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Monosalts of N-substituted bimorpholine derivatives are efficient organocatalysts in intramolecular and
intermolecular aldol reactions. The properties of the catalysts can be tuned either by the selection of an
appropriate acid for the salt formation or by the change of a substituent at the nitrogen atom. In aldol
condensation; Pr-substituted bimorpholine is the most stereoselective catalyst affording products in high
yield with enantioselectivities up to 95% ee.

Introduction generated in situ from chiral amine and carbonyl compounds
followed by an enantioselective nucleophilic attack of the
enamine on the electrophilic cenfeProline is the first and

the most popular organocatalyst in this fiéldowever, because

of its limited solubility in common organic solvents, the use of
the catalyst has several limitations. Therefore, a number of more
soluble and also more stereoselective compounds like the

Aldol condensation is one of the basic reactions for creating
a C—C bond! The formation of new stereogenic centers in the
course of the reaction makes it a highly valuable tool in
asymmetric synthesis. Enantioselective metal-medfiatend
organocatalytic methods for aldol condensations are both well-
documented in the literatufe Organocatalysis, where low
molecular weight molecules catalyze the reaction withou_t the (4) For recent reviews, see: (a) List 2006 819
presence of any metal, has become a very popular tool in thes24. (b) Guillena, G.; Ramon, rg00§ 17,

stereoselective aldol reaction over the past few yé&em- 1465-1492. (c) Marigo, M.; Jorgensen, K. {iiapitmiSannnm?006 2001

putational and mechanistic studies have revealed that in aldol2911: () Notz, W.; Tanaka, F.; Barbas, C_F., jisiissssmiie 2004

. . . : . 37, 580-591. (e) Dalko, P. I.; Moisan, LiNEGME- 004
condensation reaction enamines (carbanion equivalents) are3 5138-5175. (f) Saito, S.; Yamamoto,

570-579. (g) List, B. hakaaasa?002 58 5573-5590.

2004 37,

T Faculty of Science, Tallinn University of Technology. (5) (a) Bahmanyar, S.; Houk, K. jinimsSisssesiio 2001, 123 12911

* National Institute of Chemical Phvsics and Biophvysics. 12912. (b) Bahmanyar, S.; Houk, K. i ©001, 123

(1) Mahrwald, R.*, 11273-11283. (c) Allemann, C.; Gordillo, R.; Clemente, F. R.; Cheong,
2004; Vols. 2. P. A.-Y.; Houk, K. N. itaiiktitsie 2004 37, 558-569. (d) Clemente,

(2) Carreira, E. M. I"Comprehensie Asymmetric Catalysigacobsen, F. R.; Houk, K. N.ﬂ?ﬁﬁ—S?G& (e) List,
E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 1999; Vol. 3, pp B.; Hoang, L.; Martin, H .R004 101, 5839~
997—-1065. 5842.

3) Berkessel, A Giger. H. m (6) (a) Eder, U.; Sauer, G.; Wiechert, | NENENEGTNNGINGNGNGG

abfitey- 1971, 10, 496-497. (b) Hajos, Z. G.; Parrish, D.. iinitinia 1974

VCH: Weinheim, 2005. 39, 1615-1621.
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FIGURE 1. Prolinel and bimorpholine€2 as bifunctional catalysts.

tetrazole analogue of prolirfggroline amide$,dipeptides,? and
many others have been used as organocatalysts for aldol
condensation. We have introduced a new family of organocata-
lysts, bimorpholine2, which are highly soluble in common
reaction media and are easily separable from the reaction
mixture1? The preliminary results demonstrating high efficiency
and high stereoselectivity of the catalysts in organocatalytic
Michael addition&® and in intramolecular aldol condensatihs
have been recently published. Furthermore, bimorph@ife
its derivatives) is also useful as a chiral ligand in the transition-
metal-catalyzed asymmetric hydrogenatién.

One can notice principal similarity between the structures of
proline and bimorpholine derivativea (Figure 1).

Both compounds are cyclic secondary amines with the chiral
center at thex-position of the nitrogen atom. The monosalt of

(7) (a) List, B.; Lerner, R. A.; Barbas, C. F., | jinnSisssmiio ©000
122 2395-2396. Recent examples: (b) Ikishima, H.; Sekiguchi, Y.;
Ichikawa, Y.; Kotsuki, H.Tetrahedron2006 62, 311-316. (c) Pihko, P.
M.; Laurikainen, K. M.; Usano, A.; Nyberg, A. |.; Kaavi, J. .
2006 62, 317-328. (d) Tokuda, O.; Kano, T.; Gao, W.-G.; lkemoto, T.;
Maruoka, K. Qugeaeilt. 2005 7, 5103-5105. (e) Cald€n, F.; Doyagez,

E. G.; Fernadez-Mayoralas, Againifisiigin 2006 71, 6258-6261. (f)
Alcaide, B.; Almendros, P.; Luna, A.; Torres, M. 2006
71, 4818-4822. (g) Suri, J. T.; Mitsumori, S.; Albertshofer, K.; Tanaka,
F.; Barbas, C. F., Ill 2006 71, 3822-3828.

