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Abstract

The rhodium catalyzed hydroformylation d$-isophorone 1a) should afford, as only oxo-product, the aldehyde 4-formyl-3,5,5-
trimethylcyclohexan-1-on&4), an important intermediate for the preparatiod-®amascone, a floral woody fragrance used for soaps, shampoos,
foam baths, etc. Surprisingly, under the reaction conditions adopted by us, we obtained two isomeric aldehydes, namely ti2agigrentedn
a small amount, and the (3,3-dimethyl-5-oxo-cyclohexyl)acetaldetSadethat resulted to be the preponderant oxo-product. The chemoselectivity
of the reaction was strongly affected by the substrate isomerizatiargophorone 3a) and by the extensive formation of the corresponding
saturated ketonda, so lowering the efficiency of the whole process. However, by perfoming the hydroformylatiog-aoahorone derivative
without the possibility of conjugation of the two double bonds, namely the ketal 7,9,9-trimethyl-1,4-dioxa-spiro[4.5]ded®)ahe Chemose-
lectivity of the reaction strongly increased and the amount of the hydrogenation product was rather low. In any case the predominant oxo-proc
was the acetaldehyde derivatisi, while the aldehyd@b, deriving from the attack of the formyl group on the less substituted carbon atom of the
olefinic double bond, was produced in a very small amount.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction old preparative methods, based on conventional organic chem-

istry, with new economical methods for~C bond formation.

The hydroformylation of olefins is one of the mostimportant  The fragrance and flavour industryis, i.e., afield in which both
reactions catalyzed by homogeneous cobalt and rhodium COMeterogeneous and homogeneous catalysis play an important
plexes for the industrial production of aldehydi&]. In partic- e and have grown extensively over the last few decflem
ular, rhodium compounds, generally modified with phosphoroughs view hydroformylation is a well-known example of catalytic
ligands, give rise to high reaction rates and good selectivities tgaaction that allows access to alarge number of aldehydes, useful
the desired produc{8-5]. The rhodium-catalyzed hydroformy- o perfumery, from simple olefinic precursdey.
lation of olefins containing different functions is a useful tool | this area BASF has a long experience with hydroformy-
for the preparation of numerous compounds having biologicaation of highly substituted alkenes or isomerization sensitive
activity [2-5]. In the last years we have assisted to a remarkablg|kenes such aa-pinene[7], tert-butyldihydrodioxeping[8]
expansion of the oxo-methodology towards fine chemicals t¢ g-isophorone 1a) [9]. In particular, the hydroformylation

produce several valuable intermediates and hence to substitige g-isophorone 1a) (3,5,5-trimethylcyclohex-3-enone), can

represent a powerful tool for the synthesis of 4-formyl-3,5,5-
trimethylcyclohexan-1-one2q), an important intermediate for

* Corresponding author. .
P 9 the preparation od-Damascone, a floral woody fragrance pro-
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duced by IFF and used for soaps, shampoos, foam baths, efiroducts. TPPTS was used as obtained from Fluka AG. Flash
[9,10] (Scheme )L chromatographies were carried out on silica gel Merck 60,
Indeed,B-isophorone, characterized by a trisubstituted dou230-400 mesh. NMR spectra were recorded on a Bruker
ble bond, is expected to give, under hydroformylation condi-Advance 300 and on a Varian Unity 400, using CB&3 solvent.
tions, only one carbonylic product, namely the aldehyde 4-GC analysis were carried out on an Agilent 6850A instrument,
formyl-3,5,5-trimethylcyclohexan-1-on@4), as described ina using an HP1 column (30 0.32 mmx 0.25um). GC-MS
BASF patenf9]. Nevertheless the reported chemoselectivity ofanalysis were performed by using an Agilent MS Network 5937
B-isophorone hydroformylation is very low, due to the extensiveusing an HP-5MS column (30 x0.25 mmx 0.25um). Sol-
substrate isomerization to-isophorone 3a) and to the forma-  vents were purified as described in the literafr.
tion of the saturated ketorda deriving from the hydrogenation
of 1a apd/orSa [9]_(SCheme 1 ) . 2.2. General procedure for B-isophorone (1a)
In this frame, since the reaction conditions adopted by BASthdmermylation
are extremely drastic (up to 600 atm of syngas and°CjGnd

the chemoselectivity is almost unsatisfact@y, we decided A 150 ml stainless steel reaction vessel was charged under

to study this oxo-process with the aim to enhance the aldehydg nitrogen purge with 0.0144mmol of rhodium complex
2a yield and to perform the reaction under milder conditions.7_2 mmol of B-isophorone and 5ml of anhydrous toluene’.

