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The reaction of olefins with carbon monoxide and hydrogen to give aldehydes is referred to as
hydroformylation (oxo reaction). As catalyst for this reaction rhodium is about three to four or-
ders of magnitude more active than the more commonly employed cobalt. With special rho-
dium compounds, e. g. di-u-chlorobis(n-1,5-cyclooctadiene)dirhodium [RhCI(CgH,3)],, in the
presence of chiral phosphanes, even asymmetric hydroformylations can be achieved; however,
the enantiomeric purity of the products (20-30%) is not high enough for industnial-scale

syntheses.

1. Introduction

The hydroformylation or oxo reaction first carried out by
Roelen in 1938 has developed into an industrially important
process for the production of aldehydes and alcohols from
olefins, carbon monoxide and hydrogen!'!. The world pro-
duction of hydroformylation- and secondary-products, the
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main ones being n-butanol and 2-ethylhexanol, is at present
ca. 4.5 million t/a.

Advances made in the area of homogeneous catalysis in
the last ten years, mainly through the introduction of tailor-
made metal complexes, have opened up new possibilities for
the synthesis of higher-purity intermediates by high-pressure
and catalytic methods. One example, which is also of interest
in the industrial sector, is rhodium-catalyzed hydroformyla-
tion. Since rhodium is 10° to 10" times more active than co-
balt, the reaction parameters pressure and temperature can
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be widely varied, thus allowing better control of the selectivi-
ty. Olefins are transformed, usually in high yields, into alde-
hydes, which in turn can be converted by well-known indus-
trially employed methods into alcohols, amines, or acids and
find use in C—C coupling reactions such as condensations,
Mannich, Wittig, and Grignard reactions, or ethynylations.

2. Selectivity of Hydroformylation with Rhodium
Catalysts —Arylalkenes

In the catalytic hydroformylation of olefins with rhodium
complexes the formyl group can, in principle, be inserted at
each C-atom of the double bond.

CO/H
RCH=CHR ——> RCH-CHpR' + RCH,~CHR'
Rh
“ &Ho CHO

Important for the selectivity are the steric and electronic
properties of the substituents R and R’, the choice of reaction
conditions such as temperature and pressure, special com-
plex ligands, and the ratio of carbon monoxide to hydrogen.
In addition side reactions such as isomenzation and hydro-
genation, which occur in every hydroformylation, can also
influence the selectivity.

On hydroformylation with rhndmxn catalysts (100-700
bar, 70-150 °C) with or without complex ligands on the rho-
dium (molar ratio <5:1), the formyl group is generally in-
corporated at the electron-poorest C-atom if the electronic
properties of the substituents at the double bond are decisive.
If, however, the steric factors dominate, then the fcarmyl
group enters at that C-atom of the double bond least
shielded by substituents.

a a

b b
(1) m " (2)
HO HO

OCHj OCH,

Table 1. Incorporation of the formyl group in the positions a, b, ¢ of the olefins
(1) and (2) (in %).

(1) (2)

T[°C] a b c a b <
70 0 48 52 95 5 0
80 3 45 52 90 10 0

100 11 37 52 50 45 3

130 41 24 35 40 50 10

600 bar CO/H;=1:1, 20 ppm Rh as [RRCI{1,5-cyclooactadiene)]:.
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Temperature has a marked influence on the selectivity.
This is immediately evident, e. g., in the hydroformylation of
eugenol (1) and isoeugenol (2)%¥! (Table 1).-.

3. Intermediates for the Synthesis of Pharmaco-
logically Active Compounds

A few classes of substances which are of interest for the
synthesis of pharmacologically active amines are readily ac-
cessible by hydroformylation with rhodium catalysts®.
Thus, the 2-aryloxypropanals (3) obtained from aryl vinyl
ethers (4) are used for the synthesis of (aryloxypropyl)amines
(5); 3-arylbutanals (6), prepared from 2-arylalkenes (7}, are
intermediates for the synthesis of 3-arylbutylamines (§), and

0 1,2
_colta ,j@ib_ﬁ CHO ———ay Jﬁéﬁ}%n R
R el
"\RE
(3) -
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cnmg HNR!'R?/H, /
> R Nx
R
(8)

—— R],

-—\_\__‘___\_ - ;

—-@E> **““@:3

CHO HNR'R2/H, H‘Hﬂ_h N‘~~~
CO/H, > R?
> R _ R R R

P

(9) | (11)

2-arylpropanals (9), obtained from 1-arylalkenes (10), are
precursors for the synthesis of B-phenylpropylamines (11).

