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ABSTRACT

.Saturated TeCtones‘were‘syntheéized vie-the'o;if
dative cyclization of §,¥- and'TyEFunsaturated alcohsls
end aT]y]ic alcohols, in.goed to acceptable yields.
"These reections were run under rémarkably mde con-
d1t1ons (room temperature and atmospher1c pressure)
using: pa11ad1um(II) ch10r1de and copper(Il) ch10r1de
as catalysts, concentrated hydrochloric acid and so-
dium dried tetrahydrofuran: <carbon monoxide and oxy-
gen were bubbled through the solution. These reactions
enable one to synthesize lactones Startinq from Drima-'
ry, seéondary, and even tertiary unsaturated a1coh01§

The amounts of tetrahydrofuran. the acid concen-
tration and the amount of - copper(II) ch10r1de were va-
r1ed‘1nd1v1dua]1y in order to obtain the most favoura-
ble reaction conditions. The reaction did not accur ‘in

absence of oxygen.
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' CHAPTER I .
~ INTRODUCTION

I. CarbonyTat1on Reactions.:

Carbony]at1on reactions have ach1eved cons1derab1e

importance in synthetic chemistry as means of incorpo-

‘rating carbon monoxide in organic compounds containing

a 'variety of chemical functions.

The first report of such a reaction was made in 18947
It was shown that the rapid absorption df ethy]ene and
carbon monox1de by aqueous solut1ons of Da11ad1um(II)
chlor1de,iafforded acetaldehyde and carbon dioxide as
we11 as meta111c palladium. "About half a century later,

_Roe]en2 who was study1ng the methanfsm of Fiseher-Trobsch

synthesis_wifh alkeénes as subsfrates, made a major dieJ

-covery in the fie1d'of carbonylation reactions: the oxo—

or hydroformylat1on react1on, which is the synthes1s of

_a]dehydes and a]coho]s from alkenes, carbon mqn0x1de and

‘hydroqen med1ated by coba]t cata]yst. In 1953 Reppe3

reported the carbonylation, of o]ef1ns in the presence

of iron or nickel ‘carbonyls or carbonyl precursors, to
) ' e

form acids or esters.:

The next series.of discoveries came with the exten-
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sion of.these reactions'té other transition metals, es-

pecially rhodium and palladium. Processes developed in-
cIudedrthoSe bfoducinq carbonyl compounds without forma}
incorporation of carbbn-monoxide. For example, smidt?

in 1959, reported'a commercial process, the Wacker pro-

-
-

cess (1), for acetaldehyde production from ethylene‘:>
C2H4+- PdC12 HZO————acHBCHO-F Pd + 2 HCI -
Pd + 2 CuCl,——PdCl, + 2 CuCl '
2 CuCl + 2 'HC1 + 30,—2 CuCl, + H,0

CZH4+ 1 024ﬂ——9CH3CH0
~

In general, the introdution o%.qubon monoxide into
an organic system,leads to the singly hpmofoqated pro-
duct; thus it was observed that any reaction involving
carbon monoxide and an organometallic cqmpound results
in the formation..in the organiE end-product of at least
one -C{0)-Y fragment, where_Y'mEy arise from a reagent
of part of Ehe substrate.

There are many carbonylation reactions which are
known, and they represent routes for the manufacture of
unsaturated and saturated a&ids, esters, amides, anhydri-

des and lactones from different feedstocks (Table 1).

L3



The ;arbony]ation'of unsaturated compounds usually invol-
ves the partic{pation of tompod%ds having an acidic hy-
drogen such as water, alcohols, thiols, ammonia, amines
or carboxyltc acids. The end-products are carbexylic
acids and their derivatives. .These reactions are usual-

1y carried out using catalytjc amounts of group VIII metal

-

complexes under carbon monoxide pressure or with stoi-
chiometric ,amounts of metal complexes or metal carbonyls
at atmospheric pressure; the addition of acid increasing

the rate of fhe reaction.

1

Initial work in this area was mainly concerned with

carbonylation reactions of alkynes as substrates3, for

g,«ﬁﬂhich nickel tetracarbony] was the catalyst of choice:
Ni(CO)a

0 Y CHé==CHC02H
150°C; 30 bar

5CH=CH + CO + H,

Olefins are in general, morerg;?fiCUTt to cakbony:
late than alkynes and both stoichiometric and catalytic
reactions fequire high temperatures and pressures For
example, it was reported that reacting olefins using car-
bon monoxide and water in the presence of a nickel salt
as cataTjst at 360'0 and 6000 psi preSsure, afforde the

5

carboxylic acid”. A few years later, Bird6 a]so‘Fépor—

ted the synthesis of carboxylic acids from olefins. This



-

-4-

time nickel carbonyl was the cata]yst and the reaction
was carried out uhder acidic cbnditihns at temperatute
around 250°C, and 200 atm prgéSure of carbon monoxidg.

‘Before ponsider{ng carﬁony]ation reactions of ole-
fins in more detail, examples_of'the carbonylation of
other substrates will be examined briefly.

From Table 1, it can be‘seen that a variety of pro-
ducts such as carbéxy1ié acids, ester§ ahd anhydrides
can be prepared _by the carbon;]ation of alcohols. ethers
and carboxylic acid eéters resbective]y.

In 1968ﬂ Pauh‘k7 reported the rhodium-catalysed car-

ﬂ

bonylation of methanol to acetic acid, known &s the "Mon-

santo process":

, RhC13- 3 HZU
CH30H +. X0 - y CH3C00H
CHBI or HI

180°C; 30-40 bar

By adding an iodide promoter, it was possible to:impro-
ve the reaction y1é1d as high as 99% acetic acid at as
low a pressure as 1 atm. Bécause of the rapidly increa-

P
sing price of hydrocgrbon feedstocks, the Monsanto pro-

~ces’s offers a viable alternative for the production of

acetic acid. . \

.
e
NEEYI:
o “ﬁ
PRy 3



Table 1. Carbonylation Reactions.

o T!Ee

Hydroformylation
Hydrocarbonylation
Azacarbonylation

Carbocarbonylation

Oxacarbonylation

ﬁa]ocarbbny]ation

Group formed

formyl:

-C(
acid: -C(0)-
N-acyl: -C(

c(o

ketone: -

acy]oky: -C

acid halide:

0)-H
OH
0)- N-

(0)-0-
-C(0)~-hal
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In tue late 1970's, three patentsg’g']q reported”
the synthesis of acetic anhydride from the carbonylation
of methy] acetate. The carbonylation was done without

water, affording the corresponding anhydride:

cat; CH,l o

CH 3
acetic acid :

co

3

E
The catalyst for this reaction was either a rhodium

10

8.9
or nickel compouﬁd with an amine or phosphine used as
co-catalyst. Temperatures ranged from 175° to 200°C and
pressures from 25 to '60 bar depending on thertype bf ca-
talyst. The reaction islsuperior to the process by which
acetic anhydride 1is obtained via the.high temperature
pyrolysis of acetic acid. to ketene (it is derived from
ethylene)11. It is less eneray intensive and is inde-
pendent of oil-based hydrocarbdn feedstocks. -
Another route to obtain acetic anhyqride is via the
‘carbonylation of dimethyl ether. When treated in the
presence of nickel or nickel compound, of iodine or an
jodine compound, and atrivalent organic group VA element
compound and carbon monoxide, the ether afforde acetic

anhydride %:
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- 200°C

CH30CH;+ €O ———3 (CH4C0),0

S 58 atm s

V Ethers can -be carbonylated to estérs. WFor example.
dimethyl ether yields methyl acetate 2, The best results
were found when acetic acid.was uéed as the solvent at
200°C and 230 atm of carbon monoxide. in the presence

of ruthenium catalyst and an iodide promoter.

1

RUIZ(C0)4/HI; 1/10

200°C; 230 atm
3-5 atm Hz; CH

CH.0CH,+ CO

3 3 y CH3C02CH3

3!
Hydrogen was necessary to initiate thg reaction;

The above processes are examples of carbonylation
reactions of industrial importance since the produéts.
acetic acid and acetic anhydride are major industrial
chemicals used in the manufacture™f vinyl acetate and
cellulose acetate. Acetic acid is Also an important in-~
dustrial solvent. ' o | : ) (‘

. Reactions which results ifi the formation of carbo—
xylic acids are'referred to as hydroxycarbonylation or
pydrocarboxy1ation reactions. When an alcohol is used
a§ the co-substrate instead of water, the process is cal-

led hydroesterification. These two classes of carbony-
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. v
lation reactions will'now be examined.

Saturated esters are formed“by the carbdny]ation
of simple olefins in a]cohofs. Terminal o]gfins; and
some internal ones, were cafbonyﬁated under 50 atm of
carbon monoxide at hbout 100°C to give saturated esters

in high yie]ds]3’14:

PdC1

,(PPhy)
RCH=CH, + CO + R'OH

23 RCHZCHy + RCH,CHOCO,R'

0,R’

The presence of hydrochloric acid'results in an inéreqse
in the.rate of the reacfion. The ratio between straiéhf
and branched chain esters depends of temperature. carbon
monoxide pressure, phosphine ligand and the pféseﬁce or
absence of other additiveg or promoters such as hydro-
chloric acid.

15 reported the carbonylation of

In 1968, Bittler
o1efiné uﬁing the same palladium catalyst as above, whith
allowed the reaction to occur at lower temperatures.
Palladium compounds were used as the catalyst since.they
readily formed comp]exes with olefins. It was believed
that the olefin could be carbonylated at a lower tempera-

ture when activated by a palladium-olefin complex. The

results showed that the esters could be synthesized at
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temperétufés'be]dw iOO'C (PCO: 300-700 atm).

-9-

Medema'®

,"in 1969, reported the palladium-catalysed
oxidétive-éérbony];fﬁﬂﬁ\gf olefins. It was shown that
the oxidative-carbonylation 6f olefins in the presence

of pa11adium(II)/copbér(II) as catalyst ﬁie]ded g-sub-
stitutqd and/or .8 -unsaturated cafboxy]ic acid derivati-

ves; when the reaction was on allylic compounds, ﬁfg- .

unsaturated carboxylic ‘acid derivatives were obtained.

. acoH  PAS ~HOAc
RCH=CH, + €O + 4 0, ——> RCHCH,CO0H —————RCH= CHCOOH
cat. pyrolysis

Ethylene underqgoes oxidative-carbonylation in the

presence of alcohols and a Wacker-type catalytic system

to give dialkyl, succinates]7:

300 psi CO; 700 psi C,H,
CH7=CH, + 2 CO+ # 0,+ ROH 3

9 125-175 psi 02; 85°C

0

JRO,CCH,CHCO,R -+ H,

A catalytic system based on palladium(II) chloridé/cop—
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" per{Il) chloride or pa11adium(f1) ch]oride/iron{LII) chlo-
r}de gavg r er poor results owing_to.the'presence of
hydrogen c4?:f:de. By using copper(l)-ch]oriﬁe instead
of copper(II) chloride or iron(II)‘ch1oride instead of
iron(iII) ph]oride: the succinate yie]dsﬂweﬁe'imgroved.

18

An intensive study by Stille et al ~ on the carbo-

nylation of alkenes catalysed by palladium and cupric

——

chlorides, showed that at 2-3 atm 7f carbon monoxide and
at room temperqﬁure, cis- and tran

s-but-2-enes undergo -
alkoxy-alkoxycarbonylation-affording different isomers

of methy]-Q-mqthoxy-b-methy1ﬁbutanoate:

CI'!3CH:=CHCH3 + 2 CH30H-+ CO-——%CHB(CHBO)CHCH(CHB)COZCH3

-

19 what the

It was also found b& Stille and Divakaruni
stereochemistry of the dicarbbxy]ation'reaction wa; cis
and proceeded with the direct transfer of the carbometho-
xyl group from the palladium to an olefinic carbon atom
in a regiospbcific anti-Markownikoff direction.

In the 1970's: the study of a large variety of reac-

tions continued but perhaps the most siqnificént advances

occurred in the area of reactions of carbon monoxide with
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s1mple mo]ecuies such as Mydrogen. The interest in hy-
drogenatTOn using platinum-tin (Pt- Sn) complexes was ex-

tended to carbonﬁfgtion reactions, using HyPtCl -SnC]2

6
A range of terﬁinaT alkenes were found to react with car-

bon monoxide and methanol to give good yields (about 85%)'

of the corresponding linear methyl- ester20

\\ ’ !

