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1. Introduction

oLy

The direct cross-aldol reaction represents onehef most ~ Ar = 3,5-bistrifluoro-
important carbon-carbon bond forming processesesihaan methyl)pheny!
provide an efficient approach to both naturally wdng and Ar
synthetically important building blockg. During the past J\ SOH wAr
decade, a variety of enamine-mediated aminocatapyticesses 0" o 1 1 OH OH O
have been developed and successfully applied immsjric )\0)\ Me” “H ) R/'\)l

. 6.9

cross-aldol reactiofi’ However, most of these examples are not(b_p_ 123°C) (b.p. 21°C) HJ\H

efficient with acetaldehyde as the donor due thiigh reactivity
ur_]aVO'da}bly_ leading to a vane;y O_f b_)llipmdUCtS'mg from its Figure 1. Cascade deoligomerization and cross-aldol reactiediated
ollgome_rlzat|on and seIf-aIdollzatldﬂ. Ten years ago, the by 1/2 operating under site isolation.

Hayashi group reported the first organocatalytiedicross-aldol

reaction of acetaldehyde with aromatic aldehydeshgusa

diarylprolinol as the catalyst. Later, the use in the same  However, the drawback of this method was the factdhét
reactions of chiral primary amine catalysts undeeatn electron-poor benzaldehydes could be used as ieffestibstrates
conditiond® and of suitably modified diarylprolinol catalysts ~ (Scheme 1, top). Considering the importance of &gh3-
aqueous medi¥, have also been reported. More recently, wehydroxypropanal as a key building block in the bgsis of many
have disclosed a highly enantioselective versiotthefreaction —active pharmaceutical ingredients, we analyzed nastiatiowing
promoted by a dual catalytic system (polystyrenerubsulfonic  the reversible electronic modification of benzalgth that could
acid1 and polystyrene-supported diarylprolinol catalysEigure  favor its participation in the cross-aldol reaction

1), which enabled the use of paraldehyde as a ca@esource

of acetaldehyd& Compared to acetaldehyde, paraldehyde is |ESﬁ.n
expensive, easier to handle (b.p. 128) and can be
deoligomerized in situ by polystyrene-bound sulfoacidl. The
site isolation scenario generated under these tonsif™
enabled catalysl to work compatibly with2 in one pot in a
highly recyclable manner, furnishing the aldol prot$ in good
yields and excellent enantioselectivities. This hoeblogy
granted access to enantioenriched 1-arylpropandialS, a
privileged core structure occurring in a variety arfugs and
natural product§’

It is known that the formation of-arene-Cr(CQ) complexes
portantly decreases the electron density of #renqt arene and
modifies accordingly its reactivif/*> From a practical
perspective, theseomplexes are easily formed upon reaction of
Cr(CO), with aromatic substrates, and the metal moiety lman
later removed in quantitative yield by exposureigible light**
4 Thus, the complexation/decomplexation processnioasally
low impact on the efficiency of the overall proce$s.2011,
Walshet al. exploited this approach to favour theneration of
nucleophiles for allylic substitution reactiét’’ and the same
strategy has been recently applied by Laretsa. for enhancing
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the reactivity of C-H bonds in arylation reactichdVith these
precedents in mind, we assumed that tfebenzaldehyde

A screening of additives including benzoic acig;
nitrobenzoic acid and water revealed the latter les most

complex3 could be used as an activated benzaldehyde suerogatonvenient one (entries 4-6). When raising the tatpre,

in the cross-aldol reaction with paraldehyde mediditg thel/2
dual catalytic system (Scheme 1, bottom).

o
o
Cr(CO) e

Scheme 1. Deoligomerization/cross-aldol reaction of paralgihwith
complex3 mediated by th&/2 dual catalytic system.

;©K)'
A

“Cr(CO)3"

Cat. 1, Cat. 2

B S

Cat. 1, Cat. 2

2. Results and discussion

Initially, we investigated the cross-aldol reactiai the

either with conventional heating or using the micregjathe
enantioselectivity was maintained but the yieldttligdecreased
(entries 7 and 8). In order to evaluate the effgcdifferent
reaction times on the yield and enantioselectivitg, carried out
a series of comparative experiméntghich showed that after 72
hours the reduced aldol proddctould be obtained in 38% yield
and 93% ee (entry 9). Subsequently, the use dérdift amounts
of paraldehyde was examined (entries 10-12). Theaugment
was not significant, but 5 equiv. seemed to be abkiter.
Finally, increasing the loading of polystyrene-soied catalyst
2 led to a major yield improvement (up to 61%) whenm@%
of this catalyst was usddntry 15).

