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ABSTRACT

Arenechromiumtricarbonyl complexes have been known for many
years and numcrous studies of the chemistry o»f these molecules hsve
been reported. The pregence of the chromiumtricarbtonyl unit changes
the reactivity of the comnlexed arene, in most cases due to its
strong inductive electron withdrawing effect. The resulting lowered
electron density in the aromatic ring allows reactions to be carried
out which would otherwise be extremely difTicult if not impossible,
nota®tly micleophilic substitution., When methoxide ion was reacted
with optically pure metiyl o-fluorobenzoatechromiumtricartonyl,
racemization of approximately 50% was observed in the product. A
brief study confirmed SN2 kineties, but further investigation was
warranted. Having eliminated the possibility of decomplexation-
recomplexation, two other mechanisms were postulated - a partial
decomplexation allowing the arene to roll over, or attack by methoxide
at another ring position. In an effort to determine which mechanism
was operating, the synthesis of a number of appropriately substituted
halo—arenechromiumtri;arbonyl complexes was attempted. The success-
ful synthesis of methyl 2=-chloro-5-methylbenzoatechromiumtricarbonyl
was achieved, albeit with some difficulty and in low yield, htut the
corresponding 2-chloro~3-mzthyl complex could not be made. In the
case of the corresponding 2-fluoro compounds, the arenes themselves
could not e made by a var’ety of synthetic routes, so synthesis of
the complexes could not be attempted. The results of tha reaction
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of methoxide ion with methyl 2-chloro-S-methylhenzoatechromiumbri-
carbonyl indicate that the reaction proceeds via the roll-over mech-
anhismy, although a definite conclusion cannot he drawn at this %time.
A potentially useful gynthesis of bis-(chromiumtricarbonyl)-benzo~

phenones has also been developed.
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CHAPTER ONE
INTRODUCTION, HISTORICAL BACKGROUND
Intr ti

The chemistry of arenechromiumtricarbonyls began in 1957 with
the synthesis of the parent compound, benzenechromiumtricarbonyl, by
E.O. Fischer (1). Soon afterwards, improved methods were reported and
a number of other arenes were included (2). An earlyvstudy of the
chemistry of these new molecules revealed some interesting effects
caused by the presence of the chromiumtricarbonyl unit - the complex
of benzoic acid was more acidic than its uncomplexed analogue, and
chlorobenzenechromiumtricarbonyl underwent relatively facile nucleo-
philic substitution for chloride by methoxide (3).

These initial studies sparked a number of investigations
into the chemistry of a wide variety of arenechromiumtricarbonyls.
The effects of complexation can.be attributed both to electron=-
donating and eleckron—withdrawing effects by the chromiumtricarbonyl
moiety. The electron-donating effects are illustrated by the results
of solvolysis studies of complexed benzyl (4a) and cumyl (4b) chlorides
(ac-cationic intermediates) and of complexed 2-arylalkylmethanesul-
phonates (5, -cationic intermediates). In all cases, the rate of
the solvolysis reaction was significantly increased as a result of
complexation to chromium, indicating that the cationic intermediate

had been stabilized as a result of complexation to the chromiumtri-



carbonyl group.

Most of the observed effects, however, can be attributed to
the inductive electron-withdrawing nature of the chromium, and the
ability of the chromiumtricarbonyl group as a whole to delocalize
excess negative charge from the arene, This delocalizing ability
is amply illustrated by a number of examples where anionic sites
exist o¢ or 4@ to the complexed arene ring, For instance, complexed
benzoic acids and phenols are more acidic than their uncomplexed
analogues (6), while complexed amines are less basic than the free
ones (7 ). The rate of the elimination reaction in 2-phenylethyl-
tosylates and bromides, involving a @-carbanionic intermediate,
is significantly increased when the molecules are complexed to chro-
miumtricarbonyl (8). In a related vein, a number of complexed aryl
ketones, esters, and alkylbenzenes were reported to be cleanly
alkylated by reagents such as methyl iodide under conditions where
the uncomplexed analogues were inert or gave complicated product
mixtures (9). These results-can all be attributed to stabilization
of an anionic site adjacent to the aryl ring through inductive elec-
tron-withdrawal by chromium.

The electron-withdrawing effects on the aryl ring itself
are illustrated in two complementary ways. The ability of the ring
to undergo electrophilic attack is severely reduced, as evidenced
by the lower rates observed for Friedel-Crafts acetylation (10),
partially attributable to a competing reaction between the aluminum

trichloride and chromium (11), and the reduced ability of certain



complexed phenylpropanoic and phenylbutanoic acids to undergo intra-
molecular cyclodehydration (12), which also involves electrophilic
attack. These resulis are consistent with reduced electron density
in the ring due to electron withdrawal by the chromiumtricartonyl
moiety. Conversely, it was observed initially by Nicholls and
Whiting (3), and subsequently pursued further by Semmelhack and Jaouen
(see later sections), that nucleophilic substitution (difficult for
unactivated arenes) was relatively facile; thus, chlorobenzenechro-
mivmtricarbonyl underwent substitution by methoxide to produce the
anisole analogue under conditions where chlorobenzene itself was
inert. This observation led the way to the development of these
reactions into useful synthetic tools, as will be seen in later
sections (1.4 and 1.5). Before proceeding to this discussion, how-
ever, it seems useful to investigate some of the synthetic routes

to these molecules.

1.2 Svnthesis nf Arenechromiumtricarbonvls

The first reported synthesis of tenzenechromiumtricarbonyl
involved the reaction of bisbenzenechromium with chromiumhexacar-
bonyl in benzene as solvent at 220°C in a sealed system (1, eq. 1).
Nicholls and Whiting soon reported a simpler method which involved
heating chromiumhexacarbonyl under reflux with an excess of arene
(eg. 2), sometimes a2lso using a molar quantity of an inert solvent
(2b, 3). One of the major improvements in this nmethod is that it

allows the free release of carbon monoxide which hels to drive the
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(Iir + Cr(CO)g 2(%? > (1)
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Cr
<::> 48
OC C c
O

Arene -{-Cr(,CO)6 —%Arene CrCO +3CO (2)

reaction to completion. The presence of the inert solvent (diglyme
was preferred) was found to be essential for arenes which boil below
120°C (3).

The major inconvenience with these simple reflux methods
is that chromiumhexacarbonyl which sublimes during the reaction
period must be mechanically returned to the reaction vessel. This
problem can be all but eliminated if a small proportion of a lower
boiling solvent is uged; a suitable solvent system is one part tetra-
hydrofuran to ten parts di-p-butyl ether (13), the rapidly refluxing
tetrahydrofuran serving to wash the sublimed chromiumhexacarbonyl
back into the reaction flask. Other solvent combinations, such as

diiutyl ether/heptane have also been used successfully (14).

Ligand exchange reactions have also proven useful in the



synthesis of arenechromiumtricarbonyls, particularly for those

arenes inaccessible by the above methods because of the presence of
electron=withdrawing or heat-labile substituents. For example, tris-
ammoniachromiumbtricarbonyl has been used succegsfully to synthesize

a variety of arenechromiumtricarbonyls in high-boiling solvents

such as dioxane (15) and low-boiling solvents such as diethyl ether
(16,.eq. 3). Trisacetonitrilechromiumtricarbonyl has been used in

a similar manner (17).

Although not as commonly used, exchange of one arene ligand
for another has also been reported (18). In one reported case,
the diethyl acetal of benzaldehyde displaced toluene, producing,
after hydrolysis, benzaldehydechromiumtricarbonyl (eq. 4). Other
workers have reported, however, that exchange of one arene for

another is not generally applicable as a synthetic technique (3).

solvent
: - )
Arene — (NHg)gCr(CO)g rermie— Arene Cr(CO)3—t+ 3NH4 (3)
Q o) o
Hag - Sc-H CHg

1.exchange N (
L)
@ + 2.hydrolysis 4 @ T @

édcog édCOh



With such a variety of conditions and reagents availablg
it is not surprising that a large number of arenechromiumtricarbonyl

complexes have been synthesized, some bearing rather labile functional

groups.

The fact that arenes Y —complexed to chromiumtricarbonyl
could undergo facile nucleophilic substitution was first reported
by Nicholls and Whiting in 1959 - chlorobenzenechroniumtricarbonyl
reacted with sodium methoxide at 65°C to produce the anisole amlogue
in good yield (3, eq. 5). The development of this property as a
synthetic tool was slow in coming, in fact it has only been in the
past few years that Semmelhack (see section 1l.4) and Jaouen (see

section 1.5) have put it to extensive use.

CH,ONa -
cl —3—5 - |
CHyOH 7 OCHs (5)
, 65°C /
Cr(CO)3 r(CO)3

Because of its potential as an organic synthetic tool, it
is of interest to know something about the mechanism of the nucleo-

philic substitution reaction. Based on the conclusion that the



chromiumtricarbonyl group exerts an electron-withdrawing effect
similar to that of a para-nitro group (3), Brown undertook theoret-
ical (19) and kinetic (20) studies. For his theoretical calculations,
Brown assumed that the transition state was similar to the familiar
Wheland structure known for Sy2 reactions of uncomplexed arenes (21)

};-that is, that one of the arene carbon atoms is effectively removed

X=F, Cl

Nu

]

nucleophile

ér(CO)s _J
1

~r
from conjugation and from complexation to chromium. Using this

model, his calculations showed that for nucleophilic substitution
the activation energy for the chromiumtricarbonyl complex was sig-
nificantly lower than for the uncomplexed arene, while results for
radical or electrophilic substitution indicated little or no change
on complexation (19).

Experimental support for these conclusions came from a sub-
sequent kinetic study by Brown and Raju (20). The reactions of
methoxide ion with fluoro- and chlorobenzenechromiumtricarbonyl,
their uncomplexed analogues, and the uncomplexed para-nitro derivatives
were studied. The results, presented in table 1, indicated that the
activation energies for the para-nitro and chromiumtricarbonyl der-
ivatives were of similar magnitude and both substantially lower
than that for the uncomplexed halobenzene. The existence of this

similarity in activation energies and probability factors provided
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Compound E (kcal mole™) logyg A
fT-C6H501Cr(CO>3 25.2 12.1
p_-ClCéHANOZ 23.7 11 .3
063501 39.9 11.1
TT-CéﬂBFGr(CO)3 17.7 10,2
Q-FC 6H4N02 190 3 10 "!}
CelHF 3449 12.0

Table 1 Activation Energies in Nucleophilic Substitution Reactions (20)

confirming evidence to support the view that the chromiumtricarbonyl
derivativé reacted via a Wheland-type transition state; since the
uncomplexed halobenzenes and particularly their para-nitro derivatives
were known to react via such a transition state; it was quite reason~
ahlé to conclude that the chromiumtricarbonyl complex did so too (20).
A benzyne-type mechanism was ruled out as a possibility

based on the results of the reaction of p-fluorotoluenechromiumtri-
carbonyl with methoxide jon - only the p-methylanisole complex was
formed (eq. 6). If the complex had reacted via a benzyne, the major
product observed would have been the meta-substituted compound (20).

The more recent work by Semmelhack and co-workers gives



CH3ONa N CH @
OCH
CHgoH 7~ 18 \LyOCHs (&)

l I
Cr(CO), Cr(COl4

NC(HSC)QC cl
= Cﬂﬂ
N 3
CI C(CHa),C > ——-> ? CN  (7)
| E
Cr(CO)3 Cr(CO)5 Cr(CO)3
2 2

further support to an SNZ mechanism involving the Wheland-type
transition state. A typical example is the reaction of isp~butyro-
nitrile anion with chlorobenzenechromiumtricarbonyl (22). Although
the overall reaction (eg. 7) can be postulated as attack by the
carbanion to produce the T-cyclohexadienylchromiumtricarbonyl
anion ‘21 followed by loss of chloride to give the phenyl-iso-butyro-
nitrile complex "3‘, quenching at low conversion and monitoring of

the reaction by proton NMR resulted in the more complicated proposal
(23) illustrated in scheme I. (24). When the reaction was allowed
to proceed in the usual fashion, only product ’2‘3' derived from,z

was observed. However, when the reaction was rapidly quenched by



10

82]
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m /

H
I’(CO)3

20
T O
©

CT(CO)3

- Scheme I
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addition of iodine, the disubstituted products resulting from loss

of hydride and chromiumtricarbonyl from nl: ’ 2, and é were observed;

no products derived from Z were observed if the quenching was rapid
enough (24). When a proton source was added rapidly, dihydro products
derived from é ’ ‘5', and ’Q were observed, in addition to the disub-
stituted arenes and the expected product from 7 (23).

In the above examples, nucleophilic substitution for hydride
was a side reaction, but its development into a synthetic tool in
its own right leant further support to the Wheland-type intermediate
as being involved in these reactions. Three possible intermediates
can be proposed for the reaction of carbanions with benzenechromium-
tricarbonyl i (25), resulting from attack at a carbonyl 2', at chromium

’3;9, or at a ring carbon }&. Proton NMR spectroscopic studies of the
intermediate indicated that the carbanion was attached to the arene
ring, based both on absolute peak assignments by decoupling exper-

iments and on comparisons to other known Tr-cyclohexadienyl systems.

H
|
C/CIKC,R Cr(CO)4
O C e
o O
9 10 11
~ r~~ nJ

R= carbanion
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Oxidation of the intermediate led to production of the arene derived
from }1, resulting from formal substitution for hydride. Addition
of a proton source (5-fold excess of trifluoroacetic acid) led to
dihydroarenes, again only derivable from 1l. Use of a weaker acid
at -78°C followed by addition of iodine and subsequent warming also
gave the arene derived from l&; when the solution was warmed prior
to the addition of the proton source, the starting complex and the
protonated carbanion were found. On the basis of these results,
it was concluded that }} was the important intermediate (25).

It is clear that the experimental evidence overwhelmingly
supports an SN? mechanism involving a Wheland-type intermediate,
thus it seems reasonable to use this as a starting point in mechanistic

investigabtions of specific reactions.

1.4 Nucleophilic Substitution : Synthetic Utility

Although direct attack by a nucleophile on an aromatic ring
may be, in principle, the guickest route to a desired compound, it
is not usually easily accomplished by classical organic synthetic
methods. In order to achieve success, the ring must be activated
by the introduction of strongly electron-withdrawing groups such as
nitro; these activating groups must usually be removed after the
desired transformation has been achieved. This adds extra steps
to a synthesis (with the accompanying lowered overall yield) and
may create a number of problems, particularly when other labile

functional groups are present. The strongly electron-withdrawing
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nature and the relative ease with which it can be introduced and re-
moved makes the chromiumtricarbonyl group an excdellent choice as an
aromatic ring activator in synthetic work; it is somewhat surprising
that the development of such techniques has been reported only in
the past few years.

