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“'ABSTRACT . , ,

0 “ . - D

Acetals were found to be reducible by borane (BH ) in -
tetrahydrofuran and by trimethylamine-borane in acetic acid.
" The borane reduction was first-order in acetal, and approximately
third-order in borane; it apparently proceeded via a carbonium

ion mechanism.
o

Simple aliphatic acetals, when heated with hydrocobalt
tetracarbonyl (HCo(CO)4), gave a complex mixture of products,
but when the acetal carbon atom bore a ?henyl substituent, only
the products of reductive cleavage were obtained. ETMéthoxy—
benzyl alcohol (I) and.p-methoxybenzyl methyl ether (II) bosh
yielded the same products on reduction with HCo(CO) except
that I gave bls-[2 (4*methoxyphenyl)ethyl] ether where II gave
l-methoxy-2-(4-methoxyphenyl )ethane. -Ether formation, which.
also occurs during benzéldehyde reduction, is now explained in
terms of acetal formation and réduqtive\cleavage, both
catalysed by HCo(CO)4. Otherwise, all the new products are
explicable by current knowlﬁgge. . | ) :

-

In reductive cleavage of 1, 34dimethoxyphthalan with
HCo(CO)4, preferential attack occurred on the ring oxygen,
while with borane it occurred on an exo-oxygen. -

n
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On a trouvé que les'acétals sont réduits par le borane
(BHS) dans qutétfahydrofur&mne et pé} le trimé thylamine-borane
dans 1'acidejacéfique. La réduction au borane est de premier 7
ordre pour f'acétal, et approximativement de troisi®me ordre
pour le borane; la réaction parait procéder par un mécanisme
d'ion capponium.' . ‘
; ¥

4

Les acdtals aliphatiques simples, lorsque #hauffés en

_plésenge d thydrure de cobalt 1:fracarbonyle (HCo(CO)4) donnent

un mélange de produits. Cependant lorsque le carbone acétalique
a pou} substituent un groupe phényl, les produits du clivage
réductif sont les seuls obtenus. L'alcool p-méthoxybenzylique
et 1'éther méthyl p-méthoxybenzylique, .lorsque réduits avec
HCo(CO)4, donnent les mémes produits, sauf que 1le premier donne
1'éther bis-2-(4-méthoxyphényl)éthylique et que le second donne
1e‘1-méthoxy—2—(4-méthoxyphényl)éthane. La formation d'éthers,
qui se produirt ausei lors de la réduction du benzaldehyde, e3t -
maintenant expliquée par la formation d'acétals—suivi de
clivages réductifs, les deux phenomeénes étant catalysés par
HCo(CQ)4. Tes connaissances actuelles peuvent expliqugr 1?

formation de tous les autres produits nouveaux, <
4 !

Une attaquelpréférentielleﬁsﬁr 1'oxygeéne du cycle se
produit lors du clivage réductif du 1,3-diméthoxyphthalan avec
HCo(CO)4, alors que la réaction avec le borane, l'attaque. se
fait & 1l'oxygdne exo. '
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CHAPTER 1

INTRODUCTION

w

1.1 General Remarks

A recent search (1) for ; soluble .agent that would
promote the hydrogenolytic cleavage of benzyl ethers has /im
revealed hydrocobalt tetracarbonyl (HCo(CO) ) to be effective
for this purpose (Eq.1.1). When the ether bore a para
substituent, X, which was electron-releasing, e.g. -OMe —
the reaction occurred easily :.t 150—18000, and gave high yjields
(90-100%) -of reduced product., When the X-group was H, very.
little reduction occurred below 200°C,

: ; :
CH—OR (I:H2 o - )
HCo(CO)4 . i
> 4+ ROH
X X

1.1

.
¢ \

The reaction appeared to be specific to etLers of this
type. However, when it was applied to the delignification of
wood*, a process in which the key step is thought to be benzyl
ether cleavage (see Appendix 5), the residual cellulose was
gregtly reduced in molecular weight (as measured by viscosity

and by gel permeation chromatography). J \

. )
* Several publications (2-4) describe the use of cobalt
carbonyl catalysts for the hydrogenolysis of wood or lignin.

w

il
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The work presented here was initiated to examine in
greater detail the reaction of E—methoxybenzyl ethers’with
HCo(CO)4, in order to ascertaln the mechanism of the reductive
cleavage, and thus to permit a choice of conditions which might
minimise the reac¢tion with cellulose. The mechanism of this
reaction with HCo(CO)4 is likely to be similar to that already
proposed for p-methoxybenzyl alecohol (96, 98). A detailed
examination, discussed in Chapter 6, of the products obtained
from this alcohol and from its methyl ether provided confirmatory
evidence for the postulated mechanism. These results soon led

" to the recognition that p-methoxybenzyl ethers are vinylogs of

acetals, and consequently their reduction is a special case of
acete]l reduction. Hence the scope of the werk was broadened at
this point to become a study of the reaction of HCo(CO)4 with
acetals and related compounds,‘

It is worth noting here that the glycosidic links of
cellulose are also acetals, consequently this study has a
bearing both on delignlflcation and on cellulose depolymerisation
by HCo(CO)4 »

N

VWhile the reactions of aliphatic acetals with cataly-
tically generated HCo(CO)4 have been studied before, no-one has
previously pointed out the remarkably different behaviour of
acetals having an o ~phenyl group. This, and the reasons for
it, are discussed in Chapter 4. The realization that HCo(CO)
catalyses both ‘the formation (fast) and reduction (slow) of
acetals has enabled us to propose a solujion to unexplained
observations reported in the literature: | the formatign of

" ethers during the reduction of aldehydes (see 4.6).

It is always difficult to determine the active species
for a catalytic system involving many compoundg_in equilibrium;
cobalt carbonyl catalysts are no exception. The case for

¥*
HCo(CO)4 as the active agent in acetal cleavage is here
. g

*
Or a species readily derived from it under ambient conditions.
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supported by a series of experiments invhich solutions of pure
HCo(CO)4 in organie¢ solvents were employed (Ghapter 5). Used
in stoichiometric amounts, under conditions close to ambient,
this reagent caused reductive cleavages similar to those
obtained under more drastic conditions with catalytic amounts
of cobalt carbonyls.

While pondering the mechanism of the reductive cleavages
mentioned above, an intermediate hydrocobalt tricarbonyl was
considered, and this hypothetical species was noted to be
coordinatively unsatdfated, like borane (BHB)’ This consideration
eventually led to the discovery of the reductive cleavage of
acetals by borane — a completely new reaction of wide applic~
ability, which may prove to have practical advantages uver other
reactions currently used to convert acetals into ethers, As &
this is the most significant diséovery made during the course of
the work it is discussed first, in Chapter 2.

Chapter 7 deals with the behaviour of an aldal —
1,3-dimethoxyphthalan - in both reducing systems, hydrocobalt
tetracarbonyl and borane.

Before proceeding with discussion of the results obtained,
a brief survey of the methods available for acetal synthesis is
pfesented. This is followed By a brief resumé of the préviously
know&\zzztems for reductive clelvage of acetals. The preparation
and p71 rties of diborane are discussed in Chapter 2, those of
hydrocobalt tetracarbonyl in Chapters 4 and 5.

1.2 MNomenclature

Th~ designation 'acetal' is used here not only for
compounds derived from aldehydes, but as a general term
encompassing also ketals and formals (ref.6, p.310). The term
'borane' is used in this work for solutions or compounds of
diborane in which the molecule is considered to be completely
dissociated into BH3 units.




1.3 General Methbﬁs for the Preparation of Acetals

The methods available for acetal synthesis are discussed
in detail in references 5 apd 6.

In the present reééarch most of the starting materials
were prepared by variations of the common procedure whereby a
carbonyl compound is*condensed with an alcohol in the presence
of an acid catalyst. ‘The reaction comprises a series of equi-
libria proceeding first to the hem\acetal, and then, via an
oxocarbonium ion, to the acetal (Eq1.2).

. + ~H.0
R ROH R OH + R OH 2
,>c=o —_ '/C< , it >c< 2 —
R M OR < R OR ~
o +H v »
RO~ ROH R OR + R OR
'>C——OR ~ '\C< y :I—{A '>C< »
R R” “OR < R OR
1.2

Sometimes good yields of acetal result from simply
mixing the reagents (7, 8). Usually, however, some means of
forcing the equilibria to the right must be employed, such as
removal of the water formed in the reaction by means of drying
agents or by azeotropic distillation with benzene or to}uéhe
using a DeanQStark water separator (9). Equilibrium is achieved
rapidly, except for compounds which yield highly destabilized
carbonium ions, e.g. chloral.

When the éarbonyl compound is volatile*, azeotropic
distillation of water cannot be used, and transacetalation is
a useful alternative: an acetal and an alcohol are mixed in
the presence of an acid catalyst, whereupon alcohol interchange
takes place. Removal of the more volatile alcohol by ]
distillation (often as an azeotrope with benzene) can generally

* e voiatility of formaldehyde and acetaldehyde may be
overcome by using the trimeric or polymeric forms.

o
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be achieved without loss of starting acetal, and thus the
reaction is driven to completion (10). The mechanism is simply
the last two equilibria in Equation 1.2. This method of
synthesis is limited by the need for a starting material which —
is an acetal of the required carbonyl compound. '

Orthoesters will convert almost any carbonyl compound
into its acetal (Eq.1.3). This method is most usefulfﬁﬂ?d
producing methyl and ethyl acetals (11), for which the ortho-
egters are commercially available. The acetals so formed may
then be used as starting materials for transacetalation.

’

R + R OR 0
' \C — 0 + HC(OR')S _.ZI_._..» ; \C< + HCé ,
R~ R” Sor ~OR
1.3

Base—catalyé;;‘aoetal formation is successful with
those carbonyl compounds which yield large quantities of hemi-
acetal in alcoholic solution (12). The reaction, an example
of which is shown in Equation 1.4, has been applied so far only
to carbohydrates and to very electron-poor carbonyl groups
(e.g. benzil, ninhydrin and o -halogenated ketones), though it
should also be successful with most simple aldehydes.

AAeC) ’/DH

MeOH (1) OH
(Solvent) (11) Me2804

NO,
1.4
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Other general methods not employed in this work ares

i. Acid-catalysed addition of alcohols (14, 15) or orthoesters
.(16) t® acetylenes in the presence of mercuric ion or BF3;

i1. Acid-catalysed addition of alcohols (17), acetals (18) or
orthoesters (19, 20) to o,B-unsaturated ethers;

1ii. Displacement of an alkoxy group from an orthoester by
H-(diispbutylaluminum hydride) (21) or R-(Grignard or
Reforphtsky reagent) (22, 23);

iv., Alcoholysis of a-halo ethers— a reaction chiefly useful
in carbohydrate chemistry (24);

V. Treatment of a gem~dihalide with an alcohol in the presence
of a strong base (25, 41).

1.4 The Choice of Acetals Studied

Many of the acetals studied were chosen because their
reductive cleavage by the\Li H4-A1013 system had previously
-been investigated (26, 27), and thus they provide a means of
comparing the new reactions with one that is well known. With
two exceptions, cpmpounas capable of cis~-trans isomerism were
avoided, as it seemed poéSible (28) that the results might
depend on the cis—-trans ratio of the mixture.

1.5 A Survey of Methods for the Hydrogénolysis of Acetals

Acetal groups in alkaline media are resistant to most
reagents, including the strongest reducing agents. This -
resistance disappears if one of the oxygen atoms of the acetal
becomes positively charged, either by protonation or by Lewis
acid attack. e

Table 1.1 shows the published methods for homogeneous
hydrogenolysis of acetals. ZExcept for Entries 5 and 8, all ;
yields of reduced product — i.e. ether — are reported to be
good (70% or over). , “.
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The active species of the "mixed hydride"; reagents,
Entries 3 and 4, are thought to be a‘hydridoaluminum chloride
(37, 38) and a hydridoboron fluoride (34) respectively.

It is quite surprising that borane has not been tried
before; its efficacy is certainly suggested by Entries 2 to 7
in Table 1.1. Indeed the system used by Pettit and Dias
(Entry 5) to reduce hemiacetal 1 (R=OH) to the ethegil (R=H)
and acetal 2 (R=OMe) to ether 2 (R=H) — yields 44% and 47%

g
¥
)

respectively — may possibly proceed via borane; though more
likely a hydridoboron fluoride is involved. (Jones (36) has
shown that the reduction of alicyclic ketones by trimethylamine-
boxane/excess boron trifluoride mixture does not involve borane.
The latter gives a quite different axial-equatorial product
distribution.)

A number of patents (130-133) describe the cleavage of
simple aliphatic acetals by HCo(CO) The products are
complicated by a concomitant hydroformylation reaction and
further discussion is therefore reserved until Chapter 4.

While there are no reported homogeneous cleavages of
acetals by other transition-metal catalysts akin to HCo(CO)4,
acetal hydrogenolysis by heterogeneous catalysis is well-known.
For example, acetals(of benzaldehyde (39, 40) and of benzo-
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phenone (41), are readily reduced by hydrogen in the presence
of nickel gnd palladium catalysts. The stability of warious
$ugar acetals to hydrogenolysis has been reviewed by de Belder
(42), who noted that whereas benzylidene groups are vulnerable
to hyhrogenolysis in the presence of a palladium catalyst,
isopropylidene, cyclohexylidene, ethylidene and methylidene
acetals are not affected., Isopropylidene acetals. can be
hydrogenclysed under vigorous. conditions in the presence of a
copper chromite catalyst (43). ' :

Ketals haviﬁg B-hydrogens are readily reduced under »
mild conditions in tbe?presence of acids and a rhodium catalyst
(44). However this réaction proceeds yia the o,B-unsaturated
ether and is consequently an -~lefin reduction rather than the
reductive cleavage of an acetal (Eq.l.5).

+
R,CH-CH(OR ) —ZEQEA; R,C=CHOR *———Eg—;ﬂh-R CHCH,OR
27T 2 ~ 27 Rh 2 2 \

1.5

R
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TABLE 1.1

Reagents Available for Homogeneous

] Hydrogenation of Acetals

[

4 Postulated |
Entry Reagent Active Conditions Reference
# Species -
1 | Triethylsilane Ambient 29
+Znﬁ12 _
2 Decaborane 120-130° 30
3 LiA1H4~Alcl3 A1HC1,, Ambient - 27, 28,
A1H201 31, 32
4 . LiA1H4-BF3 BHFZ, BHZF Ambient 33, 34
¢ = ‘
5 ' NaBH,-Excess BF, Ambient 35
6 Diisobutyl- Ambient 21
aluminum hydride . to 80°
T Aluminum hydride Ambient, 37
0
8 C02(CO)8/H2/CO H(Jo(co)4 110-~200°,

100-~1000 Atm. 130+133
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- CHAPTER 2 a

THE REDUCTIVE CLEAVAGE OF ACETALS

3)

2.1 Introduction .

v
[ < 4

The reductive cleavage of:acetals by borane QBH )
discovered in the course of this mork, may prove to have

practical advantages over prev;?dsly known methods of reducing
acetals to éthers. Borane solu%ions in tetrahydrofuran (THF),
readily available commercially, are stable when kept oold over
long periods of time, and thus no preparation 1s required .
The boric acid prpduct’obtained after- hydroly31s at the end of
the reaction is réadi}y'xémoved by extraction y;th water, or

K

by volatilisation as trimethyl borate. This procedure contrasts
with mixed hydride systems containing aluminum, where either
dilute acid must be used to decompose the aluminum complexes,
or, if water is used, the aluminum hyd;oxide must be removed

by filtration. Borane is, moreover, a milder, more selective
réducing agent than mixed hydrides. For example, carbon-
halogén+ bonds, cleaved by mixed hydrides, are stable to borane

(53). .

*
Consider Table 2.1 which shows the wide range of

applicability of borane for reducing acetals. In each of the
experlments\described an excess of borane was' used, and the
conditions: %ere adjusted so that the reaction went to -
completion. Yields of ethers and hydroxyethers were good, with
two exceptions: acetophenone diethyl ketal (Expt.2), from

4+ =
Trimethylamine~borane. (MezN-BHz), also found to be effective
for reducing reactive acetals ahen employed in acetic acid
solution (Chapter 3), is a crystalline solid stable towards
water. In certain reactions it may prove even more convenient.

c
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TABLE 2.1
Reductive Cleav‘%ge of Simple Acetals and Ketsgls

™ with Borane

p

E}’ Compound Reduced $.\ Product ’ifld' Reaction Time,®

A R % Hours by
1 CHCH(OMe), ;,:W" CgH, CH,OMe 992, (90)¢ 24"

8. T ‘
2 CgH, C(0Et) Me “~- CHgCH(OEIMe 402, (35) 1f
a
3 (Me),C(0C,Bg-n), Me,,CHOC , Hg-n 56 - 48
v o I3 - ‘O‘
O B _

‘ B

\ o 0CH, CH ol 90°, (80) 15 (at 35°)

be
CHgCH,OCH, CH,QH 94, (85)

* CH 0 .
6 i > HeCH,0(CH,) 6%, (92)
C CH,0(CH, ),0H 96~, (92 40
. 8 No— 6H5CH0(CHy )5
i
7 <Z:] . MeOCH,CH,OH 16209 - ‘ 24 (at 57°)

P

(a) Yields obtained by gas chromatographic analysis (25%) of the crude reaction mixture
after excess boraneé was decompoied. %b) By g.l.c. 1nalysis of the ether extract. ‘
{¢) Figures in parentnesis represent yields obtained after distillaticnm, (a) 78%

- starting material remains, fe) At ambient temperature unless otherwise stated.
(f) Reaction mixture became hot (50°) immediately after mixing. Mixing at -73°C and

allowing to-warm slowly to ambtient temperature did not produce better yjelds.

“
£

¢
)
»
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which a large amount of non-distillable oily residue was
obtained, and 1,3-dioxolane (Expt.7) in which the acetal
(concentration 0,67M) apparently did not compete well with the -
THF solvent . ’

For discussion of the details of acetal cleavage by
bofane, this chapter is divided into two main sections; the
first (2.4) concerns the organic chemistry of acetal cleavage,
the second (2.5) deals with the behaviour of the borgne part
of the borane-acetal complex., Initially, however, it is useful
to summarize the preparation and relevant chemistry bf the
borane reagent.

2.2 The Nature and Preparation of "Borane in Tetrahyd..ofuran"”

tbarane (BZH6) is a gas which is spontaneously
inflammable in air, and consequently is difficult to handle in
routine organic reactions. It is only slightly soluble in
common hydrocarbon and ether golvents, with one exception: it
dissolves readily in THF, where it evidently exists as the ’
addition compound 3 (50, 51). ‘

’ Oo—»aﬂ3
3

B

A

. /’§9luiions of borane (BH3) in THF are prepared by
treating/'sodium borohydride in diglyme with boron trifluoride
etheraté\gn asging the BZH6 gas, generated according to
Equation 2v3, into T&E (52).

)

-

* he reaction of borane with THF at elevated temperatures has
been studied previously (45, 49). On addition of water to
the product of Expt.7, no hydrogen was evolved. G.l.c. of
the product showed several peaks besides those of starting
material and methyl cellosolve; one of them was due to
n-butanol, presumably formed by reductive ¢leavage of THF (49).
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3NaBH, + 4BF5; = ZB?_HG’ + 3NaBF,
2.1

Alternatively, a suSpension of sodium borohydride in THF
is treated with the requisite amount of boron trifluoride etherate,
and the precipitated sodium borofluoride is filtered off.

2.3 Carbon-Oxygen Bond Cleavage by Borane in THF

The cleavage of C-0 bonds by borane in THF is a well
established phenomenon. It occurs, for example, during the
* \
following reductions :

a) carboxylic acids (46-48),. esters (45, 46) and lactones (46)
to alcohols, |

b) hindered esters and lactones to ethers (35),

¢c) amides to amines (53-55),

d) epoxides to alcohols (45, 56),

e) cleavage of THF to n-butanol, and l-methyltetrahydrofuran
to 2-pentanol (49),

f) p-dimethylaminobenzaldehyde and p-anisyl cyclopropyl ketone
to hydrocarbons (57),

g) xanthol’and xanthone tq xanthede (58, 59), benzanthrone to
benzanthrene (59), and benzhydrol to diphenylmethane (59).

Long and Freeguard (60) have reported that borane could be
made to cleave ethers by addition of iodine:

6PhOMe + 3I,#ByH;  —= 2B(OPh); + 6Mel + 332f

The iodine was rapidly decolourised and hydrogen was evolved.
Bromine reacted similarly. It seems likely that these
cleavages are actually reactions of BIz and BBrz. Certainly,
BBrz is well known for its cleavage of ethers y;elding, as
above, alkyl halide and borate (61, 62). —

-
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H

Of these examples, acetal cleavage most closely
resembles the tetrahydrofuran reductions in example (e). These .
reductions were accomplished by heating the reagents at 60° in
a sealed tube for 2 to 3 days. The author (49) did not propose
a mechanism for the reduction.

2.4 The Organic Chemistry of Acetal Cleavage by Borane -~

2.4.1 Modification of the Acetal Structure : Its. Effect on
the Rate and Position of Cleavage

i) The Effect of Substituents at C, and at ¢, on the Reaction
Rate. i )

( The relative rates of reductive cleavage of pairs of
cyclic acetals having different substituents were compared by
competitive reactions in which a mixture of two acetals (10mmol
of each) was added to an excess of 1M borane ja THF (see Table
2.2)., After a short interval, the reaction was stopped and the
products were hydrolysed by adding sodium carbonafé solution.
Gas chromatographic analysis of an ether extract of\the mixture
indicated the extent of reduction of each acetal. %&e rates, of
reduction of the two acetals should be directly proportional to
the amownts of reduction products formed, with the following

provisos (27):
a) the acetal molecule must participate in the rate-determining
step,

b) the extent of reduction must be small so that the acetal
concentration remains praétically constant,

¢c) the reduction step must be irreversible,
d) 1little or no product must be lost by further reaction,

The first pfoviso is shown to be fulfilled in Section
2.5, and point (d) is satisfied by the good yields of product
obtained. While there is no evidence for (c), oxidation of an
etheryin an excess of borane 1is ha;d¢¥o envisége.
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TABLE 2.2

Competitive Reduction of Acetals ﬁy Borane in THES

c

ToCat
poo T Product:
Expt. " Formed, Reaction
No. Substrate mmo 1 Time, min.
5 C6H5 O~—5 , ;
8 >< :I (4) 0.31,0.31° 20
H o7 *
. 06H5 0 .
9 '(«,,,Me (_5_) 2.3,2.4 20
\. H O -
- Me
Me 0
(a) >< 1 (6) 0.22
Me 0 M .
10 and e 35
Me 0 )
{b) >< 1 () 0.025 )
" Mé o
CH201
C6H5 0 z.
(a) >< (4) 1.2
H 0
Pt and 35
‘ Me 0 ' .
~ (b) >< 1 (6) 0.24
’ Me 0 Me

a) A mixture of two acetals (10 mmol of each) and 3ml of THF was
added to 45ml ‘of approximately 1M borane in THF at O°C,

b) Analysis of the products of competitive reduction wad not
possible in this case, so separate experiments were conducted
simultaneously under identical, conditions.

to reduce the reaction rate.

c) Duplicate experiments; borane solution diluted to about 0.8M
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Table 2.2 shows the results of competitive reductions
of pairs of acetals with different substituents at C4 and 02.

Substitution of two methyl groups at C4 on 2-phenyl-
1,%-dioxolafie increases the rate of cleavave of the acetal about
seven fold (Experiments 8 and 9) On the other hand,
substitution of an electron-withdrawing group -at 04 has the
reverse effect (Experiment 10). The two acetals 6 and 7 in
this experiment were chosen to be sterically very similar, but
,to have substituents with opposite inductive effects.

The activating effect of phenyl or pentamethylene
substituents at 02 is apparent from the conditions required for
completion of reduction in Experiments 4, 5 and 7 (Table 2.1).
Moreover, Experiment 11 (Table 2.2) shows that 2-phenyl-
1,3-dioxolane (4) reacts faster than 2,2,4-trimethyl-i,3-
dioxolane (6). Since the effect of a methyl group at Cy is
activating, a phenyl substituent at 02 must be more activating
than two methyl groups.

In summary, the presence at Cé or 04 of electron-
donating substituents speeds the reaction; phenyl substituents
at C, also”speed the reaction, whereas an electron-withdrawing
substituent at 04 slows the Teaction.

* ’ ]
A competitive reduction of 4 and 5 was not possible owing to

overlapping peaks on the gas chromatogram. Separate
experiments (Ex.8 and 9) were therefore conducted
simultaneously under identical conditions.

*x In support of their carbonium-ior mechanism for mixed hydride
reduction of acetals, Leggetter and Brown (27) compared their

' results with those of Kreevoy and Taft (63) who had studied

.the rate of acid~catalysed hydrolysis for a variety of simple
Co-substituted acetals. Generally similar trends were present,
but there is an unexplained discrepancy: KXreevoy and Taft
found two methyl substituents at C» to be more powerfully
activating than a phenyl group, Leggetter and Brown fouund the
reverse order — as is also found here with borame reduction.
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ii) The Effect of Substituents at C, on the Direction of
Cleavage ,

Table 2.3 illustrates how some substituents at C4 on the
dioxane and dioxolane rings influence the position of cleavage.’
The resu}ts presented in Tables 2.1, 2.2 and 2.3 are all ‘g
strikiné%}-similar to those obtained by other workers (26, 27)
with the LiA1H4-A1C13 reagent, and indicate that the course of
borane cleavage may closely resemble the oxocarbonium-ion
mechanism postulated for the mixed hydride reagent.

- Preferential attack of borane at O; of the dioxane 'and
dioxolane rings to give the most stabilized oxocarbonium ion
(Scheme 2.1) would explain the results of Experiments 12, 13
and 15 (Table 2.3),

The ‘cleavage of the 02—03 bond which predomirnated in the
reduction of 2,2-dimethyl-4-chloromethyl-1,3-dioxolane (7)
(Exp%riment 16) is explicable by noting that the inductive effect
of the substituent at C4 is opposite to that of the corresponding
substituents in the previous examples. Under the influence of an
electron-éttracting group, tle most stable carbonium ion would be
obtained, as illustrated in Scheme 2.2, by preferential borane
attack at 03. Thus it appears that electronic factors control
the direction of cleavage — at least when steric hindrance is
not extreme — for, had steric factors been important in the
reaction of 7, the preferred attack would have been at 01, as in
Experiment 151 but the preference would have been even greater
because of the bulk of the chlorine atom near 03.

The very small influeéence observed here of a phenyl group
at C4 (Experiment 14) has also been noted in the mixed hydride
reactions (27).

Overall, the results presented in this section provide
strong evidence for the intermediacy of an oxocarbonium ion in
acetal cleavage by borane.

LA ol
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Table 2.3 Reductive cleavage of C4—subst1tuted dioxanes and dioxolanes

Compound
Reduced

Total Recovery
of Product, %

o =

rodudts nYield,c])
Obtaingd %

12

14

15

16

CH <o
) b)ii
HO, N0
y

=
{9

C6H5
Ma { 0
‘::::L\ 6
Me .° C
y Me
Me I 0
. \ 7
Me 7
A\ M
y CiLC1

~ I'e Nt ’
LGHSUPZLyLAHZCHzﬂH

(cleavage at x)

. — .
C6H5CH20L“2CJZEZOH

(cleavage at y)

le

C6HSCH20§CH20H
Me

(cleavage at x)

Me

C6H5CH20CH258H

(cleavage‘at y)

C_H_GHCH,OH
6 56ipr?

(cleavage at x)
gH
CH CHCH,0-1Pr

(cleavage at y)

le

APTOCHCH,,0H

(cleavage at x)
Me
1PrOCH,,CHOH

(cleavage at y)

CH_CL
1PrOCHCH, OH
(cleavage at x)

?HzCl
iPTOCH CHOY

(cleavave at y)
W™

1

97

58

20

15

(€3]
(WA

92

89

83

75

(1) The percentage of ‘the isolated reduction
(tertiarv) alenhnl

Ae analiwread ey

product that is primary or secondary -«

P P T T
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X+ hy
‘ R o R”I v—-—-—
: Rﬂ
\a/ \B/
& "l
R “=~(CH,), . =(CH,),
2] \___04_'R’” @ R"’
R @ Rll R: Rll
SCHEME 2.1
’
Me O g’ o
T+ b =
Me O CHCI
I
Me ® Me ®
/—-"—o 0
. Me 11: Me j\
. /o Hzc| /0 CHZCl
' B
B /N

SCHEME 2.2

* I. REDUCTION

o)
Hy
R' 20
O 05(CH,),
Rl” D ——
R Co "
R¥ '
PREFERRED ATTACK
RII
I.REDUCTION i
210 RBCHOC;(CHz)nOH_
Rlll
MAJOR PRODUCT
Me. (0
Xo 1. —
@ .
Me k»? CH,Cl
BH :
°° ,
PREFERRED ATTACK
OH

]
= (Ma)a CHOCH,CHCHCI
2.H,0

MAJOR PRODUCT
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[
2.5 The Behaviour of the Borane Moiety during Acetal Cleavage

Y)
The behaviour of the borane moiety during acetal cleavage

may be visualised by considering that as the C-0 bond breaks
(Scheme 2.3), the boron atom receives a greater share of the
electrons from the hitherto wstrongly polarized 0-B bond, and
thus tends to become an alkoxyborohydride ion. I%t is unlikely,

Scheme 2.3

however, that such a species could exist uncoordinated in the
presence of excess borane, for Brown* has observed that boro-
hydride ion reacts with diborane in diglyme solution to give a
complex ion, B2 7 Since alkoxyborohyiride ions are more
powerful nucleophiles than borohydride » one expects reduction _
of borane by ROBH3 gpecies to proceed’to a greater extent than
reduction by BH4". ]

During acetal cleavage, Bnergetically favourable complex
formation (or, complete hydride transfer) between the incipient
alkoxyborohydride ion and neighbouring borane molecules can be
anticipated. Since complex borohydride ion formation will -
.reduce the overall activation energy for C-0 cleavage, it is
likely that the two processes will octur simultanepusly. The
observations presented in the féllowing section provide
evidence for this hypothesis. : /{

~

Reference 46, page 86
Reference 46, page 246.
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2.5.1 Xinetic Studies of the Reaction between Acetals and
Borane in THF

Two acetals, one simple (benzaldehyde dimethylacetal) and
one cyclic (2-phenyl-1,3-dioxolane), were chosen to exemplify the
kinetics of the reaction between acetals and borane in THF, The
procedure used for benzaldehyde dimethylacetal was as follows:
standard dilutions of borane taken from a stock solution (1.15M)
were made with dry THF. When the solution had equilibrated in a
constant temperature bath for a few minutes, sufficient acetal
wag added to bring the concentration to 0.,025M. The ratio of
borane to acetal was deliberately made as high as possible so
that the concentration of the former would be virtually constant
throughout the reaction, thus simplifying the kinetics by
reducing the rate Equation 2.1 to Equation 2.2 (pseudo first-
order conditions).

d(Product) _ Xk [acetal] ™ [BE;]"  , ;

dt
d(Product) _ k pqq [acetal] ™ 5 o
at - '
n

§ After fixed time intervals samples of the reaction
mixture were removed, quenched by addition of aqueous sodium
carbonate, and the organic material was analysed by g.l.é. The
experimental points are plotted out as curves in Fig.2.l.