HZPtC16-6H20

RCH=CH,+ CO + CH 0K > RCH,CH,CO,CH, +
B 3 SAC, 2H,0 2r2rrens
200 atm CO; 90°C RCHCH,
acetone C026H3

A é&al] amount of olefin reduction occurred (2-4% of. the

. ~ oléfin), but isomerization of theo-olefin to internal

//’—E\Tf\Bﬂefins (mostly.the Z-Esomér) was the only major compet1nq
reaction. The react1on occurred at 200 atm of carbon mono-
xide and replac1ng methanol with water resulted in the
formation of thg.acid rather than the ester. Linear car-
boxylic acid esters were also obtained of the major pro-
duct from terminal oTefi%s, when ligand-stabilized Pt(1I)-
group 4B metal halide comp]exes were used as cata]ystSZ]’zz.

In 1979, Bard123 reported the hydroester1f1cat1on *

- -

of propene to esters of butyric acid. The reaction oc-
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curs with high selectivity towards the: linear isomer.
using bis(triphenylphosphine) palladium dichloride and
triphenylphosphine:

room temp.

CH3CH::CHL+ €0 + ROH. . . CHBCH2

CHZCOZR

In 1980, there was a report24

that cobalt carbonyl
or cobalt salts can, in the presence of pyridine cata-
lyze the formation of methyl esters of fatty acids from
suitable olefins, c;rbon monoxide and methanol at 160°C

and 160 atm.

" From the work mentioned, it can be seen that linear
and branched chain esters or acids are formed. the linear
jsomer being usually the major one. These reactions also

required the use of high pressures and moderate to high

temperatures.

25

In 1984, Despeyroux and Alper reported a homoge-

neous regiospecific palladium-based catalytic system for
the hydroesterification of internal and terminal olefins
under mild conditions, affording the branched chain iso-
‘mer as the major éroduct. When the above reaction was

applied to alkynesza, it was found that they reacted in

r
a regioselective manner to give monoester from internal
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alkynes or diésters from terminal ones. For the dies-
ters, the cis-isomer was the major product.
The same procedure was then applied to the hydro-

carboxylation of §]kene527

,» where water was used instead
of.methaho]} again regiospgcif{city was obse}ved.l Thei’
key to success of this reaction is'the use of water ditr
luted in tetrahydrofuran (THF) since no‘reaction occurs-

‘using water alone.

PdC]z; CuC]Z; HC1

RCH==CH2 + CO + H20 - > RCH(COZH)CH3
. ' 02; r.t.; 1 atm )

A]Ienes,-and several substituted allenes, were found to

28

react also under the above conditions For example,.

allene reacted to give methyl 2-methoxymethylacrylate:

PdC]ZQ CUC]Z; HC //COZCH3
CHZ:CZCHZ‘F Co -+ CH30H Y CH2=C\

29 Leported, also in 1984, the

Fergussbn and Alper
monohydroesterification of diols. Reaction of the lat-

ter with olefins under oxidative-carbonylation and aci-
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dic-conditions gives hydroxy esters in good yié]ds. The

reaction was found to be regioselective:

. PdC]z; CuClz; HC1
RCH==CH2-F HO(CHZ)HOH + CO . ‘ >
. - ‘ 02; THF; rots 1 atm

~

R?HCOZ(CHz)nQH f jsomer
CH

T

3

L

-

A1per and Hartstock30 recently reported the conver-
sion of amines into carbamate esters. The same process
as abové was applied to aromatic amines giving fair to

_Qquantitative yields (34 to 99%) of products.

%,Réqtes to Lactones via Carbonylation Reactions:
.Léctones may be synthesized by mgny.methods one of
"~ which involves the oxycarbonylation of Unsafuﬁated ali-
phatiq hydrocarbons and their oxygenated functional de-
rivatives. The methods are, in general, of limited u-
tility since there J?e competing side-reactions.
| In the presence of carbon monoxide and dicobalt oc-
tacarbony]l orlrhodium chloride, as the catalyst, 2.3-
and 3,4-unsaturated a]coho]s‘yiéld the corresponding.~-

or 5—1actone531’32’33:

NERS
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Hy ~ . cat; 125-250°C
OH — —
70-300 bar

2

W W

The competing reaction is the isomerization of the un-

saturated alcohol to the aldehyde; eq. with allyl alco-

hol, only abou@ 2% 1ﬁbutyr01$ctoné 15'6htained, 50% of .

the starting material being iSomgrized.to,bropanaj; It
waghihg q that in the presengglbf acetonitrile as the
so]&en s and nyridine as a 1igand dn the cobalt-catalyst,
propanal formation @as reduced and tﬁe lactone.could be
obtaiqed in about 60% yie1d33. Unsaturated‘a1c0h01s.which
have an alkyl substituent at the carbon adjacent to the

C-0OH aroup give better yields of lactones, since isomeri—'

zation does not ensug\.

Hydroformylation of\esters of «,8-unsaturated car-

boxylic acids also orovides an alternative route to‘f;

1actdn9534:

~002(C0)8
CHZ;"CHCOOCH

N
~7
r

CH

9 B-F COo # H?

250°C; 100-600 ba

+ CH CH,O0H

3
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Epoxides and other heterocyclic ethers can be car-
bonylated to lactones. For example, oxetanes react in
the presence of carbon monoxide and nickel carbonyl to ™" /
give the corresponding ¥-butyrolactone in good yie1d35:

/ ' - | !_

| - Ni(C0),
' 4+ Cc0 : 3 ' : 55% yield
200°C; 250 atm -
l'-’—"' o .
‘\-..__,‘

Lactongs can also be synthesized via the carbonyla-
tion of unsaturated hyvdrocarbons. 1,5-Hexadiene g@ives
a 95% yield of e-ethyl-%-valerolactone at 20°C/13 bar

" using a'cooner—cata1yst3§=-

¢ E AN ) Cu20; H2504
+ CO =
’ 20°CA13 bar
/

The above examples indicate that lactones can be
obtained from the carbonpylation reaction of various sub-
strates. ‘However these methbds require high temperatu-

res and pressures. Also many have competing side-reac-

o

L
N Y |

-
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tions which lowers the yield of the lactone.
The present work is concerned with the synthesis
of lactonds. From the process developed by Despeyroux

