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Abstract

Various allylbenzenes and propenylbenzenes have been hydroformylated with a 97-99% chemoselectivity using
bis[(j.-acetate)(1,5-cyclooctadiene)rhodium(l)] as a catalyst precursor. Regioselectivity of the hydroformylation can be con-
trolled by the nature of phosphorus auxiliary ligands. The Rh-NAPHOS fizsf(diphenylphosphino)methyl]-1/binaphthyl)
system promotes the hydroformylation of allylbenzenes into linear aldehydes in near 95% selectivity and propenylben-
zenes into branched aldehydes with a formyl group-position to phenyl ring in near 90% selectivity, while the Rh-dppp
(1,3-bis(diphenylphosphino)propane) system gives branched aldehydes with a formyl géeppdition in near 70% selec-
tivity starting from allylbenzenes. The regioselectivity of Rh-diphosphine systems correlates with a ligand bite angle. Both
the rate and regioselectivity of the hydroformylation are largely influenced by the basicity of monophosphine auxiliary lig-
ands, however, no correlation between their steric characteristics and the regioselectivity has been observed. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction Hydroformylation represents a versatile method for
the production of commercially important aldehydes
Selective functionalization of naturally occurring and alcohols, which are difficult to obtained by the
special olefins can provide oxygenated derivatives conventional synthetic pathways. Aldehydes derived
which are valuable materials in the fine chemicals in- from substituted allylbenzenes and propenylbenzenes
dustry. We have recently reported that allylic acetates, (Scheme 1), easily available from biomass, show bio-
alcohols, aldehydes and carboxylic acid derivatives logical and phytosanitary activities and are also useful
can be obtained in good yields by the metal complex in flavor, perfume and pharmaceutical industries [6,7].
catalyzed oxidation [1,2], hydroformylation [3,4] However, the hydroformylation of these olefins has
and alkoxycarbonylation [5] of some monoterpenes. only little been studied hitherto [7—10]. High-pressure
(600 MPa) hydroformylation of eugenolld) and
_ isoeugenol Za) results in a mixture of aldehydes
" Corresponding author. 3a, 4a and 5a, with regioselectivity being depend-
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nicolau@dedalus.lcc.ufmg.br (E.N. dos Santos). ing on temperature [7]. Aldehyd8a was obtained
L Co-corresponding author. up to 95% selectivity fronRa, while 1la gave in all
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cases the comparable amounts of twia @nd 5a)

or three Ba, 4a and5a) aldehydes. Enantioselective
platinum/tin- and rhodium-catalyzed hydroformyla-
tion of estragole 1d) and its isomer anethole2d)
has been reported recently [10], however, with low
regioseletivity for aldehyded4d and5d. Kalck et al.
[8,9] studied the hydroformylation ota—1d using
[Rh2(w-SRR(CO)L2] as a catalyst precursor and
achieved 96, 86, 88 and 80% selectivities for linear
aldehyde$a-5d, respectively.

The aim of this work was to study the effect
of various phosphine and diphosphine ligands on
the hydroformylation of allylbenzenega—1c and
propenylbenzenea and2c using bis[{.-acetate)(1,5-
cyclooctadiene)rhodium(l)] as a catalyst precursor.
We found that chemo- and regioselectivity can be
controlled by the ligand nature and developed the
systems offering the preferential synthesis of either
branched3a and 3c (in near 90% regioselectivity),
branchedda—4c (in near 70% regioselectivity) or lin-
ear5a-5c (in near 95% regioselectivity) aldehydes in
very high chemoselectivities (>97%). The branched
aldehydes derived from allylbenzenes and propenyl-

benzenes are precursors of various pharmacologically
important compounds [10].

2. Experimental

All chemicals were purchased from Aldrich
and used as received, unless otherwise indicated.
Bis[(-acetate)(1,5-cyclooctadiene)rhodium(l)]—[Rh
(COD)(OAc)Lb—was prepared by published proce-
dure [11]. 2,2-Bis[(diphenylphosphino)methyl]- 1’41
binaphthyl (NAPHOS) and 2,is[(diphenylphos-
phino)methyl]-1,1-biphenyl (BISBI) were kindly
donated by Prof. B. Hanson (Virginiatech, US).
Benzene was purified under reflux with sodium
wire/benzophenone for 6 h and then distilled under
nitrogen.

