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ABSTRACT = - I

o

. : ‘-
Carbon 13‘hmr spectra of an extensxve serles of

'M(CO)4(ER ) ang MZco)4(51Me Clnfz;derivatiVes (M= Fe, -

.

3-
RU, Os; E = Sl, Ge, Sn, Pb; R = organlc group,<‘ = 1?3)

have been recorded. These compounds may exist in solutlon'

as Cis, trans, or as a mlxture of c1s and trans 1somers

'13C .nmr spectra have been used to d15t1ngu15h among these R
C—— - _ o
vp0551b111t1es 4

f;' , Spln spln coupllng or" selectlve enrlchment WLth 3CO
in cis derlvatlves led to the a551gnment of the’:l3 Q

.resonance at hlgher fleld as the equatorlal carbonyl groupﬂ

Bre g -

- Most cis 1somers conformed to this generallzatlon although

: ‘ 4 - g‘veﬁ
-exceptlons have been . found for some 1ron COmplexes.
Varlable temperature l3C nmr has demonstrated the

/.
stereochemlcally nonrlgld behav1or of a number of cis

;derlvatlves, wh\th show ax1al equatorlal carbonyl averaglng

o

via the trans 1somer The barrier for thls process is
) G

LOWLSt for iron derlvatlves.y< : ' R -

-

Preservatlon of llgand atom—llgandy;tom and llgand >

atom—metal atom spln spln coupllng in the hlgh temperature}

'11m1t1ng spectrum of a number of11ron derlvatlves establlshed
. ,’,‘ ~ -
the 1ntramolecular nature of the carbonyl rearrangement S T

process. R ‘ . . o \ ot

2 2
CH SlMe H and the

The cHelates M(CO) 51Me2cn2cu SiMe ‘(M = Fe, Rﬁn'and N

Os) were brepared from HSlMeQCH2

2
3

e .
. i o s - e

iV

r
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no ax1al equatérlal carbonyl averaglng.
-, 13

ae nmr of czs*M(CO)
. B . ' ) \ —
(M =

Ml '._,

;Fe,-Ru, Os;

Mn, Re-, X =

H andAI) have proven -
Athe stereochemloally nonrlgld behav1or of cas Fe(CO)

3

and the rlgld behav1or of the rest:

A

these six coordlnate compLexes is presented
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‘A posslble explanatlon for the dynamlc b

o

correspondlng blnary carbonyls.hThese comgounds showed
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\ .‘:; g. Coe ’ ‘.4
CHAPTER I ' S T

. : .~ INTRODUCTION

Transition metal’carbonyl'chemistry began in 1890.with

-

the discovery of nickel tetracarbonYl.l However, a
3 j ;
systematrc_inﬁe%tigatiOn'of mgtal carbonyl derivatives

did~not start uﬁtii much later]. .Perhaps “he "fabulous

2
’

fifties" could be con51dered as, a ‘turning polnt The

avallablllty of 1nfrared nuclear magnetlc resonance and

-

mass spectrometers as well as advances in "X-ray crystallo—

-

grgphy were major factors in the development of transrtlon
metal carbonyl chemlstry. ' o :

| A comprehen91ve guide to the llterature coverlné the
‘years 1950 1970 has appeared.2 It has been estimated that
:over 2500 new papers appear each year in the field of
organotransition metal ohem‘ist'rJy,2 and'an'ungnown but
.certainty substant%al fraction.wouid'inQolve metal |

' carbonyls.

A number of exhaustive reviews on metal carbonyls has

been puhllshed 3-6 however, the task of yrltlng such a

.‘

. b -

‘rev1ew is becomlng increasingly difficult. Annual surveys
and subject reviews are now appearing in such publlcatlonsf

as the "Journal of Organometalllc Chemlstry" and "Advances

) ° E

in Organometalllc Chemlstry.. Complete coverage of the
literature would be beyond the scope of this thesis, and

only: selected tOpios, related to the work presented,here,

will be discussed.
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b} 4 - -

4 .

The follow1ng sections of the Introductlon will deal

“first with the bondlng, stablllty, and structure of

v ©

\ .
transition metal carbonyls, in partlcular those of iron,
~
° " i e
ruthenlum and osmlum, and secondly with the. stereochemlcal
b
. .

nonrlgldlty of these, derlvatlves

e . .
> . : . .
N . - A

. 2

-—
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~

1. Bondlng and Stablllty of Tran51t10n Metal Carbonyl

‘Derlvatlves

° : *

N

Bonding~of the CO. molecule to a tran51t10n metal is \\%aaéé?'
generally con51dered to 1nvolvé two mechanlsms. flrstly, ‘ :
a.% bond is created by - electron donatlon from the*carbonyl

50 orbltal to the unfilled metal orbltals, and secondly,

»

.a .- bond is created by electron donatlon from the filled

]

metal d-orbitals to the- unfllled 2n carbonyl orbltals. - A

'Examlnatlon of . overlap populatlons shoWs that both the K Lo

-

50 and 2n orbitals arefantlbondlng in character.

e i

Electron donatlon from 50 will strengthen the carbon—

.oxygen bond whlle3electron donatlon ,\the 27 w1ll weaken:J
the bond. In other’words, comp ition between ‘the two
~bond1ng processes w1ll determlne.the'Carbon oxygen bond ﬁ -
' ‘strength | Slnce the carbon oxygen bond . strength is

‘related to its stretchlng force -constant, varlatlons.ln.

_force constants should reflect changes ln the metal—

carbon bond. ' : - - A e

b
Other klnds of tran51tlon metal—carbon o bonds, such

as those 1nvolv1ng methyl or phenyl grOups, were formerly

con51dered the 51mplest and thermodynamlcally least stable.8

Howéver,'the synthe31s of” qulte a few alkyl and aryl' ¥ %
derlvatlves of - the tran81t10n metals that contalned | é
~bond1ng.llgands; such as CO, PR 3,'or ns—cyclopentadlenyl . g

led to the bellef that the weak tran51tlon metal to carbon7
to bond was strengthened in these compounds.?

. ‘ ' - . . . .o P



The p01nt has- recently been e*phaglzed however,

©

that the ﬁnstablllty of many metal alky

—

due to the avallaballtyﬁof 3 number of low energy

complexes is

%

degradatlve pathways,10 such as a- ' éSpec1ally -

Y

B- ‘elimination’ of metal hydrlde and’ an olefln, homoly31s,

or & upllng of ‘'ligands at the tran51tlon métal 11

] .
ff It was suggestedlo 12 and. verlfxed by synthe51s,12 13

that alkyl derlvatlves of the tran51tlon metals would be

.9 >
[i4

- stable if one or more of the. follow1ng condltlons were

& L

. met:. ). they are of-the form M-CHZ—XHRn, where.x can

form'singlérﬁonds but no Houble’bondsvto carbon, e.g.,
silicon or a brldgehead carbon*- b) the B- carbon of the

alkyl chain bears atoms or groups that cannot be readlly‘

,:‘
ki

transferred to“the hetal as hydrogen, e. g.ﬁ M- CH2 CF3,

M CH2 CMe3, or c) the coordlnatlon s1tes requlred fora_:

sy

v

€
the decomp051tlon reactlon ‘to occur rare blocked off by
- <

the other llgands attached to the metal This is the
,role currently ascrlbed to w- ac1d type llgands such as.

ot

T co, PR., -OF nsecyclopentadlenyl

3(
For example, methyl derlvatlves of the tran51tlon

'_- metals should be st%yte);ecause they cannot undengo

Y

* According to Bredt's’rule,14 one‘cannot place a double
. bohd at-the bridgehead position. Exceptions to this

rule are known, hqwever..l5 +16 ' Co
q

. » E o ¢y
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alkene ellmlnatlon, and indeed, ‘compounds such as WMe6

have been prepared 17 However,Athe essentlally kinetlc
stablllty of these compounds is underllned by the_
exp1051ons Wthh have occurred when frozen samples of -

WMe ., TaMeS, and ReMe were allowed to warm to room
17,18 R . o |

»

?temperature. Doy
: S A
An 1mpress1ve number of derlvatlves contalnlng bonds

between tran51tlon metals and silicon or heav1er members

)

of that group has,been prepared.19 21 Their stability
’1s frequently greater than that ‘of the carbon analags.
This has been attrlbuted to a greater 51llcon tran51tlon

metal bond strength Wthh could in turn be ascrlbed to‘

a

- metal- silicon- dn -dm bondlng. However chemlcal evidence .

Z}S very recently been brought forward which 1nd1cates,

-

in One’ series of compounds- at least . that Fe-C and Fe Si

bondsg are of comparable strength 22 Clearly, the flrst

crlterlon for klnetlc stablllty mentioned above would

«

. account for the stability of trimethylsilyl-derivatives)
say, in comparison with tertiary butyl.

-

8 :
2. Structure of Iron, Ruthenlum, and Osmlum Carbonyl

"Derlvatlves

= .

Ty
The number of llgands and thelr mode of bondlng in

,organotran51tlon metal complexes may be rationalized by
1nvok1ng the Effectlve Atomlc Number (EAN) Rule, also known

as the "Noble Gas Formalls ‘"23 24 According to this



rule, the number”of valence shell_electrons, which

N
consists of the valence electrons of the metal- and those

- dl

donated by or shared with the llgands, would be 18 *
b .
Ligands such as carbon monox1de_and tertlary phosphlnes

are considered to be two electron donors. - Groups bound
to the metal vza 51ngle covalent bonds, like, hydrOgen,_

&5 ¥
halogens, and alkyl g;oups are ill considered one electron

donors. The nltrosyl group, brldglng halogen atoms or
phosphlne groups donate three electrons to the metal N

<
system.

L4

Structural studies in tran81tlon metal carbonyl
chemlstry have revealed four (although only three w1ll
be discussed here) ways for the attachment of the carbon
monoxide ligand in‘a molecule:25

» a) the terminal atfangement{ the M-C-O unit is -
:essentially linear. | |
b).dodbly bridging arrangement- the M- C(O)—M unit
is essentlally planar and symmetrlcal.‘ That_Lss
»the two. M—C - bonds are equal. )
:c) érosslj'asymmetriclbridges- ‘the M-C (0) M unit is

- ,.planar but the two M- C bonds are of dlfferent

.r

* Whlle this rule holds for the.great majorlty of ,‘ =

organometalllc compounds, 1t is by no means infallible;
and several notable eXCeptlons exist, e.qg., v(Co) ¢,

° IS

(CgH ) Ni.



. length.. When pairé'of carbonyl bridges eccur'
Y within'the”same molecule; they cen'appear either
iﬁ a COmpensatory ﬁashion (i e., the direction of
'4asymmetry of one bridge is opp051te to that of the
other), or in a nonCOmpensatory fashlon. ) .
d) the triply bridging arrangement.

Considerable effort has been put into, and a vast

amount of controversy has arisen from, the determination

of the structurerf the binary carbonyls of iron, ruthenlum

and osmlum
uIron pentacarbenylfethe seeond»metal carbonyl to be

discovered,26 is gne of the most thoroughly investigated.

”waever, it was only in the last decade that the structure .

A

of this compound was solved satisfactoriiy and an

unambiguqus distiﬁction was made h‘ﬁween the two possible

‘geometries, trlgonal blpyramldal (D,,.) and square pyramidal
3h .

(C4§). Thé‘structure in the gas phéée, as established by

.an electron dlffractlon study, is trlgonal bipyramidal,

<

with an Fe -C xial distance of 1.806(5)‘A and an
- 2 27 . T
B ot . st . - o
Fevigzuatorial distance of 1.833.(4) Af . An X-ray |
diffr ctiQn,studQ showed the same type of geometry in the

. - o 28 - . . B .
solid state; ~ however, the accuracy’ of the structure

leaves a great deal to be desired. Infrared spectroscoplc
ev1dence is con51stent w1th a trlgonal blpyramldal structure

in solutlon on the ba51s that two infrared actlve bands are

predlcted for D3h symmetry, and twg were observed. Three

»
S
kA



infrared active bands are prediéted for C4Q symmetry.
The trigonal blpyramldal structure «of Fe(CO) is in

accord w1th the X-~ray diffraction studles of some penta-
29

’

-coordinate carbonyl derlvatlves such as HFe(CO)

Fe(co)4c5n5N 30 Fe (CO) 4C H,N N, 30 Fe (CO) ,PPh_H,>*

Fez(CO)e ,32 Mn(CO)S»,33 and Mn(couNo,34 all of which
showed an"idealized orxslightly distorted triggnal»

bipyramidal arrangement of the ligands The latter of

»

'these cbmpounds, Mn(CO)4NO} lS 1soelectronlc ‘with Fe(CO)
No structural data are available for the ruthenium

and osmium peﬁtacarbonyl derivatives, although infraréd

‘data suggest a triéonal bipyramidal geometry.35

anacarbonyldiiron, e2(CO)9, wass the third metal
carbonyl.to be discovered.36/ Early X-ray diffractioﬁ‘

9

]

- work established the gxistence of three symmetrical

37

o - .

<carbonyl bridges and a metal—metal.bond, as in 1.

. : &
- This was_ the first metal carbonyl whose structure

‘was determlned by X- ray crystallography. The rather short

Fe-Fe bond of 2. 46 A prompted a more accurate determlnatlon

S

-

-



which came exactly 25 years after the original oné\.38
The improved .Fe-Fe distance is 2.523(1) R,' A notable
feature of this structure is the acute angle at the
bridging carbon atom of 77.6(1)°. Thrs is;\so far, the
.louest aﬁéle‘of this type'khown.ut“ “

Thefrpthenium and osmium anélogs of FeZ(CO)g'Were

not prepared uhtil recently.3%. The infrared spectrum of

Os?_(CO)9 lnglcatcs a CZv structure in solution: Y

The molecule. is lsoelectronlc w1th szRe (CO) , the ¢~
<

X- ray structure of which showed a 51mllar geometry w1th a

~.

brldg&mg carbonyl group.éo The enneacarbonyl of ruthenium,

a

Ru2(CO) » has not yet oeen isolated,'but presumably has
the same structure as Os., (CO) '39 ' |
| The structure determinati0u of dodecacarbonYltriiron,
e3(CC)12, was ?y far tpe mostbinteresting and controfersial‘a"
S6f all transitiou metal comg;exes. Although thlS compound

. . 41
was prepared in 1906, its SOlld state structure was'

not unambiguously known untll 196942 due to a severe



10
disorder problem.

-

To a first approximation the molecular qtructure

of Fe.'3(CO)l may be regarded as bexng derived from that

of Fez(CO)9 by reﬁlac1ng one brldglng carbonyl group by
42 -

an Fe(CO)4 fragment

The two bridgihg CO groups‘were suSpected,42 but
not proven, to be asymmetric. However, further refinement
>ef the structure of Fe3(CO)12 has clearly demonstrated
the asymmetric nature of the bridges.43
The solutlon structure of thlS molecule‘ls still
not fully understood but the most recent view is that
the energy of the molecule changes little on passing from

a symmetrically bridged structure (C,. ) via uhsymmetriceliy

2v
bridged»intermediates (C,) to a completely;unbridged
: |

' 25,43,44
form (D3h). )



o 5

. o X . 45,46
The so0lid state structures of Ru (LO) and

4(‘ 47 . . (Bl i
2 arc similar and both show “3h symmetry:

©

$3(C0) ),

~
1 %

Infrafed studies indicate.that Ru3(CO)12 and Os3(CO)

48 ' e

12

adopt the same geometry in solutgon.

£y

~ The most common derivatives of iron, ruthenium, and

s"

ogmlum carbonyls are of the H(CO) type, where X ie a

4 2
formally one-electron d#;or, such as alkyl or aryi group,

C

halogen, hydrogen. Numerous struptural studles of these
derivatives exist.. However, since this thesis is concerned

with derivatives of this type, their structures will be

- . mentioned later.

<

3. Sterebchemical Nonrigidity

The atoms in a molecule execute more-or-less harmonlc

V1bratlons about their equlllbrlum positions. If these

11
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‘molecules or lons in Wthh atom or. llgand permutatlons'

° ‘

‘motions are suff1c1ently large in amplltude as to permute

“ [

~nuclear p051tlons they lead to stere01somerlzatlon

‘ - ! °

The term.- stereochemlcally nonrlgld applles to

'4

occur at. a rate such that they can be detected by some

s

o

phy51cal or’ chemlcal method Fluxronal molecules are a:‘ A

v . k%

subclaSS of étereocheﬁlcally nonrlgld moleculés in whlch

'all the 1nterconvert1ng spec1es are’ chemlcally and

~

structurally equlvalent.’ When the dlfferent conflguratlons

ot . -

are not chemlcally and structurally equlvalent theiPrOCeSSJ

© - I

-2

<o

lS called 1somerlzatlon or tautomerlsm oo s " B o

n

1

-

1somers hav1ng the same coordlnataon number but dlfferent

49 . -
1deal12ed coordlnatlon geometry, " as for exampleu square,w‘

The term polytopal isomers" has been used to descrlbe A

planar and, tetrahedral Therefore,.any permutatlon

whlch does ' not involve. bond breaklng 1mplles polytopal

%gpmers as lntermedlates or tran51tlon states, and is -

° Y
called a polytopal rearrangement 49

2

3.1 'Dynamic Nuclear Magnetid Resonance Spectroscopy -

v

The methgd most often - if’ not exclusively - used

- : o

to study“stereochemically nonrigid molecules is nuclear;

. .
magnetic resOnance.» Processes with free energles of -
A
-1
actlvatlon from 5 to 25 kcal mol are amenable for this.

type of study. By proper choice of temperature, *he

system can be made- to ‘exchange at .a rate slower than,

< . . PR

‘s



v

comparable to, or faster than the time scale of the NME .ep

.inst[:ment The temperature ranges where these three

(/@ossf

IS

ilities occur are called "slow exchange", "inter-.
R . . .

s

mediate exchange", and "fast exchange limit", respectlvelyu

Carbon- 13 nmr has proven to be an 1nvaluable tool o

P

‘in the study of stereochemlcally nonrlgld organometalllc

compounds and in partlcular of metal carbonyl derlvatlves.
13

4 -

A comparlson between C nmr and‘lHﬂnmf would definitelyrn

favour the formerj‘despite:some of its drawbacks.‘ leeb
" the proton,;oa;bon—lB possesses a spin of.1/2, but lts

loﬁ}natutalpabundance (1-1%), a smaller gyromagnetic -
\ ratio; and iong %aluesAOf the relaxation time result in

a very much reduced sen51tLV1ty to nmr detectlon (the

decrease is about 5700~ fold) However, the 13C absorptlon

'exhlblts a posltlve nuclear*Qverhauser effect and a
max1mum enhancement of three-fold can be obtalned by
-decoupllng the protons.50

Undoubtedly,vthevmain advantage of l3c nmr is that

e : 1 - .
shielding constants for 3C nuclei extend over a wide -

yrange (600.ppm) and have been found to be“Very sensitive
.to sllght changes in electrOnlc env1ronment. ThlS is
partlcularly lmportant in the study of stereochemlcally
nonrlgld molecules ,as the coalescence tempetature of

»*resonances 1ncreases w1th the chemlcal Shlft separat;on

between them. Thus, exchange processes with sma%l

13
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o LW

'actlvatlonaenergles *which could not be studled by 1H nmr

<

°

are readily detectable u51ng 13C nmr.
Routlne'lBC nmr spectroscopy has cntll’recently

been hlhdered by 1nstrumental dlfflcultles. However, as

a result of the appllcatlon of the pulse Fourler transform

technlque,Sl‘roLtlne l3C spectra (partlcmlarly of organic

samples) can. be obtalned almost as’ eas1ly as protom

-spectra . However, metal carbonyl samples frequently cannot

.be con51dered routine, and often requlre enrlchment of

the sample.w1th 13CO for satlsfactory results.
Stereochemlcally negnrigid organometalllc derlvatlmes

'have recéived a great deal. of. attentlon over the last years,

and a number of reviews on the subject have appeared.s.2 =57

The last one of. these references is a book entltled”

<

14

"Dynamlc Nuclear Magnetlc‘Resonance An anecdotal
acCount of. the earliest developments in this field is
also avallabl,e.58 Ih addltlon; the i3c nmr of transition
metal carbomyl'derlvatlves has also been reviewed v‘,

_recenhtly.59_61 e . ¢

3.2 Stereochemical Nonrigidity and the Iron, Ruthenium

and Osmium Carbonyl Derivatives

OV

‘-

The stereochemical nonrigidity of the carbonyl
derivatives of iron is unsurpassed and seldom matched by
those of any other’transition metal.

°o . ) e

Q.



,13C nmr has been used, along with other physical

methods, in_atteﬁpts to decide between the two.possible7

'Stereoisomers of Fe(CO)S, trigonal bipyramidal and square
pyramidal. Fof the former structure, one would expect

Y

. 13 . Lo CL '
two dlfferent -C resonances in relatlve 1nten51t1es 2:3,

"while for the latten structure, a- l 4 .ratio of the 13C

.

resonanees is expected.

The l3C Spectrum of,Fe(Co_)5 was”reported_b} not
less' than ten research’groups.62—7l Howeverc the room

- temperature spectrum showed only a snngle resonance."
This resonance remalned sharp down to -63°, 63 llO°,69

-150° (63 MHz) \éﬁnd even —1765 71 it seems to be

generally accepted that thlS lS the result of a rapld

1ntramolecular rearrangement 63 The possibility of an

1ntermolecular exchange or llgand dissociation c¢an be

‘rlgorously excluded since lJ(}BCFS?Fe) was Qbserved in

Fe(co) .57 .

The.chemical shift d#fference betwéen the axial

and equatorial sites in Fe(CO) was calcuiated to be

17 7 1.5 ppm, which corresponds to a minimum exchange
72

a

rate between these sites of 1.1 bl lOlo sec.;l at -20°.
This chemical Shlft separation and the rate of exchange
T in Fe(CO)5 seem exceedindlyfkarge (see Chapter IV of
this thesis].

C 13 . 73
Similarly, the C nmr spectra of Ru(CO)5 ~ . and

Os(CO)S"(Chapter VII) showed only one sharp line dd@n»
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to -120° and ~70°, respectively.

To date, there are only a few five-coordinite
& © " - . . . v
transition»metal.COmpLexesSknown for which the slow exchange

o
3snmrx§pecbrum could be determined. ‘These are complexes
. . . @ 2

g (M = Fe, L = P(OMe) oy ;4 MX,Ly (M. = Ru,
Osﬂ“L = P§h3; X s'Cl, Br75), or ML5 x M = Rh(I),7l’76—78

co(ry, "7t 78 11y, 7770 wiir), 78 pacroy,?® pein), '8

L = phosphite; X~ = BPh,”, bF," 1/26er %7, 1/25iF %7,

PFG‘,,ASF67, SbFsr, Cl ). In alf these'complexes‘thg
'slow exchange spectrum shows an A2B3}or an A2 3X pattern,

thus conflrmlng tHelr trlgonal blpyramldal structure in

of the type ML

solutlon. _Also, detailed 11ne shape analy51s of several

a(1ixy), 78 (II),78 (I), and Rh(I)76 78 compleXes

*a 2

8 .
1nd1cate the Berry rearrangement mechanlsm O as _the most:

.

likely one for these spec1es.
Although the slow exchange nmr spectrum of Fe(CO)
has not been observed (and probably never will ‘be), thls )

was achieved for some of 4ts derlvatlves, such as Fe(CO)

, 82 '
1.8 and Fe(CO)4(dlene),83 85 or the correspondlng

ruthenium analogs 85—87 These compounds could be regarded

(olefln)

as pseudo six- coordlnate and the actlvatlon energles
for their rearrangement are_hlgher than for flve coordlnate-'

species. .

o . - - <
- . - .

