragments. The ions
1n.thenmss spectrum were readlly 1dent1f1ed by comparlson

of the calculated and observed patterns. They are shown

in Figure 15 for some of the complexes.
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EXPERIMENTAL

Melting points, microanalyses, infrared and
proton nmr spectra were obtained as previously described.
.Meltlng p01nts and microanalytical results are given in
Table X; infrared carbonyl bands and the 1H nmr results
are snnmarized,ianable XI.

Electron impact mass spectra were measured and inter—v'
preted as previously described. The chemical‘ionization
mass spectrum of C7H7Mo(CO) SnCl3 was recorded on an AEI
MS 12 instrument equlpped w1th a dual e1/c1 sourceé,

Reactlon work-up procedures were performed under
a nitrogen atmosphere by use of Schlenk apparetgs.

Aluminum oxide purchased from Beker Chemical cCo.
was used for column chromatography. All other reagents
were obtained from commercial sources and were used
without further purification.

chhloromethane was distilled from P205 and tetra-
Enydrofuran from CaH2 prror to7use. In every other case
reagent grade solvents were dsed. : _

Attempts at'preparing C Mo(CO) Cl by analogy to
the preparatlon of C7H Mo(CO) I failed. It was dlscovered
that only in the"presence_of small amount of water does
'the~reaction'proceed to give the desired product. Thus
treatﬁent of‘TC7H7MQ(CO)3]+PFE with sodium chloride or “

tetraethyiahmonium chloride in reagent acetone failed,

s
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INFRARED CARBONYL AND lH NMR DATA

TABLE XI

FOR THE GROUP 1V DERIVATIVES

Carbonyl Stretching

Frequencies (cm-l)a

105

Chemical Shifts.

b

‘c.H

- relative.

bChloroform—d
dard, eéxceptTas noted.

chridine-

d 19F nmy,

Compound

c7ﬁ;ho(c0)2c1 2023(10.0)  1975(7.
C7H7Mo(CO)281Cl3 2011 (10.0) 1963 (7.
MC7H7M0(CO)2Gec;3 2027(10.0) 1985 (7.
‘C7H7Mo(CO)2GeF3 2028(10.0) 1984 (8.
C7H7M0(CO)ZSnCl3 2026 (10.0) 1983 (7.
C7H7M0(CO)2gePh3 1980(10.0) 1923 (8.
C7H7Mo(CO)ZSnPh3 }973(10.0) 1919(9

chhloromethane solutlons,

band heights.

d5.

solutions re

singlet -458¢ Hz from CFC13.

Phenyl region complex multlplet

(117 119

Sn-C H )

= SHz.

7)
7)
9)
0)
0)
3)

.1)

4.

L e
52

.48
.42

.OOd

figures in Parenthesis are

lative to TMs as internal stan- .
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whereas tetr;phenylarsonium chlbride, which ééntains
water of hydration, reacted to give the chloride. The
breparation of C7H7M0(CO)2C1 from sodium chloride is
included in the synthetic descriptions which follow.

Preparation of n—cycloheptatrienyl(chloro)dicarbonyl-

mélybdenum, 7-C JH 7Mo(CO) Cl.

The compound [C H Mo(CO) ]+PFE (4.2 g, 10.1 mmol)
was stirred with a large excess of sodlum chloride in
100 ml of reagent acetone containing S ml of water. The
solution turned deep green immediately with vigorous
gas evolution. The reaction mixture was stirred faor at
least 4 hr to insure complete reaction. The sélvent}was
then remcved on a water aspirator vécuum. A black residue
remained, which was washed with water to remove sodlum
'hexafluorophosphate and a1r dried. The residue was
extracted with dichloromethane, f}lterea'and the solvent
removed on a water aspirator vacnhm. Deep green crystals

remain, and these were washed on a filter with ether and

pentane and sucked dry to give 2 3 g (82% yield).

Preparation of n—cycloheptatrienyi(trichlorosilicon)—

dlcarbonylmolybdenum, - C7H7M0(CO)ZSiCl3;

To a)solution containing C7 7Mo(CO) Cl (1.2 g,
4.3 mmol) and HSiCl3 (2.5 g, 18.5 mmol) in 30 ml aceto-

nitrile at room temperature triethylamine (3.0 g, 29.7



mmol) was added dropwise. fThe initial green color.of
the solution turned red after a few minutes and stirring
was continued for 1 hr. The solution was filtered
through Celite, degassed just prior to use, and the sol—
vent was removed under reduced pressure. After

pumping in vacuum for 24 hr the residue was extracted
with 20 ml dichloroﬁethane, riltered and n-heptane

was added dropwise until the solution became cloudy.
This was cooled at -78° aLLording red -brown crystals;

0.5 g;'35% yield. The crystals darkened on exposure to

air and/or light.

Preparation of n—cycloheptatrienyl(trichlorogermanium)—

dicarbonylmolybdenum, = C7H7Md(CO)2GeCl3;

Trichlorogermane (1.8 g, 10.0 mmol) was added to a
magnetically stirred dicﬁloromethanepSolution of
C7H7M0(CO)2C1 (é.o g, 7.2 nmol). The solution ' . ved
deep red immediately and a red precipitate formed.

After stirring for 20 min theureaction mirture\was
filtered,'the precipitate waShed with ether and sucked
dry. The filtrate was cooled at -20° overnight,'affording
more of the red crystalline product. The two batches

of product were combined and recrystallized from dj-

3

chloramethane to giéf 2.2 g (72% yield).

107
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Preparation of n—cycloheptatrienyl(trifluorogermanium)—

dlcarbonylmolybdenum, L C7H7M0(CO) GeF3_ .
SOlld 711ver tetrafluoroborate (2 3 g, 12.0 mmol)

was added to a ‘25 ml acetonitrile solution of C7H7Mo(CO)2GeCl3
(1.5 g, 3.6 mmol). A white precipitate of AgCl immedi-

ately formed, no v1s1ble color change took place. After
st1rr1ng for a short period, 15 ml of ether was added,

the reaction mixture filtered and concentrated under

reduced pressure. .Addition of more ether precipitated
ﬁgn orange-red solid which was recrystallized from dichloro-

methane-ether to yield 1.0 g (75% yield) of the analytical

sample.

Preparatioh of n—cYcloheptatrienyl(trichlorotin)dicarbonyl—

molybdenum, n-C7§7Mo(CO)2SnCl3;

Anhydrous SnCl, (2.3 g, 12.0 mmol) and C,H,Mo (CO) ,C1
(2.8 g, 10.0 mmol) were refluxed in dichloromethane for
12 hr. ' The reaction mixture turoed'brown and a brown
precipitate was”formed. ‘This was filtered, washed with
dichloromethane and sucked dry. Recrystallization .from
hot acetonitrile gave red-brown plate-like crystals of

product; 3.2'g, 68% yield.

“«
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Preparation qf n—cycloheptatrienxl(triphengj?fh)dicarbonyl—

molybdenuT, n—C7g7Mo‘CO)ZSnPh3; ‘ . ‘

b

}%hé reaction was conducted in a 250 ml hree-necked
flask with a stopcock'fﬁsed to the bottom. After filling
with nitrogen, the flask was charged with 10 ml of
mercury and 1.0 g of sodium metal was”added in small
portions yith stirring. After all the sodium had

reacted, C Mo (CO) Cl (2.0 g, 7.2 mmol) and 100 ml of

7 7
tetrahydrofuran were added. The progréss of the reaction
was followed by ir spectroscopy, and the disappearance

of the bands at 2023 and 1974 cm_1 and emergence of

bands at 1926 and 1857 cm_l. When the formaﬁion of the
anion was comblete, excess amalgam was¢¥9moved through
the stopcock at the bottom. Then, Ph3SnC1 (2.6 g, 7.7
mmol) in 50 ml tetrahydrofuran was addeé and the mixture
stlrred overQ}ght The solutlon was then flltered
through celite and the solvent removéa under reduced
pressure leaving a mudu; brown sollq This Qés extracted
w1th dichloromethane, filtered, contentrated and
.chromatographed on alumina, eluting as a 51ngle red

band. Recrystalllzatlon from diclloromethane-skelly 'B'
afforded 1.3 g (30% yleld).

The Ph3Ge analogue was prepared in the same manner.



CHAPTER V

MAIN GROUP IV ANIONIC CARBONYL COMPLEXES

>OF‘CHROMIUM, MOLYBDENUM, TUNGSTEN, AND IRON

INTRODUCTTION

A

' The formation of metal-metal bonds between the
group IV elements and transition metals has been a subject:
of widespread interest as evidenced by the numerous
;eviews in this field.94’loo'101

Several synthetic routes have been developed for

the synthe51s of these compounds and are briefly outlined

below1

a) Halide d&splacemént by metal carbonyl anions

This method has been applied extensively where metal

carbonyl anions are easily prepared.

+ i - . . 102
Na [CSHSFe(CO)Zl + Me381Cl -+ C5H5Fe(CO)281Me3 + NacCl V-1
2Na*[Re (CO).]™ + Ph.Sncl. - Ph sn[Re(CO). ], + 2Nacl 103 -,
5 2 2 2 . 572 :
& ‘

Na;[Fe(CO)AJZ' + 2Me;GeCl > (Me,Ge),Fe(CO), + 2Nac1l 104 y-3

gt

b) Insertion reacﬁions
- As discgssed in Chapter fV these reactions involve
the halides of the group 1V elements in the divalent
state. Illustrations are»given below.

™~
110



| 111
' /
| 105
Mny (CO) 15 + 8nCL, “ > clsnimn(co) ], V-4
HPt (Et3P),Cl + SnCl, - Cl1,SnHpt(Et.p), 106 s
3¥)2 2 3 Pl

c) Oxidative-addition reactions

The reactlon involves addition of a grouplﬂlmole—
cule to an electronlcally unsaturated transition metal
with subsequent increase in its oxidation number and co-

ordination number by two.

. ' 107
- .} -
Ir(CO)(Ph3P)2Cl + HSlCl3 - Cl351HIr(CO)(PPh3)2Cl

V-6

T

d) Oxidative-elimination reactions

The result is similar to that of (c), except that

a neutral ligand, such as CO, is ejected in the process.

. . 108
CSHSMH(CO)3 + HSlPh3 - CSHSMD(CO)ZHSlPh3 + CO v-7
Re (CO) + HSiCl1 -+ Cl_.SiHRe (CO) + CO 109 V-8
2{C0J 3 3 2(CO) g ~
Fe(CO)g + Sn,Me_ + (Me.Sn)_ Fe(co). + co 110 V-9
5 2Meg 35n)yFe(CO),

e) Other elimination reactions

This refers to the reactlons where a‘ﬁrqup IV metal-
transition metal bongd is formed with the dlsplacement of

a neutral molecule (s).



, . : 111
Co, (CO) ¢ + 2HSiR; - 2R3slcO(90)4 + fg V=10

‘112

SiNMe., -~ C_H W(CO)BSiMe + Me_NH V-11

C5HgW(CO) JH + Me, 2 sHe 3 )

CSHSMO(CO)3C1 + (Et3Ge)2Hg + CSHSMO(CO)3GeEt3 + Hg-
+ BtyGec1 113 v-12

f) Reactions of‘group IV anions

This reaction has been used as the reverse salt
elimination [i.e. complementary -to (a)] or in displace-

ment of Co‘by the group IV anion.
s L+ . - 114 ;
Fe (CO)5 + LlSlPh3 + Li ,[Ph381Fe (CO)4] + CO vV-13

' .. - o ;115
(Cghg) ,2rCl, + Lisiph, -+ (CsHg) 27 (SiPh,)cl + Licl v-14
Ph.PAUCL + LiGePh, » PhGeAuPPh, + Licl 116 V-15

The last two examples resemble somewhat the type of
reaction to be discussed in this work.

Recently there has been a renewed interest in the
anionic carbonyl complexes of the grdup,VI transition
metals.‘ll—/_121 The first compounds in this category,

the pentacarbonyl halides, were prepared by the reaction

of the hexacarbonyls with_tetra—alkyl ammonium halide.122
4

M(CO)g + RyNX » [R,N1"[M(CO) X]™ + co V-16

where X = C1, Br, I; M = Cr, Mo, W, and R = alkyl grouﬁ.

The isolation of the‘anionsrCr(CO)sF- and W(CO)SFf has

112



only recently been described.118

Other anionic bases such as pseudohalides,123

alkylacetylides,124 difluorothiophosphate,125'trichloro-

stannate(II),126 and cyanotrihydroborate119 are known
to react with the group VI carbonyls under thermal or
photolytic conditions to give anionic complexes.

More recently an alternative preparative\ route to

‘certain [M(CO)SX]_ anions has been developed which

utilizes the reaction of the bimetallic anions [M2(C0)1612—

with mercury (II) and silver(I) derivatives as illustrated

in V-17 to Vv-19:

2 - 127
[t3>CO)lO] + Hg(CN)2 -+ 2[W(CO)5CN] + Hg V=17
4 ,
[Cr.,(CO). 127 + 2AgO.CR - 2[¢r(co) 0.CR]™ + 2aq 128 v-18
2 10 99, 572 9 ,

. 2e ’ | - . 117
[Moz(CO)lo] + Hg(SCF3)2“+ 2[Mo(CO)SSCF3] + Hg ° V-19

The onlydreported'anionic complexes of the group VI

3

metals containing a main group IV element are those
deriveg from Snxg (X = ql,'Br, I) and GeClg. 121,126,129
This coupled with a genéral lack of ‘a group IV—transition
metal anionic complex,xéafticularly with alkyl- or aryl-
‘substituents, led us to investigate théfsyntﬁésis and
properties of this class of complexes.. This chapte:

describes the result of these efforts.
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.RESULTS A ND DISCUSSTION

Synthesis of Cr, Mo and W derivatives
126

Ruff found that the photolytic reactions of

3 3
the displacement of CO:

GeCl, and SnCl. with group VI héxacarbgnyls proceed with'

‘ hv
' net " _ -
M(CO)6 + Ph4ASM Cl3 CT—ZC?fPhllAS [C13M M(,CO)SJ + CO
’ V-20
where M = Cr, Mo or W, and'M‘ = Sn or Ge.

We found that an alternative and perhaps more con-
venient route to the group IV metal halide derivatives
was by an insertion reaction of SnClz, SnBrz, and HGéCl3
into the halogen-metal bond of the halopentacarbonyl |

anions of the group VI metals.

- - 40° ' - _
[M(CO)SCl] + SnClZ(HGeCl3) EH;EI;» [C13M M(CO)S] V=21
- ) 40° - '
[W(CO)5§r] + SnBr2 EEEEI;* [Br3SnW(CO)5] v-22
where M = Cr, Mo} W and M' = Sn, Ge. Reactibn.was complete

within a few minutes as the initial yellow color of the
solution disappeared and high yields of products were

obtained.

Recently Uhlig =nd co-workers have intimated that

1

the [Cl3SnM(CO)5]‘ anions were formed by the Same reaction

as above; no detail has been given.l29

The additional anionic complexes of the group VI
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metals were prepared by the reaction of the organolithium

compounds of the group IV elements and the chloropenta-

[}

carbonyl anions. -

. T+ LiM? oM - i -23.
[M(CO) ;C1] LIM'R, ~r [R3M M(CO)S] + L~1Cl V-23
where M = Cr, Mo, W, and R_M' = Ph3si, MePhZSi, Ph3Ge,

3

3 3
The organolithium compounds triphenylsilyllithium,

Ph3Sn, Me_Sn, Ph._Pb.
‘ N
diphenylmethylsilyllithium, triphenylgermyllithium, tri-
phenyltinlithium and triphenylleadlithium were prepared
by the reaction of the various chlorides with i}thlum
in THF. The direct method of preparing trlpheny151lyl-
lithium from chlorotriphenylsilane ad@ lithium was first
reported by Gilman et. al.130 This reaction was sub-
sequentiy applied to other elements of group IV.131
Hexaphenyldigerﬁane and‘hexamethylditin have been cleaved
by lithium in THF to yield trlphenylgermylllthlum and
trlmethyltlnllthlum The cleavage of Ph3M'-M Ph3 (M =
Si, Ge, Sn, or Pb) by lithium in THF has also been well
established. 31

The above organolithium compounds prepared inu;itu
were added to Tvasolutions of the halopentacarbonyk .

