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Not to the swift, the race:
Not to the strong, the fight:
Not to the righteous, perfect grace:

Not to the wise, the light:
But often faltering feet
Come surest to the goal;
And they who walk in darkness meet

The sunrise of the soul.

Henry van Dyke, Reliance



Abstract

a,B-Unsaturated thioamide, thioester and thione iron tricarbonyl
complexes 1-13 were prepared from the free ligands and iron pentacarbony!
using photolysis or diiron nonacarbonyl using thermolysis. X-ray crystal
structures were obtained for the free ligand 2', [PhCH=C{Ph)C(S)NEts], and for
complexes 1 and 2, [Fe{PhCH=CHC(S)NEt,)(CO)q] and
[F‘e(PhC:H=i C(Ph)C(S)NEt»)(CO)3] respectively. Thicamide and thioester iron
tricarbonyl complexes gave triphenylphosphine substituted complexes 17-19
resulting from loss of a carbon monoxide ligand by photolysis or thermolysis. It
was not possible to substitute more than one triphenylphosphine into the
complexes. Thioamide and thioester ligands could be removed from the iron
tricarbony! fragment using ceric ammonium nitrate, hydrogen peroxide,
m-chloroperbenzoic acid, or thermolysis. The best results were obtained with
ceric ammonium nitrate, which minimized conversion of the C=S functional group
to C=0. Thioester complex 10, [Fe(PhCH=CHC(S)OEt)(CO)3], reacted with
hydrogen peroxide or m-chloroperbenzoic acid to give the sulphine complex 20,
[Fe{PhCHZCHC(S=0)OEt){(CO)3]. Nucleophiles reacted with thioamide and
thioester iron tricarbonyl complexes at room temperature affording 1,4-Michael
addition products free of metal coordination. At -78°C, nucleophiles reacted with
thioamide iron tricarbonyl complexes forming 4-oxo-thicamide non-metal
coordinated products. An electrophile reacted with thioester tricarbonyl complex
10 to give an S-alkylated cationic complex 21,
[[Fe(PhCH=CHC(S+-Me)OE)(CO)3][BF 4 1. Alkynes added to the metal
-coordinated olefin of o, p-unsaturated thioamide iron tricarbonyl complexes 1, 4,
[Fe(MeCH=CHC(S)NE!5)(CO)3], and 7, [F'e(MeCH='CHC(S')N(Ph)(Ma))(CO)s].
generating complexes 22-26 possessing a cyclopentenune ligand. An X-ray
crystal structure was obtained for complex 22.

Silicon alkoxides were used as a source of alkoxide to prepare

carboxylic esters in good yields from benzylic bromides and carbon monoxide
catalyzed by a rhodium (I) complex under mild conditions.
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CHAPTER 1

INTRODUCTION

This part of the thesis reports the preparation and characterization of
the first o,B-unsaturated thioamide, thioester, and thione iron tricarbony!
somplexes and their reactivity towards substitution, ligand removal, oxidation,
electrophilic and nucleophilic attack, as well as alkyne addition. This first chapter
provides a general discussion of the role of organotransition metals in organic
chemistry along with a discussion of the known literature regarding

o,B-unsaturated heteroatom organometallic complexes.

1.1 Qrganotransition Metals in Organic Chemistry

Most organic chemicals produced in bulk quantities are derived from
natural gas and petroleum, usually after prior conversion of these hydrocarbons
into olefins such as ethylene, propylene, or butadiene. The use of transition
metal complexes for the conversion of unsaturated hydrocarbons into polymers,
alcohols, ketones, carboxylic acids, and other functionalized organic molecules
has been intensively studied with the result that many industrial processes utilize
the technology developed from this research?.

The use of transition metals also offers versatility to the bench organic
chemist since many restrictions on chemical reactions can be overcome by metal
complexation. Molecules of theoretical interest and intermediates of practical
value which are too unstable to be isolated can be stabilized, protection of

olefinic groups can be achieved, and the metal can be used to alter the



stereochemical outcome of many organic transformations.
The two major classes of reaction types in which transition metals are
used in organic synthesis involve either catalytic or stoichiometric methods. In a

catalytic reaction, a substrate A is converted into a product B in the presence of a

small amount of transition metal, {M].

A [M]

Y

These transition metal mediated reactions utilize either a
heterogeneous or a homogeneous catalyst.

Difficulties associated with the separation of the transition metal from
the products in a homogeneous reaction have often made a heterogeneous
process more useful in industry. Also, in the production of bulk organic
chamicals, engineering and eccnomic advantages are evident in the stability and
high productivity availed by a heterogeneous system. Such systems suffer the
disadvantage of being difficult to study. Homogeneous reactions, on the other
hand, can be easily studied spectroscopically. In certain favourable cases
intermediates in the reaction, isolated or otherwise, can be characterized. Unlike
heterogeneous systems, a homogeneous reaction can provide extraordinary
regio- and stereo-selective transformations owing to their operation under milder
conditions of temperature and pressure or because of the nature of the transition
metal. Furthermore, the common polarity of organic functional groups towards
reagents can be completely reversed by complexation to a metal centre. These
advantages make homogeneous reactions extremely valuable in organic
synthesis.

In stoichiometric reactions, which are usually homogeneous, the

transition metal is present in equal quantity to the substrate. The reaction may



proceed by a route in which there is a transient, non-stable metal complex
intermediate, [A-M], or by one in which a stable metal complex, [A-M], is

generated on route to product formation.

A + M [A-M]* B
unstable

A + M [A-M] B
stable

There are obvious economic advantages associated with catalytic
reactions but stoichiometric reactions remain prevalent and requisite for some
chemical transformations. Among the synthetically useful transition metal
mediaied stoichiometric reactions in organic synthesis, the most studied and
commonly used are those involving carbon-carbon double bonds able to form

either stable or unstable t-complexes?.

1.2 Conjugated Dienes

Diolefin compounds are known to coordinate readily to many transition
metals including iron(0)3. The reactivity of the organic system in complexes of
conjugated dienss with tricarbonyl iron is firmly established to differ from that of
the uncomplexed ligand. These differences in reactivily, particularly as applied to
reactions of synthetic value, have provided organic and inorganic chemists with
many fruitful research topics. A brief survey of some of the reactions of
polyolefin-coordinated iron tricarbonyl complexes follows.

Many organic chemists have used the complexation of the 1,3-diene unit

to protect it while carrying out reactions at other sites on the organic ligand. One



example is illustrated in Scheme 1, in which reactions occurred selectively at the

aldehydic carbonS,

Fe,(CO)g (RO),POCH,CO,Me COM
WCHO —_— —/lx\CHO——-- _/_I—\__./_ aVie
Fe(CO), Fe(CO);

p

COMe
P i LM _//—\_(H<
I!CO ll=e(00) N=N
FeCly e(CO), 120°C 3
Scheme 1

Once a transformation is effected on an'organic compound which is
coordinated to a transition metal centre, removal of the organic ligand from the
metal is necessary by some method which does not alter the organic compound,
thus making the net process a synthetically viable one. Several factors contribute
to the choice of method,3 including: 1) the strength of the ligand-metal bond; 2)
the oxidation state of the metal; 3)! the presence of other functional groups on the
organic compound, which may undergo further reaction; 4) the ability of the
method to remove the organic compound in high yields; 5) the ease of
separation of the organic compound from the final reaction mixture. Several
methods have been developed to satisfy the above conditions and these are
oxidation, protonation, and ligand exchange.

Oxidation of the metal weakens the metal carbon bonds which results in
two principal modes of reaction?. In its oxidized state, the metal becomes a

better leaving group in that the alkyl carbon is subject to Sy2 nucleophilic



substitution or solvolysis. The other mode of reaction stems from the enhanced
tendency exhibited by oxidized alky!l carbonyl complexes to undergo alky! to acyl
migratory insertion followed by solvolysis of the resulting highly reactive acyl
complex. A number of oxidatively induced nucleophilic metal-carbon bond
cleavages are known1,

Mild oxidative reagents are the most commonly used for ligand removal
since they have been found in many examples to remove the ligand with no
detrimental effect to other functional groups on the coordinated ligand. A
common reagent for ligand removal uses ceric ammonium nitrate to oxidize the
metal and thereby cleave the diene. Another mild oxidant, ferric chloride, has
been used successfully instead of ceric ammonium nitrate for oxidative cleavage
of organic ligands, and it was used in the example shown in Scheme 13,

Sometimes a proton source is sufficient to induce ligand removal.
Most of the reactions of this type are believed to involve the initial protonation of
the metall. In support of this, the cleavage of the alkyl group from [CpFe(CO)2R]
using [CF3COOH] has been found to occur through the intermediate
[CpFe(CO)o(R)H][H(OoCCF3)p] generating RH by reductive elimination?. A less
commonly used reagent for organic ligand removal is trimethylamine oxide. This
reagent is also a well known reagent for specific removal of CO ligands, so when
the target organic molecule is coordinated to a tricarbonyl-iron fragment,
sufficient reagent is required to remove all of the CO's as well as the ligand. For
example, anionic additions to iron tricarbonyl benzenoid cations gave products
I-Ilt, which retained their configuration after removal of the [Fe(CO)3] fragment
only when treated with trimethylamine oxide allowing for analysis of the

stereoisomeric composition of the organic products, [2]5.



D
MeO M MeO E
/:\/ ~M \/I/\:LV \O\ Uﬁ
Fe{CO}, e(CO) D Fe(CO)a Me

Another interesting use of a tricarbony! iron diene system is the recent
report of a chiral iron tricarbonyl complex of sorbic acid which was used as an
efficient resolving agent for racemic mixtures of allylic alcohols®. Alcohol IV
was coupled with optically pure acid (-)V affording a mixture of esters Vi and

VIl which were readily separated by chromatography, (Scheme 2}.

(CHZ0),GH

\=\<05H11
H %?-
O  Fe(CO),
. VI
(CHIOMOH o~ + Ho,o—7 E N\
HO H Fe(CO);
1\ ) (CH50),CH
___ H
! C\\\I:I o\n//_éx
ST 5 Felco)
VI
Scheme 2

The attack of nucleophiles on transition metal olefinic compiexes is one of
the most important classes of reactions for the preparation of new complexes and
for the transformation of organic compounds that are bound to a metal centre.

Nucleophiles can attack at either the metal centre or directly at the coordinated
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organic ligand. Attack at the transition metal centre is a process which normatly
results in ligand exchange, while attack at the organic ligand coordinated to the
transition metal is of major importance in the application of transition metals in
organic synthesis.

Nucleophilic attack at unsaturated hydrocarbon ligands is mostly found for
metals with relatively high oxidation states and having a formal positive charge or
having several electron withdrawing ligands such as carbon monoxide. The
reaction of nucleophiles with x-olefin complexes produces o-alkyl metal
complexes. Nucleophiles which directly attack the olefinic ligand do so from the
tace opposite the metal (trans attack) and usually at the more substituted olefin
terminus. In contrast, initial nucleophilic reaction at the metal centre followed by
inst ‘ion into the olefin gives cis addition products which occur at the least

substituted olefin terminus, (Scheme 3)1.
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Scheme 3

Nucleophilic attack at n4~diene complexes have been investigated for
several metals. Cationic molybdenum complex VIIl reacts with nucleophiles at a
terminal position and exclusively from the face opposite to the metal generating

113-allyl complex [X.
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Such a molybdenum complex was recently used by Pearson which
led to an efficient entry into trichothecene’. Mixtures of dienes were converted to
diene-molybdenum cationic complexes X which then reacted with a variety of
carbanion nucleophiles, (Scheme 4). Reaction of complex X with the lithium
enolate of trimethylsilyl propionate, followed by acidic work-up gave the =-allyl
complex Xl in 93% yield. This was converted to the lactone Xli which can be
used as an intermediate for the synthesis of (+)-trichodermin Xlil and
(+)-trichodiene XIV. The great advantage of this synthetic route towards the
lactone Xl lies in its 5-step conversion from p-xylene, as compared to the
traditional organic synthetic routes requiring 8-steps from 4-methylanisole or

10-steps from 2,5-dimethylcyclohexanone.
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Earlier Pearson used cyclohexadienyl-iron complexes similar to

molybdenum complex X to synthesize compounds of type Xlll and XIV (Scheme
4)88,10,

The regioselectivity in the addition of nucleophiles to metal
coordinated polyene systems offers two sites of possible attack, terminal or
internal. Semmelhack reported a systematic study of selectivity with
(n4-1 ,3-diene)tricarbonyl iron complexes which showed that kinetically-controlled
addition at -78°C primarily gave only anion addition at an unsubstituted internal
position but at temperatures near 0°C, this addition was rapidly reversible and
the thermodynamically favoured product results from nucleophilic addition at a

terminal position1 1. Scheme 5 illustrates the reaction pathways.
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Scheme 5

The thermodynamically preferred formation of an nS-allyl complex was due to its
greater stability at temperatures above -78°C.

Earlier Semmelhack found that anion addition to
(n4-1,3-cyclohexadiene) and (n%-1,3-diene) complexes of iron tricarbony! under
a carbon monoxide atmosphere gave CO-insertion produc:ts1 2,
Cyclohexadienes gave ketones while dienes gave aldehydes, [2], and

cyclopentanones, [3].

@—Fe(CO)a TI::'.. E=electrophile  [2)

)\ ; 0

/Ige(\CO)s l; Q * /(// 3]
-78 R A CHO
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Many more applications of diene-tricarbonyl iron complexes to organic

synthesis have been reported®.

13 anmmmmnmugmeﬁ_ﬂeiamtms

A logical extention to the ease of formation of diene-hydrocarbon
ligands with transition metal centres is to investigate o,B-unsaturated
heterodienes as ligands. The number of investigations into the reactivity of
diene-like ligands containing heteroatoms are few compared with those of
hydrocarbon ligands. In heteroatom-containing dienes, the presence of a
heteroatom has the potential to alter the reactivity both at the metal and at the
ligand. Studies of the effects of heteroatoms could lead to an increased general
knowledge of organotransition metal chemistry as well as offering the potential to
modify the organic ligand in a selective manner so as to generate novel organic
compounds,

Heterodiene complexes that have been prepared include
o,B-unsaturated ketones, aldehydes, amides, esters, imines, thioamides, and
thioaldehydes. These conjugated heterodiene metal complexes may be
considered to be derived from butadiene-metal n-complexes by replacing one of
the sp2 carbon atoms by a heteroatom. Other heterodiene systems are known
including [0=C-C=N-}, [-N=C-C=N-], and [-N=N-N=N-]13.

‘The first report of an a,3-unsaturated aldehyde complex was published
in 1964. It was generated by heating cinnamaldehyde iron tetracarbonyl at 60°C
for 15h, [4]14.
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Following the same procedure, Howell, Johnson, Josty, and Lewis
reported the first synthesis of complexes of o,f-unsaturated ketones, namely
benzylideneacetone (BDA), chalcone, and 2,4-dibenzylidene-cyclohexanone13.

The number of studies of the chemistry of these a,B-unsaturated ketones
and aldehydes far exceeds that of any other heterodiene-metal system. Ketone
complexes have the advantage that they are easy to prepare in high yields. In
particular, the focus has been on the use of such complexes as a convanient
source of the [Fe(CO)z] moiety for the preparation of [(n4-polyolefin)Fe(CO)3]
complexes. The ketone is readily displaced by dienes allowing for exchange to
occur under mild conditions which are usually not detrimental to other
substituents on the diene molecule. Because of this, the complex
[(BDA)Fe(CO)3] has been used as a trapping agent for stabilizing highly reactive
polyole'fins‘.1 3,

Also, Birch, Raverty, and Stephenson prepared optically active
enone-iron tricarbonyl complexes from [(BDA)Fe(CO)3] and reacted them with
prochiral dienes producing complexes of the type [Fe(CO)z(diene)] with some
retained optical activity1®. The chirality transfer which took place between the
auxiliary «,B-unsaturated ketone having chiral centres and a prochiral diene
gave planar chirality to cyclic dienes. The degree of asymmetric induction
depended on the selectivity between the two enantiofaces of the diene during

complexation.
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Recently a novel chiral phosphite complex containing an o,3-unsaturated
ketone moiety (XV) was synthesized permitting high diastereofacial selective

coordination of the conjugated enone moiety to transition metals, [5]17.

fo_
Me P,
o] _/—< / \o
\ e P—7 | Yo 60 ©oRFe
A A —_— gy (51
20h
OEY),PC
(OEN, Fe(CO), e 1N,
XV

Carbanionic addition reactions with complex XV using a-lithioisobutyronitrile,

gave a Michael-type addition product with 99% enantiomeric excess, [6].

QEt
EtO\ /

N o

(CO).Fe o HiCo o t
H.’h lBu LiC(CHs)aCN__: CFam'L /I[,'./v Bu [ 6 ]
-78°C T
HO
CN

R—/— o)

Tetracarbonyl iron complexes of a,f-unsaturated esters and amides
have been reported but their tricarbonyl iron analogues are not known. The
reaction of these tetracarbonyl iron complexes with nucleophiles is known
forming 1,4-diketones18:19,

Iron tricarbonyl complexes of a,B-unsaturated heteroatoms are known
to undergo electrophilic addition and do so at the heteroatom because the
heteroatom has a lone pair of electrons that is sterically more available than the

metal centre. «,B-Unsaturated ketones and aldehydes are protonated at the
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oxygen using HoSO4 producing complexes of type XVI.
R
W

4 Orl H
Fe(CO),

XVI

Acetylium tetrafluoroborate also reacts at the oxygen of iron tetracarbonyl and
tricarbonyl complexes of a,B-unsaturated aldehydes and ketones with the
products being either A or B, [7]20. A comparison of spectral data with other
allylic tricarbonyl iron complexes made the proposed structure "A" the more

favoured representation of the product.
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| R
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Fe({CO), R —_—
MeCO'BF, '/-\ R R
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R ___ No=l Fe(CO); "COMe
| R Me
X " i _ i
Fe(CO),
A B

The triphenylphosphine substituted complex [Fe(CO)o(BDA){PPhg)]
has been prepared by displacement of carbon monoxide from [Fe(CO)3(BDA))
and it is capable of behaving as a source of [Fe(CO)s(PPhg)} in exchange
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reactions with polyolefinsz.

Displacement of CO has been achieved by thermal and photochemical
methods as well as through the use of metal-carbonyl bond activating reagents.
Among these, thermal activation is the least desirable owing to the high
temperatures and extensive time periods often required to break metal-carbonyl
carbon bonds. Under such conditions decomposition and subsequent reaction of
initially formed products have been known to result in inseparable product
mixtures. Metal-carbonyl activating reagents have proved quite successful in
promoting CO substitution and require less severe thermal conditions21.

The use of promoting agents often offers irhproved selectivity in the
substitution pathway thereby allowing, in some cases, the synthesis of novel
products not available through the usual thermal routes21. Trimethylamine oxide
[MegNO] is a well established reagent in the removal of CO ligands from
transition metal carbonyl derivatives. Stoichiometric amounts of [Me3zNQ]
oxidatively decarbonylate metal coordinated CO to produce reactive,
coordinatively unsaturated intermediates which readily react with other ligands
present in solution®2. Another useful reagent is sodium benzophenone ketyl
[BPK]. It promotes a radical catalyzed reaction yielding radical anions able to
undergo facile CO substitution with ligands that are less w-acidic than CO.
Similarly, the dinuclear complex [Fe(CO)oCp)s is a versatile catalyst in promoting
CO substitution by a radical mechanism21:22, The highest yields and rates
which are generally achieved using [BPK] are equally obtainable using
bis(triphenylphosphine) iminium salts, [PPN*][R']23. The salts which were found
to promote CO substitution with the fastest rates in the case of [Rug(CO){o] are
[PPNT][CH3CO57] and [PPN*][CN"], which are easily prepared by anion
exchange with readily available [PPNF][CI]. The complex [Fe(CO)a(PPhg)

{BDA)] was synthesized by thermolysisa. Carbon monoxide exchange in



17

organometallics has also been achieved by photolysisS.

Tetracarbony! iron complexes of o,p-unsaturated imines have been
prepared in the same manner as those for the corresponding esters and
amides18. These complexes, unlike that of the cinnamaldehyde iron complex,
are coordinated through the heteroatom and not through the diene. Heating a

solution of the complex gives the tricarbonyl complex XVIIi.

[ N N
— O

lLF’h Fe{CO);

(CO)qu'./

XV Xvill

Complex XVl was unstable at temperatures >10°C. This knowledge led to a
direct synthesis of [(1,4-diphenyl-2-methyl-1-azabutadiene)Fe(CO)3] XIX from the

aza-organic ligand and [Fex(CO)g] in 3h at 40°C1°,
Me

/ NPh

Fe(CO),
XIX

Nucleophilic addition to this complex, XiX, resulted in pyrrole production24 and
in the preparation of the first (n4-1,3-diene)-carbene iron carbonyl complex23,

Alkynes are known to react with conjugated heteroatom imine iron
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tricarbonyl complexes. Reactions of (1,4-diaza-1,3-diene), (DAD), iron tricarbonyl
complexes with alkynes such as dimethylacetylene dicarboxylate, DMAD, and
methy! propynoate under a carbon monoxide atmosphere gave a bicyclic
intermediate which rearranged to a (1 5-dihydropyrrol-2-one)tricarbonyl iron

complex, XXI, [8]26:27,:28.29,

COZMG \

— YT L

A Nt DMAD + GO —»- 07 Spgdee N — = OFNA 00 (8]
Fe(CO)y oc/0 (l: \L ? Meo L\ e"T/
o™ | Neo
co
XX XX\ XXH

The intermediate XXI was characterized as its trimethylphosphite substituted
complex, L=P(OMe)3, by X-ray crystallography and product XXl was
characterized as its tricarbonyl complex by X-ray crystallography. It was found
that the isomerization from intermediate XXI to product XXiI was fast if the C-C
connected bridgehead carbon atom in XXl contained a methyl substitutent. if
however there is a choice in the initial reaction to form intermediate XXI, then C-C
bond formation occurred only at the unsubstituted imine carbon atom?9.

Much more forcing conditions were required upon changing the alkyne
from dimethylacetylene dicarboxylate to methyl propynoate; that is, changing one
of the electron withdrawing ester groups to hydrogen29. The reaction required 9
days at 40°C as compared to 3 hours at -20°C for the dimethylacetylene
dicarboxylate reaction.

Finally, at elevated temperatures, the heterocycles could be displaced
from the iron tricarbony! fragment by adding the original ligand to regenerate the
starting material, XX28.

Ring opening of thietes using iron tricarbonyl compounds gave a
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dimeric complex which was converted to the first a,B-unsaturated thicaldehyde

iron carbonyl complex using triphenylphosphine to stabilize the monomer,
Scheme 639,

| —l Feo(CO)g 45 PPh,
= || —Fe(co), 7 N

.S —_— S

/

2 Fe{CO),PPh,

Scheme 6

This procedure was later used to generate substituted thiete complexes of iron

tricarbonyl XXIil and n5-cyc|opentadienyi cobalt XXIV.

R3 R¢ R3 R4
RZ / S Rz / S
R R!
Fe(CO), CoCp

R'=R2=R%=R*=H
R1=R%=H; R%=CH3; R®=CsHs
R'=R*=H; R2=R®=(CH,)s5

R%=R%=H
RR=CHg: R®=CHj3

XX XXV
Thiete complexes were found to undergo many reactions including electrophilic
addition, hydride abstraction, and oxidation.
Iron tricarbony! and cyclopentadienyl cobalt complexes of
o,B-unsaturated thioaldehydes react with electrophiles. Treatment of the iron
complexes with triphenylmethyl fluoroborates gave products resulting from

hydride abstraction at the a-position, XXV, while cyclopentadieny! complexes
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gave products having the proposed structures XXVi and XXVII37,

- 9+
Fe(CO),PPhy Fe(CO),PPhy
nh \‘ + n l‘ \\

s PhaC*BF4 AN
1 H e R Y H
H- . H- ;
H H
XXV
Cp\ Cp Cp\ Cp
Cog--Co+ Gog:-5Co
8
S ————
+
H H H H
H H
XXVi XXVII

Trimethyloxonium and triethyloxonium tetrafluoroborate, as well as
mercuric chloride, reacted with o,B-unsaturated thioaldehyde iron tricarbony!
complexes and cyclopentadienyl cobalt complexes affording S-substituted
complexes (Scheme 7)32, as was found for o,3-unsaturated aldehyde and
ketone substituted iron tricarbonyl and iron tetracarbony!, [7]. With this reaction of
an alkyl electrophile shown in Scheme 7, resonance structures having the

positive charge centred on the sulphur and a =-allyl structure were proposed.
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The alkyl addition product, complex XXIX could aiso be prepared from reacting
the a,B-unsaturated thioaldehyde cyclopentadienyl cobalt complex XXV with
methy! iodide followed by anion exchange with AgBF4. The S-substituted ligand
of this complex, XXIX, was found to be readily displaced from the cobalt centre
using tetraethylammonium cyanide providing a new route to allyl and vinyl
sulphides33.

Thioacrolein complexes of iron tricarbonyl and cyclopentadienyl
cobalt are readily converted to S-oxide products (sulphines) using hydrogen

peroxide in glacial acetic acid or m-chloroperbenzoic acid, [9] and [1 0]31.
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Even mild oxidizing reagents were effective, including ceric ammonium nitrate,
ferric chloride, and tert-butylhypochlorite3%. The ease of oxidation to form
complexes XXXIl and XXXIV was attributed to the donation of electrons from the
iron or cobalt to the thioacrolein ligand. Two S-oxide forms were produced: the

exo, A, and the endo, B, isomers.

Evidence for the existence of the two isomers was based on the TH NMR
spectrum which showed two signals for each proton. Low field absorptions for
each proton were ascribed to isomer B because of deshielding of a sulphoxide
group in proximity to an approximately co-linear proton31. Contrary to this, in the
cis and trans isomers of non metal complexed phenyl chlorosulphine, ortho-
protons were shifted downfield because of a magnetic anisotropic effect of the
sulphine moiety34,

Platinum sulphine complexes are also known but they were not
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prepared from direct oxidation of a C=8 group35'36.
Only one complex of an a,B-unsaturated thioamide has been prepared.

Lithicm tetrachloropalladate reacted with thioamides producing complex XXXV,
(Scheme 8)37.

2
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R! NM82 ——— R1 NMGa.—.._.p. HMMD / I‘I""NMez
s /S
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Pd~""
PdCl
2 Cl / \CI—E—
XXXV XXXVI
Scheme 8

Reactions with soft nucleophiles such as sodium dimethyl malonate, NaDMMH,

were performed and gave complexes derived from Michael-type additions to the
thioamide ligand, XXXVI.

1.4 Focus of the Thesis

There is a known ability of organic thio-compounds to serve as versatile
starting materials for a variety of functional group transformations. Given this fact,
and aware of the ability of transition metals to activate, protect, or direct reactivity
of a coordinated organic compound, there was ample motive to investigate the
synthesis and reactivity of transition metal complexes having thio-compounds as
ligands. Iron carbonyl was an obvious choice as the transition metal centre since
it is a relatively inexpensive source of a metal which has already been shown to
coordinate to a,B-unsaturated heterodienes. Of egual importance, it has shown

its ability to readily release the heterodiene ligand under controlled conditions.
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CHAPTER 2

PREPARATION AND CHARACTERIZATION OF o,3-UNSATURATED
THIOAMIDE, THIOESTER, AND THIONE IRON TRICARBONYL
COMPLEXES

2.1 Ligands-Introduction

There are many methods known for the preparation of thioamides,
thioesters, and thiones. Most techniques are based on the direct conversion of a
C=0 moiety on the amide, ester, or ketone to C=S. Thus, a diversity of
thiocompounds can be prepared owing to the multitude of ketones and related
compounds that are readily available.

The reactivity of thiocompounds are well documented38,39,40,41,
These compounds have a rich chemistry which has made them valuable
intermediates in a variety of industrially useful and academicaily interesting
compounds. In particular, thioamides have established their role as
vulcanization accelerators, pigments for piastics, and in the synthesis of
aliphatic, aromatic, and heterocyclic compounds of pharmacological interest?0,

A few examples are shown below.
S CGH40M9"p

B / 7\
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Thiazolines Imidazole
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~wnong the many methods available for the synthesis of thiocarbony!
compounds, only a few have been applied to o,B-unsaturated systems38'39.
Most thioamides and thioesters have been prepared by reaction with 2,4-bis-
(p-methoxyphenyl)-1,3-dithiaphosphetane-2,4-disulphide, commonly referred to
as Lawesson's reagent (IV)42. In this method, the amide or ester and

Lawesson's reagent are simply refluxed in toluene or xylene, [1].

Lawesson's Reagent
N RZ - NHg [1 ]

o S

l/
MeO—@-P\ P OMe

Lawesson's reagent
v

An alternative route which was recently published involved the
generation of «,B-unsaturated thioesters by condensation of (dimethoxy

-phosphinyl)-thioacetate (V) with aldehydes catalyzed by aqueous potassium
carbonate in a Horner-Wittig reaction, [2]43.

R1
1 )
R MeO|] 2 —
Ho+ P Bass or [2]
MeO’ OR
0 S

V'
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Alternatively, a Peterson synthesis has been used to generate

thicesters, (Scheme 1)43,

HyC Me,Si
FsCS0,SiMes
S NEt 1 S—SiMe,
R= Me, Et
Me,Si S
>/ LDAm-lF /\)‘\
ﬂj’_ . S .
-6 0°c R

Scheme 1

The stability of a,B-unsaturated thioesters varies according to their substitution at
R

a,B-Unsaturated thioketones are considerably more difficult to
prepare than their corresponding thiocesters and thioamides owing to the lack of
product stability. 2,3-Diphenylcyclopropenethione has been prepared by treating
the corresponding ketone with phosphorus pentasulphide at -50°C38, but the
most successful method which is applicable to a wide variety of ketones is the
direct reaction of an o,p-unsaturated ketone with hydrogen sulphide and

hydrogen chioride in alcohol, [3]33.

H2S/HCI

- s [3]
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The thiocompounds which were used in the synthesis of the new
thio-iron tricarbonyl complexes were all prepared from the amides, esters, and

ketones using Lawesson's reagent. A discussion of their preparation and

characterization is presented in the following section.
02 P . Gl terizali f o B-U | L I
2.2.1 Preparation of a.B-Unsaturated Compounds 113’

The thiocompounds used in the preparation of the complexes
throughout this thesis are illustrated below.

. Thioamides
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C. Thione
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All of the thioamides were prepared from their corresponding amides
using Lawesson's reagent, as in reaction [1]. The amides were synthesized from
their acid chlorides using the Schotten-Baumann procedure44 and where the
acid chiorides were not comercially available, the acid chloride was prepared
from its carboxylic acid using thionyl chloride. Thioesters were prepared from
their carboxylic esters using Lawesson's reagent. While all of the thioamides
were stable towards air, thioesters were found to be sensitive to oxygen. The

thione was prepared from its ketone using Lawesson's reagent or HoS and
HCI38,

2.2.2 Spectral Characterization of a.f-Unsaturated Ligands 1'-13'
2.2.2.1 Infrared Spectra

The IR spectra were used to check for the complete conversion of the
amide ester or ketone as demonstrated by the disappearance of the strong v(CO)
stretching band. The v(CS) stretching frequency of thiocarbonyls has been
reported by several researchers to be in the region between 1000-1300 cm™! 38,

It is a low intensity absorption band that is generally difficult to define due to its
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location in a highly absorbing region. Furthermore, the literature values are not
for o, B-unsaturated thiocarbonyls which should shift to lower wavelengths and be

even more difficult to characterize.

2.2.2.2 Mass Spectra

The mass spectra of all of the compounds were obtained as an aid in
defining the formula weight of the C=S products. in all cases, the parent ion was
observed as an intense signal. The fragmentation patterns were similar for all of
the thioamides and thioesters with the exception of thioamide 7'. The latter
compound gave an initial loss of mass 15 followed by an unusual rearrangement,
owing to the allylic portion of the molecule. The most dominant fragment peak, of
mass 206, represents a loss of 73 mass units from the parent ion. Its origin is not
obvious. For all of the other compounds there was an initial loss of 15,
corresponding to a methyl group fragmentation. As well, a high intensity peak

corresponding to the loss of NRo or OR was observed in each case.

2.2.2.3 NMR Spectra

The TH NMR for all of the thioamides displayed nonequivalence,
geometrically and magnetically, of the nitrogen substituents, a well documented
feature?®. This effect is a consequence of the partial double bond character of
the C-N bond arising from the contribution of structure VIl to the resonance
hybrid.
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More specifically, the occurrence of separate signal sets for each of the
N-substituted proton groups in N,N-disubstituted thioamides is due to the
anisotropy of the diamagnetic susceptibility of the C=S group. It has been
suggested that a large shielding exists in conical regidns extending above and
below the plane of an amide group, while regions in the plane of the amide group
are deshielded. This is illustrated by VHI45,

Vil

The result is that cis and trans' substituents to the oxygen give well separated
NMR signals whenever rotation is slow around the nitrogen-carbonyl carbon
bond. Protons nearest the anisotropic group, including those o to nitrogen, wil
be the most magnetically non-equivalent with respect to each other.

An ApXg3 spin system was observed for each of the ethyl groups of the
N,N-diethyl-substituted thioamides and for the O-ethy! group of the ethyl

thicesters. An example is shown below in the 1TH NMR of compound 4, figure1.
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The addition of an alkyl or aryl substituent in the B-position changed
the spin system from AsXg3 to ABX3. Each multiplet in the methylene region
appeared to be a doublet of quartets owing to geminal coupling and coupling to
the neighboring methyl group. This further inequivalence is due to the fact that
the planar z-system becomes skewed due to steric influences creating a different
chemical environment for each of the methylene protons of the N-ethyl groups.

A strict assignment of signals corresponding to each set of methylene
protons can only be made by analogy with studies done on deuterium-decoupled
methyl-deuterated N,N-diethylformamide-dg45. At 40°C, N-CHy resonances
were separated and it was found that N-CHo cis to oxygen resonated at lower
field than the N-CHo group trans to oxygen. Furthermore, it was concluded in this
report that the cis N-ethyl methy! group resonated at higher field than the trans
methyl group.

The TH NMR spectrum of compound 5', was assigned as shown in
figure 2 for its two sets of ABX3 spin systems based on the discussion above.
The TH NMR chemical shifts of the olefinic protons of all of the compounds were
in the usual region of 84-8 ppm. The CH's B and v to the C=S were readily
assigned on the basis of its coupling pattern when there was a y-CHg substituent.
By analogy with these chemical shifts, the y-phenyl substituted compounds were
characterized, with the more downfield signal assigned as the ¥CH proton. For
those compounds having B and y-CH protons, the coupling between them was
greater than 15Hz, consistent with an E geometry of the double bond.

All of the 13C NMR spectra were assigned using an NMR technique,
DEPT-distortionless enhancement by polarization transfer, that allows for the
quaternary, CH, CHop, and CHg carbons to be distinguished. The C=S chemical
shift ranged from 8193-201 ppm for the thioamides and at slightly higher field,
5210-211 ppm, for the thicesters. The chemica! shift range of C=0 of amides and
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esters is generally 8160-180 ppm, further upfield than that for the C=S
analogues.

For o,B-unsaturated C=0 and the corresponding C=S compounds,
the chemical shift for the olefinic v-C in the 13C NMR spectra is further downfield
than that of the p-carbon?8. Thioamide compounds 4', 6, and thioester

compound 11' are shown below with the olefinic carbon chemical shifts.

141.9ppm S S
4 6!
133.6ppm
_/
/ OEt
140.5ppm S
11’

This trend in the chemical shifts of B and y-carbon chemical shifts applies when

the C=0/C=S and olefinic substituents of the n-system are planar.

Of the compounds prepared, thioamide compounds 2' and 5' have

B-substituents other than a proton and do not possess planarity .
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2.2.2.4 X-Ray Crystal Structure

An X-ray crystal structure of compound 2' was obtained and is shown
in figure 3. The Weissenberg photographs were satistactory and only after data
collection was it found that the the structure could be refined only to R\=0.30
owing to the presence of a crystal of the Fe{CO)3-complex which was present in
the solution from which the crystals were grown. The pertinent bond lengths are
shown in figure 3 and the other crystal structure data is presented in Chapter 4.

The bund length of @ non - conjugated thiocarbonyl C=S bond is most
often quoted to be 1.61 - 1.62A38, This value is inferred from CS5 and C-S bond
lengths of 1.56A and 1.82A respectively. The bond length of 1.58A in thicamide
compound 2' is smaller than the 'normal' C=S bond iength that might be
expected for a conjugated C=S. Conjugation through the phenyl rings and the
and y-carbons is evident in their similar bond lengths. Another bond iength of
note is the C-N bond, at 1.43A, which is shorter than a 'normal’ C-N single bond
of 1.47A57. This confirms the resonance representation in which there is some
contribution from the nitrogen lone-pair to the carbon of C=S. As well, this crystal

structure confirms the lack of n-system planarity associated with y-substitution.
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2.2.2.4 X-Ray Crystal Structure

An X-ray crystal structure of compound 2' was obtained and is shown
in figure 3. The Weissenberg photographs were satisfactory and only after data
collection was it found that the the structure could be refined only to R,,=0.30
owing to the presence of a crystal of the Fe(CQ)3-complex which was present in
the solution from which the crystals were grown. The pertinent bond lengths are
shown in figure 3 and the other crystal structure data is presented in Chapter 4.

The bond length of a non - conjugated thiocarbonyl C=S bond is most
often quoted to be 1.61 - 1.62A38, This value is inferred from CSy and C-S bond
lengths of 1.56A and 1.82A respectively. The bond length of 1.58A in thioamide
compound 2’ is smaller than the 'normal' C=S bond length that might be
expected for a conjugated C=S. Conjugation through the phenyl rings and the B
and y-carbons is evident in their similar bond lengths. Another bond length of
note is the C-N bond, at 1.43A, which is shorter than a 'normal’ C-N single bond
of 1.47A57. This confirms the resonance representation in which there is some
contribution from the nitrogen lone-pair to the carbon of C=S. As well, this crystal

structure confirms the lack of n-system planarity associated with y-substitution.
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2.3 Complexes-Introduction
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All of the conjugated iron tricarbonyl complexes have been prepared

by one of three methods, which are illustrated in {4] and [5].
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In the simplest preparation of o,B-unsaturated iron tricarbonyl

complexes, the o,B-unsaturated thio-ligand is stirred in a suspension of

[Feo(CO)g] in benzene at 40-80°C. Iron carbonyl dimer [Fex(CO)g] is a source of

coordinatively unsaturated [Fe{CO)4] which will react with an olefinic double

bond and then readily lose a CO ligand to form the desired complex.

Iron pentacarbonyi requires high temperatures to remove a CO ligand,

so to circumvent this difficulty, photolysis is used and the [Fe(CQ),] fragment is

generated at room temperature.

Finally, the third method of complex preparation is through ligand
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exchange with a,B-unsaturated ketone iron tricarbonyl compiex, [(BDA)Fe(CO)g].
Heating a solution of the BDA-iron complex with the desired a,B-unsaturated
thio-ligand yields the new «a,B-unsaturated thio-iron complex. The initial
o,B-unsaturated ketone iron tricarbonyl complex is generated by one of the first
two methods mentioned above.

Two of the above methods were used in the preparation of the new
thio-iron complexes. The following section discusses their preparation and
characterization as well as providing some insight into the effect of substituents

on the ligands in complex formation.

2.4 Preparation and Characterization of Comnplexes

2.4.1 Preparation of Complexes

All of the complexes were prepared by reaction of the ligand with
[Fe(CO)4] generated in situ by photolysis of [Fe(CO)g] or by heating of
[Fes(CO)g]. The photolysis procedure was the preferred technique due to the
ease of product isolation, recovery of unreacted siarting ligand, and generally
higher yields. As well, the reactions required less time using photolysis than by
thermolysis of [Feo(CO)g].

