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Abstract Two sets of styrenes possessing various suestgLeither irortho or para
position were hydroformylated in the presence of &Situ’ catalyst formed from
PtCL[(R)-BINAP] and tin(ll) chloride. The reversal of ttasolute configuration of
the preferred enantiomers was observed using le$ha$ substrates by the variation
of the reaction temperature in the range of 40-4%0In case of the 4-substituted
styrenes, the reversal temperature of the enatacisaty shows correlation with the
Hammett substituent constanisg.,, with the electron donor or electron acceptor
properties of thgara-substituents. This phenomenon was explained byewversible
formation of the Pt-branched alkyl intermediateading to the correspondi(g) and
(S)yenantiomers of 2-arylpropanals.

Strong substituent effect on the regioseldgtivas observed in the hydroformylation
of 2-substituted styrenes: the presence of substitucharacterised by larger steric
parameter resulted in the highly favoured formatmithe linear aldehyde. For
instance, regioselectivities of 45%, 22% and 7%atols branched aldehyde were
obtained with styrene, 2-fluoro- and 2-bromostyremspectively, at 86C reaction
temperature. In addition to the characteristic geaof regioselectivity, the reversal of

absolute configuration as a function of reactiongerature was also observed.
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1. Introduction

The highly selective hydroformylation of alkenesoise of the oldest success-story of homogeneous
catalysis. Its application is widely known for theemo- and regioselective synthesis of n-butyraidehin
cobalt- and rhodium-catalysed reactfdras well as for the synthesis of 2-arylpropanalghisdium-catalysed
enantioselective hydroformylation of vinyl aromatidn the latter case, both rhodium- and platinunaiysts
can be used for the synthesis of the precursoropisteroidal anti-inflammatory drugs (NSAIDs), kuas
ibuprofen, naproxen or suprofénThe rhodium-BINAPHOS catalysts, discovered by ayak enabled
enantioselective hydroformylationst using seveyales of substrates, therefore, their applicatios been
predominating over the platinum catalysts in ermeatiective hydroformylation.

Since the early discovery of the hydroformylaticstivaty of platinum-monophosphine-tin(ll)halide
type ‘in situ’ system§, several platinum-chiral diphosphine-tin(ll) chiei catalysts were developed and
successfully applied not only for the enantios@lechydroformylation of vinylaromatics but also ftne
highly enantio- and regioselective hydroformylatioh1,1-disubstituted olefins resulting in chiralilding
blocks (CBBs). Furtherrmore, the relative kinetic inertness amiléaNMR investigations still made platinum
catalysts a perfect tool for mechanistic studiede(infra).

In addition to the application of dozens of monpd didentate phosphorus ligands in platinum-tin(ll)
halide-catalysed hydroformylatiéh,some examples on the tin(ll) halide-free hydrofgation using
diphenylphosphinous acid platinum compléxes platinum-alkyl/aryl-B&/B(Arg)s boron additive systerffs
were also published.

Regarding the clearing-up of the reaction mechanisath rhodiunt*? and platinum containing
systems were investigated. The latter ones wetkestiby both analyticdl and computation&l methods. The
importance of the good leaving properties of thehtorostannato ligand was also proved by high sres
NMR studies:

An unprecedented phenomenon, a strong dependendbeoknantioselectivity on the reaction
temperature in asymmetric hydroformylation wast fabserved using styrene as substrate in the presan
PtCI(SnC)[(2S,4$-BDPP)F*® and PtCl[(S-BINAP]® catalyst precursors. The temperature dependence of
the reversal of enantioselectivity in Pt-BDPP-gaatl hydroformylation of styrene was rationalizedai
seminal deuterioformylation work published by Casewl® It was discovered that the step determining the
stereochemical outcome of the reactiam,, the styrene insertion into the Pt-H bond formangPt-alkyl
intermediate, can be considered as largely irréslerst low temperature (48C) but reversible at higher
temperature (100C). In our group, the same F9,4$-BDPP-tin(ll) chloride system was used in the
hydroformylation of 4-substituted styrenes. Thecetmic effect of the 4-substituents on the reVersa

temperature was rationalised by the reversibilftgfadhe platinum-alkyl formation step.