The l3C nmr spectrum of the enneacarbonyls;has not
been reportedvyet This is not surprising in view of the -

1nsolub111ty of Fez(CO) in most solvents and the



- a

instaﬁility of the heavier cOngéners. -However, it would Lo *v_”

-

be. xnterestlng to see if scrambylng of carbonyl groﬂps-

Iy
K

. , i ,
occurs in the molecules. }/ : o

o Fon_;bé/ijzégcarbonyls, f%ere are two p0551ble
strUCtures, w1th one or w1th three brldges, which are

equlvalent from the EAN v1ewp01nt-

can

Répeatéd interconversions between these two structures’

woﬁld-affgrd a paﬁhway fot éc%amblingJoﬁ‘CO groups.,v
Similarly, for the trinucledr.species,  the ;plloQIﬁg

structUre§'may be . drawn (three.other terminal carbbnYlé

on each metal are not shown) : T




“ e

° »

’ "Structure 7 occurs in Ru (CO) and Os (CO)
8 was found in drystalllne Fe (CO)12 and -9 was proposed

earlier for Fe3'(CO)12 1n-solutlon.42 ’Scrambling of CO
groups 'may OCcur-via'7“» 8 > Qor 7 +8 interconversions.

The 13C nmr spectrum of Fe; (€CO) between -10 and -
6 9 '

-

50° showed One- sharp resonance indicating a “rapid ' } 4
‘ ,

and‘complete scrambling of all CO‘groups, Later, it was
’proposed43uand_verified44 that the coalescence temperature

3

for the bridgefterminal rearrangement,in this moledule

\issBelow - 150°. ‘This means’that even‘if the maximum

chemica14Shiftwdifference between.bridging and ter@inal“

‘CO's(wereiaaciittle as\%O ppm, the activation energy for
' ‘ -1 44 "

“this process would be lower'than 6. kcal mol ..

Variable temperature l3C nmr studies of Os (CO)

. and Ru (CO)12 showed coalescence fat 70°) of the axial
. and equatorlal resonances for the former spe01es_and a = e

'Slngle resonance for the latter Spec1es from 40° down

"to —50°88 or «100°.89= The ;3C nmr of Ru, (CO)' was:

repOrted by others,60 and two resonances were observed

However,'thls report was questloned and,one of thev‘

resonances was assrgned to'H4Ru (co) 12° 83

ThlS the31s is concerned w1th the 13C ngpr spectra

and stereochemlcal nonrlgldlty of . M(CO) spec1es. In

2

contrast to ‘the five- coordlnate derlvatlves,851x coordlnate

P

.

“spec1es have -not been expected to dlsplay stereochemlcal



o

‘so much more stable thdan any other polytopal isomer.

nonrlgldlty, and such behav1our was, found only in spec1al

cases. “This is" because the. octahedron. is thought to be

53

lH nmr studles of Os(CO) (SlMe3)2 .carried out'ln

this laboratory 1nd1cated the. stereochemlcal nonrlgld

‘character~of this derivative.?o The work in this thesisf

was undertaken to apply the powerful technique of ;3C

nmr to compounds of thlS type. ‘The follow1ng‘four

P

chapters°w1ll deal with M_(CO)4(ER3)2 derivatived

(M = Fe, Ru, Os; E = Si, Ge, Sn, Pb; E = organic group,

13

"halogen), and  their C. chemical shifts, 13C doupiing

" constants, stereochemical nonrigidity and structure.

In the last two chapters, the 13C,nm‘r spectra?ofﬂ

M(LO) SlMeZQHZCHZSLMe2 and M(CO)4X2 derlvatlves (M = Fe,

19

'R_,-Os;'x = H, I) w1ll be conSLdered

L



CHAPTER II

CARBON-13 NMR STUDIES OF SIX~-COORDINATE .

IRON, RUTHENIUM, AND OSMIUM CARBONYL

- B DERIVATIVES WITH GROUP IV ELEMENTS.

CARBON 13 CHEMICAL SHIFTS.

1.” Introduction
’ i
wh The first 13C nmr spectrum of an 1norgan1c compound

o

was obtained in 1958, 62 only one year after the flrst
~ natural abundance 13C spectrum.was reported.91 This was

the spectrum of Fe (CO) ‘which even to this date is not

57

S’
undefstood»with certainty.

Of all tran51tlon metal carbonyl derlvatlves thgse

contalnlng iron are among the most w1dely studled

Ruthenium and especially osmlum derlvatlves have been '.'

~

‘much less studied. Prior to the date when results from

B‘Chapter VI of thlS thesis were publlshed 92 there had_

?q

been only two reports on the.13C nmr of an osmium carbonyl

‘derlvatlve.93 94, _ : - v ) o i
. ey 13 s . ;

_Some of the C.nmr studies of lron, ruthenlum and

- %

‘osmlum carbonyl derlvatlves were rev1ewed in the

Introduction. The rest of the papers, almost 100 now,

are not pertlnent to thlS thesis and are not mentioned
here. ' e e

Recent reports from this laboratory have described

" the remarkable stereospec1flc carbon monox1de exchange

-

20



\ghat takes place in c?s—Ru(CO)4(SiCi3)295 and the stereo-

chemical ngnrigid character of Os(CC) (SlMe3)2,90 for

which cis and trans isomers lnterconvert rapldly in & . ‘'

. .. 1
nondlssoc1at1ve process. wIt was ant1c1pated that 3

‘nmr spectroscopy would play a key role in the continuation.
of these studles.
In this,chapter, the‘}3C nmr chemical shifts of an .

" extensive series. of M(CO)4(ER3)2 type derivatives will"

be discussed (M = Fe, Ru, Os; E = Si, Ge, Sn, 'Pb; R = Me,

Et, n-P¥, n-Bu, Ph*, and c1) 96-98
2. vResuits'and Discussion
Compounds of . the type M (CO) (ER3)2 or
M(CO) (SlMe§ Cl ) vmay exist in solution as pure cis,_

“pure ‘trans, or as a. mlxture of- observable amounts of cis

_and trans isomers (which may or may not be 'in rapld
equlllbrlum at a glven temperature) 911 these'
opOSSlbllltleS have been observed among the compounds
1nvest1gated here. ‘ ~ 7
o >Infrared spectroscopy.has commonlyvheen;used to
dlstlngu1sh among the poss1b111t1es, on the basls that

a single carbonyl stretchlng band is expected for a trans

* Throughout this the51s, the methyl ethyl propyl ‘butyl,

acetyl,,and ohenyl group are abbrev1ated as Me, Et, Pr,

Bu, Ac, and Ph respectlveky.
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99

isomer, and four for the cis’. However, lnfrared

spectrOSCOpy w1ll not rellably detect a q1s trans

mlxture because the single carbOnyl band of the trans
1somer is often coincident with one of the four cis

bands (see page 112 where the 1nterest1ng case of

@

Fe (CO) (SlCl3)2 is dlSCUSSed). A further problem arises .

in molecules .such as M (CO) (SlMe3 Cl ) (n= 1, 2)'whére

extra bands result from varlous conformatlons “of the
unsymmetrlcal llgands.;oo ,
Proton nmr spectroscopy may in certain cases-reveal,
the ‘Presence of two isomers, but even sonit is denerally
ot possible to assign the SLgnals to the indi?idual
isomers'without other evidence. On the other hand,»l3c
nmr is broadly applicable to M(CO{4(ER3{2 and related

K conmplexes. Two ~7C resohances of equal intensity are

expected in the metal carbonyl region fér a cis isomer,

whereas a single .resonande is expected for the trans

isomer: "- | D e
o .
. ¢ ER3
,f\\\M“?(//» : : : : \\\\ ////
o ’ \ER~3 - | oc/l \co
c. - | ER;

cis : : . '~ trans



~

As an illustration, Figure 1 shows the }3C nmr

ar

spectra of ciu—"end trans-0s (CO) (SiMeClZ)Z. The Si-Me
resonances are at hlgh field, close to 20 ppm, and the
Cco resonanees lie at’ loy field, around 170 ppm.
'Asngnment of peaks in cis-trans mixtures can
normélly be made on an intensity basis; ambiguities
. which might result if the intensities of the three 13co
resonances were very 51m11ar (i.e., @ cis : trans ratio
near 2 in the mlxture) could - be resolved by examining
“the spectrum over a range of temperatures at different

-

equilibrium ratios. - -

23°
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2.1 Assignment of Axial and Fquatorial Resonances

o

From the proton-coupled ]3C nmr spectrum of

i

cis- (CO)4 27 it was possible to dssign unambiguously

the resonance at lower field (A_X pattern) to the axial

2
carbonyl qroup; and the resgnance at hlqhor field (AA X)
to the equatorial carbonyl92 (see also page 140).
Evidence is now pregented that the same assignment also
holds for many of the cis—M(CO)4(ER3)20derivékives
discussed in this Chapter. It may hold for most, if

not all of the ruthenium and osmium derivatives, although

there are exceptions for some iron analogs.

When the element E has a significant proportion
of an isotope of spin 1/2, coupling is observed between
this element and the carbonyl®carbons. ° The equatorlal

carbon is expected to show two dlfferent coupllngs, ‘one
due to the E atom trans to it, the other to the mutually
cis E atom. The axial carbonyl carbonlis expected to
show a single coupling, with ggtellites of twice the
intensity of those centered around the .equatorial
resonance. ‘ » _

 This possibility exists for tin (*17gn, 7.63;
11QSn, 8.6%) and iead'(207Pb, 22.6%) derivatives and it
has been observed in this work. It is illustrated in .
Figute 2 for cfs—Os(CO)4(PbMe3)2, in Jhich the equatorial
cafbonyl resonance, flanked by .two satellite pairs, lies

el
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-e ’ .

~j’at’higher‘field, The coupling constants will be

'1owest fleld is aSSLgned to the trans 1somer, the two

exehahge with 13 GO in a completely stereospec1f1c way.’~

}discﬁssed more fully in Ghapter II73,.
In Figure 3 the'lgc-nmr spectrum (carbonyl portlon)
of an equilibrium mixture of ec{s- and trans- Os(CO) (SnMe )

372
is shown. 6The sample 1s enrlched in l3CO. The peak at

resonances of equal intensity,’ at high fleld be10ng to

‘the cis, 1sOmer. The peak at highest field, ‘with two.

ial gthps of the

satellite pairs, is due to the equati

cis ijisomer. -

L]

" A gquite different method leads to a similar

assignment in the case of cis—Ru(CO)4(SiCI3)2.> It has

&

been shown by a detailed infrared analysisithat the

equaterialkcarbonyl groups'bf this molecule undergo

. 94 .
13 ’

Figure 4 compares the C nmr spectrum of the molecule at

natural abundance w1th that of the equatorlally l3CO

enrlched specles The natural abundance spectrum shows

two 13CO resonances of eéual'intenSity,~as expected; the

equatorially enriched compound shows a single peak at

the higher field resonance of the uppef“speetrum,

- thereby confirming the assignment. It should also be

13

pointed out ‘that the C.nmr- experiment provides a

%trlklng conflrmatlon of the stereospec1f1c1ty of the

exchange.94
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B . . s ©

In summarlzlng our flndlngs to date on the ;BC

chemlcal shlfts ‘of ax1al and equatorlal carbonyls ‘in

< <
<

czs—M(COL (ER ) orlcis—M(CO) X2* (X represents a formal

one—electron donor to the zerovalent metal), we may state
that the C resonance of the carbdnyl trans to the one-
electron donor.Zzgqnd s at higher. field.97 This

o

. . B . ' »
assigrment applles.also to a number cf pentacarbonyl-

manganese .and pentacarbonylrhenlum compounds which have
been 1nvest1gated60 »101,102 (see also Chapter VII), and
differs from that in complexes of the type cis- M(CO) L,.
where L is an, electron ~pair donor llgand 61 |

This rule, ho&ever, is by no means 1nfalllble, -and

3

exceptions to it are known. These are compounds of the
97 98

type cis-Fe(Cb) (SnR ) where R é Me, Et, Pr, BU.

3727

In all these cases, the 13C resonance dpe to the eguatorial

carbonyl groups 1s at. lower fleld than the resonance’
correspondlng to the axial carbonyls. For example,
Flgure 5 shows the low temperature llmltlng spectrum of
cts- Fe(CO) (SnBu ) At room temperature, the 13 C nmr

spectrum of this compound shows only Oone ‘carbonyl

-

resonance. This aspect will be fully discussed in.

Chapter IV.

o . - . .
* These derivatives will be discussed in detail in_

Chapter VII.

30 .
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3
e

By contrast, cis- Fe(CO) (SnPh )y (Flgure 6) and’
cis:Fe(CO) (SnCl )y obey" the above rule.‘,The,reversal
of the'carbonyl resonances in cis~Fe(CO).kSnR )
derlvatlves may be the consequence of a.severe dlstortlon‘
from octahedral geometry This p01nt w1ll be discussed
further in Chapter V, when the structure of these complexes,
as derlved from X-ray crystallography, will be con81dered‘

Because of these exceptlons, a551gnment of 13 O .

)

resonances 1n other cis— Fe(CO) (ER ) compounds,»where
element E does not have (or has only a small percentage
of) an isotope . of spin 1/2, must be regarded~as uncertain.
No exceptlons to this rule have been found\or reported
'for the ruthenlum or osmium derlvatlves

Oveg the "last: f1ve years, several attempts to A: .

1
correlate 3C chemical ShlftS w1th Cotton- Kralhanzel

='forcenconstantslo-3 have been made,GO'lOl 104’114 nd it ¢
{ 4 .

was argued that the- most shlelded carbonyl of the

‘molécule has the largest force constant 104 ,This

Aa;gument seems surprising since & highergforce constant'
is considered to'imply a more positive character for the

carbonyl carbon atom.115

In‘compleXes of® the type cis—M(CO)4L2 or M(CO)SL
theycarbonyl stretching force constant of the group trans

XES

to i(k ) is always lower than thatt of the group cis to

L(k )--lo3 Thus, accordlng to- this argument,104 the CO-

trans to L should always be” less shielded than the cis

- Co, 1rrespectlve of whether L 1s a one— or a two electron ;v

32
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dpnor.‘_ This, of course, is contradicted by the findings
of- this chapter,. ’ ¢
2’

unamblguous a551gnment was p0551ble, the two. force

-For example, in cis~Ru(CO) (SlCl ) where

constants, as obtalned by an energy factored force- field

calculatlon and employlng 13CO substltutlon, -are almost
: 94 :

equal (k = 17;96;‘keq‘= 17-91), " yet the axial and

ax
equatorial 3CO resonances are. separated-by 3.83 ppm.
H v — N .

. . . ‘ h . X ‘ s .
‘Al of this suggests that using force constants in

- .S 13 ' . Doy I o
assigning CO resonances is of limited utility in these

systems.

2.2 Carbon-13 Chemical Shifts . o

Values of chemical shifts measured for cis deriva-~
tives arelpresented‘ih TablétI and IILvand‘those for the .
trans derivatives“in Table IIT. In several cases,

o . <

chemlcal shlft values for the two 1somers were obtalnablev
only from low: temOerature spectra,_and thlS aspect w1ll
" be fully dlscussed in Chapter IV.‘ Here,fthe trends in

“fchemlcal ShlftSL whlqh are apparent from  Table I-III,

<3

will be.disoussed. Also, the 136 .chemical shifts of the.

tpafént-stannanes (Table Ly) wlll be compared w1th the

<

‘values found in’ thelr tran51tlon metal complexes.
B . 3
Y G

34
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Table IIT

C Chemical Shifts in ﬁrans—M(CO)quR3)2 Derivatives®?

Compound - CO Me % Trans Temp °K
. N P : ‘ 3 :
Fe (CO) 4 (SiMeCl,), " . 203.59 18.78 8 253
Fe (CO) , (Sicl,) 199.49 ... 219 308P
. 199.12 - 19d 303
Ru(CO) , (SiMeCl,), - 19114 18.94 12€ 305
. : e . e b
Ru (CO) 4 (SicCl,) 187.03 ... ... 293
Os(CO)'(SlMe3)2 186.17 8.04 63° . 303
0s (CO) 4 (SiMe,Cl), "179.53 . 13.38 60° . 303
0s (CO) , (SiMeCl ), 174.36 19.26 LS 303P
0s (CO) , (Sicl.) 170. 31' ... LB 303P
4 342 ; N . .
0s (CO) , (GeMey), 184.99 6.21 20° : 293
:0s(CO), (SnMe,), . 185.47 ' -6.75 234 303
. 1 185.50 -6.78 20d 293b

Sblvent is toluene- d8
% trans refers to mole- percent of that

Shifts in ppm downfield from TMS.
‘except as noted.

,isomer present in solutlon at tlme of- measurement.

CD2C12 solvent.

Estimated from 1ntegrated areas of methyl resonances in-

3C spectrum.

 Estimated from 1ntegrated areas of carbonyl resonances in

13

C spectrum.

Measurements on pure trans isomer -after separatlon from
cis; rate of. 1somer12atlon negllglble at temperature of
measurement.

a

Pure trans isomer; cis isomer unknown.
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Table 1V

1 . . . .
3C Chemical Shifts in R3EX Derivatives®

Compound “C—l Cc-2 Cc-3 - C~-4 N
P © S e e e e e e e e et et e e 7
Me3SnClb ~0.70 - - -
Me3SnClC 0.0 o =" - -
Me3SnCld -0.7 - - -
Et SnC1® 9.3 9.9 ° - -
PrSncl 20.66 19.58 18.45 -
Bu_SnCl , 17.7563{ 28.16 27.08 13.70
Ph_SnCl 137.67  136.38  129.44  130.79
§!§35nc1° | 137.5 136.1 . 129.2 . 130.5
”giganCl ‘ 20.55

M
.s‘h

é Chemical shifts in ppm downfield from TMS: The cawbon '
attached to E is taken as number one. Solvent dss 2C12.
Temperature is 303°K except as noted. . 9 :

- b Temperature is 300°K. ' o ' )
< o O

¢ Value taken from T. N. Mitchell, J. Organometal. Chem.,.
29, 189 (1973). Solvent is CDCl3.

d

Value taken from G. Singh, J. Organometal. Chem.)egg,
251 (1975). sSolvent is CDC13. ‘
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% 13 ’
The range of CO shlfts is 209- 195 ppm for iron,

199~ 183 for rutheqlum, and 181 167 ppm for osmlum
2 \
derlvatlves. Thls\upfleld eylft on descendlng the group

ﬁ ‘ _
'1s typlcal of metal carbonyl deﬁlvaegves,so and was also

observed for the ‘clo ely related chelate complexes‘

o

92
M(CO)4(M8 SlCH2CH25fM€2) (Chapter Vi)..
. In the cis~M(CO)4(EMe3) derlvatlves, keeping the

EMe llgand constant, the difference Lrtween axial and -

1 . L )
equatorlal 3CO__shlfts }nCrSJSeS as th central atom ~

. \
changes from Fe to Ru to\o= {(1able I). - <he other hand,_

holding M constant, the ax al- eguatox'al sec aratlon_

decreases as E is varled fro Si to Pb. 1I- the~ser;est_
;czs—M(CO)4(SlMe3_ann)2,'%or a given M,laxial~eguatorial
‘separation decreases withﬁan‘increase in n. 'As;n-is |
increased monotonicallv erm 0 to 3 the remalnlng methyl

carbon resonance undergoes a regular downfield shlft

of about 3 ppm, whlle the ax;al -and equatorlal carbonyl

'resonances undergo a regular upfleld shlftn of about 3 ppm.-
It is of 1nterest to observe that among the cis -

derivatlves of Table ‘, a change ‘in the non~carbonyl

1
>

llgand often causes. greater change in the Shlft of the
. Y
ax1al carbonyl than' in ‘that of the equatorlal carbonyl

a

In the cis- FéQCO)4(&nR3) derlvatlves (Table I11I),”

there is practlcally no varlatlon in the carbonyl chemical

)-.t i
‘shifts as R is changed from Me to Bu.. A small upfleld
Shlft 1s observed for aﬁ% czs~Fe(CO)4(SnPh ) derivative.

{

!

~

ot .

- 40
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'The carbon atoms of/{he organic substituent show much
larger variation;’ Assxgnment of these resonances was

]

.carrled out uSLng the off -resonance decoupllng technlque_
and comparlson of the carbon tln coupllng constants 1n
o these compounds with those of the parent halostannanes

Comparlng the chemical shlfts of the parent stannanes

w;th those in the iron complexes, an upfleld shift of
.
about 3 ppm for c-1 is observed upon compIexation - Other

carbons of R.show a. downfleld Shlft of about 2 ppm for ’
C+2 and 1 ppm- for C-3 and C-4.-. - )

.Table;III lists the percent of trans isomer present-
.as nmr measurements'were made. These values‘are
approx1mate only, having been obtalned by. 1ntegratlon of
ithe 13 C nmr spectra g They do not necessarlly represent
hequlllbrlum values at the temperature in questlon Those
compounds ‘of Table I or Table I1 for Wthh no- referenoe

‘ is made to a transblsomer in Table III can be assumed to‘
_be completely ClS, w1th1n th; llmltS of detectlon of 13
nmr, Ubder the COndlthDS stated, .

“The 13CO resonance of the trans isomer is usually

[

»at lower fleld than the ax1al 13CO resonance of the c1s 7
'1somer (as shown in Flgure 1 and 3). LThe compounds .

_:Fe(CO) (SlClB)2 and Ru(CO) (SlC13)2 are exceptlons, “in

o 3 ' \
whlch the‘; Co~resonance '6f the trans isomer is at-: slightly

higher field’than the axial cis\resonancé.' _ ﬁv
' SRR o » & .

. Lo - . < . . .
- . J ) ) e ) , .
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~electron1c ground state and Othhe screenlng due to the

'Accordlng to Pople's LCAG- MO theory of dlamagnetlsm 17, 118 RIS

<

o ) - . Lo °

13

C NMR Chemical Shlfts gE L.

‘Carbon Atoms Dlrecgly Bound‘to Tran31tlon Metals.,

2.3 "Integ@tetﬁtion" of

—~. ~
'R L ' "'f . ¢
. . . ) . - A . E L s - .G . ‘Q . = . o Q h‘
2.3.1  The state of the Art ° i " o T
. R . R e ' : e ¢ E
A Cos - . ’ o : i ! < v o o

Although a great deal: of - lnterest has béén devoted .
< o < o a o

to the 1nterpretatlon and calculatlbn of l%c chemlcal Lo .