>

‘anions. The progress of the feaction was monitored by
the disappearance of the Ai carbonyl band (see section
on ir spectra) of the starting material in the ir

spectrum. In this manneér an excess of organolithium



compound could be avoided. Reaction took place within
a few minutes leading smoothly to the formation of the
tetraethylammonium salt of the mohosubstituted anions,
Et,N' [RyM'-M (co) 517, ’\
To our knowledc this is the first_applicétion of
‘the reverse sait elirina-‘on reaction involving anionic
complexes. At first glance it appears that an attack
by,.féf example, triphenylsilyl iop,‘Ph3Si-, on
[M(CO)SCl]— would be unfavorable froﬁ.an electrostatic

point of view. However, not only does the reaction take

place, it also proceeds readily and under relatively'

mild conditions. Considering that the central metal atom

of the halopentacarbonyl aﬁions is in a formal oxidation
state of zero, substitution of the halo group by another
ahiénic base becomes possible without alteration of the
formal charge on the central metal atom. It must also
be considered that, for example, Ph3Si- ion is not only
isoelectronic with the commonly used complexing ligand,
Ph3P; but it also contains free ié’orbitals on S8i which
can be gsed for back-bonding with the'metal. Further-

more, owing to its negative chargé'itvshould be a

stronger o-donor than the phosphine ligand.

Synthesis of Fe derivatives

It seemed useful to extend the reaction of the

organolithium group IV compounds to other simple halogeno-

116



carbonyl anions. Abel et. al.132 reported in low yield

the~ppeparation of E§4N+[Fe(CO)4I]_ by the following

0

two methods:

. 60° + - ‘ :
3 -
Fe3(CO)12 + 3Et4NI azaiyﬁg* Et4N [Fe(CO)4I] v-24

o
Fe(CO); + Et,NI zr—oo

o+ -
4 a;aiyﬁg Et4N [Fe(CO)4I] - v-=-25

133 attempts to prepare this compound

in this laboratory
-by the above method afforded ‘a compound thch was identi-
fied as Et4N+[HFe3(CO)il]- by comparison of its ir with

that of an autﬁentié samplei’ The ir épectfum and color

of the latter was consistent with the reported "[Fe(CO)4I]_?
The formatioﬁ‘of the trinuclear anion is not surprising
since the above reactions (V724 and V-25) are somewhat
reminiscent of the method. of preparation of [HFe3(CO)ll]_

from Fe(CO)5 with .a tertiary amine in water.l34’135

: ' + -
3Fe(CO)5 + R,N + 2H20 -+ R3NH [HFe3(CO)ll] + 2C02

3

+ 2CO +'H2 V-26

Not unrelated is the base reaction of THF with
Ph3SiHFé(CO)4‘to give the trinuclear anion. 136 Moreover,
our attempts to obtain Et4N+[Fe(CO)4Cl]_ from Et4NCl

and Fe(CO)5 under photolytic conditions.in CH2C12,
consistently yielded Et4N+tHFe3(CO)ll]_. Prior to our
identificatioﬁ of the product in these reactions, we

found that it reacted with LiSiPh., in THF to give the

3
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- 114,137

knownv[Ph3SiFe(CO)4] ion This reaction led

to fhé preparation of some anionic dgrivatives of iron -
cbnﬁéining group IV elements.

Et3NH+[HFe3(CO)ll]_ prepared by the literatﬁre
method135 was converted into the ﬁt4N+ salt by reaction
with E£4NC1 in'c§2c12. The reactions of Et4N+[HFe3(CO)ll]’
"with LiSiPh3, LiGePh3, and LiSnPh3 were examined in .

THF and found to yield the mononuclear anions, [R3M'Fe(CO)4]_:

- . [] ' ‘\: ' _ - . _
[HFe3(CO)ll] + LiM'R3 —mrm— [R3M Fe(CO)4] . LV 27
where M' = Si, Ge, and Sn. - The reaction again proceeds

smoothly under mild conditioné with no ir evidence for
thé formation of other’carbonyl species. While.the'
mechanism of fhe above‘reaction remains unclear we
presume thét it may involve attack by the organolithium
compound on the unique iron atom céntaining the four

138)

carbonyl groups (see structure by Dahl and Blount

with the ensuing cleavage of the Fe-Fe bonds.

Properties

: |
The anionic metal carbonyl derivatives prepared in

this work all form colorless crystals. In a few cases
they appeared pale yellow due to adsorbed impurities;
the yellow color wés removed by shaking_the crystals iq
a mixture of water—methénol (1:1). These compounds are

readily soluble in polar solvents such as dichloromethane,
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acetone, and tetrahydrofuran buf not inbether or in
hydrocarbon solvents. :They are all air stable in the

/ - ,
solid state for long periods. On dissolving in organic
solvents all compounds decompose at varying rates. Most
are stable for long perlods (days) in solutlon, however

Et N [C1 SnW(CO) ] was found to decompose in THF after

a few mlnutes.”

Infrared spectra

The carbonyl stretchingvmodes of severa¥ octahedral
pentacarbonyl moiecules have been assigned,ll'73’139 142
.and may be classifieo as belonging to Ehe 2Al\+ Bl + E
representatlons in the qu pAIHE group. The 2Al and E
v1brat10ns are 1r—act1ve while the B1 is ir-forbidden.

The symmetry co- ordlnates are conveniently glven in -

terms of the 1nternal bond—stretchlng v1brat10ns of the

molecule as 1llustrated below.

[l )
-
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The ir speotra of the Cr, Mo and W pentacarbonyl

derivatives prepared in this work were assigned using
these well established methods. The results are given in

Table XII.

The spectrum of a typical molecule, Et4N+[Ph3GeMo(CQ)5]-,
measured in THF is shown in Figure 16. The strong band
at 1908 cm"1 is due to the E mode, the two Al bands are
at 2034 cm—l and at 1878 cmw1 (on the low energy side
oflfhe E band). In addition the B, band at 1946 cm™ !

—

'shows some absorption. Reasons for the acgivation of

.141,143 The

the ir—forbidden Bl mode have been advance
5

lower trace shows the spectrum of a more concentrated
solution, whlch allows the Bl mode to be. measured more
accurately and the A' of the Cq radial mono—l3C0 substltuted
species is seen as a shoulder at 2027 cm'—l to the Ai

band (see arrow). On. standlng for a short period in

THF solutlon, the growth of an additional broad band at

ca. 1960 cm'_l is also obServed. 'Thls band remains :

relatively weak even after refluxing in THF overnight
144

and may be attributed to MQ(CO)STHF 'speeies present

in the following'equilibrium:

, - ' L - | :
.[R3M'—M(CO)5] + THF == R.M! + M(CO)STHF v-28

03

4
L)

The hetérolytic cleavage of transition metal-main group

metal covalent bonds by tertiary'amines,l"s.acetonitrile146

and,dime%hylformamidel47 have been ‘observed.
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Ruf 26 measured the spectra of the [Cle'M(CO)SJ—
derivatives in CHZC}2 and noted thét the Ai and E mode
are accidentally degenerate. ‘The spectrum of
Et4N+[Cl3SnW(CO)5]— measured in CH2C12 is shown in Figure
17, to be contrasted with the spectrum measured in THF,
Figurg }8.‘ While there are no significant differences
in the frequencies measured in the two solvents, it is
apparent that the spectrum in. THF is much-less broad
and allows the separation of the Ai/andrE modes to be
clearly feéolved. As another example to illustrate”
this differenCe, the spectra of Et4N+[Ph3SiMo(CO)5]_

" measured in CH2C12 and THF are shown in Figu?es 19 and
20 respectively. Some'referenceispectra (Fidures 28 -
‘39) are presented at the end of the chapter.

The strong lqwer frequency shift of,v(CO) in these
complexes in relation to the i'prsteric (CO)SMPPh3139’l4l’l48_
(M = Cr, Mo,'W) and the iso—electronic R3M'M(CO)5'(M' =

Si, Gé, Sn, Pb; M = Mn and Re)ll[l42

complexes is in
agreement with the ionic character of the.new‘éémpounds,
which leads to a high negative charge on the metal,
and hence to considerable M»CQ backbonding.

Ideally, the iron tetracarboﬁyl anions are assumed

137,149

to have a trigonal bipyramidal structure. For

C3V symmetry, three ir active modes 2Al + E are expected
and correspond to the vibrational forms as illustrated

below:
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b

The spectrum of Et4N+[Ph3GeFE(CO)4]— measured in

Y

THF 1is sngﬁn in Figure 21. The most intense, low fre-

quency band whlch is a531gned to the E mode is split

&

somewhat and a shoulder on the low energy side is apparent.
Thls splitting of the E m:de, also observed in

Et3NH [Ph 3SiFe (CO) ] by Jetz and Grahaml37 was attri-
buted to a lowerlng of the Symmetry caused by ion palrlng
Ion pairing has also been used to 1nterpret the sﬁilt-
ting of the carbonyl bands in Na® [Co (CcO) ] 150 and

>1 It has been percelved chat ion

Na [Cr (CO)lol
palrlng which occugs in salts dissolved 1n solvents of
low dlelectrlc constants, such as THF, is not observed
in solvents of hlgh dielectric constants, such as

dlmethylsulfox1de.lSl Indeed the Spectrum of

Et4N+[Ph3GeFe(CO)4]‘ measured in DMSO, shown in Figure
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22, confirms this view.\ 1In Figure 21, the Af mode is

assigned to the band at 1 ¢m —, the band at 1906

cm_l on the high energy side of the E band is assigned

to the Ai mode.

Force constants

The idealized geometry and definition of force

constants in M(CO)SX derivatives are shown in Figure 23.

X M(CO),

CO stretching: kl' k2

CO interaction: klZ, k23‘ kza

Coﬂon-Kraihanzclapproxhnaﬁqn:
k,,* k23 12 k24 . ki

[

12
"Figure 23.

Since there are five force constants, five v (CO) are

required to evaluate them using the energy factored

force fielgd (efff) approximation.87 The assumption

provided by the Cotton-Kraihanzel (CK) method,73 as

summarized in Figure 23, reduces the number of required

~-

bands to three.

131
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As seen from the ir Spectra in the last section,
five frequencies can be obtained, namely the 2Al, Bl’ and
E of the all~12CO molecule and the A' of the axial
monosubstituted molecule. However in some spectra,
particularly of the trihalo-tin and ~germanium sub-
stituted derivatives, the Bl mode was too broad to
measure accurately and the Al was not clearly resolved
from that of the Af. Thus Table,XIII, which lists the
force constants -evaluated using the efff method, includes
only the‘values where accurate meéasurement could be
obtained.

Force constants were also evaluated by the CK method
using the 2Al and E band p051tlons. Results are listed
in Table XIV. _ The position of the B, .mode was cal-
culated using the obtained force constants and prov1des
a check on the observed Bl ,

. Comparison of Tables XIII and‘XIV shows that the
valu‘es‘of‘k2 are insensitive to their method of calcula-
tion. Oﬁ the other hand valués of k1 are slightly larc r
in the efff method, in some cases by as much as
.3 mdyn/ﬁ. It is dlfflcult to ascertain the reasons
for this difference or to attrlbute this difference to
the additional approx1mation of the CK method since
there is no real check on the calculated efff force
.constants /

A comparison of the force constants obtained in
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TABLE XIV

COTTON—KRAIHANZEL CARBONYL FORCE CONSTANTS FOR

SOME GROUP VI METAL PENTACARBONYL ANIONS?

+ -
Et,N [Br3SgW(co)5]

o

Compound kl k2 ki
Et4N+[Ph3SLCr(c0)53‘ 14. 39 15. 06 ‘35
Et4Nf[Meph2siCr(c0)5]" 14.32 14.98 .29
* Et,N"[Cl,Gecr (O ] 15.16 15.79 .28,
E;4N+[ph3ceCn(c0)5]" 14.31 15.12 .29
, Et4N+gc135nCr(CO)5]"._ 15.20 15.84 .28
Et4N+[Ph3SnC€(CO)5}_ %i;?iy 14.39 15.10 .28
, Et4nftméQSnCr(cogsl' 14.24 '14.90 .28
Eg4N+[phéprrkc0)51' 14.40 15.23 .27
Et4N+tph3siMo(CO)5]' ¥ 14.42 15.26 .31
’Et4Nf[MePhZSiM$}CO)5]:t 14.38 15.18 © .31
Et4N*[c13GeMo(c0)5]' . 15.13 15.91 ;30
: Et4N+[Ph3GeMo(CO)5]-;; 14. 40 15.31 .31
Et4N+[c13énmo(c0)5]" 15. 38 15.80 .31
E¢4Nf[phasnﬁo(c0)5]‘j 14.50 15.33 ¥ 30.
Etwyi&M§3SnMo(CO)5]_: 14.30 15.12 .30
Et;N4IPh3PbMOYCO)5]_ 14.48 15.45 .30
Et,N" [Ph3SiW(CO) 1™ 14.37 15. 20 .32
Et4N+[MePhZSiW(CO)5]_ 14.71 15.45 .31
. Bt,N"[C1,GeW(c0) )~ 15. 05 15. 80 .32
Et4N+[Ph3GeW(CO)5]— 14.40 15.25 .32
14.98 15.82 .31

135
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TABLE XIV (contin

ued)

aEvaluated from A

molecules. Valu

bBased on ir spectrum in CH2C12; the Ai‘

are unresolved.

1 @nd E band bositions of All—lzcoh

o
es in mdyn/A.

5

and E bands

Compound kl k2 . ki
,Et4N+[Cl3SnW(CO)5]_ 15,21 15.85 .31
Et4N+[ClzPhSnW(CO)5]_ L 14.99 15.67 .31
v .+ - " - .
Et4N [C1Ph,SnW (CO) ] 24.71 15.45 .31
Et4N+[Ph3SnW(CO)5]_ 14.41 15.25 .32
Et,N' [Me_Snw(co) ]~ 14.26 15.06" .31
4 37N E0)s | | .
Et4N+[Ph3PbW(CQ)5]_. 14,42 15.35 .31



]
this study with those obtained for group V ligands of
the same metal,:for example Ph3PW(C0)S ;48 (kl = 15.52,

k

o _ L .
2 15.88 mdyn/A) and [Ph3SiW(CQ)5J (kl = 14.52,

kz = 15.15 mdyﬂ/g) shows .a greatly increased o—donor
and decreased w-acceptor strengtﬁ for the group 1V ligands
containing Phenyl substituents. On the other hand thel
trihalo group IV derlvatlves, for example [Cl SnW(CO) ]
(k = lS 45 and k = 15.85 mdyn/A),'appear to be quite
simliar to Ph3P in n-bonding abilicy.“ S}though the
actual numerical values of the forcégcoostants are not

‘entirely reliable, due to ‘the épproximation in theh
force field and the comparisgn of force‘constants ob- )
tained from spectra measured in»different solvents, they
should offer a good basis for comparing general trends.-

' A comparison of the force constants with those of
the isoelectronic manganesell 87 and rhenlumll complexes,
for example Ph3SiRe(CO)S (ky = 16.57, k, = 16.85 mdyn/A),
shows the expected decrease in the force constants. 1In

most cases the decrease in kl is significantly greater
thaﬁ in k2. This reflec "he greater importance of
metal to CO m-bonding in the anionic system, as evidenced-
by lower force constants. Since ki'reels the n—effect
to a greater extent then k2,lO the difference between

kl ehd k2 is expected to-be greater for rhe group VI

anionic complexes.

