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i o chemoselectivity: >99%
conv.: >99% regioselectivity: >95%
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Abstract

Rhodium-catalyzed hydroformylation of styrereemethylstyrene, dimethyl
itaconate, andR)-limonene was performed in gamma-valerolactone (J5¥s a
proposed biomass-based environmentally benign sbifer hydroformylation
referring to toluene as a generally used conveatiosolvent. Both achiral
(triphenylphosphine, 1,3-bis(diphenylphoshino)prog)a and enantiopure bidentate
phosphine ligands §S)-BDPP, R)-BINAP, (R)-QUINAP, (RR)-DIOP, R).(S)-
JOSIPHOS, 9-SEGPHOS, 9-(DM)-SEGPHOS) were investigated im situ
generated Rh-diphosphine catalyst systems. In gkribe catalysts' activity in GVL
was lower than in toluene; however, remarkable acigp99%) and regioselectivities
(>95%) were achieved in GVL under identical cormtis. The BDPP-modified Rh-
catalyst was recycled for three consecutive cydiesyever a decrease in its activity
was detected.
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1. Introduction

Since the accidental discovery of hydroformylatigor oxo-synthesis)
concerning the cobalt-catalyzed Fischer-Tropscleti@as by Otto Roelen [1], the
highly chemo-, regio- and enantioselective hydnoigation of alkenes to aldehydes
has become one of the most important homogeneansfarmations [2] even at
industrial scale [3]. Regarding the variation o gubstrates, two major topics can be
distinguished) hydroformylation of (terminal) alkenes with theraof obtaining high
linear selectivity andi) the highly regio- and enantioselective hydroforatigin of
functionalized olefins to synthesize fine chemicalse first group can be exemplified
by the large scale production ofg-Cy;, so-called "oxo" aldehydes or highly
regioselective hydroformylation of propene to nybaldehyde, which is the basic
compound of 2-ethylhexanol built into diisooctyltpalate plasticizers. The small
scale enantioselective hydroformylation of vinylaatics to 2-arylpropanals, the
intermediate of non-steroidal anti-inflammatory gsyNSAIDsS) can be distinguished
as an example for the second one [4]. Althoughersgvndustrial oxo-plants utilized
both non-modified Co- and Rh-catalysts [4], to ioy® activity and selectivity
hundreds of modified Co-, Rh- and Pt-containin@lyats were developed and some
of them have been introduced on industrial scalbil&)ythe large scale industrial
oxo-synthesis is continuously performed in refinetgfin mixtures, the small scale
hydroformylations very often take place in the prex of various conventional
organic solvents such as benzene, toluene g@2;,6alkane [2], from which several
have high toxicity, vapour pressure even at highperature, and significant negative
impact on the environment.

As for the technological, economic and environmentspects of
hydroformylation, several improvements have beengieted including development
of facile methods for catalyst separation and rizegd5] and even more introducing
alternative solvents as a replacement of convealtionsually toxic and volatile
organic media. The latter is crucial to achieveimmmentally benign alternatives for
hydroformylation reactions. The aqueous [6] andrbws [7] biphasic systems as
well as the application of supercritical carbonxdiie [8] and room temperature ionic
liquids [9] have been successfully applied for thisposes. Very recently, as a result
of the intensive research activity on biomass cwiga, a sustainable liquid;-
valerolactone (GVL) was identified as a renewalifprm molecule [10]. It can be
used for the production of alkanes and alkenes fidisportation fuels [12], polymer
compounds [13], lighter fluid [14], as well as arsgate of conventional organic
solvents for synthesis and catalysis. Beyond itst fapplication as a solvent for
dehydration of carbohydrates [15,16], several irtgydrtransition metal catalyzed
reactions such as Heck [17] Sonogashira [18] anghrida cross-coupling reactions
[19], Catellani-reaction [20], platinum-catalyzedydnoformylation [21] and
palladium-catalyzed aminocarbonylation [22] werecassfully performed in GVL
without significant changes in the catalytic systeefficiency. On the other hand,
GVL can be produced from carbohydrate rich bion@sbiomass-based wastes
levulinic acid [23, 24] making it fossil independeaiternative reaction media. GVL
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occurs naturally in fruits and fermented produatshsas wines and beers [25],
accordingly it can be considered as a non-toxicstautze. It should be noted that
moisture content of GVL could be crucial as folloiysvater content could have a
serious influence on the operation of transitiontahbased catalyst ii) the ring