In order to achieve a high selectivity in the hydroformyla-
tion, the reacfion is carried out in all cases at 600~700 bar
CO/H, and <100°C with rhodium concentrations in the
ppm range. *

Modified B-phenylethylamines with interesting hypoten-
sive properties are obtained by hydroformylation of indene®
or acenaphthalene!® in the presence of rhodium catalysts
and subsequent reaction of the resulting aldehydes with

amines!”?,

80°C

4. Intermediates for Vitamin and Terpene Chemistry
41. Unsaturated Aldehydes from 2-Alkenyl Acetates

In the process used at BASF for the industrial synthesis of
vitamin A the ylide of a C,s-phosphonium salt is allowed to
react with a Cs-aldehyde®. A phosphonium salt!''! (12}, pre-
pared by reaction of vinyl B-ionol"” and triphenylphos-
phane in the presence of an acid, serves as C,s-moiety and
trans-3-formyl-2-butenyl acetate (13} as Cs-moiety. The syn-
thesis, in presence of a base, leads directly to the vitamin A
acetate (14). |
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8 )\/\
@:W\P{cﬁﬂﬁ}a + OHC” X S0OAc + NaOH
¥

(12) (13)

TN NN 0Ae (14)

The unsaturated aldehyde (13) can be prepared vig hydro-
formylation of 1-vinylethylene diacetate in the presence of a
rhodium catalyst.

CHO
CO/H, )\/\
= OAC ——— & OA¢c —— QHC QOAc
OAc OAc = AcOH
(15) (13)

High pressure and low temperature favor formation of the
branched aldehyde (15). At 80°C and 600 bar CO/H, selec-
tivities of up to ca. 80% can be achieved. The acetoxy group
in the B-position to the formyl group is readily removed as
acetic acid to give pure trans-(13)!'>'3, This synthesis of a,-
unsaturated aldehydes by hydroformylation of 2-alkenyl
acetates and subsequent elimination of acetic acid can also
be used for the production of further intermediates which are
of interest in terpene chemistry.

trans-2-Methyl-3-(5,5-dimethyl-1,3-dioxan-2-yl)acrylalde-
hyde (17), an important intermediate for the synthesis of ca-
rotinoids!'¥l, can be obtained in the same way from the acetal
(16).

= Y e DX
f\/‘( Ts00bar aon | OHC

OA:: 80°C
(16) (17)

Reaction of (1 7) with the ylide of the C,s-phosphonium
salt (12) and subsequent hydrolysis affnrds easy access to ret-
inal (vitamin A aldehyde).

Hydroformylation of the 3-methyl-2-butenyl acetate (18)
leads in high yields to 2-formyl-3-methylbutyl acetate (79),
elimination of acetic acid from (79) to a-isopropylacrylalde-
hyde (20). This is isomerized in the presence of palladium
catalysts to trimethylacrylaldehyde (27), an important inter-
mediate for the synthesis of irones(!s],

CO/Hy
)“\HJCHEGA-: —_—

CH;0AC ———>

600 bar - AcOH
80°C CHO
(18) (19)
*: CHO e CHO
(20) (21)

4.2. Unsaturated Aldehydes by Hydroformylation of
Non-Conjugated Diolefins

A further possibility for the synthesis of unsaturated alde-
hydes consists in the selective hydroformylation of non-con-
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jugated diolefins. Here, steric factors play a decisive role re-

' garding the degree of hydroformylation of the double

bonds.