° L3

ShlftS, the end result’ was malﬁly coytroversy ’ T%
0 o s 8% ) o
;;' ,Tradltlonally, equatlons for® calculatloﬁ of lBC" o L

a 5 o

fchemlcal shlfts (or total scree@ing, o) contaln two terms‘o‘

a &l

denoted "diamagnetlc and “paremagnétlo coﬂf%xbutlons P

.‘ B . . s v 3 2 B a B ©
- = o . . . o 0 . ; . .
2 ‘Od T % e s ce L e

© e P S0

Whefe'od reflects the' screenlng due to electrons ln the

) o ",

- 4 o a
o oox O o o

m1x1ng of ground and exc1ted states under the 1nfluence

o

< o,v-

of the magnetlc fleld. Thls is afn artlfic1al diStlnCGlOnol

technigue used, ‘ _ I N : {~ j“ Lt
Usually, 1f not\generally, the’dlamagnetlc cohtrlbu— /

is qumckly dlsmlssed from the dlscuss10n of the

S

tion," Od’

ES

' ochanges in screenLng because varlatlons in. 1t are small S

.
The domlnatlng factor governlng 13C chemical shlfts

B PO N . ¢

changes in hydrocarbons is- the paramagnetlc term.:f

N -

=~ o
<

the paramagnetlc term is glyen by g
Qp - O% < rzg .>’ QAA +(, Z QAB i . : p R o 'O . "
. o 2mTe (AE)T . T fF e B#A S -

=Y

o
o

it

R
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v

where AE i's the average exc1tatlon enerqgy, ¥ is the radlus
" of the carbon 2p- orbltals, and the Q- terms contain elements

of the charge denslty and bond order matrlx. oL
Calculatlons of 13C chemlcal shlfts based on Pople's
3>_ - formallsm have met some ‘syccess in that theéy reproduced’°
. 0 " o o

“the main ieatures of the experlmental data, but due to-the

Q
o ) ie)

approx1mate nature of thls theory, the accuracy was rather

‘\myoor (e.gu, errors of about 50% were observed for aromatic

'hYdrocarbons).Sg s . B

° o . - . 5 a
R & ’ : O,
. ; c chemlcal shlfts of the: carbonyl group’ in organlc
.Jcompounds of the type —g‘ were found to- correlate

_°w1th the CO n—bond polarity:l19 ThlS was exolalned u51ng

o

the*above formula; Electron w1thdraw1ng spbstltuents

decrease the m- bond polarlty, thus 1n,
'“résult in upfleld shlfts : However[;these correlations
became linear after.certain»?correctlonsﬁ;were:applied to

carbonyl'shieldings: The experimental data show n0asimple

correlatlon of shleldlng with polarlty parameters of X. e
. and Y 59 . o o ) o o

. . B
o a2 N °

Nevertheless, the above treatment<was applled to metal

i

'carbonyls, and 1t appeared that carbonyl ‘carbons are

. - deshielded as the metal+carbonyl bacdeonation

(S . , °
. o B

increases.Gofloghllg This theory’received‘some theoretical

support.l>20 An 1ncreaSe in the metal»carbonyl A back-
1
donatlon leads to a decrease 1n the energy of the lowest

: 121 , .
electronlc exc1ted state. ',Thls produces a decrease in

2 ¢ B . 3

S .

43
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. AE, and therefore causes a deshleldlng of the carbonyl
resonance. A |
‘A linear relationship_ has oeen found betWeenlthe>,
Cotton f Kraihanzel (CK) force constants (k) and the ]
50 and 2m. carbonyl occupancies, which for the series
M(CO)G—an,(M = Cr,;MnicFe; X = Cl; Br; n = lﬁ 2)|has
R} | | | . oo

the form

-

k = -9.50 (50) - 11.73 (2)_+. 35.81

Many have tried to correlate CK force constants with Qw
© 1 _
: occupanc1es alone, or w1th 3C chemlcal shifts ‘(page. 32),._

Aﬂthongh in~nnumerous cases llnear plots of CK force.‘

a
constants versus 13C chemlcal ShlftS were obtalned for

very closely related compounds, the correlatlon broke

~down when extendéd to ligands with different bondiné o
characterlstlcs or to- complexes hav1ng a dlfferent tran81—\‘

tlon metal. 85, 101 107, 109 113 ~For example, a plot of

CK force constants versus the 13CO chemlcal shlft of .
‘Re (CO) X derivatives (x = Me, Ac, Ph, PhCO, Br, SlCl3,
SiMe3, GeMe3,‘SnMe3 and PbMe } showed a llnear correlatlon

for the radlal carbonyls but no correlatlon for the ax1al

carbonyls. 101 When X was replaced by a two—electron donor,

- o

ln [Re(CO) NCMe][PF ], the radlal carbonyl correlatlon
_broke.down. Also, although the CK force constants for
Cr(COlG, MokCOlG,,and WQCO)é are practically identical
within‘eXperimental error (l6.49, 1é.§2 and 16,41 md&n/
° . °103 ~ .

A ), . their’l3CO chemical shifts are very much different,

.
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212-5, 202.0, and 192. 1 ppm,log respectlvely. Correlations
I :
of this type - and thelr utlklty is questlonable

Changes 1n the diamagnetic term, as glven by

Lamb's formula,lzz.- o
;2 )
e °© -1
o3 = 7~ L <ED .
. 3mc 1,
'o.[‘ ’ . .' © ';7‘

1 ,
where <rl«> is the mean 1nverse dlstance of electron i from

the nucleus and the summatlon is over all electrons on the

gnucleusrof interedt, ‘accounted for about one -twentieth of

‘the total 13C shift changes in hydrocarbons. 53. -

However, in the calculatlon of chemical shifts of

. ow

carbons bound to a ‘transition metal the dlamagnetlc term,

od,'as glven by Flygare and Goodlsman S formula,l_23

o %k)r = g, {(free atom) !+ —% &

d L d L by

’ ' L 3mC & a
becoﬁes very significant. Here Z, is the atomic number

- of the « nucleus, and-ra ié'the‘distanbe from the kth

.nucleus to the ath nucieus’ ﬁ

Estlmates of the second term in the above expr9551on‘

ﬁafforded vaiues of 120, 190, and 340 ppm for a oarbon
' - , o 124
bound to iron,, ruthenium, and osmlum;_respectlve;y. .

.These values w1ll vary between complexes._l24 Appﬁication

-

of Flygare and Goodisman's formula to Cr(CO) Mo(CO)ﬁ,

6’ ,
and W(CO)6 yields values of 625, 700 and 845 ppm for the

’ towal dlamagnetlc shleldlng in these complexes 125

-
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“explanatlons are unllkely to be valid.

“‘recelved some support.

. 'theory  is warranted

M‘Therefore} treatments of;thektotal screening in
transltlon metal carbonyls ‘in terms of the paramagnetlc .
contrlbutlon alone are almost certalnly 1nadequate.' Inb
the~coord1natlon sphere of a tran51tlon metal 51mple

124

More elaborate methods, based on ab znttzo molecular

orbltal calculatlons of chemical shifts, are now avail-
able.l?é Thelr accuracy is' better (the mean standard |
dev1atlon lS approx1mately 5 ppm),'but Stlll not good
enough to. reflect subtle changes in molecular structure

- Nonetheless,bthern back—bondlng theory of_chemlcal
shirts in metal carbonyls has its‘value'as.a qualitativeh .

means of explaining l3C’ chemical shifts, aqd lately has
- 85,125 ‘
! .For lack of anything: better,

this theory should not be abandoned but its llmltatlons

should be reallzed. Rerhaps at thlS stage some pe551mlsm

o

abQut the present state of the art of the 13C shleldlng

e
“ 2

-~

2.3.2 "Interpretatlon“ of 13C'NMR Chémical Shifts in

)

.

M(CO)4(ER3L2 Derivatives..

Py

Désplte the: fore901ng llmltatlons, the T back b

in Tablr 1 "IIX. .
Or. ample is the”observation that the l3CO chemlcal

-

.shift of he equhtorlal carbonyls in cis- Os(CO) (SlMe3)2-

is at l72 58 ppm, whlle the shift of the ax1al.

-
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- carbonyl in the relateovmoleoule RekCO)SSiMe3£is 182.9 ppm.
In the former,-theroxidation state of osmium'is 2, while
for rhenium it is i.‘:It is well established that T back-
'bondinquecreases along an isoeiectronic series such as

- T+ : _
Cr(CO)SBr.,uMn(CO)SBr, and Fe(CO)SBr as the oxidation

state of the metal increases.7» Thus it is reasonable to

suppose that there is less 7 back-bending in Os(CO) (SiMej)z

than in. Re(CO) SlMe3 [=1e] the carbqnyl groups 1n the .

rhenium derlvatlve are expected to resonate at loweér field
.than in the osmium derLVatlve. A 51m11ar trend is observed

in other palrs of related rhenlum and osmlum derlvatlves,

~as well as-in related manganese and 1ron compounds (see

* . »

-Table XZYI).

2

A second trend capable of‘rationalization byhthe ™
backfbonding theory is ‘observed in the series M(CO)
(SiMe3 Cl') It is reasonable to expect that back—"
bondlng to the carbonyls w1ll decrease as. the electro-

negatlvlty of the group IV llgand 1ncreases, that is to
.sa; ag n 1ncreases, this is also borne out by the 1ncreased
icarbonyl stretchlng frequen01es as n 1ncreases.l-0 It is-
Qbserved th;ththe carbonyl carbons become more shieideﬁ

‘#AS| n inoreases. | |

HOWever, this theory does not account for, the hlgher
field posltlon of the carbonyl carbon trans to the

one —electron donor in czs“M(CO)4(ER3)2 and M*(CO) 3

complexes; 1ndeed<x1n terms of the conventlonal view of

47



'relative amounts of w back-—bonding,‘lo3 the predlctlon

would be the reverse of the observed order.

v

3. Experimental Section ©

-
©

3.1 Nmr Instrumentation and Techniques.

Spectra were recorded in the pulse Fourier transform
mode of operation on a Bruker HFX—9O ~ Nicolet 1085, or a
modifieddVarian HA-100 spectrometer interfac¢ed to a
Digilab FTS/NMR 3 Data System and pulse unit. The
Jnstruments operated at 22 6 and 25 1 MHz respectlvely

The Bruker lnstrumenty with which the ' majority of
Vthe spectra‘were obtained, was equipped'with a single coil;
a pulse width of 6-8 usec (90° pulse = 27 usec) was used
w1th a dwell time of lOO usec and an acqulsltlon time of
0.8 sec. Spectra were recorded u51ng oroton broad- band
tdecoupllng .conditions. The number of scans was usually
. one thousand (1K) . However, in the cases where exchange
was observed or in order to determlne coupllng constantsn

P

as many as 8- or lZK pulses were taken. The number of
datavaLnts (channels) was 8K and the sweep wldth was
5000 -Hz. Thls afforded a dlgltal resolutlon of O 06 ppm
‘or l 25 Hz. |

The temperature unlt of the 1nstrument was callbrated

'w1th a thermocouple held coax1ally in, the splnnlngLsample

- oW
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v

tube partially filled with solvent. The temper&ture was
controlled by means of a thermocouple situated just

beneath the sample.

-

8

for the‘less‘soluble compounds, CD2C12.- Tetramethylsilane

(TMS) was employed as an internal standard or, where this

- 3

- was not possible, the peaks were referenced to the

The nmr solvent and lock was either toluene-d or,

quéternafy carboﬁ Qf toluene—d8 and éopverted to the TMS
-scale by taking the chemicai shift of this iatter‘peak AS
137.46 ppm. Chemical shifts downfield from TMS are taken
aé'positivé. - ; :¥§§

’ Aéprgximately 2ml of a 0.7 - 1.0 M solution
cdngaiheﬁ;in a 10 mm (o:d:) nmr tube was used té_obﬁain
the 13C nmr spectrum Qf.the.compound,in duestion. For the
‘less soiublé cqmpounds, alrelaxatibnAagent,68 tris(aqetyl;
acetonato)chrqmium(III) (;pproximatelyflo mg) was empléyedf
né relaxation reageht was used in lqw temperé;uré
,experiment§.127 In one experiment the l3C nmr spectrum
of Qs(C024(Siye3)2 was‘fecorded'w;tﬂand without Cr(acac)3;
nb'differenc§s in the' chemical shifts of the resonances "
were noted. The nmr tubes containingg the particularly -

: air—sensitiveyqompounds“Fe(CO)4(GeMe3)2_and Ru(CO)4(SiMe3)2

s ]

were sealed under- vacuum before spectra were recorded.

o

2

measured in an evacuated sealed tube.

Cl, were also

Spectra of Fé(CO)4(ShMe3)2 in CF,HC1:CD,Cl,

2
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3.2 Sources of Compounds

Reactions were carried out under an atmosphere of
dry, oxygen-free argon or nitrogen. Hydrocarbon ‘solvents
were distilled from LiAlH4 and satdrated'Qith'argon or

nitrogen prior to use. Deuterated nmr solvents were/gried‘

over CaCl2 or molécular‘sieve (type 4A). 'Carbonyls of
128 )

&

ruthenium and osmium 29 were pfepared_by literature

methods. All other starting materials. were ‘commercially
available and were used .as received.
Of the compounds studigd here the'following have

appeared in the literature before:bb
‘ 103*
2’

Fe(Cd)

4
134 _ , . .

,‘Ru(c0)4(81Me3)2,_ Ru (CO) ,: R
o - ' . o : 136 _ L1374,
‘(SlMeClﬁ) Ru(CO)4(81Cl3)2, Ru(CO)4KGeMe )

2 3l
’Ru(CO)‘;'“(S'nl\fle:;)z,]'_36'13F8.r RugCO)4(PbMe3)2;l39+ 0s (CO) 4=

(SiMe3 ﬁ,l36'l40 Os(CO)4(SiMe 136

Fe(c0)4”(SiMeC12)2,l3l+ Fe(CO)4—'%

132+ 133+

135+

Fe(CO)4(SiMe )

. . loo
%S&Cl3)2,

Fe(CO)4(SnCl3)2,

136t

3

| ek 136 -
2CL) 5 uOS(CO)4(SlMeC12)2,'

. . - 136t . 137+ '
Os(CO)4(S}C13)2, OS(CQ)4(GeMe3)2, 05(00)4_
136,140%+ )

. 139+
(SnMe3)2 Os(CO)4(PbMe3)2.

The preparation of the new'compounds, Fe(CO)4—

T : t o) -
)2, ‘Fe(CO)4(SnEt3)2,, €e§C0)4_.u
+ v . . :
apd Ru(CO)4(S%Me2

. + s ’

(SlMeZCl)Z, Fe(CO)4(GeMe3
: + Y

(SnPrg)z, Fe(CO)4(SnBu

o

Cl)2 élong

4

3) 50

a

* This.compound.was prebared by Dr. W..Jetz.
.f.

This compound was prepared by Dr.iR..K.'Pomeroya

&



with improved syntheses of some of thc abovc Comploxcu will

be described shortly. 98,141 Attempts to prepare Fc(CO)4—

.(PbMel)éband Os(co)4(CM03)2 were unsucceésfgl.97'
Compoqnds were characterized by\elementalqénalysis, infra—
red,lﬂ nmr end mass spectroscopy as well as the }3C nmr
Spectra reported here.,. ‘

The'M(CO)4(EMe3)é cehpqunds.ere, with the exception
of'Fe(Cd)4(S%Me3)2, air—Sens;tive‘liquide et room

~temperature and are very soluble in the solvents used.

3.3 Enricﬂment with 13COJ General.

-

- Some of the compounds were enriched with 13CO because

of "their reduced s ility at low temperature or in order
to clearly observe « -51 or Sn satellites. The following

‘compoﬁnds'were enriched with %BCO: qﬁéﬁg (SlMe3)2

' ' ' T b
Fe(CO)4(SnMe3)2, ~Fe(&Q)4(SnBu3)2,
) czs—Ru(CQ)4(81€13L2,

Fe(CO)4(SiC13)2,

Fe (CO) , (SnPh +»cis;Fe(¢0)4(Snc1

3’27
and OS(CO)4(SnMe3)2.

3.)' 2

- + +
Os(CO)4Q81Me3)2{ . ‘
The exchahge of 13co with cis_Ru(Co)d(SiCl3)2 has been -

.-described before. 4 Enrlched crs- Fe(CO)4(SnCl3)2 was -

prepared from- 13CO enrlched - Fe(CO) 142- The enrlchment

of the other complexes was SLmllar and is only described

in detail for . ‘els- Fe(CO)4(SlMe )

3°2°

T This Compound»was_enriched With 13CO by

Dr. R. K.ﬂPomefdy.



13CO used was of 91-92% isotopic purity

The
(Monsanto Rescarch Lorpordtlon, Mlaml,burg, Ohic).
Enriched carbon monoxide was manipulated in a glass vacuum
system of convcntionalgdcsign by means of a Toepler pump.

’ The reaction vessel consisted of a roundbottom quartz )
flask sealed to a condenser resultlng in a total volume

of approximately_60‘ml. _The vessel could be attached to
the vacuum line by ans of a. ball JOlnL The unit was
Calso fltted w1th a Z{flen valve so that once fllled w1th

: .

CO it ‘could be transferred to other areas of the laboratory.
Samples for 1nfrared analysis could be. withdrawn with the
aid of a 1—ml syrlnge throughda\serum”cap covering a side
arm on the bulb. | »

Irradiation wirh ultraviclet light was'nsually
required to'bring about exchange with 13CO. The bulb was

posltloned 3-15 cm from a 140 watt .lamp. (anelhard—

Hanovia Inc ' Newark N J.) and co%d water was passed

N o > ) 9 V'lAA "
(formerly of thlS department),“51mulated patterns for

- _a
2 &

1 ;
varylng, 3C content were compared w1th “the obser&%d ,mass

B
o
spectrum to estlmate the; egree -of. enrlchment. uMass

temperature.




Infrared spectra were reaorded using a Perkin-Elmer

337 gratlnq Spectrometnr with scale cexpansion and calibra-

tlon with gascous QO.

3. . , "
CO Enrichment ofUPo(§O§4(ULMe ).

In view of the very low solubility of the compound

]

below about -40°, moderately high degrees of enrichment

' - . 3
were required. i) S

Ereshly sublimed Fe(c0)4(siMe3)2 (406 mg) and
n—hepténe.(lo‘mly were placed in the exchange‘apparatus.
hThe flask was then attached to a vacuum system having a
Toepler pump for manipulation of 13CO. After degasslng
the solutlon by several freeze-thaw cycles, the flask

1
was cooled to -78° and 3CO pumped in to a pressure of

800 mm Hg. o o i

Exchange was performed at room temﬁerature ith
stlrrln?, and was followed by 1nfrared spectra of samples
removed through the serum cap. No 13CO exchange was
observed in the dark over a 12vhr period. Ultraviolet
lrradlatlon at a dlstance of 15 cm from é 140 wétt lamp
(Engelhard-Hanovia Inc., Newark, N. J., Model 616 A)
resultéd in exchange. Irradlatlon was 1nterrupted after.
100 min. while the atmosphere of 13CO was replaced with

fresh 91% enriched material. Irradlatlon was contlnued

for 270 min., and the solution was syrlnged from the flask
. v

o
ol

4
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Solvent was removed under vacuum and the product was

;subllmed onto a water cooled probe From mass ‘spectro-..

 metry it was estimated that the degree of enrlchment

e,

Y - . S - » :
was 35- 40% - ‘ : ' : e



CHAPTER III

-

.CARBON 13 NMR STUDIES OF SIX-COORDINATE

7

o

CARBON-13 COUPLING CONSTANTS .

1. Introduction

The great majority of 13C nmr spectra are determlned

.under proton "broad band" decoupllng condltlons. "This,

of course, 1ncreases the 51gnal to noise ratlo, however,

valuable'IBC ~ lHjcoupling'COnstant information-is lost.

K4

In organometallic chemlstry many elements contain isotopes
with spin of 1/2, and coupllng to the neighbouring carbons
may'be observed. The proton decoupllng does not .affect ‘—

“these isotOpes as they resonate at a different ﬁrequency
from that of'lH; 'Observatlon of coupl1ng constants via

13C nmr is dlfflCUlt because of the low natural abundance

13 13 e ]
of C. In most cases, ‘ C—enrlched samples are requlred
~to detect coupllng to nuclel such as 1;7Sn,'llgsn; ngi,
. or 57Fe. i /r

' In this chapter the ‘3¢ coupling constants in
M(CO)4(ER3)2uderiVatives (@[= Fe, Ru, Os; E = Sn;_Pb;
R = Me, Et,»br; Bn, Ph and Ccl) W1ll be. given and dlscussed:
Data from this chapter have been used already in

Chapter II to ass1gn the aX1al and -equatorial carbonyl

resonances,ln ;.;-zs»M(CO)%(ERB)2 derivatives[ and-will be . .

~
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further me£$loned in Chapter IV in the dlscu551on of the =+
7stereochem1cal nonrlgldlty ‘of. these derlvatlves. Since s

o o ) .
the eoupllng'qgnstants glven'hete~we;e determiqed

N

simultaneously with the l"3C chemicgl shifts, the experi-
mental details have been given at the end of Chapter II.

P | . - o
2. Results and‘DiSCussion_ - o

In a*cié—M(CQ)4(ER§)2 derivative, element E:ma§f

:b : ' ) o - . i o
couple to the eguatorial carbon cis and trans$ to'it, .

v
o

and to the akial carbon. The iﬁtensity of the axial carbon

\ -
satellltes is tw1ce that of the equatorlal carbon. In a -

trans M(CO)4(ER3)2 derLVatlve, there is only one c0up11ng

con§tant 1nvolV1ng E and the carbonyl carbons.b A}l these

%pos51b111t1es are shown kelow : " .

b4

_i"ﬁ'{f« -
ER3 L

T °°’\}/°°*
| /]\’CO

“ERg

" eis L i : : . trans = .

&

and are demonstrated in the ! C nmr Spectrum of eis- and

i

trans Os(C0)4(SpMe » Figure 3 (page 28).

|
|
. i
|
! - b
| .
o

. 56
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In addition, couplings from E to the carbons of the

13, . 117,119

_R group may be recognized. Sn coupling

Q

constants inzdis—Fe(CO)»(SnR ). derivatives are listed
- 45732 :

in Table V. Table VI contains 130 2 117,1184) ina

20 .- L .- .
_}BC - 7Pb coupling constants in cis-M(CQ)4(EMe3)2
derivgtives (M = Ru, Os; E = Sn and Pb).' l3C qoupling'

+ constants in the parent stannanés and MéBPbCI are given
8/ ’ : .
in Table VII.

,

-
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Footnotes td Table V.

a

Coéclz:'methylcyclohexane~d

59

YaiueS’in Hertz. . vValuns separated by cbmmas_indiqate
l17Sn and llgSn ¢oupl;ngs. Otherwise, the average

value is giVen;- The cérbqn attached to tin is t@&em‘i'

‘as number one. .

14 (1:1) so}yent.
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..Table VII

. Carbon-13 Coupling Constants in R,EX Derivatives®

3
Compound . C-1 ~ C=-2 c-3 c-4
Me,SnCl 364, 381 - - —~
~ Me snc1® 386 o - -
. N . : .
Me,SnC1® 365, 379 - - - w
.b ' L . . : 4'; > . )
Et SnCl _ 352 26 = . -
’ - N '. | . v‘ . v "
Pr,SnCl 326, 341 . 23 63 .-
Bu,SnCl 325, 341 24 . 65 -
PhySnCl® 592, 618 49 63 13,
Physncl® 610 - 49 68 12
' Me ,PbC1 - 312 ‘ - .- o=
Values in Hertz. Values separated by commas

K

S ) 1 - . \
indicate ll?Sn and 1 95n couplings.. Otherwise, "

the average value is given. The carbon atfached'

"to E ‘is téken as number one. - Solvent is‘CDZClz. A

Temperature is 303°K.

- Values taken from T. N. Mitchell, J. Organométal.

Chem., 59, 189 (1973).. Solvent is CDCL

~

3+
Values taken from G. Singh, J. Organcmetal. Chem.,

99, 251 (1975). Solvent iseCDCl,.

! Do - » -
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The two-bond coupling of the group IV atom to 13

CO are

Believed‘to be the first feported,97 with#he exception

of 13C Fe—2951 coupling found for Fe (CO) (SiMe3)2
(Chapter IV) 96
Coupling to 117Sn and 119Sn could only be resolved
) i - ) , »

in the case of methyl groups directly bonded te tin, or

when the coupling constant was close to or gieater'than
o w 13 .
100 Hz. ‘The ratio of the ll7Sn—l3C and llgSn— C coupling

-

constants is equal to 0.956, the ratio'of the nuclear
magnetlc moments of the tin lsotopes.
Although‘ J(E-CO X) was unamblguously defined by -

' . . cL . 2 VL 2 :
satellite intensities, J(Etrans C?eq) and J(ECLS COeq)

could not be experlmentally dlstlngulshed, and it was .