The products were analyzed by gas chromatogra-
phy (GC) using a Shimadzu 14B instrument fitted with
a Carbowax 20 M capillary column and a flame ion-
ization detector. NMR spectra were obtained using a
Brucker CXP-400 spectrometer with tetramethylsilane
as an internal standard in CDCIMass spectra were
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obtained on a Hewlett-Packard MSD 5890/Series |l
instrument operating at 70 eV. (m/zirel. int.): 194/24 (MF); 150/90 (M —CH3CHO);

In a typical run, a mixture of [Rh(COD)(OAQ)] 137/100 (MF—CoH4CHO). H-NMR: 8, 1.91 (qi,
(0.005 mmol), phosphine or diphosphine (0.10-0.20 2H, 3J = 7.4 Hz, CH,CH,CHO); 2.44 (td, 2H3J =
mmol), substrate (10.0 mmol), and benzene (40ml) 1.5Hz, 3J = 7.3Hz, CH,CHO); 2.57 (t, 2H,3J =
was transferred from a Schlenck tube under nitro- 7.5Hz, CH,CH>CHy); 3.85 (s, 3H, OEl3); 6.65 (d,
gen into a stainless steel magnetic stirred autoclave.1H, 3J = 8.1 Hz, Ar: CHCHCOH); 6.67 (s, 1H, Ar:
The reactor was pressurized to 2 MPa total pressure CHCOCHg); 6.82 (d, 1H23J = 8.1 Hz, Ar: CHCOH);
(CO/Hz = 1/1), placed in an oil bath, and stirred. 9.73 (t, 1H,3J = 1.6Hz, CHO). 3C-NMR: s,
Reactions were followed by a gas—liquid chromatog- 23.77 CH2CH,CHO); 34.54 CHoCH,CHy); 42.95
raphy using a sampling system. After carrying out (CH,CHO); 55.75 (Q@CH3); 110.95 (Ar:CHCOCH);
the reaction and cooling to room temperature, the 114.21 (Ar. CHCOH); 120.87 (Ar: CHCHCOH);

4-(4-Hydroxy-3-methoxyphenyl)-butandlaj. MS

excess CO and Hwere slowly vented. The solution

was analyzed by GC and GC/MS. The products were
separated by column chromatography (silica) using

mixtures of hexane and GiEl, as eluents, and iden-
tified by GC/MS,1H, and 13C-NMR spectroscopy.
The assignment ofH and 13C-NMR signals was

133.01 (Ar: CCHy); 143.79 (Ar: COCHg); 146.41
(Ar: COH); 202.51 CHO).
2-(3,4-Dimethoxybenzyl)-propanal 4k). MS
(m/zlrel. int.): 151/100 (M —C,H4CHO). *H-NMR:
8, 1.05 (d, 3H,%J = 6.8Hz, CH3); 2.53-2.60 (m,
1H, CHy); 2.60-2.64 (m, 1H, BCHO); 2.98 (dd,

made using HMQC, COSY and DEPT NMR experi- 1H,3J = 5.2Hz,2J = 125Hz, CH,); 3.81 (s, 3H,
ments. Spectral simulations performed with the ADC/ OCH3); 3.84 (s, 3H, O€l3); 6.66—6.80 (m, 3H, Ar);
CNMR program were in agreement with the spectra 9.65 (d, 1H,2J = 1.2 Hz, CHO). 13C-NMR: §, 12.50

