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v 'ABSTRACT-

A?étals were found to he reducible by borane (B~3) in .. 
tetrahydrofuran and,by trimethylamine-horane in acetie acid. 

oThe borane reduction was first-order in acetal, and approximately 
third-ord,er in borane; i t apparently proceeded lli a carbonium 
ion mechanism. 

~ ~ -
Simple aliphatic acetals, w~en heated with hydfocobalt 

tetraearbonyl (HCo{CO}4)' gave a· complex mixture of products, 
but when the acetal carbon atom bore a phenyl substituent, only 

, -
the products of reductive cleàvage-were obtained. E~Methoxy-

benzyl alcohol (1) and <p'-methoxyben~yl methyl ether (II J ' h~ 
yielded the sarne products on reduction ~itn HCo(CO)4' except 
that l gave bis~[2-(4.methoxyphenyl)ethylJ ether where II gave 
I-methoxy-2-(4-methoxyphenyl)ethane. rEther formation, which, , ~ 

also oeeurs during benzaldehyde reduction, 1s now explained in 
terms of acetal formation and rèductive'cleavage, both 
catalysed by HCo(CO)4. Otherwlse, all the new products are 
explicable by current knowledge. 

'f 

In reductive cleavage 
HCo(CO)4' preferent1al attack 
wh1le, with borane it occurred 

\ ---
\ 

,~-

of 1,3l dimethoxyphthalah with 
occurred on the ring oxygen, 
on an ~-oxygen. Î 

. 
" 1 
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RESUME 

On a trouvé que-les'a~étals sont réduits par le borane 
(BH3) dans 1e/ tét;ahydrofur<3lllle et. paX ,le triméthylamine-borane 
dans l' acider acé'tique. La réduction au borane est de premier ') 

; 
ordre pour l'acétal, et approximativement de troisième ordre 
pour le borane; la réaction parait procéder par un mécanisme 

d'ion carponium. 
, ~ 

Les acétals aliphatiqués simples, lorsque thauffés en 
.plésenpe d'hydrure de cobalt t3J;racarbonyle (HCo(CO)4) donnent 
un mé~ange de produits. Cepentlant lorsque le carbone acétalique 

< ' 

a pO\IT substituent un gro,*e phényl, les produi ts du clJvage 
réductif sont les s~u1s obtenu~. L'alcool ~-méthoxybenzylique 
et l'éther méthyl E,-méthoxybenzylique, ~lorsque rédui ts avec 
HCO(CO)4' donnent les mê~es produits, sauf que le premier donne 
l'éther bis-2-(4-méthoxyphényl)éthylique et que le second donne 

.... 
le I-méthoxy-2-(4-méthoxyphényl)éthane. La formation d'éthers, 

.( qui se prodult aussi lors de la réduction du benza~dehydei e~t
maintenant expliquée par la formation d'acétal& suivi de 
clivages réductifs, les deux 
HCo (CCl) 4. 'Les connaissance..s 
formation de tous les autres 

phenomènes étant catalysés par 
actuelles peuvent expliquer la 
produits nouveaux. 

.1 

" . 
<1 

c 1 ~. 1 

Une attaque préférentielle" s~ l'oxygène du cycle se 
produit lors du clivage réductif du l,3-diméthoxyphthalan avec 
HCo(CO)4' alors que la réaction avec le borane, l'attaque. se 
fait à l'oxygène ~. 

f 
l' !~ , 
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CHAPTER 1 
• l.,." 

INTRODUCTION 

1.1 General Remarks 

A recent search (1) for a soluble ,agent thât would 
promote the hydroeenolytic cleavage of benzyl ethers has ~ ~';'" 

revealed hydrocobalt tetracarbo~yl (HCo(CO)4) to be effective 
for this purpose (Eq.l.l). vllien the ether bore a para 
substituent, X, which was electron-releasing, e.g. -OMe 
tne reaction occurred easily Lt 150-180oC, and gav'e high y~elds 
(90-100%) :,of reduced product. \1hen the X-group was H, very_ 
little reduction occurred below 200°C. 

R' 
1 
CH-OR 

x 

HCo(CO)4 

+ ROH 

x 
1.1 

The reaction appeared to be specifie to ethers of this 
type. However, when 1t was applied to the delignification of 

* wood , a p~ocess in which the key step is thought to be benzyl 
ether cleavage (see Appendix 5), the residual cellulose was 
greatly reduced in molecular weight (as measured by viscosity 

, 
and by gel permeation chromatography). 1 \ 

* Several publications (2-4) describe the use of cobalt 
carbonyl catalysts for the hydrogenolysis of wood or lignine 
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The work presented here was initiated to examine. in 
greater deta'il the reaction of E-methoxyb~nzyl ethers' wi th '( 
HCo(CO)4' in order to ascertaln the ~echanism of the reductive 
cleavage, and thus to permit a choiçe of conditions \-lhich might 
minimise the reaction with cellulose. The mechanism of this 
reaction with HCo(CO)4 is likely to be similar to that already 
proposed for ~-methoxybenzyl alcohol (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 Q-methoxybenzyl ethers are vinylogs of 
acetals, and consequently their reduction ia a special case of 
acetLI reduction. Hence the scope of the work was broadened at 
this point to become a study of the reaction of Hco(CO)4 with 
acetals alld rela ted compounds, /, 

It is worth noting here that the glycosidic links of 
cellulose are also acetals, consequently this study has a 
bearine both on delignificatio~ -and on cellulose depolymerisatlon 
by HCo (CO) 4 . ~ 

. . 
vfuile 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 ex -phenyl group. This, and the reasons for 

it, jare discussed in Ch~pter 4. Th~ realization that HCo(CO)4 
catalyses both·t~e formation (fast) and reduction (slow) of 

acetals has enabled us ta propose a so~u\on to unexplained 
observations reported in the literature: the formati~n of 

'-' ethers during the reduction of aldehydes see 4.6). ' 

Tt ia always difficult to determlne the active species 
for a catalytic system involving many compound~n equilibrlum; 
cobalt carbonyl catalysts are no exception. The case for 

* HCo(CO)4 as the active agent in acetal cleavage. 1a here 

• 
* Or a species readlly derived fr0m it under ambient conditions • 
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supported by a series of experiments invhich solutions of pure 
IICo(CO)4 in organlc solvent's were employed (Ghapter 5). Used 
in stoichiometric amounts, under conditions close to ambient, 
this reagent caused reduc,ti ve cleavages similar to those 
obtained under more drastic conditions wi th catalytic amount,s 
of cobalt carbonyls. 

\'(hi le pondering the mechanism of the reducti ve cleavages 
mentioned above, an intermediate hyd~ocobalt tricarbonyl was 
considered, and this hypothetical species was noted to be 
coordinatively unsaturated, like borane (BH3). This consideration 
eventually led to the discovery of the reductive cleavage of 
acetals by borane -- a completely new reaction of wide applic~ 
abili ty, which may prove to have practical advantages .Jver other 
react10ns currently used to convert acetals into ethers. As 
this is the most significant discovery made during the course of 
the work it is discussed first, in Chapter 2. 

, 
Chapter 7 deals with the behaviour of an aIdaI --

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 i8 

presented. This is followed èy a brief resumé of the previously 
kno~ sy.stems for reductive clelavage of acetals. ' The preparation 
and p~rties of diborane are discussed in Chapter 2, those of 
hydrocobalt tetracarbonyl in Chapters 4 and 5. 

1.2 Nomenclature 

Th n designation 'acetal' 18 used here not only for 
compounds derived from aldehydes, but as a general term 
encompassing also ketals and formaIs (ref.6, p.310). The term 
'borane' is used in this work for solutions or compounda of 
diborane in which the molecule ia considered ta be completely 
dissociated into BH3 unite. 
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1.3 General Met}i'Q~s for the Preparation of Acetals 

The methods available _for acetal synthe sis are discussed 
in detail in references 5 ~~d 6. 

, 
l' 

In the present research most of the starting materials 
were prepared by variations of the common procedure \vhereby a 
carbonyl compound i~condensed with an alcohol in thé presence 

Ç>f an acid catalyst. 'The reactio~omprises a series of equi
libria proceeding tirst to the hem aGetal, and then, via an 

-~- -
oxocarbonium ion, to the 'acetâY (Eq .. 2), 

-" + -H2O 
R ROH R, /,OH n+ R, /OH2 'C= 0 ~ C ~ C ~ 

R'/' ~ R'/ 'OR~ ~ R'/' 'OR" ~ 
H'" 

R\:-+ ,f R +gR~ " ROH -H+ R /OR 
C:.:..: OR ~ ......... C/ ~ 'c 

R'/ ~ R'/' 'ORII ~ R'/' 'OR" 

1.2 

Sometimes good yields of acetal result from simply 
mixine the reagents (7, 8). Usually, however, sorne means of 
forcing the equilibria to the right must be employed, such as 
removal Qf the water formed in the reaction by means of drying 
agents or by azeotropic distillation with benzene or toluéne 

" " 
using a Dean-Stark water separator (9). Equilibrium is achieved 
rapidly, except for compounds which yield highly destabilized 
carbonium ions, e.g. chloral. 

. * When the carbonyl compound i8 volatile , azeotropic 
distillation of water cannot be used, an~ transacetalation 18 
a useful alternative: an acetal and an alcohol are mixed ln 
the presence of an aeld catalyst, whereupon alcohol lnterchange 

• takes place. Removal of the more volatile alcohol by 
distillation (often as an azeotrope with benzene) can getierally 

1 _ 

* ~ The volatility of formaldehyde and acetaldehyde may be 
overcome by using the trimeric or polymerie forms • 
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be achieved VIi thout 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 ~or a starting material which 
ls an acetal of the required carbanyl compound. 

Orthoesters will convert almost any carbonyl compound 
into i ts acetal (Eq.l. 3). This method is most usefuJ!;1;ô'X--.l 

'01 

p,roducing methyl and ethyl acetals (11), for which the ortho-
e~ters are commercially available. The acetals so formed may 
then be used as starting materials for transacetalation. 

+ 
H+ R.... / OR' 

--.;;.;~ ...... ~ , "' C 
R/ 'OR' 

+ 
~o 

He 
'OR' 

1.3 

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

CHO 
MeO, 'pH 

CH CH (OMe) 2 

MeOH (i) OH '" (Solvent) 
... 

(ii) J.1e 2S04 
~ 

N02 N02 N02 
1.4 

1 , 
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other general methods not employed in this work aref 

i. Acid-ca~alysed addition of a1cohols (14, 15) or orthoesters 
,(16) t~ acetylenes in the presence of merc~ic ion or EF3 ; 

il. Acid-catalys~d addition of alcohols (17), acetals (18) or 
orthoesters (19, 20) to, a,p-1msaturated ethers; 

iii. Displacement of an alkoxy group from an orthoester by 
H-(diiS;butYlalumi~um hydride) (21) or R-(Grignard or 
Refor~tsky reagent) (22, 23); 

i v. Alcoholysis of ex -halo ethers------ a reaction chiefly usefu1 
in carbohydrat~ 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~H4-AIC13 system had previouSily 
,been investigated (26, 27), and thus they provide a means of 
comparing the new reactions with one that is weIl known. With 
two exceptions, compounds capable of cis-trans isomerism werè 

'. -
avoided, as it seemed possible (28) tbat the results might 
depend on the ~-trans ratio of the mixture . 

• 1.5 A Survey of Methods for the Hydrogenolysis of Acetals 

Acetal groups in alka1ine media are resistant to most 
reagents, including the strongest reducing agents. This 
resistance disappears if one of the oxygen atoms of the 
tecomes positively char~ed, either by protonation or by 
ac id a ttack. ~, 

acetal 
Lewis 

Table 1.1 shows the published methods for homogeneouB 
hydrogenolysis of acetals. Except for Entries 5 and 8, aIl r 
yields of reduced product i.e. ether -- are reported to be 
good (70% or over). fA • 

. 
'""'-
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The active species of the "mixed hydride"1 reagents, 
Entries 3 and 4, are thought to be a t hydrldoaluminum chloride 
(37, 38) and a hydridoboron fluoride (34) respectlvely. 

It ls quite surprising that barane has not been tried 
befor,e; its efficacy is certainly suggested by EntrieA 2 to 7 
in Table 1.1. Indeed the system used by Pettit and Dias 
(Entry 5) to reduce hemiacetal l (R=OH) ta th~ ethef i (R=H) 

and acetal 2 (R=0l1e) to ether ~ (R=H) - yields 47nd 47% " 

.. R , 

R HO 

l 2 

respectively -- may possibly proceed via borane; though more 
likely a hydridoboron fluoride i8 involved. (Jones (36) has 
shown that the reduction of alicyclic ketones by trimethylamine
bo~~e/excess boron trifluoride m~xture ~oes not invalve borane. 
The latter gives a quite different axial-equatoria1 product 
distri bu tion" ) 

A number of patents (130-133) describe the cleavage of 
simple a1iphatic acetals by HCo(CO)4" The.products are 

~ complicated by a concomitant hydroformy1ation reaction and 
further discussion 18 therefore reserved until Chapter 4. 

Whl1e there are no reported homogeneous cleavages of , 
acetals by other transition-metal catalysts akin to HCo(CO)4' 
acetal hydrogenolysl~ by heterogeneous catalysis ls 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 
Q~ nickel and palladium cata1ysts. The stability of various 
s~gar acetals to hydrogenolysis has be~n reviewed by de Belder 
(42), who noted that whereas benzylidene groups are vulnerable 

, 

to hydrogenolysis in t~e pr.esence of a palladium èatalyst, 
1 

isopropylidene, cyclohexylidene, ethy1idene and methylidene 
acetals are not affected. Isopropylidene acetals· can be 
hydrogeno1ysed under vigoroua, conditions in the presence of a 
copper chromite catalyet (43). 

. 
Ketals having ~ -hydrogens are readily reduced under 

mild conditions in th~~~resence of acids and a rhodium catalyst 
(44). However this têaction p~oceeds via the a,~-unsaturated 

.1 ; 

ether a.nd 1s consequently an .... lefin reduction ra ther than the 
reductive cleavage of an acetal (Eq.l.5) • 

r 1 

'! 

1 

Il 
! 
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Entry 
# 

1 

2 

3 

4 v 

(/ " . '. 
~.. .. ,~ 

l ,1 

5 

6 

7 

8 

" 

91 

TABLE 1.1 

Rea~ents Available for Homo~eneous 
Hydrogenation of Acet~ 

Post'.llated 
Reagent Active Condi tions 1 

Snecies· 

Triethy1si1ane Amblent 
+ZnO'12 

Decaborane 120-130° 

LiA1H4 -AIC1 3 AIHC12, Ambient 
AIH2C1 

LiAIH4-BF3 BHF2, BH2F Amblent 

NaBH4-Excess BF3 Ambient 

Diisobuty1- Ambient 
a1uminum hydride 

" 
ta 80° 

-' 

A1uminu.1l hydride Ambient. 

Co 2(CO)8/H2/CO HCa(CO) 4 110-200° , 
100-1000 A t'll\. 

." 
" 

.1 

( 
t< 

.. 