It was in 1974 that Semmelhack reported the reaction between
carbon nucleophiles (carbanions) and chlorobenzenechromiumtricarbonyl

(22, eq. 8). Table 2 indicates some of the more successful carbanions

C' L — R RIS

used. A typical reaction involved generating the carbanion at low
temperature, adding the chlorobenzenechromiumtricarbonyl as axtetra-
hydrofuran solution, leaving the mixture at 25°C for 15-20 hours,
partitioning between water and ether, and finally treating the ether
phase with excess iodine to free the organic ligand which was then
isolated and purified. (In contrast, uncomplexed chlorobenzene did
not react under these conditions.) A number of other anions were
also tried but did not give significant amounts of substitution

product; these were usually primary or secondary carbanions for which



the expected product would possess relatively acidic protons. It
was thought that the presence of these acidic protons led to rapid
protonation of the carbanion, thus effectively quenching the reaction
(22).

The same study also reported that the leaving-group reactivities
were the same as observed in classical nucleophilic substitution
reactions, that is F?C1>»I. 1In fact, the iodo-complex showed almost
no reaction under conditions where the fluorc-complex had almost

completely reacted (22).

Anion . Product % Yield
ﬂ%(cag)zcm PhC (CHy) ,ON '85-90
5 (CH3) ,00ES PrC (CH3) ,C05ES 71
6 (CH3) o005~ PhC (CH3) ,C0,H 63
S5H(COLEL) PhCH(CO,E ), 51
o ﬁ
O+ | =
@~ ©
OYO\/
CN 0 0
| i J
<::f—$3 <::>—-c{ - %0
O\(OV ..

Table 2 Reactions of Chlorobenzenechromiumtricarbonyl with
Carbanions (22)
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As discussed in section 1.3, nucleophilic substitution for
hydride: was first observed as a side reaction of the chlorobenzene
complex, Its development into an important reaction in its own right
greatly enhanced the synthetic utility of nucleophilic substitution,
since it was no longer necessary to have a specific leaving group
at the position where substitution was desired. Benzenechromiumtri-
carbonyl reacted with a number of carbanions, as shown in equation 9
(26). The general procedure involved adding the benzenechromiumtri-
carbonyl in tetrahydrofuran to the anion at =78°C, allowing the
mixture to warm somevhat to allow reaction, recooling followed by
addition of excess iodine to free the organic ligand which was then
isolated and purified. A4s was the case for the chloro-complex, sone
anions were much more efficient than others. Some of the better
anions included reactive organo-lithiums and ester enolates in the
presence of an aprotic polar solvent or with potassium as the cation.
Organomagnesium halides, lithium or potassium enolates of ketones

(even in aprotic polar solvents) and lithium enolates of esters were

found to be very inefficient in these reactions. The first step

1.+89 -H®
N/ 21 R (9)
|
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in these reactions, formation of the vz?-cyclohexadienyl anion inter-

mediate, is thought to be reversible; hence the efficiency of the
overall reaction is dependent upon the equilibrium constanf of the
reversible step, which in turn depends on the relative stabilities
of the carbanion and the intermediate (26). Hence factors which
affect the value of the equilibrium constant will also affect the
efficiency of the overall reaction.

Having shown that carbanionic attéck on a complexed arene
is a feasible synthetic procedure, how, then, has it been used in
practice? It has already been shown (section 1.3) that the 92?-
cyclohexadienyl intermediate can react in a number of ways; when an
eicess of strong acid is added followed by warming and removal of
chromium, a mixture of 1,3-cyclohexadienes is prodtced - thus an

arene can be reduced to a cyclchexadiene (eq. 10).

- 1o
H +
i 1. 2H®
> o O o
et
Cr(CO)3 | Cr(CO)3 | ¥
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Intramolecular carbanionic attack in compounds such as ;3
has also been observed,(27). The product obtained depended on the
value of n. For n=1, unidentified high molecular weight products
vere obtained. In the case of n=2, the {3.3] metacyclophane 13 was
produced. When n=3, a fused-ring monomer %ﬁ? was found. The most
interesting result was for n=4, where both the fused-ring (;ép) and
the spirocyclic @Eé) compounds were obtained. The proportion of
%2 increased with increasing reaction time and/or temperature, leading
to the conclusion that }é was the tﬁermodynamic product, while ;ép

was the kinetic product (27).

CF(CO)S
12
a4

b. n=4
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For nucleophilic substitution to be synthetically useful,
it is necessary to know how the presence of non-displaceable sub-
stituents will effect the position of substitution. Studies of the
reactions of complexed toluene, anisole, chlorobenzene, and N,N-di-
methylaniline with a number of carbanions indicated strongly meta-

directing effects for many of the anions (28, 29; eg. 11). Other

R
@15 G+ O O

CdCCHS minor major little

or none (11)

X=CHg, OCHg, CI, N(CHg)y

anions and other substituents produced less clear-cut results (see
table 3), which are not readily explicable in terms of anion size or
reactivity. 4&nother fact which must be accounted for is the difference
in behaviour between the ortho and para positions, usually considered
equivalent in reactions of uncomplexed aromatic compounds. One ration-
alization arises by considering the structures of the qftcyclohexa-
dienyl intermediates ;é, These intermediates can be thought of as
being similar in character to a pentadienyl anion. Since the eleectron
density is lowest at the 2-position, the favoured intermediate for
electron-donating substituents will be 16b, where the substituent

is at the 2-position of the nentadienyl fragment (24b).
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Substituent Carbanion Product Ratio Combined
' ot m: p ¥ield 7
CH3 ’LiCHZCOZB 28:72: 0O 89
OCH3 IdCHéCOéR 4:96: 0 93
Cl IdCHbCOéR 5434631 1 98
Cl LiCH(CHB)CozR 53:46: 1 g8
c1 LiC(CH3)002R 5:95: 1 84
C1 LiCHZCOG(CHB)B 70:24: 0 87
C1 LiC(CHB)ZCN 10:89: 1 8.
c1 Li-(1,3-dithianyl) 46:53: 1 56
Si(CH3)3 IiC(GH3)2CN 0: 2:98 65
GFB LiC(CN) (OR)CH3 0:30:70 33
N(CH3)2 LiC(CH3)2GN 1:99: 0 92
C(CH)4 LiC(CN) (QR)CH,4 0:35:65 85
CHZCHe3 LiC(CN)(OR)CHB 0:94: 6 89
Table 3 Reactions of Carbanions with Substituted Arenechromiumtri-
carbonyls (29)
R
X A& H H
a [
3 X
N s
16a 16b 16¢C
P N I~




This rationalization does not, however, satisfactorily explain
some of the other results, nor does it really explain the different
results observed for different anions on the same substrate. Semmel-
hack gt, _al. have recently proposed another rationalization, involving
use of the orbital coefficients at the arene atoms in the complex's
LUMO (29). Since no data were available for the complexes, the values
for the arene itself were used and were found to be generally useful
(there were some exceptions) in correlating the position of anionic
attack with the nature of the arene.

A practical application of this high degree of regioselectivity

is in natural products chemistry in the synthesis of olivetol (eq. 12).

CN 1.15min, 0°C Q&Hs
2. 1o N\
@ 7/
O 3. H \
\,/O\| 4.OH® O
OCHg
18 . 19
7~ P >4
1.Hg
2. ether (12)
cleavage
HO
HO

olivetol
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Reaction of 1,3-dimethoxybenzenechromiumtricarbonyl ;Z with the anion
of the cyanohydrin acetal of valeraldehyde ;g_gave, after suitable
work-up, the ketone }2'having the olivetol skeleton. This compound
could then be hydrogenated and subjected.to methyl ether cleavage to
produce olivetol (28). The synthetic utility arises from the ready
availability of the starting materials and the relative ease with
which the transformation can be achieved.

/ A recent synthetic application is the metalation of arene-
chromiumtricarbonyls (30). In this case the 77 -complex reacted with
n-butyllithium to produce the lithio-derivative which could then react
with a variety of electrophiles (eq. 13). One of the uses to which
this reaction can be put is in the synthesis of certain 77 -complexes
which are inaccessible by direct methods but which would prove useful
in nueleophilic substitution. Another important result is the complete
regiospecificity which can be obtained in this reaction and when it
is used in conjunction with some of the previously discusised reactions
~with anions. Equations 14 and 15 illustrate how anisole can be con-
verted into two much more complex molecules with complete regio=—

specifity (30), something rather difficult to attain by conventional

organic synthetic procedures.

Y =H,OCHg, F, CI
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OCHo OCHg
1. n-BulLi N x CBHT(L{.)
2.CaH7CHO” \ |
3.C 3l CN OCH3
(3)3 65 4
"1 LIC(CHZ),CN
OCHg
H-CO ‘
1. n-BuLi 3 H3CO
2.CHLCO(CH,)CN, 1.LINRs 3
3CH; 7\ CN (15)
50 %,

Cr(CO)3

With proper choice of reagents, reaction conditions, and
' sequence, it is easy to envisage a large number of organic molecules
whose synthesis could be greatly simplified by use of an arenechro-

miumtricarbonyl and the proper nucleophilic substitution reaction.

Chiral Arenechro ricarbo
Besides the variety of effects which have already been dis-
cussed, the chromiumtricarbonyl group can also introduce chirality
into an arene. For instance, uncomplexed disubstituted benzenes

are achiral, whereas the corresponding chromiumtricarbonyl derivatives
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are chiral, The preparation and optical resolution of a number of

ortho and meta disubsbtituted acids, esters and amines has been re-

ported (31). The acids were resolved by formation of salts with
active bases, their separation by fractional erystallization amd sub-
sequent regeneration of the active acids. The complexed esters were
first hydrolysed to the corresponding acids, treated as just described,
then the active acids were treated with diazomethane to obtain the
active esters. The amines were separated in a similar manner by use
of active acids, although with some difficulty due to their low
basicities.

Having separated the enantiomers and determined their absolute
configurations, it was desired to be able to inter-relate the configura=-
tions in the ortho and meta series. A previously published scheme
(32) was found to be inadequate and a chemical correlation was devel-
oped (33). It was in this work that the ability of complexed arenes to
undergo relatively facile nucleophilic substitution for halide was
utilized. The fluoro-derivatives were found to be useful intermediates
which could be subjected to substitution by various nucleophiles in
order io obtain compounds whose absolute configuration was already
known. One of the reactions used was that of methoxide ion with
o-fluorobenzoic acid chromiumtricarbonyl (eq. 16). Although a number
of such conversions were carried out in the meta series with no
measurable racemization, the ortho seriss exhibited racemization of
the order of 50% when the nucleophile was methoxide; other nucleo-

philes, such as (CH3)2NH and =-S5CH3, also exhibited some racemization (14).



(16)

These results prompted a reinvestigation of the mechanism. A
kinetic study (34) showed that it was indeed an Sy2 process as had
been reported by Brown (20), although it was apparent that it was not
as straightforward as had been thought previously. Again the benzyne
mechanism was disproved - no metg or para substituted products were

obtained when starting from an ortho substituted compound (14).

Thus it is clear that further investigation into the mechanism
of this reaction is necessary. Any proposed explanation should include
a mechanism whereby partial racemization can occur, and it should
also account for the fact that this racemization does not occur

in the meta complexes.



CHAPTER TWO
FROPOSED MECHANISMS, SYNTHESIS OF ARENES AND COMPLEXES, RESULTS
2.1 Possible Mechanisms of Racemization

There are several possible mechanisms which can be proposed to
account for the partial racemization observed in the reactions of
methyl g-fluorobenzoatechromiumtricarbonyl with methoxide ion. One
possibility which immediately comes to mind is ligand exchange -~ some
time after the formation of the intermedinte the arene becomes detached
from the chromium and then randomly reattaches to the same or a differ-
ent chromium, thus leading to partial racemization. This mechanism
was easily disproved by Jaouen (34); a control experiment which in-
volved refluxing the optically active complexed ester in methanol but
without methoxide ion resulted in no racemization being observed.
Similarly, when the optically active complexed ester was refluxed in
methanol in the presence of some uncomplexed ester, no racemization
was observed. If ligand exchange had been occurring, both of these
experiments would have led to some degree of racemization in the
product. ’

Another possible mechansim is described by the French word
"basculage" or intramolecular teeter—totter (34). This mechanism
describes a situation whereby the arene becomes partially decomplexed
(the normally tridentate ligand becomes bidentate and then monodemtate),
flips over while monodentate, and then reattaches to the metal in the

normal tridentate fashion (eq. 17). It is also quite possible that

25
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the ester carbonyl oxygen participates in some fashion, perhaps by
temporarily occupying one of the co-ordination sites on the metal
vacated by the arene. —

A third equally viable mechanism involves attack by the nucleo-

phile at the "other" grtho position, followed by a 1,5-hydride shift

and expulsion of fluoride (eq. 18). This mode of attack is presumably
less favoured, which would account for the observation of only 50%
racemization. The exact role of the metal in this mechanism is un-
clear. It is possible that the metal merely stabilizes the Wheland
intermediaste so that is exists long enough for the required rearrange-
ment to occur, or it may play a more active role in that the hydrigde
shift occurs via some sort of bonding interaction with the chromium,
Unfortunately, none of these proposed mechanisms clearly

explains why racenization is observed in the orthe series but not
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in the mets. One can rationalize this observation, however, by con-
sidering the resonance stabilization available to the arene alone,
regardless of whether the metal is present or not. A consideration
of the possible resonance contributors, shown in Scheme II, leads
one to the conclusion that the intermediate in the ortho series would
probably be somewhat more stable, since the negative charge can be
delocalized into the ester group as well as around the ring. This
extra stabilization is not possible in the meta series. Since it
would be expected that the effects of the chromiumtricarbonyl group
would be the séme in both series, this extra stabilization available
to the ortho series could be the deciding factor which determines
whether or not the intermediate exists long enough for either the

teeter~totter or the hydride shift mechanism to be operative.



Scheme II

ge
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2¢2 Distinguighing Between Mechanisms

Having already eliminated a ligand exchange mechanism from
consideration, it is still necessary to devise a means of deciding
between the teeter-totier and hydride shift mechanisms. With only two
- substituents on the arene ring, it is not possible to distinguish
one mechanism from the other. However, if a third, non-reactive,
functional group were present on the ring, such a distinction should
be possible, If a suitably placed methyl group were présent, for
example, attack by the nucleorhile at the two positions ortho to the

ester (positicns 2 and 6 in gg) would produce two different compounds

C0,CHy

20

whdch could be identified by their spectral characteristics. If,

however, the reaction proceeded via the teeter-totter mechanism, nucleo-
philic attack would occur only at position 2 and only one product
would be observed.

The three possible positions for the methyl substituent are
3, 4, and 5; of these 4 is unsuitable since the same product would
result from attack at positicns 2 or 6. Therefore, either the 3-methyl
or the 5-methyl compound is suitable for the desired study. Ideally,
parallel studies on each compound should be carried out, to allow

for any steric effects which might bte caused by the presence of the
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methyl group. The reactions involved are summarized in equations

19, 20 and 21 assuming the hydride shift mechanism and 50% racemi-
zation.