Many more points at longer times were obtained for the two lower
curves. Fig.2.2 shows the same results plotted according to
the integrated first-order equation: )

1 A

Kovsa = ¢ 198, I=x

2.4



o] LBHz)=1I5M [BH31=0.95M [BH31=0.75M
- o O O—0
O () @, .
9 q . (BH31-060M
. Q) O
© .
E gl [f A e 0
£
' @
7
:8) [~ A O - ’
x
a 6~ 6 A O O
QL
> O
(@)
— ()
2 54 .
< ° [BH,1:0.40M
£ §12040
oY d ®
3 ®
. 1O
()
2 d £ [BH3)=0.30M
() .
O
'
{
Ok | | | I | I | I |

O 20 40 60 80 1I00 120 140 160 180
TIME , min

Fig.2.1 The redictive cleavage of gcH(OMe), (10 mmol ) \with
borane in THF at 17°C.
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Fig.2.2 Pseudo first-order plot for the reaction of @#CH(OMe ), with borane in THF.
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' 1ife periods shown in Table 2.4, A log-log plot of k
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=

where A is the initial acetal concentration and x is the
product concentration at time t*.

The majority of the experimental points lie very close to
gtraight lines of zero intercebt and we may”conclude that the
reduction is first-order in acetal. Towards the end of the
reaction the plots exhibit a 3light tendency to Zero order.

s E/The slopes of the pseudo-first-order graphs..yielded the
rate constants kobsd' The dramatic effect of reducing the borane
concenﬁration can be seen from the values of kobsd and the half-

’ obsd Lersus

borane conceéntration yielded the graph shown in Fig.2.3 — a
straight line of slope 2. 9**, This is the value of n (Eq.2.3). ,
Tae y intercept of the graph rielded a k value of ~ ?
5.4 x 10~ =2 min -1 mole” '9. The valués for the rate constant k
given in Table 2.4 were calculated from Equation 2.3 using
n=2.9,. y

Thus, within error limits, the reductive cleavage of
benzaldehyde dimethylacetalrappeared to be third-order in borane.
Such a high order in borane was uhexpected, and further
éxperiments were therefore initiated to check this observation.
This time aﬁfresh batch of borane and a different acetal, .
2-phenyl-1,3-dioxolane (4), were employed. After cleavage and
hydrolysis, this acetal yields an alcohol which gives a slightly
tailing peak in the gas chromatograph, causing some difficulty
in analysing very small amounts of product. For this reason iéﬁ
was necessary to work with higher (0.208M) concentrations of -
acktal. Since the borane was no longer in large excess, pseudo
first-order conditions did not -obtain; therefore, the initial
reaction rate was used to determine the order of reaction.
Table 2.5‘shows the initial rates over the region zero to 0.5mmol

For a discussion of the methods of determining the ordsr of a
reaction see ref.65.

A slope of 2.91 was calculated by the least squares method; -
standard error around the fitted line = 0.058. ///

o~

* %

k)



Rates of Reduction of 0.025M Benzaldehyde

TABLE 2.4

Dimethylacetal by Borane in THF at 17°

o

”Borggi Conec. Half-1life, Obfg’ _lk' _2.9

M min. . e min ~min © mole ~°
: | L

oy 1415 9 0.079 5.7 x 10
0.95 14 0.049 5.7 x 10~2
0.75 - 30 ¢+ 0.023 5.3 %1072
0.60 57 . 0.012 5.3 x 1072

( :

’ 2

0.40 200 0.0835 5.0 x 10™
0.30 400 0.0017 5.7 x 1072




.- 26 -

3 b1 2.5
Rates 6f eduction of 0.208M
2-Ppenyl-1,3-dioxolane (4) by Borane in THF at 0° /
/
Time taken to form **  dx
B°ran§ Cone., 0.5 mmol. Product, ' Init;;§1§;f§ » d¢’
At, min. :
1.15" . 6 * 0.085
0.95 “ 10 0.052
i
0.75 . 19 0.026
0.60 . 33 . 0.015
A
0.40 117 0.0043
0.30 243 0.0020
7

The nominal concentration of the stock solution from which
accurate dilutions were made. -

*% :
An approximation made here is that over the range 0~0,.5mmol
reacted Ax _ dx

At T dt
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Fig.2.3 A log-log plot of the pseudo first-order rate constant -
against borane concentration.
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22 SLOPE = 2.8
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Fig.2.4 A log-log graph<of the initial reaction rate versus
borane concentration for 2-phenyl-l,3-dioxolane
reduction.
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Fig.2.5 A log-log graph of the initial reaction rate versus
borane concentration for the reduction of redistilled
2-phenyl-1l,3~dioxolane. ]
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. : : K
of product formed (5% of total reaction), and Fig.2.:4 shows the
graph of log, (initial rate) versus log, [BH3]. The slope of
2.8" agrees well with that found for benzaldehyde dimethylacetal.
As a dohple check, some of these experiments were repeated using
redistilled acetal and a third batch of borane in THF. The
results gave a loge (initial rate) versus 1oge [BHi] graph of
slope 2,7°% (Fig.2.5).

2.5.2 The Mechanistic Impliéétions of ‘the Observed Kinetics

How can the observed kinetics — particularly the high
order in borane — be explained? It was mentioned at the
beginning of Section 2.5 that the transition state for acetal
vleavage might involve more {han one borane moiety***. To
understand more clearly how this could occur, it is useful to

examine the known chemistry of simple borohydride  anions.

' Metal hydrides reduce diborane to borohydride (Eq.2.5),

o Mt~ + By, —» 2 M+BH4

v - i 2.5
1 ‘ ~‘-
.but in an ether solvént with an excess of diborane further
reaction occurs (66) (Eq.2.6)****. - ~
+ - $ooe <
M BH4 + 5B2H6-———>- M B2H7

2.6

»*

Calculated slope; 2.80, standard error; 0.045.

%
Calculated slope; 2.73, standard error; 0.12 — within
error limits these slopes are the same.

* 92 .

Klein and Dunkelblum (64) found the reduction of carbonyl
groups to be 3/2 order in 'BoHg' (THF solution) ~— thus
showing this reduction to be much more complex tham, the
originally proposed internal hydride transfer by a single
borane-unit (46).

N

N ' ? ?
The ion B,H, has been formulated H——?~-~H--»?——H (67)
) H H

and is thought also to be bound to the solvent (68),
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The overall equation. of the reaction then becomes:

+. + -
207 ”
Alkoxyborohydride ions are more powerful hyd“ide donors

\
| than BH, owing to the availability of p7-pT double|bonding in
i
|

the alkoxyborane 8 resulting from hydride donation (46) (Eq.2.8).

i

| . = -H . + =
- . ROBH, — =% » RO-BH, == R-0-BH,

8 2.8

would react as in Equation 2.9, which is analogous to
2.7. ‘
ROBH3 + BZH6 —_— ROBH2 + B2H7
2.9

i

The_,reaction shown in Equation .9 would bve energetically
favourable, since even BH4 will reduce borane to BZH7 . If
this reaction occurs concomitantly with C-0 cleavage of an
acetal (Eq.2.10) the overall activation energy will be reduced
becausge instead of a high energy alkoxyborohydride ion resulting

from cleavage, a much lower energy species f--B2§7_ will be
formed.

4 -
BH3 ‘ BH2

><j to2BHy— >\\>+327

‘ Let us examine this possibility in greater detail. The
BH4 reduction of borane has been formulated as 1p Equation 2.11,

Ewd

4
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| 1
|
‘

- writing B'2H7— as a- singly hydrogen-bridged ion 267).

2.11°

By analogy with Equation 2.11, alkoxyborozhydride
<~ yeduction will first yield complex ion 9 (Egq.2.12).

S ool
H—————Ils—-—H + BHB———-—-»H——I'B---H---I{—H
OR OR H
9
| ‘ - 2.12
; ~ It seems 1likely, however, that in the presence of excess
|

borane further reaction will occur (Eq.2.13) to yield an alkoxy-
vorane (which is stabilised by pn-pm bonding) and 13237" (the
most stable borohydride anion under these conditions).

S ©
H. H H H H .H
Lo )y _ I I
H————s?o . ‘H' 3 '?-—-——-H + ?-——-——H e, H-—-——lB| + H———-—Bo . .H. . o?-——-—H
(or H H +OR B H
9 , 2.13

¥

If we now apply these ideas to acetal cleavage, we

obtain Equation 2.14 (which’ is simply an expansion of Eq.2.10).
8

]



H H
- . - I © ¥
_ ?H3 , H——Els---H---lls—H
X3 = X J =
- ~
(@) ) / O o ,
‘ : COMPLEX 10
6\)"5
® ' '
I !
H—B---H---B ---H---B—H BH,
I I ! I
.O H H O+ fi‘ © "I‘l
>@ j — >\\ ) + H—B--H--B—H
0 ®>o Ho 4
TRANSITION STATE 2.14 -

So far the argument is spéculative, but the literature
does contain some analogies.' In order to explain the equivalence
of. the protons observed in 11B n.m.r. spectra of B2H6 in diethyl

ether and in diglyme, Gaines (69) has postulated the existence
of species 1ll.

oy
H—3B-++H-+B—H

P ' ’
/ A\ H
R* ™R
Al
Infra-red studies (70) have shown that S-membered,

.2-substituted acetals have similar basicities to diglyme;
consequently, if species 11 forms in diglyme, complex 10 can be
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expected in acetal-borane mixtures. Obviously, however, when
the more basic THF is also present, the concentration of 10
will be small.

The second analogy, though a little more remote, concerns
the transition state. Addition of diborane to excess base (1)
at low temperatures causes unsymmetrical cleavage via a singly
hydrogen-bridged intermediate 12 (71) (Eq.2.15).

H © =
| | L + -
BH, + L ———»H——],B--'H-'-]?———-H —— BH,L, + BH,
Lt H _
12 2.15

—

The second step presumably involves attack of a second

. molecule of base upon the intermediate 12 as in Equation 2.16,

electron donation to boron displacing a BH4 ion

R i
H~—3B+++He+B—H ——» H—B—1L" + BH,

I 4
L:—//ﬁ L+ A £+
12

Now compare the proposed mechanism of acetal cleavage
(Eq.2.17):

2.16

S P
N - -
H’—_BO . -H- . o|B -———?"‘ ?"—"H ———ne H—"ﬁ + BZH-,
|
.0t H H . ot
-7\ \ .
R y R 2.17

Here, it is pn-pm bond formation (rather than a second
base molecule) which displaces the borohydride ion. In the
presence of excess borane, B2H7 would be more readily formed
than BH4 . Otherwise the reactions are analogous.
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A final analogy concerns the hydride exchange between
32H7_ and B2H6 which is known from n.m.r. observations to be
rapid at room temperature (69). This exchange must pass through
a transition state similar to that shown in Equation 2.14.

Thus, insofar as the reactions described here are
generally applicable, they explain how the reduction of acetals
can be third-order in borane.

It 18 not clear at present whgther the orders 2.9 and
2.8 in borane found here represent third-order reactions within
experimental error, or whether perhaps there is a contribution
from a transition state involving only two borane molecules,
e.g. 13. If some acetal were cleaved vig transition state 13,
the’observed order in borane ~ould obviously be less than 3.0.

©

X

.
~

BH. ™ "BH

2.5.3 The Reaction of Borane with Excess Acetal

In this experiment the tables were turned — an excess
of acetal, not borane, was employed. Thus, from the yield of
reduced product it is possible to determine whether all three
hydrogqns of borane are available for acetal reduction*. The
analysis results revealed that for every available hydrogen
atom'initially present in the borane solution, one molecule of

* .
Brown and Korytnyk (48) have shown that the third hydrogen
of borane reacts very slowly with ketones and nitriles.

-
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acetal was reduced to ether after 18 hours at 30° *,
Consequently, under these conditions, all three hydrogens of
borane are avallable, for acetal reduction.

2.6 ‘Selec%ivity in Borane Reductions

In reference 46, page 250, H.C. Brown states:
"....carboxylic acid and aldehyde groups possess reactivities
that would be competitive with the hydroboration reaction.
Fortunately ... aldehyde groups can be protected as the acetals."

It 18 clear from the work presented in this thesis that
this protection will not be complete ﬁnder all experimental
conditions. However, it Qill generally be eésy to effect
gelective hydroborations on molecules posse%sing both olefinic
double bonds and acetal groups ﬁrovided that low temperatures
are employed and an excess of borane is avoided. The rate of
hydroboration is immeasurably fast even at tempera%gres below
zero, whereas cyclic acetal cleavage requires hours at 30—50o
for completion. Sélectivity could be further improved by using
dilute THF solutions, since acetal reduction is close to third-
order in borane and hydroboration of oclefins is first-order in
diborane (64).

Descriptions of such -selective reductions are to bde
found in the literature. For example, Lehmann (72) has been
successful in the hydroboration of cafbohydrate derivatives
having a double bond and isopropylidene groups. He employed
a slight excess of boran€ for two hours at room temperature., ="
Likewise hydroboration of unsaturated steroids has been
accomplished when ketal groups, were present (73).

Carboxylic acid groups are also extremely reactive to
borane (46, 48) and gselective reduction in presence of acetals
should present no problem. However, no generalisations can be

|

* Details are given in 8.2.3.

\o
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made for more slowly reacting groups like nitriles, epoxiéps
and esters. For these compounds, selective reduction in the
presence of acetals will depend on 'the particular structures

.-
concerned.
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CHAPTER 3

’

TRYMETHYLAMINE-BORANE AS A REDUCING AGENT
; _ FOR ACETALS . —

3.1 Intfoduction

' TPrimethylamine-borane (74) is one of a series of
amine-borane complexes whose properties resemble those of
borohydrides rather than borane. For example, such complexes

~ reduce quinones and agcid chlo:ides (75) and slowly reduce
" ketones (fast if boron trifluoride is present) (36). They do
' not reduce nitro, carboxyl,carbethoxy and sulphonamido groups,
d but trimethylamine-borane can reduce amides to amines'in some
instances (77). The complexes reduce Schiff's bases to amines
- when glacial acetic acid is used as gylvént (76, 77). .Billman
and’ McDowell (77) found that with triethylamine-borane, the .
amine product became acetylated under thgse conditions; no
acetylation occﬁ{;ed in.absgence of trimeth&laﬁihe-borgneu

13

- The rate of reduction by amine-borane complexes

-~.decreases in the series methylamine > dimethylamine > trimethyl=-

amirne (75).

Amine~borane complexes can effect the hydroboration gf
olefins (78-80) but only at elevated temperatures where, it is
thought, the complexes are partially dissociated (79)..

o »~”
3.2 The Redpc?ion of Acetals.

2

4

Towards -the end.of this work, we discovered that
acetals are reduced by trimethylamine-borane in glacidl acetic
acid. The first acetal .examined, benzaldehyde dibenzylacetal,
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gave good ylelds .of the normal cleavage products under mild
conditions (Table 3.1, Experiment 2) ““Further examination,
however, (@xperiments 4 and 5) showed that the reductions were
more complex than they had first appeared to be.

3.2.1 The Reduction of Benzaldehyde Dibenzylacetal (23)

Compound 23 was not reduced by trimethylamine-borane
in diglyme solution, even at 100° (Table 3.1, Experiment 1);

the presence of acetic acid thus appears to be crucial.

However, the rdle played by the acetic acid is not. clear. It
may, as Fieser and Fieser suggest (8l), serve simply to
liberate borane from the complex, but in view, of the extreme

~reactivity of borane with carboxyl groups (47), the fcrmation

of free borane - -in glacial acetic acid solution does not seem
likely. An alternative explanation is that the acetic acid
protonates the substrate, which is then attacked by the amine-
borane complex acting as a hydride donor (Eq.S,I).

H
/i /] + "
R OR R (“O——-R R H
’>< ___AcOH _ >< . >< + ROH
R OR R OR R OR
t
H>
+ |_,
Me3N——BH2
3.1
;g
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. )
A second possibility is that the reaction is actually
#*
a reduction by trimethylamine<borane (Eq.3.2) of a first-
formed hemiacetal acetate (14a).

- OAc

OAc
14b (R=H, R=¢)

wX
Q
=}

-
oo
OO
;\L
Fu\><
o
o te
w><

+ + -
3N-BH3 MeBN-—BH3

i
~ L ]
R’ OR R’ OAc

As applied to compound 23, the equation shows how the
reduction of an intermediate benzaldehyde diacetate (lih)’
which would also be expected in acetic acid solution, would
yield one of the observed products — benzyl acetate. There

3.2

"are other routes to this product; for example, a blank
experiment revealed that pure benzyl alcohol is partly
acetylated by the solvent alone under the reaction conditions .
(Table 3.1, Experiment 3). However, the sum of the benzyl
alcohol and the benzyl acetate yields exceeds 100 mole percent,
bagsed on the starting aceta% {Experiment 2),'thus providing
evidence for the formation of some benzyl acetate via an
intermediate diacetate of the type 14b.

The reaction of acids and acetals to yiéld aldehyde diacetates

like 14b is briefly mentioned in ref.5(p.443).  The latter
compounds are more usually prepared from the aldehydes, or
from acetylenes (82).

The formation of l4a would be analogous to the preparation of
l-O—cyclohexylmetHanoyl 2-acety1fﬁ—D—glucose by treatment of
grD-O%ucgse-l ,2—-ethyl orthoacetate with cyclohexylcarboxylic
acid (83).
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. A steady evolution of hydrogen gas was evident through-
out the reduction, and could result from solvent attack on the
species Me3ﬁ—BH2 remaining after the hydride transafer step.

3.2.2 The Reduction of Cyclohexanone Ethylene Ketal (13a)

The reduction of 13a with an equifolar amount of
trimethjlamine—borane was slow at room temperature, and even at
50° was only 62% complete after 24 hours (Table 3.1, Experiment
4)., A small sample of the reaction mixture was shaken with
concentrated aqueous sodium carbonate, extracted with benzene, .
and the extract was washed with water. G.l.c. analysis of the '
‘extract revealed unreacted starting material, the expected’
products Z-cyclohexyloxyethan-l and its acetylated form
(1-acetoxy-2-cyclohexyloxyettane), and, in addition, a small
amShnt of a high boiling component. The latter, after
isolation, was identified from its p.m.r. spectrum.as
1,2-dicyclohexyloxyethane*.

v

During the isolation of the product compounds, the |
reaction mixture was shaken vwith concentrated aqueous sodium
carbonate and extracted with ether. The extract was dried
over anhydrous sodium carbonate and distillation was attempted
without having washed the extract with water. The first
distillate fraction consisted of a mixture. of unreacted ketal
and trimgthylamine—borane, the latter crystallising in the
receiver. Thereaftér only a small amount of 2—cyclohexyloxy;
ethanol and its acetate distilled. A large quantity of liquid
remained iﬁ the distillation flask, and when water was added,

: white crystals of boric acid separated, indicating that the

| bulk of the product alcohol had been present as its borate.
—

By comparison with Experiment 5, cyclohexyl acetate was

. also expected and was therefore carefully sought; none

. was found. Any ethylene glycol present among the products

would have dissolvyed in the aqueous sodium carbonate, thus
escaping detection.,

¥

. '
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The boric acid formed was removed as the volatile trimethyl
borate by repeatedly adding methanol and evaporating, after

which 2-cyclohexyloxyethanol was readily distillable, leaving
1,2-dicyclohexyloxyethane (13c) as residue.

3.,2.3 The Reduction of 2-Phenyl-l,3-dioxane (4a)

During the reduction of 4a (25 mmol) with trimethyl-
amine-borane (25 gmol), the volume of the evolved hydrogen was
measured; it amounted to 29 -mmol. Gas evolution ceased after
70 hours at 500, and 99% of the starting acetal was found to
be consumed, with almost all of it appearing as reduction
products (Experiment 5). The stoichiometry suggests that only
one :zctive hydrogen atom of trimethylamine-borane is available

- for reduction, the other two appearing as hydrogen gas as the
reaction proceeds.

During the isolation of the organic préducts, boric
acid (1.05g, 68%) was oncé again obtained as a by-product of
decomposition of the borate complexes with water. Some 1,3~
propanediol was also recovered from an aqueous extract of the
product mixture, The identity of all the product compounds
was confirmed by comparison of physical propegties with those
of authentic materials.

devise for the formation of the diethers 1,2-dicyclohexyloxy-
ethane (13c) and 1,3-dibenzyloxypropane (4c) involves a trans-
acetalation reaction between product alcochol and starting
material to yield acyclic acetals (13D, ig), which yield the
diethers by reductive cleavage (Schemes 3.1 and 3.2). Similar
transacetalations between product alcohols and starting acetals

\
|
\
|
|
|
|
|
{ The only satisfactory explanation the author can
|
|

under acidic conditions are discussed more fully in the next
chapter, where diethers were also discovered among the products
‘ of the reaction of acetals with HCo(CO)4.

For the moment; let us merely note that the trans-
acetalation reaction explains the formation of both diether
and free diol (Experiment 5). :
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TABLE 3.1
<
;.‘ -

The Reduction of Acetals pxﬁTrlmetnz;amine-Boranea

Starting Acetal

- gfv._

W

\ Ei' Starting Material Solvent Conditions Products Found, %ij{ - Remaining, %
1 CH(OCH,B), (23) Diglyme® 100°, 72n. Nil 9%
2 9CH(OCH,9), (23) Acetic acid 27°, 52n.°  Qibentyl ether 92 (8e)® 0

bnzyl alnohol 90 . 91;
) benzyl acetate 13 .(12
3 UQHZOH Acetic acid 26%, s2n. benzyl aleohol 90 -
Me3N-BH benzyl acetate 10
! . omitte
0 .
o 2-cyclohexyloxyethanol 50 (41) 38 (29)
4 <<::::><:0::] (13a) Acetic acid 507, 24h. 1-atvetoxyar-cyelom
. hexyloxyethane 5  (2)
(13c)1,2-dicyclohexyloxy-
- ethane 1 (3
v Q .
) 0 ’ F-benzyloxy-l-propanol 40 (35) '
[} * l-acetoxy~3-~benzyloxy=~
, 5 . ¢-—<: ) (4a) Acetic acid 50”7, 70h. pro-ane 33 §3}\ 1
0 {4c) 1,3-dibenzyloxypropane 19 232
benzyl acetate 2 (2
1,3-propanediol - {18}
sag 25 mmol of acetal and trimethylamine-borane used thnroughout. (p) Purified accerding to réef.215.
c) G.l.c. revealed the reaction to be 97% complete after 23h. (d) Yielgs are given in mole Tercent
bhased on the starting material; analysis by g.l.c. {e) 1Isolated yields are given in parentheses,

i
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CHAPTER 4

THE REDUCTIVE CLEAVAGE OF ACETALS
BY HCo(CO)4

4,1 Hydrocobalt Tetracarbonvl and the Oxo Process

In 1938 Roelen (84, 8%5) discovered the oxo reaction —
the conversion of olefins into higher aldehydes by hydrogen
and carbon monoxide in the presence of a catalyst containing
cobalt (Eq.4.1). Under more drastic conditions, aldehydes
are reduced to alcohols.

’ ' cobalt ’ /
R-CH=CH-R" + H, + CO Egggﬁﬁﬁr—RCHZCH(R)CHO + R CHZCH(R)CHO .

100-1400°
4.1 )

Although a conventional Fischer-Tropsch catalyst* was
used in the early experiments, Roelen soon realised that the
active catalyst was a soluble cobalt carbonyl. This conclusion
was later confirmed by Adkins and Krsek (88) who used dicobalt
octacarbonyl (002(00)8) as catalyst. During the nineteen
fifties and sixties, considerable evidence accumulated
indicating that HCo(CO)4, rather than 002(00)8, was the active

species (88-94).

Nowadays the oxo process is of great commercial
importance; about 2.7 million tons of oxo products (chiefly
butyraldehyées obtained from propylene) were manufactured in
1970 (95). In step with the commercial development of the
ox9 process, a great deal of fundamental work has been done
on it and on related reactions, and several reviews have been
published (96-107). '

* Cobalt-thoria-magnesia-kieselguhr (100:5:8:200).

4
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Although HCo(CO), is strongly acidic (108-112) only
cis-addition to olefins occurs under oxo conditions (92, 103,
114, 267, 268). Moreover, the direction of addition can be
Markownikoff or anti-Markownikoff depemding upon conditions
(92). To reconcile these facts and also to explain the fnverse
dependence of the hydroformylation rate on the partial pressure
of carbon monoxide (115), Heck and Breslow (92, 116) have '
postulated hydrocobalt tricarbonyl (HCo(CO)j) to be the true
active species under most conditions — formed as in Equation
4.2.

%002008 + H, == HCO(co)4 — HCo(CO)3 + €O

4.2

The species HCo(CO)3 has not been detected, but in
catalytic systems the most reactive species are often present
at the lowest concentrations and are consequently the most
difficult to identify (117). HCo(co)3 is a coordinately
unsaturated species which, in additions to olefins, would be
expected to behave rather like diborane (Eq.4.3).

R-CH=CH,, + HCO(éo)3 T R-§H=CH,

I

HCo(CO)3

2

4.3

The acidic - properties of HCo(CO) are somewhat mysteriocus.
Though of mineral acid strength HCo(CO)4 is not very soluble
in water (saturated solution = 0.056M at room temperature
(111)) and is readily extracted by organic solvents! The
acidity_of this substance derives from the stability of
Co(C0)4~; an anion of inert gas structure, isoelectronic

with Ni(CO) 4, but possessing a negative charge which
strengthens metal-ligand bonding.

The low solubility of HCo(CO)s in water is especially puzzling
since the free energy of solution of the gas in water has been
calculated to be about ~-135Kcal/Mole (113 ——-consequently
solution should be a highly favoured process. g
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*

An alternative explanation is that coordination of the
olefin to HCo(CO)4 (115) occurs with simultaneous displacement
of a CO ligand (Eq.4.4). '

R-CH=CH, + ‘HCo(CO) 4 <= R-CH=CH, + CO

HCo(CO)3
4.4,
According to this scheme free HCo(CO)3 would not be

present, but the inhibiting action‘éf carbon monoxide would
still be operative "

4]

A general concensus has been reached about the remaining

steps of the oxo reaction. They are:

(1) conversion of the m-alkyl to a o-alkyl complex with
hydride transfer (Zq.4.5).

cO
R-CH=CH, ~ T——  RCH,CH,C0(CO),
HCO(CO)3 “

5\4.5

(ii) CO insertion by a mechanism analogous (118) to the well

studied alkylmanganese pentacarbonyl insertion (119, 120)
(Eq.4.6).

RCH,CH,Co(CO0) —C0 RCH,CH,C0C0(C0)

s —
4.6

(iii) a reduction step involving either molecular hydrogen or
a second molecule of HCo(CO)4.

4.2 Aldehyde Reduction

Some authors consider hydrocobalt tricarbonyl also to
be the active species in aldehyde reduction by hydrogen in the
presence of cobalt carbonyl catalysts (121, 122). Again, the
evidence here is the inverse dependence of reaction rate on

Pco and also the appearance of formate esters, in considerable

I
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yield (10-30%), along with the pfoduct alcohol (Ed:4.7).
HZ’ CO 1
cobalt catalyst*" gPHZOH + RCHZOCHO

150-2000 ‘
4.7

RCHO

.

The formate, which is not formed by esterificeation of
the alcohol, 1is believed to result from CO-insertion into the
cobalt-oxygen bond in an intermediate RCHZOCO(CO)3 (106, 121).

4.3 Miscellaneous Reactions of HCo(CO)4_

»  The reactions of HCo(CO)A with aromatic compounds
having nitrogen-nitrogen bonds or carbon-nitrogen multiple
bonds have been extensively reviewed by Rosenthal and #wender
(123). Aromatic oximes and nitriles, phenylhydrazonesmand
Schiff's bases of aromatic carbanyl compounds, azines and azo
compounds are all reduced and carbonylated to various extents,
Temperatures in excesg of 200° favour carbonylated products -
such as substituted ureas and phthalimidines. _Amines are
produced only at temperatures in the range 120-150° (124).

Polynuclear aromatic hydrocarbons are partially
reduced (125).

Benzyl alcohols react with cafalytically produced
HCo(CO)4 to give hydrocarbons chiefly, but also some hydro-
formylated products (126-~128). Benzhydrol and triphenyl-
carbinol yield only the reduced products, di- and triphenyl-
methane, respectively. This reaction has been studied in
detail by Wender et al. (129) who found the reaction rate to
be independent of carbon monoxide pressure, and concluded
that the mechanism probably involves protonation of the
alcohol by HCo(06)4, followed by cleavage of the oxonium ion
and reduction of the resulting carbonium }on.
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4,4 A Literature Survey of the Reaction between HCo(CO)A
and Acetals

Out of eight reporté of reactions between cobalt

carbonyl catalysts, synthesis gas, acetals, five concern
acetals of formaldehyde. Germanorkers (130, 131) using
formaldehyde dimethylacetal wegfe looking chiefly for hydro-
formylated products, since their aim was to develop a cheap
synthesis of ethylene glycol. Some reduc¢tion product, diméthyI
ether, was obtained (130) bdut ethylené glycol monomethyl ether
(14) and methoxyacetaldehyde dimethylacetal (15), in equimolar
amounts, were the main products detected (131)..

The latter compound was converted into the desired
product 14 by a reductive saponification. Overall yields of
14 based on the starting acetal were 15-25%.

The reaction;&s believed to proceed as in Scheme 4.1

(131): .o )
MeO—CH,~OMe + HC0(CO),——— MeO-CH.,-Co(C0), —0m .
2 \4' * 2 4‘ . H2 .
OMe
2MeQH 7
MeO-CH.,~CHO TIC MeO-CHz—CH\Ome
4 15
V4 #
/(1) H*/H2o
HCo(CO)4 "Sapon%fication"
/7 step (conducted
(11) Ni/H, separately)
MeOCH,,CH,,0H _ o
' 14

Scheme 4.1

1,1-diethoxyethane rea?ts:similarly (134):

American workers (132, 133) who reacted formald%hy&e
dimethylacetal under higher pressures and temperatures.for
shorter reaction times than the Germans, claimed 90~100% yields'
of 15 when an excess of methanol was present. Curiously, when
formaldehyde diethylacetal was employed, in the presence of an
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o )
"I' : excess of ethanol, only 5.7% yield of 1,1,2-triethoxyethane
was obtained (132).

Compound 15 will react further under more drastic
conditions and in the presence of methanol to form o
. 1,1,2,3~tetramethoxypropane in 81% yield (133) (Eq.4.8).

g OMe -

; MeOCH,,CH(OMe )., MeOH, H,/CO_ ,
HCo(C0),

, -1_2 - 4.8 . .
[N.B. Implicit in the data presented so far in this
Section, is the observation that HCo(CO)4 catalyses acetal
fcrmation., Acetals have also been found among the pfroducts of

atalysed
s are known

MeOCH

|
CHCH( OMe)2

the oxo process, and several instances: of HCo(CO)4
(// transacetalations between aldehydes and orthoest
(86, 87, 100, 125-139).]

A Japanese paper purports to describe theireaction of |
4-phenyl-1l,3-dioxane (16) with HCo(CO)4 for 4.5 hours at 180°
(140); 3-phenyl-l-propanol was obtaiped in yields of 70% or
more and the eliminated carbor atom reappeared, hydroformylated,
as glycolic aldehyde digethylacetal (17) and as l,l,zetriethoiy—
ethane (18) (Eq.4.9). ’

- < 2 HCo(CO) 4 @CH,CH,CH,0H + HOCH,CH(OEt),

‘ 1809 | (10%) oy
16 - "+ EtOCH,CH(OEt),
| | 18
. 4 . 4.9

) ‘ Although the authors gave few experimental detailé,
the ethanol solvent employed was described as "94%4". This

. ' , alcohol wbuld contain sufficient water for complete hydrolysis
of the startieg material. In any case, under the catalytie

©
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—

aetion of HCo(CO), extensive ethanolysis is bound to occur

(Eq.4.10). : N ;>
Okt
<: B0, H., R cu,”” +  POH-CH,CH,OH
~OEt

OH
13
4.10

Since reaction of the é&thanolysis products shown in Equation

- 4,10 with HCo(CO) can be expected to yield exactly the products
detected by the authors y, there is certainly room for doubt

that the reaction they were observing was thqt of cyclic acegal
(16). Hydrogenolysis of 16 in a 1,4-dioxane solvent yielded
neither 17, nor 18, but an increased’yield of 3-phenyl~-l-
propanol was reported. However the/ﬁgllure .0f the authors to
reallse the importance of using dry, prohol free, solvents

can only cast doubt on this observation as well, especially as
1n‘benzene solution no reaction took place. \

'l

Only one example has been described (see ref.103, p.106)
of the reaction of ﬁCo(CO)4Ithh a benzylidene group. A
4,6—9~bénzylidene pyranose sugar derivative was treated with.
CoZ(CO)8 under an equimolar mixture of hydrogen And carbon
monoxide; the products contained both the 4-0-benzyl and the
6-0-benzyl derivatives. The reaction was complicated by a
concurrent hydrolysis.