~ 

Reference 

29 

30 

27, 28, 
-31, 32 

33, 34 

35 

21 

37 

130~133 
J, 

J."",," 
.. ~~ 

... ~ . 
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CHAP~E~ \ 
~~~~ 

THÉ REDUCTIVE CLEAVA~E OF ACETAL& 

BY BORANE (BH3) 

o 

, 
2.1 In~roductlon 

o 

-. 
1 .<' 

• The reductive c1eavage of,~èeta1s by borane t~H3) 
• discovered in the course of this Mork, may prove to have 
practic~l advantages over PTev~~~sry known methods of reducing 
aeetals to éthers. Borane ,Solu t'ions in tetrahydrofuran (THF)., '~ 
readily availab~e commerc~ally, are stable when kept cold over 

" '* ~' 
long periods of tfme, and thus no preparation is required • 

, 0 

The borie acid pr~duct·obtained after'hydrolysis at,the end of 
, the reaction l's readiJ-y .removed by extraction ~i th water, or 

, ' 

by volatilisation as trimethyl borate. This procedure contrasts , 
with mixe? hydride systems containing aluminum, where eithe~ 
dilute aeid must be used "to decompose the aluminum. complexes, 
or, if water is used, the aluminum hydroxide must be removed 
by filtration. Borane is, moreover, ·a milder, more selective . 
reducing agent than mixed hydrides. For example, carbon-
halog~~,bonds, cleaved by mixed hydrides, are stable to borane 
(531). 

" Conslder Table 2.1 whleh shows the wide range of 
applieability of borane for redueing acetals. In each of the 
experiments ,described, an excess of borane was' used, and the 

\ \ .. 
condi t~ons: *ere adjusted ,so that the reaction \rient to 
completion. Xields Of ~thers and hydroxyethers were good, with 
two exceptions: acetophenone diethyl ketaI (Expt.2), from 

* 
+'-

Trimethylamine-borane,(Me3N-BH3), also found to be effective" 
for reducing reactlve acetals ~hen employed in acetlc ac1d 
solution (Chapter 3), ls a crystal1ine solid stable towards 
water. In certain react10ns it may'prove even more convenient. 
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TABLE 2 .1 

Reductive C1eav~e of Simp}e Acetals and Ket~19 

... ) wi th Borane 

Ex. 
1 

} 
'" , Compound Reduceq Product !ie1d, 

~ 
Reaction Time,e 

Hours 

1 

" 2 

3 
G 

4 

S 

6 

7 

C6HSCH(?Me)2 ~,~,~' 
C fi C(OEt) Hé .... : .... 
.6 S 2 

• C6H5~O~ 
HO, . 

"J 

C6HSCH2ONe 99a , ( 90)c 

C6H
S

CH(OEt..jMe 40a , (3S) 

Me 2CHOC4H9-n 58a 48 

O:H2CH'20H 90b , (80) 

19 

40 

(a) Ylelds obtalned by eaB ~hromatographic analysis (:S~) of the crude reaction mixture 
arter exceSB borant! was deCO::lp03ed. (b) By g.1.c. 'Vl::Ü!Bi~ of the ether e'lCtra~t. ", 
(0) Fleure:! in parentnesis refreClent yields obt&lned aCter di:!tlll:lticn. (d') 78~'t, 

.starting materia1 re~alns. e) A~ a~blent temperature unles:! otherwlse atated. 
(t) Reaction mixture bec'l;'!ll') hot (50 ) lInmed~ately after mixing. ~.iXln,~ st -ïBoc: and 
al1~wlD8 tO'warm Blowly to am~ent temperature did not produce better yie1ds. 

. ' ... 

~ ... 

o 

" 
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... ' 
which a large amount of non-distillable oily residue was 
obtained, and l, 3-dioxolane (Expt. 7) in \'ihich the acetal 
(concentration O.67M) apparently dld not compete weIl with the· 

* THF solvent • 

For discussion of the details of acetal cleavage by 

borane, this chapter ls divided into two main sections; the 
first (2.4) concerna the organic chemistry of acetal cleavage, 
the second (2.5) deals with the behaviour of the b~rrne part 
of the borane-ac etaI complex. Ini tially, however, ilt ls useful 

r 

to summarize the preparation and relevant chemistry of the 
borane reagent. 

2.2 The Nature and Preparation of "Borane in Tetrahyd~'ofuran" 

~e (B2H6 ) is agas which i8 spontaneously 
inflammable i~ air, and consequently is difficult ta handle in 
routine organic reactions. It is only slightly soluble in 
c'ommon hydrocarbon and ether solvents, wi th one exception: i t 
dissolves readily in THF, where it evidentIy exista as the 

\, 

addition compound 2 (50, 51). 

;'S?~U~iOns of borane (BH3 ) in THF ~e prepared by 
treating(aodium borohydride in diglyme with boron trifluoride 
etherate\!l~a8ging the B2H6 gas, generated aeeording to 
Equation ~ into Tp (52). 

., 
* The 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 hydragen was evo1ved. G.I.e. of 
the product showed several peaks besides those o~ starting 
material and methyl cel1osolve; one of them was due ta 
n-butanol, presumably formed by reductive bleavage of THF (49). 



1 
- 13 - '( 1 

2.1 

2 THFoBH3 

Alternatively, a suspension of sodium borohydride in THF 
is trèated with the requisite amount of boron trifluoride etherate, 
and the prcclpitated sodium borofluoride i8 filtered off. 

2.3 Carbon-Oxygen Bond Cleavage by Barane in THF 

The cleavage of C-O bonds by borane in THF is a weIl 
established phenomenon. It oeeurs, for example, during the 

* follo~ing reduetions 

a) earboxylic aeids (46-48),~ esters (45, 46) and laetones (46) 
to alcohols, 

b} hindered esters and lactones to ~thers (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) ~-dimethylaminobenzaldehyde and ~-anisyl cyelopropyl ketone 
to hydrocarbons .(57), 

g) xanthol"'and xanthone tq xantherie (58, 59), benzanthrone to 
benzanthrene (59 h and benzhydrol to diphenylmethane (59). 

* Long 
made 

and Freeguard (60) have reported that borane could be 
to cleave ethers by addition of iodine: 
~PhÔMe + 3I2+B2H6 ~ 2B(OPh)3 + 6MeI + 3H2 t 

The iodine was rapialy decolourised and hydrogen was evo~ved. 
Bromine reacted similarly. It seems likely that these 
cleavages are actually reactions of BI3 and BBr3. Certainly, 
BBr:; i8 well known for its cleavage of ethers ylelding, as 
above, a~kyl halide and borate (61, 62). - ' 
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Of these examp1es, âcetal cleavage most close1y 
resembles the tetrahydrofuran reductions in example (e). These 
reductions were accomplisned by heating the reagents at 600 in 
a sealed tube for 2 to 3 days. The author (49) did not propose 

'. 

a mechanism for the reduction. 

2.4 The OrfJanic Chemistry of Acetal Cleava~e by Borane . 

2.4.1 Modifica'tion of the Acetal Structure 
the Rate and Position of Cleavage 

Its.Effect on 

i) The Effe~t of Substituents at C2 and at C
4 

on the Reaction 
Rate. 

Thè relative rates of reductive cleavage of pairs of 
cyclic acetals having different substituents were compared by 
competi ti ve reactions in which a mixture of hm Icetals (lOmmol 
of each) was added to an excess of lH borane l1III ~HF (see Table 
2.2). After a short interval, the reaction was stopped and the 

\ 

products were hydrolysed by adding sodium carbonate solution. 
Gas chromatographie analysis of an ether extract of\the mixture 
indicated the extent of reduction of each acetal. T~e rates, of 
reduction of the two acetals should be directIy proportional to 
the amo~ts of reduction products formed, with the following 
provisos (27): 

a} the aceta1 molecule must participate in the rate-determining 
step, 

b} the ext~nt of reduction must be small so that the acetal 
concentration remains pradtically constant, 

c} the reduction step must he Irreversible, 

d} 1ittle or no product must he lost by further reaction • 
. 

The first proviso Is sh~wn to be fulfilled in/Section 

2.5, and point Cd) iB satisfied by the good yields of product 
obtained. While there la no evidence ~or (c), oxldation ot an 
ether in an excess of borane 18 hB:I"cl.:"to envisage. . . 
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TABLE 2.2 

Competitive Reduction of Acetals by»orane in THFa 
s 

" 
l 

Expt. 
No. 

9b 

10 

11 
~.. . 

Il 

(a) 

{b) 

(a) 

(b) 

Substrate 

C6H5)<O) (5) 
, ~"Me 

. H 0 
r. Me 

::X:1Me 

(§) 

and 
Me 0 . Xl (7) 
Me . 0 CH Cl 

2 

C6H5XO] 
<'1) 

H 0 
and 

M)<°l; (6) 

Me 0 Me 

0 

" 

Tarât. 
Product, 

" Formed, 
mmol 

> 

c 0.31,0.31 

2.3,2.4 c 

0.22 

0.025 

.to 

1.2 

0.24 

Reaction 
Time,min. 

20 

20 

u 

35 

35 

, 

a) A mixture of two acetals (10 mmol of each) and 3ml Oô THF was 
added to 45ml'of appraximatel~ lM barane in THF at 0 C • 

b) Analysis of the products of competitive reductlon was not 
possible in this case, 50 separate experiments were conducted 
simul taneously under identicalj,c""ndi tions. ., 

c) Duplicate experimentsj borane solu~ion dlluted to about O.8M 
ta reduce the reaction rate. 

l 

) 
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Table 2.2 shows the results of competitive reductions 
of pairs of acetals with different substituents at C4 and C2 • 

Substitution of two methyl groups at C4 on 2-phenyl-
1,3-dioxolane increases the rate of cleavage of the acetal about 

* " seven fold (Experiments 8 and 9) • On the other hand, 
substitution of an electron-withdrawing group -at C4 has the 
reverse effect (Experiment 10). The two acetals ~ and 7 in 
this experiment were chosen to be sterically very similar, but 

'. to have suhsti tuents wiFth opposi te indue ti ve effects. 

The activating effect of phenyl or pentamethylene .... .. ... 
substituents at C2 is apparent from the çonditions requi~ed for 
completion of reduction in ~xperiments 4, 5 and 7 (Table 2.1). 
Moreover, Experiment Il (~able 2.2) shows that 2-phenyl-
1,3-dioxolane (i) reacts faster than 2,2,4~trimethyl-l,3-
dioxolane (6). Sinèe the effect of a methyl group at C4 is 

" activating, a phenyl substituent at C2 must be more activating 
** than two methyl groups. 

In summary, the presencé at C2 or C4 of electron
donating'su~stituents speeds the reaction; phenyl substltuents 

" 
at C2 also speed the reaction, whereas an electron-withdrawing 
substituent at C4 slows the~eaction. 

------~--------------------------------~------------------------------ ~ * ~ A competitive reduction of 4 anà 2 was not possible owing to 
overlapping ~eaks on the gas chromatogram. Separate 
experiments (Ex.8 and 9) were therefore conducted 
simultaneously Uhder identical conditions. 

** .. In support of their carbonium-iort mechanism for mlxed hydride 
reduction of acetals, Legeetter and Brdwn (27) compared their 

\ results with those of Kreevoy and Taft (63) \'J'ho had studied 
.the rate of acid-catalysed"hydrolysis for a variety of simple 
C2-substituted acetals. Generally simllar trends were present, 
but there la an unexplained discrepancy: Kreevoy and Taft 
found two methyl substituents at C2 to be more powerfully 
activating than a phènyl group, Leggetter and Brown found the 
reverse order -- as is also found here with borane reduct1on. 
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ii) The Effect of Substituents at C4 on the Direction of 
C1eavage 

l 
t ,_~r 

Table 2.3 illustrates how sorne substituents at C4 on the 
dioxane and dioxolane rin~s influence the position of cleavage .::. 
~he results presented in Tables 2.1, 2.2 and 2.3 are aIl 

,P, 

strikingl~ simi1ar to those obtained by other workers (26, 27) 
~ 

with the LiAIH4-A1C13 reagent, and indicate that the course of 
borane cleavage may c10sely resemb1e the oxocarbonium-ion 
mechanism postu1ated for the mixed hydride reagent. 

P~eferential attack of borane at 01 ,of the dioxane"and 
dioxo1ane rings to give the most stabi1ized oxocarbonium ion 
(Scheme 2.1) would e~p1ain the resu1ts 'of Experiments 12, 13 
and 15 (Table 2.3). 

The'cleavage of the C2-03 bond which pnedominated in the 
reduction of 2,2-dimethyl-4-chloromethyl-l,3-dioxolane (1) 

1 
(Experiment 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-attracting group, t~e most stable carbonium ion would be 
obtained, as illustrated in Scheme 2.2, by preferentia1 borane 
attack at 03' Thus it appears that electronic factors control 
the direction of cleavage -- at least when s\eric hindrance is 
not extreme -- for, had steric factors been important in the 
re~ction of 7, the preferred attack would have been at 01' as in 
Experiment 1~, but the preference wou1d bave been even greater 

because of the bulk of the chlorine atom near °3" 

The very smaI1 infIuènce observed here of a phenyl group 
at C4 (Experiment 14) has also been no'ted in the mixed hydride 
reactions (27). 

0vera~1, the resu1ts presented in thia section provide 
strong evidence for the intermediacy of an oxocarbonium ion in 
aceta1 cleavage by borane. 

, -
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Table 2.3 Reductive c1eavage of C4-substltuted dioxanes a~d' dioxolanes 

Expt. 
No. 

13 

14 

15 

16 

Compound 
Reduced 

6 

c 6HSOL,OC: L..,CH2CHOH 
~ - ~I .e 

(c1eavage at y) 

~le 
C

6
H

S
CH

2
0ÇCH

2
0H 

He 

(cleavage at x) 

" 
(c1eavage at y) 

(cleavage at x) 

6H 
t • 

C6H5CHCH20-~Pr 

(c1eavage at y) 

~!e 
iPrOCHCHZOH 

(cleavage at x) 

~re 
iPrOCH

2
CHOH 

(cleavage at y) 

CH,C1 
1 ~ 

iPrOCHCH
2
0H 

(cleavage at x) 

CI-I..)C1 
1 -

_~PTOC~/C~!O!1 

(cleav::tcTe ai.: y) 
,p--' 
1 

Yield, Cl) 
% 

82 

18 

97 

3 

58 

42 

30 

20 

15 

ss 

,.' 

Total Recovery 
of Product, % 

92 

89 

88 

75 

88 

(1) The percentage of'the iso1ated reduction product that is primary or secondary • 
(tertiarv) ~1 rnhnl "'''' ,>"<>1,,.,0.;1 h" ~~~ ~1._~ __ .. _____ \.. __ 

( 
1 
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'/ 'a/ B 
1 ~ b_

CCH
) 

O-"CCH2 )n . 

1 0+" 'Cl R~ +R'" .. R~ R'" o .. 
R~(t) RII R RU 

seREME 2.1 
1 

seHmE 2.2 

, 
.... 

l" 

PREFERREO ATTACK 

RH 
1 1. REDUCTION ... RR/CH01(C~2)nOH . 2.H2O 

MAJOR 

Me~o--, 

~Cf'~ 
Me ~9 CHzCI 

BH, 
e 

PREFERREO ATTACK 

R'" 

PRODUCT 
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2.5 The Behaviour of the Borane Moiety during Acetal Cleavage 

c 

\', 

The behaviour of the borane moiety during acetal cleavage 
may be visualised by considering that as the C-O bond breaks 
(Scheme 2.3), the boron atom receives a greater share of the 
electrons f~om the hl~herto strongly polarized O-B bond, and 
thus tends to beëome an alkoxyborohydride ion. It ls unlikely, 

Scheme 2.3 

however, that such a species'could exist uncoordinated in the 
* presence of exceSs borane, for Brown has observed that boro-

hydri~ ion react~ with diborane in diglyme solution to give a 
complex ion, B2H7. Since alkoxyborohydride ions are more 

1'* powerful nucleophiles than borohydride , one expects reduction .. -
of borane by ROBH3- species t~ proceedfto a greater extent than 
reduction by BH4-. . 

... 
During acetal cleavage, energetically favourable complex 

form,ation (or. complete hydride transfer.) bet\'/een the incipient 
alkoxyborohydride ion and nelghbouring borane Molecules can be 
anticipated. Since complex borohydride ion formati~n will ~ . 

. reduce the overall activation energy for C-O cleavage, it la 
likely that the two processes will oc~ur simultane~usly. The 
observations presented in the t6llowing section prov~de 
evidence for thls hypothesls. 

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

Two aceta1s, one simple (benzaldehyde d1~ethy1acetal) and 
one cyc11c (2-phenyl-l,3-dioxolane), were chosen to exemp1ify the 
kinetics of the reaction between acetals and borane in THF. The 
procedure used for benzaldehyde dimethy1acetal was as follows: 
st~dard dilutions of borane taken from a stock solution (1.15M) 
were made wi th dry THF. iVhen the solution had equili brated in a 
constant temperature bath for a few minutes, sufficient aceta1 
was added to 'bring the concentration to O.025M. The ratio of 
borane to acetal was deliberate1y made as high as possible so 
that the concentration of the former would be virtual1y constant 
t;xoughout the reaction, thus simplifying the k~netlcs by 
reducing the rate Equation 2.1 to Equation 2.2 (pseudo first
arder conditions). 

d(Product) 
dt 

d (Prad uc.t ) 
dt = 

2.1 

kobsd [acetai] m 2.2 

2.3 

After fixed time intervals samples of the reaction 
mixture were removed, quenched by addition of aqueous 80dium 
carbonate, and the organic material was ana1ysed by g.l.c. The 

ù 

experimental points are plotted out as curves in Fig.2.1. 
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: 

2.4 
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Fig.2.1 
~ The reductive cleavage of ~CH(OMe)2 

borane in THF at 17°C. 
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where A is the initial acetal concentration and x la the 
* product concentration at time t • 

The majority of th~ ex~erimental points lie very close to 
, c J 

straight l~nes of zero intercept and we may conclude that the 
reduction i8 first-order in ac~l. Towards the end of the 
reaction the plots exhibit a 31ight tendency to zero order. 

~ 

JThe slopes of the pseudo-first-order .grapha.~ielded the 
rate constants k b d' The dramatic -effect of reductng the bor~ne o s ~ 0 

concen~ration can be seen from the values of kobs~ and the half-
life p~riods s40wn in Table 2.4. A log-log plot of kObSd versus 
borane concentration yielded the .graph shown in Fig.2:3 -- a 

** stra~ght line of slope 2.9 This is the value of n (Eq.2.3). 
'Y~e y intercept of the graph :~ielded a k value of .., 
5.4 x 10-2 min-l mole-2 •9 • Th~ values'for the rate constant k 
given in Table 2.4 were calculated from Equation 2.3 using 
n .: 2.9. 

Thus, within error limits, the reductive cleavage of 
benzaldehyde dimethylacetal appeared to be tnird-order in borane. 
Such a high order in borane was ùhexpected, and f~ther 
éxperiments were therefore initiated to check this observation • 

-, . 
This time a fresh batch of borane and a different acetal, 
2-phenyl-l)3-dioxolane (4), were employed. After cleavage and - , 
hydrolysis, this acetal yields an alcohol which g1ves a slightly 
tailing p€ak in the gas chromatograph, causing soma difficulty 
". ~1 ... 

in analysing very small amounts of product. For this reason it 
was necessary ta work with higher (0.208M) con~entrations of ' 
ac~tal. SinQe the borane was no longer in large excess, pseudo 
first-arder conditions did not'obtain; therefore, the initial 
reac~ion rate was used to determ1ne the order of reaction. 
Table 2.5' shows the initial rates over the region zero to O.5mmol 

* 

** 

For'a discussion of the methods of determining the ord~r of a 
rea~tion see ref.65. 

A slope of 2.91 was calcnlated by the least squares method; " 
:tandard error around the fitted ~ine = 0.058. ~ 
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TABLE 2.4 

Rates of Reduction of 0.025M Benza1dehyde 
Dimethy1acetal by Borane in THF at 170 

1 

" d 

kobsd , 

./ 

k, ':Sor~"J-~ Cone. 
M 

Half-lite, -1 min-1 !ll01e-2•9 min. 
'\ 

C-~"l·min. 

o~~ 1.15 9 0.079 5.7 x 10-2 

... 
0.95 14 0.049 5.7 x j»-2 

"" 
0.75 '> 30 0.023 5.3 ~:,10-2 -.. 

57 ' .. 0.012 5.3 x 10-2 
, 0.60 .... 

( 
~ 

.0.40 200 0.0@l35 5.0 x 10-2 

.. 
10-2 400 0.0017 5.7 x 0.30 

'-
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Rates of eduction of 0.208M 
2-PRenyl-l,3-dioxola~~ (1) by Borane in THF at 0° 

• r , , 

/ 

** Time taken ta form Initial Rate dx Borane Conc. , 0.5 mmo1. Product, 
\ , dt' 

* 

** 

M 6t, min. mmol/min. 

* 6 0.085 1.15 "-

0.95 10 0.052 

0.75 ' 19 0.026 

0.60 33 , 0.015 

0.40 117 0.0043 
, 

0.30 243 0.0020 

The nominal concentration of the stock solution trom whlch . 
accurate dilutions were made. ' 

An approximation made here is that over the range 0-Œ.5mmol 
reacted /:). x _ dx . 

TI - dt 
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ji~.2.3 A log-log plot of '~he pseudo first-order rate constant ~ 
against borane concentration. 
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-2.2 SLOPE = 2.8 
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ioge (BH31 

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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F~g.2.5 A log-log graph of the initial reaction ràte versus 
borane conceThtration for the reduction or redistilled 
2-phenyl-l,3-dioxolane. 
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of product formed (5% of total reaction), and Fig.2.4 shows the 
gra~h of loge (initial rate) versus loge [BH3J. The slope of 
2.8 agrees weIl with that !ound' for benzaldehyde dimethylacetal. 
As a do'u'91e check, sorne of these experiments vrere repeated using 
redistilled acetal and a third batch of borane in THF. The 

results g::e a loge (initial rate) versus loge [BH3] graph of 
slape 2.7 (Fig.2.~). 

, 
2.5.2 The Mechanistic Implicàtlons of/the Observed Kineties 

How can the observed kin~tics -- particularly the high 
order in borane -- be explained? \It was.mentioned at the 
beginning of Section 2.5 that the transition state for acetal 

*** ~leavage might 1nvolve more than one borane moiety To 
understand more clearly how this could oeeur, it la useful to 
examine the knawn che~istry of simple borohydride-anions • . 

, Hetal hydrides red uce·· di borane to borohydride (Eq. 2.5) , 

2.5 ' 
~ . 

. but in an ether solvént with an èxceas of diborane further 
**** reaction oceurs (66) (Eq. 2.6) . -.. 

* 
** 

*** 

**** .. 

+ 

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. 
Klein and Dunkelblum (64) found the reduction of carbonyl 
groups to be 3/2 order in 'B2H6' (THF solution) -- thus 
showing this reduetion to be much more complex tha~the 
originally proposed internaI hydride transfer by a single 
borane,' uni t (46). 

H H 
1 1 

The ion B2H7 has be-en formuiated H-B·· ·H-· ·B-H (67) 
1 1 
H H 

and is thought also to be bound ta the solvent (68). 
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The overall equationco~ the -reaction then becomes: 

2.7 -

Alkoxyborohydride ions are more powerful hyd ide donors 
r 

than BH4 owing to the availabiltty of ~1T-p1T double bonding in 
the alkoxyborane 8 resul ting from hydride donation ( 6) (Eq. 2.8). 

--H \ + -----=---... RO-BH2 ~ R-O=BH2 
~ 2.8 

Therefore, it ia not unreasonable to expect in THF 
solution with an exceas of borane the alkoxyborohydrid 
woul{ react as in Equation 2.9, which ia analogous to 
2.7. 

2.9 
" 

The.re?ction shown in Equation 2.9 would be energetieally 
~ - -

favourable, sinee even BH4 will reduce barane ta B2H7 0 If 
this reaetion oeeurs eoncomitantly with C-O eleavage of an 
acetal (Eq.2ol0) the overall activation energy will be reduced 
becauae instead of a high energy alkoxyborohydride ion resulting 
from cleavage, a much lower energy species __ 'B2li7 will be 
formed. 

i 

+ 

fH2 
o 

2 BH3 ----i ...... >toJ 
lolO 

Let us examine this pOBsibility-in greater detail. The 
BH4 reductlon of borane has been formulated as in Equation 2.11, 

<Mo 
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2.11' 

By analogy with Equation 2.11, alkoxyborQhydride 
4 

<.1\. ( ) reduetion will tirst yie1d complex ion.2 Eq. 2 .12 • 

H 
1 

H-B-H + 
1 

'OR 

H e H 
1 1 

BH3 --....,~~ H-B·· ·H·· ·B-H 
1 1 
OR H 

2 
2.12 

..- It seemB 1ikely, hoW'ever, that in the presence of excess 

borane further reaction will oeeur (Eqr2.13) to yle1d an alkoxy

borane (which 18 stabi1ised by p'TT-p1T bondlng) and B2H7 - (the 

most stable borohydride anion under these conditions). 

y,~ ~ ~ H H 
.1 ,-

e H .H 
1 1 

H-B:· ·H·· ':B-H + 

(6R k 
B-H --.~ H-B 
1 1\ 
H +OR 

+ H-B·· ·H·· ·B-H 
1 1 
Il H 

9 2.13 

If we now apply th,ese ideâs to aeetal cleavage, va 
obtain-Equation 2.14 (which' lB simp1yan expansion of Eq.2.10). , 

1 
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H e H 
1 1 !' 

BH3 
1 

H-B---H---B-t-J 

1+ ~ 
XO] BH3 0+ ~H3 XOJ ~ 00J ~ ~ ~ 

0 0 
.. 

~ COHPLEX 10 

e 
H H H 
1 1 1 

H-B---H---B---H---B-H BH2 
1 1 1 Il 

""",,;..0 H H ~ 0+ .~ J -~.... -') + 
o ® O~ 

H 118 H 
1 1 

H-B---H---B -H 
1 1 
H 'H 

\ 

TRANSITION-STATE 
2.14 -

" . So far th~ argument ia spéculative, but the li terature 
does contain some analogies: In order to explain the equivalence 
of. the protons observed in lIB n.m.r. spectra of B2H6 in diethyl 
ether and in diglyme, Gaines (69) has postulated the existence 
of species 11. . -

/ 

11 

Infra-red studies (70) have shown that 5-membered, 
4It- 2-subatituted acetals have Bi~ilar basic1t1es to diglyme; 

consequently, if spec1es Il forma in diglyme, complex!Q can be 

, 

• 
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expected in aceta1-borane mixtures. 
the more basic THF ls also present, 
wl11 be small. 

Obvious1y, however, when 
the concentration of 10 

The second ~a1ogy, though a I1tt1e more remote, concerna 
the transition state. Addition of diborane to excess base (L) 

at low temp-eratures causes unsymmetrlca1 cleavage via a singly 
hydrogen-bridged intermediate 12 (11) (Eq.2.15). 

H e H 
1 1 L 

- ............ H-B·· ·H·· 'B-H 
1+ 1 
L H 

12 2.15 
, 

The secona step presumab1y invo1ves attack of a second .... 
~ mo1ecule of base upon the lntermediate f~ as in Equation 2.16, ... " 

electron donation to baron displacing a BH4 ~on. 

H e H 
1 1 

H-B" ·H·· ·B-H 

L:J i+ À 
12 

H 
1- + 

--... ~ R-B-L 

'+ L 

-
+ BH4 -

2.16 

Now compare the proposed mechanism of acetal cleavage 
(Eq.2.11): 

H e H 
I/-"\.I ~ 

H-B·· 'H"'B -H + 
..... 1 1 
( .. 0 + fi 

--' \ 
R 

fi fi 
.\ 1-
B-H --'~~ H-B 

.. 
+ 

1 "+ H 0 
\R 

2.17 

Rere, it 1a pn-pn bond formation (rather than a second 
base m01eçule) wh1ch d1sp1aces the borohydride ion. In the 
presence of excese borane, B2H7 would be more readl1y formed 
than BH

4
-. Otherwise the reactiona are ana1ogous. 

\ -
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A final anal ogy concerns the hydride exchange between 
B2R7 and B2H6 which ls 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 ia not clea~ at present wh~ther the orders 2.9 and 
2.8 in borane foun~ here represent third-order reactions within 
experimental error, or whether perhaps there ia a contribution 
from a transition state involving only two borane molecules, 
e.g. 13. If Bome acetal were cleaved Y1l transition state 13, 

1 

the observed order in borane Nould obviously be less than 3.0. 

13 

2.5.3 The Reaction of Borane with Excess Acetal 

In this experiment the tables were turned -- an exceSB 
of acetal, not borane, was employed. Thus, from the yield of 
reduced product it is possible to determine whether aIl three 

* hydrogens of borane are available for acetal reduction. The , 
analysis resultà' revealed that for every available hydrogen 
atom,initially present in the bo~ane solution, one Molecule of 

* Brown and Korytnyk (48) have shown that the thlrd hydrogen 
of borane reacts very slowly with ketones and nitriles. 
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acetal 'vias reduced to ether after 18 hours at 30° *. 
Consequently, under these conditions, aIl three hydrogens of 
borane are available. for acetal reduction. 

2.6 Selectivity in Borane Reductions 

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

It is clear from the work presented in this thesis that 
-

this protection will not be complete under aIl experimental 
!le -, 

conditions. However, it will generally be easy to effect 
<' 

selective hydroborations on IDolecules possessing both 01eflnl0 
, 

double bonds and acetal groups provided that low temperaturea 
are emp10yed and an excess of borane is avolded. The rate of 
hydroboration ie immeasurab1y fast even at tempera~res b~low 
zero, whereas cycllc acetal cleavage requires houre at 30-50° 
for completion. Sérectivlty could be further improved by'using 
dl1ute THF solutions, since ace,ta1 reductlon 18 close to third
order in borane and hydroboration of olefine is firet-order in 
di borane (64). 

Descriptions of sueh ~electlve reductions are to he 
found ln the li terature. For example, Lehmann (72) h~s bee,n 
successful in the hydroboration of carbohydrate derivativea 
having a double bond and ~sopropylidene groups. He èmp~oyed 
a slight eXCéSS of borane' for two hours at room temperature. -" . ' 

Likewise hydroboration of unsaturated steroids hae been 
accompli shed when ketal groups were present (73).' -, 

.'~ Carboxylic acid groups are also extremely reactlve to 
borane (46, 48) and selec~ivc reduction in presence of acetals 
ahould present no problem. However, no generalisations can be 

* Details are given in 8.2.3. 



• 

{, 

" 

• ,\ 

- 37 -

made for more slowly reacting groups l~ke n1tr11~s, epox1des ", 
and esters. For these compqunda, selective reduct10n in the 
preaénce, of acetala will depend on 'the particular structures 
concerned • 

. 
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CHAPTER 3 

TÈmœTIiYLAMI ~":BORANE AS' A REDUCING AGENT 
li 

FOR ACETALS '. 

3.1 Introduction 

. Trimethylamine-borane (74) is one of a series of 
amine-borane complexes whose properties resemble those of 
Dorohydrides rather than borane. For example, 8uch complexes 
reduce quinones an9- ~cid chlo:id~s (75) and slow1y reduce . ~ 

ketones (fast if boron trifluoride i8 present) (36). They do 
not reduce'nitro~ carboxyl,carbethoxy and sulphonamido group ~ . ' 

but trimethylamine-borane can reduce amide~ to ~ines in so 
instances (77). The complexes reduce Schiff's bases to ami - - . 
when glacial acé~ic aci~ ls used as solvent (76, 17). ,Bil 

TrI. 

and" McDowell (77) found that wi th tr~ethY1amine-borane,} the 
amine produ~t became acetrlated under th~se conùitionsj no 
acetylation occ~ed in. absence of trimethYlaÏD.t'ne-borane •. 

/ 
/ 

. The rate of reduction by amine-borane ~omplexes 
--_,.d.ecreases in the series methyla:mine > dimethylamine > trimethyl

\ amine (75). 

Amine-borane complexes cau effect the hydrobQration ot 
i 

oletins (78-80) 'but only at elev~ted temperatures where, it is 
thought, the complexes are partially dissociated (79) •. • 

3.2 The Reduction of Acetals, 
6 

Towards,the end/of this work, we discovered that 
acetals are reduced by trimethylamine-borane in glacial acetic 
acld. The firet acetal.examined, benzaldehyde dibenzylacetal, 

,. 
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. 
gave good yields j>f the normal c1eavag~ products under mild 
conditions (Table 3.1, EXperiment 2). ,o~'~ther exMdnation, 

1 

however, ~~periments 4 and 5) showed ~hat the reductions were 
more complex than they had first appeared to be. 

3.2.1 The Reduction of Benzaldehyde DLëenzylacetal (~) 

Compound 23 was not reduced by trimethylamine-borane 
in' diglyme solution, even at 1000 (Table 3.1, Experiment 1); 
.the presence oL acetic acid thus appears to be crucial. 

~ However, the rôle played by the acetic acid is not,clear. It 
May, as Fieser and Fieser suggest (81), serve simply to 
liberate borane from the complex, but in vie~ of the extreme 
reactivity of borane with carboxyl groups (47), the formation 
of free borane·in glacial acetlc acld solution does not seem 
likely. An alternative explanation is that tbe acetic acid 
protonatés the substrate, which ls then attacked by thè amine
borane complex acting as a h~dride donor (Eq.3.1) • . 

ROH 

, " 

3.1 

~' 

" 
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A second possibility is that the reaction is actually 
*' 

~ reduction by trimethylamine·borane (Eq.3.2) of a first-
formed hemiacetal acetate (14a). 

: 
If " ~ 

R' OR 
RXOAC, RXOAC 

RXOR 

AcOH ~ ::.. , ROH 
R OR R OAc 

, 
R~0) lli 14b (R=H, 

+ - + -
Me3N-BH

3 
Me3N-BH

3 

RX R' ' OR 
RX 

R" OAc 

3.2 
, 

As applied to compound ~, the equation shows how the 
reduction of an intermediate benzaldehyde diacetate (14b), 
which would also be expected in acetic ac;d solution, would 
yield one of the' observed products -- benzyl acetate. There 

, . ~ 

"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 
(Ta91e 3.1, Experiment 3). However, the suro of the benzyl , 
alcohol and the benzyl acetate yields exceeds 100 mole percent, 
based on the starttng acetal (Experiment 2),' thus providing 

1 

evidence for the formation of sorne benzyl acetate via an 
intermediate diacetate of the type ~. 

* The reaction of acids and acetals to yièld aldehyde diacetates 
like 14b i8 briefly mentioned in ref.5(p.443).' The latter 
compoünds are more usually prepared from the aldehydes, or 
from acetylenes (82). 

The formation of l4a would be analogous to the preparation ot 
l-Q-cyclohexylmethanoyl-2-acetyl-~-~-glucose'by treatment of 
~-~-glucose-l,2-ethyl orthoacetate ~ith cyclohexylcarboxylic 
acld (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 
specie~ Mc3N-BH2 remaining after the hydride tranafer step. 

3.2.2 The Reduction of Cyclohexanone Ethrlene Ketal (13a) 

The reduction of 13a 'IIi th an equi~Olar amount of 
. , 

trimethylamine-borane was slow at room tèmperature, 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 wlth 
concentrated aqueous ~odium carbonate, extracted with benzene, 
and the extract was washed \dth water. G.I.e. analysis of the 
'extract revealed unreacted starting material, the expected' 
products 2-cyclohexyloxyethan'11 and its acetylated forro 

1 

(l-acetoxy-2-cyclohexyloxyetr.ane)~ and, in addition, a small 
"-amount of a high boiling component. The latter, after 

isolation, was identified from its p.m.r. spectrum,as 
* 1,2-dicyclohexyloxyethane • , 

During the isolation o~ the product compounds, the 
reaction mixture was shaken vri th concentrated aqueous sodium 
carbonate and extracted with ether. ,The extract was dried 

" 

over anhydrous sodium carbonate and distillation wae attemptèd 
without having washed the extract with water. The first 
distillate fraction consisted of a mixture. of unreacted ketal 
and trimethylamine-borane, the latter crystallising in the 

. . 
receiver. Thereafter only a small amount ,of 2-cyclohexyloxy-
ethanol and its acetate distilled. A large quantity of liquld 

v 

remained in the distillation flask, and when water was added. 
white c~ystals of borie acid separated, indicating that the 
bu1k of the product alcoho1 had been present as its borate. 

* By comparison with Experiment 5, cyclohexyl acetate was 
aiso expected and was therefore carefully sought; none 
was foun~. Any ethylene glycol present among the products 
would have di8sol~ed in the aqueous sod~um carbonate, thus 
escaping detection. 
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The borie, aeid formed was removed as the volatile trimethyl , 
borate by repeated1y adding methanol and evaporating, after 
whieh 2-cyclohexyloxyethanol was readi1y distillab1e, leaving 
1,2-dieyc1ohexyloxyethane (13c) as residue. 

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

During the reduction of 4a (25 mmo1) with trimethyl
amine-borane (25 ~ol), the volume of the evolved hydrogen was 
me~suredj it amounted to 29~mmol. Gas evolution eeased after 

! 

70 hours at 50°, and 99~ of the starting acetal was found to 
be consumed, with almost aIl of it appearing as reduction 
products (Experiment 5). The sto~chiometry suggests that only 
one Lctive hydrogen atom of trimethy1amine-borane is availab1e 
for reduction, the other two appearing as hydrogen gas aG the 
reaètion proeeeds. 

1 

During the isolation of the organic products, borie 
aeid (1.05g, 68%) was once asain obtained as a by-produet of 
decomposition of the borate eomp1èxes with water. Sorne 1,3-
propanediol was a1so reeovered from an aqueous extraet of the 
produet mixture. The identity of all the produet eompounds 
was eonfirmed by eomparison of physieal prope~ties with those 
of authentie materia1s. 

The only satisfaetory explanation the author can 
devise for the formation of the diethers 1,2-dicyc1ohexyloxy
ethane (13c) and 1,3-dibenzyloxypropane (4e) involves a trans
aeetalation reaction between product alcoho1 and starting 
material to yield acyclie acetals (13b, ~), whieh yield the 
dlethers by reduetive cleavage (Schemes 3.1 and 3.2). Similar 
transacetalations between product alcohols and starting aeetala 
under aeidie conditions are discussed more fully in the next 
ehapte~, where diethers were also discovered among the producta 

of the reaction of acetals with HCo(CO)4' 

For the moment, let us merely note that the tr~nB
acetalation reaction explains the formation of both dietber 

and free diol (Experiment 5). --_ ...... ""-----
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EJ' Startln~ Material 

l ~CH(OCII20)2 (U) 

2 I6CH(OCH2~)2 CU) 

, ~'~1I20H 

4 O:J (na) 

5 • 16-<:=> (~) 

TABLE 3.1 

The Reduction of Acetals by Trlmethylamine-Boranea 

Solvent Conditions Products Found, ~ J' 
____ ._-.10..3. 

Diglymeb 

Acetlc acld 

Acettc acld 

Acetlc acld 

c 

Aeetle acld 

100°, 72h. Nil 

21°, 52h. c dlben:..yl ether 92
d ~88)e 

90 . 91) 
13 . 12) 

26°, 52h. 
Me,N-BH3 

omltted 

50°, 24h. 

50°, 70h. 

b,'nëyl al~oh(ll 

benz~r l acetate 

benzyl alcohol 
ber.:..yl acetate 

90 
10 

2-cyclohell:yloxyethanol 50 
l-ac e toxy-Z -c]clo-

hexyloxyeth;me 5 
(~)1,2-ùicyclohexyloxy-

ethane 7 

.. 
3-bf>n::ylo"<y-l-propa'"101 40 
l-ace~o~y-3-benzyloxy-

pro~3ne 33 
(4c) 1,3-dlbenzyloxypropane 19 

benzyl acetate 2 

1,3-propanedlol 

(41) 

(2) 

(3) 

(35) 

p1-' 23~ (2 

(l8) 

Starhr.g 4eetal 
Rel1laining, ~ 

96 

o 

'38 (29) 

l 

(a) 25 mmol of acetal and trlmethylamlne-borane used tnroughout. (b) Purlfled acco=ding to réf.215. 
(c) G.I.e. reveaied the reaction to he 97~ complete after 23h. (d) Yie~s are given ln mole rercent 
based on the startlne material; analynis by g.l.e. {e} Isolated yields are given.in parentheses. 
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SCHEME 3.1 
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' H+ 

'2 Q<H 
OCH2CH20H' ...;::. 

REDUCTIVE 
CLEAVAGE 

'" 

o 

OCH2CH20~ 

\+ HO(CH2)20H 

0<:CH2CH2:>O + 0<:CH2CH20H 

~ 

\ 
~ 

• 

~ 
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SCHEME 3.2 

~' 
1 ~ '-~ 

+ 2 ~CH20(CH2)30H 

H+ 

~ 

REDUCTlVE 
CLEAVAGE 

/, 
+ ~CH20(CH2)30H 

~----

e1 

.);. 

.. 
,-<0 (CH2 ) 30CH2~ 
~ .c + HO(CH2 )30H 

O(CH2)30CH2~ 

! , 

4b '\. '. --
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.... ~_ :1" ~ -é- ~>.. 
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CHAPTER 4 

THE REDUCTIVE CLÈAVAGE OF ACETALS 

BY HCo(CO)4 

4.1 Hydrocobalt Tetracarbony1 and the Oxo Process 

In 1938 Roelen (84, 85) discovered the oxo reaction -
the conversion of olefins into higher a1dehydes by hydrogen 
and carbon monoxide in the presence of a cata1yst contalning 
cobalt (Eq.4.1). Under more drastic conditions, aldehydes 
are reduced to alcohols. 

R-CH=CH-R' + H2 + CO cobalt ... RCH
2

CH(R)CHO + RI CH
2

CH(R)CHO cata1yst 
100-1400 

4.1 

* Although a conventiona1 Fischer-Tropsch catalyst was 
used in the early experiments, Roe1en soon realiseQ that the 
active catalyst was a soluble cobalt carbonyl. This conclusion 
was Iater confirmed by Adkins and Krsek (88) who used dicobalt 

~ 

octacarbonyl (C0 2(CO)8) as catalyst. During the nineteen \ 
fifties and sixties, considerable evidence accumulated ' 

indicating that HCo(CO)4' rather than CO 2(CO)8' was the active 
species (88-94). \ ! 

\ 
Nowadays the Q!2 process i8 of great commercial 

importance; about 2.1 million tons of Q!2 products (chiefly 
, 

butyraldehydes obtained from propylene) were manufactured in 
" 

1970 (95). In step with the commercial development of the 
~ process, a great 
on it and on related 
published (96-107). 

deal of fundamental work has been done , 

reactions, and several reviews have been 

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



• 

- 47 -

A1though RCo(CO)4 ls st~ong1y acidlc* (108-112) only 
~-additlon te olefins occurs under Q!Q 'conditions (92, 103, 
114, 267, 268). Moreover, the direction of addition can be 
Markownikoff or anti-Markownikoff depending upon conditions 

i 

(92). To reconcile these facts and also to explain the inverse 
dependence of the hydroformylation rate on the partial pressure 
of carbon monoxlde (115), Reck and Breslow (92, 116) have , . 
post~late~ hydrocobalt trlcarbonyl (HCo(CO)3) ta be the true 
active species under most conditions formed as in Equation 

4.2. 

+ + co 

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 ~ coo~dinately 
unsaturated species whlch, in additions to olefiris, would be 

Il' 

expected to behave rather 11ke diborane (Eq.4.3) . 

..... 

. . 4.3 

* The aoidic-properties of HCo(CO)4 are somewhat mysteridue. 
Though of mineraI acid strength, HCo(CO)4 is not very soluble 

~ in water (saturated solution = 0.056J.1 at room temperature 
(111» an~ is readily extracted by organle solvents! The 
acidlty of this substance derives from the stability of 
00(00)4-; an anion of inert gas structure, isoelectronic 
with Ni(CO)4, but possesslng a negative charge which 
strengthens metal-ligand bonding. 
The low solubility of HCo(CO)4 in water ls especlally puzzling 
sinee the free energy of solutîon of the (Jas in water has been 
calculated to be about -135Kcal/Mole (113) -- consequently 
solution should be a highly favoured pro cess. . .' 
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4It An altern~ti~ explanation ia that coordination of the 
olefin to HCo(CO)4 (115) oceurs with simultaneous displacement 
of a CO ligand (Eq.4.4). 

R-CH=CH2 + 3HCo ( CO) 4 ;;:,::=::: '> R-CH=CH2 CO + 
~ 

HCo(CO)3 

4.4. 

Aecording to this scheme free HCo(CO)3 wou1d not be 
present, but the i~ibiting action ,of carbon monoxide would , 
still be operative~ 

A general concensus has been reached about the remaining 
steps of the ~ reaction. They are: 

(i) conversion of the TI-a1kyl to a a-a1kyl complex with 
hydride transfer (Eq.4.5). 

co ..", , 

rA 4.5 

(ii) co insertion by a mechanism ana1ogous (118) ta the 
studied alkylmanganese pentacarbony1 insertion (119, 120) 
(Eq.4.6). 

co ..", RCH2CH2COCa(CO)4 

4.6 

weIl 

(iii) a reductian step involving either mo1ecu1ar hydrogen or 
a second malecule of HCo(CO)4' 

4.2 Aldehyde Reduction 

Same authors conaider hydrocaba1t tricarbonyl a1so to 
be the active species in aldehyde reduction by hydrogen in the 
presence of èoba1t carbonyl catalysts (121, 122). Again, the 
evidence here ia the inverse dependence of reaction rate on, 

" 
Pco and also the appearance of formate esters, in con3iderable 

/ 

1 

) 

'-
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yield (10-30%), a10ng wlth the product alcohol (Eq:4.7). 

RCHO 
H2, CO 

-c-o~ba"""'l"-":-t -c-a-t.,......a-::l~y-s-:t----1~~ RCH2 OH 
150-2000 

+ 

4.7 

The formate, which 18 not formed .by esterific;;,tion of 
the alcoho1, i8 believed to resu1t from CO-inserti?n into the 
cobalt-oxygen bond in an in~ermediate RCH20Co(CO)3 (106, 121). 

4.3 r.Uscel1aneous Reactions of HCo(CO)4_ 

The reactions of HCo(CO)4 with aromatic compounds 
ha~ing nitrogen-nitrogen bonds o~ carbon-nitrogen multiple 
bonds have been ext~nslvely reviewed by Rosen~hal and ~~er 
(123). Aromatic oximes and nit~iles, pheny1hydra2ones'and 
Schlffts bases of aromatlc carbqnyl compounds, azines and azo . . 
compounds are aIl reduced and carbonylated to v.arious extents. 
Temperatures in excess of 2000 favour carbony1ated products -
such as substi tuted ureas and phthalimidines. ;' Amines are 
produced only at temperatures in the range 120-150° (124). 

Polynuc1ear aromatic hydrocarbons are partially 
reduced (125). 

Benzyl alco9~ls react with catalytical1y produced 
HCo(CO)4 to give hydrocarbons chiefly, but also sorne hydro
formylated products (126-128). Benzhydrol and triphenyl
carbinol yield only the reduced products, dl- and triphenyl
methane, respecti vely. This reaction has been stud'ied in 
detail by Wender !Œ al. (129) who :Cound the reaction rate to 
be independent of carbon monoxide pressure, and concluded 
that the mechanism probably involves protonatlon of the 

t 

alcohol by HCo(CO)4' followed by cleavage of the oxonium ion 
and reductlon of the resulting carbonium ton. 
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4.4 A Literature Survey of the Reac;tion be1;w;een HCo(CO)4_ 
and Acetals 

-
Out of eight reports of reactlons between cobalt 

carbony1 catalysts, synthesis gas, acetals, fi~e co~cern 

aeetp.Îs of formaldehyde. German orkers (130, 131) using 
formaldehyde dimethy1acetal w e looking'chiefly for hydro
formylated products, sinee t ir aim was to develop a eheap 
synthesis of ethy1ene glycol. Sorne reduétion product, dimethyl 
ether, was obtalned (130) but ethylene glycol monomethyl ether 
(li) and methoxyaeetaldehyde dimethy1~ceta1 (12), in e~uimolar 
amounts, were the maln products detected (131) •. 

The latter compound was converted lnto the desire~ 
product 14 by a reductive saponification. Overall yields of 
14 based on the startlng aceta1 were 15-25%. 

, 
The reaction,~s be1ieved to proceed as in Scheme 4.1 

(131): 

11eO-CH2-or1e + HCo ( CO ~ 4 -----' ... ~ MeO-CH2-C 0 (CO) 4 ,~~'" 

Scheme 

H2 

4.1 

2MeOH .. 
HCo(CO)4 

/OMe 
MeO-CH2-CH." 

/ OMe 12. 
/ / 

/ 

/ (li) 
/ 

/ (i) H+ /H
2

0 
Il Saponifica tiont. 

Ni/H~ step (conducted 
~ Bepara tely) 

MeOCH2CH2OH 

li 

1,1-dlethoxyethane reacts'similar1y (134): 
1 .". 

American workers'(132, 133) who reacted formaldehy4e 
dimethylacetal under higher pressures and temperatures.for 

- , 
shorter reactlon tlmes than the Germans, c1almed 90-100% yields 
of 12 when an excess of methanol was present. Curiously, when 
formaldehyde diethy1acetal was employed, in the presence of an 

" 
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tl 
excess of ethanol, only 5.1% yield ·of ~,1,2-triethoxyethane 
was obtained (132). 

Compound 12 will react further under more dras~ic 
conditions and in the presence of methanol to form ~ 

\ 

l, l, 2, 3-tetramethoxypropane in 81% yield '(133) (Eq.4 .8) • 

MeOCH2CH(0Ï'ta )'2 

'12. 

MeOH, H2/CO. 

HCo(CO)4 

OMe o 

1 
MeOCH2CHCH(OMe)2 

4.8 

[N.B. Implicit in the data presented so far in'this 
Section, is the observation that HCo(CO)4 catalyses etaI 
fcrmation. Acetals have also been found among the p oducts of - , 

the ~ process, ~nd several ~nstances- of HCo(CO)4 ~t~lysed 

transacetalations between aldehydes and orthoesc known 

(86, 87, 100, 1~5-139).] 
A Japanese paper purports te de scribe the reaction of 

4-pheny1-1,3-dioxane (16) Vlith HCo(CO)4 for 4.5 hours at 1800 

(140); 3-pheny1-l-prepanol was obtai~ed in yields of 70% or - \ 

.. 

more and the eliminated carbon atom reappeared, hydroformy1ated p 

as glycolic a1dehyde d~ethylaceta1 (11) and as 1,1,2_trietho~y
ethane (~) (Eq.4.9). 

, 

HCo(CO)4 .. 

1800 
, 

~CH2CH2CH20H + HOCH2CH(OEt)2' '-. 

(7~) 11. 
+ EtOCH2CH(~Ei)2 

~ 

4.9 
,Al thQ,ugh the authors gave feW' experimenta1 detal1s, 

the ethanol solvent employed was described as "94%". This 
, 

alcohol would contain suffi aient water for complete bydrolyals 
of the starting material. In any-case, under the catalyttc 

If -
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-
a'Ction' of HCo(CO)4 extensive ethanolysis ia bound to oeeur 

(Eq.4.10). .\ / 

, 

J 

+' EtOH, H '), OEt 
CH /' 
2~OEt 

+ ~rH-CH2CH29H 
OH 

, 
.,' 4.10 

Sinee reaetion of the êthanolysia produets shown in Equation 
4.10 with HCo(CO)4 ean be éxpected ~o yield exaetly the products 

1\ * detected by the authors , there is certain1y room for doubt 
that the reaqtion théy were observing was th~t of cyelie aee~a1 
(16). Hydrogenoly~is of 16 in a 1~.4-dioxane solvent yie1ded 
neither 17, nor 18, but an increased'yield of 3-phenyl-l-

.-- - . 
propanol Vias reported. However thekilure ,of the authors to 
realîse the impor~nce of using dry, a~oho1 free, solvents 

\ 

can o~ly ,cast doubt on this observation as weIl, especially as 
i~,benzene solution no ~eactio~ took place • 

.. 
Only one example has bean described (see ref.103, p.106) 

of the reaction of fico(CO)4J wi,th a benzylidene group. A 
4,6-0-bènzylidene pyranose sugar derivative was treated with 
Co 2(CO)8 under an e4uimolar mixtur€ of hydrogen ~nd carbon 
monox~de; the produets eontained both the 4-Q-benzyl and the 
6-Q-benzyl derivatives. The reaction was eomplieated by a 
concurrent hydrolysis. 

Methyl eellobioside, when treated with cobalt 
catalyst and synthesis gas for eight hours at '1800 in 

carbony'l 

the 
J 

prese~ce of water, wa~ reported to yield 7% of the product 
,r~ductïve eleavage at Cl: 1,5-anhydro-Q-glucitol (1). The 
value of this observation ls reduced, however, because 

of 

*Reducti9n of 3-hytlroxy-3-phenyl-l-propan61 (19) by HCo(CO)4 can 
safely be,assumed to yield chiefly 3-phenyl-l-propanol (by com
paFison with Table 4.5, Entries 3 and 4). The Japanese workers 
themselves (140) decided that 17 somehow formed via the inter
mediacy Of~O aldehyde diethy~acetal. Com~ound 18 can form 
as in Sc~eme .1, , . , ' 



• 
_ s. 

- 53 -

idèntification was by chromatography only, no products w~re 
isolated, and the source of the co~parison compound was hot 

tif ~ ~J 

mentioned. 

In a reaction allied to acetal c1eavage, orthoestera 