observed.
2-(4-Hydroxy-3-methoxyphenyl)-butand@aj. MS
(m/zlrel. int.): 194/17 (MF); 165/197 (MF—CHO);
137/100 (MF—C,H4CHO). 1H-NMR: §, 0.90 (t,
3H, 3J = 7.4Hz, CHz); 1.66-1.75 (m, 1H, &));
2.02-2.12 (m, 1H, 8,); 3.33 (td, 1H,3J = 2.1 Hz,
3] = 7.4Hz, CHCHO); 3.87 (s, 3H, O63); 6.64 (d,
1H, 4J = 2.0Hz, aromatic (Ar): GICOCH); 6.71
(dd, 1H,%J = 2.0Hz,3J = 8.0 Hz, Ar: CHCHCOH);
6.91 (d, 1H,3J = 8.0Hz, Ar: CHCOH); 9.63 (d,
1H, 3J = 2.1 Hz, CHO). 13C-NMR: 8, 11.63 CH3);
22.84 CHy); 55.94 (OCH3); 60.45 CHCHO); 111.06
(Ar: CHCOCHg); 114.86 (Ar:CHCOH); 121.76 (Ar:
CHCHCOH); 127.64 (Ar:CCHCHO); 145.20 (Ar:
COCHg); 147.01 (Ar:COH); 200.83 CHO).
2-(4-Hydroxy-3-methoxybenzyl)-propandd). MS
(m/zirel. int.): 194/17 (M); 137/100 (MF—CyHa
CHO).H-NMR: 8, 1.09 (d, 3H23J = 6.9 Hz, CH5);
2.55 (dd, 1H,3J = 8.0Hz, 2J = 136Hz, CHy);
2.61-2.66 (m, 1H, ECHO); 3.01 (dd, 1H23J =
6.0Hz, 2J = 136Hz, (Hp); 3.87 (s, 3H, OEl3);
6.65-6.68 (m, 2H, Ar); 6.84 (d, 1HJ = 8.6Hz,
Ar: CHCOH); 9.71 (d, 1H,3J = 1.6Hz, CHO).
13C.NMR: §, 13.32 (CH3); 36.53 (CHy); 48.27
(CHCHO); 55.99 (@H3); 111.62 (Ar); 114.49 (Ar:
CHCOH); 121.81 (Ar); 130.69 (ArCCHy); 145.50
(Ar: COCHg); 146.59 (Ar:COH); 204.48 CHO).

(CH3); 35.60 CHp); 42.40 CHCHO); 55.12 (GCH3);
55.20 (ACH3); 110.70 (Ar); 111.70 (Ar); 120.41 (Ar);
130.80 (Ar: CCHy); 146.77 (Ar: COCHg); 148.32
(Ar: COCHg); 203.70 CHO).
4-(3,4-Dimethoxyphenyl)-butandlf). MS (m/z/rel.
int.): 164/66 (MF—CH3CHO); 151/100 (M —C,H4
CHO).1H-NMR: 8, 1.90 (qi, 2H,3J = 7.2Hz,3J =
7.5Hz, (H,CHL,CHO); 2.40 (td, 2H,3J = 1.5Hz,
8] = 7.2Hz, CHCHO); 2.57 (t, 2H,3J = 7.5Hz,
CH>CHoCHy); 3.81 (s, 3H, OEl3); 3.84 (s, 3H,
OCHz3); 6.66—6.80 (m, 3H, Ar); 9.69 (t, 1HJ =
1.5Hz, CHO). 13C-NMR: 8, 23.20 CH2CH,CHO);
34.00 (GH,CH,CHy); 42.40 CH,CHO); 55.12
(OCH3); 55.20 (GCH3); 110.70 (Ar); 111.20 (Ar);
119.72 (Ar); 133.32 (Ar: CCHp); 146.99 (Ar:
COCHg); 148.32 (Ar:COCHg); 201.60 CHO).
2-(3,4-Methylenedioxyphenyl)-butanal3c]. MS
(m/zirel. int.): 192/15 (M"); 163/100 (M"—CHO);
135/195 (MF—CH4CHO). 1H-NMR: §, 0.90 (t,
3H, 3J = 7.4Hz, (Hg); 1.62-1.81 (m, 1H, &y);
1.95-2.13 (m, 1H, 85); 3.32 (td, 1H,3J = 2.0Hz,
8] = 7.4Hz, CHCHO); 5.96 (s, 2H, 0-8,-0);
6.59-6.83 (m, 3H, Ar); 9.63 (d, 1HJ = 2.0Hz,
CHO).13C-NMR: §, 11.67 CH3); 22.93 CH>); 60.42
(CHCHO); 101.17 (O€H,—-0); 108.73 (Ar); 108.86
(Ar); 122.21 (Ar); 132.52 (ArCHCHy); 147.06 (Ar:
COCH,); 148.27 (Ar:COCHp); 200.75 CHO).
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2-(3,4-Methylenedioxybenzyl)-propanadic]. MS
(m/zirel. int.): 192/20 (M); 135/100 (MF—CyHg4
CHO); 77/19.1H-NMR: 5, 1.08 (d, 3H23J = 6.8 Hz,