opening of GVL results in the formation of 4-hydywaleric acid [26], which could

lead to unwanted side reactions. The investigatibphase behaviour of GVL and
water revealed that water can be completely segdulat vacuum distillation without

formation of azeotropic mixture in whole concentmatrange [30] overcoming this

issue.

Herein we report, the investigation of hydroforntida of styrene as well as
functionalized olefins such asmethylstyrene, dimethyl itaconate, and limonene in
the presence ah situ generated rhodium-chiral diphosphine catalyst MLGThe
activity, as well as chemo-, regio- and enantiagelties of the aforementioned
systems, obtained in toluene as conventional antl &/non-toxic, biomass-based
solvent, are compared.

2. Experimental

General procedures

Toluene, gamma-valerolactone, styrewmemethylstyrene, dimethyl itaconate, and
(R)-limonene and bidentate phosphine ligands weraioéd from Sigma-Aldrich Kft.
Budapest, Hungary. The [Rh(nbd)Clprecursor was synthesized using standard
procedure [27]. Toluene was distilled and purifled standard methods and stored
under argon. Substrates and ligands were used t@sned without any further
purification. All reactions were carried out undegon atmosphere using standard
Schlenk techniqgue. Gamma-valerolactone was purifiedacuum distillation (2 Torr,
80-82 °C) and stored under nitrogen. The GC anlcGiC measurements were run
on a Chrom-Card Trace GC-Focus GC gas-chromatograple enantiomeric
excesses were determined on a capillary Cyclodaxyon

Hydroformylation experiments

In a typical hydroformylation experiment, a sadutiof [Rh(nbd)Cl} (2.3 mg,
0.005 mmol), corresponding diphosphine (0.01 mrmoB mL of toluene containing
0.115 mL (1.0 mmol) of styrene was transferred uradgon into a 100 mL stainless
steel autoclave. The reaction mixture was pressdria 80 bar total pressure (CQ:H
= 1:1) and placed in an oil bath of appropriategerature and the mixture was stirred
with an internal magnetic stirrer. Sample was talkkem the mixture and the pressure
was monitored throughout the reaction. After capland venting of the autoclave,
the pale yellow solution was removed and immedjasgialysed by GC and chiral
GC. For appropriate determination of enantiomeric excd® mL of hexane was
added to a sample of the reaction mixture (2 mlg washed with water (twice 10
mL). The hexane phase was dried overn3@, filtered and concentrated to a
colorless oil. The CECI, solution of this GVL-free sample was applied fairal GC.
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3. Resultsand Discussion

The replacement of conventional organic solventgiyironmentally benign
alternative could result in a safer alternativehgéiroformylation. In comparison to
GVL, the temperature dependence of the vapor pressisolvents that are generally
utilized for hydroformylation, it can be stated tthihe replacement of these media
with GVL could result in an environmentally benigatalytic system. The vapor
pressures of GVL in the temperature range of hyaroylation reactions are two
orders of magnitude less than hexane, benzenduamt® just to name a few (Figure
1).

T Y T B
] oo st ¢ :I
100 - PRI AL T
3 ¢ u [ ]
— E ® 5 L] n [ ]
© 3 ot _—
& - : M . "
~ ® | |
9 10_: - (] = -
8 . o °
a °
= 14 L] .
S °
o °
> .
014 °
_ ° d m  Toluene = Benzene
° Octane ¢ Hexane
E e GVL
0.01 T T T T T

T T T T T T
20 40 60 80 100 120
Temperature (°C)

Figure 1 Vapor pressures of commonly used solvents for Hpdnmoylation and GVL. Data were
obtained as follows: toluene, hexane, octane &fb2nzene ref 29; GVL ref. 30.