The ketone (22)!'®! accessible from linalool is selectively
hydroformylated at the isopropenyl group. An intramolecu-
lar ring closure of the resulting ketoaldehyde (23) followed
by further reaction steps affords guaiazulene (24)!""),

CHO
O
)\Ui\/k CO/H, /ﬂ\/a\
‘ —_—
600 bar

110°C
(22) (23) (24)

In citronellene (25) the formyl group is almost exclusively
incorporated terminally (at 600 bar, 70°C, with rhodium
catalysts) owing to steric hindrance by the two methyl

groups!'®],
(25) ﬁ CO/Hy KCCHO

Synthesis of the industrially important citronellal (26)
from 2,6-dimethyl-1,5-heptadiene (27)!"*! proceeds in a simi-
lar fashion,

= COfHa = CHO -
(27) | > (26)
600 bar

30°C

4.3, Synthesis of Hydroxycitronelial

An industrial process for production of the important odor-
ant hydroxycitronellal (28) consists in hydroformylation of
the 2,6-dimethyl-6-hepten-2-ol (30)1*” obtainable from 6-me-
thyl-6-hepten-2-one (29) via a Grignard reaction.

| CHO
= -
6]\ CH3MgX _ G}\PI CO/H; OH
600 bar
100°C
(29) (30) (28)

5. Intermediates for the Synthesis of Heterocycles

5.1. Furancarboxylic Acid Derivatives from 1-Alkenyl
Acetates

In the hydroformylation of 1-alkenyl acetates (31), which
are readily accessible by formation of the enol acetate from
the corresponding aldehydes, the formyl group is incorpo-
rated with a selectivity of >90% at the a-position to the ace-
toxy group [(32)] at 600 bar and ca. 110°C.

In the presence of weak bases, (32) readily undergoes a
type of Lobry-de-Bruyn-van-Ekenstein rearrangement to
give the ketoacetate (33)124],

R/\\/QHC % R OAC __B-li’_ R/\H/\'DHC
CHO O
(31) (32) | (33)
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Hydroformylation of vinyl acetate affords 2-formylethyl
acetate (34) in high yields. This ester, and also other 2-for-
mylalkyl acetates, are important intermediates for a novel
one-step synthesis of furancarboxylic acid derivatives.

Reaction of (34) with acetoacetamides (35) or acetoace-
tates (37) leads in high yields to the 2,5-dimethyl-3-furancar-
boxamides (36) or the corresponding esters (38), respective-
ly(22:231,

Furancarboxylic acid derivatives are of great industral
importance in seed disinfection®® and in wood preserva-

tion!%),
/f]:iio o o
OAc Ji'\x )L_/EEKX
. O O
(34) (35), X = NRy (36), X = NRo
(37), X = OR (38), X = OR

5.2. Pyrimidines via Methylmalonaldehyde Monoacetals

Depending on the reaction conditions hydroformylation of
the cyclic acetals of acrylaldehyde (39) leads either to the
methylmalonaldehyde monoacetals (40) or succinaldehyde

monoacetals (41).

O CO/H, O CO/H;, CHOO
""’-H‘“\./< e Z— F
OHC O 4 ;’ :
O
R R

R

(41) (39) (40)

When the reaction is carried out at 600 bar CO/H; and
80 °C in the absence of complexing agents, (41) and (40) are
obtained in the ratio 25:7512¢, At 20 bar CO/H, and 140°C
in the presence of more than a fiftyfold excess of triphenyl-
phosphane (referred to rhodium) the reaction product con-
tains 70% (41) and 30% (40). Compound (41} 1s a possible
intermediate for the synthesis of 1,4-butanediol*”. |

5-Methyl-2-pyrimidinylamine (42), which is used as start-
ing material for the synthesis of sulfonamides, can be readily
prepared by reaction of the methylmalonaldehyde monoace-

tal (40} with guanidine.