react with carbon monoxide and hydrogen in the presence of 
CO 2(CO)8 at 1000 (141). The products here,however, are rather 
different •. For example, ethyl orthofor~ate yields propion
aldehyde diethylacetal and also eth31 formate (Eq.4.11). 

HCo(CO)4 /fO '. 
, 

HC(OEt)3 ... HO :7" + CH3CH2CH(OEt)'2 
CO/H2 "OEt 

o - 4.11 

4.5 Results o.nd Discussion 

o 
Aliphatic and aromatic\ acetala react differently with 

HCo(CO)4. The difference ia evident from the results shown in 
Tables 4.1 and 4.2 or, more d~amatically, by cqmparing 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-buty1' 
ketal (Fig.4.2) and propionaldehyde diethylacetal (Fig.4.3). 

~tt 

4.5.1 A1iphatic Acetals 

The reason for the prq~iferation of products with the 
• 

allphatic acetals ls that these acetals, having hydrogens on , 
an adjacent carbon atom, readlly undergo elimination to the 
a,p-unsaturated ethers in the presence of an acid catalyst. 
Indeed this is a preparative'route to a,p-unsaturated ethers 
(ref.6, p.337). 

The a,p-unaaturated ether, once formed, can react in 
many ways. A few possibi1ities are out1ined in Schemes 4.2 

; 
and 4.3. 

, 

., 
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TABLE 4.1 

The Reaction of Sorne Aliphatic Acetals with HCo(CQl4_ 

e 
, 

Number of Yield of Ether Starting Material Reaction Temp. ~ 
Acetal Products R'--CHOR" of, a Remaining., % a and Timeb 

Detecteda 'R-- , ,0 

CH3CH2CH( OEt) 2, 7 majorC 
>30 minord 0 0 180°, 2h. 

MeXo n-Bu 9 major 8 0 180°, 3h. 
>20 minor 

Me On-Bu +n:"Butanol 

MeXo~ 5 majore 0 20 170°, 22h. Vl 
~ 

l minor 
Me 0 

,C 6H5 

O<:J Nil 0 o 90 195°, 2h. 

, 

6 major f CH2 'OMe)2 25 0 180°, 4h. + methanol 
< 

<OJ 5 majorg 20 5 180°, 3h. 
5 minor o C> 

'/ 

'\, 

(a) Analysis'by~l.c. (b) Under 2400 psig of synthesis gas(2H2:lC~. (c) >5% of total 
area. (d) In the range 0.5 - 5% of the total area. (e) One of which corrèsponded to 
2-phenylethanol, is~lated in 32% yield: (f) Including dimethyl ether and ethyl~ne 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 Sorne Aronatic Acetals 
with HCo(CO)4_ 

J UNREACTED 
ACETAL 

l ~CH(OMe)2 

2 ~C(OEt)2Me 

PRODUCT 

~CH(OEt)Me 

~CH2Me 
EtOH 

3 ~C 12CH(OMe)2 ~CH2CH20Me 
+8 minor 
products 

0CH20CH2CH20H 

~CH20CH2CH20CH2~ 

~CH3. 

~CH20(CH2)30H 

0CH20(CH2)30CH20 

, 0CH3 

YIELD STARTING 
OBTAINED, MATERIAL, 
- %: '% 

, 
, 93(81)b 

4 
106 

65(53)b 

95 

92 

o 

o 

3 

o 

CONDITIONS 
2400 psi 

(j ni tia1), 
H2/CO(2:1) 

1600 
, 2h. 

1700 3h. ' 

1800 
, 2h. 

2100 
, 6h. 

1640 
, 4h. 

(a) Ana1ysis by g.l.c. using "bracketing" standards of authentic 
samp1es. Figures 1n parentheses are yields of isolated material. 
(b) By distillation 
(c) By S102 chromatography 

i 
( 
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, 
Concrensatiori v,i th more acetal 

1 
R -CH=CH-OR 

(ref.6, p.322) .. 

Scheme 4.2 

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

Reaction with HCo(CO)4_ 

1 1 R -CH= CH-OR .. R CH2CH20R 

1 -Scheme 4.3 

'~~ R'CH2rHOR 
- CHO 

( . 

R'CHCH20R 
1 
CHO (major product if 

ref.97, p.290) 

The aldehyde products can either: 

1 R =H, 

. 
(i) . react with alcohols presént in solution, yielding acetals 
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. 

When heated in the r'eaction 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 ~ 

cr-ystals of E.-toluene-sulphonic ac1d /were added and tHe r'eaction 
'lias repeated, aIl the ketal'was dest~oyed and the g.l.c. chart 
showed five major products and six minor ones. 
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\ihereas considerations of entropy make i t reasonab1e 
* to expect cycllc acetals to be less reactive than simple ones , 

, ~I 

the special inertness'of qyclohexanone ethylene ketal ls 
probably related to' the increaS'ed energy required to form the 
neceasary carbonium ion on account of the ec1ipsing involved in 
going from sp3 to sp2 hybridiRation. Similar ec1ipsing makes 
cyc1ohexanone a relative1y reactive ketone (142). 

The inability of formaIs to yield a,p-unsaturated ethers 
makes their reaction products simpler. This ia undoubtedly one 
reason why formaIs are the best studied of aIl acetals in their 
reactions wi th HCo(CO) r- The products to be expected from 
formaldehyde dimethyl aceta1 were ~utlined in Section 4.4. 

"" 
4.5.2 Aromatic Acetals .. . 

Experiments 1 and 2 in Table 4.2 show that simple 
aromatic aceta1s give good yields of-reduction products wtth 
HCo (CO) 4' Nuch mil der conditions than those shown were la ter 
found to effect this c1eavage: benzaldehyde dimethylacetal 
is pver 95% reduced after 30 mina. a-t. 1300

• The ethy1benzene • 
obtained in Experiment 2 and the toluene .found in Experiments . 
4 and 5 probab1y resul t from slight reductive <&,eavag-e .of the 
benzyl ether products. This small amount of \~avage agrees 
with the findings of Li (1). 

In the absence of catalyat, 2-phenyl-l,3-dioxane was 
found to be perfectly stable under the reaction conditions, , 
and, being unable to form an cx,p-unsaturated ether, by 
elimina tion, i t was also stable under the same condi ti~ns "'in 
the presence of ~-toluenesulphont~ acid (unlike acetone 
n-butyl ketal). 

Becauae of a report (144) that benzaldehyde di~thyl 
ac~tal undergoes disproportionation at 2000 in the presence 

* , E.g. formaldehyde di-ethyl acetal hydrolyses 104 tlmes 
faster than the'pentaerythritol acetal of formaldehyde (143). 

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

~CH(OEt)2 200
0 

.. ~CH OEt + HeCHO 
Th02 2 4.12 

In the absence of catalyst, compound (30) was unchanged after 

3~ hours at 160°. 

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

(i) by being slower -- as compari$on of the conditions and 
starting material recovery sho\'lS; and 

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

The Formation of Di-ethers 

Consider the following mechanism for di-ether for@ation 
during acetal reduction: as the cleavage proceeds and product 
alcohol begins to accumulate, transacetalation wit4 unreacte~ 
starting material occ'urs to yield a ne\., acyclic a'cetal -21 
(Scheme 4.2). 

. 2 ~CH20 (CH2)nOH + 

20 -

HCO(CO)4 

, , Step 1 
(slo,., ) 

• ~CH20( CH2)nOH 

20 

/0(CH2)nOCH2~ 
~CH 

"0(CH2)nOCH2~ 
21 -

~CH20(CH2)pOCH2~ + ~CH20(CH2)nOH 

Sl 
ScheIll8 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 ie fast, a large amount of the alcohol 20 
will be converted into the diether ~. 

Two items of evidence have bean obtainedfl 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 benzaldehyde. 

2. An acyclic acetal of benzaldehyde was lhown to cleave 
faster than a related cyclic one ~ a fact al~eady implied by the 
conditions required for the reductio~s shown in Table 4.2 {p.55). 

These expefiments were conducted as follows. 

1. Benzaldehyde w~th a ten-molar excess of dry methanol was 
heated for a very short time at 850 with the catalyst 
{~xperiment l, Table 4.3). G.l.c. showed a yield of 70% of 
benzaldehyde dimethylacetal, which was then isolated in a yield 

of 55%. 

\'Then longer times and higher temperatures were employed 
(Experiment 2), the composition of the product closely resembled 
that obtained from pure benzald~yde dimethylacetal (Experiment 
l, Table 4.2). 

2. It is not always possible to use "competi ti ve reactions" 
(as was done wi th BH3 ) to compare the "reacti vi ties o:f two 

diffèrent 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 
condit~ons made as similar as possible. 

, . 
Thus benzaldehyde dimethyl acetal (10 mmol) was heated 

with catalyst under synthesis gas to 1180, then was cooled. 
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TABLE 4.3 .. 

Reductions of Benzaldehyde-Alcohol Mixtur::..s ..... ri tl1_HQo(CO) 4: 
~ 

Substrateb , 
Mola~ Ratio Reaction Reaction Product Yieldc 

Èxp Benzaldehyde Time, Temperature, by G .1. c., 
Il /Alcohol hrs. Oc % 

ft 

"-

l Benza1dehyde 1:10 0.2 85::5 Benzaldehyde 
+ Methanol dlmethy1aceta1 70(55)d 

Benzaldehyde 23 
Benzyl methyl 7 ~ 

ether 

2 l 'Benzaldehyde 1:4 1.4 161:2 Benzyl methyl 
+ Methanol ether ,t 90(79)d 

Benzyl a1cohol l ~1) 
Dlbenzyl e~her 1 1) 

3 Benza1dehyde + 1:2 1.8 158:t2 Dibenzyl ether 87(92) 
Benzyl alcohol Benzyl alcohol 45(32) 

4 Benzaldehyde + 1:2 2.0 162±3 ].-Chlorobenzyl 
l?-Chlorobenzy1 benzyl ether 75(70) 
alcohol Benzyl alcahol 

10 Pl Dibenzyl ether 5 l 
]2.-Ch1orobenzy1 51(41 

alcahal 

5 Benzaldehyde + 1:3 0.25 85!.5 Benza1dehyde 80 
Benzyl alcahol Benza1dehyde 

dibenzylacetal 15(14)d 
Dibenzyl ether 2 
Benzyl alcohol e 

(a) Aldehyde 'moles/C02C08 moles=24; fC02 (CO )8' ~O. 3M; Synthesis gas' (2H2: le 0) pressure=2500psig. 
(b) Added to catalyst on1y after re~ction t~mperature a~tained. (c) Isolated yie1ds 
(Si02 chromafography) in parentheses. (d) This compound was isolated by d~stillation. 
(e) Detected but not quantified. 

1'(-

~ 

:-. , 

0"1 
\.>1 

" " 
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The produet eonsisted of 96.5% of benzyl methyl ether and 3.5% 
of unehanged starting material. vfuen 2-phenyl-l,3-di~xolane 
(4) was treated id,entieally (the temperature profile differed 

- l 

by no more than two Centigrade degrees from t~at of the previoua 
experiment) the product eo~prised 58% of diether (~, n=2), 32% 
of 2-(benzyloxy)ethanol (12, n=2) and l~fo of unehanged starting 

material. 

Although the second experiment i8 complieated by trans
acetàlatlon, which destroys a good deal of cyclie aeetal, ~ 
detection of the remaininc l~b of clclic acetal (~ 3.5% for 
~CH(0r1e)2 under the same conditions) shows that this eyelie 
aeetal, at least, i8 sloper to react than its simple eounterpart. 

Earlier in this chapter it, wa~ noted that ~eeta18 able 
to form a,p-unsaturated ethers by elimlnation generally yield a 
mul ti tude of produets \'Ii th HCo (CO) 4. It is therefore surprising 
that the aeetals used in Experiments 2 and 3, Table 4.2, gave 

* high yields of reduetion products. The explanation is that ~ 

here the double bond formed by elimination i8 conjug~ted to the 
aromatie ring and such double bonds are reduced, not hydro
fo~~ylated, by HCo(CO)4 (98 and ref.I01, p.111). This ia 
especially true when there are other substituents on the double 
bond -- thU8 styrene itself gave only 25% of ethylbenzene and 
the remainder was hydroformylated, but cx-methyl styrene gave 
69% of isopropylbenzene and only 9;~ of hydroformylated material 
(90). Therefore, any cx,p-unsaturated ether formed in 
Experiments 2 and 3 will mostly be redueed to the sarne ether 
product which \'Io}'ld have resulted from a reductive cleavage of 
the aeetal. . 

.> 

* f E.g. phenacetaldehyde dimethylaeetal yields thea,p-unsaturated 
ether when passed over a catalyst at a high temperature, 
exaetly as do aliphatic acetals (rei.5, p.437). 
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4.6 Ether Formation during the Reduction of Aldehydes by 

}IColCO )4-

... 
The rec?gnition that HCo(CO)4 catalyses bath the 

formation and the reductive cleavage of aromatic acetals. has 
-

enabled us ta propose a solution ta a problem in the literature. 

Benzaldehyde is blown to~form large quantiti~s Coften 
over 50%) of dibenzyl ether when heated with HCo(CO)4 for 2 
hours or less at temperatures of 180-2000 (146, 147). The ratio 
(benzyl alcohol/benzyl ether) in the product strongly depends 
on the initial concentration of the aldehyde (146). Wender 

~
al. (147) at first thought the ether was formed by 

d: ydration of benzyl alcohol, but in subsequ~nt work (12~) 
fou d that under the same candi tions - though for a sc..mewhat 
~ '1 1 f, 

lon~r time -- benzyl alcohol yielded o'ly toluene and phenethyl 
\ 

alcoti?l. The sarne two products were the only ones' isolated by 
Ziescc~e (148) in numerous experiments with benzyl alcohol and 
cObalt~atalysts under 'varied conditions. Dawydoff heated 
benzyl atcohol and HCo(CO)4 for 5 hours at 200°C but Gobtained 
only a 2A yield of dibenzyl ether (146). 

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

The similaritj between this dibenzyl ether formation 
and the formation of di-ether durlng the cleavage of cyc1ic 
acetals suggests that they follow a similar mechanism -- 1.e.) 

\:l " 
as benzyl alcohol forros in the 'presence of HCo(CO)4' it reacts 
with benzaldehyde to yield benzaIdehyde dibenzylacetal (23) 
(Scheme 4.4). This acetal 19 then Clea!ed by HCO(CO)4 and 
forms dibenzyl ether and benzyl alcohol • 

* Reductive cleavage of the intermediate'hemiaceta1 

" 
".. -, 

~?H-OCH2~ ta yield dibenzyl ether and water i8 a1so a 
OH 

possibi1ity which cannot be ru1ed out at present. 

1 , 
, " 
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H2 
~CHO + HGo(CO)3 .. ~CH20Co(CO)3 ... ~CH20H or 

" . " HCo(CO)4 

. '\ . 1'\ 

/OCH2y$ 
/ 

'+ r 

~CHO + 2 ~CH20H H :. \teR + H20 ... 
'OCH2y$ 

'" 
, 23 

<1 

RCo(CO)4 

~CH20CH2~ +. ~CH20H 

Scheme 4..4. 

Accordi~g to Scheme 4.4 three moles of benzaldehyd~ are 
• required (directly and indirectly). to forro one mole of inter

media te 23. CO,nsequently the average rata of ether formation 
wi-ll he roughly proportional to thé cube of the concentration 

" " f·' 

of starting,material. The rate of benzyl 
h·owever,· will be proportional only to the 

.. 1 4 '" 

concentration of startj.ng material. Thus 

alcohol formation, 
first power of the 
Scheme 4.4 explains 

'. . ,. 
tpe experimental fi~ding that the yield of ether deereases 
rapidly upon dilution of the starting material, and then benzyl 
alcohol 'becomes the chief product (146). 

Supp~rt for the Scfieme iS.provided by Table 4.3, 
Experiment 3, wherein benialdehy~ was treated with two e~i-

1 v~lents' of benzyl aleohol aud gave,- under milder~condition~ 
t~an Wf)nder et ~. employed; 'a ,nearly quantitative yield of 
dibenzyl ether, and almost half the benzyl alcohol was 

-
recovered unchanged. > 

" , 
Experi'înent 4 res:mbled the I;>re,vious experiment excapt 

that E-ehlorobenzyl aleohol ~as ~sed., Th~ chief produet was 
E-chlorobenzyl benzyl ether (Eq.4.13), but Bome reduetio? of 

l' benzaldehyde to benzyl aleohol d~d oceur, with subsequent 
e'" .. , " 

'f 

( ) 

~ " 

• .,. 

", 
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formation of a little dibenzyl ether. 

4.13 

No bis-(E-chiorobenzyl) ether was formed. Clearly, then, the 
ether deri ves from l' molecule of aldehyde and l molecule 'Of 

alcohol. 

Evidence for tHe role of benzaldehyde di~enzylacetal 
( 

! c 

" '23) as an intermedlate in ether formation \'las obtained when 
~ 

it was isolated in 14% yield from a mixture of benzaldehyde 

'. 

and benzyl alcohol trea ted under mild condi tions vIi th catalyst ' 
~ , , 

(Experiment 5, ,Table 4.3). Under more drastic conditions thia 
( 

acetal gave a good yield of dibenzyl ethgr, as expeçted 
(Experiment p, Table 4.2). 

,4.7. The Mechanism of Acetal Cleavage with HC6(CO)4_ 
) 

It is rea§onable to anticipate a carbonium-ion mechan1sm 
for the reduction ofacê'talswith HCo(CO)4' As we know that 
acetal formation la catalysed ~Y HCo~CO)4' we can deduce that 
this catalyst must be capable of generating carba~ium ions from 
hemlacetals by protonation (see Chapter 1). Hence, we would 
'also anticipate the facile formation of carbonium ions from 
acetals. The most straightforward mechanism for acetal f~rmation 

1 

and reduction la illustrated in Scheme 4.5. tt 

'. 

" 

',tt" 
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/H 
HCo( CO) 4" ~CH 

"OR 
... 

H+ 

H-+, " 

OH 
0CH/ -H2O .. + ROH", ~CH:=OR 

" "'OR 
"< 

HCo(CO)4 (Slow) 

Reduction of similarly generated carbonium ions i's the 
genelally accepted mechanism in ~he reaction of ~-wethoxybenzyl 
a1coho~ (a,related compound -- see Clapter 6) witn'HCo(CO)4 
(9'~, 98).' ,ISuch carbonium i_o~s apparently al'so play a raIe in 

the reduction of benzhydrols (98, 129) and in the generation 
of hydroformyla'tion products from formaldehyde dimethyl acetal 
(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 (Experimenta land 5, Table 4.3) would not be possible. 
Evidence for the rôle of ~ carbonium ion in the reductive 
cleavage 6f acetals was obtained by comparing the rates of 

, . 
cleavage of the benz-yl acetals of Bubstituted benzaldehyde in 

\ competitive reactions (Table 4.4). Law reaction temperatures 
, ' 

were necessary ta avoid c1eavage of aIl the acetal before the 
autoclave could be cooled (the apparatus had no direct liquid-

-r-

sampling facility). Before its contents were mifed, the auta~ 
.... v 0 \ 

clave was heated to 100 C ta conv~rt much of the Co 2{CO)a into 
HCo(CO)4' thus preventing complete dependence of the re~tion 
ra~e upon the slow rate of form~tion of Hco(CO)4 a: the reaction 
temperature. "The figurés shown in Table 4.4, while not -
providing an exact quantitative measure of the reactivity of 
the'acétals, clearly indicate that an electron-releasing group 
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in the para position enhances the reduction rate, and an 
ele~tron-withdra\'ling substituent diminishes the rate - just 
as \'lender and co-workers have found for benzhydrols (129). . 

X 

MeO " 

+ 
H 

H 
+ 

Cl . 

TA]3LE 4.4, 

Compe~itive Reductions of Pairs of Acetals of 
the Type E,-X-C6H4CH(OCH2Ph)2a 

Reaction Oc Startine Hateria1 b Product 'Etherb 
Temperature, Unreacted, % Formed, % 

12 59 
75 

74 7 

41 42 
80 

65 16 

(a) Procedure as described in 8.4.1 but with l mmol df each 
acetal + 5 ml hex;ane in the ampoule. Catalyst equilibriwn 
established by heating at 90-1000 for 25 mins. before roixing 
the contents at the reaction terot'. and allowing th'e autoclave 
to cool to ~bient ( ...... 2h.)., tb) _ Analysed by g.l.c('~_ i . 

4.8 The Influence of Sub$'t'i tuents at C
4 

on Cycl,ic Acetals 

Table 4.5 ShO\'IS the yields of products obtained from 
cleavage of two C4-subsJitut~d acetals with HCo(CO),_ In 
Experiment 20, the det~étion bf the secondary alcohol in greater 

, . 
yield than the pr'imary: does not necessarily imply that the 
former is the predominant product of cleavage. The major 
product is die~her, and it may be that the primary alcohol 
reacts faste~han the secondary in the transac~~alation 
reaction which leads te diether. In otper words, a possib~e 
Interpretation ia that primary alcohol 1s rapidly converted 

.. .. f~ 

into diether, thus leaving the' secondary alcohol predominant 
in the alcohol fraction. 

\" 
\ 
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The Influence of St:t-'Ju "';'le'1t8 a"'; :::4 0"\ t'".e :J:rect!on of 
,~c"tal CIe,Hel:e b" ':~;)('vU)/_ 

Ylc:d of ~eco/erv'6f 
, '''c:-: Exp St3.rtlng Mater:.al StrJ.cture of Products Proiucts~ ::i:artl:'g Co"\d: tl0ns 

.. /1' % ~'aten:ü~ % 

20 

21 

el ",)=< '><J 
JI. Me 

b 

(~ ls"pr) 

r 

!il 

~ " 0--, 

X~l"e 
.li ~ !~ 

Ïlt, " , i 

,~ , 
A-· 

-'" 

" i 
l 

1 

'i! 
... 4 
~ 

:: .. i.? 

Cle,lJ':l~e at (~) 

~~''1~I' 'i!J:;E2C!r..:C~ 

l'e 

'c:., "c,"" .lt (D) 

HUCH'::H?~H?OCH')~ 1 J- ~ ~ 

,OC' 

)l-e';:l""r 

3 } (20) 

'l8 ' 

(ij;;H~0;;1F;!i2(! !-':lCH?(.Î 33 ('29) 
Cil ~ ~ 

Y:e 

~l '-,,',~r> "t (Po) 
Vo 
J ' 

~~H.~-1-~j)0H 
1 
\~ 

Cle'l"/;r;p a,t (0) 
;-e 
1 

H('-'~-(;~...,C~H,",~ , . ~ 

;~E 

Ji-n:)..e;," 

;~ : 

~~n70-~-CH20CH?C 
~ 1 -

~'·e 

; 

.' 

4 

( 29) 

27 

6 (7) 

37(32) 1<0",0. 21'.r3 .~ 

( 
, 

;, 

56(4J) 160°, 4~!"o. 

• YlelGs ~ete~:ned by eas cnro~atography. fl~J.re3 in parè~the3es are !so:~:ei y:e:ds 
(~_ù2 cr~o~~gr~phy). 
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Thls argument ls not tenable for "Experiment 21 where 
11ttle diether was formed and primar-y alcohol plus diether was 
barely one-tbird of the yield of secondary alcohol. Clearly 
then, in thi5 latter case, predominant cleavage of 2 occurred 

~ 

at the C2-03 link. 

The rezult of Experiment 21 appears, at first sight, to. 
be strong evidence AGAINST a carbonium-ion mechanisID; cleavage 
at b requires the formation of the les~ stable oxocarbonlum ion 
24; cleavage at a yields oxocarboni~~ ion 25 which ls stabl1ised 
by the.presence ofa-methyl groups. 

~p~ M 

~-CH' nX~e 
HO Me 

24 (cleavage at Q) 

, HO~ 
ç1-CH, M 

+~ e o 
, e 

25 (cleavage at ~) 

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 vi~ a carbonium ion. 

, 

How is it possible, in the reaction with HCo(CO)4' to 
reconQi.'le the preponderanc~ of C2-0

3 
cleavage, of 2. .... Ii th the 

expecte~ carbonium-ion mechanlsm? -~The answer may lie in 
solvation. Little sol~ation of the initial borane-acetal 
complex (~) is expected because the positive and negative 
centers'are bOhded to each other.

v 
In contrast, the protonated 

acetal (61) resulting from attack by HCo(CO)4 on 2.,. ~ould be 
strongly so~vated. 

H 
1 " 
0+ 

~-c("I Me 

ù o.---lc(" M e 

.. 

, 

./0 
~-CH 

. "'-- + o 
1 
H 

28 ,-

Me' 

Et 
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It is clear from an inspection of models that fpr 

steric reason8 solvation of 27 will take place more extensively 

than solvation of 28, especially since under th~ co~dltions 

,employed the "solvent!! consists of unprotonated acetal or 1 ts 
, * 

reduction product - 1.e. the "solvent" ls a bulley molecule • 

Since the solvation energy may be large, the po orly solvated 
~ 

species 28; even though leading to an apparently higher-energy 

carbonium ion (24), may have the lowest activation energy. It 

is also important to consider the effect of solvation on the 

carbonium ions 24 and 25. Intermediate 24 18 best stabilised 

by. solvation, whereas 25 ls best stabilised by inductive 

effects; hence these intermediates may be of similar energy. 
1 It may thus be argled th~t the positive effect of 

,solvation on the activation energy is greater for 27 than 

28, and the result is preferentia~ C2-0
3 

cleavage. 
, 

for 

Explana~A~ns of the resul t of i~xpe:r;iment ,21 invoking 
protonation as ratè~determining step seern rather unlikely in 

view of (t) the stro~g acldity of HCo(CO)4 (equivalent to a 

mineral acid, (108-112) and (ii) the rapid build-up of 
** acetal in mixtur~s of alJiehyde and alcohol with the catalyst.~ 

4.9 Carbon Nonoxide Insertion in Cobalt Carbonyls 

In the presence of carbon monoxide, primary alkyl cobalt 

carbonyls are in equilibrium with acyl cobalt carbonyls via an • 
insertion reaction (Eq.4.14) probably achieved by a 1,2 shift of 

*' Solvation of protonated ether molecules by unprotonated ether 

** 

molecule3 is a w~ll-known phenomenon; stable complex ions of 
the type [R . RJ + are lmown (149). Increasing the bu1k , / . 

. O-H' • '0 ' . 
, ~ 'R 

of the R groups (even by simply goine from Et- to n-Bu-) 
decreases an ether's abi11ty to coordinate polar mo1ecules(150). 

Formation of acetal requires hemi-acetal protonatlon. 
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the alkyl &roup from cobalt to carbQn (101, 118). 

RCOCo(CO)n 

4.14 

The c~emical (92, 151) and spectroscopie (93) evidence 
that acyl cobalt tetracarbonyls are formed during the oxo 

reaetion, likely cxplains why aIl non-branched olefina zive 
< 

good yields of aldehydes in the commercial process. 

Hydrogenation, 'always a competing reaction in the ~ 
* process , is of li tt1e signif;icance ,for unbranehed ç'lefins, but 

/ 
• 

ean become dominant if the ole~in is branched, or conjuGated (157). ' 

4.9.1 The Effeet of Substituent Elcetroncgativity 

The electrol1egntivit:Y of the R group in Equation 4.14 
has an lmportant influ~nce on CO-insertion; stron~tY eleetro
negati~~ groups prevent this reaction (ref.105, p.240). For 
instance, unlike methyl cobalt carbonyl, cyanomethylcobalt 
earbonyl (29) does not insert CO at OOC (152). 

N =C-CH2-Co (CO) 4 

29 

Bùtyl vinyl ether and allyl ethyl ether give eon~iderable 
·amounts of reduetion ,products Vii th HCo( CO ),~; the eorresponding 
olefins give only aldehydes (153). 

Electronegative R-groups can be expeeted to stab~lise 
both metal-alkyl and metal-aeyl bonds, but particularly the , ' 

former. Henee, vii th a mol\.e electrôn-wi thdrawing R' group, the 
:equilibrium in Equation 4.14 will be disp1aeed te the left. 

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

, \ 



.. 

( 

, . 
, 

74 

, 
The equilibrium. constant for the formation of acyl 

/ 

" 

RMn(CO)5 + co RCm'ln ( co ) 5 

~ 4.15 \ 

'manganese carbonyls (Eq.4.15) has'been found to decrease in~ 
the' order R==C 2H5 > CH3 > C6H5 ; the rate of the forward 
reaction (k) varied likewise (154): 

"dhen R=C 6H5CH2, no acyl-derivative eould be deteeted 
ai equilibrium. 

. * 
R'e1ative to pheny1, this benz~l effect is remarkable 

it may be due to inereased crowding at the a-carbon atom in 
going~from sp2 to sp3 hybridioation. ' 

4.9.2 Steric Effeets 
~ .) 

The rules formulated by Keulemans, Kwantes and van 
Bavel (155) -- later slightly modified by Wender et &1. (156) 

, . 
for hydroformylat~pn with cobalt catalysts, state that 
"addition of a formy1 group ta a tertiary carbon atom does 

, 
not oeeur- at aIl ••• Addition of a formy1 group adjacent to a 
terti~y carbon atom is strongly hindered, but may yet oceur 

1 to a sma11 extent." More recent experimental evidence bears 
this out -- Wender an~ eo-workers found that when isobu~ylene 
was hydroformylated, 97% of the CO insertion oècurred at the 

, ~ 

primary carbon to yield isova1eraldehyde or its reaction 
products (156). Subsequently" Marko found that hydrogenation 

1 

to is.obutane w.as the main reaction taking plae'e, wi th hydro-
formy1,ation a poor second (157). Observations have. shown that 

. two isome~e butyleobalt earbonyls are formed during the 

• 
* It has also been oQserved in coija1t carbonyls (118). 

1 

) -

.. 

,It 
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reaction -- i.e. both Markownikoff and anti-Markownikoff hydro
metallation oceur -- but only the primary b~tyleobalt carbonyl 
inserts CO.appreciably. 

Ear+ier in this Chapter the reduction of a-metnyl 
styrene to i$opropylbenzene and a small amount of hydro

formylat~d material,was m~ntioned. It turn3 out that the 
hydroformylation product is exclusively p-phenylbutyraldehyde 

(158~, once again supporting the rules of Keulemans, Kwantes 
and van Bavel. 

The invar1able fate of tertiary alkyl cobalt carbony1s 
under.2.2S.2. process conditions is reduction to the hydrocarbon. 
This can occur QY activation of molecular hydrogen by an alkyl
cobalt tricarbonyl (Eq.4.16) (159). 

RCoH2(CO)3--~·~ RH + HCo(CO)3 

4.16 

or ~ another molecule of HCo(CO)4 (101, 16q, 161). 

The reason benzhydryl and tertiary al~Jlcobalt carbony1s 
.r-

fail to undergo CO insertion is probably ster~c (129). Table 4.6 

lends support to this idea. l'men bulky phenyl groups are 
r 

a-su~stitu~nts, secondary, cobalt carbonyls do not ~nsert CO 
(Entry 2). One phenyl and one methyl group apparently provide 
almost sufficient hindrance to prevent CO insertion (Entries 3, 

1 

.*). A s1milarly hindered cobalt carbonyl formed by addition of 
,HCo(CO),4 to cis-stilbene Is known to undergo hydrogenolysis to 

diphenylethane (162). As can be seen from 1ntries 5 and 6,;when 
. , 

the a-substi tue~t is a single aryl group', hydroformyla tion Is 
considerable. (The reaction conditions of Entry 4 differ some-

Q 

,. what from the others of Table 4.6 sinee the starting materi,al ~ 

was the acetopnenone, the a~cohol having been formed in situ.) 
è 

Although Wender's group reacte~ E-methoxybenzy1 alcohol , 
in the temperature range of 70-95°0 and obtained large amounta 
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~'i TA"]-; 4.6 
1, 
~2..C~~I'l("ln v('r":. __ , _i~ f(1~ 

Ale (' r ) l, ~~ -' A. '-' l' ~ 1! 

fontul,lted 3~r~nt\)r0 J ir'1ff'r,,",LIL'd kcduc'''d 
h'ntry ~t ( ... tl:1,..... of Int~r'11P'l • 0 p ..... ur: l"t 1 l'rr:l IlC t, Rcferc,,:cc 

h r 'l~C'rl ~t1 l~(lt 11 t ~ lrt % « 

1 ~3C\'11 ~5C-Co(CO)4 0 100 129 

2' '" ~2ClIOH ~ ;CII-Co( CO) 1\ 0 100 121, 129 

3 \3CllOll ~yl\-Co(CO)4 0 100 127. 129 

~e He 146 

4 p'-MeuC bH
4 

CliOH b 
l , 

E-MeOC6H4?I-Co (CO) 4 6 
1 

91 98. 127 

Me', . '-te 

., 
p'-r:cOC GH 4 CH 2-Co (CI) 4 

~ 
p'-NcOC6!l4CP20H 21 68 This work, 

Chapter 6 

6 x-c 6~4 CH2011
c 

X-C6"4CH2-Co(CC)4 50-?0 25-65 1?8 

OH 
1 

7 ~(,H(OR)2 ~~~H-Co (CO) 4 0 100 Thi~ work 

CI!2(~··C)2 
Chapter 4 

8 Me";(;l{z-'::o(::;Q)4 tla J or Prouuct Nwor }'roduct 130-133 
or 

Not Detccted 

ONe {:: "H 18 t~ot Det"cted 

13~ 1 
9 R CII 2CH(Of1e) 2 R CH 2CH-Co(CO)4 "OM€, 81 Ilot Detected 1:3 

(a) CoZ(Crj)n c",t,1y",t, 'wnth,,·]'. ga~. l:':,-,'OJoC, (h) formerl !Il ~}t'.l b.< rciluctlon of 
.p,-methoxYdcP"';oJ.,r.enonp,. - (c).' l:-'tlk':l, L-~ 'l, Il, p'-chloru 01 ?,t,-,tJ tl'J'7lctnyl. 
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of homoloGated produet and polym~r (128), these data are omitted 

from Table 4.6. Reaction, at highûr temperatures produces little 
or no polymer, and the homologated/redueed produet ratio ls in 
line with that observed for othér substituted benzyl alcohols 
(se'e Chapter 6). \frender' s group la ter red ueed I!.-methoxybenzyl 
aleohol at 1400 C but unfortunately'did not analyse the 
produets (162). 

In this work no formylation produets were detected in 
the reduction cleavage of oc-aryl aeetals - the reduction 
products (ethers) have been obtained in yields approaching 100%. 

1 

This observation (Bntry 7) is consistent with the o~her data in 
\ Table 4.6. The cobalt tetraearbonyls derived from benzylidene 
aeetals resemble rnost clos~ly in oteric hindrance thos~ s~own 
in Entries 3 and 4. \ 

Cobal t cart.onyis derived from formaIs, or aeetals wi th 
an oc-alkyl substituent undergo a considerable amount of CO 

( 

insertlQn (Bntries 8 and 9). 

sur.rr1ARY " 

The acidie nature of RCO(CO)4 catalyses both the 
formation of aeetals and their subsequent deeomposition. 

'1. -

The reduetion of benzylidene acetals ta ethers appears 
~ 

to be a special case of the reaction between HCo(CO)4 and 
aeetals. In general, reduction of the intermediate carbonium 
ion is so slow that it oceurs only if other possible rout~s 
are bloeked. 

Structural features of the acetal necessary to aehieve • . ~ 

this blocking are (i) an absenQe of hydrogen atoms adjacent 
to the acetal group (elimination cannot then oeeur), 
(ii) the presence of a bulky substituent on the acetal carbon 
atam (hydrogenation ia then favoured over CO insertion). 

• 
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5.1 
J 

CHAPTER 2 

SOLUTIONS OF PURE HCo(CO)4 IN HYDROCARBONS -

THEIR REACTION WITH ACETALS 

Preparation of HCo(COb4 Solutions 
'l 

_ Solutions of HCo(CO)4 in hydrocarbon_solvents are 
readily prepared according~to the m&thod of Kirch and Orchin 
(151): A solution of dicobalt octacarbonyl in a hydrocarbon 

1 

solvent ls first disproportionated by adding a base (e.g. 
djmethylformamide), according to Equation 5.1. 

3C0 2(CO)a -i: 12 Base ---~ 2 [co(B~se)6] ++ [co(CO)4J 2 + aco 
\ ; 

5.1 

The salt thus formed ~s n~x:t de.composed by add'ingÎ 
s tro~g aqu'eous ac'id (usûally pydro chI or i c) and tHe. HCo ( CO) 4 J ' 
so produced dissolves in the hydroearbon layer to yield a 

-

lemon-yellow solution whieh is washed with air-free water and 
is dried by addition of anhydrous sodium sulphate (153). For 
wQrk wi th acetals, a second drying step ove!~'.a molecular 
sieve was found to b~ essential to prevent complete hydrolysis 
of the substrate. 

AlI these oper.ations, except the disproportionation, ~ 
must be performed wi th complete exclusion of air" sinee 
HCo(CO)4 is rapidly oxidised by atmospheri~ oxyge~-to q02(CO)8. 

( The most convenient apparatus is a pear,shaped ~lask filled 
with càrbon monoxide, and having a side-arm'closed by a serum 
cap~~ Lïquids are added and removed through the side-arm by 

means of a syringe. So~lum sulphate, contained in a ~ 

horizontally posltioned flask connected to a aeoond elde-arm, 
16 added by tiltlng the apparatua. 

" 
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Solutions of HCo(CO)4 cannot be kept, éven at OOe, and 
must be used within an hour or two of preparation. The rate 
of decomp'osi tion (Eq. 5.2) i6 said ~o vary approximatély as the 
square of the concentration (Ill). 

2 HCo(CO)4 ---.~ CO 2(CO)8 + H2 
j 

• 

A lM solution in hexane has a 

minutes" at ;'5 0 C; a O.02M ,~ut.i,on has 
hours (Ill) • ' 

5.2 

half-life of "a',few 
a half-life of about 5 

') 

The solutions are convenieqtly analysed gasometrically 
by decomposing th~ HCo(CO)4 with ~queous potassi~ iodide/ 
iodine sol~tion and measuring the carb6n monoxide evolved (163) 
(Bq.5.3). ~ 

2 HCo(CO)4 2HI (~q.) 

5.3 

5.2 The Renuctive Ç,~eavage of Acetals h~.HCo,(CO)4 Solutions 

During the course of the present research, "the HCo (CO) 4 
solutions prepared as described above were found to bring about 

~ 0 

reductive cleavage of acetals under conditions close to'ambient 
(Eq.5. 4) • 

PhCH(OR)2 + 2 HCo(CO)4 ROH + CO 2 (C0)8 
, . 

5.4 

This findinG supports the rôle of HCo(CO)4 as active 
species in the catalytic reaction (Chapter ~). Table 5.1 
sho\'IS the resul ts obtaine.d for the reduction of two aceta.ls '-, 

of benzaldehyde by HC9(CO)4 solutions. Experimenta l, ~ and 
3 show-that increasing solvent polarity greatly increases the 
rate of the rerction of benzaldehydè dibenzyl acetal (~3) with 
HCo(CO)4 (see Iso Fig.5.l). The yield of ether,produced ~8 

*. . 
'\'fhereas the gas-phase decomposition là \Ûldotll>tedly 2nd-order 

(111); these data, taken from' the same source, do no t, offer " 
convincing evldence that the safue 18 true,for the reaptlon in· 

- -

i • 

". ,-
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not'greatly affected by the solvent. Experirnent 4 docs show 

a hitJ;t~cr yield; i t li i ffers from Experiment 3 by having balt 

the amount of HGO«CO)4' Conseque,ntly, c:\~ttal 1.0 present in, 

exce~JS and the yi.eId i8 based cin 1:1'Co(CO)4: ·The improvement 

of yi.eld preoumably re3u~t:J frorn reduccd leBs of HCo(CO)4 by 

the rcaction in Equation 5:2. 
, ~ 

Experiments 5 and 6 illu~4trate the effect of adding 

Q-hlorobenzene to the rf:<1C tian mixtures.. The reaction mixture . ' 

in l:.'xpcr imen t 6, because of chlora bcnzen0 addl tian, Vias thl:ee -

tilles mor~ dilutc thun that in Expcri~ent 5, but still reacted 

Sllghtly faster (Flg.5,2). , 

The inc;re~se in reél.ctlon ra tè produced ~y polar 

solvents mny bA taken as evide~ce for a polar interrncdiate in. 

ace'taI cleavàge, as proposed 'in the previou~) chapter (Section 

) ~ 4:7 . A pular 80lvent could promot~ the cleavage of an 

oxoniur1 ion oy ~301vation of the incipicnt oxocarbonium ion. 

f.. comparison of 1'xperimenta-S and'7, or 8 and 9 shows 

that while the rate_of reaction of HCo(CO)4-iS grcatly 

accelerated by.a modest increase in tecperature, the yield of 

ether 18 not significantly altered. This could,mean that th~ 

reat;'tion,s ShOivll in Bquations 5.2 and 5.4 have ::Jimilar 
1 

activation energies. 

was 

, Except for Zxperiment 7, analysis of the ether ~r0duct . 

restricted,to g.l.c. bec~ùse of the sIDal1 quantities ,., 
involved. Large quantities 

. • f 
of BCo (CO) 4 solutions are difficul t 

and expensive ta work wlth. 

The' majbr experiment~l difficulty e~ountered was the 

rè~?val of traces of water from the HCo(CO)4 preparation 80 

J that aeetal hydrolysis viOuld not oceur. Siroply drying for an 
< , 

~ hour over sod,ium sulphate l~ft so much water that hydrolysls 
.. 

was the only 'reaction 'observed. When a s~cond ,4rying step 

/?ver molecular sieve was introduced, hydrolysis of the aeetaI 

,.J was reduced ~o an' acceptable level (15-30%). Fl~ther attempts 

eliminate hydrolysis w~re unsuccessful, owing to the limited 

1 

" 
1< 
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• 
stability of the HÇO(CO)4 30lutions. A better apptoach to 
this problem in future would be to devise a synthesis of 

HCo(CO,)4 wh~ch does not require water. 

The (reversible) removal of sorne ~cetal by a hydrolytic 
side-reaction should not invalidate the results of acetal 
cleavage shown in Table -5.1, because: (i) the benzaldehyde 
nydrolysis product ls not reduced under the experimenta~ 
conditions employed (benzaldehyde, but not benzyl aleohol,was 
detected at the end of Experiments Sand 9); (ii) an excess 
of acetal was detected a t the en~ of each e,xper!ment., 

" 
. 5.3 Cobalt Recovery 

After removal ?f a small sample for g.l.c. ana~ysia, 
the product of Experiment l was cooled in a dry-ice/acetone 
mixture and the bright orange crystals of C92(CO)8 were 
filtered off. 'Roasting these at 750°C yielded co304 equivalent 
to 55% of the original cobalt. This metbod of separating 
Co 2(CO)S works weIl with stoichiometric olefin reductions, and 
gives a,90balt recovery of about sO% (151). In ace~l 
reductions, th\refore, sorne cobalt-must remain in ~olution. 
The clear yello'(1 colour of the fil trate confirms the removal . 
of Co 2(CO)S' which gives almost black solutions~ -Inoomplete 
cobalt recovery' has been previously noted in_stoichiometr!o 

reduction of,aldehydes to alcohols w!th HCO(80)4 (164) . 

- .. 
',1 

\ 
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E--1E' tnoxyphenethyl fOrrD'lte 

\ 

dl''''''''yl ether 

r 
3--nethYl-6,4' -dl:reth:.,.y::'" 

è: T".-::r:rImet'.a.r.e 

'~ , 

b1q-:-(4-m~tio~vphenyl) 
p~h'rl ether 

l 

l-m';thoxyp'len'lcetllldehyde 

,E-me thOlC Ipheneth,vl ml.!th'{l 
ether t 
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CHÂPTEH. 6 

, ' 

fRF,DUCTIVE CLF.AVAGE OF J?-METHOXYBl<lfZYL 

• AWOHOL ANi) ITS E1fHBRS 

1 r 
, 

. 1 
/' Our in tere,4 t in ,E-wethoxybenzyl ethera stem3 from ,he . . 

existence of aimilar structureJ in liGnin; we wcre war~ing 
- ...,' 

from thn hY.r~thcGiG tha t a ho[~ogeneou3 reàucti V(' cleavélgc of 

t~e benzyl ether cross-linkù wouid rendcr'liGnin soluble, but 

'N'ould, no t Gimul tancously a t ~ac k celln 1.038. The benzyle theI.' 

,moctel compoundn were uS8d in the ~8:).rch for~ Gui tablf.' r\-:t1ucinrç 

f a,sent''), jE'o!' detùilfl of studic3 vrith ll(';nin a~l'i cEllu10se 

~ see ~ppendix 5). -As thi3 chapter iG n 0 ç·;3f;ar11y lHtther C()i~lplex, a 

8ummnry 13,pr'C'sented next' in arder ta üutlin(~ the mrün points. r., 

G.l Summary 
" 
'" , 

~I'hl-? ca tal yti(~ rJdur. tian of l?-me thoxybcn:~yl alcnho l (31) 

by HCa(CO)4 has bean re-~xAmined. Th8 anomalo~s Dehaviour of 
this alcohol notcd by ~end9r ~t al. ia probatly due tn its -- --:'" ~ 

ability to react at low tempcrqtures wher~ the cnt31yst-for~lng 

reaction~ Are slow ir. attainine equilibrium. 

Chl'Qmatographic analysiG revealed many prQducts not . 
observed by earlier workers. Apart fr,)ill eth~r 39, aIl produc ta 
are explicable from curreh t knowledge of the ch.-;mistry of the 

'1 

catalyst. 
, 

Heduction of E-methoxybenzyl methyl' ether (32) gave 

products similar ,to those of the a1cohol (21), except that 

Q-methoxyphenetht1 methyl ether (41) appea~ed and no 22 was 
formed. 

A mechânism for the formation of ethers 22 and il i9 
proposed and some s\J'pportj.ng evid,ence 18 provided. 

" 
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Q-:Ietlwx]br;a,~yl f::.t;h'~r.3 ',r'?:re 3.13') r.;duccd by .stoi~hio- . 

"metl'ic ,lm'i\!rlt8 o[ "fl»(c~(»)', una!'}!' 0,Ondltil)n3 c10.30, to a:nbitH,lt. '. RC'(l\F~ti.on 1;·nG :J10\'I.(;1: and yi~~ldh \'lere le;~;l thrm vf1th nC'etals. 

}'()lnr ,",L'len',!, a 0 l'plerat0,l the re;lCtion. 

e th f~r "-rU l' lù J. ", • Y'" l " ,,! , ., J 'i." .) 

llc;ar ;j,rYjb 1 en t. 

Th(;? J"cactlon of cat:'l.lyLlcfll1y prnducerl IIGo(CO), with 
'+ 

vnT10US brn:J,Vl zdc,)holG h~::'j n',on pxù .. n;~iv.~ly ~;tilili(:(l by'den(ler t 

OrdlJn ct ~ll. (fn. }~~L-127); t.ht' ~)h;idll()mnt.ric reductton of 

·bcn;·,:r ... é\lc,jllfll :b~T thr; : .. nrne m~lt,Cl'La~ at an,bicnt temp~raturtJ an.d 

prp,::;:mrf; ba:; "1.1:30 b""'f~n Inve3tig..-tte,l (H9, 164)', 

CO;7lp;tra iJlvely 11ttle 1;, !-:-rl'."tm, hf)",-'v,~r, of the b'?h:-tviour 

of b('n~~yl pt\11'r.;; "lith thl;) rC·11.{:ent. Di.t)':~lZ:il eth>:r it8!~lf i3 
~ --- ----.-

r8 :-:;ifl tath tu r~;d1.1c t ir;n by Il ) 0" { (:u) ~ ev en ri. t 200°C (rr). Yn fo..~t, 
r r 'f' 

thi C1 ethf"?1' h~'~rJ bn,_'n "r,Lliued [t'j .,'1 major product in reducti(m~ 

01' bl~;lZ'ddf:h.7de [):: H',~)()( :0).1 (1-~~(=" l t7). Ben:::yl ~.!thprf3 :ü~;o 
1 

ap l'car ,1.:> :::'tj nT' IH'o,l uC'tn i II Ut'· Lyd ro;:c>no 1 y'll G 'l f L;H.: flye lie 

(j,cetnln of benzald0.h./...l fj (~H:~C c.!llapter 4, T,lotie 4.;:). C.N. Li 

(1) 1\~iS r(,r-(mtly founù tho..t .E.-S'1[l:Jtituted be.l1zyl ethA!'s vary 

grc3. tly in l'f';lC ti vi ty tO',tardfJ HCo (CO) 4' d opcndinrç on the na· ture 

of t~A subr;titucnt: if the I!.-nub..:1tituent is lI, the ether:, are 
virtually in8rt to the c8.talyst ur to 190°C; if the ,E-SUb:ltituent 

i-8 -OCH3 , the ethers readlly un.derr:;o hydrogenolyuLD' (.Bq.l.l) 

* well below this temperature. Inù.eed l!.-r.1~thoxybenr/~yl ethers 

ar? even hyiÎrogenolY:ied under s to~ (-;iUOm8 tric cond }.-tlons at 

40-~OoC as discussed. in Section 6.4. 

* The strongly activating effect 9f Q-methoxy groups on 
reductive cleava~es was also observed for benzyl alcohols by 
Wender ~nd co-wo~kers (128) worklng with HCo'CO)4, and by 
others using hydriàe rc_ducing agents (167, 168). The effect 
has been taken to indicate that a carbonium ion 19 an inter
mediate in the reaction. 
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6.~.1 Reduction of E.-Hethox:ybcnzy~ Alcohol ... (21) 
.... 't ~ ~ 

(' "1 ..... 
f\-" .. , 

.' > In .the study by Wenàer'lJ r;roup _(128) of the reaction 

of variou~ E-Dub3titute~ hcn~y1 alcoholn with cat~lytical1y 

prod-uced Heo (CO) 4 a t 1 gOOe t the maj ori ty 0 f alcoholl1 0xrunined 

yi (! lded 41··6'5~~ of hyrlrocarbon arrd IG- %>;, 0 f homolo!r,a te,l a Lennol, 

the ra tin h()m')l~Ga ted product/hy<lroC'arbon be 1 n,~ in the 1:'e;7,10n 

0.3-0.7. E-;lptho;.:yb<.;n::;yl alcoh\)l, hovrcver, w:J.n 0.norJaioui:3, 

yi,~ldinc: 16:~ of hydroc,œbon, 44/~ ofT homoloz,llted aLco'ncd" and 

about 34 ~ of high hoiling polymcr (Pq.6.11. 
) -

CH 20H 

~ HCo(CO)4 

190° + + Polymer 

OMe OMe OMe , 

34 35 

6.1 

The proce~ure used by these workers W3S as follows: the auto

clave was charged \'Ii th the mixed reagents, pres3urised \.,1 th. 
synthesis ga3 at 25 0C and thon the temperature wa,n raised to 
190~C in 110 Il1inutes. It VIas noted that in sorne instanc,'es gas 

, .1' 
absorption began before the final temperature was reached, 

, / 

especially wi"th ,E.-methoxybenzyl aIcahûl. which started to absorb 

gas at 70°C, and had taken up one mole of gas per mole of 

alcohol by the time the temperatu.re reachcd 92oC. 

Tt accurred ta us tha~ the anomalous produc:!t ratio irom 

.E,-methoxytenzyl alcohol. mighH be a con3equence of rPeaction at 

such low temperature~. (The next rnost reactive alcohol -
.E,-methylbenzyl ~ starts to react on1y a~ about l300C (128». 

In arder ta test this pos.si bill ty the following 
modification of Wsnder's conditions was madè: quantitles were 

scaled down by a factor of 13 and the E-methoxybenzyl alcohol 
,.l, 

il 
~ 
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.- 8:-3 

\Va:; ;',-8})t in a ~~mD.: t ürd~(l ampoule [:3eparate Trow the catalyst .. 

bcn.;':'I.te mlxtln'r:. Aft€:t' the pre:,-,'fjltrlSecl :lutor;lave Imd b~en 

h8nt,_,,'i to a (;(ln;}tan t l T7°C (r;O Iill n,).) thf> app:lrü tUA \'1,1,:3 til ted 

to r:1 j:cc a 1} thb (;on \;'::11 t:1. There wa~ an j m nl~di:1. te tempera turc 

riw~ uf ::38\;('1':11 d('c;r,~ ':1 t an!l th" ga::: prf';flmœe remaineil. constant 

(f>l,-nl.fyir1f: ;:i.l,,~orption). An:t1 .1:::;in of the rroduc'ts by g.l.c. 

gavc; 71;': 0 f h:rdrocar bon il nrl ~~ 7);~ 0f, h01!101oc;.d;ed compounù s 

(~'at)l() (;.1, l;xpcrtmcnt 1). rré,wticaJly no polym(\ru: mn.terials 
werr> round> jlhe T<:~ ti u of hotTIn lnr.a ted compounct [1 t.a hydrocarbons 

i3 0.33, jn lino with that found for other al~oho18 which react 

at th;t8 tr'mfwr~lture. 

tn~ method of addition of the rcactants 18 

unj["lport,ll1L. Thl.w il'; L';xpcrimr.nt ). :i'able (;.1, l?,-mcthylbenL--:yl 
1 

alcchc1] (''l)) :l!1d cat:.11yr5t wcre prcmixecl and heat/?r1 to IFlS o in 

85 Jranute3; lI'! i':xIJ(!rj;:1cnt 2, the alcohol W8.S placed in thf~ 

runy,oulo .:1r,d ilrl<1cd or,ly :1fter the r~()ction t'~I:1peraturc '(185 U
) 

had lJf;8n nttainr;d. [l>::'-;pi te thr,; differencE' in technique, there 

V:é.U no fHr:nifil;<lnt clifJ(lrence in the produDi~~ from these two 
'* expr:rünents • 

The ê1nomalou:.,-, reGul t obtained by \v'f'ndf~r ct .fil. for 
ç 

.E.-me thox.i"benzyl alcohol la apparent1y due to the alcohol being 
Il 0 ' 

reac ti ve enou.ch to be attacked by IIC6( CO) 4 ~ a t 70 G.. The 

equJ.lli'briurn in Equation 6.2 ia reached rather olowly at this 
** ' tempcrature , and ,the unusua1 behaviour of I!.-methoxybenzyl 

aleohol may result from thé' 10\1 coneentration of HCo(CO)4 
"' ~ 1 ~ 
preccnt - w}uch would favouX' side reactions rather than 

redllr::tion ()f a carbonium-i~n interrnedla te. 

* The yield of homoloeate'â material was, however, somewhat 
lov/er ttwn Wender et al. obta:ined. The reaGon for this 
is not clear. -- --

** At 100°, but under rather lower gas ~ressure, equilibrium 
concentration of HCo(CO)4 la reached only after 4

J

5 mins.(94). 

, 
- 1 

'; 
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b2 2";*%'11'-"111 rn lII!IIII'i 

- , rr --- ___ :0.. 
.? --- ----

low 

2 H' ~ () ( CO ) 4 

~ 6.? 

furthr-r 

110nnmori\'.:' 1,r'{)(1\1<'! IJ<:1.r1 .' j:1 (IOl'1()L0;;~ltpd .i'r()(~ut;t';h:;iJ,'o('ar't)()n 

Ti\+.il l / b';:, mor>t <)f th· !.It'Odl~:i ':/dn ll~P:/r.l'~rls m~-ltr'-"rLl1. . , 
!';',,:, l.'lment (1 '~r, ; performerJ un,Jer tb·; ·~,tU;18 corlJltil)n-I_H.~; 

, 
" 1 ~ l t n-:nt: thoyvùf-'n;;'rl -',d ('n '[,0 l W(l~~ no t r r('-rnixud 

,J..... '" t. ~ ~ 

" " :~, {,-l',; • .t l )Ù0 l {T.lnually ft: l\i,;'lG frOl~ <12C1i3'11 

, ,',j/' \!Jd ii,at O:;-l(> 'or hll,l ,lt'OP'l ;'huo1: Ol\t C"(\(.!h 
- '~ 

\. 'v U Vlé1.:~ lnv '.' l' t';,l • ..:v eù' m()r (' unrf';:l(' ~,ctl '1 L (;C il n l 

( '7 " bt· d l " ) -,r~:l () tU ~lJ: 

t.i,·~ [J~\' ',' Tl a 1 th j t. ,i 1 1 TRaDc t fpr:'F!·j l. f.' :_U 11!) l:.rr\1(·1" ., nel ha.d 

8. ;l()rn()lf)(;l..t.~·l t)'f,ld.tl,'tÎhydrocarbon ratIo (() •. ~f;) mL,f~h C1"i1rJr ~() 

that ohtaj'w,j ln hl.gh t(;'TJ~)('r.î.ttl.rp rf"~nctLon:'). 'rhi:1 rl):.Jult 
, " 

:1 1 .' ea)';; '1,1'1 :n:.rport thr] idp:\ !Jla~ it li, t.!"J(! ~110\., ;,-,tt;"1.inuf>1t of 

f '~ Il lib!' j n:.1 in ~>ll'd tion r;.,..~ Wllff'ch caU:l;::U hoth tlh~ "flbnor::J:ü '1 

}1ro:luC't l'::!.tln, -:md thf' fl,',rmîtion of pol.yLllPrie pl'niuct when 

l2.-:lle Lhoxy benzy 1 alco(w] re,:lC t~l ':li th HCo (CO) 4 a t 10'..., ter.1pr!ra turen; 

dro p·-wi se ;utdi ti on of subrJ tra. t·~ compen~3a tes SOIn!;; ",ha t 1 for the :3lo11{ 

a t b,nnment of €'Îlui li brium. 

'rhe um:dl yJ.('lrl~ of product obtaincd in Expr.;riments 4, ? 

Rn!1 6 ma] bc the re~lll t of ineomp1ete rcgenercltion" of HCO\( CO) 4 at 

~he low reaction t91I1perature3 (85 0
, 104°). When the quanri ty of 

catalyot was increased, more sub3trate reacted (Experiment 7). 

Bxperiments l "and 8 are practically identlcal except for 

dilution, and ~he main effects are: 
\, 

i) a decreaseahomologated product!hydrocarbon ratio and, 
'"" 

li) a drastically diminished quantity of dimeric material 

produced. 

" 
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6.2.2 Red~ction of p;-l1ethoxybenzyl Methyl E~) 

b~periment~9 was done under the sarne condit~~ns 'as 
Experiment r but the 8tartins m~teria1 wa8 E-methotybenzyl 

" 1 

methyl ether (3~). The percentage of ho~alogated products 

. , 

was lower with the ether. One re~son for this may be the d 

incrt~sed polarity of the solvent due to methanol formed as 
the reaction proceeds; water f~med.in the benzyl alcohol 
reactions plays little, if any, rôle because it i3, insoluble' 
in benzeneq Of the dimers, only the diarylmethane (38) was 

r 

formed, but the ,: mO:J-t ,remarkab1e difference was the appearance 
Qf 1-methoxy-2-(4-methoxyphE.'ny1)ethane (41). . -

., 

Meo{ }-CH2CHPMe 

41 

o 

AS the yields of ~he major products in Experiments 1 
and 9 are c108e1y similar 9 i t 8eems likely -Chat the-. clèavage 
of this benzyl ether follows a mechanism similar to that pro
posed for benzyl alcohols ~ i.e. Scheme 6.1. "R=f.1e. HO\'1ever, 
the new product 41 must be accounted for. 

or-

t·~ · As we believe the first ~tep pf the reaction to be 
,;" ~ ') 