8) (a) Torii. H.. Nakadai, M.; Ishihara, K.; Saito, S.; Yamamoto, H.
gR004 43, 1983-1986. (b) Hartikka, A.;
2005 4287-4295. (c) Hartikka, A.;
rg004 15, 1831-18343. (d)

Arvidsson, P. |
Arvidsson, P. 1.

Thayumanavan, R.; Tanaka, F.; Barbas, C. F.QibLatt. 2004 6, 3541~
3544.

(9) (&) He, L.; Tang, Z.; Cun, L.-F.; Mi, A.-Q.; Jiang, Y.-Z.; Gong, L.-
Z. OOG 62, 346—351 (b) Tang, Z.; Yang, Z.-H.; Chen, X.-
A-Q.;

H.; Cun, L.-F.; Mi, Jiang, Y.-Z.; Gong, L.- C.
2005 127, 9285-9289. (c) Chen, J.-R.; L| X.-Y.; Xing, X.-N.; Xiao, W.-
J. 2006 71, 8198-8202. (d) Guﬂlena G.; Hita, M. C.; Nera,
C. 13006 17, 729-733. (e) Cobb A.J. A; Shaw,
D. M.; Longbottom, D. A.; Gold, J. B.; Ley, S
2005 3 84—96. (f) Gulllena G.; Hita, M. C; Nﬁera, C. fatsabadtay:
g 2006 17, 1493—1497. (9) Raj, M.; Vishnumaya Ginotra, S.
K.; Singh, V. K. .2006 8, 4097-4099.

(10) (a) Zheng, J.-F.; Li, Y.-X.; Zhang, S.-Q.; Yang, S.-T.; Wang, X.-

M.; Wang, Y.-Z.; Bai, J.; Liu, F.-U t2006 47, 7793~
, rg005 16,

7796. (b) Tsogoeva, S. B.; Wei

1947-1951. (c) Luppi, G.; Cozzi, P. G.; Monari, M.; Kaptein, B.;
Broxterman, Q. B.; Tomasini, (ainiimisagin 2005 70, 7418-7421. (d)
Dziedzic, P.; Zou, W.; Hafren, J.; @dova, A. SR 2006
4, 38-40.

(11) (a) Raj, M.; Vishnumaya; Ginotra, S. K.; Singh, V. Rigeleit
2006 8, 4097-4099. (b) Font, D.; Jimeno, C.; PésaVl. A. L
2006 8, 4653-4655. (c) Enders, D.; Htl, M. R. M.; Grondal, C.; Raabe,
G. Nature 2006 441, 861-863.

12) (a) Kanger, T.; Kriis, K.; Pehk, T.; Muisepp, A.-M.; Lopp, M.
%@om, 13, 857-865. (b) Kanger, T.; Laars, M.;
Kriis, K.; Kailas, T.; Mulirisepp, A.-M.; Pehk, T.; Lopp, Mxaikaesi®?006
1853-1857.

(13) MosseS.; Laars, M.; Kriis, K.; Kanger, T.; Alexakis, AQkgteait.
2006 8, 2559-2562.

(14) Kriis, K.; Kanger, T.; Laars, M.; Kailas, T.; Muisepp, A.-M.; Pehk,
T.; Lopp, M. Synleit2006 1699-1702.

(15) (a) Kriis, K.; Kanger, T.; Mirisepp, A.-M.; Lopp, M. Lglahe-

003 14, 2271-2275. (b) Kriis, K.; Kanger, T.; Lopp,
M. 9004 15, 2687-2691.

JOC Article

SCHEME 1. Synthesis of Bimorpholines 5
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bimorpholine has an acidic proton at a distance of four chemical
bonds, like in proline. Additional donor sites in the morpholine
rings (O-atoms) may give rise to the formation of a strictly
arranged hydrogen-bonded network.

Herein, we describe the synthesis of new bimorpholine deriv-
atives and their use as bifunctional catalysts in aldol reactions.

Results and Discussion

Synthesis of OrganocatalystsOur preliminary experiments
in the organocatalytic aldol condensation showed that N-
monosubstituted bimorpholine derivatives are more selective
catalysts than unsubstituted ortéslaking advantage of this
fact, we designed new bimorpholine derivativies-e. TheC;
symmetry of compoun@ offers a unique possibility to avoid
the regioselectivity problem in monoalkylation. A selective
method for the monoalkylation of 1,2-diamines consists of the
formation of intermediate aminals from aldehydes or ketones
followed by their reduction with sodium borohydriée Ac-
cording to this general procedure several monaikylated
bimorpholines and their monosalts were synthesized starting
from bimorpholine2b (as a free base) (Scheme 1).

Thus, Me,i-Pr, Bn, and 2-hydroxybenzyl substituted bimor-
pholines4a—d were obtained in good yields (6B0%) and
were converted into the corresponding monoszdisd and6b
with 1 equiv of trifluoroacetic or trifluoromethanesulfonic acid.

For the synthesis of phenyl-substituted bimorphotiegPd-
catalyzed coupling of bromobenzene with compo@tdwas
employed (Scheme 2). The catalytic system where rac-BINAP
is used (according to the ref 17) enables us to preserve the
enantiomeric purity of the starting bimorpholine in this reaction.