Although the platinum-chiral diphosphine-tin(ll) londe systems were successfully
utilized in enantioselective hydroformylation, th@dium-containing systems have
shown the best performance due to their high agtiand, since the discovery of
Takaya's rhodium-BINAPHOS catalysts [31], due t@edbent enantioselectivity as
well. In order to demonstrate the applicability@VL as a reaction medium for Rh-
catalyzed hydroformylation of functionalized olefjnwe initially investigated the
conversion of styrené( as a model substrate (Scheme 1) in the presdroadabyst
in situ formed from [Rh(nbd)C}and chiral bidentate phosphine ligands (Figure 2).

VRN

o P P
+CO+H2 —_—

GVL

(A)

CHO
oo
© (©)
Scheme 1 Hydroformylation of styreneX) in GVL

[Rh(nbd)Cll, / CHO
+
(8)
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Figure 2 Ligands used in this work

Initially, hydroformylation of styrene (Scheme 1pasvperformed in the presence of
catalystin situ formed from [Rh(nbd)C}] and achiral phosphines in GVL. When 6
eqv. of PPh (i.e. Rh:PPh = 1:3) was used, no significant difference in both
conversion and chemoselectivity was observed. Chelactivity towards aldehydes
were > 98.5% for both solvents. By the use of 2 ef\DPPP ligand.e. Rh:Ligand=
1:1, slower reaction was detected in GVL than iludne. However, the nearly
chemospecific reaction is accompanied by the skitfurease of the regioselectivity
i.e. more linear aldehyde was formed in GVL than iruéole (Table 1, entries 1-3).
This is in accordance with our recent observatmmHt-catalyzed hydroformylation
of styrene [21].

Subsequently, several diphosphines (mainly chir@ngomerically pure
diphosphines) were also tested in asymmetric hpdmoflation of styrene in
rhodium-catalyzed reaction. Carrying out the reaciin the presence of Rh-BDPP
system (Table 1, entries 6-17) the following staata can be made:

i) The activity of the rhodium-BDPP system (andttbfthe rhodium-DPPP
system) in GVL is lower than in toluene (compareifstance entries 8nd 18, and
entries 4 and 5espectively). However, as expected, lower congassivere obtained
at low pressure (15/15 bar) (entry 13) and low terapre (25°C) (entry 10). It
should be noted that GVL as a non-protic dipolacggs could act as a coordinating
solvent reducing the reaction rate. Similar obs#gwa were reported for
tetrahydrofurane [32, 33]. When Rh(CO)2(acac) wasduas a precursor no
significant changes in the activity and selectivitgre observed (entries 7 and 8).

i) The high chemoselectivities towards aldehydésaimed in toluenech.
99%, entries 16-18) was further increased in G\fLgéneral, aldehyde selectivity
higher than 99.8% can be achieved. The only lowenmselectivity was obtained at
high hydrogen partial pressure obtained by theatian of the reaction conditions
(Table 1, entry 14).

lii) The experiments carried out at variable tenaperes have shown no
significant dependence of chemoselectivity on geetion temperature (entries 6-10).
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It should be noted that in toluene the loweringha temperature resulted in a slight
increase of the chemoselectivity. As one of theartgmt advantages of using GVL,
as it has been revealed by detailed GC-MS invdsgiigg the practically
chemoselective reaction towards aldehydes in G\d.thde mentioned.

Iv) As for the regioselectivity, nearly the samgicselectivities were obtained
in toluene and GVL (Table 1, entries 16-18 and 8e3pectively). Some decrease
(less than 2%) in regioselectivity towards branché&tEhyde can only be observed
when the reaction was carried out at low tempeeatur

v) The reactions carried out at various pressur@ge shown no strong
dependence of regioselectivity data on the paprassure of carbon monoxide or
hydrogen (Table 1, entries 13-15).

vi) The enantioselectivities obtained in the preseof BDPP in GVL, similar
to those obtained in toluene, are very low in gahérheee of the hydroformylation
towards branched aldehyde (2-phenylpropanal) cbelohcreased to 9% when higher
BDPP/Rh (3/1) ratios were used (entries 12, 13).