AN
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Graham Parameters

JfG;ahamlO has proposed a semi-quantitative method
to distinguish between n-withdrawal and o-withdrawal
effects by a ligand L in an LM(CO)5 molecule. The overall
changes in force constants'resulting from a change of
L were expressed‘as Akl = Aq;ﬁﬁZAn and Ak2 = Ag + Anm.
The relative o-donor. and n—aéceptqr components, of 1,
_were evaluated by computing the A¢ and An parameters
relative to one compound which was selected as a standard.

The CK method, which is used in this.analysis, has.

152,153 154

been both critici;ed and defended. Hall and

155 have pointed out that since the potential

Fenske
due to the ligand affects the metal orbital‘levels in
an essentially isotfopic,fashion, the weaknessubf the
Gfaham analysis is that the isotropiq and o-donor
effects are automatically lumped togethér. |

While the absoldfe values of the Graham parameters
are not significant, this methoé i;Aserviceable in that
it provides a qualitative and simplified picture for
a very complicated bonding situation. It thus appeared
a useful method for comparinglgenenqlwpppd%ng trends
of the group IV ligands with othéflliganasﬁ§5hded to
the same me£al.
Table XV~lists the CK fgrce constants and the

derived ¢ and 7 values for the pentacarbonylmolybdenum

complexes prepared in this work, together with some
5 :
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TABLE XV
GRAHAM o~ AND T~BONDING PARAMETERS FOR

SOME. PENTACARBONYL MOLYBDENUM COMPLEXES?

i o

Force con§tantsb o .
: (mdyn/A) . o °
L in LMo(CO)5 k1 ﬁkz - mdyn/A mdyn/A
”SnMe; 14.30 15.12 = -0.64 -0.08
SithMe_‘t . 14.38 15.18 -0.60 -0.06
SiPhg 14. 42 15;26 -0.48 -0.10
SnPhj 14.50 . 15.33 ~0.42 -0.09
GéPh;?‘ “ 14.40 15.31 ~0.36 “/—0.17
PbPh] 14.48 15.45° - -0.16  -0.23
22 15.49 15.96 ~0.15  0.27
P(OPh), © | 15.93 16.19 ~0.13 0.48
co , 16. 52 "~ 16.52 -0.06 0.74 o
Cyclohexylamine © 15.10 15.84 0 0 '
GeCl;‘ o 15.13 .15.91 0. —o;oA
CHjCN © “ 15.14 16.04 Ao.3i? -0.16
-aListed in order of decreasing o~donation. - Reference

compound is cyclohexylamine.

bCotton-—Kraihanzel.

CData from'RefeQence 10.
. ) v
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v-pdramerer (mdyn /A)

08 1

: 4 COo
—lncreasing
04F | |
A PPh,
- eipps CsHyN
ok /-Sn.N\e3 SlPh3_ A
&P ¥oSnPhg ©.GeCly”
5 /;iPhZMe" O GePhjy, | CH’3CN A
041 Decreasing o"-DFrTotion ,
1 | 1 1 f 1
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o -parameter {mdyn /A )

Figure 24.

Relative o and parameters for penta-
carbonylmolybdenum derivatives._

are labeled L in LMo(CO)s;

Points

Triangles

denote data taken.directly from the

work of Graham.lO
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4

.

comparative complexes from the data of Graham.-10 A
graphical representation is given in Figure 24.
: ¢

It is immediately apparent fhat the aryl- and alkyl-

substituted group IV ligands have a high o-donor

pProperty consistent with the generally accepted qualita-

tive views. The model further indicates essentially

no n-bonding to the metal for all the group iV ligands.

The higher force constants'for GeClS are reflected in its

very poor c-donor ability as compared t0‘Ph3P and not

necessarily in an improved n-acceptor capability.

Nmr Spectra o ' ‘,

The nmr spectra, measured inbacetone—d6 or CD3CN,
providedrfurther.evidence for the ionic constitution of
the compounds proposed in this chapter. The presence ¢
of the tetraethylammonium catlon was a characterlstlc
feature showing a triplet at ca. 8.6 1 and a quartet at
ca. 6.4 1 as expected for the ethyl derivatives. The
peaks of the triplet are split equally into three by
codpling with the nitrogen atom. The phenyl substituents
on the group VI metal appeared as a complex multlplet
at 2.2 - 2.8 1. Only values for the methyl resonance
in.the MePhZSi and Me3Sn derivatiyes are included

&

in footnotes to Table XII.



Chemical Reaétions

"In the anionic compounds containing group IV-
transition metal bonds, four sites are subject to attack

by electrophilic, nucleophilic, or neutral chemical

/ —L

reagents.:

(a) Substituent-=group IV metal linkage

Mixed halogen-phenyl derivatives could be obtained
by the so-called redistribution reaction.156 For
example Et4N+[c1PhZSnW(c0)5]" and Et4N+[c12PhSnW(90)5]"
were obtained by heating of a 2:1 and 1}2 molar ratio:
of Et4N+[Ph35nW(co;5]f and Et4N+[Cl3SnW(CO)5T— at
150° in the absence of solvent. The reaétion was
conveniently monitored by removiﬁg samp‘es at various
intervals and observing the disappearance of the bands
at 2034 and 2030 cm_l, due to the Ai modes of the starting

materials and the appearance of the product Af mode in

- L4

the ir spectrum. This is illustrated in Figure 25 and
- Figure 26 which shows the changes in the ir spectrum

(Ai-modes) during the formation of Clthsn'(Af at 2Q§8

2

] at 2046 cm—l) derivatives

cm™ 1) ana c1 PhSn (&

2
réspectively.

‘(b) Cleavage of the metal-metal bond

When a solution of HCl in ether was added to some

anionic derivatives of tungsten in THF, the cleavage
O .

142
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of the metal-metal bond resulted.

+ - + . -
Et,N [R3M'W(CO)5] + HCl + Et,N [W(Co);C1]1™ + HM'R, v-29

\

where M' = Si, Ge and Sn. The formation of IWQCO) c1)”
was identified by a comparison of its ir spectrum to that

of an authentlc sample.

The chloropentacarbonJ& anion was also formed by

. reaction with Ph3PAuCl. N
+ -
Et4N [Ph3GeW(CQ)5] + Ph3PAuCl &,Fr . i
+ . -
Et4N [(W(CO) 5Cl] + Ph3GeAuPPh3 V-30

Treatment of Et4N+[c135nW(c0)5]' with AgBF, did not
result in the fluorination reaétioﬁ97 but in the cleavage
of the metal-metal bond with formation of CH3CNW(CO)5
The latter was identified by its ir and mass spectra. .

Attempts at protonation of Et, Nt [Ph SnW(CQ) 1
and Et,N'[c1 36eMo (CO) (1™ using 85% HyPO, Tﬁ\a water-
pentane slurry failed, resulting in the cleavage of the

metal-metal ‘bond as evidenced by the formation of

W(CO)G.

(c) Protonation of the metal -~ the preparation of

Ph3GeHFe(CO) .
—32x7retll) .
Treatment of Et4N+[Ph GeFe (CO) ;1™ with HC1 in ether

surprisinélﬂ did not result in the cleavage of the Ge—Fe

bond but in protonatlon of the metal giving Ph3GeHFe(CO)4



An attempt to prepare this compound fron Fe(CO)5 and.
HGePh3 by‘u;traviolet\irradietion was not successful.157
.The compound is a white cfystalline solid which is
extreme;y air-sensitive et.room temnerature; solutions
deteélorate quickly even under nitrogen. ' Its ir spec-
k& trum \Flgure 27, showed four carbonyl bands character-

1st1 of a cis~ octahedraldgeometry, ﬁ&. The relative

e
;}llnten51t1es and position of the bands are a’ »st identical

to that of Ph,SiHFe(co),. 108
0
C\J
OC\\\\ , H
0
41
o
The band at 2000.5 cm ! jis due to Fe(CO).. The presence

of a signal at 19. 35 T in the nnr spectrum, measured
in toluene- d8’ confirmed the Presence of the metal- ~hydride
The msss spectrum measured at §0° showed a parent

~at m/e 474 with fragments corresponding to consecutive
loss of carbonyl groups from the parent ion. Fragments
whlch had lost a phenyl group were also observed in’
low abundance.

“;é . A mass spectrum run at 135° showed in low abundance

" some extraneous peaks above the parent ion. The highest

146
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. peak at m/e 811 correqundsrto PhSGez?e(CO);, and this
showed loss of six consecutive carbonylé. The presence
 of a dinuclear species was also featured in the mass
spectrum of the triphenylsilyl analog run at 105°f,§ih
éapent peak was not observed.158
ﬁgdition of Et,NCl to a CH2C12 solution of
Ph3GeHFe(CO)4 geherates the anion and~prdvides the

following equilibrium expression
. + - + . )
HC1 + Et4N [Ph3GeFe(CO)4] - Ph3G“eHFe(CO)4 + Et4NCl
)

(d) Cargcpyl substitution

The group VI anions ‘containing phenyl éubstituted
| group VI elements proved to be extremely resistant to
the displacement of a carbonyl group by,PPh3." For
example, there was ﬂo appreciable reaction whén
Et4N+[Ph3SnW(CO)5]_ was heated with excess PPhy at 210°
in the absence of solvent for 48 hr. This is in marked
contrast to Ph4As+[Cl3Geﬁo(CO)5]- which reacted with
Ph3P at ambient temperatures.lz6 . ,
Et4N+[PhBSnMO(CO)5]- proved to be more‘ameqable
.to substitUtion by Ph3P using photolytic conditions.
The product obtained after 6 hr of irradiation in CH2C12
showed v (CO) bands at 2021 (ms), 1920 (éh), l902_(vs) ,?;éiil
and 1887 (m) cm-;. A good analysis could.not be obtaineéééy a

for this compound. . O

or
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- Ny ’H"

The reaction of the group” Vi%anions with the

[

. ‘ . . + ] :
nitrosonium ion NO gave products resulting from the
displacement of CO by the nitrasyl group. Therreeplts
of these reactions are. the subject matter of .the

. nfisucceedlng Chapter. _ "
A é‘ , e

.

- ‘e
[} ‘x.
N

- .
S

The lnfrared spectra presented in the follow1ng pages'

were measured 1n THP st : - °

47
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‘were purchased from Strem Chemical Inc. Danvers, Mass.

153

EXPERIMENTAL

»
Melting points and microanalyses (Table 3\_/1),
vhmr and mass spectra were measured as previously des-
cribed.

Unless dpecified o%herwise, infrared spectra were

measured in tetrahydrofuran, whlch ‘was dried and dis-

tilled from pota581um and benzophenone. Solid samples of

the group VI anions weré.pumped 1n high vacuum for Ca.

~3 ,'f . :"{Aa

3 hr at 60° to remove gﬁqces of hexacarbonyls. Solutions

’)were made up under nltrogen ;ust prlor to eadh ‘Yan.
p ?
Results of the ‘ir spectra are @tyhp'}n Tag}e ﬁ!!

The energy factored force field v1bratlonal anglysis
was carrled outa§s prev1ously described. The program
VALUE87 was used to calculate force constants under the"”
Cotton:grfihanzel approximation. Approximatecforce

constants are listed in Tabkes XIII and XIV.

’Tetrahydrofuran used in the chemica1 reactions was
dried over c¢alcium hydride, dichloromethane over PZOS’ : ol
-3 : R

pentane over calcium hydrlde In every ‘other case re-

1.) ) ..S
agent solvents were’ used All solvents wre purged a "
Aoy
o> ‘ - -

with nitrogen before use. ‘
The g{oup VI hexacarbonyls\and iron pentacarbonyl oo
9 | o

Lithium wire (1/8"L .01% Na and/or 1/8", 1% Na) w%§

obtained from Alfa- Inorganlcs, Beverly, Mass. Anhydrous e

: "‘,h»
'.:‘,’.
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‘and were reérystalli;ed before use.

1Y

. ® : ;
tetraethylammonium chloride was purchased from Aldrich

Chemical Co., Milwaukee, Wis. Group IV reaéents were
obtained from Pierce Chemical Co., Rockford, I11. 4
The Et4N+[M(c0)5x]' (M = Cr, Mo or W; X = Cl or Br)

compounds were prepared by thé literature method122

o

Preparation of tetraethylammonium (triphenylsilicon)-

.pentaf®arbonylchromium, EtAN+[Ph,SiCr(CO)Sl:

About‘ﬁ tn of lithium wire was wrapped in a piece

of polyethyleneﬁdpounded w1th a hammer, cut into gmall
0 £

pleces'%nd dropped into ca. 25 ml THF solution containing

Ph381C1 (3 5 g} 11.9 mmol). The solutlon was magnetically

stlrred for 3-4 hours by which time it had become deep
red. It was then transferred by means of a s50ml syrin;é,
taking care to leave any excess lithium behind, and . a
added slowly to a solution of Et4N+[Cr(CO)5Cl]_ (3.3 g,
9.2 mmol) in 50 ml THF. .The reaction mixture was stirred
at foom température for 1 hr and then the solvent

removed unéer red@ised preséure. The sticky solid
residuq“ygs éxtracted with ca.'1204n1 dichloromethéne,=wna
filtered through celite and ether was added to precipitate
a white solid. - The analytical sample was recrystallized

twice from dichloromethane-ether to give.4.4 g (82% yteld)

of flaky white crystals.
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Preparation of tetraethylammonium (trichlorogermanium) -

pentacarbonylchromium, EtAN+[CléGeCr(CO’Sl:

1.5 mls of HGeCl3 (2.7 g, 15.0 mmol) was added to
a magnetically stirred solution of Et4N+[Cr(CO)5Cij-
(3.0 g, 8.4 mmol) in 80 ml dichloromethane. The
solution was heated to ‘reflux for 15 min and then
filtered through Celite. Additlon,pf ether precipitated
a pale yellow coﬁh§und which was cpllected and shaken up
with a methanol-water (1:1) solution to remove yellow
adsorbed impurities. This was filtered, dried, and
reerystallized from dichloromethane-ether to give 3.3 g

(78% yield) of white crystals. ;7

. - rd '
Preparation of‘tetraet@ylammgéium (trichloretin)penta— . 'i' ;

“!

carbonylmolybdenum, ﬂfAN+[gi3SnMo(CO) ]—

Dichlorotj % 10.6 mmol) and Et, NT [Mo (CO) 5C11°
(3.0 g, 7.5 mmdL) were refluxed in 80 ml dlchloromethane
for 1 hr. - The yellow solutlon became pale orange 9532
was filtered éhrough Celite. Addition of ether
precipitated an oil; the solvents. wefe decanted and the
0il washed with ether and n-pentane. This was then
extracted with 60 ml dlchloromethane, 40 ml ether was
addeé‘and the solution was filtered 1eav1ng behind an
erangelsolid £eeidue. An additional 20 ml of ether was

agdded to the colorless soluﬁion and it was left to

cool overnight atA0°'affording the white gggstailine

e



product; 1.7 g (38% yield). ) vﬁﬁtﬁ.
\ ) —

Preparation of tetraethylammonium (trimethyltin)penta-

carbonylmolybdenum, EtAN+[Me,SnMo(CO) l:

To a solution of SnZMe6 (1.8 g, 8.6 mmol) in ca.
25 ml THF, lithium clippings were added and the solution
stirred for 1 hr. The deep ‘red solution was added to
a solution containing Et4N+[Mo(CO)5Cl]— (3.1 g, 7.7 mmol)
in ca.” 100 ml of THE'and’the reaction mixture stirred
for 1 hr. The solvent wrs removed and the soiid residue
extracted with dichloromethane and’filtened.threugh a
10 cm column packed with aluminium oxideg Addition of
ether precipitated an oil which gave a pale vyellow solid
by pumping overnidht in.high’vacuum. Careful recrystal-
lization from dichloromethane-ethef—pentane twice affgrded
the analytical samble;_2.4 g 458% yield).

