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Ruthenium-catalysed Prins Reaction
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The reactions of dienes and alkenes with aldehydes and carboxylic acids leading to derivatives of 1,3-diols are
catalysed by ruthenium salts under mild conditions; oxygenated compounds of higher molecular weight may

also be produced by variations in the reaction conditions.

The Prins reaction, equation (1), generally occurs with form-
aldehyde (R' = H) in the presence of strong Bronsted or
Lewis acids.! The use of metal ions has been claimed,?? but
drastic conditions are required which may still favour the
highly electrophilic intermediate [R'CHOX]* (X = proton,
Lewis acid, or metal ion).!

However, aldehydes are reported to insert into alkyl- and
allyl-transition metal bonds,* leading respectively to homo-
alkoxy- and homoallyloxy-transition metal bonds. Reductive
elimination of the metal is known but limited to Group 8
transition metals (e.g., Ru, Pd), and gives only mono-oxy-
genated compounds.* The acid cleavage of the metal-oxygen
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bond was reported to be a much more convenient method for
the formation of alcohols. A catalytic cycle may be operative
if the anion of this acid is nucleophilic enough to attack an
unsaturated substrate activated by co-ordination to the metal
centre, leading to the alkyl- or allyl-metal reactive species and
therefore opening a route to di-oxygenated compounds (see
Scheme 1). We have found that conjugated dienes and activ-
ated alkenes reacted with aldehydes and carboxylic acids in
the presence of ruthenium compounds to give rise to deriva-
tives of 1,3-diols similar to those observed for the Prins
reaction.

Reaction of paraformaldehyde and acetic acid with buta-
diene yields mainly the compounds (1)—(3). Of all the Group 8
complexes studied, those of ruthenium lead to the best results.
The lack of activity of carbonyl and phosphine complexes
like Ruy(CO),,, [Ru(CO),Cl, ], and RuHCI(CO)XPPhy), is note-
worthy. In fact, the yields of (2) and (3) decrease when the
reactions are run under an atmosphere of carbon monoxide
or hydrogen and/or in the presence of more than one equiv. of
triphenylphosphine. Conversely, addition of sodium acetate
to ‘RuCl;.3H,0’ improves the conversion of butadiene, but
the highest selectivities for the formation of (2) and (3) are
observed with [Ru;O(OAc),(H,0);]JOAc.® Variable amounts
of acetoxybutenes and higher molecular weight compounds of
general structure (4) are also produced. As shown in Table 1,
selectivities >>659%, are observed under optimum conditions
for the difunctionalized products (2) and (3). Similarly, the
ratio [(2) + (3)]:(4) can be modified by changing the amounts
of butadiene and reagents present.

The reaction proceeds with isoprene, albeit at a lower rate,
leading to the adducts (5)—(7) in addition to dimers and
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Table 1. Catalytic reactions of unsaturated hydrocarbons with paraformaldehyde and acetic acid.*

Hydrocarbon/ (CH;0),MeCO,H Catalyst

mmol /mmol /mmol /mmol Additive
Butadiene (400) 400 400 RuCly.3H,0(1) —_
Butadiene (400) 400 400 RuCl;.3H,0(1) —
Butadiene (400) 400 400 RuCl;.3H,0(1)  dioxan
Butadiene (600) 300 300 RuCl;.3H,0(1)  dioxan
Butadiene (600) 200 50 RuCl.3H,O(1)  dioxan
Butadiene (400) 400 400 RuCl3.3H,0(1)  H,,10 bar
Butadiene (400) 400 400* RuCl;.3H,0(1) CO,10 bar

Butadiene (400) 400 400
Butadiene (400) 400 400
Isoprene (400) 400 400
Styrene (200) 200 200

RuCly.3H,0(1)
RuyO(0AC),.3H,0(0.33) —
RuCl,.3H,0(1) —
RuCl,.3H,0(1) —

AcONa,10mmol

Hydro-

carbon Product selectivity, 9,

Reaction conver-

time/h sion, % Oligo- Mono- Di-oxygenated
mers  oxygen-
ated

3 51 25 8 (1) 5.5;(2) 66:(3) 6; (4) 12
20 85 5 10 (1) 5;(2) 53:(3) 10; (4) 17
20 67.5 3 11 (1) 10;(2)49;(3)7; (4) 20
20 62 1.5 19 (1) 12;(2) 34.5;(3) 7; (4) 20
20 38 20 14 (1) 25; (2) 14; (4) 27
20 76 9 12 (1) 6;(2) 38.5; (3) 8.5; (4) 26
20 72 15 — (1) 325 (2) 4.57; (3) 7.5%; (4)2P
20 100 5.5 23 (1) 2.5;(2) 39; (3) 6; (4) 24
20 93 6 14.5 (1) 2; (2) 59; (3) 4.5; (4) 14
20 50 31 8 (5)10;(6)22;(7) 4
20 73 3e —  (8)41;(9) 56

2 All the reactions were performed in a glass-lined, 300 ml autoclave heated at 80 “C.» Formic acid was used; the corresponding formates
are formed, in addition to pent-2-en-1,5-diyl diformate. ¢ Ethylstyrene.
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analogues of (4). In the case of styrene, only the dioxan (8)
which is the main product formed in the classical Prins
reaction” and oligomers of gross structure (9) are observed
with the HCHO-AcOH couple. The reaction occurs also with
the couples HCHO-HCO,H, MeCHO-HCO,H, or PhCHO-
HCO,H and butadiene. The corresponding 1,3-dioxans and
1,2-diol derivatives are formed but in lower ratios with
respect to the higher molecular weight compounds. The
reaction performed with paraformaldehyde and water leads
mainly to (1) and, as yet uncharacterized, higher molecular
weight products.

The presence of a ruthenium catalyst is essential for the
observation of the specified reaction and for the product
distributions reported. Although the reaction of paraformal-
dehyde and formic acid with butadiene proceeds smoothly at
room temp.,’ a noticeable amount of the 1,4-diester is ob-
tained. The formation of this adduct can be explained by the
reaction of the protonated species CH,OH* with butadiene
leading to the allyl cation structures (10a,b), equation (2). The
lack of formal 1,4-adducts in the case of the ruthenium-
catalysed reaction suggests that an 7-but-2-enylruthenium
species is not involved. In fact, by contrast with the case of
nickel,® we observed no reaction of complex (11)° with para-
formaldehyde. The formation of the 1,2-adducts may proceed
first by a process similar to acetoxypalladation,’* i.e. the

addition of ruthenium and acetoxy-species to one double bond
(Scheme 1). In support of this first step, only the reverse
reaction, equation (3), has been reported in the case of ruthen-
ium. Insertion of HCHO into the [Ru]-C bond of (12) will
ensue, leading to the alkoxy-intermediate (13). This in turn is
protonated and gives rise to the [,2-adduct which can react
further with AcOH to produce the diacetate or with formal-
dehyde to give the 1,3-dioxan. The formation of higher
molecular weight products can be explained by competition
between formaldehyde [viz. (13)] and butadiene [viz. (14)] for
‘insertion’ into the [Rul]-C bond. The lack of catalytic
activity observed where palladium compounds are used
suggested that in this case B-elimination strongly competes
with the ‘insertion’ of the aldehyde. The formation of acetoxy-
butenes may involve either potonolysis of (12) or an 7*-but-2-
enylruthenium species (15), formed by the reverse mode of
addition of the ruthenium species, as invoked in the case of
palladium.
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