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20 proteinogenic amino acids were applied as organocatalysts in the homo aldol condensation of
aldehydes. Basic amino acids were highly active at low catalyst concentrations and aromatic amino
acids generated very good vyields in short reaction times. The side chain groups have no catalytic
activity, but they have a big impact on the catalytic activity. A general method was developed, being
transferable to other substrates.
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Abstract

A systematic investigation regarding the applicatidrcatalytic amounts of all 20 proteinogenic amamids in the
homo aldol condensation of aldehydes is descriliditing excellent yields of the desireg-unsaturated aldehyde.
These investigations proved the basic amino abydse and arginine, are effective as organocatslyscomparably
low concentrations are applied. Through the stepwisé systematic condition alteration, the reactionld be
optimised and successfully transferred to othessates with longer, branched or functionalised lathains. The
highest yields are observed with tryptophan as argatalyst in only one hour reaction time with TONsupfto 27.
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1. Introduction

The aldol reaction is a C-C bond forming reactietazen aldehydes and/or ketones and was alreadylzgssar the
19" century! The aldol condensation of aldehydes is a verycéffe tool, gainingx,s-unsaturated aldehydes, which

can be used in further organic reactions, espgdiathe dienamine cataly$isr in tandem catalysés

In industry, the homo aldol condensation (HAC) iseasential reaction step to form the precursor gHedix-2-enal
from butanal, which is used in the synthesis ofedéht plasticisers, e.g. DEHP = bis(2-ethylhexyl)plate. The latter
has the highest market share of 54% regarding Ittepplasticiser consumptidriTherein, butanal undergoes a base

catalysed homo aldol condensation to 2-ethylhexd-i a sodium hydroxide solution.

Besides the base catalysed homo aldol condensati@idehydes in industryfurther investigations and catalyst
developments were made with organic metal salts 2rinethylphenoxymagnesium bromifejransition metal

complexe§ electrolysi&, acids, amine&’, amine/acid mixturé$ and immobilised amines on siliéa

Amino acids occupy a special position in organogatalhaving an amine and an acid function in theiecular
structure. An advantage of applying amino acids\isrgby their ubiquitous existence being precursdrproteins™>
They are easily accessible and have no GHS hazaednstats. Therefore, they can be described as geegents, if

applied in chemical reaction$.

The first amino acid catalysed HAC was carried out wi#mine as catalyst and acetaldehyde as subStiaager,
only scattered examples were dealing with the amaio eatalysed HAC of aldehyd&sThe multiple homo aldol
condensation of acetaldehyde with proline led toh&¥adienal, which was not investigated intensively avas
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formed in 5% yield after two aldol condensation steyith 3 equivalents of acetaldehyd2A kinetic study with
arginine, glycine, serine, alanine and profffi€revealed a complex kinetic behaviour, if arginives used as catalyst
in the HAC of acetaldehyde, which can form higheiohltbndensation products. Therein, large rate emtstwere
observed with a maximum at small catalyst concedotrat due to the transition from a first order té&act into a

second order reaction. Therefore, the second oedetion is limiting the aldol condensation.

An environmentally friendly, green (water as solvenino solvent) and transferable method to othestsates was
established, wherein 10 mol% of lysine catalysesH#& of aldehydes with unfunctionalised alkyl chains to

Cq-aldehydes in moderate to good yields of 46% - 7%8e application of arginine as catalyst was nosped any
further in this case, since only a yield of 24% wedtained. Therein, a turnover number (TON) up to&hl a

turnover frequency (TOF) up to 3.75 tvas achieved for unfunctionalised aldehytfé¢Scheme 1)

. NN
o 10 mol% Lysin
P N NN H,0, | _0 +Hy0

rt,2h
Y =75%, d.r. = 99

Scheme 1. Established homo aldol condensation (HXE)

Amino acids can be used in the cross aldol condiensathich is described by an intermolecular aldmhdensation
between different substrates. With proline-triethyilae as catalyst, a ketone C-glycoside undergoes aidol

condensation with different ketones and aromatietaydes’’