~~~tôn~tion a~d methanol cleavage, the terminal methyl,grQup 
of .il. must IDe 'derived from free methanol..I1", in solutiop.. , This 

" conclusion wal? provên correct by conducting a reductiÔn of -
:Q.-methoxy"6enzyl alcohol (31) 'in the' presenc~ of added methanol.;-. , \ 

c9mpound.!l was produced (Experiment ~O). Its yield was 
, (f , • 1 1 ~ 

smaller th an in ~periment 9 -- prob~bly because 21,liberated . ' 

~ater during the,reactiono_ Further discussion oi this topie 
is reserved for Section 6.2.4 (p.'97) • 

, Q 

" 
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( 
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6.2.3 The Mechanisms of Formation of the Many Products 
~ 

Shawn in Table 6.1 

The formation of E-methyl anisole (li) and E-metho~y
phe\let?yl alcohol {22) has been discussed by other workers, 

i' -

who fenerally b?lieve (96) that both products stem frQID a 
co~mon iritermediate ~ (Scheme 6.1) • 

ÔO
R .. 

Ô 
Co(CO)4 ÔCOCC?l. H~.o(C")4 .. .. ~I -Rel! o~ 

~ OMe OMe OMe 

31 R::: H ~ -. 
31 1. -=Me -, 

" 
.--

Scheme 6.1 The Pu91ished Mechanism for E-Methoxybenzyl Alcohol 
~duction (R=H) (compl1ed from refs.96, 12l~ 127 and 
H~8) • 

(i) E-Methoxyphenethyl Formate (22) 

This substance was lsolated from the reactlon mixture 
by chromatography on silica gel, and wàs identified from 17 
p.m:r. spectrum and by the detectlon of E-methoxyphenethy1 
alcohal (~) after alkaline hydrolysis. When a sample of the 
latter'alcohol was esterifie~wi~ forml0 acid an~ dlcyc1o
hexy1carbodiimlde (ncc.}, th~ product had properties (g.l.o., 
p.m.r. spectrum, ref. index) identlcal ta those of the materlal 
obta~ned from Experlment 1. 

• ft 
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Although there are no previous reports of foralates bein~ 

produced from bcnzyl a1coho1s and cobalt carbony1 cata1ysts, they 
are not unexpected. Formates are we~l known as products of thé 

reduction of a1dehydes under ~ process conditions (96, 122. 
146, 169-171) and, as i11ustrated in Scheme 6.1, an aldehyàe 18 
believed ~o be an inteimediate in the homologation of benzyl 

* alcoho1s (127) • .fr ' .. 
,(; 

rt has been argued ,t11a t forma tes may resul t from the 

HCo(CO)4-catalysed esterification of the homo1oeated a1cohols 
('02). That the bu1k of the product is not" produced in this way 

was demonstrated as follows: a mixture of E-methoxyphenethyl 

alcohol (22), E-methyl anisole (34), and water (in the sarne 

proportions as the products of 1xperiment 1) was heated under 
3ynthesis e,as to 1800 C. The mixture was thcn added to cobalt 

carbonyl ~~taly3t and mainta~ned at 180
0l

for 2 hours. A tracetr" 

of formate (less than O.175~ yield) was detected by g.l.c. 

this was less 'than a thirtieth of the amoun t obtained in 
l~xperiment 1. 

The mechanism of aldehyde reduction with cobalt carbonyl 

catalysts i3 still not sett1ed (121, 122, 12~) but the high , 
formate yields always obtained suggeRt the presence of an inter-
mcdiate cont~ining an oxyeen-cobalt bond. ThlS may resu1t from 

attack by the coordinately unsaturated hydrocoba1t tricarbonyl 
(HCo(CO)3) first postu1ated by Heck and Breslow (116) (see 

Sections 4.1, ~.2). Marko has found evidence from kinetic 
studies J so (121)~ Thus it 3eem3 11kely that the 

formate iso1ated n our experiments resulted from .1l. (Scheme 

6.1) by inserti~ of ligand CO molecu1e into the Co-Obond, 

epara11e1i 

forma;te/a1cohol 

observations (170) we found the 

be highest at low temperatures 

* B.R. James in his review (ref.'1i7, p.179} states the oppo'site~ 
The reviewer has misinterpreted the original paper (127) 
wherein it i8 shown that an aldehyde,is net an intermediate 

d in HYDROCARBON formation from aromatic a1cohols • .., 
p-_-._--;....--_-..:.:..._--~. --

l 
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(Experi~.ents. 4, 5 and 6, Table 6.1) and a1so tç decrease when 
\ the catalyst concentration wa~.raised (Experiment 7). It 

methanol was pr~sent or could be formed~(Bxperiments 9, 10) 
. the'ratio was greatly reduced. . \ , . . 

As -the mechanism of reduction ûf intermediates such as 
43 in"sti1l not.decided .(121, 122: 129) an"cxplanation .of'the-

, ~ , 
signifi9ance of the above fintlings i8 not yet possiQle. 

(ii) Dianisyl Ether (TI), 
\ 

. 
This product ia knol,'m ta be- formed from ~-::nethoxybe!lzyl 

alcohol by the action of Din'eral acids -(172, ~73, "177, 178). 
As Heo (CO) 4 i3 a strong acid (108-112), the OCClJrrence of . . 
dianisyl ether- amon* the produ~ts of redudtion is 'not surpris1ng .. 
It was for~ed'in on1y small amounts and ~cr identified f~om iis ~ 
p .m.r. spec trurn, and theu found ta have tde sam,e retenti~~ times, , 
on two G.l.e. columns, as a pure sample prepared according to 

1 < , 

reference 173. 

(iii) 3-Methy1-6,4'-dimethoxydiphenylmethane (38), 
Il Diarylme thane" 

. 
In those pxperim,ents where this 'and the previous compound 

t -
were formed together, no separation was achieved either on the 
silica gel column or by distillation. Compound 38 was identirled --~rom t~e p.m.r. spectrum of th~ mixture by subtraction of the 
simple dianisyl ether spcctrum. This identification waB , 
confirfficd by synthesisinG 38 by an a'lternative route. 
~~bsequently this compound was obtained in a pure form from the 
HCo(CO)4 cleavage of Q-me~hoxybenzyl methyl ether (~), a 
reaction v/hich does not produce dianisyl ether. 

Similar diarylmethanes have been o~tained previously by 
(i) mi1d acidolysis of a benzyl:ether (175), and (li) by 
treatment of a benzyl ether with a-LewiS acid (176). 

,. 
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In attempting to synthesise 38 by treating a solution of 
E-methoxybenzyl alcohol, in a large excess of E-metnyl anisole, . 
with concentrated sulphuric acid, mix~ures of .dianisyl ether and 

the diarylmethane were always obtainéd, the relative propor~ions 
depending on the dilution of the alcohol. These mixtures, whiçh 
resemblcd those formed'during HCo(CO)4 treatmen~ of th~ alcohol, 
were difficult to separate. The need for separation was avoided 
by starting with E-methoxybenzyl methyl ether (32) rather than 
the alcohol il in which event no 21 was formed. Scheme 6.2 shows 
a mecha~ism for the formation of 37 and 38. It i8 clear that 
loss, of R+ from 37a will oeeur readily if R=H~, However, if R=Me, 
10s8 of R+ i8 less facile, and equilibrium will soonobe 

, 
er,tablisbed, whereupon aIl further reaction will occur by attack 
of the carbonium ion on the aromatic nucleus and will yield ·38, 

1 -

either directly as i~ the synthesis (X=H), or after reductive 
cléavage of a dimeric benzyl ether 38a. 

31, R=H 

E, R=Me 

Schema 6.2 

+ 

Ô 
lI"-DO!l0R 
A'I'rACK 

CM~ 

R -4T 

1 

Q
i2-~'QCH2 

?I '" ~ I~ 
OM. OMe 

+ -R 

.... 

ô-06 
OMe OMo 

370 
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~ The srune explanation applies to Experiment 9 (Table 6.1) 

2 7 

in which E-methoxybenzyl rncthyl ether (32), when reacted wlth: 
HCo(CO)4 yielded 38 but not 37:'\.0 

(iv) Bis- [2-(4-methoxyphenyl )ethyl] ether (12) 

, ~his material, obtained as a small quantity of colorless 
01\ from 1'xperiment 1, was identified frorn its p.rn.r. spectrum. 
T~~ iden tification ViaS confirmed when an ether having the srune 
propertien was synthesised in good yleld by treating E-methoxy
phenethyl alcohol (52) wi th H2S0.-1 t 3H20 a t 140°(; - a 
modification of the method uscd by Senderens to prepare bis
(2-phenethyl)ethcr (37). 

\/hen 2.2 W3.0 heat8d with HCo(CO)4' under the sale 
~ conditions as }~pcriment 1, no 39 was formed. Thus 35 was !l2.!' 

dehydra ted by IICo,( CO) 4 under these reac tion condi tions. 
(~ similar experiment with me~hanol present likewise yielqed 
ncither 39 nor !l.) 

6.2.4 The Mechanism of Ether Formation 

In Chapter 4, the formation of dibenzyl ether during. 
benzaldehyde reductions'~as ~iscussed. The proposed mechanism 
involved reaction of -the iïrst-forfned benzyl alcohol wi th 

o unreacted aldehyde to yield an acetaI which was subsequently 

cleaved~ , 
Ey analogy, the ether products 39 and il most likely 

reault from cleavage of acetals formed between the intermediate 
~-methoxyphenacetaldehyde ~iQ) and alcohols in the reaction 
mixture (Scheme 6.3). We have seen that 41 ia formed when iree 
methanol ls added ta H9o(CO)~-E-methoxybenzyl alcohol reaction 

m1"xtures ~Experiment 10), or"ff ,methtnol can be pr~~1C,e.d in the 
initial attack (Experiment 9). Furthermore, as th~~tcaction 

\ \ \) ~f'/t ~ 

,proceeds and homo)..ogated alcohol 22. begins to acc~)a~~)' this 
can ~18o react with 4Q yielding an a~etal, CleaVag~ whlch 
yields d.,2. 

\ 
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\.0 ~
6' 

cP 'X' 

CH2CH20R 

'" + ROH 

OMe 

'. , 

OMe 

39, R= p- MeOC6 H4CH2CH.2 -

41 , R = M-e 1 
" 

" Seheme 6.3 

1/ 

Bvidence for Scheme 6.3 and the rôle of 40 as an inter
mediate in b€nzyl alcoho1 and ether cleavages was provided by . " 
the fol1owing experimcnts: ~-methoxyphenacetaldehyde (40), 

*' when added' tp the HCo(CO)4 cata1yotomixture, yielded most of 
the products found in }~pericient l -- i.e. E-methoxyphenethyl 
alcohol (12) (1:1%), ,E-methoxyphenethyl f.or'\llate (l§.) (7%), bis':' 
(2-'(4-methoScyphenyl)ethyl] ether: (39) (17%)', and E,-methyl anisole 
(li) (4%): No starting materiàl was reeovered; the remaining 
ma~erial was polymerie. As an intermediate in benzyl aleohol 
and ether eleaiage, 40 would te present only at low - \ 

concentrations and thus ,would be less prone to polyme'l:"ise. 

Wender tl i!l. ob,tained ~ly" polymerie materia1s when 

attempting a similar r~açtion wit~henacetaldehyde ~121). 
Less polymer 'may have resu1ted had the~ixed the reag~tB at 

1300 or above • 

\ * 0 0 Addit~on at 130 'otemperature raised to 180 in 2S"minutes, 
maint;{ined a t 180 for 3 ho ur S". 

• 

( . 
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The reduction of 40 described above \vas repeated in the 

presence 9f 4 equ~valents of methanol. Only traces of formate 
36 and ether 12 were produced, thè major p~oduct was E-methoxy

phenethyl methyl 'ether) (41) (26%) along with l2. (20~b) and 34 
(4~~) • The high~r yieldS' here are no doubt due ta rapid acetal 

formation, thus decre~sine th3 amount of aldehyde available 
for polymerisation. The decrease of the yields of ether 39, 
ahd formate 36 by methanol addition was also apparent in - . 
B'I;periment 9 (Table 6.1). The .first was due to cornpet.ition ' 
between mBt?anol and alcohol 22 ln acetnl formation (Scheme 6.3), 
the second '~as possibly a solvent effect, modifying CO-insertion 

by intermediate 43 (Scheme 6.1). 

The small quanti ty of E-methyl anisole (34) formed from 

~-methoxyphenacetaldehyde (40), probably resulted from a free
radical decomposition (Scheme 6.4). 

.. LÔ
CO 

+ RH 

OMe 

, .... 

. . 

~ 0 + CO 

OMe 

'ô1CO 

~I 
0... 

ONte 

. . 

Q " QCOO 
Ô ~r ~I .. 1" + 0... + b . 

Me OMe OMe . OM. 

~ 

"1 \; Scheme 6 4 " 0 . '( 

~ If ,. , , . 
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A similar decarbonylation of 
'" has been observed ta proceed almost 

p-phenylisovaleraldenyde 

to comp1etion at 1300 in 

ca talyst (181)'. the presence of a tl:ae~ of peroxide 
J' / 4 

6.3 The ReIn t ionshi p bet,.".e en n-Nethoxybenzyl Ethers and èrr _ 

A~etals-

Sine e ],-methoxybenzyl ethers may be reearded as Yiny

logs'of acetals (Fig.6.1), their react.ivity towards HCo(CO)4 

18 not surprising in view of the facile acetal cleavaees 

deGcri bed in Chapter 4. 

~CH2-0Me 

",.- '" 
, 1 , . , , 
~'~, ~ 

OMe 

Fig.6.1 ]2-Hethoxybenzyl me thyl ether, showing i ts vinylogous 
rela tionship to an ac e tal. 

. \ . 
Nevertheless; reductive dleavage of ],-methoxybenzyl 

methyl ether 18 considerably slower than that of the .corres

ponding acetal. For example, in direet:conh'ast to acetals, 

a t room 'tem~.er;ature thi s ether ia practically inert ta hydro

carbon sol\ltions,of BCo(CO)4 (Section 6.4.1) and ta borane in 

THF (Section 6.5). The difference 1.8 read~ly explained in 

terms of the stabilities of the intermediate carbonium ions; 
the canonical forms of these ions are of comparable energy, 

except for the oxonium ion form (Fig.6.2). 

I, 
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0Me CH 2 1 

-'> '\ .. ,. ~>-

(7< 

+OMe "'- "' 

(a) (b) 

Fig.6.2 Oxoni~~ ion from (a) benzaldehydé dimethylacetal and 
(b) a E-methoxybenzyl ether. 

~"f 
c 

The latter 18 qulnanoid for 1?-methoxybenzyl ether8/, but 
" alomatic for acetals. 

Clearly the acetal carbonium ion 18 the more stable of 

the tV/O type 8. 

6.4 The Reduction of E-Hethoxybenzyl Ether3 vIi th Stoichio

Q8tric Amounts of HCo(CO)4~ 

Sol u tions of HCo (CO) 4 ln hydr~carbon sol ven ts, prepared 
as deGcribed in Sections 5.1 and 8.4.1,Preacted with E-methoxy
benzyl ethers to yleld E,-methyl anïsole (Eq.6.3). Sorne, but 
not aIl, of the cobalt was recovered as Co 2(CO)8. 

.. 

OMe 

-

HCo(CO) 4 

35-500 C 
l At. CO 

+ ROH 

OMe 
6.3' 

The yields in thls reaction were much lower than thoae 
obtained in the analogous r~~ctions of acetals (Section 5.1), 

li .! 
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o * \ .rresumably owing ta j;he lower reac,~ivi ty of the ether • 

The two eth~rs chosen for study -- E-methoxybenzyl 
methyl ether (32), and Q-anisyl guaiàcyl ether (45) -- gave 

.' 
di fferent resul ta which are de3cri bed in the followine two 

sec ::ions. 

OMe 32 OMe 

6.4.1 ].-Methoxybenzyl r1ethyl Ether (32) 

,~ 

'~.-, 
1 

o 

Table 8.2 ShOW8 the results of reùuctive cleavage of 32 
by HCo( CO) 4 in a rance of sol ven ts. The HCo (CO) 4 solutions were 
prepared in hexane and consequently the solvent mixtures aIl 
contained 331v of hexane besides the solvent listed. 

Addition of a polar 
of HCo(CO)4 in the reaction 
(i) the rapid (in minutes) 

solvent accelerated the decomposition 
1 

mixture. This was indicated by 
blackening of the solution followed 

by much gas ~volutio~ as~dicobalt octacarbonyl produced was 
il **, attacked by the)basic solvent (li) the relatively short 

time pefore ~co(CO)4 became undetectab1e by smell or by 
precipitation with nicke1-(0-phenanthro1ine) comp1ex (163). 

2 -

* If the reaction is slow, most of the HCo(CO)4 will decompose 
according to: 2 HCo(CO)4 .... H

2 
+ CO 2(CO)8 

** . Reaction mixtures in acetonitrile solution at firet darken 
(formation of CO 2(CO)8) and then revert to a pale orange 
color with rapid gas evolution. Reactions of many basic 
solvents, including acetonitrile, with C02(CO)8 have been 
described bv Heiber and Sedlmeier (182). . 

. .. 



.. 