S o | .

Preparation of tetraethylammonium (triphenyllead)penta-

carbonylmolybdenum, Et, Nt [Ph, PbMo(CO) ]

~To a solutlon containing Ph PbCl (5 0 g, 10.6 mmol) B

in Ca. 25 ml THF was added lithium clippings. The reaction

was slightly exothermic, the mixture tufning black
~after ca. 3 hr stirfing The organolithium soiution was
then added to a solution of Et N [Mo (CO) Cl] (3.6 g,

9 0 mmol) in 100 ml THF and tﬁé reaction mixture was

stirred for an additional 0.5 hr. The solvent was

158
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‘'removed under reduced pressure, the solid residue

extracted with dichloromethane and filtered through cCcelite.
The solution was concentrated and ether was added in ca.

§ ml portions until the solution became cloudy. On -
cooling overnight, white crystala vere formed which

were fiitered and collected affording 3.1 g (43% yield).
The sample was sufficiently pure for further reaction,.
however, the analytical sample was recrystallized twice

from dichloromethane-ether.

.-

’ - s
Preparation of tetraethylammonium (triphenylgermanium) -

pentacarbonryltungsten, Et N+[Ph GeW(CO)SJ-

Hexaphenyldlgermanlum (3.5 g,,6 S mmol) or alter-
natively Ph3GeCl (3.2 g, 10.6 mmol) 1n 20 ml THF was
treated with lithium wire. The reactien was sllghtlya L
exothermic and a mllky precipitate appeared. The dis- ’
appearance of the white precipitate was followed
by oolor‘changes from deep yellow through dark green to:
a deep red color over a period of 4 to 6 hr (3 hr for

Ph.GeCl). This was added slowly to a 100 ml THF

3

Bsolution of Et4N [W(c0)5c1]' (4.5 g, 9.3 mmol) and

stirred for 0.5 hr. The solvent was removed under re~"

' duced pressure. The residue was extracted with dichloro-

methane, filtered through Cellte and the solutlon concen-

trated by ﬁ$551ng nitrogen. On coollng at 0° overnight

: fluffy white dgystals were formed; 4.5 g, 55% yield.
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£
Preparation of tetraethylammonium (diphenylchlogotin) -

pentacarbonyltungsten, Et4N+[ClPh28nW(CO)Sl:

A mixture &f Et4N+[Ph3SnW(CO)5]- (2.38 g, 2.96

mmol) and Et4N+[Cl3SnW(CO)5]_ (1.00 g, 1.47 mmol) was

~

heated_at 150° in the absence of solvent. The progress
of the feaction was followed by the remdval of samples/
at short intervals and recofding the ir spectra in
5ichloromethanej(see text). After 1 hr. the migture was
cooled to room temperature and the crude product extrac;
ted witg lTichloromethang

I 4
the ensuing o0il solidifi#&d on pumping overnight at 60°. -

solvent was removed and )

Three recrystallizations from dichloromethane-ether
affordéd the énaly;ical sample; 2.0 g, 881 y&el3g
Trace amounts of éiarting materials were difficult to
eliminaté, .

The PhSnél; analogue was prepared in a similarb
fashion using the reverse mole ratios of starting
materials.

~ i
- L3

Preparation of tetraethylammonium hydridoundecacarbonyl-

nl

NH'HFe,(CO)], (22 g, 38.0 mmol)

triferrate, Et4N+[HFé3(CO)

A mixture of Et

. 3
and Et4NCl (8 g, 49.3 mmol) were stirred for 0.5 hr in :
dichloromethane. The solvent was removed on a rotary
evaporator (water aspiration). The deep red crystalline
- Fi-n )

N - L ey -

- compound was’ washed with several portions of water and



8 g, 75% yield. The analytical sample was’recrystalliged

pymped dry overnight. Samples for further reactlon were

recrystalllzed from methanol prlor to use.

Preparation of tetraethylammonium (triphenyltin)tetra-

s

céfbonfliron, Et4Ni[PhgsnFe(C0)4l:
A 'solution containing Sn2Ph6 (8 g, 11.5 mmol) in

50 ml THF was treated with cut-up pieces ofllithium‘wire

and’ the reaction mixture stirred for ca. 3 hr. The

resulting LiSnPh, solution was added to 100 ml THF o

solution of Et N+[HFe (c0),,17 (10.0 g, 16.6 mmol).

_In1t1ally 20 ml of the organollthlum compound was added

and the progress of the reaction monitored by, the

ir spectra. Addltlonal 5 ml portions were added until

the bands due to starting material had disappeared.

fhe THF solvent was removed in vacoo and the solid residue
washed with_several portions of ‘water until the‘washings
became free of a red coloration. ‘Thebbrown residue was

dried by pumping overnight, then dissolved in a minimum
i

of THF and filtered through a column packed a layer
of aluminum oxide (5 cm) and Celite (5 cm - :ion
of ether precipitated a cream colored crude , . ‘Luct;

‘.
v

/ * _55.2

from ?HF-ether to give white crystals.

161
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Preparation of triphenylgermanidm(hydrido)tetracarbonylirbn

4]

An 'HC1 solution was prepared by passing HC1 gas
through ether for .. 30:min; and its molarity was
‘calculated by ‘ trating 10 ml aliquots placed in water, -
~w1th a: standard NaOH solution. The above solution (1.5,
-ml, 4.0 mmol) was added to a solution contalnlng )
Et, Nt [Ph3QQFe(CO) 1 (2.0 g, 3.6 mmol) in 25 ml THF
cooled to 0°. The solution was then stirred under closed
vacuum for 20 min, a white precipitate was formed.

The THF was removed while malntalnlng the reaction at
0° and iso-pentane was dlStllled 1nto‘the reaction
mlxture./ The‘nearly colorless extract was flltered and
the iso-pentane removed in vacuo, afrordlng 1.0 g (59%
yield) of the crude product. The analytical sample was.
prepared from a‘second preparation, by coolin iso-

1]

pentane sbélution at -78°,.

Apart from belng a1r sen51t1ve the compound appears
to be thermally unstable and solutlons at room temper— /,x\

ature deteriorate very quickly.

v
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" CHAPTER VI ' g

- NITROSYL DERIVATIVES OF MAIN GROUPR. IV—MOLYBDENUM':;'

AND -TUNGSTEN CARBONYLS , .~ o R

S W r u -
Developments ih tra »1Qn'metal natrosyl chemistry, .

R

L e :
., 159, %

have beenarev1ewednby Johnson aﬁd McCleVn».y _

Grlfflth ?go and mqre ré.cently by C‘onnerﬁ '6 . é:/ ) ‘.F,‘. s

\Xp ¢he past organometallic nltrosyls haVereen
&

prepared by treatment of metal carbonx}? ‘or ggalr derl-

vatives with nltrlc ox1de, nltrlte ion, nltrosyl haéldes
-

or N nltroso N methyl p toluenesulfonamlde (DIAZALD)

- The use ef~n1§roson1um sa;EF SUChLai«§SE£4“and NOPFG _ %&h

has come into drpmlnence in the last three‘years A Q

representatlve list pf reactlons 1nvolv1ng the u&"of N
B N . \
the nltrosonlum ion (NO ) as<m n;trosylatlng ggent is

3t
BN ) ar

- given below. ’ : . . n
_ , . .

;o o, e -

_ 161

| ; 40° :
CHRe (CO) 4 '+ NOHso4 Eﬁ?ﬁi; Re(CO) NO] HSO4 : Vi-1
IrCl(CO) (PPh.). + NOBF, . %5°’ s .
kinide 3'2. el /CH3OH Lot e
. L 162 -
[I:Cl(COL(NO)(Pph3)2] BF4 S vI-2-
N o o : N e o4 _ 163,
(CGHSMeLCr(C?); + NOPF6 Eﬁ;@ﬁ» [Cr(N?)Z(gﬁ3CN)4] '(PF%)Z
N_//kt’ ) ) '.f N R o vi-;

S
) .

®

163 - ° : :
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» Mn(CO){P(OMdI } Br + NOPF6 —_—

®

. ‘g# 4 -"?‘: 5
. S 5;‘ 164
G\ ' g »':#_qf" ‘
3 ' 2b - 164
M(co) . + NOPF, Eﬁ;ﬁﬁ* [M(NO)2(CH3CN)4] ‘(PF6)2 VI-4
(M = Cr, Mo, or W) - ’ S S .. o~
' . ) ) - - )L\ s T A o . ‘
Fe'(COY , (PPh,) , "+ NOPF, —— R, tFé<63§ NO (PRh.) 1 tpF, 16% «F
3 3’2 6 CHgCN g - '=72 3’27 776 S
i 4 vi-s ..
» 0T . »; .h';/ . , 16 ¢ “’ f"
: R}J3 (CO) 9‘(P‘Ph ¥ o+ NO\PF6 EE;W[RU (CO) NO (PPh3)2] PF(E?“ T
’ ~ o A VIi~-6
Q - ‘ + - 166
C5HgM (CO)PPh, '+ NopF6 TR OH/G;H‘” [c.H M(NO)PFQBJ PF
(M = Co, Rh, or Ir) VI-7. .,
. : : ST -
w NH(CO), (BTng), + o6 c oHycy, MA(NO) (PPhyyalipRe .
. 'y . ; s C o Coe ki
: : | R ’ %/23
. "/‘5 5y - o ) - A . X ? ?
N L , 167 8
M(CO)4(dPe) + NOP 3 CH3OH/C7'H8‘.:".“§(CO);3(N )&] PF [y 6
'(M,=~ Mo ror” W) B } QL L : ' '5 L e A o V19¢ '
’.’ o »_’ o ) : y' ; (;; o JP\" * .I . l iy . ’.:. '
NN 169, .ol
| thN [W(CO) X] 40 NOF‘I‘SO4 C_Hz_Cl“' WI(CO)_‘%(“NO)X L Uk 10:4{
» (X Cl Br, or I) . ! - v L I R
T . e o o o
o N - A , Lo %?1

CH,CN , .
o )‘ | 4 170 o
. o [Mn(CO)(NO){P(OMe)3}4] (Psé)z ,\VI-I;
(CgMe v H )CrJCO) Sl + Noppe &5 JOH/C H8 s )
. i N "\ N ‘ ‘ \
(n = 0-3, / ‘ [(C.Me. _H QCr(éO)(NO)L]+PF— e VI-12
L=C00rPPh) 6 "6-n'n . } 6 - . :
o ' : ) - : \‘3]
R,C,Fe (CO) . + NOPF [R,C,Fe (CO) NO]*PF' 172 VI-13
474 3.7 6 cujcs\ ST4T4TE 2 6 e .
o R = H, Me or Ph) » _ ' ‘ Y g
e ; 8
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With the exception of Vi-10, all of the above‘féactionsv
involve the formation of cationic Qrtrosyl complexes

r
frxom the neutral metal/carbonyls The reactlou of NO

7
"with some metal carbonyl anions has, been 1nvestigated

164 :

k‘w

' by Okamoto, who found that weak nucleophlles such as

4] pgoduced the neutral nltrbﬁyl Co(CO)jND.

\\‘ Strong nucleophlles, [C Fe(CO) ]_ and“?ﬂe(co)g]r

o v

T e were ox1dlzed:to thelr resggctlve dlmgrs Anloné Jof

LN Y

o -1ntg§,ed1ate nucleop@lllc strength {C H Mo(CO) ]
*") e & " ".“', ‘ q i
.'and lﬂnﬁﬁﬁ) -groﬂmeed both theiz - resggctlve dLmers

v d
w 3«,4\

and nltrOSgﬁ geﬁ%watlves, C5 5Mo(CO) NO and Mn(CO) 4NO+

" . In add’ltaon to its ablllty to act #s a reagent in

165

*
}2“" : ¢ ig‘ Y P

the,preparatlon°ﬁf nitrosyls by replacement of ‘co’
~ L)
E] grodP§, NO has'%#%n utlllzed as a 51ngle electron

bl

¥ 4 ¥ e ’ v Sy
P 'ce w1thout solvent”lnclu51on 1nto the metal co- ordlna—

S Sph7re,f7&;ﬁ73 , 1494

ox1dlzeﬂ‘products contalnlng CH CN bonded to the metal

whereas’ 1n acetonltrlle solutlon

N
u

atom aﬁe formqﬂ 3 164 166 “i' o E a

-

N The presé’ chapter descrrbes the products obtalned

by the 1nter$ct en §f "NO ‘with some of. the axﬁ.onlc%’

. -

) complexes pre&ared.rn chapter V. ' o
. .

} . . | A .. o .
‘ . R P ( ‘ ,' ) . ‘ , ¥
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RESULTS AND DISCUSSION‘;—%"‘.
: v ‘ 5 4 N '%R
) e 400 *‘;""."

Fa

In the trEatment of the [R M'—M(CO)@W‘-salts,
.prepared in chapter v, with' the nitrosonium catioﬂ,
there are two potential$501nts of chemlcal reactlon,

the metal—metal or metal carbonyl 11nkages. The

.

."former répresents NO as a one electron oxldant and

"JWiYH depend on. the strength of the metal-metal bond

,laﬁllc NO+‘and as suggested by Okamot 64
"v

h;}attef&gnvolves the dlsplacement of CO by the

u\-lg‘-

may dePeﬂd on the nuclcﬂphllléfbroperties of the gglons. o
A

K @ ’

ﬁb N All reactlons were<performed in dlchlorpmethane,
o

, petltlvé protesses shown.belay '; ’ ”a*-A_,y;
0 v _ ; o,
- S «1’%’ Tl e .
. N ‘ . ) - ' .ltl o -
. 3 / cleavage RMOF + WCO),G' vi-14
- . PR .\‘ - . - + . ' ) )
[R3H" ~M(CO) ] ™ + .NO Co e | '
= y : - e n :
4 . \ PN Mt -MT ' -
| . 4gisplacement RyM .-’-M'.(SO)ANG VI li
K] P . O » . . 7 4 3
. g - . W N . »
The source of €&u0r1ne 1n VI 14 1s assumed to be the
PP% counterlon. Nltrosyl substltuted'produpts were - "0
‘ 'characterized Where M =“Mo}:§3MJ = GePh i SnPh3, SnMe3, i
: ’ S - {
* . - [ ] - 'v
éﬂd’P?Ph3? M W, R3M ; SlPh3, SlthMe, GePh3, SnPh3,. ‘
“SnMe3, and PbPh3.u A blnuclear ‘species, Mezsn[W(CO) NoJ,

-3 2

& ¢ N A
products 1sol ed can be summarlzed by %H two com—
§ked

often at -781& The course .of the reactlons and tha‘A 'E!A;
o

was also isolated and wxil be discussed separately,
. ) ¢ L

-

"

&
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(3.4 g\

The yleld in these reactlons was reduced by the

formatlon of relatlvely large amounts of hex;carbonyls

(pa -way VI- l4).@nd decreased in going from tungsten

bdenum. 1In Eﬁé cﬁiomlum serles no evfdence

for.the formatlon of any nitrosyl product was detected
A comparrgon of the ylelds offers a crude v1ew of the
oxidative stability of the metal metal bonds. Thus it

appears that the Ge—Mo and. Ge—w bonds are ‘the most stable.