Methyl cellobioside, when treated with cobalt carbonyl
catalyst and synthesis gas for eight hours at 180° in the
presence of wateb, was reported to yield 7% of the product of
,rgductive cleavage at C;: 1,5-anhydro-D-glucitol (1), The
value of this observation is reduced, however, because

"

*Reduction of 3~hydroxy-3- phenyl—l—propanbl (19) by HCo(CO),4 can
safely be assumed to yield chiefly 3-phenyl-l-propanol (by com-
parison with Table 4.5, Entries 3 and 4). The Japanese workers
themselves (140) decided_that 17 somehow formed via the inter-
mediacy of formaldehyde dlethyl acetal. Compound 18 can form
as in Scheme %.1,
]

9
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idéntification was by chromatography only, no products were
isolated, and the source of the cogparison compound was not
mentioned. ' )

In a reaction allied to acetal cleavage, orthoesters
react with carbon monoxide and hydrogen in the presence of
002(00)8 at 100° (141). The products here, however, are rather
different.  For example, ethyl orthoformate yields propion-
aldehyde diethylacetal and also ethyl formate (Eq.4.11).

HCo{(CO) Y S
HC(OEt) 4 o we” +  CHyCH,CH(OEt),

CO/H, NoEs
o 4.11

4.5 Results and Discussion

. Alipﬁatic and aromatic' acetals react differently with
HCo(CO)4. The difference is evident from the results shown in
Tables 4.1 and 4.2 or, more dramatically, by comparing the
g.l.c. chart of the products of benzaldehyde ‘dibenzylacetal
reduction, which indicates only two compounds to be present
(Fig.4.1), with the corresponding charts for acetone n-butyl:

ketal (Fig.4.2) and propionaldehyde diethylacetal (Fig.4.3),

[ 4

4.5.1 Aliphatic Acetals

The reason for the prqgifeyation of products with the
aliphatic acetals is that these acetafs{ having hydrogens on
an adjacent carbon atom, readily undergd elimination to the
o,p-unsaturated ethers in the presence of an acid catalyst.
Indeed this is a preparative  route to a,B-unsaturated ethers
(ref.6, p.337).

The o,p~unsaturated ether, once formed, can react in
many ways. A few possibilities %re outlined in Schemes 4.2
and 4.3.




- ... DTABLE 4.1

% 3

The Reaction of Some Aliphatic Acetals with HCo(CO)4_

. . g;ggﬁgtgf gti}d o{lEth;ra Starting Mater%al Reaction T%mp.
Acetal Detected? .R',,CHOR , % Remaining , % and Time ///ﬂ\}J
CH,CH,CH(OEt) " 7 major® o
3 2 2; >30 minord O O . 180 1] Zho
Me 0 n-Bu 9 major 8 0 u 180°, 3R, .
:>x<: >20_ minor .
Me 0 n-Bu +n-Butanol -

—vg_

Me 0 5 major® 0 20 170°, 22n.
:><:: :::L\ 1 minor : :
Me ) .-
CgHs

i

<::::><::‘i:3- Nil 0 * 90 195°, 2n.
0 ) )

. g i
CH,(OMe) 6 major . o)
2 2 . methangl 25 0 1807, 4h.
<:O::] 5 majorS 20 s 180°, 3n.
0 5 minor
D -
. - . - \ !
1

(a) Analysiékb&kgqi.c. (b) Under 2400 psig of synthesis gas(2Hp:1CQ). (e¢) >5% of total
area. (d) In the range 0.5 - 5% of the total area. (e) One of which corrésponded to
2-phenylethanol, isolated in 32% yield. (£f) Including dimethyl ether and ethylene glycol
monomethyl ether. (g) The largest of which (25% of the total area) had the same retention
time as diethylene glycol. .
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TABLE 4.2

Reaction of Some Aromatic Acetals

.

with HCo(CO),

UNREACTED
STARTING

OBTAINED, MATERIAL,

%

CONDITIONS

2400 psi
(initial),
H,/C0(2:1)

Bx  ACETAL PRODUCT YIELD
1 gcH(OMe), PCH,,OMe 963(83)P
2 @C(OEt) Me @CH(OEt)Me " 93(81)P
QCH2Me 4
EtOH 106
3 gCI,CH(OMe), @CH,CH,0Me 65(53)P
+8 minor
products

» //0
4 ¢CH\\ ::] PCH,OCH,CH,0H 37(28)°
O —
C
BCH,OCH,CH,0CH 8 50{41)
BCH; 9‘

, 0

5 QCH\\ > PCH,0(CHy) 50H 26(18)°
0 -

PCH,0(CH, ) s0CH,B  40(37)°

. BCHy . 2

_ _OCH,¢
6 ¢CH// ? PCH,0CH ¥ 25
ocH, g gCH,OH 92

0

30(28)°¢

160°

170°

180

210°

164°

128°

’

2h.

3h.

2h.

6h.

4h.

1h.

>

(a) Analysis by g.l.c. using "bracketing" standards of authentic
samples. Figures in parentheses are yields of isolated material.

ébg By distillation
c) By Si0, chromatography

(.

-
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AN
Condensation witﬁ more acetal
OR , . OR
’ s ’ gt / ’
R -CH2~CH + R -CH=CH-OR ——~——» R CHZCHCHR CH
OR : éR OR

(ref.6, p.322),.

N.B. The product is an acetal
and can undergo further

Scheme 4.2 condensations.
Reaction with HCO(CQ)4_
R’ ~CH= CH-OR = R'CH,CH,OR '
\\ ,
R CHZ?HOR
CHO
4
R’ CHCH,OR N

CHO (major product if R'=H,
ref.97, p.290)

', -Scheme 4.3

The aldehyde products can either:

(i) ' react with alcohols present in solution, yielding acetais
which can react further, or ' _

(ii) be themselves reduced to alcohols which, by undergoing
acetalation or alcohol interchange, can yield even more types
of acetals,

Wheh heated in the reaction vessel under the same
conditions used in the experiments described in Table 4.2, but
with omission of the catalyst, acetone n-butyl ketal proved to
be stable and was recovered unchanged. However, when a few 7
crystals of p~toluene-sulphonic acid were added and tie reaction
was repeated, all the ketal was destfoyed and the g.l.c. chart
showed five major products and six minor ones.

i
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Whereas considerations of entropy make it reasonable
to expect cyclic gfetals to be less reactive than simple ones*,
the special inertness of cyclohexanone ethylene ketal is
probably related to the increased energy required to form the

necessary carbonium ion on account of the eclipsing involved in

going from sp3 to sp2 hybridisation. Similar eclipsing makes
cyclohexanone a relatively reactive ketone (142).

The inability of formals to yield o,B-unsaturated ethers
makes their reaction products simpler. This is undoubtedly one
reason why formals are the best studied of all acetals in their

reactions with HCo(CO)(?’ The products to be expected from
formaldehyde dimethyl acetal were outlined in Section 4.4.

L4

4

4.5.2 Aromatic Acetals .
. ¢

Experiments 1 and 2 in Table 4.2 show that simple
aromatic acetals give good yields of reduction products with
HCo(CO)4. Much milder conditions than those shown were later
found to effect this cleavage: Dbenzaldehyde dimethylacetal
is over 95% reduced after 30 mins. ayiLBOO. The ethylbenzene
obtained in Experiment 2 and the toluene found in Experiments
4 and 5 probably result from slight reductive eavage of the
benzyl ether products. This small amount of cjéﬁvage agrees

with the findings of Li (1).

In the absence of catalyst, 2-phenyl-l,3-dioxane was
found to be perfectly stable under the reaction conditions, «
and, being unable to form an o,B-unsaturated ether by
elimination, it was also stable under the same conditiéns‘in
the presence of p~toluenesulphonit acid (unlike acetone
n-butyl ketal). ,

Because of a report (144) that benzaldehyde diethyl
acetal undergoeé disproportionation at 200° in +the presence

*
‘ E.g. formaldehyde diethyl acetal hydrolyses 104 times

faster than the’pentaerythritol acetal of formaldehyde (143).

)

N\
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of thorium oxide (Eq.4.12), it was also thought necessary to
perform a blank experiment with benzaldehyde dimethylacetal
(30) under the reaction conditions. -

) |
goH(OE®), _—2.;313-—> §CH,0Et + MNeCHO

ThO, 4.12

]

In the absence of catalyst, compound (gg) was unchanged after
3% hours at 160°.

-

Cleavage of cyclic acetalsh(Experiments 4 and 5, Table
4.2) differs from that of simple acetals:

(i) by being slower — as comparison of the conditions and

starting material recovery shows; and .

(ii) by yielding a di-benzyl ether as main product.

-

The Formation of Di-ethers

Consider the following mechanism for di-ether forpation
during acetal reduction: as the cleavage proceeds and product
alcohol begins to accumulate, transacetalation with unreacted,

starting material occurs to yield a new acyclic acetal 21
(Scheme 4.2).

-

0

HCo(CO)

¢CH/ (cH,) . geH,0(CH,) OH
"« Step 1l ‘
o*’/ (slow) 20
O X _O(CH,), 0CH,g
2 gCH,O(CH,) OH + gcH,  (CH,) —= gcH

Ng No(CH,)_0CH.¢@
20 0 2n 2
N = (cH,)

+ HO(CH,)_OH
(fant) Heo(CO), o

o 90H,0(CH,) OCH@ + @CH,0(CH,) oH
22
Schenge 4.2
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Provided that the simple acetal 21 cleaves at a rate
comparable to that of the cyclic starting material and that
transacetalation is fast, a large amount of the alcohol 20
will be converted into the diether 22.

Two items of evidence have been obtained 'to support
this hypothesis. -

1. In view of the rather meagre literature documentation
of HCo(CO)4 catalysis of acetal formation and transacetalation,
it was thought advisable to demonstrate the HCo(CO)4-catalysed
formation of acetals of penzaldehyde.

2. An acyclic acetal of benzaldehyde was %hown to cleave
faster than a related cyclic one — a fact algeady implied by the

conditions required for the reductions shown in Table 4.2 {p.55).
These expe;iments were conducted as follows.

1. Benzaldehyde with a ten-molar excess of dry methanol was
heated for a very short time at 85% with the catalyst
{Experiment 1, Table 4.3). G.l.c. showed a yield of 70% of
benzaldehyde dimethylacetal, which was then isolated in a yield
of 55%.

When longer times and higher temperatures were employed
(Experiment 2), the composition of the product closely resembled
that obtained from pure benzaldedhyde dimethylacetal (Experiment
1, Table 4.2).

2. It is not always possible to use "competitive reactions"
(as was done with BHS) to compare the reactivities of two
different acetals with HCo(CO)4. If the alcohol moieties of
+ the acetals to be compared are different, complications
'involving transacetalation prevent unambiguous interpretation
of the results of competitive reactions. In this event it is
necessary to rely on separate reactions conducted under
conditjons made as similar as possible.

) Thus benzaldehyde dimethyl acetal (10 mmol) was heated
with catalyst under synthesis gas to 1189, then was cooled,



TABLE 4.3

Reductions of Benzaldehyde-~Alcohol Mixturcs with HCOQCQ)43

Molsr Ratiok

b Reaction Reaction Product Yield®
- Exp Substrate Benzaldehyde Time, Temperature, by G.1l.c.,
# /Alcohol hrs. o¢ %
1 Benzaldehyde 1:10 0.2 85%5 Benzaldehyde 4
+ Methanol dimethylacetal 70(55)
Benzaldehyde 23
Benzyl methyl 7
ether
2:  Benzaldehyde 1:4 1.4 16112 Benzyl methyl
+ Methanol ether i 90(79)4
. Benzyl alcohol 1 gl)
. Dibenzyl eher 1 (1)
3 Benzaldehyde + 1:2 1.8 158%2 Dibenzyl ether 87(92)
Benzyl alcohol Benzyl alcohol 45(32)
4 Benzaldehyde + 1:2 2.0 16213 p-Chlorobenzyl
p-Chlorobenzyl tenzyl ether  75(70)
alcohol Benzyl alcohol 10 é?
- Dibenzyl ether 5 (1
p-Chlorobenzyl 51(41
i alcohol
5 Benzaldehyde + 1:3 0.25 85%5 Benzaldehyde 80
Benzyl alcohol Benzaldehyde
dibenzylacetal 15(14)9
Dibenzyl ether 2
Benzyl alcohol e

§a) Aldehyde moles/Co2COg moles=24;£og(cohﬂ=0.3m; Synthesis gas (2H5:1C0) pressure=2500psig.
b) Added to catalyst only after redction t2mperature attained. (c) Isolated yields

Si0» chromatography) in parentheses. (d) This compound was isolated by distillation.

e) Detected but not quantified.
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. The product consisted of 96.5% of benzyl methyl ether and 3.5%
of unchanged starting material. When 2-phenyl~1l,3-dioxolane
(4) was treated identically (the temperature profile differed
by no more than two Centigrade degrees from that of the previous
experiment) the product comprised 58% of diether (22, n=2), 32%
of 2- (benzyloxy)ethanol (20, n=2) and 10% of unchanged starting
material. P

Although the second experiment is complicated by trans-
acetélatfon, which desﬁroys a good deal of cyclic acetal, the
detection of the remaining 10% of cyclic acetal (vs. 3.5% for
¢CH(OMe)2 under the same conditions) shows that this cyclic
acetal, at least, is slower to react than its simple counterpart.

Earlier in this chapter it was noted that ccetals able
to form o,f-unsaturated ethers by elimination generally yield a
multitude of products with HCo(CO)4. It is therefore surprising
that the acetals used in Experiments 2 and 3, Table 4.2, gave
high yields of reduction products*. The explanation is that .
here the double bond formed by elimination is conjugated to the
aromatic ring and such double bonds are reduced, not hydro-
formylated, by HCo(co)4 (98 and ref.107, p.171). This is
especially true when there are other substituents on the double
bond — thus styrene itself gave only 25% of ethylbenzene and
the remainder was hydroformylated, but o-methyl styrene gave
69% of isopropylbenzene and only 975 of hydroformylated material
(90). Therefore, any o,p-unsaturated ether formed in
Experiments 2 and 3 will mostly be reduced to the same ether
product which woyld have resulted from a reductive cleavage of
the acetal.

p;
* E.g. phenacetaldehyde dimethylacetal yields theof-unsaturated
. ether when passed over a catalyst at a high temperature,
exactly as do aliphatic acetals (ref.5, p.437).
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4.6 Ether Formation during the Reduction of Aldehydes by

HCo(C0),

The recognition that HCo(CO)4 catalyses both the
formation and the reductive cleavage of aromatic acetals has

«

enabled us to propose a solution to a prodblem in the literature.

Benzaldehyde is known togform large quantities (often
over 50%) of dibenzyl ether when heated with HCo(CO) for 2
hours or less at temperatures of 180- 200° (146, 147) The ratio
{benzyl alcohol/benzyl ether) in the product strongly depends
on the initial concentration of the aldehyde (146). Wender
et al. (147) at first thought the ether was formed by
dejydration of benzyl alcohol, but in subsequent work (127)
fou d that under the same conditions — though for a scmewhat
1ong%r time — benzyl alcohol yielded oﬁly toluene and phenethyl
alcoﬁel. The same two products were the only ones isolated by
Ziesccke (148) in numerous experiments with benzyl alcohol and '
cobalt\ﬁatalysts under varied conditions. Dawydoff heated ’
benzyl alcohol and HCo(CO)4 for 5 hours at 200°C but ‘obtained
only a 2 yield of dibenzyl ether (146).

Thus, the formation of dibenzyl ether in benzaldehyde
reductions has remained unexplained.

. The similarity between this dibenzyl ether formation
and the formation of di-ether during the cleavage of cyclic
acetals suggests that they follow a similar mechanism — 1 €.,
as benzyl alcohol forms in the presence of HCo(CO) it reacts
with benzaldehyde to yield benzaldehyde dlbenzylacetal (23)
(Scheme 4.4). This acetal is then cleaved by HCo(CO)4 and
forms dibenzyl ether and benzyl alcohol .

t +
Q ',ﬁ
-
-t
o

* Reductive cleavage of the intermediate ‘hemiacetal
¢?H—OCH2¢ to yield dibenzyl ether and water is also a

OH
possibility which cannot be ruled out at present.
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2

@CHO + HCo(co)3 — (150}12000(00)3 ———— ¢Ci1,0H
" HCo(co)4
\‘ o 1 . )
. : o /OCH2¢ .
(U *\ - gomo + 2 goH,0H ===  gCH s HO

~
// OCH2¢ .
i ‘< ‘ * ¢ / 4
. : . HCO(CO)4
@CH,0CH,¢  + @CH,0H )

Scheme 4.4.

According to Scheme 4.4 three moles of benzaldehyde are
required (directl& and Endirectly)nto form one mole of inter-—
mediate 23. Consequently the average rate of ether formatioﬁ
will be roughly proportional to thé¢ cube of the concentration '
of starting .material. The rate of benzyl alcohol formatlon,
however, will be proportional only to the first power of the
concentratlon of starting material Thus Scheme 4.4 explains
N e the experimental finding that the yield of ether decreases
rapidly upon dilution of the starting material, and then benzyl
alcohol becomes the chief product (146). )

Support for the Scheme is.provided by Table 4.3,
S Experiment 3, wherein benéal@ehy&e was treated with two eghi-
' valents of benzyl alcohol apd gave, under milder condition
; than Wender et al. employed, a nearly quantitative yield of
* ' divbenzyl ether, and almost half the benzyl alcohol was
recovered unchanged.

E?perlment 4 resembled the previous experiment except
“ S - that p-chlorobepzyl alcohol was Qsed ~ The chief product was
\ chhlorobenzylvbenzyl ether (Eq.4.13), but some reduction of
. : f benzaldehyde to benzyl alcohol d%d occur, with subseguent

.'{




formation of a little dibenzyl ether.

@CHO + Cl‘@‘CHon - @CH20CH2@CI

: 4.13

j

No bis-(gfbhiorobenzyl) ether was formed. Clearly, then, the
ether derives from 1 molecule of aldehyde and 1 molecule of n

alcohol.

Evidence for the role of benzaldehyde dibenzylacetal
(23) as an intermediate in ether formation was obtained when
it was isolated in 14% yield from a mixture of benzaldehyde
and benzyl alcohol treated under mild conditions with catalyst -
(Etperlment 5, -Table 4.3). Under more drastic conditions ‘this
acetal gave a good yield of dibenzyl ether, és expected
(Experiment 6, Table 4.2). '

4,7. The Mechanism of Acetal Cleavage with HCb(CO)4_
'

, .
It is reagonable {0 anticipate a carbonium-ion mechanism

for the reduction of acetals with HCo(CO) As we know that
acetal formation is catalysed by HCoQCO)4, we can deduce that
this catalyst must be capable of generating carbonium ions from
hemiacetals by protonation (see Chapter 1). Hence, we would
‘also anticipate the facile formation of carbonium ions from
acetals. The most straightforward mechanism for acetal formation
and reduction is illustrated in Scheme 4.5. 4

X
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Scheme 4.5

4
Reduction of similarly generated carbonium jons i's the

gene1ally accepted mechanism in the reaction of p-wethoxybenzyl
alcohol (a related compound — see CHapter 6) with’ HCo(CO)4
(9%, 98). Such carbonium ions apparently also play a role in
the reduction of benzhydrols (98, 129) and in the generation
of hydroformylation products from formaldehyde dimethyl aceta}
(140).

The reduction step. in Scheme 4.5 must .be relatively slow
or isolation of the acetal from aldehyde, alcohol and HCo(CO)4
mixtures (Bxperiments 1 and 5, Table 4.3) would not be possible.
Evidence for the rdle of a carbonium ion in the reductive
cleavage Jf acetals was obtained by comparing the rates of
cleavage'of the benzyl acetals of substituted benzaldehyde in
competitive reactions (Table 4.4). Low reaction temperatures
were ﬂécessary to avoid cleavage of all the acetal before the
autoclave could be cooled (the apparatus had no direct liquid-
sampling facility). Before its contents were mlxed the auto-
clave was heated to 100°C to convert much of the 002(00)8 into
HCo(CO)4, thus preventing complete dependence of the reaction -
rate upon the slow rate of formatlon of HCo(CO)4 at the reaction
temperature. [The figures shown in Table 4.4, while not -

providing an exact quantitative measure of the reactivity of
thetacetals, clearly indicate that an electron-releasing group
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in the para position enhances the reduction rate, and an
elestron-withdrawing substituent diminishes the rate — just
as Wender and co-workers have found for benzhydrols (129).

TABLE 4.4.

Competitive Reductions of Pairs of Acetals of
the Type p-X-CgHsCH(OCHoPh)o?

X Reaction o Starting Materialb Product —Etherb
Tenperature, C Unreacted, % Formed, %
MeO - ' 12 59 ‘
+ 75 \
H 74 7
H ' 41 42
+ 80 . .
Cl- 65 . 16

i

(a) Procedure as described in 8.4.1 but with 1 mmol 4f each
acetal + 5 ml hexane in the ampoule. Catalyst equilibrium
established by heating at 90-~1000 for 25 mins. before mixing
the contents at the reaction temp. and allowing the autoclave
to cool to gﬁblent (~ 2h.) %b) Analysed by g.1. “Co

- 4.8 The Influence of Subgtituents at C4 on Cyclic Acetals

Table 4.5 shows the yields of products obtained from
cleavage of two C4—substituted acetals with HCo(CO)4. In
Experiment 20, the detection bf the secondary al¢ohol in greater
yield than the primary does not necessarily imply that the
former is the predomimant product of cleavage. The major
product is diether, and it may be that the primary alcohol
reacts fasteg/%han the secondary in the transacetalation
reaction which leads to diether. 1In other words, a possib}e
inferpretation is that‘primary alcohol is rapidly converted
into diefher, thus leaving the secondary alcohol predominant | \
in the alcohol fraction. \
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‘ . ‘ ’This argunent is not tenable for Sxperiment 21 where
little diether was formed and primary alcohol plus diether was
barely one-third of the yield of secondary alcohol, Clearly
then, in this latter case, predominant cleévage of 5 occurred
at the C,-05 link. . '

r
The result of Experiment 21 appears, at first sight, to

be strong evidence AGAINST a carbonium-ion mechanism; cleavage
at b requires the formation of the }lesg stable oxocarbonium ion

24; cleavage at a &ields oxocarbonium ion 25 which is stabilised
by the.presence of aa-methyl groups.

o | .
. e HO
¢_CH’ e ¢—CH .
AN Me | ‘
HO Me 0

s Me

‘ . 24 (cleavage at g)" 25 (cleavage at a)

. We saw in Chapter 2 that borane cleaved this acetal
predominantly at a and also that there was strong evidence that
the borane cleavage proceeded via a carbonium ion.

How is it possible, in the reaction with HCo(CO)4, fo‘
recono%ie the preponderance of 02—03 cleavage of 5 with the
expected carbonium-ion mechanism? ‘The answer may lie in
solvation. Little solvation of the initial borane-acetal
complex (26) is expected because the positive and negative
centers -are bonded to each other. In contrast, the protonated
acetal (27) resulting from attack by HCo(CO)4 on 5, would be
strongly solvatedt

B 2 A
- . 0 ot 0
. e .
g—cH | Me g—CH Me g—CH Me
. 0— o T Nt ‘
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It is clear from an inspection of models that fbr
steric reasons solvation of 27 will take place more extensively
than solvation of 28, especially since under thé conditions
employed the "solvent" consists of unprotonated acetal or its
reduction product — i.e. the "solvent" is a bulky molecule*.
Since the solvation energy may be large, the poorly solvated
speciea 28, even though 1eading\to an apparently higher-energy
carbonium ion (gi), may have the lowest activation energy. 1t
is also important to consider the effect of solvation on the
carbonium ions 24 and 25. Intermediate 24 is best stabilised
by. solvation, whereas 25 is best stabilised by inductive
effects; hence these intermediaées hay be of similar energy.

#

It may thus be argied that the positive effect of
solvation on the activation energy is greater for 27 than for
28, and the result is preferential C2--O3 cleavage.

@

Explanét;@ns of the result of gxperiment 21 invoking
protonation as rﬁte;determining step seem rather unlikely in
view of (1) the strong acidity of HCo(CO)4 (equivalent to a
mineral acid, (108-112)) and (ii) the rapid build-up of
acetai**in mixtures of aldehyde and alcohol with the catalyst.

4.9 Carbon Monoxide Insertion in Cobalt Carbonyls

In the presencé of carbon monoxide, primary alkyl cobalt
carbonyls are in equilibrium with acyl cogalt carbonyls via an
insertion reaction (liq.4.14) probably achieved by a 1,2 shift of

% "
Solvation of protonated ether molecules by unprotonated ether

molecules is a well-known phenomenon; stable complex ions of

the typerp . g]* are known (149). Increasing the bulk
;O_H. . .0< . '
R R

of the R groups (even by simply going from Et- to n-Bu-)
decreases an ether's ability to coordinate polar molecules(150).

% i
* FPormation of acetal requires hemi-acetal protonation.
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the alkyl group from cobalt to carbon (101, 118).

*RC6(C0)_ + CO ———== RCOCo(CO)
) n- n

-

4.14

A

The chemical (92, 151) and spectroscopic (93) evidence
that acyl cobalt tetracarbonyls are formed during the oxo
reaction, likely explains why all non-branched olefins give
good yields of aidehydes in the commercial process,

Hydrogenation, ‘always a competing reaction in the oxo

.* .
process , is of little significance for unbranched olefins, but
can become dominant if the olefin is branched, or conjugated (157).

“~

4.9.1 The Effect of Substituent Electroncgativity

The electroaegativity of the R group in Equation 4.14
has an 1important influence on CO-insertion; strongly electro-
negative groups prevent this reaction (ref.105, p.240). For
instance, unlike methyl cobalt carbonyl, cyanomethylcobalt
carbonyl (29) does not insert CO at 0% (152).

N=C-CH —CO(CO)4

2
29
Butyl vinyl ether and allyl ethyl ether give congiderable

)

.amounts of reduction products with HCo(CO),; the corresponding -
» ‘4

olefins give only aldehydes (153%).

Electronegative R-groups can be expected to stabjilise .
both metal-alkyl and metal-acyl bonds, but particularly the

. former., Hence, with a mome electron-withdrawing R group, the
requilibrium in Equation 4.14 will be displaced to the left,

»

pr——

¥ An overall reaction scheme for both hydrogenation and hydro-
formylation has been proposed (157, 159). -

o
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The equilibr%um constant for the formation of acyl

k
1fu~fm(co)5 + CO — Rcoan(co)s

—/ 4as

‘manganese carbonyls (Eq.4.15) has been found to decrease in..
the' order R=C,H; >CH3 :>C6H5; the rate of the forward
reaction (k) varied likewise (154):

R = C HS :> C 6y ~ CH §> C6H5JH2, QF}

When R=C6H
at equilibrium,

5CH2, no acyl-derivative could be detected

‘ *
' Relative to phenyl, this benzyl effect is remarkable ;
' it may be due to increased crowding at the o-carbon atom in
going. from sp2 to sp3 hybridisation.

4.9.2 Steric Effects

The }ules formulated by Keulemans, Kwantes and van
Bavel (155) — later slightly modified by Wender et al. (156) —
for hydroformylatlon with cobalt catalysts, state that
> "addition of a formyl group to a tertiary carbon atom does )
. not occur at all ... Addition of a férmyl group adjacent to a
tertiafly carbon atom is strongly hindered, but may yet occur
{ . . 7/ to a small extent." More recent experimental evidence bears
this out — Wender and co-workers found that when isobutylene
was hydroformylated, 97% of the CO insertion oc¢gurréd at the
primary carbon to yield isovaleraldehyde or its reaction
products (156). Subsequently Marko found that hydrogenation
to isobutane was the main reaction taking place, with hydro-
formylation a poor second (157). Observations have shown that
. two isomemic butylcobalt carbonyls are formed during the

o | | "y

*

It has also been ohserved in cobBalt carbonyls (118).

- ; - . -
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reaction — i.e. both Markownikoff and anti-Markownikoff hydro-
metallation occur — but only the primary butylcobalt carbonyl

inserts CO .appreciably.

Earlier in this Chapter the reduction of a-methyl
styrene to igopropylbenzene and a small amount of hydro-
formylated material was mqntioned. It turns out that the
hydroformylation product is exclusively p-phenylbutyraldehyde
(158), once again supporting the rules of Keulemans, Kwantes

and van Bavel.

The invariable fate of tertiary alkyl cobalt carbonyls
under 0x0 process conditions is reduction to the hydrocarbon.
This can occur bhy activation of molecular hydrogen by an alkyl-
cobalt tricarbonyl (Eq.4.16) (159).

L
A |
~CO 2
RCo(C0), T— DeottT); T—> RCOH,(CO)5;— RH + HCo(CO)

4016
or via another molecule of HCo(CO)4 (101, 160, 161).

The reason benzhydryl and tertiary alkylcobalt carbonyls
fail to undergo CO insertion is probably steric (129). Table 4.6
lends support to this idea. When bulky phenyl groups are
a~substituents, secondary‘cobélt carbonyls do not insert CO ‘
(Entry 2). One phenyl and one methyl group apparently provide
almost éufficienf hindrance to prevent CO %nsertion (Entries 3,

‘4). A simij}arly hindered cobalt carbonyl formed by addition of
‘HCo(CO)4 to cis-stilbene is known to undergo hydrogenclysis to

diphenylethane (162). As can be seen from Entries 5 and 6, jwhen
the a-substituent is a single aryl group, hjdroformylation is
considerable. (The reaction conditions of Entry 4 differ some-
what from the others of Table 4.6 since the starting material ¢
wag the acetophenone, the a}cohol having been formed in situ. )

Although Wender's group reacted Efmethoxybenzyl alcohol

in the temperature range of 70-95 °C and obtained large amounts !
L'
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of homologated product and polymer (128), these data are omitted
from Table 4.6. Reaction at higher temperatures produces little
or no polymer, and the homologated/reduced product ratio is in
line with that observed for other substituted benzyl alcohols
(see Chapter 6). Wender's group later reduced p-methoxybenzyl
alcohol at 140°C but unfortunately -did not analyse the

products (162).

In this work no formylation products were detected in
the reduction cleavage of o-aryl acetals -— the reduction
products (ethers) have been obtained in yields approaching 100%.
This observation (Entry 7) is consistent with the other data in
Table 4.6. The cobalt tetracarbonyls derived from benzylidene
acetals resemble most closely in steric hindrance those shown
in Entries 3 and 4. \

Cobalt cartonyls derived from formals, or acetals with
an o-alkyl substituent undergo a considerable amount of CO
insertion (Entries 8 and 9).

Y N

SUMMARY - ‘ L.

The acidic nature of HCO(CO)4 catalyses both the
formation of acetals and their subsequent decomposition.

