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ABSTRACT

The reactions of pentacarbonylmanganate anion with a-haloesters

(XCRlRZCOOEt), primary and secondary allylic halides, 2-bromoacyl

halides (XCRlRZCOX) and B, Y and §&-bromoacyl halides (XCHZ(CHZ)n0001,

n=1,2,3,) are described. These reactions were investigated using

55

Mn-N.M.R spectroscopy.

On reaction with Mn(CO)S—, ethyl 2-chloroethanoate and ethyl 4-
chloro-2-butenoate give high yields of the corresponding g—bonded
alkyl and allyl enolate complexes by nucleophilic substitution.

In contrast, afbromo and a-iodoesters give significant ylelds of

the non-substitution products Mn(CO)Sx and an(co)10 in addition to
substitution products. When these reactlons are carried out in
deuterochloroform, the organic by-products DCRRZCOOEt are observed.
The reaction of Na+[Mn(CO)5-] with ethyl 4-bromo-2-butenoate in
tetrahydrofuran gives, in addition to the ql-allyl_complex (34%),
Mn(CO)SBr (25%) and an(CO)10 (42%)., TFrom this reaction four organic
products were isolated: (a) ethyl 2—(2-carboethoxycyclopropyl)-3—
butenoate, (b) ethyl 6-carbethoxy-2,6~heptadienoate, (c) ethyl 4-(27-
carboethoxycycloproyl)-2-butenoate, and (d) ethyl 2,6-octadien-1,8-
dioate. The formation of the non-substitution products Mn(CO)Sx and
an(CO)10 is discussed in terms of electron-transfer and halogen-metal
exchange mechanisms, the latter mechanism providing the most likely
explanation for the results.

. The reaction of the pengacarbonylmanganate anion with 2-bromoacyl
halides gives ketenes and Mn(CO)SBf exclusively, rather than the
expected a-bromoacyl complexes. This reaction was developed into a
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convenient method for preparing mono-alkyl, vinyl and methylene
ketenes in high yields. The mechanism of this reaction was
investigated by theoretical calculations based on the Hartree-Fock-
Slater method which suggest that ﬁalogen—metal-exchange takes place.

Pentacarbonylmanganate anion reacts with g, ¥ and §~bromoacyl
halides (XCHZ(CHz)nCOCI, n =1,2,3,) to give the corresponding acyl
complexes. Thése comlexes give debrominated alkenes on heating;
however, the Y-bromoacyl complex gives some cyclopropane. The
formation of cyclopropane from this complex is discussed in terms of a
metallocycle intermediate.

The a, B~unsaturated ql-bonded enolate complex, 4-oxo-4-ethoxy-2-
butenyl manganese pentacarbonyl decarbonylates on heating to give the

5-bonded

corresponding 73~complex, which on further heating gives the n
oxo—-allyl complex. The structures of these complexes were determined

by X-ray crystallography.
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Chapter 1 Introduction

1.1 Historical Backgroundl’2

Organometallic compounds are defined as substances containing
carbon-metal bonds and the earliest examples of these species are the
alkyl zinc complexes Frankland3 discovered in 1840 and a platinum
olefin complex described by Zeiss4 in 1827. |

The first metgl carbonyl complex [PtClZCO]2 was described in 1868
by Schutzenbergers, and in 1890 Mond® prepared Ni(CO)4, and used
this preparation as a means ;f purifying nickel, Shortly after this,
in 1891, Mond’ prepared Fe(CO)S.

The bonding in metal carbonyl comlexes remained vauge for some
time. It was not until 1951 that a suitable model was described for
the bonding in such complexes, and the discovery of ferroceneg’g’10
in ‘the same year assured the future growth of organometallic
chemistry.

In contrast to other transition metals, the history of manganese
organometallics is not as comprehensivell. The first organometallic
compound of manganese to be fully characterized was dimanganese
decacarbonyl, whhich was first prepared12 in 1949, but not described

fully13 until 1954. At this time manganese pentacarbonyl iodide13,

sodium pentacarbonyl manganatelB, manganocenell”15 and

cyclopentadienyl



-2-

manganese tricarbonylls’16

were also described. The first fully
_characterized manganese (carbonyl) alkyl complex, methyl manganese

pentacarbonyl was describedl’ in 1957.

1.2 Transition Metal Organometallics in Organic Synthesis

The potential of transition metal organometalliecs to mediate
hovel organic reactions has led to some applications in organic

synthesisls’lg.

Transition metal caybonyl alkyl complexes have been
proposed as reagents for organic transformations, and this has been
explored in particular by Cooke20 and Collman21 for the chemiétry
involving Fe(CO)Az— 1, and its derivatives, 2 and 3. Such complexes
undergo reaptions specific to transition metal compounds, like
oxidative addition/reductive elimination, and

. carbonylation/decarbonylation as summarised below.

RX ) RX co O
RFe(CO)4 - Fe(CO)4 RCFe(CO)4

RCOR”

Somewhat similar chemistry has been developed by Heck22 using

Co(CO)4-. " Some organic reactions have also been developed

23

using CpFe(CO)z—.
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1.3 The Synthesis of Transition Metal (Carbonyl)

Alkyl and Acyl Complexes

There are a number of general methods for preparing acyl and
alkyl transition metal carbonyl complexes, and some of these are

described by reactions (1)=(7) below.

This thesis is concerned with the preparation and reactions of
alkyl, acyl aﬁd allyl manganese carbonyl complexes produced by
nucleophilic substitution reactions shown as numbers (5) and (1)23.
A number of other methods for preparing alkyl and acyl manganese

carbonyl complexes have been described.

(1) M-X + R M + R-X (2)

(3) M-H (4)
M~C-R
.
- 9 +
(5) M + RC-X M-CO  (6)
_R
M + R-X > uZ (7)
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Treatment of metal halides with carbanions2%»25,26 (1) has been

applied in manganese carbonyl chemistry but only for a limited number

of cases and these are shown below.

(CO)SMnBr + RLI @ — (CO)SMnR + LiBr (8)
R = CiHy, CH,Sile, 4
=C0 0C~., aPh
(CO) gMnBr + Ph,PCH,CH,CH MgBr ——-—> ,/Mn\ + MgBr,
oc? | o (9)
CO -

3
This reaction is limited by the availability of suitable carbanions
and 1s therefore not particularly general., This is reinforced
by‘the fact that attack can occur at a carbonyl ligand rather than at
the metal center to give aﬁionic carbene complexes, 6, rather than the

desired alkyl complex27.

Br
/
(CO)SMnBr + MeLi —_— | (CO)‘*MH\\C,OLi (10)
Me
8

Carbanions can also be used to prepare acyl complexes, for

example, 7 shown below28.



om
(CO) Mn" X + PhCH MgCl ——— (CO)cMnCOCH,Ph + MgCIX (11)

z

Treatment of alkenes and polyalkenes with metal hydrides has been
used in a number of preparations, and in particular it can be used to
prepare allyl complexeszg, for example, 8.

~N
Mn(CO) i + A NF ——— Mn(CO) ¢ (12)
8
This methéd is potentially useful, however manganese pentacarbonyl
hydride is not readily available and is somewhat difficult to
purify30.

The other methods (reactions (4) and (7)) have not -been applied

in manganese chemistry, although the potential is there. The reaction

of cationic alkene complexes with nucleophiles (4) has been studied3!

for iron complexes and has led to some useful transformations.

1.4 Overview and Objectives

The main aim of this thesis concerns the reactions of manganese
pentacarbonyl anion and organic halides with a view to preparing
manganese alkyl, acyl and allyl complexes as described in the previous

section. This study develops into two broad areas, firstly the
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general reactivity of Mn(CO)S', and finally some of the reactions of
the acyl and allyl complexes generated using Mn(CO)S". The
organization of this thesis reflects these themes, and although this
work 1s all related, topics have been separated into chapters, each
with a general introduction, results section and discussion. These

chapters address the following subjects:

Chapter 2: The reactions of Mn(CO)S— with alkyl and allyl halides.
An original aim of this work was the preparation of allylic manganese
complexes, 9, which are potential precursors for functionalized 73—

allyl compounds, 10, as shown below.

R2
RL_ AR
Na'[¥n(C0) "] + —> Ma(C0)g 9 +X

X :
o o

Ma(CO), 10 + CO

29,32 and it was

Examples of such reactions are well known
expected thét this reaction would be reasonably general and would
therefore give high yields of both the 71 and 73 compounds, using a
variety of R substituents. However, an observation by Sorensen and

2

Oudeman33, in this laboratory, that ethyl 4-bromo-2-butenoate (R1=R =H

R3=COOEt) reacts with Mn(CO)S- to give only dimanganese decacarbonyl,
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prompted a reinvestigation of Mn(CO)S' reactions, since these appeared
to be not as general as previously supposed. Using 55Mn—N.M.R. as the
priﬁary tool of analysis, this reaction was found to give the °
desired allyl manganese complex, along with substantial amounts of
manganese pentacarbonyl bromide as well as dimanganese
decacarbonyl. This leads to the topic of Chapter Two, a study of the
preparation of alkyl and allyl manganese carbonyl complexes using

Mn(CO)S-, with the following objectives:

(a) To examine the reactivity of Mn(CO)S- with akyl and allyl
halides.

(b) To explore the factors which influence the yield of alkyl and
allyl complexes from this reaction.

(c) To study the mechanism of the reaction.

This problem was approached by looking at the reactions of
MH(CO)S- with 2-halo esters, with reference to three possible
mechanisms: normal SN2 displacement, halogen displacement with

electron transfer (E.T.), and halogen metal exchange (H.M.E.).

Chapter 3 A second major objective of this thesis concerns the
preparation of a, B,7Y and 8-bromoacyl complexes of the gemeral type,

11.

- I -
Mn(CO)5 + BrCH,(CH,) CC1 ———» BrCH,(CH,) CMn(CO)s + Cl (14)

11 o = 0,1,2,3.
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It was expected that 2-haloacyl complexes, 1l where n=0, could serve
as precursors to methylene manganese complexes, 12 or 13.
% :
CH,=Mn(C0), + 2CO
12

o
XCHZ&MF(CO)S (15)

CH2=Mn+(CO)5 + X+ CO

13
The reaction of Mn(CO)S- with 2-bromoacyl halides does not yield the
desired'acyl complex, 11, n=1, X=Br, but gives manganese pentacarbonyl

bromide and ketenes, 14, instead:

Mn(co)s“ + BrCRRCOX =t Mn(CO)SBr +

This is related to the reactions described in Chapter Two, but in this
case Mn(CO)SBr is the sole product.

Acyl complexes with more remote bromine substitution 15, can
however be prepared and this allowed a return to the original
objective i.e. to see if the system would oxidatively add the carbon-
bromine bond in an intra-molecular fashion, in this case to possibly
give a metallocycle intermediate 16. This is a potentially useful

~reaction since a subsequent ring closure by reductive‘elimination
would be subject to stereochemical factors as a result of using the

metal center as an intermediate "template" in the cyclisation (17).



-CO Q0 q
oce. | €
BrCH,(CH,) CMn(CO) s — C/M{\C g(CHﬁn(U)
15 n = 1,2,3 0 (I: Br 2
0

16

Chapter 4 The reaction of Mn(CO)S_ with 2-bromoacyl halides is a
potentially useful way of preparing ketenes. Thus it was decided to
investigate this reaction as a practical ketene synthesis. Since the
products of this reactioﬁ were straightforward, the mechanistic
details of the reaction are treated separately, but it should be noted
that the conclusions formed fit with the reactivity patterns of
Mn(CO)S- in a more general sense. Theoretical calculations were

carried out on this reaction and are included in the discussion.

Chapter 5 The final objective of this thesis relates to the structure
and reactivity of complexes resulting from the thermal decarbonylation

of manganese allyl esters as shown below.
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0
0 | R
X %l\\/U\R m | (18)
Mn (CO)S — Mn(CO)l' —_— Mn(C0)3 .
-C0 -CO
17 8 8

3 5

Since ﬂl, N7 and 7° bonding modes (complexes 17, 18, and 19
respectively) would all be accessible for the same ligand using this
sequence, a full characterization of these complexes by X-ray

crystallography was sought.
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Chapter 2°

2.1 Introduction: The Reactivity of Mn(CO)S_ with Organic Halides

The reaction of Na+[Mn(CO)5-] with organic halides to give

substitution products has been successfully used to prepare a number

of alkyl 20 and acyl 21 complexes in high yields34.

co
oc.. | .co
_ P RX “Mng 20
l _ L0, Co
0 C——Mn (19)
~\‘to €O
Co \ oc._ | €0
— — RCOX Mn’

) 21
oc?” l \Q’R
c0O O

Such complexes are of interest since they can conceivably
undergo reactions such as carbonylation35 (20) decarbonylation36 (21),
éddition/reductive eliminationd’ (22), addition (23)38 and the alkyl

ligand 1s readily decomplexed by treatment with acid (24)39’40.

Cco Q
(C0) Mn-R — " (co)gmcr (20),(21)
’ ~-CO
R™M R _ L _
(CO) Mn-R — (CO) ,Mn ————— (CO) ,MnL~ + RCOR” (22)
5 3 4

COR~



0
Ner
co Q \__/
(CO) Mn-R ——> (CO)gMnCR ——— (C0) Mn (23)
HX
(CO)SMn~R > (CO)5MnX + R-H (24)

The substitution reactions of Mn(CO)Sh with organic halides are
illustrated by the reaction of Na+[Mn(CO)5_] with methyl iodide and
acetyl chloride, the latter reaction being described in Inorganic

Szgthesis41, to give the methyl17 and acyl complexes 22 and 23 ,

respectively.
Na+[Mn(CO)5—] + CH,I —— CHy-Mn(CO)g + NaI | (25)
22
+ - 8 2
Na*[Mn(C0) ] + CH,lC1 ———> CHyC-Mn(CO)5 + NaCl (26)
23

The reaction is also successful for a number of functionalized organic
halides; allyl and benzyl chloride or bromide react to give the

corresponding substitution productszg’42 24 and 25,

PhCH,C1
/ 3
Na+[Mn(co)5'] '
r/qt> Mn(CO) -

5 + Cl

PhCHz—Mn(CO)5 + Cl

(27)

Cl
E‘i

and similarly 2-chloro carbonyl compounds and chloro ethers
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give 26 and ng3’44.

0
0 RHCHZ-Mn(co)5 +c1”
RéCH2c1

26

NaT[Mn(CO) (28)

5 |

ROCH,C1
ROCH,-Mn(CO)5 + cl”

2z
Thus the reaction seems quite general and Mn(CO)S- tolerates a number

of functional groups. However, Mn(CO)S_ does not react34

with vinyl
or aryl halides and simple secondary and tertiary alkyl halides are
reported to glve only an(CO)10 and hydrocarbon45 when treated with
Mn(CO)S-. This problem can be overcome by forming the corresponding

acyl complex first followed by decarbonylation and this is illustrated

by the preparation of phenyl manganese.pentacarbonyl.

Na*[Mn(co)S"] + PhCOCL > (CO) MnCOPh

A
(29)

(CO)SMn-Ph + CO

28

The mechanism of the substitution of halide by Mn(CO)S— has not

received a great deal of attention, although metalate anions in

46,47

general have been studied thoroughly , particularly Fe(CO)42— and

CpFe(CO)Z-. Pearson48 has shown that in the reaction of optically
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active (=) BrCH,CHCOOEt with Na'[Mn(CO) "] there is 60% inversion,
from which it was concluded, by analogy with other metal carbonyl

anions, that the reaction follows an SNz mechanism49.

inversion

(-)MeCHBrCO  Et + Mn(co)s" —_— MeCH(COOEt)Mn(CO)S + Br (30)

2

[al, -6.0°

Br2 retention

(+)MeCHBrCOQEt
[al, +1.0°
In a more recent study Pearson measured the relative rates of
substitution for the reaction of various metalate anions with methyl
iodide and methyl tosy}ate, including the reaction of Na+[Mn(CO)5_],
and found evidence for an electron transfer component in the
substitution reaction with methyl iodideso.

The generality and reactivity of Mn(CO)S- in substitution
reactions has not been systematically studied. One would predict that
the rate of substitution would depend on structural and electronic
effects in a way associated with the SN2 mechanism, with possible
modifications if electron transfer is the preferred mode.

Some guide to the nucleophilicity of Mn(CO)S_ relative to other
. transition metal carbonyl anions comes from the rate data of
PearsonSO’SI, for the reaction of these anions with methyl iodide,
gi?en in Table 2.1. From this Table it is clear that Mn(CO)s— is a

relatively poor nucleophilé; particularly when compared to

CpFe(CO)z-; however, it is only ca. 102 times less reactive than
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Fe(CO)42_ and is more reactive than Co(CO)A-, two anions which have

been used extensively to make alkyl complexeSZI’zz.

Anion - Rate Constant (M_ls-l)
CpFe(C0),~ 2.8 x 10°
CpRu(C0),~ 3.0 x 10°

CpNL(CO) ™~ 2.2 x 10°

Re(C0) " 1.0 x 103

Fe(c0) 2" 5.0 x 102

Mn(co)s‘ 7.4

pr(co)3“ 2.4
CpMo(CO)B_ 1.5
CpCr(C0) ,” 7.5 x 1072

Co(C0),” 4.4 x 1072

Table 2.1 Nucleophilic Reactivities for Selected Carbonyl
Metallate Anions with Methyl Iodide in Tetrahydrofuranso.(Rate
constants,M—ls—l)

The work outlined above leads one to expect that the
substitution reactions of Mn(CO)S- would be quite general in giving

high yields of substitution products, at least for substrates
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activated towards Sy 2 nucleophilic substitution.

Some work carried out in the mid 1950”s and early 1960”s implies
that there might be some competing reactions34, for instance Mn(CO)S-
was found to react with tropyl}um bromide to give bitropyl and not the

substitution productSz.

+ NaT[Mn(co) _— (31)

5 ]
Br
+Mn2(CO)1O + 2NaBr

Also, the reaction of Mn(CO)S- with some fluoroalkyl iodides yielded
non-substitution products, giving coupling53(32), elimination54(33)

and halogen exchange55(34) instead:

FiC-CF3 + Mn(CO)sI +-Nal (32)
2CF,I
3
N _ - IFC(CFy), P
Na"[Mn(C0) ;"] »  C=CF, + Mn(CO)sI + NaF  (33)
FaC
CeFcI
65 c6F5'Na+ + Mn(C0) I (34)

These early observations show that non—substitution products can be
formed, but the dependence of these side reactions on the structure of
the organic halide and the reaction conditions have not been defined.

The original explanations for these non-substitution products were
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based on the stability of the product, for instance tropylium
manganese pentacarbonyl was expected to decompose to give the observed
products. The products of the fluoroalkyl ilodides with Mn(CO)S_ on
the other hand have been explained in terms of the reversal of
polarity of the C-I bond due to the inductive effects of fluorine
substitution34’35.

More recent studies have dealt with the reactions of Mn(CO)S-
which give the desired substitution products, some of which were

described earlier, although Basolo32

recently found that the reaction
of 2- and 3-t-butylallyl bromide with Na+[Mn(CO)5-] gave Mn(CO)SBr and .
an(CO)10 as by-products.

Mn(CO) 5‘
t'BU I.-Bu (35)

(% N ,
Br Mn(CO)5 + Mn(CO)SBr

+ an(CO)r10

The yields of Mn(CO)SBr and MnZ(CO)10 were not reported, nor was
the méchanism for the;r production discussed, but this does confirm
the earlier observation by Sorensen and Oudeman that the substitution
reaction of primary allylic haiides with Mn(CO)S— (see Section 1) may
not be as general as one might expect.

With these features in mind, this work has two main objectives:

(1) to look further at the generality of the substitution reaction of

ﬂMn(CO)S- with organic halides and (2) to try and find experimental

conditions which minimize side reactions (and by-products) in order to

enhance the possible synthetic utllity of organo-manganese
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intermediates

2.2 55Mn—N.M.R. Spectroscopy

In order- to assess the efficiency of the reaction of Mn(CO)S_
with organic halides a suitable method was required to determine the
yield of the alkyl products and to identify and quantify any
biproducts in‘the reaction,

As was previously mentioned in Section 2.1, such reactions of
Mn(CO)s_ might be expected to give manganese pentacarbonyl halides 30,
an(CO)10 31, as by-products either exclusively or in addition to the

alkyl or acyl complex 32.

co co CO
X Mn(c0)s | R |

CO—Ma—C0  CO—MA——C0 CO—Mn—C0

| 7/ I /

Cco Cco Co

Co co : ‘ 0
X=2¢, Br, I . R = alkyl, acyl

30 31 32

Since alkyl complexes are frequently unstable under a number of
work-up conditions, a method was sought which circumvented their
isolation as a means of determining their yields. The classical
technique, widely used for the identification of metal carbonyl
complexes, is infra-red spectroscopy. While the carbonyl stretch
region in the Infra-red spectrum can give a great deal of information

56,57

concerning the geometry of carbonyls at the metal center , this

method is not always suited to the study of mixtures of structurally
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related complexes such as 30, 31, and 32.

55

In contrast, Mn-N.M.R., spectroscopy is very sensitive to the

electronic environment of the manganese nucleus and resonances

associated with 30, 31, and 32 are quite unique and widely separated

55 58 55

in the 7“Mn-N.M.R. spectrum”°. Thus, Mn-N.M.R. was investigated as

a technique for determining the yilelds of alkyl and acyl complexes in
the reactions of Mn(CO)S_ with organic halides.

The nuclear magnetlc properties of 55Mn are listed in Table 2.2

1 59 55

along with those for “H and 13C for comparison””’, C(Clearly, Mn is

not a difficult nucleus to observe by N.M.R. spectroscopy, having 100%

13C.

natural abundaﬁce and a sensitivity ca. 103 times that for
However, having a spin I=5/2 it has a quadrupole moment and so broad

slignals are expeéted, particularly for less symmetric complexes.

IH 13C SSMn
Spin: 1/2 1/2 5/2
Natural Abudance: 99.98 1.11 100 (%)
Quadrupole moment: - - 0.55 x 10_28m2
Receptivity: 5676 1.0 994 (/13C)
Frequency: 200 50.3 49.34 (MHz)

Table 2.2. Nuclear Magnetic Properties of 55Mn

The 55Mn—N.M.R. chemical shifts of alkyl, acyl and halo manganese

pentacarbonyl complexes were first investigated by Calderazzo60

.

et al. in
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1967 and the chemical shifts and line widths for these complexes are
given in Table 2.3. There 1s a general trend in chemical shift

associated with the polarity of the L-Mn bond, thus Can(CO)5

(formally Mn(l)) is at low field, -985 ppm; MnZ(CO)lO (formally Mn(0))
at —22?1 ppm and Me3SiMn(CO)S (formally Mn(-1)) at high field, -2660
ppm. This wide range of chemical ghifts is particularly useful and
illustrates the sensitivity of metal ﬁuclei in general to changes in
the ligand. Since this early study, there have been a number of other
manganese systems measured58’59’60’6l, particularly complexes of the

general type (CO)SMnMR3 (M = Sn, Si, Ge)62 and HMn(CO)S_n(PF3)n63;

55Mn—N.M.R. spectroscopy has not been widely used in manganese

however
carbonyl chemistry. Attempts to correlate the 55Mn N.M.R. chemical
shifts of manganese complexes with electronlc parameters have been

64,65

made , although in general chemical shift/structure relationships

remain essentially empirical.

2.2.1 The Chemical Shifts of Mn(CO).X, Mn, (C0); 4o Mn(co)axz- and

Mn(CO)S-‘

Some of the chemical shift data obtained in the present work is
given in Table 2.4 and there 1s reasomably good agreement with the
chemical shifts reported by Calderazzo60 (Table 2.3). The chemical
shift of an(CO)10 in THF was determined from its measured frequency
from KMnO4 (in DZO)’ although both signals could not be observed in

the same
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Table 2.3 55Mn—N.M.R. Chemical Shifts for Manganese Carbonyl

Complexes Reported by Calderazzo (in THF).

8 yith respect to KMnO4 in D20



(CO)SMnCl
(CO)5MnBr

(CO)SMnI

(co)4 MnI,

(CO)SMnCFS

(CO)sMnCOCHF2

(CO)SMnCOCH F

2

(CO)SMnCOCH3

(CO)SMnCF3

(CO)SMnCHF3

(CO)SMnCH ¥

2

(CO)SMnCH3

(CO)SMnCOCH Cl

2

(CO)5MnCOCHMe2

(CO)SMnCOCHZEt

(CO)SMnCOCHzMe

(CO)SMnCOCHzPh

(CO)SMnH
Na[Mn(co)S']
(CO)3MnCp

Mn2(00)10

-22-

Shift®

-1004
-1160
-1485
-1020
-1850
-1885
-2010
-1895
-1850
~1970
-2130
~2265
-1855
-1885
-1900
-1950
-2035
-2630
-2780
=-2225

-2325

W1/2 /HZ

331

688

1013

4675

3329
3729
4675
3838
3201
4183
4328
3040
6365
5184
5820
5002
9331
4347
10585
10039

83
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Shift? W)/, (Hz)
(co)SMnc1 . -985 450
(CO) gMnBr -1156 790
(CO) Mn1 " =1450 1156
(CO)4MnBr2— -618 3800
(CO)4Mn12_ -1011 4810
(CO) MnH -2500 4105
PPN [#n(CO) | -2690 6500
L1 [Mn(c0) ;"] -2694 ' 6500
Na*[Mn(c0) ] -2675 7100
K*[n(c0) ] 2666 6800
Mn, (CO) -2281(-2325)° 74(83)P

Table 2.4 -°Mn-N.M.R. Chemical Shift Data

for Manganese Carbonyls in THF

a ppm with respect to KMnO4 in DZO,.i 4 ppm.

b literature value60
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spectrum. (The maximum spéctral width obtainable on the Varian XL-200
is 50kHz or ca. 1000 ppm). Because of this, an(co)lo was used in
this work as a more convenient secondary reference. As a further
consequence of this limited spectral window, where signals are more
than 1000 ppm apart, the signal outside tpe region being observed is
"folded back" into the observed spectrum. This effect can be taken
into account and "folded" signals easily recognized.

The disparity between the chemical shift for an(co)10 reported
here (-2281 ppm) and that reported in the literaturef? (~-2325 ppm, a
difference of 44 ppm) deserves some comment. Since the published
cheﬁical shifts also used MnZ(CO)10 as a secondary reference signal, a
correction factor of 44 ppm should be applied to make the two sets of
data compatible. Differences in the chemical shifts for other
compounds are variable, even when the correction factor is applied,
but the values are generally within +90 ppm. Of course, the published
data is now quite old and N.M.R. spectrometers are somewhat more
accurate today, having improved field stability. 7

The differences in the repdrted and observed line widths (the
reported line widths for manganese pentacarbonyl halides are
substantially lower than those reported here) can be explained since
there are field dependent T1 (Té) rélaxation times and these
.relaxation times are expected to be faster at the stronger fields used

in the present work.
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55

2.2.2 The Mn-N.M.R. Chemical Shifts for Alkyl, Acyl and Allyl

Manganese Carbonyl Complexes

The chemical shifts determined in this work for a variety of
alkyl, acyl and allyl manganese carbonyl complexes are given in Tables
2.4 and 2.5.

Some refinements in structure/chemical shift correlations can
now be made additional to those discussed earlier. Unsaturation in
the 1ligand deshields the manganese nucleus by about 54 ppmrfrom
CH3Mn(CO)5, l.e. data for nl—allyl manganese pentacarsonyl. ‘This
effect 1s even stronger in oxo-analogues such as the ester complex

(CO) .MnCH,COOEt, which 1s 92 ppm to lower field of the methyl complex.
5

2

Further alkyl substitution at the carbon bonded to manganese results
in a further downfield shift, as in (CO)SMnCH(CH3)COOEtt which is
shifted downfield from CH3Mn(CO)5 by 122 ppm. However, on the whole
the chemical shifts for alkyl and acyl manganese pentacarbonyl

complexes come in a relatively narrow range.

Loss of a carbonyl ligand and formation of the n3-a11y1 complex

has the reverse effect, illustrated by a 210 ppm upfield shift on

going from nl-(CO)SMn—CH CH=CH2‘§§ to n3-(C0)4MnCH CHCH,, 34.

2 2

AN AN
€0 | - co

CO—Mni=—C0 Mn
8 | o/ x
Co co C0

33 -2065ppm 34 -2275ppm



T =26~

Shift? W1/2(Hz) solvent
(CO) cMnCH, (-2265) (3040) THF
(C0) MnCH,,CH=CH,,  =2065 2010 THF
(C0) (MnCH,, CH=CHC ;H -2043 3050 THF
(G0) MnCH,, CH=CHCOOE -1949 3400 THF
(C0) MnCH ,CH=CHCOOCHy -1929 3800 THF
(CO) (MnCH,,CH=CHCOMe ~1939 3000 THF
(C0) (MnCH,,CO0C, By -1929 2250 THF
(C0) MnCH ,COOC, Hs ~1921 2900 CHCL
(G0) MnCHCH4C00C, Hy -1900 2010 THF
(C0) MnCHCH ,C00C, Hy -1891 2600 CHCL,
n3-(co)4MnCHZCHCH2 ~2275 1600 THF
n3-(C0)4MnCH2CHCHCOOC2H5 -1981 3000 THF
ﬂ3-(CO)4MnCHZCHCHCOOCGH5 ~1941 3100 THF
(C0) JMnCp -2195 9200 THF
(C0) gMnCpMe ~2188 10560 THF

Table 2.5 > Mn-N.M.R. Chemical Shift Data for Alkyl

and Allyl Manganese Carbonyl Complexes

a ppm with respect to KMnO4 in DZO’ +4 ppm.
b corrected literature values6o.

€ solution also contained PPN+ cL .
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Shift? “ Wy/9 (Hz)
(CO) MnCOCH,, (-1851)P (3838)°
(CO)SMnCOCHZCl' (-1855) (6365)P
(CO) ;MnCOCH ,CH ,Br -1842 6100
(CO) sMnCOCH.,CH,CH ,Br ~1874 7250
(€0) MnCOCH,,CH ,CH ,CH,,Bx ~1888 7300
(C0) (MnCOC H, -1827 5040
(CO) sMnCOCH.,CH=CH,, -1859 4610
(CO) MnCOCH,,CH=CH-CH=CH,, ~ -1857 5562
(0055Mncocn=CH—CH3 -1877 : 7150
(CO) 4MnCOCH=CH ~-1862 5410

Table 2.6 55Mn—N.M.R. Chemical Shift Data

for Acyl Manganes—Pentacarbonyl Complexes

in THF, 25°C.

a ppm with respect to KMnO4 in D20 t4ppm.

b corrected literature values60

This effect is partially cancelled by electron withdrawing

substituents on the allyl ligand, with only a 32 ppm upfield shift om
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going from 35 to 36.

9 ' 9
. K] .
NOEt //\I\/\OEt

Mn(CO) Mn(CO),

35 ~1949ppm 36 -1981ppm

Acyl complexes (RCOMH(CO)S) also have resonances which come in a

55Mn—N.M.R. spectroséopy,

relatively narrow range of chemical shift in
as the results in this work show (Table 2.5), although theré is some
overlap with values for alkyl and allyl complexes.

One feature that does appear to be general is that alkyl
complexes are about 100 ppm to higher field than acyl complexes; this

is illustrated by the 206 ppm difference on going from 37 to 38.

, -CO
(co) sMnCOCH,,CH=CH, ——> (CcO) sMnCH,CH=CH,, (36)
-1859 ppm -2065 ppm-
37 38

The chemical shift data obtained in this work 1s summarized in

Figure 2.1.

2.2,3 Line widths in 55Mn—N.M.R. Spectroscopy
55

As previously mentioned, Mn-N.M.R. linewidths are very

sensitive to the symmetry of the attached ligands, due to the
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Figure 2.1 Summary of 55Mn—N.M.R. Chemical Shifts
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quadrupole moment of the nucleus. This is illustrated dramatically by
the changes on going from the tetrahedral Mn04" 39 to "octahedral"

Mn(CO)SCl 40 to the "piano stool" complex CpMn(CO)3 41,

e cl
O\ 0 0C._ | -.C0 @

L ‘

Mn{ _Mn Mn,
O/ o oc” | o /" \ow
CO . co co
5 40 4

The relationship between structure and the observed linewidth

55Mn--N.M.R. signals 1s somewhat ill-defined, only broad

) (W1/2) of
generalizations like those made above can be maﬁe from the data

. presented here. Other workers have noted that for related complexes
there is a relationship between chemical shift and 1inewidth60’62, a
feature which is observed for Mn(CO)SX, (X=1,Br,Cl,H). For the alkyl
and acyl complexes described here there is little correlation, the
linewidth appears to be very sensitive to subtle changes in the

55Mn&N.M.R. resonances is of

attached ligand. The linewidth of
practical significance, since in some complexes the signal is
sufficiently broad that it cannot be distinguished from baseline

noise. For example, it was not possible to observe a signal for the

ns-complex 42,
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N >—0Et
‘ 0
Mn(CO)3

42

By analogy with CPMH(CO)3 one would expect the complex 42 to give a

broad signal which would explain why no signal was observed.

2.3 The Preparation of Manganese Pentacarbonyl Anion

Many anionic transition metal complexes can be prepared by
reduction of the corresponding metal carbonyl halide or bimetallic
carbonyl complex. Manganese pentacarbonyl anion 43 is no exception
and can be obtained by reduction of the readily available dimanganese

decacarbonyl66.

Reductant (2e™)

Mn, (CO) >  2Mn(CO) = (37)
2277710 THF, 25°C > '

Suitable reducing agents are 1ithium meta167, dilute sodium

68’69, sodium potassium alloy70 and lithium

71,72

amalgam
triethylborohydride Since the anion was required in this study
with different alkali metal counterions, all these reducing agents
were used and so their relative merits can be discussed.

Lithium wire is not very convenient to use since 1ts surface must

be constantly stripped in order to achieve reduction, simply stirring
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the solution over freshly cut wire in THF at 25°C did not give any
Li+[Mn(CO)5_] even after stirring vigorously for 24 hours. Coarse
lithium sand on the other hand did effect reduction but frequently
required an unpredictable induction period, after which the reduction
was very rapid. Once the reduction had commenced it was quite
difficult to control, and if insufficient care was not taken, partial
or even complete decomposition of the anion took place.

Lithium or sodium trieth&lborohydride effects the reduction in a
fairly clean fashion, the by-products of the reduction being hydrogen
gas and volatile triethyi boron.

1 hour

N o )
an(co)10 + 2LiEt,BH m 2L1 [Mn(co)5 ] + H, + 2BEt, (38)

However, solutions prepared in this manner invariably contained 5

55Mn—N.M.R.) even after

- 10% unreduced MnZ(CO)IO (determined by
prolonéed reaction times. In order to achieve this degree of
conversion a 25% excess of the reduclng agent is required71, and since.
LiEtBBH is a very efficient reductant for alkyl halides, this
introduces an unnecessary complication, particularly in mechanistic
studies.