By applying this method, we obtained phenyl-substituted
bimorpholinedein 73% yield and high enantiomeric purity (de
98%, determined as the amide §-{nethoxyphenylacetic acid
by NMR). A free basé@lewas converted into the trifluoroacetic
acid saltse and was further used in the aldol condensation as
an organocatalyst.

Intramolecular Aldol Condensation. We have previously
found that the trifluoroacetic acid salt of bimorpholine derivative

(16) (a) Alexakis, A.; Andrey, OQigemlaail. 2002 4, 3611-3614. (b)
Chan, B. K. H.; Deng, B.; Jones, M. W.; Read, R. Riiakagsan”006
62, 4979-4987.

(17) (a) Wagaw, S.; Rennels, R. A.; Buchwald, Sjiiminiismiioc
1997 119, 8451-8458. (b) Frost, C. G.; Mendqac P. halkakasies:
Asaaad)1999 10, 1831-1834.
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TABLE 1. Bimorpholine-Catalyzed Cyclization of Triketone 7

0
(0]
o) le) Catalyst Lij
MeCN, reflux O
7 8
catalyst time yield 2 ed
entry (5 mol %) (h) (%) (%)
1 5a 72 73 8209
2 5b 69 84 91§
3 5c 72 75 8809
4 5d 72 70 74 8
5 5e 120 14 29R)
6 2a 45 92 799
7 4b 69 45 rac
8 6b 96 60 9509

alsolated yield.? Determined by chiral HPLC.

5b catalyzes the intramolecular cyclization of triketorien
various solvents (THF, MeOH;PrOH, MeCN)** Under the
optimized conditions (reflux in MeCN for approximately 70 h,
catalyst loading 5 mol %) a valuable synthetic intermediate
Wieland—Miescher ketone3, was obtained in high yield and
in enantioselectivity (84% and 91%, respectively) from the
cyclic triketone7 (Table 1 entry 2).

We tested all synthesized new bimorpholine derivatives as

organocatalysts in the intramolecular condensation reaction
under the same conditions. We found that monosalts of the alkyl-

substituted bimorpholines are efficient organocatalysts in the

reaction that was chosen as a model. The obtained enantiose

lectivities are the highest reported so far in the literature,

considerably exceeding, in most cases, those selectivities

obtained with proline (ee 76%%) or with other organocata-
lysts1819The highest enantioselectivity was obtained ViAr-
substituted catalyst (Table 1, entries 2, 8). 2-Hydroxybenzyl-
substituted bimorpholinBd (derived from salicylaldehyde and
compound2b) and unsubstituted bimorpholira afforded a
product with lower enantiomeric purity (ee 74 and 79%,
respectively, Table 1, entries 4 and 6).

It is well recognized that in the proline-catalyzed aldol
reactions both the amine functionality and the carboxylic acid
functionality play a crucial role in controling stereoselectivity
and reactivity? In bimorpholine-catalyzed reactions it is assumed

that the acid catalyzes the enamine formation and also controls

the level of enantioselectivity. WherPr-substituted bimor-
pholine was used as a free base (compodhy a racemic
ketone8 was obtained (Table 1, entry 7). When a stronger acid
(trifluoromethanesulfonic acid) salt was used, the reaction
became considerably slower but more stereoselective (Table
entry 8). We propose a model according to which a preferential
staggered conformation (the dihedral angle of°18&ween the
hydrogens) of bimorpholine is fixed via hydrogen bonding

(Figure 2). In this chelated model the nitrogen atom becomes a

new stereogenic centét.

Substituents at this new stereocenter may also induce ad-

ditional stereodifferentiation. Therefore, a catalyst with the

Kanger et al.
)\K\o
L
HfN CH,
°N CH
H/ H | 2
o

FIGURE 2. Proposed hydrogen-bonded structure of the bimorpholine
acid catalyst.

sterically most demanding alkyl groupRr-group of compound
5b) is also the most stereoselective.

However, the phenyl-substituted bimorpholifke is an
expection. The acidity of the secondary and the tertiary
ammonium ions is comparable and, therefore, an equilibrium
in the protonation of nitrogen atoms in bimorpholires—d
exists?! The basicity of the substituted and the unsubstituted
nitrogens of phenyl-substituted bimorpholihe(as a free base)
differs by several orders of magnitude. Protonation takes place
favorably at the more basic secondary nitrogen atom, lowering
its nucleophilicity and retarding the rate of cyclization. Thus,
the isolated yield of keton&was only 14% after the prolonged
reaction time of 120 h (Table 1, entry 5). It is noteworthy that
the opposite enantiomer of ketoBewas obtained. Thus, the
difference in Ky of the substituted and the unsubstituted
nitrogen atoms can be a switch to the enantioselectivity. It is
known that a proper combination of the acid that matches the
basicity of the amine is responsible for a high catalytic
efficiency?? In bimorpholine substitution at the nitrogen atom
allows us, via electronic or steric effects, to change the
enantiopreference of the reaction. On the basis of these
considerations, finely tunable bifunctional organocatalysts can
be synthesized from bimorpholines.