It should be noted that the products obtained in 19 and 20

are the same after decomplexation, but with the expected ratio. reversed.
Thus, if it were possible to prepare and characterize spectrally one
or both of the expected products, and then compare these with the
spectra obtained from the actual reaction products, it should be
possible to draw conclusions as to whether the observed racemization
is due to nucleophilic attack at an alternate position (as was observed
by Semmelhack in his synthetic work (26)) followed by a hydride shift

or is due to the teeter-totter mechanism.

Q-COZCH3 Qco m

CHy OCH <”>

n;nor (~257

Tqur (~75%)

C,CH
@jéc@

(21)
CH3
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The required fluoro-containing compound was the methyl ester

of 2-fluoro-5-methylbenzoic acid 21, for which a relatively straight-

1 O CO,CH,

Fand

CH

fomard one~gstep synthetic route appeared to be available. The
proposed synthesis involwved reaction of 3-~bromo-4-~fluorotoluene ,Zé
with butyllithium followed by reaction of the lithio intermediate with
methyl chloroformate to produce the desired ester E\]; (ege 22). Because
the starting compound 22 was relatively difficult to obtanfn, model
synthetic experiments were carried out on the more readily available

o~fluorobromobenzene 23 (eqe 23). Several attempts were made to

=
C1C OQGH»? O OZQHE
(22)

| CHs
22 2

E

@ Br sl E

| oy 2
C1C0,CHy | — COZCH3
@)

(23)

[

AS
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carry out this reaction sequence, none of which were successful. The
initial failures could be attributed to the order of addition ef the
reagents - in the first instance the methyl chloroformate was added
to the lithio compound ;é‘which presumably resulted in the formation
of some of the desired compound Eé, but this would be susceptible to
further attack hwlgé, Thus, none of the desired ester could be isolat-
ed. The experimental apparatus was then redesigned so that the anion
35 could be added to the methyl chloroformate; in this way the concen-
tration of anion could be kept low relative to that of the methyl
chloroformate, thus side reactions should be minimized. However,
in gall instances product mixtures were obtained. Attempts at isolating
the desired compound by fractional distillation under reduced pressure
were not entirely successful. Although spectral evidence (NMR) indica-
ted that 25 was probably present, it could not be isolated in a pure
enough state to allow unambiguous identification; other unidentified
compounds were also present.

The Grignard reaction was tried as a route to g~fluorobenzoic
acid, which could be esterified to give methyl grfluorobenzoatelgg
(eq. 24); this again was a model system for the desired 2-fluoro-
5-methyl system. Again, a mixture of products was obtained, none

of which could be positively identified as g-fluorobenzoic acid.

COpH auomon OCOZCHB




33

Since the above reaction sequences were unsuccessful on the
model compound, g-fluorobromobenzene 23, they were not attempted
on 3-tromo-4-fluorotoluene 22,

When these one-pot reaction sequences proved unsuccessful,
an alternate route to methyl 2-fluoro-5-methylbenzoate 2& via 2-fluoro-~
S5-methylbenzoic acid‘gélwas investigated. The starting material for

this reaction is the commereially available amino-benzoiec acid gz.

NH» F

COH 1 COH o
O e /7 o ey

27 z;§ 21

The proposed reaction sequence (eq. 25) involved carrying out a Balz~

Schiemann reaction on the amino compound to obtain the fluoro compound,
followed by esterification to give the desired ester 21. However,

the desired 2-fluoro-5-methylbenzoic acid ;é,was not obtained; the
reasons for this failure are unclear. After the diazotization is
complete and the sodium tetrafluoroborate has been added, the phenyl-
diazoniumtetrafluoroborate salt should precipitate from solution (35).
When it was observed that this precipitation did not occur, a method
was tried whereby a water soluble phenyldiazoniumtetrafluoroborate
salt could be decomposed by the addition of cuprous chleride to the
aqueous solution followed by warming (36). This led only to the
chloro compound and in some instances to the hydrecxy compound. A
further modification in which no chloride ion from any source was

present (diazotization carried out in sulphuric instead of hydro-
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chloric acid) led only to the hydroxy compound. Finally, attempts
to salt out the phenyldiazoniumtetrafluoroborate in order to de-
compose it thermally were also,unsuccessful.

No obvious explanation is available to account for these
results. It is clear that the diazotization stage proceeds success-
fully, since the chloro and hydroxy by-products were isolated (see
also section 2.4). Why the tetrafluoroborate salt does not form,
and the results discussed above would seem to indicate that this
is the case, remains a mystery. Due to these synthetic difficulties,
and because of the fact that the corresponding chloro compounds were
suitable alternatives and could be synthesized with relative ease,
work on the synthesis of these fluoro compounds was abandoned.

2:3.2 2=Fluoro-3-methyl Series )

The only readily available route to the required methyl
2~fluoro=3-methylbenzoate 28 was use of the Balz-Schiemann reaction
on the 2~amino-3-methylbenzoic acid 30 to give the corresponding
2-fluoro acid 29, followed by esterification in methanol. Since
the Balz-Schiemann reaction proved unsuccessful in the 2,5~series,
it was not attempted for the 2,3-series. Because there appeared to
be no other readily obtainable precursors, the synthesis of this

series of compounds was abandoned.

WH,

C 3
H3C©COZC Hs H3C@ CO,H HBCT/C
28 29

COH
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2,4 Synthesig and Characterization of the Chloro-Ester
2,41 2-Chloro=5-methyl Series

Although Jaouen gt, ale based their work on the g?mplexes of
the fluoro~-esters (14, 31-34), use of the corresponding éhloro com=
pounds is a suitable alternative since the first observation of nucléo-
philic substitution by methoxide ion in these systems was reported
for chlorobenzenechromiumtricarbonyl (3). The required compound is
methyl 2-chloro-5-methylbenzoate 31, which was found to be readily made

from the commercially available 2-amino-5-methyl benzoic aCidJEZ'

The required reactions are a Sandmeyer to convert the amino
group to a chloro and an esterification of the acid group. Experience
showed, however, that the proper order of these reactions was crucial
to the successful synthesis of ;;. Initially, it was the esterification
reaction which was attempted first (eq. 26) but neither refluxing in
methanol saturated with anhydrous hydrogen chloride gas nor in methanol
containing a catalytic amount of concentrated sulphuric acid produced

the expected ester 32.

NH, Nan
O «CO 2 H CH3OHT"H01} ‘

CH30H/1,50, S

CHs 59 CHy

L d

(26)
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However, when the Sandmeyer reaction was carried out first,
and then the esterification was attempted (eq. 27 and 28) the re-
quired ester 25 could be obtained in good overall yield. The results
seen in equation 27 are in marked contrast to what had been observeq
for the analogous Balz-Schiemann reaction which should have produced
the corresponding fluoro compound (sec. 2.3.1). No explanation for
this apparent anomaly is'readily available.

The acid 33 and the ester 31 are readily identified by their
physical and spectral characteristics, 2~Chloro-5-methylbenzoic acid
ig an off-white crystalline solid, while its methyl ester is a color-
less high boiling liquid. The spectral identification of these com-
pounds is relatively straightforward.

Considering initially acid_zg only, the mass spectrui of this

NHs

(27)
CHy
27
Cl
O CQzH CH407/1C] (28)
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compound (the product of the Sandmeyer reaction) has a parent ion

peak at m/e=170 accompanied by a peak of 1/3 the intensity at 172.
This is characteristic of a compound containing chlorine; 170 corres-
ponds to the molecular weight expected for 33, Some of the major
fragmentation penks are summarized in table 4; three fragmentation
patterns are easily discernible as shown in the table, although struc-
tures for the ion fraguents have not been postulated. The obvious
fragments lost are OH, CO, C1, and COZH’ as would be expected for a
compound such as 22;

The presence of the chlorine in place of the amino group at
position 2 of the ring has a marked effect on the 60 MHz proton MMR .
spectrum of the compound. As seen in table 5, three distinct signrals
are observed for the three aromatic protons in 2=amino-5-methylbenzoic
acid; proton exchange between the amino and carboxyl groups results
in a broad single peak in the same region as the aromatiec protons.

Replacing the amino group with a chlorine leads, of course, to loss

n/e Fragment lost
170 : P
Cl (? ' 153 170-17  OH P,
L 5& 125 15328 CO P,
N 90 125-35  Cl P
I Y ~CH 3
N 125 170-45 CO,H P4
T 9 125=35 Cl Py
CHB 135 170-35  C1 Py
90 135-45  CO,H 4

Table 4 Mass Spectral Data for 2-Chloro-5-methylbenzoic Acid
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2-amino-5-methylbenzoic acid

§

2.2 s 3H CH3
6.75 d 1H J3’4=8.0 Hz H-3
6.95 broad 3H NH,, CO,H
7.2 dof 4 1H J3’4=8.0 Hz, J4’6=2.O Hz H-4
7.7 - 4 1H JA,6=2’O Hz H-6
2~chloro~5-methylbenzoic acid
g
745 2H H-3, H-4
7.75 1H H-6
11,2 broad 1H co,H
nethyl 2-chloro-5-methylbenzoate
2.25 s 3H CH3
3.85 s 3H OCH3
7025 2H H"'B’ H-zb
7455 1H H-6

Table 5 60 MHz Proton NMR Data for the 2-Chloro-5-methyl Series
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of the NH, proton signal and the shift downfield of the carboxyl
proton. The aromatic region is drastically changed, the signals be-
coming much more compressed and appearing almost as two singlets with
intensity of 1:2. The methyl group singlet is shifted only slightly
downfield., (See Appendix 1, spectra # 1 and 2)

The same compression of signals on substitution of C1 for
NH, is observed in the 13¢ mm spectra of these compounds. From the
tentative peak assignments given in table 6 (assignments are based on
a comparison of the actual spectrum with one obtained by an empirical
calculation) it can be seen that the amino group has a much greater
effect on the carbon atoms near it than does chlorine. 1In the case
of the amino-containing compound, the signals due to the grtho carbons
are shifted substantially upfield relative to benzene ( § 128.6)
while the signal due to the amino-bearing carbon is considerably down-
field from beqzene. Replacing the amino group with chlorire results
in all the signals appearing over a much narrower range and shifted
downfield only slightly relative to benzene. The signals due to the
methyl group and the carboxyl carbon remain essentially unchanged.
(See Appendix 2, spectra # 1 and 2)

The IR spectra of these molecules were not used in the iden~-
tification of the reaction products but were recorded for the purpose
of added confirmation for the identity of the various molecules which
were synthasized in this work. The spectrum of 2-amino-5-methylben-
zoic acid displays, baonds characteristic of the presence of NHy (3445,

3340, 1375 em~1), OH (broadened top of nujol tand at ~2900 cm~1),
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C=1 C-2 C-3

X=NH2

R=H “§109.6 149.1 117.1 136., 125.7

X=C1
R=H dJd128.2 131.7 131.3 124.4 136.9

X=C1
R:CI-IB §129.4 130.42 130.4 133.0 136.3

C~7 C-8 Cc-9

3105 2002 17305 -

133.0 2007 171-2 -

131.5 20.1 165.7 51.2

a. Peak not seen, presumed to be buried under the peak for C-3.

Table 6 13C MR Data for the 2,5 Substituted Compounds

m/e

184
169
153
125

169
153
125

Fragment lost

184-15 CH; Py
169-16 0
153-28 CO P

184=15 CH Pl
184-31 oC g
184=59 e H3 P3

Tahle 7 Mass Spectral Data for Methyl 2-Chloro~5-methylbenzoic Acid




41

CO (1680 cml), ot (1245 em™!) and a variety of bands characteristic
of the aromatic ring. Again, replacement of amino by chloro leads to
some changes, notably loss of the bands attributable to NH2, a slight
shift of the CO band to ~1700 cm‘l, and the appearance of a bard at
1050 em™L characteristic of chlorine bonded to an aromatic ring. (See
appendix 3, spectra # 1 and 2)

The ester 31 is also readily identified using these same
spectral techniques. Its mass spectrum indicates a molecul-r weight
of 184, and contains fragmentation peaks characteristic of the loss of
CHy, CO, OCH,, CO,CHy and O (see table 7). The proton MR specirum
of 31 differs from that of 33 in the expected manner, namely loss of
the broad singlet at §11.2 and the appearance of a singlet integrating
‘ for three protons at § 3.85; the aromatic and methyl protons are shifted
upfield only slightly (see table.5 and appendix 1, spectrum #3). Sime
ilarly, the e mm spectrum is changed only slightly by the intro-
duction of the methoxyl group. A new signal appears at 451.8 due to
the presence of OCHj and with the exception of the signals due to the
ring carbon bearing the carbomethoxy group and the carbonyl carbon
itself, the remaining signals are shifted upfield only slightly. The
effect of esterification is most pronounced for the carbonyl signal,
which is shifted downfield by 4.5 ppm, and less so on C=1 which appears
1.2 ppm upfield. (See table 6 and appendix 2, spectrum #3). The IR

spectrum contains bands exrected for an aromatic ester (1500, 1215
eml), the CO is shifted to 1745 cm™L, and again the bands character-

istic of the aromatic ring are present. (See appendix 3, spectrum #3),



It is thus clear that the identity of the compounds 31 and 33
is firmly established; in this work proton MMR spectroscopy was used
routinely as a characterization tcol since the features of the spectra
for the molecules produced are quite distinet.

2442 2=Chloro~3-methyl Seriesg

The synthesis of methyl 2-chloro-3-methyl benzoate 34 from
2-amino-3-methylbenzoic acid 36 via 2-chloro-3-methylbenzcic acid 25
was achieved in precisely the same manner ;s described for the 2=
chloro-5-methyl series, namely a Sandmeyer reaction to convert 36
into 22 followed by esterification to produce the ester 34. Having
used the 2,5 series as a model system, no problems were encountered
in making the corresponding 2,3 substituted compounds.