• • \ 

7AB::'E 6.2 

Reduc ti ve C1eavage of ,ll.-Y·lèthoxybenzyl Hethyl Ether (:g) 

by 0.14H HCo,(C024 Solutiol1,s 

Reactlon Appro:üma te b Final Yield of 
Exp. Solventa 

Te~p. , OC Reactio!" ... ~l::le, :E,-r'!ethylanisc;le (34) t 

# ho~s mole ~',) 

',~ 

l Benzene 22 27-93 0.3 

2 Hexane 36-40 8-10 _ ... '0 ... 1.6 'f'~~ ...... 

(O.5~ cleavage 
after l hour) 

3 Hexane 40-45 7-10 1.6c 

4 Benzene 40-45 2.5-6 3.0 

5 THF 40-45 0.5-1.0 0.6 
~ 

'-6 Acetone 36-40 0.5-0.8 1.4 

7 !cetone 47-51 0.,5-0.8 1.6 

8 Acetonitrile 40-45 0.5-1.0 2.9 

9 Dimethylsu1foxide Solvent reduced by HCo(CO)4 

(a) The solvent listed (10 ml.) was added ta 1 mmol of ether in each flask, follovled by 
5 ml. hex~containing 2.1 mmol HCo(CO)4. AlI 'solvents', therefore, contained at least 
33% hexane. (b) Unti1 HCo(CO)4 was no lon~er detectab1e, by smel1 or.by precipitation 
with nicke1-(Q-phenanthroline) complexe (c) C02(CO)a recovery equivalent to 1.4 mmol 
of cobalt. 

-, 

-..., 

~ 
0 
Vi 

" 
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Hexane Aolutions at 40°C took two to three hour8 to become fully 

black and very little Cas 8volution ndcurred • 

.lhile Gpeedinr~ H(~o(CO)4 d . .;compositioTIf polar f>olvents did 

not affer)t the yj el:1. of rcduceù rroduct ln a p},\(;,llctable y.{ay 

(compare l';xperlments 5, 5 and 8, Table IJ.,'). lÜ .. '\V"ever, the: rate 

of cleavaGe-pro~uct form~tion wn~ increaB~d by polar solvents. 

For eX:J.mp~e, with a;;e1..onc-hex?-ne ::~(JlV('"!1t, aIl HC,j(GO)4 had 

disappeared aftel.' :;0 min.utes\.,~t 5Q!..~:o (:':xperimC'1'1-:: 6) and J .4';;' 

~leavaGf~ 'da8 0 btaincd. In pure hexane dfter ] 110Ht', only 

O. )'/~ cleavà.r;e ha ri. occurred, severa1 hon1'8 later t,he value reached 

l.6'.~ (l';xperlliwnt 2). Apparcntly polar Gol'fent~J ,3.ccelcl'ate ether 

reduction and HCo(CO)4 decomposjtion auout ('qually. 

6.1.2 ].,-.\~1l3.yl Gtnli1cyl :.-~the1', or, ?-(4-I'I~:thl)xYUP!lzy1nxy)

an~i:;()le /(.12) 

A m:lrked eff't:ct oî :lolvent 0n the yield of .l2-methyl 

anisole ()~) WCi.~l t'?viclent \vhcn itS Hart th(~ GU~ijtrate ether (Table 

G.3). In polar :301'H:nts, ~the rate of rcùuction \la3 '<11so 

increaseù. 

Ji nce both e (her:l 52 ;J.lh.l ..1:2 show a consid erable lncrease 

of c1eavage rate in polar solvent3, it lB possible that solvent 
1(-

assista in the c~eavc1ge. To conflrm thLs notion will require 

thorouGh kinetic studies aI~ :ln invcstieation of inversion/ 

retention at the uenzyl c~rbon (after partial deuteration). 

The differ.~nce in magni tude' of the Bol ven t effect for 

the two ethers i8 surprising because, on the basis of the fore

going discussion, the ethers would be expected to cleave via 

carbonium-ion type transi tion states (.1..§., 47) of very simi1ar 

energy. 

* Sa2 reactions of the typ~ RX+ + y---... RY + X and SNI 
reac tians of the type KX'+ .... R+ + X exhi bi t negati ve sol vent 
effects (183).. '\ 
Acidolysis of cx-phenethyl phenY1 ether by Hel, an SNi reaction, 
showed only a very sma11 positive solvent effect (184). 

.. .J< • 

Hucleophilic1 sol vent assistance h~ reviewed briefly in !'ef .166. 
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The Reaction of Ani~vl Guai~cyl Ether (45)~ v __ 

, t' S+-' 11 '\. t +' _. -, (('0 Wl n "Ole .lo::;)et,rl C i r.lJU~ ~ 0..1. J:1L:O .. J\..' 4-

Exp. Reactign ~ole Ratlo, Ap:;:rox. .,.._n~;>-+-l.-,-rl T!1isol 0 (-.:: ~ \ c 
SoJ-vent J.eaction "-' • ~ ...... U J. '"J"-" ... ...... \..L.:!: 1 

# Temp, C 4-;- lu" ("('1 ::> - Ylel ~, 1~ -2 .. vO vV'-1 ~i=e~ r;-I.~n. 

, 
O.?d 1 45-50 c 6H6t( lOO~~) 6.5 

2 45-50 C6H6(32%), Me2CO(é8~) 0.6 26 e 

, 
" ~ 

3 45-50 C6H14(40%), C6H6(60%) 1.0 350 1.4 ~0.2% cleava~e~ 
,after 40 mi:ls 

o 4_ 45-50 C6'Hi4 (40%), THF (60%) 1.0 200 3. 4 ~ l :.~~-~ c1'~av~ge) 
3.1"er '::::0 ~l::1S) 

5 45-50 C6H14,(40%), Me 2CO(6'Ofc,) 1.0 60 ~ ,9, 0 ~ 5. 6';; crea~age ~ 
, _ af,ter 9 mlr..s. 

-.. 

~~~ Wi th the exception of Experimen t l, e mer COThl.errtra tj or.. employed '/Jas 0 .D6-0. 05:1. 
Analysed according tc~ref.208. 

(c) Based on the equation: NeOC 6H4CH 20R • ...., '-,r, ("0) 
T .::.. ["' ... vO \..... 4 

____ •• ~,'"' li r<-J 
.. "'leVV6~l4V.l3 + ROH'~ CoZ(CO)g 

(d) Ether concentration O.llM. 
(e) 65% recov~ry of starting material, rn.y. 93-94° , m~xed rn.p. w1th pure 45, 94-96°, 

1 

t-' 
0 
."." 
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An explanation, admi·ttedly l3p~culative,. 
differing degraes (Jf solva tion of the,'pro 

!2. 

H 

" . 
. . 

CH-O:""'Mè 
2 + 

" 
OMe 48 

, 1) 

"v 

~ 

'" - . t 

, 

~, .' 
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.. 
.' 

" 

be found ih the ., 

onated ethers i§':and 

. 
T~e argument runs as follows: f~r sterie reasons, 12 is less 
'stabilised by solvation than 4g, and requires Iese activation - * l', 
energy to ~each the transition state 47. Consequently, it o. _ 

reacté f~ster (this argument parallels that given in Section 
'\ - 4-.8 f~~\/~eet"als) and competes more effect1'\11eIy with HCo(CO)4 

. decompbai toton to 'gi ve hi'gher y1eIds. 
, . ::- - ... 

• * ' 
Solvation of both transitfon states i2 and il 1s likely -to 
be small because of the dispersed char~e. 

: ' 

r 

l 

l.. 
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6.4.3, CO-Insertion under Stoicniometric Conditions 

During all the studies of stoichiometric reduction of 

E-m~th~XYben~!l ethers with HCo(CO'4' no products resulting
'fro~ carbon monoxide-insertion were detected. Other worke~s 

',W'ho' trea ted benzyl alcoi').ol, in a like, manner also observed only 

the ~eduction pro~uct~ toluene (89, 164). 

~ In tbis r~spect the stoichiometric reaction differs îrom 

. " 
" .. 

.. thé patalytlc on~, whe~e at least 25% of the product i3~hydro
formylated jsee Table 6.1 and ref. 128). The difference cou1d 

" . 
be a$lcri b.èd: to inhi bi tion -of the w'eak CO-in8ertion by the 10\"1 

partial p~essure af CO, under stoichiometric ronditions (stra~ght
c~ain olcfins 'in WhlCh' CO-inse'rtion i8 always the dominant 

reac~ion continue to insert CO under stoichiometrit- conditions 

(89,° 115, 16~))" An additionaJ. factor may be the rapid 
- "* 1 • 

,rednction of lntermcdlatc .11. bY,lthe excess of HCO\CO)4 present 
under stoichiomet~ic conditlons. Under catalytic conditions, 

by contrast, HCo(CO)4 is probably present only at very le"... 

coneen tra tions . 

. 
6.5 The Reduction of g-Hethoxybenzyl Hethyl Ether <.~.3) 

" \Vi th BpX'âna ln THF 

The reduction,of 2 by boran9 i3 a very slow reaetion 
~ompared with re~uetion of the isomerid benzaldehyde dimethyl 

acètal. Gn\r~ a tr'ace of E,-methylanisole (34) was formed after 
,a r~ction mixture containing 3.2 (0.2H) and borane in TRI<' (lM) 

. ° had stobd for lZ "hours at 25 C. Af.ter 18 hours in a water bath 
6 ** at 40-50 C the mixture yielded only 7% of 34; th~ bulk of the 

• ** . startin~ material was unchanged. A 75% yield of li was obtalned , 
u' 

* P.93. 

** .G.l.e. analysie • 

..... 
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however, wheh~s treated with an excess of borane in THF 
and ~eated to 1350 for 5 hours, under 700 psig of hydrogen* • 

. U~der mild conditions li was the only product detected, 
but at éleva'ted temperatures sornt 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 
ale'ohols and ketones ta hydrocarbons under similar candi tion~ 
(59). 

** For examp1e, Bee ref.49. 
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CHAPTER 7 

THE REDUCTIVE CLEAVAGE OF AN ALDAL 

BY BORANE AND ~y HCO(CO)4 / 

7.1 Introduction 

The results of reactions of borane and HCO(CO)4 with 
simple acetals suggested examination of the ~ore cbmplex case 
of a cyclic aldal having both a ring oxygen and exocyclic ~, 

oxygen atoms open to attack. 

For these stud1es 1,3-dimethoxyphthalan was chosen -
a choice dictated byrthe onece~sity of having an aromatic 
substituent in order to obtain a 'clean' react10n with HCo(CO)4 
and by the ease" of synthesis of 2.Q. 

(JQ
oMe 

Y' 1 0 , 
~ 

OMe 

50 

~CHO 

~CHO 

7.2' Preparation of 1,3-Dimethoxyphthalan 

51 

The compound l,3-dfmethoxyphthalan (2Q) waa f1rst 
pr~~ared by Schmitz 1n 1958 (185) by adding a methanollc 
solution of 2-phthalaldehyde (21) and dimethyl sulphate to 
aqueous sodium hydroxide. Schmitz reported thi~ ta be the 
first example of synthesis of an acetal from the aldehyde 
1tse1~ under alkaline conditions. In tact lt is probably an 
example of hemi-aceta1 methylation -- a well known react10n 
(186) • 

'l 



'. 

7 7 

- 110 -

~-~thalaldehyde (21) has long been known to form a 
monohydrate (187), and its proposed hemialdal structure was 
supported by polarographic (188) and u.v. spectral (189) 
measurements. 

Final confirmation of this structure ia nOvladays very 
easily achieved by means of nuclear magnetic resonance: , 
Figures 7.1 and 7.2 show the p.m.r.. spectra of 21 in carbon 
tetrachloride ~~d D20 respectively. Fig.7.1 is the expected 
aromatic al~ehyde spectrumj Fig.7.2 shows that in D20 about 
90% of the material has been converted into the he~ialdal form 
(the aldehyde form shows as a si~let at 0 10.82 and also in 
the small signaIs centred onoS.37)*.' 

Similarly a solution of 21 in MeOD exnibits ovvr 85% 
conversion into the dialdehyde methanol~te (~) 45 minutes 
after mixinB (Fig.7.3). No aldehyde was 7ctàble in a 

oo
OMe 

'/' 1 0 
0... 

00 i, 

second p.m.r. spectrum of the same solution taken 65 hours 
later; only ~ and a trace of 2Q were evident. 

Clearly then, in Schmitz's synthesis, the lImethanolic 
solution of o-phthalaldehyde" starting material contains - . 
mostly the dialdehyde methanolate (undeuterated 21). 

" 
* ' ,A ~onsiderable downfield shift ls evide~t fQr the aldehyde 

signaIs shown in Fig.7.2 when compared ta Fig.7.l. At 
least part of th1s,. shift la caused by ~he ruse ot an external 
TMS reference ~or ~ the D20 ~pectrum. " 

;. -y' 

ft 

. 
"' -,-,. 
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4t 7.3 The Properties of 1,3-Dimethoxyphthalan (50) 

.. 

1) 

* • 

, 
Schmitz d!d not rea1ise the posnibility of stereo

isomerism in 50*.' It was discovered later by' Aso and Tagami 

(191): they observed in the p.m.r. spectrum of thelr product 
.. u 

in carbon tetrachloride solution a single methoxy1 peak and two , 
pea~ for the methine protons at 8 5.81 and 6.05 ppm. A1though 
they Viere unable to ncparate the inomers, the authors ansiligned 

1 J 

the methine signaIs o~,theoretical grounds as being due to the 
~ and trans configurations respective1y. The isomers were 
found ta be present in the ratio 60 ~:40 transe In making 
their assignment, Aso and Tagamf assumed the e~her ring of 2Q 

ta be in an envelape forme Doubt i8 cast on this aS8umption 
by the work of Léwleux ~~. (192) who showed from p.~.r. 
ntudies "t'hat the compound3 .22. and .2i have ether rings which 
are approximately })lanar (as mo-d~ls'~had indicated). r10dels 

v , 

similarly show the ether rine of 2Q to be planar • 

53 J A-B :: l. 2 Hz 54 JA_B = 4.4 Hz 

R = Bz, Ac, Il 

Our preparation af 1,3-dimethoxyphthalan (22) yielded 
the same isomer,rati~ as obtained by Aso and Tagami (Fig.7.4) 
and undér.high resolution in CC1

4 
solu~ion the 'two separate 

metboxyl signaIs were observed. By repeated chromatography on 
silica gel sIDaIl quantities of pure isomers were obtained. 

* 
" 

This is a common failing; Rieche and Schultz descrlbed 
1,3-dimethylphthalan and 1,3-diphenylphthalan apparently 
without considering that their product might be a mixture 
of isomers (190). Powell and Rexfora (26S) made the same 
omission with 1,3-diethoxyphthalan, ~8 did Weygand 11 âl. 
with 6-bromo-l.3-dimethoxyphthalan·(270). 
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Complete separ~tion was not achieved but the first and last 
fractions eluted contained relatively pure isomers. The firat 
eluting isomer gave the downfield methine signal, (Fig.7.S); 
the slower moving isomer gave the upfield methine signal ' 
(Fig.7.6). The trans-isomer, having a lower dipole moment than 
~ "l ; 

the ~, would be expected to elute first; this result there-
fore su~ports the assignment of Aso and Tagami. Regrettably, 
an insufficient quantity of th~ pure isomers was available for 
dipole moment measurements. 

\fuen the separated isomers were allowed to stand f0r a 
d~y or two in contact with sillca gel they reverted ta the 

(. 

60:40 cis-trans mixture, which appears to be the equilibrium 
ratio. The predominance of the 2ifr-configuration at equilibri~ 
has not yet been explained. ~ 

~ , 

A more detailed examinatlon of c Fig.7.3 giv.es additional 
support to the assignment of Aso and Tagami -- the methine 
region of this spectrum sh~ws 6 lines; a pair of doublets at 
06.53 and' 6.32 ppm, J=2 Hz, an~ tw0 singlets at 6.02 {:md 6.28 

ppm re3ulting from ~- and trans-dialdehyde meth~Qlates 22 
and 2.2.. 

The isomer which yields the'downfield signaIs also shows a 

methine coupling (JA_B) of 2 Hz. It is reasonable to conclude 
that the more strongly coupled isomer ia trans on the basis of 
the work by Lemlelix{'n!1. (192), who measured JA_B in -

compounds 21 and 21, and -found the trans iaomer to show atrong 
coup11ng, the cis weak. -

" 
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Because of the close structural similarity of the 
dialdehyde methanolates 22 and 22 and the 1,3-dimethoxyphtpalans 
(2Q), assignmê~t of the downfield methine signal to the trana 

'. 
isomer of the form~r supports the similar assignment for 2Q 
made by Aso and Tagami (191). 

~C6ntrasting1y, Lemieux ~ al. found the ~-D-furanoside 
.22. (R=H) to" gi ve a methine Signal at lower fields than those 
of the cx- or trana-isomer.2.! (R=H) (192). This i8 surprising 
sinc~cx-R-furanosides generally give anomeric proton signaIs . ' 

at lower fields than the p-anomers. However, Lemieux et al. 

were obliged to, mea8ur~ th~ir apectra in (CD3)2S0, as this waa 
lthe only solvent out of a total of seven which brought about a 

• 
sepal'a tion of aIl the signala (271). Consequent1y, their 
unusual observation may be the result of a solvent effect,rin 
which the (CDp)2S0 shifts the two isomers to different exte4;B • 

.1
1 

\ "fi 
<If" , 
" ' 7.4 The Reductive Cleavage of 1,3-Dimethoxyphthalan (2Q) 

• • 
. by Borane (BH:;l 111 

When a sample of the equi11br).um mixture of 2Q (,60% cia, 
40% trans) was treatëd with borane in THF, three products 
reaulted -- see Table 7.1. 

f 

. " 
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TABLE 7.1 

Products Obtained from l,3-Dimethoxyphthalan (42) 
and Boranca 

Product 
Structure 

C(> (57) 

CH20H 
(58) 

CH20Me 

1 (59) 
OCH2OMe 

~ CH
2
OMe-

--
Yl' eld 00 , 1 

(by g.l.c.) 

72 

.' 

28 

0.4 

4t

Inolated b Yield, 
%. ' 

60 

16 

o 

(a) 2~ mmoles BH (lM) in THF added to 10 mmols- of .2.Q under 
ni t!:'ogtm. MixtŒte -hea ted a t 40°C for 7 hourG. 
(b) by distillation. 

Compounds 2ê and 22 were identified by their p.m.r. 
spectra, and the. structures were confirmed by comparison of the 
properties of the isolated materi~lB with authentic samples -
a procedure followed for most of the products described in thia 
chapter. Phthalan (21),' however, w~s considered sufficlently 
weIl characterised by both ita physical and chemical propertles 
(notably the facile oxidation to the peroxide) not tQ require 

synthesia. 

Scheme 7.1 indicatea how the compo~da in Table 7.1 can 
be formed. Phthalan (21) can anly reault from·initia~ bprane . "" ~,\ 

attack on an exocycllc Qxygenj 22 can only resuit from initial 

.\" 
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Cleavage
at x 

CQ
~"o~e 

..... , y 

1 ~ l'~'O 
'h OMe 

50 

"-. 
J 

~o 
~Me 

61 

./ 
" 

1 /' O CH20Me 

~ CH~OBH2 
* 

....... OMe 
60 

G 

-

1 ~ O ctt20BH2 

~ CH20Me 

\ 

o 

• 
(}Co 

57" 

r0trCH20H 

VCH20Me. 

58 
1-

t-I 
t-I 
Vl 

ppCHpMe 

~CH20Me 
59 

SCHEME 7.1 Product Formation during BH3 Cleavage of l,3-Dimethoxyphthalan (50) 

* The formation o~ alcohols and ethe.s fro~ hemiacetal boror.ydrides, iike 60, has been 
discussed previously in reference to ester.reduction by BH3 (35, 45). --

1 -. 
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, 
~~ l' \ 

, Q 

attack on the ring oxygeni whereas ~ can be for~ed by either 

route. Despite this ambiguity, the 72% yield of phthalan 
t'J 

indicates cleavage of the exocyclic oxygens on-both 50 and 21 
-to be the preferred modus operandi of borane. 

The borane reduction of 2Q was repeated on a small scale 

(50-tOmg.) usi~g a series of inco~pletely separated isomer 

m~xtures, each treated identically. The renults of g.l.c. 
analysis of the silylated product are shawn in Table 7.2. 

TABLE 7.2 

G.I.~Analysis of Reduction Products from 

a Range of Isomer Mixtures of 50 

Isomerie Conposition 
of S tartins Ha ter ial a 

905Ît 

89%t ll%e (i) 
(ii)b 

40%t : 60%c 
(equilibrium mixture) 

22%t 78%c 

l4%t 86%c 

(a) Determined by'p.m.r. 

(]Co 
% 

, 
% of Total 

Area 

72 

75 .J. 

15 

12 

74 

76 

(b) Repeated g.l.c~ 

(JrCH,OS'M', 
::-.... CHzOMe 

of Total 
Area 

2Q 

25 
25 

28 

26 

24 0 

analyses. 

No trend can be seen in the ratio of the ma-jar product / 

as the isomer ratio ia changed •. The conclusion, therefore, 1a 

either that the c1s- and trans-isomers give identical amounta ot 
~- and ~-cleavage, or that the borane equilibrates th~ 

isomers much faster than they are cleaved. 



.. 

7 

7.5 

- 117 -
1 • 

Th0 Redu~tlve Cleava~e of 1,3-Dimethoxyphthalan (~O) 

by HGo ( co >-4-

On reaçtion 't/ith HCo(CO)4 the cleavaee products of 2.Q 
are mu,~h more complex than thone obtained wi th borane. After 

90 minutes at 160!SO with c~talytical1y ~enerated HCo(~O)4' the 
g:l.c. of the prodlJ0,t Dh~\IIcd sev-en m3.jor peaks, three of which 
over1ap}1ed (Table 7.5). One 0 f the la t ter peaks changed 

po:ü tion llpon ailyl<ltion, rcvQD.linG i tself ta be.2.§.. The 

remain in,~ compounrlf, viere idcn tified élfter separation on a silica 

gel column. The fltC1.t'tin~ tnaterial, muc::h of \1111ich was unreacted, 

sufferf>(j considel:ab1e hydroly:üs on the column and was partially 

obt<tincd [l,8 2,-phtlnl;lldehycle (51); none of this compound \'/as 

evident in the orj~inal g.l.c. 

The first thing ta notice about Table 7.3 is'the 

rela t ive 1y L.uGe qnan ti ty of cx,cl-<iime t1foxY-.Q-xyl ene (22) 
produ8ed, nnd the 10'''' yie1(1 of phthalan (57), Gumpared to the 
borane cleavage prl1ducts. lhn:. t i t shoulcl be noted tha t for ... 
every molccule of .2.2 formed, an oxygen atr)ffi i8 lost, pr(~[Jumably 

aB water. Under the prevailiuj acidic c0nditt,on3, this water 

may be expec: ted to re8.ct immAd Ll.tely vIi th unchan{Scd starting 

materia1 (:2.2) and hydrolyse i t to .9.-phtha1aldehyde (51). The 

~pysterious appearanee of phthali<le 62 wa~J expl:lined when this 
compound Wa,3 obtained ::tlon~ with phtha1an as a product of the 

reactjon 0t HCO(CO)4 and 21 (Dee Appendlx 3 for further 
'discussion of the t'ecluction of .21). Scheme 7.2 iD a rationali
sation of the form:ltion of the ~1ix prolluct compounds in Table 

7.3. It i8 basically the salle as Schema· 7.1 with the addition 
of side-reactions involYing free water and methanol. These 

side-reactions can ooeur with Hco(CO)4 bccause, in contra~t to 
borane, it is Inert towards active hydrogen atoms. 

Aldehyde 63 appears to be a new compound, ite structure 

was determined by p.m.r. spectroscopy and confirmed chemically 
by (i) preparation and analysis of the semicarbazone; 

. 
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e T/d:li,J.; -7. '; 

~r::t., nbt'11 '"',1'.'(1 1)\' r:r:<1urti ve C1c:lvrJr;e of 

1,5- ).!" 1'1~Jtl"r~..,tt ,}:\"1~) '({1 trI 1 (,()::l 
t 'c! 'J )4_ 

G.l.c. b 
~ Total % Total Aren I.soh~ed 

Symbo1 -}'roùuct Hetcmtlon . Area 4 nftcr Y l el:! 
'ri m e( r.11 n ) Slly1atlon (j~ '11hcr "::v ) 

) 

2L Gr> 0.9 7 8 l 

C6M. c 

g 1 0 1.7 4 4 4 
~ 

10< 

§2 crCHO 
1 ~ CH20Me 

2.2 23 22 19 

21 ~CH,oM' 2.5 20 19 17 
, 
1 

/" CH 20Me 

cQM' 0 

2-.q 2.8 , 300. 

~ 4t OMe 
3'/ 

0 

62 CCo 2.87 40 3 

CrCH,oH " 2Jl 1 . (.R 5 
~ CH20Me 

(a) 1.t If)'J:::~,r)C for rat) min",. f r ) C.l.c, ()v"n tCT1P. 100ür; - rer: ~'ecilon P,l fnr f'l~l 
dct,lll,-', (,,) ':r 1 • 'p~r( .'1-:1 ,:l'/C d. p.'?j.r. :-rcc:n;, CClYJ'] :rrnt ';llt'l thè for,"'l1', -rr;.:., 
t'Ji t,('l;;m n rl';L'l \ ;...'J": :\.::"'t'l'::' I,C ~,.P·e'~C'!1t ''''TC '1ade. (ù) Inc11.1d,~::- 9,', obill'1('d , , 

th'! 11",'rlT'c,1;'-::JJ!; p'(y'r-'~/Q-rb~}n, ud(,'hyrtc (:1)· 

e , 
~ 

-'~ 

,1 

- . 
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OMe 

50 

>.-... _----
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O' 
/" CHO ~ ,(!éo 

_V.o.,·..: cc.0 

. OMe 

- .... ~4-,Lf 
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~ /OM'~ 
([

CH "'---, ! 'OH ......... 

0... CHZOMe ~~"'~,I ... 

é.! 

'MeO:-, 1~ _'f ,",,-, ~p.:::,) 
K 

,1 

CrCHO 

l ' 
....-::: <HZOMe 
- ~ 

63 
.'(''': 

..' ',~ '), 
>r'~ 

~ , 

'. 

(1';-"''' 

.e 
"'""~ 

, \'. -\ ~(. 

~\ 

62 . 

(Jk;o 
57 

~CH20H 

VCH20Me 

50 

~CH20Me 

~CHzOMe 
59 

~-::H~tE 7.2 Product For~atlon i~ ~h~ }Go(~~)~ ~leava~e 0: l, 3-:J.!.:retr:JYj".:~r4t_'13..1ù"1 ( = - \ 
~- _J 

" 0110 

h"'-
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1 _ 

~ 

'\ 

" ... ~< 
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f-I 
1-' 
\0 

1 
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(li) reduc~ion with sodium borohydrlde to 2§; and (111) 
formation of the corresponding benzoic acld -- a known 

." compound -- by autoxidation in air. 

The strong preferênce for attack on the ring oxygen 
shown by HCo(CO)4 can ·be exp~atned in terms of the destabili
sation of the oxo-carbo~ium ion, resulting from ~-cleavage 
(Scheme 7.3). . 0 

OMe, Exo ~cavage 
H+ 

OMe 

Schemè 7.3 

Destabilibed by 
(i0 Increased ring 

,strain 
1 

(ii) Ind~c~ive effect 

Neither of the destabilising effects operates if the 
attack i8 on the ring oxygene 

~ 

1 

The p~eference'of bor~ne for ~-a~ack mat be l 

·dlctated by steric factors which would have littJe Influe~e 
'" ... '/ 

on protonation .by HCo,<pO) 4. -.. 
.~ l ' 

1 . ... 

. . 

..' 

,. 
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P.m.r. spectrum of Q-phthalaldehyde in CC14 sol~tion, showing aromatic and, 
downfield, aldehyQe protons. 
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Fig.7.3- P.m.r. spectrum of ,2,-ph:halaldehyde sol'.ltio::1, 24,~ b.w. in metha!1.o1-dLo This spectrum, taken 
shortly after the solution was ma~e, s~ows a significa::1t amou::1t of aldehyde (010.45, s and 7.9,m~. 
The SIX large peaks in the region 6-Jppm are due to th~ ~ethi~e pro~ons of ~he dialdehyde methanolates, 
the trans-isomer of which ex~ibitg long-range co~pling. 
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The cis- and trans-isomers, measured from thè methine proton signala near 6ppm~lwere present 
in the ratio 60:40. The in~et shows the met~oxyl signal·sc~nea at 0.1 Hz sec- , 100 Hz swee~ 
width .. The trans-methoxyl 1S O.005ppm downf1ela from the ~. ~ 
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- CHAPTER 8 

EXPERIMENTAL SECTION 

8.1 General Methods ,. 

The purity-of the starting materials and the isolated 
\) 

Eroducts was determined by gas liquid chromatography (g.l.c.) 
~, 

and, when the compound was previously reported, by refractive 
index or mel ting point (m.p.). The identi ty of already known 

-
cpmpounds was confirmed by comparison of physical properties, 
infrared and proton magnet':'c resonance (p .m.r. y- spectr. wi th 
those of the authentic compounds (synthesised, if neceasary, 
according to the ,literature). 

When hitherto unknown compounds were revealed by the 
* p.m.r. spectrum of a p~oduct fraction, a microanalysis of a 

(' 

s?IDple of the compound or of a derivative was obtained. An 
alternative synthesis of the compound in question wâs devised, 
and the product so obtained was compared with the sarople tiret 
isolated. using all the aforementioned criteria. In sorne 
instances, chemical properties and gas 'chromatography-mass 

o • 

spectroscopy (g.c.-m.s.) were used to conflrm the proposed 
structures. 

Gas chromatographie analyses were done on a Hewlett
P~ckard F & M model 402 instrument, equipped, in most cases, 
wi th 120 cm glass column packed 'l'Ii th 4% SE-30 on Chromosorb 
WA\'fDMCS. The products of Experiment 15, Table 2.3, requlred 
a 180 cm column for adequate èeparatlon, and the volatile 
product of Experiment 7, Table-2.1, could only be separated 
trom the THF solvent by using a 120 cm Porapak R column. A 
helium carrier-gas flow-rate of 60 ml/min. was maintained, 

.if 
Schwarzkopf Microanalytical Laboratory, New York City. 
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and colwrrh-oven temperatures ranged between 500 and,2500 

depending upon sample volatility. A flame-iQnisation detector 

was used throughout. 

Isolation of product compounds was occasionally possible 

by distillation, but generally silic3 g~ chromatographx (0.08 

mm. sil1ca; Nachercy, Na8el and Co.) was most effective. Bel1zene 

wi th increasine amounts of diethyl ether Cup ta 15% by VOlume) 
., 

VIas used as eluent. After the components of a product mixture 

had been isolated and identified, the recovery of each component 

was cheeked by quanti tativc g.l.c. ana1y3is of the or,iginal 

mixture usinG Il bracketine standards" of each pure component. The 

mixed isomeric hydroxyethers obtained in the experiments shown 

in Tables 2.3 and 4.5 were not compl~tely scparated by 3i02 
chromatography. but in some casés ~;:na.ll amou:n tEl of the isomers 

were obtained pure and could be characteris0d. Fortunately, the 

g.l.c. analysis in these instances could be conflrmed both 

qualitat1.vely and quantit.atively by p.m.r. spectroscopy of tlle 

mixture,' as the pure iDomcrs (prepared ai3 described below) had 

diatinctly different p.m.r. spectra. 
r 

1 

P.m.:;-. Gl')cctra w€re meaSiJrAr1 on a Varian RA-I00 spectro-
"* metel', uGing tetramethylGilane (TI13) as field/frequency lock J 

Unless other\{isc ntatod, spectra were taken in carbon tetra

chlorldc (CC1 4 ) solution at 30°, usine an upf}eld sweep of 

1 Hz/sec. Chemical shjfts (6) are given in p.p.m. do\'mfield 

from THS ta' the centre of the- multiplets, t~e spectrometer being 

regularly recalibrated by means of a precinion frequency counter. 

The apparent coupling conssrmts are the directly observed line 

spacings (in Hz.). Abbreviations: 8:::: singlet, d :::: doublet, 

·t ::: triplet, q :::: quartet, m = multiplet. P.m.r. spectra were 

obta1ned for every compound prepared t -!ind always agreed wi th 
the expected structures. Integration o:Ç a p .m.r. spectrum 
yields only the relative numbers of non-equivalent protons in 

* In methanol-dl' the BoIvent provided the lock signal. Wlth 
D20 as sol ventll an external TMS capillary was employed • 

.......... ________ ~s ____ _ 
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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 mul tiple i8 obtained by valency and/or molecular wei'ght 
considera tiona. 

Infrared spectra were measured in CC1 4 solution on a 

Unicam SP200G ~pZctrometer. 
, .. 

MaRS s!Jectrn were recorded on an LKE:'9000 g.c.-m.s. unit 
at an ionlaing potentia1 of 70 eV with'an ion source température 
of 2000

• 

Hel ting points were taken on a Fisher-Johns app~atus 
and, like the qoiling points quoted here, are uncorrected. 

Refractive indices wer8 measured on an Abbé refracto-. 
meter (Z eis3) • 

8.2 Had uctions wi th Bor'L.~e in TH;F 
1 

8.2.1 Proce~ure ~ 

The rcduction of 2-phenyl-4-methyl-l,3-dioxane 
(Experiment 12, Table 2.3) 18 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 Mil solution (Alfa. 
Inorganics), approx. 30 mmol), previously cooled to _100

, was 
,pipetted in. The mixtur~ waB 8wirled, kèpt for 10 min. in an 

ice-bath, then al10wed ta warm to room temperature. After 24 
hours, the extent of the reaction was tested as follows: thre~ 

drops of solution VIere removf.d, trea tod wi th an equal volume of. 
* wa ter and the mixture was shaken wi th a li ttle benzene. Agas 

chromatogram of the benzene layer sh~wed that some starting 
material remained. To complete the reaction the mixture waa 
. 0+ 0 heated at 40 -5 for 24 hours, when gas chromatography showed 

** ,aIl starting material to have reacted Next the reaction 

'* Acetoné n-butyl ketal (Ex.3, Table 2.1) was complete1y hydro-
lysed by tbis procedure. 

** ' AlI cyclic acetals except 2-phenyl-I,3-dioxolane (~) required 
'a heating period to complete the reacticn. • 
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mixture W8S 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 diss01ve the precipitated borie acid and to hydrolyse 

the borIe esters. The aqueoun solution was extracted several 

times vrith ether, and the combined extracts were washed with 

water, dried (Na2S0 4 ) and evaporated. A littlE? dry methanol 

was added and the mixture was evapora ted, th~s procedure being 
~ 

repeated to remove any remaining traces of ùoric a.cid as the 

volatile methyl borate. The resi.du\~ was di stilled., yielding 

3.3g (92~q of, mix:ed alcohals b.p. ) 07-1100 a t Imm. 

- Analys.1..s by g.l.co., with calibration.standards prepared 
from authentic orunples of the isomeric hydroxyethers, gave the 

resul tG shown· in Tabl,Ç 2.3. Complete separa tian of the isorners . 
'!VIas not achie'ieLl but a small amotmt of each in pure farm was 
.! 

obtained by chromatoeraphy on 811ic8 gel. The p.m.r. spectra 
i • 

and r0fractivè JndJ-ces of the pure fractions 80 obtained 

confirmed the identification oi the g.l.c. peaks. The p.m.r. 

spectrum of the mixture confirmed the g.l.c. analysis. 

8.2.2 Details of the Kinetie Studies of the Reaction betwee~ • 

Bora~e and Acetals 

A ~olutiol1 of borane was diluted to the required 
* concentration with dry tetrahydrofuran (TIfF) , placed in a 

constant-temperature bath and the aectal (10 mmol) was added. 
The solution in the ·reaction flaak was stirred with a magnetic 

stirrer and was protectcd 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 the reaction. 

G .1. c. analysis of the samples so obtained \'las effected 

wi th an aven, temperature of 1100
; other candi tians were. aa 

described in 8.1. The g.l.c. system gave a alightly 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 cleavaee product. 
Therefore, in arder to relate g.l.c. areas ta mole percentages 
in the sample, response factors wcre rcquired. These were 
readi1y determined qy comparinG the areas produced by equimol~r 
injcctiono of acûtal and of pru·duct. In this way it was found 

-r -
that the pcrcentage area üue to oenzyl methyl ether required 
multiplication by 1.06 to yield mole percent relative to the 
acetal 30. Likewise the response factor for 2-benzyloxyethano1 
was ~.02 relative to 4. 

As the mole percentage of produc t, calculated from the 

ratio of the product peak area ta the total area. was lndependent 
of the oize of the injected sample, the resul ts 'were highly_ 
replj r:!able . Four inj ections <) f the sarne sample (Fj g. 2.2, [BH31:::> 
0.61'1 curve, 60 min. sarnple) indicated the follo\'ling amounts of 

benzyl methy1 ether: 4.93, 4.81, 4.69 anù 4.93 (mmo1) - a 
l'21atl.ve st>lndard de'fÜl.tion of ±2.4%. 

8.2.3 The Reaction of Borane with Excess Benzaldehyde 
Dimc thylace tal (LQ) 

Barane (12.2 ~nol) in THF (10 ml.) was added ta an 
excess of ucetal 30 (53 ~nol) ln a flask nttached to agas 
burette. There wa8 an exothermic reaction and sorne hydrogen 
(3.1 mmol) was evolved. As the reàction proceeded, aliquots 
(2 ml.) were withdrawn oy syringe through a septum for 

ç * 1 

i) analysis of boron and hydrogen content, 

11) g.l.c. analysis of the organiC 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 initia11y 

* 
. , 

Hydrogen was estimated as H2 by âdding water to the borane 
solution in a flask attached ta a gas burette. Mannitol in 
excess was then added to the borie acid residue in the flaek, 
and the mixture was titrated with potassium hydroxide to 
phenolp~thalein end-point (193). Oije mole of hydroxide la ... consumed per molp of ~oric acid present. 
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Time, min 
'" 

Prior to 
Addition 
of Acetal 

Od 

20 

40 

80. 

160 

1115 

f 

~ 

TABLE 8.1 
~ 

The Reaction of Boranea wlth Excess Âcetalb at 300 

H2 Evolved 
by Aliquot, 

mmol 

3.7 

.. 
_.~ 

Z.3 

1.1 ~ 

0.62 

0.22 

0 

1 

H)B03 
in Aliquot, 

mmol 

1.4 

1.4 

1.4 

1.3 

-1.4 

1.4 

Boreme 
Emp i rl C ::ü 

Formula 

BH2 •7 

13H2 . 5 

BH1.6' 

BHO.8 

BHO.5 

BHO•16 

"'. BHa 

} . 

Hydride 
Available .10r 

Reduction, mmol 

33 

30 

20 

10 

6 

-, 
2-

0 

e 

Reductionc 
Product 

Formed, mInol 

i 
0 . ' 

12 

17 

22 

26 

30 

~~1 12.2 mmol of "BH2 7" in 10 ml of THF. (b) 53 mmol of benzaldehyde dimethyl acetal. 
PhCH20Me as analysed by' gas chroma tography. (d) ~'lhen the reagen ts were mixed, 3.1' 

mmol of H2 was ev olved, possibly because of moisture in.the sys~em, thus diminishing the 
hydride available for reduction. 

6> 

..... 
~ 
1\.) 
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contained 33.0 mmol of hydride. Discounting the initial 

hydrogen evolution, 30 mmol of hydride are theoretically avail-
o', '. ' able for reduction. Af~Gr 18 hours at 30 C, a sa~ple 01 

reaction mixture yielded no hydrogen gas upon addition of water 

and 30 mmol of b;Zyl methyl ~ether were found ta have been 

pro.luced. Therefore aIl the hydrogens of boran(f were conaùmed , 

in the reduction of eXCe3G acetal at 30°C. 

. 
8.2.4 Source of the Acetals and Ketals de3cribed in Chap.ter 2 

Benzald, .. h,yde dimethyl acetal (2.2) )las prepn.red in, :15% yield 

acc,)rdin~ to Pischer and Gi,ebe (?),~?"13.p. 97.5° at 30 mm. Lit. 

(7) b.p. 198-199° at 762 mm. 

Ac etophr>rtonc di ethyl keta] was prepart/J 
-, () a ~)O 

A.ccordiu,e to Fusan and 

1. 4 71-'31: L .r~~ ( 194) b • p • JJurness 194. B.p. 103 at 16 ;llm; nri 

101.5 at 15 mm; n~O 1.4773. 

Acetone di-n-buty1 ketal -~ The mcthod of Howard and IJorette 
", . ')3 t.-

(10)". Vias used, ytel\l 70;~. 13.p. 80-,SO.5° at 10 mm; nn .) 1.4117. 

Lit. (10) b.p. 83° at 18'mm; n~5 1.4105 and b.p. (19')) 64'-64.5° 
at 3 mm; n~O 1.4120. J 

Cyc1oh~xanon~ ethJ;:l~ne ketal (l)a) and the fo11owing foU!' 

compounda VIere nll aynthesized br Salmi 1 s method ('196). ' B.p. 

69_,{Oo at Î4 mm, n~O 1.45~_2. Lit, (196) ~.p. 73° at 16 mm; 
n~O 1."4583. . . ) , 
, 
2-Phenyl-lt 3-d ioxo1ane, (4) Yield 66jb, b.p. 123-1240 -at 26 mm; 

n~2' 1.5264. Lit. (27) b.;. 1160 at 20 mm, (197) b.p. 129° at 
18 . 

25 mm; nD 1.5285. 
, , -

2-Pheny1-~J3-iioxan~ .(4~) Yield 85%, b.p. 126-1210 at 15 mm; 
m.p. 46-48°. Lit. (198) b.p. 125 0 at 14 mm; m.p. 49-51°. 

., ' 

2-Phenyl-4-meth;1-1, 3-d~oxane B.p. 134-135.0' at :18 mm; n~5 1.)l45. 
Lit. (199) b.p. 134-1350

- at 15 mm, (197) b.p. 1620 at 40 mm{ 
n~8 1.5165. The"p.m.r. spectrum indicâtes that thiS Co~pound 
la a s1ngle p~xe iso~er (presumably cig, e,~ --- see ref.201 
and discussion 1~ Appendix lI. The methyl g~o~p appeara as 

.... , ...... ----~------.-----

" 
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• a sharp doublet at Ô 1.2 and the proton at C2 la a slng1et at . 

05.3. 

• 

2-Phe~1-4,4-dimethy1-1,3-di~xolane (S) Yield 93%, b.p. 99.5-
o • 25 - () 0 101.5 at.10 mm, nD 1.SOD? Lit. 27 b.p. 85 at 5 mm; 

25 ii nD 1,.5015. Whereas the alcohola ,used for the previous syntheses 
were c.~mmercial1y available, in tl1'i s c~e i t'Mas necessary ra 
synthesize 2-methyl-l,2-propanedio1. The method of Leggetter 
and Brown (27) viaS emp10yed. 

2, 2-Dimethyl-4-phenyl-1,3,-dioxolanc and the fo110wing two 
compounds vIere prepared according to the method of Fischer and 

'. "0 - 22 
PfIDl1er (200). 
Li t . (202) b. P • 

Yie1d 85%, b.p. 104-105 at 13 mm; nD 1.5016. 
9S-96° at 10 mm. 

2t2t4-Trimeth~1-~,3-dioxolane ~6) Yield 14%, b.p. 98-1000 

22 ,.: ( , 0 () 758 mm; nD 1!,0952. Lit. 27;, b.p. 99 at 700 mm, 203 
at 760 mm. 

, 
2,2;Dim~thyl=4-ch1~~omethyl-l,3-dioxolane (1) Yield 42%, b.p. 
76-770 at 38 mm; nn 1.4341. Lit (27) b.p. 780 at 40 mm, (200) 
15 ~ J,J 

nD 1.4315.' 

l,3-Dioxolane was purchased (Eas~an K~dak Co~). 

Formaldehyde dimethyl acetal was obtained from Bake~ Chemical Co. 

8.2.5 Source of Authentlc Samples or' the Reduction Product~ 
described in Chapter 2. 

Benzyl methyl ether, 2-benzy10xyethano1 and 2-methoxyethanol 
were obtalned from Eastman ~odak Co. 

a-Meth,y1 benzy1 ethyl ether was prepared according to Ni:,~low (204)., 

Isoprop~-butyl ether was synthesized by the method of Henstock 
• 0 0 1 (205), b.p. 109 at 763 mm. Lit. (205) b.~ 108 at 738 mm~ 

2-Cyclohexyloxyethanol - The synthesis of Eliel et.21- (26) waa 
employed. O~era11 yie1d 18%; b.p. 115~1180 at 28 mm; n~2 1.4602. ' 
Lit. (26)' b.p. 1000 at 14 mm; n~5 1.4605. 

3-Benzy1oxy-1-propanol'was made according to ref.207. B.p. 1300 
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• ' 26 20 ~~,10 mm; .TlD .1.5110. Lit. (207) b.p. 1140 at 0.9 mm; nD 1.5184, -
(208) b.p. 1550 at 23'mm. 

\ 

3-Be~yloxy-l-butanol was prepared according to Stork ~ !1. 
(209). Since these authors ùid not give details, the procedure 
employed i8 descri bed. Sodium ''las added to benzyl alcohol 
(10.8 g, O.l,rqol) in 50 ml of xylene. \'lhel1,the reaction ter-, . 
minated, excess'sodium was remo,ved, ethyl crotonate (5.7 g, 

0.05 mol) ViaS added \;Iith stirring, and the mixture was heated for 
5 hours at 90°. The pasty mixture '-/aS cooled in iee water and 
acidifi~d wi th a slight excess of 510 sulphuric acid'~ Ether 
(60 ml) was added and the mixture was stirred until aIl solid 
had disso~ved. G.I.e. of the ether extract showed two major 
prodt{cts which were assumed to be the benzyl and ethyl esters of 
3-benzyloxybutanoie acid. Fractional distillation of the extract 
yielded a fair1y pure fraction of the benzyl ester, b.p. 100-105° ~ 
at 0.35 mm; n~5 1.5370, À max 1740 cm-1 ; p.m.r. spectrum, shows two 
types of benzyl protons: Ô 5.0 (s, 2H),O ~.4 (m, 2H). This 

) \ 

material was reduced with LiAIH4 and yielded benzyl alcoho1 
(identified by g.l.e.) and 3-benzyloxy-l-butanol (1.5 g, 17~) 

o 24 '. 
b.p. 108-109 at Imm; nD 1.5095. The p.m.r. speetrum of tne 

,benzyl protons showed an AB pattern; bÀ 4.32, ~:B 4.46. JAB=-1,2 Hz. 

Lit. (28) b.p. 98-107° at 1 mm. 

4-Benzy1oxy-2-butano1 was obtained in 82% yield by LiAIH4 
reduction of 4-benzyloxy-2-butanone (F1uka) as,deseribed by 
Eliel et al. (26). The product was purified by chromatography 
on silica gel after whieh infrared speetroscopy showed no trace 

~6 20 of earbonyl absorption) nn 1.5051't Lit. (26 ~" un 1.5080. . . , 
2-Benzyloxy-2-methyl-1-propanol and the following two compounds 
were prepared according to Leggetter and Brown (27). .13.p. 132-

1340 at 9 mm; nD
25 1.5115. Lit. (27) b.p. 102° at 3.5 mm; 

25 <o:J nn 1.5088. 
, 

I-Benzyloxy-2-~ethyl-2-propanol b.p. l06-107°lt 7 mm; 
25 b ( ) ° . 25 nn 1. 4997 • Lit. 27 b. p. 106 a t 6 mm,! nD ( .4997. 

j 

, 
.' 
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2-Isopropoxy-2-phenylethano1 b.p. 122-123.5° at 13 mm; 

25 25 lin 1.5030. Lit. (27) b.p. 940 at 3 mm; nD 1.4982. 

2-Isopropoxy-l-pheny1ethanol was obtained as a gift from 
Dr. R.K. Brown. 

2-Isopropoxy-l-propano1 and the f0110~ing compound were made by 

the method of Chitwood and Freure (210). B.p. 145-146° at 763 
mm; n~3 1.4149. Lit: (210) b.p. 143-144° at 760 mm; n~O 1.4094. 

l-Isopropoxy-2-propano1 b.p. 144-144~5° at 764 mm; n~3.5 1.4070, 
( ) 0 20 lit. 210 b.p. 137-138 at 760 mm; nn 1.4070. 

3-Chloro-I-isopropoxz-l-propano1 was obtained as a gift from 
Dr. Brown (see ref.27). 

l-Ch1oro-3-isopropoxy-2-prJpano1 Synthesis of this cC1pound . ' 

according to Leggetter and Brovm (27) failed, but success was 
achieved via a different set of conditions (211)~ B.p. 90-92° 

2 ---:- 23 (2 ) 0 at 23- 4 mm; nD 1.4398. Lit. Il b.p. 87-87.5 at 20 mm; 
25 nn 1.4370. 

8.3 Reductions \ofÎ th Trimethylamine-Borane 

~ 

8.3.1 The Reduction of Benza1dehyde Dibenzylaceta1 (~) 

Trimethylamine-borane (Hatheson, Coleman and Bell,' 
1.84 g, 25 mmol) was dis801ved in glacial acetic acid, and 22 
(7.6 g, 25 mmol) was added., The mixture was stirred in a 
constant-temperature bath at 27° for two days and em~ll samples 
were removed periodical1y to check the progrese of the reaction 
(g.l.c.). Slow évolut~on of gae occurred during the firet 24 
hours of the reaction; 

After two days the mixture wae poured into 100 ml. of 
saturated aqueous sodium carbonate solution, which was then 
extracted twice with ether. The combined extracts were washed 
with water, dried (Na2S04), and evaporated, yielding 8.06 g. 
of mixed produot. 

Il 
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A 2.0 g. quantity of thls mixture was:chromatogràphed 
on a si1ica gel column, yielding the followlng fractions: 

-. 20 \ 
(i) dibenzyl ether, 1.082 g (88~); nD 1.5604; p.m.~;5 4.43 
(4 H, s), 7.2 (10 H, m). G.I.e., i.r. identical to those of 
the purchased sample (Aldrich). 

. 20 \ 
(il) -benzyl acetate, '0.117 g. (12.6%); nn 1.5020,A max 
1745 cm-1 . Llt. (~I~) n~O 1.5032. G.I.e., 1.r. identical to 
purchased sample (Anachemla). 

(iii) benzyl alcohol, O.' 1 g. CI./ %), n~O 1.5400. Ljt. (2.'4-), 
20 n
D 

1.5402. G.I.e., i.r. identical to those of tha purchased 
sample (Aldrich). 

8.3.2 The Reduction of Cyclohexanone Ethylene Ketal' (l3a) 

Most of the experimental detai1s of this reduction were 
given in Section 3.2.2 and Table 3.1. 

The first fraction of product distl11ate, 1.7 g, b.p. 
70-100oC at 16 mm., after ,removal of unreacted trlmethylamine
borane by si1ica gel chromatography yie1ded: 

">7; 
(i) unreacted start1ng aceta1, 1.02 g. (29%), nD~ 1.4600. -

20 Lit. (196) nD 1.4583i 

(ii) 2-cyclohexyloxyethanol, 0.44 g; 

(li1) 1-acetoxy-2-cyc1ohexyloxyethane, 0.0.43 g. 

After ,decompos1tion of the borate ln the reactlon 
products, a second distillate fraction (1.25 g, b.p. 101-105° 
at 16 mm) was obtained. Upon chromatography thls yielded: 

(i) 2-cyc1ohexyloxyethano1', 1.05 g; 

(il) l-acetoxy-2-cyclo}exY1oxyethanol, 0.060 g. 

In total 1.49 g. (41%) 2-cyc1ohex~loxyethanol, 

n~? 1.4~9 was obtained. Lit. (26) n~5 1.46'05. 

. , 

The total recovery of l-acetoxy-2-cyclohexyloxyethanol 
was 0.103 g {2.2%);À max 1?50 cm-1 ; g.l.c., p.m.r., ~d 1.r. 
were aIl identical to the authentic sample .. ,_. 
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4It Traces of 2-cyclohexyloxyethanol were eliminated from 

- . 

. 
the distillation renidue by chromatography and the relatively 
non-polar 1,2-dicyclohexyloxyethane (0.043 g) so obtained had 
the fo11owing properties: n~5 1.4696, p.m.r.; Ô 3.5 
(4 H, s, 0-CH2:-CH2-O), 3.25 (2 H, m, methine prooons), 1.0-2.0 
(20 H, m, rinG methy1ene protons). The equivalence of the 

, methylene pr"otons a t 3.5 confirms the sym..'Uetrica1 structure of 
the molecule. G.I.e. and i.r. results were identical ta those of 
the product obtained by an alternative synthetic route (8.3.4). 

8.3.3 The Reduction of 2-phenyl-1,3-dioxane (~) 

The reductive cleavage of ~ was accomplished in a 
similar way ta that of benzaldehyde dibenzylacetal (Section 
8.3.1) except that the evolution of hydrogen gas was measured 
in this instance (655 ml at UTPj 29 mmol). The reaction 
products were isolated by removing the acetl~ acid solvent on 
a rotary evaporator, and partitioning the residue between ~ater 

. ' 

and benzene. The aqueous layer was evaporated to dryness and 
the solid resldue wàs stirred with ether (20 ml) and filtered. 
The borie acid crystals were washed (50 ml of ether) and drled, 
yield of H3B03: 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 whlch was chromatographed on si1ica gel. 
The fo11owing fractions were obtained: 

(i) benzy1 acetate, 0.044 g (2%), n~4 1.4980,Àmax 1745 cm-l. 

(ii) 1,3-dibenzyloxypropane (.§i), 0.52 g (13%), n~4 1.5350"J 
'g.l.c., p.m.r. and 1.r. 1dent1cal to those of the authentic 
material (Section 8.4.3); 

) 26 (ii1) l-acetoxy-3-benzyloxypropane, 0.99 g (31% , nn 1.4896, 
g.l.~,t p.m.r. and 1.r. identioal to those of the authentio 
material (Section 8.3.4); 

(1v) 3-benzyloxy-l-propanol, 0.91 g (35%), n~2 1.5124, g.l.c., 
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p.m.r. and i.r. identica1 to those of the authentic material 

(Section 8.2.5). 

8.3.4 Sources of Reagents and Authentic Pro~uct Compounds 
for the Forego~ng Reductions 

Dig1yme (Eastman) was dried and purified by a reduced pressure _ 

disti1lat'ion from li thium aluminum hydride under ni trogen (2150). 

Glacial acetic acid (Anachemia, reagent grade) was not specia11y 

purified. 

"" Benzaldehyde dibenzy1acetal (23) was prepa~ed by S~lmi's method 

(1~6), yie1d 65%. B.p. 163-1660 at 0.04-0.05 mm; n~4 1.5765. 
Lit. (216) b.p.~out 168°" at 0.1 mm, (217) 1790 at 0.2 mm; 

20 ~' ~ 
nD : .• 5776. 

T~e sources of several of the product compounds were 
previously discussed in Section 8.2.5. 

1-Acetoxy-2-cyc1ohexyloxyethanol was prepared in 81% yield by 
treating 2-cyclohexyloxyethanol (1.02 g, 7 mmol), prepared as 
described in Section 8.2.5, with an ekeess of pyridine and 
acetic anhydride at room temperature. After two days the 
volatile components were removed on a rotary evaporator at 700 

and the residue was purified by chromatography on silica gel. 
e 23 6 \ -1 Yield of product 1.08 g, nD 1.44 S,A max 1750 cm , p.m.r.; 

Ô4.l0 (2 H, t, -CH20AC), 3.55 (2 H, t, -CH20R), 3.25 (1 H, m, 
methine), 2.00 (3R, B" acetoxy), 2.0-1.0 (10 H, m, ring -CH2-). 