Intermolecular Aldol Condensation. To widen the synthetic
scope of our new organocatalysts, an intermolecular aldol
condensation in the presence of the most efficient bimorpholine
saltéb was investigated (Table 2). The reaction of acetone with
4-nitrobenzaldehyd®a was initially studied as a template to
elucidate the influence of the catalyst amount and the reaction
time on the stereoselectivity and conversion. 4-Nitrobenzalde-
hyde9awas allowed to react with the acetone in excess at room
temperature for 6 days in the presence of 10 mol % of catalyst
6b. The reaction was selective (only tracesogf-unsaturated
ketone were detected) affording mainly the desired product in
87% ee but in low yield (24%). When the amount of catalyst
was increased to 30 mol %, the isolated yield improved to 70%
without change in enantioselectivity. The following reactions

1 Were carried out using this high catalyst loading (30 mol %).
|The condensation of the substituted aromatic aldehgdeg

with acetone in the presence BPr-bimorpholine triflic salt

6b afforded ketolslOa—g; the results are presented in Table 2.
The reactivity of the catalyst strongly depends on the electronic
effect of the substituent at the phenyl ring. The aldehydes which
were activated by electron-withdrawing groups or by electrone-
gative substituents gave products in good to high yields-(48

(18) Bui, T.; Barbas, C. F., || jnnississsasssisgtt?000 41, 6951-6954.

(19) (a) Shigehisa, H.; Mizutani, T.; Tosaki, S.-y.; Ohshima, T,
Shibasaki, M. 2005 61, 50575065. (b) Davies, S. G.;
Sheppard, R. L.; Smith, A. D.; Thomson, J Siaassistatss?005 3802
3804.

(20) Kizirian, J.-C.; Caille, J.-C.; Alexakis, /Aissiassumssiagtt?003
44, 8893-8895.
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(21) Smith, M. B.; March, J. IiMarch’s Advanced Organic Chemistry:
Reactions, Mechanisms, and Strucfi#h ed.; A Wiley: New York, 2001,
pp 327-332.

(22) (a) Mase, N.; Tanaka, F.; Barbas, C. F., Qligeuiit. 2003 5,
4369-4372. (b) Ji, C.; Peng, Y.; Huang, C.; Wang, N.; Jiang Qyalajt
2005 986-990. (c) Gryko, D.; Zimnicka, M.; Lipinski, Ryttt
2007, 72, 964-970.
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TABLE 2. Intermolecular Aldol Condensation of Various SCHEME 3
Benzaldehydes with Acetong —
R. .R
Q 9 cat6b (30 mol% OH O N
/U\ + )J\ # catalyst 6b 0
A H t Ar Gmol%) | o o : ! f e
a-i 10a-i 7 ——— = — ‘,—;‘
CH,CN/ H,"®0 Ro, +2
ketol yield® ele 80 C N
entry Ar 10 (%) (%) R
1 4-NO,CgH4 (92) 10a 70 88 18
2 2-NOCgH4 (9b) 10b 77 94 o " 0
3 4-CRCeH4 (90 10c 48 90 R0
4 4-ClIGsH4 (9d) 10d 1z 88 == - 1
5 2-CIC:H4 (9¢) 10e 79 89 18, o}
6 2,4-ChCeH3 (9f) 10f 74 88
7 2-Cl-6-FGHs (99) 109 91 88 m
8 Ph @h) 10h 18 85
9 44-PrCeHs (90) 10i <16 76 Li?j me=178 1900 50
aConditions: 0.3 mmol of aldehyde and 0.09 mmol of cataBjsin e o 0 178
0.6 mL of acetone at room temperature for 6 d&jsolated yield after
column chromatography.The reaction time was 10 daysDetermined P M*=180 s5p0
by chiral HPLC analysis? Absolute configuration § was assigned by o 182
comparing the specific rotation with the reference vaflié4223 f Absolute o™ o
configuration was assigned by analogy. Lji‘j ikt N
91%, Table 2, entries-13 and 5-7). Nonactivated benzalde- "o 170.0 1725 175.0 1775 180.0 1825 185.0 1875 19

hydes were less reactive and gave very poor yields (Table 2, ) )
entries 4, 8, and 9). The existence of the electronegative groupd 'GURE 3. Mass spectrum of isotopically labeled ketdhe
at both ortho-positions of the phenyl ring causes double
activation of aldehyd®g and the higher yield of aldol product
(91%, Table 2, entry 7).

The enantioselectivities of the condensation are generally
either good or high (ee 7804%). There is no clear dependence
between enantioselectivity and the substitution pattern of the
aromatic ring. Activated and nonactivated aldehydes gave
similarly high enantioselectivity. It is hard to envisage a steric | i
argument since the sterically most crowded 2,6-disubstituted
benzaldehyd®g gave produciilOgwith quite similar enantio-
meric purity to that of the unsubstituted benzaldehyde (Table
2, entries 7 and 8). Practically equal enantioselectivities were
obtained witho-chloro-, p-chloro-, ando,p-dichloro-substituted
derivatives (Table 2, entries—b). The best selectivity was
obtained witho-nitrobenzaldehyde (ee 94%, entry 2). The most

intriguing is the fact that thes-isomer was obtained by the
bimorpholine 6b catalyzed reaction, while the-proline- “
catalyzed reaction affordd@isomer. At the same time, in the