The Si~-Mo llnkage is easily cleaved as ev1denced by ‘g

£~

)

~ W
the fallure to 1solate a nitrosyl contalnlng spec1es
: w
P 3 .o,

whe as the Si-w bond is dramatlcal less. sensltlve
ses i e

= toQ oxiadh :0n as evldenced l? the relatlvely hlgh yleld °

S
‘e )
W , ; )

of Ph SlW(CO) Not o : . .
9 ' *

oo The compounds'R M'F (R, M' = Slph » SiBh. oMe, GePh
3 3 3

>

and SnPh ) wgre isolrated and 1dent1f1ed masf spectro— ' «? -

metrlcally The lH’nmr spectrum of MePh281F¢d1splayed

.V

aoublet in the methy; reglon (g&e Fum v Hz) and the

v 4 N

19F nmr a quaitet w1th an 1dent1d§l coupllng constant

The’ rW(CO) X] ‘salts (X = C1, Br and I) were also
treated with NOPF6 resultfng 1n the fqrmatlon of the

pale yellow compounds, W(CO[4(NO)X The preparatlon

. of the 1dent1cal derlvatlves has been reported by i '\
< .~
Barraclough et. al 69 since the!commencement of thlS o \;
L S
work. We found that the reactlon db&&ﬁﬁi ﬁ%o enlently A

carrled out u51ng acetonltrile as solveht and an excess

of NOPF6. _The excess No* reaéted with any"WéCO)6~'- o

- . s l .

-4

Y L9



f'w . R R

g
P

9

. ‘When treated with no*

.
v

b

formed 1n the known fashion, vI-4. 163,164, 175 The

168

| Treaction was followed by ir and NOPF6 was added in small

‘ R
. batches until the band due to -wmo)6 gradually diminished.

In this way the tedious separation of the nitrosyl

halide complexes from W(CO) was. av01ded The excess

NO d1d not appear to sqbstantlally decrease the amount

of product formed. “

Br) reacted w1th the ells&on of vthe SnX2 grpup'and~

formatlon of, the nltrosyl halldes, WR:O)4(NO)X I

fact for X = Cl, a better yneld of the chloronltrosyh;'o

i
bomplex Was obtalned in VI~ 16 than from the dlrecg

N [’cf’)‘é’ﬁwémsf +not W OlNo)Cl + sncié

mhe reactlon of. NO with the binuclear an10n1

o
eomplexes,gEt Nt [MnW(CO)lO]

n .

¥

C

6 and [Et N j [w (CO)

* was also 1nve§§igated The farmer reacted in both
e

K

v

[x Snw(co) ] (X = cl and

’

I

co .

10!

CHZCl2 and CH3CN solvents, with the cleavage of the '

24 177

Mn-W bond; W(CO) and [CH 3CNMn (CO) ]+ l‘ 3 were the‘ only '

carbonyl spec1es 1dent1f1ed The [W‘(CQ}HO ,anlon

¥

reacted 1n’CH2C12 formlng malnly W(CO) but also thea

', known HW (co) gNO. 178 This was 1dent1f1ed by its ir
o~ Y"‘!v ‘i}m a
spectrum and. an exact mass measuremekt of the parent

1on in the mass spectrum (calcd = §50 8620- found
\:' / © gl

650. 8656)

. s

&;’
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el ' y
The nitrosyl complexes Prepared formed pale yellow - '

to red;orange crystals which are- alr stable ﬂ%eter;or— f
. . ating onlﬂ after long eXposure. Th@@}@ne sbluble‘hn : .
" common organlc solventsﬂch as n‘pemtane, benzene,

and dlchloromethane, although soapuions decompose after
‘{d’
a few hours in Ihﬁ Presence of alr gWhen irradiated %
N ', / o ]
~w1th ultrav1olet llght ‘an n- hexﬁhe colutlon of % .

-
29} @

N &&W(CO) NO complete;y decomposgd to H non carbonyl

s
M

@grdduct aftef 8 hi. - . - h T "*-‘, ag
t? §§2‘ . ¥ . ‘ L h .?
'ﬂj'ﬁ ‘The formation of Me Sn[W(Co) NO] L
N r = l In the reactlon of [Me SnW(CG7 ] ,Athe Me3SnW(CO) NO .
%f— | ‘anf &?O) formed were’ subllmed in vacuo at ‘room tem-

! perﬁ%ufe leav1ng behlnd an orange materlal This was

purlfled by recfystalllzatlon from n~pentane and identifieqd

as the dlnpo%ear species, Me. Sn[W(CO) NO]Z. {n the mase ~.¢"
>'spectrum the measured mass of the pareﬁ?ﬂlon, 7?9 8952 a7 X
agrees well with the computed mass, 799.8062. : M?-u
P 3 The" 1nfrared spectrum is presented in Figure 464 s

¢ v
A total of 'six carbonyi bands can be dlstlngu1shed if ,
# _ { R oy J

a poorly resolved(shoulder is 1ncluded The appearance ‘~Z

,

of six bands may be- attributed to the coupllng of the L0

two W(CO) NO ‘groups across the»tln atom, as has been , '
* .

, dg:erVed in other iso- Structural systems 179,180 The
“ bands at 1719 and 1711 cm -1 are due to the nltrosyl

groups. Two pPossible geometrles for the molecule are

e
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shown in 42 and 43, with eithér axial or equatorial

nitrosyl groups respectively.

?

% ‘
'OQ‘ 8 Me\ /Me,

l

| 0,3/

_ Idea;ly, in both cases .the over al

'n_is sz, whence group theory predic

bands (3A + 3Bl

of bands predieted, the maximum be

are observed than the minimum pred

i+ BZ)' Thls is the mlnlmum number

Me Me o
[

‘73‘*\/\/

M&\ . \r\\\

‘ \

, */ @
O C> Qp (J
" . | Ty #
43 5 e
: ~ -
. ' »

1. molecular symmetry
ts seven ir-active
ing eights Fewer bands

1cted which is not

9

)
surpﬁ&%fhg, as one band may be weak Or accidentally B

'

'"w%égeneﬁate Clea?ly the 2¢mber of

used to dlstlngul h p0551ble _geome
“‘on the bas1s £ rel'tlve 1n¢3hsity
hazardous. é;

r

have the group Iv ligand trans to

1r bands cannotvbe
PN

trles, and 3 debislon

of the bands'is

’

]

the ba51s that the Mbnomerlc complexes

the nltrosyl group

T, ¥ i)

(seé next segtien), 42 is more llkeiy "

The’ lH nmr spectrum is? odd in

Whlch could be.attrlbuted to Sn ~CH

TN L -7\

that no coupling

q
3 was observed (see

N - -

A%

e



Tables XII and XVII for typical values of J(Sn—Cﬂ3
71

Instead the methyl resonance at 9. 9 T (C D;‘ was flanked -

I

by two satellites separated by 7.5 Hz. f Buia

nbrmﬁlly associate this value (7.5 Hz)~a3~'

A

abundance of the satellltes (Ca. 5%) with a methyl group §
on Si. The presence of ‘81 - (Eﬁﬁ glass reaction vessel )
belng the presumed sourceg) can be excluded Qn the_ ba51s
of the mass spectrum, run on the same sample used for
the nmr experlment Show1ngno peaks whlch could be

}% attributed to a Si containing fragment The m?asured
exact mass of the parent ion (799. 8052) makes a sp@bles
such as Me2515nér(CO) NO (galculated mass of parent ion,
799.8242) unllkﬁly. Moreover, nmr spectra in solventsx. SN
such as CbCl3, CC14, CH‘Cl2 and C D12 (taklng care to’
exclude TMS in all cases), pon samples of the compound
from dlfferent preparative runs, con51stently gave the

;‘same rgsult We are unahle to prov1de an explanatlonk

4 ~

'for this apparent contrau.ction atftﬁis'time; i

, . _ .
] : . : . :
’ [ N "“}’ ‘i -— . : -
+ Infrared spectraw ~ \ _ ) C
. —— - X . C . 0\ VR
“ The monomerlc nltrosyl compdunds prepared could ‘ (
eklst as czs or trans isomers. 'The results of the 1nfrared

spectra (Table XVII) are 1nd1cat1ve of a trans geometry

7
7

(C 4v Symmetry), w1th a planar carbonyl conflguratlon

about the metal ' ° ' ‘ a

The~symmetry co-ordinates for .- trans—M(CO)4XY »
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molecules are shown below.

T 1
. AL
2 A : | / S5 ¢
€ —p —rp “‘_— { "
v Y S
’ ¢ . . . v : i
Al » - ] N Bl . . L k “ ‘, K
: PR ) ‘ -
Group theon@-predlcts two ir act;ve CO stretches (A + E) !@
N y A
The 1nfrared spectrum of a typlcal moiécule, T e ’
.LP ‘ﬁd@; .k ' : .
Ph381W(CO) NO, measured in n- hexane is shown in Flgure NS '
41. Inten81ty aggument§ such as thoSe flrsﬁ‘put forwafd e .

o

ilnteﬁ51ty in“the ir due to dev1atlon from true 4v

‘solution, which allows ° he A “ban

4

181 allow the assugnment of the most 1ntense

Y

by Orgel,

<

vcarbonyl band at 2015 cm l to the E modé.  The very weak

[
band at. hlghestq%requency (~ 2100 cm ) is g251gned to

the A mode The weak absorptlon at 2034 cm™ 1 is attrlv

buted to the ir- 1nact1ve Bl mode, which has galned so%ew

lb‘

¢ Y . ‘o e o .
symmetry The band at. 1718 cm }.1s'due;togthe-n1€rosyl

group. . o - R , : y,; »
The lower trace shows*fhe sizctrum of a concentrated

”

to be measuredéﬁore'

accurately at 2102 5 cm The ‘eakﬂhand at_2095'cm‘u

»

on . the low energy ‘side of thevAl‘ rd may be attributed

- to the A'TAli of tha monOLisotopic
> N : .
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‘,

1} 12Co)j( CO)(NO)SlPh3 (1sotope stht 7.5 cm l). The

absorption at 1985 cm B on the low energy side of the ~
E.mode, is due to the A' (E) of the mono—l3co species ' ; '

(isotopic shift 30 cm-l). The shoulder to the latter

at 1983 cm—l (see arrow) is due to‘trace amounts of
._w(Co)_6 still present even after pumping din high vacuum
for 5 days. o o . ‘

The 1nfrared spectrum of W(CO)4(NO)Br together .
w1th the solid state\Raman spectrum are -shown in Figure
42. In the. ir spectrum the\E mode is at 2048.5, tHhe Al
mode 1s barely v151ble even }n the concentrated lower
trace spectrum. The band at 2016 cm_I is ascribed to
the A' (E) mbde of the monojl3CO and the‘ir inactive B,
mode ‘is not disoernible. The. Raman spectrum confirms
these assignments; the three strong carbonyl modes,
at 2140, 2083 and 2066 cm -1 are ascribed to the Al, Bl
and E Raman actlve modes respectlvely. The weak band
at 2039 cm -1 is due to the 13CO frequency of the E mode
as noted above. The-two additional weak bands in the
concentrated trace are presumed to be due to some . .
impurity: The\splitting of the nitrosyl band /is Attri-
~buted to a solid state effect. The Raman spectra of
the halide derlvatlves have been reported by Barraclough

et. al. 63 and are,51m11ar to the above.

I~
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Figure 42, The ir (top) and raman (bottom) spectra
..of W(CO), (NO)Br; measured in
N n-hexane and in the solid state
N " respectively.
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Force constants

Non-rigorous force constants were calculated using

two models; these are defined together with their res-

pective force ficldn,vin 2i and 45.
| 0O . _ 0 -
"I((C /;L\ © -/(i 'Z’fi |
| - s ~
G NS
0'6 0 k’co-no
Ke Keo
0 .
(') Kno o fno
44 ' 23 :

In previous force constant calculations involving carbonyl-
nitrosyl complexes, the interactidn terms between C-0
and N-0O were assumed to be the same as CO- co, 182 inferred

indirectly,183 or dlsregardedYon the assumptlon that

they were small. 184
Model.ﬁé assumes no intéraction between the C-0
and ﬁ—o'vibrators and the complete set of carbonyl forcé
constantsscbnsists of one CO stretching constant (kco)
and two CO interaction constafts (k. and k). At least
four and in some cases five 1nput carbonyl frequencies

were utlllzed in the calculatlon. Since only three

frequencies are needed, a check for the closeness of the-:
R

~



CO-NO interaction constants k

v
fit was obtained. ®The nitrosyl force constants (kNO)

wgre calculated separately using‘the single nitroéyl

band. The results of the calculation are given in

4

Table XVIII.

It segmeq useful to compare the fdrce constants
obtained a; describéd above to those esing model’ﬁ§/.
which allowed fo; interaction between the C-0 and
N-O vibrators. This model gives ris€ to an additional

interaction constant (k ) and in this caLcdlation

CO-NO

the Cottoﬁ—Kraihanzel force field (ki = kc = 1/2 kt)

was included. The nitrosyl frequency<:as incorporated
in the input and the reduced mass. of the N-O was included
in the G matrix. Results are listed in Table XIk.

A comparison of the data from the two models re-
veals t%ftlghe CO force constants calculatediby both

methods are essentially identical. In contrast the

nitrosyl force constant kNO is ca. 0.5 mdyn/g greater

"when the interaction terms are included.. In terms of

A
N

the principal carbonyl force constants the results
indicate that to a good approximation, the interaction
between the C-O and N-O vibrators can be ignored. The

co-No 2re unusually large,

the significance of which is not apparent. The assump-

182

tion of previous workers that k was equal to

CO-NO
184 . NP
or much smaller than kCO-CO is not substamtmaﬁis in

this study.

180



TABLE XVIII

© 181

ENERGY FACTORED CARBONYL AND NITROSYL FORCE CONSTANTS

FOR SOME NITROSYL COMPLEXES &

.

Compound kCO kNO kC kt

ph3GeMo(c0)4&o 16.99 13.04 .24 .41
Ph,SnMo (C0) ,NO 16.94 13.09 .25 .38
Me35nMo(cb)4No 16.74 12.99 .27 .37
Ph PbMo (CO) ,NO 17.02 13.12 .24 .36
W(CO) , (NO) I 17.36 12.88 .27 .44
Ph3SiW(CO) ,NO 16.85 12.94 .28 .44
Ph,MeSiW (CO) ,NO 16f74 12.91 .29 .46
Ph,GeW (CO) ,NO 16.89 12.97 .28 .44
PhSnH (CO) ,NO 16.91 13.01 .19 .51
Me ;SnW (CO) ,NO 16.68 12.94 .25 .45
Ph,PbW (CO) ,NO 16.8¢ 13.03 .27 .40

\

X

Qcalculated assuming no interaction between C-0 and’

N-O vibrators (model 44); no restraints on/the force

field.
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B
TABLE XIX

COTTON-KRAIHANZEL CARBONYL, AND NITROSYL FORCE CONSTANTS

FOR SOME NITROSYL COMPLEXESa

Combound kbO kNO kCO—NO ki‘

Ph ;GeMo (CO) ,NO 16.92 13.44 .75 .15
'Ph3SnMo(CO)4NO 16.81 13.64 .85 .12
Me ;SnMo (CO) ,NO 16.57 13.70 .95 .10
Ph ;PbMo (CO) ,NO 16.90 13.62 .82 .12
W (COly (NO) T . 17.22 13.43 .91 © .15
PhSiW (CO) ,NO 16.72 13.50 ' .87 . .15
Ph,MeSiW (CO) ,NO 16.63 13.40 . 82 .17
Ph3GeW(CO)4NO 16.77 '13.49 ... .84 . .. .16
gh39nW(c0)4N5 ©16.72 7 13.56 .85 .15
Me ySni (CO) N0 1661 13.20 .60 . .19
Ph,PbW (CO) ,NO 16.73 13.64 .90 13

aCalculatpd by allowing for interaction between C-0 and
¢

N-O vibrators (model 45); Cotton-Kraihanzel force field.
il .