Regarding the other diphosphines, such as BINARDRDIJOSIPHOS and
QUINAP (Table 1, entries 19-38) very similar resuttbtained in GVL can be
mentioned. That is, the reaction is practically robsepecific regarding aldehydes,
provides high regioselectivity towards branchecehidie (2-phenylpropanal) at low
temperature and can provide low enantioselects/itinder various conditions. It is
worth mentioning that a surprisingly high dependermd regioselectivity on the
temperature was observed with BINAP in GVL (Tableehtries 19-24). When
SEGPHOS and DM-SEGPHOS ligands with a smaller déiedngle were used,
significantly lower activity and negligible enardgelectivities were detected in GVL
(Table 1, entries 36-38).

Additionally, efforts were made to separate anduse-the catalyst. By
applying Rh/BDPP system under condition given ibl&dl entry 11, the products as
a GVL solution can be separated by vacuum (10 mnalfgijlation at 80-85 °C. The
glue-like residue that remained at the bottom efiltation flask, was re-dissolved in
in GVL and re-used in consecutive cycle under idahtonditions. We demonstrated
that the Rh-BDPP system could be recycled for 2simt 60°C and 80 bar pressure
(CO:H, = 1:1). While a perfect chemoselectivity towarddeaydes (>99.9%) was
maintained throughout this procedure, some decreasdoth conversion and
regioselectivity was observed reflecting the padegradation of the catalyst (Table
2.). Similar observation was reported for Pt-BINAR{I)chloride system [21].



229 Table 1. Hydroformylation of styrene in GVL (andyrfcomparison in toluene) in the
230 presence of Rh-phosphiitesitu systemg

Entry Ligand Solvent T p(CO)p(H) Time Conv. R® Ry®  eed
°C) (bar) (h) (%) (%) (%) (%)
1° PPh GVL 100 40/40 24 100 99.5 67 -
2° PPh toluene 100 40/40 1 10 90.6 93 -
3° PPh toluene 100 40/40 24 100 98.8 87 -
4 DPPP GVL 80 40/40 24 100 99.5 83 -
5 DPPP Toluene 80 40/40 1 87 98.7 89 -
6 BDPP GVL 80 40/40 24 100 99.9 90 70
7 BDPP GVL 60 40/40 24 63 99.8 92 301
8f BDPP GVL 60 40/40 24 57 996 92 2(9)
9 BDPP GVL 40 40/40 20 5 99.2 939 10(S)
10 BDPP GVL 25 40/40 68 51 99.8 98 0
11 BDPP GVL 60 15/15 24 76 99.8 >99 0
12 BDPP GVL 60 40/40 24 >99 >99 953 9(9
13 BDPP GVL 60 15/15 24 79 999 923 9(9
14 BDPP GVL 60 20/80 24 100 95.8 94 2R
15 BDPP GVL 60 40/60 24 100 >09.9 93 2R
16 BDPP toluene 80 40/40 1 100 988 89 4@
17 BDPP toluene 60 40/40 5 86 989 94 2@®
18 BDPP toluene 40 40/40 24 100 992 95 7(9
19 BINAP GVL 100 40/40 3 55 99.6 66 0
20 BINAP GVL 80 40/40 3 86 99.5 77 109
21 BINAP GVL 80 40/40 3 51 99.7 88 109
22 BINAP GVL 40 40/40 45 68 >09.9 95 5R®
23 BINAP GVL 60 40/40 24 87 99.7 91 2
24 BINAP toluene 80 40/40 1 99 98.4 91 4R
25 JOSIPHOS GVL 80 40/40 4 92 99.9 87 4 (9
26 JOSIPHOS toluene 80 40/40 3 100 99 92 2
27 DIOP GVL 60 20/20 24 99.8 >999 994 2(9
28 DIOP GVL 40 20/20 4.5 18 >99.9 98.3 n.d.
29 DIOP GVL 40 20/20 24 28.6 >99.9 983 2(9
30 DIOP toluene 60 20/20 24 >99 999 901 19
31 QUINAP GVL 60 20/20 30 6.9 991 814 100
32 QUINAP toluene 60 20/20 30 99.9 994 793 2R
33 SEGPHOS GVL 60 40/40 5 21 61 98 n.d.
34 SEGPHOS GVL 60 40/40 24 81 90 91 109
35 SEGPHOS toluene 60 40/40 24 >99 99 93 501
36 DM-SEGPHOS GVL 60 40/40 5 14 11 97 n.d.
37 DM-SEGPHOS GVL 60 40/40 24 27 63 93 301
38 DM-SEGPHOS toluene 60 40/40 24 >99 97 94 4 (9