25, it seemed c¢onceivable that unsaturated al-

and Alper
cohols could underqo intramolecular oxidative-carbonyla-
tion to lactones at room temperatJre.and atmospheric pres-
sure. Such a regioselective lactone synthesis., if ge-
neral, would represent a significant 1mprovemenf over

existing metal catalyzed routes to these heterocycles.
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CHAPTER II

RESULTS and DISCUSSION

-

]fCarbony]ation of 1,5- and J,e-Alkenols:
Oxiddt;befcarbony1ation of 5 series of x,5 - (i.e.j
homoallylic) and 8,€-un5q}urated alcohols in tetrahydro-
furan with nalladium(Il) chloride as the catq]yst. in
the presence of cupric chloride and acid, afforded lac-
tones in reasonable y1e1ds. These reactions were effec-
ted at room temperature and atmospheric pressure, Tybi—
ca]lyT a 10:1 ratio of substrate to palladium catalyst
was employed in these reactions, with 0,5 ml of concénr
trated hydrochloric acid dissolved in 60-70 ml of the
sotvent. The pronortion of substr&te to cupnric chloride
ranged from 5:1 to 5:4 depending on the nature. of the
reactant. ‘Let us now considef each of these cyc1izatidn
reactions with emphasis on the determinatioﬁ of the best
reaction conditions and the charactérizatioﬁ of the pro-

ducts. The possible mechanism for these reactions is

discussed subsequently. . ’? '

a. 3-Buten-1-01:
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_ PdCIz; CuCl,; HCI _
+ CO —
0,: THF; r.t.; latm

('II'IZCH?_,CI'{'—“‘CH2

OH

O

I

Use of 3-buten—]791 (1} as the substrate under the
usual conditions afforded d-methyl-flbutyrolactoné (2)
in 60% yield. In order to determine the preferred acid
concentration, the amount of hydrochloric acid was va-
ried from 0,1 ml (15%yield) to 0,5 m1 (60% yield); re-
placement of hyd}och1oric-acid-by 0,5 ml of acetic acid
resulted in no carbonylation of the‘alcoho1. When no
cupric ch]oride Qas used a 34% yield of lactone was ob-
served, énd half of the starting materfa] was recov;red.

Replacement of tetrahydrofuran by dimethoxyethane (DME)

. gave the lactone (2) in 38% yield together with Starting

material.

The -structure of the Tactone (2) was assigned by
comparisgn of spectral data with an authentic saﬁp]e as
well as by gas chromatograpﬁy. The carbonyl absorption
band in the infrared spectruh (neat) at 1769 cm"T, is
cdmpﬁrab]e to the accepted value of 1765 em™ ! 37, The
proton‘maqnetic resonance spectral data is in good agree-

38

ment with literature data”®. The principal fragmenta-

tion in the mass spectrum is expulsion of carbon dioxide.
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resulting in the appearance of a base peak at m/e 56. r
The spectral data for 2 and the other lactones are gi-

ven in Table 2.

b. 2-Methyl-3-buten-1-01;

CH PAC1,; CuCl.,: HCT
3 2 2
?HZ&HCH::CHZ—F co >
8 OH 02; THF: r.t.:; 1 atm
3 .
= N
(AT c.b\b (3N 'GHB
+
4 5

A

= The ratio of cupric chloride:substrate was varied
for this carbonylation. At 8:10 cuﬁric chloride:reac-
tant, a 10% yield was found, as well aé many by:products;
the yield 1ncreased to 32% using a' 5:10 ratio of cupric
chloride:substrate, reached a maximum of 42% using a 2:
10 ratio and decreased to 36% in the absence of the cop-
per compound. “Substitution of cupric acetate monohydra-

LY

te for cupric chloride afforded the lactone in 50% yield
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as well as nﬁmerous unidentified by-products. No reac- ]
tion was observed in the absence of both cupric chloride
and oxygen, or oxygen alone. Thus, oxygen is n;éessary
for this reaetion. Under the uéua] conditions (see Chap-
ter III:Experimenta], sgftion 2), a 42% y%e]d of pure

2,3-dimethyl-¥-butyrolactone was obtained by fractional

distillation.

.

Comparison “of the proton magnetic resonance spectral
data with that in the 1iterature3g, indicated a 2:1 ra-

tio of trans:cis dimethyl lactones. This was determined

‘ by looking at the doublets of the methy!l aroups; in the

cis-isomer, they are found at 1,04 and 1,18 ppm;' for

the trans-isomer, at 1,16 and 1,26 ppm; therefore by

¥

comparing their relative integration, the above ratio
was found. The pase peak in the mass spectrum (m/e‘55)
corresponds to the loss of carbbn dioxide and a methy]

group from the molecular ion.

¢. 4-Penten-2-01:

3

PACT,; CuClys HC

CHLCHCH,CH=CH, 4 C0 — .
S 2 0.; THF: r.t.; 1 atm’ -
OH 2 .

s

CHs eh s,

7Y e

|~
|
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.The first experiment ﬁarried,out using an 8:10 fatfa
of cupric chloride:substrate, gave the isomeric 2,4-dime-
thy]if-bu;yro1actone in 30% yield. When a 2:10 ratio ﬁas
used the yieid improved siénificant]y to 80%. The infra-
red, nuclear magnetic r’ésonance40 and mass spectra14] da-
ta were in good aqreement with literature values.. Iiéildj/'
gration‘of'thefnuc1ear magnetic resonance spectrum\indil
cated that the cis and trans lactones were present in equal
ampqnts. This was determined by consideration of the num-
ber !protons found between 1,84 and 2,18 ppm; since
on;§9i10 hydrogens frbm the # -position of the trans-iso-
mer aré found in this region, the inteqratioh corresponds
to the presence of‘pne proton; then by looking at the
region 2;35—2,92 ppm, integration revealed the presence 4
of three hydrogens, two from the cis and one from the trans

as should be'found from equal amounts of each .isomer.

d. 4-Penten-1-o01:

4
i -
PAC1,; CuCl,; HC
CH.CH,CH,CH=CH, + CO y
bHZ 2vre 2 0,5 THF; r.t.; 1 atm
) \O y
9
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Onef experiment was run with the unsaturated alcohol
_ 9, using an 8:10 ratio of cupric chloride:substrate gi-
ving the «-methyl-§-valerolactone (10) in 75% yield. The

spectral data had similar characteristics to those of the

—
lactones already described. )
o
e. 5-Hex8n-2-o1:
| }
PACT cuc12; HC1
CH,CHCH,CH,CH=CH, + CO - N
3722 2 . . B ’
OH 02,-THF, r.t.: 1 atm
\ 11
Cuy, CHy
4+
Wt " F\“ ol
12 13

— —_— -

The 2:10 ratio of cupric chloride:substrate was u-
sed in the reaction of 11, affording a 38:62 mixture of
cis (12} and trans (13) -2,5-dimethyl-T¥-valerolactone (50%

]
yield). The proportion of cis and trans isomers was de-

termined by nuclear magnetic resonance spectroscopy42:
the cis-isomer shows a doublet at 1,34 ppm and the trans

at 1,32 ppm, when the relative area were compared the
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~above ratio was obtained. The mass spectral results were
in accord with 11teratuTe-dataqj. - \

From these results, it can be seen that this oxida-
tive—carbonylatjon, which occurs under_mi]d conditions.
is superior to other known metal-catalysed roupes; which
require high temperatures and pressures.A‘F;r example,
the synthesis of d-methyl-lepterIactone is a signifi-

cant improvement when compared to other methods of pre-
5,31,43,44

paration of this lactone

2. Carbonyldtion of Allylic Alcohols:

Attempts to carbonylate a11y1icfa]coh015 usually re-
sults in isomerization to-the corresponding aldehyde Or

other undesirablelreactionsB]’33’35‘?3‘45’46‘47'48.

The-
se methods, when sucessful, require the use of high tem-

peratures and pressures. The présent oxidative-carbony-

' Iation-method yielded lactones, in acceptable to good yields,

as major praducts. Aldehydes were not produced in these
'reactions, the principal by-product being the allylic
chloride probably formed by hydroxide displacement from

the substrate by chloride ion of cupric chloride.

R 7
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a. 2-Buten=1-0l1 (crotyl alcohol): ' .
, .

PdClz; CuC]z; HC1

2CH==CHCH3-1— co " 3
‘ : 02; THF; r.t.; 1 atm

14

: ?H
OH

|ra

The amount of hydrochloric acid was determined from
the following set'of reactions: at 0,5 ml of hydrochlo-
E?c acid, the lactone (2) was isolated in 50% yield; when
the acid concentration was decreased to 0,2 ml, a 5% yield
of 2 wag obtained{'while the yield was 17 using 1/&1
of hydrochloric a(éd (in all instaﬁces, the amount of te-
trahydrofuran'was '0-70 m]j. If water (0,32 m1) is sub- '
stituted for hydrochloric acid, lactone %s formed (20%)
put the reaction is inferior to the use of 0.5 ml of hy-
4d:;:hloric acid. No lactone was obtained if q]ac1a1 ace-
tic acid (O 5 ml) and 3 A mo]ecu]ar 51eves dare employed
for the cyclization reaction.

Tetrakis(acetonitrile)palladium(II) tetrafluorobora-
te can function as a catalyst for the reaction but the
y%e1d of 2 is only 20-28%. Nevertheless the catalytic
system does not require acid. |

When the volume of tetrahydrofuran was reduced to

15-20 ml, a 28% yield of 2 was obtained, while the use
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of half (30-35 m1) of the normal amount of tetrahydro-
furan gave the lactone in mearly the same yield (47%)
as in the optimum conditions.

Sihce ‘'the lactone formed was‘the same as that ob-
tained from the carbonylation of 3-buten-1-0l1. it see-
med conceiva§1e that isomerizapion of the homoallylic
alcohol to crotyl atcohol precéedeﬁ the oxidative cy-
clization reaction. Therefore the reaction of 3-buten-.
1-01 was run under the same experimenialiconditions, ex-
c;B?“that oxygen and carbon monoxide were not present.

No isomerization occured.

“b. Allyl alcohol:

. PdC1,; CuCl,; HCI
?HZCH=CH2 + €O ?
OH 0,5 THE; r.t.; 1 atm
15 16

—_ .

b

Using the usua1,voT:§; of tetrahydrofuran (60-70 ml)

i
I

gave T-bufyro]actone? 16, in only 109 yield-and the con-
it .
version was just 15%. However, decreasing the volume of

/‘—\ V’ - - ) . .
tetrahydrgfuraq_to,30-35 ml, resulted in a signifitant

[
]
*
™
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Aimprovement in the yield of 16 (46%). There was no pro- e
pionaldehyde produced in either case.
The carbonyl -absorption band of‘lg occured in the
infrared at 1775 cm™) in accord with the value reported

37 and the pgroton magnetic resonance spec-

49

in the Titerature

trum also compared to the reference one -, as well as to

f‘ ) .
that of the authentic sample®’. The mass spectrum showed

a base peak at m/e 42, which corresponds to the loss of

3 carbon dioxide from the molecular ion. A gas chromatﬁqraph
‘of the prbduct was then spiked with cdmmerc{al'r-butyro—
lactone (Fluka Chemicals) and one peak was observed. pro-
viding further evidence for the'Qalidity of the structu-

ral assignment.

Al

»

c: 3-Buten-2-01;

PdCTz; CuC12; HC1

N

CH,CHCH=CH, 4+ CO :
36H- 2 02; THF; r.t; 1 a.trﬁ7

— 17 18

When the carbonylation reaction wa$ run uéfng a vo-
lume of 60-70 m1 of tetrahydrofuran. only a 5% yield of
lactone 18 was obtained. It was gratifying to learn that

T-valerolactone could be formed in 70% yield by simply re-
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peating the. reaction in half the volume of tetrahydrofu--
ran. lnferestihg1y, a further decrease in the volume of

tetrahydrofuran to 15-20 mi gaGe unsatisfactory results
[

(25% 18). Finally when the acid was decreased to 0,3 ml,
and the ratio of cupric chloride:substrate increased to

8:10, the lactone 18 was formed in just 15% yield.