H,N

N
=NH — I-IEC—©>—NH3
- N

H,N

(40) +

(42)

6. Asymmetric Hydroformylation with Chiral
Rhodium Complexes

Horner was the first to point out that an asymmetric hy-
drogen transfer should be possible!”” by reaction of an opti-
cally active phosphane as ligand with one of the rhodium
complexes previously found by Wilkinson et al.®® to be ef-
fective catalysts in hydrogenation. Following the subsequent
independent confirmation of this prediction by Knowles and
Sabacky®™ and by Horner et al.P'), Monsanto started using
this novel synthetic method on an industrial scale. Knowles et
al. developed a method for the preparation of L-dopa by
asymmetric hydrogenation of an appropriately substituted a-
(N-acylamino)cinnamic acid®?.
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Reaction of styrene (43) with carbon monoxide and hy-
drogen in the presence of (S)-( 4 )methyl(phenyl)-n-propyl-
phosphane, (S)-(44)"°, and rhodium complex catalyst af-
fords optically active (R)-(—)-phenylpropanol (R)-(45)1%.

/

CsHs CO/H/PR 4 )C\EH*” ?EHE
H > VHH  PRa= F
H)hz [RhOUCsH 2) b OHC CH; ? H-HTC: \CH;;
(43) (R)-(=)-(45) (S)-(+)-(44)
40 - o
/ ‘-‘\xn

i L I L | i | M I
100 200 300 400 500
g [bar] —

Fig. 1. Dependence of optical induction on pressure in the hydroformylation of
styrene (43) to (R)-(—)-2-phenylpropanol (R)-(45) with di-p-chlorobis(n-1,5-cy-
clooctadiene)dirhodium and (S)-(+ )-methyl(phenyl)-n-propylphosphane (S)-
(44).

As shown in Figure 1 a noticeable enantioselective synthe-
sis can be observed at 500 bar CO/H,—a proof that carbon
monoxide does not completely displace the chiral phosphane
from the carbonylrhodium complex, even at high pressure,
In order to establish its absolute configuration, the prepared
(—)-2-phenylpropanol {45) was oxidized by various methods
to 2-phenylpropionic acid. In each case this had R-configu-

* ration; accordingly, (45) is likewise R-configurated. This en-

antionselective synthesis can best be explained in terms of
the mechanism proposed by Wilkinson et al.®>! for the hydro-

formylation of olefins with HRhCO(PPh;); or

HRh(CO),(PPhs),.
H,C CgHs
P|wI ([%HE Hac\é{ﬁﬁs %H
R7F | }‘?#'CEH 5 RE/P\\ T
Rh o — Rh\
Rh s
RyP——CO RsP—7—CO RsP” | PRy
CO CO co
(47) (48) (49)
CH, ”
B ]|
R.P T H
/ N co _Rh CeHs
) «— R,P | PR, + WwCHO
RqP——CO CO H,C” Vi
CO |
(46) (30) (R)-(43)

PH;} = (S)=(44)

Similarly to an enzyme, the chiral catalyst (46) can differ-

entiate between the enantiotopic sides of the prochiral olefin.

In the case of (S)-(+)-(44) as ligand PR; of the coordinative

unsaturated complex (46}, styrene (43) preferably adds at the
side unshielded by the phenyl group. A Rh-m-complex (47)

is formed and is rapidly converted into a complex (48} con-
taining a Rh-alkyl bond. The absolute configuration of the 2-
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phenylpropanal is thus established, since CO is inserted in
the cis position [(48)— (49)]. The rate determining step of
the reaction is cleavage of the acylrhodium complex (49) by
hydrogen: (R)-(—)-(45) and the tetrahedral hydrido complex

(50) are formed, which after uptake of CO to give the com-

plex (46) can further add styrene.

A mechanism involving replacement of one of the two chi-
ral phosphane groups by a carbonyl group in the reaction
(46)— (50) leads to the same result.

With (.S)-phosphanes, the (R)-aldehyde is formed. It 1s im-
mediately apparent that the arrangement of the groups in the
chiral 2-phenylpropanol (45) pre-images to a certain extent
the groups in the chiral phosphane. With (S)-(+)-(44) or the

corresponding isopropyl compound as complex ligand the .

enantiomeric purity of the products is ca. 20% and 30%, re-
spectively. .

The asymmetric hydroformylation of prochiral olefins has
so far found no use in industry. One reason for this is the low
enantiomeric purity—also observed by other au-
thorsP¢—3%—of the products obtained from the substrates
hitherto examined. Hence, this method is at the moment con-
sidered impracticable for the industrial production of opti-
cally active intermediates which could be used for optical re-

solution or asymmetric syntheses.