The potassium salt of manganese pentacarbonyl anion can be
obtained by the room temperature reduction of an(co)10 using liquid
sodium~-potassium glloy (NaK2.8). This is a'fairly con?enient method,
but requires up to 5 hours to achieve complete reduction in THF.

Dilute (1%) sodium amalgam was found to be the most convenient

reducing agent for preparing Na+[Mn(CO)5—]. Complete reduction is
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possible after only 30 minute in THF, and the solution is easily
separated from the mercury by transfer needle and filtering. A number

of studies73

s including one carried out in this laboratory and
discussed later, have shown that the solution can be contaminated with
up to 10% of mercury salts, This problem can be eliminated by
ensuring that all mercury 1is removed prior to use.

For preparative purposes Na+[Mn(CO)5'] was used exclﬁsively,

however in some cases this salt was converted into the M-nitrido

bistriphenylphoshine (+1) salt/4»75 (ppNT) 44,

Na+[Mn(CO)5"] + [Ph,P=N=PPh,]C1" (39)
THF, 25°C
[Ph3P=N=PPh3][Mn(CO)5—] + NaCl

44 85 - 90%

This-salt has a number of advantages, since replacing sodium ion
with a bulky counterion makes the salt much more stable to air
oxidation74. Na+[Mn(CO)5_] can be isolated as a white
microcrystalline salt from THF solutions but it is extremely air
sensitive, decomposing exothermically upon brief exposure to the
atmosphere. The PPN+ salt on the other hand can be exposed to air for

up to 2 hours before showing signs of decomposition and if stored

under argon 1s stable indefinitely.

2.4 The Reduction of Mn,,(Co)10 with Méthyl Lithium
During a study carried out in the present work concermning the

reaction of methyl lithium with alkyl manganese complexes, some
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Mn(CO)S- was observed in the reaction mixtureé. This was eventually
attributed to the reduction of an(co)10 impurity formed in in-situ
preparations of these alkyl complexes. Since this is a potentially
useful way of preparing Li+[Mn(CO)5_], the reaction was explored
further. Treatment of a THF solution of Mn2(00)10 with 2 equivalents
of methyl lithium (as a LiBr complex in diethyl ether), at 25°¢,
resulted in the rapid formation of Li+[Mn(CO)5—] confirmed by the

1 and 1895 em™!) and 2OMn-N.M.R. ( 6=

infra-red spectrum ( 1201861 cm
-2694 ppm).

The reaction was accompanied by the steady evolution of 0.7 - 0.9
equivalents (determined by gas burrette) of methane (identified by
G.C. gas analysis), containing traces of ethane (7%) and ethylene
(37%).

The yield of the anion was established 'by reaction with an excess
of iodine (reaction (40)), from which Mn(CO) ;I was isolated by‘flash
chromatography in 547 yield and suggesting that the reaction is not as
clean as the spectral data implied. Reaction of Na+[Mn(Co)5_],
prepared using sodium amalgam, with iodine followed by flash
chromatography gilves ; 92% yield of Mn(CO)SI, and the Inorganic

76, using the same reagents, reports a 827 yileld

Synthesis preparation
_isolating the product by recrystallization. Some intractable polar
material remained after the work-up of the methyl lithium reaction.
Although this residue was soluble in THF the I.R.-spectrum of such a

solution was broad and featureless.



-35-

Li+[Mﬁ(CO)5-] + I, ——> Mn(CO)gI + LiI (40)

2

The formation of methane in this reaction Is somewhat surprising
since it implies that C-H bond cleavage takes place at some stage in

77

the reaction. There is precedent that the first step in this

reaction involves attack at a carbonyl to give the carbene complex 45.

an(co)10 + MeLi —————+-Mn(co)5-fm(co)4 (41)
Me “OLi
45

This carbene complex would be expected78 to be in equilibrium with

“ Mn(CO). and Mn(CO)_Me as shown below:
5 5 :

—_ + -
Mn(CO)S—%m(CO)4 — Li [Mn(CO)5 ] + Mn(CO)SMe (42)
Ve oL,
e OLi
In the present work no Mn(CO)SMe was observed in the I.R. or in 55Mn—-
N.M.R. spectra taken during the reactlon, even when after only one
equivalent of methyl lithium had been added to the MnZ(CO)IO' This
mechanism would require that Mn(CO)SMe reacts further with methyl

lithium to give methane, a reaction for which there is no precedent,
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indeed .attack at a carbonyl seems more 1ike1y37.

MeLi

Mn(CO) e ———— Mn(co)58H2 + CH, (43)

46
One could speculate that methyl lithium attacks the methyl group
preferentially to give the carbanion 46 which either decomposes or

reacts further to give the intractable products observed.

2.5 The Reaction of Na+[Mn(CO)5-] with Primary Alkyl Halides

17,79 to

Both methyl iodiae and ethyl iodide have been shown
react with Mn(CO)S- to give the corresponding alkyl manggnese
complexes. In the present work solutions of l-chlorobutane, 1-
bromobutane or l-bromoethane in THF did not react with Na+[Mn(CO)5"]
at 25°C even after four hours. The signal corresponding to

55Mn-N.M.R. spectrum.

Na+[Mn(CO)5-] remained unchanged in the
Because of this absence of reactivity the reaction of Mn(CO)S—
with substrates which are not activated towards SNZ reactions was not

investigated further.
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2.6 The Reaction of Na+[Mn(CO)5-] with Primary Allylic Halides

The reaction of Mn(CO)S- with allyl chloride or allyl bromide was
described in 1961 by McClellanigglgl.zg, where it was found to give
good yields of the allyl complex 24. Such complexes undergo thermal
decarbonylation to give 73-allyl csmpiexes, which are potentially
useful synthetic intermediates. This decarbonylation is more fully
described in Chapter 5.

The reaction of allyl chloride and allyl bromide with
Na+[Mn(CO)5-] was repeated in this study and the in situ yield of the
allyl complex 24 determined by 55Mn—N.M.R. spectroscopy.
Tetrahydrofuran solutions of Na+[Mn(CO)5-] were‘rapidly mixed with
neat allyl bromide or allyl chloride and the 55Mn-N.M.R. spectrum
measured. The immediate formatlion of a precipitate.of sodium halide
in both solutions indicated that a very rapid reaction took place and

this wés confirmed in the 35

Mn~N.M.R. spectrum, the signal
corresponding to Na+[Mn(CO)5_] had disappeared within ten minutes and
a new signal was observed at -2065 ppm corresponding to the allyl
complex 24. The only other signal in the 55Mn--N.M.R. spectrum
corresponded to a trace of an(co)10 present in the Né+[Mn(CO)5—]
solution to begin with. The allyl complex 24 was subsequently
isolated and purified and shown to give the same 5SMn—N.M.R. signal
observed in the in situ experiment.

Similar results were also obtained for the reaction of'
Na+[Mn(CO)5_] with 3-chloro or 3-bromo-l-phenyl-l-butene 47, (this

reaction has been described previouslygo).
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R R

Na+[Mn(CO)5-] + X ———  Mn(C0); + NaX
47 R = Ph or H 24 >95% (44)
= Cl or Br

X
The success of these reactions prompted a reinvestigation of the

reaction of Né+[Mn(CO)5_] with efhyl 4-bromo-2-butenoate 48,
previously observed by Sorensen and Oudeman to give only MnZ(CO)IO'
This reaction was repeated in this study and 55Mn—N.M.R. spectroscopy
indicated that the reaction gave several products. Rapidly mixing of
ethyl 4-bromo-2-butenoate with a THF solution of Na+[Mn(CO)5-] at 25°C
resulted in the immediate formation of a precipitate of sodium

55Mn—N.M.R. spectrum of this solution contained three

bromide, and the
resonances (see Figure 2.2). Resonances at —-1156 ppm and -2281 ppm
correspond to Mn(CO)SBr, and an(CO)10 and a resomance at -1929 ppm
was subsequently assigned to the allyl complex 49. The yields of these

products were determined by integration of the 33

Q 9
] )
NJ\OEt Mn(CO) 5' |/\\,/l\0Et

Mn-N.M.R. spectrum.

Br e o Mn(CO). + Mn(CO)_.Br + Mn,(CO)
THF 25°C 34% ° > 271045y
48 10 min. 49 25% 427%

The products of this reaction could be separated and 1solated by
flash chromatography (silica/CHZCiz) and the formation of Mn(CO)SBr
and an(CO)10 was confirmed. The new compound 49 was isolated as a
pale yellow air éensitive 0il in 207 yield, and 55Mn-N.M.R.

spectroscopy confirmed that this product was respomnsible for the
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Figure 2.2 In situ >

with Ethyl 4~halo-2-butenoate- (THF, 25°C)

Mn~-N.M.R. Spectra for the Reaction of Mn(CO)S"
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resonance at -1929 ppm in the 35

Mn-N.M.R. spectrum of the crude
reaction mixture. The full characterization of this compound is given
in Chapter 5.

Further elution of the flash chromatography column with diethyl
ether yielded a colourless oil. This material did not contain any
bands in the infra-red spectrum associated with metal carbomyls and
G.C. analysis indicated that‘it consisted of four organic products.
These products were separated by preparative G.C. and the mass spectra
indicated that these products all had a probable molecular ion at m/e
226, corresponding to dimerization of the ethyl butenoyl fragment.

The lH—N.M.R. spectra of these products were consistent with the

structures 50,51,52, and 53.

0 0
OFEt = OFt
SR 5 21
/ OFt = OEt
0 0
Q 0
AN OEt 74 OEt
52 2% 53 43%
w OEt Ot
0 0

(cd 23%, overall yield)

The diesters 50 and 51 are known, and the 1H—N.M.R. spectra

obtained agree with those reported in the 1iterature81 for the same
compounds. The cyclopropyl diesters 52 and 53 are unreported, however

the protons of the cyclopropyl rings give characteristic high fleld
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multiplets with chemical shifts similar to those reported for other
substituted carbethoxy cyclopropanessz.

The lH—-N.M.R. spectrum of 52 contained resonances at 0.70'— 0.95
ppm and 1.45 ppm (multiplets) which were assigned to the protons of
the cyclopropyl ring.

Compound 53 was isolated as an unequal mixture of diasteriomers
which were only partially resolved in the G.C., but sufficient of each

could be obtained for 1

H-N.M.R. analysis. Both isomers had similar
spectra, the resonances for the cyclopropyl protons appearing at 0.82-
0.92ppm, 1.48-1.63ppm and 1.75-1.79ppm.

Extensive double resonance experiments on all these compounds

were also consistent with the structures ég_and_ég.

2.7 The Effect of Solvent and Counterion on the Reaction of Mn(CO).~

with Ethyl 4-halo-2-butenoate

Since the reaction of Na+[Mn(CO)5-] with ethyl 4—broﬁo-2-
butenoate only gaﬁe a 34% yield of the corresponding alkyl complex,
conditions were sought to improve this yield. The effect of changing
the leaving group to chloride was considered first. In contrast to
the reaction of ethyl 4-bromo-2-butenoate 48 with Na+[Mn(C0)5—], ethyl
4-chloro-2-butenoate 54 reacted rapidly to give an 85% yield of the

corresponding alkyl complex 49.

0 0
11 il
OEt -
X Mn(CO) X708
Cl ——_———-7;—' Mn(CO)5 + an(CO)10 (46)
THF 25°C 857

54 10 min. 49 15%
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This reaction was still not entirely clean since a 15% yield of
an(co)lo was observed in the 55Mn—N.M.R. spectrum of the crude
reaction mixture. Subsequent work—-up of this reaction mixture yielded
a small amount (ca. 4%) of the organic products observed for the
corresponding bromo ester. In this case the non-cyclopropyl adducts
predominated (G.C. analysis indicated they were formed iﬁ the
following proportions: 50, 30%; 51, 55%; 52, 5%; and 53, 10%). Since
neither the chloride 54 nor the corresponding bromide gave the
expected >957% yilelds observed for the reaction of Na+[Mn(co)5'] with
allyl chloride or allyl bromide as described earlier, it was decided
to see what effect changing the counterion Mt in M+[Mn(CO)5-] had on
the yield of the alkyl complex 49. The degree of association of
cation and anion is known to effect the rate of the nucleophilic
substitution reactions of metalate anions. Reactions of M+[Mn(CO)5_]

were carried out for M' = k*

, Na¥, Li* and PPN'. In the case of the
sodium‘salt the effect of adding the crown ether, 18-crown-6 and
hexamethylphosphoramide was also investigated since these are expected
to decrease association of the cation and anion. The results of these
reactions are given in Table 2.7.

These results show that there is little difference in the
reactivity of Na+[Mn(CO)5-] and K+[Mn(CO)5-], but using
Li+[Mn(CO)5-] the amount of allyl complex is substantially reduced for

the reaction with ethyl 4-chloro-2-butenocate and zero for ethyl 4-

bromo—-2-butenoate. In contrast, changing the counterion to ppNt
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'M+[Mn(co)5"] +  XCH,CH=CHCOOEt
Soivent = Tetrahydrofuran , 25°C, concentration= 0.12M
el X’ XMn(CO);  RMn(CO)g  Mn,(CO) 4
.
K c1 o 85 15
K Br | 27 42 | 31
Na cl 0 88 12
Na Br 25 34 42
Na/18c62  Br * ~ (86) (14)
Li c1 o 67 33
Li Br * 0 56P
PPN c1 0 98 2
PPN Br 21 78 1
PBNC Br 2 53 24

Table 2.7 Products for the Reaction of Manganese Pentacarbonyl
Anion with Ethyl 4-Halo-2-Butenoate.

55Mn-N.M.R.,% Manganese.)

(Determined by
80ne equlvalent of the crown etﬂer 18-crown~6 added to the anion
solution.Addition of 5% dimethyl formamide or hexamethylphosphor
—amlide had the same effect.

bDetermined by isolatiom.

“In cpCl,
*Signal corresponding to Mn(CO)ABrz—M+ was observed,but not quantified
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increased the yield of alkyl complex in both cases, in fact the
reaction of PPN+[Mn(CO)5-] with ethyl 4-chloro-2-butenoate gives a
better than 95% yield of the allyl complex, and for the reaction with
ethyl 4-bromo-2-butenoate very little an(co)lo is produced.

The addition of 18~crown-6, or 5% hexamethylphophoramide to the
solution of Na+[Mn(CO)5_] prior to reaction with ethyl 4~bromo-2-
butenoate resulted in an apparent increase in the amount of allyl
complex produced in this reaction. However, observing the 55Mn—N.M.R.
spectra of these reaction mixtures very quickly after the reaction had
commenced showed that Mn(CO) sBr was in fact formed initially. The
signal corresponding to Mn(co)5Br very rapidly disappeared and was
replaced by a new signal in the 55Mn—N.M.R. spectrum at -618 ppm,
which was assigned to Na+[Mn(CO)4Br2_] 4. A similar observation was
made in the reaction of Li+[Mn(CO)5"] with ethyl 4~bromo-2-butanoate.

This secondary reaction could be reproduced by treating a solution of

MH(C0)5Br in THF with lithium bromide or sodium bromide/l18-crown-6. The

signal corresponding to Mn(CO)SBr in the 55Mn~N.M.R. spectrum of this
solution disappeared over several hours, and a new signal at -620 ppm
appeared. The product 54 decomposed to an(co)sgrz during attempts to
isolaée it; however the I.R.-spectrum of the crude reaction mixture

was consistent with that reported83 for the same coﬁplex.

Mn(CO) sBr + Br~ —— [Mn(CO),Br, | + CO (47)

34



The reaction of PPN+[Mn(CO)5-] with the ethyl 4-halo-2-butanoate
compounds in chloroform was also investigated. In thié case the
reaction with ethyl 4-bromo-2-butenoate gives a slight improvement in
yield of the allyl complex, but the product:ratio is quite similar to
the reaction of Na+[Mn(CO)5—] in THF with the same compound. When this
reaction was carried out in THF both bromo and chloro esters gave
higher yields of the allyl complex. Under these conditions the yield

of MnZ(CO)10 was less than 2%, in strong contrast to the same reaétion

-5~

carried out with the sodium salt of Mn(CO)S-.

The effect of changing the ratio of reactants was investigated

for the reaction of Na+[Mn(CO)5_] with these halo-esters , and the

results are given in Table 2.8.

"|Solvent = Tetrahydrofuran , 25°C, concentration= 0.12M

Ratio = Na'[Mn(CO) " ]:XCH,CH=CHCOOEt

Ratio X XMn(CO)5 RMn(CO)5 MnZ(CO)10
1:1 Cl 0 85 15
1:2 Cl 0 88 12
1:0.5 Br 0 21 79
1:1 Br 25 34 42
1:2 Br 51 - 35 14

Table 2.8 Variation of Products with Stoichiometry for the Reaction
of Manganese Pentacarbonyl Anion with Ethyl 4-Halo-2-

butenoate.(Determined by

55

Mn-N.M.R.,% Manganese.)
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Using an excess of halo-ester has little effect on the relative yield
of the allyl complex, but it does increase the amount of Mn(CO)SBr

formed. Conversely, no Mn(CO)SBr was observed when an excess of

Na+[Mn(CO)5_] was used.

B}

2.8 The Reaction of Na+[Mn(CO=—] with Secondary Allylic Halides

The possibility of preparing secondary allylic manganese
complexes using Mn(CO)S- was investigated using 4-chloro-2-pentene §§;

A mixture of an unfiltered solution of Na+[Mn(CO)5-] (prepared
using 1% sodium amalgam) and 4-chloro-2-pentene in THF remained
unchanged after several hours at room temperature. However, on
standing for several days, large bright yellow plates formed in the
solution. These crystals were found to be quite insoluble in THF,
hydrocarbons, chloroform, methylene chloride and alcohols, and
decomposed without melting at 180°¢c. They were quite stable to air
oxidation. Mass spectral analysis indicated the characte?istic
isotopic abundance associated with mercury, suggesting the compound

was Hg(Mn(CO) 56. The parent ion was not observed, however iomns

5)2
with m/e = 395 and 397 correspond to M-195 or loss of Mn(CO)S. This

formulation was confirmed by elemental analysis (C = 20.32%, H =

0.00%; calculated for HglMn C = 20.34%, H = 0.00%), and the

2%10%10°
crystals were isolated im 6% yield.

Hg
Mn(CO),~ ————*  [Mn(CO);],Hg + 2e- - (48)

56

The formation of Hg[Mn(CO)5]2 has been observed before by King73

in the reaction of 1,3-dibromopropane with Na+[Mn(CO)5—], (prepared
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using sodium amalgam) where it was isolated in 117 yield.

The reaction of Na+[Mn(CO)5—] with 4-chloro-2-pentene was
repeated, this time using a solution of Na+[Mn(CO)5_] which had been
filtered, in this case no Hg[Mn(CO)S]2 was formed even
after one week. Changing to a better leaving group, bromide, was then
considered. The reaction of 4-bromo-2-pentene 57 with Na+[Mn(CO)5-]
was very rapid, a white precipitate of sodium bromide immediately

35Mn- N.M.R.

forming in the solution. Subsequent analysis by
spectroscopy showed signals due to Mn(CO)sBr (8, -1156 ppm) and
an(CO)10 (&, —2281 ppm) with no other signals present, implying that
no alkyl complex wés formed in this reaction. Manganese pentacarbonyl
bromide (24%) and an(CO)10 (64%) were isolated from the reaction
mixture. The organic products from this reaction could not be
isolated owing to their volatility, i.e. they were not separated from

the large solvent G.C. peak of the distilled reaction mixture. 13

C-
N.M.R.. spectroscopy carried out on the crude reaction mixture showed
resonances at 18.2 ppm, 114.5 ppm, 130.2 ppm, 135.5 pém and 138.2
ppm. These compare very well with those for E-1,3-pentadiene 58

( 6,THF, 18.2 ppm, 114.6 ppm, 130.1 ppm, 133.6 ppm and 138.2 ppm,
determined for authentic commercial 1,3-pentadiene as a mixture of E
‘and Z isomers, the shifts corresponding to the E isomer were assigned

by comparison with published data84).

Br
THF
Na+[Mn(CO)5— +/l\/\ o R F Mn(CO) Br 24%  (49)
25°C
o7 10 min. major + an(co)lo 64%

58
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The reaction of Mn(CO)S- with 3-bromo-1,3-diphenyl-1~ propene 59
was also carriled out. 55Mn - N.M.R. spectroscopy on a mixture of
Na+[Mn(CO)5-] and 3-bromo-1,3-diphenyl-l-propene indicated that a very
rapid reaction took place but only one signal was observed and this
corresponded to Mn,(C0);,. In this case it was possible to isolate
the ‘organic product since the an(co)10 could be preferentially

sublimed, leaving white crystals of 1,3,4,6-tetraphenyl-1,5-hexadiene

ég_as a 1:1 mixture of diasteriomers.

Nat[Mn(CO) 5]

Ph\T/<§b//Ph &> Ph "X Ph
' THF 25°C L P + an(co)lo (50)

Br Ph

100%
59 60

This product was recrystallized to give a 92% yield of white needles
and its physical and spectroscopic properties agreed with those
reported in the 1iterature85. The diasteriomers of 60 could be

separated by fractional recrystallization.
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2.9 The Effect of Solvent, Counterion and Structure on the Reaction

of Mn(CO)S— with 2-Haloesters

Another class of organic halides, considered to be activated
towards SN2 nucleophilic displacement, are 2-halo carbonyl compounds.
Examples of the reaction of Mn(CO)S— with such organic halides have

43 and these were mentioned earlier in Section 2.1.

been reported
These reactions might be expected to be general and to take place

according to the following scheme:

Mn(C0)~ + x-cr1r%coRS ——— (CO)SMﬁCRlRZCORB

+ X (51)

60 61 |
Manganese.complexes of the general type 61 are potentially useful .

since in principle they could undergo carbonylation to give the

corresponding acyl complex 62, which contains a 1,3-dicarbonyl

fragment and

co Q :

(00) tin-GR'RCOR> ——  (CO) Mn~C~CR R, COR (52)
61 62

they might also serve as precursors for oxo-allyl complexes86. The

factors influencing the yilelds of complexes of the gemeral type 61,
from the reaction of Mn(CO)S- with 2-halo carbonyl compounds as given
in reaction (Si), have not been fully investigated, so 1t was decided
‘to carry out a more thorough investigation of these reactions. -
Primary, secondary and tertiary 2-haloesters 63-71 are readily
available and are suitable models for determining the factors which

influence the yield of the alkyl complex in reactiom (51).
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XCHZCOOEt . XCHCHBCOOEt XC(CHB)ZCOOEt
X=CL 63 84 LEL
Br 66 67 88
1 69 70 71

All three halides of each ester could be conveniently prepared iﬁ high
yvields using halogen exchange reactions starfing from the
corresponding bromo esters. The reaction of Na+[Mn(CO)5—] with these
esters in THF was considered first since Mn(CO)S— is conveniently
prepared in this s&ivent by reduction of MnZ(CO)IO,USing sodium
amalgam. The PPN+ salt was also considered, primarily because of 1its
_ stability to air oxidation and therefore ease of handling, but also to
see what effects changing the counterion has on the yield of alkyl
complex. Using PPN+[Mn(CO)S_] also éade it possible to carry the
reaction out in a chlorinated hydrocarbon solvent, chloroform, as well
as in THF, to see what effect the solvent might have on the éeaction.

The reactions were carried out by rapidly mixing one equivalent
of Mn(CO)S- with one equivalent of the 2-halo ester at room

55

temperature and the yleld of alkyl complex determined using “~“Mn-

N.M.R. spectroscopy.
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2.9.1 The Reactions of Na+[Mn(CO)5—] with 2-Halo Esters in THF

The manganese products of the reaction of Na+[Mn(CO)5—] with the
2-halo esters are given in Table 2.9. With the exception of ethyl
2-chloropropanocate and the tertiary substrates, X(CH3)2ccooEt, the
reactions were very rapid, a precipitate of sodium halide forming in
the solution immediately and no Mn(CO)S- being detected in the reaction
mixture after five minutes. After two hours a mixture of ethyl
2—chloropropanoate and Na+[Mn(CO)5-] ?emained unchanged, however after
5 hours a weak signal corresponding to the alkyl complex was observed,
indicating that the reaction was very slow. A solution of
2-ch1§ro—2—methylpropanoate and Na+[ﬁn(CO)5-] remained unchanged after
eight hours. The tertiary bromo and iodo esters, X-(CHS)ZCCOOEt
reacted over a period of one hour, no detectable amounts of
Na+[Mn(CO)5—] remaining after_ this time. |

Ethyl 2-chloroethanoate 63 reacts rapidly with Na+[Mn(CO)5-]‘to
give the corresponding alkyl product 72 in high yield, no.Mn(CO)scl

being present In the reaction mixture.

Na*[Mn(co)S"] + ClCHZCOOEt-————*P(CO)SMnCH COOEt + NaCl (53)

2
63 72 94%

The alkyl complex 72 was isolated in 62% yleld by flash

chromatography as a colourless, air sensitive oil. The I.R.-

‘spectrum, (in chloroform, cm™!; 2120w, 2025s, 1968sh, 1685w) and the
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s, 1.33ppm, 2H; q, 3.99ppm, J=7Hz, 2H.) are as expected for complexes

of this type43.

52—

H-N.M.R. spectrum, (in deuterochloroform: t, l.l4ppm, J=6.8Hz, 3H;

In contrast, the 2-bromo and 2-iodoesters give significant

amounts of Mn(CO)SX and MnZ(CO)IO’ and as a result much

M*[Mn(co)s‘] + X-CR,R,COOEt

2

M+ = Na+ » Solvent = Tetrahydrofuran , R = -CRlRZCOOEt ’ 25°C
R1 R2 X XMn(CO)5 RMn(CO)5 ‘ an(CO)10
H H cl 0 94 6
H H Br 39 39 22
H H I 74 0 26
H CH3 Cl ‘ No Reaction®
H CH3 Br 6 63 : 31
H CH3 I 33 35 .32
CH3 CH3 Cl No Reaction
CH3 CH, Br 0 0 100
CH3 CH3 I 40 0 60

Table 2.9 Products for the Reaction of Sodium Pentacarbonyl

Manganate with 2-Haloesters in Tetrahydrofuran. (Determined by
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Mn-N.M.R., %Manganese.)

2Some alkyl product was observed after prolonged reaction times.




~53—
lower yields of the corresponding alkyl complexes.
Na+[Mn(CO)5_]

XCH,,COOEt »  (CO).MnCH,COOEt + Mn(CO).X + Mn.(CO) (54)
2 THF, 25°C, 5 min. > > 277710

X=Br 39% 392 . 22%
X=I 0% 74% 267
72

Na+[Mn(CO)5-] reacted very slowly with the secondary cloride 64
but some alkyl complex was formed from the reaction with secondary
‘bromides and iodides, along with manganese pentacarbonyl halides and
dimanganese decacarbonyl.

Na'[Mn(c0) ]

?H CH
XCHA00E - N (co)SMnéHSOOEt + Mn(C0) (X + Mn,(CO);,  (55)
THF, 25°C, 5 min.

X=Br 63% 6% 31%
X=1 35% 33% 32%
73

The alkyl complex 73 was isolated as an air-sensitive oill in 447 yleld
by flash'chromatography (I.R.~spectrum, in chloroform, cm—lz 2117w,
2023s, 1999sh, 1686w; 1H—N.M.R. spectfum, in deuterochloroform: t,
1.27ppm, J=6.8Hz, 3H; 4, 1.58ppm, J=6.7Hz, 3H; q, 2.32ppm, J=6.9Hz,

1H; q, 4.15ppm, J=6.9Hz, 3H.)

The reaction of Na+[Mn(C0)5-] with ethyl 2-iodoethanoate was
unusual in that no alkyl complex was formed. Carrying out the reaction
with an excess of the iodoester had no effect on the yield of the
alkyl complex, although this did increase the felative amount of
Mn(CO)BI formed. Conversely, only Mn20010 was formed when less than

one equivalent of the iodoester was used:
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+ -
Na ' {Mn(CO + -
[Mn( )5 ] ICHZCOOEt Mn(CO)SI + ancolo
Ratio: 1 : 2 86% 14%
1 : 1 74% 267
1 : 0.5 0 100%

Attempts to separate the organic by-products from the

‘organometallic speciles present in the solution were only successful
for reactions involving the tertiary halo-esters. It was not possible
to separate the products by low temperature distillation when the
alkyl complexes were present, and no non-organometallic species could
be isolated by chromatography. Interestingly, G.C.—analysis of the
crude reaction mixture of Mn(CO)S_ with ethyl 2~iodoethanoate was
uninformative. There was evidence in the G.C that a very low yield
(<5%) of diethyl succinate was formed in this reaction but no other
peaks were present. Similar results were obtained for the reaction
mixture where a two—fold excess of the iodo-ester had been used, and
only 87 unreacted ethyl 2-iodoethanoate remained. In contrast, G.C.-
analysis of the crude reaction mixture of ethyl 2-bromo-2-methyl
propanocate with Na+[Mn(CO)5-] indicated that a number of products were
formed in this reaction, and unreacted bromo-ester remained (25%).
G.C.-mass spectrometry of a distillate from this solution indicated
that the products were ethyl 2-methylpropanoate 74 (the major
product), ethyl 2-methyl-2-propenoate 75, and diethyl 2,2,3,3,-
tetramethylsuccinate 76. A number of non-volatile products (6% of the
total products) were also formed but these were not identified since

they could not be separated .from the organometallic residue.



~55—

Br
COOEt
COOEt COOEt COQEt |
S ’ | S
Et00C COOEt
74 36/, 75 16/, 76 14 77 v/

Some trends can be seen in the amount of alkyl complex

produced in the reactions given in Table 2.9. Clearly the yield of
alkyl complex increases as the leaving group is changed C1>Br>I. This
is particularly so for the primary esters where no alkyl complex is
observed for the reaction of Na+[Mn(CO)5-] with ethyl 2~iodoethanoate.
This 1s anomalous since the secondary ilodide, ethyl 2-iodopropanoate
gives a 35% yield of the corresponding alkyl complex. The relative

" amounts of Mn(CO)SX (X=Br,I) also follow a trend, changing the leaving

group from bromide to iodide favors the formation of Mn(CO)SX over

MnZ(CO)IO'

2.9.2 The Reaction of PPN'[Mn(CO).”] with 2-Halo Esters in THF

2
-

The manganese products of the reaction of PPN+[Mn(CO)5—] with 2=
halo esters are given in Table 2.10. The reaction times for these
were the same as described for Na+[Mn(CO)5-] in the previous section,
with the exception that the tertiary substrétes X(CH3)2cCOOEt (X=Br,I)
required four hours to go to completion and there was evidence that ‘

some PPN+[Mn(CO)5-] remained after this time (infra-red analysis).
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M+[Mn(CO)5—] + X-CRR,COOEt
M = PPNT , Solvent = Tetrahydrofuran , R = ~CR,R,CO0EL , 25°C

R, R, X | xm(co)s  RMA(CO)g  Mny(CO),.
H H c1 0 99 1

'H H Br | 0 100 0
H H I 152 85 0
H CH3 Cl No Reactionb
H CHy Br 242 76 0
H ‘CH3 I 328 68 0
CH3 CH3 Cl No Reaction
CH, CH, Br 100°¢ 0 0
CHy, CHy I 100°¢ 0 0

Table 2.10 Products for the Reaction of PPN Pentacarbonyl
Manganate with 2—Halo‘Esters in Tetrahydrofuran. (Deterﬁined by
55Mn-N.M.R.,r%Manganese.)
85ignal rapidly disappeared due to conversion to [Mn(CO)AXZ;]PPN+.
bSome alkyl product was observed afger prolonged reaction times.

“The only signals observed for these reactions corresponded to

[Mn(CO) X, ]PPNT, and unreacted PPN'[Mn(CO)."].
472 5
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Changing the counterion from sodium ion to PPN* has two effects
on the manganese products formed in these reactions. Firstly,
essentially no an(CO)10 is observed in any of the reactions (1% was
detected in one case), and secondly, the yields of the alkyl complexes
are consistently higher for the primary and secondary substrates.
This is particularly true for Ehe primary 2-haloesters where
manganese pentacarbonyl halide 1s only observed in the reaction of
PPN+[Mn(CO)5—] with ethyl 2-iodoethanoate (56).
PPN+[Mn(CO)5f] + ICH#COOEt ————»(CO)SMnCHZCOOEt + Mn(CO)SI +Nal  (56)

72 85% 15%

The secondary substrate ethyl 2-chloropropanoate reacted very slowly
with PPN+[Mn(C0)S-]; howéver this resembled the same reaction with
Na+[Mn(CO)5-] in that some alkyl product was observed after several
hours.. No reaction was observed between PPN+[Mn(CO)5-] and ethyl
2-chloro=~2-methylpropanoate.

The 7

Mn-N.M.R. resonances for manganese pentacarbonyl halides
formed in the reactions of 2-bromo and 2~iodoesters rapidly
di§appeared, new resonances appearing at -618 ppm for the bromide and
-1011 ppm for the iodide. These chemical shifts were assigned to
PPN+[Mn(CO)4Br2_] and PPN+[Mn(CO)412_] respectively., For the tertiary
substrates X(CH3)2 CCOOEt (X=Br,I) these were the only signals

observed in the 35

Mn-N.M.R. spectra for these reactions. In the
attempted isolation of PPN+[Mn(CO)4Br2-], the material was obtained as

an impure yellow o0il which would not crystallize. However, the infra-
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1

red spectrum of the oil (THF, cm -, 2081 w, 2007s, 1973s, 1925s,

1907sh) is consistent with that reported87

for related complexes.
The organic by-products of the reaction of PPN+[Mn(CO)5-] with

ethyl 2<-bromo~-2-methylpropanoate were analysed by G.C. and G.C.~

mass spectrometry using a distillate:from the reactién mixture. The

products were found to be similar to those observed in the reactioms

of Na+[Mn(CO)5—], as described in the previous section.

Br
PPN*Mn(CO);  + >l—cooet  —

(57)
COOEt COOEt

| COOEY COOEt
PP PP

Et00C COOEL

74 35% 5 6% 76 36% 17 3%

No unreacted ethyl 2—bromo—2-methy1pr6panoate remained in the solution
and the overall yield of these products was ca. 80%.

In all the cases where Mn(CO)SX was observed, I.R. analysis
indicated that some unreacted PPN+[Mn(CO)5-]'remained in the solution,

55Mn—N.M.R. spectroscopy with any

but this could not bé quantified by
certainty because of the large linewidth observed for the resonance of
this complex.

In con£rast to the reactions of Na+[Mn(CO)5—] discussed in the
previous section, there is a decrease in the amount of alkyl complex

observed in going from the primary substrates to the secondary ones,

although, as mentioned earlier, the yields of alkyl complex are all
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significantly higher.