231 B: 2-phenylpropanalC: 3-phenylpropanab: ethylbenzene.

232 & Reaction conditions (unless otherwise stated): @starecursor: [Rh(nbd)Gl] Rh/Ligand/styrene = 1/1/100, 1
233  mmol of styrene, solvent: 5 mL of toluene (or GVL).

234 P Chemoselectivity towards aldehydes (B, C). [(moleB ef moles of C)/(moles of B + moles of C + moles of D)
235  x100].

236  °Regioselectivity towards branched aldehyde (B). gmaif B/(moles of B + moles of C) x 100].

237  YEnantioselectivities were determined by chiral (&-2-phenylpropanal was eluted before tReénantiomer.
238 °Rh:Ligand = 1:3

239 "Rh(CO)(acac) was used as a precursor.



240
241

242
243

244
245
246
247
248
249
250
251
252

253
254

255
256
257
258
259
260
261
262

263
264

265
266
267
268
269
270
271

Table 2. Re-use of Rh-BDPP catalyst in the hydrofdation of styrene at 60 °®

Cycle Conversion (%) R R
1 >99 >09 95.3
2 >99 >99 94.0
3 95 >09 92.0
4 66 >09 90.0

a) Reaction conditions: Catalyst precursor: [Rh(nbd)@®h/Ligand/styrene = 1/1/100, 1 mmol of
styrene, in 5 mL of GVL.

Two further substratesi-methylstyrene ) and dimethyl itaconatd )( were
also subjected to hydroformylation.

The application of GVL in the hydroformylation atmethylstyrene (Scheme
2) resulted in lower activity related to those afta in toluene; however, resulted in
higher chemoselectivity towards aldehydes while gkizemely high regioselectivity
towards the chiral aldehyd&) was maintained. This is true for both BDPP- and
BINAP-containing systems (Table 3, entries 1,3 2/ respectively).

[Rh(nbd)CI], / CHO
P/\P ? cHo
+CO+Hy, — 7 5 + .
GVL
(F) (G) (H)

(B)
Scheme 2 Hydroformylation ofa-methylstyrene)

In contrary to styrene-type substrates, the hydnojtation of dimethyl
itaconate ) (Scheme 3) resulted in higher conversion in GVhe difference in
activity was surprisingly high at low temperatui@ple 3, entries 5 and 6). However,
low chemoselectivity towards aldehydel K) were observed in general. That is,
practically only hydrogenation takes place at higimperature in GVL both in the
presence of BDPP and DIOP ligands (Table 3, ensriesd 10).