7. Optically Active Intermediates via Hydroformyl-
ation of Unsaturated Chiral Natural Products

(=)-«-Pinene (51), which is available in large amounts
from the cluster pine (Pinus Pinaster Sol.), is hydroformy-
lated with thodium catalysts in a diastereoselective synthesis
to (+)-3-pinanecarbaldehyde (52)*’). (+)-a-Pinene from
the Aleppo pine (Pinus Pinaster Mill.) affords ( —)-3-pinane-
carbaldehydet®®,

L | H3
sé CO/H, OHC..,
-
600 bar

{—}-(5}) < 120°C {+]_{/52/]

The formation of the reaction products can be explained
by the fact that the intermediary alkylrhodium complex
evades as far as possible steric hindrance by the tsopropyli-
dene bridge and the methyl group. The least hindered posi-
tion is the equatorial one on the carbon atom 3 of the a-pi-
nene (51). The cis addition of CO and H, then forces the me-
thyl and formyl group likewise to take up an equatorial post-
tion in the 3-pinanecarbaldehyde (52). Depending on the
reaction conditions the selectivities are up to 85%. The most
important by-products are isomeric aldehydes, which are
derived from the B-pinene formed during the reaction by
isomerization of the double bond. In the analogous hydro-
formylation of (+ )-3-carene, ( +)-(33), the reaction proceeds
with a selectivity of only 60-65% to the (+ )-2-caranecarbal-
dehyde (+)-(54)¥!! owing to comparably little steric hin-
drance by the isopropylidene bridge.

The enantiomeric purity of the (—)- or (+)-3-pinanecarb-
aldehyde (52) corresponds to that of the a-pinene employed
- (70-85%). Enantiomerically pure 3-pinanecarbaldehyde is
obtained by acid-catalyzed trimerization in the presence of

182

Hs

3 COfH, -*«““"’iCI"IOI
il
600 bar
P <120°C P
(+)-(53) (+)-(54)

solvents?: only one enantiomer is thereby preferentially tri-
merized to the crystalline compound (55). This is isolated
and then cleaved again in the presence of acids to 3-pinane-

carbaldehyde.

Hj R CH,
OHC,, o ANo e OHC
= X2,
0°C R O R 140°C . |
- enantiomeric (55) enantiomeric

purity 70-85% purity =100%

R = (+)-3Pinanyl

The optically active pinanecarbaldehydes are very stable
against racemization. They can be hydrogenated, amino-
hydrogenated, or oxidized with retention of configuration
by the usual industrial methods.

Hg
OHGC,,

f‘/m (+)-(52) \“i

H3 CHE
HOCHj, HOOG,,

NHa/H,

<t
(+)-(36) Y (+)-(358)
. CH,
HN-CH,,
(+)=(57)

(+)-3-Pinanylmethanol (56), (+)-3-(pinanylmethyl)am-
ine (57), and (+ )-3-pinanecarboxylic acid (58) are configura-
tionally stable, optically active intermediates which can be
used for enantiomerization and asymmetric syntheses. For
example, the amine (+)-(57) forms very easily separable
diastereomeric salts with DL-pantoic acid (39).

H A9 H Ei)i}m
I F"O » HO : \/\[I,DH
L COOH ' [ O O
OH Q" "0
(39) (60) (61)

Thus, pD-(—)-pantolactone (60}, a precursos of D-panto-
thenic acid (61), is obtained in 90% yield and in very high en-
antiomeric purity!**4, *

8. Outlook

The rhodium-catalyzed hydroformylation of special ole-
fins for the production of aldehydes is a versatile method for
unconventional solutions of problematic syntheses in the fine
chemicals industry. The possibilities of this method range
from simple aliphatic aldehydes to chiral compounds. A dis-
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advantage, however, is that not all of the necessary starting
olefins are avilable on an industrial scale and that, with high-
er concentrations of catalyst, the expensive and relatively

scarce rhodium must be recycled. However, in spite of these
problems still further new syntheses with rhodium-catalyzed

hydroformylation intermediates are to be expected 1n the fu-
ture.
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