’assumed that the larger was due to trans coupllng, i. €.,

2J(E -Co ). For the. ruthenlum and osmlum derxvatlves
trans eq

,(Table yI), the value of the trans coupllng chstant was
'much larger than the other two. ‘However, for the

&

czs—Fe(CO)4 SnR3)2 derivativei (TableAV)( 2J(E—Coax) was
| the largest.. | .

/ThlS may be the consequence of A severe dlstortlon
of eis~- Fe(CO) (SnR3)2 derlyatlves from50ctahedral geometry;
as has been found in thegsolid-state structure of
cis—Fe(CO)4kSiMe3)2%6 ahd-cis—Fe(CO) (SnPhi) 98‘(Seé'

Cnapter V). The possibi: ty of "through space“ spln spln

Q .
'couplln 143-145. in the di:

out. ’ T ":/‘;
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ll.7'1195n—13co coupling constants

The magnitude_oﬁ the
' is esgsentially the same for the series cis—Fe(CO)4*(SnR3)2
(R = Me;lEt, Pr, and Bu); however, a small increase is
observed for éis—Fe(CO) (SnPh ) T o1t is 1nterest1ng to
%note that‘two of the coupling constants in czs Fe(CO)
(SnC13)2 are twice those in the other iron-tin complexes.
In Table V the value of the Sn~l3CO coupling constant
at room temperaturebis also given. At this temperature
thekcarbonyl groups become’equivalent,l and only one
Sp-lago coubllng ls;obServed.; This will be discussed

further in Chapter IV. - o

TWO'E—IBCH3 coupling constants$ are p0551ble for

©

: . Q ,
cis—M(CO) (EMe ) molecules, namely the one- and three-bond

types.\ Thesé were observed in the lead derlvatlves

(Table VI}, where’ -3 (207 Pb- 13CH ) was approx1mately one

tenth the magnitude of J(207 Pb- 13 H3). No three- bond

coupllngs were Oobserved ‘for, the tin -analogs desplte a
careful search.

In. the iron complexes, the 13C -Sn coupllng constantsa

'of the organxc group are readlly observed and J(13C -C-Sn)

‘1s approx1mately one tenth of lJ( Q Sn) : The three bond
13C -Sn coupllng is larger than the two- bond coupllng No

13
four-bond C-Sn c0up11ng was observed

The one—bond }BC—Sn couplings are about 100 Hz larger

in the parent stannanes (Table VII); although, the two-bond

o

and three bond coupllngs are about the same as 4n the



iron—tin complexes.‘Ph SnCl is an exception in that
lJ(1 C-Sn) 1is 200 Hz larqer than the value observed in
'czq—Fe(CO)d(SnPh3)2, also, ,J(' C—Sn) is large enough to.
be clearly resolved in Ph3SnCl. \

In Tables V-VII the absolnte value ®f the coupling

constants is given; no attempt has been made to determine

the sign of . these coupllng constants. However, it is
known»that 1n SnMe4146 P 147 and in SnEt 148 the one-bond

‘lBC -Sn coupllng constant is, negatlve and .the two- bond .

coupling is-positive.

2.1 The Theory of 13C Spin-Spin Couplings

The theory of spln -spin coupllhgs, as developed by
5 .
Ramsey,»49 expresses the coupllng as the sum of three

terms: a) the Fermi contact,ob) the dipole- dlpole inter-

‘action between the nuclear and electronic magnetic moments,~‘
J(dlpole), and c) the 1nteractlon of the magnetlc fleld ‘of
the ‘nuclear dlpole W1th the orbltal magnetlc moment of

the electron, J(orb)

[

The Fermi contact term is usually con51dered to be

:domlnant in the coupllng between dlrectly bonded

nuclel,lso /151" although” the second term can make a 51gn1f1

‘cant contrlbutlon to the one- bond metal carbon coupl;ng.

A simplified Fermi,contact term for 2J(M-C-H);Sz'153

can .be written as



2 5 2 2 z* | 3 z* 3 1
Im-c-n © Ym¥y (fme) (o) (-ﬂ) _H ) OE
. n n
, M
where y's are. nuclear gyromagnetic ratios, (aMC)2 and

_ 2 . ; ' ‘
(GHC)‘ are the fractional s characters of the orbitdls
of M -and H respectlvely 1nvolved in bondlng to carbon,

* 7
ZM and ZH are .the effective nuclear charges of these

orbitals, n is the principal guantum number of the period |

to whi¢h the atom belongs, and AE is the average energy

. 2 * . '

approximation term. The 4aHC) ', Ny and ZH are equal to 1.
In cie-Fe (CO) (SnR3)2, 2J(sn-— 3CO).1ncreases with
the substituent electronegativity SAacl. > SnPh_. > SnR.-

3 3 3
(R = Me-Bu). This ﬁay be interpreted using Bent's )
. 4 . . . x
rule,:L5 according to which the s character tends to

concentrate in orbitals directed toward the groups of
3
lowest electronegativ1ty. This ‘causes an increase ‘in the

Ferml contact term and consequently in the coupling

constant. Slmllarly, thlS would explaln the much lower
13

»

C~E coupllng constants in M(CO) (ER3)2 complexes. as

compared to the parer QBECI derivatives (E = Sn, Pb),.
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CHAPTER IV.

3 \5 \‘ N . N T

e IR A .

DYNAMIC NUCLEAR MAGNETIC RESONANCE STUQIES T g
: I T

OF SIX—COORDINATE IRON RUTHFNIUM AND OSMIUM

—r

CARBONYL, DERIVATIVES WITH GROUP Iv EU@MENTS.

~

L]
1. Introduction

Intfamelecular or polytopal rearrangements in
-8ix-coordinate transition metal complexes are rare, or at
least, that was the general consensus up to about 1970.
This was attributed to the "pervasive stability of the

octahedron with respect to all alternative six-coordinate

t
geometric forms.“53 : S

In 1970, the first unequivocal demonstration of a

polytopal rearrangement in six-coordinate complexes,

Fe[P(OEt)3]4H2 and Fe[PhP (OEt) 21 4H, was presented.l®>

In subsequent publications, it was amplywdemonstrated

that ML4H2 coﬁplexes (M = Fe and Ru, L = phosphite,

phosphine) are a rich source’ of stereochemically nonrlgld

' xnolecules.156 157

The mechanism proposed for the interconversion of'
these‘species,;56,and snbstantiated by detailed line~-shape
analysis,156’157uis known ss the "tetrahedral jump", -.and
accommodates thesevnighly distorted structures} as proven
ny X—iay diffract’:ionstudies.lss’l_59 However, a trigonal,

or Bailar, twist .could not be ruled out.157



In 1972, a report from this laboratory provided

1u nmr Qgta on thc first stcrtochcmically nonrigid
O
six-coordinate transition metal carbonyl derivative,

3

convert rapidly in solution above §55°

)2, for whicn cis and trans isomers inter-
90

Os(CO)4(SiMe

It was anticipated that 13C nmr spectroscopy would
Play a key role in the continuation of these studies.
Since axial and equatorial carbonyl groups of a cis

tetracarbonyl derivative £an be distinguished any

Process whlch involves their Ainterchange at an appropriate

‘rate may be recognized.

This_chapter presents the’results.of a dynamic
nuclear magnetic resonance study of an extenSive series
of M(CO)4(ER3) type derivatlves (M =vFeﬁ Ru, Os; E = Si,

Ge, Sn’, Pb; R = organic group.or -halogen) .

2. Results and Discussion

2.1 Spectroscopic'Studiés»df'Fe(CO)A(ER3L2 in Solution’

At 255; the 13C nmr spectrum cf Fe(CO) (SiMe )
consists of a single carbonyl resonance at 208. 07 ppm and
a methyl resonance at’ 7 61 ppm (Table I, page 350 At
-90°, the spectrum shows carbonyl peaks at 208.50
(assigned 97 as ‘axial) and 207 64 ppm (aSSigned as equa—‘
torial) . in addition to the. methyl resonance at g@so ppm.
The pattern of coalescence as. the sample is warmed from

~90° is shown in Figure 7. Thé\low temperaturé’limiting

67



-40° "and —7o° led to the followlng actlvatlon parameters.;

68

- v . . P . §

spectrum/ls reached at -80° and the coalescenCe temperature

Jls —55° Spectra are. completely reversrble. The compoundg*

1s stereochemlcally nonrlgld.

4 o

The half~w1dth of theécarbonyl srgnals at -90° was .

4. 0 Hz, larger than the W1dth of 2. 6 Hz observed at ~20°

13 13

AWe attrlbute thls to a 7| Cc spln spln coupllng (the,v

13

. sample was;35-40% Co enrlched beCause of - SOlUblllty

problems below »40 ) rather than to a v1sc051ty effect

,51nce the half wrdth of the TMS - sxgnal was practlcally

unchanged “to ~90° In the s1mulatlon of the spectra,

low temperature llmltlng half—w1dth of 2.6 Hz was employed
T2
Line~ shape analy51s of " seven spectra recorded between :

t -1 .t

AH é 10.4 t.O 6 kéal mol » BS = 2. 3 1 2.6 eu.

The free energy of actlvatlon for this rearrangement
process can’ be calculated consrderlng the chemlcal Shlft

separatlon of the axial’ and equatorial resonances ‘in

the: low temperature llmltlng speAtrum (19 5 Hz) and the-
o

lcoalescence temperature (sec Experlmental Section) .

TN

The AG+ value (10 7 kcal mol l) 15‘remarkab1ytclose‘t0:'

'theASne,calculated from AH+ and‘AS+ivaldesAdbtained"fromf

completeé line-shape analysis (10-9 kcal,moftl)

~ T ) . - >

<



../_J

':portlon) of czP-Fe(CO)4(91MQ

Varlable tcmperature 13C nmr’ spectraﬁﬂcarbonyl
& . :
3) 1n CD Cl w1th
g T .

correspondlng sxmulated Spéatra at §lght.

B3 W‘
Sample is: enrlched w1th CO :

;,‘QA'
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A careful ‘examination of thefl3C nmr spectrum above

Q

coa;escence,(25°).showed two satellite pairs of the

"carbonyl resonance at‘208.07 ppm, as_shown in Figure 8.

The inner pair is assigned as 2J( C-Fe- 29Si) = 5.3 Hz,

- 57

and the cuter pair'as lJ(l3C~ Fe) = 25.1 Hz. Thiskya;ue'

_ of }J(13C<57Fe) compares favourably with the similar '

* coupling 1n Fe(CO)¢ (23,4 ﬁz)67 and.(butadiene)Fe(C6)3:
f(27 9 Hz). 85. Observation of ligand atom-ligand atom

and llggnd atom-metal atom spln spin coupllng in the hlgh
temperature spectrum of Fe(CO)4(81Me ) conflrms that he
‘carbonyl averaglng process does not _involve’ llgand~me al

bond breaklng ThlS‘lS further substantiated by they

fallure of Fe(CO) (SiMe3)2»to exehance with 13co,iﬁ

solution W1thqpt ultraviolet'irradiation,‘and also by the -

.f.

. AS" for the'rear;engement, which is consistent with a

) - - . - T B . . e +
process wh1ch~1s-ne1ther dlssoc1at1ve (large'pOSLtlve AS

expected) nor aSSOClatlve (large negatlve AS+ expected)

The low temperature 13C nmr spectrum of Fe{(CO) , (SlMe )

i

1nd1cates c1s geometry for this spec1es vadence for thlS

J
lsomer comes from an X~ ray study as. Well, whlch W1ll be

described ‘in Chapter V. & llkely mechanlsm for carbonyl
\

1nterchangev1n cis —Fe(CO)4(51Me )2 wculd,lnvolve.lts.paSSage

.through a'trans intermediate (all carbOnylsfequiyalent)

and return to the 015 form Had the low temperature
13

llmltlng C nmr spectrum shown a detectable amount of

tranu—Fe(CO) (SlMe3)2 in equlllbrlum with the cig® lsomer

’ ".

Ces

70A-
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'-,rearrahgement of civ—FE(CO)4(SiMe

-

.
(as is the casé with the osmium analog)90\its intermediacy

tp carpbonyl interchange‘of the cis isomer would have bcen
indicated by the coalesceﬁce‘of peaks_of both isomers

on Warﬁing. ‘Wﬁile our fa;lure‘to detect ang peak due

to the trans isomer in the low temperaturc iimiting spectraﬁ
means that no such positive indication is"available, it is

ip no way ihconsistentowithva trans intermediate since ~

tit might merely reflect a small cis‘**‘trans equlllbrlum

constant. _ . Co ’ ‘ .

A'str0ﬁg3indication for a trans intermediate in the

| 3)2
temperature 13C nmr study of the related chelate derlvatlve,

comes’ from the varlable .

Fe (CO) ,SiMe, CH,CH,SiMe For this compound the trans R

5
n{f
?;orm is lnacce551ble, -and consequ&ptly the spectra showed

stereochem;ca? rlgldlty, on the nmr tlme scale, at 80°., 92.

Infrgyred spectra 1n solutlcn prov1de eVLdence that g
i

. significant amounts of trans lsGmer (about 20%) emxst in

equlllbrlum with 1ts cis counterpart at room temperature.

In Fagure 9 the 1nfrared spectrum of Fe(CO) (SlMe f 120

15 compared with that of Fe(CO) SlMe CH CH sr!hﬁ both

2772
spectra in n~heptane.v For a czs M(CO)4X2 derlvatlve of
iczv symmetry four 1nfrared actlve bands (2A; + Bl + Bzy

are expected. ThlS 1ndeed was cbserved in the .Anfrared

‘spectrumiof Fe(CO)~SlMe CH,CH_SiMe (Flgure 9). It 15

277272 2
»apparent that fOur of the bands of Clu—Fe(CO)4(SlMe3)

c}'.

2
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(those. at 2069, 2006, 2000, and 1979 cm %) are very
similar to the bands of “the chelate. The reﬁaining two
bands (at 2062 and 1964 em—l) are aseigncd to the trans
isomer: The infrared spectruﬁ of' the trans isomer will.
be discussed further in Chapter V. | |

In cis-Fe(CO) (SiMe ) tﬂe cealcsced signal at ambielk,
temperature is the exact average of the two carbonyl siggals
at -90°. One way to rationalize thls pbservaglon in light
~of the infrared rcsults is to assume that the%13co chemlcal{
shlft of the trans isomer is nearly the same as that of
the mean of axial and equatcrial l3co}resonances'of the
cis isomer.grﬁoweVer,'givenjthe error of * 0.06 ppm in
cpeﬁical;shift, one coulq have 20%'trans at room tempgra-
ture, assuming a%%hemieal Fhift ofA268.50_(the,chemicalv
shift of the axial carbcnyl in cis—Fe(CO)4kSiMe3)2, see
Table I), without excec ' § that error -limit.

| The}variable'tempeféélre 13C nmr spectra of

ets - Fe(CO) (GeMe ) are‘shown in Figure 10. Activatiqh
parameters derived from spectral 51mulatlon are AH+ =
12.5 + 0.4 kcal mol l‘and &gﬁ = 0.6 ¢ 1.5 eu. Theﬂfréa ﬁﬁﬁ&g
enerqgy of actlvatlon for the rearrangement process,

«A?l
and equatorlal resonances in the low temperature llmltlng

calculated from the chemlcal shift separation offthe ax1a1

spectrum (40 5 Hz) and the coalescence temperature fﬁﬁﬁ ),
l. ThlS value 1s very closé to the one
.f-

is 12.1 kCal mol

derived from ant and AS parameters obtaineéd from complete

) - . R
N . ‘ #

&
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Figure 10. Variable temperatdre C nmr épectra_(carbonyl v

3)2 in CD2C12 with

”correspdnding simulated spectra.at right.
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line-shape analysis (12.3 kcal mOl—l). The infrared

spectrum of Fe (CO) (GQMC3)2 shows four bands at room

'temperaturt, which is consistént with a cis geometry in
.solution. "~However,. thc infrared spectrum does not rule
‘out the‘presence of the trans 1somer since the band(s)
expected for it may be c01nC1dent with bands asglgned to
the cis.isomer (sce pagc 112, where the 1nfrared_spectrum
of Fe(eo)4(sic13)2,is.discussed)ﬂ

4(Snﬁ3)2 derivatives (R < Me, Et, Pr,
Bu,\and Ph) studied here were. st®reochemically nonrigid.

‘At low temperatures, say below -50°, the‘l3c nmr>spectra

1 o
of these derlvatlves shows two 3c0 resonances, due “*o

ALl ¢is-Fe (CO)

the ax1al and equatorial carnonyls of the cis molecule»
and the correspondlng 13CO—-Sn satellites. The lgwer:
spectrum of Flgure 11 preSGnte,the siow exehange limiting
spectrum»ofbcis-Fe(CO)4(SnMes)2; otner exdmples woré given
in Figure 5 (page 31) and .Figure 6 (page 33).l .k |
At low,temperetnre broadening of the 13C resonances
due to the carbon atoms of the organlc ‘group in
cis- Fe(CO) (SnR3)2 derlvetlves (R = Et, Pr’]?%a occur.
‘For_example, the half-width of ‘he C-1-to C~4 peaks of
cis—Fe(Co) (SnBu ) are 5.5, 4.5, 3.6 and 3.5 Hz, -

5 .
respectively, at —80°. It is probably that, at these low
temperatnree, there is restrlcted rotatlon about theser
bonds in thege derlvatives. A similar effect was noted

for cis;Fe(Co)4(Sn§h3)2, only in this case the resonance
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Figure 11. Variable temperature 13C nmr . “tra (carbonyl
portion) of_czs—Fe(?o)4($?M03)) in CD2Cl2

mgthylcyclohexane—dl4 (1+1). The sample is
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enrxiched with 13CO.
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"due to C-1 remained shdrp, at 2.5 Hz, wherecas the CS2 and
C-3 resonances broédencd to 8.8 and 9.5 Hz, respectively,
at -90°. The C-4 peak was obscurcd by the C-3 absorption.
A possible Oxplanatlon is a restrlcted rotatlon about the-
‘fC~l, C-4 axis of the phenyl ring.

| On warming, the two carbonyl peaks coalesce.
Similarly the 13CO—-Sn éouplings’collapsé but because of
their large chemical shift scparation do not appear - as
a single doublet about the main peis until 2Q° (Figu;e
11, top spectrum). The retention of coupling in theb‘
high temperature limiting spectrum of this, as well as
other cfs-Fe(CO)4(SnR3)2 derivativeskaa?le v, page 58)
establishes the crucial point that the avcraging.prpcess
occurs o o lisand dissociation. -Thié has been shown -

o

ar way for cis-Fe(CO) (SiMe3)2 .

~and it lsgassumed that all compounds of ‘this type behave

to be the case in

similarly. »

| Infrared spectré of Fe(CO)4(SnR3)2 degivatives in
' solution show four carbdnyl stretéhing bands consistent
with a cisugeometfy. fn most cases phe'bands were broader
than normal‘dug)to-conformatio;;;“qffécts.

2.2 The Mechanlsm of Rearranggment of c1°—M(CO)4(ER )

Comglexes

Q.

1 . ‘ » o .
The 3C nmr and infrared study of cis—Fe(CO)4181Me3)2

oresented above have suggested the intermediacy of the

-
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trans isomer in the carbonyl rearrangement process.
a

Alternative axial-equatorial averaging processes
which'do not involve the trans form an readily be ’
imagined. If the activation éncrgy for any of the;c
alternqtiVe proccsées is lower than that for isomeriza-
tion, then averaging Qill occur in the cis molecule
independently of the trans. A test of this possib{?ity

1is afforded by scveral of the compounds discussed here,

for which both cis and trans isomers are clearly observ-

. 13
able ip the “7C nmr spectrum below coalescence. In such
' . 13 .. . - o ,
cases, qll threv CO peaks of the spectrum appeared to
1 .
H A
coalesce to a single peak at the same rate as the

terpora t;zfz’<‘ was raitecd. Qualitative ly .- the_re‘ was no 5

indicatiohnof earlier coalescence of the two peaks of ﬁhe j

cié cohpound as woﬁld have been expected hadlan averaging \
’ ' ¢

mechanism of lower barrier been available in the cis isomerw

. ! e

In order to show more quartitatively that the trans \

% .
isomer is involved as an inﬁermediate in the averaging L
précess, a detailed sﬁudy was made of the cis~trans ispmer  -
mixture of Os(CO)4(the3)é. This compound was_chosén ih
view‘of.the quality of the spectra obtainable and the fact

that reasonable amcunts of both'isomers were’present. Its

thermal stability was such that spectré <could bewobtained

up to 140°, where coaleséence\was well advanced. Moreover, .
. : ® ; -

the dynamics of the cis—trans\;sdmeriZatipnAOf'the

compound had becen investigatedfgqgii:



)
o

Carbon-13 spectra of the carbonyl and mcthyl'rcgions

of Os(CO)4(SiMe3)2 between 30° and 140° are shown in

Figure 12. The rate constants indicated are those which
best simulate the methyl region; thoywiead to an’ =

-« "L :
16.4 + 0.3 kcal mol'l, ast = —2.3 ‘8 e.u. for the cis

to trans‘reaction, in satisfactory a hent with, although

slightly smaller than, the values M.iﬁi 17.9 * 0.6 and
18.0 + 0.6 kcal mol™ Y, as? = 1.6 + 1.7 and 1.5 *+ 1.7 e.u.

. : 90
obtained by l4 nmr in dlbromomethx&e, and toluene-dg,

—

respectively.” ' e
The rate data obtained from the methyl region were
then used to calculate the spectra for the carbonyl region,
‘under the assumption that axial-equatorial averaging occars
only via the trans isomer. The excellent agreement
between observed and simulated Spectra in the carbonyl
region justifies the assumptlon, and mdst be regarded as

strong evidence that thlS is the major, 1f not the only,

process occurrlng for ax1al—equatorial averaging in' the

* The l3C nmr rate aata were obtained over a larger temp—
erature rangeu(35°;llq°) than IH nmr data (40°-100°).
Also, theachemical shift difference between the cis and
trans resonances was greater ln the 13C spectrum (33 Hz)

“than in the lHspectrum (10 Hz). Both of these factors
could explain the, smaller errors aSSOC1ated with the
actlvatrcn parameters derlved from llne shape analysis of

C nmr spectra 57



41
cis isomer. Line-shape analysis reveals that any othor
btpbésgiwhich interchanges the axial and equatorial
cggbonyls must have a rate less than about ¢one tenth that ‘
for C{QQtrans isomerization; othurﬁige detectable broad-
ening of the cis carbonyl signals would result., The
upper limit of one tenth is based upon the following half
width data for pcaks of the cis. isomer: observed at low
temperature limit (-20°), 2.8 Hz; calcul@ted at 55° bhased
only upon cis to trans'Lsomcrizapion (rate 25.2 sec_l),
iO.S}Hz; observc@ at 55°, ‘9.0 Hz; calculated at 55° with
a simultancous ax;al—equatorial“inferchbnge (ra;e-Z.S
sec ), 11.8 Hz.. |

Further bréof for a» trans intermediate in the carbonyl

rearrangement of the cis isomer comes from the 13C nmr
studies of cis-Fe(CO)4(SnR3)é defivativds (R = Me, Et,
Pr, Bu, and Pﬁ)L The"weighged.average Jf ghc three
vSnleCO'coupling consﬁants’from‘thé'slo$ exchénge sp?ctrhm
is significantly higher than ﬁhé value found in thleast
exchange limiting spectrum. For examble,.in cis-Fg&CO)44'

/
(SnMe3?2,\the welghted ayerade of Snfl3CO COuplin%/
constants is 75 Hz; the observed value, at.20° 595'403,”15 !
60 Hz. This discrepancy may be due to the,pfés7éce of a
small amount Qf,trans—Fe(gO)4(SnR3)2 at high t?ﬁpefatures.
In“ trans-0s (CO)4 (SHMG:,;)Z, 2J-(Sn~13CO)" is 31 }_I,z’ (Fiéure 3), ‘

smaller than any coupling constant in the cis isomer

] .