T T

intramolecular condensation the same handed, not opposite T T
enantiomers, were obtained by using these catalysts. Opposite %0 1985  ppm 2105 219
stereodiscrimination can be rationalized supposing that the
environment in bimorpholine salt with fixed conformation is FIGURE 4. 13C NMR spectrum of isotopically labeled ketoBe
sterically more crowded than that in proline. )

Mechanistic Considerations In order to prove that bimor- However, to our surprise we found from MS data that two
pholine-catalyzed intramolecular aldol reaction proceeds via l2beled oxygen atoms were incorporated into the bicyclic
iminium ion and enamine intermediates, which is generally Product8. The M" peak at 182 (which is 4 mass units higher
accepted as a basic mechanism for the organocatalytic proline-_thar? that obtaln_ed for the unlabeled compound) _clearly indicates
catalyzed aldol reactiohl®O isotope incorporation studies were it (Figure 3). This was also proved B§C NMR which revealed
conducted. Thus, intramolecular cylization of triketahia the 180 isotope shifts for isolated and for conjugated carbonyl
mixture of MeCN and®O-enriched water (in ratio 10:1) was Moieties (Figure 4). Considering the long reaction time and the
performed. We assumed that if the enamine is formed from a high temperature, we suppose that a reversible nucleophilic
carbonyl group in the acyclic chain of triketofén the course addition of 18O-Iabelled water to the isolated carbonyl group
of the reaction, the hydrolysis of it with isotopically labeled affords ketone8 with two labeled oxygen atoms. In the
water should give a product whet8O atom is incorporated conjugated carbonyl group a similar reaction takes place only

into the conjugated carbonyl moiety (Scheme 3). in the presence of a special catalyst rather than with the
conventional acid catalysté Thus, the incorporation of th€O-

<
<

TT—197.96¢
— _——210.75¢
T 210.70

— _—198.01

i

(23) (a) Zhou, .; Shan, N 3006 17, 1671

1677. (b) Zhou, Y.; Shan, 006 62, 5692-5696. (c) Chimni, (24) Otera, J.; Dan-oh, N.; Nozaki, \akaaasan1 992 48, 1449
S. S.; Mahajan, r9006 17, 2108-2119. 1456.
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atom into the conjugated carbonyl group of bicyclic keémone 57.53 (Bn), 53.11 (C-3, 48.14 (C-5), 46.38 (Ch MS (El): m/z
8 strongly supports the existence of enamine intermediate in (%) = 262 (0.1), 176 (88), 91 (100), 86 (10), 65 (6). HRM&Z):
the bimorpholine-catalyzed aldol reaction. [M + H*] caled for (GsH1.NO)*, 176.1074; found, 176.1071. Anal.
Calcd for GsH,1NoO, (262.35): C, 68.67; H, 8.45; N, 10.68.
Found: C, 68.11; H, 8.45; N, 10.62.
(3$,3’S)-2-(3,3-Bimorpholin-4-ylmethyl)pheno| (4d). To a
In this paper we have demonstrated that N-monoalkylated Solution of (33 5)-3,3-bimorpholine (218 mg, 1.27 mmol) and 4
bimorpholine salts are efficient organocatalysts in the intramo- |mo||e|(zju'ﬁrd5|evf§ (E5Ol 5“99) in E:}hhyderUfj O}o:juene;j (7.5 mL),
lecular and the intermolecular aldol reactions affording products salicylaldehyde (15Q.L, 1.39 mmol) was added under argon

. : - T atmosphere. The mixture was refluxed for 3 h, filtered through
with high ee (up to 95%). The formation of an enamine inter- Celite, and concentrated in vacuum affording a pale yellow oil of

mediate via one secondary NH group of bimorpholine allows ha crude aminal (408 mg). MS (Elm/z (%) = 275 (23), 191
the possibility of the modification of the substituents at the other (100), 107 (22), 86 (16).

nitrogen atom. An easy method for substitution is to reduce the NaBH, (193 mg, 5.08 mmol) was added portionwise to a solution
aminals obtained from the ketone or the aldehyde and the of crude aminal (408 mg, 1.27 mmol) in anhydrous MeOH (8 mL)
bimorpholine. The proposed flexible method for the synthesis at 0 °C followed by slow addition of CHCOOH (0.73 mL, 12.7

of organocatalysts makes possible fine-tuning of steric and mmol). The mixture was allowed to warm up and was stirred at
electronic properties of the organocatalyst. The syntheses of theroom temperature for 2 h. The reaction was quenched with 20%
next generation of bimorpholine-based catalysts and search forNaOH aqueous solution (7 mL) and water (3 mL), extracted with
their applications are currently underway in our laboratory.  EtOAc (5 x 10 mL), and dried over N&O,. Concentration in
vacuum and purification of the crude product by chromatography
on silica gel (100:1 mixture of C}Cl, and 17% solution of Nk

in MeOH) afforded compoundd as a colorless oil (316 mg, 90%
for two steps). §(]p?* = +40 (c = 2.76, CHCl,). IR (KBr): 3286,
2957, 2854, 1587, 1489,1456, 1253, 1104, 757 crtH NMR