Not surprisingly, the physical characteristics of the 2,3
series are very similar to those observed in the 2,5 series; the acid
22 is a white crystalline solid while the ester 34 is a high-boiling,
colourless liquid. As might have been expected, the mass spectra of
2-chloro~-3-methylbenzoic acid and its methyl ester are the same as
those of the corresronding 2-chloro-5-methyl compounds, at least

as regards the major fragmentation peaks. (See tables 4 and 7).

f‘i M“

34 35 13

~
o
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Proton NMR data for the starting amino-benzoic secid, the
chlorobenzoic acid, and its methyl ester are summarized in table 8,
The spectrum of 2-amino-3-methylbenzoic acid has some features in
common with its 2,5 counterpart, such as the position of the signal
due to the methyl protons and the fact that the amino and carboxylic
proton signals overlap with those of the aromatic protons. As ex-
pected, the coupling pattern is different since the ring substitution
pattern has changed. Substitution of Cl for NH, again compresses the
aroumatic region, but the coupling pattern is still discernible even
though two of the signals are partially overlapping. The position
of the carboxylic proton is somewhat different from that for the
2,5 compound { d 10.5 as compared to 11.2) but the reason for this
difference is not apparent. Esterification of 22 to obtain gé,results
in the expected changes in the proton NMR spectrum - the signal at

& 10.5 disaeppears, and a singlet at o 3.9 integrating for three
protons is observed instead. (See appendix 1, spectra # 4,5 and 6)

Table 9 containsg the 13c NMR data for the amino and the two
chloro compounds under discussion. As might have been expected, many
of the features are similar to those already discussed with respect
to the 2,5 isomers. The bresence of the amino group results in the
signals being widely spaced, only in this case it is the signals due
to the para carbon and the griho carbon bearing the carboxylic acid
‘group which are well upfield. The presence of the methyl group seems
to counteract the effects of the amino group to some extént, since

the other ortho carbon, which bears the methyl group, is not seen as



4d

2-amino=~3-methylbenzoic acid

d
2.19 s 3H
6.6 t 1H
725 broad d 4H

7.85 dof d 1H

J4’5=8°0 Hz, J5’6=8,0 Hg
Jd not measurable

J5,6=800 HZ, J4’6=200 HZ

CHy
H-5
Hel, NHp, COoH

H-6

2=-chloro~3=methylbenzoic acid

245 s 3H CHs
7-35 t lH JA,5=J5,6=7°0 Hz H-'5
7.50 d 1H J4,6=2°0 Hz Hed,
7.75 d of 4 1H J5’6=7.O Hz, J4,6;2.0 Hz H~6
10.5 broad s 1H CO,H
methyl 2-chloro-3-methylbenzoate
&

703 t 1H J4’5=J5’6=7.0 Hz H—S
704 d lH J4’6=3e0 Hz H‘!’,
7.55 dofd 1H H=6

J5’6=7oo HZ, J4’6=300 HZ.

Table 8 60 MHz Proton NMR Data for the 2-Chloro-3~-methyl Series




far upfield. (In the case of the 2,5 isomer, it was the carbon para

to the amino group which had the methyl substituent; its signal,

§ 125.7, is in a similar position to the methyl-bearing griho carbon
in the 2,3 isomer, § 123.1); The introduction of the methyl ester
produces the same kind of changes as have alrezdy been discussed
for the 2,5 isomer. (See appendix 2, spéctra # 4, 5, and 6).

The interpretation of the IR spectras of these three compounds
is also very straightforward. 2—Amino~3-methylbenzoic acid hasg charac-
teristic bands (all in em™) at 3530 and 3390 (NH,), 1680 (CO), the
top of the Nujol band at ~2900 is very broad (CH), and the spectrum

displays a number of bands characteristic of the amino and carboxylic

C-1 C=2 C-3 C=4  C=5 C-6 C-7 c-8 C-9

X=NH
R=H 2(5109.2 149.8 123.,1 135.8 115.9 130.2 17.3 173.8 -

X=C1
R=H d129.8 134.1 138.5 134.9 126.2 129.2 20.82 171.9 =

X=C1
R=CH3 §131.5 133.Cc 137.9 133.6 126.2 128.5 20.5 166.8 52.3

Table 9 12C NMR Data for the 2,3 Substituted Compounds
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functional groups as well as the 1,2,3 substitution pattern of the
aromatic ring. Substitution of Cl for NH2 leads to the loss of the
bands attributable to the amino functional group and the appearance
of a band characteristic of an aromatic chloride (1055 em=1); the CO
stretch is shifted to 1695 cm“l, while the rest of the spectrum remains
essentially unchanged. Introduction of the methyl esﬁer function
produces further changes - the CO stretch is shifted to 1740 cm~1
and bands characteristic of the ester group are introduced. (See
appendix 3, spectra #4, 5 and 6).

As was the case for the 2-chloro-5-methyl compounds, the
identity of 2~chloro-3-methylbenzoic acid and its methyl ester have been
firmly established; proton NMR spectroscopy is the method of choice

for routine identification.

2.5.1 Methyl 2-Chloro=5-methylbenzoatechromiumtricarbonyl

It has been reported that a wide variety of arenechromiumtri-
carbonyl complexes can be readily synthesized in good yield (24b); the
same cannot be said, however, of the complexes required for this work.
A number of procedures had to be tried before a successful synthesis
was achieved. The variables which were studied were solvent system,
reaction temperature, reaction time, and source of the chromiumtri-
carbonyl moiety. The routine method which has been in use in this
laboratory (37) involved refluxing the arene with an excess of chro-

miumhexacarbonyl in a solvent system of 1:3 tetrahydrofuran/n-butyl
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g

ether for two days, followed by filtration and solvent removal. This
method was tried in order to achieve a successful synthesis of 37 (eq.
29); although the proton NMR spectrum of the product mixture indicated
that a small amount of a complex was present, it could not be isolated.
The arene 31 is not volatile enough to be removed by routine vacuum
pumping, and a suitable cfystallization technique for the complex 22
was not available at that time.

Several variations on the trisammoniachromiumtricarbonyl
method (15, 16) were also tried without success. Initially, two houns
refluxing in dioxane was used, but no complex was isolated. Increasing
the reaction time to twenty-four hours or changing the solvent to
diethyl ether with reflux times from two to twenty-four hours also
failed to produce the desired complex 37.

| Since it had been thought that the presence of tetrahydrofuran
(THF) was favourable to the formation of zrenechromiumtricarbonyls via
the intermediate trisftetrahydrofurarphromiumtricarbonyl in the THF/p-
butyl ether solvent system, it was thought that perhaps refluxing

THF alone might be a suitable reaction medium. Using a three molar
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excess of chromiumhexacarbonyl, reaction periods from one po six days
were tried, with three days found to produce the best results. The
yield, however, was poor (less than 10 % based on arene) even under
optimum conditions and the procedure could not be scaled up to pro-
duce workable quantities of material. Thus a series of reactions had
to be completed in order to obtain enough of the compound for charact-
erization. The product of these reactions was a yellow, sublimable
solid, but doubts about its identity arose almost immediately. It

was not consistent in colour ~ while some runs produced a distinctly
yellow solid, others produced solids with varying degrees of an orange
tinge. At times, in fact, discrete bits of orange and yellow solid
could be observed; the two seemed to crystallize out together, with the
yellow always the most abundant. The 60 MHz proton NMR spectra were
also variable - when the compound was distinctly yellow, the chromiume
complexed aromatic signal (centered around &5.8) integrated for four
rather than the expected three protons and appeared as two singlets

of equal intensity. However, as the amount of orange éolour increased,
one of the singlets increased in intensity relative to the other and
the signals integrated for less than four protons bit never as low as
three. (For a typical spectrum, see appendix 1, spectrum #7). The
mass spectrum presented something of a puzzle - although there was

a small peak at m/e 320, corresponding to the molecular weight of 22,
a peak of much higher relative abundance was observed at n/e 286
which could correspond to 320-3/ or, more likely, 320-35+1, i.e. loss

of C1 and gain of I,
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It was the 13C MR spectrum which provided the final piece
of evidence leading to an explanation of these results. The spectrum
showed very clearly that the compound contained four carhon atoms
bearing hydrogen which were compleved to chromium and two bearing
other substituents. (See appendix 2, s?ectrum #7). Thus it became
clear that the arene had lost chlorine and it was the complex of methyl

m-toluate ;§‘which had been formed. The structure of ;§'is further

supported by comparisons of melting point and protbn N/R data with
literature reports. The revorted melting point of 38 is 98% (41),
while the melting point of the compound formed in this reaction was
determined to be 98.5-99°C, The proton MMR spectrum of 38 reported
in the literature (42) and that of the yellow compound obtained from
this reaction are the same - signals at 4 6.12 and 5.80 due to the
ring protons, as well ‘as singlets due to the methyl and methoxyl
protons. Thus it seems quite clear that the compound formed is
methyl grtoluatechromiumtricarbonyl‘2§. The presence of the orange
colour was due to small amounts of the chlorine=-coniaining cowplex
22, which was later made and fully characterized.

Although the mechanism of the chlorine abstraction process
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was not investigated, it is postulated to occur because of the presence
of trace amounts of water (13). Apparently the Cr(0) and the water
react to rroduce a strong reducing medium which readily abstracts the
chlorire.

Since the presence of water had been shown to be detrimental
to the synthesis of complex 22, the THF was carefully dried and the
reactioh repeated. Reaction times from one to four days were tried,
with two days giving the best results. Yields were very low ( ~ 3%
based on arene) but small amounts of an orange solid could be isolated
and purified by sublimation. The proton NMR spectrﬁm of this compound
was fairly straightforward, as can be seen form an examination of table
10. The methyl and methoxyl proton signols are sharp singlets; the
two singlets from the aromatic protons are somewhat broadened, but
no coupling is measurable on the 60 Mz spectrum. The signals due
to the aromatic protons are shifted upfield relative to those for the
uncomplexed arene, reflecting the decreased 7r-electron density in
the aromatic ring, which leads to the aromatic protons being less de-
shielded due to a reduced ring current. (For a more detailed dis-
cussion of these effects, see ref. 43) The ¢ nr spectrum {see
table 10) is also as exvected, It is clear that there are three
carbons which are complexed to chromium that have hydrogen bonded to
them, and three complexed carbons having other substituents. Complexa-
tion to chromium has chifted the carhon resonances upfield by 30~
40 ppm, again reflecting the reduced M -electron density in the aromatic

ring. In contrast, the methyl and carhomethovy carbon signals are
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Hethyl 2~chloro-5-methylbenzoatechromiumtricarbonyl

Proton MMR_(40 IMHz)

§

2.2 s 30 GHB
4.0 s 3H 0CH3
5.55 s 2H H-3, H-/
6.1 s 14 H-é
136 mR
d
19.9 CH3
53.0 0CHs
91.9, 9.7, 95;0 aromatic C~H, complexed
103.3, 107.2, 111.4 aromatic C-X, complexed
165.1 R-CO,R
230.5 Cr{C0)5

Table 10 Proton and Zarbon NMMR Data for lethyl 2-Chloro-5-methyl-
benzoatechromiumiricarbonyl .

only one or two ppm, different from those found for the uncomplexed

arene. (See appendix 1, spectrum #8 and appendix 2, spectrum #8.)
The mass spectrum provides further evidence to support the

identity of this orange solid. The parent ilon peak appears at m/e

320, which is the expected moleculzr weight of 22. Fragnentation




peaks characteristic of loss of successive CO, Cr, C1, OCHB, ete. are
all present. A number of fragmentation ratterns are possible, as
evidenced by the presence, also, of peaks which can be attributed to
loss of Cr(CO), Cr(CO)z, CT(CO)B, and loss of two or three CO's at
one time,

Although the IR spectrum was not used in the actunal iden-
tification of the compound, its features are informative. Bands due
to the chromium~bonded carbonyl stretch are found at 1995 and 1905
cm‘l, while the ester carbonyl stretching hand is at 1745 cml, Bands
in the region 670-£00 em™t are attributable to C-0 modes (38), while
bands characteristic of the substitution pattern of the free arense
(350-670 em~1) are ro longer observed. In addition, the carbon-carbon
double bond stretching frequencies found at 1610 and 1580 em™L in the
uncomplexed arene are seen to be shifted by 115 and 45 emt respect-
ively. (See appendix 3, spectrum #7)

A1l of this spectral evidence combined leaves little doubt
that the orange‘solid is, in fact, the desired complex %Z. A final
piece of confirming evidence is the elemental analysis: calculated
1C 24.93, #4 2.81, found 7C 45.28, ZH 2.95. Ain alternative synthetic
route can be used, but yields here are also low (13). Carefully dried
THF and dibutyl ether are used as solvent {hentane has also been used
in place of THF) in a ratio of 1:10; avsroximately equimolar amounts
of arene and chromiumhexacarbonyl are added. Altkough reaction times
of about twenty-four hours have teen used routinely, monitoring of iu:e

reaction with arene 21 by TIC indicated an optimum reaction period
~



of eight hours; longer reaction times led to evtensive decomposition.
This method, therefore, seems to have no advantage over the rreviously
described refluxing THE method since yields remain low and product
isolation is somewh2at more time-consuming due to the presence of the

higher~boiling solvent.

2.5.2 Hethyl 2-Chloro=3-methylbenzoatechromivmtricarbonyl

As was observed for the 2-chloro-5-methyl compound, synthesis
of this complex was also extremely difficult. Since the sequence ;g7—4>
;z had been used as the wodel system, not all of the methods tiied
there were tried for 34— 39 (eq. 30). The first method to be tried
involved refluxing the arene with chromiumhexacarbonyl in THF for
three days. After suitable work-up, a yellow solid was obtained in
low yield. The proton MMR spectrum was the same as that obtained
using the 2-chloro-5-methyl arene, as was the mass spectrum. The
two compounds also had the same nelting coint; a2 mixture of the two
showed no melting point depression. Thus, it was concluded that the

same product, methyl p-toluatechromiumtricartonyl 2§ had been obtained.

HG ¢ |
(O)00LHy _festcony
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Once the procedure using dry TEF had been established as a
suitable route to 2?, it was used in =n attempt to obtain 23. Al-
though optimum conditions were used, several attemrts failed to pro-
duce any solid at all. It was concluded that the comrlex 22 could rot

be made by this route.

nthetic Difficulties

At first glance, the synthesis of the comnlexes ;z and‘2?
would not apgjear to present any problems. The related disubstituted
complexes 38, 40, and 41 are known (39), as are the fluoro-derivatives

7~ N ~s

of 40 {34) and 41 (37). Since, of these three, 40 would probably
~ o~ P4 R

be the most difficult to obtain, one would not expect the presence of
a methyl group (an inductively electron donating group) to increase
the difficulty of the synthesis, It has already been shown, however,
that the synthesis of the trisubstituted arene complexes jz anrd 39
is, indeed, very difficult, so it would be informative to investigate
possible re=asons for these difficulties.

In a2 study of the hydrogenation of olefins using arene-
chromiumtricarbonyls as catalysts, it was observed that symmetrically

substituted arene complexes, such as 1,3,5-trimethoxybenzenechromium=-
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tric-~rbonyl, were poorer catalysts than less symmetrical!y substituted
ones, such as 1,2,3-trimethoxyhenzenechromiumtricarbonyl (44). This
cannot he explained in terms of electronic factors relating to the
relative stabilities of the two complexes, since these effects are
essentially the same in the two complexes (this can he studied by
looking at the frequencies of the carbohyl stretching bands in the IR
spectra, 45). A crystal siructure of the 1,2,3-trimethoxy complex
revealed that the chromium-tricarbonyl moiety was not equidistant
from the six ring carhrons but was, in fact, displaced slightly‘towards
the three unsubstituted carbons (13). Similar effects have been
observed for certain mono-substituted arene complexes, for which
crystal structures have shown that the chromium is off-center, the
direction of the shift depending on the nature of the substituent.
These structures also revealed that the carbon bearing *the substituent
was bent slighly out-of-plane, the dirsction again depending on the
nature of the substituent.(46).