(Table VI, page 60).
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Phe trans 'isomer may be obtabneﬂ\from the C1s lsoTer

via a trigonal or Ballar thst,160 ~164 hlch 1s a non bond

.

breaklng mechanlsh\\ﬂﬁupport for Ehlq mechanlsm comes’ from-

.

65"
the lSOmerlZathn study of cL ~Ru(\ ) (CO)2(81C1 )2 !

\0'-
An alternatlve to the above mechanlsm is suggesEed
by the X~ ray structure of CLu~FC(CO)4(SlMC ) (Chapter V)
One way of descrlblng the dlstorted structure of ghe'

molecule would be to say ‘that .the four CoO groups are

iapprox1mately tetrahedrally arranged ,w;th_theftrlmethyi—j,

silyl‘groups over two of the face§'of the tetrahedron.

A snmllar geometry was observed in the crystal structure
158

2]4 5 w1th the phOSphorus at%ms

.tetrahedrallj coordlpated aroundlthe metal and the -

.hydrogeno occupylng two faces ’ The~averaglng of 31P>hi

of cis-Fe[PhP(OEt)

reeynahec in this molecule may occur via a tetkahedﬁal
jump meehanlsm 156, 157 A motlon (or 3Jju p) of the hydroqen
atoms o¥er a &@trahcdral edge would refsult in a dlstorted
‘trans structure,'whlch would equ1llbr te 31? resonances‘
by'lnver51on. Then, of course, the hydrogens return to

a cis pos;tlon@- This rearrangement occurs w1thout bond
ﬁ%upture« A SLmllar mechanlsm is p0551ble for cru—re(CO)
*kSiMe3)2, although lack:. of nuclear labelling precludes

i

any‘definlte conclusions.
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2.3 fTrends in Activation Energibs for the Rearrangement

Y

1

L]
L

of M(CQ)s(ER3L2‘Derlyatlyes.
K ‘ ' 13 - ' .‘" ‘ P
. ?he c: ‘nmr study of czu~Fe(CO)4(51Me )~ and

czs Fe(C0)4(SnR3)2 (R = Mé, Et, Pr. Bu, and Ph) presented

above establlshed that averaglng of axial-and equatorlal

13 ‘
CO resonances was rapid on the nmr tlme scale at room

a9

temperature, and that llgand dlssoc1at10n did ndt occur °

.’ﬁdurlng the averaglng process A'favoured averaglng

i mechanlsm 19Nolved lsomerlzatlon to the trans form (1n

which all Beo groups aré equlvalent) ‘and back to'uhe cis

. . ‘ ' . .
form. - . " ‘ o

l’

£

We dlscuss here the varlatlon over the family of
compounds studled of the barrier to ax1al equatorlal

vaveraglng In v1ew of; the foregolng, this is assumed to
L

be equlvalent to the barrler for c1s to trans‘lsomerlzatlon

Cin all cases.

k-3

' The most strlk;ng fact\is that barrlers are lowest
fon the iron compounds. All els ~Fe(CO \}R ) derivatives

(R = alkyl group) thlblt a 51ngle 13CO resonancelat room

A

temperature. - The actlvatlon parameters ggr czu-Fe(CO)

(SiMe Y and czu—Feng)4(GeMe3 5 derlved from spectral

s1mulatlon;are AHi = 10.4- . 0. 6;and 12 5+ 0.4‘kca1 mol -1

and AS /f2 3+ 2.6 and O. 6/1'1 5 e. u. respectively.

The barrﬂer for the rearrangement of cis ~Fe(CO) (SnMe )5
is. slmllar to that of the 51llcon analog (See below) ,
. - R

NS
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Although it Wﬁ; an ObJectlve of the present ',f‘ .

lnvestlgatlon to ch racterlze th nonrlgld pehav1our of

i . -

these compounds- quantltatlvely, the quallt; of l:3C nmr\

-spectra 1n the reﬁlon of collapse for most derlvatlves

A/ . s

was rather poor desplte all reasonable effoxts (see - ”.w‘

. . S

Experlmental Sectlan) R ttempts at s1mulatlon were not». 'J "
oy

justified 1n‘these/kases. However, to permlt .at least a
'quafItZtlve assessm?nt of barrlers;.Table VXII presents
values of AG1~ calculated at th vcoalescence temperature‘

.from the axial-equatorialeBCO eparatlon at’ the low |

- : temperature limit As Table VIII shOws,‘the crude AG+°J ;
' values so’ calculated are in excellent agreement w1th those .
from a/complete llne shape analy51s where. avallable. .Thls. »

ls ‘true even in the case of Os(CO)4(SlMe ) -whé}e~the'.v .

3’27 I
://%/1nvolvement of the trans rm in coalescenCevls ignbred, ' o
;4/7/ . ;ln the crude calculatlon. .Thus; we COnSlder that the acT /
“ /pﬁ values of Table VIII are useful as ‘an lndlcatlon ‘of trends B
///' o \\ Free energles of actlvatlon for the aVeraglng proceSS :/7

are 6-8 kcal higher for. the ruthenlum ~ahd osmlum derivdti ves, ‘;;;;;

'than for the corresponﬁlng 1ron compounds‘(of Table VIII}z”(/e.

- . /

A 51m11ar trend was noted among the hydrldes M[P(OR)3]4 R

N

(M‘= Fe, Rua 1nsofar as the barrler to rearrangement was

concerned 157 thus LG T for Fe[PhP(OEt) ] H2 was 12.2

" kcal mol 1; whlle for Ru[PhP(OEt) 5] H
- mol . : ST , o : ‘ Voo &
“g\\ﬁ - An 1mport%nt trend arlses in the .series Fe(CO)g '//1 ~

5 it was 17.2 kcal

(SlMe Cln)z,vwhere the barrler inc eases steadlly w1t%/

3-n \ | o / » /

—— -
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_ increasing chlorine'substitution Thus 4Tablc VIII),

AG+ = 10.7 kca«$for n=20, 13. 2 keal ‘for n=1,16.5 " ; .
and”l? 5 kcal for n =~3m ‘The same trend

kcal fbrgn =

was preVLOusly noted 1n the osmlum serles Os(CO) (SlMe3$2,
90 S

Os(CO) (SlMe Cl) ) and Os(CO) (SlMeClz)z, but no

2

’ 1nformat1on is avallable for Os(CO) 4 (S81CL1 )

32r for which

only the trans 1somer i5 known. v

" For theJSerles cis- Fe(CO)N}SnR ), (R = Me,.Et Pr,
‘Bu,wand Ph). there is llttle varlatlon in AG+ values,
i.e., the steric¢ bulk of the SnR3 groups has llttle
1nfluence upon the’ rearrangement HoweVer, chlorlne' f.'

_substltutlon 1ncreases the barrler for rearrangement, as‘

observed for - the iron- 5111con complexes,.and cto—Fe(CO)

[ s

'(SnC13)2 is stereochemlcally rlgld on the nﬁr tlme scale

at room temperatur

There appe s to . be a correlatlon between %3CO"

»  the lower the barrier to ax1al<i?uator1al rearrangemengf’

is 1llustrated below for Fe (CO), (SlM?3~nCln?2

Compoundv o o ‘Coax o COe AG*(kcalhmofi)=
N _j , _ qi‘a_t.coaleseent:e -

eis-Fe(CO) (SlMé3)2 208.50 . 07£e4' . 10.7.
/o ctsfFe(CO)4(S%Me2Cl)2}' © 205.70 -203;27*»i.‘13,2
‘c£g~Fe(eo)4(s;MeC12)2 ' 502}46l. 200.14 16.5
cisrpe(cof4(s;c13)é  199.44 197:34 17.5‘

-
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'Coalescence Temperatures and Free Energies of’

-~

cis- M(CO)4(ER )

—

a
Derlvatlves.
1 //

\

Actlvatlon for Axial- Equatorlal Averaging in

. » _ — )
Compound AG(HZ) ‘Coalescence (kcal mol )
4- ! - Temp (°C) coalescence
P [ - ' :
Fe(CO) (SlMe ég<ﬂ\\ 19.5 ~55, 10.7 (10.9)7
 Fe(co), (SlMeZZl) ~55.0 5 13.2
e : , e
- Fe(co) ,(simech,) ST 525 70 16.5
. Ce,d " o
Fg(co)4(51C}3)2 47.5 .\90 l7f5
‘Fe(CO)4(G¢Mé3)2b 40.5 ~20 12.1 (12.3)%
, N e e - _ : :
. Fe(go)4(§nme3)2 4.7: 75 ;0.2
~ Fe(co¥, (snBt),° 22.0 -50 %0.9
. SO -
‘ e(CO)4($nPr3)2  18.0 -~60 _}0.5.
‘ B o o -
Fe(C0) , (SnBu,), 20,7, -50 . ‘10.9
: b
Fe(CO) , (SnPhj),P. 6.1 -73 . 10.2
3 c1.).b . | 1
.Fg(CO)4(SnC13)2 2.4- >20 515.8’
“Ru(CO) , (SnMe ), 112.3 100 17.4
Ru(cos (SlCl )5 g .. .. 25.7
d h L . . i
OS(CO)4(SlMe )y 199.0 100 17.0 (16.8)

T;’//
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Footnotes to Table VITI

13 o : | .o
- From 1 C nmr spectp« ‘with the 51ng1e exception noted.

A8 is the che kﬁlf&ﬁtf difference between ax1al and

A : / ﬂ& Q
. egpatoria? caxgyuﬁqxf‘ @ﬁ in the low tempcrature

e R | /N
limiting spectrum. ‘ _ : .

s N
. ' N
CD2C12 solvent ‘ _ -

Toluene-dg solvent ‘ ‘ . , v'//k//////

Trans isomer a¥so present (see text and Table III) the:

peaks of which are involved in coalescence

o —

CDZClz:methylcyclohexane—dl4 (1:1) solvent (see text).
As neat liquid. ‘ '  4 : ‘ o

.

Free'energy of activation for cis to trans isomerization
in n—octane by conventlonal ‘kinetic methods as calculated

fro//gatﬁ“ln reference 95
. / e

t . , - T " \,

Desﬁkln solvent.

LY

'Values in parenthe31s are AG+ calculated for coalescence

-f.

teMperature from an’ and »sT obtained from complete line-

shape analysis treatment. . N ]
. : ¢ : !
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One way of explaining these results may be via the

- "-back bonding theory of chemical shifts, which was

/

observed in this work Arguments of'g¥}S kind have

presented in Chapter II. A more "shielded carbonyl
resonance implies less t~back donation to the carbonyls

and more to the slMe-3_nC1n groups. ThlS in turn may be
- T,
A—\N
related”’to the barrier to cis~trans isomerization. “Eus,‘“‘ ——
u’ » - . ™ ‘
compounds containing good n-back bondinq ligands, such as

“this indeed. was.
xS AL
o Mu

o

4\0' ;
used before to explain the/hlndered rotatlon of coordinated

n o B e e —— ~ o e

tran n metal complcxes or the rotatlon

about single bonds gt part;al double bonds in organic

molecules. >’ ‘
Oon the other nand+~i%vmaY’5€-tﬁat a ground state
geometry otMer tHan the idealized regular octahedron

X4

provides faC1le Ea;h to rearrangements For els - M(CO)4

(ER3)2 d pivatlves a con51derable range of distortion is

possible, from the pseudo-bicapped tetrahedral czs—Fe(CO)

{SiMe 96 to the almost perfectly octahedral cts- Ru(CO)

(GeC} 166 The structure of these and of other related -
| derlvatlves wlll be discussed in Chapter &‘v“mv_rums\\

——

The study of the dynamic behaviour of M(CO) (ERi) T
/ - ]_
molecules by~ 3C nmr 1is complicatéd by the large Spa in
the barrler for cis-trans 1somerlzatlon. One often has‘*

to go to very low or to very hlgh temperatures to observe

limiting spectra. Two examplcs will 1llustrate thls pOlnt
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The 13C nmr spectrum of ufn~Fo(CO)4(SnM03)2 showed

a single 13CO resonance down to -80° (C02C1 ) and -90°
(tolucnevda). Attempts to recach lower temperatures using

w©

methylcyclohexane-dy, failed because of high viscosity

14
of the solution below -60°. - Using a 13CO—enriched sample
in the solvent CF_HCI:CD Cl2 (4:1), a single resonance

2 2
dwas again observed at -110°. However, all three'Sn'13CO

couplings were observed, which established that the

compound is stereochemically rigid at =-110°, and~ that thosfwﬂ/*”””

’,/4_/

single carbonyl resonance 1~rdue~t0/aEEIdental degeneracy

ﬂﬂ//Jg_,ihe~axf’Iﬁand equatorlal peaks.

- In the mixed solvent methylcyclohexane- d14 :CD Cl

(1:1), two l3CO peaks separated by 4.7 Hz wede observed

]

at -110° (Figure 11). At the end of data COllGCthn it was
noted that the solution had separated into two layers.vHOWever,

we believe that there was a genuine separation of the

1
——axial and equatorlal Xésonances since two sets of k3CO Sn

couplings ‘were observead to be centered about the peak to
: low field and one stronger set centered about the hlgh

fleld peak. The coupllngs werer;dentiCal in magnitude .

se found in the CF HCl/CD c1 experiment.

2 2

iH nmr speotrum of cis~ and trans Os(CO)

';§§°, temperatures as high

-—\.‘\_ -

(SiMe3) showed coalescenc
\

as l40f were requlred to observe a well advanced coalescence

. . 3 .

in the ! C nmr spectrum«/’Most of the compoynds studied

here decompose rapidly at these high temperatures, and

a



although collapse of 13CO resonances in M(CO)4(EM03)2
derivatives (M = Ru, Os; E‘= Si, Ge, Sn, and Pb) was
observed at 90°, the coalescence temperature could be
determined in but a few special cases (see Table VIII).

3. Exgerimentel Section
, » \ ’ . ~

\

The nmr instrumentation and technique has been

described in Chapter IT. All varlable ‘temperature 13C

nmr spectra were recorded on the Bruker HFX-90 spectrometer;

the room temperature spectrum of 13Co—enriched Fe(CO)4-

(SiMe3)2 was obtained on the Varian HA-100 instrument.
\\Q\\bgf The number of pulses was usually one thousand (lK):

but as many as 2K to 12 K pulses were required in spectra“

where coaleseence was Qccurring. - ‘

The spectrum of Ru(CO)4(SdMe above 100° was

. 3)2
determined using the pure liguid. The lock consisted of
dimethylsulfoxide:d6 contained in a 5 mm nmr  tube fitted
coaxially in the larger tube. The- spectra of Os(CO)
(SiMe3)2 were measured 1& "a sealed tube, with freshl(
distilled decalin as solvent, and dlmethylsulfox1de~d6
in a- sealed caplllary as the lock. The sample (1.0 g) was

enriched with CO to approximately 25%. At 140° slight
refiuxing of solvent in the tube occurred, reSulting in
some'losS'of resolution. For this feason, spectra at

higher temperatures were not attempted. No relaxation

‘reagent was used in experiments where a line-shape analysis

91



. 127
was carrioced out. ,

The simulation of the nmr spectra of Fe(85)4(SiM03)2,
Fe(CO)4(GeM03)2 and QS(CO)q(SiMe3)2 was carried out using
a two or six site cxchaﬁge progfam written and supplied -
by Professor D. L. Rabenstein of this department. The
computations were carried out on an IBM 360/67 or an |
Amdahl 470 V/6 computer afjthe University of Alberta.

The following rates were found for Fe(co)4(siMe )

3/2°
-70°, 9.09; -65°, 19.2; -60°, 26.3; -55°, 51.8; -50°, 85.5;
—-45°, 147.1; -40°, 344.8 sec‘l. The half-width used in
simulation was 2.6 Hz (see page 68 ). From these results,

L 10.4 + 0.6 kcal mol‘l and

activation parameters of AH
ast = —2.3 . 2.6 eu were calculated from a least squares
fit to the Eyfing equation. » ’ -

The rates obtained for Fe(CO)4(G¢Me3)2 wére as fdllows:
-40°, 12.5; -30°, 35.71; -20°, 94.34; -15°, 169.5; -10°,
312.5; ¥5°, 476.2 secﬂl.“ The half-width used in simulation
was 2.6 Hz, the'valué observed at -50°., These rates led

to the following activation parameters: AHJr = 12.5 ¢+ 0.4
Q

kcal,molfl and Ast = 0.6 * 1.5 eu.
| The line-~shape analysis of Os(CO)_4(SiMe3)2 was
complicated by two factors: the chemical shift differenée
between the methyl peaks of the trans and cis isomers
varied with temperature, and the ratio of isomers changed
with température; ‘

Study of the change in the méthyl cérbon chemical

-

shift difference with temperature at temperatures below

92
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-

the region of collapse suggested the followingd:elationauﬁp <

!

between the chemical shift difference (A6) with‘temperature
. »
(T°K) as established by a least squares fit:

AS = ~0.0844 T + 54.08

A u . . ;
From this relationship A§ in the region of coalescence could

be estimated. : 2 ' , v

Similarly'from the ratio of isomtrs, as obtained by -«

integration at temperatures below 50°, the following
O

equation was established by leasplsquares:

\Y]

log K = ~185.9/T + 0.870,

t

where K is the ratio trans:cis. Thus the ratio of isomers

at témperatures greater than 50° could be estimated. The

——

equation implies that AH® = (.85 kcal mol_l and AS° = 4 eu

o

for the equilibrium:

cis_oékc0)4(SiMe3)2 ;:::i trans-oS(co)4(SiMe3)2"

<

These results are in gpoq.agreement with values obtained

.'using lH nmr data (CHZBr 0 or toluene-d8 solvent) .

2
Low temperature limiting half widths (-20°) used

in spectral simulation were 2.0 Hz for trans Me, and

2.2 Hz for cis Me, leading to the following rates. The

L .
first value given after the temperature (°C) is kKopr the

t ;
rate of isomerization of cis and tranS'inZSeg—l, ahd tge
second~figure is the correspondingﬁfate (ktc) for the
trans to cis process:

-3;%, 5.00, 2.70; 40°,"6.67, 3.52; 459, 11,1, 5.75; 50°,
yé.4, 7.81; 55°, 25.2, 12.5; 60°, 35.3, -17.2; 65°, 42.2,
//60.2; 70°, 76.3, 35.7; 75°, 160, 45f5; 80°, 147, 66.7;

/
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0l
M )

'90°, 297, 130; 100°, 575, 244;. 110°, 1220, 500.

From these results actLVatmon parameturs of

t = 1 .t = - o , N
A“ct 16.4 + 0.3 kcal mol() 'Asct 2.3%¢+ 0.8 cu,
t : : -1 + “
.AHtC = 15.6 + 0.3 kca{.mol , ?nd‘AStc =-~6.3 ¢+ 0.8 eu

were calculated from a least sqdareslfit to the Eyring

&

equation.{, ) .

i
-~

In the calculatlon of the actxvatlon paramcters only
" (8]
rate constants betWeen 358 and 110°C were used since values
o " B
outside this range were subject bo larqer exgﬂrlmental

<

error; this was esp901alLy the case with the spectrum at
‘¢
14005 s .7 " ‘:D .o r
. From the Eyrlng equatlon, rate const#nts at partlcular

temperatures were ca}qulated and .used simulate the

spectra ih ‘the carbonyl region.: The moded used in Calculat—
¢ o
jlng the 51mulated spectra assumed that the trans 51gnal

gave rise to ax1al or equatorlal resqpances ‘¥n the cis

<§olecule with equal (O 5) prébanllty, that the axial_ and
4 ¢
equatorial resnnances each prdﬁuced the trans resonance
O o
with - unlt probablllty, and fhat the probablllty for dlrect

axial~ equatorlal carbonyl ihterchange was® zero.\ Halﬁ , -

w1dths of }3CO resonances in the low temperature l1m1t1ng
© 4 a . ¢
spectrum (- 20°) were 2. 4 Hz for _the trans isomer, and

2.8 Hz" for both axial and eqUatorlal 51gnais of the c1s

ot

. o

isomer. =

]

. Y . o B
The small peak observed betweern the cis carbonyl ¢

. G ° Bl ’I . .
resonances is due to an impurity, possibly [Os(GO)4SiMe3]?.
- P oL @

o .
< .

~~
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» For the rest of %he .compounds, where collapse of the

.carbonyl slgnals was observed, line shape analySLS of the
spectra was not cofisidered worthwhlle Because of the
large chemical shlft’dlfference (2-5 ppm) between theo
two peaks the signal in the reglon of collapse is spread
'over a large region and is- therefore weak'. Large errors
are consequently involved in s1mulat1ng ‘such a Spectrum‘ .
Wlth concomltant errors in the activation parameters. '
Several spéctra having 8K sc&ns each would have ‘been
necessary for a satlsfactory analy51s( The time requlred
fdr 8K scans' 1s approx1mately two hours and .many of the
compounds ‘showed signs of decomp051tlon after only one
'two hour perlod at the temperature of collapse.

An approx1mate method of calculating AG+ from the
‘Ehemical shift separation (at slow exchange) and the
"collapse temperature was therefore carried out using the

relationshipsl1~= 1/7/2  Av andpl/T'= KTkT/h)eXp(wAG+/RT) .
‘xwhere T = lifetime at'temperaturezT,FK = transmission

-

coefficient = 1, T = temperature of COllapse, and Av =

chemlcal Shlft dlfference in the low temperature limiting
spectrum.
. . 's
In cases where AG+ was calculatied by both this method

o
and from the results of the line-shape analysis it was

foundvthat”the two values agreed within experimental error. -
The line-shape analysis of the lH nmr spectra of .

OS(CO)4(SlMe3

2

)z-in toluene—dg'was carried out as described

< s \

[
N -

v



above for;the TBC nmr spectra. The followxng relatlonshlps
between ‘the chemical Shlft difference (A8) and temperature
(~30 to 40°) "and between the ratlo of 1somers (K = trans/
cis). and temperature (-30 to 32°) were‘established by least
squares fit: ) |
A = 0.0211 T + 9.69 - | ‘\ ,g'
© log K =:-146.9/T + 0.663 | \
From these relatlonshlps, A6 ‘and K in the . reglon of J-N
coalescence could be estlmated Also, AH® =(O.7/kCal.%ol—

and AS°® = 3-Q. eu for the equlllbrlum - '// | \

ci8-0s (CO) (SlM83)2 Vﬁ.__trans~Os(CO) gs/ue3)2 :v\ \

may be ~calculated.