~~~l. ~alc. for CIOH1S03 C, 64.5; H, 9.51 

Found C, 63.9; H, 9.74 

1,2-Di9yclohexyloxyethane was prepared in very smaI1 yield by 

a Williams on synthesis: sodium (7 g, 0.3 mol) was dissolved 
in cyclohexanol (30 g, o.} mol) diluted with xylene (20Om1). 
A mixture of xylene (50 ml) and 1,2-dibromoethane (28 g, 0.15 mol) 
was added to the stirred sodium cyclohexy1oxide mixture over 

l 

a period of 2 hours. The mixture was refluxed for 2 hours, 
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coo1ed, and the precipitated sodium bromide was filtered off. 
A g.l.c. analysis of the xylene solution·revealed only cyc10-

* hexanol and a trace of the high boiling product. The cyclo-
hexanol was distilled off and the distillation residue was 
applied to a siliea -gel column. The yield of 1,2-dicyclo
hexyloxycthane so obtained was 0.034 g (0.1%), p.m.r.;Ô 3.5 
(4 H, s, -OCH2-), 3.25 (2 H, m" methine), 2.0-1.0 (20 H, m. 

ring, CH2). 

The synthesis Qf It3-dibenzyloxypropane is deseribed 
in Section 8.4.3. 

l-Acetoxy-3-b'cnzyloxypropane Wél,S prepared from 3-benzylcxy-l
propanol (Section 8.2.5) in 971"0 yield by treating it vlith 
excess pyridine and acetic anhydride at room temperatL:e. 
After 2 days, the volatile components were 
evaporator and the residue was purifled by 
chromatography. The product had À 1744 

22 5 max 
Lit. (218) nD ' 1.4913. 

re~oved on à rotary 
sillca gel 

-1, 25 cm ; nn 1.4903. 

8.4 Acetal Cleavage wi th Catalyti c Amounts· of HCo(00)4_ 

8.4.1. Procedure ... 
The reductive cleavage. of 2-phenyl-l,3-dioxane {~) 

(Table 4.2, Experiment 5) is repres~ntative of the general 
procedure. A stainless steel autoclave, having a removable 
glass liner and internaI volume (with the liner in place) of 
255 ml.-, was employed. A itiantity of acetal 4a (4.33 g) was 
.' --
supported in a small open ampoule above the catalyst mixture 
(0.44 g CO 2(00)8 in 3.8 ml benzene) inside thel liner. After 
purging with carbon monox1de, the autoclave was pressur1sed .. 
to 2400 pSig w1tll a 2:1 H2/OO mixture and the temperature vas 
raised to 160°0 in 45 minutes. At this temperature the auto
clavo was ti1ted to mix the aceta1 and the catalyst, and 

* Elimination was doubtless the chief reaction. 
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heating was continued at l65~5~ 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 
solutjon revealed the following.components: ùnchanged starting 
material, 28%; 3-benzyloxy-l-proprulol 26%; 1,3-dibenzyloxy-

. *' , , 
propane 40% as major constituents; toluene (1.8%) and a trace 
of benzaldehyde « lib) were also evident. 

A 40 ml., portion, of the benzene solution was now 
evaporated unde; ·reduced pressure (30°C, "J 15 mm. Hg) and the 
residue was allowed to stand open to the atmosphere !or 24 
hours to permit the cata1yst to oxidise. (A repreat g.l.c. 
analysis after this procedure showed that catalyst oxidation 
did not affect the organic matcrials.) 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 silioa gel column. The fractions thus obtained 

** in order of elution were as follows: 

(i) 1,3-dibenzyloxypropane (§j) , 0.99 g' (37%); n~2.3 1.5361; 
***, 22 2 ~uthentic sample nn' 1.5386; e.l.c. retention time and 

, J 
p.m.r. spectrum were identical to those of ~he synthesised 
samp1ej 

(i!) 2-phenyl-l,3-dioxane (4a) - starting materia1, 1.04 g 
(30%); m.p. 46-47°, mixed m.p. with starting material 46-47.5°, 

, 20 
(iii) 3-oenzy1oxy-l-propanol, 0.59 g (J.8~'); nn 1.5168. Lit. 
(26) n~O 1.5184; g.l.c. retention time and p.m.r. spectrum 

**** . were identica1 to those of a synthesiséd samp1e 

* The quantitative analysis of this compound was actua11y made 
from a second, later g.l.e. analysis, after the compound had 
been isolated and identified. 

** Benzene eluent for the first two fractlons, 
by volume ether for fraction (iil). 

*** See Section 8.4.3 for the synthesis of this 

**** Described in Section 8.2.5. 

benzene +15% 

compound. 
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Final1y, a 'b1ank' reaction was necessary in arder to 
be sure that the catalyst was indeed responsib1e for the 
reduction and not, say, molecular hydrogen acting upon a 

carbonium ion. Accordingly, the experiment described aboya 
was repeated but a little E-to1uenesulphonic acid* (0.05 g) 
, 

was substituted for the dicobalt octacarbony1. A g.l.c. 
analysis of the product showed no reduction products, on1y 

- starting material and a trace of benzaldehyde. 

8.4.2 Sour'ce of the Starting Materials Described in Chapter 4. 

Many of the acetals and ketals used in Chapt'er 4 were 
the sarne as those described in Chapters 2 and 3. Their sources 
were discussed in Sectione 8.2.4 and 8.3.4. 

Propionaldehyàe diethylncetal was prepared in 46~ yield'àccord
ine to reference 212. B.2. 124-125 0 at 757 mm; n~2 1.3890. 
Lit. (212) b.p. 1230 at 740 mm; n~5.5 1.3872. 

1 -

1 .... 
Pheny1acetaldehyde dim~thylac~ was prepared in 53% yie1d 
according to reference 8. B.p. 84-84.5 0 at 6 mm; n~4 1.4930. 
Li t. (8,) b.p. 219-2210 at 754 mm. 

~-Ket~oxybenza1deh.vde di benzy1aceta~ - The rnethod' of GuaI tieri 
~ al. (219) was used, but sorne decomposi tion of this reactl v'a 

. aeetal was found (p.m.r.) to oeeur during distl11ation. B.p. 
192-1980 at 0.2-0.25 mm. Lit. (219), b.p. 1950 at 0.25 mm. 
Moreover, decomposition in the injection port of the g.l.e. 

• 1 

caused difficulty in estimatlng the purity of the product by 

this 'technique. Since aIl contaminants are relativelY,volatile, 
however, a pure product was obtained without distillation of 

• , 
the acetal. After Lhe reaction, the mixture was stirred with 
a large exeess of aqueous potassium carbonate, the upper layer 
was separated, washed twice with wa~er, and the volatile 
materials were removed under reduced pressure. After 2 ho~a 
in an 011 bath at 1200 under 0.08 mm pressure, the resldual 

* This material comp1etely destroyed ~cetone n-butyl ketal 
under slmilar conditions (S'é(~tion 3.5.1). 

r 1 

j 
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pale yellù\t{ ail was completely pure E,-me-thoxybenzaldehyde 

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

85~; n~O 1.5756. This product i8 pure enough for moot purposes, 

but if nece3sary, the yellow colaur may be removed by sllica -

gel chroma~ography. 

l,;,-ChJorobenzn.ldehyde d}benzylacetal - This compouI1q does not 

appear ta have been previously reported. It was prepared from 

E-chlorobenzaldehyde (Eastman, practical,-40 g. 0.28 mol.) and 

benzyl alcohol (130 g. 1. 2 mol.) \Vi th l?-toluenesu1phonic acid 

(O.~ g.) as catalyst. The wdter produced was removed as benzene-. 
wnter azeotrope, usin~ 300 ml. of benzene and a Dean-Stark 

separator. 'After 3 hour3 of refluxing, no further water was 
obtained. and the reaction mixture was stirred with excess 

satuTated aqu80us solium carbonate solution. The upper layer 

was 88paratc~, waqheJ with \rater, a~~ diat11led u~der reduced 

prCDGUre., The final fract;ion of distl11ate, b.p. 19G-19S0 at 
,. ' 20 

0.1 mn; was the pure 21.80 tal; yie1(1, 76 g (80j~); n D 1.5816 ; 

p.m.r.; é 4.40 (4'1f, s, benzyl motbylenes), 5.51 (T H, s, methine), 
7.2 (14 H, m, aromati0 protons). 

Anal. Cale. for C2lH19Cl02 

Found 

c, 

c, 

5·.65; Cl, 10.5 

5.63; Cl, 10.7 

8.4.3 SOU7-"ce of Au thentlc Samples of the' Re iuction Products 

Descrihed in Chapter 4. 

" Products not discussed in ear1ier sections were obtained 
as fo11ows: 

Ethxlben~ene - purcha~eq from Eastman Kodak Co. 

Phenethyl m"ethy;i ether was synthesised from phenethyl alcohol, 
methyl iodide and silver oxide, according to rQf.222. The 

8weet-smelling produèt was purified by chromatography on s11ica 

gel. Y1eld 60%, n~3.5 1.4962. Lit. (223) n~l 1.5001. 

l,2-Dibenzylotyethane was prepared by a Williamsbn synthesis in 
which 2-benzyloxyethanol (Eastman, 10 g, 0.066 mol) was stirred 

/ 
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~ with excess (2 g) sodium and xylene (25 ml) for 24 hours. Excess 
sodium was removed, benzy1 chloride (5.3 g, 0.041 mol) was added, .-
and the rnixture~a8 boi1ed under reflux for 4 hours. The 

precipitated sodium chloride was filtered off, and the filtrate 
"vas di'sti\led under vacuum. Yie1d 5.3 g (53%), b.p. 123-125° at 
O.OS-D.(n ~; n~6 1.5436. Lit. (224) b.p. 1390 at 0.1 mm. 

1, 3-D! benzy1oxypropane (64) was made from 3-b,enzyloxy=1-prapano1 

(prepara tian deseri bed in 8.2.5) py a Vli1li:amson synthesis as 
de3cribed above.) Yield, 6510;' b.p. 145-146° at 0.03 mm; 

n~2.2 1.5386; p.~.; é 7.19 (10 H, m, aromatic), 4.35 (4 H, s, 

Ph-C.II2-O- L 3.46 (4 H, t, -O-CH2-C), l.~l (2 H, quin tet, C-CH2-C). 

Anal.~Calc. for C17ll2002 C, 79.7; H, 7.87. 

Fc.'lmd C, 79.7; H, 7.96. 

1; 3-Di benz,thoxybutA.nü (&2) was prepared by Williamson syn the sis 

fram '0.7 g of 3-bcl1zyloxy-1-butano1 (Section 8.2.5). The crtÎde 
product was purified by chromatography on a sho~t (25 cm) si1ica 

gel column and yielded 0.77 g (73~) of 1,3-dibCn~10XYbutane, 
n~4.5 1.53 20 i p.m.r.; Ô 7.20 (10 H, m, aromatic), 4.39 (2 II, AB 
quartet, ÔA =,4.31, ÔB ::: ,4.47, JAB =-11 Hz, PhCH20 -- on ' 

assymetric C3), 4.36 (2 H, 's, PhCH20 ....!. on Cl)" 3.5 (3 H, m, 
protons on Cl and C~), 1.7 (2 H, m, protons on C2), 1.13 (3 H, 
d, J ~ 6 Hz, methyl). 

Anal. Cale. for ClSH2202 C, 80.0; H, 8.20 

Found C, 79.5; H, 8.07 

1,2-Dibenzy1oxy-2-methylprapane (66) - a Will~amson synthesia 
starting from 2-benzyloxy-2~mothyl-1-prapano1 (Section 8.2.5) 
was agajn successfu1. The product was purified by si1ica gel 
chramatç,graphy as above, n~5 1.5:280; p.rn.r.i Ô 7.22 (10 H, m, 
aromatic), 4.44 and 4.46 (4 H, two s, PhCH20-), 3.34 (2 H, s, 
-OCH2-C), 1.24 (6 H, 8, methyl). 

Anal. Cale. for C18H2202 C, 80.0; H, 8.20 

Found C, 79.2; H, 8.01 

---_ .... -.....:.._--~~- - -~ 
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Compounds &1, 65 and 66 have not been prepared bafore. 
A word of caution concerning their analysis is in orner. 
Dibenzyl ethers in air form peroxides quite rapidly, and unless 
they are s tored under ni trogen or analysed .... Ii thin a few daya of . 
purification, the carbon and hydrogen analysie ls invariably 
much tao low. Samplcs of di benzyl c·thers kept open to air turn 
compl8tely into crystalline SOllds (p8roxides?) aftcr several 
months4 

'. 

G.I.e. analyai3 of the dicther product obtained in 
txperiment 21, Table 4.5 revealed two impurlties in addition to 
a compound having the sarne retentlon timc as 1,2-dibenayloxy-. . 
2-methylpropnne (Qii). The p.m.r. spectrum o-f th~ product ... ras 

1 

iden ticn.l to thqt of autholltic 66, exeept for the appe ... rance of 
four small aJdi tional signal s. However the impuri tics -·evldently 

~ 

had a large effect upon the refractive index, which was 
n~5 1.5450 (c.f. nZ5 1.5280 for.synthesiseJ 66). 

In arder ta confirm.the identity of the product of 
Experiment 21, e.c.- m.3. was ern'p1oyed. J?ig.8.1 shows the mass 
spectra of (a) authentic .§.§. prepared by di lliamson synthesis, 
and (b) the'least polar prodcict fraction ob~ained in ~xperime~t 
21. \'/1 th the exception of minor peaks; more of which are 
included in spectrum (a) because the samp1e used was more . 

Q concentrated, the two spectra are the sarne, thus confirming the 
identity -of the product. 

The spectra are dominated by the peak at ~/e 91 (PhCH2+ 

and/or tropylium) which 18 the base peak. 

/ 

The mo1ecular lon (mie 270) does nat survive, presumab1y 
because the presence of two benzyl groups great1y promûtes its 
ùecomposition to very stable fragments (see discussion in ref.225). 

The peak at mie 149 may correspond ~o the fragment 
... 

P?CH20C(Me)2. The nature of the peak'at mie 107 obtained from 
certain benzyl ethers ls still unsettled, but ~éH=O-H haà 
recently been proposed (226). 
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E-Chloro bcnzyl a1cohol wa,s -0 bta'ined from n<;iricÎ1. Chemical Co. 

p'-I1eth~xybem~yl benzyl 'ether \Vas ma.de 
, 0 ~O 

51/<), b.p. 125 at 0.1 mm, nn 1.5636. 
at 0.4 mm; n~2 1.5625. 1 

si~~larly (227). Yield 
Lit. (227) b.p. 146-147° 

8.1) Stoichiomctri~ Reductions of Acetals with 
1 

8.5.1 Prepara tion of f1Go
o

( CO) 4 Solutions 

++ -
Flt'st" a st~ck so~ution Of[CO(B)6] 0(CO)4]2 

,.,here B ls N,n-dimcthylformamiùe (Di1Fr - Via:':; rcp;J.rcJ by 

dis301v4.n;:s dicoba·~t octacarbonyl (Ventron Corp. 13.7 g, 4·0 mmo.1) 

in 40 ml of hexano and adding.35 ml of N,N-dimethylformarnid/j. 
. c 

The m1.xture was all0'1ed to reart overniGht, with thr: cvolved 

carbon monoxide eoc(q~inc from the ocrUL1-c8.p-ped l~)(j nI flank y-ia 
l , 

a syrinGe needle. After 12 hourD the reac t~on Jl<lc1 ter;:nina tcd 

and the mixture ha~ separated il1;te a c183.r, upper l~yer (hexane) 

and a pin'k 10\'icr layer (the complex dis:1olvcd in DI·[l"). The 

needle was removed and the solut1.on wns stored at SoC unti1 

required. \ 
A batc,h of Heoe CO) 4 solution WU3 prepared from the 

Co( CO) 4 - stock solut~on a3 follO\'lS: th'e apparatus, in Ji',ie.8. 2 

was set up, flask B \Vas filled ,vii th anhydrous sodium sulpha te , . 
(t'V 10 g), and the side arm of flask A wuo cloaed \'Ii th a serum 

cap. The'gaG burette was filled with carbon monoxi~c and then 

flaMcs A and,B were evacuated* and filled with carbo'n monoxide. 
- - . 

The operation was·repeated. each time filling the gas.burette ~ 
, .' 

from the c_arbon monoxid'e manifold, and filling the fl3.ske A and 
B from 'the gas~urette. (The bu;ette was used as a low-p~es3~e 
reservoir of carbon monoxide). ' . 