{-Valerolactone, 1&, was identified by infraredSI

52

nuclear magnétic resonance and mass spectroscopy. The

latter showed a molecular ioh at m/e 100 and'a base peak

at m/e 56 corresponding to the loss of carbon dioxide.

d. 3-Methyl-2-buten-T-0l:

PdC1,3 CuCl,; HCI
CH,CH=C{CH,),+ CO )
j 2 3’2 ) . . ’
OH | o 055 THF; r.t.s 1 atm
19 ' 20

As inrthe previous_case; reduﬁtion o% the volume of
tetrahydrofuraﬁ in the re;ction resulted in a substantial
improvemeﬁt in yield of the lactone, 20 (1.e..fr0m 15% to
45%). The o,4-dimethyl-Y-butyrolactone was checked for
hurity by gas chromatography and the product was iden-

tified by infrared, proton nuclear magnetic resonance and

A
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mass spectroscopy {(see Table 2).
ﬁ

[+
e. ‘2-Methyl-3-buten-2-01:

L CHy PdC1,; CuCl,; HCI
CH3CCH=CH,+ CO N
OH - o 02; THF;»r.t.; 1 atm
21 . : 22

-
Applications of the usual Feaction conditions to 2-
methy143-buten-2-oﬁ (21) (see Chapter III:Experimental.
. : section 3), gave-4,4-dimethyl-T—butyrolactonel(gg), in
65% yie1d. It was identified by infrared, proton and car-

bon-13 nuclear magnetic resonance as well as mass spec-

- troscopy (see Table 2).

f.: 3-Penten-2-o01: | .

. PACT,5 CuCl,; HCT
CHBCHCH=CHCH3+ CO - _ —)
6H 02; THF; r.t.; 1 atm
.23 -
(LY Chy
+. -
ng ups!

‘f-jf" .
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The cqrbony]ation of this aT]ylic al;oho] was done
as described {(see Chapter IfI:Experimentai. section 3}.
affording a 1:1 mixture of cis- and trans-2.4-dimethyl-
r-butyro15ctdne in 65% yield. The products were identi-

cal to those obtained from 4-penten-2-o0l. -
g. 1l1-Hexen-3-01:

| PACT 3 CuC1é; HC1 '
CH,= CHCHCH,CH,CH, +10 y
OH 02; THF; r.t.; 1 atm &% 0O

24 ' ) 25

Undér the usual conditions (30-35 m1 of tetrahydro-
fdran), 4-n-propy]-'f—butyro]actone (25) was obtained.in
40% yield from-1-hexen-3-01 (24); when the volume of te-
tPahydrbfuran was increased to 40-45 ml. a lower yield |
of' 25 was obtained (23%). The spectral &ata for 25 wé%
re analogous to that for ¥-valerolactone (18) except that
the base peak in the mass speétrum occured at m/e 85.

The latter may arise by loss of the propyl radical'fﬁoﬁ

the molecular ijon.
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h. GCis- and trans-2-hexen-1-o01:

CH 0H< i o . | |
: ‘ Cally
PdC12; CuC12; HC1 Y
UE;IHF; r.t.; | atm

26

+4-co

Little difference was observeg in the oxidative cy-
clization of cis- and trans -hexen-T1-01 to d-n-propyl- .

ﬂ-butyrolactone‘(gg).‘ The cis-isomer, 26, as reactant

afforded 28 in 30% yieldd while the same product was iso-1

lated in 35% yield from the trans-isomer, 27.

N

Since one 1s creanjnq a chxra] center us1nq e1ther

v

1somer of 2-hexen-1-01, it was of 1nterest to det%£m1ne

-whether one could dchieve asymmetr1c 1nduct1on in . the re-
- action. D1ethy1 L tartrate has been used in severa] asynm-

_metric synthes1s including the epox1dat10n of o]ef1n553

54 Consequentlty the oxi-

‘dative-carbonylation of trans—2-hexen;1;01 wa$ repeated

‘in the presence of-fonr equivalents of diethyl-L-tartrate

s ‘ B /

P
¢
L
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sl
(to the;pa]Tadium catalyst), q%Jipg {R)-an-propy]—f-
butyrolactone. Careful purification‘of the latter af-
forded material having a specific rotation of -2.6°
(CHCT33 0.85 ¢/100m1). Optically pure material has a
rotation of -11‘55§ therefore the.lactone was formed
in 24% enantiomeric exé%ss. It was believed from Sharp-

56,57

less work that by using the (L)-tartrate enantio-

mer, the cycltization of thé unsaturated alcohol will
occur from either side of the double-bond; however, the
presence of the tartrate enantiomer will favor one side

to the expense.of the other:

fk

CH,==CHCH,CH, = _
OH ™~
29//.
! 9H
-(')‘,.C'"“H L H—-C““""O
B CH %H ——:EH
CHZI” pd 2 2

- V o . - ' .
Note that while diethyl-L-tatrate is of moderate success . &
in the attainment of asymmetric induction, @-cyclodextrin

is not useful at all.
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i. 2-Methyl-2-nropen-1-o01:

CH3 PdC1,; CuCl.,; HC]

| 2 2

6H ' 0,5THF; r.t.; 1 atm
. 29 - Y

30

The reaction of 2-methyl-2-propen-1-01 (29) was first
effected in 60-70 ml oﬁ{tetrahyérofﬁran and no lactone 30
waé produced. The Tactone was formed in modest yield (]S%)
by use of half of the volume of tetrapydrofuran. A fur-

ther decrease in the amount of tetrahydrofuran (15 ml)

'‘gave 30 in only 5% yield. Therefore it was concluded that

very little B-methyl-¥-butyrolactone (30) coujd be produ-
ced via the carbonvlation of 2-methyl-2-propen-1-0l (29).
J. Ggranip], cinhamyl alcohol and é-buten-1;4—d101:
AtteMbted carbonylation 6f‘qeﬁén101 gave bn]y geranyl
chforide. Similarly, cinnamy]l a1coho1 afforded cinnamyl
chforide and an ﬁnidentified product. It is not clear why
these allyl alcohols fail to react successfully, in con-
trast to the similar sysféms already described. An a]]y:
lic diol, 2-buten-1,4-dio} was recovered unchénqed when

subjected to the usual reaction conditions.



.3. Mechanism: o : -

Now that the'carbbny]ation reactions of different
substrates has been diﬁcussed,.an; how different factors
were varied to obtain good to acceptable yields of pro-
ducts, a mechanism will be proposed\tryinq to take into
account these observations.