In the preparation of thioamide iron tricarbonyl complexes 5 and &
there was a pronounced increase in yield when the synthesis was performed
using [Fe(CO)g] father than [Feo(CO)g]. This may be due to the sensitivity of the
products towards solvents and there was less reaction time required for

[Fe(CO)s)/iphotolysis reactions. Over the course of this study it had been noted
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that the complexes are solution sensitive. Their life-time in halogenated solvents
was particularly short, while the complexes were more stable towards
hydrocarbon solvents. Nevertheless, some decomposition was noticable within a
few hours even in hydrocarbon solvents. The complexes were also more stable
in aliphatic hydrocarbon solvents than in aromatic hydrocarbon solvents. The
[Feo(CO)glithermolysis reactions required as long as 3 days in benzene whils
the photolysis procedure performed in cyclohexane was usually complete within
18 hours. The proionged period of solvent exposure to the organometallic
products in the thermolysis reaction may have contributed to the lower yields
observed. The most notable indication of the better suitability of photolysis was
found in the purification of products by column chromatography. There was only
a small amount of decomposition products formed and recovery of unreacted

starting material was possible only by this synthetic method.

2.4.2 Discussion of Complexes 1-13

A total of 13 thio-ligands were prepared in which substitution at the 8
and y-positions were varied. Substituent variants were selected in order to
provide a range of steric and electronic changes about the a,B-unsaturated
thio-moiety. Each of these ligands was then complexed to [Fe(CO)3)] by the

methods discussed in section 2.4.1. All of the complexes and their yields are

shown below.
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2.4.2.1 Thioamides: The Effect of Substituents on Ligands in Complex
Ereparation

Increased substitution at the B-position, e.g. thicamide complexes 1 vs
2 ord vs S resulted in a lower isolated yield, and is likely due to a steric efiect.
Similarly, replacing the phenyi groups with alkyl groups results in lower yields.
The phenyl groups may be providing some stabilization effect.

Thioamide iron complex § was formed in very low yield which may be
due to its thermal instability. At temperatures above 0°C slow decomposition
commences. The elemental analysis for this complex was, as a result, in poor
agreement with theory.

Double y-substitution in thioamide compound 6' was unfavourable for
complex formation, assuming that yield is to be taken as a measure of ease of
product formation. At temperatures below 0°C, the thioamide iron complex 6 was
a deep orange solid, while at higher temperatures, it began to melt and
decompose. lts elemental analysis was very low for all of the elements analyzed
(C, H, N, S). Itis likely that the sample decomposed prior to analysis since within
two hours at room temperature under a nitrogen atmosphere, substantial
decomposition was evident from formation of a brown insoluble solid. Compared
to thioamide iron complex 5, which was also thermally unstable, thioamide iron
complex § was even more susceptible to decomposition. The mass spectrum of
thioamide iron complex 6, shown in figure 4, was highly unusual. The parent ion
is present along with signals corresponding to successive loss of CO ligands,
and there is a fragment for the free ligand. There are also higher mass peaks.
This fragmentation péttern indicates that this complex may be [Fep(CO)gl] in
which L is the o,B-unsaturated thioamide ligand. This was the only complex for

which' such behavior was observed.
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A stabilizing effect, as reflected in product yield, was achieved by
placing larger groups on the nitrogen, particularly phenyl groups. Evidence for
this is shown by thioamide iron complexes 3 and 7 which were obtained in good

yields as stable products.

2.4.2.2 Thioesters: The Effect of Ligand Substitution in Complex Preparation

Thioester complexes 10, 11, and 12 were prepared with improved
yields relative to the corresponding thioamides but there was a dramatic
decrease in the stability of complexes 10 and 12 relative to thioamide complex
4. Thioester iron complex 12 was prepared in an effort to stabilize the alkyl
substituted product by increasing the molecular weight without introducing a
steric effect but it did ‘not give the desired stabilization. The y—pheny! thioester
iron complex 10 was a low melting solid which was prepared in moderate yield.
The butene thicester iron complex 11 was an unstable oil and gave an
unsatisfactory elemental analysis. The mass spectrum gave the parent ion with
successive loss of CO's and a mass corresponding to the free ligand.

In the preparation of thicester iron complex 12, a yield could not be
recorded owing to the impure nature of the starting material, thioester 12'. The
thioester iron complgx 12 was isolated pure and had similar properties as
thioester iron complex 11. A sample was not sent for elemental analysis but the
complex could be cha'll'acterized by the usual spectroscopic methods. The mass
spectrum for this complex gave a molecular ion followed by successive loss of
CO ligands and there Was a fragment in the mass spectrum corresponding to the

free ligand.

2.4.2.3 Thione Complex Preparation
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Only one thione complex was prepared. o,B-Unsaturated thiones are
known to be unstable and the only starting ligand having potentially Z geometry
at the double bond which could be prepared was thione compound 13" (from
a-ionone}. Potentially Z geometry was required because rigid E geometry at the
double bond was shown to not favour iron complex formation, as will be
discussed in the next section. The mass spectrum of thione compound 13' gave
the parent ion; however, the TH and 13C NMR clearly showed that the compound
was impure. Nevertheless a pure thione iron complex, 13, was isolated from the
reaction of thione compound 13" with [Feo(CO)g] under thermal conditions. The
orange solid which was obtained was stable and gave a sharp melting point.
The elemental analysis of thione iron complex 13 was good with respect to
carbon and sulphur, but it was poor for hydrogen. The mass spectrum gave a
parent ion with successive loss of CO ligands and a mass corresponding to the

free ligand.

2.4.2.4 Qrganic Compounds Which Did Not Form Complexes With [Fe(CQ)s]

It is equaily important to outline those organic compounds which did
not afford iron carbonyl complexes. It appears that the [Fe(CO)3] fragment could
not be coordinated to a C=C bond which was part of an aromatic system,

thioamide compound 14'.
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As well, a rigid E orientation of the a,B-unsaturated system was not
conducive to complex formation (thione compound 15").

Finally, it was thought that double bond migration in a o.,Y-unsaturated
compound might result in o,B-unsaturation and consequently complex formation.
This has precedence with 1,4-dienes in their coordination to [Fe(CO)3]2.
Thioester compound 16' was prepared but it did not unrlergo reaction with

sources of the [Fe(CO)3] fragment.
2.4.3 Spectral Characterization of ron Complexes 1-13
2.4.3.1 Infrared Spectra

All of the complexes gave similar infrared spectra. The spectra were
recorded in CHCl3 and gave two strong intensity bands. The highest energy
band, A'(1), was in the range of 2025 -2060cm™!. The lower energy band
ranging from 1850 to 1995¢cm™! was broad and consisted of overlapping A'(2)

and A". The latter could be distinguished by obtaining the spectrum in
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cyclohexane.

The carbony! stretching region contained the most information. The
presence of three strong CO bands arises from distortion of the symmetry of the
molecule from Cg,,. The general appearance of the spectra are similar to that of
the butadiene-iron tricarbonyl complex48. This suggests they have analogous
solution structures, which has been described for butadiene iron tricarbonyl as
having a square-based pyramidal arrangement of the diene and carbony! groups
around the iron such that the two carbonyls and the two terminal carbons of the
diene form a base and the third carbonyl is at the apex49. This gives the
[Fe(CO)3] group a local symmetry of Cg in which two carbonyis are equivalent
and one unique. The symmetry of o,B-unsaturated thio-iron tricarbony!
complexes is further reduced to C4 by the thio-organic group.

One of the iron complexes, thione iron complex 13, gave well
resolved A'(1), A'(2), and A" bands in CHCIl3. The M-CO vibrations of 13 are at
higher energy than those of the thioamide and thioester iron tricarbonyl
complexes. In iron complex 13 there is less dn-pn:' backbonding from the metal
to the carbonyis than in the thioamides and thioester iron complexes. Less
backbonding corresponds to less electron density delivered to the r -CO orbital.
This in turn enhances the CO bond order and hence increases the vibration
energy. This effect of the thione ligand as compared to that of a thioamide
appears to be due to a different degree of electron donation of the sulphur to the
metal. In the thioamide case, the nitrogen lone-pair may contribute to the sulphur

donation as illustrated by X.
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The structure on the right is not a real representation of the extent of nitrogen
lone-pair contribution, but it illustrates the build-up of charge on the sulphur
which translates into greater donation to the iron centre and thus increased
backbonding resulting in lower energy CO vibrations. The thione ligand has no
lone-pair contribution from another heteroatom as with the thioamides and thus
less backbonding occurs.

One of the thioamide iron complexes, 6, gave an unusually
complicated spectrum having five CO-stretching vibrations, suggesting that the
compound might exist as a dimer [Feo(CO)gl] in solution. There is precedence

for such a dimer in the a,p-unsaturated thioaldehyde iron tricarbonyl complex
reported by Dittmer (X1)30.

—_..—....—l /S
$ - ——Fe(CO),
Xl
2.4.3.2 NMR Specira

2.4.3.2.1 Thicamides and Thioesters
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In comparing the TH NMR spectra of all of the thioamide complexes to
those of the free ligands, it was found that the complexes displayed the same
ABX3 patterns for each of the N-ethyl groups as were found for the free thioamide
ligands 2' and 5' which unlike the other thioamides had B-alkyl or B-pheny!
substitution. In the complexes, n-olefin coordination can be equally represented

by structure Xl shown below.

R

/

N\R

\

R [

/

Fe(CO}a
Xl

This structure may also be said to have B-substitution if ane considers the Fe-C
bond. Coordination to the Fe disrupts the planarity of the ligand thereby creating
a different environment for each of the methylene protons.

This effect was also observed for the thioester complexes. The
methylene protons of ethy! thicester compounds 10" and 11" were chemically
and magnetically equivalent, giving rise to an ApXg pattern for the ethyl group.
In the [Fe(CO)z]-substituted thioester complexes 10 and 11, the spin system was
changed to an ABX3 pattern. The TH NMR spectra of thicester compound 11
and thioester iron cc aplex 11 are shown in figures 5 and 6 respectively. As in
the case of thioamide iron complexes, thioester iron complexes were extremely
unstable in chlorinated solvents. As a result, the spectrum of the thioester iron
complex 11 was recorded in benzene-dg and there are slight chemical shift
differences from the free ligand spectrum which was recorded in CDCl3.

For all of the iron complexes there was a significant upfield shift in the

olefinic protons as compared to those of the free ligands. Table 1 illustrates the
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olefinic proton chemical shifts and coupling for both the complexes and the free
ligands (values for the free ligands are shown in parentheses).

The y-CH proton experiences the greatest chemical shift change in
that it moves upfield by as much as 5§ ppm. This was also observed in the spectra
of thioester iron complex 11 compared to its free ligand 11" (above, in figures 6
and 5 respectively). The y-olefinic CH proton of thioester iron compound 11
occurs as a doublet of quartets at 86.35 ppm which is the same as in the thioester
iron complex except for its upfield chemical shift (§1.45 ppm in the complex). The
B-olefinic CH proton also experiences an upfield shift with coordination to the iron
but it is relatively slight.

The large upfield shift of the y-clefinic CH proton is due to its
orientation with respect to the metal centre which serves to shield this proton
more effectively than the B-olefinic CH proton. Based on this, a structure for
thioester iron complex 11 and all other a,p-unstaurated thio-iron complexes was
proposed in which an E geometry about the double bond of the organic molecule
is maintained in order to reduce steric interaction.

The coupling between the B and y-olefinic protons also changes with
complex formation. The coupling constant in the free ligand was typically
14-15Hz. Iniron comblexes this value was significantly reduced to 7-8Hz, and is
due to the decrease in m-character of the C=C bond with metal n-coordination.
The B and y-olefinic carbons approach sp3 character, giving coupling constants

that are typical of a 3-bond coupling value to neighbouring protons on sp3
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210.5

213.43
208.35

209.98

210.39

2114

208.2

209

210.7

207.95
210.72

204
209
212

8C (ppm)

C=S -C ¥C

161.69 63.96 52.42
(193.65) (124.85)(143.82)

14120 -  66.18

197.62

155.85 6330 60.16
(194.79) (126.52X144.03)

159.69 58.85 58.78
(193.37) (128.4) (141.87)

143.01  92.52 46.22
(200.76) (137) (126.49)

49,55
(195.73) (125.01)(134.66}

15295 67.59 60.85
{195.58) (129.86X143.34)

148,96 92.85 51.45
(190.82) (115)

155.5 77.8 598
(210.68) (133.63)(140.46)

1555 71.5 63.3
(209.87) (113.8) (140.46)

157.15 75.88 75.12

134.56 122.64 78.18

Table 1
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&H (ppm)
CgH CH  JHH(Hz)
5.04 347 1.7
(7.07y (7.85) (13.3)
_ 5.17
(6.72)
5.11 3.63 8.2
(6.72) (791) (15.0)
4,10 2.53  1.36
(6.38) (6.92) (14.6)

2.63
(5.79)

4.41
(5.85)

5.16
(6.38)

6.18
(7.02)

5.25

5.54

1.13
(3.01)

2.28 7.8
(7.10) (9.28)

1.62,1.93
(4.78,4.82)

1.45 8.3
(6.96) (15.6)

2.70 8.8
{7.69) (15.7)

1.57 8.4

1.67 9.5
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carbons. This change has aiso been reported for a,B-unsaturated ketones,
imines, and dienes?.

The 13C spectra had equally dramatic differences in chemical shifts
between free ligands and the iron complexes, (Table 1). There was the axpected
upfield shift for all carbons directly attached to the iron centre, the olefinic carbons
shifting 70 - 80 ppm upfield relative to those of the free ligand. The spectra were
assigned using DEPT and for those complexes which had CH's for both the 8
and y-olefinic carbons, their assignment was based on thione iron complex 13 in
which a HETCOR spectrum showed the y-CH to be the peak further upfield.
There appears to be a chemical shift trend in the 13C NMR spectra of the iron
complexes similar to that found in the TH NMR spectra in which the v-olefinic
carbon is shifted further upfield than the B-olefinic carbon. This change has also
been observed for o,B-unsaturated ketones, iminas, and dienes 2

The carbon of C=S shifted upfield upon coordination to iron. The shitt
ditference was not as large as that of the olefinic carbons but ranged from 30-50
ppm.

The metal carbonyls which occured as a single broad peak at room
temperature in the 13C NMR spectra experienced only slight chemical shift
differences from one complex to another which suggests that there are only
subtle differences in the electronic nature of the metal centre. This was expected
owing to the equally slight differences observed in the stretching frequencies of
these carbonyls in the infrared spectra. To resolve the single broad peak into its
three carbonyls, a 13C NMR temperature profile of thioamide iron complex 4 was
conducted in which the coalescence point of the iron carbonyl ligands was found
to be at approximately -139C, figure 7. At -60°C, the carbonyls appear as three
distinct signals at §213.68, 213.10, and 206.17 ppm. Warming the solution to

-409C gave broadening but no movement of the peaks was observed.
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Figure 2.7: 13C NMR Temperature Profile of Complex 4
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At -18°C, some movement began and at -10°C a single broad peak was
observed. As well, the coalescence of N-ethyl methylene and methyl carbons
could be observed. At -60°C, there are two distinct peaks for each of the two sets
of ethyl groups. At -220C, the methyl carbons had already coalesced and a
single broad peak appeared for the methylene carbons.

Fluxionality in the carbonyl carbons is also observed from the 13C
NMR spectrum of diene iron tricarbony! complexesso. Two possible
explanations for this fluxionality are either dissociation followed by reassociation
of one CO ligand at normal temperatures, or a process of rotation of the [Fe(CQO)3]
fragment which results in averaging of the magnetic environments experienced
by each carbonyl. The dissociation/reassociation theory is less likely because,
contrary to what might be expected, triphenylphosphine does not become
incorporated at room temperature, as monitored by 31p NMR, as a result of CO
dissociation and coordination of PPhg rather than reassociation of the CO.
Furthermore, stirring a solution of thioamide iron complex 4 under a 13C
enriched atmosphere of carbon monoxide did not indicate CO exchange by
infrared spectroscopy. The other explanation, rotation of the [Fe(CO)3] fragment,
is more likely but the process of apparent rotation without bond ruptﬁre is not well
understood. Two processes for this rotation have been proposed which include
Berry pseudorotaion and turnstile rotation. Both have been used to explain the
well known nonrigidity in 5-coordinate molecules such as PFg. Berry

pseudorotation involves a pair-wise exchange of apical and equatorial ligands
[6]51.
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Turnstile rotation involves internal rotation of one apical and one equatorial
ligand rotating as a pair vs. the opposite rotating or stationary trio of three

remaining ligands [7]°7.

‘ 4
W W 1
\\\\\\\\‘ \j \\\\\\“

Nr — [7]
?) 5
w

For diene iron tricarbonyl complexes as well as the thio-iron tricarbonyl
complexes, the turnstile rotation is favoured because Berry pseudorotation would
involve a trigonal bipyramidal intermediate with the diene ligand in one of the
apical and equatorial positions which would be severely distorted due to the
small bite size of the 1,3-diene moiety52'53.

One thioamide iron complex, 2, had TH NMR spectral information that
was unusual compared to all of the other complexes. Only a small upfield
chemical shift for the y proton was observed. An X-ray crystal structure of this
complex was obtained to ensure that the iron complex was similar to al} of the
other characterized iron complexes. The crystal structure confirmed the predicted
structure and the bond lengths and bond angles were similar to those of complex
1, so it is not at all obvious why the NMR spectra were so different. A detailed

description of the crystal structure results will be discussed in a later section.

2.4.3.2.2 Thione

It has been mentioned that thione iron complex 13 was prepared from

an impure ligand mixture, so there were no H or 13C NMR data for comparison
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to determine the bonding site based on chemical shift changes with metal

coordination. One must also consider the possibility of double bond migration to

form an iron-diene complex, [8].

N
Me
/ S \Fe(CO)a
Me
I \ > 4

Fe(CO),

(8l

Me

b

The TH NMR spectrum was readily assigned as that of a complex coordinated

through the sulphur and therefore no double bond migration occurred.

The signal for the B-olefinic proton was found to occur as a doublet downfield at
85.54 ppm with 9.5Hz coupling to the y-olefinic proton which occured as a
doublet of doublets at §1.67 ppm. The 8-proton was assigned to a doublet
pattern having 10.9Hz coupling to the y-proton. Finally, the olefinic proton in the
ring was found in the usual region for non-metal complexed olefinic protons.

The 13C NMR spectrum could not be assigned without the use of an
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NMR HETCOR experiment which correlates carbons and protons. The HETCOR
spectrum is shown in figure 8 and it allowed for the assignment of all of the

CH-carbons.

2.4.3.3 X-Ray Crystailography

The nature of bonding in o,f-unsaturated heteroatom iron carbonyl
complexes has been established by X-ray crystallography for cinnamaldehyde
tricarbony! iron®4, N-cinnamylideneaniline tricarbonyl ironS4, (cinnamaldehyde)
(dicarbonyl)(triphen'ylphosphine) iron®®, and dicarbonyl(thioacrolein)
triphenylphosphine iron®8 complexes. In such o,B-unsaturated heteroatom
complexes there are two possible modes of coordination, n-coordination and

lone pair coordination, which in the illustration below are represented by A and B.

)
J

b QEPEPE P

"
Fe(CO),
n-C=X Lone-pair
A B

Structure A can be considered the m-complex analogue to butadiene iron
tricarbonyl in which the four atoms of the n-system lie in the same plane and in

which the heteroatom lone pair does not bond directly to the iron centre.
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Figure 2.8: HETCOR of Complex 13
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For the complexes having nitrogen or oxygen as the heteroatom it has been
suggested that they are n-complexes similar to structure A in which the oxygen
and nitrogen lone pairs do not play a part in bonding with the metal®4. The
nature of bonding was described by a structural representation in which the
planarity of the a,B-unsaturated heteroatom 4-atom arrangement was
immediately obvious. The structure of a dicarbonyl triphenylphosphine
thioacrolein iron complex had planarity of the n-system, as shown by
répresentation A, but if it is assumed that the sulphur atom in this complex
donates two electrons to the thioacrolein ligand aided by the triphenylphosphine
ligand, HMO calculations on dinegative thioacrolein predict bond orders (C-S,
1.09; C4-Cp, 1.72; Co-Cg, 1.68) which are qualitatively in agreement with -
approximate bond orders derived from the bond distances (C-8, 1.1, C4-Co, 2.0,
Co-Cg, 1.7). This essentially predicts a full negative charge on the sulphur and a
second negative charge distributed by resonance between the o and
v-carbons30. HMO calculations suggest a questionable degree of multiple
bonding in the C-S bond, which is different from other o,B-unsaturated ketones
and imines in which the C-O and C-N bonds are approximately double bonds48.

Crystal structures of two o,B-unsaturated thicamide iron tricarbonyl
complexes 1 and 2 were obtained in order to determine whether they
corresponded to structures of type A or type B. Al efforts to grow a good crystal
of the free ligand for thioamide iron complex 1 in order to compare bond length
changes upon metal complexation were unsuccessful, so the crystal structures of
an alternative thioamide iron complex, 2, and its free ligand, thioamide iron
compound 2' were obtained. |

Unlike the examples of a,B-unsaturated heteroatom iron complexes
which have been reported, thicamide iron tricarbonyl complexes 1 and 2 had

Structures in which there is significant distortion of sulphur from the plane formed
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by the three carbons and there seems to be direct S-Fe bonding, illustrated by
structural representation B,

The structures of complexes 1 and 2 consist of discrete molecular
units having no intermolecular contacts less than the sum of van der Waals radi.
The diagrams are shown in figures 9 and 10. Bond angies and bond distances
are reported in Chapter 4. Pertinent bond distances are reported in Table 2.
Table 2 is a compilation from the literature of some bond lengths for related
n4-heterodiene complexes of iron48, along with the data for the crystal structures
shown in figures 9 and 10.

There is a plane passing through C1, C2, and C3 of both complexes
and the location of the sulphur atom deviates from this plane by 26.3° and 44.4°
in thioamide iron complexes 1 and 2 respectively, and the perpendicular
distance from the plane to the iron atom is 1.972A in'1 and 1.912Ain 2.

In both complexes the bond lengths for C1-C2 and C2-C3 were
approximately the same. In other words, there was little localization of double
and single C-C bonds in either complex. Transition metal coordination to an
olefinic bond in a & fashion usually results in bond lengthening due to = , in which
complexes of metals in lower formal oxidation states have greater backbonding
and therefore larger increases in the C=C bond length upon coordinations. A
typical non-coordinated carbon-carbon double bond is approximately 1.33A
while a single bond is 1.54A57 . In butadiene iron complexes, simultaneous and
counteracting =-donor and w-acceptor interactions between iron and the diene
result in equalization of the carbon-carbon bond lengths within the coordinated
1,3-butadiene ligand. Free butadiene has a central carbon-carbon "single" bond
length which is longer by 0.09A than the formal carbon-carbon double bonds, but

coordination to iron{0} makes ali of the bond lengths approximately equal.
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Fe(CO),L

a b c d c f ref.

Ph—/'\j\/) 1412 1411 1203 2152 2067 2013 29

e(CO)s

Ph—//\_:;}) 1403 1375 1317 2136 2059 2029 30

e(CO),PPhy

pn—//\?Ph 1433 1413 1351 2134 2068 2063 31

e(CO)3

V/ N
X /5 1390 1330 1794 2130 2089 2313 16

e(CO),PPh,
NEt,

e

e{CO),
Ph  NEY,

Ph—)_£

e(

1425 1430 1.732 2090 2068 2.353

1454 1450 1.705 2.065 2072 2316

Q

0);

Ph  nNet,

Y

Ph S 1.37 1.59 1.58

Table 2

It was possible to compare the bond lengths of free thioamide ligand 2 (C1-C2,

1.59A; C2-C3, 1.37A) to those of thioamide iron complex 2 (C1-C2, 1.45A;
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C2-C3, 1.454A) and it is immediately obvious that the equalization of bond
lengths wnich has been reported for butadiene iron complexes is also observed
with o,B-unsaturated thioamide compound 2'. The C1-C2 bond of thioamide
compound 2' is much longer than the C2-C3 bond by 0.22A, which is
considerably different than the 0.09A difference found for the free ligand
butadiene. The bond lengths for C1-C2 and C2-C3 of the thioamide iron
complex 2 are slightly longer than those for thioamide iron complex 1 but the
equalization of lengths for formal single and double bonds was also observed.

In thioamide iron complex 1 the distance from C3 to the ipso-carbon of
its phenyl substituent (C3-C7) is 1.464A, which is slightly smaller than that of a
normal carbon-carbon single bond length and exactly the same value that was
fou_nd for the carbon to pheny! bond length in dicarbonyl(n4-cinnamaldehyde)-
(triphenylphosphine) iron(0)55. As well, the value of the endocyclic C8-C7-C12
angle of 116.7° is smaller than the expected angle of 120°. This deviation of
bond distance and bond angle from the norm indicates a certain degree of
conjugation between the n-systems of the heterodiene and phenyl groups. The
same was found for thioamide iron complex 2 and its free thioamide ligand 2".

The phenyl rings of each of thioamide iron complexes 1 and 2 and
thioamide compound 2' are planar with an average deviation of 0.001A, 0.01A,
and 0.06A respectively.

The carbon-nitrogen bond length, C1-N, is shorter than a normal C-N
bond length (1 .47A57) and it was found that the nitrogen deviates from the plane
formed by C1-C2-C3 (complex 1 ,19.8°; complex 2 , §3.8°; compound 2', 67.8°).
The bond lengths C1-N for thicamide iron complexes 1 and 2 are 1.330A and
1.327A respectively, while in the free ligand 2' this bond length was 1.43A. A
typical carbon-nitrogen double bond length is approximately 1.29A while a

typical carbon-nitrogen single bond is‘approximately 1.47A57 . The free
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thioamide ligand 2' has a C-N distance close to the normal C-N single bond
length, but clearly complexation to the iron has a significant effect on this bond by
shortening it to nearly that of a normal carbon-nitrogen double bond length. To
illustrate the origin of this effect, one may refer to the nitrogen lone pair donation
resonance structure X shown in Chapter 2. The crystal structure values showing
an unusually short C-N length suggest that a significant contribution from the
nitrogen lone pair into the diene m-system may explain the short bond lengths
in thioamide iron complexes 1 and 2. Although it is possible to have this
contribution in the absence of coordination to the iron, the C-N bond length of the
free thioamide ligand 2', which is an approximate single bond, suggests that the
coordination of the ligand to iron significantly increases the contribution of
resonance structures in which nitrogen donates electrons into the C=S carbon.

The carbon-sulphur bond lengths, C1-8, in thioamide iron complexes
1 and 2 are 1.732A and 1.705A respectively. The free ligand C1-S bond length
is considerably shorter, being 1.58A, which is similar to that found for CSa
(1.56A) and is shorter than the C=S bond length which has been adopted by
several authors, 1.61-1.62A38 In the complexes the carbon-sulphur bond
lengths approach that of a typical carbon-sulphur single bond, which is
approximately 1.82A38. Bond lengthening would be expected for w-coordination
of the carbon-sulphur double bond to the iron, and although the deviation of
sulphur from the plane formed by C1-C2-C3 is evidence for lone pair donation,
n-coordination cannot be excluded from consideration. It may be that nitrogen
lone pair contribution to C1 is responsible for the decrease in bond order in the
C1-S double bond.

The iron tricarbonyl group linked to acyclic n4-diene ligands have
never been observed to have Cgy symmetry. Thioamide iron complexes 1 and 2

are no exception to this generalization. The ligand causes reduction of the
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OC-Fe-CO angle cis to the carbon-carbon single bond to 89-90° for complexes 1
and 2 and to 89-93° for the n%-diene and heterodiene complexes reported in the
literature, while the other two angles remain in the range 95-107° for thioamide
iron complexes 1 and 2 and 100-102° for those related complexes in the
literature54:55,:56_ This reduces the symmetry of the [Fe(CO)3] group to Cg and
may explain the absence of examples of Cgy symmetry.

In the thioamide group the bond lengths from iron to the carbon atoms
in B and y-positions to the sulphur are different. The iron-carbon bond lengths to
the B-carbon (Fe-C2 is 2.068A for thicamide iron complex 1 and 2.072A for
thicamide iron complex 2) are shorter than that to the v-carbon {Fe-C3 is 2.090A
for thioamide iron complex 1 and 2 065A for thioamide iron complex 2). This is
typical of butadiene-type iron complexes, and representative bond lengths are
listed in Tabie 2.

The iron-sulphur bond lengths were found to be 2.353(4)A and
2.316A for thioamide iron complexes 1 and 2, respectively. The sulphur is
bonded to the iron atom more closely in thicamide iron complex 2 than itis in the
complex 1. This is in contrast to the longer iron-olefinic carbon bond lengths
observed for thicamide iron compiex 2 relative to those of thioamide iron
complex 1. This presents a picture of thioamide iron complex 2 in which there is
greater iron-sulphur interaction and correspondingly less n-backbonding to the
olefin than is found for thioamide iron complex 1. This is somewhat surprising in
light of the fact that a shorter iron-sulphur bond would indicate enhanced electron
density on the iron which would be compensated by backbonding into the
n-olefin and carbony! ligands, thus having the effect of decreasing the iron
olefinic carbon bond lengths. it may be that through resonance stabilization the
two pheny! groups of thioamide iron complex 2 decrease the degree of

olefin-iron bonding. The crystal structure data for the thioacrolein iron complex
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(Table 2) showed an iron-sulphur bond length of 2.313A, which is similar to the
iron-sulphur bond length in thioamide iron complexes 1 and 2, while other
iron-sulphur complexes having covalent bonds to the iron have been reported to
have slightly shorter iron-sulphur bond lengths :
[Fe(n3-PhoPCH=C('Bu)S-C=CHPh){CO)(PMeg)s]BF458: Fe-S, 2.250A;
[Fe((CﬁHt-_,)CNSNC((;O?_C;QHE-,)N(CH3)2)(CO)3]1 2. Fe-S, 2.301A.

If the enhanced electron density around the iron due to the shorter
iron-sulphur bond of thioamide iron complex 2 is compensated for by the iron
carbonyl ligands through backbonding, then shorter iron-carbon and longer
carbon-oxygen bonds of the carbonyl ligands would be anticipated. The
iron-carbonyl carbon bond lengths for thioamide iron complex 2 were Fe-C20,
1.761A; Fe-C21, 1.763A; Fe-C22, 1.760A and the carbon-oxygen bonds were
C20-01, 1.146A; C21-02, 1.174A; C22-03, 1.150A. The same bonds for
thioamide iron complex 1 were Fe-C4, 1.800A; Fe-C5, 1.789A; Fe-C6, 1.762A
and the carbon- oxygen bonds were C4-04, 1.138A; C5-05, 1.139A; C6-08,
1.148A. The shortest iron-carbon bonds were found for those carbonyls which
were in a trans position to the sulphur. This is evidence confirming the
expectation that there is greater backbonding from the metal to the carbonyls in
- thioamide iron complex 2 than there is in thioamide iron complex 1. In the
infrared spectra of both of these complexes the carbonyls of thioamide iron
complex 2 have lower energy stretching vibrations than do those of thicamide
iron complex 1, which alsc suggests more backbonding in complex 2 than in
complex 1.

In summary the X-ray crysta!l structures of thioamide iron complexes 1
and 2 reveal a distinct difference between the o,p-unsaturated thio-group
coordinated to the iron and other a,B-unsaturated heteroatom iron complexes.

Only the three carbon atoms of the C=C-C=S fragment lie in the same plane,
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while in other a,B-unsaturated heteroatom iron complexes the four atoms are
coplanar. The sulphur atoms in complexes 1 and 2 appear to be coordinated to
the iron through sulphur lone pair donation but the short carbon-nitrogen bond
length indicates a degree of lone pair donation from the nitrogen to the carbon of

~ the carbon-sulphur double bond.

Comparison of Crystal Structures for o.B-Unsaturated Heteroatom lron
Complexes

The X-ray crystal structures of a variety of «,p-unsaturated heteroatom
iron complexes allows for a comparison of structural characteristics, bond
lengths, and bond angles. The overall differences in the structures of the
complexes have been discussed in that all of the complexes are distorted
octahedrons. Furthermore, the aldehyde, imine, and thioaldehyde iron
complexes all have structures in which the conjugated atoms, C=C-C=X, all lie in
the same plane, as illustrated by structural representation A. As noted above, the
thioamide iron complexes have only three atoms in the same plane and the
structure is better represented by B in which the heteroatom, S, lies outside of this
piane.

The distance of iron from the plane formed by carbons 1,2, and 3,

shown below, seem to decrease with increasing electronegativity of the

heteroatom.

N
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With X=oxygen, as in [CgH5CH=CH-CH=0] (L=CO), the C1-C2-C3 plane is
1.630A away from the iron, while when X=nitrogen, as in [Ph-CH=CH-CH=NPh]
(L=CO), this distance is 1.639A and when X=S, for the thioaldehyde
[CHo=CH-CH=8], (L=PPhg), this distance is 1.669A. The corresponding
distance is 1.872A and 1.912A for the thioamide iron complexes 1 and 2
respectively.

A feature common to all of the complexes is that the iron-C2 bond
length was shorter than the iron-C1 carbon bond length. Again, the nature of the
heteroatom seems to have an effect on these bond lengths but the differences
are only slight and may be within the error of the measurement.

The iron-heteroatom bond distance was found to correlate with the
electronegativity of the heteroatom and the degree of displacement of the
heteroatom from the C1-C2-C3 plane. The bond lengths decreased with
increasing electronegativity X=0, 2.013A; X=N, 2.063A; X=S(thicaldehyde)
2.313A; X=S (complex 2), 2.316A; X=S (complex 1), 2.353A, and the deviations
from the plane were approximately zero for X=0O,N, and S(thioaldehyde), and
26.3° for X=S (complex 1) and 44.4° for X=S (complex 2).

- The electronegativity of the heteroatom would be expected to have an
influence on backbonding from the iron to the olefinic carbon-carbon bond of the
heterodiene, where more electronegative atoms would be expected to decrease
backbonding and less electronegative atoms would be expected to increase this
backbonding. Although this might be expected to have an effect on the C1-C2
and C2-C3 bond lengths, there was no difference observed.

A comparison of mono-triphenylphosphine substituted iron complexes
to their tricarbony! complexes shows are differences in the C1-C2 bond lengths

between the two types of complex. In fact, the only differences found between



71

such complexes are found in the C1-C2, C2-C3, and metal-carbonyl carbon bond
lengths. There are no significant differences in the overall structure of the
complexes or in the bond angies. The substitution of a carbon monoxide ligand
by triphenylphosphine increases the charge density around the iron which is in
turn reduced by increased backbonding to all of the ligands capable of behaving
as n-acceptors. The result is slightly longer C1-C2 and C2-C3 bond lengths due
to increased donation into the 7 orbitals of the olefin. 1t is not, however, possible
to compare the triphenylphosphine substituted thioaldehyde iron complex to the
tricarbonyl thioamide iron complexes 1 and 2. The C1-C2 and C2-C3 bond
jengths for thioamide iron complexes 1 and 2 are much longer than those for the
thioaldehyde iron complex. The reverse would be true if just the
triphenylphosphine substitution was influencing these bond lengths. Clearly
phenyl substitution on C1 and C2 and the nitrogen on C3 was a determinant of
the overall nature of the C1-C2 and C2-C3 bonds, overriding the effect of
triphenyphosphine versus carbony! substitution.

Finally, increasing electronegativity of the heteroatom favours
increased backbonding to the heterodiene and decreased backbonding to the
metal carbonyls. As a result, the meal-carbonyl carbon bond lengths are longer
for complexes having more electronegative heteroatoms. The data suggest such
a trend but the differences are only slight. Infrared spectroscopy provides a much
more sensitive measure of these ditferences in backbonding and may give an

energy difference as large as 30cm-7, depending on the heteroatom.

T e S st e
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2.5 Conclysions

Thioamides, thioesters, and a thione were prepared from their
carboxylic precursors using Lawesson's reagent. The iron tricarbonyl complexes
weare synthesized by photolytic or thermal methods using [Fe(CO)g] and
[Feo(CO)ql, and were characterized by the usual spectroscopic methods.

The rest of part 1 of the thesis describes the reactivity of these new
a,p-unsaturated thioamide, thioester, and thione iron tricarbonyl complexes
towards substitution, liganc removal, oxidation, electrophilic and nucleophilic

attack, as well as alkyne addition.
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CHAPTER 3

REACTIVITY

3.1 Ligand Substitution

Ligand exchange is perhaps one of the most important aspects of
transition metal mediated modifications of coordinated organic compounds. For
reactions to occur at the metal centre of coordinatively saturated complexes initial
loss of some other ligand by a dissociative process may be required. Where
carbon monoxide ligands are present, the dissociative process generally occurs
with initial loss of CO, if it is labile. A way to test for the lability of such a ligand is
to induce substitution for a weaker n-electron donating phosphine or phosphite

ligand.

3.1.1 The Preparation and Characterization of Complexes 17-19

Several of the methods described above were used in an attempt to
promote ligand exchange of the iron tricarbonyl complexes of o,B-unsaturated
thioamides and thioesters. Metal-carbonyl activating agents, including
[PPN*][CN"], [MegNO], and [BPK] were not selective towards the CO ligand.
Often the o, B-unsaturated ligand was displaced or a complex mixture of products
resulted. Thermal and photochemical methods were the most effective in
promoting triphenylphosphine-CO exchange. Three new complexes were
prepared: 17, 18, and 19.



74

NEt, NPhMe
Ph /\ /5 Me /
Fa(CO),PPh, Fe(CO),PPh,
17 18
OEt

Fe(CO),PPh,
19

It was not possible to substitute more than one triphenylphosphine into the

complexes.

3.1.1.1 Preparation of Complexes 17-19

Complexes 17 and 18 were prepéred by refluxing a benzene solution
of equimolar amounts of the tricarbonyl complex and triphenylphosphine under
No for 2h. The reaction was stopped when ext-raneous products began to
appearin the reaction (as was monitored by tic).

Complex 19 was prepared by photolysis of a cyclohexane solution of
equimolar amounts of the tricarbony! complex 10 and triphenylphosphine under
No for 22h. The reaction was stopped when all of the starting material had
disappeared, as shown by tic.

The isolation procedures were the same for both methods. The

solutions were filtered and subsequent purification by column chromatography
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gave an orange solid upon solvent removal. Complexes 17-19 were
characterized by IR, mass spectrometry, TH, 13C{TH}, and 31P{1H} NMR

spectroscopy.

3.1.1.2 Spectral Characterization of Complexes 17-19

3.1.1.2.1 Mass Spectra

None of the complexes gave parent ions in the mass spectrum, using
either El or Cl. The highest mass for complex 18 corresponded to (M-PPhg) *
and was followed by successive loss of CO's. Complex 18 fragmented with loss
of two CO's simultaneously and a mass peak corresponding to the ligand was
also present. The highest mass peak of complex 17 corresponded to
[Fe{(CO)o(PPhg)], with a signal also occurring for the free ligand. Ths only

thioester complex which was prepared, 19, gave the highest mass peak
corresponding to PPhg by Cl and EI.

3.1.1.2.2 Infrared Spectra

The IR spectra gave two distinct metal-carbonyl v(CO) vibrations in the
region of 1975-1995 cm™! and 1914-1939 cm™1. Compared to the tricarbonyl
analogues there was a shift of about 40 em™1 to lower energy in 17-19,
because substitution of CO by the more basic PPhg ligand resuits in increased
electron density on the metal which induces the remaining CO ligands to
increase their dn—px* back donation. The result is a decrease in the CO bond

order, which is observed as lower energy stretching vibrations. As with the
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tricarbony! analogues, the thioester-PPhg complex 19 gave CO stretching
vibrations approximately 20 cm™1 higher in energy than the thioamides. In both

types of complexes, substitution by triphenylphosphine appears to have the same

etfect upon the infrared spectrum.