This paper describes the asymmetric hydroforngmainf two sets of styrenes possessing various
substituents either in 2- or in 4-position in thregence of an ‘in situ’ catalyst formed from B{(R)-BINAP]
and tin(Il) chloride. It is worth noting that thé-BINAP complexes showing a rigid chelate ring aenpletely
diffrent from the abovementioned BDPP-containg onesming a chelate ring with several possible
conformers. Here we report a systematic study enitAuence of the electron donor or electron atmep
properties of thegara-substituents of styrene, as well as the steriampaters of thertho-substituents on

chemo-, regio- and enantioselectivities in Pt-BINéd&alysed hydroformylation.

2. Materials and Methods
2.1. General procedures
The PtCHPhCN)'® and the PtG[(R)-BINAP]® precursors were synthesized as described earlier.
Toluene was distilled and purified by standard rodghand stored under argon. The substrates, 24-and
substituted styrenes and tin(ll) chloride (anhydjowere used as obtained from Sigma-Aldrich withey
further purification. All reactions were carriedtaunder argon atmosphere using standard Schlehkitpee.
Mass-spectrometry data have been obtained usingCaM& system consisting of a Perkin Elmer
AutoSystem XL gas-chromatograph. The GC and cld@lmeasurements were run on a Chrom-Card Trace
GC-Focus GC gas-chromatograph. The enantiomeriesses were determined on a capillary Cyclodex-
column, §-2-arylpropanals were eluted before tRe €nantiomers, except and6f derivatives. (In these two

cases theR)-enantiomer were eluted first.)

2.2. Hydroformylation experiments

In a typical experiment, a solution of P{{TR)-BINAP] (4.5 mg; 0.005 mmol) and tin(ll) chlorid&.9
mg; 0.01 mmol) in toluene (5 mL) containing styreterivatives {a-g 5a-g) (1.0 mmol) was transferred
under argon into a 100 mL stainless steel autoclahe reaction vessel was pressurized to 80 baf tot
pressure (CO/H= 1:1) and placed in an oil bath of constant terajoee. The mixture was stirred with a
magnetic stirrer for the given reaction time. Tihegsure was monitored throughout the reaction.r&fteling
and venting of the autoclave, the pale yellow sofutvas removed and immediately analyzed by GC-M& a
chiral GC.

3. Results
3.1. Enantioselective hydroformylation of 4-suloséitl styrenes with Ptgl{R)-BINAP] + SnC} ‘in situ’
catalyst

An ‘in situ’ catalyst, formed from Ptgl{R)-BINAP] and tin(ll) chloride, was used at variciesnperatures
with 80 bar of CO/H (1:1) mixture Scheme Jifor the hydroformylation of 4-substituted styrenga-g. As
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generally observed in platinum-catalysed hydrofdatign, some catalytic activities were observedaoam
temperature, however, rather low conversions wétaimed even at 48C. At higher temperatures, some
degradation of the catalyst was observed (typicigveca. 120°C). Therefore, the evaluation of the catalysts
was carried out in the temperature range of@@ 100°C. As expected, two aldehyde regioisomérar{d3)

and a hydrogenation produd {vere obtained in all caseSdheme 1

CHO
Z CHO
CO/H,
> + +
PtCL[(R)-BINAP]
& 2 SnCl, & X .
2 3 4

1
X =H (a), F (b), OMe (c), ClI (d), CH3 (f), CF3 (9)

Scheme JIHydroformylation of 4-substituted styrenes in gresence of PtgJ(R)-BINAP] + SnCh ‘in situ’
catalyst