A

182
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AN
Table XX below compares the CO force éonStants
bbtained for the tungsten series to the radiai CO force
constants of the iseo-electronic LRe(CO)5 s?stem: IF
is remarkable that fo} each éafﬁicular L group the kCO
values are essentially identical.
——
‘ TABLE XX
A COMPARISO& OF RADIAL CARBONYL FORCE“CONSTANTS

\

. o . S
(MDYN/A) 1IN LW(CO)4NO and'LRe(CO)5 SYSTEMS

LRe(CO)5 . LW(CO) ,NO
Lo Ky Ky L kg keo
I 17.39P 17.36 17.22
siph3 16.83.  16.88 16.85 .  16.72
GePh, 16.86  16.91 . 16.89 16.77
SnPh, i6.82 . 16.86 . 16.91 16.72
SnMe , 16.67 16f§2v S 16.68 16.61
PbPh, 16.86 16.90 16.88 16.73

¢ PR

.. 1

aValues\f;:om Reference 11 using refined Cotton-Kraihanzel
,;7\ -~ “A‘;h

—

force field.

o
<A

bReference 140; no‘restraints on'force field.

CV’alues from Reference 142; Cotﬁon—Kraihanzel force field.

dValues obtained using Model 44;'no'restraints on force
field. ' )
®Values obtained using Model 22} Cot%bn—xraihanzel force

field.

[,

183
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A possible intenpfetation of this result follows.

The two systems. are 1so electronlc ‘but Re (Atomlc
Number .75) has an additional proton compared to W (Atomlc
Numpe; 74). Likewise,:NO- and CO are isofelectronieh
aifféring only in that No' posseéses.an additional protoe.
One may view the process of goingvfrem a Re-CO to W-NO
as involving the removal of a proton from Re ana tfaﬁs—
ferring it to the carboﬁ atoﬁ of CQ.' There are two

possible consequences of this action: _ _ .

(a) The‘lewer nuclear charge, due to the removal Qf
a proton from Re to form W, would lead to a de-
stabilization of the metal levels, increased back-
donation to the: radlal carbonyls, and hence to a -

lower k co-

(b) Placement of the proton on the CO to form NO+
results in lower n* levels for this ligénd, hence
more back—bonding'b} the metal to NO+, and ‘a

higher kCO'

Since the’k rvalues'remain the same, the two effects
roughly cancel and the greater electron accepting power
of NO compensates for the difference in nuclear potentlal
This discussion assumes that changes in the ‘o-framework
are negligible.

i

The excellent correspondence in the values of the

two iso-electronic series substantiates the view of the

v
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185 and indicates’

\

. . . . . +
linear nitric oxide as formally NO

" that NOV is a better m-acceptor than CO.

[ | N\

Mass spectra

Mass spectrometry was again used as a majpr means
of determining the exact moiecular formulae as was
described in chapter III. The calculated and observed
molecular ion isotope patterns of ?h3SnMo(CO?4NO,
Ph3SiW(CO)4NO and Mezsn[W(CO)4NO]2 are shown in Figure
43 as reyreéentative examples. Since there are only a few

'mass spectral investigations involving nitrosyl com-
pounds,lssi;?g\it seemed useful to‘presenthin“some
detail the/f§Fgmen£atiqn patterns of a few typical
compounds, Tables XXI to XXIII. |
The mass spectrum of Ph3GeW(CO)4NO (Table XXI)
was relativeiy simple. StepWise logs of CO groups
from the parént ion'occufred; simulténeous loss of the
NO group became promiﬁént‘only after £he loss of three
CO groups. Loss.of-phenyl groups from £he parent did
not take plécé and the carbonyl-free idn’PhBGeW+
(m/e 487) gave rise to the'remaining fragmentation
proceés; In the spectra-of other aryl substituted
groﬁp IV complexes the ions thM'M(CO)m(NO); (M' = Sn,

Pb; M = Mo, W; m = 0-2, n = 0,1) were observed in low

abundance. .

The mass.spectrum of Me3SnMo(CO)4NO (Table XXII)



RELATIVE ABUNDANCE

Ph3SnMo(CO)4NO

B4

C22H|5NO5 SnMO

i

ll” il

85 589 593

Ph3SiW(CO),NO

-

585 559
MezSn [W(CO),NO)

2

il

85

589

593

CyHisNO5SiW

-

585

1

589

CioHeN20105n W,

|

OBSERVED ISOTOPE PATT.

Figure 43.

all

796 800 804
MASS NUMBER

]

796

800

804

MASS NUMBER

CALCULATED ISOTOPE: PATT.

Calculated and observed .
mass spectral isotope pattern.
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’ j/

’)",‘ J; . 'f-a \ l‘ri

5 ” ;
K\\fﬁBLE XX1I

Ml g

!

f‘ v

-

= MAss'ngCTRUM ‘OF PhGeW (CO) 4No @

Some contrlbutlon from Ph3Gew(CO) , m/e 543..

~dSubstant1al contribution from Ph3GeW(CO)+, m/e 515.

187

Relative
Abundance

6

3

100

13

18

S
i
m/eb :Y§‘ ‘ q? igisggxge m/e Ion
620 Ph-;GeW(CO)4No+ 7 383 (C,H3)PhGew"
601 Ph Gew(CO) ;N0* 23 333 PhGew"
573 ‘QPh3GeW(CO)2NQ+ 1 305 Ph,Ge’
545°  PhGew(co)no® 22 263 Ph,Gec1?
5179 PhjGew (N0) * 5 228 Ph,Ge*
487 Ph,GeW' 14 151 Phee™*
457 kphcew(c0)4cf) 2
429 (PhGew (CO) 4c*) 3
409,  (cgH,)PhGew" 20
aMeasured at 80°, 70 ev.
bm/e values for 74Ge—, l84w-—,,256(Ge.W)—containing fragments.
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TABLE XXII .
MASS SPECTRUM OF Me,SnMo (CO) ,No 2 .
b S . b ;
m/e Ion Relative m/e Ion - Relative
Abundance Abundance
403 Me3SnMo(c0)4No+ 15 259 MeSnMo (o) * 38
-
388 . Me,SnMo(cO) ,NO* 30 2409 50
375 Me3SnMo(c0)3No+ 10 2289 (snMoct) 100
360 Me,SnMo (CO) ;NOT 21 2120 48
345°€ MeSnMo (CO) ;NO* 10 184 Me ,SnF 43
332 Me,SnMo (CO) ,No* 25 165 Me ;Sn* B 29
317 MeSnMo(CO)2N0+D i1 150 Mezsnf 33
3029 Me ,SnMo (CO) 17 135 Mesn® ! 56
291 Me_,SnMo (NO) *, 7 120  -snt 43
287¢ MeSnMo(CO)Z’ .18
£ ' ' + .
274 Me,SnMo (CO) 19

9Measured at 25°, 70 ev.

bm/e values for ?2OSn—, 98Mo- and 216(Sn-Mo)fconEaining

fragments.
; . S ' +
cContrlbutlon from MeBSnMo(CO)zNO ,.m/e 347.

dContribution from MeZSnMo(CO)NO+, m/e 304.

eContribution from Me3SnMo(CO)+, m/e 289.

fContribution from MeZSnMo(NO)+ at m/e 276.

gComplex pattern due to overlap of fragments.

hPresumed impurity having Sn pattern and contributidh'f:om

SnMo+, m/e 216.

3
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‘ TABLE XXIII

MASS SPECTRUM OF Mezsn[W(CO)4NO]2a
, ,

m/eb ' lon ' Relative
Abundance

800 Me,SniW,(CO), (NO)} N 8

785 MeSan(CO)B(NO);' | 6

772 Me,SnW, (CO) ., (NO) } 9

757 MeSan(CO)7(NO); 4

744 Me,SnW, (CO) ( (NO)) 2

729 MeSnW, (CO) . (NO) 3

716 Me ,SnW,, (CO) ¢ (NO) } | 2

701 MeSnW,, (CO) ;(NO) } 6

688° Mezsnwz(CO)4(NO); 4
673, MeSnW,(CO) , (NO), - 4

658 Me,SnW, (CO) ,NO" 7

645 MeSan(CO)3(NO); . 4

630 Me,SnW,(co) N0t | 4
617 MeSnW,(CO),(NO)} 5

602 Me,SnW,, (CO) ,NO" o , 6 ~
574 Me ,Sni,, (CO)NO" | 15 -
559 . MeSnW,(CO)NO' ¥ 60

544 Me,SnW,.(CO) " 38

516 MeZSnWZ;ﬂ \ 25‘

486 osnw, 14

474 o Mezsnw(cof4wo+ 100

459 ' MeSnW(CO)4NO+ 2

1



TABLE XXIII”(continued)
b: -

m/e \ Ion , ‘Relative
: Abundance

446 MeZSnW(CO)3NO+ 24

431 MeSnW (CO) ;NO" A .6

418 - Me,SnW (CO) ,NO" . | .23

402 [Me,SnW (CO) (NO)C]™ 15

L+ .
380 MeZSnW(CO)2 . | _ .15
368 w; | 12
+ + w

332 MeZSnW or SnW(NO)( N . 6

165 Me33n+ . : 8

135 Mesnt y 15

120 sn’ ' . 55

aMeasured at‘lOO°, 70 ev.

bm/e values for lzoSn—, 184W—, 370w2—, and SBGKWZ—Sn)—‘

containing fragmenfs. Additional unidgentified isotopic
pattern at m/e = 586, 530, 500, 347.

snW,, (CO) ;NO', m/e 686.

e . . ’ | )&

cSubstantial‘contribution from Me2



]

/
was complicated by pathways which involved loss of one

or two methyl groups. Before losing its first CO

’group the molecular ion loses a Me unit giving the
» -

abundant MezsnMo(CO);No+ (m/e 388). The latiér loses
an Me groug”%fter losing its,first CO giving the ion.
MeSnMo(CO)3NO+ (m/e 345). ’The,Me3én—, Meésﬂ— and
MeSn-Mo(QO)nNO+ species proceed‘wifh thevloss.of Cco
and/or NO groups to give three modes of ffagmentation.
The mas; speqtrum of Mezsn[W(CO)4NO]2 (Table XXIII)
showed two modes of fragmentation co;responding to léss_
of CO and/or NO groﬁps from the parent ion' (m/e 800)
and from MeSan(CO)B(NO); (P-Me). The base peak in
the spectrum (m/e 474) corfespondS'UDloss of W(¢0)4NO
fragment from the parent and gives rise.tokthe
MezénW(CO)4NO+ ion. The fragmentation pattern of the
latter is reminiscent of the same species formed in
the mononuclear compound as discussed above.
The mass spectra of the halo derivatives are es-
sentially similar to that of w(CO)4(gQ)Br discuséed by

Barraclough et.'al.,169 with the ekception that dinuclear

-

species were not observed in the  present work.

io1
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EXPERIMENTA L

Microanalyses were performed by the microanalytical
laboratory of this department and by Alfred Bernhardt
Mlcroanalytlsche Laboratorlum, West Germany Analyt1cal
data, meltlng p01nts, and ylelds are given in Table XXIV.

In%rared spectra were measured using n-hexane
(Phillips’ Petroleum'Co.) which was distilled from sodium
wire under nitrogen before-gse. The-relatively‘non-
volatile solid samples were pumped'at ca. 50° under vacuum
to remove traces of hexaearbonyls justkprior to dissolution.
'The spectra.were measured and the carbonyI-bands'cali—
brated as previously described. The nitrosyl’bands
were calibrated Qith the polystyrene band at 1583.1
om—l. Table XVII li;ts the infrared results. - (/

The Ramanyspectrum of W(C0)4(NO)Br was measured on
a CARSON Spex 1401 bouble Spectrometer, with an Ar-Kr
Laser sonroe using the blue exciting line.

‘ Force constant analyses were carrled out as pre-
1ously descrlbed, using two dlfferent models (see text).
Force constants are listed in Tables XVIII and XIX.
. .

Reactions were carried out using dichloromethane

solvent, whith was dlStllled from P O5 prior to use. )

Reagent acetonitrile Wwas used in some reactions.

n-Pentane used in the extractions was also reagent

grade. : S . o
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3\

The nitrosonium hexafluorophosphate was- purchased

\

from the Ozark-Mahoning Co. and Was used without further

purification. ‘T

A
N

Preparation of triphenngermaniumtetracarbonyl(nitrosyl)-

molybdenum, Ph3GeMo(co)fNQ AR \ N

A\

A Schlenk tube contalnlng a mlxture\of
Et N [(Ph GeMo(CO) ] (liS g, 2. 2 mmol) and NOPF6 (0.5 g,
2.8 mmol) was evacuated and Ca. 30 ml of dlchloromethane
Qas dlStllled into the vessel at -78°., After the
reaction mlxture was warmed to -10° (salt-ice bath)
and stirred for 2.5 hr, the solution had turned red-
brown. The solvent was removed under redu;ed pregéure.
The residue was extracted with five 50-ml portions of
n;pentane{or_until the extracts were cqlorlesse The

solvént was removed using water aspiration. A water

cooled probe was fitted into the flask and the W(CO)6

‘and Ph3GeF, formed as by-products in the reaction,

were sublimed in‘high Vacuum at 25-40° over a period

-

of 2-3 days. The sublimation residue was then recrystal-
lized froﬁ n-pentane affording orange crystals of the
analytical sample; b.4lg, 33% yield. .

.The Ph3SnMo(CO)4NO, Ph3GeW(CO)4NO, and Ph3SnW(CO)4NO

”

complexes were prepared in an analogous manner.
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Preparation of 1odotetracarbonyl(nltrosyl)tungsten,

W(CO0) , (NO) I '

To a sofution of Et4ﬁ+[W(CO)SI]— (2.0 é, 3.4 mmol)
in 10 ml acetoni@rilé was added dropwise a solution of
NOPF. (ca. 2 M) in the séme golvent. The addition was
continued until the ir bands due g; W(CO)6 had diminished
considerably. The solvent was removed in vacuo and the
product extracted with a total ‘of 300 ml n-pentane.

'The yellow solutlon was flltered and -concentrated. to ca.
50 ml. On coollng at -78° yellow crystals were formed-
these were filtered and -sublimed at room temperature to
give 0.35 g (22% yield) of the broduct;

- The W(CO)4(NO)Br complex was prepared in an analbgéus
fashion with the exception thaf the product was éxtracfed

with 1:1 dichloromethane-ether solution.