3.1.1.2.3 NMR Spectra

The TH NMR spectra show upfield shifts for the y-CH in all of the
complexes relative to the free ligands, which is expected since a greater charge
on the metal centre would increase the shielding of that proton. Some TH NMR
data for the complexes are shown in Table 3. The B-CH proton for all of the
thio-ligands, except for complex 18 experienced a slight downfield shift upon
formation of the new complex. Complex 18, on the other hand, has a large
upfield shift relative to the free ligand. In order for this to occur the proton must be
aligned closer to the metal than it is in the non-phosphine substituted complex. It
may be that PPhg is substituted at a different position than is found for the other
complexes. Steric hindrance with the N-Ph group may force entry of the PPhg to
a position remote from the N-substituents and closer to p and y-CH. This may in

turn distort the geometry of the complex to bring B-CH in closer proximity to the
metal, (complex 18).

NPhMe

F
Ph3P/ (L 0\00

18
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P &C (ppru) SH (ppm)
(ppm) C=0 C=8 p-C ¥C  CH CH
NEL,
Ph—/_>8 1 21050 16169 6393 5242 5.04 3,47
e(CO),
NEt,
211.24
r'-’h—/_-< ss95 (5.6) 152.87 66.18 5938 523 2.59
17 215.50
(12.0)
e(CO),PPh,

_../\_f/s 20998 15295 67.59 6085 441 228
A

Fe(CO)s
NPhMe
61.99 21653 1y 7562 6567  1.32 0.96
18 210.39
8{CO),PPh,
OEt
Ph—/—g 207.87 155 7153  63.30 6.18 2.70
10
Fe(CO)q
OEt
pnﬁ 19 5433 208.14 15145 7562 6567 623 2.02
212.99
e(CO),PPh,

Table 3

It has been found by several researchers that 13C NMR spectroscopy
provides an exceedingly sensitive means of detecting relatively small electronic
perturbations in organometallic systems®0:61, The substitution of a CO ligand by
a phosphine ligand should have an effect on the electron density of the metal

centre which in turn can be measured by the change in chemical shifts of ligands
coordinated to the metal. The extent of change with PR3 substitution depends on
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the o-donor and mw-acceptor properties of the phosphine ligand, which can be
measured by the Tolman electronic parameter62,

The effect of triphenylphosphine substitution for one of the three CO
ligands in o,p-unsaturated thioamide and thicester iron tricarbonyl complexes
was to dramatically increase the barrier to carbonyl rearrangement. Tricarbonyl
complexes gave a broad single peak representing all three of the metal
carbenyls at room temperature in the 13¢ NMR spectrum. wicarbonyl-
triphenylphosphine complexes gave two separate signals in a 1:1 ratio at room
temperature. Some of the 13C NMR data are shown in Table 3. All of the
phosphine substituted complexes gave slight shifts downfield for the metal
carbonyls as compared to the non-phosphine substituted complexes. This is a
direct result of substitution with PR3 which, as a weaker n-acceptor than CO,
expands metal d-orbitals and increases back-donation into the n*-CO orbitals.
The increased electron density in the carbonyl x* orbitals serves to deshield the
carbons. The same downfield shift has been observed for [(BDA)Fe(CO)zL]61
and [{cyclic diene)Fe(CO),L180 complexes. The fact that the two carbonyls have
a chemical shift difference of 4-6 ppm in PPhg substituted complexes may be due
to the effect of the heteroatom, S, in which one of the metal carbonyls may be
bound more closely to the C=S fragment than is the other.

Complexes 17-19 did not show any evidence for the presence of
geometric isomers in their NMR spectra. Such isomers would differ by the
position of substitution of the triphenylphosphine relative to the sulphur. In 1 the
triphenylphosphine is axial with respect to the sulphur and in 2 the

triphenylphosphine is equatorial to the sulphur.
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Me Me
PPhy co
", e\“\\\CO ”,,,'J PPhy
| ~Co |e"’CO
S S
Et,N EtN
1 2

If it is assumed that the structures of [(BDA)Fe(CO)sPEt3] and
[(thioacrolein) Fe(CO)oPPhg] are similar to that of the o,f-unsaturated thioamide
iron tricarbony! complexes, then the phosphorus would be in an apical
position®1. The structure is represented above by 2, in which the two carbonyls
are in a cis position to the phosphine where they are equally deshielded while
one of the carbonyls is in a trans position relative to the sulphur where it will be
further deshielded.

Coupling of the phosphorus atom to the carbonyl carbons was observed
for complex 17. The largest coupling, 12Hz, was found for the carbonyl furthest
downfield. Coupling constants provide a measure of the degree of s-character
between the atoms experiencing the coupling. This suggests that the degree of
s-character between the PPhg and CO in an axial position to PPhg is greater
than that of equatoriai CO which has a coupling constant of only 5.6Hz. This may
be due to the orientation of axial CO also being trans to sulphur, as illustrated by
complex 2 above, in which there is greater dn—pn* back-donation and increased
s-character in the Fe-CO bond. These coupling values are lower than those
found for [(PPhg)Fe(CO)4] and [(PPhg)oFe(CO)g] of 22Hz and 29.5Hz
respectively63.

Based on the strong coupling between the carbon monoxide ligands
and the phosphorus, coupling of the «,B, and y carbons to phosphorus was

anticipated, but it was not observed.
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The thiocarbonyl carbon was shifted slightly upfield as a result of PPhg
substitution in complexes 17-19. Thus it appears that the interaction of the
sulphur with the metal may be greater than that of the oxygen of BDA-complexes
with the metal, since there is no change in the C=0 chemical shift of BDA in
[(BDA}Fe(CO)oPPh3] as compared to the tricarbony! complex. The greater the
interaction of the heteroatom with Fe, the more sensitive it would be towards
electronic changes at the metal centre, as measured by 13¢ NMR shitt of the
carbon attatched to the heteroatom.

Molecular orbital calculations on butadiene iron tricarbony! revealed
that the iron d-orbitals which are invoived in bonding to CO have an antibonding
interaction with the diene. Expansion of these orbitals upon PPhg substitution
increases the antibonding interactions so diene orbital populations show small
shifts towards the uncomplexed ligand. The result was a slight shift upfield for
the olefinic carbons®0. This is not the case for the olefinic carbons B and yto
sulphur in thioamides and thioesters, which experience a downfield shift upon
PPhg substitution. Here, olefinic backbonding into the = orbital must be
enhanced owing to the increased electron density at the metal centre.
Backbonding into the = orbital of the C=C double bond, similar to backbonding
into the CO ligands, serves to deshield the carbons. The shift changes observed
for the a,B-unsaturated thio-iron dicarbonyl triphenylphosphine complexes are
different to those observed for [(BDA)Fe(CO)oPPh3l81 in which the § and
y-carbons experienced an upfield shift reiative to its corresponding [Fe(CO)3]
complex much like that found for butadiene iron tricarbonyl. An explanation was
offered in which the molecular orbitals of BDA which participate in bonding are
polarized in such a way that the oxygen atom may be considered as a site of
concentrated electron density and the y-carbon as the major acceptor in binding

to the [Fe(CO)oL] fragment. The BDA ligand is therefore seen as a "sink" for the
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negative charge placed on the iron atom by the phosphorus ligand in which the

BDA has a substantial contribution from structure | shown below.

The result is tighter bonding of y-C to the Fe centre, which causes greater
shielding of that carbon.

A structure such as | is not likely for the thiopamides and thioesters. The
possible resonance structure is more like that of structure I, which retains olefinic

character at the B and y -carbons enabling =* backbonding to occur.

+
XR(R)

Complexes 17-19 gave 31P chemical shifts in the range 854.33-55.95
ppm. The dataareshown in Taple 3. These shifts are all downfield from free PPhg
(8-5.02ppm) as would be expected with metal complexation, due to an increase
in the cone angle of PPhy associated with such complexation62. As well,

electron donation from the phosphine to the metal contributes to the downfield
shift.
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3.2 Ligand Remov

Thiocamides and thioester iron tricarbonyl complexes were subjected to
this ligand removal by a variety of methods. Many methods were successful;
however, it was observed that conversion of C=S to C=0 was a major side

reaction.
3.2.1 Besults and Discussion

Several methods were used to effect the removal of o,p-unsaturated
thicamides from iron complexes 1 and 4, and a thioester from iron complex 10
and the results are shown in Table 4. It was anticipated that heating a solution of
the complex under nitrogen would selectively remove the organic compound.
Instead, the complex decomposed resuiting in moderate recovery of the
thioamide ligand from iron complexes 1 and 4 as well as unidentifiable and
insoluble products. Since a triphenylphosphine ligand was effectively substituted
for the CO ligand in refluxing benzene, it is possible that the main route towards
degradation of the complex proceeded by a path involving CO loss. To test this,
a solution of the complex was refluxed in benzene under a CO atmosphere with
the result being no recovery of the free ligand and only slight complex
degradation, even after refluxing for 18h. The complex did therefore degrade via

CO loss under thermolysis conditions.
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METHOD PRODUCT(S)
COMPLEX 1 Aca(v)iCe(IV)|Fe(ll) | MesNO|H4 H2O2 | hu | mcpba|  (Vield)
RT | 0°C A=amide/ester
B=thioamide/thioester
Ph ,{_QNE‘z X B(41%)
1 Fﬁgga
Me\/_@' 2 |y B(42%) + 4(6%)
4 Fe{CO),
Ph\/_@OE‘ X{0°C) A(84%)
ﬁ B(CO),
Me\/‘_{”"’“""e (0°C) | A(63%) + B(13%)
L Fg‘go’a X B(18%)
i X 4(56%)
Y X B(48%)
Y X A(64%)
X A(88%)
;: X B(18%) + 4(48%)
. X(RT) A(86%)
1 X(RT) A(89%)
X(0°C) A(82%)
g—_ MeCO H| B{18%) + 4(35%)
" (EtOAc) A(38%) + B(11%)
. X A(57%) + B(30%)
X A(49%) _
i X A(43%) + B(51%)
4 X B(98%)
i " B(94%)
;: (- 30°C] B(56%) + 4(44%)
Table 4

The most effective method for o,B-unsaturated thio-ligand removal involved
using oxidative cleavage. The addition of ceric ammonium nitrate to a stirring
aqueous acetone mixture of the complex cooled to 0°C gave good recovery of
the o,B-unsaturated thiocompound, 98% using iron complex 4 and 84% using
iron complex 1. The rate of addition of ceric ammonium nitrate to the solution

seemed somewhat critical in order to avoid C=S conversion to C=0 as was
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shown by the resuits obtained in the room temperature reaction using iron
complex 4, which gave 51% o,B-unsaturated thioamide and 43%
a,B-unsaturated amide ligands. Also, use of iron complex 1 gave 49% recovery
of just the amide ligand. The best results were obtained with the addition of small
portions of the oxidizing reagent which were added only after the cessation of
bubbling caused by the previous portion. Cooling the solution was necessary to
avoid oxidation of the C=S to C=0. Farric chloride was also used and the
recovery of the ligand was good, but even at 0°C much of the C=S from iron
complex 4 was converted to C=0 (57% o,B-unsaturated amide and 30%
a,B-unsaturated thioamide).

Another reagent commonly used to induce ligand removal,
trimethylamine oxide, was effective for removing the organic ligand, but in all
cases only C=0 products were recovered and not C=S products. The room
temperature reaction with thioamide iron complexes 1 and 4 gave 89% and 86%
o,B-unsaturated amides respectively. Even at 0°C, only amide products were
recovered, 84% from iron complex 1 and 82% from complex 4.

The addition of a proton source, trifluorcacetic acid, gave only slight
recovery of the ligand, 18% thicamide from iron complex 1. Some insoluble and
unidentifiable products were formed during acid addition. Using [HBF4] as a
proton source gave some decomposition using thioamide iron complex 4 and
56% recovery of the complex.

Other methods were found which cleaved the o,8-unsaturated ligand
but ligand removal was not the intended reaction in those cases. Attempted
oxidation of the C=S unit in complexes 1-4, and 7 to an S-oxide complex
resulted in ligand cleavage and oxidation producing a mixture of C=S and C=0
| products using m-chloroperbenzoic acid, and only C=C products using hydrogen

peroxide, as shown in Table 4. Photolysis of a cyclohexane solution of 4, under
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nitrogen gave some decomposition along with some ligand recovery, 48%

starting material and 18% thioamide ligand.

3.3 Oxidation to a Sulphine Complex

A high concentration of electron density on the sulphur of
a,B-unsaturated iron tricarbonyl complexes would be expected to allow for facile
oxidation to form an S-oxide complex. To investigate the reactivity towards
oxidation of o,B-unsaturated thioamide and thioester iron tricarbony! complexes
relative to the thicacrolein complexes, oxidation reactions were performed on

thio-iron complexes 1, 4,7, 10.

331 Resul | Di ion for Oxidati S LCt ation of |
Complex 20

Thioamide iron complexes 1, 4, and Z did not give S-oxide products
with hydrogen peroxide in acetic acid, m-chloroperbenzidc acid, cobalt chloride
and oxygen, trimethylamine oxide, ferric chloride, or ceric ammonium nitrate. In
all reactions there was either recovery of starting material or some of the ligand
was cleaved from the complex, accompanied by C=S to C=0 conversion.

Thioester iron complex 10 was converted to S-oxide complex 20 using
hydrogen peroxide in acetic acid.

it should be noted that to ensure that there was no reaction of the

thioamide and thioester iron complexes with water of the hydrogen peroxide
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solution, a separate experiment was carried out to show that the iron complexes

are unreactive towards water.

OEt OEt
_/—< H,0,/ CH,COOH _/_<\
Ph /ﬂ ™ Ph / S=0
'/S or mcpba \ /
Fe(CO), Fe(CO),
20 (70%)

The product was characterized by |.R., M.S., and TH and 13C NMR spectroscopy.

3.3.1.1 Mass Spectrum

Chemical ionization was used and gave a mass spectrum
corresponding to [M-16] *. Mass peaks were also found corresponding to the
free ligand S-oxide compound as well as the free ligand with loss of one oxygen.
All of the S-oxide complexes of thioacrolein iron and cobalt complexes XXXil and
XXXIV, Chapter 1, also gave mass spectra with a highest mass peak

corresponding to the loss of one oxygen31. This behavior is in fact also

observed for free sulfines83.

3.3.1.2 |nfrared Spectrum

Ligand vibrations in the IR spectrum of sulphine iron complex 20 were

medium to weak compared to the intensity of the metal-carbonyl v(CO) bands.
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The two metal carbony! v{CO) bands of the S-oxide complex, 2070(s), 2015(s br)
cm~1 were shifted to a higher energy than in the starting material, 2050(s),
1980(vs br) cm-1. This results from decreased dn-pr* backbonding from the iron
to the carbon monoxide ligands, which is in turn due to less electron donation
from the sulphur lone-pair, which is involved in S=0 bonding. A medium broad
peak centred at 1010 cm! was assigned to S=0 stretching. Cobalt and iron
thioacrolein S-oxide complexes were said to have "strong" absorptions at
1020-1070 cm-1 30. Compared to the CH vibration band at 3300 cm-1 in the

new sulphine iron complex 20, v(SO) was "strong".

3.3.1.3 NMRB Spectra

In the TH NMR spectrum of sulphine iron complex 20, O-ethyl protons
are in approximately the same chemical shift region as the starting material and
maintain the ABXg3 pattern of the free ligand. The olefinic 3-CH is shifted slightly
upfield while there is a dramatic downfield shift of approximately 2 ppm for the
y-CH proton. This indicates an endo orientation of the oxygen.

The close proximity of oxygen tc the y-CH proton would serve to
deshield the proton and drive its resonance downfield. This seems only
reasonable since an exo S=0 orientation would not be expected to have as
dramatic an effect on the y-CH protoh. The coupling constant between the
olefinic protons remained unchanged in sulphine iron complex 20 compared to
the starting material.

The 13C NMR assiqned by DEPT for sulphine iron complex 20 in
CDClg is shown in figure 11.
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The metal carbony! ligands, which are not observed in the 13¢c NMR
spectrum illustrated in figure 11, remain fluxional in the S-oxide iron complex
and experience a slight upfield shift as compared to the starling material,
thioester iron complex 10.

This corresponds well with the IR data, which would predict such a shift due to
the decrease in backbonding from the iron to the metal carbonyis as evidenced
by the shift to higher frequency. The C=S carbon also experiences an upfield
shift of carbonyl resonances in compatrison to thioester iron complex 10.

The olefinic carbons {B and v) experienced a downfield shift relative to

the starting material.

3.4 Nucleophilic Addition

Thioamide and thioester iron tricarbonyl complexes were found to react
with nucleophiles producing new thioamide and thioester organic compourids. it
was anticipated that similar Michael-type addition products would be obtained
from o,B-unsaturated thioamide and thioester iron tricarbonyi complexes as were
obtained from the o,B-unsaturated thioamide palladium complex discussed in
Chapter 1. This prediction was realized but product formation was found to be
temperature dependent. Similar to the observation for iron tetracarbonyl
complexes of a,p-unsaturated amides and esters, it was thought that some CO
insertion products would be formed with iron tricarbonyl complexes of
o,B-unsaturated thioamides and thioesters. This was indeed the case and these

results are discussed in the next section.
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3.4.1 Besults and Discussion -- Nucleophiles

The direct nucleophilic addition to o,B-unsaturated thioamide and
thioester iron tricarbonyl complexes at temperatures greater than -78°C gave
1,4-Michael addition products. Anion addition to a solution of the iron complex at
-78°C, followed by warming to room temperature and quenching with a proton
source gave exclusively 1,4-addition to thioamide iron complexes 1 and 4
affording [C{CN)(Me)oCH{Me)CH,C(S)(NEt5)](25") and [C(CN)(Me)oCH(Ph)
CHoC(S)(NEto)] (26") in 86% and 89% yield respectively [1].

RS s
X CN(CH3),C R

Fe(CO)s X=NR,

in principle, whenever there is at least one hydrogen atom next to the
thiocarbonyl group, then thioketone-enethiol isomerization may be observed38.
In practice it is only observed when the a-hydrogen atom is part of a secondary or
tertiary carbon. Michael addition products of the type where R3=H in reaction [1]
would be expected to show this tautomerism. It would be readily observable by
TH NMR spectroscopy in cases where the interconversion is slow and can be

clearly distinguishable, as has been the case for several thione compounds.

S SH
S /lk ; C\/K

CHa 3

thione ene-thiol
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There was no evidence for thione-enethiol tautomerism in the TH NMR spectra
for the thioamide products even at -40°C. This absence of thione-enethiol
equilibrium has also been reported for thio - esters and dithioesters64.

If the reaction mixture was maintained at -78°C for two hours and then
quenched with a proton source at that low temperature, 4-oxo-thioamides were

obtained, [2], and the results are shown in Table 5.

R:!
NR, s
Nu R! Ra
RZ / - Nu [2]
",
R1 8] R3

Fe(CO)s

{Nu'= MeLi, LiCH(CH;)CN, LiC(CH,),CN, LiC(CH,),CO,Et}

These 4-oxo-thioamides are potentially useful as syhthetic
intermediates to 4-oxo-ketoamides and 2-aminothiophenes!9:65,66,68
Thioamides have been shown to be easily converted to a variety of types of
compounds such as amides, enamines, and esters®S. The ease of conversion of
these thioamides to 4-oxo-thioamides suggests that these new 4-oxo-thioamides
may provide a new route to 4-ketoamides, which are intermediates in the
preparation of the 1-aryitetralin lignans, galactin and isolactin66.

A recent investigation of the synthesis of 4-ketoamides has revealed
that the addition of lithium and magnesium carbanions to a,B-unsaturated

tetracarbonyl iron complexes produces 4-ketoamides in up to 82% yield [3]18.



Table 5

COMPLEX ANION QUENCHING
NPhMe METHOD
—/_>‘3 LiC(CH),CN Ce(TV)
1 Fe(CO),
>_<NPhMe
X /‘5 LiC(CH,),CN Ce(V)
8 Fe(CO),
: NPhMe
' LiC(CH,),CN ‘BuBr
8 Fe(CO)y
: NPhMe
/\ LiCH, _'BuBr
8§ Fe(CO)
>_<NPhMe
N
’X LiCH(CH,)CN Ce@V)
8 Fe(CO)
NPhMe
:r\ /S LICCH, 008 'BuBr
g Fe(CO);
: NPhMe
f LiC(CHy),CO,Et Ce(IV)
g Fe(CO),
NEt,
_'/\_!6 LiC(CHy),CN Ce(dV)
& Fe(CO)a
: NE,
A LiC(CH,),CN 'BuBr
372
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PRODUCT(S)
(Isolated Yicld)

NPhMe (NA)
cN' o 24!

30

NPhMe
CN O 21

£

(64%)

cN S 20

0
)\/‘\(NP"MB (4%)

o 18

£

2 NPhMe (NA)

CN O 22°

QL _NPhMe (67%)

CO,EtS 19'

NPhM

£

CO,EtO

. _NPhM
CO,Et0 23'
. _NEt,

. 2 7 []
(CH,),CN

(60%)

£

(NA%)

s

NEt,

£

CN S
CN S 28'

(NA%)

£
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NR
2 R'Li or R'MgBr NR,

|\ —_ W I [3]

Fe(CO),

The results presented here extends the range of 4-ketoamides that can be
synthesized. The 4-oxo-thioamides prepared from o,B-unsaturated thioamide
iron tricarbonyl complexes could be easily converted to 4-ketoamides by using
ceric ammonium nitrate. Unlike the 4-itetoamides prepared from o,p-unsaturated
amide tetracarbonyl iron complexes, the 4-ketoamides prepared from
a,B-unsaturated thioamide iron tricarbonyl complexes had a B-methy! substituent
and, in one case, a y-methy! substituent in the starting material. Also, the anions
used in this reaction, [LIC(CH3)oCN], [LIC(CH3)oCO2Et] and [LICH(CH3)CN],
were different than those used in the reaction with o,B-unsaturated amide
tetracarbonyl iron complexes (methyl, phenyl, and benzyl carbanions). In
summary, the synthesis of 4-ketoamides from nucleophilic reactions with
a,p-unsaturated thioamide and o,B-unsaturated amide iron carbonyl complexes
together provide products which vary with the choice of nucleophile and
substitution in the starting material.

The acid catalyzed reaction of 1,4-diketones with hydrogen sulphide
has been used as a convenient route to thiophenesmﬁa, It was stated that the
most likely route to 3-carboethoxythiophenes VII from 2-ethoxycarbony!-
1,4-diketones Il was via the formation of monothionated intermediates IV and V

with possibly some contribution from dithioketone VI (Scheme 1).
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Scheme 1

The reaction conditions using hydrogen sulphide in acidic ethanol were found to
be superior to the reaction of 1,4-diketones with thionation reagents such as
phosphorus pentasulphide, which resulted in unpredictable yields of thiophenes
and formation of non-thiophenoid and tarry products.

Given that the intermediates IV and V can form thiophenes either via Vi
or directly, it must be that 4-oxo-thioamides such as those prepared from
nucleophilic reactions with ¢,B-unsaturated thioamide iron tricarbonyl complexes
could be used in the synthesis of 2-aminothiophenes. Acid catalysed ring
closure of 4-oxe-thioamides would probably lead to furan rather than thiophene
products. On the other hand, reacting 4-oxo-thioamides with hydrogen sulphide
in acidic ethanol has the potential of generating 2-aminothiophenes via

dithioamides (Scheme 2).
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0
M(Nna H,S/HCI MNHE /@\
_— —_—
S S S NR,
H+
0
+SH 0 NR,
Scheme 2

Currently the Gewald synthesis provides a convenient synthetic
pathway to substituted 2-aminothiophenes, specifically 2-amino-3-carbonyl
substituted thiophenes which are important building biocks for the synthesis of
fused thiophenesss. In this synthesis, a,B-unsaturated nitriles are heated to
60°C with sulphur in ethanol containing a base, usually a secondary amine,

producing 3-substituted 2-amino thiophenes in 30-86% yield [4].

R2 X
R2 X S
S— = I\
R1CH2 CN EtOHfGO C R‘l S NHZ
X=CN, CO,R, CONH,, COR, PhNO, Vit

A new synthetic approach to VIII could be a nucleophilic reaction with
a,f-unsaturated thioamide IX producing 4-oxo-thioamide, X. Treatment of X with
hydrogen sulphide in acidic ethanol could then lead to the thiophene product XI
(51



96

NR,

O
A gs MeLi NR2 b, 8/HCI / \
\ e —— [5]
Fe(CO), 3 s NR,
IX X Xl

Modification of the nitrogen substituents in the starting material would be
relatively simple and substituents in the 3-position of product X1 could also be
accomodated by the reaction [5]. Finally, changing the substituents at the

position 4 of product X1 would simply invoive changing the nucleophile.

3.4.1.1 Preparation of 4-Oxo-Thicamides 18'-28’

Temperature control was imperative and even brief warming of the
solution resulted in the formation of 1,4-Michael addition products.

Steric hindrance appeared to limit the yield for the nucleophilic
reactions. Only butene (thioamide iron complexes 4 and 7) and propene
(thioamide iron complexes 24 and 25) thioamides gave CO-inseition products.
The butene thioamides gave poor yields while thioamide iron complexes 1, 2,
and 6 did not react at all. 1t seemed important to attempt to synthesize an
o,B-unsaturated thioamide iron complex having only hydrogen substituents in the
B and y-positions. Preparation of the amide, shown below, from its acid chloride
was straightforward but only one of the illustrated methods successfully produced

the desired thioamide; however, its yield was very low.
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no reaction

MeO -C=S
high Mw 4510 e ® ]2

MeCN/ref.

roducts
P wa . (3%)
Lawesson's
—\(_NPhMe - —YNPhMe
BCl,

/ ° e 1 °
s O

42210 -5n=-1-S

high MW ther/ RT ]3 ]2 (trace)

e

products NaHCO, H,S/HCI
high MW
products

The thioamide product was used to prepare the o,p-unsaturated iron tricarbonyl
complex but the yield from this reaction using photolysis was low. As a resuit of
the lack of sufficient iron complex, an anion reaction could not be performed on a
non-alkyl substituted o,B-unsaturated thioamide iron tricarbonyl complex.

The sterically hindered thioester iron complex 9 did not give aCO
insertion product. A stable o,B-unsaturated thioester iron tricarbonyl complex
having only hydrogen substitution in the y-position could not be prepared. This
difficulty encountered in the preparation of «,B-unsaturated thioester iron
complexes was anticipated due to the overall instability of thioester iron
complexes, especially y-methyl substituted thioester iron complex 11.

Attempts to promote addition of the nucleophile to the metal carbonyl in
an effort to obtain 4-oxo-thioamide or thicester products from the more sterically
hindered ihioamide and thioester iron complexes proved unsuccessful.
Approaches to promotion of the reaction included high CO pressure, the addition
of anhydrous zine chloride or aluminum trichloride, the addition of one equivalent
of triphenylphosphine, solvent variations, and temperature variations.

An explanation for the temperature dependence of product formation
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may lie in the energy of the transition states relativs to the energy of the products.
A proposed reaction profile for each of the nucleophilic reactions which would be

consistent with the temperature dependence of the reactions is illustrated below.

NRe [ NR; NR,
I e O I
Fe(CO)s -"Fe(CO),
A ) )
NR, - . o

o —| =Y

Fe(CO), \
A - eég)z
R
O -

ENERGY
>

REACTION COORDINATE———
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In the proposed diagram, the activation energy required to reach the
lower energy anionic product [C-] is higher than that required to reach the higher
energy anionic product [B-]. (The assumption is that quenching with a proton
source is extremely rapid, trapping the ratio of anionic species.) At room
temperature the formation of [B-] is reversible and both anions can be prepared
but because anion [C-] is more stable than [B-], it dominates. At low temperature,
only the transition state leading to [B-] can be surpassed and may not be
reversible and only product [B-] is formed. An equilibrium between intermediate
[B-] and starting material [A] was established by the fact that if the reaction was
performed at low temperature and warmed to room temperature for a short period
and then cooled again before quenching the reaction with a proton source, then
only product from intermediate [C-] was obtained. The barriers for
interconversion of [C-] and [A] are too high.

Of the nucleophiles that were used in an effort to obtain the
4-oxo-thioamide products cnly a few were successful. Those anions which gave
the desired products were structurally paralle! to the anions that Semmelhack
used in his reactions with n4-1,3-diene iron tricarbonyl complexes”. Other
anions which did not react with o,B-unsaturated thicamide or thioester iron

tricarbonyl complexes 1, 4, Z, 8, or 10 included those shown below.

0

: EtO
a) Q—U e) iNa

B0~
e

f) LICH,CN
S 2
C) (:S>Li

S i g) HC CNa
d Cs>\||=h
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It was surprising that no reactions were observed with compounds ¢ and d since
they were found to react with diene iron tricarbonyl complexes in high yields1 1
Likewise, phenyllithium and methyllithium were expected to react in light of the
high yields of y-ketoamides produced from the reaction of o,B-unsaturated amide
iron tetracarbonyl compounds19. Diethylmalonate anion e was reported to react
in a Michael fashion with an a,f-unsaturated palladium complex, discussed in
the introduction37, but the same results were not observed for o,B-unsaturated
iron tricarbonyl complexes. The acetonitrile anion f did undergo reaction with
iron complexes 4 and Z but many unidentifiable products were obtained. The
reaction with sodium acetylide and o,B-unsaturated iron complex 7 was
attempted both in the presence and absence of 18-crown-6 which would
coordinate to the sodium ion and enhance the reactivity, but there was no
reaction in either case..

The difficulty associated with isolating compounds 18' and 22’ in
higher yield may be due to the acidity of the proton adjacent to the keto-group

and subsequent decomposition.

3.4.1.2 Speciral Characterization of 4-Oxo-thioamides
3.4.1.2.1 Mass Spectra

The mass spectra of the 4-oxo-thioamides and 4-ketoamides gave
parent ions, and ions:corresponding to successive fragmentation of the added
nucleophile and carbc:m monoxide. Also, fragments corresponding to C(S)NRo
or C(O)NR» and NRé gave strong signals in the mass spectra. Some of the

compounds, specifica;[ly 18', 22', and 27°, could not be purified sufficiently to
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obtain an electron impact mass spectrum. As well, products 23’ and 28’ were
each a mixture of two compounds which could not be separated, so for these

cases the masses were determined by GC/MS.

3.4.1.2.2 Infrared Spectra

The infrared spectrum for 4-oxo-thioamide product 20' gave an intense
carbony! stretch at 1730 em 1. The 4-ketoamide product 21', analogous to
compound 20, also gave an intense signal at 1730 cm™! corresponding to the
ketone carbonyl while its amide carbonyl stretch was found at 1650 cm™1, All of
the other 4-oxo-thioarhide and 4-ketoamide products had similar IR spectra with
the exception of products 19' and 23' which had ketone carbonyl stretching
frequencies at approximately 1690 em1 and ester carbonyl stretching

frequencies at approximately 1730 cm 1,

3.4.1.2.3 NMR Spectra

The TH NMR spectra for the saturated 4-ketoamide products 18°, 20°,
21°, 22°, 23', and 24’ all showed chemically and magnetically inequivalent
protons between the ketone (thic)amide positions. A portion of the TH NMR
spectra of 4-ketoamides products 21' and 24' are shown in figure 12, illustrating
this inequivalence. In the spectrum for 4-ketoamide 21°, the methylene protons
occurred as separate §ets of signals having doublet of doublet patterns at & 2.55
ppm (A) and 3 3.42 ppm (C). There was a large geminal coupling of 18.6Hz. The
methylene protons for 4-ketoamide 24 also occurred as separate sets of signals
having doublet of doublet patterns at & 2.08 ppm (A} and & 2.65 ppm (C), but their

geminal coupling was smaller (16.6Hz).
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Figure 3.12: H NMR Spectra for Compounds 21° and 24'

102



(dD)oD
/ \1
S “d
\N
2%
Z(s9)k
/\3
S g
N\

Yon)yondd

%

10
$(00)2a




103

In each spectrum the methine proton gave a broad poorly defined signal which
could not be resolvéd by lowering the temperature to -60°C. Selective
decoupling of each of the signals allowed for their assignment.

The coupling between the methylene proton corresponding to the signal
at & 3.42 ppm (C) and the methine carbon proton (B) is 10.5Hz while the coupling
of the methylene proton corresponding to the signal at & 2.55 ppm (A) and the
methine proton is 3.5Hz. This leads to a structure in which the larger coupling
must be due to a trans orientation of protons C and B, as shown by the Newman
projection illustrated for structure 21°. Likewise a Newman projection can be

drawn for 4-ketoamide product 24'.

1

fl? Hg . El) He
CN(CHa)zCC\ 1 /Hc PhMeNC\ /H A
CNPhMe f C{CH,),CN
H,C é', HyC g
Ha He
21" 24°

The olefinic proton for the unsaturated 4-oxo-thioamide 19' gave a

broad peak in the TH NMR spectrum at 6 5.91 ppm, the usual region for olefinic

protons.

3.5 Electrophilic Addition

The literature of transition metal complexes of o,Bf-unsaturated
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heteroatoms suggests that electrophilic reaction at the heteroatom is facile and
that such a reaction might occur with a,B-unsaturated thioamide and thioester
iron tricarbonyl complexes. Thioamide iron complexes were found not to react
with electrophiles and only one thioester iron complex gave products of

electrophilic attack at the sulphur. The preparation and characterization of these

new thioester iron complexes are discussed.

The addition of excess or stoichiometric amounts of HgCls resulted in
the complete decomp.osition of thioester iron complex 10 resulting in isolated
free ligand having C=S converted to C=0. A black insoluble precipitate was also
obtained, suggesting the formation of Hg»S. It is possible that a mercuric halide
or an adduct analogous to cobalt complex XXIX in Scheme 7 (Chapter 1) could
have been an intermediate.

In contrast, excess mercuric acetate gave a pale orange solid which
was found to be slightly soluble in DMSO and very soluble in hot ethanol. The
presence of mercuric acetate, which must be used in excess, made purification of
the orange product impossible. Repeated recrystallization from hot ethanol could
not successfully remove the uncomplexed [Hg(OAc)o]. The fact that this product
was completely insoluble in hydrocarbon or chlorinated solvents eliminated the

possibility that unreacted complex was adsorbed to crystals of the mercuric salt,
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giving the orange colour. An TH NMR spectrum in DMSO-dg comfirmed the
presence of protons corresponding to thioester iron complex 10, but some
excess mercuric salt made complete characterization impossible. It seemed
likely from the appearance of the solid that a mercuric acetate adduct was

generated, analogous to cobalt complex XXIX in Scheme 7 (Chapter 1).
3.5.1.2 Preparation of S-Alkyl Iron Complex, 21
The addition of ether to a solution of thicester iron complex 10 and a

stoichiometric amount of {(CH3)30BF4] in CHoCly gave a yellow precipitate of

S-methylated iron complex 21 in good yield. The complex was characterized by
IR, and TH, and 13C NMR.

\ BF,

3.5.1.2.1 ectral Char rization of Iron Complex 21

3.5.1.2.1.1 |nfrared

Iron complex 21 was soluble only in more polar organic solvents such
as acetone and acetonitrile. The infrared spectrum was obtained in acetonitrile
and gave two metal carbonyl stretching bands at 2100(s} and 2045(vs) em1,

which are shifted to higher energy in comparison to the starting material (10).
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Such a shift was anticipated with the formation of a cationic complex which
should decrease the degree of dr-pr* backbonding, which in turn strengthens

the CO bond and requires higher energy to induce CO vibrations.

3.5.1.2.1.2 NMR Spectra

The TH NMR spectrum of iron complex 21, is shown in figure 13. The
spectrum closely resembiles that of the starting material. The protons of of the
methyl group at sulphur‘ of complex 21 occur as.a singlet at 62.04 ppm. This is in
a region similar to that of the resonances of the S-CHg group found at §2.04 ppm
for the cobalt comple* XXiX, Scheme 7 (Chapter 1). The protons of non-metal
complexed sulphonium salts should resonate in the range 2.52-3.02 ppm%6.
Methylation of the iron centre is ruled out by the coordinatively saturated nature of
the complex in which such a reaction would require displacement of a ligand,
either CO or the thioester. Although dissociation and reassociation cannot be
ruled-out, there is no evidence for loss of a CO based on the IR spectrum,
Furthermore, the possibility of olefin dissociation is eliminated by the TH NMR
spectrum in which the observed chemical shifts of the  and v-CH protons have
upfield shifts, representative of complexation. Finally, loss of iron-sulphur
bonding would be evident in the 13¢c NMR spectrum, where a non-metal
coordinated C=S carbon chemical shift would.be more downfield. All of this
supports the structure which has S-alkylation, not metal centre alkylation.

In the 13C NMR spectrum, S-CHg protons were assigned to the signal
at 518.49 ppm, slightly downfield from OCH»CHg methy! carbon, which is in the
usual region for S-CHg protons, §10-20 ppm®9. The rest of the spectrum was
readily assigned using DEPT.
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It is possible that the new iron complex 21, is actuaily oxygen alkylated
as opposed to sulphur alkylated, as shown below.

C\Ha
- OEt 7 +

FB(CO)a

This structure is not favoured over the sulphur alkylated product
because of the NMR spectra. An oxygen-methylated product would not be
expected to have what appears to be two different isomers based on the y-proton
signal in the TH NMR spectrum, which has been discussed. Futhermore, since
the protons of the S*-CHg group in simple sulphonium salts absorb in the range
5 2.52-3.02 ppm, it is reasonable to assume sulphur alkylation. The S-methyl
resonance in the 1H NMR spectrum, 8 2.04 ppm, was lower than the range but
S-methylated thioacrolein clclopentadienyl cobalt complex has also been
reported with its methyl resonance, & 2.40 ppm, slightly below the range32. The
greater electronegativity of oxygen would be expected to have an O*-CHg group
resonate further downfield from the 5 2.52-3.02 ppm range. As well, the chemical
shift for the methy! carbon in the 13C NMR spectrum was further downfield 18.49
ppm, than what would be expected for an oxygen methyl carbon. A normal
S-CHg carbon usually resbnates in the range 10-20 ppm while a O-CHg carbon
resonance would be found further upfield than the usual range, 48-60 ppm. A
large shift of 30 ppm which would be required in the case of oxygen alkylated
product seems unreasonable here.

On the other hand, since none of the thioamide iron complexes

reacted with electrophiles, an oxygen alkylated product cannot be entirely ruled
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out. The presence of the oxygen in thioester iron complex 1Q is the single key

feature distinguishing it from the thioamide iron complexes.
3.6 ZINDO Calculations

Theoretical calculations were petrformed on a few model iron
complexes and their free ligands in order to predict the reactivity of the three
types of iron thio-complexes; thioamides, thioesters, and thiones, and in
particular to predict the site of their reactions with nucleophiles and electrophiles.
Furthermore, it was hoped that the results would provide some insight into
explaining the experimentally observed preference of electrophilic addition to
thioester iron complexes.