Furthermore, an aldol condensation allows the géoeraf a stereo centre depending on the initidstates. The
application of enantiopure organocatalysts in ariramolecular aldol condensation enables asymmetric
organocatalyses leading to products with high eoamric excesses. The first examples were given witesid
cyclodione backbones as substrates and amino asidsitalysts. Thereim;:proline, L-alanine and.-phenylalanine
were applied as organocatalysts and HGI®additive simulating the dehydratiSriater, this reaction was extended
to other product derivatives and up to 14 proteemig amino acids were compared with each other regatteir
catalytic activities, reaction times, yields andaetiomeric excesses in the intramolecular aldoldeosation. The

“organocatalyst” was used equimolar to the substwitte HCIO, as additive?

In the beginning of this millennium, first invesdiipns towards the asymmetric cross aldol additidh amino acids
have been made. The cross aldol addition of acetdthealdehydes is catalysed with 30 mol%proline® in DMSO
achieving very high yields and enantiomeric excdsdss protocol was extended tounsubstituted substrates as
aldehyde$’ The cross aldol addition between aldehydes in DMi& WD mol%L-proline at low temperatures led to
comparable resulté. Therefore, proline has an exceptional positiomrganacatalysis, since a lot of organocatalysts

are based on the five membered ring structurealinar>®

The cross aldol addition between ketones and aldshyas extended to primary amino atidsing 20 mol%
catalyst, e.g. isoleucine, with long reaction tiroé3 o> or 30 mol% catalyst, e.g. valine, with very higklgls and

also long reaction times of 3.




In this publication we fill the gap by giving a corepensive overview on the reactivity of all 20 piotgenic amino
acids at same reaction conditions in the homo atdotensation (HAC) of aldehydes. This systematiestigation
enables a direct comparison between each aminowshidh was not possible yet, due to a scattered sktfd The
model substrate butanal was chosen as linear alkghwde with an industrial background being an intgour
precursor for plasticisers. From this data, we distadd a general method for the homo aldol cond@rsavith
different substrates using simple, green, mild endronmentally friendly conditions. Short reactittmes (down to
1 h), amino acids as green catalysts with low catdbgding (down to 3.33 mol%) and ethanol as a gsEwvent,
which can be removed easily, were employed. Exdejlietds, with high TONs and TOFs, were obtained if paned

to other amino acid cataysed aldol reactions, whigdded long reaction times in questionable sadyeng. DMF

2. Results & Discussion

We set our focus on the homo aldol condensationnofiodified aldehydes as starting material (Schejnén2all

experiments th&ansaldol condensate of butanal was the major produtt atrans/cisratio of > 20.

homo aldol
» ~_~_O _ condensation \ﬁ\/o
- H2O =
Scheme 2. Homo aldol condensation of butanal

For a better overview and a separate assessmeuntivide the investigated 20 proteinogenic amino fdid five

groups, which are displayed in Figure 1. We useththe drawn, since thaifform is easily commercially available.
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Figure 1. Amino acids divided in different groups

2.1 Systematic investigation of all 20 amino acids

We wanted to use simple conditions with only a fewgesas, which can be easily removed and are non-tdkie
established reaction system should be transferiblether substrates, wherefore we used ethanol tarers
homogenous solution of polar and non-polar reag&utthermore, we are already thinking about futieeelopments
using this homo aldol condensation as a tool forexamplex conversions in e.g. tandem catal§{segerefore a
simple reaction system is desirable for having notyv@nging options.

In the first part of our investigation, differerdtalytic amounts between 1.67 mol% and 20 mol% ofi eanino acid
were employed in the homo aldol condensation ofraltéor a better comparability regarding their tgta activity

as organocatalysts by not using them in stoichidmamounts.