2.9.3 The Reaction of PPN+[Mn(CO)5_] with 2-Haloesters in

Deuterochloroform

The manganese products for the reactions of PPN+[Mn(CO)5-] with

2-haloester 63 - 71 are given in Table 2,11.

M [Mn(CO), ] + X-GR;R,COOEt
Mt = pent , Solvent = Deuterochloroform , R = —CRlRZCOOEt s 25°¢C

R1 Rz- X XMn(CO)5 RMn(CO)5 an(qO)lo |
H H cL 0 99 1

H H Br 14 75 11

H H I 17 67 16

H CH3 Cl No Reaction®

H CH3 Br 4 39 57

H CH3 1 20 56 24

CH3 CH3 Cc1 No Reaction

CH3 CH, Br 5 0 95

CH3 CH4 I’ 77 0 23

Table 2,11 Products for the Reaction of PPN Pentacarbonyl

Manganate with 2-Haloesters in Deuterochloroform.(Determined by

55Mn—N.M.R., % Manganese.)

2Some alkyl product was observed after prolonged reaction times.

.
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These results are similar to those observed for the reactions of
Na+[Mn(CO)5-] in THF, except that PPN+[Mn(CO)5-] reacts with ethyl
2~iodoethanoate to give a 67% yield of the alkyl complex where none
was formed using Na+[Mn(CO)5-]. These reactions also differ in that
there iIs a decrease in the relative amount of alkyl complex formed on
going from primary to secondary substrates.

Again, for éll but the primary chloro ester, ethyl
2-chloroethanoate, there were significant yields of an(co)10 and
manganese pentacarbonyl halides when bromide or 1odidé were the
leaving group. The reaction of PPN+[Mn(CO)5—] with ethyl
2-ch16ropropanoate was very slow. At least four hours were required

55

before any signal was observed in the ““Mn-N.M.R. spectrum

corresponding to the alkyl complex 73. The tertiary chloride failed

lH-N.M.R.

to react, a fact which in this case could be confirmed by
spectroscopy carried out on the crude reaction mixture. The rates of
the other reactions were similar to those observed for the reactions
of Na'[Mn(C0),"] in THF.

The yields of the alkyl complex and organic by-products for these
reactions were determined by in situ lH—N.M.R. (see Table 2.12)
spectroscopy. The yields of the alkyl complexes 72 and 73 determined
in this way agree (within experimental error) with those determined by -

55Mn—-N.M.R. spectroscopy (Table 2.11). The 1

H-N.M.R. spectrum for the
reaction of PPN+[Mn(CO)5-] and ethyl 2-bromoethanoate contained
resonances corresponding to the alkyl complex Zz.(the major product),
unreacted ethyl 2-bromoethanoate, and a triplet at 1.91 ppm (J=2.5Hz)

which was assigned to DCH COOEt 78.

2
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4 -
PPN [Mn(CO)5 ] + BrCH,COOEt — (CO)SMnCH COOEt + DCH.COOEt (58)

2 2
71 71% 78 19%

2

+ PPNTBr™

M+[Mn(co)5"] + X~CRR,COOEt i

Mt = PPNT , Solvent = Deuterochloroform , R = —CRlRéCOOEt , 25%C

R, R, X XCR R,COOEt DCR;R,COOEt  RMn(CO),
H H c1 11 0 89
H H Br 10 19 71
H H I 0 25 75
H CH, Cl 100 0 0
H CHy Br 49 19 32
H CHy I 20 " 16 Yy
CHy CH, Cl 100 0 0
CH, CH, Br 46 54 | 0
CHy CGH, I 26 74 0

Table 2.12 Products for the Reaction of PPN Pentacarbonyl
Manganate with 2-Haloesters in Deuterochloroform.(Determined by

Lh-N.M.R.+37)

This resonance consisted of three lines of equal intensity, as one

would expect for deuterium coupling. It was not possible to separate
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78 from the solvent by G.C.; however it was possible to distill the

product from the alkyl complex and obtain the 1

H-N.M.R. spectrum for
pure 78, Similar results were obtained for the reaction involving
ethyl 2-iodoethanoate.

Evidence for deuterium substitution was also found for the
reaction of PPN+[Mn(CO)5-] with the secondaty and tertiary bromo and

iodoesters. In these cases separation by G.C. was possible.

PPN*[Mn(co)S‘]

CH3CHXCOOEt » CH,CHDCOOEt + (CO)SMnCHCHBCOOEt (59)
X=Br, 1
79 3
The deutero éompound 79 distilled from the alkyl complex 73 along with
solvent, and G.C. mass—spectrometry indicated a single product with a

probable molecular ion at m/e 103.7 The 1

H-N.M.R. spectrum of this
distillate consisted of: dd, 1.15 ppm, J=7.6Hz, J$H=I‘OHZ’ 3H; tq,
2.34 ppm, J=7.6Hz, Jpy=2-7Hz, 1H; t, 1.27 ppm, J=7.3Hz, 3H; q, 4.18
ppm, J=7.2Hz, 2H.

For the reaction of PPN+[Mn(CO)5-] with ethyl 2-bromo-2-methyl

propanoate the 1

H-N.M.R. spectrum of the crude reaction mixture
indicated that the solution contained unreacted bromo ester and a
"triplet” at 1.17 ppm (J=1Hz) which was assigned to the deutero ester
80 (the major product).

PPN*[Mn(co)S"]

(CH3)ZCBrCOOEt ‘ > (CH3)2CDCOOEt (60)

80 54%
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This product was isolated as a chloroform solution and G.C. - mass
spectrometry indicated that the single product had a probable
molecular ion at m/e 117 confirming deuterium incorporation. Again,
similar results were obtained for the reaction of‘PPN+[Mn(CO)5_] with
ethyl 2-iodo-2-methylpropanoate where the deuterium substitution took

place with 747 yield.

Ratio = Mn(CO)S-:X-CR R, COOEt

1%2
ratio R1 R2 X XMn(CO)5 RMn(CO)5 an(CO)10
1:0.5 H CH, Br 0 40 60

1:1  H  CHy Br 4 39 57

1:2 H  CH, Br 4 50 45

1:4 B CHy Br 5 54 41

1:1  H  CHy I 20 56 24

1:2 - H  CHy I 18 66 16
1:1  CH, CHy Br 7 0 93

1:2  CHy CHy Br 10 0 90

1:1 CH, CHy I 77 0 23

1:2  CH, CH, I 83 0 7

Table 2.13 Variation of Products with Stoichiometry for the
Reaction of PPN+[Mn(CO)5_] with 2-Haloesters in

55

Deuterochloroform. (Determined by ~~Mn-N.M.R., % Manganese.)

The effect of changing the initial ratio of PPN+[Mn(CQ)5—]rto 2-

haloesters was also investigated, and the results are given in Tables
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2.13 above. In general these results show that there is a decrease

in the amount of an(CO)lo_produced in the reaction as the initial
concentration of the 2-halo ester is increased. This 1s accompanied by
a slight increase in the amount of alkyl complex formed in the

reaction.

2.10 Discussion: The Preparation of Alkyl and Allyl Manganese

Complexes using Mn(CO)S-

The results obtained in this work support the view that Mn(CO)S-
is a relatively poor nucleophile when compared to other metalate

anions. This 4is illustrated by the fact that Fe(CO)42— reacts rapidly

with primary alkyl chlorides46

)88

, Whereas Mn(CO)S- fails to react (or
reacts only slowly with primary alkyl bromides. Simple alkyl
manganese complexes must be prepared from primary alkyl iodides, e.g.

17 and ethyl79 manganese pentacarbonyl can be obtained by

methyl
nucleophilic substitution, or via the corresponding acyl complex.

With substrates which are activated towards SNZ nucleophilic
displacement, the rate of substitution by Mn(CO)S— dramatically
increase. This is demonstrated by the very rapid reaction (<5 minutes)
between allyl chloride (or allyl bromide) and Mn(CO)S_ to givé the
.corresponding allyl complex in essentially quantitative yield.

For the organic chlorides studied in this work, the reactivity
pattern observed follows what one would expect for a SN2 type
substitution mechanism. Thus, primary allylic chlorides, and primary

2-chloro esters react very rapidly with Mn(CO)S_ to give the

corresponding alkyl (or allyl) complexes. From a synthetic point of
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view the reaction is unsuccessful for secondary allylic chlorides,
very slow for secondary 2-chloro esters, and no reacfion is observed
with tertiary 2-chloro esters.

The effect of changing the leaving group from chloride to brom£de
(or iodide) is more difficult to assess since this also promotes the
forﬁation of non-substitution products. Secondary 2~bromo and 2-iodo
esters react with Mn(CO);~ to give the non-substitution products
an(Cd)10 and Mn(CO)SX in addition to the substitution product. This
is also true for the secondary allylic compound 4-bromo-2-pentene,
where no substitution product is observed on reaction with
Na+[Mn(CO)5-] although a reaction does take place. However, the
secondary 2~bromo ester, ethyl 2-bromopropanoate does react with
Mn(CO)S— to give at least some substitution product, whereas the
reaction was very slow for the corresponding chloro ester. These
. results are in keeping with quantitative rate data reported by
83 where allyl and benzyl bromides were found to react about an
order of ‘magnitude faster with Mn(CO)S— than the corresponding
chlorides.

The limiting factor from a preparative point of view is
that non-substitution reactions appear to have an even larger
discrimination between halogens with Br>>Cl, Therefore, if one
changes from Cl to Br, the expected faster SNz reaction has to compete
in some of the cases described in the present work with an even faster
non-substitution process.

The formation of non-substitution products 1s dependent on the

structure of the organic halide as well as the leaving group, but the
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presence of @, PB-unsaturation in the organic halide is an important
factor. However it is not the only one since allyl bromide reacts
"normally" whereas the secondary substrate 5-bromo-2-pentene gives non-

substitution products exclusively.

Possible Mechanisms for the Reaction of Mn(CO)5- with Organic Halides

In its reaction with organic halides three possible fates of the
Mn(CO)S— species are observed, the formation of R—Mn(CO)s, Mn(CO)SX
(X=Br,I) and an(CO)lo. Depending on the organic halide and reaction
conditions any oné or a combination of these reactions can take place.

The compounds, RPMH(CO)S, correspond to Sy 2 - type substitution
products, normally expected to be the only product of the reaction of
Mn(CO)S- with organic halides. The key features of an'SNz reaction
are, of course, inversion:of configuration at the carbon center,
predictable rate changes with changes of substrate structﬁre, leaving
group, solvent and so on. For a number of metalate anions such

46,47

features have in fact been observed ,and as discussed above the

organic chlorides studied in the present work generally follow the

90,91 that

expected trends. More recently, researchers have determined
in some substitution reactions, the SNZ pathway is not the only
mechanism involved. Contributions from or replacement by an initial

electron transfer process (E.T.) have been proposed. These two

processes are illustrated below.

¥
Mn(CO)S" >“c—-x R [:(CO)SM;-\C')G(] (61)
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Mn(CO) .~ + \\é—-x — [(CO) .Mn' + \\C—XT —| (CO) Mn' \':, 1 (62)
5 P st P ( )5n+(|J+X

The key features of the E.T. mechanism are that it would not

necessarily involve inversion of conf:l.gurat:iong2

and rate changes are
not governed by the factors controlling rates in the SNZ mechanism.
However, in this thesis, as far as the substitution products-R—_Mn(C_O)5
are concerned, this study is not attempting to distinguish between a
true SNZ and an E.T. mechanism. The E.T. mechanism was initially

considered because it provided the possibility of explaining all three

manganese products starting with a singlé process, as shown below.

7
/

[(co) Mo’ + cl: +3< :Icage

N\

(CO)SMn-(,}< + X — ‘(CO)SMn‘ + 0+ X (63)
(CO) hrl + clz’- ——  (CO) gMn~C (64)
\/

(CO) ghtn’ + x-c< —  (CO) Mn-Br + cl: (65)

2 ¢ —_— \é / (66)
I 7N
\ /’l H o 7 \\

C|:'+ \9-0'\ — Cc-H + >=C< : (67)

4

2Mn(CO) —_—s Mn,(CO) (68).
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The key ingredient in these reactions is the formation of inéermediate
radicals. Thus, a mixture of cage and typical non-cage free radical
reactions could lead to all three manganése products observed. The
abstraction of bromine by (CO)SMn, (65), is known to occur for simple
halo and polyhalo alkyl compounds, and In some cases occurs at a rate

93. The other steps illustrated

close to the diffusion control limit
above (64), (66), (67) and (68) are typical radical reactioms, but it
is worth pointing out that (64) gives the substitution product, and is
indistinguishable from the cage recombination product. Hydrogen atom
abstraction from solvent would lead to products derived from the
solvent radicals which could of course undergo typical reactiomns
themselves.

The stoichiometry with respect to substitutioﬁ (and MnZ(CO)lO
formation) based on these steps is l:1 for the reactants

(Mn(CO)S—:R-X). However, for a pure Mn(CO)SX forming reaction the

stoichiometry is 1:2, as shown below
2RBr + Mn(CO)s- — Mn(CO)Br + Br + 2R (69)

Therefore, mixed product reactions will not involve simple
stoichiometric ratios of the reactants, Mn(CO)S- agd R-X.

The mechanism described above is conceptually attractive since it
involves one unifying process, i.e. initiél electron transfer,'to
explain the formation of all the manganese products.

This explanation relies heavily on the diffusion of radicals

being competitive with cage recombination, and there is evidence that
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this could explain non-substitution products in some related
reactions92,94. However, it does not readily explain all of the
results described in this work (see below), although one cannot rule
ogt the possibility that some of the reaction involving Mn(CO)S_
proceeds in this way.
An altern;tive exélanation involves two competing reactions.

Some researchers have propose that substitution reactions

involving metalate anions can also proceed via a carbanion

intermediate involving halogen metal exchange (H.M.E.).

’ 7 /
’

Mn(CO) .~ + — (CO) < co c':"/ X (70)
5 sMo-X + c\ — (C0) sMn~ < + X

A

Such a process, as written above, does of course give the substitution

product. However, attack by Mn(CO)S- on halogen could take place to

give carbanion intermediates in a separate non-substitution reaction

as shown below97.

?

Mn(CO)S- + X——d<r

Sy2 or E.T. / ‘ \ H.M.E

V4

(co)SMn-é< + X Mn(CO)SX + ‘c\ (71)

Such intermediate carbanions (or enolates) could then undergo

reactions with more organic halide in the expected fashion, such as
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substitution (72) or elimination (73).

- N\ NS4 -

AR e e SN (72)
N Ny Q \ -

/C + (/c— —_— J —H + /c-c< + X (73)

Obviously, the key feature di;tinguishing these alternative
mechanisms is that one involves organic radical intermediates while
the other involves carbanions. It was initially thought that the
observed formation of an(CO)10 could only be consistent with the

'radical pathway, since the steps outlined above for H.M.E. do not
explain the formation of this product. The stoichiometry of the E.T.
based mechanism would also require that where Mn(CO)SBr is formed,

. unreacted Mn(CO)S— should remain for an initial 1:1 mixture of

reactants. This is significant since for all cases described in this

_ work where MH(CO)5 halides and Mn,(C0);, were formed, no unreacted
Mn(CO)S- was observed when equimolar mixtures of the reactants were
used, except for the reactions using PPN+[Mn(CO)5_] in tetrahydrofuran.
The absence of unreacted Mn(CO)5— prompted a search for other
reactions that the anion could undergo with the products obtained.

One possibility, for which there is precedentgs, is that the

anion can react with Mn(CO)SBr as follows

Mn(CO)S" + Mn(CO)SBr ——* Mn,(C0);, + X (74)

Indeed, when Na+[Mn(CO)5_] was reacted with Mn(CO)SBr in THF a
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very‘rapid reaction took place and 55Mn-N.M.R. and I.R.-spectroscopies
confirmed the quantitative formation of MnZ(CO)lO' Further
investigation showed the reaction also took place between
PPN+[Mn(CO)5-] and both Mn(CO)SBr and Mn(CO)SI in chloroform. In this
case a competitive reaction was also carried out where PPN+[Mn(CO)5-]
was reacted with\a mixture of Mn(CO)SBr and Mn(CO)SI' The results of
this experiment (see Table 2.14) indicate that this reaction is

somewhat faster with Mn(CO)SI,

BrMn(CO)5 IMn(CO) s an(co)10
Initial ratio®; "1.000¢1P)  0.9592(0.99P) 0
Ratio after addition
of 0.2372 mmole
PPN+[Mn(CO)5_]: 1.00 0.82 2.50(2.34%)

Table 2.14 Competitive Experiment for the Reaction of PPN*[Mn(co)S‘]

with Manganese Pentacarbonyl Halides.

80.2571 mmoles BrMn(CO)S and 0.2466 mmoles IMn(CO)5 in 2mls. chloroform.

55

bRatio observed by ~“Mn-N.M.R. before addition of anion.

CCalculated.

Surprisingly, the reaction of PPN+[Mn(Co)5—] with Mn(CO)SBr in
THF was considerably slower, the reaction required about 4 hours to go

to completion. Under these conditions the reaction was accompanied by
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the evolution of gas, and as Mn(CO)SBr was consumed, the remaining

Mn(CO)SBr was converted to PPN+[Mn(CO)4Br2-] (assigned from the 33 M-~
N.M.R. and IR spectra). Thus the overall reaction was
_ 4 hrs
Mn(CO). + 2Mn(CO) Br ———— Mn,(CO),, + Mn(CO),Br, + CO (75)
5 5 THF 2 10 4272
25°¢

In the light of these results it is clear that this reaction could
explain some (if not all) of the Mn,(C0);, formed in the reactions
described in this work. It also provides a convenient explanation for
the variation in the relative amounts of Mn2(00)10 and Mn(CO)SX
products in experiments where the ratio of the reactants is varied.
Obviously, where Mn(CO)S_ is used in excess, any Mn(CO)SX formed will
further react to give an(CO)10 as the major product, as one observes.
This reaction also changes the overall stoichiometry of the E.T.

based ‘mechanism. It now becomes:
Mn(CO)S- + R-X — 1/2Mn,(C0);, + R + X (76)

This is regardless of whether the an(CO)10 is formed directly by
coupling of Mn(CO)5 or indirectly from Mn(CO)SX formed by abstraction.
Thus a pure E.T. mechanism as written above would not be consistent
with all of the results described, 1.e. Mn(CO)SX cannot be é final
product where equimolar quantities of reagents are employed.

In contrast the formation of Mn(CO)SX via a H.M.E. process would

not necessarily require that the reaction would conform to the same
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stoichiometry. In this case the relative amounts of an(co)lo and
Mn(CO)SX would depend on the relative rates of the Mn?_(CO)10 forming
reaction and the initial H.M.E. step. Thus initial equimolar mixture
of reactants, an(CO)10 would be the sole non-substitution product
only if-all the carbanion formed reacted with one equivalent of the
organic halide reactant. If this were not the case, then simple
stoichiometriés need not follow,

More direct evidence for the mechanism comes from the organiec
products observed for some of the reactions described in this work.
Considering the general schemes described above for the E.T. and
H.M.E. mechanisms, one would not necessarily expect any differences in
the observed organic products.

The reaction of Na+[Mn(CO)5_] with 1,3~diphenyl-3~bromo~l-propene
59 to give the dimer 60 is in contrast to the related reactions of

42 and l-phenyl-3~bromo-l-propene, where substitution 'is

benzyl bromide
observed exclusively. The bromide 59 is not necessarily a good
substrate for SN2 reactions, in fact some dissociation to give the

carbocation 81 would be expected, and this would be a good acceptor

for electron-transfer as shown below.

+ Mn(CO)g .
/\/l\ L \/ — . h/\\‘//\Ph-'- Mn(CO).s

Ph ™7 Ph Ph (77) -

) 8

The ability of Mn(CO)S- to undergo electron transfer reactions with

carbocations is well documentedgg’loo.
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The absence of an§ substitution product from the reaction of
Mn(CO)S_ with 3-bromo-2-pentene and the formation of 1,3-pentadiene
could be explained by either H.M.E. or E.T. processes; however, both

these meéhanisms would require that‘Z—pentene is also formed.

Br
X+ /\4\—» IONN + NN (78)

/

2 //’\§f§>“\\ (79)

One is tempted to conclude that other products are formed in this
reaction to give the required stoichiometry, but for some reason they

do not show up in the 13

C~N.M.R. spectrum of the crude reaction
mixture.

For the reaction of Mn(CO)S- with ethyl 4~bromo-2-butenoate 48,
one could argue that‘the formation of the cyclopropane derivatives.gg'
and 53 are more likely to have arisen from the enolate intermediate
82. Based on the known reaction of 4-bromo-2-butenoate esters with

101, and carbanionslo2 one can

related stabilized enolatessz, thiolates
rationalize the formation of these. products via Michael addition with

cyclization (80).

R_ﬁ R R
/\D/Q\OEt———b O 0Et —— f’} + gr (80

Br Sor "~COOEt
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In order to test the 1ikeliho§d of this reaction involving the
enolate 82, this was prepared from ethyl-2-butenoate using lithium
diisopropyl amide (in-THF/HMPA) and reacted with 48. The major product
of this‘reaction was identified as the diene 83, presumably arising

from substitution followed by rearrangement.

D ()LDA/HMPA 2
X ogt — X 0Rt
(i) Br CH,CH-CHCOOEt v\(ost (81)
!
0
8 0%

No evidence for the formation of the cyclopropyl aducts 52 and 53
was observed in the G.C. of the crude reaction mixture. This reaction

- has in fact been observed by other researchers82

, Where 1t was also
found that for other enolates the presence of HMPA retarded the

_ formation of cyclopropyl derivatives over substitution proﬁucts.
Attempts in the present work to prepare the enolate 82 in the absence
of HMPA and subsequent reaction with ethyl 4-bromo-2-~butenoate gave
complex mixtures of products. None of the products formed
corresponded to the products observed in the Mn(CO)S- reaction nor was
there evidence for any of the diene 83. It was subsequently found
that the method of preparation of the enolate 82 using LDA requireé
the addition of HMPAL03,

A similar mechanism involving a free radical addition reaction

with cyclization can also be written:
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R') 0 R 0 | R : ‘
(E/\oa _— ab/\ogt — + B
Br (8 COOEt (82)
Et
) 84

r
0
Such a reaction would form bromine radicals which could combine with
Mn(CO)5 to give Mn(CO)SBr, although this would not be the only option
open to this reactive species. The 7Y-bromo radical above would not
normally be expected to undergo such a cyclization, intermolecular
processes such as abstraction and coupling would normally dom;nate.
For this réason the feasability of such a process was tested by
generating the radical 84 in the presence of ethyl 4-bromo-2-
-butencate., This was achieved by the photolysis of an(co)10 in the
presence of ethyl 4-bromo-2-butenoate. The photolysis of an(co)10 is
known to .give Mn(CO)5 by homolytic cleavage of the metal-metal

bondloéz

hy .
an(CO)10 ——T————’ 2¥n(C0)5 (83)

Generation of these radicals in the presence of an alkyl halide is

expected93’105

to result in halogen abstraction to give Mn(CO)SX and
alkyl radicals.

Mn(CO). + R=X ——— Mn(CO).X + R (84)
5 5

The formation of the coupled product Mn(CO)SR is not expected to

interfere in this case since this species is also readily cleaved
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homolytically upon photolysile6,
The products of the reaction were identified by G.C.-mass
spectrometry and 1H.-N.M.R. of the crude residue remaining after
evaporation of the reaction mixture. The simple dimers 50 and 51 were

found to be the only organic products formed in this reaction.

' COOEt
0 W 12 /\(y\ 50 -
Mn,{COy,  + r/<>>/)waa COOEt )

Br THF

COOEt
N

36% [:::::: £l
ZCO0EL

No evidence for the formation of the cyclopropyl adducts 52 and 53 was
observed. Clearly, this reaction does not entirely reproduce the
. conditions of the Mn(CO)S— reaction, however from these results it
would seem unlikely that free radical cyclization would occur readily.
The deuterium substitution in the reaction of PPNf[Mn(CO)S'] with
2-halo esters could also be explained initially in terms of either
radical or enolate intermediates. For the H.M.E. initiated process,
the intermediate enolate would react with somewhat acidic chloroform

to give the observed product and trichloromethyl anions:

-

' 0 onct,
rlg2c=¢ ——— R'R?CDCOOEL +7CC1, (86)

OEt l
.CClz + Cl
The trichloromethyl anion formed could then eliminate chloride to give

dichlorocarbene. In order to trap any dichlorocarbene formed by such
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-a process, the reaction of PPN+[Mn(CO)5_] with primary, secondary and
tertiary 2-iodo-esters was carried out in the presence o? a large
excess of cyclohexene. No evidence for the presence of the adduct of
the cyclohexene with dichlorocarbene was observed. There is evidence,
however, that trihalomethyl anions do not always eliminate halide to
glive carbenele7. However, since it was not possible to observe any
readily identifiable major products derived from either CClB_ or CClz,
this is nét confirmed by the results described.

The alternative possibility, i.e. that deuterium incorporation
could be explained by a free radical intermediate, was also explored.

In this case one can rationalize the formation of the observed product

via free radical abstraction as shown below

R+ CDCl; ——> 'cCly + R-D | (87)
The formation of trichloromethyl radicals in this step would be
expected to give atlleast some hexachloroethane by simple coupling.
This product was not observed in reaction mixtures carried out in
deuterochloroform, a fact which was confirmed by comparing the G.C.
analysis with that of authentic material.

. The possibility that radicals could abstract deuterium from
éhloroform was tested by irradiating a mixture of MnZ(CO)lO and each
of the 2-bromo esters described for the Mn(CO)S_ reactions., 1In the
case of ethyl 2-bromoethanoate, diethyl succinaée 85 was observed as
the major product along with a low yield of ethyl acetate 86 as shown

below.
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hy
BrCH,COOEt + an(CO)lo——————* EtOOCCHZCHZCOOEt + CH

2
CDCl3

3COOEt (88)
85 50% 86 117
The products of this reaction were identified by gas
chromatography and 1H—N.M.R. spectroscopy of the crude reaction
mixture. The final manganese prod;cts of this reaction were
unidentified since considerable decomposition took place during the
irradiation. All that remained at the end of the ;xperiment was a
white insoluble powder, although the I.R.-spectrum of the reaction
mixture taken during the irradiation implied that Mn(CO)SBr was formed
initially. Some unreacted ethyl 2-bromoethanoate remained while no
Mn2(00)10 remained. Theré was evidence that the singlet corresponding .

1H—N.M.R. spectrum

. to the methyl group in ethyl ethanoate in the
overlapped with a weak triplet corresponding to DCHZCOOEt. However,
_integration of these signals indicated that even if this was a correct
assignment the deuterium incorporation was less than 3% of the total
ethyl acetate present.

Similar results were obtained for the photolysis of an(co)10 and
ethyl 2-bromopropanoate in'deuterochlorofo;m. In addition to 27%
unreacted ethyl 2-bromopropanoate, the major product was found to be
diethyl 2,3-dimethyl succinate 87.

The products from the photolysis of an(co)10 with ethyl 2-bromo-
2-methyl propanocate were apparently more complex than the cases

described above. Again the major product was identified as the dimer

of the intermediate radicals expected from this reaction.
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Mny(CONg + CHyCHBICOOEt o > + CHCH,COOE!
3£t00¢ (89)
87 47% 88 A
h COOET COOEt
v .
MOy (CHCBrcooEt s A K 0
Cba3 T 3%, 75 5%
COOEL COOE COOEt
N 4
Et00C COOE COOEt COOEt
76 365 77 &% 89 9

In this case the products were assigned by G.C.-mass spectrometry and
1H—N.M.R. spectroscopy of fractions isolated by prepafative G.C. The
assignment of the trimer 89 is tentative since although the mass
spectrum was consistent with trimer, the 1H—-N.M.R. of thi§ product is
open to a number of interpretations. A similar pattern of products was
observed when this reaction was carried out in tetrahydrofuran.

The full interpretation of these experiments 1s somewhat more
complex than the simple steps outlined for an E.T. mechanism described
earlier. For example, the formation of ethyl ethanoate in the
photolysis of Mn,(C0);, with ethyl 2-bromoethanoate implies that other
processes take place under these conditions. They do suggest though

that abstraction of deuterium by the radicals iIs an unlikely process.

The formation of 2,2,3,3,-tetramethyl succinate 76 in the reaction

of Na+[Mn(CO)S_] (and the PPN' salt) with ethyl 2-bromo-2-methyl
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propanoate in THF is at first sight an unlikely product from enolate
intermediates. However the reaction of the lithium enolate 90 has been

108

* shown by others to undergo this reaction in respectable yields,

indicating that these products are possible in a H.M.E. mechanism.

OLi 3 3 COOEt

>_<0Et + >—-X —_— >—-< (91)
COOEt . COOEt :

90 76

The results of the present work showed that the formation of 76 was
accompanied by ethyl 2-methylpropanoate 74 and lesser amounts of ethyl

2-methyl-2-propenoate 75. These could arise by elimination:

oM
H— COOEt COOEt
\ OEt /k

> Br —— + AR (92)

74 75

In this mechanism one would have to assume that 75 underwent other

reactions (Michael addition for example) to explain why 74 and 75 are
not formed in equal amounts. However, small amounts of the unsaturated
dimer 77 was also observed in these reaction mixtures (a product which

was also observed in the photolysis experiments described above)
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and it is difficult to see how this could arise from an enolate
intermediate. Since this product is formed in the photolysis
experiments described above this suggests that there may be some free
radical component for this particular substrate. However, this would
not appear to be the case for the reaction of Na+[Mn(CO)5—] with the
primary substrate ethyl 2-iodoethanoate where the éxpected free
radical, produét diethyl succinate, is practically absent. The absence
of this product could also be used to argue against intermediate
enolates where, diethyl sugcinate, would also be the expected
productlos, although in this case a number of other options may be

possible.

It is evident f&om the reactions carried out between Mn(CO)S- and
2-halo esters that (Tables 2.9, 2.10 and 2.11) the structure of the
organic halide plays an important role in determining the relative
yields of substitution and non-substitution products. This is
illustrated in particular by the somewhat surprising results for the
reaction of Na+[Mn(CO)5—] with 2-bromo and 2-iodo esters in THF (see
Table 2.9).. For these conditions the observed yield of non-
substitution products decreases tertiary > primary > secondary. The
results show that for the 2-iodo esters the substitution product is
only observed in the reaction with the secondary substrate. This
observation is not entirely unexpected if one considers the effects
which are likely to effect H.M.E. reactions If one assumes that the
rate of the H.M.E. reaction follows tﬁe‘order of stability 6f the

intermediate enolate, then it should be favored for primary
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substrates. Thus, one could explain the observed pattern of
reactivity by assuming that the H.M.E. reaction is more sensitive to
the structure of the organic halide than a competing SNZ—type
substitution mechanism. On the other hand one would predict that any
E.T. component in the overall mechanism would be least favorable for

primary substrate5109

s resulting in the opposite trend to what is
observed.

The effect of changing the counterion from Na© to PPN’ in this
reaction is to increase the overall yields of the substitution product
for primary and secondary 2-halo esters. In this case the yield of the
substitution product follows the "expected"” trend with an increase
tertiary < secondary < primary. This would correspond to a situation
where nucleophilic substitution dominates the observed pattern of
products, i.e. the structural factors affecting the rate of the H.M.E.
reaction are smaller than those effecting bimolecular nucleophilic
substitution. In the case of the reaction of Mn(CO)5_ with e?hyl 4-
bromo-2-butenoate (see Table 2.7) a similar effect is observed, i.e.
changing the counterion from Na+ to PPN+ increases the amount of the
substitution product. This is expected since substitution is more
favorable where ion assoclation is redﬁced, and the degree of -

association between Mn(CO)S- and PPN is expected110

to be less than
‘that with the Na+ cation. For this reaction the trend can be extended,
the observed yield of substitution product increasing Li+<Na+ K+<PPN+
fof reactions carried out in THF. The degree of ion association in

M+[Mn(CO)5-] has been shown to be less for Li+[Mn(CO)5—] than

Na+[Mn(CO)5—], a fact which can be explained by the degree of

«
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coordination of the alkali metal cation by THF89,111,112

. Clearly
this is not reflected by the results described in the present work for
the yield of the substitution product since little substitution took
place when the counterion was Lit. This pattern would be consistent
though with a competing H.M.E. process, since the intermediate enolate
is stabilized by association with the counterion,and one would expect
this association to decrease in the order ii+>Na+>K+>PPN+.

The effect of changing the solvent from THF to chloroform in the
reactions of PPN+[Mn(C0)5-] with halo esters is to give an overall
decrease in the observed relative amount of the éﬁbstitution product.
Whether this effect corresponds to a relative decrease in the rate of
nucleophilic substitution o? an increase in the raée of the H.M.E.
reaction is unclear. Both solvents are of similar pblarity (the
" dielectric constant for chloroform is 4.7 compared with 7.4 for THF),
thus one would not expect this to be an important factor. It is
. possible that the degree of association of E;PN+ with Mn(CO)S- is less
in THF than in chloroform (PPN+ salts are generally more soluble in
~ chloroform than in THF), which would explain why substitution

dominates in THF.

Conclusions

As a method for preparing alkyl complexes, the reaction of
Mn(CO)S_ with alkyl halides is limited to compounds which are
activated towards nucleophilic substitution. However, from a synthetic
point of view, changing to a better halogen leaving group results in

poor yields of the desired product. The reaction of the PPN' salt in
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THF gives the best yiel& of the desired products, and'is the method of
choice where alkyl bromides or iodides are needed.
With some reservations, the formation of non-substitution
products is best explained by a halogen metal exchange reaction. In
theory, this process could be used to advantage since it might form the

basis of a method for preparing carbanions under neutral conditions.
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Chapter 3

3.1 Introduction

Based on the known reactivity of Mn(CO)S— with acyl halidesll,

its reaction with haloacyl halides 91 is expected to give the

corresponding haloacyl complexes 92 by nucleophilic substitution

2 1,2

- 9 9 -
Mn(C0) g~ + Clé(CHz)nCRlR x — Mn(co)SE(CHz)RCR R%X + c1” (93)

91 2
This reaction would give acyl complexes 92 with a variety of halides
X, R substituents and chain length n. However, there are relatively
few examples of this reaction, and these deal with cases where X =

chloride. For example the a-chloroacyl manganese complex 93 can be

prepared using this methodllB:

CclL + Cc1~ (94)

- 9 ﬂ 0
Mn(CO),~ + CLCCH.Cl —» Mn(co)SECH2

2
93
This reaction is also applicable to cases with more remote chloride

substitution114 as in 94:

0 0
Mn(co)s" + ClaCHZCHZCHZCI —_— Mn(CO)SECHZCHZCHZCI + €17 (95)

94

The possibility that this reaction could be used for other halogens
(other than fluoridell) has not been investigated for manganese. 1In

this thesis, the interest in preparing complexes 92, particularly
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where X=Br arose from the possibility that such complexes could
undergo intramolecular oxidative addition of the C-Br bond (see
reaction (17), Chapter 1).
This leads to two related objectives, the preparation of 2-haloacyl
complexes (92, n=0) as precursors for a-haloalkyl complexes.
Secondly, to investigate the possibility that for complexes 92, where

n > 0, cyclometalation can occur. These are described below.

a-Haloalkyl Manganese Complexes

a-Haloalkyl manganese complexes 95 are potentially useful since
in principle they could undergo either loss of halide or halide

migration to give alkylidene complexes 96 and 97 respectively.