The reduction of benzylidene acetals to ethers appears
to be a gpecial case of the reaction between HCo(CO)4 éhd
acetals, In general, reduction of the intermediate carbonium
ion is so slow that i1t occurs only if other possible routes
are blocked.

) Structural features of the acetal necessary to achieve
this blocking are (i) an absence of hydrogen atoms adjacent
to the acetal group (elimination cannot then occur), \

(11) the presence of a bulky substituent on the acetal carbon
atom (hydrogenation is then favoured over CO insertion).

»




CHAPTER 5

SOLUTIONS OF PURE HCo(CO)4 IN HYDROCARBONS -
THEIR REACTION WITH ACETALS

5.1 Preparation of HCo(CO)4 Solutions

’
\

- Solutions of HCo(CO) in hydrocarbon _solvents are
readlly prepared accerding” to the mathod of Kirch and Orchin
(151): A solution of dicobalt octacarbonyl in a hydrocarbon
solvent is first disproportionatediby adding a base (e.g.
dimethylformamide), according to Equation 5.1.

3C0,(C0)g + 12 Base —» 2[00(133.863)6] i [00(00)4]2 + 8CO

- P s v

_ 5.1

The salt thus formed is next decomposed by addlnga
strong aqueous acid (usually hydrochloric) and tHe HCo(CO)4
so produced dissolves in the hydrocarbon layer to yield a
lemon-yellow solution which is washed with air-free water and
is dried by addition of anhydrous sodium sulphate (153). For
work with acetals, a second drying step overya molecular
sieve was found to be essential to prevent complete hydrolysis
of the substrate.

All these operations, except the disproportionation, <
must be performed with complete exclusion of alr, since
HCo(CO)4 is rapidly oxidised by atmospheric oxygen to éoz(CO)s.
The most convenient apparatus is a pear—shaped flask filled
with carbon monoxide, and having a sideaard‘cloéed by a serum
cap: Liquids are added and removed through the side-arm by
means of a syringe. Sodium sulphate, contained in a —
horizontally positioned flask connected to a second side-arm,
is added by tilting the apparatus.
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Solutions of HCo(CO)4 cannot be kept, éven at 0°0, and
must be used within an hour or two of preparation. The rate
of decompbsition (Eq.5.2) is said to vary approximately as the
square of the concentration (111). .

2

2 HCO(CO)4—-~—~>;COZ(CO)8 + H L
. 5.2

-

A 1M solution in hexanenhas a half-life pf "asfew
minutes’at 25°C; a 0.02M %?iution has a half-life of about 5
+* ¥ .
hours (111) .

The solutions are conveniently analysed gasometrically
by decomposing the HCo(CO)4 with aqueous potassium iodide/
iodine solution and measuring the carbdédn monoxide evolved (163)
(Eq.5.3). ~

r H,0
2
31, — %y 200I, + 8C0. + 2HI (gq.)
) 5.3

2 HCo(co)4 4

5.2 The Reductive Cleavage of Acetals §¥,H00(00)4 Solutions

During the course of the present research, the HCo(CO)4
solutions prepared as described above were found to bring about
reductive cleavage of acetals under conditions close to ambient

(Eq-5-4). ' . ‘ . , ‘

¢ |

PhCH(OR), + 2 HCo(CO), = "PhCH,0R + ROH +nqoz(co)8 1
5.4
This finding supports the rdéle of HCo(CO)4 as active .

species in the catalytic reaction (Chapter 4). Table 5.1
shows the results obtained for the rqduction of two acetals

of benzaldehyde by HCQ(CO)4 solutions. Experiments 1, 2 and

5 show-that increasing solvent polarity greatly increases the
rate of the reaction of benzaldehydé dibenz&l acetal (gg) with
HCo(CO), (see” also Fig.5.1). The yield of ether produced is

*, . . .
Whereas the gas-phase decomposition is undoudbtedly 2nd-order
(111); these data, taken from the same source, do not offer -
convineing evidence that the same is true for the reagtion im.



~'was reduced o an-acceptable level (15-30%).
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4

not greatly affected by the solvent. Experiment 4 does show
a highér yield; it differs from Pxperiment 3 by having half

the amount ot HCO(@Q)4. Consequently, aqetal is present in
excess and the yield is based on FCO(CO)4 -The improvement

of yield pres umably results from reduced less of Huo(00)4 by
the reaction in Lquation 5.2. .

Bxperiments 5 and 6 illustrate the effect of adding
ghlorobenzene to the reaction mixtures. The reaction mixture
in Experiment 6,because of chlorobenzene addition,was three

times more dilute than that in Experikent 5, but still reacted

slightly faster (F1g.5.2).

The increase in reaction rate produced by polar

golvents may be taken as evideiace for a polar intermediate in.

acetal cleavage, as proposed in the previous chapter (bectlon
4:7). A polar solvent could promote the cleavage of an
oxoniun ion by usolvation of the incipient oxocarbonium lon,

A comparison of Lxperiments 5 and'?,.or 8 and 9 shows
that while the rate of reaction of HCo(CO)4-ié greatly
accelerated by a modest increase in temperature, the yield of
ethgér is not significantly altered This could mean that the
reaéfione shown in Iquations 5.2 ‘and 5.4 have qimllar
aotivation energies,

. Except for Sxperiment 7, analysis of the ether Qroduct

was reatricted -to g.l.c. because of the small quantities

involved. Large quant1}1e3 of HLO(CO)4 solutlons are difficult

and expen31ve to work with.

The majbr experimental difficulty emgountered was the
rémoval of traces of water from the HCo(CO)4 preparation so
thqﬁ acetal hydrolysis would not occur. Simply drying for an
hour over sodium sulphate l4ft so much water thét hydrolysis
was the only ‘reaction bbserved. When a second drying step

over molecular sieve was introduced, hydrolysis of the acetal
Fgrther attempts

eliminate hydrolysis were unsuccessful, owing to the limited

<

o
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gtability of the H§Jo(co)4 solutions. A better approach to
this problem in future would be to devise a gynthesis of
HCo(CO)4 which does not require water.

The (reversible) removalmof some acetal by a hydrolytic
side-reaction should not invalidate the results of acetal
cleavage shown in Table -5.1, because: (i) the benzaldshyde
hydrolysis product is not reduced under the experimental
conditions employed (benzaldehyde, but not benzyl alcohol was
detected at the end of Experiments 8 and 9); (ii) an excess
of acetal was detected at the end of each experiment.,

A

5.3 QGobalt Recovery

. After removal of a small sample for g.l.c. anaiysis,
the product of Experiment 1 was tooled in a dry-ice/acetone
mixture and the 5right orange crystals of 092(00)8 were
filtered off. ~Roasting these at 75000 yielded Co3O4 equivalent
to 55% of the original cobalt. This method of separating
002(00)8 works well with stoichiometric olefin reductions, and
gives a cobalt recovery of about 80% (151). In aceaal
reductions, tﬁérefore, gome cobalt must remain in solution.
The clear yellow colour of tye filtrate confirms the removal
of 002(00)8, which gives almost black solutions. Inoomplete
cobalt recovery has been previously noted in stoichiometric
reduction of ,aldehydes to alcohols w}th HCo(GO)4 (164).



.
. -
-~ .
2 - Lo
- - LR e - - o2 -
TAE_ T 73 . s
~ , o . [
The recction of 4cerals sitn 1737200, unaer . -
g
Stdichica~iric Jondisions .
3
> . 2 ATTICY . lzrer .
.;L,:> 2xp. Acetal® (macle) H:c(CC)4 Solvenz (Val., nt) Leattion Terr. Fria.ai© . )
I v
£ 7 . {mmole) Ti= (~rs. (at1s 9
1 23 (1.0) 2.5 .., (28) 212-763 227 43" '
o~ - '
2 2 o. 1.2 o, (33 + 2.1 (1) 94-117 22¢ ic :
23 (G.5) 6* 14( s £45 ( ; 94 4
- R 3 \ > 2 ’“14 {r myia N ST -~0 zz l
_’?J'vl 3 =2 (;.O, e ué,lqkbl L L A - oy )
T
4 o7 (1 0) 1.3 C.hy A5 « 2up (3D) 1-2 200 T =
m— v O 44 i
5 23 (1 0) 2.4 ceH, (5.5) 25-92 22° 4" @
b 2z {1.0} 1.9 Caﬁé(é) + C;lgcl (12) A4-174 22° = . ‘1
7 o3 (1 ¢y 1.9 LR 2-20 372 22443%,° :
n‘ T “'..._" )
8 o) (0 6) 3.9 T (R) 2-10 370 T5°
1 G C
o
9 30N (3.55) 2.4 CoH.(5.3) 20-50 22° SERS . :
_ L 67 ) o,
— T 4 - .
» - t
) - . -
) .
p
. :
- A Bep oy - Y
(3) «, = :v.\\,—[ﬁz)-. —f‘ = y‘~. :(u‘u’{s)«
- e - < _ - - — v .
. (o) Ln:%; #C0{C0 )4 mo longer &eteczadls (oy cmell or Dy PPIN. w1l MicKel tri-s-iravnnisnrol.ine
. 3 2
cogzliex,. .
(¢) Yield salcilition 13 aaced on "1.%.4.  Zenz,l alcsvel van 2lad detsnied 1m Txraripent
1~7 cut = 1t 15 Tormmed by Foeroiysis oo well 23 Ly rEALCiInd LT WaS ROt cuantafozd.
{(¢) T2MI oy fzolazed a8 orange ary.otals, zp.sz-a;Cc., oy e0cl.ng tne nexane o3lutiom zo <7372,
CTaleindi.on yaelided 108 mg. L0304, egquivzlent 0 1.35 mmole COTCO)4. . -
(e} Isolated yield (8103 crromatczraghy). . . i i
{f) Benzaldenyde, but o penzyl alcohol detaected. .
.
= - - - - v
. N ' -
.
P €
. . .
) :
N .




DIBENZYL ETHER YIELD (%)

. 60

4

~ N 77 % BENZENE , 23% HEXANE (EX 29
X X

X
mTHF . 339 HEXANE (EX.3)

XX X6
50H- ] } .
) C . PURE HEXANE SOLVENT (EX 1) k
.X X es b
40H X=X
X /
X . X
x‘h / L3 P
30 X i
x‘ ¢ ~ - - - A
20‘— S s
- + « - ‘F\ - \\‘\\“" f,
u\“: ‘ o~ RS

t
i0
o)

| I

o)

Fig.®.1

50 .. 50
TIME , hrs.

various solupnis at T¥

»a .
Ly ) e
__;S. o -

ditenzvlacetal (23) by HIo{lC), solutiong in




3%

e

DIBENZYL ETHER YIELD (%) -

60

R \ - .
. .
[ 2
0 10 20 30 40 ¥ 50 60 70 | 80 90 100
TIME , hrs.
Fig.5V& . The I‘edwzt1 dn of cen-aldehvde diten zylacetal by E{'39(°'3f~}4 soilu%ions
Twith and withou? aidsi crlorohenzene

-

-~

s

PURE BENZENE
X

C

[

Py

-78':

[



KEY 7™ CHAPTIR 6 °
. LY
3] MeO CH,OH
= \OW/ 2
4

32 MeO@CHQOMe
.33 Me@ CH,OH

@
°

36 - MeO@CHQCHzOCHO -

p-metnoxyphenethyl formate

Ponme tbox;uema;(f al~ohol
b s

¢

"
p-rathovybenitl me b/l ot or

.

p-methylbgnavl aleevsl

s

> -
. Y. N
R
o J“; ¢

p-uethyl Fiesle - A

o

3

1

~

dimt<yl ether ’

I8
4 ~direthrvyl
vlmettare

3 N

. { i
b45-"-{4-metovvphenyl) ~
ethvl ether

. i

7 "
H ? M
p.—mg;thoxyp"xenacetaldehyde i K

Q ‘e

p-methoxsphenethyl methyl - .
cther £

3

]

~r



see hppendix H).

4

/!  CHAPTER 6

JREDUCTIVE CLEAVAGE OF p-METHOXYBENZYL v
: "ALCOHOL AND ITS ETHERS

’

! - o
’ Our interest in p-methoxybenzyl ethers stpmo from $he

{

exigtence of similar structures3 in lignin; we were woraln"
from the hypothesis that a hOmogenoou, reductive cleqvagb of
the bemzyl ether cross-1links would render 1lignin soluble, but
would not simultaneously attack cellulose. The benzyl ether

, - . .
,model compounds were used in the search for suitable reducing

azenty. _(For details of studies with lignin anl csllulose

R )

As this chapter is nega2ssarily nather conmplex, a

gummary is.presented next - in order to vutline the main points.®

6.1 Summary ‘@l

The catalytic reduction of p-methoxybenzyl aleohol (31)
by HCO(LO) has been re-examined. The anomalous pehaviour of
this alcohol noted by Wender &t al. ig probably dus to its
ability to react at low tcmner%furb‘ whers the catalyst-foraing
reactions are slow in attaining equlllbrlum '

Cthmatovraphic analysis revealpd many products not
observed by earlier workers. Apart from ether 29, all products
are explicabie from current knowledge of the chemistry of the
catalyst. ‘ J

Reduction of p-methoxybenzyl methyl ether (32) gave
products similar -to those of the alc¢ohol (31), except that
meethoxyphpnethﬁl methyl ether (41) appeaggd and no 39 was
formed.

4

A mechanism £Or the formation of ethers 39 and 41 is
proposed and some supporting evidence 1s provided.




p-lethoxyben iyl ethers were also reduced by stoichio- -
metric amnunts of +(2o{0), under conditions close to ambient,
“
Reduetion was glower and vields were lesa than with acetals.

Polar onlvents acceloarated the reaction.

Lvesss borane in THE redhacel peuethoxybencyl methyl
s ey f . =7 8] . v
evher in 790 yield av 153075 yields were low At teriperatures

near amopient. P b

6.7 Heuuc%iagﬁwith Satalytically Generated ”CO(CO>4‘

The reaction of catalylically produced HCQ(CO)4 with
various benzyl aleohols has poeen extennively studied by Wender,
Orchin et al. (92, 120-127); the steichiometric reduection of
heney. aleohol by the oame moterial at anbient temperature and

precsure has also been investigated (49, 1647,

Comparatively Jaittle 14 known, hogeover, of the behaviour
of brnuyl ethers with this reagent. Divenzyl ether itself isg
res}sta&t to reductinn by ij(HU)4 even at 200°C (17). Th faect,
thia ether hag been obtained ac.a major product in reductions
ol benzaldehyde b HS@(IU) (1 QG, 1147). Benzyl ethers aloo
- apprear as atrjor producin 1u 1h~ hydrogenoiysia of the oyclice
acetals of bLenzaldehyde (wee Chapter 4, Table 4.2). C.M. Li
(L) was recently found that p-substituted berzyl ethers vary
greatlv in r“aCthLtj towards HLO(PO)4, depending on the nature
of thP substituent: if the p-subatituent is H, the ethers are
virtually inert to the catalyst up to 190%C; if the p-substituent
is ~OCHy, the ethers rnadlly underso hydrogenolysio (Eq.1.1)
well below this temperature . Indeed p-nethoxybenvyl ethers
arz2 even hydrogenolysed under sf01cnlomofr;c DOH@}ﬁthS at
40-50°C as discussed. in Section 6.4.

[

The strongly avtivating effect of p-methoxy groups on
reductive cleavages was also observed for benzyl alcohols by
Wwender -and co-workers (128) working with HCo(CO)4, and by -
others using hydride reducing agents (167, 168). "The effect
hag been taken to indicate that a carbonxum ion is an inter-
mediate in the reaction.
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6.2.1 Reduction of p-tlethoxybenzyl Alcéhol’(éi)

i AN
et

In the stlidy by Wender's group (128) of the reaction

of various p-substituted benzyl alcohols with catalytically
broduced HUo((JO)4 at 190°C, the majority of alcohols examined
yielded 41--63% of hydrocarbon amd 16-36% of homologated alenhol,
the ratio homolegated pfoduct/hydrocarbon being in the region
0.3-0.7. p-liethoxybenayl alconol, however, was anomalous,
vidlding 165 of hydrocarbon, 44, ofi homologated alcoﬁﬁl, and
about 34% of high boiling polymer (1'q.6.1).

CH,OH

. CH3 ' 2OH
FCO(CO)4 NS
- 1900 l . Palymer
OMe

3 . 34 35

ot -

6.1
gt

2

The procedure used by these workers was as follows: the auto-
clave was charged with the mixed reagents, pressurised with
gsynthesia gas at 2590 and then the temperature was raised to
190°%C in 110 minutes. It was noted that|ip some instances gas
absorption began tefore the final temperature was reached,
especially with p-methoxybenzyl alcohol, which started to absorb
gas at 709C, and had taken up one mole of gas per mole of
alcohol by the time the temperature reached 92°C.

It occurred to us that the anomalous product ratio from
p-~-methoxybenzyl alcohol mightébe a conseguence of reaction at
such low temperatureg (The next most reactive alcohol —
p-methylbenzyl — starts to react only at about 130°C (128)).

In order to test this possibility the following
modification of Wender's conditions was madeée: quantities were
scaled down by a factor of 135 and the E~qethoxybenzy1 alcohol

LY |

3

13
3

£Y
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was Xept in a amall open ampoule separaie from the catalyst--
bensene mixtura, Afier the pressurised autoniave had been
heatod to a constant 177°C (60 mins.) the apparatus was tilted
ko mix all thd cont=ntn. Therc was an imnedinte temperature
rige of several degreca, and the gag pressure remained constant
(o2 nifying aboorption). Analycis of the products by g.l.c.
gave 710 of hydrocarbon and 2%% of -homologated compounds

(Table 6,1, wwperiment 1). Fractically no polymeric materials
were found. The ratio of homologated compounds to hydrocarbons
is 0.33%, in linc with that found for other alcohola which react

at this temperature.,

For on aleahol which vearta only at higher temperatures
(e.g >‘?OO) tne methiod of addition of the reactants is

unimportant Thug in Sxperiment 3, Table 6.1, Q—“etwylben Ay L

alechol (jg) and catalyst werve premixed and heated to 185° in
85 wminutes; in bxperiment 2, the alcohol was placed in the
ampoule and added only after the reaction tgmperature (185Y)
had been attained., Dewspite the difference in technique, there
wai no simnificant difference in the products from these two

&4
experiments .

The anomalous result obtained by Wendgr ct al. for
p-me thoxybenzyl alcohol is apparently due to gbe alcohol being
reactive enous h to be attacked by ‘I(,G(LO)1 g_gﬁ at 70° b.‘ The
equitlibrium in Equation 6.2 is reached rather ‘Blowly at this
temperature *, and the unusual behaviour of g~methoxybenzyl
alcohol may result from the low concentration of HCO(CO)
preucnt — which would favour side reartlons rather than
reduction of a ﬁarbonlum~i€n intermediate.

The yield of homologated material was, however, somewhat
lower than Wender et al. obtained. The reason for this
is not clear. L

* At 100°, but under rather lower gas pressure, equilibrium
concentratlon of HCo(CO)4 is reached only after 45 mins.(94).
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Reachtisns a4 Tow ~vmporastutes wore further invoestipatled
. - . U .
in “xperinents.t, 5 ownd . Incexperiments 4 and 5 the o -~melbhoXye

ey e ¥ . raned . - . - . S [ G o~
tencrl sicoh b and entalyst vore mixed, avnthenis ras (f RRRHIY

¢

was added. and e uteoclave was hedbed roridly (50 wina,) ko f
N s (V] & .
vempera cueg of 83570 and 1947 recpectively.  oven afier S hours

hepr, o rperim wus yieldel over J0,5 of unreanted aioeshol, the
monomeric prodiact had oo il homolosated product/hyirecarton

. 1 b s ~
ratio, bl most of the produst wan pilyneriz material,
’ 1

b vament 6 v o3 performed under the Fame conditions ag >
A
iperiment o, ot the p-methovybensyl aleenol warn not pre-mixed

1 n N
with 2atalye . L wes aadel rracoually fﬁ Lua90 fror a zmall
anpoule so - au Cracied 1hat one or twoldraps rhook out ecach

- AN
time the auso . vve was nvertad,  sven more unreacied aiLcechol

(7-') was obtained frem this evperiment, ut, mrniricantly, ’
ti2 mae ol Bt o) react formed less poluvmer and had

2t hmmolomx§“4 ; voduct/hydrocarbon ratio (0.46) much ¢lnaer Lo

that obtain< 1 in high temyerature reactions. This resul d

ay Dears 4o support ihe idesc that it i the slow sttainnent of
coovlibeowa in Uowation ALd whffeh causes both the "abnormal"
proluct vatio, and the fermation of polymeric proiuct wien
p-methoxybenzyl alcoanl reacts with HCO(G())4 at low temperatures;
drop--wise addition of substrate compensates somew~hat for the ulow

[}

attainament of equilibrium,.

The smull yields of product obtained in bxperiments 4, 5
and 6 may So the rezult of incoﬁplete regeneration‘of HC@(’JO)4 at
the low reaction teuperatures (850, 1040). When the quanﬁity of
catalyst was increased, more subatrate reacted (Experimen% 7).

Experiments 1 and 8 are practically identical except for

dilution, and the main effects are: . ’

i) a decreased homologated ﬁioduot/hydrocarbon ratio and,
o
ii) a drastically diminished quantity of dimeric material

produced.

kY
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. 6.2.2 Reduction of p-Methoxybenzyl Methyl Et&'e?*q_g)

4 Eﬁperiment'9 was done under the same conditipns‘as

Experiment 1 dbut the starting material was p-methoxybenzyl
methyl ether (32). The percentage of homologated products
was lower with the ether., Orie reason for this may be the .
increased polarity of the solvent due to methanol formed as
the reaction proceeds; water fqymed-in the benzyl alcohol
reactions plays little, if any, rdle because it igs. insoluble-
in benzenet® Of the dimers, only the diarylmethane (38) was
formed, but the. most .renmarkable difference was the appearance

of l-—methoxy—?-—( 4-methoxyphenyl)ethane (41). - .
- 41
r g V

, Ks the yields of the major products in Experiments 1
and 9 are closely similar, it seems likely that the. cleavage
of this benzyl ether follows a mechanism similar to that pro-~

posed for benzyl alcohols = i.e. Scheme 6.1, ‘R=Me. However,
the new product 41 must be accounted for. &
" ’ Ef; " As we believe the first step of the reaction to be

@r@tonation and methanol cleavage, the terminal methyl.grqup
. of 41 must be derived from free methanol,_in solution. This

’ ' . conclusion wag provén correct by conducting a reductién of .
prmethoxyﬁenzyl alcohol (31) En the presence of added methanoly
compound 41 was produced (Experiment 10) Its yield was
smaller than in Experiment 9 - probably because 31 liberated
water during the,reactlon. Further discussion of this topic

. ', is reserved for Section 6.2.4 (p.97).

© //
¥ %
[ K
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6.2.3 The Mechanisms of Formation of the Many Products
Shown in Table 6.1

The formation of p-methyl anisole (34) and p-methoxy-
phepethyl alcohol (35) has been discussed by other workers,
who generally b;lieve (96) that both products stem from a

common intermediate 42 (Scheme 6.1). .

CH,OR CH,  ColCO), CH, ColCO),
Ho ( [aN} )4 - “ \
-RCH oy e o N
OMe OMe / OMe
§_l JR=H - 42
) 3_2’ 1= Me '
m REDJCTI ON
CH3.
'

CH.,CHO CH:,cmoCo(CO)3 CHyCH,OH

Hro(20), -

— OMe

-~ »~ ROICCMTH » 3
OMe OMe OMe

40 4 43 s

\-’ - ‘;& % ™~

Scheme 6.1 The Published Mechanism for p-Methoxybenzyl Alcohol

° Rﬁdgction (R=H) (compiled from refs.96, 121, 127 and
128).

(1) p-Methoxyphenethyl Formate (36)

) This substance was isolated from the reaction mixture
by chromatography on silica gel, and was identified from it
p.m.r. spectrum and by the detection of g-methoxyphenethyyjﬁ‘
alcohol (35) after alkaline hydrolysis. When a sample of the
latter’ alcohol was esterifiengitb formic acid and dicyclo-
hexylecarbodiimide (DCCJ, the product had properties (g.l.c.,
p.m.r. spectrum, ref. index) identical to those of the material
obtained from Experiment 1.

A
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produced from benzyl alcohols and cobalt carbonyl catalysts, they

Although there are no previous'reports of formates bein

are not unexpected. Formates are well known as produc%s of thé
reduction of aldehydes under oXo process conditions (96, 122,
146, 169~171) and, as illustrated in Scheme 6.1, an aldehyde is
believed 0 be an intermediate in the homologation of benzyl
alcohols (127)*. - . ’

~

B :
It has been argued m%at formates may result from the

HCo(CO)4-oata1ysedhesterification of the homologated alcohols
(102}, That the bulk of the product is not produced in this way
was demonstrated as follows: a mixture of p-methoxyphenethyl
alcohol (35), p-methyl anisole (34), and water (in the same
proportions as the products of Lxperiment 1) was heated under
synthesis gas to 180°C. The mixture was then added to cobalt
carbonyl catalyst and maintained at 180° for 2 hours. A traceﬁk
of formate (less than 0.17% yield) was detected by g.l.c. ——
this was less ‘than a thirtieth of the amount obtained in
Bxperiment 1.

The mechanism of aldehyde reduction with cobalt carbonyl
catalysts is still not settled (121, 122, 129) but the high
formate yields always obtéined suggest the presence of an inter-
mediate contéining an oxygen-cobalt bond. This may result from

attack by the coordinately unsaturated hydrocobalt tricarbohyl

(HCO(CO)B) first postulated by Heck and Breslow (116) (see
Sections 4.1, 4.2). Marko has found evidence from kinetic
studies that this j#“so (121), Thus it seems likely that the
formate isolated Ain\our experiments resulted from 43 (Scheme
6.1) by insertion\ of % ligand CO molecule into the Co-0 bond,
followed by reduc

ion,

»

Marko's observations (170) we found the
tio to be highest at low temperatures

-Paralleli

formage/alcohol
{

D

[~

* B.R. James in his review (ref./107, p.1792) states the opgosite'

The reviewer has misinterpreted the original paper (127
wherein it is shown that an aldehyde is nct an intermediate
in HYDROCARBON formation from aromatic alcohols.

-~

7

N
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. (Experim,ents_ 4, 5 and 6, Tablge 6.1) and also to decrease when
\ the catalyst concentration was.raised (Experiment 7). If
methanol was present or could be formedﬁ(ﬁxperimenﬁs 9, 10)
. the'ratio was greatly reduced. '

‘. As -the mechanism of Treduction of intermediates such as e
43 ig-still not decided -(121, 122, 129) an explanation of’the

significance of the above findings is not yet possiblé.
. .

(ii) Dianisyl Ether (37)
\

*

This product is known to be- formed from p-methoxybenzyl
alcohol by the action of mineral acids -(172, %73,“177, 178).
As HCo(CO)4 is a strong acid (108-112), the occurrence of °
dianisyl ether‘amoné the products of reduétion is not surprising.
It was formed in only small amounts and st identified fronm its o
p.m.r. spéctrum, and then found to have tle same retenkidn times,
on two g.l.c.'columns, as a pure sanmple prepared accor@ipg to

reference 173.

(iii) 3-Methyl-6,4' —dimethoxydiphenylmethane (28),
"Diarylmethane" '

In those gxperiments where this ‘and the'preyious compoﬁnd
were formed together, no separation was achieved either on the
silica gel célumn or by distillation. Compound 28 was identified
from the p.m.r. spectrum of the mixture by subtraction of the
* simple dianisyl eé¢ther spectrum. Thig identification was
confirmed by synthesising 38 by an alternative route.
Subsequently this compound was obtained in a pure form from the
HCo(C’O)4 cleavage of E—me%héxybenzyl methyl ether (32), a
reaction which does not produce dianisyl ether. ' .

Similar diarylsiethanes have been obtained previously by
(1) mild acidolysis of a benzyl ether (175), and (ii) by
. treatment of a benzyl ether with a Lewis acid (176).

hm-—.--_——\lw -
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In attempting to synthesise 38 by treating a solution of
p-methoxybenzyl alcohol, in a large excess of p-methyl anisole, -
with concentrated sulphuric acid, mixtures of dianisyl ether and
the diarylmethane were always obtaiﬁéd, the relative proportiops
depending on the dilution of the alcohol. These mixtures, which
resembled those formed during HCo(CO)4 treatment of the alcohol
were difficult to separate. The need for separatlon was avoided
by starting with p-methoxybenzyl methyl ether (32) rather than
the alcohol 31 in which event no 37 was formed. Scheme 6.2 shows
a mechadism for the formation of 37 and 38. I% is clear that
loss. of R' from 37a will occur readily if R=H, However, if R=Me,
loss of R is less facile, and equilibrium will soon be .
establisﬁed, whereupon all further reaction will occur by attack
of the carbonium ion on the aromatic nucleus and will yield 38,
either directly as in the synthesis (X=H), or after feductive
cleavage of a dimeric benzyl ether 38a.

R -
L ¢ k] J
CHQOR : Cl 2 (3 _—
H ~ 3N
o o) n, "0 R
~ ~< >
n-DOLUKL ALTACK
OMG CMG J OMG
2—1;’ R=H 37
N o
.1?.' R=Me -DONOR -R
. ATTACK
MeOCGH“CHZX
CH,X
CHZ
'
OMe
OME OMG
38,X=H R “ 37
OMe 38a, X=OMe =

Scheme 6.2
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The same explanation applies to Experiment 9 (Table 6.1)
in which p-methoxybenzyl methyl ether (32), when reacted with’
HCo(CO), yielded 38 but not 37,

(iv) Bis—[2~(4—methoxypheny1)ethyl] ether (39)

This material, obtained as a small quantity of colorless
os\ from Experiment 1, was identified from its p.m.r. spectrum.
The! identification was confirmed when an ether having the same
preperties was synthesised in good yield by treating p-methoxy-
phenethyl alcohol (35) with H,50, « 3H,0 at 140°C — a
modification of the method used by Senderens to prepare bis-
(2-phenethyl)ether (37).

’
f e,

When 35 was heated with HCo(CO)4, under the sa e
conditlons as Ixperiment 1, no 39 was formed. Thus 35 was not
dehydrated by HCO_(CO)4 under these reaction conditions,

(A similar experiment with methanol present likewise yielded
neither 39 nor 41.) )

6.2.4 The Mechanism of Ether F&rmation \

»

In Chapter 4, the formation of dibenzyl ether during.
benzaldehyde reductions'was discussed. The proposed mechanism
involved reaction of the firét—forhed benzyl alcohol with
unreacted aldehyde to yield an acetal0 which was subsequently
cleaved. J

By analogy, the ether products 39 and 4] most likely
result from cleavage of acetals formed bdetween the intermediate
p-methoxyphenacetaldehyde (40) and alcohols in the reaction
mixture (Scheme 6.3). We have seen that 41 is formed when free
methanol is added to HCo(CO)4727methoxybenzy1 alcohol reaction
mixtures (Experiment 10), or if meth#nol can be prq@?ced in the
initial attack (Experiment 9) Furthermore, as hnikeaction
proceeds and homologated alcohol 25 begins to accngﬁlatéq this
can also react with 40 yielding an acetal, cleavagg&’t vhich ‘
yields 39. ’

3

)ﬁ
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CH2CHO : CHQCH(OR)Z/
+ 2 ROH P + H29)
. L \
OMe 00\06 OMe
NS
40
CHQCHQOR
+ ROH
OMe ”
39 R= MeOC H CH2CH2-—
41 ,R=

4

. Scheme 6.3

tvidence for Scheme 6.3 and the rdle of 40 as an inter-
mediate in benzyl alcohol and ether cleavages was provided by
the following experiments: p-methoxyphenacetaldehyde (40),
when added” to the HC0(CO), catdlyst mixture, yielded most of
the products found in Experiment 1 — i.e. p-methoxyphenethyl
alcohol (35) (11%), p-methoxyphenethyl fophate (36) (7%), bis-
@-(4—metho&yphenyl)ethyﬂ ether (39) (17%), and p-methyl anisole
(34) (4%): No starting material was recovered; the remaining
material was poljmeric. As an intermediate in benzyl alcohol
and ether cleavage, 40 would be present only at }ow
concentrations and thus would be leds prone to polymerise,

Wender et al. obtained Ogly polymeric materials when
attempting a similar reaction with~phenacetaldehyde '%12’1)

Less polymer may have resulted had the ixed the reagents at
130° or above. |

} 8

AN

AdditLon at 130°,  temperature raised to 180° in 25 minutes,
maintdined at $80° for 3 hours’

ya
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. . The reduction of 40 described above was repeated in the
presence of 4 eqizi_valents of methanol. Unly traces of formate
‘}_Q and ether 39 were produced, the major product was p-methoxy-
; phenethyl methyl -ether® (41) (26%) along with 35 (20%) and 34
(4%). The higher yields here are nc doubt due to rapid acetal
formation, thus decreasing thz amount of aldehyde available
for polymerisation. The decrease of the yields of ether 39,
ahd formate 36 by methanol addition was also apparent in
" Ixperiment 9 (Table 6.1). The_first was due to competition
between methanol and alcohol 35 in acetal formation (Scheme 6.3%),
“the second ’;Was possibly a solvent effect, modifying CO-insertion
by intermediate 43 (Scheme 6.1).