Conclusions

Experimental Section

General Procedure of Organocatalysts 4ad Preparation. The
mixture of bimorpholin&b (2 mmol), the corresponding aldehyde .
(2 mmol) in Etzopor toluenfe (10 ml)_), and molepcular sgi]eves (Z A, (CDCl, 500 MHz): 6 7.19 (ddd, 1HJ=1.6, 7.4 and 8.0 Hz, H-3,
~500 mg) was stirred overnight, filtered, and evaporated. The 7.00 (dd, 1HJ = 1.6 and 7.4 Hz, H-6), 6.84 (dd, 1H,J = 1,'1
obtained aminal8a—d were used as crude products in the next and 8.0 Hz, H-3), 6.79 (dt, 1H,J = 1.1 and 2x 7.4 Hz, H-3)),
step. NaCNBH (4 equiv) was added portionwise to the solution 4.32 and 3.53 (2d, 2H] = 13.5 Hz, Bn), 3.93 (dd, 1HJ = 3.1
of crude aminal in anhydrous MeOH (12 mL) atO followed by and 11.3 Hz, H-3, 3.87 (dd, 1H,] :?’ -2and 11.9 Hz, H-2), 3.80
the slow addition of CHCOOH (10 equiv). The mixture was ~ (1d, 1H.J=252.7 and 11.3 Hz, H-§, 3.79 (td, 1HJ =2 x 2.3
allowed to warm up to room temperature and was stirred for 3 h, @nd 11.0 Hz, H-9, 3.72 (ddd, 1H) = 3.1, 4.9, and 11.6 Hz, H-6),
The reaction was quenched with 20% NaOH aqueous solution, and3-59 (ddd, 1H)=2.8, 8.2, and 11.6 Hz, H-6), 3.52 (m, 1H, 16
the product was extracted with EtOAc and dried. Concentration in 3-50 (M, 1H, H-2), 3.21 (ddd, 1HJ = 3.1, 5.3, and 9.9 Hz, H3
vacuum and purification of the crude product by chromatography 2-98 (M, 2H, H-5),2.90 (ddd, 1H) = 2.8, 4.9, and 12.9 Hz, H-5),
on silica gel afforded compoundsa-d. 123C5:2l\l(lr\1/|1R12_|Cl|3_|C?3) 122?2,&?_?(1) 16""1?7323; 5(3(:22?;1“%215594H(ZC 255)-

(35,3 9)-4-Benzyl-3,3-bimorpholine (4c). To a solution of ' ! 2)- : S : "2
(3539-3,3-bimorpholine (126 mg, 0.73 mmol) dr A molecular 129.08 (C-4), 121.33 (C-1), 119.17 (C-5), 116.25 (C-3), 69.89
sieves (150 mg) in anhydrous toluene (3 mL), benzaldehyde (90 (C-2), 67.54 (C-6), 66.30 (C-2), 64.65 (’C-G), 60.84 (C-3), 56.08
4L, 0.88 mmol) was added under argon atmosphere. The mixture (Bn). 53.72 (C-3, 49.13 (C-5), 46.02 (C+5 MS (EI): m/z (%)f
was stirred under reflux for 3 h, filtered through Celite, and 279 (0.5), 192 (56), 107 (47), 86 (100). HRM&VY): [M + H']
concentrated in vacuum affording a pale yellow oil of a crude Calcd for (GiH1NO,)", 192.1023; found, 192.1019. Anal. Calcd
aminal (204 mg)_ MS (EI):m/z (%) = 259 (30), 183 (51)’ 175 for C15H2oN-03 (278.35): C,64.73; H, 7.97; N, 10.06. Found: C,
(100), 91 (30). 63.66; H, 8.32; N, 9.40.

NaCNBH; (230 mg, 3.65 mmol) was added portionwise to a _ (353S)-4-Phenyl-3,3-bimorpholine (4e). A mixture of (353 9-
solution of crude aminal (204 mg, 0.73 mmol) in anhydrous MeOH 3,3-bimorpholine (406 mg, 2.36 mmol), Kdba), (43 mg, 0.05
(5 mL) at 0°C followed by slow addition of CECOOH (0.42 mL, mmol), rac-BINAP (58 mg, 0.09 mmol), bromobenzene (248,

7.3 mmol). The mixture was allowed to warm up and was stirred 2.36 mmol), and sodiuntert-butoxide (317 mg, 3.30 mmol) in

at room temperature for 3 h. The reaction was quenched with 20% toluene (25 mL) was stirred at 76C for 20 h under argon
NaOH aqueous solution (5 mL) and water (2 mL), extracted with atmosphere. The mixture was diluted with,@f filtered through
EtOAc (4 x 10 mL), and dried over fCQOs;. Concentration in Celite, and concentrated in vacuum. Purification by column
vacuum and purification of the crude product by chromatography chromatography on silica gel using a mixture of methylene chloride
on silica gel (100:1 mixture of C}Cl, and 17% solution of Nkl and MeOH (saturated with gaseous ammonia) as eluent afforded
in MeOH) afforded compoundc as a colorless oil, which solidified ~ the target compound as an oil, which solidified in the freezer, (427
in the freezer (128 mg, 67% for two steps). mp-&1 °C. [o]p?! mg, yield 73%). mp 7671 °C, [a]p*® = +31.1 € = 3.29, MeCH).