CR1R2=§n(CO)4 + CO
XCRleMn(COSS *”””””,' 96 (96)
95 N\\\\\\\\\\*;CR1R2=Mn(CO)5 + X
97 |

Alkylidene complexes similar to 1l have been postulated as

intermediates in the cyclopropanation of alkenes by methoxymethyl iron

115

complexes , and there has been recent interest in halo amalogues of

22_(R1=R2=Halogen)ll6. The preparation of a-haloalkyl complexes 95 has

been achieved by a number’ of methods, including the reaction of

117,118

Mn(CO)S— with chloroiodomethane to give 98:

Mn(CO)S_ + CLICH, — Mn(CO).CH,CL + I (97)

98
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A somewhat different approach involves halogen exchange using

116, for example a—.

boron trihalide and fluoromethyl complexes
bromomethyl manganese pentacarbonyl 99 can be made from the fluoro

analog 100.

Mn(CO)SCHZF + 1/3BBr3 —_— Mn(CO)SCHZBr + 1/3BF3 (98)
100 99
This reaction can also be used to prepare di and trihalomethyl
complexes of manganese.

a -Iodomethyl manganese pentacarbonyl 102 has been prepared119 by
the reacfion qf the methoxymethyl complex 101 wifh trimethylsilyl
iodide:

Me3SiI

Mn(CO)SCH OMe ——» Mn(CO)SCHzl (99)

2
101 102
All three complexes 98, 99, and 102 are reasonably stable, although
102 decomposes to Mn(CO)SI in methylene chloride over several days.
Another approach, which has not received a great deal of

attention, would be to prepare a-haloalkyl complexes via the

corresponding a-haloacyl complex 104.

-Cc1” 0 -CO

1 leaMn(CO)S—————) XCR

0
xcr1rZbc1 + Ma(C0),  —— XCR 1

RzMn(CO)S (100)

1103 104 ' 95

There would be some advantage to preparing the a-haloacyl complex 104

first, for instance the formation of 104 is not expected to be

¢
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affected by the substituents Rl, R2 or the halide X. Thus, in theory

a wide variety of a-haloalkyl complexes 95 could be obtained.

Cyclometallation

The B,7Y and &-halomanganese complexes 15 are potentially

useful since in principle they could undergo oxidative addition to

give metallocycle products (or intermediates) 16 and 105.

Q
rl ’/C\(CH )
n
. / \\ A7 2n
,,///:ffi////”’)' l BroH2
Mn(CO) 5cO(CH,) CH,Br 16 (101)

k S

A O
BrCHZ

105
To form 16, a CO would be first lost from the manganese coordination,
while with 105, one would first propose an acyl-alkyl manganése
conversion followed by another CO loss from the manganese coordination
shell and then cyclization. Because of the fixed coordination éf the
manganese, this reaction might be exbected to afford some control over
the stereochemistry of the ring closure. The complexes 16 and 1035
could then undergo reductive elimination to give cyclized products 106

and 107. Metallocycle
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complexes themselves are important in other ways, since they are

involved in olefin metathesis and dimerization reactions to name only

two.l
0
;
Co
16  ————>  Mn(COXBr + |\/(CH2)n 106
H (102)
co CHy_
105 —  Mn(COkBr + | /(CHz)n.1 107
CH
2

Metallocycle complexes can be prepared in a number of ways,

insertion into C-C bonds of strained cycloalkaneslzo, the reaction of

dilithio—alkanes with dihalo metal complexes121

122

» the coupling of

alkenes or alkynes at a metal center,

reactions 123. Cyclometallation requires prior coordination of the “

and through cyclometallation

organic ligand to the metal center followed by ring closure by

oxidative addition. One example df this reaction is

124

orthometallation s Where the ligand is coordinated to the metal

center through a benzylic heteroatom and ring closure takes place by
insertion into a C~H bond in the ortho position of the aromatic ring.

An example of such a reaction is given below125.

108 10

RzN/\© f wa:@ M:@ (103)
— Mn — (CO)Mn
; ARG

Mn(CO)sMe .0—9 + CH[' + CO
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Further elaboration on this reaction using a number of reagents is
then possible followed by decomplexation of the organic fragment. A
potentially more useful cyclometallation reaction is the insertion of
the metal into an unactivated C-H bond in the alkyl ligand.

Whitesidesl2®

has shown that bis—neopentyl substituted platinum
complexes 111 will cyclometallate in this fashion to give the

231123

platinocyclobutane product

\ /CHz(éZmez ‘ \
Pt H? — P(::>x< o (104)
/ \CHZCMe3 : /
+ CMey,
i 12

This reaction is interesting in that a remote C-H bohd is activated,
but dialkyl substitution in the pf-position 1is essential since -
other&ise the reaction is dominated by f-~hydride elimination to give
an alkene. A similar reaction has been described by Tulip and

Thorn127

where they have shown that treatment of [+Ir(PMe3}4]CI'w1th
LiCHZCMe3 produces the iridiometallocyclobutane analogous to 112
directly.

The reactions described above suffer from the disadvantage that
they are only appropriate for ligands which can be introduced onto the
metal center with p-substitution. However, they do i1llustrate how
cyclometallation can be achieved.

The possibility that the synthetic utility of these reactions

might be enhanced by cyclization involving a remote activated bond
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i.e. in the haloacyl manganese complexes 15, has not been

investigated. (There are examples of orthometallation using C-Br

128). Such a cyclometallation would be advantageous

oxidative additiomn
since oxidative addition in this case could concelvably compete with
side reactions such as ﬁ-eliminatiog.

One possible complication in this strategy 1s that initial
decarbonylatibn of the haloacyl manganese complex could compete with

114

cyclization, illustrated by the decarbonylation of 94 to give 113.

0
Mn(CO)5BCHZCH CH201 —— Mn(CO)SCH CH,CH,C1 + CO (104)

2 2772772
94 113

However, with bromine rather than chlorine substitution it is possible
that cylcometallation would be the preferred mode.

The ability of metallocycles to reductively eliminate to give
cycloalk;nes is 1llustrated by the thgrmal decomposition pf the nickel

complexes below129:

LNO ~ LZ@ = L3© (105)
} | |

NG 2

This illustrates a further complication, that is that g-hydride
elimination can also complete with cyclization even at the

metallocycle stage, i.e. the formation of alkenes above.
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3.2 Results

3.2.1 The Reaction of Mn(CO)S' with 2-Bromoacyl Halides

Preliminary studies on the reaction of Na+[Mn(CO)5_] with 2-

55

bromoethanoyl chloride 25 in THF using ~“Mn-N.M.R. spectroscopy

indicated that Mn(CO)SBr was the only product formed.
0 THF

301.-——7;—o-Mn(co)SBr + NacCl (106)

Na*[nn(co)s"] + BrCH
25°¢

2
114

No resonances were observed in either the acyl or the alkyl region of

the 53

Mn-N.M.R. spectrum, although a trace of an(co)10 was présent.
The reaction was carried out at temperatures ranging from -78°C to
room temperature without any change in the product observed (the

55un-

solution was allowed to warm to room temperature before the
N.M.R. spectrum was measured). At ambient temperatures the reaction
proceeded very rapidly (<5 minutes). Similar results were obtained
for the reaction of PPN+[Mn(CO)5-] with 2-bromoethanoyl chloride 114
in both THF and CDCl3. Interestingly, no resonances (other than those
for unreacted starting material and PPN+C1-) were observed for
reactions carried out in CDClB. Only Mn(CO)SBr could be isolated from
these reaction mixtures (80-90% yield). Since it seemed likely that
vthe reaction was giving a very volatile product, the reaction of
PPN+[Mn(C0)5—] with 2-bromoethanoyl chloride was carried out in CDCl,
in a sealed N.M.R. tube. In this case a sharp singlet was observed

at 2.35 ppm in the lH—N.M.R. spectrum of the solution. This

resonance was tentatively assigned to ketene 115, although the chemical
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shift was not considered to be very characteristic, and the yield of

the specles responsible for this resonance was apparently very low.

. _ o  cpcl, q
PPN [Mn(CO) g ] + BrCH,CCl —— Mn(CO)sBr + § + PPN'CL™ (107)

The fact that MH(CO)SBr appeared to be the only manganese product
formed in this reaction, prompted an investigation of the reaction of

Mn(CO)S- with other 2-bromoacyl halides. Using 35

Mn-N.M.R.
spectroscopy, 2-bromopropanoyl chloride 116 was also foun& to react
with‘Na+[Mn(CO)5—] in THF to give Mn(CO)SBr as the only manganese
containing product. This reaction was also carried out using
PPN+[Mn(CO)5-] in deuterochloroform at -78°C in a sealed N.M.R. tube.
The reaction was followed using 1H—N.M.R spectroscopy as the solution
. warmed up in the N.M.R.‘spectrometer probe. The resonances assoclated
with the starting material 116 disappeared rapidly at}gg. —30°C and
were replaced by broad resonancesrconsisting of a "doublet" at 1.57
ppm (J=8 Hz) and a "quartet” at 2.60 ppm. These resonances
disappeared rapidly on warming to room temperature, and were replaced
by a more complex N.M.R. spectrum. The lH—N.M.R. spectrum of the
transient species is not consistent with that expected fqr the acyl

complex, confirming the 35

Mn-N.M.R. spectroscopy observations. Since
these observations implied that the initial product formed in this
reaction is quite unstable at room temperature, the reactiomn was

carried out in such a way that the product could be distilled as
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Figure 3.1 Infra-red Spectrum of Methyl Keteme (THF,solvent subtracted)
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formed along with solvent into a liquid nitrogen cooled trap. Thus, a
solution of 2-bromopropanoyl chloride 116 in THF was added dropwise
into a slurry of Na+[Mn(CO)5—] in THF under vacuum, distilling the THF
into a cooied trap attached to the vessel. The infra-red spectrum of

1 which

the pale green distillate contained an intense band at 2117 cm
disappeared as the solution warmed up in the infra-red cell (see
Figure 3.1). This decomposition was accompanied by the appearance of
several new bands in the iﬁfra—red spectrum between 1660 and 1820 em™!
and a colour change from pale green to very pale yellow. From this

solution compound 117 was isolated by preparative G.C. and identified

by 1H—N.M.R. spectroscopy and mass spectrometry.

0

1t
0 7 Oy OLCHCH;
Na*[1n(C0) 7] + BroHCH,00cL —» | & | —» | | (108)
| C ¢ CH
.l‘LG_ 7 H/ \CH3 3
18 117 (64%)

The "trimer" 117 is a characteristic product from the dimerization and

1

‘trimerization of methyl ketene130 118. The band at 2117 em ~ initially

present in the infra-red spectrum of the distillate is also consistent

with the intitial product being a ketene131.

3.2.2 The Preparation of f, Y and &-Bromoacyl Manganese Complexes

In contrast to the reaction of Mn(CO)S- with 2-bromoacyl halides

described above, treatment of 3-bromopropanoyl chloride 119, 4-
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bromobutanoyl chloride 120, and 5-bromopentanoyl chloride 121 with

Na+[Mn(CO)5-] yielded the corresponding haloacyl complexes 122, 123,

and 124.

(

+ - il ' i
Na [Mn(CO)5 ] + BrCHZ(CHZ)nCC1 s BrCHz(CHZ)nCMn(CO)5 + NaCl (109)

n=1 119 122
n=2 120 123
n=3 121 124

The 55Mn—N.M.R. and infra-red spectra of solutions from these
reactions indicated that the reactions were essentially quantitative
(95%) although some Mn2(00)10 (ca. 4%) was also present.

The acyl complexes 122 and 124 were isolated in 50% - 717% yields
as white sélids and were only slightly air sensitive. Unexpectedly,
unlike 122 and 124 (and acyl complexes in general), 4-bromobutanoyl
manganese pentacarbonyl 123 was somewhat air sensitive. On exposure
to air, solid 123 readily decomposed to Mn(CO)SBr, resulting in a
characteristic colour change from pale yellow ts orange. Extraction
of the residue after decomposition gave a 56% yield of

Y -butyrolactone 125 and a 74% yield of Mn(CO)SBr,

0
. Oyf Hy0
123 4 Mn(CO)sBr  + 0 (110)
125 56%

This decomposition could be avoided using the usual techniques for
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handling air sensitive compounds. All three acyl complexes 122,

123, aqd 124 were found to be thermally unstable in THF solutions.
Heating samples of these complexes (at atmospheric pressure) prepared
in-situ from Na+[Mn(CO)5_] and the haloacyl halides 119, 120, and 121
to 50°C resulted in clean comversion to Mn(CO)SBr after 30 minutes.

55

The ““Mn-N.M.R. spectra indicated that this was the major éroduct of

the decomposition, no signals were observed in the alkyl région of the
spectrum during heating and Mn(CO) Br was subsequently isolated from
the solutions in 80-86% yields. The infra-red spectra of these
solutions measured during the decomposition indicated that the
characteristic-acyl carbonyl stretch band (1650 cm-l) disappeared, but

no new carbonyl bands other than those for Mn(CO)SBr were observed.

3.2.3 The Thermal Decomposition of 3-Bromopropanoyl Manganese

Pentacarbonyl

Heating solid 3-bromopropanoyl manganese pentacarbonyl 34 above
its melting point resulted in evolution of gas at 62°C. The sample
quickly solidified with a colour chénge from pale yellow to orange.
Subsequent thin layer chromatography and infra-red analysis of a
solution from the residue indicated that Mn(CO)SBr was formed.

The thermal decomposition was also carried out in
deuterochloroform solution and the products formed monitored by IH-

N.M.R. spectroscopy. As shown in Figure 3.2, on heating the Sampie

to 75°C a resonance appeared in the 1

H-N.M.R. spectrum at 5.38 ppm
which corresponds to the formation of ethene. Gas analysis by G.C.

showed that ethene (72%) and, carbon monoxide (28%) were in fact
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(b)
75°C 4hr.

2HC=CH2

(a)
(C0)5Mn8CH2CHzBr
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Figure 3.2 1H—N.M.R. Spectrum Measured During the Thermal
Decomposition of 3-Bromopropanoyl Manganese Pentacarbonyl (CDClB).
(a) Spectrum of 3-Bromopropanoyl Manganese Pentacarbonyl -
(inset 1s a scale expansion = 35Hz).'

(b) Spectrum measured after heating to 75°¢C for 4 hours
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formed. Subsequent infra-red analyéis of the orange solution
indicated that MH(CO)SBr was the only manganese containing speéies
present in the solution.
CDC1 ’
BrCH,,CH, EMn(co)5 ————=—+  H,C=CH, + Mn(CO)gBr  (111)
75° C, 4hrs.

The overall yield of ethene in the decomposition is 'difficult to
asseses due to its high volatility, however the absence of other

lH—N.M.R. spectrum suggests the reaction 1is

resonances Iin the
quantitative.
This decomposition was also carried out in tetrahydrofuran d8‘
In this case the reaction was somewhat faster, almost 50% of the
starting material having disappeared after ten minutes at 60°C
(compared to 10% at 75°C in CDCls). Heating for 70 minutes resulted

in complete decomposition of the 3-bromopropanoyl chloride and again

an estimated quantitative yield of ethene.

3.2.4 The Thermal Decomposition of 4-Bromobutanoyl Manganese

Pentacarbonyl

In a similar fashion to 3~bromopropanoyl ménganese pentacarbonyl,
heating solid 4-bromobutanoyl manganese pentacarbonyl 123 to 70°¢
resﬁlted in gas evolution and the formation of Mn(CO)spr. Thin layer
chromatography indicated the formation of another bright orange
product. This species was also present when a concentrated solution
of 123 was refluxed in chloroform. Flash chromatography of this

solution gave manganese pentacarbonyl bromide (81%) and an orange
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solid (4%). This product had a characteristic infra-red spectrum
(chloroform, w,.: 2097(m); 2027 (sh); 2013(5); 1967(5) cm™') and lu-
N.M.R. spgctrum (CDCl3, 8 ,: ét, 2.09 ppm, 2H; t, 4.18 ppm, J-7.9
Hz, 2H; t, 5.21 ppm, J=8.0 Hz, 2H), consistent with the carbene

complex 126.

Q cnel Br
BrCH,CH, CH,CMn(CO) - ——— (CO) ,Mn= (112)
ARy NLY) 5 40
reflux 0 )
123
126 4%

This épectral data is very similar to that:reported114 for the iodo-
analogue of 126. The carbene complex 126 was also formed by éreating
4-bromobutanoyl manganese pentacarboﬁyl with an excess of lithium
bromide in refluxing THF. In this case however the yield was very low'
(<2%), manganese pentacarﬂonyl bromide being the major .product. This
product was also formed, in low yield, when a chloroform solution of
4-bromobutanoyl manganese pentacarbonyl was irradiated (25°C) with a
sun—-lamp. However, this also resulted in a great deal of
decomposition although some Mn(CO)SBr was formed (14%).

In contrast to these reactions above, which were carried out at
atmospheric pressure, heating a chloroform solution of 4-bromo-
butanoyl chloride in deuterochloroform in a sealed tube (3 hours,
75°C)’ga§e the corresponding alkyl complex 127. Aléhough isolation of

1H—N.M.R.‘spectrum of the

114

the alkyl complex was not attempted, the
solution (Figure 3.3) after heating was characteristic of the alkyl
complex 127. (IH—N.M.R. épectrum, CDCl3 : t, 0.9 ppm, J=8.0 Hz, 2H,

Mn—CHZ-; dt, 2.16 ppm, 2H; t, 3.34 ppm, J=7.5 Hz, 2H, -CHZ-Br).
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120°C  1hr

75C  3hr

(CO)5Mn8(CHZ)CH28r

P

Il I - [ L i ] q

7 6 _ 5 4 3 2 1 0
| * PPM

Figure 3.3 lH—N.M.R. Spectra Measured During the Thermal

Decomposition of 4-Bromobutanoyl Manganese Pentacarbonyl (CDC13) :
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0 CDC1 : ‘
1]
BrCHZCHZCHZCMn(CO)5 —;;;E—* BrCHchZCHZMn(CO)S + CO (113)
123 127

Allowing this solution to stand overnight resulted in partial
conversion back to the haloacyl complex 123. Continued heating
'(125°C, 1 hour)"of a solution containing mainl& haloalkyl complex 127
resulted in a great deal of decomposition. During this decomposition
the manganese containinhg species were converted to an insoluble brown
powder of unknown composition. The 1H—N.M.R. spectrum of this
solution consisted of a number of resonances (see Figure 3.3). A

singlet at 0.24 ppm was assigned to cyclopropane 128 (literaturel32

1H—N.M.R. spectrum: singlet 0.25 ppm in carbon tetrachloride). The

other resonances d, 1.72 ppm, J=6.2 Hz, 3H; d, 4.95 ppm and 5.05 ppm,
J =12 Hz and 19 Hz, 2H; m, 5.88 ppm, 1H) were assigned to propene 129

from double resonance experiments and comparison of the chemical

133

shifts with those reported in'the literature . Integrafion of the

1o N.M.R. spectrum at low temperature (-60°C) indicated that

cyclopropane was produced in 12% yield and propene in 387 yield.

PPN CcDCl3
(COXMnN Br ————» X\ + f } (114)
£ 128 |

123 38% 12%

.

Heating 4-bromobutanoyl manganese pentacarbonyl in tetrahydrofuran d8
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(60°C, 2 hours) resulted in the formation of propene directly in this
case with only a trace of cyclopropane (<1%) being formed. Infra-red
analysis of the solution after heating indicated that Mn(CO)SBr was

formed.

3.2.5 The Thermal Decomposition of 5-Bromopentanoyl Manganese

Pentacarbonyl

Heating solid 5-bromopentanoyl manganese pentacarbonyl 124 to
70°¢ gave manganese pentacarbonyl bromide.

Heating a deuterochloroform solution of the complex to 75°C for 3
1/2 hours in a sealed N.M.R. tube resulted iﬁ the clean conversion of

124 to the corresponding haloalkyl complex (see Figure 3.4) 130.

0 CDC1
1 3
BrCHZCHZCHZCHZCMH(CO)S;;SE_;;:;BrCHZCHZCHZCHzmn(CO)5 + CO (115)
’ L ]

124 130

1

The assignment of the haloalkyl was based on the “H-N.M.R. spectrum

observed (CDC13,

t, 3.43 ppm, J-6.5 Hz, 2H, -CH

5: t 0.97 ppm, J=7.5 Hz, Mn—CHz—; m, 1.90 Ppm, 4H;
2-Br). This interpretation is ‘
consistent with similar complexes, in particular the characteristic
high field resonance at 0.97 ppm for the protons ato the manganese.r
This decarbonylation was reversible, leaving the solution overnight at
room temperature resulted in partial conversion back to the acyl
complex 124. Heating the solution to 120°C for 1 hour gave l-butene

131 as the major organic oroduct (ca. 85%) and complete decomposition

of the manganese containing species to an unidentified insoluble brown
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120°C 1hr.

HaC=CHCHCHy

ol

75°C 3hr.

(CO)sMnCH2((}|2)2CH28r

Q
(COsMnC(CHp;CH,Br

J _ J\hh ]
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Figure 3.4 1H—N.M.R. Spectrum Measured During thg Thermal

Decomposition of 5-Bromopentanoyl Manganese Pentacarbonyl (CDCl3).
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powder. The assignment of the organic product was based on G.C. gas

1

analysis and the “H-N.M.R. spectrum for the resulting solutiomn (CDCl3,

8: t, 0.98 ppm, J=7.5 Hz, 3H; dq, 2.05 ppm, 2H; d, 4.90 ppm and 4.95
ppm, J= 8.2 and 19:Hz, 2H; m, 5,85 ppm, 14), which compares well with
134

that reported in the literature . There was no evidence of any

cyclobutane from the 1H—N.M.R. spectrum.

Br Br
O .
1 CDCl3 CDCl3 ,
(CO) MnC ——p (CO)Mn —— (116)
5 =Car > o~ 20°C e Z 7
124 130

The complex 124 was also heated in tetrahydrofuran d8 in a sealed
N.M.R tube. Under these conditions heating to 60°C for 4 hours .
resulted in the direct conversion of 124 ‘to l-butene (533‘90% yield).

Again in this case there was no evidence of any cyclobutane formed.

Br

9 THF
(CO)5Mn6\/\) WMn(CO)lSBr + 2 (117)
r

124

Infra-red analysis of the solution after heating indicated that

Mn(CO)SBr was the major organometallic product formed in the reaction.
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3.3 Discussion

The reaction of Mn(CO)S— with 2-bromo acyl chlorides is clearly
in strong contrast to its reaction with acyl chlorides with more
remote bromine substitution. The reaction of Mn(CO)S— with B{’Yand 5~
bromoacyl halides gives the expected substitution product. In these
cases, and for the reaction of Mn(CO)S- with acyl halides in general

one can assume that the reactlon proceeds via the tetrahedral

mechanism.
+ - 9 ¥
Na [Mn(CO). ] + C1C(CH,) CH,.Br -————+.Cl-q-(CH ) _CH,Br 132 - (118)
5 2'n772 } n 2 —_
Mn(CO 5

l

(CO)SMng(CHZ)nCHZBr + CIT
11
One is tempted to relate the behavior of 2-bromoacyl halides

when reacted with Mn(CO)S- to the observed behavior of $, 7Yand 6-
bromoacyl manganese complexes when heated. This would suggest that
formation of a transient acyl complex 11 ( or possibly intermediate
132) is followed by decomposition to give ketemes and Mn(CO)SBr.
However, a more attractive analogy is that of the reaction of Mn(CO)S-
with a-bromoacyl esters as described in Chapter 2 , suggesting that in
the ketene forming reaction intermediate acyl complexes need not be
involved. Since the reaction of Mn(CO)S- with 2-bromoacyl halides
was considered to be a potentially useful way of preparing ketenes,

this reaction wds more fully explored. A full discﬁssion of the

mechanistic implications of this reaction is therefore deferred to



-108-
Chapter 4.

In order to explain the observed products from the thermal
decomposition of f, Y and &-bromoacyl manganese complexes a number of
mechanisms were considered. One major difference between the reaction
of Mn(CO)S- with 2-bromoacyl halides and the observed thermal
decomposition of B, Yand §-bromoacyl manganese complexes 122, 123 and
124, is that ghe latter occurs with decarbonylation. This is
illustrated by the products, both intermediate alkyl complexes'
observed and the alkenes (and cyclopropane from lzi) ultimately formed.
Indeed acyl complexes in general are expected to undergo
decarbonylatiqn upon heating, a process believed to involve initial
loss of a cis CO ligand followed by an acyl alkyl interconversion as

shown below

Br o Br .Br
Qﬁ/\\V/J Qﬁ/\\V/J . (119)
—Mn/-— :-E)—» -——Mn/ —_ ——-Mn/——
| | /|
123 33 127

This indicates that alkyl migration by the umnsaturated
intermediate 133 is prefered over intramolecular oxidative additiomn of
the remote carbon-bromine bond in these complexes.

However, there is evidence that some cyclometallation‘does take
place after the acyl-alkyl interconversion. The formation of
ciclopropane during the heating of 4-bromobutanoyl manganese
pentacarbonyl 123, (and the corresponding alkyl complex 127) can be

explained by an intermediate metallocyclobutane 135.
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N o O

_Mn__B, (120)
l 7 |

127 134 _115_

In this mechanism loss of CO from-the alkyl complex 127 would give the
unsaturated intermediate 134 which would undergo cyclometallation to
give 135. Reductive ellimination from 135 with gain of CO would give
cyclopropane and Mn(CO)SBr.

The formation of the metallocycle 135 can also explain the propene
formed in this reaction. Loss of CO from 135 followed by hydride
migration with reductive elimination (B-hydride elimination) éives the

observed product.

—Mn—Br —» Mn—Br-+ H—Mn—8Br —» —Mn—8r
/1 / 7 2
135 136 137 138 (121)
co

Mn(COKBr + < X

Such steps would require further loss of CO to give the rather
ungainly iIntermediate 137, but such a process is known to compete with
cycloalkane formation from other metallocyclesl35.

These processes also explain the formation of l-butene from the

decomposition of 5-bromobutanoyl manganese pentacarbonyl 124 where an
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analogous metallocyclopentane 139 would form.

o - \/

—'Tn—_ — — —Mn—~Br (122)

124 ' 139
In this case though one would have to assume that the analogous
reductive ellimination to give cyclobutane cannot compete with B-
hydride elimination, i.e. B-hydride elimination is faster overall for
'metalocyélopentanes than metallocyclobutanes. There is some evidence

136, however the amount of B-hydride

to support this for other metals
elimination vs reductive elimination is very semsitive to the
énvironment of the metal center and not the ring size.r An alternative
explanation that the initial cyclometallation is supéressed in the
case of 124 can be ruled out, since one would expect that there would
be some preference for the formation of a metallocyclopenéane over a
metallocyclobutane. This argument relies on organic analogues where
ring strain is the dominant factor in the formation of of the
transition state (with an entropy contribution as well) leading to
cyclization. There is evidence from other work that this is true for
metallocycle formation, ie. where there is a choice in ring size
\

metallocyclggentanes form preferentiallyl37.

The amount of B-hydride elimination which takes place in
metalocycles is expected to be éonsiderably reduced when compared to

simple alkyl complexes. This is a result of the requirement that the

M-C-C-H dihedral angle’ is 0% for elimination to take place and



-111-
this accounts for the stability of metallocycles over non cyclic alkyl
complexesl37. This suggests that if P-hydride eliminatiom occurs at
all, it is more likely to take place prior to cyclometallation. This
would be particularly true for the manganese metallocycles proposed

here where one might expect the formation of a sterically unfavorable

7-coordinate species to be reversible.

127 — %  —Mn — > —Mi—H (123)
/| %
134 140
lco
B
MACORH + & 7

In this case Pf-hydride elimination would take-place from the
unsaturated species lg&_to give maﬁganese pentacarbonyl hydride and a
bromo—-alkene.

Such a process would not give the observed debrominated product

directly. However, manganese pentacarbonyl hydride is known to

rapidly reduce organic halides, which would result in the observed

productsl38.

N\ Br +Mn(CO)5H —— Mn(CO) ;Br + N (124)
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The reducti§n involving MH(CO)SH described above could certainly
explain the behavior of the bromoacyl complexes in tetrahydrofuran,
but chloroform might be expected to compete since this would also be a
suitable substratelfpr reduction. It is conceivable that the
intermediate 140 could undergo intramolecular reduction with the same
result, a process which could compete with the large excess of
chloroform present.

Alternatively a series of carbon-carbon doﬁble bond migrations

139,140

could take piace via B-hydride elimination , to give a

B-bromoalkyl complex 143 . This intermediate can undergo a B-bromide

elimination which would also give the observed alkene products.

. \=-/—Br
R |/

Tn - > —Mn—H 14 (125)

7
}
%

Pa

PN co
+ «— —Mn—Br «— -—Mn
/| /|
Mn(CO)Br
14k 143

These steps are less likely to account for the results since
decomplexation of the alkene could take place at any stage during the
migrations, which would lead to mixed alkene products.

The steps outlined above, i.e. B—hydride elimination followed by
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reduction, would not explain why 3-bromopropanoyl manganese
pentacarbonyl 122 underwent facile ethene formation. In this case
though, P-bromide elimination could occur directly after acyl/alkyl
interconversion rather than f-hydride elimination. Such a process

would be similar and is shown below:

-200 /
N P o S A —-——Mn/——Br - (126)
4 /| /|

122 145 146

This reaction would explain why no intermediate alkyl complex was
observed in this case. The analogous P-bromide elimination would be
thermodynamicélly favored over B-hydride elimination since C~Br bonds

are.about 30 kcal mole™! weaker than C-H bondsl41. Additionally the

Mn~Br bond in Mn(CO)SBr (58 keal mole-l) is slightly stronger142

than
the Mn~H bond in Mh(CO)SH (51 keal mole-l). Thus alkyl complexes .
having a P-bromo substituent would decompose faster than unsubstitpted'
alkyl complexes.

This B-bromide reaction could also be described by analogy with

the deﬁarboxylation of carboxylic acids, suggesting that the reaction

could be written In one step.
O\\ /C/D‘ZCHZKBJ} _
(I/ ol / _

/ 2

—
N
~

Mn(CO)SBr + CO
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This mechanism would not involve the formation of an intermediate
alkyl complex and would also explain why the reaction proceeds with
such ;ase compared to the other complexes,

The fact that using tetrahydrofuraﬁ solvent rather than
chloroform accelerates alkene formation for all the acyl complexes
described here can be explained by comparing the coordinating poWers
of the two solvents. Tetrahydrofuran, unlike chloroform, is able to
coordinate unsaturated 16e  species and therefore stabilizes them by
maintaining the 18e rule. This is a relatively weak interaction so
_the solvent is easily displaced. This would explain why intermediate
alkyl complexes were not observed (there was some evidence of its

transient formation in one case) when tetrahydrofuran was used.

R R
. _J{+ L3 S — __.Jn/_og (128)
/| /I '

147

" The accelerating effects of solvents such as tetrahydrofuran on

reactions involving initial loss of CO from the metal is known for a

number of other reactionsl43.

The Formation of 7Y-Butyrolactone from 4-Bromobutanoyl Manganese

Pentacarbonyl

Acyl complexes of manganese are not normélly air-sensitive,

indeed, samples of S5~bromopentanoyl manganese pentacarbonyl can be
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left exposed to the atmosphere for a number of hours without signs of
decomposition. Thus, 4-bromobutanoyl manganese pentacarbonyl is
unusual in that i1t decomposes rapidly to give 7-butyrolactone
Such a decomposition 1s characteristic of carbene complexes144

and the formation of 7Y-butyrolactone can be rationalized by the steps

| | s o:<\/]
—_—MA— N ~ - 0 0 (129)
Tn\)’c\\ofﬂ 7V —;Tn_(oj +Br —= ;

Mn(CO)Br

given below:

Although the carbene intermediate 148 was not observed directly,

a related complex has been prepared by others114

from the chloro
analogue of 123 using silver tetrafluoroborate. It ié possible that
with a better leaving group like b?omide that the reéction is
spontaneous, although the equilibrium shown above would have to be far
to the left.

The carbene 148 could also explain the formation of the neutral

carbene complex 126, Loss of CO from 148 either thermally or

photochemically, followed by re-attack by bromide ion gives 126:

*r\'a/ -CO | "'l‘/:<j (130)
= Mnh= —— — Mn
F//I 0 AR

) Br
148 126

B

This product could also arise autocatalytically via bromide attack114
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on the coordinatively unsaturated intermedliate acyl species 133

(131)

—
N
(¢p]

l‘

M

_—

Br
o
“
Br

Conclusions

The reaction of Mn(CO)S“ with 2-bromoacyl halides is nmot an
appropriate route to the corresponding 2-bromoacyl manganese‘
complexes, at least under the conditions used in this work. There is
little doubt that this reaction gives ketenes. The infra-red
spectroscopic evidence and observed dimerization products are very
characteristic of these products.

The products obtained on heating the B,7 and d&-bromoacyl
mangaﬁese complexes can be convenientl& explained by the intermediacy
of metallocycles. However, it seems more likely that B-hydride
elimination is taking place before cyclometallation. It might be
possible to distinguish these alternatives by blocking the B-position
with alkyl groups to prevent f-hydride elimination prior to
cyclometallation. The behavior of the unsymmetrical substituted acyl
complex shown below would be particularly informative.

9

(COXM n-c/><\/*3r 149

—
Ww
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The cyclometallation process might be further enhanced by using a

ligand with a remote bond more activated towards oxidative addition, a

C-I bond for example.

Although some success was achieved in performing the desired

cyclometallation, this was restricted to the formation of 3-membered

rings. The outcome of the other reaction can be generalized as:

‘ - (132)
/'é\ _CH, (i)Mn(CO)g LCH,  _CHy
Q7 CHy  TN(CH))EBr > CHy  (CH2)n4
(i) A

This-reaction is effectively a decarboxylative elimination with

reduction of a remote carbon-bromine bond.
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Chapter 4

The Dehalogenation of 2~Bromoacyl Halides by Mn(CO)S—

4.1 Introduction

Ketenes 14 have been used in organic synthesis in a number of

145 2

ways , one example being the [7° + ﬂz] cycloaddition reaction with

activated alkenes to give cyclobutanones 150:

Q R QR (133)
g + | —_— R] )
A R " 2 R

" There are many methods available for fhe preparation of

ketenesl46: the Wolf rearrangement of a-diazocarbonyl compoundsl47;

dehalogenation of 2-bromoacyl bromides using activated zinc (the

Staudinger method) or triphenylphosphine148; the dehydrohalogenation

of acid chlorides using aminesl49; the pyrolysis of carboxylic

acidslso, anhydrideslSI, ketoneslsz, ketene dimerslSB, ketene

acy1a1s154, alkoxyalkynes155 and 2,5 diazidoquinoneslSG, to name the
more widely used methods.
One characteristic reaétion of ketenes is their self dimerizatiom

to give cyclobutanediones 151, or in the case of ketene itself (R =R’ =H)

the B-lactone, diketene 152:
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(134)

O

OO
/O \\[ o
20 O
o
[}

/\_,
R R

14

With the exception of ketene and most dialkyl and diaryl ketenes this
dimerization is rapid at room temperature, and for this reason only a
relatively small number of ketenes have in fact been isolated.
Ketenes are generally generated in situ or as components of a
pyrolysis stream146.