It is to be noted that such a high catalyst loadiag only be
justified if the dual catalytic system is amenaioleecycling:>*
In this regard, it is worth mentioning that the reexy of the two
different polystyrene-supported catalysts can bkiexed by
simple filtration without separating the two resi@atifyingly,
the mixture of the two catalysts can be reactivatgdbriefly

tricarbonyl ¢*-benzaldehyde) chromium (0) with paraldehydewashing with AcOH after each reaction cycle. The rdighe

mediated by the dual catalytic systéfg in DMF (Table 1, entry
1) but the target aldol product was not formed atiralthis

acid is presumably to hydrolyse the parasite oxdir@ formed
by catalyst2 and acetaldehyde, thus increasing the effective

solvent. A subsequent solvent screening showed tha&nwh amount of catalytic specié3.Using this strategy, th&/2 dual

acetonitrile was employed the product can be isdlate18%
yield and 93% ee (entry 3).

Table 1. Tandem deoligomerization plus asymmetric cross-
aldol reaction of tricarbonykf-benzaldehyde) chromium (0)
with paraldehyde catalyzed hy2.*

1) Cat. 1 (10 mol%), Solv.
Cat. 2 (20 mol%), RT hv

2) NaBH,, MeOH Et,0 WOH

OH

N 0°C, 30 min s
Entry  Time (h) Solvent P?E;Igﬁ?)y de \((;%S (‘;SC
1 24 DMF 2 0 -
2 24 CHNO, 2 15 92
3 24 MeCN 2 18 93
49 24 MeCN 2 12 92
5°¢ 24 MeCN 2 17 93
6 24 MeCN/HO 2 20 93
7 24 MeCN/HO 2 17 93
8’ 24 MeCN/HO 2 19 93
9 72 MeCN/HO 2 38 93
10 72 MeCN/HO 5 41 93
11 72 MeCN/HO 10 33 93
12 72 MeCN/HO 20 30 92
13 72 Paradehyde - 20 92
14 72 MeCN/HO 5 49 93
15 72 MeCN/H,0 5 61 93

#The reaction was carried out wish(0.1 mmol), paraldehydé&,(10 mol%),2
(20 mol%) and KO (0.5 mmol) in 0.3 mL solvenftDetermined byH NMR
using mesitylene as internal stand&Ry. HPLC.%.01 mmol PhC@H added.
€0.01 mmolp-NO,CsH4CO.H added’At 40 °C. %Using microwave at 46C.
"30 mol% of2 was used40 mol% of2 was used.

catalytic system could be reused for five cyclehveissentially
the same results. On the sixth cycle, the aldotipco was still
obtained in high enantioselectivity (90% ee), dllbgth slightly
decreased yield (Table 2).

Table 2. Recycling in the tandem deoligomerization/
asymmetric cross-aldol reaction of tricarbomyt (
benzaldehyde) chromium (0) with paraldehyde catalyzy
1/2.

L, ol NEIBRINN W
ércon A B e weGh E0 W
Run Yield (%) ee (%)
1 58 93
2 60 93
3 54 92
4 53 93
5 50 92
6 38 90

As already mentioned, enantiomerically enriched digis
and B-hydroxyaldehydes are versatile building blocks the
synthesis of a wide variety of natural products eochmercially
important drugs- > For instance, enantioenriched diois a key
intermediate in the preparation of the selectivetemin reuptake
inhibitor (R)-fluoxetine (Prozac®) and the norepinephrine
reuptake inhibitor R)- atomoxetine (Strattera®), which are
important drugs for the treatment of important sgtric
disorders >
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(R)-Fluoxetine hydrochloride

Scheme 2 Synthesis of drugs and intermediates with the ptasethodology.

According to previous literature procedures, theuced
cross-aldol product can be converted into amino alcohpla
common precursor to both drugs,four steps and 36% overall
yield® We have now found (Scheme 2) that crude alol
obtained by decomplexation 6fin ether solution on exposure to
visible light, can be converted into(95% ee) in a single step by
reductive amination with MeNH (35% overall yield). The
possibility of applying a reductive amination gigafacilitates
the introduction of an amine moiety in this positio
Phenoperidine8,**" another well-known drugcan also be
synthesized in a single step from crugl@ipon treatment with
ethyl 4-phenylpiperidine-4-carboxylate and NaBH(OAin) 36%
overall yield and 99% ee.