All nucleophilic and electrophilic substitution reactions involve
donor-acceptor interactions in which the transition state involves a formal transfer
of electrons from one of the reactants to the other. The total change in energy
due to the partial formation of a bond between an atom d of some electron
acceptor molecule D and an atom a of some electron acceptor molecule A is

given by the expression for AE;qy,) Shown belowd9,

m ~n 2
AEig, = -ﬂ‘f_ + 2 ¥ occupied Y unocccupied (Cd Ca ABda)

orbitals in  orbitals in . .
Ra:€ donor acceptor E m - En
electrostatic covalent

The expression is essentially the sum of electrostatic and covalent
terms. The electrostatic term is the product of the formal charges of the atoms d
and a of the isolated mo|eculés, represented by g4 and qg , divided by the
product of the distarce the two atoms during their interaction muitiplied by the

dielectric constant of the solvent. The covalent term of the donor molecule D,
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C™,, is composed of the coefficients of the atomic orbitals of each atom d in the
various molecular orbitals m, and C°_ is described similarly for the acceptor
molecule A. AB,, is the change in the resonance integral between interacting
orbitals at a distance R4, and E,,'and E," are the energies of the various
molecular orbitals m and n in the isolated molecules. If the energy difference
between the two intgracting orbitals :- is large (ie. E, - E, is large) then the
covalent term in the expression for AE total will become small and the interaction
wili be dominated by the electrostatic term. This will favour strong interactions
between the two atoms having the highest positive charge density and the
highest negative charge density, q and qq respectively. This situation has been
referred to as a charge-controlled reaction. If, on the other hand, the energy
difference between the two interacting molecules is small (ie. Ej, - E, is small)
the covalent term becomes dominant and the reaction is controlled by orbital
interactions. This situation has been referred to as an orbital-controlled reaction.
The orbital-controlled reaction will proceed in such a way that the product that is
formed by interactions between ihe two orbitals in A and D having the highest
orbital coefficients, which are the LUMO (lowest unoccupied molecular orbital) in
the acceptor, and the HOMO (highest occupied molecular orbital) of the donor

molecule.
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In a charge-controlled reaction the acceptor would have a LUMO of
high energy, characteristic of a molecule having a low affinity for electrons, or of a
highly solvated molecule having a large ionic radius. The HOMO of the donor
would have a low energy, characteristic of high electronegativity or of a molecule
of small ionic radius. In an orbital-controlled reaction the acceptor has a LUMO of
relatively low energy and the donor has a HOMO of relatively high energy,
resulting in good orbital ovérlap.
| If the reaction between an a,B-unsaturated thio-iron complex and an
electrophile or a nucleophile is charge-controlled then the pattern of reactivity
would be expected to be predictable on the basis of the calculated charges at
each atom of the complex. Conversely, if the reaction is orbital-controlled then
the site of reaction would be predicted by the orbital coefficients of each of the
atoms of the complex in either the HOMO (for reaction with an electrophile) or the
LUMGO (for reaction with a nucleophile) of the complex.

In order to determine the orbital and charge coefficients for some

o,B-unsaturated thio-iron complexes, ZINDO calculations were performed. The



112

ZINDO program is a LCAO -SCF (linear combination of atomic orbitals- self-
-consistent field) method in which differential overlap is neglected84. (The
acronym NDO stands for neglect of differential overlap.) This program is
designed to accomodate the large basis sets required for calculations on
transition metal complexes. ZINDO calculations of the charge density on each of
the atoms should predict the site of reaction for charge-controlled reactions,
which, when compared to the observed chemical results, would be expected to
be a valuable tool for explaining and predicting reactivity patterns in other
a,B-unsaturated thio-iron complexes, including those which were not easily
prepared (thioesters and thiones).

The input data for the ZINDO calculations consisted of bond length
and bond angle information derived from the X-ray crystal structures of iron
complexes 1 and 2 and free ligand 2'. Some bond lengths were calculated
using Van der Waals radii. As well, input of dihedral angles was required; these
angles were obtained from modals of the complexes. The compounds for which
ZINDO calculations were performed are illustrated in Table 6 which is a collection
of the formal charges at selected atoms and Table 7 which is a collection of the
orbital coefficients at selected atoms.

Three of the four calculated thioamide complexes were synthesized
(1.4.7); the fourth complex was subjected to calculations for the purpose of
comparison. A comparison between o,p-unsaturated thioamide-iron complexes
1 and 4 should demonstrate the effect of phenyl substitution relative to methyl

substitution at the y-position.
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FORMAL CHARGE
Complex
(Free Ligand)
Fe C=0 S(0) p-C Y-C  NO) a-C
NEt,
IV 0215
-0.181  -0.089 1.528 -0181 0052 -0416  0.027
4 (0.201) -0.210 (0647)  (0.201) (-0.157) (0.254)
8(CO)y
NEt,

20270 (0585 (-0311) (0479) (-0268) (-0.157)

0.384
Ph—/’\—/\(ﬁ -0.4%4 0771 1.188 0262 -0419 -0271  -0.825

I -0.097
v 0297 9115 1132 0055 0112 -0425 -0.07

0068 (0636 (0203) (-0.489) (0.100) (0.247)

CHAQ /—QNEtz 0.198
1077 0315 1332 0881 0.112 -0425 -0.311
v -1.000 (-0.584) (-0270) (0.489) (-0.100) (0.14)
8{CO),
NEt,

-0.041 0470 -0380 .0202 .0.377 1.00
0344  (-0.748) (0.009) (0175 (-0.301) (0.518)

_,/\—Q 0705 -0.073

W a 0,093

1348 0116 1348 0141 0176 0422  -0.057
11 0023 (0550 (0202) (0.175) (-0353)  (0.339)

1254 o042 0.335 -0.181 0298 -0418  -0.317
-0.190 (0479 (-0.282) (-0442) (-0.360) (-0.104)

on _/{*& 0,059

0972
Me—/’\_> 2275 126 0185 0458 .0234 cabon  -0.312
e

0017 (0519 (0.132) (-0084) 0342 (-0.025)

Table 6

A comparison between 4 and 7 shouid illustrate any variation in charge

densities or orbital coefficients arising from the choice of different substituents on
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nitrogen. A comparison between £ and the methoxy substituted complex should

allow for a prediction of the effect of methoxy substitution at the y~position.

Fe

NE,
L .013

4 8(CO)s

NEt,
Ph—/’\—/<5 H .081
L .074

1 e(CO)s

NPhMe
__/_'é H .097
L .083

1

e(C0),

CHO NEt,
H.11
L 044

e(CO),

NE,
" o 20
L .13

e(CO)s

_/‘403
v H.33
L.11

L e(CQ),

OEt
Ph—//\_> H.16
L .014

10

2
=0
© Q

a

<
D
@
[@]
8
[~
ron
53

Table 7

ORBITAL COEFFICIENTS
Complex {H=HOMO; L=LUMO]
(Free Ligand)

c=0 S(0) gC y-C  NO) o-C

LUMO

025

.0080 HO0069 H.17 H40 H.034 H.0638

080 (90)  (0039) (018)  (.0056) (.0045)
L .48 L.042 L.0086 L.oo42 L.2222
(055) (076) (40)  (o073) (196)

.15

019 H.0020 H.031 H.0I12 H.069 H.0026

036 (058)  (014)  (.00080) (.00060) (.038)
L 215 L.O75 L1 L0338 L.08I
0700 (149 (00070) (079) (-23)

:(l,;jg H.0017 H.0009H.031 H.09 H.15

036 (91) (0028) (.018)  (.0064) (.0048)
L037 L.J31 L.29 L.0os3 L.0S6
(066)  (048) (37) (046 (22)

053

014 H.11 H.16 H.J33 HJOI5 H.1D

10 (.29) (49)  (14)  (.00020) (.041)
L30 L.087 L.0S3 L.033 L.24
(.10 (00030) (31)  (13) (43)

.08

16 H0021 H.L061 HA41 H.0017 H.0067

.16 (086) (S} (14) (.063) (.041)
L0290 LOI1 Lo12 L .063 L.19
(066)  (16)  (43) (:035) (.11)

014

021 H.056 H.045 H.084 H.027 H .23

023 (o1 (0080) (019)  (0072) (.11)
LO017 L2 LI5s ©Los L.13
(079) (039 (39 (035 (25

.040

012 H .29 H.0080 H.011 H.0039 H.042

0095 (.048) 57 (24 (.022) (.030)
L.0028 L.0 1L.032 L.0010 L.00I0
(0%0)  (016) (20)  (032) (.25)

:%5 H.067 H.O77 H.17 cabon H 002

054 (.40) (12) (18) H.033 (.096)
L0S4 L.032 L.17 (030) L.092
(:22) 012y ¢31) L.010 (25)

(.031)
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Only two of the three prepared «,B-unsaturated thioester-iron complexes were
subjected to ZINDO calculations. These two complexes, 10 and 11, were
selected because they differed in their substitution at the y-position, 10 having a
phenyl group and 11 having a methyl group. A comparison would also be
possible between the effect of changing the y—substituent from phenyi to methyl
in thioester complexes relative to the same change in thioamide complexes,
which may provide insight into the role of the amide or ester group in the stability
and reactivity of the complexes. Calculations were also performed on a
hypothetical thione complex, which was selected as a model for the prepared
complex 13, whose input data was tco complex.

Calculations were also performed on an o,f-unsaturated amide iron
tricarbonyl complex in order to investigate the differences between sulphur and
oxygen in these complexes.

A nucleophile is capable of attacking the metal centre itself or one of
the ligands. A coordinatively saturated metal which is either neutral or negatively
charged, as in the case of o,-unsaturated thio-iron tricarbon;| complexes, does
not favour nucleophilic attack at the metal centre. Nucleophilic attack at a ligand
of a coordinatively saturated complex usually requires that n-acceptor spectator
ligands such as carbon monoxide and olefins accomodate the increase in charge
at the metal centre. Therefore, in a charge-controlled reaction, a nucleophile
would be expected to react at an atom on the ligand bearing a positive charge
density.

If one considers charge-controlled nucleophilic attack at the ligands of the
o,B-unsaturated thioamide-iron complexes listed in Table 6, attack would be
expected at sulphur, which bears a postive charge for all cases. Atftack of a

nucleophile at nitrogen would not be expected, however, since nitrogen was
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found to have a negative charge in all of the thioamide complexes. In all of the
a,B-unsaturated thioamide-iron complexes at least one of the olefinic carbons
also bears positive charge. Except for the y-phenyl substituted complex 1, this
positive charge was calculated to reside on the y-carbon, predicting nucleophilic
attack at the y-position in a charge-controlled reaction.

In the o,B-unsaturated thioester-iron complexes, a positive charge
was calculated for sulphur and a negative one for the ethoxy oxygen atom,
paralleling the charge distributions calculated for the thioamide complexes, but
no significant positive charges were calculated for any of the olefinic carbons.
Thus, for o,B-unsaturated thioester-iron complexes reaction of a nucleophile in a
charge-controlled process would be expected to occur only at sulphur, and no
attack would be expected at any of the olefinic carbons. Calculations of charge
distributions show that o,B-unsaturated thione-iron complexes should react with
a nucleophile only at the a~-methy! position and that o,p-unsaturated ketone-iron
complexes should react only at one of the carbon monoxide ligands in a
charge-controlied reaction.

In summary, ZINDO calculations of charge distributions would predict
that charge-controlled reactions of nucleophiles with o,p-unsaturated thio-iron
complexes should occur preferentially at the ligand and specifically at the suiphur
or y-carbon of thioamide complexes, at the sulphur in thioester complexes, and at
the a-methyl position of the thione complex.

Nucleophiles are known to attack a,B-unsaturated thioamides 1' and
4’ at the y-carbon, giving Michael-type product365:35-86v87. The ZINDO
calculations of charge distribution on these free ligands predict charge-controlled
nucleophilic attack at the a-carbon of ligands corresponding to complexes 1, 4,
Z,10,11, and ketoamide complex. This discrepancy between established

chemical behaviour and the predictions indicates that predictions based on a
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charge-controlled reaction mechanism are unsuitable for these reactions, and
that a re-evaluation of the ZINDO results in the context of orbital-control in
nucleophilic attack is warranted.

An electrophile is more likely than a nucleophile to attack an
electron-rich metal centre, even for coordinatively unsaturated metals. I,
however, the metal centre is sterically hindered and the ligands contain
heteroatoms bearing lone electron pairs, electrophilic attack would be expected
at the ligand heteroatom. Charge distribution calculations predict reaction with
electrophiles at those sites bearing negative charge: the nitrogen in
o,B-unsaturated thioamide complexes, the sulphur atom of the thione, the ethoxy
oxygen atom of a,p-unsaturated thioester complexes, and the carbon monoxide
oxygen atom in all complexes. Also, a thioacrolein iron tricarbonyl complex,
which is only different from the thione complex for which charges were calculated
by the absence of methyl substitution at the «-position, is known to react with
electrophiles at sulphur. In summary, electrophilic attack at the ligands of
o,B-unsaturated thio-iron complexes is predicted by ZINDO calculations for a
charge-controlled reaction to occur at the nitrogen in oi,B-unsaturated thioamide
complexes, the suiphur atom of the thione, the ethoxy oxygen atom of
a,p-unsaturated thioester complexes, and the carbon monoxide oxygen atom in
all complexes.

To this point only reactivity patterns on the basis of purely
charge-controlled reactions have been considered. The assumption has
therefore been made that there is a large energy difference between the the
HOMO of the donor molecule and the LUMO of the acceptor molecule in both
electrophilic and nucleophilic attack. This assumption may not be justified, since
the energy of the LUMO of the electrophile or the HOMO of the nucleophile riiay
not be very different from the HOMO or the LUMO of the a,B-unsaturated thio-iron
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complexes, respectively. If the energy difference between the two reacting
molecules is small then reaction may be controlled by orbital interactions rather
than by charge distributions, and therefore orbital coefficients would be expected
to provide predictive information about the site of reaction.

The orbital coefficients of the LUMOs and HOMOs are listed in Table 7
for the same selection of molecules for which charge denstities were calculated.
The highest orbital coefficient for a LUMO of the complex would predict the site of
nucleophilic attack, and the highest orbital coefficient for a HOMO would predict
the site of electrophilic attack in a purely orbital-controlled reaction.

For nucleophilic attack, the predicted site for reaction for all of the
thioamide-iron complexes was at sulphur, except for complex 7, which differed
from all of the others by virtue of its substituents at nitrogen. All complexes were

- diethyl thioamides, except Z, which was a phenyl methyl thioamide. In complex 7
the orbital coefficients predict reaction at the B-olefinic carbons. Like complex 7,
the thioester complexes 10 and 11 had the highest LUMO coefficients at the
B-carbon, predicting reaction predominantly at that site. The thione complex is
expected to react with nucleophiles at the y-carbon in an orbital-controlled
reaction.

In summary, an orbital-controlled nuclleophilic attack on
o,B-unsaturated thio-iron complexes would be predicted, on the basis of ZINDO
calculations of orbital coefficients in the LUMO, to react at the sulphur of
thioamide complexes and at one of the olefinic carbon atoms in thioester and
thione complexes. In contrast, the free ligands corresponding to thioamide
complexes 1, 7, and y-methoxy thioamide, and thioester complex 10 would be
expected to undergo nucleophilic addition at the a-carbon. On the other hand,
preferred y-carbon nucleophilic attack for the free ligands of thioamide complex

4, thioester complex 11, and the thione complex based on ZINDO calculations
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are in agreement with the known reactivity of a,B-unsaturated thioamides, in
which nucleophilic attack occurs at the y-position.

For orbital-controlled electrophilic attack, the orbital coefficients for the
HOMO determined by the ZINDO method suggest that reaction shou'd occur at
the metal in thioamide complex 1, thioester complex 11, and the thione complex.
Also, reaction should occur at the y-olefinic carbon in thioamide complex 4, the
ketoamide complex and the y-methoxy complex; o-carbon in complex 7, and at
sulphur in thioester complex 10. In all of the free ligands, electrophilic attack is
predicted .. sulphur, except for the free ligand of thioester complex 10 and the
free ligand of the amide complex, where attack is predicted to occur at the
B-carbon.

Based on the results of ZINDO calculations the sites for nucleophilic
attack can be predicted, although care must be taken in the appropriate selection
ot either the charge-controlled or the orbital-controlled mechanism. The relative
contributions of orbital and charge control to the course of the reaction is
dependent not only on the nature of the ligand (either free or bound to iron) but
also on the nature of the electrophile or nucleophile. A "harder” nucleophile,
having a HOMO of even lower energy relative to the substrate, would be
expected to have poorer orbital overlap in the transition state, and therefore a
charge-controlled reaction may occur. Similarly, a "softer” electrophile, having a
LUMO of lower energy, might be expected to result in orbital-contfol[ed reactions
with these a,B-unsaturated thio-iron complexes. Naturally, situations may arise
where the relative energy of the frontier orbitals of the reacting species is at an

intermediate stage where neither charge nor orbital control dominates.
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3.6.1 ZINDO Calculations vs. Experimental Besults

The ZINDO calculations were used to predict the reactivity of
a,B-unsaturated thioamide, thioester, and thione iron tricarbonyl complexes
towards electrophilic and nucleophilic addition . This section will address the
success of these calculations in predicting reactivity in comparison to the
chemical results.

Nucleophilic reactions at room temperature with o,p-unsaturated
thioamide iron tricarbonyl complexes 1 and 4 resulted in direct addition at the
v-carbon of the thioamide ligand, but both charge and orbita! controlled reactions
predicted nucleophilic addition to the sulphur. (The calculations predict that
thioester iron complex 10 should give sulphur substitution products in a
charge-controlled reaction and B-carbon substitution of the thicester ligand in an
orbital-controlied reaction. At room temperature it reacted at the -y-carbor{ of the
ligand.) The inability to correlate the calculated and expetimental results means
that the difference in energy levels of the donor and acceptor molecules are not
sufficiently large or small enough to completely exclude either the electrostatic or
covalent expressions from the complete equation for the AlZj544. As well it
should be considered that the complex may be perturbed as the nucleophile
approaches so that the orbitals and charge of the complex may be quite different
just prior to nucleophilic addition.

Electrophiles were found to react only with thicester iron complex 10
and did so to prbduce sulphur substituted products while thioamide iron
complexes did not react with the electrophiles leading to the formation of such
products. A charge-controlled electrophilic addition reaction would have given
nitrogen substituted products for the thioamide compiexes and oxygen

substituted products for the thioester complexes. The electrophilic addition
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reaction with o,B-unsaturated thio-iron complexes appears to be an
orbital-controlled reaction since it correctly predicts sulphursubstitutiononly for
thioester iron complex 10 and either iron, nitrogen, or y-carbon substitution for
thioamide iron complexes. While it cannot be firmly established that the new
alkylated product 21 is sulphur rather than oxygen substituted, the spactroscopic
evidence for the complex supports sulphur substitution. Furthermors, the
prediction of nitrogen substitution products from the reaction of elactrophiles with
thioamide iron complexes should have been observed if in fac! the products from
these electrophilic reactions are entirely charge-controlled. Either way, the
ZINDO calculations were successtul in predicting a site for reactivity; oxygen in a
charge-controlled reaction and sulphur in an orbital-controlled reaction.

The computational resuits could not be used with confidence for
predicting nucleophilic addition products but an orbital-controlled electrophilic
addition correlated the chemical observations which allows for a prediction of the
site of substitution for complexes on which reactions and calculations were not
attempted including thione iron complex 13 and thioester iron complex 11. Ilfitis
assumed that the orbitals and energy levels for thione complex 13 are not
significantly different from those of the thione complex used in the calculation,
then direct addition to the metal centre would be the initial site for electrophilic
attack and likewise for thioester complex 11.

Finally, it can be said that based on the calculations and the
experimental observations that a general trend in reactivity for all of the thio-iron
complexes cannot be established, particularily for electrophilic and nucleophilic
addition reactions.

In conclusion, the ZINDO calculations were highly successful in
predicting the site of reactivity for electrophific reactions based on an

orbital-contro! model. On the other hand, there seem to be too many
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assumptions to allow for a successful prediction for the nucleophilic addition site
of these «,fB-unsaturated thio-iron complexes with the nucleophiles that were
used experimentally. The good correlation between calculated and experimental
results for electrophilic reactions suggests that the nucleophilic reactions could
have been equally successfully correllated if the nucleophiles had been chosen
so that their energy levels were such that the reactions would be sither purely

charge or orbital controlled.

3.7 Alkyne Addition

Alkynes are known to react with rhodium, cobalt, and iron carbony!
complexes generating alkyne carbon monoxide coupled cyclopentadienone
complexes’0:71,72_ when reacted with manganese and iron complexes
containing both carbonyl and thio-ligands, the alkynes usually react with the
thio-ligand?3:74,76, Therefore it was anticipated that o,B-unsaturated thioamide
and thioester iron tricarbonyl complexes would react with the C=S fragment of the
thio-ligand, but instead alkynes were found to react with these complexes
produbing iron complexes derived from coupling of the alkyne, carbon monoxide

and the coordinated olefin.
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3.7.1 Ihe Preparation and Characterization of lron Complexes 22-26
3.7.1.1 The Preparation of Iron Complexes 22-26

a,B-Unsaturated thioamide iron tricarbonyl complexes 1, 4, and 7
reacted with dimethylacetylene dicarboxylate, methyl propynoate, and n-buty!
propynoate under a carbon monoxide atmosphere in refluxing THF or by
photolysis in cyclohexane producing the new iron tricarbonyl complexes 22-26 ,
(Table 8). If the reaction was performed under a nitrogen atmosphere instead of

carbon monoxide then alkyne addition products were obtained, but in much

lower yield.
R3 R'
NR, R R?
R-C=C-R'
R2 / - (] ) . NR,
\ /S h'\), C6H12. CO R \ AR/S
R‘l
or A, THF, CO FS(CO),

Fe(CO)s

Various attempts were made to improve the product yield. Increasing
the CO pressure to 400 psi or refluxing in a higher boiling solvent was
unsuccessful in this regard.

Among the alkynes that were used, dimethylacetylene dicarboxylate
and methy! propynoate gave the highest product yields while n-buty! propynoate
gave a significantly lower yield than the other two alkynes. There was no
reaction with the following alkynes: [CH3CoCOZEt], [F3CCoCF3], [HCoCG(O)CHa),
[HC2C(OpMe)(CHg)CoHs], [HCoPH], [HCoC(CH3)CCHy), and [HCoSiMeg).
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ALKYNE CONDITIONS PRODUCT(S)
COMPLEX (Isolated Yicld)
ﬁNPhMe Me0,C COMe
MeO, Me THF ref omNPhMe
00 2h Me \ H
7 F,/‘S
#(C0) 27 Fo(CON (69%)
_/_<NPhMe .\ Coﬁ“Bu
: HCC,CO,"Bu THF ref
1h40min omnphm
7 7e(CO), Me \F,H/s
23 8(CO)a (11%)
NPhMe
_/__< H COﬁMe
,\ HC,COMe THF ref Egr
15h 0 NPhMe
Me H
1 Fe(CO); \
24 8(C0), (78%)
—/_QNEtz MeO,C COﬁMe
/\t Me0,0C,C0,Me THE et O%:\'QS‘_NBE
e H
4 Fe(CO); \F/B
25 Fe(CO) (81%)
NEt,
Ph—/-—$ MQOzC COﬁMB
MeQ,CC,00,Me ho
3h o) NEt,
1 G(CO)a Ph \(H/G
26 e(CO)y (22%)
Table 8

The nature of the starting complex also had an effect on the product.
Thioamide iron complex 7 was used in all of the reactions designed to

investigate the reactivity of various alkynes, as well as the effect of varying the
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reaction conditions. Reaction of thioamide iron complex 7 with dimethylacetylene
dicarboxylate (DMAD) gave a much higher yield than pheny! substituted
thioamide iron complex 1 but an even higher yield was obtained with thioamide
iron complex 4. B-Methy! substituted thioamide iron complex § did react with
DMAD but an inseparable mixture of products resulted. Thioester iron complex
10 also reacted with DMAD but an uncharacterizable mixture of products were
formed.

Efforts were made to remove the resulting thioamide-
cyclopentadienone ligand from the iron tricarbonyl fragment. Unlike the
DAD-iron tricarbonyl complex system discussed earlier, the addition of excess
free thioamide or even ligands such as triphenylphosphine,
diphenyiphosphinoethane, dimethylphosphinoethane, or bipyridine did not result
in selective cleavage of the thioamide-cyclopentenone ligand. High carbon
monoxide pressure (1200 psi) was equally ineffective. Photolysis in ethanol or
the use of ceric ammonium nitrate, potassium cyanide, or trimethylamine oxide,
all of which have the potential to free the ligand, gave decomposition of the
complexes to unidentifiable products. One oxidizing agent, m-chloroperbenzoic
acid, did give the free ligand based on the GC/MS but further characterization
was impossible due to recovery of less than one milligram which was a mixture of
products. Modifying the reaction conditions did not improve the recovery of free
ligand and repeating the original reaction with a larger amount of starting
material gave even less of the free ligand and more of other products.

in summary, o,p-unsaturated thioamide tricarbonyl complexes reacted
with alkynes and carbon monoxide generating novel iron tricarbonyl complexes
22-26 which were characterized by infrared, mass spectrometry, elemental
analysis, 1H and 13C{1H} NMR spectroscopy, and in one case by X-ray
crystallography.
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3.7.1.2 ral Characterizati Ir xes 22-26
3.7.1.2.1 Mass Spectra and Elemental Analysis

Iron complexes 24-26 gave Cl mass spectra having mass peaks
corresponding to the parent ion, [M+1]*, followed by successive loss of carbon
monoxide ligands, and a signal was also present representing the free
thioamide-cyclopentenone figand. lron complexes 22 and 23 gave mass
fragments corresponding to the free thioamide-cyclopentenone ligand as weil as
higher mass peaks.

The elemental analyses for all of the complexes were consistent with

their formulas.

3.7.1.2.2 |nfrared Spectra

The infrared spectra gave three intense metal carbonyl stretching bands
at approximately 2060, 2000, and 1980 cm”| for each of the complexes.
Dimethylacetylene dicarboxylate reaction products 22 and 26 gave a single
strong absorption at approximately 1690 em-1 for the ketone and ester carbonyls
while products 23-25 gave distinct bands for these carbonyls at approximately

1720 om™1 for the katone carbony! and 1695 cm™1 for the ecter carhonyls.
3.7.1.2.3 NMR Spectra

The TH NMR spectrum of iron compiex 23 is shown in figure 14. As

was found for all of the iron complexes 22-26, there was no coupling observed
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between the proton in a B-position to C=S and its neighboring proton on the
carbon in a B-position to C=0. The X-ray crystal structure of complex 22 shows
the dihedral angle between these protons to be 100.2°. The Karplus relation
predicts coupling constants for neighboring protons based on their dihedral
angle but it does not account for a zero coupling constant’’. The Karplus
relationship between dihedral angles and the magnitudes of coupling constants
is, however, a poor model for these couplings, since the relationship is based on
calculations with etharie and substitution can cause substantial changes in
coupling77. A dihedral angle of 90° would result in the smallest coupling and
thus an angle of 100.2° would be expected to have a small coupling. It may be
that the protons do have a very smali coupling, but selective decoupling of the
neighbouring protons gave no change in the linewidth of the signals. It is not
evident why there is an apparent absence of coupling between these
neighboring protons.

The olefinic protons for iron complexes 23 and 24 experienced a shift
upfield to approximately 34.60 ppm, which would be anticipated with metal
coordination. '

The 13¢c NMR spectrum of iron complex 23 is shown in figure 15. The
five signals furthest downfield in the 13C NMR spectrum, in the region of
$200-210 ppm, could not be specifically assigned, but as a group were assigned
to the three metal carbonyls, the ketone carbonyl, and the C=S carbon. The large
downfield chemical shift of the C=S carbon gave the first indication that the C=S
was no longer conjugated with the olefin, since the starting material, thioamide
iron complex Z, gave a C=S chemical shift of 8152.95 ppm. This region, near
3150 ppm, was typical of the chemical shifts of C=8 carbons in o,B-unsaturated

thioamide iron tricarbony! complexes.
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3.7.1.2.4 X-Ray Crystal Structure

The X-ray crystal structure of iron complex 22 was obtained and was
found to consist of discrete molecular units having no intermolecular contacts
less than the sum of van der Waals radii. An ORTEP diagram of this complex is
shown in figure 16 along with pertinent bond lengths. Two alternate perspectives
of the complex are shown in figure 17. Bond angles and bond distances are
reported in Chapter 4 along with the crystallographic details.

The structure can be described as being a distorted octahedron about
the iron in which the iron is =-bonded to the olefinic carbons of the
cyclopentenone fragment and bonded to the sulphur through a lone pair on the
sulphur, forming a six-member metallocycle. The three carbonyls are oriented
about the iron such that they are staggered relative to the other three iron ligand
bonds and one of the carbonyls lies in a plane normal to the midpoint of the
cyclopentenone double bond. This carbony! has an unusually small Fe-C2-0O2
angle of 172.6° compared to the other Fe-C-O angles, which come much closer
to the expected 180° angle: Fe-C1-O1, 178.7° and Fe-C3-03, 177.3°. It appears
that the ester oxygen atoms are in close proximity to the iron carbonyl oxygen 02
and there may be electrostatic repulsive interactions between the two types of
oxygen which result in this deviation of the Fe-C-O angle from 180°.

Much like the tricarbonyl fragment of thioamide iron complexes 1 and 2,
that of iron complex 22 does not have local Cg,, symmetry. Two of the OC-Fe-CO
angles in complex 22 are very small, (C1-Fe-C2 is 88.7° and C2-Fe-C3 is 88.0°),
while the remaining OC-Fe-CO angle is quite large (C1-Fe-C3 is 110.1°). The
largest angle found is for the OC-Fe-CO trans to that carbon-carbon double bond

which itself has a tight C-Fe-C angle {40.9°).
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The iron tricarbonyl fragment of iron compiex 22 is much more distorted than
that of thioamide iron complex 1 in which there was only one small OC-Fe-CO
angle, while the other OC-Fe-CO angles did not have as large distortions
compared to iron complex 22. The local symmetry of the Fe(CO)3 for both iron
complexes 1 and 22 was Cg.

The iron-carbon bond lengths for bonding to the carbony! groups in iron
complex 22 were slightly longer than those of thioamide iron tricarbonyl
complexes 1 and 2 (discussed in Chapter 2). This difference would be expected
based on the infrared spectra, in which the carbon monoxide stretching
frequencies are slightly higher in energy for iron complex 22 than for either
thioamide iron complexes 1 or 2, indicating stronger C=0 bonds in the iron
complex 22 and therefore a lesser degree of backbonding from the metal. The
carbonyl trans to the sulphur has the shortest C-Fe bond length, while the
carbonyl closest and cis to the sulphur has the longest C-Fe bond.

The iron-sulphur bond for complex 22 is 2.3595A, which is very similar
to that of thioamide iron complex 1. As well, the carbon-sulphur double bond for
complex 22 is 1.702A, which was similar to that of thioamide iron complex 2 but
shorter than that found for thioamide iron complex 1. This suggests that the
carbon-sulphur and the iron-sulphur bonding in the thioamide iron complexes 1
and 2 are not significantly altered by reaction with alkynes. The alkyne products
also appear to be bound to iron via the sulphur lone pair.

The length of the carbon-nitrogen bond (C14-N) of iron complex 22 is
considerably shorter, at 1.320A, than a normal carbon-nitrogen single bond,
1.47A, and is found to be  longer - - than a normai carbon-nitrogen double
bond, 1.20A57. There appears therefore to be some nitrogen interaction with the
C=S carbon, similar to that found for the thioamide iron complexes 1 and 2.

The amine bound phenyl ring of iron complex 22 is planar, with an
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average deviation from planarity of 0.02A.

In iron complex 22 the cyclopentenone ring carbons are not coplanar.
Carbon atom C4 of the ring is 0.125A above the best-fit plane and carbon C5 sits
0.104A below the plane, giving the cyclopentenone portion an overall puckered
envelope shape. The bond length between the olefinic carbons is 1.450A, which
is between that of a normal double bond (1.33A) and single bond (1.54A)57.
This bond lengthening relative to a typical C=C double bond is due to
coordination to the iron but resonance into the electron withdrawing ester groups
must be a contributing factor in this increase. This bond length is very close to
that of the diphenyl-substituted iron complex 2 (1 .454A), which has the combined
effect of both iron coordination and electron withdrawing groups on each of the
olefinic carbons.

The ketone carbon-oxygen bond length in iron complex 22 of 1.206A
was similar to the ester carbon-oxygen double bond lengths, C10-O5 1.197A and
C12-07 1.193A, found in this complex and slightly shorter than a normal ketone
carbon oxygen double bond length, 1.22A57. The differences between the
ketone, ester, and normal ketone C=0 double bond lengths are so small that they
cannot be attributed to any effects due to iron coordination or complex
orientation.

The olefinic carbon-iron bond lengths in iron complex 22 are not
equivalent (Fe-C7 is 2.053A and Fe-C8 is 2.093A). The Fe-C8 bond may be
longer because its ester group is in close proximity to the iron carbonyl ligands
which, through electron repulsion, may force the C8 carbon further away from the
iron than is the C7 carbon. The Fe-C8 and Fe-C7 bond lengths are similar to
those of thioamide iron complexes 1 and 2.

The angles and lengths observed for the bonding of atoms to the iron in

complex 22 was not very different from those observed for the other
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o, B-unsaturated heterodiene iron complexes discussed in Chapter 2, but it is
important to note that the carbon-sulphur and the carbon-carbon double bonds
are not conjugated to each other in iron complex 22. The result is a puckered
metallocycle in which C14 is at a 112.12° angle to the plane formed by the
cyclopentenone.

In summary, the X-ray crystal structure of iron complex 22 revealed a
distorted octahedral geometry about the iron centre. The sulphur ligand
containéd a cyclopentenone fragment which had a puckered shape. The iron
complex cannot attain a planar orientation of the thio-ligand atoms directly
bonded to the iron since the carbon-sulphur and carbon-carbon double bonds of
the thio-ligand are not conjugated as they were with the iron complexes

discussed in Chapter 2.

3.7.2 Boute to Product Formation

A possible pathway for the formation of the alkyne addition products is
outlined in Scheme 4. The a,p-unsaturated iron tricarbonyl complex could have
a resonance structure XVIII in which the sulphur atom is coordinated to the iron
through a covalent rather than a lone pair donor bond. This complex could then
undergo intramolecular CO-insertion to generate complex XIX which now has a
vacant coordination site available for alkyne addition, producing complex XX.
Alkyne insertion wouid give intermediate complex XXI which would then ring
close and the iron would recoordinate at the olefin forming the n-bonded product
XXIL.
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There is ample literature support for the second-fourth steps in the

above scheme.

Carbon monoxide insertion into an iron alkyl bond is a

fundamental process in the formation of iron mediated CO-insertion products3.

One example is the route postulated for the formation of cyclopentenones from

nucleophilic reactions with a diene iron tricarbony! complex73 (Scheme 5}).

R R
_/\_/\ R \
Fo(CO)y, — / —
> Fa(CO)
i | K
Scheme 5

7 i

H+

Carbon monoxide insertion in the formation of XXIll is analogous to that
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suggested for intermediate XIX in Scheme 4. Alkyne addition to an available
coordination site in 16-electron complexes such as XIX is a typical route for the
formation of n-alkyne coordinated products, such as Xx3, Acetylene insertion
into a metal acyl bond is known and Scheme 6 indicates in one case that the
reaction proceeds via a four coordinate metal intermediate, XXIV, having an

alkyne ligand similar to complex XX in Scheme 473,

- ] . -
le) YO\’/_E_
L—— Pd L —_— R —|l
I Cl
cl - =
XXV
L= P{p-tol),
0 0 G o]
T L
L—Pd 4 L— Pti-' /
c|:| _ c _
Scheme 6

3.8 Reactions with Miscellaneous Reagents

Many reactions were performed to investigate the scope of reagents that
might undergo a reaction with the thio-iron complexes leading to the formation of
new products. All of the reactions which will be discussed in this section gave

either recovery of the pure starting material, products similar to the reaction
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performed on the free ligand, or inconclusive resuits. This section is included to
give the reader an appreciation of the range of reactions that were tested on

these a,B-unsaturated thioamide and thioester iron tricarbonyl complexes.

3.8.1 Dienes and Miscellaneous Reagents

The ease of carbon monoxide ligand exchange by photolysis or
thermolysis presented the possibility of reaction by any reagent capable of
occupying the available coordination site of the metal centre. Thermolysis and
photolysis of a,B-unsaturated thioamide iron tricarbonyl complex Z with
2,3-dimethyl-1,3-butadiene under a carbon monoxide atmosphere gave recovery
of iron complex Z, with yields of 93% and 84% for thermolysis and photolysis
respectively. Likewise, thermolysis of 2,3-dimethoxy-1,3-butadiene gave no
reaction with thioamide iron complex Z (90% recovery). Phenyl isocyanide
(Ph-N=C=0}, 3-phenyl-1,2-propadiene (Ph-HC=C=CH>), and ethy! diazoacetate
(NoCHCOoCoH5), all gave very high recovery of the starting material, thioamide
iron complex 7, in their reactions by thermolysis and photolysis both in the

presence and absence of carbon monoxide.

3.8.2 Hydride Abstraction

As discussed in Chapter 1, a,B-unsaturated thioaldehyde iron
tricarbonyl and cobalt cyclopentadienyl complexes reacted with
triphenylmethylifluoroborate, which abstracted the hydride from the position o to
the C=S. Although there are no a-protons in the o,p-unsaturated thio-iron
complexes, it may have been possible to remove a hydride from the y-methy!

group of thioamide iron complexes 4 or 7 [6).
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NRR'
NRR'
HaC / S Ph,CBF, Q
\ J/ UL S 1
i Fe(COls al Fe(CO)y
4 R=R'=Et, R"=H
7 R=CHg, R'=Ph, R"=H XXV

There was some reaction of complexes 4 and 7 with the hydride abstacting agent
but the products were unidentifiable (other than recovery of starting material). In
previous reactions with dienes it was stated that if the complex could be made to

have a rigid orientation such as XXVI, then hydride abstraction would be

expected to occur’9.

To test this, hydride abstraction reaction [6] was repeated using thioamide iron
complex & (R=R'=Et, R"=CHg) which having two y-methy! substituents should
have a hydride suitable for abstraction, but in fact only starting material was

recovered in 91% yield.
3.8.3 Reduction
The addition of a hydride source such as sodium borohydride or lithium

aluminum hydride to o,p-unsaturated thioamide iron complex 4 gave the
- saturated free ligand, XXVII {7].
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4

The same reactions with the free thioamide ligand also gave the saturated
thioamide product XXVII, but in a lower yield using sodium borohydride (28%)
and a higher yield using lithium aluminum hydride (72%) relative to the reactions
with the complex. Another hydride source, potassium-Selectride, gave only
insoluble by-products and a low recovery of the starting material (18%).

Iron tricarbonyl fragments are able to protect conjugated dienes,
allowing for selective hydrogenation of other C=C double bonds on the
molecule®. Thioamide iron complex 1 was reacted with hydrogen and a
heterogeneous catalyst, Pd/C (5% and 10%) or PtOo and as was anticipated,
only the unsaturated starting material was recovered illustrating the protecting
role of the [Fe(CO)3] fragment. There was no hydrogenation of the free thioamide
ligand under the same reaction conditions which may have been due to sulphur
poisoning of the catalyst. Thioamide iron complex 3 was prepared in order to
investigate hydrogena'tion at the free olefin but the outcome was disappointing,

resulting in 14% reduction of iron complex 3 compared to 25% reduction of its

free ligand.
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3.9 Conclusions

Of all of the a,B-unsaturated thio-iron tricarbonyl complexes that were
prepared, an investigation into their reactivity towards thermolysis, photolysis,
and a variety of reagents could only be done on thioamide iron complexes, 1, 3,
4,7,8, and 9, and one thioester iron complex, 10Q. The other thicester
complexes, 11 and 12, aﬁd thione complex, 13, were either too unstable or they
were prepared in such low yields that a sufficient amount of materiai was not
available for investigation of their reactivity. The choice of siarting material
throughout the investigation was primarily guided by its availability or by the
variation of substitution necessary to develop an overall picture of their
susceptibility towards reaction with specific reagents.