Aromatic amino acids are characterised by aromatiogs in their side chain. The results of applyangmatic amino
acids, Group Il (Figure 1) is given in Figure 2 disfing observed yields over catalyst concentratibryptophan
(indol side chain) and phenylalanine (phenyl sidai) already led to excellent yields, if only 31381% were used.
This is a great catalyst amount, since other patitios regarding the amino acid catalysed aldaitiea are dealing
with higher catalyst concentrations of 20-30mol%. auwtitative yield was observed, if 20 mol% tryptophaere

used. Nevertheless, it is quite astonishing why novexsion could be observed, if tyrosine was appligte only

4




difference to phenylalanine is given by the phegroup. Presumably, tyrosine is active at higherceotrations (from
approx. 30 mol%) needing higher reaction timessThistrengthened due to the investigation reggrtia cross aldol
addition of ketones with aldehydes. While 20 mol%esjne gave only traces of the product after®7 al,moderate
yield of the cross aldol product was obtained &&h by applying 30 mol% of tyrosire"

Aromatic Amino Acids - Goup Il
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Figure 2. Yield over catalyst concentration plot of GroupCbnditions: 3 mmol butanal, amino acid, 1 mL

EtOH, r.t., 16 h; tyrosine is not displayed duerictivity at given catalyst concentrations.

An interesting trend is given in the aldol catalysedction with basic amino acids from Group V (Figlyelisplayed
in Figure 3. These amino acids have further bagictionalities in their side chain. Experiments witistidine
(imidazole side chain) as catalyst showed a getrenadl: the more catalyst is applied, the more yozld be observed
with 29% vyield at a concentration of 20 mol% catalydn the other hand, lysine (primary amino sideirghand
arginine (guanidin side chain) as catalysts lec tmaximum regarding the obtained yield, which resuliin high
yields at low catalyst amounts. Lysine has its maximat 3.33 mol% giving 82% yield and arginine &7mol%
giving 85% vyield. The results of arginine in thentm aldol condensation of butanal are in good agee¢with the
kinetic studies of Cérdova and coworkers regardieghtomo aldol condensation of acetaldef8&Therein, the rate
constants are varying with the concentration ofdheno acid arginine. At low concentrations the ratastant is
described by the first order, which is increasimgarly with the catalyst concentration and limitegthe enamine
formation. At higher concentrations, the reactisndescribed by the second order, which is limitihg overall
reaction speed leading to lower yields controlledh®y C-C bond formation. With arginine as catalyisg transition
from the first to the second order was reached #é dow catalyst amounts. In this publication, we Idoproof the

same tendency with lysine as organocatalyst andthéttapplication of longer chain aldehydes.
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Figure 3. Yield over catalyst concentration plot of Group&fnditions: 3 mmol butanal, amino acid, 1 mL
EtOH, r.t., 16 h.

Results of group I, Il and IV showed lower yields ar@h be found in the supporting information.

In summary, the systematic investigations reveaadh activity of the 20 proteinogenic amino acigplied in
catalytic amounts in the homo aldol condensatiothef unfunctionalised aldehyde butanal in ethamptptophan,
phenylalanine, arginine and lysine led to very gtméxcellent yields. In contrast to other pubiicas in the field of
amino acid catalysed aldol reactions, which ofteedusbout 30 mol% of amino acid, in here, low catalys

concentrations (3.33 mol% - 6.67 mol%) are suffiti@rnishing 82% to 94% yield for the desired prod

2.2 Elaborating the catalytically active centre

There is no doubt that theamine in the amino acid is a catalytic active e tmechanism of the homo aldol
condensation, since the amino acids in Group | eaglihg to the desired product if applied as orgatabgsts.
However, some amino acids are having further potecdi@lytically active centres by bearing other @@ngroups in
their side chains. In order to shed some light thto catalytic activity of the side chain groupstteé amino acid, we
applied amines as surrogates of the side chailysiok (-butyl amine), arginine (guanidine) and tryptopliadole).
Additionally, these experiments were carried out waitld without acetic acid simulating an amino acidxtwie under

same conditions as the experiments before.