" The carbonylation o 3-buten-1-01 (1) will be used
as a model, (see p.35). . i . s

From fhe btgposed mechanism, it can Se seen that
the first step, A, would be palladation of the carbon-
carbon double bond, releasing one of the chloride ions
(as hydroch]or{c acid). However,’this step gives rise
tp gAcomplgx in which palladium has an oxidation number
of one, which fs rarely encountered. Step A does take
into account the fact that acid- is requ??%d for the re-
action or at least the,solution has to be acidic enough
to provide some proton source. oIt was reported that ad-

dition'of more than 0,5 ml of acid would lower the yield

of lactone; maybe this could indicate that there is an

[V
{

equilibrium and that too much acid would shift The eaui-
librium to the left.

The second steo, 5; may involve bond formation be-
tween a carbon of the-doyb]e,bond, the palladium and o; .
- xygen. In the case of a terminal doub1e bond, the for- *

mation of the bond occurs at the non-terminal carbon,
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i.e. following the Markowni}off rule; -except in the ca-
se of terminal a11y11é alcohols, Qhere formation of a
four-membered ring would occur if the bond formation took™
p]acé following the Markownikoff ru]el This would in-
volve too muéh strain on the systemq therefore in this
case,'the.bond-formation‘would'be at the terminal carbon
resu]ting in a five-membered ring lactone For internal
doub]e bouds, format1on of a five- membered r1nq lactone
was also favoured | o i
Add1t10n of carbon mon0x1de to the coord1nat1ve1y
unsaturated complex (step Q) wou1d-occur, followed by
tigand migration (égrbony1 insertion, step D). Ihe lat-
ter is postulated to occur by migration of the palladium
oxygen bond to the.carbony1 carbon,.since recent studies

58 showed.that carbonyl insertion occurs pre- .,

by Bryndza
ferentially between the metal-oxygen bond rather than be-
tween.the'metql-carbon bond, when both are present.

After carbon monoxide insertion, reductive-é11mina-
tion takes place {step E), q1v1nq rise to the lactone
and pa11ad1um (0).

The palladium(Q) is reox1d1zed to palladium{II)

ch10r1de in a similar way to that proposed for the Wa-
59
-

cker process
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pd0+ 2 CuCJz——'—) PACT, + 2 CuCl, -
2 CuCl + 2 HC1 + 3% Up ——2 CuCl, + H,0

A react1on 9ccured when no copper(II) chloride was pre-

sent, 1nd1cat1nq that either the reaction stons after all

~ the pa11ad1um(II) chloride has been consumed (1.e. 10% con-

version) or that the palladium(0) could be reoxidized in

the following way:

Pa®+ 2 HCY 4 3 0y ——— PdCI,+ H,0

Oxygen may be able to reoxidize the pa]]adium(o) tozpal-
lTadium{II) chloride in the presence of aci&. ‘ ’

An alternative pathway to the formation of lactones
is that where;the palladium wodwd-go from an oxidation
number of two to four and back to two., (see p.38).

First there would be palladation of two olefins;
ring closure of one of the unsaturated alcohol 1iaands
would give risg_tp complex b, where pa]]adiﬁm hjs an
oxidation number of four. “Proton transfer from the pal-
lTadium to the terﬁina] carbon of the double bohd, gives
ris:a to complex c. Additic;_n of calrbon monoxide$ to the

unsaturated complex c, would form d; followed by car-
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bonyl insertion into the'pa11adium-deqen bond to re-
generate pa]]adium(fl). Palladium(II) chioride would
then be released:-along with the lactone. '

From the present scheme, it can be seen that hydro-

chloric acid would not play a direct role.in the reaction

but would be necessary to reoxidize the palladium{(C) to

palladium(II), which could arise from other cycles.
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CHAPTER T11
EXPERIMENTAL

"1.General Cbmments:

Infrared spectra were\fecbrded on a Perk{n-ETﬁer 783
spectrometer.. Proton ngnetié Resonance spectra were ta-
‘ken on a Varian EM 360A ot varjén_xL-BOO spectrometer.
with tetfahetﬁyﬂsi]ane (TMS) as theinternai'standafd.
“Carbon-13 Magnetic Resonance spectra were determined on

a Varian XL-300 spectrometer at 75.43 MHz.

Mass spectra were obtained with a VG-7070E mass spec-

a Varian 3400 ang Varian Vista 6000 gas chrbmatoqraphs.
having a flame 1oni§ation detector and hydrogen/air as
the carrier gas.

Starting materials for the carbdny]ation reactions
were obtained froﬁ Aldrich Chemicals Co., é;cept atlyl
alcohol which was purchased ffom Fisher Scientific Co.
and was freshly distilled prior to use.

Tetrahydrofuran {(THF) was dried over sodium and

benzophenone. Palladium(II) chloride was obtained from

Aesar or Strem Chemicals; and copper(Il) chloride was

* trometer. Koutine gas .chromatogrpphy was carried out with___
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‘purchased'from either Aldrich Chemical Co.. or Alfa
Products. Concentrated hydrochloric acid was used
tfrom Fishef Scientific Company. Carbon monoxide and -
oxygen werg_supp]ied by Air Products. ‘
Column chromatography was performed with silica
gel.GQ (E. Mekck A.G., West Germany), and Bio-silica

gel from Bio-Rad Laboratories.

4
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2.Carbonylation of ¥,§- and §,6-Alkenals:
| The following general procedure was u;ed: ca(pon
monoxide was bubbled through dry tetrahydrofuran (fhf)
{80-70 m1), palladium(II) chloride (PdC1,) (0.140 ga;
0,78 mmol) was added, followed by 0,5 ml of coneentrated
hydrochloric acid and copper(Il) chloride (CuC]z) {0.84 q:
- 6,2 mmol was used for 3-buten-1-01 and 4-penten-1-0l;
0,21 g; 1,6 mmol was used in the other cases). Oxygen
bubbling commenced, the substrate (7.8 mmoi) was added
and the reaction mixture was stirred overnight at room
temperature. The solution was filtered aﬁd_the tetra- |
hydrofuran (THF) was removed in vacuo to give the crude
product. .