In general, chemoselectivities towards aldehydgen than 85%, at lower temperatures typicallyhkig
than 90% were observedgble ). The tendency of increasing selectivity towarltiehydes with decreasing
reaction temperature was observed with all sulestrdta-g For example, 85%, 91% and 94%
chemoselectivities were obtained usihgjas substrate at 10C, 80°C and 60°C, respectivelydntries 16-
18). The aldehyde selectivities obtained with varicgstrates at the same temperature show small
differences especially at low reaction temperatB8 difference at 60C), while slightly wider range of
chemoselectivity (a difference of 5%) was obtained00°C. For example, the chemoselectivities obtained at
60 °C and 100C were varied in the range of 93%=) to 96% (.c) (entries 3, 6, 9, 12, 35and 85% 1g) to
90% () (entries 1, 4, 7, 10, )3respectivelyTable J.

Unlike the general trends observed with platinunalyests the application of a BINAP-containing catalyst
results in a characteristic increase of regioseig¢ctowards branched aldehyde by increasing teaipee. For
instance, 48%, 52% and 54% regioselectivity wasiobtl at 60C, 80°C and 100°C for 4-methoxystyrene
(10 (entries 7-9. Much lower regioselectivities towards branchitehyde regioisomers were shown wiib,
1d and1g, containing electron acceptor groups such as ardlud-chloro and 4-trifluoromethyl substituents,
respectively. In these cases the preference dirtbar aldehyde was observed resulting in a brashthdinear
aldehyde ratio ofa. 1:2.

A strong dependence of e.e. on the reaction teatyper was obtained in the enantioselective
hydroformylation of all substrateddqg) (Figure 1), reflecting to a same phenomenon as observedopiy

with the parent styrend.d) in the presence of Pt-BINAP-tin(ll) halide casts?' That is, the formation of the
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(9-enantiomer is favoured at low temperatures, while R)-enantiomer of 2-arylpropanaleg) is
predominating at higher temperatures. The diffegemt substrate behaviour is characterised by the
temperature of the reversal of the enantioseldgtivie., by the temperature of the change of the absolute
configuration of the dominating enantiomer. Whers tineversal temperature’ is plotted against Hantmet
constants @parg Of the corresponding substituelit§Figure 2, although the correlation is not strong, an
increase of the reversal temperature by increasecfron acceptor properties of the 4-substitusath as F
(b), Cl (d) and CE (g) was shown. The reversal of the enantioselectivityurred at 76C, 80°C and 84°C

with fluoro (Opara = +0.062), chloro dpara = +0.227) and trifluoromethylo( para = +0.540) substituents,
respectively. Accordingly, much lower reversal temgiures were observed with electron donor sulestiu
That is, the reversal of the enantioselectivityusoed at 71°C and 70°C with methyl Gpara = -0.170) and
methoxy Gpara = -0.268) substituents, respectively. (It has ¢oadlded that the reversal temperatures might
haveca. + 1 °C error due to the difficulties in their determiiat i.e., to provide perfect racemic mixtures

experimentallyunder the conditions of the enantioselective higdroylation above.)
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Figure 1 Effect of temperature on the enantioselectivityhie hydroformylation ofa-gin the presence déft-
(R)-BINAP catalyst.

86
84} m
. CF;
80
80 [
T8t H '
= 76
= /61 [ ] I
- ";//‘ F
T4t 76
72 OCH:
0 7 m
70t [} CH: 1
71 r* =0,976
68 . . - . —
-0.4 0.2 0 0.2 0,4

0.6

Figure 2 The reversal temperatures of the enantioseléctiVie,) plotted against the Hammett constarats) (

in the hydroformylation ola-gin the presence &t-(R)-BINAP catalyst.



Table 1. Hydroformylation of 4-substituted styrenes in firesence of Pt¢(R)-BINAP] +
SnCb ‘in situ’ catalyst?