Table 1: Applying model catalysts in the homo aldol condzios

6.67 mol% amine

. 6.66 mol% acetic acid | ~o
o ethanol, PN
rt,3h

No. amine acetic acid Y
1.1 ) - <1
indole
1.2 + <1
1.3 ) - <1
n-butyl amine
1.4 + 6
15 - <1
guanidine carbonate
1.6 + 3
1.7 o ) - <1
guanidine hydrochloride
1.8 + <1
1.9 +

Conditions: 3 mmol butanal, 6.67 mol% amine, 6.@1%nacetic acid, 1 mL EtOH, r.t., 16 h. Result$4n

No significant catalytic activity was observed, itlole, n-butyl amine and guanidine were applied as orgaabis
in the homo aldol condensation (entries 1.1, 18%6/). Guanidine was used as carbonate and hydrahkalt, due
to their easily availability. The addition of aaetcid is slightly increasing the yield to 6% (gnir4) and 3% (entry
1.6), if applied together with-butyl amine or guanidine carbonate. Similar resulith n-butyl amine and acetic acid
(entry 1.4) are achieved if compared to the glyaiatalysed homo aldol condensation (please se&tipporting
Information), which is quiet well explainable, sineth catalytic systems are having no substituekdstic acid has
no catalytic activity (entry 1.9). These experingeptoved, that the catalytically active centrehis d-amino group.
The corresponding side groups are increasing oredsing the catalytic activity of theamino group. Interactions
with aromatic side groups within the mechanism armceivable in the case of phenylalanine and trypaopfihese
interactions are increasing the activity obtainéxgellent yields. Lysine and arginine are the nhasic applied amino
acids with an unusual trend as seen in Figure 3reftve, the basicity should be responsible androhténg the

catalytically activity at low catalyst amounts, srat high catalyst amounts the reaction orderéamngimg.

2.3 Reaction progress

For getting a better insight into the reaction, weestigated the reaction progress over time, sanelbusly
optimising the reaction to shorter reaction timiByptophan, phenylalanine, lysine and arginine waresen for the
detailed investigation, due to their high reacgivibtaining high yields.

First, the reaction progress of tryptophan and pladamnine was investigated and the results are alyspl in Figure 4.
After 6 h comparable yields of 91% to 94% were olgdiby either using tryptophan or phenylalanine. Stweerior
advantage of the catalyst tryptophan is its higiviig, wherefore an excellent yield of 95% was reztlafter only 1 h




with a TON of 14, if 6.67 mol% tryptophan was usede Hadition of 3.33 mol% tryptophan is still leaditega very
good yield of 90% after 1 h, with a higher TON of 27.

Aromatic Amino Acids - Reaction Progress
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Figure 4. Yield over time plot; conditions: 3 mmol butanainino acid, 1 mL EtOH, r.t.

The same investigation of the reaction progress made with lysine and arginine. (Figure 5) The reactiate of
arginine was lower resulting in a longer reactionetiof 16 h yielding 85%. Lysine was applied in twofatént
concentrations for a better insight regarding timetics. After only 45 min a maximum yield of 75% walstained, if

5 mol% lysine was added. The reaction was slower wikbmeer amount of 3.33 mol% lysine. However, a higher
maximum yield of 82% was achieved. These resultsla@ the previous kinetic studi&§ wherein higher catalyst
concentrations increase the reaction rate, but tinei overall reaction. This results in lower yields can be seen in

these investigations.
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Figureb. Yield over time plot; Conditions: 3 mmol butanainino acid, 1 mL EtOH, r.t.

A short summary of the achieved results with catalgthounts of proteinogenic amino acids as orgaatysas in the

homo aldol condensation of butanal is given in Feght
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! Glycine ! ! Alanine : !  Valne ! Leucine 1 Isoleucme i 1 Proline
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Figure 6. Summary of the results after the systematic ingaton applying 20 proteinogenic amino acids;

Conditions: 3 mmol butanal, amino acid, 1 mL Et®H,

2.4 Substrate scope

In the next step, the transferability of the opsied reaction conditions will be explored using othébstrates with
longer, branched and functionalised alkyl chainab{& ). Tryptophan was chosen for the substrateesdop to its
high activity obtaining excellent yields in a shtimie. The reaction was carried out in ethanol @anche hand and in

water on the other hand, since the use of amine égidsually associated to aqueous reaction media.