Moreover, Fo avoid_ the fprmation of the isomeri_zation product-l-he autoclave was then pressurized to 100-180 atm of syn-
3a, we (_jeC|ded to myesugatg the hydroformylation of the ketaIgas (CO/H = 1) and heated at 60—120 for the due time (see
7,9,9-trimethyl-1,4-dioxa-spiro[4,5]dec-7-erd] (Scheme L Tppje J. For analytical purposes the two isomeric aldehy&les

and2a were isolated from the reaction mixture by flash silica
2. Experimental gel chromatography:thexane/ether 8/2).

2.1. General remarks Compoundsa. 'H NMR (400 MHz, CDC}) &: 9.76 (t, 1H,
J=1.8Hz), 2.5 (m, 1H, &), 2.48 (m, 2H, G®I,CHO), 2.4

B-Isophorone 1a) was purchased from BASF. HRh(CO) (m, 1Hq, CHb), 2.1 (q, 2H, (H, J=13.3Hz), 1.9 (t, 1k,
(PPh)s, Rh(CO)(acac), DPPB and PgEisO); were Strem  CHp, J=13.3Hz), 1.7 (m, 1k, CH»), 1.3 (t, 1Hy, CHp,

Table 1

Rhodium catalyzed hydroformylation gtisophorone 1a)

Run Catalytic precursor T(°C) P (atm) t(h) Conversion (%)  2ayield (%) 5ayield (%) 4a yield (%) 3ayield (%)
1 HRh(CO)(PPh)3 100 100 48 >99 45 15 87.0 7.0
2 Rh(CO)acac 100 100 48 >99 8.5 25.2 46.4 19.8
3 Rh(CO}acac 120 100 24 >99 - 12.0 73.0 15.0
52 Rh(CO)acac/P(GH503)3 120 100 24 >99 - 1.7 85.0 13.3
6 Rh(CO}acac 120 130 24 >99 2.0 18.6 71.8 7.6
7 Rh(CO)acac 80 150 72 89.0 7.4 17.7 31.6 32.3
8 Rh(CO}acac 100 150 24 90.4 4.1 24.7 32.3 29.3
9o Rh(CO)acac/DPPB 100 150 41 >99 3.7 5.0 45.2 46.1

10° Rh(CO)acac/TPPTS 100 100 72 91.7 3.1 23.8 43.4 21.4

Substrate = 7.2 mmol; solvent (tolugres ml; substrate to catalyst (molar ratio) =500.
2 P/Rh (molar ratio) =5.
b DPPB = 1,4bis(diphenylphosphino)butane; P/Rh (molar ratio) = 6/1.
¢ TPPTS =triphenylphosphine-3,3’-trisulfonic acid trisodium salt; P/Rh (molar ratio) = 6/1; solventGH(3 ml) + toluene (2 ml).



S. Paganelli et al. / Journal of Molecular Catalysis A: Chemical 246 (2006) 195—-199 197

J=12.7Hz), 1.1 (s, 3H, Hz), 0.9 (s, 3H, @&l3). 13C NMR 5 by flash chromatography on silica getiexane/ ether 9/1) in
210, 200, 54, 51, 47, 45, 35, 32, 29, 25. MBe 168 (M*),  64% yield.
153, 125, 83, 69, 55, 41.
Compound2a. *H NMR (400 MHz, CDC}) §: 9.75 (d, 1H, ~ Compound1b. *H NMR (300 MHz, CDC}) §: 5.18 (bs,
CHO, J=4.2Hz), 2.6-1.5 (m, 6H, cyclohexyl ring), 1.14 (s, 1H, CH), 3.97 (s, 4H,—OCH>—CH20-), 2.15 (s, 2H,
3H, CH3), 1.01 (s, 3H, ®3), 1.0 (s, 3H, ®3). 13C NMR &: CH,—C=CH), 1.69 (s, 2H, ®), 1.62 (s, 3H, ®l3), 1.06 (s,
209, 205, 65, 56, 48, 39, 30, 29, 23, 21. M8z 168 (M), 6H, C(CH3)). MS: mle 182 (M*), 167, 139, 127, 113, 86.
153,111, 83, 69, 55, 41.
2.5. General procedure for
2.3. B-Isophorone (1a) hydroformylation in aqueous 7,9,9-trimethyl-1,4-dioxa-spiro[4.5 Jdec-7-ene (1b)
biphasic medium hydroformylation