Low temperature leltlng half w1d ; ( 10° ) used in

e \
spectral 51mulatlon were 0 75 Hz for the trans 1somer, and .
’ { \
0.70 Hz for the cis 150mer, leadl‘g to thk foilow1ng ﬁ#teﬁ
I ‘\\
ct’ |
cis to trans n sec l,»ana \

. \
The flrst valhe glven after th temperature ( C) is k
the rate of 1somer72atlon o;
, y L .
the second flgure 1§ the orresp@ndlng rate (kfé) for the \
- | A . v - © ’

trans to cis proces A L ) \ ) p‘\
“\ I \‘ . L ) : ) . ! . / s ‘
40°, 3.91,.2.5; 50°, 10.77, 6.67; 55°, 15264, 9.52; 60°,
, - ey

\ , | |
24.89, 14.93; 65°,\BP./&, 20.41-&70°,54i.05 27 40; 80°,
. | : . LS / \

90/57, 51.28; 90°, 287.8, 158.7; 1096w Sﬁ6 5, 277.8.
F:om these rates the i following actlvatlon\parameters were
'

' + . )\ l \ + _ :

calculated AHct = lf.o + 0. 6 kcal mol ’\Asct = 1.5 &
t 2 Lo -1 et

}t? eu,‘AHtg/ 17.3 1}0.6 /9al mOl ’ and éfté = 'l{6 *

.1&7 eu. /ﬁ \ //

y



CHAPTER V

L]

THE STRUCTURE OF M(CO) , (ER.) , DERIVATIVES.

l. Introduction

‘The idealized polytopal isomers in the six- atoT///

famlly are the octahedron, the trlgonal prlsm,49 nd the

blcapped tetrahedron.gs' 167,168 The stabili atlon of

one polytopal isomer with respect to anot

<) maxihizingfbdnding‘interact'ons etween the atoms of

the ligand itself.>6°
The octéhedron.is, in mést cases, the mos§ stobfe
polytopal isomer, and co sequentlQ; most six-coordinate
molecules are stereoc eﬁically rigid. However, during

recent ;years, a grdwing number of six—coordinate

stéreochemical' 7

nonrigid molecules has been reported
 and two non-pond breaklng mechanlsms have been proposed

for the;r”rearrangement: the trigonal or Bailar

¢ e



: : . "
tw15t160 164 and the tetrahedral jump.]’SG'157 The

1ntermediates (or transition states) 1n these rearrangement
mechanlsms are the trlgonal prlsm and the distorted trans
octahedron, respectively, both of whiCh_are normally of
relatively'high enengy.167'169 Lowering the barrier to
rearrangement can nevertheless be achleved ‘and two strat~
egles suggest themselves: "a)ﬂdestabilizing the ground state
octahedron,'and b) stab11121ng the intermediates or transﬂ
1t10n states. These possibilities will be con51dered in |

A Y

thlS chapter, where the structure of a number of cis- and

trans~M(CO)4(ER3)2 derivatives will be discussed.
5 » . :

- 2. Discussion of the Stricture of cis—M(CO)4(ER3L2

. . I
Derivatives.

" Most six-coordinate molecules‘are‘assumed, and seldom

—

Another non-bond breaking mechanism-has also been

+ proposed, the rhombic, or Ray~Dutt 'twist 179» However,'/
"thlS mechanlsm is completely ldentlcal with the Balla //
tw1st 164 0f course, numerous bond breaklng rearrange—
ment mechanlsms are p0351ble, whlch occur via a flve—‘
coordlnate 1ntermed1ate or tran51tlon state 171, chever,
theSe mechanlsms have not been dlSCUSSed here because no

. evidence for them4 as far as the systems studled in.

. Chapter IV are concerned, is avallable.
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proven, to be octahedral However, sewefal pray 1nvest1ga~

tions have shown that in cmu—M(CO) (ER/) derlvatlves

-

51gn1f1cant dlStOrthDS from ldea}{//d octahedral geometry

§

‘may exist. ' The two extremes hé/e would be the regular
ﬂoctahedral geometry and the tetrahedral M(CO) arrangement‘
"with the ER, ligands in two of the tetrahedral_facesz,,The

aVerage of the.observed ”cls" and "trans™ angles between
N elo) groups may - be taken as a . measure of the dlstortlon.172
_The limiting - values of these angles would be 90° and 180°
for the octahedron, and 109 5° for the tetrahedroh.

The molecular structure of ézs Fe(CO) (SlMe ) which-

was obtalned by pr. R. A Smlth of this department 96 is

. shown in.Figure 13 The molecule eXhlbltS great dlstortlon

'from regular octahedral geometry sueh that it may . be best. -~

described as a pseudo blcapped tetrahedfbn\wlth the

~

trimethylsilyl groups as capping ligands. '\\\<\‘

The angle between the axial carbonyl carban',f\\\

~.

\ )
(C(3)-Fe~C(4)) 1is 141 2° lnstead of the expected 180° for a

regular octahedron. The angles between the ax1al and
equatorlal carbonyl carbons (C(l)~Fe ~C(3) and C(l)~Fe -C(4))

are 103 9° and 103 4°, respectlvely Only the angle

C between the equatorlal carbonyl carbons (C(l)—Fe C(l’))

at 89. 5° is w1th1n l° of 1ts 1deallzed octahedral value.
The Si~Fe-si' angle is 111. 8° Atoms 0(3), C(3), Fe, C(4),
and O(4) are coplanar.'_Also atoms O(l), o(1'), C(1), c(1"),

Fe, 5i, and Si' are coplanar. s
= g . , .
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Figure 13. Molecular structure of qis~Fe(CO);(SiMé3)2;



The orientation of the SiMe3 roups with respectoto
each other was initially surpr1s1ng din that two methyl
groups (C(7) and C(7')) p01nt almost directly at one
another. The C(7)-C(7') contact at ;\437(7) A would be
vconsidered attractiue. o ‘l ‘

) .The silicon atom is quldlstant from C(l), C(3) ‘and
C(4), and all three angles between 5111con~1ron and C(l),
C(3), and C(4) are less than 90°. This corresponds to a-
'very favorable cis- ngand interaction between the. whole

. trlmethy151lyl group and the three carbonyl carbons closest
to it. - The methyl carbons are staggered with respect to
the carbonyl carbons such that C(S) is almost bisecting the
C(l)—Fe—C(3) angle, c(6) blsectlng the C(1l)-Fe~C(4) angle,
and C(7) blsectlng the C(3) -Fe-C(4) angle. This
i"blsectlng" geometry -dictates the unusual arrangement of

. methyl groups centered on C(7) *and C(7 ). The dlstortlon
in this structure relieves the 1ntramolecular repu181ons
C(4l—C(6) and C(3)-C(5). The hydrogen-hydrogen contacts

lbetween H(8)~H(8 ) and H(9)—H(9')'correspond to repulsionl73

and the Sl -Fe-Si' Cangfe is consistent with net repu151on,.
between the- tr1methy151lyl groups.. ' :ﬂi ‘
Although the dlstortlon obServed in cis~Fe(CO)4(SiMe3)2
may be rationalizediusing steric arguments, explanations
’based on electronic.reasons haug‘been brought forward as
well. Thus, it?Qas argued, based‘%n.extended Hﬁckel»f
calculatiOns;bthat»very good o—donors,‘such as the
trimethylsilyl'group,;can stabilize thebbicapped tetra-

[y



'hedron,167 and the iron becomes‘ah.essentially dlo system.

Recent calculations from this laboratory, cafried out by
N\

Dr. A. C. Sarapu using .the method of Fenske and Hall 174
have found that much of the electron den51ty at the metal
_1s removed by’ 1ncreased*back ~donation to the carbonyl Qﬁ
orbltals ?6 Nevertheless, these results’corroborate the
above descrlptlon of the electronlé structure . 1nsofar
*as the s;gma framework is’ concerned

v

The molecular structure of’cinge(co)4(SnPh

- 3 2,'which
was determined by Dr. H. P.-Calhoun of this depa‘tment,“98
rs shown in‘Figure 14. The'molecule is signififantly
l'dlstorted from regular octahedral geometry, al hough not

as much as’ az°~Fe(CO) (SlMe ) . Thus, .the angle between

the ax;al carbonyl oarbons (C(l) Fe C(3)) is 159. 6°, and

.the angle between the equatonaal carbons is 92 0° A
comparison of the E—FeeB angles {E =~Sl, Sn) in
cis-Fe(CO), (siMe ), (111.8°) and cis-Fe (CO) 4 (SRPRY)

(95.95°) lndlcates less repulslon between the ER_, groups in

3
the latter molecule. This is the result of a longer
'1ron -tin bond (2 666 A) and of the propeller-type arrange-
ment of the phenyl groups.

) While the 51llcon atom in cis-Fe(Co) (SlMe ) was
equldlstant from the three cis- carbonyl carbons, this was

' not the case w1th'ozs-Fe(CO)4(SnPh ) . Inrféct in this
.structure for say, atom Sn(l), there is oniy one short

contact, to. C(l) fat 2. 94 A The other twg dlstances, to

C(3) and C(4), are much longer‘(3.06 and‘3.l4aA,

]

N
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_Pigure 14. Molecular structure of cis-Fe(CO),(SnPhjy),..
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respectively). On the other hand, Sn(2) is closest to C(3),

distance 2:93 X, atoms 0(2), C(2), Fe, C(4), 0(4), Sn(l),

and Sn(2) are non- COplanar. the opp051te\~3§ found in

eis- Fe(CO) (SiMe ) The Carbonyls in cis ~Fe(CO) (SlMe )

weie;igaqgéred with respect to ‘the adjacent methyl groups.
//,~/B§ contrast, they are almost eclipsed in cis-Fe (CO) (SnPh3)2,

angﬁglose contacts are’ observed between C(3) and C(5), at

. o . o :
3.47vA, and between C(3) and~C(8), at 3.49 A. These factors
T T IR ERER
‘could explaan the less dlstorteddgeometry observed 1n this
molecule..

The structure of the related molecule, c18 Fe(CO)

.HSiPh was carried out by Dr. K A. Simpson, formerly of

37
‘thls department .’ 175 This is shown‘in-Figure 15. The -
molecule exhibits marked deviation from regular octahedral
geomety fThe trlphenyISLlyl and the carbonyl groups form
—-——""an idealized trigonal blpyramld Wlth the Si-Fe-C(3) angle
'at 178.0°.V‘Carbons l, 2, and 4 are staggered with respect
to the phenyl groups, and they are bent/toward the SlPh
grOup.‘ Thus., the. SlllCOﬂ atom is almost equldlstant from
C(l), c(2), and c(4). Co .
" The angle between the "axy/l" carbOns (C(1)~Fe-C( (2))-
is. 149. 8°; and they are dlsplaced toward the hydrogeﬁ/atomt

rather than the bisector of ghe H-Fe- Sx angle e angle

betWeen the. equatorlal" ca'bons (C;f/*Fe C(ﬂ "is‘96’§°'

3

/
e iron- 5111con bon length/@as 2.4 (3), which is
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Figure 15.  Molecular structure of cis—Fe(CO)4HSiPh

37
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' [+] .
cis—Fe(CO)q(SiMc3)2 (2.456 (2) A). The hydrogen atom

adjacent to iron was "located" from an electron density

‘ o .
‘difference map, and the Fe-H distance was 1.55 A, The

"refined" pOSltldn for hydrogen afforded an Fe-H bond
length of 1.64(10) A. Other CLS~F8(CO)4 2 derivatives
have- becn 1nvestlgated by electron or X- ray dlffractlon,

but the magnltude of distortion was con51derably less than,

say, in czs-Fe(Co) (SlMe3)3- Distortions fromgoctahedral

~egeometry (to angles of 156° and 165° between the axiajl

kS

'of czs -Fe.(€0)

. carbonyls) have been clalmed for the two independent’

molecules of [Fe(CQ) SnMe ] 176 but the rellablllty of this

]
data is low due to severe dlsorder problems Similar

dlStOfthnS were observed in the electron diffraction study

atys or the crystal structures_of

1 178 179 ’
[ (n Cgl 5)ZSnFe(CO)4]2,- Fe(CO)///lZHSO) and -
Fe(CO)4(C8H606)180 wherte angles_ofkl48.5,r}63.6, 164.4, and
166° were observed, respectively Smaller distortions ¢

' <,
(less than 10°) were observed in Fe(co) (HgBr) 181

CF,H) ,182 or [Fe(CO) SiCl,], .183

The multltude of X-ray dlffractaon studles of

Fe(CO) (CF

]

013 Fe(CO)4 2 derlvatlves have demonstrated the large

variation 1n-coordinati0n geometry about the iron atom.

Distortions from regular octahedral geometry have been

observed, and they seem to be the rule rather than the

exceptlon.



/

*

The crystal structuie of the somewhat related

ciﬂ—Fe[PhP(OEt) ] showed a highly distorted eometry,
214" Y 9

/ w1th the anqle between the ,axial phosphorous atoms at

136.7°.158 The d¥stortion observed in this compound was

used to explain its stereochemical nonrigidity.155—157

A similar argument seems to apply to M(CO), (ER,), deriva-

3°2
tives as well. Thus, the most distorted complexes

discussed here, cis~Fe(CO)4(SiM93)2,961cis~Fe(CO)4’
38 . 184 ‘

(SnPh3)2, and cLs-Fe(CO)4HSiPh3 have. beeh shown to be

stereochemically nonriéid (see Chapter 1IV). Also

.

[Fe (CO) SnBu ] - showed averaglng of axial and equatorial

185
carbonyl reésonances above room temperature. The

" structure of this compound may be related to that of the

correspondlng methyl analog,'[Fe(CO)4SnMe2]3, and‘it may
show a similar dlStOrthD- }

3 \

The crystal and molecglar structure of ciS~Ru(CO)4L
(G_eC13)2 has been determined by_Dr.'R. Ball, formerly of
this department, and it is shown in Figure 16.166 The
éeometry of the molecule is close to reguler octahedral:
the angle between the exiai carbonyls (C(l)fRu—C(2)) is‘
173°, and the angle between the equatorial carbonyls
(C(3)~Ru—CK4)) is 95°.“ The 5verage of the C—ku—c and

C-Ru-Ge éngles is 92.9° and 87.6°, reSpect%yely, which

reflects the existence of stronger repulsive forces between

the CO groups than between the CO and GeCl3 ligands.186

The angle between the GeCl3 groups {(Ge(l)-Ru- -Ge (2)) is.

91.56,_1nd1cat1ng little, if any, steric repul®ion between*

»
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Figurec 16. Molecular structure of cis-Ru(CO)4(GeCl3)j~
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The"l3conmr.of cis—Ru(CO)4(GeC13)2 has not been

s

determined. - However:, by analogy to all other ruthenium

carbonyl derivatives whose 13C nmr - Spectra showed stereo-

o

K

chemlcal rigidity on the nmr time scale at room temperature
—
(Chapter II and IV) it seems very llkely that the same

would be,tnme for this compound as well. One could argue'

that the.relatlvely hlgh barrier for carbonyl rearrangement ’

in ruthenium and osmiunt M(CO) (ER ) complexes (Chapter IVv)

is due to a 51gn1f1cantly smaller dlstortron from regular

'octahedral geometry.

P
<

Infrared spectrqgscopy has been used extensively to

study ctu—M(CO) (ER ) in solutibn.l3l’136°pFour infrared-

'actlve carbonyl bands are predlcted for such complexes,

rr*r*?ﬂﬁf”fﬁ?ﬁﬁ@ﬁfcagesfu‘our were observed Unfortunately,

a

vthe usual type of 1nfrared study affords no 1nformatlon as

]

to the dlstortlon in these complexes, and in the above
dlSCUSSlOn, conclu51ons drawrn from studles in the solid

State were extrapolated to solution.

0 (\ 4
: on 6f the Str - ER._
3. Discussion of the Structure of (rans M(CO) , ( 312

[

o ! ‘ 2

Derivatives. S

s

Several X-ray diffraction studies of trans-M(CO)4—
o ' . '\‘ —
(ER ) derivatives have been carried out. Some structures
exhibit’ the essentlally regular octahedral geometry of D4h

symmetry‘(lg),,but distortions of two types, D (1¥) and

-2d

@ 0

a
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C (13), have "also been‘recognized{ _ >

¢

A,

11 e 12 .

Pagr =+ | 2h’

Infrared and Raman spectroscopy may be used to study
the structure of these_isomers'in solution, and in certain

cases, useful conclusions can be obtained. .Below, .a number

of examples will be considered which'wiil i lusirate the
power, as well .as the pltfalls, of these spectroscoplcf
technlques._ Flnally, the solutlon structures deduced for
severa@“derlvatlves will be compahed with the .solid state
'studles, ' | ’

In Chapter IV (page ‘72 )) infrared spectroscoplc
eV1dence was presented for the ex1stence of trans- Fe(CO)
_(SlMeB)z and two lnfrared active bands (at 2062 and 1964
cm l) were at;rlbuted to this isomer. The other_four bands
in the inf:ared speetrum of Fe (CO) (SlMe3)2 (et 2669,a3006,
2000, and 1979 Ch_l) were gssigned to the cis isomer. The

- selection rules for the different trans isomers, as well as

for the cis isomer, of sz symmetry, are given below:

b
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Symmetry ." . Infrared ‘ Raman,
. sctive" . Tactive
D4h.(trans)‘ | E_ . -Aig + By
. . _ RV .
Dygq (trans) ~‘ ” B, + E “ Al + B, + E
Cpp (trans) - : By * By Rt ég e
,’ ,Cév (crs). 2A, + By +A§2' 2A; + B ﬁ,Bz
- Tne infrared spectrum of trans-Fe(CO) (SrMe )- is» . f .
consistent with both a D2d and C2h structure, and rules out
the, D, 'structure.. However, the infrared.- spectrum of

4h
trans Mo(CO) [P(OPh)3]2 showed two.very weak and- one strong

o

band, while for ‘a D4h structure only one band was predlcted

It :was argued that the P(OPh)3 groups perturb’ the D4h

—--symmetry~sndffﬁefAlg-and Blg bands gain slight allowed~.

ness."g9 This seems unllkely for trans Fe(CO) (SlMe ) as - ’

E)

the bands attrlbuted to 1t have 1ntén81ty medium and strong,
. i . ey
respectively. : \; o .
: Accordlng to the selectlon rules presented above,-sxx

Raman -active bands are expected for a mixture of 01s(C ‘)'

2v
and trans(CZh) isomers -and seven bands for a mixture of °
ciS(CQV) and trans(Dzd) isomers. The Raman spectrum of
'cis¥ and trans—Fe(CO) (SiMe ), (heptane solution) showed

five bands at 2071(4 3), 2066(3 6), 2008 (7 8), 2001(10),

"and 1984(3 6) cm -1 (relatlve 1nten51t1es in. parenthes1s),

~

which indicates ac01denta1 degeneracy of one (or two)- bandg\\

’

2]



One could argue, using a "gambler-type" rationale, that one

accidental degeneracy is more likely than two. Therefore,

the C2h'structure for the trans isomer would be the‘one to
bet on. |

However, the hands assigned’to the trans isomer are
.shifted considerahly in the Raman‘spectrumﬁ while those
'>a551gned to the cis 1somer vary little, if at all.  This
1s a nontr1v1al p01nt For a trans isomer'of DZH symmetry

~ two bands (B, + E) are expected to have the same p051tlon

2

in both 1nfrared and Raman spectra, whlle for a C2h

structure the opp051te would be true. Based on the above

ev1dence, the C2h structure ﬁOr trans~Fe(CO)4(SiMe3)2 is

[

favoured.

’

' From;infrared studies,‘D2d Etructure§~yere proposed

" for trans- Fe(CO) and trans Os(CO)4 5 ¥@7 188 .However,

4 2
as shown above, 1nfrared spectroscopy alone cannot

t .
'dlstlDQUlSh between a Doy ‘and a C2h s ructureQ

The 1nfrared spectrum of Fe (CO) , (SlCl ) ‘is worthy of
comment. On the basis of 1ts 1nfrared spectrum (four

‘bands in Heptane or .in methylene chlorlde solutlon), thlS

=3

compound was taken to be the cis 1somer.;00 The 13C nmr.

of thlS compound in CD Cl or toluene—d8 solution (Chapter

I1 and Iv)., has shown a mixture of cis and trans isomers
at room temperature; Clearly, the infrared —-active
band(s) of the trans 1somer are accidentally degenerate

P

with those of the cis 1somer

112
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pichs R £ .was claimed that the trans isomer of Fe(CO) (sicl

g 32
was recognlzed by its 1nfrared spectrum as’a more Volatlle

component fnom the reactlon of Fe (CO) and HSlCl3.189

-

., However, in view of the low barrler for interconversion of
cis— and trans Fe(CO) (SlCl ) (page 87 Y, all normaI

e 1nfrared solutlon measurements would anOlVe the equlllbrlum

o a

uc1s¢trans ‘mixture. The suggestlonlgo.that bands attrlbuted

to trans- Fe(C@) (sicl 3 ‘are due in reality to cis~Fe(CO)4f‘
. . .
, HSlCl3 is almost certalnly correct. &

Genulne trans- Fe(CO)4(Siél ) . was obtained by'slow
§ubllmatlon, in an X-ray caplllary, and its crystal struc-

. ture was determined by Dr. A. Whltla of thlS department.

The strncture is shéwn . in Flgure-l7. The geometry of the

molecule is“very close to the idealized octahedron. The . : °

C(1')-Fe-Si and C(2')-Fe-5i angles are 91.3° and 92.1°,
respectively. Thus, the symmetry of the molecule could

be best descrlbed as C2h

The dlstortlon observed in thlS molecule may. be under-

Tie

stood in terms of the non—bonded contacts between the
‘chlorine atoms and the carganyl carbons. Two C1s carbonyl
groups are° almost ecllpsed w1th two chlorlne atoms ’ . s '\\
(the €1(1)-C(2') and- Cl(Z)-C(l ) dlstances are 3.31. and
8.21 R .respectlvely)d’whlch 1s con51stent w1th the obtuse

v

angles at 1ron mentloned above,

o.

The°1rqn 5111con bond length is 2. 326(1) A whlch is

<

,con51derably shorter than the value observed in



. 114




115

CiBﬂFe(CO)4(SiMé )., (2. 456(2) A) and in eis-Fe (CO) HSlPh

(2.415(3) R). Thls is consistent w1th increased w back-
. &+

donation to the SlCl3 group. S ,

o A SLmllar geometry has been observed ln the SOlld state

for trans Ru(CO) (Gec1,), (Flgure 18),166,186 trans-0s (CO) ;-
(SnPh ) 91 and trans Cr(CO)4[P(OPh)3]2 192 -
L

X—ray dlffractlon study of Mﬂ(CO) Sl(SlMe ) has-shoWn a

Also, he'

“51mllar dlstortlon-' two cis’ carbonyls ecllpsed w1th ‘thej
51Me3 groups are bent away from the Sl(SlMe3)3 ligand,'while

the Other two carbonyls,‘whlch are staggered with respect to
‘ 193‘

o

the SiMe3 groups, are bent toward the 51(81Me ) llgand

'Flnally, two ruthenlum complexes should be - mentloned, .

27472
;dlffractlon study of the flrst derlvatlve has shown

'~“‘““si§ﬁiflcaﬁf“d“stortlon from regular octahedral geometry,

and the six atom RuH2P4 polyhedron has D2d symmetry.,

Perhaps the best 51ngle 1nd1cator of the dlstortlon is

trans Ru[PhP(OEt) 1,H_ and trans Ru(PHMe ) ;An X~rdy

the P~Ru-P -angle of 161 4° 159 On the other hand"
7‘X—ray structural 1nvest1gatlon of the second derlvatlve,'
| trans- RU(PHMe2)4

‘geometry 194 all trans angles ‘in thls molecule were 180°

f(the molecule has a center of. symmetry) The sy

' ry»of -
'the molecule 1s C2h' and dev1atlons from oc

geometry of 2 5°‘and 4.6° were observ

©

, has shown almost regular octahedral ‘ -
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Figure 18. Molecular structure of trans-Ru(CO) 4 (GeCl) .
,,"/ L - .