Consistently, very high yields have been observadeivery applied substrate after only 3 h reactiome and
6.67 mol% organocatalyst tryptophan in ethanol. Vgood yields of 77% - 87% were observed for the laldo
condensation products from the entries in 2.2,a2@ 2.7. Excellent yields of 90% - 95% have beeseoled for the
products displayed in 2.1, 2.4, 2.5 and 2.6. MeflBdoxododecanoate was converted almost quantitativets aldol
condensation product (entry 1.8). These resultskwging a successful established homo aldol coadienswhich is
catalysed by an amino acid and transferable tor aihlestrates as well. Performing the reactions ureaqs medium
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led to phase transfer limitations, since all reactinixtures showed a two phase system, which resultiedver yields
for the longer chain aldehydes (entry 2.3 — 2.9yefy poor yield of 9% was obtained by using citiltaie

Products from entries 2.2 — 2.5 are of high intergace butanal is already being used as a pisstiprecursor (entry
2.1). The product from citronellal could represanpotential lubricant precursor, due its high bhamt structurg
(entry 2.6). The product of the renewable methyb%@dodecanoate is a potential polymer precursoingasn

a,0-bifuncionality (entry 2.8).

Table 2. Substrate screening with optimised conditions

RWO 6.67 mol% tryptophan_
ethanol, R
rt,3h ™

Py
/I>
@)

No. Substrate Product Y | Y?

2.1 N @AO 95 | 96
PR

o N}AO 77 | 78
PN

SN

SN

D VI N

=
2.6 | o ‘ A ‘ 94 9
o SRS
2.7 ©M O 87 | 99
MeO SN
o
MeO N 0 b
2.8 Y\/WWO W ol
o MeO

Conditions: 3 mmol substrate, 6.67 mol% tryptopHamL EtOH, rt, 3 h. Results in %reactions were

performed in 1 mL kD instead of EtOHn.d. = not determined.
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3. Conclusion

The homo aldol condensation of unfunctionalisegheltic aldehydes was investigated in respect taigegl amino
acid, catalyst loading, side chain and reactioretifherein, we applied every single proteinogeniinanacid in
catalytic amounts and established a general mdtratie homo aldol condensation for different sudists with very
good to excellent yields up to 99% in only 3 h. gigphan was the most effective amino acid catalyganding
reaction time and yield with a TON and TOF of 27 orl?7 The catalytic activity depends on the respectizte
chain, which has an activating or deactivating ¢fféberefore, the side chain groups have no catahyitivity, but
they have a big impact on the catalytic activityrtRermore, the investigations displayed, thatrangi and lysine
have their maximum rate constant at low catalystcentrations of 6.67 mol% or 3.33 mol%, due to theiique
behaviour. Obtained products are already used asigid®r precursors in the industry or they repregmtential
lubricants or polymer precursors, if the renewabtéspnellal or methyl-12-oxododecanoate, are aguphis substrates.
Based on these results, a combination of the hdow eondensation with a further organocatalysedt#isthing a
tandem catalysis would be an interesting developifieerititure investigations.

4. Experimental

4.1 General techniques and materials

The solvent ethanol was purchased from VWR with atyofi99.8%, all amino acids were purchased frormfaig
Aldrich and all substrate were purchased from ABCRpoAcAlfa Aesar and Sigma Aldrich. All reagents wereduse
without further purification. For column chromatoghy technical quality solvents were used. Thin-layer
chromatography (Si© TLC) was performed on Merck TLC silica gel 60 F2%Jolumn chromatography was
performed on Merck silica gel 60 (0.040 — 0.063 nNyIR spectra were recorded on Bruker DRX400 (400 MHz)
spectrometers with TMS as internal standard. GB/@k used as solvent and purchased from DEUTERO. Chkmic
shifts are reported in parts per million as followksemical shift, multiplicity (s = singlet, d = dolet, t = triplet, q =
quartet, m = multiplet, bs = broad singlet, dt =ublet of triplet), coupling constant, and integoati Gas
chromatography was performed on a HP 6890 (Hewlatkard, Waldbronn, Germany) using a FID at 325°Caand
HP-5 column (30 m, diameter 0.32mm, film thickness 29nn connectionwith an auto sampler. The carrier \was
nitrogen (v = 1.2mL/min, 30 cm/s). The injectionwme was 1pL and the split ratio 1:30.