Removal of the thio-ligand, which is an important aspect in organic
synthesis using organometallics by stoichiometric methods, was achieved by
using ceric ammonium nitrate at 0°C. Oxidation of the C=S fragment to C=0
resulted at higher temperatures. Thermolysis and photolysis were used to
promote thio-ligand removal but the recovery of the free thio-ligand was poor and
the reactions were detrimental to the starting materials in that much
decomposition was observed. Reagents which are known to induce ligand
removal by oxidation: of the metal centre were very effective for selectively
removing the thio-ligand but in all cases there was a large amount of oxidation of
the C=S fragment. I_ |

Careful control of the oxidizing conditions resulted in the formation of
o,B-unsaturated thioester iron tricarbony! sulphine complex 20. A thioamide iron

sulphine complex could not be isolated from the reaction of oxidants with
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o,B-unsaturated thioamide iron compiexes. This reaction with thioamide iron
complexes and hydrogen peroxide or m-chloroperbenzoic acid always resulted
in ligand removal and oxidation to the free amide ligand.

Carbon monoxide ligands could also be selectively removed from
o,B-unsaturated thioamide and thicester iron tricarbonyl complexes. This was
achieved using thermolysis or photolysis. To ensure loss of carbon monoxide,
triphenylphosphine was added to these reactions and as a result three new
mono-phosphine substituted complexes were prepared in good yields: thioamide
complexes 17 and 18 and thicester complex 19. In no reaction could more than
one triphenylphosphine be incorporated into the complex.

The addition‘of alkynes instead of triphenyiphosphine under photolysis
or thermolysis produced new iron complexes 22-26 resulting from coupling of
the alkyne, carbon monoxide, and the coordinated olefin of o,B-unsaturated
thioamide iron complexes 1, 4, and 7. An X-ray crystal structure of 22 revealed a
distorted octahedral geometry about the iron centre and coordination of the iron
to the organic compound through a lone pair from the sulphur and n-coordinated
to the olefin of a cyclopentenone ring in which the C=S and olefinic fragments are
not conjugated. A similar non-conjugated C=S and C=C complex could not be
directly prepared in the reaction of (O-methyl)-(4,8-dimethyl}-non-
3,7-diene-thioate, 16" with [Fe(CO)g] or [Feo(CO)g). Attempts at removing the
thio-ligand were successful but decomposition 6f the products under the reaction
conditions prevented isolation of the free ligand.

Electrophilicraddition gave sulphur-substituted complexes. Mercuric
acetate reacted with o,3-unsaturated thioester iron tricarbonyl complex 10
yielding a new complex which could not be purified sufficiently for absolute
characterization. Methyl cation, [(CH3)30BF 41, reacted with thioester iron

complex 10 producing what is believed to be a new S-methylated iron complex
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21. The location of electrophilic substitution is based on the TH and 13C NMR
spectra.

Thioamide and thioester iron tricarbonyl complexes were reacted with
nucleophiles and the nature of the products was dependent on the temperature
at which the reaction was performed. At room temperature, simple 1,4-addition
products were obtained, which is not unusual since the free ligand reacts in the
same fashion. At-78°C, 4-oxo-thioamides were obtained in moderate yields from
the nucleophilic addition reaction. The reaction at -78°C was very sensitive to the
degree of substitution in the y—position of the metal-coordinated thiocompound,
and because of the difficulties associated with preparing thioesters with various
substituents, only thioamide iron complexes were used as starting materials.
These new 4—oxo-thio:amides are potentially useful as synthetic intermediates to
4-ketoamides and 2-aminothiophenes.

Many other reactions were performed in order to investigate the
reactivity with various types of reagents having the potential of forming novel
products, but the ironr complexes were either unreactive or they gave products
similar to those obtained from the same reactions with the free thio-ligand, or they
gave inconclusive results. The reactions investigated included reduction, hydride

abstraction, alkene addition, and the use of an isocyanide, ketene, or

diazo-compound.
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CHAPTER 4

EXPERIMENTAL DETAILS FOR CHAPTERS 2 AND 3

4.0 Solvents and Reagents

Reagents were purchased from Aldrich Chemical Company, Farchan
Laboratories, and Fluka. Most were used without further purification.

Tetrahydrofuran, benzene, and ether were dried over sodium prior to
each reaction. Hexane was dried over calcium hydride. All of the other solvents
were used without further purification.  All solvents were purchased from BDH
Chemicals or Aldrich Chemical Company.

Columns were packed with silica gel 60 (70-200 mesh ASTU)
purchased from J.T.Baker Chemical Company and neutral activated alumina,
Brockmann 1, and Florisil (60-100 mesh) purchased from Aldrich Cher!'lical
Company. Preparatory TLC plates (0.25mm and 1.20mm silica gel and
aluminum oxide 60 with fluorescent indicator UVog,) were purchased from
Chromatographic Specialties Inc.

All of the deuterated solvents were purchased from MSD Isotopes.

Elemental analyses were performed by M-H-W Laboratories in Phoenix,

Arizona and Guelph Chemical Laboratories in Guelph, Ontario.
4.1 Instrumentation

41.1  Nuclear Magnetic Resonance Spectroscopy

The TH, 13C{1H}, and 31P{1H} NMR spectra were recorded on a Varian

XL-300 spectrometer. Chemical shifts were reported relative to the solvent peak
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for 1H and 130{1 H} and relative to external 85% H3PO, in water for 31 F’{1 H}.

41.2  |nfrared Spectroscopy
Infrared spectra were recorded on a Perkin-Elmer 783 Infrared

spectrometer using NaCl solution cells.

41.3  Gas Chromatography
GC spectra were obtained from a Varian 3400 gas chromatograph
using a 2m column packed with 3% OV-100 on chromosorb W and from a Varian

3300 gas chromatograph using a 10m DB-1 column.

4.1.4  Mass Spectrometry

Mass spectra were obtained from a VG7070E mass spectrometer using
a PDP8A data system.

415  Pressure Reactor .

High pressure reactions were performed in a Parr 40ml glass lined

stainless steel pressure reactor.

416 Mass Balance

Mass determinations were obtained using a Mettler EA100 analytical

balance.

417  Melting Point Determination
Melting point determinations were performed using a Gallenkamp

melting point apparatus.
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41.8  X:Ray Crystal Strucures

The intensity data for the X-ray crystal structures were collected on an
Enraf-Nonius CAD4 diffractometer using the theta/2theta scan mode in the

laboratory of Dr. Eric J. Gabe at the National Research Council, Ottawa.

4.2 Experimental Details for Chapter 2

4.2.1 i -Un r Thigcarbonyl

4.2.1.1 (N.N:-Diethyl)-3-phenylpropenethioamide, 1*

3-PhenyIpro,::enoyl-chloride (60mmol) was added dropwise to a stirred
solution of N,N-diethylamine (240mmol) in 5% KOH (150ml) at 0°C 44. Atter the
acid chloride was added, the solution was allowed to warm to room temperature
and was stirred overnight. The solution was then extracted with ether (4 x 100m)
and the combined organic fractions ware washed with distilled water (3 x 100ml).
The organic layer was dried over NapSQy, filtered, and the solvent was removed
leaving 11.33g (93%) of a white solid, N,N-diethyl-(3-phenyl)-propenamide. The
amide was characterized by IR and TH NMR.

The amide (20mmol) was converted to the thioamide using 2,4-bis-
(p-methoxyphenyl)-1,3-dithiaphosphetane-2.4-disu[phide (Lawesson's reagent)
(12mmol) by refluxing in toluene under No for 1h%42. After cooling the solution to
room temperature, sufficient silica (~15g) was added to give a dry powder after
removal of the solvent by rotary evaporation. The solid was added to the top of a
dry-packed silica colufnn and was eluted with hexanes:ether (9:1). The first band

which was orange in colour was collected and the solvent was removed by
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rotary evaporation leaving an orange solid which was recrystallized from ethanol.
Yield from amide: 95%. M.p. 47-49°C [Lit. 48-50°C23]. M.S.: 239(M)* (m/e). 'H
NMR (CDClg): & 1.32 [ t, 3H, 3J=7.4Hz, CHoCHg }; 1.33 { t, 3H, 3U=7.4Hz,
CHoCHg 1; 3.70 { @, 1H, 3J=7.4Hz, CHoCHg J; 4.09 [g, 1H, 3J=7.4Hz, CHsCH3 I;
7.07 [ d, 1H, 3)=15.3Hz, B-CH Y 7.33, 749 [ m, 1H, aromatics J; 7.85[d, 1H,
3J=15.3Hz, y-Ct. i ppm. 13C NMR (CDClg): & 11.54 [ CHoCHg J; 13.83 |
CHoCHg ]; 46.46 [ CHoCHg |; 48.55 [ CHoCHg ]; 124.85 [ B-CH |; 127.85 [
aromatic CH ]; 128.80 { aromatic CH ]; 129.44 [ aromatic CH ]; 135.61 [ quaternary
aromatic C J; 143.82 ppm [ +CH J; 193.65[ 1C, C=S ] ppm.

4212 (N.N-Diethyl)-2.3-diphenylpropenethioamide, 2’

2,3-Diphenylpropenoic acid (70mmol} was refluxed in a benzene
solution of thionyl chioride (270mmol) for 1h.  The solvent was removed by rotary
evaporation, leaving a yellow oil (93% yield). IR confirmed the absence of the
starting material and the acid chloride was used without further purification.

The acid chioride was converted to the amide (96% yield) as in 4.2.1.1
and was characterized by IR and TH NMR,

The thioamide was prepared from the amide (20mmol) by refluxing in
toluene with Lawesson's reagent (12mmol) for 40min. Purification on a
dry-packed silica column using hexanes:ether (1:1) gave a yellow solid after
solvent removal. Yield from amide: 89%. M.p. 56-58°C. M.S.:295(M)* (m/e). TH
NMR (CDClg): 8 0.82 [ 1, 3H, 3J=7.2Hz, CHoCHg3 }; 1.37 [ t, 3H, 34=7.1Hz,
CHoCHg 1; 3.53 [ overlapping dq, 2H, CHoCHg |; 4.02 { da, 1H, 3J=7.2Hz,
2J=7.1Hz, CHoCHg1; 4.23[dq, 1, 3J=7.2Hz, 2)=7.1Hz, CHoCH3 ]; 6.72[ s, 1,
¥-CH J; 7.35, 7.60 [ m, 10H, aromatics ] ppm.  13C NMR (CDClg): §10.42 [
CHoCHg ]; 12.82 [ CHoCHg 1; 44.94 [ CHoCHg); 47.59 [ CHoCHg ]; 123.58,
125.92, 126.29, 127.66, 127.93, 128.17, 128.49, 128.93 [ aromatic CH ]; 135.46,
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138.19, 141.07 [ quaternary aromatic C ), 197.62 [ C=S } ppm.

4.2.1.3 (N-phenyl.N-(2-propenyl))-3-phenylpropenethioamide, 3°

The amide was prepared (94% yield) as in 4.2.1.1 and was
characterized by IR and TH NMR.

The thioamide was prepared from the amide (20mmol) by refluxing in
toluene with Lawesson's reagent (12mmol) for 17h. Purification on a dry-packed
silica column using hexanes:ether (3:7) gave an orange solid which was
spectroscopically pure but gave a broad m.p. range. Yield from amide: 81%.
M.p. 56-77°C. M.S.: 279(M)* (m/e). TH NMR (CDClg): 85.03[d, 2H, 3J=6.3Hz,
NCHoCHCH,, J; 5.15 [ dd, 1H, 3J=20.0Hz, 2J=1.4Hz, NCHpCHCHj }; 5.20 [ dd,
1H, 3J=10.3Hz, 2J=1.4Hz, MGHCHCHb |; 6.04 [ ddt, 1H, 3J=20.0, 10.3, 6.3Hz,
NCHoCHCHS |; 6.56 [ d, 1H, 3J=15.0Hz , B-CH |; 7.17 [m, 2H, aromaticS J; 7.24 [
s, 5H, aromatics ); 7.42 [ m, 3H, aromatics J; 7.91 [d, 1,H»-CH]ppm.  13C NMR
(CDClg): & 59.19 [ NCHoCHCH5 |; 118.7 [ NCHoCHCH, |; 125.94, 126.94 |
B-CH and NCHoCHCH, 1; 127.43, 128.02, 129.10, 129.25, 130.66 [ aromatics
CH ]; 134.99, 143.30 [ quaternary aromatic C ]; 144.03 [ v-CH ]; 194.79 ppm [
C=S ] ppm.

4.2.1.4 (N.N-Diethylibut-2-ene-thicamide, 4'

The amide was prepared from crotyl -* chloride (97% yield) as in 4.2.1.1
and was characterized by IR and TH NMR.

The thioamide was prepared from the amide (20mmol) by refluxing in
toluene with Lawesson's reagent (12mmol) for 2h. Purification on a dry-packed
silica column using hexanes:ether (9:1) gave a yellow oil. Yield from amide:

45%. B.p.192-194°C. M.S.: 157(M)* (m/e). TH NMR (CDClg): § 1.79 [ 2
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overlapping t, 6H, 3J=7.1Hz, CHoCHg §; 1.80 [ dd, 3H, 3)=6.9Hz, 4J=1.6Hz, CHj
1; 3.53[q, 2H, 3J=7.1Hz, CHoCH3 ; 3.93 [q, 2H, 3)=7.1Hz, CHoCH31;6.38 [d,
1H, 3J=14.6Hz, B-CH]; 6.92{dq, 1H, 3J=14.6Hz, 3J=6.9Hz, v-CH ] ppm. 13C
NMR (CDClg): 8 10.94 [ CHoCHZ |; 13.11 [ CHoCHg ]; 18.02 [ CHg |; 45.69 [
CHoCHg ]; 47.55 [ CHoCHg ); 128.40 [ B-CH ]|; 141.97 [y-CH |, 193.37 [ C=S ]
ppm.

5.2.1.4 (N.N-Diethyl)-2-methylpent-2-ene-thioamide, 5

The acid chloride was prepared in 83% vyield from 2-methyl-hexenoic
acid (70mmol) in refluxing benzene with thionyi chloride {270mmol) for 1h.

The amide was prepared (S0% vield) as in 4.2.1.1 and was
characterized by IR and TH NMR.

The thioamide was prepared from the amide (20mmol) by refluxing in
toluene with Lawesson's reagent {(12mmol) for 40min. Purification on a
dry-packed silica column using hexanes:ether (9:1) gave a yellow oil. Yield from
amide: 65%. B.p. 170°C/10mmHg. M.S.: 185(M)* (m/e). TH NMR (CDClg): &
0.91 [t, 3H, 3J=7.5Hz, CHoCHg |; 1.16 [ t, 3H, 3J=7.2Hz, CHoCHZ |; 1.24 [, 3H,
3J=7.1Hz, CHg ]; 1.90 [d, 3H, 4J=1.3Hz, CHy J; 3.46 [ dg, 1H, 3J=7.1Hz,
2J=7.0Hz, CHoCHg J; 3.62 [ dq, 1H, 3J=7.1Hz, 2J=7.0Hz, CHyCHg ; 3.81 [ da,
1H, 3J=7.1Hz, 20=7.0Hz, CHoCHg |; 4.08 [ dq, 1H, 3J=7.1Hz, 2J=7.0Hz,
CHoCH3 1;5.01 [ m, 1H, v-CH ] ppm. 13C NMR (CDClg): 511.11 [CHz ]; 13.03
CHg3 J; 22.51 [ GH3 ); 13.76 [ GHgl; 44.54 [ CHoCHg ]; 46.53 [ CHoCHg3 ): 137.00 |
B-C1;126.49 [ vCH]; 200.76 [ C=S] ppm.

4.2.1.6 (N.N-Diethyl)-3-methylbut-2-ene-thioamide, 6'
The acid chloride was prepared in 86% yield from 3-methylbutenoic

acid (70mmol) in refluxing benzene with thiony! chloride (270mmol) for 1h.
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The amide was prepared from the acid chloride (89% yield) as in 4.2.1.1
and was characterized by IR and TH NMR.

' The thioamide was prepared from the amide (20mmol} by refluxing in
toluene with Lawesson's reagent (12mmol} for 5h. Purification on a dry-packed
silica column using hexanes:ether (9:1) gave a yellow oil. Yield from amide:
80.5%. B.p. 130°C/12mmHg [Lit.B.p.105-108°C/2mmHg)80. M.S.: 171(m)*
(m/e). TH NMR (CDClg): § 1.04 [t, 3H, 3J=7.2Hz, CHoCHg3 }; 1.15[1, 3H,
8J=7.1Hz, CHoCHg ]; 1.59 [ 5, 3H, CHg J; 1.66 [ s, 3H, CHg ]; 3.46 [q, 2H,
3y=7.2Hz, CH-CH3 ]; 3.87 [q, 2H, 3J=7.2Hz, CHoCHg ]; 5.79 [ s, 1H, B-CH ] ppm.
13C NMR (CDClg): 6 10.61 [ CHaGH3 ]; 12.66 [ CHoCHg3 |; 18.66 [ CHg J; 24.41 |
CHs 1; 44.95 [ CHoCHg |; 46.17 [ CHpCHg ]; 125.01 [ B-CH ]; 134.66 [v-C I;
195.73 [ C=S ] ppm.

4.2.1.7 (N-Methyl.N-phenyl)but-2-ene-thioamide, 7'

The amide was prepared from crotonyl chloride { 96% yield) as in
4.2.1.1 and was characterized by IR and 'H NMR.

The thioamide was prepared from the amide (20mmol) by refluxing in
toluene with Lawesson's reagent {12mmol) for 23h. Purification on a dry-packed
silica column using hexanes:ether (9:1) gave an orange solid. Yield from amide:
73%. M.p. 82-83°C. M.S.: 191(M)* (m/e). TH NMR (CDClg): 8 1.62 [ dd, 3H,
3J=7.0Hz, 4J=1.6Hz, CH3 ]; 3.71 [ 5, 3H, N-CH3 ]; 5.85 [ d, 1H, 3J=15.0Hz, B-CH
J: 7.10 ppm [ m, 3H, y-CH and aromatics ]; 7.40 [ m, 3H, aromatics | ppm. 13¢
NMR (CDClg): & 18.28 [ CH3 ]; 45.46 [ N-CH3 ]; 125.71 [ aromatic CH ]; 127.88 |
aromatic CH J; 129.42 [ aromatic CH J; 129.86 [ B-CH ]; 143.34 [ y-CH ]; 195.58 |
C=S ] ppm.

4.2.1.8 (N-Methyl.N-phenvl}-2-methylprop-2-ene-thioamide, 8'
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The amide was prepared from acryloy! chloride (85% yield) as in 4.2.1.1
and was characterized by IR and TH NMR.

The thioamide was prepared from the amide (20mmol) by refluxing in
toluene with Lawesson's reagent (12mmol) for 23h. Purification on a dry-packed
silica column using hexanes:ether (9:1) gave an orange oil. Yield from amide:
58%. B.p. 238°C [Lit.B.p.70°C/0.7mmHg}81. M.S.: 191(M)* (m/e). TH NMR
(CDClg): 51.82 s, 3H, CH3 J; 3.74 [ 5, 3H, N-CH3 |; 478 s, 1H, CHp }; 7.11-7.38
[ m, 5H, aromatics ] ppm. 13C NMR (CDClg): & 22.60 [ CHg J; 44.98 [N-CHg ;
115.00 [ CHo ]; 125.00 [ aromatic CH ]; 127.60 [ aromatic CH }; 129.60 [ aromatic
CH J; 145.94, 146.82 [ quaternary C ]; 190.82 [ C=5 ] ppm.

4.2.1.9 (M.N-Diethy})-3-methyiprop-2-ene-thioamide, 9'

The amide was prepared from acryloyl chloride (83% yield} as in 4.2.1.1
and was characterized by IR and TH NMR.

The thioamide was prepared from the amide (20mmol) by refluxing in
toluene with Lawesson's reagent (12mmol) for 2h. Purification on a dry-packed
silica column using hexanes:ether (9:1) gave a yellow oil. Yield from amide:
07%. B.p.218-220°C. M.S.: 157(M)* (m/e). 1H NMR (CDCl3): 8 1.19 [, 3H,
8J=7.2Hz, NCHoCHg J; 1.24 [ t, 3,H 3J=7.2Hz, NCHpCHg |; 2.01 [ dd, 3H,
45-1.6,1.0Hz, CHs ; 3.55 [ q, 2H, 3J=7.2Hz, NCHoCHg J; 3.93 [q, 2H, 3J=7.2Hz,
NCH5CHag ]; 4.81 [ m, 1H, ¥-CHo 1; 4.86 [ m, 1H, ¥-CH> ] ppm. 13¢ NMR (CDClg):
§11.03 [ NCH,oCHq ]; 14.10 [ NCHoCHg |; 45.02 [ NCHoCHgJ; 47.10 NCHoCHg
1:111.09 [ v-CHo 1; 146.79 [ B-C ]; 201.45 [ C=S ] ppm.

4.2.1.10 (O-Ethylbut-2-ene-thicate, 11°
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Ethyl crotonate (44mmol) was refluxed for 2h in a solution of
Lawesson's reagent (44mmol) in p-xylene (40ml). The sample was cooled and
placed directly on a dry-packed silica column and eluted with hexanes:ether
(9:1). The volatile solvents were removed by rotary evaporation with no heating.
Distillation of the remaining liquid gave an impure yellow ocil. The oil was
cleaned on a dry-packed silica column using hexanes:ether (9:1) and distilled to
give a pure yeilow oil. Yield from ester: 50%. B.p. 130°C/0.25mmHg [Lit.
60°C/10mmHg*2]. M.S.: 130(M)* + higher mass peaks (m/e). TH NMR (CDClg):
81.39 [, 6H, 3U=7.1Hz, CHoCHg J; 1.82 [ dd, 3H, 3J=6.9Hz, 3J=1.7Hz, CHy J;
4.51 [ q, 2H, 3J=7.1Hz, CHoCH3 |; 6.38 [ d, 1H, 3J=15.6Hz, B-CH]; 6.96 [ dq, 1H,
30=15.6Hz, 4J=6.6Hz, v-CH ] ppm. 13C NMR (CDClg): &13.78 [ CHaGH3 |;
18.02[CH3 1; 67.55[ CHoCH3 ]; 133.63[ B—CH ]; 140.46 [ B-CH ]; 210.68 [ C=S ]
ppm. |

4.2.1.11 (Q-Ethyl)-3-phenylpropenethioate, 10'

Ethyl cinnamate (50mmol) was refluxed for 16h in a solution of
Lawesson's reagent (30mmol) in toluene (150ml). After cooling the solution to
room temperature, sufficient silica (~15g) was added to give a dry powder after
removal of the solvent by rotary evaporation. The solid was added to the top of a
dry-packed silica column and was eluted with hexanes:ether (:1). The first band
which was yellow in colour was collected and the solvent was removed by rotary
evaporation leaving a yellow cil. Yield: from ester 70%. B.p. 135°C/10mmHg [Lit.
140°C/12mmHg42). M.S.: 192(M)* (m/e). TH NMR (CDClg):  1.50 [ t, 3H,
3J=7.1Hz, CHoCH3 J; 4.63 [ q, 2H, 3J=7.1Hz, CHoCH3 J; 7.02 [ d, 1H, 3J=15.7Hz,
¥+CH ]; 7.38 [ m, 5H, aromatics J; 7.69 [ d, 1H, 3J=15.7Hz, B~-CH ] ppm. 13C NMR
(CDCl3): & 13.79 [ CHaCHg ]; 67.71 [ CHoCHgl; 113.80 [ B-CH J; 128.10 |
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aromatic CH ]; 128.69 [ aromatic CH ], 129.99 [ aromatic CH ]; 140.09 [ ~CH |;
163.85 [ quaternary aromatic C ]; 209.87 { 1C, C=S ] ppm.

4.2.1.12 (Q- Methyl)-4-methyipent-2-ene-thioate, 12°

The ester was prepared by a Wittig reaction (79% yield) using
PhgP=CHC(O)OCHg (123mmol) and methy! propanal {(123mmol) in refluxing
THF (300ml) for 22h.

The thioester (56mmol) was refluxed in a p-xylene solution of
Lawesson's reagent (34mmol) for 22h. The sample was cooled and placed
directly on a dry-packed silica column and eluted with hexanes:ether (9:1). Tha
volatile solvents were removed by rotary evaporation with no heating. Distillation
of the remaining liquid gave an impure orange oil. The oil was cleaned on a
dry-packed silica column using hexanes:ether (9:1) and distilled to give an
orange impure oil {0.8936g). B.p. 195-198°C. M.S.: 144(M)* + higher mass
peaks {(m/e). TH and 13C NMR were impure.

4.21.13

13
(2,6,6-trimethyl-cyclohex-2-enyl)but-3-en-2-one (24mmol) was refluxed
for 1.5h in a toluene solution of Lawesson's reagent (15mmol). The solvent
volume was reduced by rotary evaporation and the sample was cleaned on a
dry-packed Florisil column using hexanes:ether (9:1). Solvent removal left a pale
yellow oil which was distilled, B.p. 110°/2mmHg. The compound was
spectroscopically impure and was used without further purification in preparing

the organometallic complex.

4.2.1.14 Tetrahydropyrrole-(2-naphthyl)-thione 14’

2-Naphthoy! chloride (26mmol} was stirred overnight in a solution of



154

tetrahydropyrrole (53mmol) in 5%KOH (150ml). The aqueous solution was
axtracted with ether (4x100mi) and the combined organic fraction was washed
with distilled water {3x100ml). The organic layer was then dried over NagS0O4,
filtered, and the solvent was removed by rotary evaporation leaving a yellow
viscous oi} 5.7330g {98% yield). The amide was characterized by IR and 'H
NMR.

The thicamide was prepared from the amide (20mmol) by refluxing in
toluene with Lawesson's reagent (12mmot) for 21h. Purification on a dry-packed
silica column using hexanes:ether (1:1) gave a pale yellow solid. Yield from
amide: 14%. M.p. 173-175°C. M.S. 241(M)* (mve). 1H NMR (CDClg): 81.96 [
m, 2H, CHo 1; 210 [ m, 2H, CHp 1; 3.51 I t, oH, 3J=6.7Hz, N-CHp];4.02[t, 2H,
346.5Hz, N-CHo ]; 7.49 [ m, 3H, aromatics J; 7.80 [ m, 4H, aromatics ] ppm.

4.2.1.15 M@_@iﬂ)ﬂﬁ:ﬁlﬁlﬂhﬂﬁmnﬂﬁ'

Through a solution of 3,5,5-trimethyl-2-cyclohexen-1-one (6.7mmol} in
~ ethano! cooied to 0°C was bubbled HsS and HCI for 6h82. Ether (150ml) was
added and the solution was transferred to a separatory funnel and more ether
(200mi) was added. The ether layer was washed with distilled water (3x100ml)
and was then dried over NapSOQy, filtered, and the solvent was removed leaving
a red-purple oil. The oil was distilled and a purple oil was collected. Yield: 49%.
B.p. 83°/5mmHg (lt. 103-106°C/20mmHg®6). M.S.: 154(M)* (m/e). TH NMR
(benzene-dg): 80.73[s, 6H, CHa }; 1.44 [, 3H, 4)-1.4Hz, 7-CHg ]; 1.59 [ s, 2H,
CHo1;1.99 s, 2H, CHp 1; 5.82[ a, TH, 4)-1.4Hz, p-CH] ppm.

4.2.1.16 (Q_Mgﬁul)_ﬂ_.ﬂ_djﬂ]ﬁmﬂﬂﬂﬂildﬁﬂﬂmm 16’
Linalyl acetate (40mmol), diisopropylethylamine (40mmo!), sodium

jodide (8mmol}, triphenylphosphine (38.2mmol), Pdo(dba)3 (1.6mmol), and
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ethano! were added to a stainless steel autoclave. The autoclave was charged
with 430psi CO and heated to 60°C with stirring for 40h88. Purification by
column chromatography on silica using hexanes:ether (1:1) and distillation gave
the ester of compound 16'. Yield: 24%.

The thioester was prepared from the ester by refluxing in toluene with
Lawesson's reagent for 48h. Purification on a dry-packed silica column using
hexanes:ether (1:1) gave a deep orange coloured oil. Yield: 7%. B.p.258°C.
M.S: 226(M)* (m/e). TH NMR (CDClg): 8 1.24 [ t, 3H, 3J<7.0Hz, OCHyCH3 ]; 1.54
[s.3H,CH3):1.58[s,3H,CHa |} 1.62(s, 3H, CH3]; 2.03[m, 4H, CHpo 1; 3.00 [d,
2H, 3J= 6.8Hz, B-CHo ]; 4.50 [ g, 2H, 3J=7.0Hz, OCHpCHg ]; 5.07 [ m, 1H, y-CH
1;5.30 [ t, 1H, 3J=6.8Hz, CH] ppm.

4.2.1.17 1-Pipergylpiperidine-thicamide, 17*

The thioamide was prepared from its amide (20mmol} in refiuxing
toluene with Lawesson's reagent (12mmol) for 2h. Purification on a dry-packed
silica column eluted with hexanes:ether (1:1) gave an orange solid which was
recystallized from CHoClo/ether. Yield: 2.5%. M.p. 138-141°C. M.S.: 301(M)*
(m/e). TH NMR (benzene-dg): 3 0.6-1.4 [ broad peaks, 8H]; 3.09 [ m, 2H); 4.16 [
m, 2H |; 6.33-6.66 [ 6H, overlapping aromatics and olefinic CH_J; 7.90 [ dd, 1H, B
or y-CH ] ppm.

4.2.2  General Preparation Methods for Complexes 1-13

Method A: To a stirred suspension of [Fes(CO)g] (1.5 eqv.) in freshly

distilled benzene under flowing No was added dropwise a solution of the
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o, B-unsaturated thiocarbonyl (1 eqv.) in benzene. The mixture was stirred for
48h or until the formation of extraneous products as indicated by tlc. ( Reactions
which were carried out at 40°C generally required less time. ) The solution was
then filtered and the solvent was reduced by rotary evaporauon. Column
chromatography on silica using 9:1 hexanes:ether or on neutral alumina using
hexane as eluent gave two fractions. The first fraction which was deep red in
colour was characterized as [SoFes(CO)g] by IR and 13C NMR. The second
fraction which was orange in colour corresponded to the desired organometaliic

complex.

Method B: To a stirred solution of [Fe(CO)g] (1.2 eqv.) in degassed
cyclohexane was added a cyclohexane solution of the a,p-unsaturated
thiocarbonyl (1 eqv.). The solution was photolyzed and the reaction was followed
by IR and tic. Generally the reaction required 18h. The solution was then filtered
and the solvent was reduced by rotary evaporation. Column chromatography on
Florisil using hexane as eluent gave two fractions. The first fraction was orange
in colour and corresponded to the desired organometallic complex. A second

fraction was collected and identified as unreacted thiocarbonyl.

42,21 {FalPhCHECHC(SINEt)CO], 1

Complex 1 was isolated in 44% yield by method A.

Complex 1 was isolated in 22% yield by method B.

Purification on a silica column using hexanes as eluent gave an orange
oily solid. Digsolving the latter in pentane and cooling to -78°C afforded an
orange powder. Recrystallization from pentane at -30°C gave needle-like
crystals. M.p. 67-70°C. Anal. caled. for CygH17NO3SFe: C, 53.48; H, 4.74; N,
3.90; S, 8.91%. Found: C, 53.80; H, 4.89; N, 3.94; S, 9.33%. M.S..
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303(M-2CO)*, 275(M-3CO)*, 219(Ligand)* (m/e). IR (CHClg) v(CO): 2030(s),
1965(vs br) cm™1. TH NMR (CDClg): § 1.30 [ t, 6H, 3J=6.9Hz, CHoCH3 }; 3.47 [ d,
1H, 3J=7.7Hz, v-CH ]; 3.55 [dq, 2H, 3J=6.9Hz, 2J=6.9Hz, CH,CHg ]; 3.77 [dq,
2H, 3J=6.9Hz, 2)=6.9Hz, CHoCHg |; 5.04 [ d, 1H, 3J=7.7Hz, B-CH ]; 7.25 [ m, 5H,
aromatics | ppm. 13c NMR (CDClg): 8 11.59 [ CHoCHg 1; 456.76 [ CHoCHg 1
52.42 [ v-CH |; 63.93 [ B-CH ]; 125.74 [ aromatic CH J; 126.20 [ aromatic CH |;
128.51 [ aromatic CH ]; 142.30 [ quaternary aromatic C }; 161.69 [ C=S |; 210.5 [
C=0]ppm.

4222 FalPhCHEC(PIC(S INEto)(CO)gl, 2

Complex 2 was isolated in 22% yield using method A at 40°C.

Purification on a silica column using hexanes:ether (9:1) gave an
orange oily solid. An orange powder was obtained from pentane at -78°C.
Recrystallization from pentane at -30°C gave needle-like crystais. M.p.
7.36%. Found: C, 61.12; H, 5.20; N, 3.34; S, 7.17%. M.S.: 295(Ligand)* (m/e).
IR (CHCI3) v(CO): 2020(s), 1950(vs br) cm™1. TH NMR (Benzene-dg): 5 0.36 [t,
3H, 3J=7.2Hz, CHoCHg ]; 1.11 [ 1, 3H, 3J=7.1Hz, CHoCHg ]; 3.02 [ m, 2H,
CHoCHg 1; 3.66 [dq, 1H, 3J=7.2Hz, 2J=7.1Hz, CHoCHg ]; 3.94 [dq, 1H, 3J=7.2Hz,
2J=7.1Hz, CHoCH3 I; 5.17[ s, 1H, v-CH }; 7.14 and 7.64 [ m, 10H, aromatics ]
ppm. 13C NMR (CDClg): & 10.51 [ CHaCHg |; 12.81 [ CHoCHg ]; 45.02 [
CHoCHg ]; 47.66 [ CHoCHg J; 123.72, 126.02, 127.75, 128.02, 128.27, 128.58,
128.03, 129.55 [ aromatic CH ]; 135.57, 138.31, 141.20 [ quaternary aromatic C J;
141.20[C=5];210.0 [ C=0O ] ppm.

105-108°C. Anal. calcd. for CooHo1NOgSFe: C, 60.69; H, 4.83; N, 3.22; S
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4.22.3 [Fe(PhCH-CHC(SIN(Ph)CH,CHCHA))(CO). 3

Complex 3 was isolated in 66% yield using method B.

Purification on a neutral alumina column using hexanes:ether (8:2)
afforded an orange solid. Recrystallization from pentane at -30°C resulted in
needle-like crystals. M.p. 85°C (dec.). Anal. calcd. for CoqHg1NOgSFe: G,
60.14; H, 4.06; N, 3.34; S, 7.64%. Found: C, 60.57; H, 4.14; N, 3.21; S, 7.13%.
M.S.: 362(M-2CO)*, 334(M-3CO)*, 278(Ligand)* (m/e). IR (CHCl3) v(CO):
2045(s), 1983(vs br) cm-1. TH NMR (Benzene-dg): & 3.63 [ d 6H, 3J=8.2Hz, y-CH
: 3.96 [ dd, 1H, 3J=15.4Hz, 2=6.1Hz, NCHaCHCHp ]; 4.57 [dd, 1H, 3J=15.4Hz,
2-6.1Hz, NCHoCHCHy J; 4.90 [m, 2H, NCHoCHCH3 |; 5.1 [ d, 1H, 3J=8.2Hz,
B-CH ; 5.69 [ ddt, 1H, 3J=15.4Hz, 34=6.0Hz, NCHoCHCHj 1; 6.88 [ m, 2H,
aromatics }; 7.03 [ s, 5, aromatics ] ppm. 13¢ NMR ( Benzene-dg ): & 57.28 |
NCHoCHCH) J; 60.16 [ v-CH ; 65.30 [ B-CH ]; 118.79 [ NCHoCHCH |; 126.51,
127.25, 128.03, 128.33, 128.94, 130.39, 131.86 [ aromatic CH ]; 141.30, 143.61 [
quaternary aromatic C ]; 155.85 [ C=S ]; 209.43 [ C=0 ] ppm.

— |
4.2.2.4 [Fe(MeCH=CHC(SINEp)(CO)3], 4
Complex 4 was isolated in 29% yield using method A.

Complex 4 was isolated in 22% yleld using method B.

Purification by column chromatography on neutral alumina using
hexanes afforded an orange oil. An orange solid precipitated from pentane at
-78°C. Crystal growth was unsuccessful. M.p. 36-39°C. Anal. calcd. for
Cq11H15NO3SFe: C, 44.44; H, 5.05; N, 4.71; S, 10.71%. Found: C, 44.31; H,
5.20: N, 4.75; S, 10.72%. M.S.: 297(M)*, 269(M-1CO)*, 241(M-2CO)*,
213(M-3C0O)*, 157(Ligand)* (m/e). IR (CHClg) v(CO): 2025(s), 1955(vs br)
cm1. TH NMR (Benzene-dg): & 0.74 [ t, 6H, 3J=7.1Hz, CHaCHg3 J; 1.44 [ d, 3H,
4)=6.3Hz, CHs J; 2.53 [ dq, 1H, 3J=7.3Hz, 4J=6.3Hz, y-CH ]; 2.70 { 2 overiapping
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q, 2H, 3J=7.1Hz, CH,CHg J; 3.04 [ 2 overlapping q, 2H, 3J=7.1Hz, CHoCH3 1,
4.10 [ d, 1H, 3J=7.3Hz, B-CH ] ppm. 13C NMR (CDClg): & 11.48 [ CHoCH3 ;

19.99 [ CHg]; 45.46 [ CHoCH3 1; 58.78 [ vCH J; 59.85 [ B-CH |; 159.68 [ C=S |;
210.4 [ C=0] ppm.

4.2.2.5 [FelCoHg)GHEC(CHA)C(SINEI)CQ)3), §

Complex § was isolated in 5.5% yield using method A.

Complex 5 was isolated in 49% yield using method B.

Purification by column chromatography on neutral alumina using
hexanes resulted in isolation of an orange oil. Orange thermally-sensitive
crystals were obtained at 0°C. When warmed to room temperature the solid
melted and decomposed. M.S.: 297(M-1CO)*, 269(M-2CO)*, 241(M-3CO)*,
185(Ligand)* (m/e). IR (CHCI3) v(CO): 2050(s), 2020(s sh), 2010(5); 1980(s sh),
1960(vs) cm~1. TH NMR (Benzene-dg): 8 0.74 [ m, 9H, CHaCHg, B-CH3 ]: 1.13{
m, 1H, B-CH }; 1.48 [ s, 1H, v-CHg ]; 2.81 [ m, 3H, CH5CHg ]; 2.95 [ dq, 1H,
3J=7.1Hz, 2J=6.7Hz, CHyCHg] ppm. 13C NMR (Benzene-dg): & 11.75 |
CHoCHg ]; 14.72[ CHoCHg 1:27.00 [CH31; 27.00 [ CH3 ]; 44.32[CH3 |; 44.95 [
CHoCHg J; 46.22 [ v-CH];92.52 [ B-C ]; 143.01 [C=S];211.4 [ C=0] ppm.

—_—— ¥

4.2.2.6 {Feo(MeoC=CHC(SINEt-)(COQlg] , &

Preparation by method A at room temperature gave § in only 2% yield.

Preparation by method B afforded § in 67% yield.