* 

• 
~ 

p 

By m~ans of a sYJ;ing'e needle çonnected te a water aspirator. 
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Next, hexane (25 ml) and cobalt complex-D~Œ solution 
~ 

(10 ml) were added to flask A by syringe, and a final carbon 
monoxide purge was made. Flask Â 'fias cooled to 00 in an 1ce
bath and 10 ml of concentrated hydrochloric~acid was added 
with rapid stirring. Five 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-fr~e water. ) 
Vmen most of the wash water had been removed by s~inge, the 
apparatus wus tilted so that the sodium sulphate in B entered 
-flask A. After stirring for an hour, samples of HCo(CO)4 • 
solution were withdra\VTI for use -- but were generally found to , 
be still too damp for acetal reductions. -~therdrying was 
achieved by transLerring the solution bl syrin~e to a serum
capped Erlenmeyer ilask co~taining 5g of mol~cular sieve 
(-Linde 5A). ~he hexane solution showed the following' carbonyl 
~tretching frequencies (cm-l ); 2115 (w), 20'{0 (m),' 2053 (s), 

, 1 

. 
o 

2030 (s), 1992 (w) in àgreement with the published spectra (151). ~ 
/ ~ 

" 

8.5.2 General Reduction Procedure . 

. 
'From this point on, Experi~ent l, Table 5.1 will be 

described; it ls typical of the general procedure. The pale 

yellow solution of HCo(C02A was, analysed gasometrically , 
(according to Eq.5.3) as !ollows: a l ml sample of solution 
was injected into excess aqueous potassium iodide/iodine * -,~ 
solution in a flask cannected to a second carbon monoxide- . 
filled gas burette. A 51.5 ml vol~e of carbon monoxide 
satutated with water and hexane at 23 0 C was produced. This 

gas (36.6 ml, dry at NTP) is equiva~ent to 0.41 mmol of HCo(CO)4' 

A 6 ml amount of'the HCo(CO)4 solut,ion (2.46 mmol 
HCo(CO)4) was adtled to an Erlenmeyer flask containing'l mmol 
~f benzaldehyde dibenzylauetal in 20 ml of hexane under a CO. 
atmosphere. ,The mixture, standing at room temperature, darkened 

* The flask also contained a li ttle hexél1:W to maintain ,. 
saturat~on of the gas in the burette. 

, 



•• 

150 

very slQwly.. The progress of the reaction was fol1owed by 
removing 2111 samples by syring,e for gas chromatograplly,. , 
HCo(CO)4 ~detectable in these aliquots by its odour up "~o 212 
hours after mixing. After 260 hours the mixture composition as 
determined by g.l.c. remained constant at 43% dibenzy1 ether, 
25% starting ma~;, 29%lbenzaldehyde Cby hydrolysis) and an 
unquantified amount of benzyl alcohol. 

The almo'st black solution was next coo1ed in a dry ice
acetone mixture, whereupon sma11 orange crystals of dicobalt 

'octacarbony1 separated, m.p. 50-52°. Lit. (228) rn.p. 51-520. -------- .' The crystals \'lé're fil tered and roasted at 7500 in a \"/eiehed 
, * porcelain crucible. Yield of Co

3
04 = 108 mg; equivalent to 

1.35 mmol of cobalt (55~ re,covery). 

8.6 The Reductive Cleavage ?f Q-Methoxybenzyl Alcohol and 
its Bthers 

, -

8.6.1 Procedure 

Reductions with cata1ytic HCQ(CO)4 were accomp1ished 
'according to the description given in 8.4.1. Reductions'with 
stoichiometric quantities of HCo(CO)4 were as reported in 
8.5 , whi1e the borane reductions near ambient resembled, 

-those described in 8.2",1. 

The isolati~n and-identification of the products of 

Experiment l, Tabae 6.1 are describe~ here in detail a~ 
illustration of the methods used. 

The products of the reaction of anisyl alcohol .0 g) 
with H~o(CO)4; wére removed from the autoclave &nd made up to 
50.0 ml in benzehe for later quanfitative an~lysis by g.l'.c. 
Aj;rortion of this solution (40 ml) 'fiaS "a11owed to stand 0Jle~ 
to ~he air for 24 hours to oxidise the catalyst to an insolüble 

* The ignition of cobalt complexes to Co 304 at 7500 ls discussed 
in ref. 229. 

• 

.. 
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residue, and then most of the benzene was ~emoved by 

evaporation nt 30°C on a rotary evaporator. Silica gel chroma
tography of the residue (eluent: benzene with increasing 
amounts of ether) yielded the following fractiono (in order of 

elut:f,on) : 

(i) Q-methyl anisole (34), 2.80 g 
22 (66%), nn 1.5118. Lit. 

20 . (230) nn 1.5117. G.I.e. retent10n 
identieal to authentie s~ple. 

tîme and i.r. spe~ 

(ii) A mixture of dianisyl ether (37) and 3-methy)-6,4'

dimethoxy<1iphen:z~me than8 (l§), 0.11 g (2/~)' Gae. c{lromatography 
shO\o.fed tlvo incompletely separated peaks of equal height. P.m. t .; 
56.8 (m, ,aromû.tic proton3); 3.77 (s, Ar-CH2-Ar of diarylmothan,é 

and Ar-CH2-O of dianisyl ether); 3.70 (s, one-OCH3 of diaryl- ..-<_ 

methane); 3.66 (s, ol1e-OCH
3 

of diarylmeth~ne and -.oCH3 of 

dianisylethe.r);.2.18 (s, GH3. of diarylmethane). These chemical 

shifts and eoincidences were later çonfirmed by synthesis of 

the pure campau.nds." 
. , 

- (1ii) Ja-methoxyphenethy1 formate (36), 0.093 g (1.3%). P.m.r. 

spectrum identic~th synthesised sample; i.r. ShOWSÀ max 
1732, 1116 cm-1 (5.77, 8.57~), ester carbanyl. This compound 
.... las warmcd wi th aqueous sodium hydroxide, and the p.ID.r. 

spectrum of the prod~ct 80 farroed was th~f E-methoxyphe ethy1 

alcoho1 <'22). 
, 

(iv) bis-2-(E-methoxypnenyl)ethyl ether (12) 0.156 g (2.5~), . 
22 6 le 22 7 nn· 1.5504. Synthesised sample nD ' 1.5508. P.m.r. s trum 

identica1 with synthesised samp1e. 

(v) ~-methoxyphenethyl alcoho1 (35), 1.13 g (17%) n~4.S 1.5345. 
P .m.r. and l'.r. spectra identica1 ta pure materia1 (Aldrich, 

n~4. 5 1.5362). _ 

After aIl the product compounds had been identitied and 
synthesised, a quantitative g.l.c. analysis of the original 

mixture~was made with calibration standards of pure pr~duél 
compounds dissolved in benzene. 
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8.6.2 Source of Starting Materials 

.E.-Methoxybenzyl alcohol (or l?,-Anisyl aléohol) (2.~) was 
purchased (Eastman). 

I!.-Methoxybenzyl methyl ether (32) was prepared both by .: .. 
1 . 

methy1ation of anisyl aicohoi (31) with methyl iodide ~naesilver 
- "4' 

oxide, and by addition of anisyl ch10ride (173) to sodium meth-
oxide in methanol (48), the product had b.p. 87~89° at 6 mm. 
Lit. (49), b.p. 85° at 5 mm. 

2-<!;-Hethoxybenzy10xy)anioole (or, ~~Ani syl guaiacyl ether) (i2) 
was prepared by a 2-step synthesis as f0110\'/s: anisyl alcohol 
was converted into anisyl chloride (173). From the latter 12 
was prepared according to ~ef.233. 4fter rectystallis: tion from 
ethanol, material of m.p. 95-95.5°, Lit. (233) ID.p. 94-960 (234), 
97° was obtained in 28% ove~all yie1d. 

Compound 45 was later prepared more easily as follo~3: 
guaiacol (12.4 g), .E.-ani~y1 alcohol (31) (16.6 g), and dicyclo
hexylcarbodiimide (DCC, Aldrich, 22 g) were mixed and heated 

+ ° . for 16 hours at lSO-lO . After cooling, the congeaied mass was 
stirred with 500 ml of ether and filtered. The ether extract 
was evaporated to sma11 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. 
94-960 (with pre iously prepared material). 

-~rethoxyphenace aldehyde (40) was prepared by ozonolysis of 
chavicol methyl ether (K. and K. Laboratories) accor~ing to 
ref.220j'b.p. 89-90° at 3 mm; ~ 1725 cm-1 ; semicarbazone ° max 
ID.p. 172. Lit. (220) b.p. 78-790 at 1.4-1.5 mm semicarbazone 
ID.p. 175-176°; (221) 173°. ~ 

8.6.3 Source of Authentic.Samples of the Reduction Products 
Described in Chapter 6. 

E-Methoxyphenethyl formate (2&) - The compound has net previous1y 
been described. '~-MethoxYPhenethy1 alcohol (]2, 3.0 g) and DCO 
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e~ (5.0 g) were heated ta loOOO, and excess f'ormic acid (2.0 g) was 

cautiously added dropwise. The mixture was heated for 8 hours 

? 

at 85°, and'the solid mass was then extracted with ether. G.I.e. 

analysis of the extract showed the crude product ta contain 15% 
of unchanged alcohol (35). The lutter was réadily separated on 
a shor-t (25 ém) ai1ica gel column, \'Ii th 90;~ benzene, lOib ether 
as eluent. Yield 2.3 fi (65%) of colourless liquid;',b.p. 100-101° 

at 0.1 mm; n~4.3 1.5147; À max 1730, 1167 cm-l ; p.m.r.jô7.87 

(1 H, s, -O-CIro), 6.9 (4 H, ID, aromatic), 4.23 (2 H, t, J=7 Hz,' 

-CH2-OCO-), 3.69 (3 H, s, -OHe), 2.81 (2 H, t, J:::7 Hz, Ar-C1I2-:). 

Anal. Cale. for CIOH1203 

Found 

C, 66.7; H, 6.71 

C, 66.6; H, 6.75 

Dianisyl ether (37) - This compoun~ was prepared 
ref.17); b.p. 162-1720 ut 0.2 mm, recrystallised 
petroleum ether, m.p. 48-4-9°; p.m.r.;o6.9 (4 H, 

3.77 (2 H, s, Ar-CH2-O-), 3.66 (3 H, s; -Œ·le). 

(173, 235) range from 39° ta 49°. 

accor:ing to 
from ethanol/ 

1 

m, aromatic), 
Lit. m.p. values 

l, 

3-Neth;r1-6t1'-dimethoxydiQhenylmethane (38) was previously 
prepared (236) by Friedel-Crafts addition of ~-methoxybenzoyl 
ehloride to ,E-methylanisole (li); followed by a reduction step. 

In this work, 38 was prepared in a single rapid step 

from E-methox~bfllzyl methyl ether (ll) and E-methylanisole (21); , 
the latter Vias used in a large exce3S ta prevent unVlanted 

- - , 

addi tional coupling reactions. _ Concent.pa ted su1phuric acid 
(0.5 g) was addcd dropv/ise wi th stirring to a mixture of 34-
(15.0 g) and 32 (1.1 g). A slight perman~nt pink colour was - , 
produced. After 10 minutes, the lower layer was separated and 
the upper rlayer was washed vii th sodium carbonate solution a..'1d 
then vii th' water. E-I1ethylaniso1e was evapora ted on a rotary 
evaporator at 700 and the residue viaS distilled in vacuo. Yield -..;...;.; ....... .;;. 
1.35 g (77%) of a colorless oi1; b.p. 160-162° at 0.,1 mm; wh1ch 

crystallised after efrigeration for several days; m.p. 

71.5-72.50 C. Lit. (53, 54-) b.p. 178-180° at'3 mm; m.p. 74°. 
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P.m.r.;66.7 (7 H, m, aromatic), 3.79 (2 H, s, Ar-CH2-Ar), 3.b6 
(3 H, s, !OMe), 3.70 (3,H, s, -ONe), 2.18 (3 H, s, Ar-He). 

, 

Anal. Cale. for C16H1802 

Pound 

C, 79.3; H, 7.49 

C, 79.fi H, 7.56 

Bis-2-(;g-methoxyphenyl)ethyl ether (}2) - This compound has not . ; 

been previously rcportcd. It \-ras prepared as fol10,,1S: 

E-methox~henethyl alcohol (~) (5 g) and H2S04'3H20 (~78, 179). 

(0.25 g) wer~ ~ixed and hea~ëd with stirrine at 140~5° for 6 
hours. After c~l"1ng, benzene (10 ml) was ndded and the product 
was~washed with~O'~3ium carbonate solution, followed by water, 
and dri ed over anhyd70us sodium Gulpha te. The benzene ex trac t 
was passed throuGh a short (15 cm) silica gel column (benzene 
eluent) t01remove unreactcd alcohol (fVl~ by e.l.~.). 

The product so obtained (4 g, 85~), 9~~ pure by g.l.c., 
" 0 23 was distilled ln vacuo, b.p. 193-195 at 0.06 mm; nD 1.5508; 

p.m.r.jÔ6.8 (8 H, m, aromatic), 3.65 (6 H, s, -OHe), 3.49 
(4 H, t, J=7 Hz, -CH2-O-), 2.71 (4 H, t, J=7 Hz, Ar-CH2-). 

Anal. Cale. for ClsH2;03 : C, ,75.5; H, 7.74 

Found : C, 75.4; H, 7.76 

AIl attempts at crysta11isation were unsuccessfUI. 

~-Methoxyphenethyl methyl Gthe~ <'11) - was prepared by methyl
ation of ~-methoxyphenethyl a~cohol ~22). A SIDall amount of ' 
22. (2.0 g) 'vlas'shaken with excess,methyl iodide (15' g) along 
with silvor oxide (Sg) and Borne molecular sieve (Linde 3A) for 
24 hours. The sma11 quantity of unmethy1ated alcohol was 
removed from the product by passing it .through a short silica 
gel eolumn, and the sweet-cmelling ~roduct was distilled 1n 
vacuo, b.P.·65-67° at 0.025 mm, n~l 1.5099. Lit. (237) b.p • 

. 119-1210 at 12 mm. 

Anal. Cale. for C10H1402~: C, 72.3; H, 8.49 

Fourd : C, 72.2; H, 8.35 

-----" .... ---_. ( 



• 

- 155 -

, 

8.7 Roductive Cleavâge~'~:t; 113-Dimethoxyphthalan 

8.7.1 Reduction with Borane in THF 

The compound It3-dimethoxyphthalan (2Q, mixed isomers; 

60%.Q., 40% t, 1.74 g, 9.7 mmol) was trea ted wi th boranp. in THF 

(25 ml, lM) at 22°C. Aft~r 90 hours, g.l.c. analysis of a .. 

small sample showed 4<Y;~ of the starting' ma terial remaining. 

\varming the mixture at 35-40° for 6 hours completed the 

reaction. The produd,ts were worked up as described in 8.2.1 

and the mixture was distilled. 

t.,The first fraction obtained \was phthalan (21), 0.7 g 

(60~), b.p. 83-85° at 15 IJ,1l1l; n~5 1.5428, m.p. 4_5°. F.m.r.; 

67.02 -~ H, m, aromatic'), 5.92 (4 H, s, Ar-CH2-O). Lit. (238) 

,b.p. 192°; n~5 1.5440; m.p. 60
.' \ 

Exposure of the samp1e to air for severa1 'ieeks resul ted 

in i ta conversion into a whi te crysta1Iine sol id - the p eroxide 

67 (238, 190) rn.p. 136-1380 (recryst. ether). Lit. (238, 190) > 

° 0 m.~. 137.5-139.5 , 139 • 

0-0 cr> ~O) 
! 

The protons on the five-membered rings of 67 exhibited 
an ABX type p.m.r. spectrum (CDC13 suin.) which was analysed 

as follows: AB part (methylene protons) 6A 5.02, ÔB 5.19, 

* JAB::-13 Hz, JAr 0 Hz; X part (methine proton) 66.73, JBx=' 2 Hz • 

Long-range cou])ling appears to be normal in- this type of 

* ,This value i8 taken directly frèm t~~ line spacing. Al though 
the X doublet was sharp, 'giving no evidence of virtua1 couRl1ng,' 

, Bueh an effect must be anticipa ted in this system. Yirtua1 
.m .. _ .. s ____ .cQ.cQ.llu.D.pi.li1.:ntl.ga...~if operati ve. would render the observed lin~ s-pacing 
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structure, being evidènt also in the spectra of 22 (Fig.7.3) and 

&1 (p.157). The value of the coupling constant for 22, 21 and 
* 67 was 2 Hz • 

5J(H1, H4) to 
This is reasonable, since Lemieux ~~. found 

be 4.4 Hz for the cx-D-furano side .2.i in which the 

.fi ve-membered ring containe a discreet double bond (192). 

The second di5tilla te fraction 0 btained was Ct -methoxy, 

2-hydroxymethyl toluene (2,ê), 0.235 g (16~~), b.p. 130-140° at "-
22 lB'mm, nD 1.5301; p.m"r. identical to that of the"synthesised 

material. 

The preparation ~f g.l.c. calibration standards from 

the distillate fractions permi tted quanti tative analyais of the 
; .. 

'ini tin1 chrom:atograrn: 721~ of 21 and 28% of' 2..§. A very smaI1 

peak, about O.4~~ of the total ru.:,ea, was present at a retention 

J time of 3.9 minutes, be t\leen 21. (1.5 mins) and 5.8 (4.7 mina); 

this- peak bad retenti on timea identicnl to those of l, 2-bls

methoxymethylbcnz1ne (22,) on bath GE-30 (non-polar) and Carbowax 

20H (polar) g.l.c. columns. ",-

8.7.2 aeduction with HCo(CO)4 

Dicobal t octacarbonyl (98%, ventr:J 0.4 g, 1.15 mmoi) 
disGolved in benzene (4 ml) was placed in8ide the glass liner 
of an autoclave, a.."'1d 1,3-dimethoxyphthalan (mixed isomers; . , 
60%,2., 40% t, 2.7 g, 15 rnIllol) was p1aced in an open ampoule 
suspended above the solution. ll1e autoclave waa ~ressuriaed 
to 2400 psig with 2:1 H2/CO mixture. After heating to 145°, 

i,t \'las tilted ,to mu the contents, - and heating was contlnued 

at 160:5 0 for 90 minutes. The autoclave was cooled and vented, 
anà the products were made up to 50 ml wl th benzene prior to 

1 

g.1.c. analysie. Compounds 21. and 2.2 were indicated from the 

g.l.é. analysis, plus two unkUo~rcompounds and a broad 

composi te peak a t the sarne re,tention tlme as the starting 

material. 

* Assumed to be posl tive as in rie! .192. 
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A smal1 portion of the benzene solution was .silylated 

by treatment with pyridlne and trimethylsilyl chloride (Eastman) 
and the g.l.c. analysie was repeated. The chromatogram was 
slmilar, but one peak had shifted from the composite and 

appeared at longer retention time. T}}:i~8 peak had 'the 8~e l-
l 

retention time as the trimet'hylsilyl ether of ,2ê. 

A 40 ml portion Gf the benzene solution was evaporated; 
* the catalyst was allowed to oxidise , and the mixture waB 

chromatographed on s11ica gel, with benzene contai?ing 1 to 10% 
et11er (b.v.) an eluent. The follO\oJing fractions {in elution 

or,ler) wcre 0 btained: 

(i) phthalan (21), 15 me (17v), identified by 'its p.m.r. 
spectrUill; "the reco7ery i8 ~)oor '_:because this compound c(\-distils 

with the benzene eluent; 

(ii) I-methoxyphthalan (61), 75'me (4%); the ~liphatht portio:q 

of the p.m.r. spectrUtll of this compound was of the kBX type, 
which was analysed as follows: AB part (methylen-e protons); 

vSA 4.92, Sn 5.07, J AB=-13 Hz, J~x:::O Hz; X part (methine proton); 
sharp doublet, S 6.02, J],,,==2 Hz* ; by analogy with the work of 

A ~ 

Le~ie~x et al. (192) the methine proton will be coup1ed to the -- . 
methylène proton which ls trans ta i t (see Section 7.3); from 

, 

lts ois relationship to the methoxyl group this latter proton --would also be expec ted to give the downfi_eld methylene signal 

-- as is the \)ase; the p.m.r. spectrum also showed a methoxyl, 
~3.35 (3 H, 8) and aro:natic prq.tons,S7.26 (4 H, m); the 
material suffered oxidation and/or polymerisation before it 
could be further characterlsed; ,. 

(iii) 2-methoxymethylbenzaldehyde (&1), 0.344 g (19%), 
n~2 1.5?24; À max 169,9 cm-l ; p.m.r.;SlO.14 (1 ~ s, CHOo), 7.5 
(4 H, m, aromatic), 4.80 (2 H, s, Ar~CH2-0), 3.41 (3 H, B, -~fe); 

* 

** 

If this oxidation step ls omitted, 002(CO)8 decomposes on the 
silica gel libêrating 00 gas and destroying the continuity of 
the column. 

See footnote p. 15" S, 
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this compound doe~ not appear to have been reported previously; 

-
i ta structure vias confirmed by chemïcal methods: 

(a) a small.quantity of 63 in methanol solution was reduced 
.with excess borohydrlde. After isolatibn from the inorganic 
materials, -the product vIas silylated and examined by g.l.o. 

- i 1( gave a peak at the sarne retention tirne as the trimethyl-

3ilyl ether of 2.ê.. 

Cb) &l formed a se~lcarbazone, m.p. 190-191° (recryst. EtOH). 

Anal .. Cale. for Cl0H13U2i)3 

Found 

C, 58.0; H, 6.32; N, 20~3 

C, 57.5; H, 6.24; N, 22.7 .. 
(c) a thin film of 6, left open ta air for 5 hours fully 
oxidised to 2-methoxymethy1tdnzoic acid~ m.p. 96-97° 

(recryst. from water);' Lit. (240) rn.p. 96-97°'; 

C, 65.1; H, 6.02 

Found C, 65.0; U, 6.16 

(iv) phthalide (62), 54 mg; rn.p. (,7-700 (not recryst.); p.rn.r., 

g,.l.c., id"entical to aùthentic sanple (rn.p. 72-74°, Aldrich); 

Cv) 1,j-dlmethoxyphthalan (jQ) (starting material), 0.45 e. 
(21%); n~3 1.5100; Gorne of this material had under:gone hydro
lysis during Ch.roill3.tography, and appeared as ,2,-phthalaldehyde 
(SI, 0.145 g) largely in fraction (ii) (from \'lhich it W13.S -- \. 

separated by means of aqueou8 hydroxyla:nlne); traces of 51 were 

evident as contaminants in fractions (ili), (iv) and (v); 

(vi) 1,2-bis-methoxymethylbenzene (2.2), \U.:·46 g (17%); 
23 -

nD 1.5060; p.m.r., ,g.l.c. identical to those of the authentic 
samp1e. 

8.7,3 PFeparation of 1,3-Dimethoxyphthalan (2Q) 

The method of Schmitz (185) was followed exactly, \and 
50 was obtained "in 76% y1eld, b.p. 114-115° at 11 mm; - \ 

~5'1.5094. Lit. (185) b.p. 113.5-114.5° at Il mm; {19l'}' 
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116-1180 at Il mm, n~O 1.5110. The repeated distillations 

found neccsc;œy by Asa and Tagami (191) ta rid th,e product of 

phthalaldehyde tetramethyl acetal were not r~quired. In 

sevcral preparations the rlistillate W<18 found (g.l.c.) to be 

99.1-99. 7'/~ pure, the single impuri t~ hav in~ oligh tly longer 

retention time thnn (50). TIte product \'ias a mixture of stereo

iflomers (60,~ cl:J and t10/~ .t.ran3) as dete~mlned by p.m.r.j (5;;~ b.w. 

in CC14)Ô 7.31+ (4 H, s, aromaticL 6.17 (0.4 H, s, trans-
** mcthine), 5.94 (0.6 H, 8, .21:..i.-mntl1ine)" 3.370 <:p1d 3.365 (6 H, 

tv/o sinc;lets, methoxyl). Lit. (191) l'.m.r. (GC1 4)Ô 7.11 

(aromatic), 6.05 and 5.81 (metlline) and 3.25 (methoxylprotons). 

There 13 an :\pp ctr en t dO'.m field oh i f t of 0 .12-Q .14 ppm for the 

measuremont:J given hero re1ativ~ tû the publishe~ values (191). 

The ~t~ason ,for th-; dlffcrene,-' 13 not clear; spectra \Vere run at 

a v/id.; r?~nge of concentr-~\tionf; (3';~-50;~) but Ghift v(),lues v8.fied 

by only O. Ci 2 ppra throughou t the ran,[';e. - A80 ;:md Ta.-~a;,ni, ho .. ,~er, . , 

do otatl' tll::tt th\~ir orir:unl Ghift vah181~ !lw/3rt:: corrected ',~it1l' 

TI1G G t:mdarrl ll 
--" this cor1'ee tion mny be th>: ::;ourC8 of the . 

di :y~ relJ:'îllcy • 

The isolllers of 1)0 were G~;p:trated aB f()ll(l'(!~'-; ~-l ilie'). gel 

(80 g, O.Or3 mm partiale :,izc) \'Ian card\üly dried ,ln,} Uwn ' 

packed as a olurry with benzene containing 3~ of ether by 

vol ume (bo"th Bol venta anhydrous) to l'urm a co l umn 65 x 2 CIa. 

Traced of \lUter 'dere reilloved l'rom the flilicél hy il preliminary 

elution of a r;ram of 5.0 - i t was lc'l.L'g01y Gonvcrted into 

o-ph tha,ld ialdQhyde (51) durinc elu tion. Tl1cH three 1.5 g 

so.mples o.f 50 \'Iere Duccen:3ively eluted a.::" QU1.ckly a'5 possible, 

the first 10», and la-st 107~ of eluted product h8ing combined. 
~ 

._-~.----------...--------------------------.----------------------------
* 

** 

7he chemicnl shifts wer0 accurately determined (!O~005 ppm) 
relati ve to Tt13 uoinr; th t:: fre(ltJ .;ncy 8';le6'O mode anù a precision 
frcquency counter. An upiïe1Cl 8weep of 0.4, Hz/sec IvaG employed. 

( 

The two methoxyls are not reso1ved at a aweep rate of 1 Hz/sec 
(Fir:;.7.4). Th~ upficld :Jignal io the ctronger of the t'1I0 

methoxyls und ia presumably, thorefore, due to the cis-isomer. 
In benzene Golution, the Ci3-isomer g~veG the do\'mficld -
signal (191). ---- -
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In this way a 90~~ ~: 10~ Q mixture ("" 0.4 g) and a 14% !:86% g 
mixture (,...." 0.4 g) \Yt.:l'e obtàined. Repcatine the procedure \-lith 

these mixtures yiolded 31 m~ o:f the pure trans compound (p .. m.r., 

Fig. 7.5) and 26 mt~ of a 6~~, t:94~ Q product (p.m.r.,' r1 ig.1.6). 

Slow elution gave ':Torse separations tlul;n fas.t clution, presumably 

the sj licu gel sloH 1y equilib.cated the isome:rl:1. 

8:7.4 Source of Authentic Sarnp1es of the Reduction Products 

Phtha lid e (62) wa:3 purcllaserL (Aldrich) . - - . 
It2-Bis-mr!t'1oxvT.leth,y}b(m~~Jî'! (.:,\)) and cx-m,,:thoxy, 2-h"droxy

rwthyl tolH!:?ne (2..§) vwre prepar(:d by met11yla tion of ph tha1yl 

a lcoho 1. l)h thalyl alcohol \l:l. 1 prcp~:..red accordiu::; to l'cf. 238 

by relluction of JJ!lthaloyl ch10ridc "* \li th llthium alunLin'),,'1l hydride 
o 21.~ b.p.146-147 at 1.7-2.0 mn~ n D 1. )(,25 (nnpercooled), m" p. 

(~38) rn.p. 63-64°. (recry::;t. b(>L~ene) 63.5-(,4°. lit. 

~htll:..\.l~rl al\>J,nl (2 g), r;jlvcr oxide (4 g), mf'thyl 

Jodide (20 c), bCl>=~('ne (8 C;) ,-'nl~ molecular [JiUyt; (Linde 3A, 
~ '> ! 

10 g) 'V/I?re shat.en lcwcther for 2 days. G.l . c', :Jhov/ed two 
" .> 

product pe~]":8, both lOGG pol<'lr (p~ak :Jh,lpe) ~U'1(1 both more 

volatile (retentiQn Ume) tha.n the ;-;tartint; 1Fl.t0rj al (.';OtlC oi" 

which rem;l ined) . Afte1' fi l tr~ tion and 801 vent removal t the ..... 
product WQ;J appli ed to Li ?) cm 8ilica {f,cl colurnn and was eluted 

with benzene .cont.:1.inlnc: S;~ of ether. The firut fraction 

yïclded 0:55 ft of 59, n~4 1.S051, p.m.r.;S7.20 (4 H, ID, nromatic), 
4.40 (4- H,. s, Ar-?H2-O), 3.27 (G H, s, -ONe). Al though 

previously 'prepared, on1y the b .. p. of this compound was 

reported (241). 
,1 

The second fr~ction yielded 1.3 g of 58; b.p. 1210 at - -
7 mm, n~3.5 1~5309. l'lit. (240) b;p. 1320 at 13 mm. 

* Phthalyl alco1101 W(lf!- a1so obt.ained as the only product in an 
attemuted reduction of phthûlide to I-phthalanol by LiA1H4 at 35°C - this is cOl'ltrary to the indications given in 
ref.239. ' J • 
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THE EFFECT OF RInG SIZE UPON TIffi RATE 0]' 

ACETAL REDUCTION BY 130RA~(BH3) 
/ 

l_ 
oi 

~ 

, .J 

~ During tlv:: s tudies of acetal cleavaee by borane, sorne 
'" ~, ~ 

\ 

. . 
-.-.J, 

, , 

competi ti v·e reductions of acyclic l "i ve- and '8ix-meiI;l.bereq" ' 1 

\ 

, ,acetals of benza1dehyde '.lere condtJ.cted. The resul ta of the 

. first experiment prenented in Table A.1 indicate that the five-"', 

membered ring is cleaved about nine times faster than its'six-, 

membere~ counterpart_ 

... 

TABLE A.1 

* Competitive Reduction of Pairs of Acetals , 
by Bor an e in THF 

-'1 ' , 

. 

i 

• 

, 

) 
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This r;:it,e dlffercnce J\cflects. the greater stability of' 
,', 

the Qix-r:rembcJ;'p.d ::-ing (Vlhen C2 'bear~ a pheny1 substi tuent. It 

i8 we11,kunl/ln" .l'or example~ that the acid-catalysed equilibraticm

redctton DI ~cnzalJehyde wiLh polyhydric a1coho18 affords 

c1~ri va i~ t VC8 of '2-ph·eny1.-1, 3-dioxnne ra ther than 2-phon:rl-1, 3-

"'a iO,xol:1Y)(: (;:42, 243'); ~lY.:~t'ol., hov<3vcr t i~ exce{ltional in 

h.Fl:yin,~ the Opposlte preference (244~,. There :to no mibr.tantiated 

examplA ,)f LUns tereomEp:'ic forms of 'a s\lb~ti tuteri ' 2!..phenYl-1, 3- .' 
dicJxnne r'crml ting from sueh an equi li bra tion rea.,ctirm' -( 201), and rt 
has be'en' pre~icttl~d (?45) and vèx:j.fied'experimentally (246, 247) , -' 

~hdt ,the prèfeFred 2-ph~~nyl-l, 3-dio!Cané derivatives have the 
, . 

pheny L group equa tor/ial in ~ chair fù1:'m of th.e l, 3-d ioxan,e rl~éi' . . . .. 
... , .. 
SolvolvS18 exhibi ts the sam!=; rate di.ffer~nct; a,j does 

'" t... ... , l'..... , 
r~du,ctivl~ clëav::t-re', five~mcmbered cycli~ acétals o~ benzaldehyde 

Cl(,él~·ing. a~F)ut ten {imcs faster _ th an s,ix-I?cmbcred acetals (19'9). 
1 ~ 

'Che pic:thre i3 qui te dlfferent, of cOUl.'se, \'li th two 
\ c , 

:-3.-1';)1;i tth"'Il~:J <'I.t c:~ ~accto~1 for; ~xample, exhibits a st'rong 

".J prcfl:r"'I':'::B fnf formin,,,,; f~v-ûl.m.em?ere(l isoprQPyl.bi~ne rint;s. ) 

Pre:mm)-::'Jly· the axial oi'lethyl group, required by the dioxane ring 
o' -, , .... -.. ~ 

i8 rpspqnsible rbr tLis differenc~ (245). One would consequently 
,-

predict fac ter r,educti ve cIeav"ge of 2,2 -dialkyl-dioxànes ,.thun ,. -
2,2 -'dia1kyl-dioxo1anes.· 

(, -
., 

The second exper~rnent in Table A.l shows that benza1dèhyde . 
dirne,thy1~c etaI cleaved faste,t' than l·ts fi ve-membered C~Cl~fJ~ 1 

counterpar\. ThiG resu1t ~s fuost 1ikB1y due ta the favaur& le 
entropy term-~n the cleavage of acyèlic acetalB. 

~ : 

'1 , . 

.' 

• 
J 

o 

1 

l 
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, , 

) 

~. 
P'J.bUc_~!1ed d'1ta on thp rate:j"nf r,i~lHl':'AlClz rejuctions l , .. ' .... .., 

, ( 

of :1c';ta] ~ i.n d:t(~thJl 11thc'r c,'(llutlon (27) l:1dicntc thCl.t the 
, .." 1 V 1 ç 

mi Y.. cd hyri r l.d ': rc-:.s t~ fi'L;; ter Lh,ln bor~ne ln 'rat<'. . Hm/cv'?r, ':>ince 

the ;,'Olv<::>ntqm.1(Jubt"i,1Iy, pl.'1yS .1 m..t.lor rôle 'by, "o~vating the ".. . 
élctlVf~ S:rr:~H~~-:::, the bro rear:c'1Vi ::;}IO,111'~ be 'eomp<lrc(l\in the name 

~)Ç)lv<.;n~. In '.,;rdcr tJ dn lhu:; th;::: rCl.tc ~ lf -r:0riuctl.0:;1 0: ?-phenyl-
... v ,) 

1, 3-,1 ~ rJx,'l:tnf~- UJ b,Y bath bor:l!1 r: élnd rnlx'crl h:1dl~id'; Y'car;pn t3 'was 

\ 

<.... B\)Y.',l.rJC 11'1 Tlil" (,)() m1-, 1\ ~~olution) \~,lS (nlut~li ta <l.4?M 

'.vi th ;)(}01 tiot1 r Ll T:H' (,.'3 rü) ;mrl i (10 m:nl)l) W''\3 adriccl, y.FJ.'king 

the ;:;',)]lJtlon O.:21T'1 ln ,LC::o::tnl. :;i:nult'm p ou;31y a (.rlIr~ :~olu.tion . ' 

.• (4'\ ml) Df T,I/LIH
4 

(:!n mrn:ll) ..-mrl .>\lCl) C-)I) r.rIl?l) .....:.....'"theo;-c~ically 

o .rf~fti ,....' ff~lrr ('1" (En,.A.l).- Irl'l.: also nnxr:à '.!ith 4 (10 mmol) • ..': ~ JI )'., y 

+-

. 
At fixed tlme interv(j 1::; .:11 iqU0 t,} W';re removed" fr(~ cn.ch 

.r 

A .1·, 

solution ,'1nd quenchcd i n f1queou~~ Dodi 'Ul1! céu:bona te. 'rhe organic 

. 'material, 'lt'ter "ex.tr;1.ctlon wlth benzenc, Vias anFl.lysed by g.l.c. 

As th8 r-€ ::îUl ts i~ Table A. 2 show, the ra tes of J;;:;du·ction él:re 

.., almont identical, al though, acc~rdin~ ·to gq.A:J; ~he mixed 

hydride is more concentr3t~1. ThUG at ~o~centr~tlons of about" . " 

O.4M in THF, borane nppear-s tû be a sGme\·,hat faster reduci,ng 
• • c, 

• 
agent than mixed hydridei 

, . 
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''TA13LE.' il. 2 
i 1 

~ - * 
He:'l.uei(i'0!l of ~)-rhÇ>ny]~-lt 3":'dl oxolancc. 12.Y 
Bor:me and. È>y ,~iA IH,r'·A 1 C1 3 in TnF ;J-t O~ 

" 

< 
• c • c, 

. 
Tlme Elapsed, 

Bor:lne r~ed lie tion ,,' 
mmo1 0: tJrociu~t 

form'-;d 
. Nix(:!ô Hydriçle Reduction, , 

mmol of p'roduet formc,d ~ min. 
\ 

6 0.10 

1.4 0.1.8 . 
0 

30 '1 0.35 
"J. 

62 0.64 

126 _t' 0.99 
'\ 

,~ r l--
i..I..J 1.9 
. " 

460 2.S' 

,) 

'. 
""" , , 

" 

c " 

, ' 

"" 

t , 

\ 

-' 

0.p7 , 
i 
0.15 

~ . 
0.2"9 

0.57 

'1.2 

)..9 
, 

3.1 

" 

* ' . 10 mmol,acetal reacted wi th (i). 20 m~ol BH3 (ii") 20 mmol 

• 

LiAIH
4 

+ 20 'mmol A):C1 3 • Tota~ 0 ~olution volun1e in each case' 

eq~als 48 ml. Therefore, concentrations were,acetal: O.21~, 

BH
3

: O.42M, AIH2Cl: O.83M. 
- J 

r 
1 " 

~ 

• e 0 

1 . 
< • 

..... · .... ______ ~~s_,_' __ ~ 

, 



'. 