N Introduction

CHAPTER VI

METAL CARBONYIL DERIVATIVES OF .o &

1,2-BIS (DIMETHYLSILYL) ETHANE

‘The l‘3C nmr studies of the atereochemically nonrigid

behaviour of M(CO)4(ER3) derivatives M = Fe, Ru, Os,

E = Si,:Ge,'Sn,'Pb- R = organic group and halogen) descrlbed;

in Chapter IV have suggested the lntermedlacy‘of the tr:

~form in the carbonyl rearrangement of the cis 1somer

To further our understandlng of such systems, it was
of 1nterest to prepare analogs in which the 51lyl groups
-were llnked so that they would be constrained to cis

p051tlons - In such chelated derlvat1ze§LA*Qrvexample¢_theﬂ—f--»

pOSSlblllty of 1nterchange of ax1al and equatorlal carbonyls

w1thout passing through a trans octahedral form could ba ' L
investigated.

The reaction of silicon-hydrogen bonds with metal

carbonyls has proven to be of great utlllty 19-21,195 and

‘it was accordlngly decided to utlllze the silane HMe Sl~'

&

CH2 CH2 SlMeZH as a startlng materlal This chapter

descrlbes a convenlent synthe51s of. thlS useful ligand,

i

and 1ts reactlon Wlth Fe(CO)S, Ru (CO) ,v0§3(co 12)_and
\YCO) : e «

2.- Results and Discussion

The 'silane.starting material’hasvbeen-prepared_in///
. 117 ’ |
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©an overall yield of 56% from commerc1ally avallable organo~

silicon compounds using the following sequence of

react

92 -
ions. s

Me Sl ~CH=CH

2]
. OEt

Mele~CH2-

OBt

?

2

+ HMe,SicCl

2

2--S'iMe2

Cl

CH

H,PtCl,

IllAlH

*——€> HMe Si- CHZ-CHZ—SlMeZH

©

‘The intermediate in this preparation,

siiyl)—27(dimethylchlorosilyl)ethape,

was reduced directly with LiAlH4

'51‘yl

LiAlH

)ethane.

4 reductio

——> Me_Si-CH

2}

 OEt

—(oimethylethoXy—

wasbnot isolated, but

2

L]

td yield 1,2—bis—

- -Si
CH2 l1Me2

Cl

2

(dimethyl~

This silane has been prepared before ‘by the

196

n of the somewhat less readlly}avallable

1 £ 2- bls(dlmethylchlor051lyl)ethane.197 199

In general,

the silane reacted elther thermally or

‘with ultrav1olet irradiation with carbonyls of the iron

group to produce the ant1c1pated chelate complexes 13

14, -a
[AVIa ")

nd 15

S .

iMez—ca'

9

2 &

Ot
e

13, M =

VeV

%%, M = Ru
, M = Os

Fe

These have been.fully characterized by

(1)

(2) .

118
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analysis, mass spectrometry, infrared, and nmr spectro-

- 1 9
scopy (lH and " 2c).”2 >
S Vs
Ve Compound 13 was prepared by reaction of Fe(CO) with S

/ the srlane under ultrav1olet irradiation; it is a yellow,

- ?

air-sensitive compound, decomposing slowly in solution ‘or
on storage to form,FeB(CO)lz and Fe, (CO) 4.

The much more stable ruthenium and osmium derivatives
%Q and ké were prepared in a nearly guantitative reaction

- Of the silahé with M,(CO) ;, at ¥72 and ;oqo psi of"co.”

They are white waxy solids. Solutions of 14 and %é in
n-heptane showed no change in infrared spectra after a ~
24-hour exposure to the atmosphere. .

Complexes 13 - 15 have C, symmetry, taking into account‘
the nonplanar character of the flve—membered chelate ring. B
"‘?6ﬁ?;§§fB6HyI“EEE5EEEIBE‘BEHEE’SEE’EEEEEE&d, and(observed‘
Adrn 13 and k% (cf. Table IX); three bands are observed in
| L2, no doubt ow1ng to acc1dental degeneracy “
‘Reactlon of cobalt carbonyl with excess Eilane at’
room temperature produced~white, crystalline
(OC)4CoSiMe2CH2CH2Me2

compound particularly-in solution. Formation of this:

sico(co),, 1

lé; a rather unstable

non- chelated compound 1nd1cates an alternative reactlon

F

pathway for the 51lane. The reaction presumably proceeds

via HSiMeZCHZCﬁzMeZSiCo(CO)4, although this intermediate

‘The reaction of 14 with cyclooctatetraene has recently
200 '

%

been described.



120

was not observed,; reaction of the second silicon-hydrogen
bond with another molecule of Coé(CO)B‘[or HCo(CO)4]
must then be preferred to chelation, since the latter

would be.expected to fqrh a rather improbable cobalt(III)

- . ‘
complex. ) o . ”

N

The infrared/spectrum of %6’is as expected for

S nonlnteractlnq cobalt tetracarbonyl groupo. The E mode is
not Spllt/Q’ since the" threefold symmetry is not

. sufflcaently perturbed by the.rather similar methyl and

methylene substituents on silicon. The appearance of a
. - ’ 14
weak shoulder on the higher energy side of the 2089 cm -

Band is unusual; we can offer no explanation but believe

that it is genuine. ' ) o ~*j
-~ RN » . X N N
An.iron complex closely related to le,
. ~

_“,,‘LLaE:C%HgLEeiCQL25iMe2CH%;?Tﬁha8~£eeeat;y—beeﬁ—?fepafed-f*-"“¥’-
by reaction of the metal carbonyl anion with 1, 2~bls(d1-

methylchlor051lyl)ethane 202 The 1ron,compound appeags to

be more stable.

2.1 MNMR Spectra

Proton nmr spectra of all compounds (Table IX) show

’ .

51nglets for the methylene and methyl yrotons of the silane

ligand. In the chelate compounds'%%—ls this 1nd1cates .

that the expected rapld rlng inversion is taklng piace' <
“,

resulting ln a time~avenaged C 'symmetry.

2V
Carbon- 13 nmr data for compounds %% %5 are shown in

'Table X. The chemical shifts of the carbonyl carbons move

’ . . * ) - =

) .;)_./" -



Infrared and 1

silyl)ethane Deriv

Table I1X

atives

H NMR Data of 1,2~bis(Dimethyl-

121

I
b a lH mr s ctrumC
Compound Carbonyl stretching bands n pe
: CH2 CH3
%% 2068 (6.7), 2003(7.0), 9.00 S.44
1] 2000(3.6),b 1978 (10)
%ﬂ 2091 (4.4), 2032(6.3), 9,12 9.55
2024(8:3), 2010 (10)
§. v
%é 2096 (2. 3), 2028(4.8), - 9.12 9.42
2012 (10) ° ‘
16 2091(4.0),° 2089(7.6), 8.87 9.38

2028 (8.5),
. N

1995 (10)

[

In n-heptane solution. Band.positions»ih‘cm—l

v

intensities in parenthesis rélative to the strongest

with

band as 10} using a percent transmission’ scale. .

b ~Shoulder.

C

Vatues on 1t scale, cDhCl

3_solutionJ
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(X
\/ Tableoe nX

l ) ! . . . . . . <
3C NMR Data ot 1,2-bis(Dimcecthylsilyl)cethane, Derivataives !

’ W

B e R ¢ e v

) - - (‘.he}mic(ﬂ shifts - .
Compound co - co cH ch 6ax Geq
ax. oq - _2\_~ 3 o
-t 8]
N ~
%Q 208.89 207.86 ¢ 17.54 8.37 1.03
14° 19g.18  193.58  17.95  4.70 4.60
. ki . 181.00 175.50 17.92 3.89 5.50

B

Chemical shifts 1in toluéne~d8 Of™ the § scale rel;tive

to tetramethy%silane. Axial and equatorial CO groups
defined so that the central metal atom and the two silicon
ligands lie in the equatorial plane, as shown in text.

3¢

b In CDC1

©
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to higher field along the series Fe, Ru, Os, This trend

parallels thet observed in the hexacarbonyls of Cr, Mo, and

W.lo4 A second’ important trend is the increasing separation

between axial and equatorial 13CO shifts along the Fe, Ru,

'Os series. No trend “of this Plnd seems to have been noted

prev1ously for carbonyls of any perlodlc group.

‘In Table .X, the 13CO resonance at lower field is .
o ‘

d

assigned as axial. Previously, assignment of carbonyi

resonancés in cis-M(CO)4L2'complexes has not been possible.66

We base our a551gnment on-a study of cis- Os(COl4H in .«

‘whlch the proton- coupled 13C nmr spectrum unambiguously

identifies the two carbony;'resonances (see also Chapter 1II,

&
section 2.1.).

The l3Cfnmx spectra clearly establish that compounds
%% 15 are Stereochemically rlgld on the nmr, time scale at

ambient temperature ‘As noted above, it was of interest

“ .to examine the possibility of”axial—equatorial carbonyl

o

exchange in these compounds, where the chelate ligand

eliminates the possibility that such interchange could

occur vig a trans isomer. The compounds were therefore ,

‘ékam%ned at higher temperatures (80° for %%, 160° for %%,

© o

and 90° for %é)' and found to be rigid at these temperatures

also. Higher tegperatures resulted in décomposition. This

finding enables a.very crude lowef limit of about 20 kcal

mol-'l to be assigned to the free energy of activation

a '

o



i

c

for the exchange process.*-Actually, one would expect
3,

the barrier for such an exchange in an octahedral ctomplex

to be a great deal hlgher 23,57 o »

~

The usual problem ip an nmrbstudy of fluxional or

nonrigid processes is to obtain the low temperature

N}

llmltlng spectra- the large chemical 'shift dlfferences
characterlstlc of 13C nmr w1ll ald in the solutlon of
this'problem. ﬁoweVer, in the. present case, where ﬁ?e'
barrler to. exchange is expected to be reasonably h?gh
large Shlft dlfferences are dlsadvantageous since "higher
temperatures will then be required for coalescence.

The 13C nmr spectra of a number of tetracarbonylmolyb-

' denum‘glyoxal‘bis(arylimines), 17, have shown axial-

equatorial carbonyl interchange,

¢

R
l

\
Hy —
r'e.

OCO0—Xx—no0
O
o
o

p-tolyl, o-tolyl, 2,6-dimethylphenyl, and

2,4,6-triisoprop(71phenyl203

oo
i

and the free energies of actlvatlon for thlS process varled

_between lO and 13 kcal mol 1.203 It was argued, although  not

SN

* leen the low temperature llmltlng axial- equatorlal IBCO
shift difference of 104 Hz for compound %%, the value of

AG+ quoted here is that which would result in coaﬁeécence

at 160°. ) ' S o .

Q
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conclusiVely proved, that the rearrangement process was °

1ntramolecular and thatoltoocturred via a trigonal- 0
T : .
203

pPrismatic transi®ion state.
'4

3. Experimental Section . ' . B

. K 0

Reactlons were carrled out under an atmosphere of
dry, oxygen- free nitrogen. Solvents were, Hlstllled from

LiAlH4 ahd saturated with nitrogen. Carbonyls of'

rutheniumlz8 and osmiu’ml.29 Were prepared by literature,

methods. All other startlng materlals were commerc1ally
avallable, and were used as received except for COZ(CO)

whlch was subllmed

Infrared spectra in the carbonyl reglon ‘were scanned

‘o
at 39 cm l‘min-% uslng»a Perkin Elmer Model 337 grating

gspectrometer fitted with(an'exteznal recordet. Spectra were
~ . . : <

°

referenced with ‘gaseous CO, and reported bands are

.. N -1 , : ‘ C c
considered accurate to * 1 cm . © 5

Mass spectra were.taken with Associated Electrical
Industrles MS-9 or modified MS-2 1nstruments Samples were
(e
o O o
1ntroduced by direct evaporatlon oxr subllmatlon, at
Pl

temperatures just suff1c1ent to produce the spectrum. All

o

compounds showed th expected molecular 1ons (Table Xir
j%»

o

with consecutlve loss of CO and CH3 as the dom1nant>feature‘ °

Proton nmr spectra were measured on Varlan 2-60 and

. o

ﬂA—lOO spectrdmeters. Naturdl abundanceol3C‘nmr spectra‘“;
n

dwere recorded on a Bruker HF X~ 90 spectrometer as deScrlbed

@ @ ° &

in Chapter IT. ’I‘oluene~d8 or CDC13_solu€10ns were employed
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to obtain spectra at tempergtnres below 100°; "a spectrum ofi
14 at 160° was measured in o- dlchlorobenzene. Spectra were

a551gned using the oﬁffresonance‘technlque.,The 13C chemiCal'

shifts. were converted to the external TMS scale using as,

reference CDCl or - the quaterna;y/:arbon from toluene d
;whose chemical ShlftS, on the TMS scale, were, taken as
.77.09 and 137.46 ppm, respectlvely The error in chéemical
shifts is believed to be.+ 0.06 ppm-° | o
'The melting points (Table,Xl)Kwere”determlned'on a -
Unlmelt Thomas Hoover apparatus or with a Kofler hot stage.'
t Mlcroanalyses were performed by Alfred Bernhardt
' Mlcroanaly 1sche Laboratorlum,'Bonnh West Germany, and by
~the microanalytical laboratory of thlq departffent. See

Table XI for analytical data.

Preparation of 1,2-bis (dimethyl_sg )ethane

A mixture of 110.6 .g (0.85 moles) dlmethylv1nylethoxy—

151lane and 2 drops of hexachloroplatlnlc acid in 1sopropanol
(O 1 M), was heated at 75° and 88.5 g (0. 94 moles) of
dlmethylchlor051lane .was added in- dropw1se fashlon w1th
stlrrlng. The rate of addition was adjusted so ‘that the -
temperature of the reaction mlxture did not exceed 90¢°,

After the addltlon ‘was complete, the mixture was refluxed
for 3 hr. The resultlng 1- (dlhethylethoxy51lyl)—2 (dlmethylr
chlor051lyl)ethane was added drOpw1se to a slurry of 90. g

(2 37 moles) of LiAlH, in 1000 ml anhydrous ether and

- refluxed for 8 hr.\The ether was then replaced by 1.5 1.

<
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of ‘skelly B (petroleum cther bp 50 80 ) and. the LlAlH

T RS

res1due removed by flltratlon. The mixture was fractlonally v
y > - '
B dxstllled,'affordlng‘/§/4 g of 1, 2—bls(d1methy131lyl)- o /// N
7 ethane (bp 1ii///;ay7o4 m yleld 55. e%) Lo yf ; 'p//// o
Preparathﬁ/of 1,2- bls(dlmethyISLlyl)ethane tetracagbén;l—
- /7 s B ) . /,/ . F

5 . and 1.815 g

O watt ultrav1olet lamp for 45 mln._
evaporated 1n vacuum- (lO mm). An»lnfrared

owed bands ‘of an 1mpur1ty, presumably a hydrldo

[

(51 26) ‘of the product as a waxy yellow SOlld No furthep/"

subllmatlon tooh/place, but the resldue underwent exten51ve
: / . . /""" . ,‘ ‘
‘decompo51t;on to Fe:‘,‘(CO)J:2 *d Fe (Co)é .////._ ‘ ; //////,
| D s
,2-bis(dimetrf1511yl)gkh/ne’tetracargpnyl;

Preparation of

”***~M«++»~;l

iruthenium,,l4

A sample oEﬂRdé(q g

a

ST
( silane (l 45 g,‘9“9’mﬂdles)

3 d Ske 'y}B (30 ml) were s

1placed in a 200fml Pa%r aut el v//whlchlﬂas pressurlzed ‘ :

° L
!

« |with-CO to lOOO’psi.‘The au oc«ave wa jj ted Wlth

stirring, at l75° for 20 hr, E led, and 'the” gases were' [, » .

. q
vented. The solvent was evap rj ed at reF ced pressure

(10 hm) and the remalnlng soli Ematerlal,Jas subflmed S
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W)

onto a water cooled probe at 0:005 mm lig and room
temperature, to give 2.085 g (88.8%) of colorless waky

solid. - C ' . f

5.

Preparatlon of 1,2- bls(dlmethyISLlyl)ethane tetracarbonyl—
osmlum, %5 | ‘  ‘ L_ . -
Triosmium dodecacarbonyl (0.50 g, 0.55 mmoles) and

the silane (0.637 g, 4.35 mmoles) were b’ought‘to reaction

and worked up exactly as just 4 scribed. Sublimation

afforded O.QG'g'(89.3%) of»colodléés waky product.

‘Preparation of 1,2~ tetracarbonylco a tc 1methy151lyl)—

ethane, kg. o ’ 'g,

mmoles) and.

‘A sample of Co,(CO) '(1 95 g, 5 7
}'l .1 mmoles) were

‘_1 2- bls(dlmethy131lyl)ethane (2.5 g

'placed in a Schlenk tube, and-stirrgd nder nitrbgen.fér;

l 5 hr. A v1gorous evolutlon of hdeog n was observed
| A ,
. during ‘the first 15 mln./of reactloF. ddition”of

/
e

—pentane (20 ml) to. £he brown PaStF P écépggated the
: product as. a whlte, c:ystalllne materlal. Fiitrétion at -
0° gave l.O»g'of %m, vield 36fi%; T%efa aiytical'Samgle
was réef&étallized from CH,C1,. boméoun ,16 canh be handled
‘in/§if/for short péfio@s, but decoméose ’}apldly in

S

S . : » . & ' L - 7ﬂ,</f*’/
{;Sélgtlon to give CQZ(CO)B. : . ~N J ‘ - | g



CARBON-13 NMR STUDIES OF IRON, RUTHENIUM,
OSMIUM, MANGANESE, AND RyzﬁfangARBONYL‘

. /
HYDRIDES .AND IODIQQS{//,

q

-

1. IntroduCtion,///

. Over the last Six years there have been an 1ncrea51ng
number of reports on the’ stereochemlcally nonrlgld behaV1or'

of@51x -coordinate complexes in solution. Undoubtedly, the f

most studled were compounds of the type ML 2, whers=

l M = Fe, Ru, L = phosphlne and-phosphlte.l55 157'204f205
-The presence. of the hydride llgands seemed to confer

dyna ic propertles to these molecules

a

Oncthe ‘other hand, recent reports from this laboratory

have provrded a neéw class of stereochemlcally nonrlgld
; |

Sl
!
|

Vsix—coordlﬁgi;/molecules. These are compounds of théltype

: M(CO)4(ER )é where M = Fe, Ru, Os; E = Si, Ge,
' B, <
. E =,crganlc group and halogen, and they have

t;gated'byr H nmrngo»and especially by

96 \98 . o

/S}n?‘\ Pb;

l"'3C nmr (see

r IV)

avelextended“our 13C nmr investigations to \

XZ and*M 4coywx derlvative%-(M-~PeT—RuT.Os J&\N___\ \

T

—_—

Euf’I) nd the results of this stady are esented» \

i |
?thout‘ oubt the favourlte of thls chapter. is g

\H , th flrst 206, 207 nd the most celebrated : = \

R 5
wﬁed 208 2)09 Raman'210 lu nmr, 211,212 Mossbauer,2°8'213-

ble tron ﬁl fractlon177 studies) of all transition \

0 o 130
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ﬂ‘tal carbonyl hydrldes. A new and 1mproved (although

sllghtly unconventlonal) way of preparing thlS hydrlde is

[S I
°

descrlbed here as well under the generic name of "Polar

Night Synthesis."nNewihigh yield‘preparative methods for

M(CO)412 (M = Ru, Os) -and M“(CO)SI {M' = Mn, Re) are also
giwven., |
2. Results and Discussion ° e

- T oo .

Compounds of the type M(CO) ‘may exist in solutlon .o

> u

as cis, trans, or as a mlxture of- cis and trans isomers.

Infrared spectroscopy has most often been used to
{

dlstlngulsh among these p0551b111t1as on the basis that

four 1nfrare active bands are expected for a cis isomer

of C2 symmetr

However, acc1dental degeneracy of the SLngle band for the

-
-

trans 1somer with one of the four;c1s bands renders this

~method unrellable.97 , & . | - .

and one for a trans isomer of D4h symmetry.

a
[

7

Carbon 13 ‘nmr has_ become a powerful tool in the study
of such’ derlvatlves. For =a c1s—M(CO)4 2 derlvatlve two 13
resonances of equal intensity ‘are expected, whlle for a

<3
trans M(CO)4 2 derivative'oniy one 13CO resonance of twice

. a

the 1nten51ty of cis resonénces is expected This indeed

o

was observed for the cis~ M(CO)4X2 der;vatlves (M = Fe, Ru,

Os; X = H, I) studied here with the single/exception

©

o

Fe(CO) 2 noted below. The 13

given in Table XII, and willibe discussed below,

C chemical shift values are
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Q.l Assignment of 13CO Resonances

AN
4 2 (M = Ru, ®s)
5

may be unambiguously as51gned from the proton-coupled C

* The twcg 13CO resonances of C’LS"‘M(CO)

nmr spectra which show an"’ A2X pattern at lower fleld for the

|
ax1al cargonyls and an AA'X pattern for the, equatorial

carbonyls at hlgher field (page 140). Thls is in agreement

with prev1ous findings in the czs—M(CO)4(ER3)2 series x

-

(Chapter II), where, for the great majorlty of. cases, the

'13C resonance of’ the carbonyl trans to the one-electron

v

'donor llgand was at higher’ fleld

. The coupling constant method of assigning 13CO

¢ resonances failed for cis~0s(go)4Me2 because the

13

J( H-""CO) coupling was too small to be resolved. Attempts

———

to assign 13CO resonances using-34%‘l3c—enriched

c158-0s (CO) H3)2 were also unsuccessful for similar

4
reasons. ’

13

The assignment of .CO resonénces in:cis-M(CO)4I2—

derivatives (M = Fe,’Ru, Os) was assumed to be the same as
. for the hydrido species,
On the other hand fbr M'(CO) X derivatives, the

/ 1

assignment seems %tralghtforward as two 3CO resonances of’

'_lntenSLty 4. 1 due to the radial and axial carbonyls,
: are expected This 1ndeed was ob5erved for Re(CO)5 (Table
XII). However, the 13C nmr spectra of Mn (CO) h Mn(CO)5

" and Re(CO) I showed only one broad peak ‘at room. temperature.

This is due to the quadrupdle moment of the 55 1n, 185Re,

" and l87Re isotopes, which can~potent1ally broaden the



T

signals“of carbon atoms bound directly to them. }02 The

radial and. axial 13Co.resonances can nevertheless be

resolved by "thermal decoupling," a method long known in

1lg nrnr,214 but only recently applied to 13c e, 102 Thus,

Figure 19 shows the variable temperature 13C nmr spectra

13

of CO-enriched Re (CO) ;T (20° spectrum in toluene-dg; ~30°

and -50° spectra in‘toernéwd8 : CDz'Cl2 (1:1)). At room

temperature the half Qidth of the sihgle 13CO resoﬁancg is

7 Hz. queripg the temperature causes a‘dramatié narrowing

of this reSonénce, to” 3.6 Hz at -=50°, such that the 13CO-

signal due to the axial cargonyl may be clearly resolved.
We would like to stfes§, howe&er, that "cooling down"

a sample isvnot necéssarily sufficient:to-observé "thermal™

' ' 13

decoupling.*. For example, we determined the "7C nmr spectrum’

of Mn(CO)gH in CD,Cl, at -70°, which was no better (as far

as the half width of the carbonyl resonance was concerned)

than the spectrum of the same. compound at =30° in toluene*ds‘
o

(half width 20 Hz). It seems that the viscosity of the

solvent may be more important than the temperaturéjfactor in-

"éhermaf" decoupling. The resonances éue to the radial and
a#ial carbonylslof Mn(COjSH were resolved at -80° in
toluene=dg :"CD2Cl2 (3:1). The sémplé was';3co—enrichéd.