Purification by column chromatography on neutral alumina using
hexanes:ether (7:3) gave an orange oil. The oil could be crystallized at 0°C
forming a thermally-sensitive orange solid. When warmed to room temperature
the solid melted and decomposed. M.S..* - 451(M)*, 423 (M-1CO)*, 395
(M-2CO)*, 367 (M-3CO)*, 339 (M-<CO)*, 171(Ligand)* (m/e). IR (CHCl3) v(CO):
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»(CO): 2050(m), 2010(s). 1985(s), 1960(s sh), 1940(sh m) cm™'. TH NMR
(Benzene-dg): 8 0.47 [1, 3H, 3J=7.2Hz, CHaCH3 ); 0.70 [ s, 3H, CH3 1 0.96 [ 1, 3H,
3)=7.2Hz, CHoCH3 J; 1.73 [ s, 3H, CHg |; 2.41 [ m, 2H, CHoCH3 |; 2.63 [ s, 1H,
B-CH ]; 3.33 [ dq, 1H, 3J=6.8Hz, 2J=6.7Hz, CHoCHg ]; 3.65 [ dq, 1H, 3J=6.8Hz,
2)=6.7Hz, CHoCHg 1 ppm. 13C NMR (Benzene-dg): § 12.94 [ CHpCH3]; 13.01 |
CHoGHg 1; 30.98 [ CHg |; 40.32 [ CH3 ); 46.02 [ CHoCHg |; 49.55 [ B-CH ); 46.02 {
CHoCHg ]; 54.45 [ CHoCH3 ] ppm.

l 1
4.2.2.7 [Fe(Me)CH=CHC(SIN(Ph}{Me)CO)3], 7

Complex 7 was isolated in 60% yield using method B.

Purification by columh chromatography on neutral alumina using
hexanes:ether (8:2) gave an orange oil. An orange solid precipitated trom
pentane at -78°C. M.p. 38-41°C. Anal. calcd. for C14H3NO3SFe: C, 50.57; H,
3.93; N, 4.23%. Found: C, 50.35; H, 4.18; N, 4.28%. M.S. 331(M)T,
303(M-1CO)*, 275(M-2C0)*, 247(M-3CO)*, 191(Ligand)* (m/e). IR (CHClg)
v(CO): 2025(s), 1975(vs br) em~!. TH NMR (Benzene-dg): & 1.11 [ d, 3H,
3J=6.1Hz, -CHg |; 2.28 [ dg, 1H, 3J=7.8Hz, 3J=6.1Hz, y-CH.1; 2.98 [ s, 3H,
N-CHg J; 4.41 [ d, 1H, 3J=7.8Hz, B-CH ]; 7.02 [ m, 5H, aromatics ] ppm. 13C
NMR(Benzene-dg): §19.24 [ CH3 }; 42.21 [ N-CH3 ]; 60.85 [ B-CH |; 67.58 [ +-CH
]; 125.93 [ aromatic-CH J; 127.34 [ aromatic-CH |; 130.24 [ aromatic-CH ]; 145.37 [
aromatic quaternary C ]; 152.95 [ C=S ]; 209.98 [ C=0 ] ppm.

4.2.2.8 [FalCHpnC(Me)C(SIN(PH)Me))CO)3), 8

Complex 8 was isolated in 58% yield using method B.
Purification by column chromatography on neutral alumina using
hexanes:ether (8:2) gave an orange oil. An orange solid precipitated from

pentane at -78°C. M.p. 74-76°C. Anal. caled. for C14H43NOgSFe: C, 50.76; H,
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3.93; N, 4.23: S,9.67%. Found: C, 50.71; H, 4.13; N, 3.91; §,9.79. MS. Ct:
332(M+1)*, 276(M+1-2C0)*, 248(M+1-3CO)*, 192(Ligand+1)* (m/e) . IR
(CHCIg) v(CO): 2060(s), 1990(vs br) cm 1. TH NMR (Benzene-dg): 5 1.44 [ s,
3H, CHs1;1.62[s, 1H, CHp }: 1.93 s, 1H, CH5]; 3.12 5, 3H, N-CHg |; 6.72-6.96
[ m, 5H, aromatics ] ppm. 13C NMR(Benzene-dg): & 23.98 [ CHg]; 43.22 [ N-CHq
]; 51.45 [ CH» ]; 82.85 [ B-C ]; 123.04 [ aromatic-CH ]; 123.90 [ aromatic-CH ];
129.54 [ aromatic-CH ]; 148.96 [ C=S ]; 208.20 { 3C, C=0 ] ppm.

4.22.9 [Fe(CHp~G(MeG(SINEI)CO], 9

Complex 9 was isolated in 30% yield using method B.

Purification by column chromatography on neutral alumina using
hexanes:ether (8:2) afforded an orange oil which was crystaliized from pentane
at-78°C. M.p. 23°C. M.S.:297(M)*, 263(M-1CO)*, 241(M-2CO)*, 213(M-3CO)*,
157(Ligand)* (m/e). IR (CHCI3) v(CO): 2040(s), 1965(vs br) cm™1. TH NMR
(Benzene-dg): 8 0.74 [t, 6H, 30=7.1Hz,NCHoCH4 ]; 1.75 [ 5, 3H, CH3 1; 2.21 [ s,
1H, v-CHo J; 2.28 [ 5, 1H, -CHy ]; 2.91 [ dq, 2H, 3=7.1Hz, 2J=7.1Hz, NCH,CH3
1 3.01 [ dq, 2H, 3J=7.1Hz, 2J=7.1Hz, NCH5CH3 ] ppm. 13C NMR(Benzene-dg):
8 12.85 [ NCHoCHg ]; 26.11 [ CHg |; 46.47 [ NGHoCHg ]; 54.07 [ y-CHo 1; 67.30 |
B-C |; 178.07 [C=S ]; 218.77 [ 3C, C=0 ] ppm.

4.2.2.10 |Fe(PRCHLCHO(SIOER(CQ)a), 10

Complex 1Q was isolated in 51% yield using method A.

Purification by column chromatography on Florisil using hexanes:ether
(9:1) gave an orange oil which crystallized from pentane at -78°C. M.S.:
332(M)*, 304(M-1CO)*, 276(M-2CO)*, 248(M-BCO)+, 192(Ligand)* (m/e). Anal.
caled. for C14H1oNO4SFe: C, 50.60; H, 3.61; N, 9.64%. Found: C, 50.84; H,
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3.67; N, 9.94%.IR (CHCl3) v(CO): 2050(s), 1980(vs br) cm™1. TH NMR (CDClg):
8 1.40 [ overlapping dd, 3H, 3J=7.1Hz, CHoCHg : 2.70 ppm [ d, 1H, 3J=8.8Hz,
v-CH }; 3.95 [ dq, 1H, 3J=7.1Hz, 2J=3.4Hz, CHyCHgy ]; 6.18 [ d, 1H, 3J=8.8Hz,
B-CHJ; 7.27 [ m, 5H, aromatics ] ppm. 13C NMR ( COClg ): & 14.36 [ CHoCH3 |;
63.30 [y-CH : 67.24 [ CHoCHg J; 71.53 [ B-CH ]; 126.55 [ aromatic CH ]; 126.77 [
quaternary aromatic C ]; 128.71 [ aromatic CH ]; 139.08 [ aromatic CH ]; 155.00 [
C=S]; 207.87 [ C=0O] ppm.

—— '
4.2.2.11 _[Fe(Me)CHCHC(SIOEN(CO)], 11

Complex 11 was isolated in 36.5% yield using method A.

Purification by column chromatography on silica using hexanes:ether
(9:1) resulted in an orange oil which could not be solidified. M.S.: 270(M)¥,
242(M-1CO)*, 214(M-2CO)*, 186(M-3CO)* ,130(Ligand)* (m/e). IR (CHCl3)
v(CO): 2025(s), 1993(vs br) cm™1. TH NMR (Benzene-dg): 5 0.99 [ t, 3H,
3J=7.1Hz, CHoCHz J; 1.06 [ d, 3H, 3J=6.4Hz, ¥-CHq |; 1.45 [ dg, 1H, 3J=8.3Hz,
3J=6.4Hz, B~CH |; 3.68 [ dq, 1H, 30=7.1Hz, 3J=7.0Hz, CHaCH3 |; 3.97 [ dq, 1H,
3J=7.1Hz, 3J=7.0Hz, CHoCH3];5.16 [d, 1H, 3)=8.3Hz, a-CH ] ppm. 13C NMR
( Benzene-dg ): 3 14.45 [ CHoCHg J; 18.49 [ y-CHg |; 59.84 [ v-CH |; 67.22 [
CHoCH3 ); 77.79 [ v-CH ]; 155.52 [ C=S ]; 209.00 [ C=0O ] ppm.

4.2.2.12 [Fo(MeloCHCH-CHC(SIOMB)(CO)g, 12

Complex 12 was isolated in 5.5% yield using method B.

Purification by column chromatography on neutral alumina using

256(M-1CO)*, 228(M-2C0)*, 200(M-3CO)*, 144(Ligand)* (m/e). IR (CHCls)
v(CO): 2060(s), 2040(m sh), 1995(vs br) cm™1. TH NMR (Benzene-dg):  0.81 [
d, 3H, 3J=6.1Hz, CH(CHg)p J; 0.93 d, 3H, 3J=6.1Hz, CH(CHg) ]; 1.30 [ m, 1H,

hexanes afforded an orange oil which could not be solidified. M.S.: 284(M)*
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3J=8.3Hz, CH(CHg)s |; 1.57 [ overlapping dd, 1H, 3J=8.4Hz, y-CH ]; 3.36 [ s, 3H,
OCH31:5.25 [ d, 1H, 3J=8.4Hz, B-CH ] ppm. 13C NMR ( Benzene-dg ): & 24.93 |
CH(CHg )2 |; 26.29 [ CH(CH3)2 ); 33.92 [ CH(CHg)p ); 57.64 [ OCH3 J; 75.12 |
+CH ], 75.88 [ B-CH ]; 157.15 [ C=S ]; 207.95, 210.72 [ C=0 ] ppm.

4.2.2.13 Complex 13

Preparation was by method B using impure thioamide.

Purification on alumina using hexanes afforded an orange powder.
This powder could not be recrystallized to give a crystalline solid. M.p. 92-94°C.
Anal. caled. for C1gHpgQO3SFe: C, 55.17; H, 5.75; S, 9.20%. Found: C, 55.55; H,
56.35; S, 8.90%. M.S.: 348(M)*, 320(M-1CO)*+, 292(M-2CO)*, 264(M-3CO)*,
208(Ligand)* (m/e). IR (CHCI3) »(CO): 2060(s), 2005(s), 1983(s) cm1. 1H
NMR (CDClg): § 0.89 [ s, 3H, C(CHg3)o 1; 0.98 [ s, 3H, C(CH3)5 ]; 1.37 [ d, 1H,
3J=10.9Hz, CHJ; 1.54 [ s, 2H, CHp |; 1.67 [ dd, 1H, 3J=9.6Hz, v-CH ]; 2.05[ m 2H,
CHp 1;2.72 [ s, 3H, CSCHgJ; 5.39 [ 5, 1H, olefinGH ]; 5.54 [ d, 1H, 3J=9.6Hz, B-CH
1ppm. T3C NMR (CDClg): §23.60 [ CHp |; 25.23 [ CHg J; 26.45[ C(CH3 )o I;
27.57 [ CSCH3 1; 29.78 [ C(CHg)p |; 30.05 [ CHy ; 35.08 [ C(CHg)o |; 53.61 [ CH
17818 [v-CH]; 96.32 [ olefinic CH |; 22.64 [ B-CH 1; 113.78 [CH |; 134.56 [ C=S |;
204.29, 209.47, 212.43 [ C=0 ] ppm.

4.3 Experimental Details for Chapter 3

— !
4.3.1 _[Fe(PhCH=CHC(SINEto)(CQ)o(PPha)] 17
Triphenylphosphine (0.84mmol) was added to a stirred solution of

complex 1 (0.84mmol) in dry benzene (50ml). The solution was refluxed under
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N, for 2h, cooled the solution to room temperature, and the solvent was reduced
by rotary evaporation. The sample was purified on a neutral alumina column
using hexanes:ether (8:2) and afforded an orange solid after solvent removal.
Yield 26%. M.p. 95°C decomp. Anal. caled. for C33H3oNOoPSFe: C, 66.78; H,
5.40: S, 2.36%. Found: C, 66.67; H, 5.47; S, 2.27%. M.S.: Cl only
Fe(CO)a(PPhg) fragment and free ligand. El gave only PPhg (m/e). IR (CHCI3)
v(CO): 1977(vs br), 1917(s br) cm . TH NMR (Benzene-dg): § 0.99 [, 6H,
3J=7.1Hz, CHoCH3 1; 2.59 [ apparent t, 1H, 3J=8.1Hz, y-CH ]; 2.94 [ dq, 1H,
3)=7.1Hz, 2J=7.0Hz, CHoCHg |; 3.48 [ dq, 1H, 3J=7.1Hz, 2=7.0Hz, CHaCHa |;
5.23 [ dd, 1H, 3J=8.1Hz, 3J(HP)=2.7Hz, B-CH ]; 6.81-7.58 [ m, 20H, aromatics ]
ppm. 13C NMR (Benzene-dg): & 11.89 [ CHaCH3 |; 45.56 [ CHoCH3 |; 59.38 |
v-CH ]; 66.18 [ B-CH ]; 124.79, 126.12, 127.86, 128.53, 128.73, 128.82, 129.55,
133.49, 133.63, 133.99, 134.25 [ aromatic CH ]; 136.33, 136.82, 144.92 |
quaternary aromatic C ]; 152.87 [ C=S ]; 211.24 | 2J(F’C)=5.6I-Iz. C=01]; 215.50 [
2)(PC)=12.0Hz, C=0 ] ppm. 31P NMR (Benzene-dg): & 55.95 ppm [ s ] major

species; 25.27 [ s ] minor species.

4.3.2 _[FalPhCHICHC(SIN(Ph)(Me)\(COl(PPh3), 18

A solution of PPhg (0.90mmol) in THF (4ml) was added to a stirred
degassed solution of complex Z (0.90mmo!) in CgHqo (16ml). The solution was
photolyzed for 22h. The solvent was reduced by rotary evaporation and the
solution was chromatographed on neutral alumina using hexanes:ether (6:4).
Recrystallization from ether/hexanes at -10°C resulted in the formation of deep
orange coloured crystals. Yield 85%. M.p. 134-137°C. M.S.: 537(M-PPhg)*,
481(M-PPhg-2CO)*, 191(Ligand)* (m/e). IR (CHCl3) v(CO): 1975(s), 1914(s)
cm 1. TH NMR (Benzene-dg): & 0.96 [ d, 3H, 3J=6.1Hz, y-CH3 ]; 1.32 [ m, 1H,
8J=6.6, 6.1Hz, B-CH ]; 3.33 5, 3H, N-CH3 J; 4.75 [ d, 1H, 3J=6.6Hz, B-CH ]; 7.04 [
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m, 13H, aromatics ]; 7.30 [ m, 2H, aromatics ]; 7.79 [ m, 5H, N-aromatics ] ppm.
13C NMR (Benzene-dg ): 5 18.44 ppm [ CHg |; 42.22 [ N-CH3 }; 61.92 [ +-CH ;
72.86 [ B-CH |; 126.34, 126.70, 126.96, 129.64, 130.02, 131.53, 132.33, 132.45,
132.69, 132.85, 133.36, 133.50 [aromatic-CH ]; 136.80, 137.29 [ aromatic
quaternary C J; 147.02 or 147.54 [ C=S ]; 216.53, 210.39 [ C=O ] ppm. 31P NMR

(Benzene-dg): §61.99 ppm [s] major species; 25.55 [ s ] minor species.

433 Fe(PhCHLCHC(SIOEN(CO)p(PPhg)l 19

Triphenylphosphine {1.60mmol} was added to a stirred soluticn of
complex 10 (1.60mmol) in dry benzene (50ml). The solution was refluxed under
No for 2h. After cooling the solution to room temperature, the solvent was
reduced by rotary evaporation. The sample was purified on a neutral alumina
column using hexanes:ether (8:2) affording an orange solid after solvent removal.
Yield 76%. M.p. 143-146°C. M.S.: 262(PPhg)* (m/e). IR (CHCIg) v(CO):
1995(s), 1939(s) cm™!. TH NMR (Benzene-dg): § 1.17 [, 3H, 3J=7.1Hz, CHpCH3
;2.02{m, 1H, ¥CH }; 4.08 [ m, 1H, CH,oCH3 ]; 4.31 [ m, 1H, CH,CH3 |, 6.23 [ d,
1H, 3J=9.0Hz , B-CH ]; 6.96 [ s, 13H, aromatics |; 6.54 [ s, 2H, aromatics ]; 7.46 [
m, 5H, aromatics ] ppm. 13C NMR (Benzene-dg ): & 14.80 [ CHoGHg }; 65.67 |
y-CH |; 66.76 [ CHoCHg J; 75.62 [ B-CH]; 125.51, 126.52, 128.56, 129.90, 133.40,
133.53 [ aromatic CH J; 135.95, 142.00 [ quaternary aromatic C ]; 151.45 [ C=S];
208.14,212.99 [ C=0] ppm. 3P NMR (Benzene-dg): §54.33 ppm [s].

Ligand_removal

4.3.4 Using HoO» _on complexes 1, 4,10
To a stirred solution of the complex (0.3mmol) in CH3zCOOH ({Sml)
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cooled to 5-10°C was added dropwise a 30% aqueous solution of HoO5 (0.5ml).
The solution was stirred for 10min followed by the addition of CHpCla (30ml).
The mixture was washed with distilled water (3x50ml). The organic layer was
dried over MgSQy, filtered, and the solvent was removed by rotary evaporation.
Purification on an alumina column using ether gave the o,$-unsaturated amide

or ester in nearly quantitative yield.

4.3.5 Using mcpba on complexes 1. 4
To a stirred solution of the complex {0.3mmol) in ethyl acetate (Sml)

cooled to -30°C was added dropwise a solution of mcpba (0.6mmol) in sthyl
acetate. The solution was warmed to room temperature and was stirred for 1h.
The solvent was reduced by rotary evaporation and purification on an alumina

column using ethyl acetate gave o,B-unsaturated thioamide.

4.3.6 Using [MeqNO] on complexes 1,4, 10

To a stirred solution of the complex (0.5mmol) in THF (10ml) was added
a solution of [MegNO] (0.5mmol) in CHCl3 (3ml). The solution was heated to
50°C under Ny for 24h. The solvent was then reduced and purification on an

alumina column using ether resulted in & mixture of thioamide and amide.

4.3.7 Using [Ce(NH4)»(NOs)s] on complexes 1, 4. 190

To a stirred aqueous acetone solution of the complex cooled to 0°C was
added [Ce(NH4)o(NOg)g] in small portions unti! bubbiing ceased. The solution
was then extracted with ether (3x100ml) and the combined organic layers were
washed with water (3x100ml). After drying the organic layer over MgSQy, the
solution was filtered and the solvent was removed leaving a yellow oil of

thioamide or thioester. NOTE: At temperatures »0°C, during the addition of
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[Ce(NH4)2(NO3)5]' a substantial amount of thioamide or thioester was converted

to the amide or ester.

Sulphine Complex Formati

L
4.3.8 [Fe(PhCH=CHC(S=0)OEt)(GO)s] 20 6(PhCH-CHC(S=

A 30% solution of HoOo (0.5ml) was added dropwise to a stirred
solution of thioester 10 (0.6mmol) in CHgzCOOH (3ml) cooled to 5-10°C. After
stirring for 1h, CHCl3 (50ml) was added and the organic layer was washed with
HoO (1x50ml), saturated NaHCOg (2x30ml), 5% NasS50g (1x30ml), and again
with HpO (1x30ml). The organic layer was dried over MgSOQy,, filtered, and the
solvent was removed by rotary evaporation leaving a yellow oil. Crystals were
obtained from ethyl acetate/pentane at 0°C. Yield 69.5%. M.p. 50°C decomp.
M.S.: El highest mass 306. Cl 333(M-16+1)*, 193(Ligand)*, 177(ligand-O)*
(m/e). IR (CHCI3) v(CO): 2070(s), 2015(s), 1998(sh). v(S0):1010(m br) cm1.
TH NMR (Acetone-dg): 3 1.39 [ t, 3H, 3J=7.0Hz, OCHoCHg |; 3.96 [ dq, 1H,
3=7.0Hz, 2J=6.8Hz, OCHoCHg ]; 4.19 [ dq, 1H, 3J=7.0Hz, 24=6.8Hz, OCHoCHg
1440 [d, 1H, 3J=9.5Hz, B-CH }; 7.09 [ d, 1H, 3J=9.5Hz, y-CH ]; 7.30-7.62 [m,
5H, aromatics ] ppm. 13C NMR (Benzene-dg): & 14.84 [ OCHoCH3 1; 82.65 |
OCHoCH3 1; 67.79 [ y-CH J; 84.17 [ B-CH ]; 126.90 [ aromatic CH 1: 127.98 |
aromatic CH ]; 129.03 [ aromatic CH }; 137.23 [ quaternary aromatic C ]; 144.39 |
C=851];205.43[ C=0] ppm.

Nucleophilic Substitut
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4.3.9 Seneral anion reactions:

Method A: LDA was prepared at -78°C under nitrogen by adding
Nbutyllithium (0.20mL; 0.50mmol) to a solution of diisopropylamine (0.07mL;
0.50mmol) in freshly distilled THF (5mL). To the solution was added the various
carbon acids (0.045mL; 0.50mmol) and the mixture was stirred for 10 minutes
before adding dropwise a solution of organometallic complex (0.45mmol) in THF
(2mL). The solution was stirred for 2h at -78°C under é flow of nitrogen.

Method B: LDA was generated as in method A. After addition of the
organometallic complex to the solution, the solution was warmed to room

temperature and was stirred for 2h under flowing nitrogen.

4.3.10 General quenching methods:
Method A: After 2h of stirring, the solution was cooled to -78°C and

excess trifluoroacetic acid (0.17mL; 5eqv) was added. The solution was allowed

to warm to room temperature and it was then added to an aqueous acetone

mixture (1:1) which was cooled to 0°C. Solid ceric ammonium nitrate was added
in small portions, allowing sufficient time in between additions to allow the
bubbling to cease. After there was no further bubbling observed, the aqueous
acetone solution was extracted with ether (3X100mL). The combined ether layer
was washed with water (3X100mL), dried over MgSQy, filtered, and soivent was
removed by rotary evaporation. Products were purified by preparatory tic on
alumina using hexanes/ether (1:1) as eluent.

Method B: After 2h of stirring, the solution was cooled to -78°C and
excess tert-butyl bromide (0.07mL; 1.5eqv) was added and the solution was left
to warm to room temperature. The solvent was reduced by rotary evapcration
and the remaining solution was purified by column chromatography on neutral

alumina using hexanes to remove any unreacted complex followed by ethy!
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acetate to remove the product organic compounds. Further purification was

performed by preparatory tic on alumina using hexanes/ether (1:1) as eluent.

4.3.11 [MeC{O)CHoCH(Me)C(QIN(Ph)(Me)] 18°

Anicn reaction method A.

Quenching procedure B.

A yellow oil was obtained after purification on a silica tic plate using
hexanes/ether (1:1). Yield 4%. M.S.: 235(M)*, 220(M-CHg)*, 192(M-CO)* (m/e).
IR (CHClg) v(CO): 1715(s) em™1. TH NMR (CD"a):  1.01 [ d, 3H, 3J=6.8Hz,
CHCHg]; 2.09 s, 3H, CHg |; 2.34 [ dd, 1H, 8J=3.7Hz, 2J=18.0Hz, CHp ]; 3.21 [ m,
1H, CHCHg |; 3.52 [ dd, 1H, 3J=10Hz, 2J=18.0Hz, CHo ]; 3.69 [ s, 3H, NCH3 |;
7.38-7.59 [ m, 5H, N-aromatics ] ppm.

4.3.12 [C(COLENMe)pCIOICHCME)G(SINPh)(Me)] 19

Anion reaction method A.

Quenching procedure B.

A yellow oil was obtained after purification on a silica tlc plate using
hexanes/ether (1:1). Yield 67%. M.S.: 333(M)*, 218(M-C(CH3)oCOoEN)*,
190(M-C(CHg)oCOLEt-CO)* (m/e). IR (CHCI3) v(CO): 1732(s), 1690(s) cm ™.
TH NMR (CDClg): 8 1.12[ s, 6H, CHz J; 1.18 [ 1, 3H, 3J=7.1Hz, OCHpCH3 ]; 2.17
d, 3H, 3J=1.4Hz, CH3 |; 3.75 [ 5, 3H, NCH3 J; 4.09 [ q, 2H, 3J=7.1Hz, OCHpCH3 I;
5.91 [ s, 2H, y-CH ]; 7.08-7.38 [ m, 5H, N-aromatics ] ppm. 13C NMR (CDClg): 8
14.17 [ CHg ]; 20.23 [ CHg ]; 21.64 [ CHa ]; 44.61 [ NCHg |; 55.50 [ quaternary C J;
61.34 [ OCHoCHg |; 118.06 [ B-C ]; 120.91 [ y-CH ]; 125.45 [ aromatic CH |;
128.19 [ aromatic CH J; 129.54 [ aromatic CH ]; 145.40 [ quaternary aromatic C };
156.61 [ COoEt |; 196.71 [ C=S ]; 202.15[ C=0] ppm.
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4.3.13 [C{CN)(Me)>C(Q)CHoCH(Me)C(S)N(Ph)(Me)] 20*

Anion reaction method A.

Quenching procedure B.

A colourless oil was obtained after purification on a silica tic plate using
hexanes/ether (1:1). Crystals were obtained from ether/hexanes at 0°C. Yield
1%. M.S.: 288(M)*, 220(M-C(CH3),CN)*, 192(M-C(CHg)oCN-CO)* (m/e). IR
(CHCIg) v(CO): 1730(s) cm™!. TH NMR (CDCig): §1.03[ d, 3H, 3J=6.8Hz,9_tl3
i 1.45[s, 3H, CH3 1; 1.55 [ s, 3H, CH3 |; 2.65 [ dd, 1H, 3J=3.4Hz, 2J=18.6Hz, CHy
;3.30[m, 1H, CH]; 3.69 [ s, 3H, NCH4 ]; 3.90 [ dd, 1H, 3J=10.0Hz, 2J='I8.6Hz,
CHp; 7.40-7.43 [ m, 5H, N-aromatics ] ppm. 13C NMR (CDCIg): 8 21.12] CH3;
23.42[CHg); 24.62 [CH3];38.96 [ CH or NCHg ); 43.46 [ CH or NCHg5 |; 46.91 [
CHp |; 127.64 [ aromatic CH ]; 128.54 [ aromatic CH 1; 129.51 [ aromatic CH !
ppm.

4.3.14 [C(CN)(Me)>C(OVCHoCH(Me)C(OIN(Ph)(Me)] 21"

Anion reaction method A.

Quenching procedure B,

A yellow oil was cbtained after purification on a silica tic plate using
hexanes/ether (1:1). Yield 64%. M.S.: 272(My+, 204(M-G(CHg3)oCN)*,
176(M-C(CH3)oCN-CO)* (m/e). IR (CHCI3) »(CO): 1730(s), 1650(s) cm™1. 1H
NMR (CDCl3): 8 0.97 [ d, 3H, 3J=7.1Hz, CH3 ]; 1.46 [ s, 3H, CH31;1.54[s, 3H,
CHg :2.55 [ dd, 1H, 3J=3.5Hz, 2)=18.6Hz, CHp |; 2.89 [ m, 1H, CH3.21]s, 3H,
CH3 ); 3.43 [ dd, 1H, 3J=10.5Hz, 2J=18.6Hz, CHy J; 7.41 [ m, 5H, N-aromatics ]
ppm. 13C NMR (CDClg): & 17.61 [CH31;23.38 [ CH3 |; 24.51 [ CHy |; 32,27
CH or NCH3 |; 37.73 [ CH or NCHz ]; 43.00 [ CH J; 43.54 [ quaternary C ; 121.86
[CN ]; 127.64 [ aromatic CH 1; 127.82 [ aromatic CH ; 129.64 [ aromatic CH J;
143.69 [ quaternary aromatic C J; 174.81 [ C=01];203.50 [ C=0] ppm.
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4.3.15 [CH(CN)MeC(O)CHoCH(Me)C(OIN(Ph)(Me)] 22°

Anion reaction method A.

Quenching procedure A.

A yellow oil was obtained after purification on a silica tic plate using
hexanes/ether (1:1). GC/M.S: 204(M-CH(CHg)CN)*, 176(M-CH(CH3)CN-CO)*.
IR (CHCl3) v(CO): 1718(s), 1650(s) cm™1.

4.3.16 [C(CO-EN(Me)sC(OICH,CH(MeIC(QIN(Ph)(Me)] and
IC(CO-E (Me)oC(QICHC(MeICIQIN(Ph)(Me)] 23" (mixture of two products)
| Anion reaction method A.
Quenching procedure B.
A yellow oil was obtained after purification on a silica tic plate using
hexanes/ether (1:1). GC/M.S: 317, 318 (M)*, 202, 204 (M-CH(CH3)COoEt)*. IR
(CHClg) v(CO): 1733(s), 1710(s), 1694(s), 1650(vs br), 1645(sh), 1598(s) em1.

4.3.17 {C(CN)Me)oCOICH(Me)CHoG(QIN(Ph)(Me)] 24"

Anion reaction method A.

Quenching procedure A.

A yellow _oil was obtained after purification on a silica tic plate using
hexanes/ether (1:1). M.S.: 272(M)*, 204(M-C(CH3)oCN)*, 176(M-C(CH3)oCN
-CO)* (m/e). IR (CHCl3) v(CO): 1723(s), 1650(vs) cm™!. TH NMR (CDCl3): 8
1.07[ d, 3H, 3J=7.1Hz, CH3 ); 1.50 [ s, 3H, CH3 ]; 1.65 [ s, 3H, CH3 ]; 2.08 [ dd,
1H, 3J=2.6Hz, 2J=16.1Hz, CHo |; 2.65 [ dd, 1H, 3J=10.5Hz, 2J=16.6Hz, CHy };
3.10[ s, 3H, NCH3 ]; 3.66 [ m, 1H, CH }; 7.21-7.45 [ m, 5H, N-aromatics j ppm.
13C NMR (CDClg): 817.78 [ CHg ]; 25.01, 25.36 [ CH3 |; 29.79 [ quarterary C J;
37.44 [ CH ; 89.35 [ CHo 1; 39.75 [ NCH3 |; 127.29 | aromatic CH ]; 127.95 |
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aromatic CH ]; 129.85 [ aromatic CH |; 133.87 [ CN ]; 143.58 [ quaternary aromatic
C1;,170.30[ C=01; 208.04 [ 1C, C=0] ppm.

4.3.18 [C(CN)(Me)oCH(Me)CHoC{SINELs] 25°

Anion reaction method B.

Quenching procedure A.

A yellow oil was obtained after purification on a silica tic plate using
hexanes/ether (1:1). Yield 86%. M.S.: 226(M)*, 158(M-C(CHg)oCN)* (m/e). TH
NMR (CDClg): §1.04 [d, 3H, 3J=7.1Hz, CH3 ]; 1.25 [t, 3H, 3J=7.0Hz, NCHoCH3
J; 1.26 [t, 3H, 3J=7.0Hz, NCHoCHg3 |; 1.34 [ 5, 3H, CH3 |; 1.38 [ 5, 3H, CHg ;2,53
[m, 1H,CH); 2.79 [ m, 2,H CHo |; 3.60 [ dq, 1H, 3J=7.0Hz, 2J=7.0Hz, NCHoCH3
l; 3.70 [ dq, 1H, 3J=7.0Hz, 2J=7.0Hz, NCH,CHg }; 3.91 [ da, 1H, 3J=7.0Hz,
2J=7.0Hz, NCH,CHg J; 4.12 [ dg, H1, 3J=7.0Hz, 2J=7.0Hz, NCHsCHg ] ppm.

4.3.19 [C(CN)Me)oCH(Ph)CHoC(SINEL,] 26°

Anion reaction method B.

Quenching procedure A.

A yellow oil was obtained after purification on a silica tic plate using
hexanes/ether (1:1). Yield 89%. M.S.: 288(M)*, 220(M-C(CHg)oCN)* (m/e). H
NMR (CDClg): & 0.91 [ t, 3H, 3J=7.1Hz, NCHoCH3 J; 1.08 [ t, 3H, 3J=7.1Hz,
NCHoCH3 ]; 1.13[ s, 3H, CH3 J; 1.60 [ 5, 3H, CHg 1 3.11[m, 2H, CHo ]; 3.40{ m,
3H, NCHoCHg ]; 3.62 [ dd, 1H, 3J=10.4, 3.3Hz, CH; 7.23-7.41 [ m, 5H, aromatics
1 ppm.



173

4.3.20 [Fe(PRGHLCHC(S*=Me)OEN(COIIIBF 4] 21

Thioester iron complex 10 (C.3mmol) was dissolved in dry CH»Clo
(5mi) and [(CH3)30BF 4] (0.3mmol) was added. The solution was stitred for 17h
under Np at room temperature. Addition of anhydrous ether resulted in the
precipitation of a yellow solid. The solid was filtered and washed with ether.
Yield 76%. M.p. 150°C sublimes. IR (CH3CN) v(CO): 2100(s), 2045(s) em 1.
TH NMR (Acetone-dg): 6 1.59 [ t, 3H, 3J=7.0Hz, OCHoCH3 ];2.68[ s, 3H, SCH3 I;
3.7 [d, 1H,3)=0.7Hz, v-CH ; 4.73 [ dq, 1H, 3J=7.0Hz, 2J=2.5Hz, OCH,CHj |;
4.92 [ dq, 1H, 3J=7.0Hz, 2J=2.5Hz, OCH,CH3 J; 7.26 [ d, 1H, 3J=9.7Hz, B-CH |;
7.34 [ m, 3H, aromatics ]; 7.70 [ d, 2H, 3J=6.8Hz, aromatics] ppm. 13C NMR
(Acetone-dg): & 14.28 [ OCHyCH3 |; 18.49 [ SCH5 }; 58.71 [ y-CH |; 70.97 |
OCHoCHg ]; 73.36 [ B-CH 1; 127.82 [ aromatic CH ]; 128.98 [ aromatic CH J;
129.51 [ aromatic CH J; 134.77 [ quaternary aromatic C 1; 134.77 [ C=S | ppm.

4.3.21 Thioester iron complex 10 adduct with [Ha(OAc)o]

Thioester iron complex 1Q (0.3mmol) was dissolved in dry methanal
(15mi) and [Hg(OAc)o] (1.8mmol, 6eqv) was added. The initial orange colour of
the thioester solution immediately turned pale pink. The suspension was stirred
for 18h under Np. The solution was filtered and the solid was washed with
anhydrous ether. The solid was repeatedly recrystallized from not ethanal in an
offort to separate out the excess [Hg(OAc)p). 'H NMR in DMSO-dg was
inconclusive owing to the presence of excess [Hg(OAc)s). The complex could not
be sufficiently purified to allow for complete characterization. All attempts {0 use

less [Hg{OAc)s] or other Hg-salts gave only [Hg»8S] or other insoluble products.

Al Addit
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4.3.22 Complex 22

This complex was prepared by 5 different procedures. Each gave

complex 22 but in different yields.

Method A: To a stirred solution of thioamide iron complex 7 (0.67mmol)
dissolved in THF (6ml) under a CO atmosphere and cocled to 0°C was added
dropwise a solution of dimethylacetylene dicarboxylate, DMAD, (0.67mmol)
dissolved in THF (12mi). The solution was allowed to warm to room temperature
and was stirred for 2h. The solvent was reduced by rotary evaporation and the
sample was purified on a neutral alumina column. Eluting with CHClg3:ether {1:1)
gave two fractions. The first fraction, which was orange in colour, corresponded
to unreacted complex Z and the second fraction which was yellow in colour
corresponded to the desired product. The resulting yellow oil was crystallized
from CHCIig/ether at 0°C. Yield 14%. M.p. 130°C. Anal. calcd. for
CoqH1gNOgSFe: C, 50.30; H, 3.79; N, 2.79; §, 6.39%. Found: C, 50.52; H,
3.99; N, 2.90; S, 6.06%. M.S.: 445(Highest mass)*, 361(Ligand)* (m/e). IR
(CHCI3) v(CO): 2060(s), 1998(s sh), 1985(s), 1690(s) cm™ 1. THNMR (CDClg): 8
1.12[d, 3H, 3J=7.0Hz, CHCH3 |; 2.59 [ q, 1H, 3J=7.0Hz, CHCH3 |; 2.82[ s, 1H,
CH; 3.63[s, 3H, N-CH3]; 3.73 [ 5, 3H, OCHgz |; 3.74 [ s, 3H, OCH3 1; 7.45 [ m,
5H, aromatics ] ppm. 13C NMR (Benzene-dg): & 20.98 [ CHCHg |; 42.34 |
CHCHg ]; 43.58 [ N-CH3 ]; 50.94 [ OCHg ]; 53.07 { OCH3 |; 63.46 [ CH ]; 66.52 [ B
or yv-CH 1; 67.06 [ B or y-CH ]; 127-129 [ aromatic CH J; 143.19 [ C=S ]; 169.23,
173.85 [ COoCHg 1; 205.32, 206.47, 208.86, 210.38 [ C=0 and M-CO's } ppm.

Method B: A solution of DMAD (0.67mmol) in THF (12ml) was added
dropwise to a stirring solution of thioamide iron complex Z (0.67mmol) in THF

(6ml) in a stainless steel autoclave cooled to -32°C under a CO atmosphere. The
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autoclave was then charged with 400psi CO after warming to room temperature.
It was stirred for 3d at 55°C. A 14% yield of the product was isclated by column

chromatography.

Method C: To a stirred solution of thioamide iron complex £ {0.67mmol)
dissolved in THF (6ml) under a No atmosphers and cooled to 0°C was added
dropwise a solution of dimethylacetylene dicarboxylate, DMAD, (0.67mmol)
dissolved in THF (12ml). The solution was allowed to warm to room temperature
and was stirred for 2h. A 2.8% yield of the product was isolated by column

chromatography.

Method D: To a stirred solution of thioamide iron complex Z (0.67mmol)
dissolved in THF (6ml) under a flowing CO atmosphere and cooled to 0°C was
added dropwise a soiution of dimethylacetylene dicarboxylate, DMAD,
{0.67mmol) dissolved in THF (12ml). The solution was allowed to warm to room
temperature and was stirred for 2h with flowing CO. A 39% yield of the product

was isolated by column chromatography.

Method E: A solution of DMAD (0.45mmol) in CgHq2 (4ml) was added
dropwise to a stirred solution of thioamide iron complex Z (0.45mmol) in CgH 2
(16ml) at room temperature with CO bubbling into the solution through a needle.
The sample was photolyzed for 2h. A 63% yield of the product was isolated by

column chromatography.

43.23 Complex 23

To a solution of thioamide iron complex Z (0.67mmol) in THF (5ml) was
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added dropwise a solution of n-butylpropynoate (0.67mmol) in THF (10ml) at
room temperature with flowing CO. The solution was refluxed for 1h40min. The
solvent was reduced by rotary evaporation. Purification on a neutral column
eluted with CHClg:ether (1:1) gave unreacted starting material followed by the
yellow product. Solvent re:soval left a yellow oil. Crystals were obtained from
CHClg/ether at 0°C. Yield 10.7%. M.p. 130°C. Anal. calcd. for CooHogNOgSFe:
C, 54.43; H, 4.95; N, 2.89; S, 6.60%. Found: C, 54.62; H, 5.07; N, 2.96; S,
6.53%. M.S.: 401(Highest mass)*, 329(Ligand)* (m/e). IR {CHClg) v(CO):
2085(w), 2050(s), 1985(s), 1970(s), 1720(m), 1630(m br) cm-1. 1H NMR
(Benzene-dg): & 0.68 [ d, 3H, 3J=7.0Hz, CHCHg }; 0.82 [ t, 3H, 3J=7.3Hz,
O(CH2)aCHg J; 1.42 [ tgq, 2H, 3J=7.3Hz, 3J=6.5Hz, O(CHp)oCHsCH3 ]; 1.58 [ m,
2H, OCHoCHsCHsCHg 1; 2111 [ g, 1H, 3J=7.1Hz, CHCH3];255[s, 1H,CHI;
2.62[ s, 3H, N-CHg ]; 4.15 [ dt, 1H, 2J=10.9Hz, OCHo(CHo)oCHg I; 4.3 [ dt, 1H,
OCH»(CHp)oCHg ]; 4.60 [ s, 1H, 8-CH ]; €.73-6.78 [ m, 5H, aromatics ] ppm. 13¢
NMR (Benzene-dg): & 20.98 [ CHCHg ]; 42.34 [ CHCHg]; 43.58 [ N-CHg ]; 50.94 [
OCHg ]; 53.07 [ OCHz ]; 63.46 [ CH ]; 66.52 [ B or y-CH ); 67.06 [ Bor y-CH |;
127-129 [ aromatic CH 1; 143.19 [ C=S ]; 169.23, 173.85 [ COoCHg ]; 205.32,
206.47, 208.86, 210.38 [ C=0 and M-CO's ] ppm.