Solutions of ketenes can be obtained by the treatment of readily

available 2-bromoacyl bromides 5 with activated zinc, (the Staudinger

synthesis).

129 Zn )
BrCR-R“CBr —_— C + ZnBr2 (135)
G
g g2
153
14
157

This is in fact the oldest method for preparing ketenes and is a goodr

way to prepare the more stable aryl and dialkyl keteneslss. For example

the Organic Synthesis preparation of dimethyl ketene (R1=R2=Me) is

based on this reactionlsg.

The possibility of extending this reaction to the preparatidn of

more reactive ketenes has been explored for mono-alkyl ketenes (R1=H,

R2=a1kyl), however the ylelds are often 1ow130. Modified procedures
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where the ketenes are rapidly distilled from the reaction mixture as
the reaction proceeds and collected in a cold trap have had some
degree of successlBo.

The Staudinger reaction described above is clearly analogous to
the reaction of Mn(CO)S— with 2-bromoacyl halides described in the
preceding chapter. It was proposed that the high reactivity aﬁd
homogeneous conditions of the Mn(CO)S- reaction would extend the
usefulness of the dehalogenation of 2-bromoacyl halides as a method
for preparing more reactive ketenes. Thus the Mn(CO)S- reaction was
tested for a variety of alkyl substituted 2-bromoacyl halides léﬁ and

vinylogs 155 as a potentially useful method for preparing ketenes 14,

vinyl ketenes 156, and methylene ketenes 158.

9 Mn(CO)% Q
BreRREX Mn(CO)s \ (136)
R R
154 14
A X —_— /\f
Br R - R (137)
155 156
R’ . _
9 A
R X _ R, & - (138)
Br \f
: R
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There are no useful examples of "nucleophilic" metal anions being
used as dehalogenating agents in the reactions described above,

although some related reactions have been described160’161,

4,2 Results

4.2.1 The Preparation of Ketene and Dimethyl Ketene

162

Ketene 115 is generally prepared by pyrolysis , and Fieser and

Fieser describes the pyrolysis of diketene 152 as being the method of
choice163. Clearly, there would be some advantage to developing a non-
pyrolytic method for preparing ketene and thus some effort was made to
generate 115 using.Mn(CO)s'.

The preliminary study described earlier (Chapter 3) indicated that
a very rapid reaction took place between 2-bromoeth;noy1 chloride 114
and Na+[Mn(CO)5-] in tetrahydrofuran. However, the formation of
ketene was not confirmed in this case, in part because of the
volatility of keteme (bp ~-41°C). These results indicated a
similar reaction took place between 2-bromoethanoyl chloride lg_ana
PPN+[Mn(CO)5—] in deuterochloroform. Since PPN+[Mn(CO)S—] is more
convenient to use (it can be &eighed in air and is soluble in a
variety of organic solvents), it was decided to explore the reactions
of this salt as a potential reagent for preparing ketenes.
Deuterochloroform was chosen as the solvent for exploratory purposes

since it allowed the products to be determined by 1H—N.M.R.

spectroscopy.
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Because of the high volatility of ketene the reaction of
PPN+[Mn(CO)5_] with 2-bromoethanoyl chloride was carried out in a
closed &essel. This was achieved by layering solutions of
PPN+[Mn(CO)5_] and 2-bromoethanoyl chloride at liquid nitrogen
temperature, evacuating the apparatus to ca 0.lmmHg and then allowing
it to warm to room temperature. The solvent/ketene mixture was then
distilled fr&m the Mn(CO)SBr and PPNTCL™ produced in the :eaction into
a slde arm receiver cooled with liquid nitrogen. The product of the
reactlion was then determined by low temperature (-50°C) 1H—N.M.R.
spectroscopy, using p-dibromobenzene as an internal standard. The 1H—
N.M.R. spectrum (Figure 4.1) of the distillate contained a singlet at
2.46 ppm in addition to those for p-dibromobenzene and chloroform,
This value is close to that reported for neat ketene (2.47 ppm)164
indicating tha£ this 1s indeed the product of the reaction.
Integration indicated thatrthe ketene was formed in better than 957
yield. On standing, a ca 1M solution'prepared in this way remained
essentially unchanged after standing overnight at room temperature.A

Characteristic resonances165 in the 1

H-N.M.R. spectrum corresponding
to diketene 152 were observed after this time, but integration of the

signals indicated less than 5% dimerization had taken place.

PEN'[Mn(CO) g1 ¢
BrCH,COC1 S > : (139)
CDCl,, 0°C
: 3 7 Ny
16 ,,
115 95%

Since dimethyl ketene 159 also dimerizes slowly at room
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temperature, this method was also found to be appropriafe'for this
ketene. Following the method outlined above for the preparatiom of
ketene, a colourless solution was obtained.from the reaction of 2-
bromo-2-methylpropanoyl chloride 160 or bromide 161. The 1H—-N.M,R,
spectrum of this soelution consisted of a singlet at 1.58 ppm assigned
to 159, and integration indicated a 87-95% yield of this compound in

very high purity (see Figure 4.1) .

PPN+[Mn(CO)5—] q
BrG(CH,) ,COX —— G (140)
cpel,, 0°C e :
cH, CH,
160 X=C1
161 X=B

r : 159 87-95%

The dimethyl ketene formed under these conditions dimerized over a
period of about 20 hours at room temperature to give the
tetramethyleyclobutanedione 162 exclusively, identified by lH—N.M.R.

)166

spectroscopy (singlet 1.26ppm and mass spectrometry (parent ion

‘m/e 140).

CDCly  25°¢C

N (141)
20hrs.

159

A
—
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Figure 4.1 lH—N.M.R. Spectra of Ketene and Dimethyl Ketene (CDClB)
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4.2.2 The Preparation of Mono-alkyl Ketemes

Monoalkyl ketenes are usually prepared by the dehydrohalogenation
of acyl halidesl67, a reaction which is normally carried out in situ.
Solutions of methyl and ethyl ketenes have been obtained using the

130 where in this case the reaction is carried out

Staudinger procedure
under conditions of continuous distillation. Under these conditions
the ketene solution is cooled sufficiently to prevent dimerization
(and trimerization), which occurs rapidly at room temperature for

this class of ketenes.

The technique of continuous distillapion was modified In the
present work for the reaction of PPN+[Mn(CO)5-] with 2-bromopropanoyl
chloride and 2-bromobutanoyl bromide 116 and 163 in deuterochloroform.
In these cases a chloroform solution of 116 or 163 was rapidly added
to a concentrated chloroform solution of PPN+[Mn(CO)5—] by syringe in
a sealed vessel initially evacuated to ca. 0.1 mmHg. The solution of
PPN+[Mn(CO)5-] was initially frozen using liquid nitrogen, the
apparatus evacuated and then warmed to ca. 0°C. At this point the
solvent and formed ketemes (as the addition takes place) rapidly
distill into a liquid nitrogen cooled receiver attached to the vessel.,
Very pale green solutions of methyl 118 and ethyl 164 ketenes were

ly-N.M.R.

obtained in this way in 807 yield. The low temperature
spectra (-40°C) were consistent with the formation of these ketenes
and indicated that these were the only species present, other than
known solvent impurities (see Figure 4.2).

On standing at room temperature, very rapid trimerization of the

ketenes was observed, to give 117 and 165 respectively.
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Figure 4.2 lH—N.M.R. Spectrum of Methyl Ketene (CDCl
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0
.\ _ OCCHR
PPN [Mn(CO)5 ] Iq 10min.
BrCHRCOX — > ¢ v I (143)
cnel,, 0°c /
3? H/C\R o/ R
116 R=Me, X=Cl
163 R=Et, X=Br 118 R=Me 84-91% 117 100%
164 R=Et 80% 165

This technique was also applied to the preparation of less
reactive iso-propyl ketene 167 and t-butyl keteme 169 in 57% and
76-80% yields respectively. In these cases the subsequent dimerization
was much slower and the technique described earlier for preparing
dimethyl ketene could also be applied here, although the yields were

generally 5-10% lower.

PPN*[Mn(co)S"] 9
BrCHRCOBr : S > ﬁ (144)
cpel., 0°c ¢
3 N
166  R=i-Pr
168 R=t-Bu 167 R=i-Pr 57%
169 R=t-Bu 76-80%

4.2.3 The Preparation of Vinyl Ketemes

The success of the preparation of monoalkyl ketenes suggested a
more stringent test for the technique, the preparation of highly
reactive vinyl ketene.

Vinyl ketene 170 is generally prepared in-situ by the
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dehydrohalogenation of a,f unsaturated acyl halidesl68’169, although

170

it has been isolated from the pyrolysis of 2—cyclobuten6nes and

crotonic anhydride17l. The latter reaction gives the ketene in 407
yield along with substantial amounts of by-products. The possibility
that it could be obtained by a dehalogenation reaction has not been
reported.

In the present study, initial feactions were carried out at
ambient temperatﬁre and the products of the reaction determined by
55Mn--N.M.R. spectroscopy. The spectra for the reaction of 4-bromo-2-
butenoyl chloride 171 with both Na+[Mn(CO)5-] in THF-and PPN+[Mn(CO)5-]'
in deuterochloroform indicated that Mn(CO)sBr was the sole product of
the reaction. The 1H-N.M.R. spectrum of the crude reaction mixture
with the PPN salt was uninstructive. It could not be readily
interpreted in terms of dimerization products of vinyl ketene.
However, it was clear that no unreacted 4-bromo-2-butenoyl chloride
remained, and there was no evidence of acyl (or alkyl) manganese
products.

Using the distillation procedure described earlier for mono-alkyl
ketenes, evidence for vipyl ketene formation came from the IR-spectrum
for the reaction of Na+[Mn(CO)5-] in THF. A band was observed at
.2117cm-1 which rapidly disappeared as the solution warmed in the I.R.-
cell. Similar experiments performed in deuterochloroform using the

Ly

PPN+ salt -allowed the reaction products to be determined using
N.M.R. spectroscopy.
In these cases a characteristic spectrum for vinyl ketene was

observed, the resonances being close to those reported in the
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1iterature171. However, the yield was poor (5-10%), but under more
eiacting conditions this yield could be improyed. Very rapidly
distilling the chloroform/ketene from an almost dry slurry of
PPN+[Mn(CO)5-] (in excess in this case) gave a yellow solution of.

1

vinyl ketene in 357 yield. The "H-N.M.R. spectrum of a solution

prepared in thils manner is shown in Figure 4.3.

0 PPN*[Mn(co)S“]

Br

—r el ]

-(145)

n 170 35%

On standing at room temperature the major;ty of the vinyl ketené (80%)
disappeared almost immedfately.. A complex 1H—N.M.R. spectruﬁ which
defied interpretation was observed for this solution. Analysis by
G.C. indicated many products were present in the solutio;, although it

171 have indicated that the

should. be pointed out that other workers
dimerization products are therﬁally unstable and so this analysis may
not be truly representative of the components present in the solutiom.

In contrast to vinyl ketene described above, methyl vinyl ketene
172 could be prepared from 4-bromo-2-methyl-2-butenoyl chloride 173
without any particular precaution. This ketene could be obtained in
80% yield by reacting the bromoacyl chloride 173 in a similar fashion
to the preparation of dimethyl ketene described earlier, and was

identified by lH—-N.M.R. spectroscopy. The yellow solutions of this

ketene showed no signs of decomposition even after several hours at
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Figure 4.3 1H—N.M.R. Spectra of Vinyl Ketene (CDCl3)
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room temperature, although on heating to 50°C in chloroform solution
some degradation of the product was apparent.
0
I
g I

r/<:>T//\\C[ PPN+[Mn(CO)5—]‘ [T/\\CH3
Br CHy eDCl,, 0°C (146)

173 ‘ 172

The Preparation of Cyclobutyl Keteme

There are relatively few reports concerning the attempted

isolation of cyclobutyl ketene 174. It has been made by the pyrolysis

172

of a Meldrum”s acid derivative s, and its dimerization to give the

dione 175 observed.

. |
7
e 3
_—

(147)

. |

0

174 175

For the most part reports have concerned the preparationl73 of

175, and there are no reports regarding its properties. Both

cyclopentyl ketene and cyclohexyl ketene can be prepared by the

Staudinger method and they dimerize sufficlently slowly at room
158

temperature that no particular precautions need be taken .

The 2-bromoacyl bromide, ‘l-bromocyclobutylcarbonyl bromide 176
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was found to react very rapidly with both Na+[Mn(co)5'] in THF and

55

PPN+[Mn(CO)5—] in chloroform to give Mn(CO)SBr. The ~~Mn-N.M.R.

spectra of these reaction mixtures were quite consistent with this.
However, a number of attempts to observe the 1H—N.M.R. spectrum
of cyclobutyl ketene in chloroform solutions distilled under various
conditions from the reaction of PPN+[Mn(CO)5-] with 176 were quite
unsuccessful.. Either no resonances or resonances corresponding to
traces of unreacted 176, and known solvent impurities, were observed
in the lH—N.M.R. spectrum of these distillates.
In a reaction carried out using Na+[Mn(CO)5-] in THF with 176, a

1

strong band at 1740cm ~ in the infra-red spectrum of the reaction

solution was assigned to the forﬁation of dispiro [3.1.3.1].decane-

5,10-dione 175.

Bro
i1 + _
Br Na [Mn(CO)5 ]

»

€DCl,, 25°C (148)
| 0

176 175 75-85%

The dispiro compound 175 was isolated from this reaction mixture
in 75-85% yield and comparison of its spectroscopic and physical
properties with those reported in the literature confirmed this
assignment.

The work-up procedure for this reaction is worth noting. The
solvent was removed from the reaction mixture and replaced by hexane

and the solution refluxed. This procedure converts the Mn(CO)SBr
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formed in this reaction into insoluble MnZ(CO)SBrZ’ aiding the

isolation of the organic product.

2Mn(CO)SBr > MnZ(CO?8Br2 + 2C0 (149)

The an(CO)gBr2 can be simply filtered from the hexane solution

and the organic product purified by conventional means.

The Preparation of Methylene Ketene

Methylene ketenes 158 have been proposed as intermediates in a few

reactions, however for the most part their isolation is restricted to

the work of Brown and Eastwoodl74. These workers have prepared a number

of methylene ketenes by the pyrolysis of Meldrum”s acid derivativesl75.
There are also some photolytic routes to these extremely reactive

species176

. The possibility that they might be prepared by a mild low
temperature method would be of some advantage.
Methylene ketenes 158 dimerize very rapidly at sub—amblent

temperatures to give 2,4-alkylidenecyclobutane-1,3-diones 177:

R/
0 | o0 b
. 3 R (150)
I'I R " \
PN o
R W R’
15 177

The preparation of the, parent molecule, methylene ketene 9
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(R1=R2=H), was not considered since its dimerization product 158
(R1=R2=H),.a reasonable way of deducing the intermediacy of 177, is
itself unstable and polymerizes readily at room temperature176. There
is also some evidence (albeit rather loose) that substitution at the
3-position in methylene ketenes does give some stability towards
dimerizétion, although in this case one would clearly not expect this

174. Thus as an exploratory experiment

2

to be as dramatic as in ketenes
the preparation of dimethylmethylene ketene 158 (R1=R =CH3) was
considered,

Treatment of 2-bromo-2-butenoyl chloride 178 with PPN+[Mn(CO)5-]
in chloroform under conditions of continuous distillation yielded no
observable dimethylmethylene ketene (or any other products) in the
distillate, even under exacting conditions. However, intense bands in

the infra red spectrum of a solution of the residue from these

reactions were observed at 1632 cm-1 and 1694 cm'-1 and these are

o\\ /k .
Nat[Mn(CO) 5]

Ny a > %
CDCl,, 25°C - \|

178 ’ 179

characteristic of the dimer 179.

7

(151)

Isolating the product from the residue was not successful,
However, similar bands were observed in the infra-red spectrum from
the reaction of Na+[Mn(CO)5-] with 178 in THF. In this case the
product could be isolated in a low yield (ca 40%) by flash

chromatography. It was subsequently found that 179 partially
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decomposed on the silica column used for this separation, accounting
for the low yield. The reaction could be quantified by IR-
spectroscopy However, and the results suggest that the product was
initially formed in >95% yield. Where Na+[Mn(CO)5—] was used in this

reaction, Mn(CO)SBr could be isolated in 80-90% yield.

0=C=CRR”~
R R~ Yield Starting lH—NMR Spectrum
% Material
H H 95 BrCH,COCL 2.46(s),2H
ci, H 84-91 BrGHCH,COCL 1.56(d),3H,J=7.4, 2.67(q),1H
CH,CH, H 80 BrCH(Et)COBr  1.06(t),3H,J=7.4,
2.04(d of q),2H,
2.80(t),1H,J=6.9
i-Pr H 57 BrCH(i-Pr)COBr 1.07(d),3H,J=6.7,
2.82(d),3H,J=5.7
2.49(d of q),1H,J=6.6
t-Bu H 75 BrCH(t-Bu)COBr 1.19(s),9H, 2.81(s),lH
CH CH 87-95 BrC(CH,).,COX  1.58(s),6H
3 3
=Br or Cl
vinyl H 35 BrCHZCH=CH0001 4.,09(d),1H,J=10,
4.66(d),1H,J=11
4.95(d),1H,J=18,
6.06(d of d of d),lH
vinyl CH, 82 BrCH,,CH=CCOC1 1.76(s),3H
CH, 4.77(d of d),1H,J=0.5,11
4.76(d of d),1H,J=0.5, 16.6
6.30(d of d),1H,J=10.8, 16.6

Table 4.1 Summary of Yields and 1

H~N.M.R. Spectral Data for Ketenes
Prepared Using Reaction of Mn(CO)S— with 2-Bromoacyl Halides (Chemical

.shifts in ppm and coupling constants in Hz)
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4.3 Discussion

The results described in this work show that the reaction of
Mn(CO);- with 2-bromoacyl halides and thelr vinylogs to give ketenes
is very general. The results are consistent with an initial
quantitative yield of keﬁenes. In most cases the reactions were
accompanied by a >90% yield of MH(CO)SBr, and where stable ketemes were
involved, the yield of these products was very high; The‘actual
isolated yield of ketenes as solutions follow the expected stability
of the ketene with respect to dimgrizaﬁion.

The observed high reactivity of cyclobutyl ketene towards
dimerization 1s surprising. This ketene was,expected to exibit similar
reactivity to.that of other dialkyl ketenes ( for example dimethyl
ketene). This result suggests that cyclobutyl ketene has reactivity

17 ana methylene ketenes174.

approaching that of cyclopropy
In considering the mechanism of ketene formation, one 1s tempted
to propose reaction steps based on the expected reaction between

Mn(CO)S— and 2-~-bromacyl halide, i.e. nucleophilic substitution. The

bifunctional nature of 2-bromoacyl halides leads to two possible sites



-137-
of attack by Mn(CO) . Attack at the 2-position to give the
corresponding alkyl complex via SN2 nucleophilic substitution is
probably the least likely since the ketene forming reaction appears to
be equally facile with vinyl and tertiary substrates as with primary

ones.

: Cl c
o:c’\ C . P
Mn(CO). + C—Br ——Eﬁ——> (CO) .Mn-C. (153)
5 // 5 \\R/
RTR 181 R

‘Also, the.proposed formation of the akyl complex 181 is not an obvious
precursor for the formation of Mn(CO)SBr, although a related reaction
was considered and is described later im this discussion.

Substitution at the acyl carbon would certainly not be strongly
dependené on the steric congestion at the d-carbon. This substitution
woﬁld be expected to proceed via the éetrahedral mechanism to give the

acyl complex 182.

o) R’ 0 /
- n ./ ) R
Mn(CO! ) /
n( )5 + CTCQ\\R (C.O)SMT/I \C:
Br ‘\\R
Br
182 (154)

— Mn-] e (CO)MA ¢
/ | C. “ \
Brg R Br



-138~-
One can, based on known reaction steps, then formulate a mechanism
. which gives the observed products, ketene and Mn(CO)SBr, as shown

above. Loss of CO ffom the intermediate complex 182 could take place
followed by migration of bromide to the unsaturated metal center. The
resulting ketene complex 184 could then undergo a substitution ‘
reaction with CO, liberating ketene to form Mn(CO)SBr. ‘

Gladysz has recently speculated178 on a similar mechanism in a
reaction involving the debromination of 2-halo esters with
(CO)SMnSiMe3, and the pyrolysis of a 2-chloroacyl molybdenum complex
analogous to 182 has been shown to give some ketene113. However, in
order to expldin the extremely facile formation of ketenes using
Mn(CO)S_ the decomposition of the acyl intermediate 182 would have to
be very fast. There have been‘unsuccessful attempts to make 2-
iodoacyl manganese complexes by a somewhat differént route, but in
this case the difficulties encountered might be attributed to
instability of the precursor and not instability of the complex

¢119

itsel . Evidence that the decomposition of 182 would not be facile

comes from the fact that the corresponding chloro complex 185 is
reasonably stab1e113’179‘ In the present work 185 could be prepared
from Mn(CO)S- and either 2-chloroethanoyl chloride 186 or 2-
_chloroethanoyl bromide 187:

_ THF
Mn(CO)S + CchZCOX —_— Mn(CO)SCOCH
: 25°C, 5 min.

186 X=Cl1 185
187 X=Br ’

,CL + Mn(CO) X + X (155)

In both of these reactions the acyl complex 185 was the major product

(65 - 747 yield, determined«by 55Mn—N.M.R. spectroscopy), the
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remainder of manganese containing products being manganese
pentacarbonyl halides. The formation of these halide by-products could
be attributed to some ketene formation by a mechanism analogous to
that observed for 2-bromoacyl halides, but the solutions of the
reactions described above remained unchanged on standing for several
hours. A sample of pure 185 prepared in this way was heated to 80°C in
deuterochloroform in a sealed tube. The reaction was monitored by 1y
N.M.R. spectroscopy, which indicated that convérsion to the chloro

methyl complex 98 took place.‘

‘ CDCL .
Mn(CO) .COCH,C1 —————  Mn(CO)CH.Cl + CO (156)
5 2 80°¢ 5¥%2
185 98 '

The aschlofomethyl complex 98 was not isolated. The
identification was based on a singlet in thé 1H—N.M.R. spectrum. The
decarbonylation was not entirély clean, After heating, other high
field resonances were present in the 1H—N.M.R. spectrum. However,
there was no evidence for ketene (or diketene) formation.

The formation of the chloromethyl complex 98 from the acyl
complex 185 is of course the normal type of behavior for this type of
compound. These results imply that the ketene forming B—Bromide
elimination reaction wouid have to be orders of magnitude faster for
the bromoacyl complex 182 than f-chloride elimination in 185. Also
this mechanism does not provide a likely explanation for vinyl ketene
formation from 4-bromo-2-butenoyl chloride and Mn(CO)S-. In the

formation of vinyl ketenes by this mechanism, an
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intermediate acyl complex 188 would leave the bromine and manganese on
opposite sides of a double bond, making migration of the bromine onto

the metal center an unlikely process.

0 Os (157)

1l

Mn(CO); + [T X>"¢ —» —»

s 7

r

—z4
. XN
AN

/

w

188

Nucleophilic substitution reactions between Mn(CO)5_ and acyl
halides is normally a fast reaction (the reaction between Mn(CO)S-
and 2-chlorethanoyl halides described above was éomplete within five
minutes), and there 1Is no reason to expect that the corresponding
reaction with 2-bromoacy1khalides would be any differént in this
respect. The implication that the ketene forming reaction does not
proceed via an acyl complex intermediate means that any cémpeting
process would necessarily have to be fast, and this 1s in fact what
one observes, the ketene forming reaction proceeds rapidly at

temperatures as low as -40°¢.

Since mechanisms based on nucleophilic substitution are unlikely
explanations for the ketene forming reaction, other processes were
considered. A more attractive mechanism is halogen metal exchange
(H.M.E.), since this would presumably be just as favorable with both
2-bromoacyl halides and their vinylogs. 7

Halogen metal exchange between Mn(CO)S_ and a 2-bromoacyl halide,
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‘would give the enolate 189 which could then eliminate halide to give

ketene:
COCl gy, k. -0 L
Mn(CO). + Br-C > + Mn(CO) <Br
5 N X > (158)

R R” R”
189l
9 -
G + Cl
C

& r”

This H.M.E. mechanism is analogous to that presented in Chapter 2 to
explain the formation of non-substitution products (Mn(CO)sx-and

an(co)lo) in the reaction of Mn(CO)S— with 2-haloesters.

; S\ orEL - /.0 HME. R, O
(CO)Mn C RRCOOEt +—— Mn(CO)s + XCRRCZ._ ———* =
OEt R Ot
+ X~ : ; .
+ Mn(CO%Br

This non-substitution reaction exhibits a similar dependence on the
halogen as the reaction between Mn(CO)S_ and 2-haloacyl halides does
(i.e. the non-substitution pathway is favored when the a~halogen is
changed from cﬁloride to bromide). However in the case of 2-haloacyl
halides there is an even bigger difference, since no substitution
products are observed at all when 2-bromoacyl chlorides or bromides
are used, and this is irrespective of the structure of the acyl
halide. This m;y well be because the reaétion between Mn(CO)S" and 2-

haloacyl halides to give ketenes takes place in a concerted fashion
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i.e. formation(of the enolate l§2 takes place with simultaneous loss
of the halide on the acil carbon, providing an additional driving
force to the reaction. This could account for the unique ease with
which the reaction takes place.
However, although the H.M.E. reaction is well know, and takes

180, there are relatively few cases

place with number of common anions
where it is explicitly implied in reactions involving metallate
anions. For this reason, and because of the unique ease with which the

ketene forming reaction takes place, exploratory theoretical

calculations were carried out on the ketene forming reaction.

Theoretical Calculations on the Reaction of Mn(CO)S- with

2-Haloacyl Halides

Exﬁloratory calculations using the Hartree-Fock-Slater method181

182 were carried out to investigate

in collaboration with T. Ziegler
the observations described in this work. The primary objective of
these calculations was to determine the reaction enthalpy for the
formation of the enolate 189 from Mn(CO)S_ and 2-bromoethanoyl
chloride, a parameter which can be reasonably well estimated by the
H.F.S.- method183. Direct attack.by Mn(CO)S- on the a-bromine of 2-
bromoethanoyl chloride was considered, however this approach also
suggested an alternative mechanism in which the formation of an

intermediate m—complex 190 is involved, and these steps were also

explored.
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9)”

Mn(CO)5 qBr—[(?/ ~ K

H

o, !
I+ Mn(CO).Br

Q H H (160)
. c f ~ Ot\ / -
cl

OQ (co) I # N

(CO)5

=0

\,
/O

Br

19

The calculated energy levels for tﬁe molecular orbitals of 2-
bromoethanoyl chloride are represented in Figure 4.4 (using a double
§~STO basis set). For this calculation the C-Br bond in the molecule
was oriented pérpendicular to the 0-C-Cl plane, since this is the
expected preferred conformation184.

These orbitals can be conveniently constructed from
chlorocarbonyl 191 and CHzBr 192 fragments. The LUMO 197 of 2-
bromoethanoyl chloride is thus the in-phase combination of "*co and

OfCBr orbitals 193 and 195. .Further calculations gave an estimate of
. the contributions of these fragment orbitals to this LUMO of (657

*
T co and 3542 O CBr). The corresponding out-of~phase combination of

these fragments gives the NLUMO 198 of 2-bromoethanoyl chloride an
orbital which plays anrimportant role in the bromine abstraction

mechanism. The HOMO of 2-~bromoethanoyl chloride 119 and the orbitals

having energies close to this HOMO are essentially lome pairs on the
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Figure 4.4 Calculated Energy Levels of 2-Bromoethanoyl chloride.
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Cl, Br and O atoms.

O\
Cl
LUMO <N Y T
LUMO CBr
197 198 196

The HOMO of the Mn(CO)S— molecule igrrepresented by the d 2

orbital on manganese.

For the purposes of these calculations this molecule was distorted

from the C3V geometry that it is known to adopt185

, a distortion which
is expected to be a low energy process.

As one can see from the schematic represenfation of the LUMO 197
of 2-bromoethanoyl chloride, the carbonyl—CBr bond has some m-
character. This led to the idea that in treating the reaction as a
HOMO-LUMO interaction, attack by Mn(CO)S' could take place on this "g

-bond". 1Initial calculatioms in which the unrelaxed organic framework

was approached by the Mn(CO)S- nucleophile indicated that a weak
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adduct could be formed with a gain of 6 kcal mole™!

o 158 Br

(161)

At this postulated point in the reaction profile a charge of 0.25 e-
is donated from the HOMO of Mn(CO)s- to the LUMO of 2-bromoacetyl
bromide, indicating that an adduct could indeed be formed. The
possbility that this could proceed with smooth loss of Br. and

formation of a -complex was then considered.

0... 1~_4_/XC _H
. (162)
201 EE—— —Mn=— + Br
7|
L= 074
150 r =288
The adduct 190 is analogous to cyclopentadienyliron compléxes186 and

cationic alkene manganese complexes have been isolated187. The

overall process 1is also the reverse of the well known reaction, the

attack of alkene complexes by nucleophileslss. This process also

corresponds to the Dewar mechanism for the solvolysis odehalocarbonyl
189

compounds .

The complexed enolate intermediate 190 is attractive since re-

attack by the bromide ion would release the enolate, which could then
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collapse to give ketene, chloride ion and Mn(CO)sBr (reaction 160).
This intermediate would be compatible with ketene, vinyl ketene and

methylene ketene formation as shown by the structures 202,203 and 204.

AP A A
“| | |
202 203 204

Calculations on the structure 190, in whiéh Mn(CO)S- wa; bonded to
ClOCCHz,.indicated a strong donor-acceptor interaction with 1.5e"
being donated from manganese to the organic fragment. However,
unoptimized calcﬁlations indicate that the overall process of forming
the m-adduct 190 from Mn(CO)S_ and 2-bromoethanoyl chloride would
require.SO kJ/mole, although one cannot rule out that the structure
190 represents a transition-state. Tﬁis destabilization is a result of
steric factors, there would be significant interaction between the
equatorial CO ligands of the manganese complex and the coordinated
enolate ligand. This could only be worsened by alkyl substitution in
the 2-position of the 2-bromoacyl halide substrate. Moreover,
calculations indicate that displacing the manganese along the C~C bond

of the enolate ligand is stabilizing with respect to the reactants.

(163)
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product from this interaction.
Re~examination of the LUMO of

another HOMO-LUMO interaction, the
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alkyl complex 205 is a likely

2-bromoethanoyl chloride suggests

direct abstraction of Br by

Mn(CO)ST. Such a process would be similar to the presumed mechanism

for the Staudinger reaction.

’

Mn

A calculation of the energy for the system in which Mn(CO)S" is

positioned along the axis of the C-Br bond at a distance of 3.06 K,

without relaxing the acyl molecule, indicated a stabilization with

respect to the free reactants of 42 kJ mole -,

1

AE = 42 kJ mole™

The driving force for the reaction at this point is a donor-acceptor

interaction between the HOMO of Mn(CO)S- and the LUMO and NLUMO of 2-

bromoethanoyl chloride. As the Mn-Br distance 1is progressively

shortened (whilst optimizing the C-Br bond length and relaxing the

(164)
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remaining geometrical parameters) there is a gradual reduction in
energy, and the calculated energy of the system vs the Mn-Br distance

is shown in Figure 4.5. The overall process exhibits a reaction

enthalpy of -118 kJ mol-1

and does not have any activation barrier.

It 1s interesting, if not somewhat surprising, that destabilizing
occupied orbital-orbital interactions are cémpletely overridden by the
donor~acceptor interaction described above. There is of course a two

orbital four electron destabilizing interaction between the HOMO of

Mn(CO)S- and the occupied orbital 196, which is essentially composed

" of the abBr orbital. This can be reduced by mixing in the empty
%
(] CBrorbital.
0
. cl cl
196 ¥

This is illustrated by constructing a correlation diagram for the
four key orbitals (see Figure 4.6). The electron pair occupying the

ObBr-orbital 196 correlates smoothly with aﬁnBr on the product side

by in-phase admixtures of the NLUMO 197 and LUMO 198 of 2~

bromoethanoyl chloride.
The other electron pair involved in the reaction occupiles the

HOMO 206 of Mn(CO)S—, and has an Intended correlation with the

: %
unoccupled O orbital 207 on the product side. This can be avoided

MnBr
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Figure 4.5 Calculated Energy Profile for the Abstraction Reaction as a
Function of the Manganese-bromine Distance (the carbon~bromine

distance was optimised while the remaining parameters were

interpolated linearly).

26 28 30 32 34 - 36
RMnBr '&
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Figure 4.6 Correlation Diagram?® for the Abstraction of Bromine from 2-

Bromoethanoyl chloride by Mn(CO)S—.

8 So1id lines indicate actual correlations, dashed lines intended

correlations.
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by the linear combination of ., 196 + NLUMO 197 and LUMO 198 which
evolves into the occupied ™M-orbital of the enolate 208. This
combination drops in energy early on in the reaction profile, avoiding

an activation barrier for the reaction.

gi é! g% Egy 0 B!’ g

, Menolate
157 198 . 196 208

This approach explains why the reaction proceeds with such

ease, and the dependence of this explanmation on contributions from the

OfCO to the NLUMO of bromoacyl halides explains why other alkyl
bromides undergo nucleophilic substitution rather than bromine
abstraction. Ultimately though, for ~-halocarbonyl compounds, the
formation of the (more stable ) enolate is a strong driving force in
the bromine abstraction reaction.

The difference in reactivity between 2-bromoethanoyl chloride and
2-chloroethanoyl chloride can be related to the donor-acceptor
interaction described above.