Entry Substrate T time coMR.® Ry,? ee?
PCl [h  [%] [%] [%] [%]

1 1a 100 23 >99 88 44 24
2 1a 80 24 12 8 40 N

3 1a 60 120 56 93 36 1|
4  1b 100 28 80 85 42 2%
5 1b 80 24 >99 89 40 =

6 1b 60 240 >99 95 36 1R
7 1c 100 25 >99 90 54 3
8 1c 80 96 91 94 52 1X
9 1c 60 166 88 96 48 1R|
10 1d 100 24 83 86 41 158
11 1d 80 72 98 93 37 I

12 1d 60 140 >99 95 34 20
13 1f 100 24 99 90 49 2%
14 1f 80 48 97 92 46 14
15 1f 60 164 19 94 46 1R
16 1g 100 24 73 8 35 1%
17 1g 80 48 >99 91 35 @

18 1g 60 96 88 94 34 1R

a) Reaction conditions (unless otherwise stated):®r@tol of PtCJ[(R)-BINAP], 0.01
mmol of SnC}, 1 mmol of substratel), p(CO)=p(H)=40 bar, 5mL of toluene

b) Determined by GC

c) Chemoselectivity towards aldehydea+3)/(2+3+4)x100

d) Regioselectivity towards branched aldehy2ié€2+3)x100

e) Determined by chiral GC (dominating enantiomerriackets)



3.2. Enantioselective hydroformylation of 2-sulséith styrenes with Ptgl{R)-BINAP] + SnC} ‘in situ’
catalyst

Although some sporadic results can be found iditbeature on the diastereoselective hydroformgtapf
chromium-tricarbonyl complexes of 2-substitutedestes bearing planar element of chirafignd the control
of stereochemistry by 2-amino groups in anionicyprization of 2-substituted styrenes is also krfdwn
there is no precedence for the ‘direct’ hydroforatign of similar compounds.

Based on earlier findings in the hydroformylatizfrstyrene® the ‘in situ’ catalyst, formed from Pt(R)-
BINAP] and tin(ll) chloride seemed to be a goodichof catalyst to study the factors controllingioce and
enantioselectivity in the hydroformylation of 2-stibuted styrenesb@-g). The series of 2-substituted styrenes
were hydroformylated at various temperatures withb@&r of CO/H (1:1) mixture in the presence of Pt-
BINAP-tin(ll) chloride catalyst. Branched and limealdehyde regioisomers (@nd 7, respectively) and a

hydrogenation produc8) were formed $cheme 2

CHO
= CHO
X comm, X X X
> + +
PtCl,[(R)-BINAP]
5 6 7 8

2 SnCl,
X =H (a), F (b), OMe (c), Cl (d), Br (e), CHs (f), CF3 (q)

Scheme 2Hydroformylation of 2-substituted styrenes in gresence of Ptg[(R)-BINAP] + SnCh ‘in situ’
catalyst

The chemoselectivities towards aldehydgarfd7) are rather similar to those obtained with 4-sitiostd
styrenes bearing the same series of substituehtsnQselectivities of 90% or higher were observebtbat
temperatures except tg. For example, the corresponding aldehyde regiogssnwvere formed with 84%,
89%, 93% and 94% chemodelectivities usiifigas substrate at 10C, 80°C, 60°C and 40°C, respectively
(Table 2, entries 21-24

As for the regioselectivity towards branched aldieh@), both increase and decrease of regioselectiyity b
increasing temperature was shown depending on-t&ituent. For instance, a slight increase f&&%
(40°C) to 29% (100C) in case obc (entries 9-12, and a decrease from 28% (4T) to 22% (10FC) in case
of 5b (entries 5-8 were observed. It has to be noted that in genaxath lower regioselectivities were
observed with 2-substituted styrenes than with dbeesponding 4-substituted ones and with the paren
styrene {a=54d). (It seems to be obvious that the formation of thlatinum-branched alkyl catalytic

intermediate, leading 16, is less favoured due to steric factors.) In tloesesge 5f, 5g) the regioselectivities



were below 10%. In the latter case, the formatibtne linear aldehyder) is especially highly favoured.