CHa); 2.51-2.55 (m, 1H, B,CH); 2.59-2.63 (m, 1H,

CHCHO); 2.99 (dd, 1H3J = 5.5Hz,2J = 125Hz,

CH,CH); 5.92 (s, 2H, O—€1,-0); 6.58—6.75 (m, 3H,

Ar); 9.69 (d, 1H,3J = 1.5Hz, CHO). 13C-NMR:
8, 13.09 CHa3); 36.31 CHoCH); 48.14 CHCHO);

100.83 (O-€H,—0); 108.17 (Ar); 109.23 (Ar); 121.86

(Ar); 132.42 (Ar: CHCHy); 145.74 (Ar: COCHp);
147.59 (Ar:COCHy); 204.35 CHO).
4-(3-Methylenedioxyphenyl)-butanal 5d). MS
(m/zirel. int.): 192/25 (M"); 148/100 (M- —CH3CHO);
135/100 (M —C,H4CHO); 77/44; 51/321H-NMR:
8, 1.91 (qi, 2H,3%J = 7.2Hz, 3J = 75Hz,
CH,CH,CHO); 2.44 (td, 2H,3J = 15Hz,3J =
7.2Hz, (H,CHO); 2.57 (t, 2H,3J = 7.5Hz,

CH,CH,CHy); 5.92 (s, 2H, O—E1,—0); 6.58-6.75 (m,

3H, Ar); 9.75 (t, 1H,2J = 1.5Hz, CHO). 13C-NMR:
8, 23.79 (CH2CH,CHO); 34.64 CHCH,CHy);
42.93 CHCHO); 100.83 (OE€H,—0); 108.11 (Ar);
108.76 (Ar); 121.17 (Ar); 134.95 (AICCH,); 145.74
(Ar: COCHy); 147.59 (Ar:COCHy); 202.45 CHO).

3. Results and discussion

Hydroformylation of eugenolla (Table 1, run 1)
occurs smoothly under mild conditions (80, 2 MPa)

with [Rh(COD)(OAc)L used as a catalyst precursor,

Table 1
Hydroformylation of eugenoll@) catalyzed by [Rh(COD)(OAc)]
effect of phosphorus ligand additidn

Run Ligand Tim& Selectivitf¢ Product distributiof
(h) (%) (%)

2a 4a 5a

1 None 3 69 31 20 48

2 PPh 5 100 tre 28 72

3 OPPhh 3 58 42 18 40
aReaction conditions: substrate (10.0 mmol),

[Rh(COD)(OACc)L (0.005mmol), phosphorus ligand (0.10 mmol),

benzene (40 ml), 2MP&CO/H, = 1/1), 60°C.
b Reaction time necessary for a 100% conversion.

¢ Selectivity for the hydroformylation products; hydrogenated

substrate is detected in trace amounts.
d Determined by GC.
€Trace amounts.

giving rise to a full conversion of the substrate within
3 h. Only trace amounts of the hydrogenated substrate
are formed. However, in the absence of auxiliary phos-
phorus ligand, hydroformylation is strongly compli-
cated by the excessive isomerization of a terminal
C=C double bond. As a result, near 30% of isoeugenol
2a is formed along with branchedd) and linear
(5a) aldehydeg5a/4a = 2.4). Hydroformylation of

2a would give branched aldehyd&s and 4a with

the formyl group ina- and B-positions, respectively,
however, thea-isomer has not been detected under
the conditions used because of the lower reactivity
of internal olefins in hydroformylation. The addition
of triphenylphosphingP/Rh = 10) dramatically im-
proves the chemoselectivity of hydroformylation (up
to nearly 100%) with the linearity being almost the
same(5a/4a = 2.1) (Table 1, run 2). When triph-
enylphosphine is substituted by a less basic ligand,
OPPh (Table 1, run 3), the product distribution is
rather similar to that observed in the absence of any
auxiliary ligand (run 1). These results are completely
consistent with the expected mechanism of eugenol
hydroformylation and isomerization. The addition of
rhodium(l) hydride to the coordinated olefin results
in linear and branched rhodium alkyl intermediates
(rhodium attached tg- andB-carbons, respectively).
The former then originates a linear aldehyde, while the
latter could give either branched aldehy&tevia car-
bonylation or isomeric olefia via a rhodium hydride
elimination, with hydrogen being abstracted from the
a-carbon. Chemoselectivity is determined by relative
reactivity of the branched alkyl intermediate towards
carbonylation vsp-hydride elimination. It is expected
to be strongly affected by the ligand basicity. The pres-
ence of PPk which is more basic ligand than CO,
should disfavor the hydride transfer from thecarbon

to the rhodium atom bearing now a less positive par-
tial charge. Moreover, it was found [12] that the more
nucleophilic the incoming ligand at the migration of
the alkyl group to ais-CO, the faster the carbonyla-
tion step. Thus, in the presence of triphenylphosphine,
the carbonylation of the alkyl intermediate is strongly
favored.