The 0'*0Cl orbital in 2-chloroethanoyl chloride is of higher
energy and has a smaller amplitude than the O*CBr bond in the
corresponding bromo compound. This is due to the larger
electronegativity of chlorine. As a consequence 2-chloroethanoyl

*
chloride has a more ¢ Co-like LUMO (91%) and a more 0* x like NLUMO,

C
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the latter also being of higher energy (See Figure 4.7).

eV
4 | C)\\ //)(
_ ‘C>;-C\‘
Cl/ \‘H
H
0 NLUMO
— NLUMO
| NLUMO
-2—-
LUMO LUMO LUMO
X=Cl X=Br X=1

Figure 4.7 Orbital Energies for the LUMO and NLUMO of

2-Haloethanoyl chlorides

The NLUMO also has a smaller amplitude on chlorine. These
differences result in a weaker domor acceptor interaction in the early
stages of the interaction, since. there is a larger gap and poorer
overlap between the domor and acceptor orbitals. Based on these
qualitative arguments one would predict that 2-iodoethanoyl chloride
would be even more prome to halogen abstraction than the bromo
compound. In this case’d?CI 1s of lower emergy and has ; larger
amplitude than O*CBr and O*CCI; thus the NLUMO in the iodo compound

is the NLUMO of lowest emergy and it also has the largest contribution
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ods

‘from 0", in the LUMO.
Conclusions

The dehalogenation of 2-bromoacyl halides and their vinylogs by
Mn(CO)s_‘is potentially a very useful way of preparing reactive
ketenes and methylene ketenes on a small scale. This potential comes
from the essentially quantitative yield of the reaction, and the very
high purity with which the ketene solutions can be obtained. Although
it was not specifically explored in this work, this reaction should be
useful for in-situ preparations as well, particularily where the
ketene is too reactive to be distilled from the reaction mixture. The
reaction would be well-suited to in-situ preparations since it takes’
place under mild, neutral conditioms.

The theoretical calculations carried out on this reaction suggest
that the reaction procedes Xig;halogen metal exchanée, and although
the the possibility that the reaction procedes via an intermediate
m-complex cannot be ruled out, H.M.E. is the most straightforward
alternative.

The potential that other di-halo compounds could be dehalogenated

by Mn(CO)S- would certainly be worth exploring further.



-155-

Chapter 5

The Preparation and Structure of ql, q3 and q5 Allylester Complexes of

Manganese Carbonyl

5.1 Introduction

The decarbonylation of 71—bonded allylic transition metal
carbonyl complexes to give 73-bonded complexes is one of the oldest

routes to these complexeszg.

. ) X X
Na [Mn(CO)5 ] + Br R Mn(CO)S (165)

-Co

This reaction has been extended to a number of substituted
complexessa. The preparation of 73-a11y1 manganese complexes has also
been achieved by the treatment of Ql—acetylene compounds with
alcOhOlslgo, Mn(CO)sBr with allylic halides and phase transfer
catalystslgl; the reaction of Mn(CO)SH with dieneszg, and the

photolysis of an(CO)10 with diene5192

, to name some methods.
The addition of alkyl manganese pentacarbonyl compounds to dienes
is another rout:elg3 to 73—comP1exes, in this case carbonyl-substituted

complexes 212 are obtained. These compounds can be furthur

decarbonylated194 to give qs-bonded "enolate” complexes 213.
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0 . Ph
)
(166)
\4\1\/\% A m/
Mn(CO) Ph + 7 \ —Co Mn(C0),, — Mn(CO) 4
22 213
5

Complex 213 is an example of an "open"N -bonded ligand analogous to

the1?-cyclopentadienyl group (Cp) which is ubiquitouslin

organometallic chemistry. This type of ligand is of interestlgs’196

since its more flexible nature (than Cp) gives it the potential to
easily interconvert between nl,n3 and ns bonding modes 214, 215, and

216 respectively

N AN (\ (167)
MX [o{0] /T\ X co mx
Mn(CO)5 ;%g; Mn(CO)4 :;;— Mn(CO)3
214 215 216

The open analogue of cyclopentadienyl manganese tricarbonyl, 217

has recently been prepared197 from trialkyltin pentadiene 218.

r/‘§>~//::x [Eié?] ~(169)

Mn(CO)Br +  SnR, =20, n(CO), + SuR,Br

218 217
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A photochemical route to complexes similar to 217 ‘has also been
described.l98
There are few examples reported for the preparation of the 75-
bonded enolate complexes 213 of manganese, in addition to the example
described above the only other reported route is a somewhat unusual

reaction shown belowlg9

CHyPh
0
Ph M W (170)

Mn(CO) sMe — Mn(CO) 4

219

In the present work it was proposed to prepare 71—bonded a, g-
unsaturated ester complexes 210 and by subsequent decarbonylation to

obtain the corresponding 73 and q5 complexes 211 and 212

0
I

/\/pl\ OR (171)
(\\/\OR a D OR m

Mn(CO)5 —_— Mn(C0)4‘ —_— Mn(CO)3
~CO ; -C0
220 221 22

I
This synthetic strategy has the‘advantage that all three bonding modes

are available from the same starting materials, making it possible to
take advantage of different chemical properties of the three

complexes.
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5.2 Results

The formation of the o-complex 49 from the reaction of Mn(CO)S‘

and ethyl 4-chloro-2-butenoate was described earlier in this thesis.

|
r/‘§>vz/k\OR Na*[Mn<co)5‘] r/<§>”ﬂ\\0R (172)

A

Cl Mn(CO)5
49 R = Et
223 R = Ph

The complex, 49, was initially isolated in low yield (15%) from a
reaction carried out with ethyl 4—~bromo-2-butenoate, and could be
separated from the Mn(CO)SBr and Mn2(00)10 byproducts also formed, by
flash chromatography. Much better isolated &ields of 49 were obtained
using the correéponding chloro-ester. The complex 49 was isolated as
an air sensitive.pale yellow oil which could be furthur purified by
low temperature recrystalization (m.p. Eg_-SOC) from péntane.

3 and 75

Since characterization of this complex (and the 7
complexes subsequently formed from it) by X-ray crystallography was
sought, the corresponding phenyl ester was also prepared. It was
suspected that this ester would give a product with a higher melting
point and this was found to be the case. The complex 223 could be
isolated directly from the reaction mixture by crystallization and was
obtained in 83% yield as a pale yellow crystalline solid which was
somewhat less air sensitive than the corresponding gthyl ester.

Both the ethyl and phenyl esters 49 and 223 decarbonylated

smoothly on heating to 80°C and the 73-bonded compounds 224 and 225
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were cleanly formed.

80°Cc 2n

0
>R T AR (173)
Hn(C0) ‘ . Mn(Co),,

Y

224 R=Et

225 R=Ph
Examination of the crude product from this decarbonylation by T.L.C.
and IR-spectroscopy indicated the conversion was essentially
quantitative. Purification of these complexes was achieved by flash
chromatography in the case of the ethyl ester, and recrystallization
in the case of the phenyl ester. Both complexes appeared to be
slightly less alr sensitive than the corresponding 71-bonded
complexes. The phenyl ester 225 was also substantially more soluble
in hydrocarboné than the corresponding 71-complex 222'

Héating neat samples of 224 and 225 to 120°C resulted in further
evolution of carbon monoxide, but in .this case the decarbonylation was
accompanied by considerable decomposition. The infra-red spectrum of
a solution from this reaction did indicate some formation of a new
complex, and T.L.C. indicated thatra non-polar bright yellow species
was present. Attempts to achieve this decarbonylation by U.V.-
irradiation (250W GE sunlamp) of hexane solutions of zgﬁ;also
resulted in considerable decomposition. However, the decarbonylation

could be achieved cleanly by extended refluxing in cyclohexane, and

the 75—comp1exes 226 and 227 could be obtained as the major prbducts.
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/\/9\ C.H oR ‘
n OR 6512 reflux; m (174)
Mn(CO), 10-20h Mn(CO)5 + CO
225 R=Et
227 R=Ph

Both complexe§ 226 and 227 were isolated in high yield by flash
chromatography, 226 a dark yellow oil which was very air semsitive and
the phenyl ester ggl as an orange/yellow solid. Both complexes were
extremely soluble in organic solvents, the phenyl ester 227 being

recrystallized with some difficulty from pentane.

5.3 Spectroscopic and X-Ray Crystallographic Characterization of the

Ol, O3and OS complexes

All-three complexes (both phenyl;and ethyl esters) exhibit
typical p, séretch frequencies in'thgir IR-spectra for the carbonyl
ligands, and are similar to those for analogous complexes (see Figure
5.1).

In the ql and 03-bonded Eomplexes the weaker bond assigned to the
carbonyl strech of the ester functionality is similar to that for
uncomplexed @, f-unsaturated esters. Bands were observed at 1738 em™!
for 223 and 1736 en~ ! for 225, which are close to that for phenyl 2-
butenoate (1739 cm™l), A weak bond at 1618 em™! in the ql-complex 223
was assigned to the streching mode of the free double bond. This

band, as one would expect, is not observed in the q3—complex. No band

which could be unambiguously assigned to the complexed ester function
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Figure 5.1 Infra-red Spectra of nl 173 and 175 Complexes 223,225 and 227

(in hexame, solvent subtracted)
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in the nS complexes 226 and 227 was observed.
The lH—N.M.R. spectrum of the nl—complexes 49 and 223 were as
expected (see Table 5:1), the doublet at 1.94 ppm (J=9.7 Hz) being

assigned to the protons of the methylene attached to manganese. The

proton decoupled 13C-N.M.R. for 223 (see Table 5.1) contained 'a high

field resonance (8.1 ppm) typical -of the shielded carbon attached to

manganese.

1

The “H-N.M.R. spectrum of the ﬂs-complex 223 consisted of a

multiplet at 5.79 ppm assigned to He and three higher field doublets
Ha, Hb and Hd, the assignments of which are given in Table 6.1. This
assignment assumes that the product is the anti-isomer, a fact which
is confirmed by the solid state structure described later in this |
discussion. It 1is worth noting that the observed coupling constants

J are almost identical to those recently reported:

Hatic’ JmbHe @9 Jyane

200

by others for an analogous syn—n3 pentadienyl complex.

Comparing the 1H—N.M.R. spectra for the nl and n3 complexes there
is a general shift of the resonances to higher field, corresponding to

an increase in electron density in the allyl ligand on conversion to

13

the n3~comp1ex. The “~“C~N.M.R. spectrum of the ﬂ3-comp1ex 14 is

considerably more "symmetrical" than that for the nl-complex 12, the
central carbon (CZ) appearing at low field and C1 and C3 appearing at

high field with similar chemical shifts (see Table 6.1). This -

assignment 1s based on comparison with the 13C-N.M.R. chemical shifts

for related complexeszoo.

The methylene protons of the ethyl group in the n3—complex 224

are diastereotopic. This can be inferred from the 1H—N.M.R. spectrum
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H; ‘O Hc | Hd
H N Sor sy Sor M OR
,\Ln Hd Ha | Hd H @0
Mn I
Mn

Ha Hb He Hd
49,0 R=Et 1.88 d J__=9.6 7.45 dt | 5.65 d Jy =15
223" ,R=Ph 1.94 4,7 =9.7 7.65 m | 5.81 d J =15
226,17 k=Bt | 2.26 4 J_=13 | 2.9 d Jpo=8 | 5.67m | 2.53 d J =10

3,,=2
222,73,R=Ph 2.34 4 J =14 | 3.09d 3, =7| 5.97 m 2.70 d 3, =10
3, =2
226,07 ,R=Et || 1.93 4 J_=14 | 3.54 4 3, =10 5.46 m | 4.86 d 3477
227, 8=Ph | 2.03 d J_=13 | 3.61 4 J, =10 5.58 m 5.12 d 34 =7
l?’C-N.M.R.:
c1 c2 c3

223 p*| 8.2 110 161

225 p° | 47 97 45

2279° | 62 106 57,
Table 5.1 'H and 13C-N.M.R. Data for the ', and > Allylester

Complexes
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of this complex , where the resonance associated with these protons
appears as a more complex multiplet than the expected quartet (see
Figure 5.2). This feature is not observed in the Os-complex 226.

.In the 1H—N.M.R.;spectrum of the qs—bonded complex 227 there is a
shift in the resonance for Hd to comsiderably lower field when
compared to the 03—complex 225. This.is'accompanied by a reduction in
the coupling constant JHcHd (10.3 Hz in the 73-complex compared to 6.7
Hz in the Qs—complex). This is consistant with the syn structure
assigned to this complex, a fact which is confirmed by its crystal

structure.

X-Ray Crystallographic Structures for the 01, 03 and OS—Complexes

Suitable crystals for X-ray crystallography were obtained from

the phenyl esters 223, 225 and 227 by slow crystallization from

hydrocarbon solvent. The data was collected and the structures solved
using the Patterson method by Dr. J. Richardson of this department201
and some details of this are given in the experimental section.

Ortep diagrams for the complexes 223, 225 and 227 are given in

Figures 5.3, 5.4 and 5.5. With the exception of the nl—complex.lg
(Figure 5.3) the metal-carbon bonds have been omitted for clarity.
These structures confirm the conclusions of the spectroscopic evidence
that the 73—comp1ex 1s the anti-isomer and the Os—complex adopts the
syn or "U" structure. Selected bond lengths and angles for these
structures are given in Tables 5.2-5.7, estimated standard deviations
in the least significant digits for these values are shown in

parenthesis,
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Figure 5.3 ORTEP diagram of the nl-Bonded Complex 223



Figure 5.4 ORTEP diagram of the 1)3-Bonded Complex 225
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Figure 5.5 ORTEP diagram of the 1)5-Bonded Complex 227
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Mn-C(1) 2.214(3)

Mn-C(11)  1.865(4) c(11)-0(11)  1.130(4)
Mn-C(12)  1.825(4) c(12)-0(12)  1.129(4)
Mo-C(13)  1.825(4) c(13)-0(13)  1.131(4) -
Mn-C(14)  1.845(4) C(14)-0(14)  1.133(4)
Mn-C(15)  1.868(4) c(15)-0(15)  1.124(4)

c(1)-c(2)  1.453(5)

c(2)-C(3) '1.324(5)

C(3)-C(4) 1.456(5)

c(4)-0(1) . 1.189(5)

C(4)-0(2) 1.365(4)

0(2)=C(5) 1.410(5)

Table 5.2 Selected Bond Lengths (&) for the ql-Comﬁlex 223.
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c(1) Mn C(11) 82.5(1)
C(1) Mn C(12) ©88.5(1)
c(1) Mn C(13) 84.5(1)
C(1) Mn C(14) 175.2(1)
c(1) Mn C(15) 91.4(1)
c(1) c(2) ¢(3) 126.7(3)
C(2) C(3) c(4) 119.6(3)
c(3) c(4) 0(1) 127.4(3)
C(3) C(4) 0(2) 111.2(3)
0(2) c(4) 0(2) 121.4(3)
c(4) 0(2) c(5) 115.9(3)
C(11) Mn C(12) 90.5(2)
C(11) Mn C(13) 93.1(1)
c(11) Mn C(14) 173.8(1)
‘c(11) Mo C(15) |  172.5(2)
c(12) Mn C(13) 93.5(2)
C(12) Mn C(14) - 88.5(1)
C(12) Mn C(15) 93.7(2)
C(13) Mn C(14) 89.0(2)
c(13) Mn C(15) 93.7(2)
C(14) Mn C(15) 89.0(2)

Table 5.3 Selected Bond Angles for the ql-Complex 223 (deg.).
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Mn~-C(1) 2.254(3)
Mn-C(2) 2.137(4)
Mn~C(3) 2.186(3)
Mn-C(11)  1.893(5) c(11)-0(11)  1.127(5)
Ma-C(12)  1.813(4) C(12)-0(12)  1.144(5)
Mn-C(13)  1.816(4) c(13)-0(13)  1.138(4)
Mn-C(14)  1.826(4) C(14)-0(14)  1.135(5)
c(1)=C(2) 1.381(6)
c(2)-C(3) 1.412(5)
c(3)~C(4) 1.460(5)
C(4)=-0(1) 1.198(5)
C(4)-0(2)  1.367(4)
0(2)-C(5) 1.409(5)

Table 5.4 Selected Bond Lengths (&) for the ’173—Complex 225.
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Cc(1l) Mn C(3) 66.9(1) c(2) Mn C(11)  103.9(2)
c(1) Mn C(11)  83.8(2) ©c(2) Mn C(12)  123.4(2)

C(1) Mn C(12) 94,2(1) C(2) Mn C(13) 131.5(2)

c(1) Mn C(13) 161.0(1)

C(1) Mn C(14) 101.9(2)

C(3) Ma C(11) 90.4(2)
¢(3) Mn C(12) 160.8(2)
C(3) Mn C(13) 96.3(1)
C(3) Mn C(14) 94.0(2)
c(11) Mn C(12) 90.9(2)
C(11) Mn C(13) 87.6(2)
C(11) Mn C(14) 173.8(2)
c(12) Mn C(13) 102.9(2)
Cc(12) Mn C(14) 86.3(2)
c(13) Mn C(14) 87.6(2)
c(1) ¢(2) ¢(3) 122.5(4)
c(2) ¢(3) C(4) 118.6(3)
c(3) c(4) o(1) 126.4(3)
c(3) c(4) 0(2) 111.2(3)
0(2) c(4) 0(2) ~ 122.3(3)
c(4) 0(2) ¢(5) 116.8(3)

Table 5.5 Selected Bond Angles for the 73-Comp1ex 225 (deg.).
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Mn~C(1) 2.152(4)
Mn—C(2) 2.097 (4)
Mn-C(3) 2.160(4)
Mo-C(4)  2.369(4)
Mn~0(1) 2.159(3)
Mn-C(11)  1.751(5) c(11)-0(11)  1.151(6)
Mn—C(12)  1.810(5) c(12)-0(12)  1.138(6)
Mn-C(13)  1.824(5) C(13)-0(13)  1.136(6)
c(1)=c(2) 1.400(7)
c(2)-C(3) 1.400(7)

c(3)-C(4) 1.441(7)

C(4)-0(1) 1.237(6)
c(4)-0(2)  1.352(6)
0(2)-c(5)  1.410(5)

Table 5.6 Selected Bond‘Lengths (K) for the qs-complex 227.
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C(1) Mn C(11) 87.1(2) C(2) Mn C(11) 123.2(2)

c(1) Mn C(12) 167.3(2) c(2) Mn C(12) 138.6(2)
C(1) Mn C(13) 102.0(2) C(2) Mn C(13) 88.4(2)
C(3) Mn C(11)  154.9(2) C(4) Mn C(11)  132.0(2)
C(3) Mn C(12) 102.9(2) C(4) Mn C(12) 88.1(2)
C(3) Mn C(13)  103.9(2) C(4) Mn C(13)  138.0(2)

0(1) Mn C(11) 100.9(2)

6(1) Mn C(12) 89.9(2)

0(1) Mn C(13) 169.3(2)

C(1) Mn C(3) 69.6(2) .

. C(11) Mn C(12) 89.8(2)

C(11) Mn C(13) 89.7(2)

c(12) Mn C(13) 98.2(2)

c(1) ¢(2) ¢(3) 122.9(4)

C(2) ¢(3) ¢(4) 120.8(4)

C(3) c(4) 0(1) 122.2(4)

C(3) ¢(4) 0(2) 114.8(4)

0(2) ¢(4) 0(2) 122.8(4)

c(4) 0(2) ¢(5) 118.7(3)

Table 5.7 Selected Bond Angles for the ']S—Complex 227 (deg.).
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The structure of the ql-complex 1s close to an ideal octahedral
arrangement of the carbonyl and organic ligands (see Tables 5.2 and
5.3). There is a slight distortion of the equatorial carbonyl ligands
towards the organic ligand as shown by the ¢(1)Mn~-carbonyl angles (93-
93.7° compared to the ideal 90°). The Mn-C(1) bond is comparable in

length (2.214(3)&) with the sum of the covalent radii of manganese202

and carbon (2.23%) and is only slightly longer than that determined?03
for MeMn(C0), (2.185(11)4).

In the 03 and qs—bonded complexes 225 and 227 the Mn(CO), and
Mn(CO)3 fragments are quite distorted from ideal (see Tables 5.4-5.7).
The structure of the complex 225 is similar to those reported for
related comblexeszoo’204’205. For the qs-comblex 227 C(1) is tranms to
c(13), C(3) is trams to c(12) and 0(l) is trams to C(11) with these
atoms forming a very distorted octahedron. The bond length of C(4)-

0(1) is somewhat longer in the qs-complex than that found for both the

an -bonded complexes.
n° and n'-bonded compl

The Reaction of the Qs—complex 227 with Triphenylphosphine

The possibility that qs—pentadienyl complexes react with donor
ligands, maintaining the syn geoﬁetry of the organic ligand has been
shown by othér workérszo0 for qs-pentadienyl manganese tricarbonyl.

In the present work the complex 227 was found to‘react with

triphenylphosphine in a similar fashion. The reaction was extremely
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3

facile, and gave high yields of the syn- n”-complex 228.

OR /ﬁi:il\
[zi:sg/ PPh, ‘ . ‘ 7 OR (174)

Mn(CO)3 hexane 25°C (C0)3MnPPh3
227 © 228

' The assignment of 228 as the syn—-isomer was based on coupling

1

constants in the "H-N.M.R. spectrum measured for this product

(3, .=13Hz, J,

phdsphorous coupling made the assignment more complex.

-=8.2Hz, Jdc=6.7Hz), although in this case proton-
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EXPERIMENTAL
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All procedures involving organometallic species were performed
under an atmosphere of argon or nitrogen (purified by passing the
gases through columns of silica gel and molecular seives). A
combination of syringe, transfer needle and Schlenk techniques were
used . 206,207

Infra-red analysis was performed using a Perkin-Elmer 467 or a
Nicolet 5DX FT instrument using O.lmm path lengthm NaCl liquid cells.

1

Mass spectrometric analyses were obtained on a Kratos MS80, and “H and

13 lpn.M.R. spectra on

C-N.M.R. spectra on a Varian XL-200, with some
a Hitachi Perkin Elmer R21B. Gas chromatography analyses were
performed on a Hewlett-Packard 5890 using either "530pu series" columns
( 10m carbowax 20M or methyl silicone capilary columns, "5304 series”
is a tradeﬁark of He&lett-Packard) or 2m x 2mm glass columns packed
with either 3% O0V17, or 3% OVl. Gas analysis was performed on a Carle
gas chromatograph.

All m.p. and b.p. values are reported uncorrected. Flash
chromatography was performed according to literature

208’209, using 0.040 -~ 0.063mm silica gel (E. Merck 9385) and

procedures
methylene chloride (distilled from PZOS) as eluent (unless otherwise
noted).

TﬂF was distilled from benzophenone ketyl under nitrogen.
Deuterated solvents were dried over molecular sieve dust prior to use.-
The majority of compounds were available from commercial sources and
were used without further purification, except ethyl 4-bromo-2-

butenoate which was obtained as techical grade and distilled prior to

use (spinning band), and where noted below.
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Infra-red spectra are reported in the format
wave numbers(intensity), using the following abbre&iations for
intensity: w-weak, m-medium, s-strong, vs-very strong, sh-shoulder.
1H—N.M.R. spectra are reported in the format: chemical-shift
(multiplicty, coupling constant, integration ratio).

55Mn—N.M.R. Spectroscopy

This was performed on a Varian XL200. The chemical shifts are
reported with respect to potassium permanganate in DZO’ and were
calculated from the frequency of the signal for dimanganese
decacarbonyl in THF, determined from the frequency offset to which the
instrument was set. The majority of spectra were obtained without a
lock.

Integration of signals was performed using manually set
paramgters. The values obtained were adjusted using calibration
parameters determined for mixtures of organometallic species of known

concentration.
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The Reaction of M+[Mn(co)5'] with Ethyl 4-halo-2-butenoate:
55

Mn-N.M.R. Spectroscopy of In-Situ Reactions

The anions Na+[Mn(CO)5_] and K+[Mn(CO)5-] were prepared according
to literature procedure568’70 from an(co)10 (Ei' 0.25g) in THF (10mL)
to give ca. 0.128 mole L_1 sqlutions, which were filtered prior:to
use. The salt Li+[Mn(CO)5_] was prepared by reduction of an(co)10

71

with lithium triethylborohydride’~ or lithium sand. The solutions were

used without standardization, their purity being assessed by infra-red

and 33

Mn~-N.M.R. spectroscopies which indicated >98% conversion in all
cases.

The solutions were transferred to a nitrogen purged graduate
cylinder fitted with a rubber septum and known volumes (ca. 2mL) of
the solution transferred by syringe into a 10mm N.M.R. tube containing
a known amount of ethyl 4-bromo or 4-chloro-2-butenoate and rapidly
shaken. Wheré the reaction was carried out in the presence of 18-
crown-6 (Aldrich, used without purification) or

hexamethylphosphoramide, these were added to the anion solution prior

to the reaction.

Ethyl 4-chloro-2—butenoateZIQ 54

Ethyl 2-butenoate (20g 0.175mole) was placed in a 100mL three
necked round bottom flask and‘nitrogen was bubbled throﬁgh it for 15
minutes. To this, 10g (0.092 mole) of t-butyl hypochlorite was added
and the mixture irradiated with a sun-lamp (250W) for 8 hours. The
reaction mixture was then distilled on a spinning-band column, and

after considerable fore-run yielded 2g (15% yield) of ethyl 4-chloro-
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2-butenoate which was pure by G.C. (2mm x 2m glass column containing
3% OV17) and 1H--N.M.R spectroscopy. B.p. 70.0-70.2°C/7mm.

Infra-red (neat): 1725em™ L,

lon.m.z. (CDCl3): 1.25(t,J=7.0Hz,3H);
4,0(d,J=6.4Hz) and 4.12(q,J=6.9Hz) (4H);

5.92(d,J=13Hz,1H); 6.8(dt,J=6.4 and l4Hz, 1H).

This compound was also prepared by treatment of ethyl 4-bromo-2-
butenoate with lithium chloride in dimethylformamide. In a 50mL
Erlenmeyer flask 4g (0.09 mole) of anhydrous lithium chloride was
stirred with 20mL of dimethylformamide. for ten minutes. To this
mixture, 2g (0.0l mole) of ethyl 4~bromo-2-butenocate was then added
and the solution stirred for a further ten minues, and then 20mL of
water added. The mixture was then extracted with 50mL of pentane, the
extract washed with 2 x 100mL of water, dried with magnesium sufate
énd evaporated to give 1.3g of the title compound (887 yield). This

1

was pure by G.C., and "H-N.M.R. spectroscopy and was used without

further purfication.

The Preparation of PPN+[Mn(co)5‘]74,75 44

In a 250mL side-arm flask, 2.0g (5.13 mmole) of dimanganese
decacarbonyl was reduced with 6mL of 17 sodium amalgam in 40mL of THF
for 25 minutes. The solution was then transferred rapidly via a long
hollow needle to an argon purged 250mL round bottom flask (fitted with

a septum) containing 6.0g (10.46 mmole) of PPN'C1~™ dissolved in the
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minimum of methylene chloride. The reaction mixture was then stirred
for one hour and filtered through a filter tube fitted with a course
porosity frit. After washing the filter tube with 5mL of THF, 15mL of
decane was added to the filtrate and the flask attached to a vacuum.
Slow evaporation of the THF yields the product as bright yellow
crystals which were filtered, washed with 100mL of pentane and dried
under vacuum (0.1 mmHg) overnight. Yield 7.lg (94%). Infra-red (THF,

em1y: 1861 (s), 1894 (s).

The Reaction: of Na+[Mn(CO)5—] with Ethyl 4-bromo-2-butenoate: Organic

By-products
In a 10mL round bottom flask fitted with a rubber septum, 4mL of

. Na+[Mn(CO)5—] solution (prepared from 0.96g of Mn,(C0);, (0.245 mmole)
in 4mL of THF) was added with stirring to 0.96g (0.50 mmole) of ethyl
4~bromo-2-butenoate in 2mL of THF., The reaction mixture was then
stirred for 30 minutes after which the solvent removed at reduced
pressure and the residue then extracted with 2 x 5mL of penténe. The
extracts were combined and the solvent evaporated. The residue was
applied to a 1 x 15cm flash chromatography column and eluted with
methylene chloride. After initial bands of an(CO)lO followed by
Mn(CO)SBr and a small quantity (0.00lg) of the 73—complex 222, the
ql—complex 49 eluted as a broad pale yellow band (0.0492g). The
infra-red and 1H—N.M.R. of the last fraction indicated that the sample
was pure (337% yield). Furthur elution of the column with diethyl
ether yielded 0.0135g of a colourless liquid, the G.C. of which (3%

~ 0V17, 2mm x 2m glass column) indicated the presence of four organic
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products. |

The organic products could be more conveniently isolated from a
larger scale reaction in which the 1-complex 49 was converted éo the
less polar 73-complex 222. In this reaction lg (5.18 mmole) of ethyl
4-bromo-2-butenoate was stirred with a solution of Na+[Mn(CO)5—]
(prepared from lg (2.56 mmole) of MnZ(CO)10 in 35mL of THF) for 30
minutes. The reaction mixture was then evaporated at reduced pressure
to give a yellow oily residue which was heated to 80 - 100°C for 2 1/2
hours, at which point the evolution of carbon monoxide ceased. The |
liquid residue was then extracted with 3 x 6mL of pentane, filtered
and flash-chromatographed to yield 0.23g MnZ(CO)lO (first yellow band)
and 0.54g of the 73—complex 222 (second yellow band). The column was
then eluted with diethyl ether from which was obtained 0.096g of a
pale yellow oil, the G.C. of which indicated that it contained the
same organic products described above. Samples of these were isolated

by G.C. (3% OV17, 4mm x 2m glass column) and identified as follows:

Ethyl 2-(2-carboethoxycyclopropyl)-3-butenoate 53 (43%):
1

H-N.M.R. (CDCl,):

Diastereomer A

1.22 (t, J=7.1Hz,3H); 1.24 (t, J=7.0Hz, 3H);
2.58("t", J=8Hz, 1H) 4.13(q, J=7.0Hz, 2H);
4.18(q, J=7.0Hz, 2H); 5.1 and 5.2(dx2, J=16.4 and 11.2Hz, 2H);

5.85(m, 1H); 0.82(m, 2H); 1.63(m, 1H); 1.75(m, 1H).
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Diastereomer B

1.24 (t, J=7.2Hz, 3H); 1.26(t, J=7.1Hz, 3H);

.54 ("t", J=8Hz, 1H); 4.16(q, J=7.0Hz, 2H);

4.19(q, J=7.0Hz, 2H); 5.18 and 6.0 (dx2, J-16.8 and 10Hz, 2H);

5.88 (m, 1H); 0.92(m, 2H); 1.48 (m, 1H); 1.79 (m, 1H).

G.C.~-Mass Spectrum (m/e, % base peak): 226(1,M+), 181(22), 153(73),
125(24), 113(41), 107(48), 98(27), 97(31), 85(73),. 81(97), 81(97),

80(70), 79(100), 78(39), 77(40), 67(82), 55(66).

Ethyl 6-carbethoxy--2,6-heptadienoate81 51 (21%):
1

H-N.M.R. (CDCl,): 1.24(t, J=7.3Hz, 3H); 1.26 (t, J=7.2, 3H);
2.34~2.8(m, 2H); 3.17(dt, J=8.1 and 6.2Hz, 1H);
4.18(1l, J=7.2Hz, 2H); 4.2(q, J=7.1Hz, 2H);
5.21(m, 2H); 5.72=5.96(m, 2H); .
6.88(dt, J=10 and 15Hz, 1H). ,
G.C.-Mass Spectrum (m/e, 2 base peak): 226(3,M+), 181(55),'180(68),
153(81), 152(78), 134(66), 125(69), 113(70), 108(35), 107(88),
106(73), 97(67), 85(97), 81(92), 80(79), 79(100), 78(76), 77(7%),
69(35), 68(82), 67(79), 57(64), 55(61), 54(47), 53(67), 43(49),

41(78).

Ethyl 4~(2”-carboethoxycyclopropyl)~2-butenoate 52 (21%):
LE-N.M.R. (ODCLg): 1.25(t, J=6.9Hz, 3H); 1.28(t, J=7.1Hz, 3H);
2.2(m, 2H); 4.14(q, J=7.0Hz, 2H);
4,21(q, J=7.0Hz, 2H); 5.849(d4, J=15.6Hz, 1H);

6.94 (dt, J-6.4 and 15.6Hz, 1H);
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0.70-0.95(m, 2H); 1.45(m, ca 1H).
G.C.-Mass Spectrum (m.e, % base peak): 226(1,M+), 181(80), 153(45),
152(80), 135(29), 134(73), 125(37), 123(28), 107(79), 106(63), 98(66),
97(80), 85(55), 81(100), 80(47), 79(92), 78(79)? 77(48), 68(65),

67(46), 66(27), 57(30), 55(90), 54(38), 53(65), 43(30), 41(50).

Ethyl 2,6-octadlen-1,8-dioate®l 50 (14%):
1

H-N.M.R. (CDClB): 1.28(t, J=7.1Hz, 6H); 2.37("d", J=6.8Hz, 4H);
4.17(q, J=7.2Hz, 4H); 5.85 (d, J=15,5Hz, 2H);
6.96(dt, J=6.7 and 15.7Hz, 2H).

G.C.-Mass Spectrum (m/e, % base peak): 226(1,4%), 181(87), 153(56),

152(94), 135(30), 134(28), 125(42), 114(25), 113(25), 111(38),

107(80), 106(30), 97(28), 86(44), 85(100), 76(77), 75(30), 74(92),

73(54), 72(35), 69(25), 68(95), 67(48), 57(77), 55(68), 53(40),

43(28), 41(55).

4—Chloro-—2—pentene211 55

This was prepared from 3-penten-2-ol using phosphorus

pentachloride and distilled. B.p. 92°C (lit.212 103°c).

Lg-N.M.R. (CDC1,): 1.45(d, J=7.0Hz, 3H); 1.55(d, J=7.0Hz, 3H);

4.35(m, 1H); 5.2-5.8(m, 2H).
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4-Bromo—2—pentene212 57

This was prepared from 3-penten-2-o0l using phosphorus tribromide

3

and distilled. B.p. 26°C/15mm (1it.213 22°c/8mm).

H-N.MLR. (CDCL):  1.5("d", 6H); 4.5(m, 1H); 5.2-5.7(m, 2H).
Impt3c-n.m.R. (CDCL,): 18.0 (CHy), 26.8 (CHg), 50.9 (CH),

127.8 (CH), 134.9 (CH).

The Reaction of Na+[Mn(CO)5—] with 4~Chloro-2-pentene

In a 10mm N.M.R.-tube, 2mL of Na+[Mn(CO)5—] solution (prepared
from 0.25g Mné(CO)10 in 10mL of THF) was added to 0.03g (0.29mmole)
of 3-chloro-2-pentene and the solution allowed to stand for 3 days.
Large, clear yellow crystals fofmed after this time, which were
filtered from the solution, washed with THF and identified73 as

Hg2+[Mn(CO) Yield 4.5mg, 6%.