The small quantity of p-methyl anisole (34) formed from
p-methoxyphenacetaldehyde (_4__(_3_)' probably resulted from a free-
radical decomposition (Scheme 6.4).

4

. CH SCHO CHZCO
4+ R - + RH
OMe OMe
- + co
OMe . - OMie
. A t
Hp 7 . CHxHO Hy CH,CO
=
e et
+ l g +
S
Me OMe OMe  * - OMe

. Scheme 61‘4,< \' . o
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) iy
‘ ) A similar decarbonylation of [f-phenylisovaleraldehyde
has been observed to proceed almost to completion at 130° in
the presence of a trace of peroxide catalyst (181).
» 5 4

5

M
6.3 The Relationship between p-Methoxybenzyl Ethers and \
Acetals.

-

Since p-methoxybenzyl ethers may be regarded as viny-—
" logs of acetals (Fig.6.1), their reactivity towards HCO(CO)4
is not surprising in view of the facile acetal cleavages
described in Chapter 4. ‘

| A CH~OMe

t
)
3 - N /
~
~
~

OMe

Fig.6.1 p-Methoxybenzyl methyl ether, showing its vinylogous
£ relationship to an acetal,

v
4
i

Nevertheless, reductive cleavage of p-methoxybenzyl
methyl ether ia considerably slower than that of the .corres-
ponding acetal. For example, in direct' contrast to acetals,
at room "temperature this ether is practically inert to hydro-
carbon soldtions.of HCo(CO)4 (Section 6.4.1) and to borane in
THF (Section 6.5). The difference is readily explained in
terms of the stabilities of the intermediate carbonium ions;
the canonical forms bf these ions are of comparable energy
except for the oxonium ion form (Fig.6.2).

( .- ‘ ’ “
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+ b |
. CH=0OMe CH2 ( R

» g _\ a;: }
|
{
. “1 ) ‘

413AAe e
(a) ) (v) }

Fig.6.2 Oxoniun ion from (a) benzaldehyde dimethylacetal and
(b) a p-methoxybenzyl ether.

P

The latter is quinonoid for p-methoxybenzyl ethers, but

alomatic for acetals,

Clearly the acetal carbonium ion is the more stable of

, the two types.

6.4 The Reduction of p-Methoxybenzyl Ethers with Stoichio-
netric Amounts of HCO(CO)4?

Solutions of HCo(CO)4 in hydrecarbon solvents, prepared .
as described in Sections 5.1 and 8.4.1, reacted with p-methoky-
benzyl ethers to yield p-methyl anisole (Eq.6.3). Some, but
not all, of the cobalt was recovered as 002(C0)8.

HCo(CO)4
35-500C + ROH
1 At. CO
OMe
OM
. : € 6.3

The yields in this reaction were much lower than those
obtained in the analogous rehctions of acetals (Section 5.1),
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o *
presumably owing to the lower reactivity of the ether .

The two ethers chosgen for study — p-methoxybenzyl
methyl ether (32), and p-anisyl guaiacyl ether (45) — gave
different results which are described in the following two

seciions.
CHZOMe Hz—'O p
OMe
JET
OMe 32 OMe 45 0

6.4.1 p-Methoxybenzyl Methyl Ether (32)

Table 8.2 shows the results of reductive cleavage of 32
by HCo(CO)4 in a range of solvents. The HCo(CO)4 solutions were
prepared in hexane and consequently the solvent mixtures all
contained 33% of hexane besides the solvent listed. '

Addition of a polar solvent accelera@ed the decomposition
of HCo(CO)4 in the reaction mixture. This was indicated by
(i) the rapid (in minutes) blackening of the solution followed
by much gas évolution as,dicobalt octacarbonyl produced was
attacked by the’'basic solvent**, (i1) the relatively short
time before HCo(CO) became undetectable by smell or by
prpcipltatlon with nlckel (o-phenanthroline) complex (163).

If the reaction is slow, most of the HCo(CO) will decompose
. according to: HCo(co)4--—-—-- H, + Co (00)8
*x Reaction mixtures in acetonitrile solution at first darken
(formation of Co,(CO)g) and then revert to a pale orange
color with rapld gas evolutlon. Reactions of many basic

solvents, including acetonitrile, with Cop(CO)g have been
deseribed by Heiher and Sedlmeier (182). )



Reductive Cleavage of p-Methoxybenzyl Methyl Ether (32)

by 0.14M HCo(CQ)4 Solutions .
: Apnroximateb Final Yield of
Exp. Solvent® %22;??%% Reaction Time, p_—I-.‘:e“‘chylanisgle (_3_4—_),
o hours mcle %
1 - Benzene - 22 27~83 0.3
2 Hexane 36-40 8-10 ..o 1.6
. {0.5% cleavage
’ after 1 hour)
3 Hexane 40-45 7-10 ’ 1.6°
4 Benzene 40-45 2.5-6 ’ 3.0
5 THF 40-45 . ¢.5-1.0 - 0.6 o
~6 Acetone 36-40 0.5-0.8 1.4
7 Acetone 47-51 ! 0.5-0.8 1.6
8 Acetonitrile 40-45 ) 0.5-1.0 : 2.9
9 Dimethylsulfoxide Solvent reduced by HCo(CO)4

—

-

(a) The solvent listed (10 ml.) was added to 1 mmol of ether in each flask, followed by
5 ml. hexanW®Wcontaining 2.1 mmol HCo(CO),. All 'solvents', therefore, contained at least

33% hexane. (b) Until HCo{(CO)s was mno longer detectable, by smell or.by precipitation
with nickel=-(o~phenanthroline) complex. (c) Co2(CO)g recovery eguivalent to 1.4 mmol
6f cobalt. :

- ¢0T -
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Hexane solutions at 40°C took two to three hours to become fully
black and very little sas evolution nccurred.

Jhile gpeeding HUo(CO)4 decompositiony polar solvents did
not affect the yield of reduced product 1n a prodictable way
(compare w¥xperiments 3, 5 and 8, Table 6..). UHowever, the rate
of cleavace-product formation wau increaged by polar solvents.
For example, with acetone-hexane vnlvwnt, all HCO(CO)4 had
disappearecd after 0 minutes.at 58%2° (ixperimens 6) and 1.47%
cleavare was obtained. In pure hexane after 1 nouvr,only
0.95 cleavarse had occurred, several hours later the value reached
1.66 (Bxperiment 2). Apparently polar solvents accelerate ether

reduction and HCO(CO)4 decomposition about ~qually.

6.4.2 p-inioyl Guilacyl Sther, or, 2-(4-Hethoxybensyloxy)-
aﬁisole/(ii)

A marked effect of solvent on the yieild of p~methyl
anisole (24) was evident when 45 wagz the substrate ether (Table
6.%3). In polar solvents, sthe rate of reduction was also
inecreased. ) i

Since both ethers 32 and 45 show a considerable increase
of cleavage rate in polar solvents, it 1s possible that solvent o
assists in the Q%eavage*. To confirm this notion will require ‘
thorough kinetic studies and an investigation of d4nversion/
retention at the benzyl carbon (after partial deuteration).

The difference in magnitude‘of the solvent effect for
the two ethers is surprising because, on the basis of the fore-
going discussion, the ethers would be expected to cleave via
carbonlum—lon type tran¢1tlon states (46, 47) of very similar

a -

energy .

* Syp2 reactions of the type R¥Y + Y ——» RY + X and Syl

reactions of the type RX*—m R* + X exhibit ne gative solvent
effects (183). \b

Acidolysis of cx—nhenethyl phenyl ether by HCl, an Syi reaction,
showed only a very small positive solvent effect (182

Hucleophilic/sclvent assistance 14»rev18wed briefly in ref.166.
} |

!

-—



. TABLE 6.3
- 3

o

The Reaction of Anlsvl Guaizcyl Ether (45)2

with Stoichiometric Amounts of npOCJA)4_

Aptrox. - C
Exp. Reactign Mole Ratio, JoEsT T-lethylanisole (34
#  Temp, 8¢ Solvent 45 /use(ce),”  igdcHion = Yreid, %
1 45-50 CHX1007) 0.7% - 6.5
2 45-50  C H,(32%), Me,CO{&8%) 0.6 - 26°
’ ¥
3 §5-50 C6H14(4O%), C6H6(6O%) 1.0 350 1.4 §O 2% cleavaveg
) after 40 mins
T4 45=50 06314(40%), THF (60%) 1.0 200 3.4 él 13 cleavage)
after 26 mins)
5 45-50 »

t
bl
Y

6 14(40,0), Me CO(6O y .7 1.0 50

.0 éS 7 creavage;
o]
(A

ear 9 mins.

d“ D\

5

(c) Based on the equatlon MeOC H ,CH, OR v 2 HCo(CO), — 1200, Ciy

i

a
b

d
e

i

)

With the exception of Experiment 1, ether co

Analysed accordlng tcpref 208.

Ether concentration O0.11M.
65% recovery of starting material, m.p.

€4~

4

4

neawtration employed was 0.06-0.05M.

+ ROH '+ Co,{CO)g

932-.94° , mixed m.p. with pure 45, 94-96°.

- .S0T -
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49' 3 < ¢ 8
———
H

Tgp‘argument runs as follows: for steric reasons, 49 is less
stabilised by solvation than 48, and requlres less actlvatidn
energy to reach the transition state 47 . Consequently, it

reacts faster (this argument parallels that glven in Section
4.8 foﬂ hcetals) and competes more effectimely with HCo(CO)4

. decompbsitian to ‘give higher yields.

v -
'

¥ Solvation of both transitfon states 46 and 47 is likely *to

be small because of the dlspersed charge.

I3

O

a1



f

- ' - 107 - , ,

‘ 6.4.3 CO-~Ingertion under Stoichiometric Conditions

During all the studies of stoichiometric reduction of
R~mqthBXybengyl ethers with HCo(CO)4, no products resulting:
‘from carbon monoxide-insertion were detected. Other workers
3th'treated henzyl alcohol. in a like.-manner also observed oﬁly
-~ ' the reduction proguct} toluene (89, 164). ’

]

) In this rtspect the stoichiometric reaction differs froﬁ
the catalytic one, where at least 25% of the product isshydro—
formylated (see Table 6.1 and ref. 128). The difference could
- be agoribéd to inhibition of the weak CO-insertion by the low
partial pressure of CO under stoichiometric conditions (straikght- 1
chain olefins in which CO-insertion is always the dominant |
reaciion continue to insert CO under stoichiometric conditions
(89, 115, 16¢)).. An additional factor may be the rapid
| o " .reduction of intermecdiate igfby:thé excess of HCo(ﬂCO)4 present
* . under stoichiometnic congitlons. Under catalytic conditions,
by contrast, HCo(CO)4 i8 probably present only at very 1ow
concentrations, ~ ’

6.5 The Reduction of p-Methoxybenzyl Methyl Ether (32)
" with Borane in THR

4

The reductibn~of 32 by borane is a very slow reaction
‘compared with reduction of the isomerid benzaldehyde dimethyl .
acetal, Onlgia trace of p-methylanisole (34) was formed after
a r¢hction mixture containing 32 {(0.2M) and borane in TH® (1M)
had stobd for 1} hours at 25°C., After 18 hours in a water bath
A at 40—5060 the mixture yielded only 7%**bf 34; the bulk of the
gtarting material wds unchanged. A 75% yield of 34 was obtained**,

.93, /

*x G.l.c. analysis,.
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‘ however, wheh j%s treated with an excess of borane in THF
and heated to 135° for % hours, under 700 psig of hydrogen .

e - Under mild conditions 34 was the only product detected,
but at elevated temperatures some.side products were evident‘in
the gas chromatogram' these may derive from cleavage of the

‘solvent by borane . ‘

Thakar and Subba Rao have effected reductions of some aromatic
alcohols and ketones to hydrocarbons under similar condltions

(59).

»*
* For example, see ref.49,




CHAPTER 17

THE REDUCTIVE CLEAVAGE OF AN ALDAL
BY BORANE AND BY HCo(CO), / o

7.1 Introduction , )

L

The results of reactions of borane and HCo(CO)4 with
simple acetals suggested examination of the more complex cage
of a cyclic aldal having both a ring oxygen and exocyclic
oxygen atoms open to attack. '

For these studies 1,3-dimethoxyphthalan was chosen —
a choice dictated by-the necessity of having an aromatic '
substituent in order to obtain a 'clean' reaction with HCo(CO)4
and by the ease of synthesis of 50.

CMe
CHO
O ~ ‘— .
OMe CHO -
50 5]

7.2 Preparation of 113—Dimethoxyphthaian
b -

The compound 1,3~dimethoxyphthalan (50) was first
prépared by Schmitz in 1958 (185) by adding a methanolic
solution of o-phthalaldehyde (51) and dimethyl sulphate to
aqueous sodium hydroxide. Schmitz reported this to be the
first example of synthesis of an acetal from the aldehyde
itsel? under alkaline conditions. In fact it is probably an
example of hemi-acetal methylation — a well known reaction
(186). ‘ iy
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’ - 1
o-Phthalaldehyde (51) has long been known to form a
monohydrate (187), and its proposed hemialdal structure was

supported by polarographic (188) and u.v. spectral (189)

4 vt

measurements.

Final confirmation of this structure i858 nowadays very
easily achieved by means of nuclear magnetic resonance: 1
Pigures 7.1 and 7.2 show the p.m.r. spectra of 51 in carbon
tetrachloride and DZO respectively. Fig.7.1 is the expected
aromatic aldehyde spectrum; Fig.7.2 shows that in D20 about »
90% of the material has been converted into the hemialdal form
(the aldehyde form shows as a singiet at 8§ 10.82 and also in
the small signals centred ond 8. 37)%.

Similarly a solution of 51 in MeOD exhibits over 85%
conversion into the dialdehyde methanolate (22) 45 minutes
after mixing (Fig.7.3). No aldehyde was‘j:?pctéble in a

1 ~

OMe
O ) !
oD ’ K

second p.m.r.‘spectrum of the same solution taken 65 hours
later; only 52 and a trace of 50 were evident.

Clearly then, in Schmitz's synthesis, the "methanolic
golution of o~phthalaldehyde" starting material contains ‘
mostly the dialdehyde methanolate (undeuterated §g).

, -

*~A,considerable downfield shift is evident for the aldehyde

signals shown in Pig.7.2 when compared to Fig.7.l. At
least part of this. shift is caused by 4he tuse of an external
™S reference.for}the DZO spectrum. b
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7.3 The Properties of 1,3-Dimethoxyphthalan (50)

/7

Schmitz did not realise the possibility of stereo-
isolterism in gg*.‘ It was discovered later by Aso and Tagami
(191): they observed in the p.m.r. spectrum of their product
in carbon tetrachloride solution a single metho;yl peak and two
pealks for the methine protons at § 5.8 and 6.05 ppm. Although
they were unable to scparate the igomers, the authors agsfgned
the methine signals on.theoretical grounds as being due %o the
cis and giggg configurations respectively. The isomers were
found to be present in the ratio 60 cis:40 trans. In making
their assignment, Aso and Tagami assumed the ether ring of 50
to be in an envelope form. Doubt is cast on this assumption
by the work of Léwieux et al. (192) who showed from p.m.r.
gtudies fhat the compounds 53 and 54 have ether rings which
are approximately pnlanar (as models*had indicated). Models
similarly show the ether ring of 50 to be planar, o

ROCH, O OMe 2

3 Jyp

= 1.2 He 54 3, 5= 4.4 Ha

R = Bz, Ac, H

Our preparation of 1,3-dimethoxyphthalan (50) yielded
the same isomer.ratic as obtained by Aso and Tagami (Fig.T.4)
and undér,high resolution in CCl4 solution the two seﬁarate
methoxyl signals were observed. By repeated chromatography on

- silica gel small quantities of pure isomers were obtained.

1o -

¥ Dhis is a common failing; Rieche and Schultz deschibed

1,3-dimethylphthalan and 1,3-diphenylphthalan apparently
without considering that their product mjight be a mixture
of isomers (190). Powell and Rexford (269) made the same
omission with 1,3%-diethoxyphthalan, as did Weygand et al.
with =bromo-1.3-dimethoxvrohthalan (270).
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. Complete separation was not achieved but the first and last
fractions eluted contained relatively pure isomers. The first
eluting isomer gave the downfield methine signal, (Fig.'7.5);
the slower moving isomer gave the upfield methine signal
(Fig.7.6). The trans-isomer, having a 1dwer dipole moment than
fﬁe cis, would be expected to elute first; this result there-
fore supports the agsignment of Aso and Tagami. ﬁegrettably,
an insufficient quantity of the pure isomers was available for
dipole moment measurements.

i

When the separated isomers were allowed to stand fer a
day or two in contact with silica gel they reverted to the
60:40 cis-trans mixture, which appears to be the equilibrium
ratio., The predominance of the glg—configuration at equilibrigm
has not yet been explained. *

A more detailed examination of'Fig.7.3 gives additional
support to the assignment of Aso and Tagami — the methine
region of this spectrum shows 6 lines; a pair of doublets at
56.53 and 6.32 ppm, J=2 Hz, and two singlets at 6.02 and 6.28
ppm resulting from cis- and trans-dialdehyde methapolates 55

and 56. ‘
DO /ONEe DOy O\ Hb |
Hg Hp . Hg OMe |
3 i 55 O 56

The isomer which yields the  downfield signals also shows a
methine coupling (JA_B) of 2 Hz, It is reasonable to conclude
that the more strongly coupled isomer is trans on the basis of
. the work by Lemieux’et al. (192), who measured J, 5 in ‘
. . compounds 53 and 54, and found the trans isomer to show strong
coupling, the cis weak. i

” . 5
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Because of the close structural similarity of the
dialdehyde methanolates 55 and 56 and the 1,3-dimethoxyphthalans
(50), assignm§ht of the downfield methine signal to the trans
isomer of the'formgr supports the similar assignment for 50
made by Aso and Tagami (191).

&Céntrastingly, Lemieux et al. found the P-D-furanoside
53 (R=H) to  give a methine signal at lower fields than those
of the o~ or trans-isomer 54 (R=H) (192). This is surprisihg
since a-D-furanosides generally give anomeric proton signals
at lower fields than the B-anomers. Héwevér, Lemieux et al.
were obliged to measure their gpectra in (CD3)280 as this was
'the only solvent out of a total of seven which brought about a
separation of all the signals (271). Consequently, their
unusual observation may be the result of a solvent effect,yin
which the (CD§)280 shifts the two isomers to different exteéﬁs.

7

7.4 The Reductive Cleavage of 1,3~ Dimpthoxyphthalan (Q_) KT
* by Borane (BH}l

When a sample of the equilibrium mixture of 50 (60% cis,
40% trans) was treated with borane in THF, three products
resulted — see Table T.1.



TABRLE 7,1

Products Obtained from 1,3%-Dimethoxyphthalan (20)
‘ and Boranc®

v -
Product Yield, Isolated® Yield,
Structure (bvy g. 1.c. ) : % |
o () - 72 60
, K
CH,OH : .
(58) 28 16
CH,OMe
CH,OMe .
(59) 0.4 0 '
CH,OMe "
y . 9
(a) 25 mmoles BH, (1M} in THF added to 10 mmols.of 50 under 5

nitrogen. Mixtuée "heated at 409C for 7 hours.
(b) by distillation.

Compounds 58 and 59 were identified by their p.m.r.
spectra, and the structures were confirmed by comparison of the
properties of the isolated materials with authentic samples —
a procedure followed for most of the products described in this
chapter. Phthalan (57), however, was considered sufficiently
well characterised by both its physical and chemical properties
(notably the facile oxidation to the peroxide) mnot to require
synthesis. ‘

Scheme 7.1 indicates how the compounds in Table 7.1 can
‘ be formed. Phthalan (2_) can only result from-initial borane
attack on an exocyclic sxyven, 22 can only result from initial

<
.
<1
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N
OMe
61 QZ' -
Cleavage- -
at x

QH0BH, . CH,OH
—_—
CH,OMe CH,OMe,
i ’ 5 - |
29 ) Cleavage \ s
at y ° =
’ |
' ~
CH,OMe CH,OMe
~ 7
Lo
' - cH- 982 - ‘ CH,OMe
60 ' 59

SCHEME 7.1 Product Formation during BHy Cleavage of 1,3-Dimethoxyphthalan (50)

* The formation of alcohols and ethers Ifrom hemiacetal borokydrides, like €0, has been
discussed previously in reference to ester.reduction by Bis (35, 45). :
[ i R v
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e
. attack on the ring oxygen; whereas 58 can be formed by either
' route. Despite this ambiguity, the 72% yield of phthalan
indicates cleavage of the exocyclic oxygens gn‘both 50 and 61

-to be the preferred modus operandi of borane.

i The borane reduction of 50 was repeated on a small scale
(50-60&g.) using a series of incompletely separated isomer
mixtures, each treated identically. The results of g.l.c¢.
analysis of the silylated product are shown in Table 7.2.

TABLE 7.2

.

L4

G.l.Cmg Analysig of Reduction Products from
a Range of Isomer lMixtures of 50

Isomeric Compositiona [::I::p [::]:GQO&M%
of Starting Material i ome

« % of Total " % of Total
Area ‘Area
90%t : 10%e 72 28
89%t : 1l%c (1gb ‘ 7% 7- 25
(it 75 25
404t + 60%¢ 72 28
(equilibrium mixture)
‘ 220t & T8%e 74 26
14%t : 86%c 76 24 ¢
(a) Determined by 'p.m.r. (b) Repeated g.l.c, analyses.

7
No trend can be seen in the ratio of the major producéjﬁ -
. as the isomer ratio is changed. ° The conclusion, therefore, 1is
either that the cis- and trans-isomers give identical amounts of
| exo- and endo-cleavage, or that the borane equilibrates the
| isomers much faster than they are cleaved.

P —
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7.5 The Reduntive Cleavage of 1,3~Dimethoxyphthalan (50)
by HCo{CO) 4 ’

*

On reaction with HCO(CO)4 the cleavage products of 50
are much more complex than thoge obtained with borane. After

90 minutes at 160157 with catalytically generated HCO(CO)4, the
g.l.c. of the product showed seven major peaks, three of which
overlapped (Table 7.3). One of the latter peaks changed
posltion apon silylation, revealing itself to be 58, The
remainingz compoundé were identified after separation on a silica
gel columm. The startineg material, much of which was unreacted,
guffered considerable hydrolyais on the column and was partially
obtained as o-phthilaldehyde (51); none of this compound was
evident in the original g.l.c.

The first thing to notice about Table 7.3 is 'the
relatively large quantity of o,a'-dimethoxy-o-xylene (59)
produced, and the low yield of phthalan (57), compared to the
borane cleavage products. HNext it should be noted that for
every moleculg—of 59 formed, an oxygen atom is lest, presumably
ag water. Under the prevailin: acidic conditions, this water
may be expected to react immediately with unchanged starting
material (50) and hydrolyse it to o-phthalaldehyde (51). The
mysterious appearance of phthalide 62 was explained when this
compound was obtained along with phthalan as a product of the
reaction of HCO(CO)4 and 51 (see Appendix 3 for further
‘digcussion of the teduction of 5;). Scheme 7.2 i3 a rationali-
sation of the formation of the =ix product compounds in Table
7.3. It is basically the same as Scheme 7.1 with the addition
of side-reactions involving free water and methanol. These
side-reactiong can occur with HCo(CO)4 because, in contragt to
borane, it is inert towards active hydrogen atoms.

Aldehyde 63 appears to be a new compound, its structure
. was determined by p.m.r. spectroscopy and confirmed chemically
by (i) preparation and analysis of the semicarbazone;

_-;; o




- 118 - : ' ,

‘ TABLY "7.3

Products Nbtained by DNedurtive Cleavnpe of

1,5~ ethagroth lan B0) wata o ‘o(CD),i .
4
G.l.c.b . Total % Total Area Isolased
Symbol . -Product Retention ’aAreaL 5 after Yield
Time(min) Silylation (% Thecrv)
. J -

0.9 7 8 ) 1

O
OMe ¢ -
61 ©/j0 S 4 4 4
for .

--CHO
63 2.?7 23 22 19
CHyOMe
\ CHzoMe -
) 59 /\[ 2.5 20 19 . LA
‘ 2~ ~CH,0Me
OMe 5
e - ) R
50 (@] _ 2.8 ’ 30
OMe u # )
EX
O .
62 ) 2.85 40 5
Py
) Xy~ CH,OH .
58 | 7.8 J \ 5 -
7~ CHOMe
\
(a) At 16735°¢ for o0 mins. vy G.1.c. oven temp, 10070 — cee Cection 8.1 for [l
detarle. (o)} "o, comre ot rave a pLutLT. Srectrunm cowt stent with the formla troo,
but pelymeriscel } Jore Dorlir moxsarerent coere made. {d) Includer 97 obtlitned .

the hvdrolysis yro” e, gvhiha, ad chyde (_‘_Q) .
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. (11) reduction with sodium borohydride to 58; and (iii)

formation of the corresponding benzoic acid — a known
compound — by autoxidation in air.

The strong preference for attack on the ring oxygen
shown by HCo(CO)4 can ‘be explajned in terms of thé destabili-
sation of the oxo-carbonium icen resulting from exo-cleavage
(Scheme 7.3). . T2

OMe,

s Exo (ﬂeavage
. H+ , ‘
O » ' e Y
: + . °
OMe . Destabilised by
- . = - (i) Increased ring
i ‘ sstrain
/// ' (ii) Inductive effect
7
Schemeé 7.3 .

4
>

L

Neither of the destabilising effects operates if the
""attack is on the ring oxygen. .

The preference of borane for exo-attack may be e
.dictated by steric factors which would have little influence
on protonation by HCoﬁ(?CO) 40 . '

-




Fig.7.1 P.m.r. spectrum of o-phthalaldehyde in CCl
downfield, aldehyde protons.
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CHAPTER 8

EXPERIMENTAL SECTION -

8.1 General Methods o

The purity of the starting materials and the isolated
products was determined by gas liquid chromatography (g.f.c.)
énd, when the compound was previously reported, by refractive
index or melting point (m.p.). The identity of already known
compounds was confirmed by comparison of physical properties,
infrared and proton magnet.c resonance (p.m.r.) spectr. with
those of the authentic compounds (synthesised, if necessary,
according to the literature).

¢

When hitherto unknown compounds were revealed by the
p.m.xr., spectrum of a product fraction, a microanalysis* of a
sample of the compound or of a derivative was obtained. An
alternative synthesis of the compound in question was devised,
and the product so obtained was compared with the sample first
igolated, using all the aforementioned criteria. In some
instances, chemical properties and gas chromatography-mass
spectro;éopy (g.c.-m.5.) were used to confirm the proposed
structures. . v .

',
~hn

Gas chromatographic analyses were done on a Hewlett-
Packard P & M model 402 instrument, equipped, in most cases,
with 120 cm glass column packed with 4% SE-30 on Chromosorb
WAWDMCS, The products of Experiment 15, Table 2.3, required
a 180 cm column for adequate deparation, and the volatile
product of Experiment 7, Table 2.1, could only be separated
from the THF solvent by using a 120 cm Porapak R column. A
helium carrief—gas flow-rate of 60 ml/min. was maintained,

T

B

Schwarzkopf Microanalytical Laboratory, New York City.
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and columh-oven temperatures ranged between 50° and,2500
depending upon sample volatility. A flame-ionisation detector
was used throughout.

Isolation of product compounds was occasionally posgible
by distillation, but generally silica gal chromatography (0.08
mm, silica; Macherey, Nagel and Co.) was most effective. Berzene
with increasing amounts of diethyl ether (up to 15% by volume)
wag used as eluent., After the components of a preduct mixture
had been isolated and identified, the recovery of each component
was checked by quantitative g.l.c. analysis of the original
mixture using "bracketing standards" of each pure component. The

mixed isomeric hydroxyethergs obtained in the experiments shown
in Tavles 2.3 and 4.5 were not completely separated by 8102
chromatography, but in some cases small amounts of the isomers
were obtained pure and could be characterised. TFortunately, the
£.l.c. analysis in these instances could be confirmed both
qualitatively and quantitatively by p.m.r. spectroscopy of the
mixture,” as the pure isomers (prepared as described below) had

distinctly different p.m.r. gpectra,

P.m.r. spectra were measured on a Varian HA-100 Spectfo—
*
meter, using tetramethylsilane (TM3) as field/frequency lock .

~Unless other%ise stated, spectra were taken in carbon tetra-

chloride (CQi4) solution at 30°, using an upfjeld sweep of

1 Hz/sec. Chemical shifts (8) are given in p.p.m. downfield
from ™S to the centre of the multiplets, the specfroﬁeter being
regularly recalibrated by means of a precision frequency counter.
The apparent coupling consgants are the directly observed line
spacings (in Hz.). Abbreviations: s = singlet, d = doublet,

't = triplet, q@ = quartet, m = multiplet. P.m.r. spectra were

obtained for every compound prepared, And always agreed with
the expected structures., Integration of a p.m.r. spectrum
yields only the relative numbers of non-equivalent protons in

* In methanol-d,;, the éolvent provided the lock signal. With
DZO as golvent, an external TMS capillary was employed.

M o
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the molecule. The values reported in this work are sometimes a
multiple of the numbers found from the integral. The value of
this multiple is obtained by valency and/or molecular weight
considerations.

Infrared spectra werevmeasured in CCl4 solution on a
Unicam SP200G spéctrometer.

Masg gpectra were recorded on an LKB“9000 g.c.-m.s. unit\
at an ionising potential of 70 eV with‘an ion source temperature

of 200°.

Melting points were taken on a Fisher-Johns apparatus
and, like the boiling points quoted here, are uncorrected.