3. Conclusions

In conclusion, we have developed an efficient apgrofr
enhancing the reactivity of benzaldehyde in thessmldol
reaction with acetaldehyde resulting from the dewtigrization
of paraldehyde. The tandem process is mediatedhbydual
polymer-supported catalytic systeti2, which operates under
site isolation conditions in a recyclable mannehe Tstrategy
reported herein, involving®-coordination to Cr(CQ) has been
applied to overcome the challenges and limitatibeross-aldol
reaction of acetaldehyde with benzaldehyde, affgrdib-
phenylpropane-1,3-diol in  high vyield and
enantioselectivity. The crude, enantioenriched laBllias been
applied to the development of very short formaltegses of the
important drugsK)-Fluoxetine andR)-Atomoxetine.

4, Experimental
4.1. Procedure for the cross-aldol reaction andmgtexatio®

Catalyst1l (10 mol%, 0.02 mmol, 6.7 mg), catalygt(40
mol%, 0.08 mmol, 170.4 mg) and tricarbonyt-benzaldehyde)
chromium (0) (0.2 mmol, 51.4 mg) were mixed in avimovial
with acetonitrile (0.6 mL). Then paraldehyde (137, 50 eq.,
1.0 mmol) and deionized water (1.8 pL, 0.1 mmol) wexdleed
and the brown vial was sealed and shaken at roometatope
for 72 hours. After that the reaction mixture wasefgégd and
washed with methanol (3 x 0.8 mL). The filtrates wasebined
and cooled to 0 °C, then NaBK87.8 mg, 1.0 mmol) was added
and the mixture was stirred for 20 minutes. Afteatththe
reaction was quenched with aqueous,8H2 mL) and extracted
with ethyl acetate (3 x 5 mL). The organic layer wesn washed
with brine (2 mL), dried with anhydrous PO, and the solvent
was removed under reduced pressure. The residueissdved

OH
~o =
THF
8

MeNH, \
OH
N
H
7

95% ee
35% overall yield

OH

CO,Et

Ph
X
CO,Et
NaBH(OACc);3

6 Phenoperidine

99% ee
36% overall yield

NaBH(OAc);
THF

0
.Me ref. 20 O
et 20 :
©/\/\NHMe-HCI

(R)-Atomoxetine hydrochloride

in ELO (5 mL) and this solution was exposed to air andtlig
until a colorless solution with a green or brown jpiate
resulted. Filtration through celite, concentrateomd purification
of the crude product by column chromatography dicasigel
(hexane/ethyl acetate 1:1), provided the pure mbdtf (0.11
mmol, 18 mg) as a colorless oil in 58% yield ané&&e.

(R)-1-phenylpropane-1,3-diol (4). 'H NMR (300 MHz,
CDCly): 8 = 1.85-2.04 (m, 2H), 2.88 (brs, 1H), 3.34 (brs, 1H),
3.81 (t,J = 5.4 Hz, 2H), 4.92 (dd] = 3.9, 8.4 Hz, 1H), 7.23-7.35
(m, 5H); '°C NMR (75 MHz, CDCJ): 5 = 40.5, 61.5, 74.4, 125.6
(x2), 127.6, 128.5 (x2), 144.3; HPLC (Chiralcel AD-H,
Hexanei-propanol (97:3), flow rate = 1.0 mL mini = 210 nm):
tmajor= 35.0 MiN, finor = 37.2 min.

4.2. General procedure for catalyst recycling

Catalyst1l (10 mol%, 0.02 mmol, 6.7 mg), catalydt(40
mol%, 0.08 mmol, 170.4 mg) and tricarbonyt-benzaldehyde)
chromium (0) (0.2 mmol, 51.4 mg) were mixed in avimovial
with acetonitrile (0.6 mL). Then paraldehyde (137, 50 eq.,
1.0 mmol) and deionized water (1.8 pL, 0.1 mmol) wadded
and the brown vial was sealed and shaken at roometartupe.
After 72 h, the mixture was filtered and washed witateuwitrile

excellent (3 X 1 mL), the filtrate being treated as describbdve to isolate

the desired compound. As for the mixed catalystsvered, they
were washed with acetic acid (0.5 mL) and acetoni{dlex 1

mL), repeating this procedure several times uh#l $olvent was
colorless. After that, the mixed catalysts were dréd40 °C
under vacuum for 6 h and then used in the nexticeac