With these results in mind, it is now necessary to look brief-
1y at the mechanism of the catalytic hydrogenation reaction using
arene-chromiumtricarbonyl complexes (40). One of the pronosed mechan-
isms when the rcaction is carried »ut in tetrakydrofuran (THF) as
solvent involves the intermediacy of (THF)BCr(COEB, the formation of
which results in the decomrlexntion of the arene. If one assumes that
the chromium is somewhat off~-center, then certain of the ring-chromium
bonds are "long" ard thus weakened; it is ezsy, then, to envisage a

facile attack by a THF molecule on one of these "lonz" honds, leading
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to the disruption of the arene complex. Using this hy-othesis, it is

a simple matter to ~ropose an explanation as to why 1,2,3-trimethoxy-
benzenechromiumtricarbonyl is a better catalyst than the 1,3,5 der-
ivative; the 1,2,3 complex contains "long" chromium-ring bonds, thus
facilitating attack by THF. In the 1,3,5 complex, all of the chromium-
ring bonds are the same, so attack by TiF is somewhat more difficult,
rendering the complex less effective as a catalyst.

Relating these ohservations to the difficulties in the synthe=
sig of the complexes 22 and 22 should not be too difficult. In hoth
cases the arenes are unsymmetriczl; in the case of ;Z it might be
proposed that the forces which lead to the off-center displacement
of the chromium oppose each other in such a way that a stable equi-
librium position of the chromium with respect to the ring carbons is
difficult to attain. The fact th-t the complex can be isolated (al~
though the yield is low) attests to the.fact that some sort of ener-
getically favourable arrangement of atoms is possible. In the case
of complex 2?, a more direct analogy with 1,2,3-trimethoxybenzenechro-
wiumtricartonyl is possible, The chromium atom would be expected 1o
be displaced in the opposite direction, however, due to the electron
withdrawing cheracteristics of chlorine and cartomethoxy. (This
latter fact might tend to dest~bliize hoth compleves, since complex
formation is facilitated by increased electron density in the aromatic
ring.) The net result, however, is that some "long" chromium-carbon
bonds would be evpected, leaving the complex susceptible to attack by

THF or some other s:itable solvent molecule. The fact that the complex
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cannot be made in the presence of THF lends credibility to this con-

clusion,
Thus, it appears that the difficulties associated with the

synthesis of 37 and 39 are not as surrrising as was originally thought.
~s o

2.6 Synthesis of the dethoxvl Derivatives

D

2.6.1 Renson for Synthesis

8

i

In the reaction of sodium methoxide with the complexes'zz and
22, the products, after decomplexation, are the zethyl esters of
2-methoxy-5-methylbenzoate and 2-methoxy-3-methylbenzoate. Whether
a mixture of the two is obtained or each complex yields only one
product depends on the mechenism of the reaction. In order to iden-
tify the product(s) of the nucleophilic substitution reaction unam-
bizuously, it is necessary to hove avallable authentic samples of the
possible product arenes obtained >y an independent route. This heing
the case; physical and spectral characteristics of the authentie
samples and the substitution reaction preoducts could be compared and
the identity of the products established. It was for this reason that
attemnts were made to synthesize methyl 2-methoxy-5-methylbenzoate
(sece 2.5.2) and methyl 2=methoxy~3methylbenzoa%e'(sec. 25030}

2.5.2 Synthesis of Methyl 2-Methoxv—5-methylbenzoats

The provosed reaction sequence involves synthesis of 2=-hydroxy-
5-methylbenzoic acid 42 (eg. 31) followed by methylation to ;roduce
P~
methyl 2-methoxy-5-methylbenzoate ﬁé (eq. 32).

The synthesis of the 2-hydroxy-5-methylbenzoic acid 42 from
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MNH- 'l

@C‘*“ G
S CHs

27 4

OH '

YO nmso, i:::TCOZCPi .

2.4a0H
CHy
42 43

the commercially available 2-amino?5mmethylbenzoic acid ;Z was rela-
tively straightforward, involving diazobtization of the amine followzd
by reaction with water. Although the isolation and purification of
the product presented some difficulties {sec. 3.12) a fluffy white
501id was eventually obtained which was readily characterized.

The mass spectrum showed a parent ion peak at m/e 152, as
expected for é§; Fragmentation peaks representing sequential loss of
HzO, CO and COH were observed; the remaining fragmentation pattern was
somewhat complex and was not interpreted further.

The 60 iz proton NMR data are summarized in table 11. The
spectrum is very similar to that of the amino compound 97 (sees table

5 and appendix 1, spectra #1 & Q) but the aromatic region is much more
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2-hydroxy-5-methylbenzoic acid

§
2.3 S 3H GHB
6.85 d 1H J3’4=8 Hz H=3
7.35 dof d 1H Jj =8 Hz, J; g=2Hz H-4
7.7 d 1H J 4, (=2 Hz H-6
1.5 s  2H ~ GOLH, OH

methyl 2-hydroxy-5-methylbenzoate

£ |
2.22 s 3H CHy
3.9 s 3H OCH3
6.85 d 1H J3’4=8 Hz H-3
7.3 dofd 1 J3’4=8 Hz, J;,672 Hz H-4
7.6 a4 1 J; g2 Hz H-6
10.8 s 1H OH

Table 11 60 MHz Proton FMR Data for the 2-Hydroxy-5-methyl Series
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clearly defined, since the hydroxyl and carhoxylic acid protons appear
farther downfield th-n do the exchanging amino and zcidic protons.
Similarly, the 13C IIR spectra of the amino comround 27 and the hy-
droxyl compound are very rmch alike {table 12 and appendix 2, specira
#1 and 9). The resonance siznal for the crrbon bearing the hydrozyl
grour is ghifted even farther downfield than is observed when the
amino group is present, but the signals for the other ring carbons
change by only two or three ppm. This is not surprising, since one
would exnect a hydroxyl and an amino group to behnve in a somewhat

similar fashion when elecironic effects are heing considered.

C-1 C=2 0=3 GC-4 C=5 C=b C=7 ©C=-8 C=0
A=0H
R=0 § 110.2 160.2 117.7 138.1 128.9 120.6 20.2 175.1 -
Z=0[ |
R=C1;£112.1 159.2 117.4 136.7 128.2 129.8 20.3 170.7 32.1
X=N12
R=H “§102.6 149.1 117.1 134.4 135.7 131.5 20.2 173.5 -

1 - o fad : 3
Table 12 BC IMR Data for Some 2,5 Subsitituted Compounds
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The IR spectrum of ﬁ% contains bands characteristic of the
functional groups present, namely OH (3240 em™ ), COOH (1670, 1395,
95 em™') and the substitution sattern of the aromstic ring (1650~
1490, 290-800 cm~1). Although not nsed in the actusl identification
of ﬁg, its features provide further characterizing information. (See
avpendix 3, spectrum #8).

The second step in the synthesis of methyl 2-methoxy-5-methyl
bengoate ﬁg (eq. 32) was not quite as straightforward. Reaction of
dimethyl sulphate with the acid ﬁg under a variety of conditions al-
ways led to product mixtures, thought to consist of the methyl egsters
of 2-hydroxy- and 2-methoxy-5-methylbenzoate. The similar nature of
these two compounds makes their separation somewhat difficult, unless
one resorts to the more elaborate techniques of column or prevarative
gas-liguid chromatography. In this case, however, it is the spectral
characteristics (more specifically the proton MR spectrum) rather
than a pure sample of ﬁg which are required, therefore use can be made
of the techrique of subtraction NMR spectroscopy, whereby the spectrum
of a pure sample of one of the components of the mixture is eléctron—
ically subtracted from thnt of the mixture producing, in theory, the
srectrum of the other component.

To this end, it was necessary to prenare methyl 2-hylroxy-
5-methylbenzoate éé) which was obtained by reacting the acid ﬁglwith
methanol containing a catalytic amount of concenirated sulphuriec ncid
(eg. 33) The ester ﬁé’wns ortained as a high-hoilin; yellow-trown

liguid which was not further purified, but was characterized ™y its
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OH oH
e é“% M,/ ﬂ‘
(AT omm  RpCO,CHy

K\_"/j) H28 04 L
(:%%:% (:}423
42 44
proton and 13C MR speetra.

The 60 MHz proton WMR features of the ester ﬁé'are summarized
in table 11. As might be expected, the spectrum is very similar to
that of the precursor ﬁS’ with the excections that the downfield
resonance due to the acidic protons has shifted upfield slightly in
the ester and integrates for only one proton, and the signal due to
the methoxyl protons is present. The 1°C NIR srectrum of 44, (table 12)
is also very similar to that of the acid 533 the positiong of the car-
bon resonances are shifted by only one to two ppm., while the car-
boxylic carbon resonance hss moved urfield by L.4 ppme A signal due
to the methoxyl carbon is ~resent at 52.1 ppm.

The IR spectrum of the ester‘ﬁé was also recorded. It con-
tains bands characteristic of OH (3210 em™1), the 1,2,4 ring sub-
stitution pattern (3020, 1625-1445, 907, 320 cm™') and the ester group
(1630, 1295, 1090 em™t) as well as bands due to the methyl groups in
the molecule.

In order to produce the croton NiR spectrum of the ester‘ﬁg,

the 80 MHz proton MNMR spectra of the mixture (obtained in reaction
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Py

32) and of ﬁé were recordad geparatelr, then the lstter was subtracted

&)

from the former. .lthough the electronically »rodused spectrim con-
tains one or two anomalous perks, the general features of the spectrunm

are clear, As expected, it is very similer to those of the acii ﬁs

and the ester J4. in impurity aspears to he present, since there is
~s - )
an unsxpected signal in ths aromatic region and more than the expected

1"

, spectra i 11, 12 and

)

nals for methoxyl nrotons. (See appendix
13). It should be possitle, however, to ise this spectrum (and those

of 42 and 44) as a bhasis for identifying the nroduct (or products) of

The synthesis of methyl Z-methoxy-Z-methylbenzoate 4% was

somewhat simplified zompared with the S5-mcthyl isomer, since the pre-
cursor, 2-hrdroxy-2-methylbenzoic acid 45, is awvailable commercially.

Before the r2zction of 45 with dimethyl sulphate was carried outl,

OH
HEC ;TQQZH (4e0)2505  H-

NaOH 7

45

OH
Hg(:\(/l“ CO ZH MeOH

152304
/5 /
49 47
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(eq. 34) the svectral characteristics of the ~cid ﬁé and its methyl

ester ﬁv 7 (obtained by reacting ﬁé'W1 th methnnol containing a catalytic
amount of concerntrated sulchuric acid, eg. 35) were established., The
60 MHz proton IR spectral characteristics of 45 and‘£Z are swmarised

ol
in table 13. The signals due to the aromatic srotons in both compounds
produce an easily recognizable rattern; peak assignment is relatively
straightforward, bhased on counling constants nnd chenical intuition.
The differences between the two spectrzs ~re the ewrected ones arising
from the conversion of an acid to an ester, thot is loss of the sigral
due to the carboxylic acid proton and the aprearance of the signal due
to the methoxyl protons. (See appendix 1, spectra i 14 and 15).

The I&l srectras of ﬁf and ﬁz wveres also recorded. Characterigtic

2]

bands for 45 included OH (2240 em™-), aromatic C=0-I (1255 em™),
N

~ - . . .
0,1 (1639, 1435, 1305, 907 em™ ), snd the 1,2,2 ring suhstitution
/

-1 -
pattera (142C, 1190, 1005, %60-620, 540 em™ ). The spectrum of the

ester 47 contained many of the same hunds, with the evcention that
~ ‘
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ci

ic of the methyl ester group (1445, 1305 em™1)
were rresent. (See appendix 3, spectra # 10 and 11).
The reaction of 2=hydroxy=-3-methyltenzoic acid
methyl sulphate (eqe 34) produced a mirture, tentatively identified
from its 60 Miz proton NMR spectirum as the methyl esters of the 2-hy-
droxy and 2-methoxy compounds. (See appendix 1, speciiwu 21} Yo

further characterization of the mixture was carried out.

It iz elear, however, that the spectral choracteristics of
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the two isomer series hnve besn rensona®ly well established, so it
should be possible to Aetermine whether one or both products are formed

in the nucleophilic substitution reaction.

2-hydroxy-3-methylbenzoic acid

$

2.2 8 3i Cly
! =J. =31 He
6.85 t 1 J4,5 5,6 Iz H=5

7-45 d Of d lﬁ J4,5:8 Hz, J4’6'—‘2 HZ H-A
7.2 dofd 1HE J5’6:8 Hz, J4,6=2 Hz H-6

11.7 btroad s R2H CO5H, 0OH

methyl 2-hydroxy-3-methylbenzoate

§

2.1 ] 34 CH3
3.2 s 34 ’ OCHj
6-65 t ].H J4’5:J5, 6=7 HZ H—S

7.25 dof & 1 I, =7z, I, =2 Ha -4
7.60 dof d 11 Jg (=7 Uz, J, (=2 Hz H-6

11.2 s 1= )81

Takle 13 A2 Mz Proton MR Data for the 2-Hydroxy=-3-methyl Series
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2.7 lucleophili
2- Z 51 Regultﬁ

Although initially it was intended that the resction of me-

thoxide ion with halo-arenechroriiumtricarbonyls would he studied
using at least four such complexes (methyl 2-chloro-5-methylbenzoate-

chromiumtricarbonyl 23, the 2-chloro-3-methyl analogue 22: and the

corresponding 2-fluoro compounds), synthetic difficulties resulted in
only the 2-chloro-5-methyl comrlex ;z reing available, The reaction
of ;3 with methoxide ion leading to the complex 40 as the expected
major nroduct (eq. 36) was carried out according to routine methods
(13) - sodium was a’ded todry methanol and once methoxide formation
was complete the complex ;z was added. The mixture was stirred over-
night; after suitable work-up the orgsnic products were isolated,
treated with diazomethane (this was done in order to regenerate ester
which may have been hydrolysed by the methoxide), and the solvent
removed.,

The 60 iilz proton MR scectrum of the proluct mixture is
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somewhat complex. (3ee apperdix 1, spectrum # 17). The complex mul-
tiplet centered at §1.28, the doublet at §4.45 and the aromatic sig-
nal centered at §7.95 can be attributed td impurities introduced
during the reaction with diazomethane; similar signals were observed
in the spectrum obtained for the product of an unrelated reaction.
Analysis of the remaining signals leads to the conclusion that three
compounds are present, identified as the unreacted starting complex ;2,
methoxide~substituted product ég, and decomplexed arene 2}; table 14
sumnarizes the peak assignments. Thé presence of 2} is rot totelly
unexpected, since the reaction conditions require that ;3 be in solu-
tion for twenty-four hours and it is krown that many arenechromiumtri-
carbonyls are much less stable in solution than in the solid state.