As above, a strong dependence of e.e. on theigpaeimperature was obtained in the RHBINAP-
catalysed enantioselective hydroformylation of albstrates5a-g) (Figure 3. As in case of 4-substituted
styrenes 1a-g) (Chapter 2.1), the formation of theSj-enantiomer is favoured at low temperatures aat dh
the (R)-enantiomer at higher temperatuféét has to be added that due to extremely low bradcselectivity,
and therefore large errors in the determinatioe.efs, they were not determined in cas&gfFurthermore,
the temperature dependence of enantioselectivitgase of the 2-fluoro-substituted derivatiib)(is quite
unexpected.Table 2, entries 5)8

The reversal temperatures proved to be the lowbsin substrateSf and 5e possessing substituents
characterised by large steric factors g&Hs=-1.24), Br ((Es=-1.16), respectively) were toydrmylated. The
ortho-substituent characterised by small Es (QGHs=-0.55) shifted the reversal temperature tddrg

values.
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Table 2 Hydroformylation of 2-substituted styrenes in firesence of Pt¢(R)-BINAP] +
SnCb ‘in situ’ catalyst?

Entry Substrate T time coMR.9 Ry? e.e®
PCl [ [%] [%] [%] [%]

1 5a=la 100 23 >99 88 44 24 (S)
2 5a=la 80 24 12 86 40 3(S)
3 5a=la 60 120 56 93 36 16 (R)
4 5a=1la 40 120 16 91 31 32 (R)
5 5b 100 24 83 85 22 29 (S)
6 5b 80 168 >99 89 22 2 (R)
7 5b 60 240 13 87 23 41 (S)
8 5b 40 264 28 90 28 60 (S)
9 5c 100 23 >99 091 29 9(S)
10 5c 80 72 >99 82 30 12 (R)
11  5c 60 144 97 96 25 37 (R)
12 5c¢ 40 120 55 96 25 67 (R)
13 5d 100 24 97 79 10 30 (S)
14 5d 80 72 >99 86 10 16 (S)
15 5d 60 168 60 91 9 0

16 5d 40 240 31 92 10 33 (R)
17  5e 100 24 >99 79 8 30 (S)
18 5e 80 72 91 84 7 18 (S)
19 5e 60 144 79 90 6 2(S)
20 b5e 40 128 8 93 7 24 (R)
21 5f 100 24 97 84 8 43 (S)
22  5f 80 96 89 89 5 37 (S)
23 5f 60 144 93 93 4 17 (S)
24  5f 40 240 36 94 2 25 (R)
25 5g 100 24 45 77 2 n.d.
26  5¢g 80 168 57 84 3 n.d.
27 59 60 120 O nd. nd. nd.

a) Reaction conditions (unless otherwise stated):®r@tol of PtCJ[(R)-BINAP], 0.01
mmol of SnC}, 1 mmol of substrate, p(CO)=pf{}#40 bar, 5mL of toluene.

b) Determined by GC.

c) Chemoselectivity towards aldehyde&+7)/(6+7+8)x100

d) Regioselectivity towards branched aldehy@lés+7)x100

e) Determined by chiral GC (favoured enantiomer irckeas)
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4. Discussion

Using BINAP as bidentate diphosphine ligand, @bldorm conformationally rigid chelate ring,S){2-
arylpropanals and the correspondif}-énantiomers predominate at low and high temperatespectively,
when the hydroformylation of the corresponding #stituted styrenel@-g) was carried out in the presence of
Pt{R)-BINAP-tin(ll) chloride catalytic systems.