Refractive indices were measured on an Abbé refracto-—

meter (Zeiss),

8.2 Reductions yith Borene in THF

8 2.1 Procedure n

-

The reduction of 2-phenyl-4-methyl-1,3- dioxane
(Experiment 12, Table 2.3) is representative of the general .
experimental procedure.’ The acetal (3.56 g, 20 mmol) was
cooled to 0° and borane in THF (30 ml of "1 M" solution (Alfa
Inorganics), approx. 30 mmol), previously cooled to -10°, was
pipetted in. The mixture was swirled, képt for 10 min. in an
ice-bath, then allowed to warm to room temperature. After 24
hours, the extent of the reaction was tested as follows: three -
drops of solution were removed, treated with an equal volume of
water* and the mixture was shaken with a little benzene. A gas
chromatogram of the benzene layer shqwed that some starting
material remained. To complete the reaction the mixture was
heated at 40°25° for 24 hours, when gas chromatography showed

-all starting material to have reacted *. Next the reaction

Acetone n-butyl ketal (Ex.3, Table 2.1) was completely hydro-
lysed by this procedure.

All cyclic acetals except 2—pheny1-1,3-dioxolane (3) required
‘a heating period to complete the reacticn. s
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mixture was cooled, and water was added dropwise, causing
effervescence. Slow addition of water was continued until
effervescence ceased, and then more water (30-40 ml.) was
added to dissoive the precipitated boric acid and to hydrolyse
the borle esters. The aqueous solution was extracted several

~ times with ether, and the combined extracts were washed with

water, dried (Na2804) and evaporated. A little dry methanol
was added and the mixture was evaporated, this procedure being
reieated to remove any remaining traces of Loric acid as the
volatile methyl borate. The residus was distilled, ylelding
3.%3g (92%) of mixed alcohols b.p. 107-110° at 1 mm.

Analysis by g.l.c., with calibration:standards prepared
from authentic samples of the isomeric hydroxyethers, gave the
results shown.in Table 2.3. Complete separation of the isomers

iwas not achieved but a small amount of each in pure form was

obtained by chromatography on silica gel The p.m.r., spectra
and refractive andices of the pure fractions gso obtained
confirmed the identification oi the g.l.c. peaks. The p.m,r.
specirum of the mixture confirmed the g.l.c. analysis.

8.2.2 Details of the Kinetlc Studies of the Reaction between 4
Borane and Acetals

A solution of borane was diluted to the required
concentration with dry tetrahydrofuran* (THF), placed in a
constant-tenperature bath and the acetal (10 mmol) was added.
The solution in the reaction flask was stirred with a magnetic
stirrer and was protected by a calcium chloride tube. Aliquots
(0.2 ml.) removed after fixed times were dropped into saturated
aqueous sodium carbonate (0.2 ml.) to quench tie reaction.

G.1.c. analysis of the samples go obtained was effected
with an oven, temperature of 1100; other conditions were as
described in 8.1. The g.l.c. system gave a slightly greater

* Dried over sodium, distilled, and stored in the dark over
clean sodium wire.
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molar response for the acetal than for its cleavage product.
Therefore, in order to relate g.l.c. areas to mole percentages
in the sample, response factors were required. These were
readily determined by comparing the areas produced by equimofﬁr
injections of acetal and of preduct. In this way it was found
that the percentage area dﬁé to benzyl methyl ether required
multtiplication by 1.06 to yield mole percent relative to the
acetal 30. Likewise the response factor for Z-benzyloxyethanol
wag 1.02 relative to 4.

As the mole percentage of product, calculated from the

ratio of the product peak area to the total area, was independent

of the size of the injected sample, the results - 'were highly
replicable. Four injections of the same sample (Fig.Z.Z,[BHS]n
0.6M curve, 60 min. sample) indicated the following amounts of
benzyl methyl ether: 4.93, 4.81, 4.69 and 4.93 (mmol) — a
relative standard deviation of *2.4%. ‘

8.2.%5 The Reaction of Borane with Excess Benzaldehyde
Dimethylacetal (30)

Borane (12.2 mmol) in THF (10 ml.) was added to an
excess of acetal 30 (53 mmol) in a flask attached to a gas
burette. There was an exothermic reaction and some hydrogen
(3.1 mmol) was evolved., As the redction proceeded, aliquots

(2 ml.) were withdrawn by syrin%f through a septum for
%
i) analysis of boron and hydrogen content ,

ii) g.1l.c. analysis of the organi¢ fraction.

The results are shown in Table 8.1. Analysis of the standard
borane solution prior to reaction showed it to have the
empirical formula BH2 7° Therefore the borane taken initially

* Hydrogen was estimated as Hg by adding water to the borane

solution in a flask attached to a gas bureitte. Mannitol in
excess was then added to the boric acid residue in the flask,
and the mixture was titrated with potassium hydroxide to
phenolphthalein end-point (193). One mole of hydroxide is
consumed per mole of boric acid present.



TABLE 8.1

¢

C

PhCHoOMe as analysed by-gas chromatography.
mmol of Hy was evolved, possibly because of moisture in.the system, thus diminishing the

hydride available for reduction.

o

(a)

The Reaction of Borane> wiih Excess Acetalb at 30°
Ho, Evolved H3BCO3 Borane Hydride Reduction®
Time, min by Aliquot, in Aliquot, Empirical Available ror Product
« - mmol mmo1i Formula Reduction, mmol Formed, mmol
Prior to ;
Addition 3.7 1.4 BH2 7 33 - ‘O
of Acetal * ' ,
ot - o - BH, o 30 o L
20 2.3 1.4 BHl.G‘ 20 12
80, 0.62 1.3 BH 6 22
o 0.5
160 0.22 1.4 By ¢ 2 26
1115 0 1.4 . BHO 0 30
7
. ¥
T .
&ag 12.2 mmol of "BHp 7" in 10 ml of THF, (b) 53 mmol of benzaldehyde dimethyl acetal.

When the reagents were mixed,

- 2¢T -
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contained 33,0 mmol of hydride. Discounting the initial
hydrogen evolution, 30 mmol of hydride are theoretically avail-
able for reduction. After 18 hours at 30°C, & sample of
reaction mixture yielded no hydrogen gas upon addition of water
and 30 mmol of benzyl methyl ether were found to have been
produced. Therefore all the Bydrogens of borane were consumed
in the reduction of excess acetal at 30°C.

8.2.4 OSource of the Acetals and Ketals described in Chagéer 2

Benzaldenvde dimethyl acetal (BOlﬂyas prepared in. 35% yield
accordiny to Fischer and Giebe (7)s ’*B p. 97, 5° at 30 mm. Tit.
(7) b.p. 198-199° at 762 mm, :

Acetophenone diethyl ketal was preparyd according to Fuson and

Burness (194). B.p. 103° at 16 mm: 7°° 1.4781. Ling (194) b.p.
D v 3

101.5 at 1% mm; ngo 1.4773.

ey

Acetone di-n-butyl ketal — The method of Howard and Loratte
(10) was used, yleld 70%. B.p. 80-80.5° at 10 mm; an 1. 4117
Lit. (10) b.p. 83% at 18 mm; n25 1.4105 and b.p. (199) 64-64.5°
at 3 mm; ngo 1.4120.

Cyclohexanone ethylene ketal (13a) and the following four
compounds were all synthesized by Salmi's method ¢196). B.p.
69-70° at 12 mm, n3° 1.4592. Lty (196) b.p. 73° at 16 mm;

O 1:4583,

2~Phenyl-1,3-dioxolane, (4) Yield 66%, b.p. 123-124° at 26 mm;
n%% 1.5264. Lit. (27) b.p. 116° at 20 ma, (197) b.p. 129° at

, D
25 mm; niB 1.5285.

p :
2-Phenyl-l,5-dioxang (4a) ¥ield 85%, b.p. 126-127° at 15 mh;
m.p. 46-48% Lit. (198) b.p. 125° at 14 mm; m.p. 49-51°

2-Phenyl-4-methyl~1,%-dioxane B.p. 134-1359’at'1é mm ngs 1.5145.

th (199) b.p. 134-135% at 15 mm, (197) b.p. 162° at 40 mm(“(JL
D 1.5165. The p.m.r. spectrum indicates that this ¢ompound

is a sinvle pure isomer (presumably cig, e,e — see ref 201

and discussion iﬁ Appendix 1} The methyl grogp appears as

a
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a sharp doublet at$1.2 and the proton at 02 is a singlet at - v
85.3. " ’

?—Phenyl 4, 4-dimethyl-], 3-dioxolane (5) Yield 93%, b.p. 99.5- ,

101.5% at.10 mm; nS” 1.5005. Lit. (27) b.p. 85° at 5 mn; _
%5 1..5015. Whereas the alcoholsiused for the previous syntheses

were onmercially available, in this cége it wvas necessary 7&7.
gynthesize 2-methyl-l,2-propanediol. The method of Leggetter

and Brown (27) was employed.

2,2=-Dimethyl-4-phenyl-1l, 3-dioxolane and the following two
compounds were prepared according to the method of Fischer and
Prinler (200). Yield 85%, b.p. 104-105° at 13 mm; nS° 1.5016.

Lit. (202) b.p. 95-96° at 10 mm.

2,2,4=Trimethyl-1,3-dioxolane “6) Yield 14%, b.p. 98-100° at
T,
758 mm; n° 103952, TLit. (27}, b.p. 99° at 700 mm, (203) 98299°

D
at 760 mm. ‘ )
2, 2-Dimpthy1 4—-chloromethyl-l, 53— dioxolane (7) Yield 42%, b.p. ' .
76-77° at 38 mu; nS® 1.4341. Lit (27) b.p. 78° at 40 mm, (200) C
ng’ 1.4375. ‘

K4

143-Dloxolane was purchased (Eés@man Kodak Co.).

Formaldehyde dimethyl acetal was obtained from Baker Chemical Co.

<

8.2.5 Source of Authentic Samples of the Reduction Products
described in Chapter 2.

Benzyl methvl ether, Z2-benzyloxyethanol and 2-methoxyethanol

were obtained from Eastman Kodak Co.

o-Methylbenzyl ethyl ether was prepared according to Miglow (204) .,

Isopropyl n-butyl ether was synthesized by the method of Hepstock
(205), b.p. 109° at 763 mm. Lit. (205) b.p+r 108° at 738 mm.

2- Cyclohexyloxyethanol - The synthe51s of Eliel et al. (26) was
employed. Overall yield 18%; b.p. 115-118° at 28 mm; n3° 1.4602.
Lit. (26) b.p. 100° at 14 mm; nD5 1.4605.

|
|
|
3-Benzyloxy-l-propanol ‘was made according to ref.207. B.p. 130o {
|
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at 10 mm; n§6 1.5110. Lit. (207) b.p. 114° at 0.9 mm; n%O 1.5184, -
(208) v.p. 155 at 23 mm. ¢

1

3-Benzyloxy=-l-butanol was prepared according to Stork et al.
(209). Since these authors did not give details, the procedure
employed is described. Sodium was added to benzyl alcohol
(10.8 g, 0.1.mol) in 50 ml of xylene. When the reaction ter-
minated, excesévsodium was removed, ethyl crotonate (5.7 g,

0.05 mol) was added with stirring, and the mixture was heated for
5 hours at 90°. The pasty mixture was cooled in ice water and
acidifidd with a slight excess of 5% sulphuric acid'. Ether

(60 ml) was added and the mixture was stirred until all solid

had dissolved. G.l.c. of the ether extract showed two major
products which were assumed to be the benzyl and ethyl esters of
3-benzyloxybutanoic acid. Fractional distillation of the extract
yielded a fairly pure fraction of the benzyl ester, b.p. 100-105° p
at 0.35 mm; n25 1.5370, >\max 1740 cm 1, p.m.r. spectrum shows two
types of benzyl protons: & 5.0 (s, 2H), S 4.4 (m, 2H)., This
material was reduced with LiAlH4 and yielded benzyl alcohol
(identified by g.l.c.) and 3-benzyloxy~l-butanol (1.5 g, 17%)

b.p. 108-109° at lmm; n%4 1.5095, The p.m.r. spectrum of the
benzyl protons showed an AB pattern; 5A 4.32, 83 4,46, JAB=~12 Hz.
Lit. (28) b.p. 98-107° at 1 mm.

4-Benzyloxy-2-butanol was obtained in 82% yield by LiAlH4
reduction of 4-benzyloxy-2-butanone (Fluka) as-described by .
Eliel et al. (26). The product was purified by chromatography

on silica gel after which infrared spectroscopy showed no trace

of carbonyl absorption; n2® 1.5051, Iit. (26) 020 1.5080,

2-Benzyloxy-2-methyl-— l-propanol and the following two compounds
were prepared according to Leggetter and Brown (27). B.p. 132-
124 at 9 ma; n5’ 1.5115. Iit. (27) b.p. 102° at 3.5 mn;

2% 1.5088.

1-Benzylggy-Z-methyl-Zepropanol b.p. 106-107° nt 7 mm;
n3’ 1.4997. Itt. (27) b.p. 106° at 6 mm; n3’ 1.4997.
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2-Igopropoxy-2-phenylethanol b.p. 122-123. 5° at 13 mm}

ng’ 1.5030. Lit. (27) b.p. 94° at 3 mm; n2> 1.4982. .
2-Isopropoxy-l-phenylethanol was obtained as a gift from

Dr. R.K. Brown.

2-Isopropoxy-1-propanol and the following compound were made by

the method of Chitwood and Freure (210). B.p. 145-146° at 763

mn; na 1.4149. Lit. (210) b.p. 143-144° at 760 mm; n%o 1.4094.

1- Isopropoxy 2-propanol b.p. 144-144. 5% at 764 mm ; n23 5 1.4070,

. (210) b.p. 137-138° at 760 mm; n2° 1.4070.
D

3~Chloro-2-isopropoxy—-l-propanol was obtained as a gift from
Dr. Brown (see ref.27).

1- Chloro 3-1sopropoxy-2-propanol Synthesis of this ccnpound
accordlng to Leggetter and Brown (27) failed, but success was
achieved via a different set of conditions (211). B.p. 90 92
at 23-24 mmi n5’ 1.4398. Lit. (211) b.p. 87-87.5° at 20 mm;

25
ny” 1.4370.

8.3 Reductions with Trimethylamine-Borane

LY
8.3.1 The Reduction of Benzaldehyde Dibenzylacetal (23)

Trimethylamine-borane (Matheson, Coleman and Bell,
1.84 g, 25 mmol) was dissolved in glacial acetic acid, and 23
(7.6 g, 25 mmol) was added. The mixture was stirred in a
constant-temperature bath at 27° for two days and small samples
were removed periodically to check the progress of the reaction
(g.l.c.). Slow evolution of gas occurred during the first 24
hours of the reaction.

After two days the mixture was poured into 100 ml. of
saturated aqueous sodium carbonate solution, which was then
extracted twice wi%h ether. The combined extracts were washed
with water, dried (Na2804), and evaporated, yielding 8.06 g.
of mixed product.

LA
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A 2.0 g. quantity of this mixture was.chromatographed
on a silica gel column, yielding the following fractions:

‘ ¥
(i) divenzyl ether, 1.082 g (88%); ngo 1.5604; p.m.r; 8 4.43
(4 H, s), 7.2 (10 H, m). @G.l.c., i.r. identical to those of

the purchased sample (Aldrich).

(ii) Ybenzyl acetate, '0.117 g. (12.6%); nlz)O 1.5020,>\ma)C

1745 em™%*. Tit. (n3) n%o 1.5032. G.l.c., i.r. identical to
purchased sample (Anachemia).

(iii) bvenzyl alcohol, 0.y g. (i %), n%O 1.5400. Lit. (2'4),
nDO 1.5402. G.l.c., i.r. identical to those of th:z purchased
sample (Aldrich). ,

8.3.2 The Reduction of Cyclohexanone Ethylene Ketal’ (13a)

Most of the experimental details of this reduction were
given in Section 3.2.2 and Table 3.1l.

The first fraction of product distillate, 1.7 g, b.p.
70-100°C at 16 mit., after removal of unreacted trimethylamine-
borane by silica gel chromatography yielded:

Lol
(i) unreacted starting acetal, 1.02 g. (29%), n53 1.4600, -
Lit. (196) n30 1.4583;

(11) 2-cyclohexyloxyethanol, 0.44 g; _
(iit) l-acepox&-Z—cyclohexyloxyethane, 0.043 g.

After .decomposition of the borate in the reaction
products, a second distillate fraction (1.25 g, b.p. 101-105°
at 16 mm) was obtained. Upon chromatography this yielded:

(1) 2-cyclohexyloxyethanol, 1,05 g;

(i1) l-acetoxy-2-cycIo§§xyloxyethanol, 0.060 g.

In total 1.49 g. (41%) 2-cyclohexyloxyethanol, \\\\
n2’ 1.4629 was obtained. Lit. (26) n5’ 1.4605. ‘

The total recovery of l—acetoxy~2-cyclohexylbxyethanol
was 0.103 g (2.24);A ___ 1750 em™}; g.l.c., p.m.r., and 1.r.
were all identical to the authentic sample,_. , '
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Traces of 2-cyclohexyloxyethanol were eliminated from
the distillation residue 5y chromatography and the relatively
non-polar 1,2-dicyclohexyloxyethane (0.043 g) so obtained had
the following properties: n%S 1.4696, p.m.r.; 8 3.5
(4 H, s, O—CHZf-CHZ—O), %3.25 (2 H, m, methine probvons), 1.0-2.0
(20 H, m, ring methylene protons). The equivalence of the
methylene prootons at 3.5 confirms the symmetrical structure of
the molecule., G.l.c. and 1.r. results were identical to those of
the product obtained by an alternative synthetic route (8.3.4).

8.3.3 The Reduction of 2-phenyl-l,3-dioxane (4a)

-t

The reductive cleavage of 4a was accomplished"in a
similar way to that of benzaldehyde dibenzylacetal (Section
8.3.1) except that the evolution of hydrogen gas was measured
in this instance (655 ml at NTP; 29 mmol). The reaction
products were isolated by removing the aceti¢ acid solvent on
a rotary evaporator, and partitioning the residue between water
and benzene. The aqueoﬁs layer was evaporated to dryness andl
the solid residue was stirred with ether (20 ml) and filtered.
The boric acid crystals were washed (50 ml of ether) and dried,
yield of 33303: 1.05 g (68%). Evaporation of the ether
filtrate yielded 1,3-propanediol (0.35 g, 18%).

The benzene layer was evaporated to give 4.04 g of
crude product, 2.5 g of which was chromatographed on silica gel.
The following fractions were obtained:

(i) Vvenzyl acetate, 0.044 g (2%), n§4 1.4980,>\max 1745 cm~t.

(i1) 1,3-dibenzyioxypropane (64), 0.52 g (13%), n§4 1.5350, .

‘g.l.¢c., p.m.r., and i.r. identical to those of the authentic
material (Section 8.4.3);

(i11i) l-acetoxy-3-benzyloxypropane, 0.99 g (31%), n%6 1.4896, ,
g.l.c., p.m.r., and i.r. identical to those of the authentic

material (Section 8.3.4);
(iv) 3-benzyloxy—l-propanol, 0.91 g (35%), H%Z 1.5124, g.l.c.,

b
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p.m.r. and i.r. identical to those of the authentic material

(Section 8.2.5).

8.3.4 Sources of Reagents and Authentic Product Compounds
for the Foregoing Reductions

Diglyme (Bastman) was dried and purified by a reduced pressure .
distillation from lithium aluminum hydride under nitrogen (215).

Glacial acetic acid (Anachemia, reagent grade) was not specially
purified.

Benzaldehyde dibenzylacetal (gg) was prepared by Salmins me thod
(196), yield 657. B.p. 163-166° at 0.04-0.05 mm; nat 1.5765.
Lit. (216) %;B;/ﬁahout 168°" at 0.1 mm, ,(217) 170° at 0.2 mm;
n2® 1.5776.

The sources of sgeveral of the product compounds were
previously discussed in Section 8.2.5.

1-Acetoxy~2~cyclohexyloxyethanol was prepared in 81% yield by

treating 2-cyclohexyloxyethanol (1.02 g, 7 mmol), prepared as
described in Section 8.2.5, with an excess of pyridine and
acetic anhydride at room temperature. After two days the
volatile components were removed on a rotary evaporator at 70°
and the residue was purified by chromatography on silica gel.
Yield of product 1.08 g, n%S 1.4465,x max L1790 cm"l, p.m.Tr.;
54.10 (2 H, t, -CH,0Ac), 3.55 (2 H, %, -CH,OR), 3.25 (1 H, m,

methine), 2.00 (3H, s, acetoxy), 2.0-1.0 (10 H, m, ring 'CHZ")'
Anal. fale. for C1oHyg05 : C, 64.5; H, 9.51
Found : C, 63.9; H, 9.74

1,2-Digcyclohexyloxyethane was prepared in very small yield by
a Williamson synthesis: sodium (7 g, 0.3 mol) was dissolved
in cyclohexanol (30 g, 0.3 mol) diluted with xylene (200ml).
A mixture of xylene (50 ml) and 1,2-dibromoethane (28 g, 0.15 mol)
was added to the stirred sodium cyclohexyloxide mixture over
a period of 2 hours. The mixture was refluxed for 2 hours,

s
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cooled, and the precipitated sodium bromide was filtered off.
A g.l.c. analysis of the xylene solution-revealed only cyclo-
hexanol and a trace of the high boiling product*. The cyclo-
hexanol was distilled off and the distillation residue was
applied to a silica gel column. The yield of 1,2-dicyclo-
hexyloxyethane so obtained was 0.034 g (0.1%), p.m.r.;§ 3.5
(4 H, s, -OCH -), 3.25 (2 H, m, methine), 2.0-1.0 (20 H, m, °
ring, CH ).

The synthesis of 1,3-dibenzyloxypropane 1is déescribed
in Section 8.4.3.

1-Acetoxy-3-benzyloxypropane was prepared from 3-benzylcxy-l-
propanol (Section 8.2.5) in 97% yield by treating it with
excess pyridine and acetic anhydride at room temperatice.

After 2 days, the volatile components were removed on a rotary
evaporator and the residue was purified by silica gel ’
chromatography. The product had)\max 1744 cm_lw ngs 1.4903.
Lit. (218) n3%'? 1.4913.

8.4 Acetal Cleavage with Catalytic Amounts of HCo(COI4_

8.4.1, Procedure

The reductive cleavage. of 2-phenyl-1,3-dioxane (4a)
(Table 4.2, Experiment 5) is repres¥ntative of the general
procedure., A stainless steel autoclave, having a removable
glass liner and internal volume (with the liner in place) of
255 ml., was employed. A qﬁ;ntity of acetal 4a (4.33 g) was
éupported in a small open ampoule above the catalyst mixture
(0.44 g 002(00)8 in 3.8 ml benzene) inside the liner. After
purging with carbon monoxide, the autoclave was pressurised
to 2400 psig with a 2:1 HZ/CO mixture and the temperature was -
raised to 160°C in 45 minutes. At this temperature the auto-
clave was tilted to mix the acetal and the catalyst, and

¥ Elimination was doubtless the chief reaction.
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7

heating was continued at 165t59 for 4 hours., The autoclave was
then cooled to room temperature, and vented, and the contents

were made up to 50 ml in benzene. A g.l.c. analysis of this
solution revealed the following. componénts* inchanged starting

material, 28 - benzyloxy—l-propanol 26ﬂ, 1,3~-dibenzyloxy-
propane 40% as major constituents, toluene (1.8%) and a trace
of benzaldehyde (<1%) were also evident.

A 40 mlf portion, of the benzene solution was now
evaporated under .reduced pressure (3000,'\'15 mm. Hg) and the
residue was allowed to stand open to the atmosphere for 24
hours to permit the catalyst to oxidise. (A repreat g.l.c.
analysis after this procedure showed that catalyst oxidation
did not affect the organic materials.) A little benze-e was

next added to the product and the resulting mixture, consisting

of dissolved organic material and suspended oxidised catalyst,

was applied to a silica gel column., The fractions thus obtained

in order of elution** were as follows:

(1) 1,3-dibenzyloxypropane (64), 0.99 g (37 ); n22 3. 5361;
9%,
authentic sample * %2 -2 1.5386; g.l.c. retentlon time and
. {
p.m.r. spectrum were identical to those of the synthesised

sample;

(ii) 2-phenyl-l,3-dioxane (4a) - starting material, 1.04 g
(30%); m.p. 46-47°, mixed m.p. with starting material 46-47.5°

(ii1) 3—benzyloxy—l-propanol 0.59 g (18#); n O 1.5168. 1Lit.
(26) n%o 1.5184; g.l.c. retention time and p. m r. spectrum
EX T o 2

were idemtical to those of a synthesised sample .

*
The quantitative analysis of this compound was actually made
from a second, later g.l.c. analysis, after the compound had
been isolated and identified.

* ‘ .

* Benzene eluent for the first two fractions, benzene +15%

by volume ether for fraction (iii).

*RR .
See Section 8.4.% for the synthesis of this compound.

A%

Described in Section 8.2.5. .
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Finallj, a 'blank' reaction was necessary in order to
be sure that the catalyst was indeed responsible for the
reduction and not, say, molecular hydrogen acting upon a
carbonium ion. Accordingly, the experiment described above
was repeated but a little p-toluenesulphonic acid* (0.05 g)
Qas substituted for the dicobalt octacarbonyl. A g.l.c.
analysis of the product showed no reduction products, only
starting material and a trace of benzaldehyde.

8.4.2 Source of the Starting Materials Described in Chapter 4.

Many of the acetals and ketals used in Chapter 4 were
the same as those described in Chapters 2 and 3. Their sources
were discussed in Sectione 8.2.4 and 8.3.4.

Propionaldehyde diethylacetal was prepared in 46% yield accord-
ing to reference 212. B.p. 124—12§0 at 757 mm; n%z 1.3890.
Lit. (212) b.p. 123° at 740 mm; n3’*” 1.3872.
Phenylacétaldehxﬁe dimethylacetal was prepared in 53% yield
according to reference 8. B.p. 84-84.5° at 6 mm; ng4 1.4930.

Lit. (8) b.p. 219-221° at 754 mm.

R;Méthoxybenzaldehyde dibenzylacetal ~ The method of Gualtieri

et al. (219) was used, but some decomposition of this reactive
acetal was found (p.m.r.) to occur during distillation. B.p.
192-198° at 0.2-0.25 mm. Lit. (219), b.p. 195° at 0.25 mm.
Moreover, decomposition in the injection port of ?he g.1l.c.
caused difficulty in estimating the purity of the product hy
this ‘technique. Since all contaminants are relatively volatile,
however, a pure product was obtained withogt distillation of
the acetal. After the reaction, the mixture wés gtirred with
a large excess of aqueous potassium carbonate, the upper layer
was separated, washed twice with water, and the volatile
materials were removed under reduced pressure. After 2 hours
in an oil bath at 120° under 0.08 mm préssure, the residual

¥ This material completely destroyed acetone n-butyl ketal
" under similar conditions (gection 3.5.1).

o~
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pale yellow oil was coumpletely pure p-methoxybenzaldehyde

dibenzylacetal as far as could be detected by p.m.r., yield:
20

85%; n, 1.5756. This product is pure enough for most purposes,

but if necessary, the yellow colour may be removed by silica

gel chromatography.
p-Chlorobenzaldehyde dibenzylacetal ~ This compound does not

appear to have been previously reported. It was prepared from
p-chlorobenzaldehyde (Lastman, practical,-4C g. 0.28 mol.) and
benzyl alcohol (130 g. 1.2 mol.) with p-toluenesulphonic acid
(0.Y g.) as catalyst. The wdter produced was removed as benzene-
water azeotrope, using 300 ml. of benzene and a Dean~Stark

- geparator. 'After 3 hours of refluxing, no further water was

obtained, and the reaction mixture was stirred with excess
saturated aqueous sodium carbonate solution. The upper layer

was separated, waghed with vater, and distilled unider reduced
pressure., The final fraction of distillate, b.p. 196~198

0.1 mn wWas the pure acotal; yield, 7o g  (8045); 04, 5816
p.m.r.: & 4.40 (4°H, s, benzyl methylenes), 5.51 (1 H, s, wethine),
7.2 (14 H, m, aromatic protons).

Anal. Calc. for C,.H €10, : C, T4.N; H, 5.65; C1, 10.5

21719
Found : C, 74.4;

.
3

X[, 5.63; C1, 10.7

8.4.3 Source of Authentic Samplea of the Refluction Products
Described in Chapter 4. ‘

Products not discussed in earlier gections were o%tained

Ethylbenzene - purchaged from Kastman Kodak Co.

Phenethyl methyl ether was synthesised from phenethyl alcohol,
methyl iodide and silver oxide, according to ref.222. The
sweet-smelling product was purified by chromatography on silica
gel. Yield 60%, n5’'> 1.4962. Lit. (223) nil 1.5001.

1, 2~Dibenzylokyethane was prepared by a Williamsbon synthesxs in
which 2-benzyloxyethanol (Eastman, 10 g, 0.066 mol) wa3s stirred
/
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with excess (2 g) sodium and xyiene (25 m1) for 24 hours. Excess
sodium was removed, benzyl chloride (5.3 g, 0.041 mol) was added,
and the mixture avas boxled under reflux for 4 hours. The
precipitated sodium chloride was filtered off, and the filtrate
was distilled under vacuum. Yield 5.3 g (53%), b.p. 123-125° at

0.05-0.07 mn; n§6 1.54%6. Lit. (224) b.p. 139° at 0.1 mm.

\ 1,3=-Dibenzyloxypropane (64) was made from B—benzyloxy-l-propanol
(preparation descrihed in 8.2.5) by a Williamson synthesis as
degcribed above.{\iield, 65%; b.p. 145-146° at 0,03 mm;

ngz'z 1.5386; p.o.; & 7.19 (10 H, m, aromatic), 4.35 (4 H, s,

Ph«GHz-O-). %3.46 (4 H, t, -o-cnz-c), 1.81 (2 H, quintet, C~CH2—C).

Anal. Calec. for Cl7H2002 : q, 79.7; H, 7.87.
Fcund : C, 79.7; H, 7.96,

1;3-Dibenzyloxybutane (65) was prepared by Willlamson synthesis
from 0.7 g of 3-benzyloxy-l-butanol (Section 8.2.5). The crude
product was purified by chromatography on a shont (25 cm) silica
gel column and yielded 0.77 g (73%) of 1,3-dibeniyloxybutane,
n2%+5 1.5320; p.m.r.; § 7.20 (10 H, m, aromatic), 4.39 (2 I, AB
quartet, &, = 4.31, 85 = 4.47, J,, =-11 Hz, PhCH,0 — on
assymetric C ), 4.36 (2 H, s, PhCH,0 — on G ). 3.5 (3 H, m,
protons on Cl and Cg), 1.7 (2 H, m, protons on ¢ ), 1.13 (3 H,

d, J = 6 Hz, methyl

Anal, Cale. for C H220 : ¢, 80.,0; H, 8.20 °

18
Found : C, 79.5; H, 8.07

1,2-Dibensyloxy-2-methylpropane (66) - a Williamson synthesis
gtarting from 2-benzyloxy-2~methyl-l-propanol (Secpion 8.2.5)

was again successful. The product was purified by silica gel
chromatpgraphy as above, n25 1.5280; p.m. r;&7.22 (10 H, m,
aromatic), 4.44 and 4.46 (4 H, two s, PhCH O~), 3.34 (2 H, s,
-ocaz-c), 1.24 (6 H, 8, methyl).

Anal. Calc. for 01882202 : ¢, 80.0; H, 8,20
Pound : C, 79.2; H, 8.01
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Compounds 64, 65 and 66 have not been prepared before.
A word of caution concerning their analysis is in order.
Dibenzyl ethers in air form peroxides quite rapidly, and unless
they are stored under nitrogen or analysed within a few days of
purification, the carbon énd hydrogen analysis is invariably
much too low. Samples of dibenzyl ethers kept open to alr turn
completely into crystalline solids (peroxides?) aftgr geveral

months. / ‘

G.l.c. analysis of the diether product obtained in
Experiment 21, Table 4.5 revealed two impurities in addition to
a compound having the same retention time as 1,Z-dibenzyloxy-
2-methylpropnne (Qﬁ). The p.m.r. spectrum of thé productawaé
identical to that of autheatic 66, except for the appe.rance of
four small additional signals. However the impurities evidently
had a‘large effect upon the refracti;e index, which was

2 :
n§3 1.5450 (c.f. n§5 1.5280 for synthesised 66).