" 

2 • 

" 

~ 

\ 

APp}mDIX 3· 

m~l?t;cTIDN' OF PHTHALA.LDEIIYDE (2.J)" 

r 
t , 

( . 
(a) Reducti.on l{j th HGo(CO)4_ 

\ r 

, 

~ 

. In an .a ttempt to unravel the complex. mix'ture
i 

of produ~ts 
ubtained f!"!fID thc rcductiotl of 1,3-dimethoxyphtha1an (Section " ' . . -

7.5) thA reduc tion of phthalnldeh;v:de by Heo (CO) 4 vIas examitled • 

. The product was not the expected phthalyl alcohol (2ê) but wan 

• 0 

\ -

chiefly phthalan (5'7) with a trace of phth:1lide~ (6?) (Eq'.A.2). f, ,. 

~ , \ , o CrCHO HCo(['(1)4 0)::0 . " 
1 . ' . ..,." (89:10 ) + 

...0 . CHO ,6 \ 
( 9~~) 

51 57 62' 
\ - ... 

A.2 
/ 
, The mo'st likely 'mechanism for phthalan formation . \ / 
appeared to be via dehydration of first-formeù phthaly.l alcohol 

. -
(68) .' Accoréiingly phthalyl a~co.hol was, tr~ated wi th HCo (co) 4 . ~' . . 
in th~ srune manner as phth3laldehyde -"'\:>ut only a trace of . / 

phthalan ( < 2~) ~ID.S fo-!~ed and .mueh of the aleoh~l was récovered 

Unehanged. Consequently Ph'tha1J;.l alcohol cannot be an inter-

mediate in the red~ctian O?'Phthalal~~h~de ta Phtha~ (Eq.A.), 

~~.~o 
68 57 

..\.3 

, , 
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i"lnn n, dif fe:t·.">~ t. m.:chruÜ '~;n mus-~IJ dou,';h t. 1 Sd1Cme A.1, whlch 1 ~ 

pureJy ~peC1,J.l8.tivç:, illu;,tr<lte::J;n·,; posnjbL,~ routf) to th~ 
, . '" ' 

o hfJ0Y'1l)Q pro(jFc ti'! • In k('f'p HV:; Iv' L L;! currp:t t th~~ori 0;) of al de.hy,18 

r'E'~'F;tjun (~21, '1:::;») hydr{Jf~Qb,)}.t triç'l.T.hlfllyl 1~:;/fndi('hted a;, iJl~ 
aeti;n'! [,pl':,(;ic.-; in~lolved in l;o·')l',hfld.:,~'·m to t.h'; co.rbol1yl oxy~'::n.' 

-r . . 
l'llthall,j\; cr:.;.), w1l1:::h i-: L)(J,,::rtrjr' \'l4.th the :lt:1l'ting 

m:'L ter 10.1, C:Ul be 0 bt nn,."] fr.om i t by the \;~mnj ~~Z8.rü re,'1.C ti on 

't~?4n) -' a hy,lrirl'0 "tranGff>r (~,1tüy.Jed ~'Y 'CH-'. 'Gchemd A.1 . , 

indicî.teG It{'d 1{1]0(CO)3 may .opcr:'lte <1:1 '1 hydr'jite trùn'1fer 

catri1yJt in thi~) c;\.se. 
, . 

(b) 
c • 

(, ~ , 
A j,'ilG' :.~I)lt:tti<)n· of ph th;'ll;-l1 J r!hydc bce~:une hot when the 

bOl~;:m&.: nolution ",as acldr>(L G.l;è.'.[-tn:-üysis 0f a ;,ilylated 

Sd.lnl,l~ of prnd1l!~t 't'evt?aled. an SO} yield of phthalyl aLr:;ohol an(l 

lQ~ of phthalan. The U~131 work-up procedure re8ulted in 52~ 
\ 

r~covery \)f p:àh,-üyl nlc0hol «()i1) 'm.p. f.î'5"':'6,tO (re(!('Y;Jt. benzene). 
Lit. (230) rn.p. 63-64°. ) 
(c) l'~'{pet'ir;li~nt:ll DcJ'Ü.l,~1 of the Hcdl1ction b{ rhth:iln)ct.e1};rde 

'tl-- nn «('0\ :1.1 H ,'1'J 0 J l4- ' 1 

, Ph thalaldehyde (2.3 g) dl gs'ol ved in- 20 ml. of ether" wa~ 
o . 1: 'heated fo~.3 hour3 at 160 wi~h Co 2(CO)8 (0.4 g) under 2500 psfg 

, of a.Z:l H2/CO gas mix~ure. q.l.c. analySis revealcd only, two 
major pro duc te; phthalan <'2 .. :7), 89';~ yieIn, and phtha1id.e (§1). 
9% yie1d. The d~k brown solution was evaporated on a rotary 
e~apora'tor a t 0°, and the residua1 liquid was dis tilled under 
reduced presGUre. The first fraction obtained was water, o.ld g 

21 ' 
(nD 1.3400, ,CuS04 test), followed by phtha1an,.1.48 g (72%); 
b.p. 86-81 0 at 20 mm; m.p. 6-7oC; n~l 1.5459. Lit. (238, 190) 

° '0 0 25 b.p. 106 at 36 mm, 85 at 20 mm, ID.p. 6., nD 1.5440. 
" 

* Benzene was used in a prelimin~rt exper1ment, but the phthalan 
product èo-d1stilled wi~h this solvent and thus was not 
isolable. 
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The viscous black dis.tillation- l'esidue was extracted 

wi th w~m CQl4 (4 x 5 ~l): and the combi.ned fil tere~ extracts \ 

were èvaporated to \dryness. Th~ residue 80 obtained 'was 
l '\ 

'dissolved 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 47~ ether in beuzenej 

m.p. (C~Ud~~) 6~-64~, (r€cryst. CC14) 72°; m.m.p. \'lith authentic 
material 73 74. The i.r. spectra,(CC14) of the r.e,crystallised~ 

product and uthentic phthalide were identical. , 
, , 

-
\ . 

\ 

< • 

, 

" 

f 
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AVPENDD( 4 

THE H EDUf.!TIO!'T OF BBNZ YL RATJIDES BY 
, 

STOICHlrX1ETHIC Ai10UNTS OF HCo(GO)4 

During prcLlminary invcGtig~tiqns of the red~ction of 

r.- ffi p.tho}:y'o0nzyl :thers by ::;tclchiomet~lc amountG of HCo( CO) 4' 

a::lJi tion of a c<1talytic amount of io4f.nc ta the reactlOn mixture 
• 1 

v,';-t;; fO'lnd to C<1U8~ r:-rpid and co-mplcte reducti 'le cleavage of the 

~ub3tra tr:. 'Jn côn::1 dnring th0 mech;mj r,ffi, of the reaction i t 
'. :30t?r.1C'd r,::->,lflnnabl,; to GUT,pn:3" th:-tt lodl ne vlQuld be rapid ly , 

. , 
r;-"-:ncec1 t)[ HCo(r~;)),. 

~ /J 
'J)hf~ hy,jro:;cn lodldl' ::10 fr.:rmed woulri thon 

'\ 
+ HI 

OMe ) .. 

" cl e;:w<lf3e 0 f the ether ;).C~C rdj ng to 

, \ 

.. 

lfl. 
• OMe 

+ ROH 

A.4 

':. ~e arom8,.tic product obtained, hOVlev,er, was l?-methyl 
• 

inl:301e (34), 'no: 'Ë-:,,;~~'tho~yben,yl iodidè (.§2). "'Thus the 

indication vias that HCO~CO)~ reduces. 69. to 34 (Eq.A.S). 

CH21 CH3 
, 

HCo(CO)4 . . ... 

OMe ~ J. 34 
OMe 

A.5 

• 

. 
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Accordinr;ly _Ei2 w ~3 p'rcpare,l ,and trea tcd w 1 th _3 811 gh t 

eXCi~:Ji3 (\lf HCn(CO)4 ::101ution in bcnzc>ne at r/°c.~ The mixt\:re 
d:1.rl}:en'3J rapiù)y ûnn gas ((;0) evo L v~~d. .l?-!'-ie thylani30~ e (li) 
waG fiJrrar:d in con,i y~ (>1a and the cob:üt appear,::iJ b()th ::J.'(S (;01 2 , 

(w'atr:r-:Jf)lublr>,) ru' ,1 l;I);/':fJ)/,\ (venze'ne ~-301utle). ;:;qW:.îti_cm A.6 

il11L1trnteG th(; re;:-l.I:!ti.o l.l ,j,lonp: wlth Jhe.an:trytir~a .. l l:'r~sillt,3 
, 

obtaiuf)<l for (;].r;h compoûn1. 1 

+ HCo(CO)4 --II- ...L ' , , 
, 

Ço fZ + C02(C9~8 +- c·o t . 

• 
mmol: 1.0 

OMè 

, 0.93 o • 41 O. 4')' l • '7 ** 
... 

A.f., 

(fhe analy t i cal ri; :-Hl1 t;; can be ilpproxima tcd by a ~JU i t
. *** able 8om'uina ti on ' of I~qua t ions A. '7 and A. H 

, . 
ArCH.') l + HCO(GO)4 ---. ArCH3 + ~Go12 t 180 2( CO)8. r' 2CO 

, L. ,', 

À.7 

ArCH~I + 2 nCo(CO)4 ~rCH3 + HI + Co 2(CO)8 
\- - 1 A.a 

. 
It proved rather difficult to 'decide unequivocally in 

c 

the presence of moisture and CaI 2 whether or not small amounts 
, " 

of hy~rogen iodid& were produopd. 

* 

** 

This figure ~epresen ts the HCa (CO) 4 ~oïn'umed - 2.3 nunol bei~ 
'~pre8ent initlally, and 0.7 mmol romalni g after the ~eactlon·. 

The ~CO may contain a little h;j';drogen f 'om decomposition of 
ECo(CO)A-. . 

*** "t R1rgh1Y (3 x A.7) + (1 x A.a). • 
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B::nz,yl Io2.ido neduçtlon 
. -~ 

. 
, . 
. , 

B'8nz}t iüdidq reactcd in the Rame '~lUy as '.6'~, but the' . 
l'eac l;ion W::U3 ,"110\'/ cvpn at 20°. i~hen . the to.:np<.:!l'Q. t.Ul'C 'das rai'sed 

to 40'Ü} _ 1)rl:3k t'educ tion "a~d ga:3 Qvol u t;i.or~ beg<!.ln; the analytical 
• - , tl 

1'es1.11 tG are ,8110\ ... 11 unùern0:1.th E(Yù.u. tinn A. 9. 
0 

Yhr]}L)l + HC?( co) 4 -----.... l'heU": + C' l + (:0 2 (co) 8 + CO 
c ) .~o 2 

- . * mmol: 2.0 4.3 2.0 '1.0 1 .. 5 

, 
A tempera ture of 501) was re<luired ,ta effect the red,u.cti ve 

1. • 
c1 eilva:~e 9f ,E-methox:ybenzyl el'lùride. .In this case the yield of 

r,::ductiou' product \',,*l~i only ~40',:; no st"artlns 'mat(~rial rem'lined. . .... 
.Judr;i:tl:f [rom the \'I,lXY solid (rnso~uble in water and in benzene) . 
a;Jheri.ng ta the fla..,sk, polyrnr:risation h . .:ld. 08cvrred. 

~ 

An~tlytical re:-iul ts for thL3 redur: tian Hre shoWn under-
, 

neath Equation A.IO.' 

. OMe 

mmol: 1.6 ~ 

, 1 

+ ,HCo(CO)4 

3.5** 

... 
,-
.,,x,..~' 

OMe 

0.65 

• , 

0.71 1.3 

Il 

\ 
\ 
\ 

co 

,A.IO 
l' 

3.0 

E,-Hethoxybenzyl iodidù (6~ prepared in 62% yleld 
-r.-- • 6 0 

by adding an ace~ne solution of sodium i~~ide to ~-anisyl 

chlarlde accardine to r.ef _ 249; m.p. (recryst. ether) 30-3io,. 

* 

** 

4.5 mmol initially present, O.2-mmol remained after the 
reaction. 

3.7 mmol lni tially 'p'resent, 0.2 mmol'J'emained after th.e 
reaction. . , 
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" , Benzy1 iodidc was purehased from K. anq K. Laboxatories 

Ine. 
'" 
12.-Hethoxyben:iy1 ch10ride \'{3.S .prep:"lred aC,cording to raf. 

173" b.p~ '7'3-31° nt 0.35# mm.' Lit. (17}') h. '. 13-1140 at 15 rrun. w 

. T1H~ reduelion of .~2 ex.emplif:Les ,thé' g ncra1 procedure: 

a a fj'olution- 0,1' 69 (O.24~ G, l mmol) in t)/mzene 5 ml) was added 

by 1::\,.(f,iTl{~~ to'a ctjrred so1ution of, IIlO(CO)4 (2.:'5 .rnmol) in 10 ml. 

nf be'nz'en(~.->E- coo~.eU to 7°C. Carbpn !'..(1-0!l. ":{j (1('>' 15 ml; 39 ml at 
-N'L't, 1.7 m:lwl) WaJ3 evolveJ,ovcr aOperiod\"f l hOUt','>dhel\ gas 

~ evo1 ution had cea~3ed, the benzene solution was wa8hed "'twice, wi th 
~ '~ . 
wat.er to rcmove the eoba1 t, iOlUdD proriuct 3.S a pa.le pink "-

, . 
~::lolution. Crhihl solution bec?ne ,an intense blue colour 'upon 

addition of concentr:ated hydrochlQric acid duc to formation of 
, ',j . , • 

thf? tetrachl orocobéll t aJ-üon~ and also yie1ded' fi yel10w eurdy 
; 

,preeip ït~1 te \'li th G1.1 ver nitra te oSolu tion. ) The c.o bal t iodide 

::lOlu~ion Vias evupora tcd to dryncsG (dark GrEfen sOlid) in a . 

W;igheù cru~i bl~, <.l.nd .tl;:l.\~ "cruci ble waD roasted' a~t 7500'C" Purple 
~,iodine f~e,s evolvell. The yiel.d of C0 30

4 
obtain,~d )'las 33.~~ 

(229), equivalent to 0.41 'mmol of cobalt. 
, ... f,., ." 

.......... CJI.... '" 
Ncxt., the "total cobalt carb)myl" remain,ing in a 7 ml . ' ~ 

. portion of the benzene solution was e3timated by decompoGing the 
cobalt carbonyl~ with iodine and measuring ~he,volume of gas 

, , 

.' evo1ved (Section 8.S.?). The volume of gas collected was 64.9 ., . 
" . 

ml at HTP, equivalcnt to 6.2 mmol of CO for the total 15 ml of 

benzen~ ~olution, indicating the presence of 1.55'mmol of Co(CO)4" 
$' 0 '", • , ~. 

To' es\~~ate the fraction of unchanged HCo(CO)4. in ~he 

"tot.al cobalt carbonyl"'a furt,her 5 mlo of the benzene solutio.n 

Wa8 shake"n wi th ~ic,ls:el .2.-phenanthI'oline chl~ride (163). Tlie'~ !. 
~ precipita ted nickel .Q-phenanthroline saI t of HOC!> (CO) 4 \-/as washed 

free of Co 2'( CO) 8' dlsso1 ved in pyridine,. and decom~)Qs.ed wi th 

iodine solu'tion. The CO yi~ld \'/aS 20.6 ml (c.o~~to RTP}, 

o /. 

* Thé solu~ion was prèparea 'and,analysed as described in 8.5.1 
" and '8.5.2. 
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, . 
ïndiaafting 0.,69 mmol B9o(CO)4 .~e.maining4 th,e full l~ inl of 
final solution. ./ 

.' conse~ntly 1.6 mmol HCo(CO)4 had been consumed and. 

by diffel\ence,' t~e remaining ': cabal t carb,onyl" corr~gpOnd~ to / 

0.43 mmol Co 2(CO)8. , , /' 

Fimilly,. g .1. é. ~lalYSiS for .E,-meth;ïànisole (.2j) by . 
intetpolation betwe~n "bracketing"'standard-s<indicated the 

.. .. ~ 

concent~ation of li to be 0.75 gilOO ml, equifale~t.to 0.11 g/ 

15 ml - a yield of 93%. " ' 
\' .' 

" • 
.. 

',..-1 '" 
• 

Ci' 

• -\' 
,. • 

(. 
" , , 

. ~ , 

1 

. 
~. 
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AP;FENDIX 5 

THE THEATH~ENT OF LIGlfIN Al'ru CELLULOSE \'IITH HCo( CO) 4 

f 
AND RELATED CATALYSTS, AND \'IITH BORANE " 

~~ . 
Introduction " , 

..;;., 
\1' ,'J l 

Freudenberg has represented the ave~àe& structure of 
.<,t '\.., • 

}.ignin by a model consisting of 18 mono-.-.~-, ànd tri-
function~lJy linked phenylpropane unite (250), with ether 
linkagen predominating. Bolker and Brenner (251) poin~ed out 
that moct of the trifunctionally linkcd units in the model are 

( 

. , 

bearers of benzyl ether links, and that Gcission of these bonds , 
\>Iould yield only lincar lienin fragments (or fragments bearing 
short branches). ~his 18 the type of process which would con
vert.a cros3-linked polymer' into a soluble, linear 'form. Other 
re3ults in the literature suegest that reactions at the benzyl 
po si tion are important in delignification procefwcs operating 
under acid'ie condi tians (252 t 253). 

The lignin-carbohydrate bond in wood may also be a 

benzyl ether link (254). 
, " Heterageneou?" cataly~ic hydrogenolysis of lignin i8 

extremely useful as a tool. for the elucidation of lignin 
f;?tructure. 'Investigations in this field up to 1965 have been \ *' 

reviewed by Schweers (255) and much important work continu,es 
to appear (256-258). Although patents have been granted for 
pulping proc~8ses employing heterogeneous catalysis (e.g. re!. 
259), auch systems suffer from the often conflicting require
ments of having gd~~ catalyst penetration into the wood during 
reduction; and facite catalyst removal from the pulp afterwarda. 

• A homogeneous reducing agent would not suffer th~se 
drawbacks. A search for 8UC~ compound undertaken in ihis 
laboratory soon proved HCo(CO)4 in benzene or water solution 
to be capable of cleaving benzyl ethers especially when the 

!. 
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- .. 
la'tter had a :Q.-methoxy substituent (1): The same catalyst aIse 
rendered 90~ of a per10date lignin samtae soluble in dioxane-

'0 ' water ~olvent after treatment at 180-2 0 for 8 hours. However, 
under the same~condi~lons for 1-2 hours, cellulooe (cotton 
linters) \Vas severely depolymer1sed (1). '- .: 

, " ' By making uoe' of th~ solvent ~ffect for ben~,l.ether 
cleavage by HCo(CO)4 (Chqpter 6), the au~hor was able to achieve \ 
fjood. solubil\ial.ion of/Lignin in acetone solvent under mu~ .;nild~/ 
conditions than'previously ernployed (Table A.3). ,( • , 

) , 

r 
So luhili~a tion of Sp!'uc e l'erioda te IJ1rç1in hl HCo (ca) ,+--ill 

Acet6ne SolutioJi 

(a) Lignin (0.55 g) and 'C02(CO)8 (0.22 g)' in 10 ml aeetone were . 
heate<;l under 2000 pos,ig of synthe sis gas (2H2:1CO). (b) The 
acetone solution was filtered, and the filtered solid was washed 
with acetone, 10% aqueous acetie acid (to remove catalyst ~ra~es)t 
ethanol, dioxane-water (9:1) and finally ethanol again. 

l ( 
However, when cellulose (d~gree of polym~ri~ati6n of 

approx. 500) was treated similarly in acetone solutio~ it 
was redueed to a weignt average degrëe of polymerisation of 

* approximately 150, as deterrnined by gel permeation chromatography. 

* The values âre approximate ,because of the lack of'a suitable 
• standard to calibrate thp,'g.p.c: apparatus. The relatLve 

values are, of course, still useful. 

, 
,-
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l 
In other \'Iords,_ e'len undf'r mild tempera ture conditions cellulose 

i s no d cerad~~d by H~o (CO) 4 us to be useless for paper-making. 

Hodifj Gd IICo(CO]4 Cat3.1ysts 

The licidity of IlCO(CO){ appears te be the cause of the 
cellùlof;e depolymerînatlion; con3equently,~ attcmpt3 wer~ made to 

:reduce the acid i tp of the ca talyst. The eUi3iest way to do thi,s 
• ls to r~plRc8 one of the CO IlGa~ds by a pho~phine ligand, 

"* yieldjnp~ HCo(CO)3f\!{3 • ,This 18 the well-knov-rn catalys,t of the 
Il Shell oxo proce8:~ Il (w}wn R i8 an a.lkyl ,~roup) - a lower 

p'r~. :;~mre, version of the origlnal nuhr:ch,cllüe process (see ref. 
101" pp. 22,~ 7: and references ci ted therein). Ph08phine-
ID( r1lfte~l cobalt hydrocarbo_lyls élre much weaker acids t''-an 

HCO(CO)4; incorporation of a single triplumyl phosphu.e ligand, ' 
, 1 

for example, rcduGes the acidity by about 7 'pK units to pK 2.7. . a a 
Substi tution by a i31nt;le tri-alY'll phoq-;hine (Ii = n-butyl or 

cyclühcxyl) y'ields compoundn oznKa 8 to 10 (ref.I07; p.18I). 

The modlfied c;atalystn, while le8s ar:-tive than IICo(CO)4 
in hydroformylation (2GO), remain goo~ reducing agents for 

.oleflns and aldchydes (107). lndccd the maJ'or .dis.advantage of 
the Shcll oxo process 18 i~3 rather 'high yield (10-15%) of 

paraffins formeù by reduction of the olefin feed8tock • 
. 

The major differences in behaviour between phosphine-

modified cobalt hydrocarbonyls and HCo(CO)4 are fairly easily 

explained: . the phoaphorus ligands are better O'-donors than CO, 

but are poorer TI-acceptora. As a consequence, the remaining 
1 

CO-ligands are more strongly bonded because the cobalt atom has 

the tendeney to transfer the increasJ~ negative charge obtained 

from phosphorus to the remaining CO-ligands by n-donation. . \ . 
Sorne of the increased negative eharge ls also donated to the 

\ ' , 

hydrogen atom, making it more hydridic. ,The lncreased strength 

of the CO-metal bond in modified cobalt carbonyls accounts for 

- * ~ The chemical properties 
, 

compounds are reviewed in 
refs.107 and 169. 

.. 
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both the higher thermal' stability of these catalysts and their 
lowcr acti vi ty in hydt'oformyla tion. 

\ 
The 110<J.cti0n of Phosphinr::-modi t'ied HCo (CO) 4 \'/i th .E,-r·1ethoxybenzy1, 

4 Het~yl Ether! w~th 1.Jignin arl\i wi~h Cellulose. 

Table A.~ shows the re3ults obtained for the treatment of 
, \, 

E-methoxybcnzyl mcthyl ether; ,lignin, and cellulose with tribUtyl 

phosphine-\modi fi ed co bat-t hydrockbonyl. En try -Ill, arided for , . 
campa~is~l purposes, comprises data taken from ref.l. It lS 

d 

clea:t that aridi1tiori of tribut yI phosphine (1ntrie~ /2 and 3) 
rrldUC8S the re:lcti vi ty of the catalyst tO\'lards aIl three sub-

I • 

U~fortunately there appears ta be no PiCo 
{l','-ÙO \'Ihich would yield a cat: lyst capable of solubilising lignin 

cauJing excessive 'darru,ge ta cellulose. 

Be!-3ides the obvious practica1 objec~ives of thia work 

wi th re:-;ard ta wood pulpin[S, i t VIllS also ov.,'l intentiqn ta tést 
, the the ory of Bolker and Brt2Un8r (251) that' 'benzyl ether 

cleavage i8 the key ntep in dclignificatton'(' Experiment 2, 
, . 

c Table A.4 shows a di vergence of behavlour b'etween the' model 

compound E-~ethoxybenzyl methyl êther and lignin -- thus failing 
- , ,t .. 

to confi rm the theory (which !n;ydicts f for example, 25-30% 
solubilis"ation of lignin if 65/~ of the· b;,mzy1 ether bonds are 

braken) • 

Th~ Treatrnent of Lif,1!lTI I,ith Borane in TH! 

At the end of Chapter 6 mention was made of the reductlve 
cl~avage of a E-methoxybenzyl ether in 75% yield by borane in THF 

at 135 0
• This observation encouraged us to treat spruce 

periodate lignin with borane under the sarne conditions. ~fter 

extraction of the solid prOduct/ith dioxane-water (9:1), 
fol1o:wed by careful dr;ring,"onl -a 5% \'[eight loss was obsfi'l"ve.d. , , 

ù ' 

.} 

1 \ 
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; 
'* Simi1arly; refluxing a 11gnil1. samI>le with ,LiAIH4-AIC}.3 

mixture in THF, followed.by e~tracti9n,and dr~tng a!forded only 

10% weight 108s. 
L 

These resuIt~ lead us ta one of three conc1usiOlys'; 

~ither 
'/1 . , 

the apparent low reactivity ia due to poor penetratibn of 
~ 

the reagcnts into the lignin matrix, 
1 

(ii) the E-methoxybenzyl ether model compounds are not 

st:rructura,lly com.plex enough to be of value· in pre~icting the 

chemistry of lignin, or, 

.( .1ii) benzyl ether bond cleavage ls',not the key to cross-link 

s0ission in lignin. 

There\ are indiaatlons that both cûnclusion.s (li) and 

(iiiJ may be true. For example, in the reaction of HCo(CO)4 
. vii th a p -guaiacyl veratryl g~ycerol, a good yield of guaiacol 

W.?8 cb,ta~ned (1,); this signified ~-cleavage. '\ 

Having amassed some evidence that a-ether cleavage 

does not correlate ~ell with ~lgnin s~lubilisation, it might 

now be frui tful ,to examine p. ':':'cleavage in the same way •. 

* t ~ 1 This system ls also known r~ductively cleave ~-methoxy~ 
benzyl ethers i230) . It was checked by the author on the 

. lignin model compound E-anisyl guaiacyl ei(h~r (12). and was 
found to"give a 74%.yield of ,reduction product 2.! • 

'. " 

1 

1 • 

• 
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TABLE A.4 ,. 

':'- '-

~ 

The Treatment ôf, Q-Nethcxybenzyl r'1ethyl :2t::'er, Ligr..~ a:nd Cellulose wi th 

Phosphine-Hodified Cobalt Hydrocarbonyla 

'--
;, 

.. 

• 
, . 
o 

• 

Entry 
f' -# 

P/Cob 

Ratio 

Q.-Methoxybenzyl 
Metliyl Ether Oleavage~ 

% 

Spruce Periodate 
Lignin Solubilisation, , 

% 

Vj_scosi ty of, d 
Treated Cellulose, 

centipoi-!?e 

" ". 

2.0g ,." 
1 oe loai' 66! 

h 3.4 
.. , 

2 1.1 . . 65. 2 .. 5 

~ -' ., ah 4 .• 3 1.37 l 

,. ". 
" . 

.. J ~ 
o 

1
al For 1.8 hour~' at 180~5°, under 2500 psi~ (initial) synthesi~ gas (2H2:1CO). 
o Tribut yI phosphine added ta l mmol .C02 CO 8 dissvl~ed i~ 5 ml of benzene. 
c Measured as % yield of E-methylanisole ~34~ obtained., Cd) At 0.5% C.E.D. The author 

is indebted to Mr. V. Berzins, PPRIC, for thesè measurements. (e) The data for this 
example i3 taken from ref.l. (f) Reaction time, 8 hours; (g) Initial value 14.8 centi-
pC1ise. (h.) Initial value 26.3 1centip'Oise. . 

'\ 

t-J 
\.0 
0\ 

ï 

~ 
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SOME SUGGESTION,~, :~OR FUTURE- vlOJ;ti 
1 

.' t 

.. ~: 

" 

\ 

'ft 

1 
/ 

As a scientific investigation proèeeds, hew items of 

knowl'edge often suggest to 'the experimenteIl intere,.3tin~ areas \ 

of research which are not within the scape of the study in 

progress. Pom' s'uch i terna are liDtcd below. 

, 
(i)" Th~ temperature dep$mdence of the rate of acetal cleavage 

by b'orane ~uld be worth examin("4' From such .measurements, bath 

the activation enerf,"Y and the entropy of the ren.ction would be 

available. A large negative v'-lue for 63 'would 'Ù;"fl"ll-t the \ 
-* 

pr?posed mechanlG~ (Eq.2.14) • 

(ii) IEliel et al. (206) have shawn that an IJi.AIH4-AIC13 mix(ture 

reduces hemi thio-acetals, cleaving the C-O bon9. (Bq.A .11) • 

.. 0\ 
RR' C/ (CH) 

'" J 2 n S . 
RR' CH-S-(CH2 )20H , 

A.II 
~ 

The_ behaviour of borane in THF in t~i 8' regard muy be 

worth examining. 

(iii) Oxazoliùlnes are reduced ta amino alcohola by LiAIH4 (261) 

(Eq.A.12)', 
, 1 

, 
.. 

. ~iAlH4 
II' 

1 RR CH:NH-CH2CH20H 

A.12 
. 

and amino ethers are cleaved by Grignard r~agentB (262) (Eq.~.13) • 

* The ~uthor 18 indebted to Dr. r.s. Butler for this obServation • 
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"1' • 

R2N-CH2-R
Q 

+ n'OMgX 

A.13 
~, 

Reductive cleavage of both types of compound by borane in THF 
appeers to the author to be very likely • .. 
(iv) As mentioned in Section 7.3, the preparations of 1,3-

u * 
dimethylphthalan and 1,3-diphenylphthalan previously described 
(190) Y/ere, in aIl Iikelihood, mixtures of ill- ancy trans
isomers. This would~be easy ta ascertain fro~ the p.rn.r. 
spectra, ànd if the.assumption proved to be correct, separation 
of the isomers would probably not be too difficult. 

In the sam,e way the 6-bramo-l, 5-dimethoxypt thalan of 
\ieyg<..nd et al. (210) was also perhaps a mixture of .iso'mers. 

'After two recrystallisations the product st:ll had a wide (~ 
melting range (65-69°), although the microanalysis was verf 

• 
close to the ~alcu1ated value. 

Doubtless many other 1,3-disubstituted phthalans have 
been prepared but the isomers not separated. The author has 
not made a thorough examination o,f the li terature on this point. 

* !IWo m.p.e were record"ed tar this lhaterial (190); 84-87°, f 

(recryst. ethanol), and 87-90.5° (recryst. "acetic acid). 
(This ,may represent two c;cJ<t3tallîne str,uotures, or 
~lternatively the eeparated ~- and trans-isomere. 
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, APPENDIX 7 

A LIST OF POTl',NTIAL HOMOGEUroUS HYDROGENATI'ON AGENTS WHÎhH,\ ~:!-" 
, J ~ ... ' 

USED FOR TREATING E-ANISYL GUAIACYL ETHER, FAILED TO PRODUCE 
A SIGUIFICANT AMOU::lT OF REDUCtfIVE CLEAVAGE 

As the title suggests, Table A.S is a list of fallures. 
It 13 given here only to prefent Unnecessary duplication of 

c • 
t 

effort in the future. 

IDl.JE A.2 

Reagent Ref. Conditions Employed () Remarks 
ç 

K+ 
3 [HCO(CN)5] ;: (263) Ambient to 40° No reduction 

n-C
5

H
S 

Fe (CO) 211 (264) o 2_60 No reduction 
benzene/water solve 

K+ [HFe( CO 541 - (265) . Ambient Trace of Re-
ethanol/water solve duction ouly 

H2Fe3(CO)11 . NR3 
a (266) 0 2% reductive 170 " 15h. 

benzene/water solVe cleavage 

H2Fe3 (CO)11 ' NR3 
(266) 0 8% reductive 240 , lb. 

ben~ene/water solVe cleavage ,. 
J 

(a). This catalyst Is prepared froID,Fe(ëO)s and an amine by 
heating under hydrogen pr~ssure. The aminê used was 
N-(2-hydroxyethyl)-pyrrolidine. 

. . 

\ 

\ 

\ 
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CLAIMS TO OR1GINAL RESEARCH 

(l' The reductive eleavage of aeetals by ~orane in TRF has been 
discovered. A carbonium ion mechanism 18 propased for this 
reaction on the basls of product distribution, and reaction 
rate studies. The reaction was Iound to be_ fourt~-order; 
fir3t-order in-aectai and approximately third~ordet in 
borane. A mechanism accounting for the high ord~r in 

borane i8 Pllt forward, tagether with Bupporting evidence 
gathered from the Iiterature. 

(2) 

(3) 

THe rates of aectal reduetion by LiAIH4-Alq13 'nd by EH, 
were compared in TUF solvent, and reduction Ly barane was 
found to be sliGhtly faster th an by "AIH2Cl". 

w 

Solutions of trimethylamine-borane in aeetie acid were a1so 
found to offect the reductive cleavage of acetals. 

Aromatie aectaIs, unlike"their aliphatie eotUlterparts, 
give the reiatively simple products of reduetive eleavage 

~ 

when heated with eatalytie amounts of HCo(CO)4' A 
meehanism for this reduetion ls presented along with 
supporting experimentai evidenee. Stoiehiometrlc amounts 

, of ~Co(CO)4 -at conditions near ambient were also found'to 
,reduee aeetais to ethers. 

Diethers were always found among the products obtained 
when ~yclic aeetala of, benzaldehyde reacted with catalytlc 

, . 
amounts of HCo(CO)40 A mechanisID for dlether formation ls 
presented and supporting experimental evidence i8 prDvided. 
The formation of dibenzyl ether during benzaldehyde 

reduction by HCo(~O)4 -- a reactlon hitherto un~plalned 
la now accounted for. / 

(6) The reductive cleavage of E-methoxybenzyl alcohol (11) by, 

catalytic amounte of HCo(CO)4 has been examined in greater 1 
) r 



• 
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datail than before, and aIl new products ç}j::'tected havai 

been explained in terme of current knowle1l;g,ç o,f th~ 

chemi8 try of the ca talys·t. The anomalous 'behs,1{ioü:r: of 

21 observed by earlier'lnv€stiBators 18 attributed t0èshe 
abl1ity of this subsGrate to react with the ~atalyst at 

~ow temperatu~e3. 
-, , 

(7), The reductive clealfage of .E,-methoxyb.enzyl., methyl ether 
(32) was ShO\V11 to differ by only a small de ta,;'.]' from that 
of 31. An explan?-t-ion for this difference, th'e fryr-mation 

of E-methoxyphenethyl methyl ether (41), i~ offerad. 

(8) Stoichiome'trié amount3 oi BCo(CO)4 under conditions near 

arnbi ent 3.130 reduceL.. 12.-methoxybcnzyl ethera, bu, the 
ylelds were low. The GallO waG true wh8n boran~ in TUF was 
the reducing agent; good ylelds were, however, abtainable 

at 1350
• 

1 

(9) The.sl.!1.- and tr~- isomero of l, ') •. dimethoxypnthalan (2..Q) 

were separa ted~ by repeated chrom'l tography on sirica gel. 

(10) The products 'resulting from the reaction of ~ with 

HCo(CP)4 and ~ith borane in THF have been isolated and 

characterised. HCo(bO)4 preferentially attacks the ring 
oxygen, wheréas borane prefers to attack the exocyclic 

oxygen. . . 
(11) The reac-tion of ph:tha.1a,ldehyde with HCo(CO)4 was found to 

giye phthalan as major product'. Phtha1yl ale,ohol, whlch 

ia unreaetive to the catalyst, cannat be an intermediat& 
in this reactlon. 

(12) The reductlon of benzyl halldes by stolchiometrlc amounta 

of HCo(CO)4 has been observed • 

............. ---------------

\ 
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EPILOGUE 

." 

.. 
> 

Whéther or not 1t 18 clear to you, doubtless the 

Uni ve:rse 1s unfolding a.s 1 t shoul(i.-. . 

f:> 
DesJ.,derata 
"-., .,., . 