In an attempt to clarify the effect of phosphorus lig-
and nature and control the regioselectivity driving the
reaction towards either the linear or branched aldehy-
des, we have studied the hydroformylation of eugenol
lain the presence of various phosphine (Table 2) and
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Table 2
Hydroformylation of eugenoll@) catalyzed by [Rh(COD)(OACc)IL systems: steric and electronic effects of auxiliary phosphorus ligand

L3

Run Ligand® Cone anglé (°) ved (cm™1) Time® (h) Product distributioh (%)
4a 5a 5alda
1 PPh 145 2068.9 1 31 68 2.1
2 P(CHPh) 165 2066.4 2 32 68 2.1
3 P{-Bu)s 132 2056.1 7 48 52 1.1
4 P(Cy) 170 2056.4 5 45 55 1.2

aReaction conditions: substrate (10.0 mmol), [Rh(COD)(OA¢H.005 mmol), phosphorus ligand (0.10 mmol), benzene (40 ml), 2 MPa
(CO/H2 =1/1), 80°C.

bBu: butyl, Cy: cyclohexyl.

¢From Ref. [13].

d(CO) of Ni(COgL in CH,Cls.

€Reaction time necessary for a 100% conversion.

f Determined by GC; hydrogenated substrate is detected in trace amounts.

diphosphine (Table 3) ligands. We chose a series of v(CO) frequency becomes lower with increase in the
phosphines exerting different steric and electronic ef- phosphine basicity.

fects: triphenylphosphine, PRhtribenzylphosphine, Two groups of ligands with significantly different
P(CH:Ph); tri(n-butyl)phosphine, R{Bu)s; tricy- basicity are presented in Table 2: BE{(CHPh)
clohexylphosphine, P(Cy) The ligand cone angles, and P(-Bu)s/P(Cy), with the phosphines of the latter
6, and v(CO) frequencies of a series of complexes group being more basic than those of the former. In all
of the type Ni(COJL were taken as the quantitative the cases, no appreciable double bond isomerization
measures of steric and electronic effects, respectively, was observed. The systems with weaker donor phos-
as proposed by Tolman [13]. The higher the cone an- phines (runs 1 and 2) show much higher activity in
gle, the greater steric crowding the phosphine ligand hydroformylation of eugenol converting 100% of the
introduces to the metal center. The stronger donor substrate for 1-2 h, while the systems witmBu)s3
phosphines increase the electron density on Ni, which and P(Cy} require 5-7h to reach a 100% conver-
transfers some of this increase along to the coordi- sion (runs 3 and 4). The obtained results are in full
nated carbon monoxide by back donation. Thus, the agreement with the usually observed effects of ligand

Table 3
Hydroformylation of eugenoll@) catalyzed by [Rh(COD)(OAc)]diphosphine systerfis
Run Diphosphin@ Bite anglé€ (°) Time (h) Conversiof (%) Product distributiof (%)

4a 5a 5alda
1 dppe 85 24 55 62 38 0.6
2 dppp 91 24 74 69 31 0.5
3 dppb 98 24 99 34 66 1.9
48 BISBI 123 7 81 2 98 49.0
5¢ NAPHOS 120 7 90 2 98 49.0

2Reaction conditions: substrate (10.0 mmol), [Rh(COD)(OA®.005mmol), diphosphine (0.20 mmol), benzene (40ml), 2MPa
(CO/H2 = 1/1), 80°C.

b dppe: 1,2-bis(diphenylphosphino)ethane; dppp: 1,3-bis(diphenylphosphino)propane; dppb: 1,4-bis(diphenylphosphino)butane, NAPHOS:
2,2-bis[(diphenylphosphino)methyl]-1binaphthyl; BISBI: 2,2-bis[(diphenylphosphino)methyl]-1biphenyl.

¢From Ref. [15,16].

d Determined by GC; hydrogenated substrate is detected in trace amounts.