The half wid;h of the resbnances due’ to .the radial carbonyls

was 6.2 Hz.

* Helpful discussions with Dr. J. Takats on this point are

greatfully acknowledged. - -

133
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4

Figure 19. Variable temperature

3C nmr spectra (carbonyl

portion) of Re(CO)SI in'toluene—d& (top.spectrum)

and toluene-dg CD,C1l, (1:1).
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In all,M'(CO)gx derivatives studied here, the 13q
resonance of the axial carbonyl (in trans to the one-~
electron donor) is nt higher field than the_l3C resonance
of the radial carbonyls. This was found to be truaq for
other pentacarbonYImangancse and pentacarbonylfhcnium"
derivatives which have been inves,tigated.GO’lOl’lo2

The axial 13CO resonance of Mn(CO)SI was not obscrved

despite a careful search. Only,one 13CO peak was observed

in toluene-d8 at -90° (half width 6.7 Hz) or in CF,HCL at
—llO°'(hdlf width 1.5 Hz). It may be that the axial and

-radlal carbonyl resonances are acc1dentally degenerate in

4

' thlS compound The chemlcal shift dlfference between radial

13

and axial CO resonances decreases on g01ng from Re(CO)

to Re(CO)SI (Table XlI); and the same may also apply to

M1, ¢CO) s and Mn(Co).I.

The 13C nmr spectrum of Mn(CO)SI was run using a
13CO?enriched sample. Although slight preferences in the

13CO exchange of Mn (CO) 5Br have been noted, 215 our exchange

time ensured enrichment in both radial and axial positions.

13C coupling

Therefore, another possibility could be 13
between radial and axial carbonyl carbons Whlch could

broaden con31derably the axial 51gnal
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2.2 Carbon-13 Chemican Shifts

Tho l3C chemical shifl values are giv.(_-.n in Table XII.

The 13(.‘ nmr of Fe (¢o)

U2 at -80° shows only one resonancy
O

4

: " . .
rather than the expécted two resonances. This aspect will 2

(03
be fully discussed pelow. 0

1%
13 . . .
The CO resonances are shifted upfield on descending

@ group of the periodic table or Oro going to the right of a
given period. Thus, °the order of shielding is Fe < Ru < Os,
Mn < Re, Mn < Fe, and Re < Os. This was also @vserved in e

[ 4
Chapter II, and it may bpe rationalized using the w back-~

13

bonding theoryl C chemical shifts (page 43).

; Substitht&dﬁfof the group X has a marked effect ®n

A iR . : s
13C() chemical\ws. Fo; example, in cis—Os(CO)4M§;2, the
13Co-resonances are,shifted upfield by 9 and 16 ppm as
e , -

conpared to Os(CO)S.* The corresponding upfield shift in

, 0
e7s8-0s (CO) ,H. is 13 and 15 ppm. In cts~0siCQ),1., the
472 P 472

upfield shift is even more br@nouncedf’Z? and 30 ppm with

régard to Os (Co) 5!
\. . The dramatic Shielding, effect of iodine has long been
pe

known, although it_.has not been satisfactorily explained.
. )

el

13

* The C nmr of O’S(CO)5 in'toluene—d8 shows one resonance
at 182.67 ppm down to -763.5Presumably, the molecule is

stereochemicaily honrigid

B

[
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in cis—M(CO)JXz and M'(CO) X Derivatives.?2

=°C Chemical Shifts and

13

C—lH Coupling Constants

137

: ; b [ ml o
Fompgund COax COeq Cou?lln? Constants™ Tomp K
Fe (GO) 4H, 205,27 - 9¢ 193“
Ru (CO) 4H, 192.54 190.11 223
192. 64 190.43 7 7 19 222°
Os (CO) 11, 173.55 171.55 '8 7 13 300
Fe(CO) T, 204.57 198.47 298
" 204.46  197.82 " 303f
Ru(C0) I, 178. 24 177.75 303f
0s(co) I, 159.60  156.33 303t
0s (CO) 4Me,9 - 177.70 170.58 303
Mn (CO) gH 210.82 211.36 7 14 193D
Mn (CO) (T ot 205.37 183
4 . i 0
Re (CO) .H 182.67 183.21 ' 8 7 293
Re (CO) (I , 176.13 176.51 “ 2237

L, O
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Toluene—d8 : CD2C1

v a
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g
e

Footrotes to Table XII

'

7]

Chemical shigﬁs in ppm downfield from TMS; coupling

constants in Hz. Solvent is toluene-d, except as noted.

8 .

For cis—M(CO)4X2 defivatives, axial and egquatorial
groups.defined so that the central metal atom and the

two X ligands lie in the equatorlal plane. For M'(CO) k
l
derlvatlves, the axial COvlS the one 1n trans to X.

The three coupling constants. given for czs—M(CO)

4t
. . 13 » ' 132 .
derivatives nepresent J( H ) J( H . =T TCO ), .
v : : ax cis eq
2,1 13 ' . )
and "J( Htrans, Coeq)’ respectlvely. The two cogpllnq
13

constants glven for M'(CO) H represent J( H— a*k and
o2 13, '

J( H- eq)',‘respectlvely.

Average value of the three coupllng constants (see text).

Solvent methylcyclohexane d : temperature 223° Ku',-
CD2Cl2j: CF2H¢1 (3:1) solven?.
.

Méthylcyclohexane—dl4 soivent.

CDZQ%Z solvent o o

Chemical shift of l3cn3‘-7.6o ppm; lJ(lH—lBéné)

e
[

5 (3:1) solvent.

¢

s ‘ v R
‘Resonance not observed, see text.

3

Toluene:d8 :‘CD2C12 (l{l) solQent.

= 131 Hz.

O

138
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[} © 9
For example, the ~~C chemlcal ShlftS of CH4, CH3IC CH2 2, s
CHI,, and CI, are _3,1,216 20.5, -53..8 ;-139.7, Al 5
-292. 3218 ppﬁ; respecti ely The last value represents the

o

most: %hlelded carbon nucleus yet recorded ln a d@amagnetlc:c“
o [ [+ 0

compound °The shleldlng of carbon atohs byathe adjacent

o o [3 2"
2 > %o
o <]

1od1ne atom(s) is often referred to, by organlc chemlsts,
.

‘as the‘“heavy atom effect It was suggested that the. , 7.

° -0 g O
3 ‘o R

o] .
pronounced upflegﬁ shlfts ethb ted by‘lodo derlvatlves,~p

° e
e o <

‘may be due to dlfferences 1nothe spln palrlng ieaturesv.o

° a v 0”' ; o } .
assoc1ated with eléctrom delocallzataon°2%7o: R "~5a :f

o 6

The upfleld sh&fts observed on replac1ngua°hydrogen

by 1odlne ‘in ruthenlum and osmlum derlvatlves were between

Is o o
K B 3 ¢ 1,

12= 15 ppm. Thls effect wasoless marked Jor rron,»manganese,

2 B -

v. n © = 0

hnd rhenlum derlvatlves, where the upfleld shlft was Ty

Te s 5 . < . e °
. ; o . .. T - - o a

5 7 ppm.« . e T I i
- o o o~ o BRI

caIt is 1nterest1hg to note that the chemlca& shlﬁt
fiy o R - U
dlfference between ax1al and equatorlal 13 CQ,resonances in

the,lron, ruthen}um, and”osmium’deriwhtiqes var;ed from

0.5 to 6 pbﬁiQHoweuer;‘the corresponding difference betweeh
' : o L .o 0 o o =
13CO résonanres 1n manganese and rhenlum

G

derlvatives waSocon51derably smaller (0. 4 s0. i ppm)

13C nmr of Mn(CO) H has beem determlned before,zlgf; o

N

El The -

and-tWo very broad ‘resonances (w1dth of approxgmately 75 Hz)

»at’Q I (1nten51ty 1) and -17 7. ppm. (1nten§1ty 4) w1th

3

respect to:- carbon dlsulflde were . reported On the TMS | T

2 o : B . o o oL : > v

e
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5

.SCaley* these values would correspohd to 192.7 and 210.5 ppm,
”respectiVely. Although the chemical shift of the radial "ov

"earbonyl resonance is falrly close to the value given in o

o a

TableHXII we belleve that the chemlcal Shlft of the ax1al’

carbonyl - as reported by these authors,zlg is in error. The

halﬁ wmdth of our radlal l'3CO resbnance at -80° was EIZ Hz

13CO

[>)

(page 133), just sufflclent to resolve the, ax1al '
o3 l 3 3 . ) °
resonance.pﬁisé, the J{ H- CO) coupllng constants

determlned by us from the proton coupled 13C nmr spectrum

° °

(Table XII) were ldentlcal w1th the values obtained by

1 l3co enriched Mn(CO) H. 220 Tt ‘ :°

vo‘

H nmr of

2.30 garbonfl3ucouplihg:Constants
The lH 13 C. coupllng constants observed in czs-M(co'

, T 4Hy
) ~apnd M'(QO) ﬁ Qerlvatlves (M ="Fe, Ru, Os; MJ = Mn,  Re) are

@

glvenolnATable XII As descrlbed prev1ously, the proton—

. cdupled-l3c nmr spectrum of a c'Ls—M(CO)4 > deravatlve 1s
:LeXpected to show an A2Xosystem for the ax1al carbonyls and
-an AA'X system for ‘the equatorlal carbonyls This 1ndeed

was observed for cis— Ru(CO)

n

©

:and cis- Os(CO) (Flgure 20), -

4! 2 2
although of the 51x llne° expected for the X part of the

~

222 223 ogly'the'four strong intenSi}y/lines= '

AA X system
rwere resolved. "Thus the;equitorial carbonyl_resonance
app€ared as a'doublet of doubleﬁsf:Thg AA' part of the

-

T

* The 13C chemlcal Shlft of CSz,Ion'the TMS scale, is 1

192 8 ppm.221 e
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Figure 20. Proton- decoupled (tBp) and —coupled

. o

/. .

/ : spectra of c-u;-Os(CO)4 a11'1 toluene-d | s

C nmr
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53

AA'X systém, i.e.,-the‘l3b satelliites in tne H nmr spectrUm,‘
g el L ' o211 %~13 R
was also dlfflCUlt to analyse. efore, J ‘HCiS' Coeq) \\
13 t ble XII lare approx1mate

‘and J( Htrans H.C )'values i

only, hav1ng been obtalned by a flrst -orde analy51s. The

_134

trans™ Q ) cduld not be’

eq
experimentally dlstlngulshed and 1t was assumed that the

\ 3

A. larger wa§~du3N52~the trans coupllng The value of the

. ClS

8

J(;H EOeq and J( H

trans COupl;ng in czs—Ru(QQ)4H2‘and czs-Os(CO)4H2 was larger

<

than the other two'couplinds, 2J(lH . —-CO_ ) and '
B ‘ cis eq
- %5(tu-co_ ). : : - . _
N ax - o ‘.. . . (;‘:
For'cis—Os(CO)4H2, it was'pOSSible to obseérve
lJ(lSQOs—lH): 40§5nHz from the lH nmr'spectrum in_ﬂ
toluene~d .
The axral and equatorlal 13CO resonances of Fe(CO) 2
were not resolved even at very low temperatures (see below) ,
and the’proton—coupled I3C nmr spectrum at -50° showed a -

<

binomial- trlplet 1ndlcat1ng equlvalent carbonyls and
protons at thls temperature The observed coupllng constant
o(Table XII) would correqund to the average of the three
coupllng constants expected for a cis molecule, or to theﬂ
weighted average -0of the coupllng constants expected for a

mlxture of.cis and trans isomers. P ' ' |

/' /

For M (Co) H derlvatlves, the cis and trans

2Jle—13CO)Icoupllng constants were eadlly-observed in the

prOtonfcoupled‘lzaﬂnmr'spectruf/of/E;(COXSH,halthough very /'
low temperature and 13C enrichment were required to resolv7 \
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these coupllngs in Mn(CO) H. The 1! 13CO coupling constants
o 5

G —
for Mn(CO) H were reported prev1ously from the lH nmr

spectrum,zzo and we confirm these values. As noted'

earlier,220 the cis coqpiihg in Mn(CO)SH'was‘farger thah

the trans coupllng ﬁoWEVer, the situation reverses for
' ‘ . ) " ‘ N " N .
Re (CO) H and the transﬁcoupling'is‘slightly’larger than

‘the cis coupling. . o | !

|
|

' 2.4 Stereochemical Nonrigidity

. From the dynamic nudlear magnetic viewpoint,
are divided into two main\clésses: stliereochemically
nonrigid moleculesb'which\exhibit intérnal rotations,

coriformational fiips,,"ring whizzing)' proton transfers,
or polytopal rearrangeménte\on tlre nmr| time scale, and

"other" «<ypes of molecules which show‘n&he of these T

phenomena on the nmr tlme scale, and have recently been

referred to as "the dog in bhe night- tlme."57
Of all compounds descrlbed in . thls chapter,‘oniy one,

'Fe(CO)4 o, was found to b stereochemlcally nonrlgld. The

1nfrared208 209 and ® Raman O'Spectrum of Fe(CO)4 2 indicate |

cis geometry in solutlon. Hoﬁe\fr, the protonvdocoupled

- D
13C nmr of thlS compound in CD2C Ny - CF HCI /(3: l) showed

a 51ngle laco resohance at —80°;2w1 h a w'dth at half
.height (Wl/z) of 3 Hz. ’\-lOO° \the sp Ctrum showed ‘a

very broad, flat peak, w ; w1/2-= 16 Hz, which could be
K h : . . N N . ,' o -
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.

A

due to the two resonances of cis —Fe(CO)4 2" * This is 'shown

in Figure 21. Spectra at lower temperature could not be

obtained' because of the reduced solubility of the compound.

The proton—coupled‘13C nmr spectrum of Fe(CO)4 2 in

,methylcyclohexane dl4 showed a-binomial triplet at —50°
thus proving the 1ntramolecular nature of the rearrangement
process. Presumably, the carbonyl rearrangement process

in cis—Fe(CO)4H2;occurs via the trans isomer, as indicated
in Chapter IV for M(CO)4(ER3)2 derlvatlves.

"-The 13C nmr -of czs—Ru(CO) 2 showed stereOchemical
rlgldlty on the nmr tlme scale at —50°‘and —20°’ ﬁigher
temperatures were. not attempted because of the low thermal
stablllty of this compound. Slmllarly, clts=- Os(CO)4 > and
cis—Os(CO) Me2 were rlgld at room temperature and at 90°.

The room temperature’ 13C nmr spectra of cis-Fe (CO)

4 2

"in toluene—ug«or CD Cl~ showed two resonances due - to the

<ax1al and equatorlal carbonyl groups. However, when the

13

Cc nmr spectrum of cis-Fe(CO) was determined in a

o 4= 2
mlxture of tolu-ene--d8 and ;\Ql3 and no precautlon was
'taken agalnst exposlng the sample to the llght a peak

<at 199. 76 ppm was observed 1n addition to. ‘the two resonances

mehtloned above. It is interesting to speculate that this

resonance is due to the trans isomer of this species.

_*‘The aGT value for the carbonyﬁi?earrangement'in'this

‘molecule, assuming a chemical shift difference of 10 Hé,

and a coalesdenéeftemperature of -100°, is 8.6 kcal mol—l.

£
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20 Hz - |

-1

I
: }
e
o
°

Figure 21. Variable temperaEqu 13C nmr spegtra of
.c_‘L.s—Fe(CO)AI!z in CDéSlz :. CF,HC1 (3:1).
: 4 N
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/ \d

Tho conversion of 01°~FC(CO)4 2 to ths/hfﬁh;i;eomcr, in

light, was much investigated earlier. 187 An. attempt has

been made to determine the 13C nmr spectrum of
cis~Fe(CO)4I2 (13CO enrichcdfeamplevin toluene—d8 solution,
degassed and sealed under” Qacuum) above room temperature. ////
However, the compound decomposed rapldly as the probe was ,/
heated to 80°. ' ‘ : /

177 o cis=Te (CO)

: H
showed 51gn1f1cant distortion from a regulan ‘octa 9déih
b ,

An electron diffraction study

such that the geometry of this compound could g//est

described as pseudo—blcapped tetrahedral (Qage 106).

S

-

‘Perhaps this could explain the low béﬁ;ié} for carbonyl
ree:rangement in this complex. '//// . , ‘ .
On the other hand, the X-ray”étructure of
cis—Ru(CO)412,2%A and the neutron and X-ray diffraction
study of Mn(CO) 225 showed considerably smaller deviétions
from regular octahedral geometry. Both of thege compounde

were. foﬁ/d to be_stereochemxcally rigid on the nmr time -

scale, under the conditionskstated in Table XIT.
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3. Pxperlmontnl %ectlon

MNMR”THétrumontatidn and technique has been described ‘ (
"in Chapter IT. The proton-coupled 13C nmr spectrum of w)

»czs-Os(@O)4 5 has been determined u51ng gated decoupling.
4
. Reactions were carrlcd out under an atmosphére of dry,

oxygen—free nitrogen Oor argon. Solvents were distilled
from LiAlH4 and saturated with nitrogen. Nmr solvents were

dried over CaClz.
7 Carbonyls of ruthenium128 and osmium129 were obtained

Ve by literature methods. All other starting materials were

commercially available and were used as received.

vPreparatiQn of eis-Ru(CO) ,H 226 fOS(CO)4 2,227

472!
Mn(CO)SH,228 Re(CO)SH,229 cts— Fe(co)4 2,230

2}39 was carried out according to published

and
cis—Os(CO)4Me

progedures.

"Polar N}ggt_EXQphe§i§"“ Preparation of cis- Pe(CO) 2

u

Although the prepaigt{gn'of this compound has been
208 '

déscribed recently, we give here a modification of the -

above prcédure WKich reduces significantly the reaction

time from ag;ut five days to 16 hr.

To potassium hydroxide (10 g) and barium hy'
(13 g) were added water (60 ml) and iron pepﬁacarbonyl o ////
€10 ml), under nitrogen. The mixture was/degassed by - e
several freeze-thaw cycles at f126°, and was shakenﬁ at/.,g ﬁ/”

room.temperature and in the dark, for 12 hr. The resulting

slurry was filtered to yield an orange solution. The



e

~were distilled into
"undér wvacuum.
e

7 .
e The hydr]

1
\

solution was concertrated to half its original volume
under vacuum.

From this point on, all operations were carried out
outside, in the middle of a mild Alberta winter night, Wﬁgn
temperatures were around -10° to -20° C.

~ A standard high-vacuum line equipped with a water-
cooled mercury diffusion pump wae taken.outside (see
Frontispiece*). Aplezon L greaso was used on all stopcocks,
turning the stopcocks at these temperatures was facilitated
by warmlng'them with a heat gun.

The flask with the orange solution containing

' - 4+ . .
'Fe(CO)4H K was attached to the high-vacuum line, and

concentrated }IZSO4 (15 ml) was ad. ropwise, over 2 hr.

The volatlle materials were fractlwuuted under vacuum
PN

Ny

using two —63° traps and a +£196° trap. The cis—Fe(CO‘Bﬁ;

. +
was collected in the =19f6° trap. The hydride and the solvent

e nmr tube, and the tube was egeled

e cis- Fe(CO) H, has been stored in the dark

at -196°, xh a tube sealed under vacuum, for up to six

S

monthsy/However) this compound decomposes rapidiy above -

~20°. Also, exposure of a tube Contalnlng cts— Fe(CO)4 2
t -196° to laboratory fluorescent light brought about
decomposition: presumably to red H2Fe3(CO)1223l in less

* The picture wasvtaken'with a Canon FT/QL‘Ssmm £1.2 camera
. ) I
equipped with a Mecablitz 185 flash unit.

148
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than 15 sec.
The preparation of cin—Ru(CO)4H2 may be carriod out
very conveniently using the conditions just de¢scribed for

the iron analog.

Preparation of cis -Os(CO)4 2

Triosmium dodocacdfbonyl (0.5 é, 0.55 mmol), i1odine
(0.42 g, 1.65 nmol) and benzene (15 ml) were placed in a
200-ml Parr autocldve which was pressurized witg CO to,
600 psi. The autoclave was hcated, with stirring, at 160°
‘for. 13 hr, cooled to room temperature, and then the gases
.were vented. Yellow crystals of cis—Os(CO)4I2,separated
out, which were removed by filtration and were washed with
pentane (15 ml) to yield 0.8 g (87%) of prodﬁct.

The infrared spectrum of cis- Os(CO)4 2 was”similar to

that reported by others,23 and it showed'bands at:

2163(1.8), 2100(10.0), 2085(7.3), and 2050(725)

heptane.

el

The rutheniﬁm analog, cis—Ru(CO)- 2, has been prepgre¢

similarky by Dr. R. K. Pomeroy in over 90y, yleI@ Thg

g
reaction temperature was 100°. mhe pf?paratlon Qf thIs

derivative has been described prev1ogsly72}3 however,‘w
P

.".

attpmpts to ‘repeat this synthesis in: th#ﬁ:laboratory were

unsuccess ful.
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Rﬁfﬂ?ff@!i()ﬁ‘<”j Mn (CO) ]

Y

Dimanganese deeacarbonyl (1.5 g, 3.85% pmol) ,

. 0
iodine (61976 g, 3.85 thmol) and benzene (15 ml) wvr; placeoed
. . [
in a 200-ml Parr autoclave which was pressuriczed with €O
. ) .
to 550 psi. The autoclave was heated, with stirring, at

130° for 6 hr, cooled to room tempoerature, and then the
gases woere ventoed.

Filtration yielded 0.76 g of ruby-red Mn((‘,())SI, which

-

was washed with pentane (15 ml). The residuce was evaporated
at reduced pressure (10 mm) and sublimation (room tempera-
ture and 0.005 mn Pg) afforded an additional 1.11 g of
product. The infrared spectrum of Mn(CO)51234 showed no
‘impurities. Total yield 76%.

Earlier this compound was prepared by direct reaction -

8]
of Mn2(CO)lO‘with iodine in a seal%dhCarius tube at 130-
l40°,235 oxr 90°.236 The reported,yields vere lowver -~
. o7 B .
(50%),236 and the progéﬁt was contaminated with an(CO)iO.

Preparation of Re(CO). I
Dirhenium decacarbonyl (1.304 g, 2 mmol), iodine

(0.508 g, 2 mmol) and benzene (15 m1l) were placed in a

-~

200-ml Parr autoclave which was pressurized with CO to
1000 psi. The autoclave was heated, with stirring, at
150° for 21 hr, cooled to room temperature, and then the

gases were vented. Filtration afforded 1.38 g.of pale-
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yelloW,Re(CO) ~, Wthh was washed with pentane (15~ml).

The 1nfrared spectrum234 of the product showed no.

o

Ampurities.- The res;due was evaporated at reduced pressure,
(10 .nm) and subllmatlon (room temperature and *0.005 m Hg)
~yielded 0.17 =3 of product, which contained a small amount

of Re (CO)lO Total yvield - 86¢

-

Fnrichrent with, ' co -

5 >

The following compounds were enriched, with 13co:

eis~Fe (COJ, I 2,237 cis~Rd(CO)4Ié,238 Mn(CO)SH,zzo_Mn(CO)SI

‘rand Re(CO) I. The enrichment of the»last two compounds

was carried out av'descrlbed in Chapter 1IT, under'ultra—
-‘Vloleg 1rrad1atlon, and the -solvent was cyclohekanet Tbe}
;rradietion time (140 watt Engelharananovia Inc. lamp, at:

10 em from the fiaskﬁ was 30 min. and 17 hr, respectively.

o
s
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