In a Schlenk tube Rh(CQacac) (3.7 mg, 0.0144mmol)and A 150 ml stainless steel reaction vessel was charged under
TPPTS (49.0 mg, 0.0864 mmol) were dissolved under nitrogea hitrogen purge with 0.0144 mmol of rhodium complex,
in H,O (3ml). A solution ofB-isophorone (1.0g, 7.2mmol) 7.2mmol of 7,9,9-trimethyl-1,4-dioxa-spiro[4.5]dec-7-ehk)(
in toluene (2 ml) was then added to the aqueous solution. Thand 5ml of anhydrous toluene. The autoclave was then pressur-
Schlenk tube was transferred to a 150 ml stainless steel autoclaized to 90—150 atm of syngas (CQ/H1) and heated at 10@
under nitrogen, pressurized to 100 atm with syngas (G&/1H  for the due time (sedable 3. The mixture of the two oxo-
and heated at 10@ for 72 h. The reactor was then cooled to RT aldehyde$b and2b was isolated from the crude by flash silica
andthe residual gases released. The organic phase was separagetichromatography:thexane/ether 8/2).
dried on NaSO, and toluene removed in vacuo: the two isomeric
aldehydega and5a were recovered and identified as previously Mixture of compoundb and2b. 'H NMR (300 MHz, CDC})

described. 8:9.77 (t,1H, HO,J=2.7 Hz),9.66 (d, 1H, HO,J = 7.5 Hz),
3.99 (m, 4H,—-OCH,—CH>0-), 2.38 (m, 2H, G1,CHO),

2.4. Preparation of 2.20-1.18 (complex multiplets due to the protons of the cyclo-

7,9,9-trimethyl-1,4-dioxa-spiro[4.5 Jdec-7-ene (1b) hexyl ring), 1.18 (s, 3H, &©3), 1.10 (s, 3H, ®3), 0.98 (s, 3H,
CHy).

A mixture containingx-isophorone %a) (5.53g, 40mmol),  Compundsb. MS:m/e 212 (M*), 197, 184, 169, 153, 141, 127,
diethylen glycol (7 ml, 125.5 mmol) angdtoluensulphonic acid 113, 86, 69, 55, 41.
monohydrate (250 mg) in toluene (100 ml), was heated at refluxCompundb. MS: m/e 212 (M*), 197,184,167, 155, 141, 127,
for 16 h with continuous removal of water by means of a Dean- 113, 86, 69, 55, 41.
Stark trap[12]. The mixture was cooled to room tempera-
ture, washed with saturated aqueous sodium bicarbonate aBd Results and discussion
saturated brine and dried over anhydrous magnesium sulfate.
After removal of the solvent under reduced pressure, a mix- As already mentioned, the hydroformylatiorfefsophorone
ture of the two ketals 7,9,9-trimethyl-1,4-dioxa-spiro[4.5]dec-(1a), previously carried out by BASF under almost drastic
7-ene {b) and 7,9,9-trimethyl-1,4-dioxa-spiro[4.5]dec-6-ene reaction conditions, affords rather low chemoselectivity into
(3b) was obtained by flash chromatography on silica gel ( aldehyde[9]. With the aim to perform the hydroformylation
hexane/ether 9/1) in 54% yield. The molar ratio betwaébn of B-isophorone 1a) under milder reaction conditions and to
and 3b, determined by GC, resulted to be 3/2. This mixtureimprove the chemoselectivity of the oxo-process, we carried
(21.6 mmol), dissolved in 150 ml of 95% methanol, was thenout some hydroformylation experiments at 60—-120under a
treated with oxalic acid dihydrate (74.3 mmol) at room tempersyngas pressure of 100-180atm, in the presence of different
ature for 10 min. The reaction mixture was poured into 400 mkhodium based catalytic precursofi@ble ). In all cases, even
of cold saturated aqueous sodium bicarbonate, diluted with satat low temperature, the chemoselectivity was very disappointing
rated brine, and extracted with ether. Pure kibalvas obtained  because of the extensive substrate isomerizatiarisophorone

Table 2

Rhodium catalyzed hydroformylation of 7,9,9-trimethyl-1,4-dioxa-spiro[4.5]dec-7-Hye (

Run Catalytic precursor P (atm) t (h) Conversion (%) 5b yield (%) 2b yield (%) 4b yield (%) By-prod. (%)
1 HRh(CO)(PP§)3 90 72 53.4 44.8 5.9 2.7 -