€ Diphosphine: 0.10 mmol.
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basicity on the hydroformylation rate: the more basic lectivity [15], is presented in Table 3. Indeed, we
the phosphines, the less active they are [14]. Due to have found that the reaction regioselectivity de-
their strong coordination to the metal, they “block” the pends on the diphosphine nature and clearly cor-
active center. PRhas the poorest ligand in this series, relates with ligand bite angles. With BISBI and
promotes the fastest hydroformylation (run 1). As far NAPHOS, bite angles near 12(q15,16], the lin-
as regioselectivity is concerned, it can be seen from earity is as high as 98% (runs 4 and 5), while the
the data in Table 2 that the stronger donor phosphinesuse of 1,2-bis(diphenylphosphino)ethane (dppe) and
P(n-Bu)s and P(Cyj3 favor the formation of branched  1,3-bis(diphenylphosphino)propane (dppp), bite an-
aldehydedain larger amountsia/4ais ca. 1inruns 3 gles near 990[15], switches the selectivity from linear
and 4 vs. ca. 2inruns 1 and 2). The branched aldehydeto branched aldehyde (up to ca. 70%3sfsomer4a)
is formed via a hydride ligand transfer to thelefinic (runs 1 and 2).
carbon which bears a more positive fractional charge Ligand natural bite angles near “9@ould induce
compared to th@-carbon (Scheme 1). The more basic an apical-equatorial coordination of bidentate dppe
phosphines increase the electron density on Rh, whichand dppp ligands in a trigonal-bipyramidal rhodium-
transfers some of this increase along to the coordi- olefin-hydride intermediate; while BISBI and
nated hydride facilitating its nucleophilic interaction NAPHOS with bite angles near 12@nforce a diequa-
with y-carbon. In addition, the more nucleophilic the torial chelation [15,17]. Thus, in the five-coordinated
hydride is in a trigonal-bipyramidal intermediate, the Rh-dppe and Rh-dppp intermediates, the apical hy-
more preferable the equatorial coordination of eugenol dride istransto the phosphine ligand and is expected
to Rh in the way which favors the hydride addition to to be less acidic than the hydride of the BISBI and
the terminaky-carbon (i.e., with the substituent at the NAPHOS complexes, which tsansto a less basic CO
olefinic bond oriented to the opposite to hydride lig- ligand. This increase in the electron density on hydride
and side of the equatorial plane) becomes. Thus, bothfacilitates its nucleophilic interaction with-carbon
the rate and regioselectivity of eugenol hydroformy- of the coordinated olefin resulting in branched alde-
lation are largely influenced by basicity of phosphine hyde 4a, as discussed above. On the other hand,
auxiliary ligands. the system with 1,4-bis(diphenylphosphino)butane
An analysis of the data presented in Table 2 reveals (dppb), bite angle 98 which is expected to bind as an
that there is no correlation between the steric charac- apical-equatorial chelate, does not promote the pref-
teristics of the phosphines studied and regioselectivity erential formation of branched aldehydes and show
of the catalytic system. Phosphines with the similar a 66% linearity, which is almost the same as that of
basicity but with very different cone angles (246r monodentate triphenylphosphine (cf. run 3 in Table 3,
PPh vs. 165 for P(CHPh), and 132 for P(n-Bu)s and run 1 in Table 2). It could be explained by increas-
vs. 170 for P(Cy)) showed rather similar results in  ing flexibility of a ligand backbone in dppb vs. dppp
eugenol hydroformylation. This is highly unexpected which raises the chance of an arm-gH-coordination
if intermediate complexes with more than one phos- [15]. Different efficiency of dppb compared to dppp
phine ligand, i.e., bisligand and trisligand species, are was earlier observed in various reactions. Excellent
involved in the step which determines the reaction linearities of up to 98% are achieved with BISBI and
regioselectivity. In this case, more bulky phosphines NAPHOS (runs 4 and 5). High selectivity towards
would strongly favor the formation of a less sterically linear aldehydes of a BISBI-based rhodium catalytic
crowded straight chair-alkyl rhodium intermediate  system, patented by Eastman Kodak in 1987 [18], was
enhancing a terminal hydroformylation. Thus, we be- also observed in the hydroformylation of 1-hexene
lieve that active species containing one phosphine lig- [19] and 1-octene [20]. Although the reasons for the in-
and seem to operate in the regioselectivity determin- creased regioselectivity of hydroformylation seen for
ing step under the conditions used. diphosphines with large natural bite angles are not yet
Hydroformylation of eugenala in the presence of  fully understood, both the preference of these chelates
various diphosphine auxiliaries, which usually give to occupy diequatorial sites in the trigonal-bipyramidal
an enhanced preference for bis(phosphine)rhodium intermediate and their increased steric bulk more
complexes and offer more control over regiose- likely contribute to this effect [15,17].
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Table 4
Hydroformylation of allylbenzene&a—1c catalyzed by [Rh(COD)(OAc)ldiphosphine systerfis
Run Allylbenzene Diphosphifie Conversiof (%) Product distributioh (%)
2a-2c 4a—4c 5a-5¢c Hydrogenated substrate
1 la dppp 74 td 69 31 tr.
2 1b dppp 50 tr. 66 33 1
3 1c dppp 62 tr. 65 33 2
4 la NAPHOS 100 tr. 2 98 tr.
5 1b NAPHOS 100 3 6 90 1
6 1c NAPHOS 100 1 5 93 2