4.2 General procedurefor the aldol condensation

0.2 mmol tryptophan, 1mL ethanol and 3 mmol butamaie added into a screwed test tube. The reactigturai
was stirred at room temperature for one hour. Thalyst was removed by a short silica colomn. Aftedsgarthe
sample for the gas chromatography was prepared w260 g dibutyl ether, 0.4750 g reaction mixturd &r6000 g
isopropanol. A yield of 95% for 2-ethylhex-2-enal vedtained.

4.3 | solation of the aldol condensation product
1.1.Dimethyl 11-formyltricos-11-enedioate (Product fromrer2t8)

0.2 mmol tryptophan, 1mL ethanol and 3 mmol mettdoxododecanoate were added into a screwed test tube
The reaction mixture was stirred at room temperdfirehree hours. Afterwards, the solvent was evapdrand the
product was purified by column chromatography (clgelkane/ethyl acetate 50:® 5:1) yielding 99% of
dimethyl 11-formyltricos-11-enedioatdd NMR (400 MHz, CDCI3): 9.37 (s, 1H), 6.45 (t, J = 7.5 Hz, 1H), 3.68 (m,
6H), 2.31 (m, 6H), 2.23 (m, 2H), 1.62 (m, 4H), 1.50 @H), 1.30 (M, 24H)**C NMR (100 MHz, CDGC)) &: 195.5,
174.7 x 2, 155.8, 144.2, 51.9, 34.5, 30.1, 29.8 8%, 29.7, 29.6, 29.5 x 2, 29.4, 29.2, 29.13352, 24.4.

The characterisation data of the other aldol cosdon products from table 2 were already determaned are
matching with the analytical data from the literatlir

12



Acknowledgments

We thank T. Seidensticker for synthesising mettgdekododecanoate, which was applied in our subsiratpe.

Supplementary data

Supplementary data with detailezkperimental procedures aril & *C NMR spectra of the compounds
associated with this artickre available in the Supporting Information.

Refer ences and notes

[

BOONO O AW

Waurtz, C. A.C. R. HebdSéances Acad. S&872, 74, 1361.

a) Bertelsen, S.; Marigo, M.; Brandes, S.; DinérJBrgensen, K. Al. Am. Chem. So2006, 128 12973-12980; b) Ramachary,
D. B.; Reddy, Y. V.Eur. J. Org. Chem2012, 868—887; c) Marqués-Lopez, E.; Herrera, R. PsKslar.; Jacobs, W. C.;
Christmann, MSynthesis2013, 45, 1016—-1028.

Fang, X.; Jackstell, R.; Borner, A.; Beller, @hem. Eur. J 2014, 20, 15692-15696.

Ceresana - Market Intelligence. Consulting, Matkd#, WeichmacherKonstanz, 2013, Vol. 3.

Hertel, O.; Boettger, G.; Koernig, W.; Wache, Hch8nz, R.; Reiss, WsermanPatentDE3231794C2, 1988.

Casnati, G.; Pochini, A.; Salerno, G.; UngaroTBtrahedron Lett1974, 15, 959-962.

Okano, T.; Satou, Y.; Tamura, M.; Kiji, Bull. Chem. Soc. Jpi997, 70, 1879-1885.

Shono, T.; Kashimura, S.; Ishizaki, Electrochim. Actal984, 29, 603—-605.

Offenhauer, R. D.; Nelsen, S. F.Org . Chem1968, 33, 775-777.

a) Hunig, SJustus Liebigs Ann. Chem950, 569, 198-226; b) Hagiwara, H.; Ono, H.; Komatsubara Hoshi, T.; Suzuki, T.;
Ando, M.; Tetrahedron Letf 1999, 40, 6627-6630.