The assignment of penks as being due to the rresence of un-
reacted 22 is relntively straightforward, using relative peck area
measurements and comparisons with the spectrum of pure 37. Agein,

lacd

the presence of this comround is not surprising; it aas previously
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~ methyl 2-chloro-5-methylbenzoatechromiumtricartonyl

§

2.25 ¢ 31 Cils

415 ¢ 3H 0CH,
5.75 broad s 2H H-3, H-{
5.25 broad s 1H -6

methyl 2-~-methoxy-5-methylbenzoatechromiuntricarhonyl

§

2.5 5 31 CH3
3.95 s 34 0CHs (ether)
4.1 s 34 OCH; (ester)
5.3 d 1 J3,4=7Hz H=3
59 4 1@ J3 =7 -4,
6. broad s 1H H-4

methyl 2-chloro-5-methylbenzoate

§

2.15 s 31 CH,
415 5 3E 0CHs
7.5 broad s 2i : H-3, H-4
7.75 14 H-6

+peak not clearly resolved

Table 14 60 MHz Proton NMR Data for Methoxide Ion Reaction Products
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been reported that nucleorhilic substitution by methoxide ion is much
slower for chloroarene complexes than for the corresnonding fluoroarene
complexes (13, 20). | |

The remaining peaks in the sbectrum are assigned to methyl
2-methoxy-5-methylhenzoatechromiumtricarbonyl ﬁg, based on a comparison
of this spectrum with that of pure methyl 2-hydroxy-5-methylbenzoate éé A
and with the subtraction NMR spectrum of methyl 2-methoxy-5-
methylbenzoate ﬁg. In both cases, certain features of the aromatic
region are distinctive - a cleanly resolved doublet (J#8 Hz, resembles
half of an AB quartet), a doublet of doublets (J«8 Hz, 2 Hz), and a
poorly resolved doublet (J#2 Hz). Taking into account the upfield
shift_which occurs on complexation to chromium, these peaks can be
.seen in the spectrum of the produet mixture, although the resolution
is poor. The larger coupling constant is «7 Hz, while the smaller one
cannot be measured. If the other isomer, methyl 2-methoxy-3-methyl-
benzoatechromiumtricarbonyl, were prééent, the spectrum would have
shown a triplet in place of the doublet at & 5.3, as is seen in the

spectrum of the uncomplexed arene.

2.7.2 Conclusions

The spectral evidence would seem to indicate that only one
product has teen formed in the reaction of methoxide ion with methyl
2—chloro-5-methy1benzoatechromiumtricarbonyl'2]. It is useful to
recall the two mechsnisms which are under consideration and would

lead to the partial racemization observed by Jaouen in the reaction
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of methoxide ion with optically pure methyl o-fluorobenzoatechromium-
tricarbonyl (14). One possibility is that after attack by methoxide
ion at C-2, the arene becomes partially decomplexed, rolls over, re-
attaches itself (intramolecular teeter-totter), then loses chloride.
In the case of the disubstituted complex, the other enantiomer would
result; in the case °f.22’ only one product would be observed. The
other possibility is that the methoxide ion may also attack at C-&,
resulting in a l,5~hyaride shift followed by expulsion of chloride.
Again, this leads to the other enantiomer in the case of the disubstitu-
ted compound, but results in the formation of two different products,
ﬁ? and é&, in the case of ;Z. These have different spectral character-
istics, thus providing a relatively straightforward means of distinguish-
ing between the two possible mechanisms.

Since it has been shown that only one product apnears to have
been formed in the reaction of 23 with methoxide ion, it might be
concluded that the reaction has proceeded via the roll-over mecchanism.

Jowever, it is not possible at this time to totally rule out attack
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at 0-6, since no information is available regarding the steric effects
of the methyl group at C-5. It is not unreasonable to propose that
the steric effects of the C-5 methyl group and the C-1 carhomethoxy
group combine to render attack by methoxide ion at C=%4 highly unfav-
ourable, This factor cannot be studied at present, however, due %o
the fact that attempts to synthesize methyl 2-chloro-3-metlylbenzoate-
chromiumtricarhonyl 29 have so far proven unsuccessful. In the case of
2?, C~6 is not excessively hindered; in fact it might be the preferred
position of attack since it is C-2 which lies between the methyl and
carbomethoxy groups.

Therefore, although present evidence tends to favour the roll-
over mechanism; no absolute conclusion can be drawn until such time

as the steric effects of the C-5 methyl group have been evaluated.



2.2 Ronctior of rneflunrotoliaecnechromivmiricarbony] =-ith Bat-11ithium
and lethyl Chlaraformais

ac this work was heing comeleted; it beecame aprarent that

Semmelhack's recent rerort of the oriho-lithiation of varicus mono-

substitnted arencchrominmtricarbtonyls (20) mizht provide a useful
synthetic route to methyl 2-fluoro-5-methylbenzoatechromiumiricarronyl
ﬁé, since 1t has already heen shown that the synthesis of the arene is
no simple matier {see secticn 2.3). In this case, the reguired start-
ing material is the known z-fluorotoluenechromiumiricarhonyl é;, which
is readily obtained by the veaction of p-flinrotoluene ég with chro-

mium hexacartonyl in refluxing tetrahydrofur-n/tutyl ether (eg. 37).

F

Cr(C0)¢

N
7’

THF /n=Buy0 (37)
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Treatment of éz with butyllithium followsd by addition of methyl chloro~
formate (eq. 38) was expected to oroduce the desired complex ﬁé. (This
procedure represents a slight modification of the method reported by
Semmelhack, who treated the lithioarene complex ﬁé with CO5 followed
by diazomethane to obtain ﬁ?). However, when the zroduct mixture was
chromatographed, at least three air-stable products were isolated, none
of which was the expected compound ﬁ;. The major product obtained was
a red crystalline solid, shown by mass spectral analysis to have a
molecular weight of 518. Its fragmentation nattern irdicated the
presence of two p~fluorotolyl groups, two chromium atoms and seven CO
units. The proton dand fluorinefl9 NMR spectra of this solid were
relatively simple, indicating the presence of two equivalent tri-

substituted arene rings, with the third substituent ortho to the

fluorine (50).

The available épectral evidence and chemical intuition lead
to the proposal of two possible structures for this compound, a benzo-
phenone and a carbonate ester, both of which result from the dimeri-
sation of the lithloarene complex ﬁé prior to the addition of methyl
chloroformate (see eq. 39 and 40). In both cases, once the lithio-

arene complex 44 has formed, two molecules react to produce the dimer
lacd

)]
&
~S

4. Support for this comes from the an~logous reaction of phenyl-
1ithium with arenechromiumtricarbonyls to produce carbene complexes
(47). The dimer ﬁé than has at least two routes open to it - these
shall be discussed separately.

In one case (eg. 39), the dimer 44 reacts with the added methyl
e
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chloroformate to form the species ﬁZ' This then undergoes a rearrange-
ment via a mechanism very similar to that observed for the well known
benzilic acid rearrangemeént, to produce ﬁ§° A simple loss of methoxide
leads to the benzophenone complex‘ﬁgo Tt might be argued that the
methyl chloroform-te, which contains two reasonably good leaving groups,
could have reacted in rapid succession with two molegules of ﬁé to give
ﬁ?, but this seems very unlikely since the methyl chloroformate is
present in large excess and inverse addition produces the same result.
When acetyl chloride is substituted for methyl chloroformate, the

tertiary alechol 53 is formed. This result parallels the observation
a4

that the reaction of phenyllithiumchromiumtricarhonyl with acetyl

)

P
Cr(C
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chloride (eq. 41) produces, as the major product, the aleokol 54
rather than the expected ketone 2?, despite the fact that the acetyl
choride is present in large excess (48). The only way to rationalize
these secemingly snomalous results, both for methyl chloroformate and
~acetyl chloride, is in terms of a dimerization occuring before the
addition of the electrophile, as proposed for the formation of ﬁé
(eqe 39).

Another route available to ﬁé involves the formation of a
second carbene bridge (eq. 40), rroducirg the double-hridged species
ng This then reacts with methyl chloroformate in two steps giving
2} and ultimately the carbonate~bridged species jg

Since it was difficult to distinguish between,ﬁg and 32 on the
_basis of their spectral characteristics, an X-ray crystallographic
study of the compound was carried out (49). The results of this
study (fig. 1) clearly show that *he product analyzed is the benzo-
phenone complex ﬁge It should be noted; however, that the mass spectrum
of the product obtained initially, although almost identical to pure‘i?,
shows a peak at P-44; indicating loss of CO5. In addition, the 13;

MR spectrum had peaks at & 255.5 and 163.9, assignable to the carbene
and ester carbonate carbons, respectively. As the product was repeat-
edly recrystallized to obtain a sample suitsble for XZ-ray crystallog-
raphy, speciral evidence for the carbonate structure 23 disacpeared.
This would seem to imply that both croducts were formed initially,

but that the carbonate was selectively eliminated during the rurifica-

tion steps. It is also sossible that certain steps in the formation



Mlgure [E.Ill ].)l awl g 0
(=]
on 1), /}

~

8L



79

of both products are equilibria - further investigations into the
nature of this reaction are in progress,

Some details of the structure are worth noting. Although the
aromaticxdngssué not coplanar, the chromiumtricarbonyl groups
are seen to exist in an gnti configuration, as might be expected on
steric grounds. It is also clear that the initial attack by butyl-
lithium occurred at the position ortho to the fluorine, as evidenced
by the position of the ketone bridge.

It would seem that this reaction can provide a convenient and
efficient route to bis-chromiumtricarbonyl complexes of benzophenones,

and should prove useful in this regard.



CHAPTER THREE
EXPERIMENTAL
3.1 Instruments and Chemicals

Routine proton NMR spectra were recorded on a Varian T60 60 MHz
NMR Spectrometer, Carbon-l3 MMR spectra were recorded on a Bruker
WP 80 or WH9O IMR Spectrometer. Some proton spectra (80 Miz) were
also recorded on the Bruker WP80. Infrared spectra were recorded as
nujol mulls or neat liquid films between NaCl plates on a Perkin-
Elmer Infrared Spectrophotometsr, Model 283. Mass spectra were re-
corded on a C.E.C. 21-110-B spectrometer operating at 70 eV. Melting
points of solids were measured on a Thomas Hoover Capillary Melting
Point Apparatus and are uncorrected. Boiling points of liquids were
measured using standard micro-boiling point determination techniques
and are uncorrected.

With the exceptions of tetrahydrofuran and n-butyl ether, all
chemicals were used as purchased. Commercially available tetrazhydro-
furan was dried in the following manner - after standing for one day
over CaCl, (with occasional shaking), the THF was refluxed over CaH,
for about three hours and then distilled off. The distillate was then
left standing over KOH pellets for two days, again with occasional
shaking, after which it was again refluxed and distilled from CaHQ,
The dry solvent was stored in a stoppered flask over molecular sieve.
The n-butyl ether was dried by standing over KOH for two or three days

followed by the addition of small chunks of sodium. The dry solvent

20



was stored in a tightly capped bottle.
3.2 Attempted Synthesis of Methyl or Ethyl 2-Fluorgbenzoate
(NOTE: In some preliminary work, ethyl chloroformate was used in place
of methyl chloroformate; it is felt that the results are interchange-
able)
2.) Method A

2-Fluorobremobenzene (10.02 g, 57 mmoles) was dissolved in
20 m1 THF in a 100 ml 3-necked flask fitted with a magnetic stir bar,
nitrogen inlet and outlet, and a serum cap. The flask and solution
were flushed thoroughly with nitrogen, then the solution was cooled
in a dry ice/acetone bath. t-Butyllithium in pentane (20 ml, 31 mmoles
t~-Buli) was added slowly via syringe; this addition was accompanied by
the formation of a white vapour in the flask and a change in colour of
the solution from yellow to green. After stirring at low temperature
for about fifteen minutes, ethyl chloroformate (6g, 55 mmoles) was
added via syringe; the mixture was then allowed to warm slowly to room
tempersture. A white solid was filtered off, leaving a yellow liguid
filtrate. Fluorine-19 NMR spectroscopy revealed that this liquid con-
tained two major fluorine-containing components; fluorobenzene and

an ortho-substituted fluorobenzene. Distillation, both at atmospheric

and reduced pressure, did not produce semples which could be identified
or characterized.
3.2.2 Method B
A 100 ml 3-necked flask was fitted with a magnetic stir bar,

nitrogen inlet and outlet, and a serum cap. Diethyl ether (50 ml)



was added and nitrogen was bubbled through it for fifteen minutes.

2-Fluorobromobenzene (lg, 5.7 mmoles) was added and the solution was
cooled in a dry ice/acetone bath., t~Butyllithium in pentane (10 ml,
16 mmoles t-Buli) was added slowly via syringe; the mixture was kept
cold and stirred for about twenty minutes.

Meanwhile, a second 100 ml 3-necked flask was fitted with a
magnetic stir bar, nitrogen inlet, condenser, and a serum cap; 30 ml
diethyl ether was added and cooled in a dry ice/acetone bath. Ethyl
chloroformate (7 ml, 9.7 g, 90 mmoles) was added and the mixture was
kept cold.

The contents of the first flask were added to the second flask
slowly via syringe with constant stirring., The mixture was stirred
cold for about forty-five minutes, then allowed to warm slowly to room
temperature. Filtration of the reaction mixture yielded a water-
soluble white solid (LiC1?) and a yellow filtrate.

The proton NMR spectrum of the filtrate (after removal of the
diethyl eyhsr) indicated that the product was a mixture. Distillation
under reduced pressure produced a small degree of separation, but pure
gamples could not be obtained for absolute identification.

Modified versions of this method were tried, such as using
longer reaction times or varying the proportions of the reagents,

but in no case could positive product identification be made.

3.3 Attempted Synthesis of 2-Fluorobenzoic Acid

A11 glacsware was cleaned and dried in an oven for at least
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one hour prior to use,

Magnesium turnings (0.50 g, 20 mmoles) were placed in a dry
50 ml 3-necked flask which was then heated with a bunsen flame for a
few minutes to drive out any moisture. A4s soon as the heating was
stopped the flask was fitted with two glass stoppers and a calcium
chloride drying tube. When cool, a magnetic stir bar was added and a
condenser was inserted between the flask and the drying tube.