4.3. Synthesis and characterization of 7 and 8

Catalyst2 (40 mol%, 0.12 mmol, 255.6 mg), catalyis{10
mol%, 0.03 mmol, 10.1 mg) and the tricarbonyk®(
benzaldehyde) chromium (0) (0.3 mmol, 77 mg) wengeghin a
brown vial with acetonitrile (0.9 mL). Then, paralgde (5.0 eq.,
206 pL, 1.5 mmol) and deionized water (2.7 pL, Omiol)
were added and the brown vial was sealed and shakemrat
temperature for 72 hours. After that, the reactiortune was
filtered and washed with acetonitrile (3 x 1.2 mL)YdafcOH
(15% in THF, 3 x 1.2 mL). The filtrates were comhnand
crude producb was obtained after removal of the solvent under
vacuum. Then, this was dissolved in,&t(25 mL) and the
resulting solution was exposed to air and lightluatcolorless
solution with a green or brown precipitate resultEitration
through celite and concentration gave the cruddymts.
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Crude product was dissolved in anhydrous THF (3 mL) Appendix A. Supplementary Data

and methylamine (33 wt% in EtOH, 1.5 mmol, 140 mg) and
anhydrous N#80O, (2.1 mmol, 0.3 g) were added. The mixture
was stirred for 5 hours and then NaBH(OA@.0 eq., 0.6 mmol,
127 mg) was added in portions. After stirring ovehjgthe

bicarbonate and extracted with ethyl acetate (3 mL§. The
organic layer was washed with brine (2 mL) and drieth wi
anhydrous N#50,. Evaporation of the solvent under reduced
pressure gave the crude mixture, which was purifigdfast
column chromatography on silica gel, with {HY/MeOH/
NH,OH mixtures as eluent. In this manner, 20 mg7af0.12
mmol, 35% overall yield for three steps) were ol#diras a
colorless oil with 95% ee (determined by chiral HPar@lysis of
their N-acetyl derivative according to a reported procetiusee
ESI).

(R)-3-(M ethylamino)-1-phenylpropan-1-ol (7). 'H NMR
(300 MHz, CDC}) & = 1.72-1.96 (m, 2H), 2.45 (s, 3H), 2.81-2.95
(m, 2H), 4.03 (brs, 2H), 4.93 (dd= 3.1, 8.7 Hz, 1H), 7.21-7.39
(m, 5H)."*C NMR (100 MHz, CDC}) & = 36.0, 36.8, 50.4, 75.5,
125.6 (x2), 126.9, 128.2 (x2), 145[u],” = +45.8 ¢ = 0.1,
CHCly). It is a known compound.

The crude6 (see above) was dissolved in anhydrous THF (3
mL) and ethyl 4-phenylpiperidine-4-carboxylate (2q., 0.6
mmol, 140 mg) and anhydrous J$&, (2.1 mmol, 0.3 g) were
added. The mixture was stirred for 5 hours and then
NaBH(OAc) (2.0 eg., 0.6 mmol, 127 mg) was added in portions.
After stirring overnight, the solution was quenchethvgiaturated
aqueous sodium bicarbonate and extracted with atigtate (3 x
8 mL). The organic layer was washed with brine (2 rahy
dried with anhydrous N&Q,. Evaporation of the solvent under
reduced pressure gave a residue which was purifiedabty
column chromatography on silica gel, with {HY/MeOH/
NH,OH mixtures as eluent. In this manner, 40 mg8a{0.11
mmol, 36% overall yield for three steps) were oladiras a
yellow oil with 99% ee (determined by chiral HPLC).

Phenoperidine (8). '"H NMR (300 MHz, CDC}) § = 1.17 (t,J
= 7.1 Hz, 3H), 1.47-1.53 (m, 1H), 1.67-1.73 (m, 1HB011.88
(m, 1H), 1.97-2.08 (m, 2H), 2.34 ,= 11.7 Hz, 1H), 2.55-2.67
(m, 4H), 2.87-2.88 (m, 1H), 3.10-3.13 (m, 1H), 4.12J¢ 7.1
Hz, 2H), 4.97 (ddJ = 2.7, 9.9 Hz, 1H), 7.20 - 7.40 (m, 10F)C
NMR (75 MHz, CDC}) é = 14.1, 31.7, 33.5, 34.1, 46.4, 49.0,
50.5, 57.6, 61.0, 74.7, 125.7 (x2), 127.1 (x2),.2Q%2), 128.3
(x2), 128.6, 128.6 (x2), 144.9, 174.HPLC (Chiralcel IA,
Hexanei-propanol (90:10), flow rate = 1.0 mL miipx = 215
nM): togjor = 20.4 mMin, finer = 17.0 min. HRMS caled for
CaoaHaoNO; (M + H)': 368.2220, found: 368.221R],> = +21.5
(c=0.1, CHC)). IR (ATR): v = 539, 698, 761, 858, 1022, 1106,
1177, 1214, 1447, 1496, 1601, 1721, 2586, 2937.cm
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