Ishikawa, T.; Uedo, E.; Okada, S.; SaitoSgnletf 1999, 450-452.

a) Shimizu, K. I.; Hayashi, E.; Inokuchi, T.; KodanT.; Hagiwara, H.; Kitayama, Yetrahedron Lett 2002, 43, 9073—-9075; b)
Hamaya, J.; Suzuki, T.; Hoshi, T.; Shimizu, K.;d¢iama, Y.; Hagiwara, F8ynlett 2003, 873-875; c) Hagiwara, H.; Hamaya, J.;
Hoshi, T.; Yokoyama, Cletrahedron Lett2005, 46, 393—-395.

Ambrogelly, A.; Palioura, S.; Séll, INat. Chem. Biol2007, 3, 29-35.

Anastas, P. T.; Warner, J. C. Green Chemistry ofyhand Practice, Oxford Univ. Press: Oxford, 1998.

Fischer, F. G.; MarschalA. Ber. dtsch. Chem. Ge4931, 64, 2825-2827.

a) Notz, W.; lii, C. F. B.; Torrey, N.; Road, $.0rg. Chem2002, 67, 301-303; b) Noziére, B.; Dziedzic, P.; Cordova, A
Geophys. Res. Left007, 34, 1-5; c) Noziére, B.; CérdoyA. J. Phys. Chem. 2008, 112 2827-2837; d) Watanabe, Y.;
Sawada, K.; Hayashi, Mereen Chem2010, 12, 384.

Wang, J. F.; Lei, M.; Li, Q.; Ge, Z. M.; Wang, Xi;, R. T. Tetrahedror2009, 65, 4826—4833.

a) Eder, U.; Sauer, G.; Wiechert,Agew. Cheml971, 1416 492-493Angew. Chem. Int. EA971, 10, 496-497; b) Hajos, Z.
G.; Parrish, D. RGermanPatentDE2102623A1, 1971.

Nagamine, T.; Inomata, K.; Endo, Y.; PaqugtteA. J. Org. Chem 2007, 72, 123-131.

List, B.; Lerner, R. A,; lii, C. F. B.; Torrey, NRoad, P.; Jolla, L.; December, RJVAmM. Chem. So2000, 122, 2395-2396.
List, B.; Pojarliev, P.; Castello, @Qrg. Lett, 2001, 3, 573-575.

Northrup, A. B.; MacMillan, D. W. CJ. Am. Chem. Sq&@002, 124, 6798—-6799.

Franze, J.; Marigo, M.; Fielenbach, D.; WabnitzCT, Kjeersgaard, A.; Jgrgensen, K.JAAM. Chem. So2005, 127, 18296—
18304.

a) Peng, F.; Shao, Z. J. Mol. Catal. A Ch@608, 285, 1-13; b) Xu, L.-W.; Lu, Y.; Org. Biomol. Cher008, 6, 2047-2053; c)
Xu, L..-W; Luo, J.; Lu, Y. Chem Commug009, 1807-1821.

Umehara, A.; Kanemitsu, T.; Nagata, K.; Itoh Synlett2012, 23, 453-457.

a) Cérdova, A.; Zou, W.; Ibrahem, |.; Reyes, E.g&vist, M.; Liao, W.-W.Chem. Commur2005, 3586—3588; b) Cordova, A.;
Zou, W.; Dziedzic, P.; Ibrahem, I.; Reyes, E.; XuChem. Eur. 2006, 12, 5383-5397.

Jackie, Y.; Yugen, Y. ZPatentWw020090022762008.

Ostrowski, K. A.; Lichte, D.; Terhorst, M.; Vorhol. J.Appl. Catal. A Gen2016, 509, 1-7.

Haase, K. D.; Heynen, A. J.; Laane, N. L. Rt Sci. Technoll1989, 91, 350-353.

a) Fang, X.; Jackstell, R.; Franke, R.; Beller, ®hem. Eur J.2014, 20, 13210-13216; b) Abanda-Nkpwatt,Agric. food
Chem, 2004, 52, 5939-5942; c) Barrault, Appl. Catal. A Gen 2004, 262 43-51.

13