Preparation of chlorotetracarbonyl(nltrosyl)tungsten,

W(CO) 4_10) c1

To /a 40 ml dichloromethane solution of

)

Et4N+[C 3SnW(CO)5]_ (1.4 g, 2.1 mmol) solié NOPFGI
(0.5 g,/ 2.8 mmol) was added slowlf at room temperature
and the solution stirreavfor 15 min. After removing
the splvent in vacuo, the residue was extracted with
300 ml n-pentane, and after filtering, the solvent was
removed on a rbtary evaporator. The solid was trans-

ferred to a subllmer and the W(CO) formed in the reaction



‘was sublimed at room témperature and 0.25 torr.. Aftef
‘removal of the w(CO)6 from the sublimgtion probe, the
' product was sublimed at 60° and 0.1 g (14% yield) of
pale yellow crystals were obtained.

i

Preparation of triphenxlsilyltetracarbonyl(nitrosyl)—

tungsten, Ph3SiW(CO)4§9

‘Td a solution of Et,N'[Ph,SiW(CO)c]™ (3.0 g,
4.2 mmol) in 50 ml of dichloromethane, 0.5 g of NOPF
was added and the solution stiffed'at room temperature.
The progress of‘tﬁe reaction was followed by the dis-
appearance of S£arting material bands in the ir spectrum.
Ag-édditional 0.5 g of NOPF% was added -after 0.5 hr
and stirring continued for 1.5 hr. Ether (20 ml)
was édded, the solution was filtered and the solvents
were removed in vacuo; The residue was extracted with
4 x 50 ml portions of n-pentane, filtered and the yvellow
n-pentahe solution concentrated to‘ca. 50 ml. On
cboling to 0° crystals were formed and these'were trans-
ferred into a sublimer. The Ph,SiF and W(CO)beormed
in the reaction were sublimed at0.05 torr. - The orange
solid left behind was’recryétallized fr?m n;pentane

4

affording 0.6 é (25% yield) of product.

N,

19

~
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~

Preparation of diphenylmethylsilicontetrdéarbonYl—

(nitrosyl) tungsten, MephZSiW(c0)4§9‘
Dichléromethane was vacuum distilled into a Schlenk

tube containing Et4N+fMephZSiW(c0)5]' (2.5 g, 3.8 mmol)
- and NOPF6 (0.7 g, 4.0 mmol). The solution wa; stirred
at -78° for 7 hr under Closea vacuum and then warmed to
room temperature before removal of the solvent. The
resiaue was e#tracted‘with 150 ml n-pentane, filtered
and the solvent removed leaving‘behind a red oil. Ah
orange oily solid, which was identified as MethsiF,
éublimed onto a dry-ice-acetone probe under vacuum.
The residue was pumped for 2 days at room temperature
to ‘remove W(Co)é and residual MePh,SiF.  Crystallization
of the so0lid from ﬁ:pentané afforded orange crystals of
MePh,SiW(CO),NO; 0.4 g, 20% xig;a.

" The preparation of the complexes MgPhZSiMo(CO)4NO

and Ph3SiMo@O)4NO was attempted in a similar ‘manner

but only MdCO)6'Was isolated.

Preparation of trimethyltintetracarbonyl(nitrosyl)—

tungsten, Me3SnW(CO)4NO and dimethyltin bis{tefracarbonyl-

(;.itrosyl)tungsten}, MeZSn[W(CO)4NO]2 - -,
Dichloromethane (30 ml)’&és distilled into a
reacﬁion vessel containing Et4N+[Me3SnW(CO)5]-.(2;O g,
2.2 mmol) and~NOPF6 (0.7 g, 4.0 mmol) cooled to -78°.

The mixture was kept at this température for three days.
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The solvent was removed by vacuum distillation inte a
trap eeoled to -196°. The residue wae extracted with
'sevefal portions ef n-pentane, filtered and the solvent
‘removed by watef aépiration vacuum; The residue was
charged into a sublimer and the volatile Me3Snw(CO) NO
was subllmed onto a water-cooled probe together with
some W(CO) .. The product was.washed off the probe by
squirting with ca. 10 ml of.néhexane, leaving most of

the W(CO), behind. This was then chromatographed on .

a E}orisil column'elutihg as a red band with n-hexane.

/ .
Cooling at =20° overnigh;/hfforded orange crystals of

Me.

4SnW (CO) ,NO;. 0.16 g, 10% yield.

The unsublimed material left behind was pumped
until the ir spectrum showed‘only traces of Me3SnW(CO)4NO
and W(CO)6. Recryetallization from n—penﬁane afforded
red crystals of the binuclear species, Me Sn[w(CO) NO]2,
0.1 g, 7.7% yield. ' »
The Me3SnMo(CO)4N6 complex was prepered using

similar conditions as above. There was no evidence for

the formation of a binuclear species in this reaction.

~

\

Preparation of triphenylleadtetragarbonyl(nitfogyl)—

tungsten, Ph3PbW(CO)A§Q

A dichloromethane solution of Et4N+[Ph3wa(CO)5]-

(4.0 g, 4.5 mmol) and NOPF, (1.0 g, 5.7 mmol) were

stirred at -78° for 9 hr. The solvent was removed under

-

v



\
reéuced pressure with the reaction vessel‘maintained
at -78°. The residue was extracted with 6 x 30 ml
po;tions of n-pentane, filtered and the solvent removed.
The large amounts of W(CO)G‘and other by-products
formed in the reaction were sublimed. Red crystals
were obtai;ed by cfystallization from n-pentane; \
0.2 g, 7% yield.

The Ph3PbMo(C054NO complex was prepare%iunder \\\
similar conditions. Because of the low yield a sufficient

sample for analysis was not obtained and the compouhd

was characterized only mass spectrometrically.

199



CHAPTER VII

OXIDATION REACTIONS USING SILVER SALTS

In this chapter, two independent investigations
involving the oxidation of transition metal compounds
are discussed. The first part deals with the }eactions
of silver nitrite (AgNOz) with some metal-metal bonded
dinuclear metal ?arbonyls. In the second section the

2-

. . . + A
oxidation reaction of (Bu4N )2[Re4(CO)16] will be

described.
N

1) Some Reactions of Silver Nitrite

INTRODUCTION

As was méntioned in chapter VI, the nitrite ion
has been used extensively in the preparation of nifrosyl
complexes. Heiber and Beutner189 hypothesized that the
formation of [Fe(CO)3NO]— proceeded via a ﬁitriie inter-

mediate in two steps: Y

35°

Re (CO)5 + NO2 W [FG(CO)4N02] + CO VII-l_
[Fe(c0)4N02]' _ [Fe(CO)BNO]— + co, VII-2

. The reaction of M(CO)2L2C12 (M = Ru, Os; L = PPh3y
with sodium nitrite has been repofted to initially
form a dinitrite complex, M(CO)2L2(N02)2-which undergoes

oxygen transfer to give the dinitrosyl compound,

200



190
M(NO)2L2.
The reaction of b:lz(co)lo (M = Mn, Re) with N204
yields mainly the nitrato complex M(CO)5N03,191'193

The formation of a nitrite intermediate, which reacts

with excess N,O; to form the nitrato complex has been

274
. . ) 192
inferred by ir spectroscopy.

There are numerous studies dealing with metal-nitrite

194,195

compounds and recent interest has been directed

at the conversion of nitrosyl compounds to metal-nitro
- *
groups.196 199 Metal carbonyl~comp1exes containing

nitrite ligands are rare.

Our interest in nitrosyl chemistry and in reactions

where there is a competitiop between cleavage of metal-

metal and metal-carbonyl bonds, led us to investigate
the reactions of silver nitrite with some ‘dinuclear

metal carbonyls.

{\‘ RESULTS AND DISCUSSION

The outcome of the reactions between the dinuclear

complexes, [CSHSMo(CO)B]Z, [CSHSFe(CO)ZJZ’ [CSHSRu(CO)zl

’ + 2~ . . .
and (Et4N )2[W2(CO)10] w1#h AgNO2 are outlined in

VII-3 to VII-5.

CH2C12

[CSHSMO(CO)3]2 + AgNo2 —_— CSHSMO(QO)ZNO + co2 + Ag

VII-3
+ Ag VIii-4

[CSHSM(CO)Q]:Z + AgNO2 W CSHSM(CO)2N02

(M. = Fe, Ru)

201
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+ | 2-. _
(Et4N )Z[Wé (CO)lO] + AgN02 W

+ -
2Et4N [W(CO)5N02] + Ag VII-S

All reactions proceeded initially with the oxidative
cleavage of the metal-metal bond by Ag .
In VII-3, there was no-evidence for the formation

of a nitrite species even as an intermediate; the known

nitrosyl complex,200 CSHSMO(CO)ZNO’ was identified by

its ir and mass spectra.
The Fe and Ru dimers in VII-4, reacted to form
the nitrite complexes. Infrared data can be used to

distinguish between nitro (N-bonded, M—NO2) and nitrito

(O-bonded, M=0NO) isomers.201 The CSHSA(_CO)ZNO2 (M =

Fe, Ru) compounds showed four ir absorption bands

{vaS(NOZ), vs(NOZ), 8§ (ONO), and pw(Noz)} characterlst;c

197,201-203

of the nitro group, suggesting that these

compounds exist as nitro isomers. The metal-nitrogen
stretch [v(M-N)] has dalso been assigned; Results are
listed in Table XXV together with Fhe v (CO) values.

The vas(NOZ) and‘vS(NOZ) bands (1381, 1307 cm—l) measured |

in CHZBr2

in CH2C12 of C5H5Fe(¢0)2NO2 are shown in Figure 44.

The spectrum in the NO,, fe@ionmis that of a solution

and the v (CO) bands (2064, 2019 cm—l) measured

roughly twice as concentrated as that in the CO region;

The v (CO) bands in the nitro derivative are higher than

204

in CH.Fe (CO) ,Cl (2058, 2012 cm ) and comparable



203

pue (00)n ut ¢oNnC(0p)ar Sy

*suotbax Amozv>

O Jo wnxjoads P3Iexyur -y 8anbry
-

006l oot o - 000¢ - oo_mv
>_ I — >/ 0z
| / \wT\ Ov
| ’

Ao AN 08
. - 00l

NOISSIWSNVYL  INIO¥Id



204

*(3xa3 o9s) ww&omﬂ ©371432u 03 paubTsse spueg

%

q

"SOSTP ISD pue gy uT PaUTEIqO,

nﬁmmmﬂ ‘STI6T ‘0902)

0LE S09 S08 ST S6C1 (dHL) 2881 ‘0Z0Z ‘6902

-HNOZonuvzu+z¢um

862  0T9  <Ts ZIET  6LET (¢s2) 910z ‘990z Con® (02) ngSySo
S0E 029  ST8  80ET  z/¢T (%19%u0) 610z ‘po0z on’ (00) 2a5u5s
_ Zo ;A Z..s Z.. S®
S N-H) el TON) 9 ONO)e (“ON)"n ( ON)™ "o N G

SIXA'TANOD OYLIN FWOS IO

’

AHISUV VdLO3dS IYVEINI FHI NI SdIONINOIYI OILSIYILOVIVHD

AXX JI9YL



205

to CgligFe (co),oN 2°% (2062 ang 2019 cm™l),
In the mass spectrum of CSHSFe(CO) NO2 a parent
Ly
peaﬁ was not observed but a peak due to CSHSFe(CO)(NO)+

(P—C02) was very prominént. The Ru analogue showed a
weak parent ion as well as prominent peaks due to loss
of co, and NO, units. | ‘ ‘ .

The reaction of [C‘HSFe(CO)zl2 with AgNO was also
performed in CH Cl2 solvent and followed by the ir
.spectrum in the carbonyl region. After .5 hr v (CO) bands
due to starting materials disappeared aod four new bands
at 2064, 2049, 2019 and 2011 om—l emerged. The pair of
~  bands atm2049 and 2011 cm_l graduail§ disappeared.
These:are thougot to be due to the.nitrito isomer » " j/ﬁp
which slowly rearranges to give the more stable nitro
isomer (v(CQ) 2064 aﬁd 2019 cm-l). It is noteworthy
thaq when NO gas was bubbled through a CH2C12 solution
of the nitro derivative, the v(CO)_bands associated
"with the nitrito species emerged gradually until an
equilibrium was estabiished. Attempts to isolate
the nitrito isomer freeyof the nitro were not’epcceseful.

The reaction of [WZ(CO)IOJZ_-With numerous silver
salts, AgX, has proved a useful route to many anions
of;the type [W(CO) X]_.'l?‘?’128 This reaction pathway
has been adopted in VII 5 to prepare an anlonlc nitrite
complex, Et4N [W(CO)5N02] .

i h r‘-\
The solution ir spectrum in the v (CO) region measured



in THF is shown in Figure 45. It %% apparent that the:
spectrum is complex ang that there is a doubling of the
number of ban@s expected for C4; symmetry. Indeea,
two setsqunéypibaflyrc4v (2Al + E) bands are discernible.
Spectra meaéured in other solvents also exhibited this-
phehomenon and Figure 46 compafes the high frequency
’bands in THF, CH,Cl,, CH4CN, and DMSO. In solvents
other than THF, the lower portion of the spectrum was
too broad to clearly observe the two sets of bandé.’ In
contrast the solid State spectrum measured in Nujol
exhibited only a single sharp high frequency band at
2063 cmil. Moreover fonly one crystalline form could be
distinguished when crystals défe examined undexr the
microscope; The compound exhibited a sharp melting point.
~ The evidence above sug%ests that the 'complex' ir
spectra are attributable to solution effects. Formation
of contact ion paifs can be immediately dismissed since
theicomplex spectra persist even in a solvent of high

150,151

dielectric constant such as DMSO. Isomerization

(

in solution seems likely and a rapid equilibrium between

o

two isomeric forms, such'as nitro and nitrito_linkége
isomers, is enViéaged. The inéluence of sdiQent on the
ratio of the two high frequency ir bands (ngure~46)
provides good evidence for the existence of an equili-
brium between ﬁwo species.

The ir spectfuh measured as a CsI disc is consisfent

L

. X .
)

206
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Figure 45. Et4N+[W(CO)5N02] in THE.
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with the presence of only the nitro dgroup in the solid

state. The vaS(NOZ) and vs(NOZ) modes assigned at 1295

1

~and 1225 cm’ © (Table XXV) are surprisingly lower than

those of free NOE at 1335 and 1250 cm 1.
The two sets of ir bands in THF (Figure 45) at 2069,.

© 1925 and 1883 cm t

and 2060, 1915 and 1863 cm ! are

tentatively assigned to the nitro and nitrito isomers

of IW(CO)4N02]— respectively. The 6nly.basigvfbr this

assignmen# is that the bands due to the nitro isomer

are higher than those of the nitrito isomer in CSHSFe(CO)2N02.
When the compounds an(CO)lo, Re2(CO)lO and )

Ph3SnRe(CO)5 were treated with AéNOZ, nag reactiqn took

place. )

The decomposition of C Fe(CO)zﬁgf

sHs 5

At slightly above room temperature, solutions of

CSHSFe(CO)2N02 were observed (ir and nmr) td gradually

- <

decompose with the formation of [CSHSFé(CO)2]2'and : N
CSHSFe(CO)(NQ). The latter, a noxious smelling and

air sensitive liquid, was identified by its ir

spectrum (Figure 47?.

In the nmr spectrum measured in CDC13, the C5H5
resonance of CSHSFe(CO)zNO2 at 4.9 1 diminished with time
and peaks at 5.1 1 and 5.2 1 emerged. The latter is due
to [CSHSE‘e(CO)Z]2 as evidenced by Compa;fson with the

spectrum of an authentic sample. The rate of disappearance
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of the resonance due to CSHSFe(CO)aNO2 could be measured
'by integration. A plot of 1ln (area) vs time gave a
stralght line 1ndicat1ng first-order klnetlcs (or
pseudo—flrst order, if solvent molecules are involved).
Runs at four different temperatures (calibrated with
methanol) were performed and values for the rate con-
stant (kobé’ were obtained from the.slope of the

1n (disappearance TCSHS) vs time plets, using a least—.
Squares method. The kobs values are listed together
with the activation parameters (AH? and 2st) in Table
XXVI. The computer progfam ACTIVE, written in-thisl
__Department, was used to evaluate AHY ang ast from the
WPnne-Jones and Eyring equation.