Q [Rh(nbd)Cl], /
~
0", co+n, BDPPOrDIOP
o\

U ) (K) (L)
Scheme 3 Hydroformylation of dimethyl itaconaté)(



272 Table 3. Hydroformylation of various substrate§&iiL. (and, for comparison in toluene) in
273  the presence of Rh-phosphiitesitu’ system$’
Entry Substrate Ligand Solvent T Time  Conv. R.° Rin®  ee. () ee. G/K) ee. ()
(°C) (h) (%) (%) (%) (%) (%) (%)
1 a-methylstyrene BDPP GVL 60 24 9.2 95 >99 - 0
2 a-methylstyrene BINAP GVL 60 24 3.6 >99 >99 - 0
3 o-methylstyrene BDPP toluene 60 24 44.6 77 >99 - 0
4 a-methylstyrene BINAP toluene 60 24 23.1 >99 >99 - 0
5  dimethyl itaconat BDPP toluene 60 24 8 40 27 3.6 (-) 0 0.2R
6  dimethyl itaconat BDPP GVL 60 24 47 9 1 0 n.d. 0.2R®
7  dimethyl itaconat BDPP toluene 100 24 >99 15 64 22() 05 03©
8  dimethyl itaconat BDPP GVL 100 24 >99 <1 n.d. n.d. n.d. 03 R
9 dimethyl itaconat DIOP toluene 100 20 73 25 22 08() 120 0
10 dimethyl itaconat DIOP GVL 100 20 >99 <1 n.d. n.d. n.d. 18R
274  F: 2-methyl-2-phenylpropanal (aF: dimethyl 2-formyl-2-methylsuccinate) (branchedetlyde)
275  G:3-phenylbutanal (aK: dimethyl 2-(formylmethyl)succinate) (linear/léssanched aldehyde)
276 H: isopropylbenzene (dr: dimethyl 2-methylsuccinate) (hydrogenated profuct
277 2Reaction conditions: Rh/Ligand/substrate = 1/1/106rol of substrate, p(CO)=pg}¥ 40 bar; solvent: 5 mL
278  GVL (or toluene).
279  PChemoselectivity towards aldehyddd@, J/K). [(moles ofF/J + moles ofG/K )/(moles ofF/J + moles ofG/K
280  + moles ofH/L) x 100].
281  °Regioselectivity towards linear aldehyd®/K ). [moles ofG/K/(moles ofG/K + moles ofF/J) x 100].
282  YEnantioselectivities were determined by chiral GC.
283
284 A terpene derivative, R)-limonene of practical importance was
285 hydroformylated under similar conditions (Scheme Ay observed before in
286 platinum-catalyzed  hydroformylation [ 34 ] and pallad-catalyzed
287 hydroalkoxycarbonylatiof35], high regioselectivity towards linear regiamer ©)
288 was obtained also in rhodium-catalyzed hydrofortigta in GVL. The
289 chemoselectivity towards aldehydds, (O) is about 75%j.e., some hydrogenated
290 product P) was always present in the reaction mixture. TWe tliastereoisomers
291 were formed in close to 1/1 ratio. A slight diasteselection of 16% and 4% was
292 observed with BDPP- and BINAP-containing catalystspectively.
293
[Rh(nbd)CI]2
" ? ?
294 (M)
295 Scheme 4 Hydroformylatlon of R)—Ilmonene M)
296
297 Table 4. Hydroformylation of)-limonene in GVL in the presence of Rh-phosphinaitu’
298 system®
Entry  Substrate Ligand Solvent T Time Conv. RS Rin° de. ©)
CC) )y ) %) (%) (%)
1 (R)-Limonene BDPP GVL 100 20 >99 75 95 16
2 (R-Limonene BINAP GVL 100 20 >909 77 96 4
299  “Reaction conditions: Rh/Ligand/substrate = 1/1/10@mol of substrate, p(CO) = pfH= 40 bar; solvent: 5 mL
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®Chemoselectivity towards aldehydes ©). [(moles ofN +moles ofO)/(moles ofN + moles ofO + moles ofP)
x 100].

‘Regioselectivity towards selected aldehy@. (moles ofO/(moles ofO + moles ofN) x 100].

IDiastereomeric excess. [(moles of diastereomer tesnof diastereomer 2)/(moles of diastereomer lotesof
diastereomer 2) x 100

3. Conclusion

In summary, the application of gamma-valerolact@sea renewable and
environmental friendly solvent was successfullylized for bidentate phosphine
ligand-modified rhodium-catalyzed hydroformylatiaf styrene,a-methylstyrene,
dimethyl itaconate, andR}-limonene. Although, the catalytic activities wdogver in
GVL compared to toluene as a conventional orgaaleest for hydroformylation,
remarkable chemo- and regioselectivities were ofesen GVL. Results proved that
GVL is a good biomass-based alternative solventcandd be very promising for its
application in both industrial and academic proesss
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Highlights

» y-valerolactone was applied as a solvent for Rhigzgd hydroformylation.
* Results were compared to toluene as a FDA Clas$/2rd.
* Remarkable chemo- and regioselectivities were a&chin GVL.