2 Rh(CO)(acac) 90 72 52.2 40.4 6.3 55 -

3 Rh(CO}(acac) 90 120 71.2 53.9 10.7 2.2 4.4

42 Rh(CO)(acac)/DPPB 90 120 86.2 40.0 20.5 19.7 6.0

5 Rh(CO}(acac) 100 52 36.4 29.7 6.2 - 0.5

6 Rh(CO)(acac) 150 48 51.7 44.9 5.2 1.2 04

Substrate = 7.2 mmol; substrate to catalyst (molar ratio) = 500; temperature EIREO) =p(H>); solvent (tolueng=5 ml.
@ DPPB = 1,4bis(diphenylphosphino)butane; P/Rh (molar ratio) = 4/1.
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(3,5,5-trimethylcyclohex-2-en-1-on€da) and to the formation Under all the reaction conditions adopted we did not suc-
of the corresponding saturated ketotee In spite of we did ceed in avoiding both the undesired substrate isomerization to
not succeed in improving the chemoselectivity of the processhe «,B-unsaturated ketoriga and the formation of the corre-
we obtained a very surprising and intriguing result: in fact, wesponding saturated compouda. The chemoselectivity of the
observed the formation of two isomeric oxo-aldehydes insteadeaction resulted strongly effected by this concurrent phenom-
of only one, as expected. After separation of these two isoena so lowering the efficiency of the whole process. At this point
mers from the reaction mixture by flash chromatography and was necessary to use a device which allowed us to increase the
careful GC-MS,'H NMR and 13C NMR analysis we were chemoselectivity of the oxo-process. Therefore, we decided to
able to conclude that the preponderant oxo-product resulteprepare @-isophorone derivative where the possibility of conju-
to be the (3,3-dimethyl-5-oxo-cyclohexyl)acetaldehyda)( gation ofthe two double bonds were prevented. Our choice falled
while the expected 4-formyl-3,5,5-trimethylcyclohexan-1-oneon the ketal 7,9,9-trimethyl-1,4-dioxa-spiro[4.5]dec-7-els (

(2a) was the aldehyde formed in the minor amouBtifeme L~ This substrate, prepared by acetalyzatiom-6$ophorone 3b)
Fromthe data depictedirable lwe can observe thatthe alde- with diethylen glycol[12], was subjected to some hydroformy-
hyde yield was always very low and the best result was obtainel&tion experiments catalyzed by rhodium carbonyl compounds

carrying out the reaction in the presence of Rh(gi@ac) at at 100°C and 90-150 atm of syngaS¢heme ) and the results
100 atm of syngas and 10Q for 48 h, with a substrate to cata- are reported ifable 2
lyst molar ratio =500; the conversion was practically complete In all the experiments the chemoselectivity of the reaction
but the total aldehyde yield was about 34%, with the formatiorresulted to be strongly increased and the amount of the hydro-
of 25% of the acetaldehyde derivati¥e and 8.5% of aldehyde genation product#b was rather low; only in the presence of
2a. Also in this case, the main product was the saturated ketorthe phosphino ligand DPPB (1,4-bis-diphenylphosphinobutane)
4a (run 2 of Table ). compounddb was formed in almost 20% at a substrate conver-
We also tried to carry out the hydroformylation reaction sion of 86%. The formation of the saturated keflalwas com-
in an aqueous biphasic system: accordingly, we subjeted pletely suppressed for quite low substrate conversion (36.4%)
isophorone 1a) to the oxo-process, at 10€ and 100 atm of (run 5 ofTable 2. In all cases the predominant oxo-product was
syngas (CO/H=1), in the presence of Rh(Cgfacac) modified the acetaldehyde derivatigbh, while the aldehydeb, deriv-
with the water soluble phosphino ligand TPPTS. Also undeiing from the attack of the formyl group on the less substituted
this reaction conditions we obtained the two isomeric aldehydesarbon atom of the olefinic double bond, was produced in a
2a and5a and the main oxo-product was again the acetaldequite small amount. Nevertheless we can note that the reaction
hyde derivative5a; in any case the chemoselectivity of the rate was much slower than that observed witisophorone,
process was very low due to the formation of thésophorone  probably because of the presence of the sterically hindered
(3a) and of the corresponding saturated ketdag(run 10 of  acetal group. In fact, almost high conversions (71-86%) were
Table 1. obtained only by prolonging the reaction time for 120h at

%JQ ﬁellmlnatlon%/\& . %JV
o &

Rh CHO
1] 2
(0]
_
Z a= b=
wils o, 0
ATy

Scheme 2.
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100°C under 80 atm of syngas (COJ/H 1) (runs 3 and 4 of the aldehydes chemoselectivity and surprisingly, the unexpected
Table 2. acetaldehyde derivativib is the prevailing oxo-product. Inter-

A plausible explanation of the unexpected results obtaine@stingly, in order to explain the formation of the aldehyde prod-
in the hydroformylation ofla and 1b, namely the formation ucts2 and5, the formation of a tertiary, secondary and primary
of the aldehyde$, can be given on the basis of the generallyalkyl rhodium intermediates arising from the same substtate
accepted mechanism of the rhodium-catalyzed hydroformylacan be hypothesized. The reversible formation of the above alkyl
tion [3], by supposing the initial formation of the rhodium  species together with the different rate of the step concerning the
complexI that generates not only the secondary but also thenigratory insertion are likely responsible for the regioselectivity
tertiary alkyl rhodium intermediateH and III, respectively. of the reaction.

Nevertheless, the tertiary alkyl rhodium intermediHiE as it
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