4.3.24 Complex 24

To a stirred solution of thioamide iron complex 7 (0.30mmol) in ether
(30ml) at room temperature was added methyl propynoate (0.60mmol). Carbon
monoxide was bubbled through the solution which was heated to reflux for 15h.
The solvent was reduced by rotary evaporation. Purification by column
chromatography on neutral alumina eluted with CHCl3 gave a yellow band. The
solvent was reduced by rotary evaporation and crystals were obtained from

ether/hexanes at 0°C. Yield 78%. M.p. 135°C decomp. Anal. calcd. for
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CqgH{7NOgSFe: C, 51.47; H, 3.84; N, 3.16%. Found: C, 51.21; H, 4.04; N,
2.95%. M.S.Cl: 444(M+1)*, 416(M+1-CO)*, 388(M+1-2CO)*, 360(M+1-3CO)*,
304 (Ligand+1)* (m/e). IR (CHClg) v(CO): 2060(s), 1990(s), 1975(s), 1725(m),
1695(m) cm™!. TH NMR (Benzene-dg): 5 0.67 [ d, 3H, 3J=7.0Hz, CH3 ]; 2.10 [ q,
1H, 3J=7.0Hz, CH]; 2.54 [ s, 1H, CH ], 2.60 [ s, 1H, N-CH3 }; 3.54[ s, 3H, OCH3 I:
457 [s, 1H, CHJ; 6.75 [ m, 5H, aromatics ] ppm. 13C NMR (Benzene-dg): &
23.22 [ CHg 1; 40.37 [CH |; 43.24 [ N-CH3 ]; 51.22 | OCH3 ]; 54.86 [ quaternary
olefinic C ]; 62.72 [ CH ]; 63.537 [ CH ]; 143.08 [ quaternary C ], 170.43 |
C(=0)OCH3 ]; 203.93, 205.87, 207.57, 208.38, 209.67, 213.39 [ ketone C=0, 3
M-CO's, C=S] ppm.

4.3.25 Complex 25

To a stirred solution of thioamide iron complex 4 (0.67mmol) in THF
(30ml) at room temperature was added dimethylacetylene dicarboxylate, DMAD,
(1.35mmol). Carbon monoxide was bubbled through the solution which was
heated to reflux for 6h. The solvent was reduced by rotary evaporation.
Purification by column chromatography on neutral alumina eluted with
CHClg/ether (1:1) gave a yellow band. The solvent was removed by rotary
evaporation and crystals were obtained with the addition of ether. Yield 81%.
M.p. 120°C decomp. Anal. caicd. for C1gHo1NOgSFe: C, 46.25; H, 4.50; N,
3.00%. Found: C, 46.37; H, 4.75; N, 2.86%. M.S. Cl: 468(M+1)*,
412(M+1-2CO)*, 384(M+1-3CO)*, 328(Ligand+1)* (m/e). IR (CHCI3) v(CO):
2085(s), 2000(s sh), 1988(s), 1728(m), 1695(s) cm™!. TH NMR (CDCl3): 5 1.25 [
m, 3H, N-CHoCHg |; 1.33 [ m, 3H, N-CHoCHg 1; 1.42 [ d, 3H, 3J=6.0Hz, CHs |;
2.56 [ q, 1H, 3J=6.0Hz, CH ]; 3.05[ s, 1H, CH ]; 3.61 [ m, 3H, N-CH,CH3 1: 3.74 |
s, 3H, OCHg ); 3.92 [ m, 1H, N-CHoCHg ] ppm. 13C NMR (CDClg): 5 11.61 |
CHg J; 15.11 [ CHg }; 21.67 [ CHg ]; 41.90 [ CH |; 48.59 [ N-CHoGHg 1; 48.74 |
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N-CH»CHg ]; 51.17 [ COoCH4 ], 61.85 [ CH }; 65.59 [ olefinic quaternary C I
169.23 [ COoCHg3 ]; 173.95 [ COoCHg |; 203.77, 205.13, 206.98, 207.17, 208.84 |
ketone C=0, 3 M-CO's, C=S | ppm.

4.3.26 Complex 26

To a stirred solution of thiocamide iron complex 1 (0.28mmol) in
cyclohexane (20ml} at room temperature was added dimethylacetylene
dicarboxylate, DMAD, (0.28mmol). Carbon monoxide was bubbled through the
solution which was photolyzed for 3h. The solution was filtered and the solvent
was reduced by rotary evaporation. Purification by column chromatography on
neutral alumina eluted with CHClg/ether (1:1) gave a yellow band. The solvent
was removed by rotary evaporation and crystals were obtained from CHCla/ether
at 0°C. Yield 22%. M.p. 130°C decomp. Anal. calcd. for CogHogNOgSFe: C,
52.17; H, 4.35; N, 2.65%. Found: C, 52.09; H, 4.48; N, 2.69%. M.S. Ci:
530(M+1)*, 474(M+1-2C0O)*, 446(M+1-3CO)*, 390(Ligand+1)* (m/e). IR
(CHCIg) v(CO): 2065(s), 1998(br s), 1695(m br) cm™1. TH NMR (CDClg): 6 1.15
t, 3H, 3J=7.0Hz, CHoCH3 |; 1.28 [ t, 3H, 3J=7.0Hz, CHoCH5 1;3.29 s, 1H, CH;
3.40 [ m, 1H, CHoCHg ]; 3.42] s, 3H, COoCH3 ]; 3.50 [m, 1H, CHoCHg ]; 3.63
s, 1H, CH ]; 3.68 [ m, 1H, CHpCHg 1; 3.87 [ s and overlapping m, 4H, COoCH7
and CHoCHg ]; 7.22-7.42 [ m, 5H, aromatics } ppm.
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4.4 X-Ray Crystal Structure Data

4.4.1 Thicamide Compound 2’

Space Group and Cell Dimensions Monoclinie, P 21/n
o 11.9484(14) b 9.6957(10) ¢ 15.4629(13)
beta 111.661(8)

Volume 1664.8(3)A%*3

Ewpirical formula : S N Cl9 H21
Cell dimensions were obtained from 30 reflections with 2Theta angle
in the range 40.00 - 50.00 degrees.
Crystal dimensions : 0.20 X 0.20 X 0.20 wm
FW = 295.44 Z= 4 F(000) = 631.91
Dcale 1.179Mg.m-3, mu 0.18mn-1, lambde 0.70930A, 2Theta(max) 45.0

The intensity data were collected on a Nonius diffractometer,
using the theta/2theta scan mode.

The b,k,l ranges are :-- -12 11, 0 9, 0 16
No. of reflections measured 6302
No. of unique reflections 2145

No. of reflections with Inet > 2.5sigma(Inet) 1405
No correction was made for absorption

The last least squares cycle was calculated with
44 atoms, 207 parameters and 1405 out of 2145 reflections.
Unit weights were used.

The residuals are as follows :--
For significant reflections, RF 0.283, Rw 0.314 GoF 2.34
For all reflections, RF 0.283, Rw 0.314.

where RF = Sum(Fo-Fc)/Sum(Fo),
Rw = Sqrt([Sum(w{Fo-Fc)**2)[Sum(wFo**2)] and
GoF = Sqrt[Sum(w(Fo-Fc)**2)/(No. of reflns - No. of params.}]

The maximum shift/sigma ratioc was 4.708.

The last map type is not given. D-map is assumed
In the last D-map, the deepest hole was -1.350e/A**3,
and the highest peak 1.740e[A%*3,
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Table of Bond Distances in Angstroms

S-C(1)
N-C(1)
N-C(16)
N-C{18)
C{1)-C(2)
C(2)-C(3)
C(2)-C(4)
C(3)-C({10)
C(3)-H(3)
C(4)-C(5)
C(4)-C(9)
C(5)-C(6)
C(5)-H(S)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-H(9)

1.58(3)
1.43(4)
1.40(4)
1.49(4)
1.59(4)
1.37(4)
1.37{4)
1.45(5)
1.12(3)
1.52(5)
1.
1
1
1
1
1
1
1
1
1

43(4)

.27(6)
.10(3)
.40(6)
.09(3)
L44(5)
.12(4)
.32(5)
.10(3)
.08(3)
¢(10)~C(11) 1.
€(10)-C(15) 1.

38(5)
39(5)

C(11)-C(12)
C{11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C{14)~-C(15)
C(14)-H(14)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16B)
C{16)-H(16A)
C(17)-H(17C)
C(17)-H(174)
C(17)-H(17B)
C(18)-C(19)
C(18)-H(18A)
C(18)-H(18B)
$(19)-H(19C)
C{19)-H(19A)
C(19)-H(19B)

1.36(6)
1.21(22)
1.30(6)
1.13(4)
1.43(7)
1.21(17)
1.38(6)
1.10(4)
1.12(4)
1.53(5)
1.22(16)
1.09(3)
1.09(4)
1.11(4)
1.10(4)
1.35(6)
1.08(4)
1.08(3)
1.07(4)
1.10(4)
1.09(5)
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Table of Bond Angles in Degrees

C{1)-N-C(16)
C(1)-N-C(18)
C(16)~N-C(18)
S-C(1)-N
S-C({1)-C(2)
N-C(1)~C(2)
C(1)-C(2)-C(3)
C(1)-C(2)-C(4)
C(3)-C(2)-C(4)
C(2)-C(3)-C(10)
C(2)-C(3)-H(3)
C(10)-C(3)-H(3)
C(2)-G(4)-C(5)
C(2)-G(4)-C(9)
C(5)-C(4)-C(9)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C{7)-G(6)-H(6)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)~-C(B8)-H(8)
C(9)-C(8)-H(8)
C(4)-C(9)-C(8)
C(4)~C(9)-H(9)
C(8)-C(9)-H(9)
C(3)-G(10)-C(11)
C(3)-C(10)-C(15)
C(11)-C(10)-C(15)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C{12)-C(11)-H(11)

128(3)
114.9(24)
116(3)
125.7(21)
120.6(24)
113.7(24)
117(3)
114(3)
127(3)
133(3)
110(3)
115(3)
123(3)
125(3)
110(3)
124(3)
113(3)
120(3)
122(3)
115(4)
121(3)
115(3)
122(3)
122(4)
123(3)
118(3)
117(3)
122(3)
117(3)
119(3)
123(3)
117(3)
118(3)
115(3)
125(10)
112(10)

C(11)-C({12)-C(13)
C(11)-C(12)-H({12)
C(13)-C(12)-H{12)
C{12)-C(13}-C(14)
€(12)-C(13)-H(13)
C(14)-C(13)-H({13)
C(13)-C(14)-C(15)
C(13)-C(14)-H( 14}
C(15)-C(14)-H(14)
C(10)-C(15)-C(14)
C(10)-C(15)-H(15)
C(14)-C(15)-H(15)
N-G(16)-C(17)
N-C(16)-H(16B)
N-C(16)-H(164A)
C(17)-C(16)-H(16B)
C(17)-C(16)-H(16A)
H(16B)~-C{16)-H'164)
C(16)-C(17)-H(:7C)
C(16)-C{17)-H(174)
C(16)-C(17)-H(17B)
H(17C)-C(17)-H(174)
H(17C)-C(17)-H(17B)
H(174)-C(17)-H(17B)
N-C(18)-C(19)
N-C(18)-H({184)
N-C(18)-H(18B)
C(19)-C(18)-H(184)
C(19)-C(18)-H(18B)
H(18A)-GC(18)-H(18B)
C(18)-C(19)-H(19C)
C(18)-C(19)-H(194A)
C(18)-C(19)-H(198)
H(19C)-C(19)-H(194)
H(19C)-C(19)-H(19B)
H(19A)-C(19)-H(19B)

133(¢)
113(4)
112(4)
108¢3)
143(7)
106(7)
124(3)
119(4)
115(4)
118(4)
117(4)
123(4)
114(3)
84(7)
113(3)
111(7)
109 (3)
121(8)
113(3)
111(3)
111(4)
106 (4)
107(3)
105(3)
*12(3)
110(3)
111(3)
106 (3)
106 (3)
109(3)
112(4)
109(3)
109 (4)
108{4)
109({4)
107(4)
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Table of Atomle Parameters x,y,z and Bilso.
E.S.Ds. refer to the last digit printed.

X y z Biso
s 0.7561( 7) 0.5339( 9) 0.1028( 7) 4.5( 4)
N 0.5970(20) 0.718 ( 3) -0.0046(17) 4.0(13)
(ol 0.706 ( 3) 0.640 ( 3) 0.0195(18) 3.3(16)
c2 0.780 ( 3) 0.671 { 3) -0.0454(22) 3.3(15)
C 3 0.8377(25) 0.795 ( 3) -0.035 ( 3) 4.3(19)
C 4 0.7856(24) 0.563 ( 4) -0.1005(23) 4.6(17)
c5 0.895 ( 3) 0.531 ( 5) -0.125 ( 3) 7.1(22)
Cé6 0.902 ( 3) 0.432 ( 5) -0.1763(25) 7.2(25)
c7 0.808 ( 3) 0.338 ( 5) -0.216 ( 3) 7.7(27)
cs 0.701 ( 3) 0.365 ( 5) -0.196 { 3) 9.6(27)
c9 0.696 ( 3) 0.459 ( 4) ~0.136 { 3) 5.8(20)
Ccl0 0.8417(23) 0.918 ( 3) 0.0193(22) 3.8(15)
Cl1 0.834 ( 3) 0.916 ( 4) 0.1061(23) 3.8(17)
cl2 0.839 ( 3) 1.040 ( 5) 0.147 ( 3) 5.7(21)
Cl3 0.838 ( 3) 1.166 ( 4) 0.119 ( 3) 4.5(19)
Cl4 0.845 ( 3) 1.164 ( 3) 0.029 ( 4) 7.7(24)
Cl5 0.840 ( 3) 1.045 ( 4y -0.022 ( 3) 5.6(21)
Cl6 6.550 ( 3) 0.816 ( 4) -0.0747(25) 4.7(18)
cl7 0.455 ( 3) 0.761 ( 4) -0.164 ( 3) 7.0(24)
Ci8 0.527 ( 3} 0.693 ( 4) 0.0562(24) 4.%( B)
Cci9 0.552 ( 4) 0.785 ( 5) 0.126 ( 3) 7.:(29)
H3 0.891 0.801 -0.081 5.3
H1l 0.866 (17) 0.822 (22) 0.161 (l4) -0.9(45)
H 7 0.817 0.247 -0.257 8.1
H 8 0.617 0.312 -0.237 8.0
H13 0.850 (12) 1.285 (17) 0.144 ( 9) =-1.4(26)
H16B 0.503 (13) 0.864 (15) -0.023 (10) -1.6(29)
H9 0.616 0.467 -0.119 6.0
H 6 0.982 0.431 -0.194 7.2
HS5 0.976 0.587 -0.081 6.6
Hi4 0.848 1.262 -0.007 5.8
H15 0.835 1.046 -0.096 6.1
H12 0.844 1.034 0.222 6.6
H16A 0.618 0.873 -0.091 5.5
H18A 0.549 0.592 0.088 5.7
H18B 0.432 0.700 0.017 5.7
H19C 0.503 0.765 0.170 9.2
H19A 0.649 0.782 0.169 9.2
H19B 0.532 0.889 0.098 9.2
H17C 0.420 0.838 -0.219 7.6
H17A 0.491 0.675 -0.194 7.6
H17B 0.377 0.717 -0.152 7.6

Biso is the Mean of the Principal Axes of the Thermal Ellipsoid
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4.4.2 Thioamide Irop Tricarbonyl Complex 1

Space Group and Cell Dimensions Monoclinic, P 21/n
a 13.620(3) b 7.6598(16) ¢ 15.979(4)
beta 96.296(22)

Volume 1657.0(6)A%*3

Empivical formula : Fe § 03 N Cié HL7
Cell dimensions were obtained from 15 reflections with 2Theta angle
in the range 35.00 - 38.00 degrees.
Crystal dimensions : 0.20 X 0.30 X 0.40 mm
W = 359.22 Z= 4 F(000) = 743.88
Dcale 1.440Mg.m-3, mu 1.04mm-1, lambda 0.70930A, 2Theta(max) 45.0

The intensity data were collected on a Nonius diffractometer,
using the theta/2theta scan mode.

The h,k,l ranges are :-- -14 14, 0 7, 0 17
No. of reflections measured 5157
No. of unique reflections 2140

No. of reflections with Inet > 2.5sigma(Inet) 1580
No correction was made for absorption

The last least squares cycle was calculated with
39 atoms, 267 parameters and 1580 out of 2140 reflections.
Unit weights were used.

The residuals are as follows :-=-
For significant reflections, RF 0.028, Rw 0.029 GoF 0.29
For all reflections, RF 0.051, Rw 0.051.

where RF = Sum(Fo-Fc¢)/Sum(Fo),
Rw = Sqrt[Sum(w(Fo«FC)**2)ISum(WFo**Z)] and
GoF = Sqre{Sum(w(Fo-Fe)**2)/(No. of reflns - No. of params.)]

The maximum shift/sigma ratio was 0.201.

In the last D-map, the deepest hole was -0.180e/A%**3,
and the highest peak  0.250e/A**3,
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Table

Fe-8
Fe~C(2)
Fe-C(3)
Fe-C(4)
Fe-C(5)
Fe-C(6}
5-C(1)
N-C(1)
N-C(13)
N-C(15)
C(1)-C{2)
C(2)-C(3)
C(2)-H(2)
C(3)-C(7)
C{3)-H(3)
C(4)-0(4)
C(5)-0(5)
C(6)-0(6)
C(7-C(8)
C(7)-C(12)
C(8)-C(9)
C(8)-H(8)

I—'HH!—'HD—'P—'OD—'O!—'HI—'!—'HD—'HI—‘!—NNN

of Bond Distances in Angstroms

.3534(12)
.068(4)
.090(4)
.800(5)
.789(5)
.762(4)
.732(4)
.330(5)
L673(5)
L469(5)
.430(5)
.425(6)
.87(3)
L464(5)
.93(4)
.138(6)
.139(6)
.148(5)
.385(6)
.399(6)
.379(7)
L01(4)

C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-H{12)
C(13)-C(14)
G(13)-H(13A)
C(13)-H(13B)
C(14)-H{14A)
C(14)-H(14B)
G(14)-H(14C)
C(15)-C(16)
G(15)-H(15A)
C(15)-H{15B)
C{16)-H(164)
C(16)-H(16B)
C(16)-H(16C)

n—aOOi—-Ol—'OOp—-t—OHOOHl—-r—lOH
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.369(10)
L94(5)
.376(9)
.00(5)
.376(7)
.92(5)
.93(4)
J484(7)
.93(4)
L01(4)
.01(5)
.99(6)
.98(5)
.505(7)
.92(4)
L01(4)
.96(5)
.97(5)
L02(5)
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cl2
€13
Clé4
C15
Clé

Table of u(i,j) or U values

*100.

E.S.Ds. refer to the last digit printed

ull(u)

.26( 3)
.95( 6)
.69(18)
.35(23)
J42(24)
.45(24)
.0 ( 3)
.05(24)
.2 ( 3)
.74(25)
2 (3)
.46(20)
.96(22)
3)
3)
3)
3)
3)
3)
4)
3)
3)

a\bwbma\;smbwc\m:ommubbbubn
e & & o & & @

. e
Vi= O = 0
P R T T s i e B ]

Anisotropic Temperature Factors are of the form

w2z

3.89( 3)
5.42( 7)
4.64(20)
3.32(23)
4.1 ( 3)
4.28(24)
5.1 ( 3)
5.24(23)
6.6 { 3)
13.4 ( 3)
4.8 ( 3)
7.57(24)
3.58¢24)
4)
4)
3)
3)
3)
3)
3)
3)
3

Liovin b O OO0~
e = & 3 ° w = = ®
SO O NN
—— o~~~

u3l

3.53( 3)
4.01( 6)
4.35(19)
4.11(22)
3.30(24)
3.41(24)
6.3 ( 3)
10.9 ( 3)
5.6 { 3)
5.58(21)
5.1 ( 3)
8.12(22)
84(25)
3)
4)
5)
4)
3)
3)
4)
3)

4,
6.
8.
2.
8.
5.
4.
6.
5.
6. 4)

N D0WY DR D= D W
g o~ — o~

ul2

0.18( 3)
-0.04( 5)
-0.35(16)
0.43(18)
0.20(19)
-0.06(20)
-0.01(23)
-0.71(19)
0.41(23)
1.2 ( 3)
-0.07(22)
0.33(18)
0.44(18)
-0.49(24)
-1.1 ( 3)
-1.0 { 3)
-0.8 ( 3)
-1.2 { 3)
-0.20(23)
0.5 ( 3)
-0.20(22)
-1.0 ( 3)

ul3

.22
.29
.82
.48
.59
.27
.73
.87
42
Ny
.38
12
.08
.2

.5

.8

.29
.20
.8

.63
0.4

SO0 0 =0

; I
OO WO -O

o000~ OKr

.499(23)

( 5)
(13)
(19)
(19)
(20)
(22)
(21)
(22}
(19)
(21)
(18)
(19}
(22)
(3
( 3}
(3)
(22)
(22)
( 3}
(22)
(3)

Temp=—2*Pi*Pi*(h*h*u1l*astar*astar+—--+2*h*k*u12*astar*bstar+---)
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u2l

oo

1

'
OOoOMNMNO—LOO OO0

1 14 1 8
O~ OO0 KROMNOO

-0

430 3)
.80( 5)
L71(16)

.06(18)

.00(20)
.05(19)

.43(25)
.87(21)
.94(25)

.68(23)

.36(22)
L48(19)
14(19)
8 (3
S5O(48)
4 ( 3)
A (3)
.06(25)
.06(22)
L0 ()
L48(24)
1 (3)



Table of Bond Angles in Degrees

S-Fe-C(2)
S-Fe-C(3)
S-Fe-G{4)
S-Fe-C(5)
S-Fe-C(6)
c(2)-Fe-C(3)
C(2)-Fe-C(4)
G(2)-Fe-C(5)
¢(2)-Fe-C(6)
C(3)-Fe-C(4)
C{3)-Te-C(5)
C(3)-Fe-C(6)
C(4)-Fe-C(5)
C(4)-Fe-C(6)
C(5)-Fe-C(6)
Fe-5-C(1)
C(1)-N-C(13)
C(1)-N-C(15)
C(13)-N-C(15)
§-C(1)-N
S-C(1)-C(2)
N-C(1)-C(2)
Fe-C(2)-C{1)
Fe-C(2)~C(3)
Fe-C(2)-H(2)
C(1}-C(2)-C(3)
C{1)-C(2)-H(2)
G(3)-C(2)-H(2)
Fe-G(3)-C(2)
Fe-G(3)-C(7)
Fe-C(3)-H(3)
C(2)-C(3)-C(7)
€(2)-C(3)-H(3)
C(7)-C(3)-B(3)
Fe-C(4)-0(4)
Fe-C(5)-0(5)
Fe-C(6)-0(6)
C(3)-C{7)-C(8)

72.87(12)
82.07(11)
89.16(14)
93.72(14)

169.81(14)
40.07(15)

115.56(18)

135.00(19)
98.39(18)

155.61(18)
96.58(19)
94.62(18)

106.71(21)
90.04(20)
96.23(19)
71.53(12)

122.3(3)

122.2(3)

115.4(3)

122.5(3)

112.6(3)

124.5(3)
86.43(24)
70.79(23)

124.8(20)

120.9(4)

116.8(20)

121.0(20)
69.14(22)

123.5(3)

100.4(23)

123.3(4)

115.9(22)

114.8(22)

178.9(4)

177.4(4)

179.4(4)

119.5(4)

C(3)-C(7)-C(12) 123.8(4)
C{8)-C(7)-C(12) 116.7(4)

C(7)-C(8)-C(9)
C(7)-C(8)-H(8)

121.5(5)
115.2(25)

C(9)-C(8)-H(8)
C(8)-C(9)-C(10)
C(B)-C(9)-H{9)
C(10)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H{10)
C(11)-C(10}-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H{11)
C(7)-C(12)-C(11)
C(7)-C{12)-H(12)
C(11)-C{12)-H{12)
N-C{13)-C(14)
N-C(13)-H(13A)
N-C(13)-H(13B)
C(14)-C(13)-H(134)
C(14)-C(13)~H(13B)
H(13A)-C(13)~H(13B)
C(13)-G(14)-H(14A)
G(13)-C{14)-H(14B)
C(13)-C(14)-H(14C)
H(14A)-C(14)-H(14B)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
N-G(15)-C(16)
N-C(15)-H(15A)
N-C(15)-H(15B)
C(16)-C(15)-H(154)
C(16)-C(15)-H{15B)
H(15A)-C(15)-H(15B)
C(15)-C(16)-H(16A)
G(15)-C(16)-H(16B)
C(15)~C(16)-H(16C)
H(16A)-C(16)-H(16B)
H(16A)-C{16)-H(16C)
H({16B)~C(16)-H({16C)

123.2(25)
121.1(3)
119(3)
119(3)
118.4{5)
124(3)
117(3)
121.0(5)
119(3)
119(3)
121.2(5)
117.9(21)
120.7(22)
112.0(4)
107.0(23)
107.5(22)
112.3(24)
108.2(22)
109(3)
111(3)
113(3)
112(3)
100(4)
109(4)
108(4)
112.3(4)
108.7(24)
105.7(21)
109(3)
112.2(21)
107(3)
113(3)
112(3)
110(3)
104(4)
106 (4)
107(4)
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c12
Ccl3
Cl4
C15
Cl6
H 2
H 3
H 8
H 9
H10
Hll
H12
H13A
H13B
H14A
H14B
H14C
H154
H15B
H16A
H16B
H16C

Biso is the Mean of the Principal Axes

Table

Atomic Parameters x,y,z and Biso.

E.S.Ds. refer to the last digit printed.

X
0.44565( 4)
0.29487( 8)
0.20813(22)
0.2883 ( 3)
0.3806 ( 3)
0.4520 { 3)
0.3998 ( 3)
0.3722 ( 3)
0.5125 ( 3)
0.5530 ( 3)
0.5477 ( 3)
0.61397(23)
0.5400 ( 3)
0.5929 ( 3)
0.6751 ( 4)
0.7071 ( 4)
0.6556 ( 4)
0.5738 ( 3)
0.2036 ( 3)
0.1713 ( 4)
0.1177 ( 3)
0.1144 ( 4)
0.3859 (22)
0.429 ( 3)
0.568 ( 3)
0.705 ( 3)
0.765 { 4)
0.675 ( 4)
0.543 ( 3)
0.266 ( 3)
0.154 ( 3)
0.101 ( 4)
0.164 ( 4)
0.215 ( 4)
0.114 ( 3)
0.061 { 3)
0.122 ( 3)
0.167 { 3)
0.049 ( 4)

y
0.28861( 8)
0.32433(15)
0.4349 ( 4)
0.4367 ( 5)
0.5134 ( 5)
0.5592 ( 5)
0.0871 { 6)

-0.0414 ( 5)
0.2331 ( 6)
0.2024 ( 6)
0.2798 ( 6)
0.2724 { 4)
0.6638 ( 5)
0.7370 { 7)
0.8391 ( 8)
0.8733 ( 7)
0.8022 ( 7)
0.6992 ( 6)
0.5279 { 6)
0.7118 ( 7)
0.3414 ( 6)
0.1592 ( 7)
0.551 ( &)
0.569 ( 5)
0.707 ( 6)
0.896 ( 6)
0.949 ( 7)
0.825 ( 7)
0.643 ( 5)
0.519 ( 5)
0.466 ( 5)
0.719 ( 6)
0.774 ( 8)
0.780 ( 7)
0.337 ( 5)
0.416 ( 5)
0.155 ( 6)
0.085 ( 6)
0.100 ( 7)

Z

0.18205( 3)
0.23922( 6)
0.08915(19)
0.14473(23)
0.1301 ( 3)
0.19845(24)
0.1347 { 3)
0.10522(24)
0.2812 ( 3)
0.34566(21)
0.1232 ( 3)
0.08481(21)
0.18843(24)
0.2588 ( 3)
0.2522 ( 4)
0.1757 { 4)
0.1049 ( 4)
0.1106 ( 3)
0.0081 ( 3)
0.0153 { 4)
0.1048 ( 3)
0.0695 ( 4)
0.0794 (20)
0.2505 (24)
0.314 ( 3)
0.301 ( 3)
0.168 ( 3)
0.053 ( 3)
0.0635 (22)

-0.0104 (23)

-0.033 ( 3)
0.030 ( 3)

-0.039 { 4)
0.056 ( 3)
0.162 ( 3)
0.0786 (23)
0.010 ( 3)
0.096 ( 3)
0.077 ( 3)

A e T e e

Biso

3.071(24)

3.74
3.35
3.08
3.10
3.19
4.28
6.39
4,54
7.42

( 3)
(14)
(17)
(18)
(19)
(22)
(20)
(21)
(21)
(19)
(17)
(17)
(23)
( 3)
(3
(3)
(z21)
(20)
( 3)
(22)
( 3)
(7
(9)
(11}
(11)
(13}
(15)
(9)
( 9)
(10)
(13}
(17)
(14)
(10)
( 9)
(12)
(13)
(14)

of the Thermal Ellipscid
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4.4.3 Thicamide Iron Tricarbonyl Complex 2

Space Group and Cell Dimensions Menoclinie, P 21/n
a 12.991(4) b 12.9207(14) ¢ 14.636(3)
beta 111.401(19)

Volume 2287.4(8)A**]3

Emplirical formula : Fe S N 08 C21 H19
Cell dimensions were obtained from 24 reflections with 2Theta angle
in the range 26.00 - 34.00 degrees.
Crystal dimensions : 0.30 X 0.20 X 0.20 mm
FW = 501.29 Z= 4 F(000) = 1007.85
Dcale 1.456Mg.m-3, mu 0.79mm-1, lambda 0.70930A, 2Theta{max) 44.8

The intensity data were collected on a Honius diffractometer,
using the theta/2theta scan mode.

The h,k,l ranges are :-- -13 12, 0 13, 0 15
No. of reflections measured 3292
No. of unique reflections 2967

No. of reflections with Inet > 2.5sigma{Inet) 1714
No correction was made for absorption

The last least squares cyecle was calculated with
5} atoms, 340 parameters and 1714 out of 2967 reflections.
Weights based on counting-statistics were used.

The residuals are as follows :--
For significant reflections, RF 0.050, Rw 0.030 GoF 2.11
For all reflections, RF 0.050, Rw 0.030.
where RF = Sum(Fo-Fc)/Sum(Fo),
Rw Sqrt[Sum(w{Fo-Fec)**2}/Sum(wFo**2)] and
GoF = Sqrt[Sum(w(Fo-Fc)**2}/(No. of retlns - No. of params.)]
The maximum shift/sigma ratio was 1.034.

o

In the last D-map, the deepest hole was -0.360efA**3,
and the highest peak  (.320efA*%3,
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Table of Bond Distances in Angstroms

Fe-S§
Fe-C(1)
Fe-C(2)
Fe-C{3)
Fe-C(7)
Fe-C(8)
S-C(1l4)
0(1)-¢(1)
0(2)-C(2)
0(3)-C(3)
0(4)-C(6)
0(5)-C(10)
0(6)-C({10)
0(6)-C(11)
0(7)-C(12)
0(8)-C{12)
0(8)-C(13)
N-C(14)
N-C({15)
N-C{16)
C({4)Y-C(5)
C(4)-C(8)
C(4)-C(9)
C(4)-H(4)
C(5)-C(6)
C(5)-C(14)
C(5)-H(5}
C(6)-C(7)
C(7)-C(8)
C(7)-C{10)

2.3592(25)
1.849(8)
1.779(9)
1.801(9)
2.053(7)
2.093(7)
1.702(7)
1.100(10)
1.131(11)
1.139(10)
1.206(9)
1.197(10)
1.333(11)
1.449(12)
1.193(11)
1.
1
1
1
1
1
1
1
1
1
1
0
1
1
1

347(11)

L431(12)
.320(10)
L476(12)
L465(9)
.544(10)
.538(10)
.520(11)
.08(5)
.559(10)
.490(11)
.94(6)
.486(10)
.450(10)
.518(11)

C(8)-C(12)
C(9)-H(94)
C(9)-H(98)
C(9)-H(9C)
C{11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
C(15)-H(154)
C(15)-H(15B)
C(15)-H(15C)
C(16)-C{17)
C(16)-C(21)
C(17)-C(18)
C(17)-H(17)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(19)-H(19)
C(20)-C(21)
C(20)-H(20)
C(21)-H(21)
H(9A)-H(9B)
H(11A)-H(11C)
H(11B)-H(11C)
H(13A)-H(13B)
H(13B)-H(13C)
H(15B)-H(15C)

1.455(11)
0.99(6)
1.16(7)
1.01(6)
0.82(8)
0.94(7)
1.57(7)
1.04(6)
0.98(7)
0.91(7)
1.38(7)
0.91(6)
0.73(7)
1.354(13)
1.362(12)
1.371(14)
1.02(6)
1.395(19)
1.01(7)
1.391(20)
1.010(10)
1.346(15)
0.944(10)
0.98(7)
1.47(9)
1.46(12)
1.46(11)
1.51(10)
1.30(10)
1.50(9)
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Table of Bond Angles in Depgrees

5-Fe-C(1)
S-Fe-C(2)
§-Fe-C(3)
§-Fe-C(7)
S-Fe-C(8)
C(l)-Fe-C{2)
C(1)-Fe-C(3)
C(1)-Fe-CG(7)
C(l)-Fe-C(8)
C(2)-Fe-C(3)
C(2)-Fe-C(7)
C{2)-Fe-C(8)
C(3)-Fe-C(7)
C(3)-Fe-C(8)
C(7)-Fe-C(8)
Fe-S-C(14)
C(10)-0(6)-C(11)
€(12)-0(8)-C(13)
C{l14)-N-C(15)
C(14)-N-C(16)
C(15)-N-C(16)
Fe-C{1)-0(1)
Fe-C(2)-0(2)
Fe-C(3)-0(3)
C{5)-C(4)-C(8)
C{5)-C(4)-C(9)
C(5)-C(4)-H(4)
C(8)-C{4)-C(9)
C(B)-C(4)-H{4)
C(9)-C(4)-H(4)
C(4)-C(5)-C(6)
Cl4)-C(5)-C(Ll4)
C(4)-C(5)-H(5)
C(6)-C(5)~C(14)
C{6)-C(5)-H(5)
C(14)-C(5)-H(5)
0{4)-C(6)-C(5)
0(4)-C({6)-C(7)
C(5)-C(6)-C(7)
Fe-C(7)-C(6)
Fe-C(7)-C(8)
Fe-C(7)-C(10)
C{6)~C(7)-C(8)
C(6)-C(7)-C(10)
C(B)}-C(7)-C(10)
Fe-C(8)-C(4)
Fe-C(B8)~C(7)
Fe-C(B8)-C(12)
C(4)-C(9)-H(94A)
C(4)-C(9)-H(9B)
C(4)-C(9)-H(9C)
0(5)-C(10)-0(6)

83.9(3)
166.8(3)
84.2(3)
100.75(20)
96.07(21)
88.7(4)
110.1(4)
105.1(3)
145.7(3)
88.0(4)
91.8(3)
96.2(4)
144.7(4)
104.0(3)
40.9(3)
109.3(3)
116.3(7)
114.9(7)
120.4(7)
122.5(6)
116.9(7)
178.7(9)
172.6(8)
177.3(8)
104.1(6)
109.8(6)
113(3)
111.0(6)
109(3)
109(4)
106.3(6)
111.7(6)
111(4)
109.0(6)
112(4)
106 (4)
125.2(6)
128.4(7)
106.4(6)
106.9(5)
71.0(4)
120.0(5)
110.2(6)
112.7(6)
128.4(6)
115.9(5)
68.0(4)
112.0(5)
119(4)
115(3)
116(4)
123.7(8)

0(5)-C(10)-C(7)
0(6)-C{10)-C(7)
0(6)-C(11)-H(11A)
0(6)-C(11)-H{11B)
0(6)-C(11)-H{11C)
H(11A)-C(11)-H(11B)
H(11A)-C({11)-H(11C)
H(11B)-C(11)-H{11C)
0(7)-C(12)-0(8)
0(7)-C(12)-C(8)
0(8)-C(12)-C(8)
0(8)-C(13)-H(13A)
0(8)-C(13)-H(13B)
0(8)-C(13)-H(13C)
H(13A)-C(13)-H(13B)
H(13A)-C(13)-H(13C)
H(13B)~C(13)-H(13C)
§-C(14)-N
S-C(14)-C(5)
N-C({14)-C(5)
N-C{15)-H(15A)
N-C(15)-H({15B)
N-C(15)-H{15C)
H(154)-C(15)-H(15B)
H(15A)-C(15)-H{15C)
H(15B)-C(15)-H(15C)
N-C(16)-C(17)
N-C(16)-C(21)
C(17)-C(16)~C(21)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17}
C{18)-C{17)-H(17)
C(17)-C(18)-G(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(18)-C(19)-C(20)
C{18)-C(19)~H(19)
C(20)-C(19)-H(19)
C(19)-C(20)-C(21)
C(19)-G{20)-H(20)
€(21)-C(20)~H(20)
C{16)-C(21)-C(20)
C(16)-C{21)-H(21)
C(20)-C(21)-H(21)

C(4)-C(B)-C(7)
C(4)-C(8)-C(12)
C(7)-C(8)-C(12)
H(94)-C(9)-H(9B)
H(9A)~C(9)~-H(9C)
H(9B)-C(9)-H(9C)

190

126.7(8)
109.6(7)
108(6)
109(5)
110.2(25)
127(9)
66(7)
65(6)
122.5(8)
125.4(8)
112.1(7)
112(4)
114(5)
108(5)
96(6)
134(6)
86(7)
123.1(6)
116.2(6)
120.7(6)
121(3)
110(4)
104(7)
84(5)
104(7)
131(8)
118.4(7)
117.6(8)
124.0(8)
119.2(9)
121(4)
119(4)
117.0¢10)
119(4)
122(4)
122.5(9)
116.8(14)
120.7(13)
118.6(9)
107.8(11)
133.6(12)
118.7(9)
128(4)
112(4)

109.4(6)
115.4(6)
127.5(7)
B6(5)
107(5)
106(5)



Table of Atomic Parameters X,y,z and Biso.
E.S.Ds. refer to the last digit printed.