aReaction conditions: substrate (10.0 mmol), [Rh(COD)(OAd)).005mmol), dppp (0.20 mmol), NAPHOS (0.10 mmol), benzene
(40ml), 2MPa(CO/H; = 1/1), 80°C, reaction time= 24 h.

b dppp: 1,3-his(diphenylphosphino)propane; NAPHOS!-Big[(diphenylphosphino)methyl]-1;binaphthyl.

¢ Determined by GC.

dTrace amounts.

The rhodium-diphosphine systems were foundtobe  Starting from naturally occurring isomers of
also very efficient in controlling the regioselectivity eugenol and safrol, i.e. propenylbenzefasand 2c,
of the hydroformylation of other allylbenzenes, i.e., itis possible to obtain selectively the other branched
eugenol methyl ethetb and safrollc. The results aldehydes-e-isomers3a and 3c (Table 5). Hydro-
are presented in Table 4. The Rh-NAPHOS catalyst formylation of2a and2c expectedly proceeds at much
convertsla—1c into corresponding linear aldehydes slower rates, than that of allylbenzenes. The double
5a-5c in a 90-98% regioselectivity (runs 4-6), while bonds in these substrates are internal and, in addition,
the Rh-dppp catalyst allows the preferential formation conjugated with the phenyl ring, with a positive par-
of the branched aldehyde3-(somers) (runs 1-3). Ex-  tial charge being expected ancarbon atoms due to
cellent chemoselectivity is achieved in all cases with the M+ effect of the phenyl ring. Only 14% conver-
only small amounts (2%) of the hydrogenated sub- sion of2a occurs for 24 h under the conditions similar

strate being detected. to those used for allylbenzenes (run 1). Aldehyde
Table 5
Hydroformylation of propenylbenzen&a and 2c catalyzed by [Rh(COD)(OAc)f
Run Substrate Auxiliary Pressure Temperature Time Convérsion Product distributiofi (%)
ligand® MPa, C h %
9 ( ) () ) () 3 4 5 Hydrogenated
substrate
1 2a None 2 80 24 14 76 24 - -
2 2a None 6 80 6 82 41 56 - 3
3d 2a None 6 80 6 73 45 52 - 3
49 2a None 6 100 6 80 32 53 12 3
5 2a None 9 130 4 100 28 44 19 9
6 2a dppp 9 130 24 53 63 26 - 1n
7 2a NAPHOS 9 130 24 52 3 5 - 3
8 2c dppp 9 130 24 54 74 21 - 5
9 2c NAPHOS 9 130 24 54 3 4 2 1

2Reaction conditions: substrate (10.0 mmol), [Rh(COD)(OA¢).005 mmol), auxiliary ligand (if any) (0.20 mmol), benzene (40 ml),
CO/H, = 1/1.

b dppp: 1,3-bis(diphenylphosphino)propane; NAPHOS!-Big[(diphenylphosphino)methyl]-:binaphthyl.