The followihg particular conditions were used in

the individual cases.

a. 3-Buten-l1-o0l: i

For the reaction of this substrate. the amount of
hydrochloric acfd was varied and 0,5 ml was found to
give the best results. H@én replaced by acetic acid.
no reaction took place. In the absence of copper(Il)
chloride, there was a reaction but a lower yield was
obtained.

After extraction of the crude product with ether,

it was passed through a chromatographic column (silica
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gel 60) (CHC13 as e]uaﬁt); ¢:methyl—f-butyiolactone Was
obtained in 60% yield. -
b. 2-Methyl-3-buten-1-01:

A deérgased in the copper(II) chloride:substrate ra-
tio from 8:10‘to 2:10 resulted in an increase in the yield
from 20 to 43%. When no oxvgen was present, there was no
reaction. ‘

The best result was 45% yield of products consisting
“of a mixture of 33:67 cis:trans-Z,B-dimethy]-f-butyrofac-

tone. The Tactone was purified by fractional distillation.

C. 4-Penten-2-o01: _

The~genera]¥procedure was followed. The isomeric
2,4-dimethyl-¥-butyrolactones were purified by fractio-
nal distillation. An 80% yield was obtained with a 1:1
ratio of cis and trans isomers.

d. 4-Penten-1-01:

The aeneral procedure was anniied. Purification by‘

ether extraction gave a-methyl-¥-valerolactone in 75%

yield.

e. 5-Hexen-2-01: . ‘

'Z,S-bﬁﬁétﬁyl-5-va1er01actone was purif%ed by column
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¢

chromatography using Celite, Bio-Silica and Silica qel

‘ai/ﬁdsdrbents and 3:1/chloroform:ethyl acetate ‘as eluant.

A 50%iyié1d of .isomeric lactones was obtained with

38% being the cis-isomer and 62% the trans-isomer.
] . .

~3.Carbonylation of Allylic Alcohols:

The fo]iowinq general procedure was used:'éarbon
monoxide was bubbled thfouqh ng;ahydrofuran {THF) (%0-
70 m1 for 2-bu£en-1—ol; 30—35 ml for the other cases), -
palladium(II) chloride (D.|40.qf 0.78 mmol) was added
foi]owed by 0.5 mi of concentrated hydrochloric acid and
copper(II) chloride (0.210 g; 1.56 mmol). Oxyden bub-
biing commenced, the allylic a1coho1'(f.8 mmol) .was ad-
ded and the reaction mixture was S%irred overﬁiqht at
room temperature. The solution was filtereg; the tetra-
hydrofuran (THF) was evaporétea in vacuo to yield thé'

crude produgt.
a. 2-Buten-1-o01 (crotyl alcbhol):

When the above procedure was followed, w-methyl-X-
butyrolactone was obtained in 50% yield after TLC puri-

fication (using 3:1/hexane:ether as eluant).

b. Allyl alcohol:

K

1
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‘ The best result was obtained when the volume of
tetrahydrbfuran was decreased to 30-35 ml. The ¥-bu-
tyrolactone was purified by TLC (eluant: 3:1/hexane:

ether) and a 45% yield was found.

c. 3-Buten-2-o01:
The general procedure was followed. The ¥-vale-
rolactone was obtéined.in 70% yield after TLC purifi-

+
cation {eluant: 3:1/hekane:ether).

d. 3-Methyl-2-buten-1-01:
The general pfocedure was followed; a 45% yield
of the shat-dimethyl-¥-butyrolactone was obtained, after

TLC purification (eluant: 3:1/hexane:ether).

r

(/fﬁqu?ﬁMgEEy]-3—buten-2-o1:

The general procedure was followed. 4,4-Dimethyl-
¥-butyrolactone was obtained in 65% yield after TLC pu-
rification {eluant: 3:1/hexane:ether).

{
f. 3-Penten-2-01:

The general procedure was used; 2,4-dimethyl-%¥-
butyrolactone was obtained. in 65%'§ie1d after TLC pu-
rification (e]uant:-3:1/hexane:ether). A 1:1 cis:

trans isomer ratio was found.
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g. 1-Hexen-3-o1:
. The general procedure was used. After TLC purifi-
cation (eluant: 3:1/hexane:ether), 4-n-propyl-¥-buty-

rolactone was obtained in 40% yield.

h. Cis- and trans-2-hexen-1-o1: L
The general procedure was used. drn-PropyT-K—buty-

rolactone was obtained in 30% yie1d from the cis-isomer

and 35% from the trans-isomer; after TLC purification

(eluant: 3:1/hexane:ether).

i. 2-Methyl-2-propen-1-01:

The carbonylation of this allylic alcohol was not
successful; the volume of tetrahydrofuran was varied
and the best result was 154 yield when 30-35-ml of te-

trahydrofuran was used.

j. Geraniol:

There was no carbonylation reaction of this allylic

alcohol under the described procedure.

k. Cinnamyl alcohol: ‘
When this reaction was carried out fo]]owing the

general procedure, Tow GC yields were observed; attempts
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to purify the product were unsuccessful.

4.Carbonylation of 2-Buten-1,4-Diol:

The general procedure of secti?n 3 was followed,

There>was no Tactone formation.

5.Asymmetric Carbonylation of trans-2-Hexen-1-0]:

The same procedure as desgribed in section 3 wa§
followed; after addition of the substrate, 0.65 g
(0.003 mol) of diethyl-L-tartrate was added. |

After TLC purification {eluant: 3:1/hexane:ether).'
;fhe 0btica11y active s~n-propyl-¥-butyrolactone was ob-
tained. The OE}ical rotation was measured éndlkt was
found to be -2.6° (CHC]3; 0.85 g/ 100_m]). Since the
specific rotation of opfiéa1]y'pure (R} 1actggf is -1]“55,
the percent enantiomeric excess is 24%. A.pfoton nuclear
magnetic resorance spectrum of the product was recorded
°us%ng tris-3-[(héptaf]uoropropy] hydroxymethylene)-d-
camphoraéo] ,» europium(IIl) derivative {Aldrich Chemi-
cal Co.), as shift reagent. A‘shift in the position
of the proton at the chiral ceﬁter was observed.

When die

1-L-tartrate was replaced by &-cyclo-
dextwin, no opgical rotation was observed in the lac-

tone formed.
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