X y z Biso
Fe 0.23474( 9) 0.63971(10) 0.00983( 8) 3.81( 6)
S 0.26697(17) 0.46857(16) 0.06976(15) 4.57(12)
01 0.0342 ( 5) 0.6249 ( 6) 0.0588 ( 4) 7.7 (&)
02 0.1365 ( 5) 0.8254 ( 5) -0.0989 ( 4) 8.2 ( 4)
3 0.1945 ( 6) 0.5462 ( 6) -0.1832 ( 4) 3.3 ( 5)
0 4 0.3515 ( 4) 0.6595 ( 4) 0.2834 ( 3) 4.6 ( 3)
VI 0.2333 ( 5) 0.8692 ( 5) 0,1223 ( &) 6.7 ( 4)
06 0.4160 ( 5) 0.8758 ( 4) 0.2017 ( 4) 5.3 ( 3)
07 0.4768 ( 5) 0.7139 ( 4) -0.0618 ( 4) 5.7 ( 4)
o8 0.3886 ( 4) 0.8422 ( 4) -0.0193 ( 3) 5.2 ( 3)
N 0.4194 ( 5) 0.3813 ( 5) 0.2254 ( 4) 3.5 ( &)
c1 0.1092 ( 7) 0.6293 ( 7) 0.0408 ( 5) 4.7 ( 5)
c 2 0.1810 ( 7) 0.7567 ( 7) -0.0538 ( 6) 5.6 ( 6)
C3 0.2113 ( 7) 0.5803 ( 7) -0.1073 ( 6) 5.5 ( 35)
C 4 0.4855 ( 6) 0.5991 ( 5) 0.1110 ( 5) 2.8 { &)
C5 0.4504 ( 6) 0.5628 ( 6) 0.1959 ( 5) 2.8 ( 4)
C6 0.3763 ( 5) 0.6504 ( 6) 0.2121 ( 5) 2.8 ( 4)
¢ 0.3469 ( 6) 0.7190 ( 5) 0.1248 ( 5) 3.1 ( 4)
C 8 0.4011 ( 6) 0.6839 ( 6) 0.0596 ( 5) 3.1 ( 4)
c9 0.6021 ( 6) 0.6428 ( 7) 0.1521 ( 6) 4.3 ( 5)
Cl0 0.3223 ( 8) 0.8292 ( 7) 0.1466 ( 6) 4.0 ( 5)
Cll 0.4058 (10) 0.9805 ( 9) 0.2327 ( 9) 8.1 ( 9)
Cl2 0.4267 ( 7) 0.7445 ( 7) -0.0132 ( 6) 4.0 ( 5)
Cl3 0.3975 (10) 0.9018 ( 8) -0.0985 ( 8) 7.9 ( 8)
Cl4 0.3852 ( 6) 0.4650 ( 6) 0.1710 ( 5) 3.3 ( 4)
Cl15 0.3566 (10) 0.2837 ( 8) 0.1983 ( 6) 5.6 (1)
Cié 0.5236 ( 7) 0.3781 ( 6) 0.3102 { 5) 3.5 ( 5)
C17 0.6181 ( 8) 0.3586 ( 8) 0.2943 ( 8) 6.7 { 6)
C1l8 0.7164 ( 9) 0.3550 ( 9) 0.3727 (10) 9.6 ( 8)
Cl9 0.7117 (11) 0.3689 (10) 0.4656 ( 8) 10.2 ( 8)
C20 0.6125 (10) 0.3857 (11) 0.4799 ( 8) 10.4 (10)
c21 0.5188 ( 8) 0.3925 ( 8) 0.4007 ( 7) 6.7 (1)
H4 0.482 ( 5) 0.539 ( 5) 0.059 ( &) 6.3
H5 0.512 ( 5) 0.549 ( 5) 0.253 ( &) 6.3
H9A 0.615 ( 6) 0.710 ( 5) 0.187 ( 5) 6.3
H9B 0.633 ( 5) 0.682 ( 5) 0.096 ( 4) 6.3
H9C 0.662 ( 5) 0.593 ( 5) 0.191 ( 5) 6.3
Hl1iA 0.342 (7} 0.999 ( 7) 0.204 (7} 6.3
H11B 0.448 ( 6) 0.987 ( 6) 0.300 ( 5) 6.3
H11C 0.336 ( 5) 0.981 ( 5) 0.300 ( 5) 6.3
H13A 0.356 ( 6) 0.867 ( 6) -0.166 ( 4) 6.3
H138 0.355 ( 6) 0.966 ( 5) =-0.112 ( 5) 6.3
H13C 0.459 ( 6) 0.943 ( 6) -0.074 ( 5) 6.3
H154A 0.243 ( 5) 0.281 ( 5) 0.174 ( 4) 6.3
H15B 0.359 ( 6) 0.248 ( 5) 0.253 ( 5) 6.3
H15C 0.365 () 0.266 ( 7) 0.154 ( 5) 6.3
H17 0.617 ( 5) 0.338 ( 5) 0.227 ( 4) 6.3
H18 0.784 ( 5) 0.326 ( 5) 0.363 ( 5) 6.3
H19 0.784 0.369 0.523 8.6
H20 0.629 0.391 0.548 8.2
H2l 0.455 ( 5) 0.414 ( 6) 0.418 ( 5) 6.3

Biso is the Mean of the Principal Axes of the Thermal Ellipsoid
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4.4.4 Complex 22

Space Group and Cell Dimensions Orthorhombic P 212121

a 8.9127(11) b 12.2595(16) c 19.6009(17)
Volume 2141.7(4)A**3

Empirical formula : Fe C22 03 N § H2l
Cell dimensions were obtained from 21 reflections with 2Theta angle
in the range 25.00 - 29.00 degrees.
Crystal dimensions : 0.44 X 0.14 X 0.14 mm
FW = 435.32 Z= 4 F(000) = 903.86
Dcale 1.350Mg.m-3, mu 0.82mm-1, lambda 0.709304, 2Theta{max) 44.8

The intensity data were collected on & Nonius diffractometer,
using the thetaf2theta scan mode.

The h,k,l ranges are i-- 0 9, o 12, 0 20
No. of reflections measured 6131
No. of unique reflections 2775

No. of reflections with Inet > 2.5sigma(Inet) 193C
No correction was made for absorption

The last least squares cycle was calculated with
49 atoms, 253 parameters and 1134 out of 1611 reflections.
Unit weights were used.

The residuals are as follows :--
For significant reflections, RF 0.048, Rw 0.051 GoF 0.35
For all reflections, RF 0.048, Rw 0.051.

where RF = Sum(Fo-Fe¢)/Sum(Fo},
Rw = Sqrt[Sum(w(Fo-Fc)**Z)ISum(wFo**Z)] and :
GoF = Sqrt[Sum(w(Fo-Fc)**Z)I(No. of reflns - No. of params.)]

The maximum shift/sigma ratio was 0.067.

In the last D-map, the deepest hole was -0.250e[A%**3,
and the highest peak  0.290e/A**3.
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Table of Bond Distances in Angstroms

Fe-S
Fe-C(2)
Fe-C(3)
Fe-C(20)
Fe-C(22)
Fe-G{21)
S-C(1)
0(1)-C(20)
0(2)-C(21)
0{3)-C(22)
N-C(1)
N-C{16)
N-C(18)
C(1)-C(2)
C(2)-C(3)
C(2)-C(4)
G(3)-C(10)
C(3)-H(3)
C{4)-C(5)
C(4)-C(9)
C(5)-C(86)
C(5)-H(5)
C{6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-H(7)

b b e e e b e b e T b B e e e b e b B3 RS RO

.316(3)
.072(11)
.065(12)
.761(13)
.763{16)
.760(17)
.705(11)
.146(16)
.174(20)
.150(20)
.327(17)
L78(4)
L478(17)
.450(16)
J454(19)
.506(16)
.506(18)
.106(11)
.385(19)
.388(19)
.385(19)
.106(13)
.34(3)
.150(14)
.38(3)
.097(13)

C(8)-C(9)
C(8)-H(8)
C(9)-H(9)
C(10)-C(11)
€(10)-G(15)
C(11)-C(12)
C(11)-H(11)
C(12)-C(13)
C(12)-H{12)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)=H(14)
C(15)-H(15)
C(16)-C(17)
C(16)-H(174)
C(16)-H(17B)
C(17)-H(164)
C(17)-H{16B)
C{17)-H(16C)
C(18)-C(19)
C(18)-H(184)
C(18)-H(18B)
C(19)-H(194)
C(19)-H(19B)
C(19)-H(19C)

R et e e e b e e e el b b et et el e bl e e e e i e

.367(20)
.103(15)
.126(15)
L405(18)
.377(18)
.393(19)
L111(12)
.38(3)

.089(13)
.38(3)

.082(14)
.373(21)
.111(16)
L121(14)
L24(4)

.074(22)
.06(3)

.099(23)
.135(24)
.13(3)

.509(23)
.091(13)
.083(13)
.128(17)
.109(17)
.044(15)
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Table of Bond Angles in Degrees

$-Fe-C(2)
S-Fe-C(3)
S-Fe-C(20)
S-Fe-C(22
S-Fe-C(21)
C(2)-Fa-C(3)
C(2)=Fe-C(20)
C(2)-Fa-C(22
C(2)-Fe-C(21)
C(3)-Fa-C(20)
C(3)-Fe-C(22)
C{3)-Fe-C(21)
C(20)-Fe-C(22)
C(20)-Fe-C(21)
C(22)-Fe-C(21)
Fe-S-C(1)
C(1)-N-C{16)
C{1)-N-C{18)
C{16)~N-C(18)
S-C(1)-N
$-G{1)-C(2)
N-C{1)-C(2)
Fe-C(2)-C(1)
Fe-C(2)-C(3)
Fe-G(2)~G(4)
C(1)-C(2)-C(3)
C(1)-C(2)-C(4)
C(3)-C(2)-C(4)
Fe-C(3)-C(2)
Fe-C(3)-C{10)
Fe-C(3)-H(3)
C{2)-C(3)-C(10)
C{2)-C(3)-H(3)
C(10)-C(3)-H(3)
C(2}-C(4)-C(5)
C(2)-C(4)-C(9)
C(5)-C(4)-C(9)
C(4)-C(5)-C(86)
C(4)-C(5)-H(5)
C(6)-C({5)-H(3)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(6)-C(7)-C(8)
C{6}-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)~C(9)
C{7)-C(B)-H(8)
C(9)-C(8)-H(8)

73.1(3)
84.5(3)
169.1(5)
87.0(5)
95.8(5)
41.2(5)
98.7(6)
110.1(7)
140.7(6)
94.1(5)
151.3(7)
101.5(6)
89.1(6)
95.1(7)
106.6(7)
77.4(4)
121.1(11)
121.9(11)
113.0(11)
121.3(9)
112.1(8)
126.5(10)
91.4(7)
69.2(6)
119.5(8)
116.1(10)
123.6(11)
118.6(10)
69.7(6)
121.2(8)
106.2(7)
126.8(10)
112.6(10)
112.5(10)
122.3(11)
118.6(11)
119.1(11)
119.4(13)
118.4(12)
122.2(13)
121.4(13)
117.7(15)
120.9(13)
119.4(12)
118.4(16)
122.2(16)
121.2(14)
118.6(14)
120.1(16)

C(4)-C(9)-C(8)
C(4)-C(9)-H(9)
C(8)-C(9)-H(9)
C(3)-C(l10)y-Cc(11)
C{3)-C(10)-C(15)
C(11)-C(10)-C(15)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-CG(11}~H(11)
C(11)-C(12)-C(13)
C(11)-C{12)-H(12)
C{13)-C(12)-H(12)
C(12)-G(13)-C(14)
C(12)-CG(13)-H(13)
C(14)-C(13)-H(13)
C(13)-C{14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(10)-C(15)-C(14)
C(10)-C(15)~H(15)
C(14)-G{15)-H(15)
N-C(16)~G(17)
N-C(16)-H(174)
N-C(16)-H(17B)
C(17)-C(16)-H(17A)
C(17)-C(16)-H(17B)
H(17A)-C{16)-H(17B)
C(16)-C(17)-H(16A)
C(16)-C{17)~H(16B)
C{16)-C(17)-H{16C)
H(164)-C(17)-H(16B)
H(16A)-C(17)-H(16C)
H(16B)-C(17)~H(16C)
N-C(18)-C(19)
N-C({18)-H(184)
N-C(18)-H(18B)
C(19)~G(18)-H(18A)
€(19)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(18)-C(19)-H(194)
C(18)-C(19)-H(19B)
C(18)-C(19)-H(19C)
H(194)-C(19)-H(19B)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
Fe-C(20)-0(1)
Fe-C(22)-0(3)
Fe-C(21)-0(2)

119.4(14)
120.6(12)
120.0(14)
118.3(11)
123.2(12)
118.2(12)
120.2(12)
120.5(11)
119.3(12)
120.6(13)
122.1(14)
117.3(13)
118.8(13)
123.2(17)
118.0(17)
121.2(14)
118.3(14)
120.5(16)
121.1(14)
121.8(13)
117.0(13)
89.3(24)
114.0(21)
114.1(18)
111.8(19)
114.6(22)
111(3)
116(3)
113.7(23)
113(3)
104.3(21)
104.5(22)
102.2(24)
112.9(11)
112.1(12)
110.8(11)
106.2(11)
105.9(12)
108.4(11)
108.7(14)
109.5(12)
115.6(14)
104.0(14)
108.5(14)
109.9(15)
177.5(14)
179.3(15)
176.1(12)

1956
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cl2
Cl13
Cl4
€15
Clé
c1l7
c18
Cc19
Cc20
c22
Cc21

oMo n
Voo~ W

H11
Hi2
H13
H1l4
H15
Hi6A
H16B
Hl6C
HL17A
H17B
H18A
H18B
H19A
H19B
H19C

Biso is the Mean of the Principal Axes

=X

0.45851(20)

0.4184
0.4579
0.7155
0.5721
0.1425
0.2451
0.2284
0.2848
0.1272
0.1468
0.0509
-0.0612
-0.0840
0.0103
0.2854
0.3829
0.3787
0.2781
0.1826
0.1847
-0.052
-0.057
0.1719
0.2416
0.4608
0.5264
0.6161
0.267
0.241
0.072
-0.135
-0.178
~0.008
0.461
0.457
0.267
0.107
0.100
0.015
-0.028
-0.174
-0.075
-0.118
0.070
0.250
0.165
0.345
0.265

( 4)
{16}
(12)
(16)
(14)
(13)
(12)
(13)
(13)
(16)
(20}
(20)
(16)
(17)
{13)
(14)
(16)
(22)
(21)
(16)
( 4)
( 3)
(15)
(20)
(17)
(20)
(17)

y

0.20334(15)

0.2678
0.1523
0.0653
0.4198
0.3462
0.2787
0.2082
0.0976
0.2337
0.3254
0.3433
0.2746
0.1853
0.1627
0.0300
-0.0599
-0.1296
-0.1122
-0.0236
0.0450
0.3243
0.4123
0.4146
0.5232
0.1710
0.3346
0.1232
.048
.381
L419
.294
.130
.087
-0.078
-0.197
-0.166
-0.007
0.113
0.420
0.486
0.434
0.256
0.322
0.433
0.375
0.568
0.510
0.574

QOO0 OO0

( 3)
(10)
(10)
(10)
(10)
(10)
(11)
(10)
(10)
(11)
(12)
{14)
(14}
(12)
(10)
(10)
(11)
(13)
(14)
(11}
(17)
(24)
(11}
(13)
(11)
(13)
(13)

+
.
.
-
.
.
.

0.
0.
0.
0
0
0
0
0
0
0
0
0
0
0

o.

0
0
0
0
-0
-0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
-0
-0
0
0
0
0
0.

0
0.
0
0
0

of

Z

the Thermal Ellipsoid

Table of Atomic Parameters x,y,2z and Biso.
E.S.Ds. refer to the last digit printed.

18707( 9)
07753(15)
3319 ( 5)
1512 ( 6)
2201 { 6)
0886 ( 5)
1136 ( 5)
1725 ( 5)
1651 ( 5)
2320 ( 6)
2723 ( 7)
3268 ( 7)
3409 ( 7)
2997 ( 8)
2466 ( 7)
1009 ( 6)
0975 ( 6)
0414 ( 8)
0109 ( 8)
0069 ( 7)
0485 ( 7)
1036 ( 9)
1348 (11)
0279 ( 6)
0455 ( 8)
2746 ( 7)
2071 ( 7)
1665 ( 7)
211
260
360
384
312
215
140
036

.054

.051

.049

. 180

.102

. 154
136
059

.000
006

.082

.076

.004

—

4
6
2
3
8
2
3
7
2
8
4
7
0

)
7
7
7
5
1
1
1
0
0
5
5
7
7
7

( 8)

1986



OOOOOOOOOZOOOWE
(¥

OO~ uL W -

Cc10
cl1
Cl2
C13
Cl4
C15
Clé
Cl7
C18
C19
c20
c22
c21

b

—_

RPN OOoOOULLSEOOGG DL
P e & ¢ 2 = & e v e & 2 e

—

Pt =
[~ (S UL
. e .

B~
~J

s -
Wb O~

10.
7.

Anilsotropic Temperature Factors are of the form
Temp=-2*Pi*Pi*(h*h*ull*astar*astar+---+2%h*k*ul2*astar*bstar+---)

Table of u{i,j) or U values

E.S.Ds.
ull(U)
27( 9)
.99(20)

.9 (10)
«7

8
4
9
3
5
6
2
3
7
1
5
2
S0
4
0
1
1]
4
3
6
8
2
8
4
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4.5.1 Reactions with dienes and miscellaneous reagents

Iron complex Z (0.3mmol) was dissolved in THF (10mL) and
2,3-dimethyl-1,3-butadiene (0.3mmol) was added dropwise. Carbon monoxide
was bubbled through the solution. The solution was refluxed for 38 hours but
there was no reaction and Z was recovered by column chromatography on
alumina using hexanes in 93% yield. Photolysis of the same reaction mixture for
48 hours gave no reaction and 84% recovery of iron complex 7. The same
procedures were followed using phenylisocyanide, 3-phenyl-1,2-propadiene,
and ethyldiazoacetate instead of the butadiene but there was no reaction and the
iron complex was recovered in 96%/92%, 94%/90%, 95%/94% yields

respectively (photolysis/thermolysis).

4.5.2 Hydride abstraction

[ron comple.x 4 (0.3mmol) was dissolved in CHoCls (5mL) and
PhaCBF4 (0.3mmol) was added. After 3 hours ether was added to the stirring
solution. Column c'hromatography on alumina using hexanes gave 90%
recovery of the iron .complex 4. Using iron complex Z and § in the same

procedure gave recovery of the complexes in 89% and 91%.

4,5.3 Reduction

Iron complex Z (0.3mmol) was dissolved in THF (10mL) and LiAlHy
(1.2mmol) was added. The solution was stirred for 1 hour. Column

chromatography on alumina using ether gave compound XXVIl in 57% yield.



199

Iron complex Z {(0.3mmol) was dissolved in THF (10mL) and NaBHy
(1.2mmol) was added. The solution was stirred for 1 hour. Column
chromatography on alumina using ether gave compound XXVl in 50% yield.

Iron complex Z (0.3mmol) was dissolved in THF (10mL) and
K-Selectride (1.2mmol} was added. The solution was stirred for 1 hour. Column
chromatography on alumina using ether gave 18% recovery of the iron complex
4.

The reactions with LiAlH4 and NaBH4 were repeated using thioamide
compound 4' resulting in isolation of compound XXVIl in 72% and 28% yield
respectively. Compound 4': M.S.: 159(M)* (m/e). TH NMR (CDClg): 8 1.79[ 2
overlapping t, 6H, 3)=7.1Hz, CHoCHg J; 1.20 [ t, 3H, 3J=7.0 Hz, CHga ], 1.96 [m,
2H, CHy); 2.16 [m, 2H, CHb]; 3.53[q, 2H, 3)=7.1Hz, CH»CHg |; 3.93 [q, 2H,
3J=7.1Hz, CHyCHg | opm.

Iron complex 1 (0.3mmol) was dissolved in THF (10mL) and Pd/C 5%
(0.3mmol) or Pd/C 10% (0.3mmol) or PtOo (0.3mmol} was added. The reaction
vessel was charged with 40 psi Hp and it was stirred for two days. Column
chromatography on alumina gave 75%, 68%, and 70% recovery of 1
respectively.

Iron complex 3 was reacted with PtOo and 40 psi Ho as above.
Purification by columﬁ chromatography on alumina gave mostly complex 3 and

NMR showed 14% rec]luction of the allylic double bond.
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CHAPTER 5

SILICON ALKOXIDE-HALIDE CARBONYLATION REACTIONS

To contrast the use of organometallics in organic synthesis through
stoichiometric reactions, a project involving a catalytic reaction was also
investigated. The project focussed on the use of silicon alkoxides, in
combination with carbon monoxide, and a rhodium (1) catalyst to convert benzylic

halides to esters.
5.1 |ntroduction

Organometallic carbon-carbon bond formation by carbonylation of
organic substrates is one of the most important reactions involving the use of
organometallics in organic synthesis1. High selectivities in the synthesis of
industrially important products such as acetic acid and esters, methyl formate,
acetic anhydride, acetaldehyde, ethanol, and ethylene glycol have long been
pursued using organometallic catalysts. As well, the bench organic chemist
continually seeks improved synthetic procedures in the preparation of various
functional groups and, in particular, seeks a general method applicable to a
variety of substrates. As both target molecules and as synthetic intermediates,
esters have been synthesized by several types of organometallic catalysts using
a variety of substrates?.

The variety of organic substrates that have been used in the
~ organometallic synthesis of esters includes alkyl and aryl halides, thiols, and enol

triflates. Enol triflates are readily carbonylated to esters with the catalyst
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[Pd(OoCMe)s], triphenylphosphine, and triethylamine in methanol/dimethy!
formamide2. Dicobalt octacarbonyl was an effective catalyst under CO pressure

at 180-190°C in the formation of esters from thiols3[1].

catalyst
H0
RSH + ROH + CO —————  RCOzR' + HzS 1]

Perhaps the most versatile organic substrates have been alkyl and aryl
halides. Formic esters as well as dialkyl ethers have been used to generate alkyl

or aryl esters with carbon monoxide and organometallic catalyst32=4 [2].

catalyst
Kl

Y

RX + HCOR' + CO RCO2R' + HCOX [2]

As well, the use of main group and early transition metal alkoxides in the
conversion of benzylic bromides to esters has been the subject of several
publications®:6:7:8_ Specitically, the main group metal alkoxides were borate

esters (M=B) and aluminum alkoxides {M=Al) {3].

catalyst
SArCHzBr + M(OR); + 3CO =  3ArCH,CO.R + MBrg i3]

The early transition metals that have been employed were titanium (M=Ti) or

zirconium (M=Zr) alkoxides [4].

catalyst
4ArCH2Br + M{OR)3 + 4C0 ———————— 4ArCH2CO2R + MBra [4]

Aryl, vinyl, and alkyl bromides produced esters from titanium alkoxides using a

palladium catalyst, [Pd(PPhg)y), or from zirconium alkoxides using a bimetallic



207

catalyst, [Pd(PPhg)4)/[(1.5-huxadiene)RhCl]o.
In an effort to investigate the scope of alkoxide promoted esterification

reactions, a group 1V alkoxide, silicon alkoxide, was employed.
5.2 Resuits and Discussion

Treatment of neat benzylic bromides at 75°C with a silicon alkoxide, 1
atm of carbon monoxide, and a catalytic amount of [(1,5-hexadieng)RhCl]» (10:1-
substrate:catalyst) gave esters in reasonable yields [5]. In some cases the
addition of heptane as a cosoivent was required in order to dissolve benzylic
substrates and the silicon reagent.

catal;'st
ArCHzBr + XS Si(OR)s + CO = ArCHCO2R {5]

1atm CO, 75°C

The results of reactions using a variety of reagents are shown in Table 9.

Excess silicon alkoxide was required since the use of only a
stoichiometric quantity (where the silicon alkoxide is in theory able to deliver four
alkoxide groups) gave significantly reduced yields, unlike the resuits reported in
the literature for titanium, zirconium, boron, and aluminum ailkoxides.

A variety of substituted benzylic bromides were investigated and the
best yields were obtained with benzyl bromide, giving esters 29'-32'. An aryl
bromide, 2-naphthy! bromide, and an alkyl bromide, 1-bromo-2-phenyl-ethane,
gave no reaction and only trace amounts of the ester were found for
1-bromo-2-phenyl-ethylene, 42', and 1,1-dibromo-2-phenyl-ethylene, 43".
Sterically hindered 1-bromo-1-phenyl ethane also resulted in only a very low
yield of the ester, 41'.
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SUBSTRATE Si(OR), COMMENTS ISOLATED YIELD
R= OF ESTER (XX")
@-CHaBr CHj 81 (29'%
C,H; 50 (3¢
n-Bu ,
sec-Bu 76  (31%)
Ph 15 (329
Heptane 0
C,H; KI 56 (30"

Br n-Bu Heptane 0
CH28r CH, 49 (33")
n-Bu Heptane 34 (34")
Hio~_H-cHggr n-Bu 69 (35"

HsC
Dooa oo " oo
n-Bu 62 (37"
F CH.B
O‘ 2= CH, 36 (38')
02N—©—GH28r n-Bu Heptane 56 (39"
NC—@-CHaBr n-Bu Heptane 61 (40"

@—CHQCHQBI' n-Bu 0
(;}—CHBrGH3 n-Bu trace (41")

{ M-cr-cHer  n-Bu wace (42)

@-cu+:cer2 n-Bu trace (43')
Hac—Q—CHzcl n-Bu 4 (317

Table 9
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The effect of substitution on the aromatic ring was investigated.
Substitution of an electron donating alkyl group, (methyl), in the meta position of
benzyl bromide had no effect on the yield of the ester obtained using tetra-n-buty!
orthosilicate, 36'. Electron withdrawing groups, fluoro, nitro, and cyano, and an
electron donating methyl group in the para position gave esters in good yields,
37'-38', 39", and 40' respectively, but they were slightly reduced in comparison
to non-substituted benzyl bromide. Therefore, the nature of the substituent and
its position on the aromatic ring had no significant effect on the reaction leading
to ester formation.

Benzyl chloride resulted in the ester in a reaction with tetra-n-butyl
orthosilicate, but the yield of the ester was poor in comparison to the same
reaction with benzyl bromide.

The reaction was found to be dependent on the nature of the silicon
alkoxide. In the reaction with benzyl bromide, tetra-n-butyl and tetramethyl
orthosilicate gave good yields in ester formation, 31'(76%) and 29'(81%)
respectively, while tetraethy! orthosilicate gave only a moderate yield of the ester,
30'(50%), and tetra-sec-buty! orthosilicate gave a low isolated yield, 32'(15%).
Tetrapheny! orthosilicate gave no reaction with benzyl bromide. In contrast to the
results obtained for benzyl bromide, tetra-n-butyl orthosilicate gave a higher ester
yield than did tetramethyl orthosilicate in the reaction with para-fluorobenzyl
bromide; (37'(62%) and 38'(36%) respectively).

Several attempts were made to improve the yield in ester formation.
Increasing the temperature of the reaction {(up to 100°C) did not improve the yield
nor did the use of another catalyst, [Rh(CO)o(PPh3)Cl]. This new catalyst
resulted in a decreased yield. As well, increasing the ratio of catalyst to substrate

did not improve the yield of ester formation. The use of potassium iodide has
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been shown to promote catalytic reactions and has proven effective for the
Monsanto acetic acid process, the homologation of acids, ethers, and esters, and
in benzyl chloride-borate ester carbonylation reactions?. It has been postulated
that the role of the iodide ion is to displace chloride in the rhodium chloride
catalyst, [Rh(CO)5Cl]o, generating a new and more active catalyst, [Rh(CO)zl]gg.
Unfortunately, there was no significant yield improvement associated with the

addition of iodide ion to the silicon alkoxide-benzyl bromide reaction.

5.3 Product Formation Pathway
!

The pathway outlined in Scheme 1 illustrates a possible route to
product formation. Tf:l,e rhodium hexadiene catalyst, 1, may be converted to the
carbon monoxide subétituted catalyst, Il, although in a separate experiment, this
dichlorodicarbonyl rhqdium (I) catalyst was found to catalyze the formation of
ester from benzyl bromide and tetra-n-buty! orthosilicate in a slightly lower yield,
48%. Oxidative adcfition of two moles of benzyl bromide would then give
complex 11l which in the presence of CO could give the acyl complex IV.
Reductive elimination of the acid bromide could then lead to alkoxide transfer
from the silicon alkoxide leading to the desired ester while at the same time
regenerating the carbpnyi catalyst, 1l. This last step was shown in a separate
experiment to produc'e the ester in 23% yield from a mixture of phenylacetyl

chloride and tetra-n-buty! orthosilicate.
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Scheme 1

An alternative mechanism is that which was proposed for the reaction of
benzyl bromides with borate esters producing carboxylic esters®. Here, silicon
alkoxide would initially react with the dichlorodicarbony! rhodium (lI) dimer, 11, to
yield zwitterion complex IV. Alkoxide migration would give acyl-complex VIII
which would then reductively eliminate the ester leaving the complex IX which

could then undergo further reaction until all of the alkoxides were transfered.
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Scheme 2

For the silicon alkoxide-benzyl bromide reaction, this mechanism does not
account for the lower yields obtained from a stoichiometric reaction of benzyl

bromide to silicon alkoxide.
5.4 Conclusions

In conclusion, silicon alkoxides can be used to prepare carboxylic
esters from benzylic bromides and carbon monoxide, catalysed by a rhodium (I)
complex, which further demonstrates the flexibility' available to the organic
chemists in the choice of alkoxides for esterification of benzyl bromides. The

reaction proceeds under mild conditions and it is not affected by electron
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withdrawing and electron donationg substituents on the aromatic ring, but the
yield for ester formation is severely reduced by substituting with an alkyl group at
the benzylic carbon. As was found for titanium and zirconium alkoxides, the
reaction is sensitive to the nature of the aikoxide group being introduced,

although no trends were evident.

5.5 Experimental Details

5.5.0  Solvents and Reagents

Reagents were purchased from Aldrich Chemical Company, Farchan
Laboratories, and Fluka. Most were used without further puﬁﬁcation.

Ether was dried over sodium prior to each reaction. Hexane was dried
over calcium hydride. All of the other solvents were used without further
purification.  All solvents were purchased from BDH Chemicals or Aldrich
Chemical Company.

Columns were packed neutral activated alumina, Brockmann 1, and
Florisil (60-100 mesh) purchased from Aldrich Chemical Company. Preparatory
TLC plates (0.25mm and 1.20mm silica gel and aluminum oxide 60 with
fluorescent indicator UVog4) were purchased from Chromatographic Specialties

Inc.

All of the deuterated solvents were purchased from MSD Isotopes.

5.5.1  Instrumentation
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5.5.1.1 Nuclear Magnetic Besonance Speciroscopy
The TH NMR spectra were recorded on a Varian EM360A spectrometer.

Chemical shifts were reported relative to TMS.

5.5.1.2 Infrared Spectroscopy

Infrared spectra were recorded on a Perkin-Elmer 783 Infrared

spectrometer using NaCl disks.

5.5.1.3 Mass Spectrometry
Mass spectra were obtained from a VG7070E mass spectrometer using

a PDP8A data system.

5.5.1.4 Mass Balance
Mass determinations were obtained using a Mettler EA100 analytical

balanca.

5.5.2 General Procedure:

A solution of silicon alkoxide (2.0ml), benzyl halide (2.0mmol), and
[(1,5-hexadiene)RhCl]o (0.2mmol) was stirred overnight at 75°C under an
atmosphere of carbon monoxide. After cooling the solution to room temperature,
a solution of 6N HCI (10ml) was added and the solution was stirred for 1h to
hydrolize the excess silicon alkoxide. The mixture was filtered through Celite and
extracted with ether (5X50ml). The combined ether fractions were washed with

distilled water (2X50ml), dried over MgSQy, filtered, and the solvent was
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removed by rotary evaporation. Purification by column chromatography on

alumina using ether gave pure ester as a colourless oil.

5.5.21  [Ph-CHoCQQCHS] 28

Yield 81%. M.S.: 150(M)*, 119(M-OCHg)*, 119(PhCH,CO)*,
91(PhCHo)* (m/e). IR (neat) v(CO): 1740(s) em1. THNMR (CDCl3) (60MHz):
6 3.7[ m, H5, PhCH» and OCH3 ]; 7.3[ s, 5H, aromatics ] ppm.

5.5.2.2 [Ph-CHsCOOC,H5].30"

Yield 50%. M.S.: 164(M)*, 119(PhCHoCO)*, 91(PhCHo)* (m/e). IR
(neat) v(CO): 1735(s) cm 1. TH NMR (CDClg) (60MHz): § 1.3 [ t, 3H, 3J=7Hz,
OCHoCH3 1; 3.6 [ s, 2H, PhCH» |; 4.2 q, 2H, 3J=7Hz, OCHoCHg |; 7.4 [ s, 5H,
aromatics ] ppm.

5.5.2.3 [Ph-CHoCOOQC 4Hg] 31°
Yield 76%. M.S.: 192(M)*, 119(PhCH,CO)*, 91{PhCHo)* (m/e). IR

(neat) v(CO): 1735(s) cm™1. TH NMR (CDClg) (60MH2): 8 0.7 { t, 3H, 3J=7Hz,
O(CHaz)3CHz |; 1.2[ m, 4H, OCHo(CHo)oCH3 ]; 3.3 5, 2H, PhCHo 1; 3.8 [ m, 2H,
OCHo(CHp)oCH3 1; 7.2 [ s, 5H, aromatics ] ppm.

5524 [Ph-CHyCOOCH(CH3ICHoCH3] 32°

Yield 15%. M.S.: 192(M)*, 119(PhCHoCO)*, 91(PhCHg)* (m/e). IR
(neat) v(CO): 1735(s) cm . TH NMR (CDCl3) (60MHz): 5 0.9-1.7 [ m, 8H,

OCH(CHg)CHpCH3 1; 3.6 [ s, 2H, PhCHp J; 4.8 [ m, TH, OCH(CHg)CHCHg ); 7.3
[ s, 5H, aromatics ] ppm.

5525 [CqqH7CHoCOOCHg] 33"
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Yield 49%. M.S.: 200(M)*, 141(C4gH7CHa)* (m/e). IR (neat) v(CO):
1735(s) em 1. TH NMR (CDClg) (60MHz2): 8 3.3 s, 2H, C4gH7CHo ]; 3.6 [ s, 3H,
OCHg ]; 7.1-7.8 [ s, 7H, aromatics ] ppm.

5.5.2.6 [QmﬂzQH_zQ_Q_O_Q&Hﬁ]_:if
Yield 34%. M.S.: 242(M)*, 141(C1gH7CH)* (m/e). IR (neat) v(CO}):

1735(s) cm™1. TH NMR (CDCl3) (60MHz): 0.8 [ t, 3H, 3J=7Hz, O(CH2)3CH3 I;
1.5 [ m, 4H, OCHo(CHo)oCHg 1; 3.7 [ s, 2H, C1gH7CHp I; 4.1 [, 2H, 3J=7Hz,
OCH5(CH2)oCHg |; 7.3-7.8 [ s, 7H, aromatics ] ppm.

5.5.2.7 [p-CH3-Ph-CHoCOQC4Hg] 35

Yield 69%. M.S.: 206(M)*, 105(p-Me-PhCHo)* (m/e). IR (neat) v(CO):
1735(s) em*1. TH NMR (CDClg) (60MHz2): 5 0.9 [ t, 3H, 3J=7Hz, O(CH2)3CH3 I;
1.4 [ m, 4H, OCHo(CHo)oCHg ]; 2.2 [ 5, 3H, PhCH3 I; 3.5 5, 2H, PhCHo |; 4.0 [,
oH, 10=7Hz, OCH»(CHs)oCH3 ], 7.2 [ m, 4H, aromatics | ppm.

5.5.2.8 [m-CHa-Ph-CHyCOQC4Ho] 36'

Yield 77%. M.S.: 206(M)*, 105(m-Me-PhCHo)* (m/e). IR (neat) v(CO):
1735(s) cm™1. 1H NMR (CDClg) (60MHz): 5 0.8 [ t, 3H, 3J=7Hz, O(CH)3CH3 I;
1.4[ m, 4H, OCHo(CHo)oCHg ]; 2.2 s, 3H, PhCH3 |; 3.4 [ 5, 2H, PhCHo 1; 3.9 [ m,
2H, OCH»(CH2)oCHg ]; 7.2 [ m, 4H, aromatics ] ppm.

55.2.9 [p:=CN-Ph-CHoCOOC4Hg] 37"

Yield 62%. M.S.: 210(M)*,109(p-CN-PhCH5)* (m/e). IR (neat) v(CO):
1735(s) cm™1. TH NMR (CDClg) (60MHz): & 1.0 [t, 3H, 3J=7Hz, O(CH5)3CH3 ;
1.5 [ m, 4H, OCHy(CHo)5CHg I; 3.6 [ s, 2H, PhCHo 1; 4.1 [ , 2H, 1J=7Hz,
OCH»(CHo)oCHg ]; 7.0-7.4 [ m, 4H, aromatics ] ppm.
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5.5.2.10 [p-E-Ph-CHoCOOCHg] 38"

Yield 36%. M.S.: 168(M)*, 109(p-F-PhCHo)* (m/e). IR (neat) v(CO):
1735(s) cm™1. TH NMR (CDClg) (60MHz): & 3.8 [ m, 5H, OCHg and PhQHo I;
7.1-7.6 [ m, 4H, aromatics j ppm.

5.5.2.11 [p-NOo-Ph-CHyCOQC4Hgl 39"

Yield 56%. M.S.: 237(M)*, 136(p-NOo-PhCHa)* (m/e). IR (neat)
v(CO): 1735(s), v{NOo): 1520(s), 1350(s) cm’!. TH NMR (CDCl3) (60MH2): 3
0.9 [, 3H, 3U=7Hz, O(CHg)3CHg ]; 1.4 [ m, 4H, OCHa(CHo)oCH3 1; 8.7 [ s, 2H,
PhCHo ]; 4.1 [t, 2H, 1J=7Hz, OCH»(CH»)oCHgy |; 7.4-8.3 [ m, 4H, aromatics ]
ppm.

5.5.2.12 Lp;QNﬂh-_QtngO_O_Qﬂ__};la]AO'

Yield 61%. M.S.: 217(M)*, 116(p-CN-PhCH5)* (m/e). IR (neat) v(CO):
1735(s), v(NOo): 1520(s), 1350(s) cm™!. TH NMR (CDCl3) (60MHz): 5 1.3 [ m,
7H, OCH3(CHa)oCH3 ;3.7 ['s, 2H, PhCHy 1; 4.5 [ m, 2H, OCHp(CHa)oCH3 1; 7.6
[ m, 4H, aromatics ] ppm. |

5.5.2.13 [Ph-CH(COOCHg)CH3l 41°
IR (neat) v(CO): 1735(s) cm™1.

5.5.2.14 [Ph-CH=CHCQOCHg] 42'
IR (neat) v{CO): 1710(s) cm™1.

5.5.2.15 [p-CHg-Ph-CH=C(COOC4Ho)] 43
IR (neat) v(CO): 1735(s) cm™1.
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CHAPTER 6

CLAIMS TO ORIGINAL RESEARCH

The first a,B-unsaturated thioamide, thioester, and thione iron tricarbonyl
complexes were prepared and characterized and two X-ray crystal
structures were obtained.

Triphenyphosphine was shown to substitute for a single CO ligand in
o,B-unsaturated thioamide and thioester iron tricarbonyl complexes.

An a,B-unsaturated thioester iron tricarbonyl complex reacted with strong
oxidants affording a sulphine iron tricarbonyl complex.

Nucleophiles reacted with o,B-unsaturated thioamide iron tricarbonyl
complexes at -78°C generating novel 4-oxo- thioamide’ products free of
metal coordination.

An electrophilic alkyl group reacted with an o,B-unsaturated thicester iron
tricarbonyl complex produced an S-methyl substituted cationic iron
tricarbonyl complex. |

Alkynes reacted with o,B-unsaturated thioamide iron tricarbonyl complexes
forming new thioamide cyclopentenone iron tricarbonyl complexes. One
crystal structure was obtained.

Silicon alkoxides were used as a source of alkoxide to prepare carboxylic
esters in good yields from benzylic bromides and carbon monoxide

catalyzed by a rhodium complex under mild conditions.