It must be'emphasized that this is not a rigorous
kinetic study and that the data must be treated Qith
caution. Nevertheless, it is an attempt to gain insight
iﬁto'the mechanism of the decomposition procesé. The
felatively high positive AH* and AS* values are consistent
with a dissociative mechanism which presumably 1nvolves

M-CO.and/or M—N02 bond rupture. A competition between

two processes;is envisaged:

k1 :
C_H Fe (CO) (NO) + coO VII-6
/—*b 575 ) 2
C5H5Fe1CO)2NO
. ‘ ;_’kz ' [CSH.SFe (CO)z’lz + N204 VII-7

It is likely that kl and kzlare of the same order of
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TABLE XXVI
RATE CONSTANTS AND ACTIVATION PARAMETERS

. FOR THE DECOMPOSITION REACTION OF CSHSFe(CO)ZNO2

- | 1
Temp. (°C) , kobs (sec ™)
. ) . P 4
30.5 1,47 x 10
-~ 36.8 3.48 x 104
‘ . iy
41.5 8.94 x 10
-3

47.0 " 2.25 x 10
‘ ]

Activation Parametérs: JAH:F \¥3l.76 (+ 1.95) Kcal mole—l

sst  +28.32 (+ 6.25) cal deg ‘mole!



magnitude.
It is noteborthy that the Ru analogue was stable

in solution uUp to a temperature of 80°.

EXPEl .:NTAL . .

v

Preparation of n—cyclopentacieanﬁﬁcarbonyl(nitrosyl)—

molybdenum, w- CcH Mo(CO)Zgg.
To a di;hloromethahe solution cgntaining_
[C5H5
in small amodnté over a period of 4 to 5 days, and the
solution was stirred in the absence of light. The
reactlon mixture was filtered through Celf;e and the
solvent removed in a water aspiration vacuum. The
residue was charged into a sublimer and the orange
product sublimed at room temperature and .01l torr;
.3 g, 30% yield. anal. calcd. for C,H/NOjMo: C, 34.31;
H, 2.06; N, 5.72. Found: C, 34.80; H, 2.30; N, 5.26.
When a larger scale reaction was performed the

[

- yield decreased sﬁbstantiallyf

Preparation of n—cyclopentadienyl(nitro)dicérbonyliron,

-CHgFe (CO) ,NO, |
To a solution of [C5H5Fe(CO)2]2 (1.0 g, 2.8 mmol)
in 30 ml acetonitrile was added excess AgNO2 and the

reaction stirred for .5 hr. The reaction mixture was

Mo(CO)3]2 (1.0 g, 2.0 mmol) excrss AgNOZ was added’

213
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thén filtefed through degassed Celite and the solvent
removed in vacuo. The rgsidue was extracted with ca. °
15 ml dichloromethane.and filtered through an "E"
porosity sinter (to remove finely divided particles

of Ag), giving a yellow-orange solution. n-Pentane was
added d;opwiseAunfil the solution became cloudy; cooiing '
at -78° afforded a brown solid. This sample was gg;
crystalllzed once more affordlng Q3 g (26% yleld) o;\
product. Anal. calcd. for C7H5N04Fe: C, 37.70; H, 2.26;
N, 6.28. Found: C, 36.97; H, .1.96; N, 6.10.

This compound forms yellow crystals when pure which
can be handled briefly in'air but decompose on long
exposurgi TheFCOméound is soluble in organic solvents
such as dlchloromethane, benzene and carbon dlsulphlde
but only sparingly soluble in hydrocarbon solvents. . .
Solutions are stable under nitrogen below room temperature

for long periods. A dichloromethane solution when kept

in air decomposes completely afterofs hr.

Preparation of m-cyclopentadienylcarbonyl(nitrosyl)iron,

1-C.H_ Fe (CO) (NO)

5
A sample of CSHSFE(CO) NO2 was dissolved in chloro-

form and heated to 45° for 20 min. With the reaction

mixture cooled below 0°, the solvent was removed in vacuo.

~

A small amount of a brown liquid was distilled from the

residue to a Schlenk tube kept at -78°. The identity of
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this air-sensitive liquid was inferred from its ir

1

spectrum which showed v (CO) at 1999 cm” - and v(NO) at

1769 cm-l. The compound was typically contaminated

by traces of [CSHSFe(CO)zlzland ferrocene. Because of

difficulty in handling, the compound was not analyzed.

P}eparation of n—qyclopentadiegyl(nitro)dicarbonxl-

ruthenium, "—CSESRu(CO)ZEQZ.r

A solution contaihing-[C5H5Ru(CO)2]2,(l.2 g, 2.7 mmol)

‘and AgNO, (1.5 g, 9.7 mmol) in acetonitrile (50 ml) was stirred
overnight. The solutidﬁ was filtéred through degassed
Celite-and thé solvent.removed in vacuo. The residue

was extr;cted with 60 mlrdichloromethane> filferea and

25 ml n-heptane added. Somefsolvent was removed slowly

on a rotary evaporator (water aspifation)_préciéitating

a brown solid. This was‘recrystallized from dichquo;
methane-heptane to give 1.0 g (69? yield) of product.

Anal. calcd. for C7H5NO4Ru: C, 31.35; H, 1.88; ﬁ, 5.22.

Found: C, 31.71; H,.1.86; N, 4.59. M.P. 130-132,

The compound forms brown-yellow crystals which are
air stable for long periods. Solutions in polar solvents
are air stable for brief periods and stable for long
-periods under nitrogen. A dichloromethane solution

was refluxed for 2 days under nitrogen, without visible

decomposition.

/
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Preparation of tetraethylammonium Eéntacarbonyl(hitro)—
pa

tungsten, Et4N+[W(c0)5§gzl:

The dinuclearlanion (Et4N+)2[W2(CO)lO]2_ was prepared ,
by the method of Hayter,205 with the modification that ‘

the reaction was carried out in a quartz vessel using
. .
an external UV source (Hanovia utility .lamp No.- 616A)

and 4 days of 'irradiation. Anal. célcdf C, 34.33;
H, 4.44; N, 3.08. Found: C, 34.49; H, 4.50; N, 3.15..

Attempts to prepare this anion as the more stable
bis (triphenylphosphine)iminium (PPN) salt206 were un-
successful, affording ins%ead the hydride, PPN+[HW2(CO)10]_.
. .. + 2-
To a solution containing (Et4N )2[W2(CO)10]
(1.0 g, 1.1 mmol) in 40 ml dichloromethane was added

egceSS AgNO2 (.6 g, 3r9pmmol), the mixture then béing

>

stirred for 20 min. To the yellow solution obtained

by filtration through degaésed Celite, 80 ml of ether

- 4 N
was added precipitating a yellow-green solid. The crude

material was redissolved in 20 ml dichloromethane} 5 ml
ether was added and the solution filtered through an

"E" porosity sintered glass funnel. An additional 5.

ml of ether was added and the solution, when cooled to

t

—785, afforded yellow crystals. The recrystallization
procedure was repeated twice yielding .5 g (45% yield)

of product. Anal. calcd. for C13H2QP207W: C, 31.22;

~
~

e : . -
-H, 4.03; N, 5.60. Found: C, 31.66; H, 4.21; N, 6.53.

M.P. 86-89°.
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A conductlvity measurement performed on a 1. 4 x 10 -3 M

nitromethane solutlon gave a’'value of 75.9 ohm 1cmzmole -1

which' did hot change on»standing up to 24 hr.

\A

2) The Forﬁation of,[(CH3CN)3Re(CO)3]+ from the

Oxidation Reaction of [Re4(CO)1613:

' INTRODUCTION

L 24

The structure of the anionic cluster, [Re, (CO)16]

has been shown to con51St of two fused approx1mately

equilateral trlanglee, w1th-the four Re atoms in the

plane, 46. 207 T
‘ [ i ¢ ' . '
S S R

L
.

A Study of this anion was initiated in -anjattempt to

determine the structural changes which may take place

on oxidation.
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RESULTS AND DISCUSSION O
’ .

. + : 2- .,
The reaction of (Bu4N )2[Re4(CO)16] with AgBF4

in acetonitrile resulted in the isolation of a mono-

nuclear cationic species,'[(CHBCN):3Re(CO)3]+BFZ: N
v ' . e
+ 2~ '
(BU4N )2[Re4 (CO)lG] + 6AgBF4 W

L , ’ + -
i 2Bu4NBF4 + 6Ag:+ 4CO + 4[(CH3CN)3Re(CO)3] BF4 VII-8

%ﬁé ir spec?rum in CH2C12, Figure 48, is indicative
of fac stefégchemistry. Ih additioﬁ, the solid state

ir spectrum as a KBr disc éhowed weak bands at 2315

and 2290 cmnl due fo the co-ordinated aéetonitrile
ligands.

The [(CH3CN)3Re(CO)3]+ cation is bath iso-electronic
and iso-steric with (CH3CN)3W(CO)§§ Recently,;Reimann_.
and Singleton208 have developed_aAconvenient route to §§
the.synthesis«of the tris=acetonitrile derivative§ of
both Mn.and_Re from the reaction of M(CO)SBr (M = Mn,
Re) and AgBF4'in refiuxing acetonitrile.

The X-ray crystallographic structure of
[(CH3CN)3Re&CO)3]+BFZ haé beenvdeterm{ngd in this
department by Dr. L. Chan and is shown in Figure 49.
Table XX?II lists the intramolecular bond lengths and
bond angles. . s

A number of étructures containing acetonit{ile

bonded to main group elements have becn determinedzog-Zl%



/™ 219

. {
100
. [
£2 ‘
)
_(_/_) )
= 60
wn
Z
<<
o
'_
40
=
y .
lu : .
Y . -
(o 4N ' _ '
8ﬂ .
20 : -
' | \
RV | . : 1
0 ' : -
2100 2050 2000 1950 © 1900
cnf] '

Figure 48. *BET
_ [(CH3CN)3Re(CO)3] 4 in CH,C1,.



- ‘ 220

and there are no marked changes” in the ligénd geometry.

. . . : » o
Thus the average C:N and C-C distances of 1.14 and 1.46 A

209

[}
are to be compared with 1:13 and 1.44 A in CH3CN--BF3

. |
and 1.10 and 1.44 A in (CH,CN),:Sncl,.21}

. R o
The average Re-CO distance of 1.91 A is comparable

Lt (]
to other mean terminal Re-CO values; for example,‘l.95 A

[« -
212 1 91 A in [Ré4(CO)16]2‘,'207 and -

213

in thsinRezgco)s,

1.85 A in (CgHs) ,Re, (CO) 5.
Thehelectroéhemical oxidation of'[Re4(CO)16]2—

was also investigatéd with.acetonitrile as solvent and

NaClO4 as supporting electrolyte. A current (4.5 v,

D.C.) waé passed, by means of platinum‘électrodes, through

a cell congisting of two compartments which were

separated by é sinter of "Eﬁ porosity. The red solufion

a£ the anode beéame colorless after a few hours and a

cream colored solid was isolated from this‘solution.'

The ir spectrum exhibited v (CO) bands which were identi-

1t .,

cal to those of [(CH3CN§3Re(CO)3 . .Prééumably the

c1o; salt o6f the latter was formed in the eiectrochemical
reaction. o

In summary, the chemiéﬁi and electroghemical
oxidation of [Re4(CO)16]2- under t@e'conditions studied,
resulted in the fragmentaﬁion»of the Re-Re bonds and

formation of an oxidized product with the inclusion of.

solvent molecules.
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Figure 4 9'.:

~ + -
Molecular structure of [(CH3CN)3Re.(\,O)3] BF4.
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INTRAMOLECULAR DISTANCE AND ANGLES FOR [(CH3CN)3Re(CO)3]+BF4

. TABLE XXVII

222

Distance Anéle Degrees P
Re-N(1) 2.13(2) Re-N(1)-C(1). 176.2(15)
Re-N(2) 2.13(2) Re-N(2)~C(2) 173.4(16)
Re-N (3) 2.12(2) ~ Re=N(3)-C(3) 174.5(18)
Re-C (4) 1.93(2) Re-C (4)-0(4) 177.5(20)
Re-C (5) . 1.92(2) Re-C(5)-0(5) 177.8(19)
Re-C (6) 1.87(2) Re-C(6)-0(6) 178.1(20)
. N(1)-C(1)-N(1) 176.5(19)
N(1)-C(1) 1.17(2) N(1)-Re-N(2) 84.8(6)
C(1)-M(1) 1.46(2) N (1)-Re-N(3) 85.0(6)
N(2)-C(2) ©1.13(2) N (1)-Re-C(4) 177.2(8)
C(2)-M(2) 1.50(3) N(1)-Re-C(5) 93.4(7)
N(3)-c(3) 1.13(2)  N(1)-Re-C(6) 93.7(8)
C(3)-M(3) 1.42(3) N(2)-C(2)-M(2) 174.8(22)
C(4)-0(4) 1.13(2) N(2)-Re~N(3) ° 1 81.9(6)
" C(5)-0(5) 1.16(2) N(2)-Re-C (4) 94.8(8)
C(6)-0(6) 1.18(2) N(2)-Re-C(5) 175.4(8)
" N(2)-Re-C (6) 95.2(8)
B-F(1) 1.27(3) N(3)-C(3)-M(3) 178.1(24)
B-F (2) 1.35(3) N(3)-Re-C (4) 92.2(8)
B-F(3) 1.32(3) N(3)-Re-C(5) 93.8(7)
B-F (4) 1.28(3) N(3)-Re-C(6) 176.9(8)
C(4)-Re-C(5) 86.8(9)
C(4)-Re~C (6) 89.0(9)
C(5)-Re-C (6) 89.1(9)
F(1)-B-F (2) 110.1(28)
F(1)-B-F(3) 112,2(23)
F{1)-B-F(4) 105.2(31)
F (2)-B-F(3) 119.4(38)
F (2)-B-F (4) 99.0(3.3)
F(3)-B-F(4) 108.7(27)



EXPERIMENTAL

Preparation of tris(acetonitrile)tricarbonx;:henium—

tetrafluoroborate, [(CH CN) 3Re (CO) J+BF; r

To a 10 ml acetonitrile’ solutLon of (Bu4N )2
[Re4(CO)l6]¢ (.25 g, .15 mmol), AgBF4 (.8 g, 5.1 mmol)
was”aaded and the mixture stirred for 24 hr. The
initial red color™ was lost as the solution became color~-
less with the deposition of Ag metal. The solution was
filtered through Celite and the solvent rgmoved in vacuo.
The brown residue was washed with several portions of
water and then dried by pumping overpight. Two re-~

&£rystallizations from dichlorometha e-heptane afforded

.2 g (58% yield) of pProduct. Ahal ‘calcd. for C9H9N3O3ReBF

C, 22.50; H, 1.89; N, 8.75. Found: C, 22.56;
H, 2.14; 'N, 8.49. M.pP. 171~173°.

The conductivity measurement rerformed on a 3.5 x

10_3 M nitromethane solution gave a value of 104.5

ohm—lcmzmole-l.
The c¢rystals for the X-ray determination were

obtained by slow recfystallization from acetone-ethanol.
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