Using la-g as substrates, our results have shown that unedpestersal of the enantioselectivity occurs
in a temperature range of 70 to 84°C depending on the electron donor/electron acceptperties of the 4-
substituents of the substrate. Since the steredachkeoutcome of the reaction is determined in thenfation
of the platinum-alkyl leading to the formation &{and R)-2a-g, the electronic properties of the substituents
play a crucial role. The weakening of the Pt-carbond and increase of the reversal temperatureeasta
electron acceptor substituents, such as&Fl. Based on these results, a facile insemiocarbon monoxide
but not &B-hydride elimination resulting in the styrene dative can be supposed.

The electron donor substituents such ag @HOCH; increase electron density on the Pt-carbon bodd an
therefore, increase reversibility of the Pt-alky@rrhation. Consequently, the reversal temperature of
enantioselectivity was decreased. In these c@skegdride elimination is preferred to carbon monexid
insertion. The corresponding styrene derivatives'i@-formed’ and are inserted into the Pt-H boasutting
in the favoured formation of the correspond{82-arylpropanals.

It can be stated that using 4-substituted sulestfamuch lower reversal temperatures (lower by 20-35
°C!) were observed in the presence of the Pt-BINARgsts than with the corresponding Pt-BDPP system
One of the main differences between Pt-BDPP anBIRAP is the conformational rigidity of chelate gn
formed by the latter one. While BDPP forms a 6-merat chelate with transition metals which has sdver
ring conformations and high flexibility of the ch&t ring, the 7-membered BINAP-transition metallatee
ring is relatively rigidj.e., the rotation of the binaphthyl ring around C1-@{is is the only possibility to alter
the distance between phosphorus donor atoms. Aiogptd NMR' and crystallographic investigatioffsthe
chiral arrangement of the phenyl rings of coordédaBINAP, determining the ‘chiral pocket’ availalfle
styrene derivatives for coordination fram or si enantiosites, can be considered as more crowaediskhg
our attention on the stereodefining step of thedigdmylation, it can be stated that this crowdadmrgement
leads to the reversibility of the Pt-alkyl formatjoand as above, resulted in the decrease thesedver

temperature of enantioselectivity.

5. Conclusion
Platinum—(R)-BINAP-tin(ll) chloride 'in situ’ siems proved to be active catalyst in the hydroftation
of 2- and 4-substituted styrenes. The reversah@fbsolute configuration of the branched formglamsomer

(2-arylpropanal derivatives) can be rationalisepl&xed by the reversible formation of the corresfing Pt-
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branched alkyl intermediates. In addition to theexpected change of absolute configuration, a strong
substituent effect on the regioselectivity was obse in the hydroformylation of 2-substituted styes:

substituents with larger steric parameters, dugenc reasons, favour the formation of the lirddehyde.
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support. The present scientific contribution is idatéd to the 650 anniversary of the foundation of the
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Captions to Scheme and Figures

Scheme IHydroformylation of 4-substituted styrenes in gresence of PtgJ(R)-BINAP] + SnCh ‘in situ’
catalyst.

Scheme 2Hydroformylation of 2-substituted styrenes in gresence of PtgJ(R)-BINAP] + SnCh ‘in situ’
catalyst.

Figure 1 Effect of temperature on the enantioselectivityhie hydroformylation ofa-gin the presence détt-
(R)-BINAP catalyst.

Figure 2 The reversal temperatures of the enantioseléc(iVi.,) plotted against the Hammett constaot) (
in the hydroformylation ola-gin the presence &t-(R)-BINAP catalyst.

Figure 3 Effect of temperature on the enantioselectivityhie hydroformylation dba-gin the presence déft-
(R)-BINAP catalyst.

Figure 4 The reversal temperatures of the enantioselectiVie,) plotted against the steric constants (ES) in
the hydroformylation oba-gin the presence &t-(R)-BINAP catalyst.
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Highlights

» Platinum-catalysed enantiosel ective hydroformylation of 2- and 4-substituted styrenes.
» Unusua temperature dependence of the enantiosel ectivity.
» Explanation on the reversal of the favoured enantiomer..

* Reversal temperature vs oy, regioselectivity vs o, correlations.