2-Fluorobromobenzene (4.4g, 25 mmoles) was dissolved in 5 ml
dry diethyl ether; the solution was poured into a dropping funnel
which was then fitted to the flask in place of one of the stoppers.
Approximately half of the solution was added to the flask with stirring;
since the reaction did not start spontaneously, the flask was warmed
with a heating mantle. The reaction still did not start and neither
use of a glass rod to crush the magnesium nor additional warming
started the resction. Finally, the addition of a few crystals of solid
iodine succeeded in getting the reaction started. The remaining solu=
tion in the dropping funnel was added slowly, followed by about 5 ml
of ether. The reaction was allowed to proceed on its own and was deemed
complete when no more bubbles were observed in the solution.

The mixture was added slowly with stirring to 13 g crushed
dry ice and stirred until thick and sticky. A mixture of 15z ice,
15 ml water and 2.5 ml conc., HC1l was added slowly with stirring and
the resulting mixture was filtered. The filtrate was transferred to
a separatory funnel and extracted with ether (3x20 ml). The combined

ether extracts were extracted with aporoximately 1M sodium hydroxide



solution (3x15 ml). The combined hasic extracts were acidified using
concentrated hydrochloric acid. A small amount of a sticky brown
solid was filtered off. Dissolving of this solid in ether followed by
solvent removal (rotovap) and vacuum pumping produced a biege-coloured
foamy material. Although it was clear that the material was not 2-

fluorobenzoic acid, a positive identification could not be made.

3.4¢) Method A

2-Amino-5-methylbenzoic acid (7.6 g, 50 mmoles) was added to
25 ml of 1:1 concentrated hydrochloric acid in water; the mixture was
cooled, with stirring, to 0°C in an ice/salt bath. A solution of 3.6g
sodium nitrite in 7.5 ml water was added via a dropper, with constant
stirring, at a rate such that the temperature did not rise above 5°C.
Smzll chunks of crushed ice were added as needed to keep the temper-
ature down. When all of the sodium nitrite solution had been added,

a test for excess nitrous acid was done using potassium iodide - starch
test paper - a positive result, immediste blue colouration of the
paper, was obtained.

A cooled solution of 7.5g sodium tetrafluoroborate in 20 ml
of watér was added slowly with vigourous stirring, again maintaining
the temperature below 5°C, The mixture was left to stand for about
ten minutes with frequent stirring and then was filtered to give a
small amount of a brown solid ond a brown=-coloured filtrate.

To this brown filtrate was added 2.5g cuprous chloride; the
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resulting mixture was warmed to 80°C on a hot water bath and maintained
there for about two hours. The solid precipitate was filtered off,
dried, and recrystallized from carbon tetrachloride (decolorizing
charcoal was used) giving a yellowish solid, m.p. 145-146°C. The mass
spectrum indicated that the molecular weight of the compound was 170
(expected for Cgl,FO, is 154; expected for CgH,C10, is 170). The
proton NMR spectrum was the same as that obtained for 2-chloro-5-
methylbenzoic acid; a mixed melting point determination with the chloro
compound produced no depression. It was concluded, therefore, that
the compound made was ?-chloro-5-methylbenzoic acid, and not the
desired 2~fluoro compound.

3ehe2 Method B

Method A was repeated as far as the completion of the addition
£ the‘sodium tetrafluoroborate solution. In this case, solid sodium
nitrate was then added in an attempt to salt out the phenyldiazonium
tetrafluoroborate salt. Although the solution changed colour from
reddish to pale orange, no precipitate was formed and the method
was abandoned.

3ebe2 Method C

Concentrated sulphuric acid, 2.7 ml, was added slowly with
stirring to 20 ml water in a 100 ml round-bottomed flask. 2-Amino-
5-methylbenzoic acid (3.%g, 23.8 mmoles) was added to the hot solution.
After warming the mixture in a hot w-ter bnth for approximately half
an hour, 20 ml of water were added and the mixture was cooled in ice

with vigourous stirring. 4 cooled solution of 1.8g sodium nitrite in
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5 ml water was added slowly with constant stirring at a rate such

that the temperature did not rise above 5°C. After the addition was
complete the mixture was removed from the ice bath and stirred for
twenty minutes. The mixture was then returned to the ice bath and a
cooled solution of 3.85z sodium tetrafluoroborate in 15 ml water was
added, again maintaining the temperature below 5°C. Once this addition
was completed, the mixture was allowed to warm slowly to room temp-
erature, then it was heated slowly almost to boiling in a hot water
bath; it was then stirred for about twelve hours (overnight) without
heating. The brown solid which was isolated was identified as the

2-hydroxy derivative, based on a comparison of its proton NMR spectrum

with that of an authentic sample (see section 3.12).

Absolute ethanol (80 ml) was saturated with anhydrous hydrogen
chloride gas by means of bubbling the gas through until the weight
of the ethanol had increased by about 20 g. The ethanol was transferred
to a 250 ml round-bottomed flask and 2-amino-5-methylbencic acid
(13.2g, 87 mmoles) was added. The resulting thick suspension was
refluxed with stirring for two hours, during which time the suspension
became somewhat thinner. After the reflux period was completed, the
hot mixture was poured into 150 ml water, producing a brown solution.
Solid sodium carbonate was added until the mixture was neutral (pH
paper). A biege-brown precipitate was filtered off, dried, and re-

crystallized from chloroform to give 2.95g of an off-white solid,
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m.p. 166,5-168.5°C (dec). Comparison of its proton MMR spectrum in
acetone solution with that of authentic 2-amino-5-methylbenzoic acid
(m.p. 174=177°C (dec)) indicated that the starting material had been

recovered unchanged.

3.5 Synthesis of 2-Chloro-5-methylbenzoic Acid
3.6.1 Preparation of Cuprous Chloride
A solution of 30.9g cupric sulphate and 8g sodium chloride in
100 ml water was made, with heating necessary for complete dissolution.
A solution of 6.5g sodium bisulphite and 4.3g sodium hydroxide in 50 ml
water was made and added slowly with stirring to the hot cupric sul-
phate/sodium chloride solution. The resulting suspension was cooled
in ice, then the white solid precipitate was filtered rapidly and
washed twice with water (as little air as possible was sucked through
‘the solid). The moist solid was dissolved in 50 ml concentrated
hydrochloric acid; the solution was kept in an ice bath until needed.
3.6.2 Diazotization and Sandmeyer Reaction
2-Amino-5-methylbenzoic acid (15g, 99 mmoles) was added to
30 ml concentrated hydrochloric acid in 30 ml water with vigourous
stirring. The resulting suspension was cooled to below 5°C in an
ice/salt bath. A solution of 7g sodium nitrite in 15 ml water was
added slowly from a separatory funnel whose stem was below the liquid
surface; the rate of addition was such that the temperature remained

below 10°C, usually around 5°C. Small chunks of crushed ice were added

as necessary to keep the temperature down. When all of the sodium



nitrite solution had bsen added, the solution was tested for excess
nitrous acid using pctassium iodide-starch test paper - a positive
result was obtained. This mixture was then added slowly with stirring
to the cold cuprous chloride solution; the resulting mixture was
allowed to come to room temperature without external heating but with
occasional swirling. Once it had reached room temperature, the mixture
was warmed to about 60°C in a water bath; during this period frequent
swirling was necessary to collapse the foamy purple precipitate which
formed as the nitrogen was being given off. When no more nitrogen was
seen to be given off, and the precipitate was grey in colour, the
mixture was filtered and the grey solid was dried and recrystallized
from carbon tetrachloride (decolorizing charcoal was used) to give
15.3g of a whitish solid (91% yi=ld). Repeated recrystallizations
finally produced an almost white solid, m.p. 147-147.5°C. The solid
was identified as 2-chloro-5-methylbenzoic acid from its mass spectrum
and proton NMR spectrum (appendix 1, spectrum #2). A later 3% mr
spectrum (appendix 2, spectrum #2) and an IR spectrum (appendix 3,

spectrum #2) confirmed its identity.

3.7 Svnthesis of Methyl 2-Chloro-5-methylbenzoate

Anhydrous methanol (80 ml) was saturated with dry hyirogen
chloride gas by bubbling the gas through until the weight of the
methanol had inecreased by about 25g. The 2~chloro-5-methylbenzoic acid
(15 g, 88 mmoles) was added to the methanol giving a yellow solution

which was refluxed for two hours. The hot reaction nixture was poured
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into 150 ml water; solid sodium carbonate was added until the mixture
was neutral (pH paper). A yellow-brown liguid had separated which
was isolated by extraction with ether (3x107 ml). The combined ether
fractions were dried (anhydrous magnesium sulphate), filtered, and the
solvent was removed on the rotovap followed by vacuum pumping to give
a yellow=-brown oily liquid (14.5g, 89.5% yield). Distillation under
reduced pressure produced an almost colourless liquid, b.p. 258-
25900. The liquid was identified by its mass spectrum (parent ion
peak at m/e 184 which is the expected molecular weight), and 60 Miz

A 13

NMR spectrum (appendix 1, spectrum #3). C MMR spectrum (appendix

2, spectrum #3) and an IR spectrum (avpendix 3, spectrum #3) confirmed
the identity of the compound as methyl 2-chloro-5-methylbenzaic acid.
The ethyl ester was also made using the same procedure, but
substituting ethanol for methanol. The yellow-brown liquid iras not
further purified; its mass spectrum had the parent ion peak at m/e
198, as expected. The 60 MHz proton NMR spectrum differed from that of
the methyl ester by the presence of a quartet (8§ 4.40, 2H) and a triplet
(S 14, 3H) characteristic of the ethyl group in place of the methyl

group singlet (& 3.85, 3H).

8 Synthesis of 2-Chlorg-=3-methylbenzoic Ac
The procedure used was the same as the one which has already
been described for 2-chloro~5-methylbenzoic acid (section 3.6) but
substituting 2-amino-3-methylbenzoic acid for 2-amino-5-uethylbenzoic

acid. In this case the precipitate was an off-white solid which was
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recrystallized twice from carbon tetrachloride (decolorizing charcoal)
to give a wiite crystalline solid, m.p. 140.5-141°C. The identity
of this compound was determined from its mass spectrum ( parent ion
peak at m/e 170) and its 60 Miz proton NMR snectrum (avpendix 1, spec~

13

trum #5), A4 ~°C MR spectrum (appendix 2, spectrum #5) and an IR

spectrum (appendix 3, spectrum #5) provided further confirmation.

Q Synthesgis of Met =Chloro-3-methylbenzoats

The procedure used was the same as the one which has already
been described for methyl 2-chloro-5-methylbenzoate (section 3.7) but
substituting 2-chloro~3-methylbenzoic acid for 2-chloro-5-methylbenzoic
acid. The yellow liquid product was vacuum distilled to give a colour-
less liquid, bep. 257.5-258.5°C. The compound was identified by its
mass spectrum (parent ion peak at m/e 184) and its 60 MHz proton NMR
spectrum (appendix 1, spectrum #6). A 130 NMR spectrum (appendix 2,

spectrum #6) and an IR spectrum (appendix 3, spectrum #6) provided

further confirmation.

3.10 Synthesis of Methyl (or Ethyl) 2-Chloro-5-methylbenzoatechro-

niumtriearbonyl
(Whether the methyl or ethyl ester was used, it is believed that the

results are interchangeable)

3,10,.1 Method A

Ethyl 2-chloro-5-methylbenzoate (7g, 35 mmoles), chromium
hexacarbonyl (10g, 42 mmoles), n-butyl ether (30 ml) and tetrahydro-

furan (10 ml) were put in a 250 ml round-bottomed flask which was
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flushed out with nitrogen for about five minutes., The mixture was
refluxed for two days in an oil bath at 120°C, After cooling, the
solvents were removed on a high vacuum line, leaving a brown gummy
material. Diethyl ether was added and the mixture was filtered under
nitrogen pressure to remove unreacted chromiumhexacarbonyl and other
by-products. The orange filtrate was put on the rotovap to rermove
the solvent, producing a solid. 4 little more ether was added and the
filtration was repeated. A proton NMR spectrum of the orange oily
residue indicated that & small amount of the desired complex was
present, however attempts to erystallize the complex using pentane
were unsuccessful.

3.10.2 Method B

3.10.2.1 Freparation of Trisammeniachromiumtricarbonyl

Ethanol (95%, 120 ml), potassium hydroxide (7.75g,
138 mmoles), and chromiumhexacarbonyl (4.5g, 20 mmoles) were placed in
a 500 ml,3~necked flask which was fitted with a condenser, a nitrogen
inlet and a magnetic siir bar. After flushing with nitrogen for about
ten minutes, the mixture was refluxed overnight (approximately eighteen
hours). The resulting orange solution was cooled in ice, then 150 ml
concentrated ammonium hydroxide was added; the mixture was stirred for
two hours at room temperature under a gentle flow of nitrogen. The
yellow solid which formed was filtered off under nitrogen pressure then
pumped dry under vacuum. The 3.9g of trisammonischromiumtricarhonyl
were placed in a sealed vial under nitrogen and stored in the refriger-

ator, If not used within ten to fourteen days the material was discard-
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ed and a fresh lot prepared.

3.10.2.2 Reaction of Trisammonischromiumtricarbonyl with
Methyl or Ethyl 2-Chloro-5-methylbenzoate

The ester (~0.5g, 2.5 mmoles) wns dissolved in
30 mk dioxane; the flask containing the solution was flushed with
nitrogen., Trisammoniachromiumtricarbonyl (1.01g, 5mmoles) was added
and the mixture was refluxed for two and one half hours. The solvent
was removed from the dirty orange filtrate leaving a sticky dark
green residue. The addition of ether followed by filtration amd solvent
removal produced an orange ligquid which had a proton NMI spectrum
identical with that of the starting ester..

Modified versions of this reaction were also iried,
such as increasing the reaction time to as long as twenty-four hours
apd changing the solvent to diethyl ether, but the same results were
obtained, namely that the starting arene was recovered unchanged.

10.3_Method C

A 100 ml 3-necked flask fitted with a magnetic stir bar and
a condenser was flushed out with nitrogen, then charged with 50 ml
tetrahydrofuran (used directly as purchased) and methyl 2-chloro=-
5-methylbenzoate (1lg, 5 mmoles)._ After bubbling nitrogen through
the solution for about five minutes, chromiumhexacarbonyl (3.6g,
17 mmoles) was added and the mixture was heated to reflux with stir-
ring; a gentle flow of nitrogen was maintained across the top of the
condenser. Reactions were done using reflux times from one to six
days long; three days was found to give the best yield. 4t the end

of the reflux period, the mixture was cooled, filtered and the sol-
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vents were removed on the rotovap. A small amount of ether was added
and the filtration and solvent removal steps were repeated. After
about three nore repetitions of the ether addition steps, pentane was
added and the solution was placed in the freezer for at least several
hours. Appéoximately 150 mg of a yellow solid was obtaired, m.p. 98.5-
9900. Although it was first thought that this compound was methyl
2-chloro-5-methylhenzoatechromiumtricarbonyl, the spectral evidence,
as discussed in section 2.5.1, did not support this conclusion. Rather,
the evidence pointed to a loss of chlorine and the resulting production
off methyl m-toluatechromiumtricsrbonyl.