= +34.9 € = 3.29, MeOH). IR (KBr): 3311, 3028, 2957, 2909, IR (KBr): 3317, 3058, 3022, 2908, 2851, 1597, 1502, 1257, 1103,
2852, 1633, 1495, 1451, 1314, 1104, 738, 699 tmH NMR 752, 694 cmt. 'H NMR (CDCl;, 500 MHz): 6 7.25 (m, 2H,m),
(CDCl,, 500 MHZ): ¢ 7.32 (m, 5H,0-, my, p-), 7.26 (m, 1H, NH),  6.91 (m, 2H.,0-), 6.80 (t, 1H,J = 2 x 7.4 Hz,p-), 3.94 (dd, 1H,
4.09 and 3.28 (2d, 2Hl = 13.2 Hz, Bn), 4.01 (m, 1H, H‘?, 3.96 J=2.7 and 10.7 Hz, H-2, 3.87 (m, 1H, H-6), 3.85 (m, 1H, H-2),
(dd, 1H,J= 3.2 and 12.0 Hz, H-2), 3.79 (td, 1d,= 2 x 2.3 and 3.75 (td, 1HJ = 2 x 2.7 and 11.0 Hz, H-§, 3.70 (m, 1H, H-2),
11.0 Hz, H-6), 3.74 (ddd, 1HJ = 2.8, 6.8 and 11.5 Hz, H-6), 3.69 (m, 1H, H-6), 3.54 (m, 1H, H-3), 3.53 (m, 1H, H}63.48
3.52 (m, 2H, H-2, H-6, 3.49 (ddd, 1HJ = 2.9, 6.8 and 11.5 Hz, (m, 1H, H-5), 3.46 (m, 1H, H-3, 3.39 (dd, 1HJ = 9.2 and 10.7
H-6), 3.39 (m, 2H, H-2and H3), 2.94 (dt, 1H,J = 3.1 and 2x Hz, H-2), 3.38 (m, 1H, H-5), 2.85 and 2.83 (m, 2H, H)}5'3C
11.5 Hz, H-5), 2.90 (td, 1HJ =2 x 2.3 and 11.5 Hz, H-}, 2.84 NMR (CDCl, 125 MHz): 6 150.02 (Cs), 129.36 (Cm), 118.77
(ddd, 1H,J= 2.8, 6.8, and 13.1 Hz, H-5), 2.48 (m, 1H, H-3), 2.29 (C-p), 115.59 (Ce), 70.28 (C-2), 67.29 (C-6), 66.07 (C-2), 65.98
(ddd, 1H,J = 2.8, 6.4, and 13.1 Hz, H-5)3C NMR (CDCk, 125  (C-6), 57.5 (C-3), 53.07 (C'§ 45.96 (C-5), 43.53 (C-5). MS
MHz): & 138.57 (Cs), 128.80 (Ce), 128.35 (Cr), 127.17 (Cp), (EN): miz (%) = 248 (2), 162 (100), 86 (25), 56 (6). HRMSz):
69.21 (C-2), 67.56 (C-6), 64.61 (C-2), 64.35 (C-6), 61.04 (C-3), [M + H*] calcd for (GoH1NO)*, 162.0913; found: 162.0918.
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General Procedure of Preparation Bimorpholine Salts 5a-e
and 6b. To a solution of substituted bimorpholine (1 mmol) in
Et,O (4 mL), the corresponding acid (1 mmol) was added &0
The precipitate was collected by filtration and dried in vacuum.

(3S,3'S)-4-Methyl-3,3-bimorpholine Trifluoroacetic Acid Salt
(5a). mp 104-105 °C. [a]p?* = +9.8 ¢ = 4.21, MeOH). IR

JOC Article

(35,3 9)-2-(3,3-Bimorpholin-4-ylmethyl)phenol Trifluoroace-
tic Acid Salt (5d). mp 147-149°C. [a]p?' = +11.0 € = 1.84,
MeOH). IR (KBr): 3079, 2959, 2867, 2778, 2463, 1671, 1607,
1463, 1208, 1184, 1143, 1116, 995, 802, 762 trfH NMR (CDs-
0D, 500 MHz): 6 7.25 (dd, 1HJ = 1.2 and 7.4 Hz, H-6), 7.15
(ddd, 1H,J = 1.2, 7.4, and 8.0 Hz, H'3, 6.84 (dt, 1H,J = 1.0

(KBr): 3448, 2963, 2761, 1682, 1431, 1207, 1114, 1102, 846, 724 and 2x 7.4 Hz, H-8"), 6.83 (dd, 1HJ = 1.0 and 8.0 Hz, H-3),