51,
Infra-red (KBr): 1880 (m, broad)

Mass-spectrum (m/e, %base peak): 399(3), 397(13), 396(7), 395(10),
394(8), 393(4), 313(4), 311(14), 310(7), 309(11), 308(9), 307(4),
249(65), 221(70), 204(15), 202(60), 201(30), 200(55), 199(40), 198(18)
.165(43), 139(20), 109(70), 83(40), 55(100)

Elemental analysis, calculated for HgMnZClOOIO'

C, 20.34%; H, 0.00%., Found: C, 20.32%; H, 0.007%

3-Bromo-1,3-diphenyl-l-propene 59

This was prepared from'the corresponding alcohol using phosphorus -



-187-
tribromide and recrystallized from hexane. M.p.49-50°C.,

1

H-N.M.R. (CDCl.): 5.7("d", 1H); 6.5(m, 1H); 7.0-7.5(m, 11H).

3):
tmy3c-n.m.z. (CDCl,): 55.4, 126.8, 127.6, 128.4, 128.7, 129.3,

132.1.

1,3,4,5-Tetraphenyl-1,5-hexadiene2l3 60

In a 50mL round bottom flask, 5mL of Na+[Mn(CO)5-] solution
(prepared from 0.lg an(CO)lo, 0.13mmole, in 5mL of THF) was added by
syringe to 0.065g (0.24mmole) of 3~bromo-1,3~diphenyl-l-propene, and
the mixture stirred for 30 minutes. The solvent was then removed at
reduced pressure, and the yellow solid residue sublimed (30°é/0.2mm).
The sublimate was identified as an(CO)10 (55Mn—N.M.R. spectroscopy
and infra-red analysis). The residue was extracted with 20mL of
hexane, filtered and cooled to ca. 0°¢ and gave 0.043g of a

microcrystalline solid identified213

as mixture of diasteriomers 60,
m.p. 108-112°C. (92%Zyleld). The mass spectrum of this material
contained a peak at m/e 193.

1

H-N.M.R. of the mixture (CDCl,, 60MHz): 3.7(broad s, 2H);

39
6.0 and 6.2 (broad singlets, QH);
6.5-7.2 (m, 20H).

(o3 c-n.m.R. (CDC1,): 55.2 and 55.3, 126.1, 126.2, 126.5, 126.9,

127.0, 128.2, 128.4, 128.6,- 131,1 and 131.4,

131.9 and 132.1.
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One of the diasteriomers could bg isolated pure by furthur
recrystallization from hexane, 10mg of fine white needies were
obtained in this way, m.p. 121-2°,

1

H-N.M.R. (CDCl,,200MHz): 3.9 ("d", 2H); 6.05-6.6(m, 2H);

3’
7.0"7.5(111, ZOH)Q

The Reactilon of Na+[Mn(CO)5-] and PPN+[Mn(CO)5—] with 2-Haloesters

5SMn--N.M.R. Spectroscopy of In-Situ Reactions.

These reactions were carried out in a similar fashion to the
reaction of ethyl 4~halo-2-butenoate described earlier. 1In a typical
reaction 0.15-0.19g (0.20-0.26 mmole) of PPN+[Mn(CO)5_] was dissolved
in 2mL of THF or deuterochloroform and rapidly transferred to a 10mm
N.M.R. tube containing a known amount of a 2-haloester. The 55Mn—

N.M.R. spectrum of the solution was then measured.

Ethyl 2-chloro—2-methylpropanoate 65

In a 50mL conical flask 15mL of dimethylformamide was added to
3g (0.07 mole) of anhydrous lithium chloride and the mixture stirred
for ten minutes. To this was added 2g(0.01 mole) of ethyl 2-bromo-2-
methylpropanoate and the mixture stirred for two weeks. After this
time 40mL of water was added, and the solution extracted with 50mL of
pentane, the extract waéhed with 2x100mL of water, dried with

magnesium sulfate and evaporated to give l.4g of the title compound as



-189-
a colourless liquid which was pure by G.C. (3% OV10l, 2mm x 2m glass

column) and 1H—N.M.R. spectroscopy (93% yield).

Infra-red (meat, cm™l): 1742, 1280, 1176, 1120, 1024.
lpN.u.R. (CDCLy): 1.30(t, J=7.0Hz, 3H); 1.75(s, 6H);

4,20(q, J=7.0Hz, 2H).

Preparation of Ethyl 2-Iodoethanoate 69

To a saturated solution of 18.0g (0.12 mole) of anhydrous sodium
iodide in acetone, cooled to 0°C, 10g (0.06 mole) of ethyl 2r5romo-
ethanoate was added dropwise with stirring. The solution was allowed
to warm to room temperature and stirred for twenty minutes, by which
time G.C. analysis (10m methyl silicone column) indicated complete
conversion had taken place. The solvent was removed and the solid
residue extracted with 2x50mL of hexane and the combined extracts
filtered and evaporated to yield 1l.1g (86% yield) of colourless
liquid. G.C. analysis and 200 MHz N.M.R. spectroscopy indicated the
product was better than 95% pure, although the product darkened on

storage.

Infra-red (neat, cm 1): 1736, 1265, 1096, 1026.

1y N.M.R. (CDCly): 1.28(t, 3H, J=7.1Hz); 3.68(s, 2H);

4.20(q, 24, J=7.0Hz).

214

[Hl-N.M.R. of the corresponding methyl ester“ ": 3.63(s, 2H)]

Preparation of Ethyl 2-Todo-2-methylethanoate 70

This was prepared in a similar fashion to ethyl 2-iodoethanoate
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described above, and was obtained in 917% yield as a pale yellow oil.
This material decomposed on attempted distillation, however G.C.

1

analysis (10m methyl silicone column) and 200 MHz “H-N.M.R.

spectroscopy indicated that it was >95% pure.

Infra-red (neat, em 1): 1734, 1447, 1370, 1330, 1256, 1208, 1134,
1058, 1021.
la-NM.R. (CDCL,):  1.29(t, J=7.1Hz, 3H); 1.95(d, 7.0Hz, 3H);
4,19(q, J=7.1Hz, 2H);
4.36(q, J=7.0Hz, 1H).

[Hl—N.M.R. of the corresponding methyl ester214: 1.93(d,J=6.8Hz)

4.43(q)]

Preparation of Ethyl 2—Iodo-2,2-dimethylethahoate 71

To a saturated solution of 11.7g (0.078 mole) of amhydrous sodium
jodide in acetone, 5g (0.026 mole) of ethyl 2-bromo-2,2-
dimethylethanoate was added and the solution refluxed overnight.

After the reaction mixture was evaporated the resulting black oily
residue was extracted with 3x25ml hexane and the combined extracts
filtered and evaporated to give 1l.lg pale browq oil (18% yield).
After trap to trap distillation the product was determined to be >90%
pure by 200MHz 1H—N.M.R. spectroscopy and G.C. analysis (10m methyl

silicone column).

Infra-red (neat, cm—l): 1732, 1462, 1212, 1159, 1103, 1026

LE-N.M.R. (CDCL): 1.31(t, J=7.1Hz, 3H); 2.08(s, 6H);

4.22(t, J=7.1Hz, 2H).
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[Hl-N.M.R. of the corresponding methyl ester214: 2.05(s)]

The Reaction of Ethyl 2-bromo-2-methylpropanoate with PPN+[Mn(CO)=_]

in THF

In a 10mm N.M.R. tube 0.1lg, (0.15 mmole) of PPN*[Mn(co)S"] was
added to 0.05g (0.26 mmole) of ethyl 2-bromo-2-methylpropapoate in 3mL
of THF , and the mix£ure shaken. The mixture was then allowed to
stand for five hours. G.C.~ analysis of the cruderreaction mixture
indicated that 74,75,76 and 77 were formed in the reaction. These
were identified from the G.C.-mass spectrum obtained for a distillate
(trap to trap, ca. O0.lmmHg) from the reaction mixture (c.f. the
photolysis of -ethyl 2-bromo-2-methylpropanoate with MHZ(CO)IO)‘ The
residue from this distillation was dissolved in 4mL of THF, filtered
and pentane slowly added to the filtrate. O0ily material formed which
was separated by decantation, washed with pentane. This oil
solidified to a resinous material (0.04g) which could not be
crystallized. The infra-red of this oil contained bands (in THF) at
2081(w), 2007(s), 1973(s), 1925(s) and 1907(sh) which probably

correspond to PPN+[Mn(CO)4Br2_].

Ethyl 2-methylpropanoate 74

G.C.-M.S. (m/e, % base peak): 116(50); 89(51); 88(55); 73(55);

71(70); 43(100).

Ethyl 2-methyl-2-propanoate 75

G.C.-M.S. (m/e, % base peak): 114(52); 99(55); 86(68); 70(60);

. 69(100); 41(90).
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Diethyl 2,2,3,3-tetramethylsuccinate 76

G.C.-M.S. (m/e, % base peak): 185(40), 157(46), 116(100), 88(90),
87(99), 85(90), 69(72), 59(62), 43(80),

41(95).

Diethyl 2,2-dimethyl-4-methylenepeﬁtadioate 77

G.C.-M.S. (m/e, % base peak): 288(10), 155(85), 154(70), 127(40),
109(98), 81(100), 69(40), 59(50),

43(50), 41(99).

Ethyl 2-(manganese pentacarbonyl) ethanoate 72

In a 10mL Schlenk flask, Na+[Mn(CO)5—] solution (prepared from
0.1g (0.26 mmole) of dimanganese decacarbonyl in 4mL of THF) was added
to 0.063g (0.51 mmole) of ethyl 2-chloroethanocate rapidly with
stirring. The reaction mixture waé stirred for a further ten minutes,
evapofated under reduced pressure and the residue extracted with
pentane. The extract was filtered and concentrafed and flasﬁ
chromatography (silica/methylene chloride) yielded 0.089g of the title

compound (62% yileld) as an air sensitive pale yellow oil.

Infra-red (chloroform, cm_l): 2120(m), 2046(2), 2025(s), 1968(w),
1686(w).

[I.R. of the corresponding methyl ester, in hexane: 2215(m),2055(m),
2018(vs),1944(s), 1655(s)]1*

al-N.M.R. (CDCL,):  1.20(t, J=7.0Hz, 3H); 1.45(s, 2H);

4.13(q, J=7.1Hz, 2H).
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[1H—N.M.R.of the corresponding methyl ester: l.24ppm]43

Ethyl 2-(manganese pentacarbonyl)propanoate4873

In a 10mL Schlenk flask, Na+[Mn(CO)5-] solution (prepared from
0.1g (0.26 mmole) of dimanganese decacarbonyl in 4mL of THF) was added
to 0.093g (0.51 mmole) of ethyl 2-bromopropanocate. The reaction
mixture was stirred for a further ten minutes, evaporated under
reduced presure and the residue extracted with pentane. The extract
was filtered and concentrated and flash chromatography
(silica/methylene chloride) yielded 0.058g dimanganese decacarbonyl
(first band) and 0.070g of the title compound (46%Z yield, second band)

as a colourless oil.

Infra-red (chloroform, cm-l): 2117(m), 2057(w), 2023(s), 1999(w),

1686(m), 1178(m).

48

(1it.”%: 2108(m), 2047(m),

2023(s), 1996(s), 1700(m))
lhN.M.R. (CDC1,): 1.27 (t, J=6.8Hz, 3H); 1.58(d, J=6.7Hz, 3H);
2.32(q, J=6.9Hz, 1H); 4.15(q, J=6.9Hz, 2H).

The reaction of Ethyl 4-bromo-2-butenocate with Lithium 3-
).82

carboethoxypropenyl (-1

In a 250mL round bottom flask fitted with a rubber septum and
magnetic stirring bar, 0.57g (5.0 mmole) of ethyl 2-butenocate in 70mL
of THF was added to S mmole lithium diisopropylamide (prepared from
diisopropylamine and n-butyllithium in 8mL of THF and 2mL of

hexamethylphosphoramide) dropwise over twenty minutes maintaining the
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reaction mixture at dry ice/acetone temperature. '?o this, 0.97g (5
mmole) of ethyl 4-bromo-2-butenoate in 20mL of THF was added (over ten
minutes) and the reaction quenched in 250mL of water/ice. This
mixture was extracted with 3x100mL of light petroleum ether, the
extracts combined, washed with water, dried over magnesium sulfate and
evaporated to give 0.8g palé yellow oil. G.C.—analysis of this
product indicated that it contained unreacted ethyl 4-bromo-2-
butenoate (15%) and ethyl 5-carboethoxy-2,5-hexadienoate 83 (70%). A

pure sample of the diene 83 (as a single isomer) was obtained by

preparative G.C. (3% OV17, 4mm x 2m glass column) and identified®?
from the 1H—N.M.R. and mass-spectrum given below.
1

H-N.M.R. (CDCl,): 1.28 ("t", J=7.0Hz, 6H); 1.80(d, J=7.1Hz, 3H);
3.22(d, J=7.3Hz, 2H); 4.17(m, 4H);
5.80(d, J=15.6Hz, 1H); 5.80-7.10(m, 2H).
G.C.-ﬁass Spectrum (m/e, % base peak): 226(15,M+), 181(70), 180(90),-
153(70), 152(75), 134(80), 123(80), 108(85), 107(95), 97(70), 81(90),

80(80), 79(100), 68(75), 67(715, 55(90), 54(80), 53(90).

The Photolysis of Dimanganese Decacarbonyl and Ethyl 4-bromo-2-

butenoate .

In a Pyrex tube containing 8mL of THF 0.2g (0.51
mmole) of dimanganese decacarbonyl and 0.2g (1.64 mmole) of ethyl "4~
bromo-2-butenocate were mixed. The tube was fitted .with a rubber septum
and magnetic stirring bar and placed in a water—cooled jacket and

irradiated with a sun-lamp (G.E. 250W) for 4 1/2, hours by which time
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G.C.-analysis indicated all the ethyl 4-bromo-2~butenoate had been
consumed. The infra-red spectrum of the crude reaction mixture
consisted of bands corresponding to Mn(CO)SBr (2138w, 2052s and 2010s
cm—l) and weaker overlapping bands at 2103 and 1964cm—1, which
probably correspond to an(CO)sBrz. A considerable amount of an
insoluble whipe solid had formed. After removing the THF solvent, the
residue which was left was extracted with 3x20mL of pentane, the‘
extracts combined, filtered and evaporated to give 0.08g yellow oil
from which flash chromatography (silica/methylene éhloride) yielded
0.07g colourless oil after extended elution. The G.C. (10m methyl

silicone column) and 1

H-N.M.R. spectrum of this fraction indicated
that it contained ethyl 5-carboethoxy-2,6-heptadienoate 51 (64%) and

ethyl 2,6-octadien-1,8-dioate 50 (36%).

The Photolysis of Ethyl 2-bromoethanoate with Dimanganese Decacarbonyl

in Deuterochloroform

In a 1.0cm x 10em Pyrex test tube, 0.l1g( 0.26 mmolé) of
dimanganese decacarbonyl, and 0.081 (0.49 mmole) of ethyl 2-
bromoethanocate in 3mL of deuterochloroform (degassed by bubbling
nitrogen through it) were irradiated with a sun-lamp (G.E. 250W) for
three hours. By this time T.L.C. indicated no dimanganese
decacarbonyl remained, the solution was essentially colourless and a

white insoluble solid had formed. The solution was fil;ered and the

products determined by lowar. spectroscopy of the crude solution.
A singlet at 2.63 .ppm was assigned to diethyl succinate (50% yield)

and this was confirmed by G.C. analysis (3% OV1, 2mm x 2m glass
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column) and comparison with authentic material. Unreacted ethyl 2-
bromoethanoate was also present (29%). A singlet at 2.06 ppm was

assigned to ethyl ethanoate (11%). One resonance in the 1

H-N.M.R.
spectrum (singlet, 3.28 ppm, 8% of the total integration as -CHZ—

protons) remained unidentified.

The Photolysis of Ethyl 2—bromopropanoaté with Dimanganese

Decacarbonyl in Deuterochloroform

This photolysis was carried out in the same way as that described
above for ethyl 2-bromoethanoate using 0.lg (0.26 mmole) of
-dimanganese decacarbonyl and 0.09g (0.50 mmole) of ethyl 2-
bromopropanoate.

The 1H—N.M.R. spectrum of the ‘crude reaction mixture contained
resonances which were assigned to diethyl 2,3-dimethylsuccinate (m,
2.75 ppm, 47%), unreacted ethyl 2-bromopropaﬁoate (21%) and ethyl
propanoate (q, 2.32 ppm, 21%). The assignments were confirmed by

comparison with authentic materials (G.C. and lp-N.M.R. analysis).

The Photolysis of Ethyl 2-bromo-2-methylpropanoate with Dimanganese

Decacarbonyl in Deuterochloroform and THF

In a 1x10cm Pyrex test tube, 0.05g (0.13 mmole) of dimanganese
decacarbonyl, and 0.05g (0.13 mmole) of ethyl 2-bromo-2-
methylpropénoate in 3 mL of freshly distilled THF were ifradiated for
thirgy minutes with a sun-lamp (250W). The solvent was then removed
under reduced pressure and the oily residue extracted with hexane,

filtered and evaporated (0.13g). G.C. analysis indicated that the
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extract contained six components, including some unreacted starting
material (8% by G.C.), ethyl 2-methylpropanoate 74 (17%) and ethyl 2-
methyl-2-propanoate 75 (12%). These were identified by G.C.-mass
spectrometry. The other products formed in this reaction could be
jisolated by G.C. (3% OV17, 2m X 4mm glassrcolumn) and were identified
as diethyl 2,2,3,3-tetramethyl succinate Zé.(45%)’ diethyl 2,2~
dimethyl-4-methylene-penta-1,5-dicate 77 (5%) and tentatively assigned
diethyl 3-carboethoxy-2,2,3,5,5-pentamethylhexa~1,6~dioate 89 (13%).

1

These compounds were identified by “H-N.M.R. spectroscopy and G.C.-

mass spectrometry.

Ethyl 2-methylpropanoate 74

~ G.C.-mass spectrum (m/e, % base peak): 116(10), 89(7), 88(8), 71(40),

56(6), 55(5), 43(100), 41(45).

Ethyl 2-methyl-2-propanoate Zé:

G.C.-mass spectrum (m/e, % base peak): 114(13), 99(18), 86(32),

69(100), 58(10), 41(95).

Diethyl 2,2,3,3,-tetramethy1succinate108 76
1

B-N.M.R. (CDCl,): 1.23(s, 12H); 1.26(t, J=7.lHz, 6H) ;

4.10(q{ J=7.1Hz, 4H).
G.C.-Mass Spectrum (m/e; % base peak): 185(50), 157(51), 116(97),
88(90), 87(100), 84(55), 83(90), 70(50), 69(85), 59(77), 57(45),

55(60), 43(90), 42(47), 41(95).
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Diethyl 2,2-dimethyl-4-methylenepenta~-1,5-dioate 77.
1

H-N.M.R. (CDCl3): 1.18(s, 6H); 7
1.264 and 1.31 (tx2, J=7.1, 7.1Hz, 6H);
2.64(s, 2H); 4.11(q, J=7.1Hz, 2H);
4.2(q, J=7.1, 2H); 5.53("s", 1H);
6.22(d, J=1.6Hz, 1H).

G.C.-Mass Spectrum (m/e, % base peak): 228(4), 155(59), 154(50),

127(25), 109(87), 81(100), 68(30), 67(32), 59(37), 43(45), 41(94).

Diethyl 3—carbethoxy—2,2,3,5,S—pentamethylhexa-l,6-dioate 89
LE-N.M.R.(CDGL,):  1.05(s, 6H); 1.18(s, 3H); 1.21(s, 3);

1.26v (t J=7.0Hz, 3H); 1.27(s, 3H);

1.29(t, J=7.0Hz, 3H);

2.13 and 2.58 ("doublets", J=14.5Hz, 2H);

4,11(m, 6H).
G.C. Mass-Spectrum (m/e, % base peak): 298(32), 270(40), 268(55),
229(30), 206(42), 183(40), 155(35), 116(100), 88(35), 70(28), 88(32),

‘ 59(30), 55(38), 43(60), 41(82).
A similar pattern of products was observed when the photolysis was

carried out in deuterochloroform (G.C.-mass spectrum) although the

products were not isolated in this case.

The Reaction of Na+[Mn(CO)=-] with 2-Bromopropanoyl Chloride in

THF

In a 20mL Schlenk flask, 0.lg (0.26 mmole) of dimanganese



-199-
decacarbonyl was reduced with 17 Na(Hg) in 5mL of THF and transferred
via a filter tube to a 100mL three necked round bottom flask. The
flask was fitted with a septum and a side~arm trap, and evacuated to
remove most of the THF to give a slurry of Na+[Mn(CO)5"], and then the
stopcock to the vacuum source was closed. The side—-arm trap was
immersed partially in liquid nitrogen and 0.09g (0.52 mmole) of 2-
bromopropanoyl chloride in 2mL of THF slowly transferred by syringed
into the flask. Throughout the addition the solvent distilled into
the trap, aided by immersing the flask in a bath of water (20°¢).
The addition took five minutes. When the addition was complefe the
remaining "THF was allowed to distill inté the trap and the trap was
then removed and sealed. A sample of the green solution was rapidly
transferred to an I.R.-cell and the I.R. spectrum was rapidly

measured. A strong peak at 2117cm_l

corresponding .to l-propen-l-one
was ob;erved which rapidly disappeared at room temperature (Ei' 5
minutes), and new bands at 1789, 1767, 1740 and 1662em™ ! appeared. On
standing overnight at room temperature the solution ‘became pale yellow
in colour and after the solvent was removed 30mg of pale yellow oil
was collected. The G.C. analysis of this oil (3% OV17, 2mm x 2m
glass column) indicated one major product (80%) identified as 2,4~
dimethyl-3-oxocyclobut-l-enyl propionate 113 (literature I.R.: 1790,
1765 and l665cm-1)130. This component could be isolated by G.C. and
the mass—-spectrum and 1H—N.M.R. spectrum are described below. The

latter is similar to the reported spectruml30.
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lhN.M.R., (CDCL,):  1.20(d, J=7.0Hz, 3H);
1.23(t,J=7.4Hz, 3H); 1.61(d,J=2.0Hz, 3H);
2.58(q, J=7.6Hz,2H); 3.75(m, 1lH).
Mass Spectrum (m/e, % base peak): 168(M+, 20), 140(15), 112(95),

(85), 83(85), 69(45), 67(50), 57(100), (56), 55(90).

The residue from this reaction was dissolved in 10 mL of methylene
chloride and 4mL of hexane added and slowly evaporated. Orange
crystals of manganese pentacarbonyl bromide (0.13g, 92% yield) were
isolated giving an I.R.-spectrum identical to that of authentic

material.

3-Bromopropanoyl Manganese Pentacarbonyl 122

Dimanganese decacarbonyl (0.20g, 0.51 mmole) was reduced with
17 sodiuﬁ amalgam in 10 mL of THF. The solution was transferrgd by
syringe to 0.18g of 3~bromopropanoyl Ehloride (1.05 mmole) in 2 mL of
THF and stirred for thirty minutes at room temperature, by which time
a white precipitate had formed in the yellow solution. The solvent
was then removed at reduced pressure and the oily residue extractéd
with two 10 mL aliquots of hexane, filtered and the volume of the‘
combined extracts reduced to ca. 10 mL. The product crystallized upon
cooling to 0°C and after filtering and washing with cold hexane

yielded 0.19 g white needles (57% yield), m.p. 57-59°C.

Infra-red (hexane, cm_l): 2117(m), 2055(m), 2016(s), 1648(m).

TH-N.M.R., (CDCL): 3.45 ppm (m, -CH,CH,).
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(Ya}l3c-n.M.R., (CDCL.):
-M.R., 3). 25.8 ppm (-CH,CO), 67.5 ppm (-CH,Br)
144 ppm (CO).
55Mp-N.M.R., (THF): ~-1830 ppm, Wy ,=6100 Hz.
Elemental analysis, calculated for C8H4BrMn06
C, 29.03%; H, 1.22%. Found: C, 27.58%; H, 1.41%
(The elemental analysis of this compound was not improved by repeted

recrystallization.)

4-Bromobutanoyl Manganese Pentacarbonyl 123

This complex was prepared in a similar way to that of 3-
bromopropanoyl manganese pentacarbonyl. Thin layer chromatography
indicated that'the yellow solid isolated was contaminated with
manganese pentacarbonyl bromide. Flash chromatogréphy (methylene
chloride/silica) of the crude materiai, followed by recrystallization

from hexane gave pale yellow needles in 19% yield, m.p. 55-6°¢C.

Infra-red (methylene chloride, cm-l): 2117(m), 2052(m), 2013(s),
1638(m).
la-N.M.R., (CDGL;): 2.01 (dt, 2H); 3.12 (t, J=6.7Hz, 2H);

3.39 (t, J=6.3Hz, 2H).

SMn-N.M.R., (THF): -1874 ppm, W ,,=7250 Hz.

‘Elemental analysis, calculated for 09H6BrMno6

C, 31.33%; H, 1.75%. Found: C, 31.45%; H, 1.81%

5-Bromopentanoyl Manganese Pentacarbonyl 124

The procedure followed for the preparation of this compound was

the same as that described for 3-bromopropanoyl manganese
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pentacarbonyl. White needles were isolated in 71% yield,

m.p. 52-55°C.

Infra-red (hexane, cm—l): 2115(m), 2052(m), 2009(s), 1659(m).
lh-n.MLR., (CDClg,): 1.5-1.9 (m, 4H); 2.96 (t, J = 6.7Hz, 2H);
3.35 (t, J = 6.6 Hz, 2H).
(o t3c-n.m.r., (CDC1,): 23.2 (~CH,C0), 31.9 (~CH,=), 33.2 (=CH,-),
65.9 (-CHZBr), 143.9 (CO).

Mn-N.M.R., (THF): -1880 ppm, W ,,=7300 Hz
Elemental analysis, calculated for C10H8BrMnO6

C, 33.45%; H, 2.25%. Found: C, 32.47%; H, 2.29%

(The elemental analysis of this compound was not improved by repeted

recrystallization.)

The In~-Situ Thermal Decomposition of Bromoalkanoyl Manganese

Pentacarbonyl Complexes 122, 123 and 124

3-Bromo propanoyl chloride 119, 4~bromo butanoyl chloride 120 and
5-bromo pentanoyl chloride 121, were placed (0.22mmole) in individual
10mm N.M.R. tubes. Two mL of a THF solution of sodium pentacarbonyl
manganate (0.105 M) was then introduced into each tube by syringe.
The tubes were occasionally shaken over a period of half an hour and
the 55Mn--N.M.R. spectrum measured. Signals were observed at -1842 ppm
-1874 ppm, and ~1888 ppm respectively. All three solutions contained

47 dimanganese decacarbonyl. The tubes were then placed in a water

bath at 50°C for one hour.
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The Thermal Decomposition of 3-Bromopropanoyl

Manganese Pentacarbonyl 122

In 5 mm N.M.R. tubes, 20 mg (0.06 mmole) of 3-bromo propanoyl
manganese pentacarbonyl 122 was dissolved in 0.5 mL of
deuterochloroform or 0.5 mL of THF d8' The solutions were degassed by
several freeze~thaw cycles and sealed;under vacuum (0.1 mmHg.) and
then placed in an oil bath at 75°C. The decomposition was followed by
1H—-N.M.R. (200 MHz.), the tubes being inverted and centrifuged prior
to running the spectrum. When the decomposition was complete, the

samples were opened while connected to a manifold, and the released

gases analysed by G.C.

The Thermal .Decomposition of 4-Bromobutanoyl Manganese

Pentacarbonyl and 5-Bromopentanoyl Manganese Pentacarbonyl

This was carried out in a similar fashion to the experiment
described above for 3-bromopropanoyl manganese pentacarboﬁyl. In these
cases, 5 mg (0.0l mmole) of freshly recrystallized 4-bromobutanoyl
manganese pentacarbonyl and 25 mg (0.07 mmole) of 5-bromopentanoyl
manganese pentacarbonyl were used. The solutions were first heated to

75°C, and then 120°C until no further reaction took place.

Ketene Synthesis

The apparatus used to prepare the ketenes described in this
thesis is shown in Figure 6.1. This consists of a modified Schlenk
flask to which was attached either a simple glass tube or a 5mm N.M.R.

tube using a teflon adaptor, as a receiver for ketene distillations.
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19732 Female
Syringe Stopcock —m—v>n
To Vacuum

Rubber Stopper ———v . >

< 22 Gauge Needle

Glass Wool . o
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14/20 JointsTﬁ>

50-10Qmm
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<—22mm-> Stirring Bar

Liquid Nitrogen
Cooled Trap

Figure 6.1 Diagram of the Apparatus used to Prepare Ketenes
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Solutions were introduced into the flask via a syringe fitted with a
brass syringe stopcock (Aldrich) attached with standard luer lock

fittings.

Ethenone 115

The ketene apparatus was fitted with a 5mm N.M.R. tube containing
0.0369g p-dichlorobenzene and charged with 0.15g (0.205 mmole) of
PPN+[Mn(CO)5—] and the system was purged with nitrogen. To this was
'added 0.6mL of deuterochloroform and the solution cooled with liquid
nitrogen and the system evacuated. To this, 0.03g (0.206 mmole) of 2-
bromoethanoyl chloride in 0.5mL of deuterochloroform was added slowly
by syringe, layering the solution on the PPN+[Mn(CO)5-] while
maintaining the solution at liquid nitrogen temperature. The system
'was evacugted to ca. 0.lmmHg and the solutions allowed to warm to 0°c.
At this point the N.M.R. tube attached to the side—arm was partially
immersed in liquid nitrogen and the colourless solvent/ketene mixture
distilled over. The 5mm N.M.R. tube was then flame~sealed and the low

1

temperature (~50°¢) 200MHz ~H-N.M.R. spectrum was measured. The yield

of ethenone, determined by integration'of the 1H—N.M.R. spectrum with

1

respect to p-dichlorobenzene internal standard, was 95%. B~

N.M.R.,(CDCl,,-50°C): 2.46(s,2H).

2-Methyl-1-propen—l-one 159

In the apparatus was placed 0.15g (0.205 mmole) of PPN+[Mn(CO)5_]
and 0.3mL of deuterochloroform and the solution cooled with liquid

nitrogen and the system evacuated to 0.lmmHg. To this, 0.035g (0.19
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" mmole) of‘2-bromo-2—methylpropanoyl chloride in 0.3mL of
deuterochloroform was added via syringe and the mixture allowed to
warm to ca. 0°c. After stirring for 10 minutes, the solvent/ketene
mixture (a colourless solution) was distilled into a 5mm WN.M.R. tube
by cooling the tube with 1liquid nitrogen. The tube was then flame-
sealed and the 1H—N.M.R. spectrum measured. The yield of the title
ketene, determined by integration of the 1H—N.M.R. spectrum with
respect to gjdichiorobenzene internal standard, was 105%. In a
similar experiment using 0.15g (0.205 mmole) of PPN+[Mn(CO)5-] and
0.0429g (0.186 mmole) of 2~-bromo-2-methylpropanoyl bromide and using
p-dibromobenzene as an internal standard, the yield was 93%.

lg-N.M.R., (CDCL,): 1.58 (s, 6H).

On standing at room temperature this product dimerized to
2,2,4,4-tetramethy1cyclobuta-l,3—dione (1H—N.M.R., 1.26 ppm,

singlet).l66

1-Propen—l-one 118

In the apparatus was placed 0.152g (0.207 mmole) of
_PPN+[Mn(CO)5—] and 0.5mL of deuterochloroform. The solution was then
cooled with liquid nitrogen and the system evacuated to 0.lmmHg and
then allowed to warm to ca. 0°Cc. At this point the side—arm trap was
immersed partially in liquid nitrogen and addition via syringe of
0.0301g (0.176 mmole) of 2-bromopropanoyl chloride in 0.5mL of

deuterochloroform commenced, The addition was made in increments over
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a two minute period, maintaining steady distillation of the pale green
ketene/solvent until the reaction mixture was dry. The ketene
solution was then quickly transferred to a 5mm N.M.R. tube containing
p~dibromobenzene as an integration standard. The solution was
maintained at dry ice/acetone temperature and the low temperature (-20
- -40°¢) lH—N.M.R. spectrum was measured. The yield of the title
compound was 91%. The use of slightly more solvent (a total of 1.5mL
of deuterochloroform) gave a yield of 847%.
lp-N.M.R., (CDCl,): 1.56(d, J=7.4Hz, 3H);

2.67(q, J=7.5Hz, 1lH).

Infra-red (THF): 2117cm-1.

1-Buten—1-one 164

This was prepared in the same way as l-propen-l-one described
above, In this case 0.1670g (0.28 mmole) of PPN+[Mn(CO)5-] was
reacted with 0.052g (0.224 mmole) of 2-bromobutanoyl bromide in a
total of 1ImL of deuterochloroform and the title compound was obtained
in 80% yield (determined by 1H—N.M.R.‘—spectroscopy at -40°C).
'H-N.M.R., (CDC1,): 1.06(t, J=7.4Hz, 3H);

2.04 (dg, 2H); 2.80(t, J=6.9Hz, 1H).

3-Methyl-1-buten-l-one 167

This was prepared in the same way as l-propen—l-one described

above. In this case 0.10g (0.136 mmole) of PPN+[Mn(CO)5-] was reacted
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with 0.0316g (0;1295 mmole) of 2-bromo-3-methylbutanoyl bromide in a
total of 1mL of deuterochloroform, and the title compound was obtained

1

in 57% yield (determined by “H-N.M.R. spectroscopy at 20°C).

lgeN.M.R., (CDC1,): 1.07(d, J=6.7Hz, 6H);

2.82(d, J=5.7Hz, 1H); 2.49(dq, J=6.6Hz, 1H).

3,3-Dimethyl-l-buten-l-one 169

This was prepared in the same way as l-propen-l-one described
above. In this case 0.15g (0.205 mmole) of PPN+[Mn(CO)5—] was reacted
with 0.050g (0.194 mmole) of 3,3-dimethylbutanoyl bromide in a total
of 1lmL of deuterochloroform. The title compound was obtained in 75%
yield (determined by 1H--N.M.R. spectroscopy at 20°C)._

lp-N.M.R. (CDCl,): 1.19(s, 9H); 2.81(s, 1H).

1,3-Butadien-l-one 170

In the ketene apparatus was placed 0.1995g (0.2614mmole) of
PPN+[Mn(CO)5_] dissolved in 0.2mL of deuterochloroform. The system was
slowly evacuated to O.lmm to remove most of the solvent. 4~Bromo-2-
butenoyl chloride, 0.0246g (0.1338mmole) dissolved in 0.75mL of
deuterochloroform was introducéd onto the stirred PPN' salt in four
ca. equal amoﬁnts over a period of 45 seconds. After each addition,
the liquid nitrogen was moved up several centimeters on the receiver
to expose a fresh cold surface and cause rapid distillation of the

solvent-ketene solution. After the addition was complete, the
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distillation was continued for two minutes. The title compound was
obtained in 35% yield (determined by lp-N.M.R. spectroscopy at -40°C).