10,/ Method D

The procedure was essentially the same as method C, with the
exceptions that the tetrahydrofuran was dried as described in section
3.1 and the optimum reflux period was determined to be two days. In
this case, 50 mg (2.9% yield) of an orange solid, m.p. 92-93.5°C was
obtained and purified by sublimation. The compound was identified
from its mass spectrum (parent ion peak at n/e 320), its 60 Mz proton
MMR spectrum (appendix 1, spectrum #8) and its B¢ nm spectrum (ap-
pendix 2, spectrum #8). An IR spectrum was also recorded (appendix
3, spectrum #7).

3,105 Method E

This method wss very similar to method A. In this case, the
solvents were dried priaer to use and the ratio of n-butyl ether to
tetrahydrofuran was ten to one (total solvent volume was 110 ml).

Methyl 2-chloro-5-methylbenzoate (6g, 3ommoles) and chromiumhexa-
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carbonyl (7g, 32 mmoles) were added and the mixture was refluxed for
twenty-four hours. After being cooled, the mixture was filtered, then
the solvents were removed under reduced pressure. Dichloromethane was
added and the mixture w-s filtered to remove the unrescted chromium-
hexacarbonyl. High boiling petroleum ether was added in an attempt

to crystallize the product, but no solid wns obtained. The solvents
vere removed‘and the proton NMR spectrum of the residue was recorded;
the spectrum indicated the presence of the starting arene only with

no peaks observed which are characteristic of the complex.

A modified version of this procedure was also tried. In this
case the ratio of butyl ether to tetrazhydrofuran wss twelve to one, and
almost equimolar proportions of chromiumhexacarbonyl (6é.€g, 30 mmoles)
and methyl 2-chloro=5-methylbenzoate were used. By removing samples
every half hour and analyzing them by TLC it was determined that the
optimunm reflux time was seven to eight hours. At the end of the re-
flux period, nitrogen was bubbled through, then the flask was stoppered
and left in the refrigerator overnight to allow preciritation of un-
reacted chromiumhexacarbonyl. The mixture was poured onto the top of
a chromatography column packed with alumina with hexane as solvent.
Elution with hexane removed the solvents (n-butyl ether and tetrahydro-
furan) and unreacted arene, leaving an orange material near the top
of the coliumn. Use of a mixed solvent system (121 hexane/diethyl
ether) allowed elution of the orange material, identified as methyl

2-chloro~5-methylbhenzoatechromiumtricarbonyl.
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3.11 Synthesis of Methyl 2=Chloro=3-methvlbenzoatechromiumtricarbonyl

3.,11.1 Method A

This wns the same procedure as method O already described
for methyl 2-chloro-5-methylbenzoatechromiumtricarbonyl (sec. 3.10.3)
but substituting the 2-chloro-3-methyl arene for the 2-chloro-=5-methyl
arene. Againy low yields of a yellow solid were obtained. The 60 iz
proton KMR spectrum was the same as that obtained for the other isomer.
It was concluded that the same product had been formed, namely methyl
m~toluatechromiumtricarbonyl.

3.11.2 Yethod B

This was the same procedure as method D already described,
section 3.10.4, but subsiituting the 2-chloro-3-methyl arene for the
2-chloro-5-methyl arene. In this case, howevar, no solid was isolated,
leading to the conclusion that the synthesis had been unsuccessful,

3.12 Synthesis of 2=Hydroxv=-5~methylbenzoic icid

Concentrated sulphuric acid (27 ml) was added cautiously to
water (200 ml) in a one-liter round-bottomed flask. 2-Amino-5-methyl-
benzoic acid (3¢.24g, 240 mmoles) was added to the resulting hot solu-
tion and the mixture was warmed gently on a water bath. Water (200 ml1)
was added to the amine susnension; the mixture was stirred vigourously
while being cooled to 5°C in an ice bath. A cold solution of 18g
sodium nitrite in 35 ml water was added slowly by pipette, toking care
that the temperature was maintained at 5°C. When the sodiws nitrite
addition was completed, the mixture was stirred in ice for about one

hour; it was then warmed to 50°C and kept at that temperature for one
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hour, After cooling in ice for about one half hour, the mixture was
filtered, giving a small amount of a black solid and a red-coloured
filtrate, A make=-shift continuous extractor was set up consisting

of a two-liter round-hottomed flask and a condenser. The agueous
filtrate was coured into the flask, along with 200-300 ml of chloro-
form. The mixture was warmed in a water bath until the chloroform
began to reflux., After refluxing for about sixteen hours (overnight)
the two phases were separsted. The chloroform phase was dried (anhy-
drous magnesium sulphate), filtered, and the solvent was removed on
the rotovap, leaving a brown-orange solid. Repeated recrystallization
from carbon tetrachloride (decolorizing charcoal) produced a white
solid, m.p. 157.5-151.5°C, The chloroform extraction process was
repeated until the’aqueous nhase was almost colourless. 4 total of
15g (41% yield) of solid was obtained. The compound was characterized
by its 60 MHz proton MMR spectrum (appendix 1, spectrum #9) and its

13
“C MR (appendix 2,

mass spectrum (psrent ion peak at n/e 152),
srectrum #9) and IR (appendix 3, snectrum #8) spectra were also re-

corded.

3.13 Svnthesis of lMethyl 2-Uydroxv=5-methylbenzoate

2-lydroxy-5-methylbenzoic acid (3g, 20 mmoles)} was dissolved

in 9 ml anhydrous methanol., Concentrated sulphuric acid (0.2 ml) was
added droowise with stirring. The mixtnre was refluxed for six hours,

then the excess methanol was dictilled off and the mixture was cooled.

a3

After pouring the mixture into a seraratory funnel containing some

[¢



7

water, diethyl ether was added, the funnel was shaken, the layers were
allowed to separate and the agueous nhase was drained off. The ether
phase was shaken several times with saturated sodium bicarbonate solu-
tion, then twice with water. The ether phase was dried (anhydrous
magnesium sulphate), filtered and the solvent was removcd on the roto-
vap to give a yellow liquid, b.p. 243-245°C (74.57 yield). This com—
pound was identified from its 60 Miz proton MMR spectrum (apperdix 1,
speetrum #10) as methyl 2-hydroxy-5-methylbenzoate. L mm (appendix
2, spectrum #19) .an d IR (appendix 3, spectrum #9) spectra were also

recorded.

314 Svynthesis of lMethyl 2-Methoxy=S5-methylbenzoate

Sodium hydroxide (1.7g) was dissolved in water (1% ml) in a

50 ml 3-necked flask fitted with a magnetic stir bar, a condenser, and

9.

an addition funnel. 2-Hydroxy-5-methylhenzoic acid (3g, 20 mmoles) was
added and the resulting yellow soluvion wss cooled in ice. Dimethyl
sulphate (7.5 ml, 10.0g, 79 mmoles) was added dropwise from the addi-
tion funnel with comstant stirrirg. The mixture was refluxed for four
hours and then cooled. After adding some water, the mixture was trans-—
fered to a separatory funnel containing some ether and shaken. The
layers were allowed to separate and the agueous layer was drained olf.
The ether layer was wached twice with water coniaining sodium chloride,
twice with dilute sulphurie acid, then with the sall waler until the
washirgs were neutral (pl paper). The ether phase was dried (anhydrous

magnesium sulphate), filtered, and the solvent was removaed on the roto-
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vap to give a yellowish liquid, idendified from its 60 MHz proton NMR
spectrun (appendix 1, spectrum #11) as being a wixture of methyl 2-

methoxy-5-methylbenzoate and methyl 2-nydroxy-5-methylbenzoate.

3,15 Synthesis of Metkyvl 2-Hvdroxy=3-methylhanzoate

The procedure used was the same as that described in section
3.13, but substituting 2-hydroxy-3-methylbenzoic acid for 2-hydroxy-
S5-methylbenzeic acid and scaling it up by a factor of five. 4 yellow
0il, b.p. 246-248°C was obtained in 52.2% yield. It was identified
from its 60 IHz vroton MR specirum (appendix 1, spectrum #15) as

methyl 2-hydroxy-3-methylbenzoate.

1€ Synthesi

This procedure was the same as that dezcribed in section 3.14,
but substituting 2-hydroxy-2-methylbenzoic acid for 2-hydroxy-5-methyl-
benzoic acid. A yellowlsh oily liguid wes obtained which was thought
to be a mixture of methyl 2-methoxy-3-uethylbenzoate and methyl 2-
hydroxy-3-methylbenzoate, based on its 60 MHz proton NMR spectrum
(aprendix 1, spectrum #16). o further characterization of this mix-

ture was carried out.

2.17 Reaction of Methyl 2-Chloro-5-methylbhenzoaztechromiumtricarbonyl
with Methoxide Ton

Anhydrous methanol, (40 ml) was rlaced in an oven-dried 1CO =z
3-necked flask fitted with a magnetic stirring bar, a nitrogen inlet,

and a condenser. Ilitrogen was bubbled through for a few ninutes, then
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sodium (270 mg, 9 mmoles) was added. After the sodium had dissolved,
methyl 2-chlors-5-methylbenzoatechromiumtricarbonyl (175mg, C.5 mmoles)
was added. The mixture was stirred for aboubt twenty-four hours at room
temperature with nitrogen bubbling gently through the solution. After
the addition of 100 ml water, the mixture was acidified using 10%
hydrochloric acid. The aqueous phase was extracted with ether (3x75 ml);
the combined ether phases were dried (anhydrous magnesium sulphate)

and filtered. The ether solution was cooled in ice, and treated with
diazomethane (see 3.18). After solvent removal, a é0 Mz proton NiR
spectrum showed the product to be a2 mixture of at least three compounds,
tentatively identified as methyl 2-chloro-5-methylbenzoatechroniumtri~
carbonyl, methyl 2-methoxy-5-methylbenzoatechromiumbtricarbonyl, and
methyl 2-chloro-5-methylbenzoate (appendix 1, spectrum #17). No

further characterization of the mixture was attempted.

A 50% solution of sodium hydroxide in water was made and

conled to room temperature; meanwhile g—toluenesulfonylchléride (32g)
was divided into portions of 19, 9 and 4 g. UMethylamine (17.4 ml of
L0% aqueous solution) was put in a 100 ml round bottom flask and the
19¢ portion of p-toluenesulfonylchloride added in portions with swirl-
ing over ten minutes; the temperature rose slowly and was wuainlained at
80-90°C with the aid of ice and hot water baths. After about five

minutes the mixture had hrecome acidic; 5 ml of the sodium hydroxide
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solution wns added with vigorous stirring, followed iiediately by the
9g portion of p~toluenesulfonylchloride in portions with swirling.
When the mixture had again become acidic, 2.5 ml of sodium hydroxide
solution was added, followed by the 4Lg portion of p-toluenesulfonyl-
chloride with swirling. Once the mixture had hecome acidic, sodium
hydroxide solution was added until the mixture was alkaline. After
‘rinsing the walls of the flask with some water, the mixture was heated
in a boiling water bhath for fifteen minutes. The hot mixture was
then poured into 150 ml of glacial acetic acid in a 500 ml round-
bottomed flask; the reaction flask was rinsed with a further 25 ml
acetic acid. After cooling in ice to 59C, sodium nitrite solution
(12.5g in 25 ml water) was added from an addition funnel whose tip
was below the surface of the 1liguidj; the rate of addition was such
that the temperature of the mixture remained below 10°C., Once the
addition was complete, the mixture was stirred for fifteen minutes;
p-tolylsulfonylmethylnitrosamide separated as a yellow crystalline
solid, Water (100 ml) was added and the precipitate collected by
filtration. The solid was washed with 50 ml water and sucked dry.
The solid was transferred to a bezker, stirred well with 40 ml water,
filtered, and washed with water until no acetic acid odour remained.
The solid was dried to constant weight in a vacuum dessicator over

sulfuric acid,

2.18.2 Generation of Biazomethans

The generation of diazomethane was accomplished using the
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-—thermometer

condensor

_-50 ml flask

tygon tubing
"—] with pipettes

[

Erlenmeyers
containing ether to
collect diazomethane

apparatus illustrated. p-Tolylsulfonylmethylnitrosamide (1.07g) was
dissolved in ether (15 ml) in the round-bottomed flask and cooled in
ice. A solution of potassium hydroxide (0.2g) in ethanol (5 ml) was
added. After five minutes the ethereal diazomethane was distilled off
on a hot water bath and collected as shown in the diagram. The two
ether portions were combined, cooled, and added dropwise to the gooled
ether solution from 3.17 until excess diazomethane was present. (Excess
diazomethane was aetected by dipping a glass stirring rod into the
mixture and them immediately into a test tube containing acetic acid.
Immediate vigourous bubbling indicated the presence of excess diazo-

methane). The solvent was removed and the product analyzed by suitable

meanse.



3,19 Prenaration of n-i"luarotolusnechronivmtricrrhonvl

p-Tluorotoluens (3z, 27 mmoles), chromium hexacarhonyl (ég,

27 mmoles), n-butyl ether {100 ml) and tetrahydrofuran (10 ml) were
put in a 250 ml round-bottomed flask which was flushed out with nitro-
gen for about five minutes. The mixbure was refluxed for two days in
an oil bath 2t 120°C, aAfter cooling, the solvents were removed on a

high vacuum line, ether was added, the mixture was filtered to remove
unreacted chromium hexacarbonyl, and the ether was pumped off, to
give a yellow solid. The p~fluorotoluenechromiumtricarbonyl was

purificd by sublimation to give 1.02g (187 yield), m.p. 59-40°G.

20 Reaction of n-Tlugrotoluerschromiumtricarbonyl with Butyllithing
and Hethbyl Chloroformate

p~Fluorotoluenechromiumtricarbonyl (1.5g) was reacted with
n-butyllithium (3-fold excess) in ether at =72°C wunder niirogen to
give an orange-red solution which rapidly thrned deep red on addition
of excess methyl chloroformate at =78%C. The solvent was removed and
the erude reaction product Aissolved in henzene; chromatography on

a short silica gel column to remove rolar impurities followed by a

erck Siliea Gel A0 prenacked column with elution by 10T =thyl acstate

ct
js]
s

in hexane, then 2575 ethyl acetate in hexane gave at least three air
stable products (nons was the desired methyl 2-fluoro-5-methylhenzoate-
ehromiumtricarbonyl). Thz major product (0.95c) was a red crystolline

solid, m.p. 13506, molzeular weight 512, It was identifisd as 2,2'-

¢}

fluoro-3,5 '=methylbenzarhenone-ris-{chromiumtricartonyl). (Sce ref, 50
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