In order to confirm. the identity of the product of

. Experiment 21, g.c.- m.3. was employed. Fig.3.1 shows the mass

spectra of (a) authentic 66 prepared by williamson synthesis,
and (b) the least polar product fraction obtained in Experiment
21. With the exception of minor peaks; more of whichrare
included in spectrum {(a) because the sample used was more

- concentrated, the two spectra are the same, thué confirming the

identity -of the product,

The spectra are dominated by the peak at m/e 91 (PhCH2+
and/or tropylium) which is the base peak.

£

The molecular ion (m/e 270) does not survive, presumadbly
because the presence of two benzyl groups greatly promotes 1its

decomposition to very stable fragments (see discussion in ref.225).

The peak at m/e 149 may correspond to the fragment
PhCHzoé(Me)z. The nature of the peak at m/e 107 obtained from
certain benzyl ethers is still unsettled, bdbut ¢CH=6—H hasd
recently been proposed (226).
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<

p-Chlorobenzyl alcohol was obtained from Rldricﬁ Chemical Co:
B

“ p-Chlorobenzyl benzyl ether wags prepareéﬁby Williamsongsynthesis .

ag described in ref.227. Yield F0%, b.p. 1132 at 0.1 mm,

n2® 105692, Lit. (227) b.p. 114° at 0.1 ma; nj” 1.5698.

E-Nethéxybenzyl henzyl *ether was made sim;iarly (227). Yield
51/, b.p. 1250 at 0.1 ma, n&0 1.5636. TLit. (227) b,p. 146-147°

at 0.4 mm; n%z 1.5625. )

8.5 Stoichiometric Reductions of Acetals with HC o(bO)4 .

8.5.1 Preparation of HCO(CO)4 Solutions

++
First, a stack solution of{Co(B)é}

where B is N,N-dimethylformamide (DMF) -— was

0(C0)4]2 —
repared by

dissolving dicobalt octacarbonyl (Ventron Corp.} 13.7 g, 40 mmol)

in 40 ml of hexane and adding %5 ml of N,N-dimethylformamidse.

The mixture was alloyed to %eavt overnicht, with the evolved

carbon monoxide escaglnv from the gerun-capped le ml flask via

a syringe needie. After 12 hours the reactjion had terminated

and the mixture had separated into a clear. upper layer (hexane)

and a pink lower layer (the complex dissolved in DﬁF). The o
needle was removed and the solution was stored at 5°C until

required. . \ '

/

A 5atcp of HCo(CO)4 solution was prepared from the
00(00)4 stock solution as follows: thle apparatus in Fig. 8,2

wag get up, flask B was filled with anhydrous sodmum uulphate
(AJlO g), and the ‘lde arm of flask A was closed with a serum

cap. The'gas‘burette was filled with carbon monoxide and then
flalks A and.B were evgcuated* and filled with carbon monoxide,
The operation was .repeated, each time filling the gas.burette N
from the cérboz monoxide manifold, and filling the flasks A and

B from +the gas-ﬁurette. (The burette was used as a low-presaure
reservoir of carbon monoxide).

-
3

[+ 30 Py

~y

% o .
By mgans of a syringe needle connected to a water aspirator. .
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A TO 6A5 TO €O
= BURETTE ~_ - _w MANIFOLD

o ~
1
; STIRRING MAGNET
‘Fig.8.2 Apparatus for the Preparation of HCo(CO)4
o , , .

o
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Next, hexane (25 ml) and cobalt complex-DMF solution
(10 m1) were added to flask A by syringe, and a final carbon

" monoxide purge was made. Flask A was cooled to 0% in an ice-

bath and 10 ml of concentrated hydrochloric~acid was added

with rapid stirring. ¥ive minutes later the lower blue layer
was removed, and the pale yellow solution of HCo(CO)4 in hexane
was washed three times with 3 ml amounts of air-free water.
When most of the wash water had been removed by syringe, the
apparatus was tilted so that the sodium sulphate in B entered
flask A. After stirring for an hour, samples of HCo(CO)4 .
solution were withdrawn for use — but were generally found to
be still too damp for acetal reductions. -TFurther drying was
achieved by transferring the solution Qg syringe to a serum-
capped Erlenmeyer flask containing 5g of molecular sieve
(Linde 5A). The hexane solution showed the following carbonyl

%tretching frequeneies‘(cm-l); 2115 (w), 2070 (m), 2053 (s),

2030 (8), 1992 (w) in agreement with the published spectra (13}).

/

8.5.2 General Reduction Procedure

‘From this point on, Experiment 1, Table 5.1 will be
described; it is typical of the general procedure, The pale
yellow solution of HCo(CO), was analysed gasometrically .
(according to Eq.5.3) as follows: a 1 ml sample of solution
was 1n3ected into excess aqueous potassium iodide/iodine
solutlon in a flask connected to a second carbon monoxide- .
filled gas burette. A 51.5 ml volume of carbon monoxide
saturated with water and hexane at 23°C was produced. This

—_—

gas (36.6 ml, dry at NTP) is equivalent to 0.41 mmol of HCo(CO)4.

A 6 ml amount of the HCo(CO) solution (2.46 mmol
HCo(CO) ) was added to an Erlenmeyer flask containing 1 mmol
of benzaldehyde dibenzylaretal in 20 ml of hexane under a CO.
atmosphere. ' The mixture, standing at room temperature, darkened

§ v

R

]
* The flask also contained a little hexane to maintain . *
saturation of the gas in the burette.

’

=
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‘  very 8Slowly.. The progress of the reaction was followed by
removing 2ul samples by syringe for gas chromatography. .
HCo(CO)4'§5§hdetectaﬁle in these aliquots by its odour up to 212
hours after mixing. After 260 hours the mixture composition as
determined by g.l.c. remained constant at 43% dibenzyl ether,
25% starting material, 29%lbenza1dehyde (by hydrolysis) and an
unquantified amount of benzyl alcchol.

The almost black solution was next cooled in a dry ice-
acetone mixture, whereupon small orange crystals of dicobalt
‘octacarbonyl separated, m.p. 50-52°. Lit. (228) m.p. 51-52°.
The crystals wére filtered and roas%ed at 750° in a weighed
porcelain crucible . Yield of 00304,= 108 mg; equivalent to
1.35 mmol of cobalt (55% recovery).

8.6 The Reductive Cleavage of p-Methoxybenzyl Alcohol and
~ ., 1its Ethers

Al

L] £
7

8.6.1 Procedure ' : .

. Reductions with catalytic HCQ(CO)4 were accomplished
‘according to the description given in 8.,4.1. Reductions:-with
stoichiometric quantities of HCo(CO)4 were as reported in

8.5 , while the borane reductions near ambient tresembled -
those described in 8.2.1.

The isolation and identification of the products of
Experiment 1, Table 6.1 are described here in detail as
illustration of the methods used.

The products of the reaction of anisyl alcohol .0 g)
with HCo(CO)4'were removed from the autoclave &nd made up to
50.0 ml in benzehe for later quan%itative analysis by g.1.c.

A portion of this solution (40 ml) was allowed %o stand open
to the air for 24 hours to oxidise the catalyst to an insoluble

* The ignition of cobalt complexes to 00304 at 750° is discussed
in ref.229.

\
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regsidue, and then most of the benzene waS»removed’by
evaporation at 30°C on a rotary evaporator. Silica gel chroma-
tography of the residue (eluent: benzene with increasing
ampunts of ether) yielded the following fractlons (in order of
elution):

(1) p-methyl anisole (34), 2.80 g (66%), ni° 1.5118. Lit.

(230) n20 1.5117. G.l.c. retention time and i.r. spesirum
D

identical to authentic samhple.

(ii) A mixture of dianisyl ether (37) and 3-methyl-6,4 —
dimethoxydiphenylmethane (38), 0.11 g (2%). Gas chromatography
showed two incompletely separated peaks of equal height. P.m.r.;
56.8 (m,.aromatic protons); 3.77 (s, hr-CHZ-Ar of diarylmethané
and Ar-CH,-0 of dianisyl ether); %.70 (s, one-0CH; of diaryl-
methane); 3.66 (s, one-OCH3 of diarylmethane and --OCH3 of
dianisylethgr);_Z.lB (s, GH3uof diarylmethane). These chemical
shifts and coincidences were later confirmed by synthesis of

the pure compomnds., ’

-(iii).gfmethoxyphenethyl formate (36), 0.093 g (1.3%). P.n.r.
spectrum identical with synthesised sample; i.r. shows max
1732, 1116 em™t (5.77, 8.57u), ester carbonyl. This compound
was warmed with agqueous sodium hydroxide, and the p.m.r.
spectrun of the product sc formed was thé?‘ﬁ? E-methoxypﬁe ethyl
alcohol (35). -

(iv) bis—2~(D—methoxyphenyl)ethyl ether (39) 0.156 g (2.9%),

%2 -6 1.5504, Syntneaised sample n%z 71,5508, P.m.r. s trum

identical with synthesised sample.

(v) g—methoxyﬁhenethyl alcohol (35), 1.13 g (17%) ng4’5 1.5345.
P.m.r. and i.r. spectra identical to pure material (Aldrich,
nc*+? 1.5362). - , -

After all the product compounds had been identified and
synthesised, a quantitative g.l.c. analysis of the original
mixture was made with calibration standards of pure prqdué

e

compounds dissolved in bengzene.
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8.6.2 Source of Starting Materials

p-Methoxybenzyl alcohol (or p-Anisyl alcohol) (31) was
purchased (EFastman).

p-Methoxybenzyl methyl ether (32) was prepared both by 0y

methylation of anisyl alcohol (31) with methyl 1od1de'ma& silver

oxide, and by daddition of anisyl chloride (173) to sodiun meth-

oxide in methanol (48), the product had b.p. 87-89° at 6 mm.
(49), b.p. 85° at 5 mm.

2-(p-Methoxybenzyloxy)anisole (or, p-Anisyl guaiacyl ether) (45)
wag prepared by a 2-step synthesis as follows: anisyl alcohol
was converted into anisyl chloride (173). From the latter 45
was prevared according to ref,.233., After recfystallis:tion from
ethanol, material of m.p. 95-95.50, Tit. (233) m.p. 94-96° (234),
97° was obtained in 28% overall yield.

Compound 45 was later prepared more easily as follows:
guaiacol (12.4 g), p~anisyl alcohol (31) (16.6 g), and dicyclo-
hexylecarbodiimide (DCC, Aldrich, 22 g) were mixed and heated
for 16 hours at 150=10°. After cooling, the congealed mass was
stirred with 500 ml of ether and filtered. The ether extract
was‘evaporated to small bulk; then a little ethanol was added,
causing the product to crystallise. Recrystallisation from
ethanol yielded 9.7 g (40%) of material m.p. 94-96°, m.m.p.
94-96° (with pre[iously prepared material),

p-Methoxyphenacetaldehyde (gg) was prepared by ozonolysis of
chavicol methyl ether (K. and K. Laboratories) according to
ref.220; ' b.p. 89-90° at 3 mm;)\maX 1725 cﬁ'l; semnicarbazone
m.p. 172%. ILit. (220) b.p. 78-79° at 1.4-1.5 mm semicarbazone
m.p. 175-176%; (221) 173°. ®

8.6.3 Source of Authenﬁic_Sampleé of the Reduction Products
Described in Chapter 6.

p-Methoxyphenethyl formate (36) - The compound has not previously
been described. ‘2~Methoxyphenethyl alcohol (22, 3.0 g) and DCC
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(5.0 g) were heated to 100°, and excess formic acid (2.0 g) was
cautiously added dropwise., The mixture was heated for 8 hours
at 850, andNLhe solid mass was then extracted with ether. G.l.c
analysis of the extract showed the crude product to contain 15%
of unchanged alcohol (35). The latter was readily separated on
a short (25 ¢m) silica gel column, with 90 benzene, 10% ether
as eluent. Yield 2.3 g (65%) of colourless liquid;-b.p. 100-101
at 0.1 mz; n§4'3 1.5147; M. 1730, 1167 cn™'; p.m.r.;87.87

(1 H, s, -0-CHO), 6.9 (4 H, m, aromatic), 4.23 (2 H, t, J=T7 Hz,’

—CHZ-OCO-), 3.69 (3 H, s, -OMe), 2.81 (2 H, t, J=7 Hz, Ar-@Hzf).

Anal. Calc., for ClOH1203 : C, 66.7; H, 6.71

Found : C, 66.6; H, 6.75

Dianisyl ether (37) - This compound was prepared accor .ing to

ref.175; b.p. 162-172° at 0.2 mm, recrystallised from‘ethanol/
petroleum ether, m.p. 48-49°; p.m.r.;856.9 (4 H, m, aromatic),
5.77 (2 H, s, Ar-CH,-0-), 3.66 (3 H, s, -OMe). ILit. m.p. values
(173, 235) range from 39° to 49°.

3

N ®
3-Methyl=-644'-dimethoxydiphenylmethane (§§) was previously

prepared (236) by Friedel-Crafts addition of p-methoxybenzoyl
chloride to p-methylanisole (34); followed by a reduction step.

In this work, 38 was prepared in a single rapid step
from p-methoxybenzyl methyl ether (32) and p-methylanisole (34);
the latter was used in a large exces3s to prevent unwanted
additional coupllng reactions. Conoentrated sulphuric acid
(0.5 g) was added dropwise with Qtlrrlng to a mixture of 34
(15.0 g) and 32 (1.1 g). A slight permanent pink colour was
produced, After 10 minutes, the lower layer was separated and
the upper.layer was washed with sodium carbonate solution and
then with water. p-llethylanisole was evaporated on a rotary
evaporator at 70° and the residue was distilled in vacuo. Yield
1.35 g (77%) of a colorless oil; b.p. 160-162° at 0.1 mm; which
crystallised after yefrigeration for several days m.p.
71.5-72.5%. Lit. (53, 54) b.p. 178-180° at 3 mm; m.p. 74°

*

o
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P.m.r.;66.7 ¢7 H, m,haromatic), 3.79 (2 H, s, Ar-CHz-Ar), 3.66
(3 H, s, ~0Me), 3.70 (3.H, s, -OMe), 2.18 (3 H, s, Ar-Me),

Anal. Calc. for C16 18 s ¢ Cy 79.3; H, 7.49
Found : G, 79.1; H, 7.56

Bis-2~{n-methoxyphenyl)ethyl cther (39) - This compound has not
been previously reported. It was prepared as follows:
p-methoxgphenethyl alcohol (35) (5 g) and H,50,3H, 0 (178, 179).
(0.25 g) werg i mixed and heated with stirring at 140— 5° for 6
hours. After coofing, benzene (10 ml) was added and the product

was. washed with‘%ot ssium carbonate solution, followed by water,
and dried over anhyﬁgzus sodium sulphate. The benzene extract
was passed through a short (15 cm) silica gel column (benzene
eluent) to‘remove unreacted alcohol (~107% by g.l.c.).

The produvt so obtained (4 g, 85%), 99/ pure by g.l.c.,
wag distilled 1n vacuo, b p. 193-195° at 0.06 mm; n%3 1.5508;
p.m.r.;56.8 (8 H, m, aromatic), 3.65 (6 H, s, ~OMe), 3.49
(4 H, t, J=T7 Hz, -CH -0—), 2.71 (4 H, t, J=7 Hz, Ar~CH2—).

Anal, Cale. for 018H2203 t C, 75.5; H, T.74

Found : C, 75.4; H, 7.76
All attempts at crystallisation were unsuccessful.

p-Methoxyphenethyl methyl cther (41) - was prepared by methyl-
ation of g—methoxyphenethyl alcohol (_2) A small amouni of °
35 (2.0 g) was shaken with excess,methyl iodide (15 g) along
with silver oxide (5g) and some molecular sieve (Linde %A) for
24 hours. The small quantity of unmethylated alcohol was
removed from the product by passing it through a short silica

gel column, and the sweet-~smelling product was distilled in
21

vacuo, b.p. 65-67° at 0.025 mm, ny~ 1.5099. Lit. (237) bv.p.
0119-121° at 12 mm. ’
Anal. Cale, for C OH14 5.t c, 72.3; H, 8.49

Found : C, 72.2; H, 8.35
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8.7 Reductive Cleavage™pf 1,3-Dimethoxyphthalan

8.7.1 Reduction with Borane in THF .

The compound 1, 3-dimethoxyphthalan (50, mixed isomers;
60% ¢, 40% t, 1.74 g, 9.7 mmol) was treated with borane in THF
(25 m1, 1M) at 22°C. After 90 hours, g.l.c. analysis of a’
small sample showed 405 of the starting material remaining.
Warming the mixture at 35-40° for 6 hours completed the
reaction. The products were worked up as described in 8.2.1
and the mixture was distilled. ‘

(Ihe first fraction obtained was phthalan (51), 0.7 g

(60%), 5 p. 83-85° at 15 gn; n5° 1.5428, m.p. 4-5°. P.mr.;

§7.02 L4 H, m, aromatic?), 5.92 (4 U4, s, Ar-CH -o) Lit., (238)

. b.p. 192°; n2515440 m.p. 6°. l

D
Exposure of the sample to air for several weeks resulted
in its conversion into a white crystalline solid ~— the peroxide
67 (238, 190) m.p. 136-138° (recryst. ether). Lit. (238, 190)
m.p. 137.5-139.5°, 139°, ‘

The protons on the five-membered rings of 67 exhibited
an A.BX type p.m.r, Spectrum (CDCII.3 soln.) which was analysed
as follows: AB part (methylene protons) 6 5.02, 64 5.19,
JAB—-IS Hz, JAX" 0 Hz; X part (methine proton) 66.73, J B 2 Hz' .
Long-rangé coupling appears to be normal in this type of

¥ This value is taken directly from ’érxe line spacing. Although

the X doublet was sharp, giving no evidence of virtual coupling,’
. 8uch an effect must be anticipated in this system. Virtual
31f operative.would render the observed liné spacing
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structure, being evident also in the spectra of 56 (Fig.7.3) and

61 (p.157)., The value of the coupling constant for 56, 61 and

67 was 2 Hz . This is reasonable, since Lemieux et al. found
5J(H1, H4) to be 4.4 Hz for the o-D-furanoside 54 in which the
five-membered ring contains a discreet double bond (192),

The second distillate fraction obtained was o -methoxy,
2-hydroxymethyl toluene (58), 0.235 g (16%), b.p. 130-140° at —~
18 mn, n12)2 1.5301; p.m.r. identical to that of the.synthesised

material., ;

The preparation Gi‘ g.1.c, calibration standards from
the distillate fractions permitted guantitative analysis of the

‘initial chromatogram: 72j of 57 and 28% of 58. A very small

peak, about 0.4 of the total area, was present at a retention
time of 3.9 minutes, between 57 (1.5 mins) and 58 (4.7 mins);
this peak had retention times identical to those of 1,2-bis-

[t

me thoxymethylbenz zene (59) on both 5E-30 (non-polar) and Carbowax

]
-

20M (polar) g.l.c. columns.

8.7.2 Reduction with HCO(CO)4 ) .

Dicobalt octacarbonyl (98%, Ventr:réo.df g, 1.15 mmoi) <
dissolved in benzene (4 ml) was placed inside the glass liner
of an autoclave, and 1, 3-dimethoxyphthalan (mixed iﬁomer!s;

60% ¢, 40% t, 2.7 g, 15 mmol) was placed in an open ampoule
sugpended above the solution. The autoclrave wag pressuriged
to 2400 psig with 2:1 H,/CO mixture. After heating to 145°

it was tilted to mix the contents, and heating was continued
at 160-5 for 90 minutes. The autoclave was cooled and vented,
and the products were made up to 50 ml with benzene prior to
g.l.c. analysié. Compounds 57 and 39 were indicated from the
g.l.¢. analysis, plus two unknown ‘compounds and a broad
composite peak at the same retention time as the starting
material.

¥ Assumed to be positive as in ref.192,

a
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A small portion of the benzene solution was .silylated
by treatment with pyridine and trimethylsilyl chloride (Eagtman)
and the g.l.c. analysis was repeated. The chromatogram was
similar, but one peak had shifted from the composite and
appeareq at longer retention time. Th¥s peak had ‘the same,
retention time as the trimethylsilyl ether of 58. “

A 40 ml portion of the benzene solution was evaporated;
the catalyst was allowed to oxidise*, and the mixttre was
chromatographed on silica gel, Qith benzene containing 1 to 10%
ether (b.v.) a3 eluent, The following fractions {in elution
orier) were obtained: ’

(1) phthalan (57), 15 mg (1%), identified by 'its p.m.r.
gpectrum; the recovery is goor»ﬁecanse this compound cr=distils
with the benzene eluent;

(11) 1l-methoxyphthalan (1), 75 mg (4%); the aliphatie portion
of the p.m.r. spectrum of this compound was of the ABX type,
which was analysed as follows: AB part (methylene protons);
ap=-13 Hz, J,4=0 Hz; X part (methine proton);
sharp doublet d 6,02, JBT=2 Hz*"; by analogy with the work of
Lemieux et al. (192) the methine proton will be coupled to the
methylene proton which is trans to it (see Section 7.3); from
its cis relationship tb the methoxyl group this latter proton
would also be expected to give the downfield methylene signal
— ags 1s the qase; the p.m.r, spectrum also showed a methoxyl,
§3.%5 (3 H, s) and aromatic prqotons,d 7.26 (4 H, m); the
material suffered oxidation and/or polymerisation before it
cou}d be further characterlised;

(1i1) 2-methoxymethylbenzaldehyde (§3): 0.344 g (19%),
n3% 1.5324; A 1699 en¥; p.m.r.;810.14 (1 N, s, CHO), 7.5

(4 H, m, aromatic), 4.80 (2 H, s, ArLCHZ—O), 3.41 (3 H, s, ~OMe);

¥
If this oxidation step is omitted, Cop(CO)g decomposes on the
gilica gel 1libeérating CO gas and destroying the continuity of
~ the column.
** -

See footnote p. 55,
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this compound does not appear to have been reported previously;
its structure was confirmed by chemical methods:

(a) a swmall quantity of 63 in methanol solution was reduced
. With excess 5orohydride. After isolation from the inorganic
materials, the product was silylated and examined by g.l.c.

— 1% gave>a peak at the same retention time as the trimethyl-
311yl ether of 58.

(b) 63 formed a semjcarbazone, m.p. 190-191° (recryst. Etoﬁ).
Anal. Cale. for ClOH13N203 : C, 58.0; H, 6.32; 3, 20.3
Found : C, 57.5; H, 6.24; N, 22.7

(c) a thin film of 6% left open to air for 5 hours fully
" oxidised to 2-methoxymethyltanzoic acid, m.p. 96-97° %
(recryst. from water); TLit. (240) m.p. 96-97°;

H1003 . C’ 65.1; H"6u02

Found : C, 65.0; H, 6.16  °

Anal, Calc., for Cg

(1v) phthalide (62), 54 mg; m.p. 67-70° (not recryst.); p.m.r.,
g.1.c., identical to authentic sample (m.p. 2—740, Aldrich);

(v) 1,3-dimethokyphthalan (90) (starting material), 0.45 g,
(214); ngj 1.5100; some of this material had undeggone hydro-
lysis during chromatography, and appeared as o-phthalaldehyde
(51, 0.145 g) largely in fraction (if) (from which it wag
separated by means of aqueous hydroxyiamine); traces of 51 were
evident as contaminants in fractions (iii), (iv) and (v);

(vi) 1,2-bis-methoxymethylbenzene (59), Q.%46 g (17%);
n§3 1.5060; p.m.r., g.1l.c. identical to those of the authentic
sample. ¥

8.7,3 Preparation of 1,3-Dimethoxyphthalan (50)

3

The method of Schmitz (185) was followed exactly,kand
o 50 was obtained in 76% yield, b.p. 114-115° at 11 mm;
;gs=1.5094. Lit. (185) b.p. 113.5-114.5° at 11 mm; (191)
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116-118° at 11 ma, ni 1.5110. The repeated distillations

found necessary by Aso and Tagami (191) to rid the product of
phthalaldéhyde tetramethyl acetal were not required. In

several preparations the distillate was found (g.l.¢.) to be
99.1-99.7/ pure, the single impurity having slightly longer
retention time than (50). The product was a mixture of stereo—
igomers (60,5 Llu and 40,4 trans) as determined by p.m.r.; (5% b.w.
in CC1 )8 7.317 (4 H, s, aromatic), 6.17 (0,4 H, s, 113£§~
methlne), .94 (0.6 H, &, cis-methine), %.370 and 3.365 © (6 H,
two singlets, methoxyl). Lit. (191) p.m.r. (0014)8 7.17
(aromatic), 6.0% and 5.81 (methine) and 3.25 (methoxyl protons).
There is an apparent downfield shift of 0.12-Q.14 ppm for the
measuremnents given here relative to the published values (191).
The foason'for the difference is not clear; spectra were run at
a wide range of concentrations (37-50/%) but shift values varied
by only 0.G2 ppm throughout the range. ' Aso and Tagami, hozgyer,
do gstate that their oriminal ohift values "were corrected witﬁ\-
TS standard" -—— this correction may be the source of the
discrepancy. o

The igomers of 50 were geparated as [ollowr: silica gel
(30 g, 0.03 mm particle size) was carcfully dried and then
packed as a slurry with benzene containing 3,5 of ether by
volume (both solvents anhydrous) to furm a column 65 X 2 conl.
Traces of water were removed from the nilica by a preliminary
elution of a gram of 50 - it was largely converted into
o-phthaldialdehyde (51) during elution. Then three 1.5 g
gamples of 50 were guccessively eluted ac quickly as possiple,

the first 10%, and last 104 of eluted product being combined,
N :

* .
The chemical shifts were accurately determined (£0.,005 ppm)
relative to Ti13 ugsing the frequency sween mode and a precision
frequency Oounter An uplield sweep of 0.4 Hz/sec was employed
*%

The two methoxqu are not resolved at a gweep rate of 1 llz/se
(Fig.7.4). The upfield signal is the stronger of the two
methoxyls and is preuumxblj, therefore, due to the cis-isomer.
In benzene solution, the cis-isomer gives the dovmficld

gignal (191).
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In this way a 905 t: 10% ¢ mixture (~ 0.4 g) and a 14% t:86% ¢
mixture (~ 0.4 g) were obtdined. Repeating the procedure with

these mixtures yielded 31 mg of the pure trans compound {(p.m.r.,

Fig. 7.5) and 26 mg of a 6% 1:945 ¢ product (p.m.r., Pig.7.6).

Slow elution gave worse separations than fast elution, presumably .
the silica gel slowly equilibrated the isomers.

8.7.4 Source of Authentic Samples of the Heduction Products.

Phthalide (62) was purchased (Aldrich),

1,2-Bis-nethoxymethylbensens (59) and a-methoxy, 2-hrdroxy-
nethyltoluene (58) were preparad by methylation of phthalyl

alcohol. Phthalyl alcohol vai prepared according to ref.238 K
by reduction of phithaloyl chloride with 1ithiwr aluminum hydride*; '
b.p. 146-1247" at 1.7-2.0 mn, ngl‘b L5025 (avpnrcooled), m.p.

(recryst. ber.cene) 6;,5 64°%, 1it. {238) m.p. 65-64°.

Phthalryl alennl (2 g), silver oxide (4 g), methyl
iodide (20 g, bvenoene (8 r) ond molecular sieve (Linde 34,
10 g) were sha%ﬂn topether for 2 days. G.1. 0. ﬂh;@ed two
product pealks, both less polar (peak shape) and both more ‘
volatile (retention tlmt) than the starting material (some of
which remained). After filtration and sclvent removal, the
product was applied to a ?E cm silica gel column and was eluted
with benzene gontaining ES of ether. The first fraction
yielded 0.55 g of 59, n?t 15051, pmr.;87.20 (4 H, m, aromatic),
4.40(4 H, s, Ar—QHéno), 3,27 (6 H, s, -OMe), Although
previously prepared, only the b.p. of this compound was
rﬂported (241).

The second fraction ylelded 1.3 g of 58; b.p. 121° at
7 mm, 15’7 1,5309. 7it. (240) bop. 132° at 13 m.

Phthalyl alcohol was also obtalned as tne only product in an
attemnted reduction of phthalide to l-phthalanol by L1A1H4

at 35°C —— this 10 contrary to the indications given in

ref. 239 : .
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| AFPENDIX 1 LT

&

THE EFFECT OF RING SIZE UPON THE RATE OF . .'ﬁj'

ACETAT, RENUCTION BY BORANY (BH) T

)
. Durlng the fudies of acetal cleavage by borane, some
competitive reductions of acycllc, five~ and six~membered ~ -
acetals of benzaldehyde were conducted, The results of the

"first experiment pregented in Table A.l indicate that the five~.

membered ring is cleaved about nine times faster than its'six-.

membered counterpart. -
K
f

]

TABLE A.1l

Competitive Reduction of Pairs of Acetala*
“ by Borane in THF

{ ' Product Formed, Reaction Time,l

Substrate ﬂmpl ‘ | min.
¢ 0 o ‘ 3
\C/ . 0.12 *
1 o

.\X ‘ 31 (

0.013 '

><3 w

g

\\c/’ 0.14
N

and . " 40 \
IO 0.30 . .
B NOMe

* The acetal mixture (1. 25 mgol of each) was treated with excess
borant (0.95M) in THF a C. Analysis by g.l.c.

-
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Tﬁig‘rdtc‘differénce Aeflects the greater stability o%'
the gix-membered ring,when Czibears a pﬁényl substitueﬁt. It
is well ¥mown, for example, that the acid-catalysed equilibration”
regetion of benzaldehvde with polyhydriec alcohols affords
dgrivativen of 2~phenyl~1,3~dioxane rather than L~phenyh—1ﬂ3~

B Y . * v
dioxolane (242, 243); glyc&rol, howaver, i1g exceptional in

haying the cpposite prefé}enué (244) There 19 no substantiated
example of diastereomeric forms of a sub*txtuted R—phpnylwl 53—,
dioxane ro”ulthp from such an equilibration reaction (201), gnd it
hags beeh predicid (245) and verjfiedfexperimentally (246, 247)
that the prdferred 2-phenyl-1,3- dioxané derivativeB have the

phonyL group eouatorial in a chair foﬁm of the 1,%-dioxane rinﬁ -

éulvolvqiq exhibits the same rate deferencn a.s does
reduvtxvv cleavayre, flve—memberpd cyelic aoetals of benzaldehyde
cled11ng about ten times fas tcr than gix—membored acetals (199)

The piﬁ*&re is quite dlfforent of coufse, with two
cebstituents at C? .)3eoboqu, for exanple, ekhiblto a strong
pkeferﬂnqg for forming fxvﬁlmembered isopropylidene rings, -
?resudﬁbly“the axial #ethyl group. required by the dioxane ring
is rpqunéibie Tor this dlfIPrenPP (245). One would consequently
predict facter rednctive cleavage of 2,2 —dialkyl-dioxdnes-than
2,2 —dialkyl-dioxolanes.- '

The second experiment in Table A.1 shows that benzaldehyde
dimethylacetal cleaved faster than its f{ive-membered bycl@c ’
counterpéf¥. This result is most likely due to the favourdle
entropy term‘in the cieavage of acyclic acetals, -

.
¥ » -

2
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@ . ADPPEIDIX 2 . , ‘ .
. o '
., A COMPSRIEON OF RATHS%OF ALLTXL REDUCTICH T
I r ;»~ } - -: . 'r i 3 ?\t .- .
BY T1&114 kl(lj AND Bgﬁ ; , - y
J
i, Q
Publizhed dita on the rates.of Nif1H,2AlC1, reductions
) of acetals in dlﬂ*hjl sther chlution (27) 11@13&? that the ‘
1 ¢

~ .
mixed hydride rennts faster than borane in THF. However, since
the ﬂolventvundnubtedly‘pinys A major rlle by, solvating the

active spe:ies, the two reasent ghould be evompared\in the same

solvent., In corder o do this the rdte%»f neduction of 7-phenyl-
' ' 1,%=-3ox~lane (4) by both bvorane and mixed hydride reacents 'was )
' measured in THP -colutish. AN - N
_ < Borane wn Pl (20 mi, fx solution) was diluted to 9,47M
- with adoztional THF (0% ml) and 4 (10 mmol) was added, making
<. the solution 0.211 1n .acetal. Simultaneously a THF solution

. {43 ml) of EIAIHA (20 mmol) and ALCl, (20 mmol) ——.theoretically ‘
0L M g AT 0L (BqLALT)s— vy also mixed with 4 (10 mmol)

yvielding the same acetal concentration as above.