¢ Determined by GC.

dCO/H, = 2/1.
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3ais formed as a main product in a 76% regioselectiv- 3a and 3c in higher than 90% selectivity. In the five
ity and virtually 100% chemoselectivity. Varying the coordinated Rh-dppp complex, the apical hydride is
reaction conditions, such as temperature, pressure andransto the strong donor phosphine, while the hydride
CO/H, ratio (runs 1-5), hydroformylation has been of the Rh-NAPHOS complexes imansto a less basic
accelerated significantly (100% conversion for 4h, CO ligand and would be expected to be more acidic.
run 5), however, at the expense of regioselectivity—a Decreasing the electron density on hydride facilitates
mixture of all three isomeric aldehyd8s, 4a and5a its interaction with aB-carbon atom of the coordi-
in comparable amounts is formed along with 9% of nated olefin bearing a negative partial charge. This
hydrogenated substrate. Thus, the partial isomeriza-results in the formation of branched aldehy8asand
tion of 2a into 1a and fast hydroformylation of the  3b with the formyl group incorporated ia-position.
latter occurs in the reaction solutions. The introduc- Such a consideration gives a reasonable explanation
tion of auxiliary diphosphines, dppp or NAPHOS, for the increase in selectivity far-aldehydes in going
lowers the hydroformylation rate and strongly orients from the Rh-dppp to Rh-NAPHOS catalyst. However,
the selectivity towardsi-isomer3a (runs 6-9 vs. run it fails to explain the higher regioselectivity of the
5). As expected, the natural bite angle of the chelating Rh-NAPHOS catalyst (Table 5, run 7) compared to
diphosphine dramatically influences the regioselectiv- the unprompted rhodium system (Table 5, run 5), in
ity. Interestingly, it has been observed that the higher which the apical hydride of the intermediate in the
the bite angle, the larger amounts of the branched regioselectivity determining step is aldémns to a
aldehyde with the formyl group in a sterically more CO ligand. Undoubtedly, in this case, not only the
demandingx-position are formed. NAPHOS with bite  nature of the ligandrans to the apical hydride, but
angle of 120 gives 92-93% ofx-isomer3 (runs 7 also the major steric and electronic differences be-
and 9), while in the systems with dppp, bite anglé,91 tween CO and NAPHOS ligands, e.g. the presence of
the selectivity for3 is much lower (63—76%, runs 6 two strong donor phosphines in the equatorial plane
and 8). As-mentioned above, in the hydroformylation in Rh-NAPHOS complexes which increases a back
of terminal olefins, the opposite effect was observed. donation from rhodium to the equatorial olefin lig-
Diphosphines with larger bite angles (near 120 and and could change the relative charges on carbon
which chelate almost exclusively to diequatorial sites atoms, should be taken into account to interpret the
in five coordinate rhodium complexes, have showed results of the hydroformylation of propenylbenzenes.
much higher linearity in hydroformylation of terminal
olefins than diphosphines with bite angles neat 90
and enhanced preference to form apical-equatorial 4. Conclusions
complexes. The reasons for the correlation between
the ligand bite angle and regioselectivity in hydro- This study shows that chemo- and regioselec-
formylation have been widely discussed, however tivity of the hydroformylation of allylboenzenes
remain so far unraveled [15,19-22]. Purely steric la-1c and propenylbenzene®a and 2c using
explanations based on increasing steric bulk of phos- bis[(j.-acetate)(1,5-cyclooctadiene)rhodium(l)] as a
phine ligand were considered and ruled out [21]. catalyst precursor can be controlled by the nature of
On the other hand, purely electronic arguments also phosphorous auxiliary ligands. The Rh-NAPHOS sys-
failed to explain satisfactorily the data obtained [22], tem promotes the formation of linear aldehy&eas5c
thus the consideration of both electronic and steric (formyl group in~y-position) in near 95% regioselec-
properties is required to understand the effect. tivity starting from allylbenzenes and branched alde-
The results on the hydroformylation of propenyl- hydes3a and3c (formyl group ina-position) in near
benzenes obtained in our work show that in this 90% regioselectivity starting from propenylbenzenes;
specific case the electronic effects should be more while the Rh-dppp system gives branched aldehydes
important than steric difference between dppp and 4a—4c (formyl group inB-position) in near 70% re-
NAPHOS, because despite the increase of the effec-gioselectivity starting from allylbenzenes. All these
tive steric bulk compared to dppp, NAPHOS promotes reactions proceed with very high chemoselectivities
the formation of more sterically hinderedaldehydes (97-99%). The regioselectivity of the Rh-diphospine
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systems correlates with the bite angles of the chelat-
ing ligands. Both the rate and regioselectivity of the
hydroformylation ofla are largely influenced by the
basicity of monophosphine auxiliary ligands, how-
ever, no correlation between their steric characteristics
and the regioselectivity of the catalytic system has
been revealed.
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