1

H-N.M.R., (CDCl,, -40°C): 4.09(d, J=10Hz, 1H); 4.66(d, J=11Hz, 1H);

3’
4.95(d, J=18Hz, 1H);

6.06(d of d of d, 1H).

2-Methyl-1,3-butadien~l-one 172

This ketene was prepared in a similar fashion to 2-methyl-1-
propen-l-one 159 described earlier. To 0.1500g (0.205mmole) of PPNT
salt in 0.3mL of deuterochloroform was added 0.0382g (0.1934mmole) of
4=-bromo-2-methyl-2-butenoyl chloride in 0.3mL of deuterochloroform.'
The bright yellow ketene solution was distilled to give the title
compound in 75-827 yield.

1

H-N.M.R., (CDCl,, 20°C): 1.76(s, 3H);

3’
4.77(d of d, J=0.5Hz and 11.0Hz, 1H);
4.76(d of d, J=0.5Hz and 16.6Hz, 1H);

6.30(d of d, J=10.8 and 16.6Hz, 1H).

Dispiro[3.1.3.1]decane-5,10-dione 175

In a 50mL round bottomed flask fitted with a rubber septum,
Na+[Mn(CO)5-] solution (prepareé from 0.2g (0.51 mmole) of Mn,(CO),,
in 10mL of THF) was added to a stirred solution of 0.2g (1.01 mmole)
of l-bromocyclobutylcarbonyl Bromide in 2mL of THF. When the addition

was complete (five minutes), the solvent was removed from the reaction
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mixture at reduced pressure and 10mL of cyclohexane was added to the
brown sticky residue. This mixture was then refluxed for thirty

minutes, by which time T.L.C. (silica/methylene chloride) indicated
all the Mn(CO)SBr had decomposed. The solution was filtered and the
pale yellow filtrate concentrated (5mL) and left at -20°¢ overnight.
The product crystallized as large plates which were filtered to give
0.060g (72% yield with respect to l-bromocyclobutylcarbonyl bromide).

173

The melting point was 85.5%C (literature 86°C).

Infra-red (CH2012, cm-l): 1738.

Loy, (CDC1,): 2.44(t, 4H, J=7.8Hz) 1.97(m, 2H).

Mass-Spectrum (m/e, % base peak): 164(9), 135(7), 108(15), 93(5),
82(45), 80(20), 79(21), 54(100),

53(35).

2,4-Di-(1“-methyl-1"~ethylidene)cyclobutane~1,3-dione 177

In a 20mL Schlenk flask, Na+[Mn(CO)5-] solution (prepared from
0.19g (0.49 mmole) of Mné(CO)10 in 10mL of THF) was added to a stirred
solution of 0.2g (1.0l mmole)‘of 2~bromo-3-methyl-2-butenoyl chloride
in 5mL of THF over a period of five minutes. When the addition was
complete the reaction mixture was stirred for a further five minutes,
the solvent evaporated at reduced pressure and the residue dissolved
in 5mL of methylene chloride. This deep orange solution was filtered
and the volume reduced to 2mL and applied directly to a lcm diameter
flash-chromatography column. Elution with methylene chloride yielded

an(CO)10 (first band, 0.0lg, 5% yield); Mn(CO)SBr (second band,
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0.21g, 83% yield) and an orange powder (third band, 0.04g).
Considerable streaking in the column occurred éuring this separation.
The orange powder was dissolved in 2mL of hexane and cooled to -20°¢
for 2 hours and on filtration yielded 0.031g (39% yield) of the title

compound as orange needles, m.p. 150°C (reported215, 135°C and 143°C).

Infra-red (methylene chloride, cm—l): 1630(s), 1691(s); reported215

(nujol): 1621, 1680.

1 215

H-N.M.R., (CDC13): 2.26(s); reported“ ~: 2.25(s).

Mass-Spectrum (m/e, % base peak): 164(61, M+), 136(55), 93(70),

83(64), 67(100); reported®™: 164(36, M7), 67(100).

2~-Bromo-3-methyl-2-butenoyl chloride 178
q216

This was prepare by treatment of 2-bromo-3-methyl-2-butenoic

acia?l? (m.p. 90-92°C) with thionyl chloride and was obtained in 79%

16

yield. B.p. 60-62°C/8mm (1it.21® 78-80°/15mm).

Infra-red (neat): 1751cm™t (lit.216 1757cm—1).

lyn.M.R., (cpCly): 2.11(s, 3H); 2.13(s, 3H).

_1-Bromocyclobutanecarbonyl bromide218 176

This was prepared by the reaction of cyclobutanecarboxylic acid
(Aldrich) with phosphorus tribromide and bromine for 12 hours at 120°¢

and was obtained in 51% yield. B.p. 67°C/7mm.
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1
H-N.M.R., (CDCl;): 1.91(m, 1H); 2.28(m, 1H); 2.62(m, 2H);

2.94(m, 2H).

2-Chloroethanoyl bromide 187

This was prepared in 727 yield by treatment of 2-chloroethanoic

acid with phosphorus tribromide. B.p. 124-128°C.

1H--N.M.R., (CDCl3): 4.55ppm (s).

2—-Bromopropanoyl chloride219 116

This was prepared in 81% yield by treatment of 2-bromopropanocic

219

acid with thionyl chloride. B.p. 125-130°C. (lit. 131-133°¢).

Infra-red (neat): 1779cm—1.

lhN.M.R., (CDC1,): 1.9(d, J=THz, 3H); 4.6(q, J=7Hz, 1H).

2-Bromobutanoyl bromide220 163

This was prepared in 587 yield by treatment of butanoic acid with
phosphorus and bromine at 100°C for three hours. B.p. 54°C/8mm.

220

(1it. 172-174°¢)

H-N.M.R., (CDC1,): 1.10(t, J=7.3Hz, 3H);
2.18(dq, J=7.0 and 7.3Hz, 2H);

4.54(t, J=7.1Hz, 1H).
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2-Bromo-3,3-dimethylbutanoyl bromide 168

This was prepared in 67% yield by treatment of 3,3-

dimethylbutanoic acid with phosphorus and brominme. B.p. 72°C/7mm.

lp-N.M.R., (ODCLy): 1.15(s, 9H); 4.5(s, 1H).

2-Bromo-2-methylpropanoyl bromide221 161

This was prepared by treatment of propanoic acid with phosphorus

and bromine. B.p. 51-53°C/8mm (1it.1°? 162-164°C).

Lg-N.M.R., (CDCly): 2.0(s).

4-Bromo-2—butenoy1 chloride221 171

This was prepared in 36% yield by treatment of 4-bromo—2 -butenoic
2e1d?22 uith thionyl chloride. B.p. 95-96°C/Limm (1it.221 o0-

100°¢/12mm) .

Infra-red (neat, cm-l): 1758, 1692, 1022
L-N.M.R., (CDCLy): 4.06(d, J=7.2Hz, 2H); 6.30(d, J=l4Hz, 1H);

7.26(dt, J=14.5 and 7.1Hz, 1H).

4-Bromo-2-methyl-2-butenoyl chloride 173

This was prepared by treatment of 4-bromo-2-methyl-2-butenoic
acid222 with thionyl chloride, and was obtained in 207 yield as a

single isomer. B.p. 92°C/12mm.
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1

H-N.M.R., (CDClg): 2.0(s, 3H); 4.1(d, J=7Hz, 2H);

5.34(t, J=7Hz, 1lH).

Infra-red (neat): 1751em L

2-Bromo=-3~methylbutanoyl bromide 166

This was prepared by the reaction of 3-methylbutanoic acid with
phosphorus tribromide and bromine for 2 hours at 110°C and obtained in
60% yield. B.p. 62°C/8mm.

1

H-N.M.R., (CDCl,): 1.11(d, J=6.6Hz, 3H); 1.16(d, J=6.6Hz, 3H);

3)
2.43(m, 1H); 4.46(d, J=6.6Hz, 1H).

a-Chloroacetyl Manganese Pentacarboynl 185

This was prepared in 15% isolated yield from 2-chloroethanoic
acid according to a literature procedure179, and purified by flash

chromatography and recrystallized from hexane. M.p. 35-8%c.

ly-N.M.R., (CDC1,): 4.35(s) (11t.179 4.37).
Infra-red (CDC13, cm-l): 2123(w), 2054(m), 2024(s), 1658(w).
(11£.179,in heptane, cm ': 2117,2055,2014,2007,1654)

The Thermal Decomposition of a-Chloroacetyl Manganese Pentacarbonyl

In a 5mm N.M.R. tube, 10mg of 185 was dissolved in 0.5mL of
deuterochloroform and the tube was sealed. The tube was then immersed

in a heating bath and the 1

H-N.M.R. was spectrum periodically
measured. After 5 minutes at 80°C, 50% of the acyl complex 185 had

been converted to -chloromethyl manganese pentacarbonyl,



~215-
identified117 from the N.M.R. spectrum (3.6ppm, s). After heating for
30 minutes, little acyl complex 185 remained. However, new resomnances
at 3.0ppm, 2.2ppm and 1.85ppm had appeared (a total of 60% of the

integration) in addition to the resonance at 3.6ppm.

71-4-0xo-4—ethoxy—Z;butenyl Manganese Pentacarbonyl 49

In a 50mL side~arm flask, 0.2g (0.51mm91e) of dimanganese
decacarbonyl was dissolved in 10mL of THF and reduced with 1lmL of 1%
sodium amalgam. This solution was transferred by syringe into a 20mL
round bottom flask containing 0.15g (lmmole) of ethyl 4-chloro-2-
butenoate and the mixture stirred for 30 minutes. After this time the
solvent was removed under reduced pressure and the yellow resi&ue wés
extracted with 10mL of methylene chloride, the extract filtered and
evaporated to 2mL. Flash-chromatography (lcm diameter .column) on this
solution.yielded 0.0lg dimanganese decacarbonyl (first band) and after
extended elution 49. This product was isolated as a pale yeliow air
sensitive oil (0.15g, 49%) which could be recrystallized from hexane

(mep. 33'-500).

Infra-red (methylene chloride, cm-l): 2110(w), 2018(m), 2005(s),
. 1690(w), 1610(w)
lp N.M.R. (CDCLy): 1.27(t, J=7.1Hz, 3H); 1.88(d, J=0.6Hz, 2H);
4.17(d, J=7.0Hz, 2H); 5.65(d, J=15.1Hz, 1H);
7.45(dt, 1H).
o B3c-war., (CDC1,): 8.1(CH,), 14.4(CHy), 59.7(CH,), 111.5(CH),

158.5(CH).
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Mass spectrum (m/e, %base peak): 224(5), 196(30), 168(80), 124(45),
100(95), 68(80), 55(100).

Elemental Analysis, calculated for C.,H.MnO

1179797
C, 42.88%; H, 2.94%. TFound: C, 39.78%; H, 3.25%.
The elemental analysis for this compound could not be improved, even by

repeted purification.

03—4-0xo-4-ethoxy—Z-butenyl Manganese Tetracarbonyl 224

In a 20mL round bottom flask attached to a bubbler, 0.1g of 49
was heated to 80°C for one hour, by which time the evolution of gas
had ceased. The yellow oll which was left was dissolved in lmL of
methylene chloride and purified by flash chromatography (lcm diameter
column) to yield 224 (this complex was considerably less polar than

49) as an air sensitive yellow oil (0.08g, 88% yield).

Infra-red (methylene chloride, cm—l): 2090(m), 2000(s),
1970(s), 1710(m).

lh-N.M.R., (CDCLy): 1.30(t, J=7.2Hz, 3H); 2.26(d, J=12.9, 1H);

2.53(d, J=10.4, 1H); 2.99(d4, J=8.5Hz, 1H);

4,22(tq, 2H); 5.67(ddd, 1lH).
.{1H}13C~N.M.R., (GDC1,): 14.4(CHZ), 45.3(CH,), 46.8(CH),60.5(CH,),
96.1(CH).

Mass spectrum (m/e, %bése peak): 224(1), 196(5), 168(10), 124(4),
100(20), 68(12), 55(23), 43(100).
Elemental Analysis, calculated for ClOHQMno

6
C, 42.88%; H, 3.24%. TFound: C, 40.11%; H, 3.04%.
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The elemental analysis for this compound could not be improved, even by

repeted purification.

Q5—4—0xo-4—ethoxy—2-buteny1 Manganese Tricarbonyl 226

In a 25mL round bottom flask 0.05g (0.18mmole) of 224 was
dissolved in 5mL of cyclohexane and’ the flask fitted with a reflux
condenser and the solution refluxed under a slow stream of nitrogen
overnight. The resulting dark yellow solution was evaporated to ca 2mL
and applied directly to a lcm diameter flash chromatography column.
The product 226 eluted as the first deep yellow band, and yielded
0.036g dark yellow oil (76%). This product was air sensitive and

decomposed slowly in solution even at reduced temperature.

Infra-red (methylene chloride, em™1): 2050(s), 1960(s), 1935(s).
Lp-N.M.R., (CDGLy): 1.22(t, J=7.1Hz, 3H); 1.93(d, J=14, 1H);
3.54(d, J=9.5, 1H); 3.92(q, J=7.2Hz, 2H);
4.86(d, J=7.0Hz, 1H); 5.46(ddd, 1H).
(Lm}13c-N.M.R., (CDCL,): 14.1(CHy), 57.0(CH), 60.3(CH,), 61.9(CHy),
105.7(CH) .

Phenyl 2-butenoate223

In a 250mL round-bottom flask, 15mL of 2~butenoyl chloride was
added dropwise to 20g (0.21 mole) of crystallinme phenol. The reaction
mixture was stirred for thirty minutes with warming to give a steady
evolution of hydrogen chloride. The reaction mixture was washed with

3x100mL of water, diluted with diethyl ether and washed with saturated
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sodium bicarbonate solution, dried with magnesium sulfate and the
solvent removed. The residue was distilled to give 21g colourless
oil, boiling point 116~119°C/12mm (11t.223:114°C/14mm) and was pure by

1

G.C. (OV17 column) and “H-N.M.R. spectroscopy (d, 1.95ppm, J=8Hz, 3H;

m, 5.8-7.6ppm, 7H).

Infra-red: 1736cm L.

Phenyl 4-Bromo—-2-Butenoate

In a 250mL round bottom flask fitted with a reflux condenser,
5.0g (0.03 mole) of phenyl 2-butenoate, and 8.0g (0.045 mole) of N-
bromosuccinimide were added to 100mL of dry carbon tetrachloride, and
the mixture irradiated with stirring with a 650W quartz-halqgen lamp.
During the irradiation the solution refluxed and afte; 2 hours all the
N-bromosuccinimide had been consumed. The solution was cooled to 0°¢c
and the solid succinimide filtered and the filtrate evapo?ated. The
brown oily residue was purified by flash chromatography (silica, 1:1
pentane/methylene chloride eluent, 5cm diamete? column) in 2g
portions. This yielded 2.1g of pale yellow oil (4th band) which was
>90% pure by G.C. (3% OV-17, 2mm x 2m glass column). This product

decomposed upon attempted distillation (0.lmmHg).

Infra-red (neat, cm-l): 1740, 1653, 1592, 1492, 1195.
1H—N.M.R., (CDCl3): 4,07(d, 2H, J=7Hz); 6.22(d, 1H), J=15Hz);
7.06=7.50 (m, 6H).

up3c-w.m.r., (cDCl,): 28.9 (CHy), 121.4 (CH), 123.9 (CH),
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125.9 (CH), 129.5 (CH), i43.6(CH),

150.5 (C), 163.8 (C). -
Mass-Spectrum: 242/240(2,M), 149/147(70), 121/119(10), 94(30),

68(70), 89(100).
High Resolution Mass: 241.,9779 and 239.9806
(calculated for C; HyBr0, 241.9766 and 239.9786)

Elemental Analysis, calculated for ClOH9Br02

C, 49.82%; H, 3.76%. Found: C, 47.967%; H, 3.60%.

Phenyl 4-chloro-2-butenoate

An excess of anhydrous lithium chloride (l.4g, 0.033 mole) was
added to 10mL of dimethylformamide and stirred for ten minutes. |
Phenyl 4-bromo-2-butenoate ( 2.0g, 0.008 mole) was then added to this
mixture and the solution was stirred for a further ten minutes. The
reaction mixture was then added to lOOmﬁ of water, extracted with
2x50mL.of hexane, the extracts combined, washed with water, dried
(MgSO4) and evaporated. Analysis by G.C. (3% OV17, 2mm x 2m glass
column) indicated that complete conversion had taken place (>95%
pure), giving 1.54g (94% yield) of the product as a colourless oil.

Infra-red (neat, cm '): 1741, 1676, 1660, 1592, 1492, 1197.

lyn.M.R., (CDC1,): 4.15(d, 2H, J=7Hz); 6.1-6.4(m, 2H);
6.8-7.5(1'11, SH)O
1my3c-n.m R, , (CDC1,): 42.4 (CH,), 121.6 (CH), 123.3 (CH),

125.9 (CH), 143.7 (CH), 150.5 (C).
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Preparation of O1-4-Oxo—4-phenoxy-2-bu;eny1 Manganese Pentacarbonyl
s ‘

In a 100mL, round-bottomed flask 0.5g (1.28 mmole) of dimanganese
decacarbonyl was dissolved in 40mL of THF under a slow stream of
argon. To this, 2mL of 1% Na(Hg) was added, the flask sealed with a
rubber septum_and the solution was stirred for twenty minutes at room
temperature. This solution was decanted via a transfer needle into a
250mL round-bottomed flask containing 0.5g (2.54 mmole) of phenyl-4-
chloro-2-butenoate in 5mL of THF and the reaction mixture stirred for
ten minutes, after which some sodium chloride had precipitated from
the deep yellow solution. The solvent was removed on a rotory
evaporator, and the orange/yeilow powder residue was extracted with
4x50mL of warm (40°C) hexane. The extracts were then combined,
filtered through a fine porosity glass frit, flushed with argon and
the solu;ion concentrated uﬁder high vacuum to a volume of 100mL. The
. solution was placed in the refridgerator at -10°C for two hours and

0.75g of fine, off-white cubic crystals were collected by filtration,

m.p. 95-96°C (decomposed).

Infra-red (hexane, cm_l): 2113 (m), 2052 (w), 2021 (vs), 1999 (s),
1738 (m), 1618 (w).
LH-N.M.R., (CDC1,): 7.65(dt, 1H, J-15Hz and 9.6 Hz);
7.1-7.5 (m, 5H); 5.81(d, 1H, J=15Hz);
1.94(d, 2H, J=0.7Hz).
(up3c-n.m.r., (eDC1,): 161.1, 129.3, 125.3, 121.8, 110.2, 8.2.

Mass—-Spectrum (m/e): 328(1, M-CO) 300(1l), 272(1),
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244(1), 216(40), 148(66), 94(72)
Elemental Analysis, Calculated for 015H9Mn07: c,A50.5gz; H, 2.55%.
Found: C, 50.01%; H, 2.317.
Because of the air-sensitive nature of this compound, a good elemental

analysis could not be obtained.

Preparation of 03-4—Oxo—4-phenoxy—2-butenyl Manganese Tetracarbonyl

225

In a 20mL Schlenk flask attached to a gas burette 0.34g (0.94
mmole) of 7l—4~oxo-4-phenoxy—2—butenyl manganese pentacarbonyl 223,
was heated to 85-90°C for thirty minutes, by thch time the evolution
of carbon monoxide had ceased (23.8mL). The resulting semisolid
yellow residue was then dissolved in 20mL of hexane, filtered and
cooled (-20°C) overnight. From this solution 0.19g of fine yellow
needles were obtained, from which 0.17g (55% yield) analytically pure

product was recrystallized (m.p. 66~67°C).

Infra-red (hexane, cm Y): 2084 (s), 2021 (w), 2001 (vs),

1975 (s), 1736 (m).
Infra-red (methylene chloride, cm_l): 2083 (m), 2053 (w),

1995 (vs), 1968 (s), 1723 (m).
LH-N.M.R., (CDCl,, ppm): 7.12-7.53 (m, 5H); 5.79 (cdd, 1H);

3,09 (d, 1H, J=7.3Hz); 2.70(d, lH, J=10.3Hz);
2.37(d, 1H, J=14Hz).

(*mt3e-nar., (0DCL,, ppm): 22.7, 45.2(CH), 46.5(CH,), 96.5(CH),

. 121.7(cH), 125.8(CcH), 129.4(cCH), 150.7.
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Mass-Spectrum (m/e, %): 300(0.5, M~CO), 272(1), 244(17), 217(11),
216(80), 149(9), 148(98), 94(143), 69(14),
68(31), 66(12), 65(13), 56(10), 55(100), 40(21).
Elemental Analysis, calculated for Cl4H9Mn06: . C, 51.24%3 H, 2.76%.

Found: C, 51.07%; H, 2.76Z%.

Preparation of 75-4—oxo-4-phenoxy-2-butenyl Manganese Tricarbonyl

227

In a 20mL Schlenk flask 0.49g (1.49 mmole) of 73—4—oxo-4-
phenoxy-2-butenyl manganese tetracarbonyl was dissolved in 5mL of
cyclohexane. A condenser was attached and the solution refluxed for
ten hours under a slow stream of nitrogen. The resulting deep
yellow/orange solution was then concentrated to 2mL under high vacuum
and applied directly to a 2cm x 20cm silica flash chromatography column.
The column was eluted with methylene chloride and the product
collected (first dark yellow band, T.L.C. using silica/methylene
chloride Rf=0.85). Evaporation of the solvent yielded a deeb orange
01l which formed a mass of large orange crystals (plates) under a
stream of nitrogen. The product was further subjected to a high
vacuum to remove traces of solvent to yield 0.38g (84%7y1e1d) orange
solid (m.p. 48°C) which was analytically pure.

Crystals suitable for X-ray crystallographic analysis were
obtained by placing a concentrated hexane solution of the product in
the freezer (-20°C) overnight, rapidly decanting the mother liquor
from the céystals by pipette and immediately removing residual solvent

under high vacuum.
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Infra-red (methylene chloride, cm-l): 2036 (s), 1959 (s), 1932 (s).
LR, (CDCL,, ppm): 6.9-7.45 (m, 5H);
5.58(ddd, 1H); |
5.12(d, 1H, J=6.7Hz); 3.61 (d, 1H, J=9.6Hz);
2.03 (d, 1H, J=13.6Hz).
(*1)3c-n.M.R., (CDCLy, ppm): 57.0 (GH), 62.0 (CGH,), 105.7 (CH),
121.2 (cH), 126.6 (CH), 129.7 (CH).
Mass-Spectrum (m/e, %): 300(0.1, H), 272(1), 244(12), 216(61),
148(79), 94(47), 69(10), 68(36), 66(12),
65(13), 55(81), 40(20).
Elemental Analysis, calculated for Cl3H MnO.: G, 52.022; H, 3.02%;

95
Found: C, 52.10%; H, 3.04%.

73 4-0xo0-4-phenoxy-2-butenyl Manganese Tricarbonyl Triphenylphosphine

228

In a round bottom flask, 0O.lg (0.33mmole) of 227 was dissolved in
20mL of hexane. To this solutiom, 0.08g (0.32mmole) of finely ground
triphenylphosphine was added in small portioms with stirring. The
reaction was acéompanied by an immediate colour change, and formation
of a yellow precipitate. The mixture was filtered, and the solid
dissolved in methylene chloride and purified by flash chromatography
to give 0.17g (94% yield) of the title compound 228 as analytically

pure yellow microcrystals. M.p. 120°c.
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Infra-red (methylene chloride, cm-l): 2014(s), 1945(s), 1918(s),
1715(m).
LH-N.M.R., (CDCl,): 2.98(dd, J=6.7Hz, J,=3.2Hz, 1H);
3.17(d, J=8.2Hz, 1H);
3.52(d, J=13.4Hz, 1H);
4.33(m, Jp=13.1Hz, 1H);
7.04=7.44(m, S5H);
7.44-7.60(m, 15H).

Elemental Analysis, calculated for 031H24Mn05P: C, 66.20%; H, 4.30%;

Found: C, 66.04%; H, 4.54%.
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X-Ray Crystallography.

The X-ray radiation employed was MoK, with a graphite
monochromator, and the data were collected at 21°C.0Other parameters

are given in Tables 6.1, 6.2, 6.3 and 6.4 below.

g n? 75
Space Group: P21/a Pnazl Pbca
Unit Cell
Dimensions: a (A) 18.834(5) 17.7845(14) 12.5681(13)
b (A) 6.563(1) 7.0454(8) 11.3523(8)
c (A) 12.730(3) 11.3030(11) | 18.1003(15]
a (deg.)| 90.0 90.0 90.0
B (deg.)| 91.58(1) 90.0 90.0
Y (deg.)| 90.0 90.0 90.0
Volume (A%): 1572.6(6) | 1416.2(2) 2582.5(3)
Density (gem 3):2 1.504 1.539 1.544
z P 4 4 8
R :© 0.040 0.037 0.042
R :¢ 0.031 0.029 0.033

Table 6.1 X-Ray Crystallographic Parameters for 71,qﬁ,q§,

Complexes 223,225 and 227

8calculated. bFormula units in unit cell. cR=E(||Fo|—|FcH)/2|Fo|.

IR =[Za(|Fo|-|Fc|)?/2u]|Fo|

2]1/2
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x/a y/b z/e

Mn 3732(0)  455(1) 1120(0)
c(1) 2657(2) ~491(5) 569(3)
c(2) 2430(2) 685(5) ~-347(3)
c(3) 1958(2) 2180(6) -375(3)
c(4) 1806(2) 3243(5) -1359(3)
c(5) 1070(2) 5712(6) -2169(3)
c(6)  1343(2) 7603(8)  —-2300(4)
c(7) 1158(3) 8693(8) -3168(6)
o(8) 699 (4) 7939(11)  -3898(5)
c(9) 418(3) 6072(10)  -3733(4)
c(10) 604(2) 4928(6) -2878(4)
c(1l)  3445(2) -729(5) 2370(3)
c(12) 4071(2) -2036(5) 668(3)
c(13) 3290(2) 2908(5) 1457(3)
C(14) 4591(2) 1233(55 1687(3)
c(15) 3928(2) 1515(5) ~186(3)
0(1) 1259(1) 4588 (4) -1260(2)
0(2) - 2099(1) 3042(4) -2168(2)
o(11)  "3277(1) ~1497(4) 3118(2)
0(12) 4270(1) ~3550(4) 374(2)
0(13) 3045(1) 4434(4) 1615(2)
0(14) 5121(1) 1721(4) . 2040(2)
0(15) 4062(1) 2173(4) ~978(2)

Table 6.2 Atomic Positional Parameters for the ql-Complex 223.

(The values Have been multiplied by 104).
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Atom U U

11 22 Us3 U2 V13 Us3

Mn 51(0) 44(0) 49(0) -3(0) 5(0) -1(0)
c(1)  58(2) 71(2) . .57(2) -19(2) -5(2) 3(2)
c(2)  50(2) 62(2) 60(2) -7(2) 1(2) -8(2)
c(3)  55(2) 79(3) 55(2) 7(2) 3(2) -4(2)
c(4) 47(2) 68(3) 70(3) 8(2) 3(2) -3(2)
c(5) 52(2) 69(3) 64(3) 9(2) 5(2) -5(2)
c(6)  62(3) 78(3) 122(4) -4(3) -11(3) -9(3)
c(7) 96(4) 88(4) 166(6) 11(3) 29(4) 42(4)
c(8)  141(6) 155(7) 95(4) 57(5) 25(4) 54(5)
c(9)  137(5) 153(5) 75(4) 14(4) ~40(3) -2(4)
Cc(10)  92(3) 74(3) 89(3)  =12(2) -17(3) © =-6(3)
C(11)  54(2) 55(2)  54(2) 02) 02 ~7(2)

| c(12)  64(3) 53(2) 54(2) -12(2) 3(2) 3(2)
c(13) 67(2) 50(2) 63(2) -11(2) 14(2) 3(2)

T C(14)  66(3) 57(2) 58(2) -5(2) 7(2) ~10(2)
c(15)  49(2) 53(2) 63(3) ~5(2) 5(2)  =5(2)
o(1)  70(2) 96(2) 64(2) 28(2) 5(1) -2(2)

- 0(2) 76(2) 109(2) 67(2) 31(2) 27(2) 13(2)
0(11)  87(2) 87(2) 61(2) -2(1) 12(2) 22(2)
0(12)  90(2) 53(2) 108(2). 2(1) 23(2) -16(2)
0(13) 101(2) 48(1) 120(2) 3(2) 49(2) 1(2)
0(14)  66(2) 109(2) 97(2) -22(2) -6(2) -26(2)
0(15)  88(2) 96(2) 62(2) -8(2) 18(2) 18(2)

Table 6.3 Thermal Parameters for the ql—Complex 223
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x/a y/b z/c

Mn 1822(0) 1374(1) 2500(0)
c(1) 1467(2) 4444(4) 2571(5)
c(2) 2048(2) 4031(5) 3340(3)
c(3) 2744(2) 3292(5) 2953(3)
c(4) 3262(2) 2524(5) 3833(3)
. 6(5) 4437(2) 995(6)  4058(4)
c(6) - 4867(2) 2015(7) 4818(4)
c(7) 5388(3) 1075(9) 5511(4)
c(8) 5458(3) ~847(10) 5444(5)
c(9) 5020(3) -1855(7) 4658(5)
c(10) 4504(3) -934(6) 3961(4)
c(11) 1964(2) 1861(6) 929(5)
c(12) 880(3) 503(5) 2210(3)
c(13) 2398(2) -732(5) 2307(3)
c(14) 1665(2) 587(6) 4082(4)
0(1) 3917(1) 1929¢4) . 3319(2)
0(2) 3149(1) 2382(4) 4874(2)
0(11) 2056(2) 2122(4) -51(3)
0(12) 279(2) ~13(4) 2049(3)
0(13) 2800(2) -1971(4) 2174(2)
o(14)  1561(2) 16(4) 4999(3)

Table 6.4 Atomlc Positional Parameterss for the q3-complex 225.

(The values have been multiplied by 104).
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Atom Uy Y22 Uss V12 U13 Uas
Mn 48(0) 47(0) 38(0) -2(0) -2(0) ~1(0)
c(1)  59(2) 51(2) 62(2) 14(2) 2(3) -1(3)
c(2)  55(2). 45(2) 45(2) ~3(2) 1(2) -7(2)
c(3) 48(2) 50(2) - 45(2) 5(2) -2(2) =4(2)
C(4) 50(2) 53(2) 44(2) -5(2) 3(2) -5(2)
c(5)  37(2) 65(3) 41(2) 2(2) 3(2) 6(2)
c(6) 60(3) 66(3) 54(2) 3(2) -4(2) -5(3)
c(7)  57(3) 98 (4) 63(3) 1(3) -10(3) -7(3)
c(8)  59(3) 104(4) 59(3) 24(3) 0(3) 18(3)
c(9)  70(3) 64(3) 75(3) 8(3) 11(3) 13(3)
c(10)  56(3) 61(3) 60(3) -13(2) 2(2) ~4(2)
c(11)  54(2) 55(2) 48(3) 10(2) 0(2) -6(2)
c(12)  77(3) 59(2) 49(3) -6(2) -4(2) 0(2)
c(13)  60(2) 51(2) 38(2) -9(2) ‘.-9(2) 0(2)
c(14)  53(2) 57(2) 56(3) -15(2) -4(2) -1(2)
0(1)  47(1) 82(2) 41(1) 12(1) 6(1) 3(1)
0(2)  53(2) 95(2) 40(1) 12(1) 3(1) -5(1)
0(11)  99(2) 83(2) 46(2) 11(2) 4(2) 4(2)
0(12)  62(2) 111(2) 85(2) -28(2)  -20(2) ~4(2)
0(13)  82(2) 56(2) 70(2) 14(1) -9(2) -6(1)
0(14)  82(2) 89(2) 48(2) -11(2) 8(2) 20(2)

Table 6.5 Thermal Parameters for the Q

3

~Complex 225.
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x/a /b z/c

Mn 3290(1) 5689 (1) 2154(0)

S c(1) 1893(3) 5696(4) 2841(3)
c(2) 1861(4) 6606 (4) 2319(3)
c(3) 1951(3) 6410(4) 1558(3)
c(4) 1971(3) 5230(4) 1264(3)
c(5) 1805 (4) 4047(4) 187(2)
c(6) 897 (4) 3451(5) 16(3)
c(7) 982(5) 2427(6) ~387(4)
c(8) 1958(6) 2017(5) -601(3)
c(9) 2855(5) 2631(6) ~423(3)
c(10) 2785(4) 3666(5) ~24(3)
c(11) 3922(4) 4813(4) 2865(3)
c(12)  4287(4) 5498(5) 1432(3)
C(13)  3972(4) 6935(4) 2471(3)
o(1) 2301(2) 4381(3) 1627 (1)
0(2) 1682(3) 5141(2) 547(2)
0(11)  4308(3) 4338(3) 3349(2)
0(12) 4924(3) 5404(4) 990(2)
0(13)  4424(2) 7745(3) 2691(2)

Table 6.6 Atomic Positional Parameters for the qs-Complex 227.

(The values have been multiplied by 104).
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. Table 6,7 Thermal Parameters

for the qS-Complex 227.

Atom — Upy Uga Uss Uig U3 Uzs
Mn 50(0) 47(0) 46(0) 1(0) 7(0) -1(0)
c(1) © 61(3) 82(3) 69(3) ~15(3) 33(3) ~19(4)
c(2)  46(3) 51(3) 1 90(4) 5(3) 13(3) ~19(3)
C(3) 59(4) 48(3) 67(3) 7(3) 1(3) 0(3)
C(4)  35(3) 59(3) 52(3) -7(2) 7(2) -8(3)
c(5)  68(4) 53(3) 38(3) 0(3) -4(3) 9(2)
c(6)  68(4) 78(4) 84(4) -9(3) 9(3) -18(3)
c(7)  97(5) 89(5) 99(5) ~28(5) 0(5) ~29(4)
c(8) 137(6) 64(4) 52(3) =4(4) 0(4) -9(3)
c(9)  99(5) . 76(4) 48(3) 26(4) 2(3) 0(3)
c(10)  59(4) ;2(4) 50(3) ~1(3) -3(3) 4(3)
c(11)  83(4) 47(3) - 60(3) 3(3) 11(4) -5(3)
CC(12)  42(3) 85(4) 52(3) 3(3) -6(2) ~7(3)
C(13) 58(4) 48(3) 67(3) 3(3) 3(3) 0(3)
o(1)  69(2) 36(2) 49(2) 3(2) 1(2) 0(2)
o(2)  65(2) 53(2) 58(2) 7(2) -6(2) -1(2)
0(11) 127(3) 79(3) 69(2) 16(3) ~15(2) 17(2)
0(12)  53(2) 160(4) 66(3) -2(3) 16(2) -19(3)
0(13)  79(3) 73(2) 98(3) ~15(2) -3(2) ~3(2)
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