.
» . 3

L1ATH, + ALCly ——p 2 ALHLCL v DICL
.. ( 4 s )
. At fixed time intervals aliquots wore removed frop cach |
’ Ry
solution and quencheéd in aqueous sodium carbonate. The organic

Al

."material, after extract:on with benzenc, was analysed by g.l.c.
A3 the results iﬁ Table A.2 show, the rates of rﬁdubtion are
almost identical, although, acrbralng 1o Lq A.$, ;he mixed
hydride is more concentratell, Thuu at Ponoentratlono of about”

0.4M in THF, borane appeirs to be a ssmewhat faster reducing .
agent than mixed hydrldei
L * | . b -
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\ ©, 7 TARLE A2
’ ! ‘ S " - %
Redueti'on of 2-Thenyl-l,3-dioxolanc. by ‘ . ' i
, Borane and by LiAlf,=A101; in THF at 0°
4 ) \j ' ‘ n“ . ";- .“3* .
e , " - Borane Reduction, . S j ot 7/“’/
Time Elapsed, mmol of produgt +Mixed Hydride Reduction, -
. min. formed . mmol of product formed - | )
A v
6 . 0.10 . 0.97
N i i
o 14 . 0.8 ‘ ., 0.15
. ‘e ' ,
30 . 1 0.35 . T 0.99
’7.7 {
62 ©0.64 0.57
126 . - O'99“ ‘ . 102 > . .
: 5 ’ x a P
25‘) ‘,l ’9 l.9¢ )
g 460 - 2.8 3.1 / ‘
. Cu i
-~ ‘.;- . c'. X Y" '. B
* o ’ * L = W '
10 mmol -acetal reacted with (i) 20 mitol BH3 (i) 20 mmol ’ .
, LiAlH, + 20°mmol AICl4. Total 'golution volunfe in each case %
d equals 48 ml. Therefore, concentrations were, acetal: 0.21M, .
BH: 0.42M, ALH,CL: 0.83M. ‘ ' ‘
. c . o = é ° A
’ ] 2 £ 7'.; b ’ ' ®
€ . cv ‘ ‘ o




o S APPINDIX 3. »

REDUCTION OF PHTHATALDENYDE (51)° R

1

/ g . '
(a) Reduction with HCo(CO 14__ 3
< 4 p

In an attempt to unravel the complex. mix’fmle& of products

obtained 1"9m the reduction of 1,3-dimethoxyphthalan (Section
7.5) the r‘educ ion of phthalald@hyde by H(‘o(CO) was examified,

The product was not the expected phthalyl aloohol (68) but wag

chiefly phthalan (57) with a trace of phthallde (62) (Eq. A 2)
. »

bl

» . , O
CHO H(jo(r(w)i : .

o

e O (89%) + o (9%
CHO : O (9%)
. 51 T ' . 57 67

— B e i

A.2

. ‘
/ - .
" L4
%
]

'I‘he most likely ‘mechanism for phthalan formation
appeared to be via dehydration of first-formed phthalyl alecohol
(68).° Accordi*wly phthalvl alcohol was: tréated with HLO(CO)4

"in the same manner asg phthalaldehyde —"but only a trace of

phthalan ( €2%) was fofsaed and much of the alcohol was récovered
tinchanged. CGConsequently phtha’mu alcohol cannot be an inter-
mediate in the reduction of} phthalaldehyde to phtha]/n (Eq.A. 3),

“

»

' + - HCo(CO) : - O
T4 ’
> C*?on B . - /\ .

.8 \’ . . w“, 57

An3
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and A diffefent mechaniasm musitabhe souchi, 'Scheme A.l, which 18
t\¥$n» posaibla route to the

obarrvea prdodreta.  In keeping wx?x curraertt theorien of d}dﬂhj&u

neguctjun (%21, i??) hydroucobalt trigarbonyl is/indichted ans 1hé

actiwe species dnvolved in coovdinstdon to the carbdonyl oxyg»n

J
Phthalide (62), which it isoadric with the ntnrtiﬁg
material, can be obtiwned from it by the Cannigzaro reaction
(248) —a hvdride transﬁpr catilysed &y‘Oﬂuz ‘Scheme AL
indiecates h{w HCQ(CQ)j ndy operate as 2 hydreide transfer

catalyst in this casge, . —~\:—fi>>

(b) .Reductiem wit% Dorane in THE

A TiF solution of phthalallehyde became hot when the

@y

borane solution was added. G.1.2. analysis of a silylated
sample of product vevealed an 804 yield of phthalyl alcohol and
1@% of phthalan. The u\al work-up procedure resulted in 524

recovery of phthalyl aleohol (68) m.p. 63540 (recryst. benzene).

Lit. (238) m.p. 63-64°. )

(¢) xperimental Details of the Reduction of Phthalaldehyde

with HGOLCO)¢~ , .

Phthalaldehyde (2.3 g) dissolved in.20 ml. of ether waa

"heated for.3 hours at 160° wi?h COQ(CO)S (0.4 g) under 2500 psig
of a.2:1 H,/CO gas mixture. G.l.c. analysis revealed only, two

major products; phthalan (81), 895 yield, and phthalide (62),
9% yield. The dark brown solution was evaporated on 2 rotary
evaporator at OO, and the residual liquid was disfilled under
reduced pressure. The first fraction obtained was water, O. 12 g

(n21 1.3400,‘Cuu04 test), followed by phthalan, 1.48 g (72%);

b.p. 86-87° at 20 wn; m.p. 6-7°C; nit 1.5459. Lit. (238, 190)

b.p, 106° at 36 mm, 85° at 20 mm, m.p. 6°, n§5 1.5440.

¢ ¥

* Benzene was used in a preliminar} experiment, but the phtbalan
product co-distilled with this solvent and thus was not
isolable.

<
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o

The viscous black distillatior residue was extracted \
with warm CCl4 (4 x5 ml), and the combined filtered extracts
were evaporated to dryness. The residue 80 obtained was
-disgolved in a little benzene and applied to a silica gel
column, eluent: benzene with increasing amounts of ether,
Phthalide, 0.147 g (6.4%) was eluted by 4% ether in beuzene;
m.p. (crude) 60-64°, (recryst. CCl ) 72°; m.m.p. with authentic
material 7?33 4°, The i.r. spectra‘(001 ) of the recrystallised~

product and Authentic phthalide were identical. .

A
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Q (\ APPENDIX 4

THE REDUCTION OF BENZYL HALIDES BY : ,
STOTCHIOMATEIC AMOUNTS OF HCo(CO) .

I3
During preliminary investigmtiqhs of the redpction of
p-methoxybenzyl ethers by sto1chiomet?1c amounts of HCO(CO)4, -
addition of a catalytic amount of iodine to the reaction mixture
wns fosnd to cause rapid and colplete reductive cleavage of the

substrate. 'In cdénoardering the mechonismi of the reaction it

o 'l .
seenied reasonnble to supvnse that 1edine would be rapidly

reduced by HCo(09),. 'Phe hydrosgen 1odide so formed would then
: “ ) .
be exrectod to crusne cleavarse of the ether acccrding to

Touation A4,

CHZOR ' 3 ’ ” . CHz’
+HE — > + ROH . :
h)
- v - &9 .
OMe ) o . ‘ 'o OMe A4 ‘

't The aromatic product obtéﬁned, hoviever, was p-methyl
anisole (zi),«not'gfmétﬁoxyben;yl iodide (€9). Thus the

indication was thai HCO(CO)% reduces 69 to 34 (Eq.A.5).

CH, - " S
' T . CHy
'fico(co); - ) )
“. ’

1

OMe /// OMe —
" B . A.5

-3
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*. _ p-Mathoxybenzvl Iodide Reduction _ ’
. 1 . v

Accordingly 69 was ﬁrepared.and treated with a slight
‘excana af HCn(CO)4 solution in benzene at 7°¢. The mis cture
darjkened rapidly and gas ((0) evolved, E—Metﬁylanisole (2&)
was formed in rond yreld and the cabalt appeafed both 2% Gol,.
(water-soluble) ard Uo;;,(‘lf)}lJ (benzene goluble). IBquation A.6

illustrates the reaction dlong with Jhe,aunlytical resnlits

obtained for eanh compound, g /
. \ i .
CH, , o o
3 + HCo(CO)y —o l A4 Coly 4 Co,n(CON co?
/ . p
OMe . .° °
—* » -
1.6, 0.9 0.41 0.43 © 1.7

A.6

The analytical roaalts can be approximated by a suit-
B =8 3 s -
able nomvination . of isgquationis A.7 and 4.8

e

ArQHZI + HCO(CO)4 pomns ArCHj + %Colz ¢ kﬂoz(co)a.r'ZCO _
, A.7
¢ HI + Co,(CO0)g

ArCHQI + 2 HCQQCOP4 o z}rCH3

A.8

It broved rather difficult to decide unequivocally in

the presence of moistnre and 0012 whpther or not small amounts
of hydroven iodide were produ&ed '

<

This figure represeats the HCO(CO)4 éon;umed - 2.3 mmol being
“present initially, and 0.7 mmol remaining after the reaction.

The .CO may contain a little hy,dro;ren from decomposition of

B HCo(CO
o —ex 0(C0) ;.

irghly (3 x A.7) + (1 x 4.8). .




8

Benzyl Todide Reduction

Benzzl iodide reacted in the Hame way as~63, but the
reaction wus slow even thQOO when “the t@mpeféture was raised
to 40 _Lrisk reduction and gas evolution began; the analytidal
resuits are shown undernoath thatiwn A 9

L . . 2 {
PROH,T + HO 0((0), ——— IhCH; + Col, + Co,(C0)g + co .
_,”* : A.9

mmol: 2.0 43 ... 2.0 0 1.0 1.5

v

EfNethoxybenzyl Chloride Rhduction

\ kel

A temperature of DO wag required to effect the reductive
cleavage of p-methoxybenzyl ok;uridc. In this case the yield of
r2duction product was only "40.0; no starting ‘matérial remained,
Judgineg from the wary solid (insoluble in water and ‘in benzene)

adhering to the flask polymerisation had occyrred. -

» .
Analytical raqults for this reduction are shown under-

neauh Lguaticn 4.10.

CH2C‘ ) \u CH3
, © 4 -HColCO), —# + CoCl, + CoylCO)g + CO
\ LA " 4.10
OMe OMe .
mmol: 1.6 - 3,57 " 0.65  0.71 1.3 3.0

Experihental'hetails

L]

E-Methoxybenzyl iodide (69Qvﬂgg/prepared in 62% yield
by adding an ace%sne solution of sodium iqdlde to Eranisyl
chloride according to ref. 249; m.p. (recryst. ether) 30—31 .

4.5 mmol initially present, 0.2 mmol remained after the

reaction.
> 3.7 mmol initially present, 0.2 mmol_remalned after the

reaction. - . «
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. . Lit, (249) m.p. 32-50- &
) ﬁénzyl iocdide was purchased from K. and X. Laboratories
..‘" Ine. - ~y . + . ’ .
5t ‘ ‘.
- Q~Methokyb€n”y1 chloride was prepared according to ref,

175,.b.p~.'7<3~81 at 0.35, mm Lit. (1739 wNg) 113-124° at 15 mm. -

! o The reduction of g@ exemplifies/ the~ gdneral procedure:

oa solution. of 69 (0.248 ¢, 1 mmol) in/brnzene (5 wl) was added
by S.aeinge to'a ctirred solution of,HLo(CO)4 (2.% mmol) in 10 ml
of benzena cooled to 7°7. Carhon monhyide 445 ml; 39 ml at o
2Tk, 1.7 ﬁﬁol) Was evmlve&,over a“periodﬁsf 1 hour.':Wheq £as

‘\onlufion had ceased, the benzene solution was wached “twice with
water to remove the cobalt, 1od1de product as a pale pink . LN
.aOluthD {This solution beO4me an 1ntnnde blue colour upon
addition or concentrnated hydrochlquo acid due to formation of
, the totrachlnrocobjit dnion, and also yieclded 'a yellow curdy N
" ,precipytate m1th gilver nitrate eolution.}) The cobalt iodide
) ¢;£" so}ujion was evaporated to dryness (dark green éolid) in a .
. welghed cruciblé, and the erucible wag roasted at 75060 Purple
'Miodiﬁe fumes evolved. The yield of Cos0, obtalned was 33, Zﬁmg
(229), equivdlent to 0.41 mmol of cobalt.

&
[N ha N

Next, the "total cobalt carbynyl" remaining in a 7 ml
portlon of the benzene solutipn was estimated by decomp051ng the
cobqlt carbonyls w1+h iodine and measuring the volume of gas

- evolved (Bection 8.5.2). The volume of gas collected was 64.9
ml at NTP, equivalent to 6.2 mmol of CO for the total 15 ml of .. °
- . bmnzene golution, indicating the presence of 1 55 mmol of (‘o(CO)4

A

To: estlmate the fraction of unchanged HCo(CO) in the
"total cobalt earbonyl">a further 5 ml° of the benzene solutx@n‘
was shaken with nickel o-phenanthroline chloride (163). THe ’ /

, precipitated nickel o-phenanthroline salt of HCo(CO)4 was washed
free of Co (00)8, dissolved in pyridine, and decomposed with

X . iodine solution. The CO yield was 20.6 ml (c,o;m} to NTP),

<

] K .
* §

Thé solution was prépared ‘'and analysed as described in 8. 5 1

. . and ‘8.5. 2




- v | oy ' 2190 -
® .- | =
‘ ‘indicating 0,69 mmol HCo(CO) remaining,fﬁ the full 15 ml of
final solution. S ) -

” \ Conse@?yntly 1.6 mmol HCo(CO)4 had been consumed and,
. by diffea;nce, the remaining '"cobalt carbonyl" corresponds t///// |
! 0.43 mmol 002(00)8. ’ :

¢ \

: Findlly, g.l. c.téna1y81s for E-methylanisole (34) by 4
1nterpolat10n between "bracketlng"‘standar&s ‘indicated the
concentration of 34 to be 0.75 g/100 nfl, equi alent to 0.11 g/

15 ml — a yield of 93%. (
- .
°  » ‘ - ' ‘ ) ‘ ‘ \\
X ' . v ) ~ )
. » 0 '4

po)
&
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APPENDIX 5

THE TREATMENT OF LIGNIN AND CELLULOSE WITH HCO(CO)4
J AND RELATED CATALYSTS, AND WITH BORANE

Introduction

- Ay
Freudenberg has represented the avefégéustructure of
lignin by a model consisting of 18 mono-, :mﬁ , énd tri-
functionally linked phenylpropane units (250), with ether
linkages predominating. Bolker and Brenner (251) pointed out
that most of the trifunctionally linked units in the model are
bearers of beéz§l ether links, and that scission of these bohds‘
would yield only linear lignin fragménts (or fragments bearing
short branches). This is the type of process which would con-
vert a cross-linked polymer into a soluble, linear form. Other
results in the literature suggest that reactions at the benzyl
position are important in delignification proceq seg operating

under acidic conditions (252, 253).

The lignin-carbohydrate bond in wood may also be a
benzyl ether link (254).

Heterogeneoug*catalyglc hydrogenolysis of lignin is
extremely useful as a tool for the elucidation of lignin

structure. ‘Investigations in this field up to 1965 have been ‘ -

reviewed by Schweers (255) and much important work continues

to appear (256-258). Aithough patents have been granted for
pulping processes employing heterogeneous catalysis (e.g. ref.
259), such systems suffer from the often conflicting require-
ments of having goad catalyst penetration into the wood during
reduction, and facije catalyst removal from the pulp afterwards.

A homogeneous reducing agent would not suffer these
drawbacks. A search for such*g compound undertaken in this
laboratory soon proved HCo(CO)4 in benzene or water solution

to be capable of cleaving benzyl ethers especially when the
L Al
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latter had a p-methoxy substituent (i): fhe same catalyst also
rendered 90% of a periodate lignin samgﬁ? soluble in dioxane-
water solvent after treatment at 180-200° for 8 hours. However,
under the same:conditioﬁs for 1-2 hours, cellulose (coiton

L)

linters) was severely depolymerised (1). .2 «

By making use' of the:solvent,effect for benzdl. ether
cleavage by HCo(CO)h (Chapter 6), the author was able to achieve .

| good solubil%ﬁaLion ofllignin in acetone solvent under much milder .

conditions than previously employed (Table A.3). . . .“j‘

, | / |

i3] TABDE A43
» .
Solubilisation of Spyuce Periodate Lignin by HCo{CQ)* in

Acetone Solution\i

A P .
Tempgrature, Time, Insoluble Ligninb
C ‘h. Recovered, ,
. ‘ ! " {
120-130 S 13 10 ©
' , ) -
115-125 2.5 ' 31

Y
£

(a) Lignin (0.55 g) and Cop(CO)g (0.22 g)'in 10 ml acetone were °
heated under 2000 psig of synthesis gas (2Hp:1C0). (b) The
acetone solution was filtered, and the filtered solid was washed
with acetone, 10% aqueous acetic acid (to remove catalyst traces),
ethanol, dioxane-water (9:1) and finally ethanol again. ,

L - \ C
However, when cellulose (aégree of polymériéa%idn of
approx. 500) was treated similarly in acetone solutioh,-it }
was reduced to a weignt average degreée of polymerisation of t ‘
approximately* 150, as determined by gel permeation chromatography.

¥

* The values are approximate .because of the lack of 'a suitable
« gstandard to calibrate the'g.p.c. apparatus. The relative
values are, of course, still useful. ,
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{
In otheér words, even under mild temperature conditions cellulose
ig 5o degraded by HQO(CO)4 as to be useless for paper-making.
s ‘ ‘

.

Modified o (0), Catalysts

The acidity of HCo(CO)z appears to be the cause of the
cellulose depolympriqat'oﬁ; consequently, attempts were made to
reduce the aCLdlﬁf)of tLe catalyst. The easiest way to do this
is to replace one of the CU ligapds by a phoaphlne ligand,
yielding HLO(CO)BI‘\:{3 +This is the well-known catalyst of the
"Shell oxo process" (when R is an alkyl group) ~— a Jlower
pressure, version of the original Ruhpchehie process (sce ref.
104, pp.22,- 73 and veferences cited therein). Phosphine-
m{drtfied cobalt hydrocarboiyls are much weaker acids than
HCO(CO)A; incprporation of a single tripﬁsnyl phosphire ligand,
for example, reduccs the acidity by about 7 pKa units to pKa 2.7.
Substitution by a single trialjfl photphine (R = n-butyl or

cyclohexyl) yields compounds o ﬁKa 8 to 10 (ref.107,; p.181).

The modified catalysts, while less active than HCO(CO)4
in hydroformylation (260), remain good reducing agents for
olefins and aldehydes (107). Indeed the major disadvantage of
the Shell oxo process is its rather‘high yield (10-15%) of
paraffins formed by reduction of the olefin feedstock,

The major differences in behaviour between phosphine-
modified cobalt hydrocarbonyls and HCo(CO)4 are fairly easily
explained: ‘the phogphorus ligands are better o-donors than CO,
but are ﬁoorer T-acceptors. As a consequence, the remaining
CO-ligands are more strongly bonded because the cobalt atom has
the tendency to transfer the increaséﬁ negative charge obtained

'from phosphorus to the remaining CO-ligands by m-donation. '
Some of the increased negative charge is also donated to the
hydrogen atom: making it more hydridic.  The increased streﬁgth
of the CO-metal bond in modified cobalt carbonyls accounts for

/

¥ The chemical properties of thesft compounds are reviewed in
refs.107 and 169.

t -
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both the higher thermal stability of these catalysts and their
lower activity in hydroformylation.

\
The Reactinn of Phosphine-modified HCo(CO)4rwith p-Methoxybenzyl
Methyl Bther, with Tignin and with Cellulose.

Table A.4 shows the results obtained for the treatment of
p-methoxybenzyl methyl ether; .lignin, and cellulose Qith tribd%yl
phosphine-modified cobalt hydrochrbonyl. Entry.#1, added for
compmrlsvn purpcoses, comprises data taken from ref.,l. It ig
clear that addi%tion of tributyl phosphine (Entries/Z and 3)

~raduces the reactivity of the catalyst towards all three sub-

ftances examined. Uwfortunateiy there appears to be no P/Co
Ntio which would yield a cat:lyst capable of solubilising lignin
without causing excessive damage to cellulose.

Besides the obvious practical objecﬁives of this work
with rejard to wood pulping, it was also our intentign to test

* the theory of Bolker and Rrenner (251) that benzyl ether

cleavage is the key step in @elignificatfonl' Experiment 2,
Tablé A.4 shows a divergence of behaviour Vetween the ‘model
compound p-methoxybenzyl methyl ether and lignin — thus failing
to confirm the theory (which predlcts, for example, 25-30%
solubilisation of lignin if 65% of the. benzyl ether bonds are
broken).

v

The Treatment of Lignin vith Borane in THR -

F} ’ . \

At the end of Chapter 6 mention was made of‘the reductiveo

cleavage of a p-methoxybenzyl ether in 75% yield by borane in THP
at 135°, This observation encouraged us to treat spruce
periodate lignin with borane under the same conditions. After
extraction of the solid product yith dioxane-water (9:1),
followed by careful drying,-only* a 5% weight loss,was observed.

?

.
> I
-
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Similarly, refluxing a lignin sample with L1A1H4-A1(};3
mixture in THF, followed .by extraction and drying afforded only
10% weight loss.

These results lead us to one of three conclusioq@}
&1 ther ! o -

(i) the apparént low reactivity is due to poor penetration gf

the reagents into the lignin matrix,
' 1

(ii) +the p-methoxybenzyl ethér model compounds are not
structurally complex enough to be of valuerin predicting the
chemistry of lignin, or,

(41i) benzyl ether bond cleavage ig"not the key to créss-linka
grigsion in lignin.

Theréh are indieations that both conclusions (ii) and
(iii) may be true. For example, in the reaction of HCo(CO)4

.with a pB-guaiacyl veratryl glycerol, a good yield of guaiacol‘

was cbtained (1); this signified B-cleavage. \

Having amassed some evidence that o-cther cleavage -

does not correlate well with lignin solubilisation, it might

now be fruitful to examine g#cleavage in the same way..

This system is also known reductively cleave p-methoxy-
benzyl ethers {230). It was\checked by the author on the
"lignin model compound p-anisyl)guaiacyl ether ( ) and was

found to- give a T4% yield of reduction product .

- g
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- : ' " TARLE A4 ' '

o N, | , |
: The Treatment Bf;g—Nethcxybenzyl Methyl Zther, Lignxw and Cellulose with .
<)f: . Phosphine-Modified Cobalt Hydrocarbonyla ) o
- ,-- ) ~ -~ »
kS
b -Methoxybenzyl Spruce Periodate o - V1s0081ty of, a
Entry P/Co Methyl Ether Cleavage$ Lignin Solubilisation, . Treated Cellulose,
~ # Ratio ‘ % ) centipoise
et 3
™ e e ) £ = - - .
1 .0 100 66* . 2.08 L
- Vo)
- (o)
2 % S 65. 2.5 5.40 '
3 1.37 1 , - 4..8"
- .

s B I v °
a For 1.8 hours at 180-+-50, under 2500 psig (initial) synthesis gas (2Ho: 1CO,‘
o} Tributyl phosphlne added to 1 mmol C02§0038 diss.1l¥ed it S ml of benzene.
c Measured as % yield of E—methylanlsole %4) obtained.. (d) At 0.5% C.E.D. The author

is indebted to Mr. V. Berzins, PPRIC, for thesé measurements, (e) The data for this _

example is taken from ref.l. (£) Reaction time, 8 hours. ) Initial value 14.8 centi-
poise. (h) Initial value 26.3 ‘centipoise. - -

i U |
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APPERDIX 6 . /

SOME SUGGESTIONS . FOR FUTURE'WORK
' - K 7 4

s
of

¢ LI

Ks a scientific investigation proteeds, hew items of
knowledge often suggest to 'the experimenter interesting areas ~ H
of regearch which are not within the scope of the study in
progress. Four such items are listed below.

(1) The temperﬁlure debgndence of the rate of acetal cleavage
by borane wpuld be worth examini.g, From such measurements, both
the activation energy and the entropy of the reaction would be
availadble. A large negative vAlue for A 'S would Suppnrt  the \

proposed mechanlsm (Eq.2.14)".

(i1) sEliel gt al. (206) have shown that an LiAll,-AlCl; mixture
reduces hemithioacetals, cleaving the C-0 bond (Egq.A.11).

¢ *

C L, 0 LiAlH,—-A1CY]

RR'C (CH.,) 4 2w  RR CH-S-(CH,).0H
2n 2727
\\S-// i . .

A.11

The.behaviour of borane in THF in éhis»regard may be
worth examining.

(1ii) Oxazolidines are reduced to amino alcohols by LiAiH4 (261)
(Eq.A.12),

B ' S
, N I4AIH, ,
RR’C ‘ ~  RR’CH-NH-CH,CH,0H
’ \\0 S ‘
. A2

and amino ethers are cleaved by Grignard reagents (262) (Eq.A.13).

éon 13 '

* 3 N —
The Luthor 18 indebted to Dr. I.S. Butler for this observation.




-

‘After two recrystallisations the product still had a wide

-~ 198 - ¥

» -

-O0R" ~ —RMeX _ R, N-CH

R2N~CH2

;R + Roligx

A.13

Reductive cleavage of both types of compcund by borane in THF
appeers to the author to be very likely. o
Q

(iv) As mentioned in Section 7.3, the preparations of 1,3-
dimethylphthalan and l,B-diphenylphthalan* previously described
(190) were, in all likelihood, mixtures of cis- and/ trans~
igomers. This would «be easy to ascertain fro@ the p.m.r,
spéctra, and 1if the-assuﬁption proved to be correct, separation
of the isomers would probdbly not be too difficult.

In the same way the 6-bromo-l,3-dimethoxyplthalan of
Weygund et al. (270) was also perhaps a mixture of isomers.
4
melting range (65-69°), although the microanalysis was very
close to the calculated value.

Doubtless many other 1,3-disubstituted phthalans have
been prepared but the isomers not separated, The author has
not made a thorough examination of the literature on this point.

)
~ “
,
:
v .

* g .
Two m.p.8 were recorded for this material (190); 84-87°. '
(recryst. ethanol), and 87-90.5° (recryst. acetic acid).
This may represent two crybtalline structures, or

lternatively the separated cis- and trans-~isomers.
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s APPENDIX T :

"

A LIST OF POTENTIAL HOMOGENDOUS HYDROGENATION AGENTS WHIGH,! ° ¢

' USED FOR TREATING p-ANISYL GUAIACYL ETHER, FAILED TO PRODUCE
A STGNIFICANT AMOUJT OF REDUCTIVE CLEAVAGE

-
i

As the title suggests, Table A.5 is a list of failures,
It is given here only to pre&entNanecessary duplication of ‘

effért in the future. \
+ 3
TABLE A.5 .
Reagent Ref, Conditions Employed | Remarks
T

K; [HCo(CN)S] = (263) Ambient to 40° No reduction
" J

-CH Fe(CO) B (264) * 2-6° No reduction

benzene/water solv,

' [HPe(cO),] T (265) °  Ambient ' - Trace of Re-

ethanol/water solv. duction only

HyFe;(C0);; - MRy 3 (266) 170°, 15h. 2% reductive
benzene/water solv. cleavage ‘

H,Pe;(CO) ; - NRy (266) 240°, 1h. 8% reductive
bengene/water solv. cleavage .

s
(2). This catalyst is prepared from.Fe(CO)r and an amine by

heating under hydrogen pressure. The amin€& used was
N~(2-hydroxyethyl)-pyrrolidine.




(2)

(3)

(4)

(5)

(6)

L
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CLAIMS TO ORTGINAL RESEARCH

The reductive cleavage of acetals by borane in THF has been
discovered. A carbonium ion mechanism is broposed for this
reaction on the basis of proauct distribution, and reaction
rate studies. The reaction was found to be. fourth-order;
first-order in-acectal and approximately third-order in
borane. A mechanism accounting for the high order in
borane is put forward, together with supporting evidence
gathered from the literature.

The rates of acetal reduction by LiAlH,-A1Gls %nd by BH,
were compared in THF solvent, and reduction Ly borane was
found to be slightly faster than by "Alecl".

Solutions of trimethylamine-borane in acetic acid were also
found to effect the reductive cleavage of acetals.

Aromatic acetals, unlike their aliphatic counterparts,
give the relatively simple products of reducﬁ}ve cleaVageﬂ
when heated with catalytic amounts of HCO(CO)4. A
mechanism for this reduction is presented along with
supporting experimental evidence. Stoichioﬁetric amountsa

“of 390(00)4‘at conditions near ambient were also found to
-reduce acetals to ethers.

Diethers were always found among the products obtained

when Tyclic acetals of benzaldehyde reacted with catalytic
amounts of HCo(CO)4. A mechanism for diether formation is
presented and supporting experimental evidence is provided.
ihe formation of dibenzyl ether during benzaldehyde
reduction by HCo((}O)4 — a reaction hitherto undkplained —
is now accounted for. /

The yeductive cleavage of p-methoxybenzyl alcohol (31) by

catalytic amounts of HCo(CO)4 has been examined in greater
¥ _

r

f




(7)

(8)

(9)

(10)

(11)

(12)
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detail than before, and all new products ¢gtected have'
been explained in terms of current knowledgg of the
chemistry of the catalyst. The anomalous behaviour of
31 observed by earlier -investigators is attributed tozihe
ability of this substrate to react with the catalyst at
low temperatures. o

The reductive cleavage of E~methoxybenzyl,méthyl ether
(32) was shown to differ by only a small detal) from that
of 31. An explanation for this difference, the fermation
of p-methoxyphenethyl methyl ether (41), is offered.

Stoichiometric amounts of HCO(CO)4 under conditions near
ambient also reduceu p-methoxybenzyl ethers, bu. the
yields were low, The same wag true when borané in TIOF was
the reducing agent; good ylelds were, however, obtainable
at 135Y, -

The cis- and trans- isomers of 1,%-dimethoxyphithalan (50)
were geparated, by repeated chromatography on silica gel.

The products resulting from the reaction of 50 with
‘HCo(Cp)4 and with borane in THF have been isolated and
characterised, HCo(CO)4 preferentially attacks the ring
oxygen, whereéeas borane prefers to attack the exocyclic
oxygen.

The reaction of phthalaldehyde with HCo(CO)4 was found %o
give phthalan as major product. FPhthalyl alcohol, which
is unreactive to the catalyst, cannot be an intermediate
in this reaction.

The reduction of benzyl halides by stoichiometric amounts
of HCo(CO)4 has been observed. °
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Whéther or not it is clear to you, doubtless the
' Universe is unfolding as it should.. .
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