cm1. 1H NMR (CDsOD, 500 MHz): 6 4.84 (bs, OH), 4.08 (dd,
1H,J = 3.3 and 12.7 Hz, H“2, 3.95 (id, 1H,J = 2 x 3.5 and
12.6 Hz, H-6), 3.91 (dd, 1HJ = 3.1 and 13.0 Hz, H-2), 3.83 (m,
1H, H-6), 3.78 (m, 1H, H-3, 3.72 (ddd, 1H) = 3.3,9.5and 12.6
Hz, H-6), 3.59 (dd, 1HJ = 8.6 and 12.7 Hz, H-2, 3.52 (m, 2H,
H-2,6), 3.24 (m, 1H, H-5, 3.20 (m, 1H, H-5), 3.19 (m, 1H, H}
2.67 (s, 3H, N-Me), 2.65 (m, 1H, H-3), 2.52 (dm, 1H,= 14.3
Hz, H-5).13C NMR (CD:;0OD, 125 MHz): 6 67.27 (C-2), 65.21
(C-6), 62.88 (C-6), 61.30 (C-2), 58.39 (C-3), 53.03 (§;39.09
(C-5), 44.07 (C-9, 41.67 (N-Me). MS (EI): m/z (%) = 100 (100),
86 (16), 70 (19), 69 (14), 45 (17). HRM®&{z): [M + H*] calcd
for (CsH1ogNO)™, 100.0762; found: 100.0762. Anal. Calcd for
C1iH19FsN204 (300.28): C, 44.00; H, 6.38; N, 9.33. Found: C,
43.61; H, 6.41; N, 9.23.

(35,3 9)-4-Isopropyl-3,3-bimorpholine Trifluoroacetic Acid
Salt (5b). mp 113-115°C. [a]p?t = +11.7 € = 2.24, MeOH).
IR (KBr): 3427, 2493, 1672, 1623, 1208, 1129, 1107 ¢émH
NMR (CDClz, 500 MHz): 6 9.0 (bs, 2H, NH), 4.11 (m, 1H, H*R
3.95 (m, 1H, H-6), 3.84 (m, 2H, H-2,8, 3.77 (m, 2H, H-23),
3.65 (m, 1H, H-6), 3.58 (m, 1H, H-6), 3.54 (m, 1H, H-2), 3.31 (m,
1H, H-5), 3.22 (hept, 1HJ = 6.6 Hz,i-Pr), 3.17 (m, 1H, H-5,
3.04 (m, 2H, H-3,5), 2.73 (m, 1H, H-5), 1.12 and 1.09 (2d, 6H,
= 6.6 Hz,i-Pr). 13C NMR (CDCk, 125 MHz): 6 162.24 (g,J =
35.1 Hz, COO0), 116.57 (¢, = 292.8 Hz, CR), 65.74 (C-2), 64.90
(C-6), 63.64 (C-5, 63.01 (C-2), 53.92 (C-3), 51.98 (C-3), 51.07
(i-Pr), 43.26 (C-5, 41.50 (C-5), 21.66 and 19.9¢Rr). MS (EI):
m/z (%) = 128 (100), 86 (68), 69 (30), 45 (51). HRM8Vp): [M
+ H*] calcd for (GH14NO)*, 128.1081; found: 128.1079. HRMS
(m/2): [M + H*] calcd for (GHgNO)™, 86.0611; found: 86.0604.

(3S,3'S)-4-1sopropyl-3,3-bimorpholine Trifluoromethane-
sulfonic Acid Salt (6b). mp 104-105 °C. [a]p?t = +13.4 € =
2.50, MeOH). IR (KBr): 3437, 2860, 2525, 1279, 1245, 1153, 1103,
1031, 641, 519 cnt. IH NMR (CDCl;, 500 MHz): ¢ 6.8 (bs, 2H,
NH), 4.10 (m, 1H, H-2, 3.98 (m, 1H, H-6, 3.91 (m, 1H, H-6),
3.80 (m, 2H, H-2,3, 3.74 (m, 1H, H-2, 3.60 (m, 2H, H-6), 3.58
(m, 1H, H-2), 3.34 (m, 1H, H-%, 3.28 (m, 2H, H-5 andi-Pr),
3.02 (m, 1H, H-3), 3.01 (m, 1H, H-5), 2.86 (m, 1H, H-5), 1.20 and
1.19 (2d, 6H,J =6 .5 Hz,i-Pr). 13C NMR (CDCk, 125 MHz):
120.09 (g,J = 318.9 Hz, Ck), 65.16 (C-2), 64.46 (C-6), 63.57
(C-6), 62.18 (C-2), 52.31 (C-3), 52.21-Pr), 50.99 (C-3, 42.35
(C-5), 40.99 (C-5), 21.95 and 21.68R®r). MS (El): m/z (%) =
215 (2), 128 (100), 86 (54), 69 (12). HRM&V): [M + HT]
calcd for (GH14NO)™, 128.1081; found: 128.1086. HRM8Wz):
[M + H*] calcd for (GHgNO)™, 86.0611; found: 86.0612.

(35,3 9)-4-Benzyl-3,3-bimorpholine Trifluoroacetic Acid Salt
(5¢). mp 105-108 °C. [a]p?t = +6.9 € = 2.24, MeOH). IR

4.11 and 4.04 (both d, 2H,= 12.5 Hz, Bn), 4.03 (m, 1H, H-2),
4.00 (m, 1H, H-2), 3.90 (dt, 1H,J = 2.4 and 2x 11.8 Hz, H-6),
3.82 (m, 1H, H-6), 3.80 (m, 1H, H-3, 3.75 (m, 1H, H-2, 3.70
(m, 1H, H-8), 3.65 (dm, 1HJ = 13.0 Hz, H-2), 3.55 (dm, 1H]
= 11.3 Hz, H-6), 3.12 (ddd, 1H} = 3.7, 12.2, and 15.1 Hz, H-5),
3.02 (m, 1H, H-5), 2.99 (m, 1H, H-3), 2.94 (ddd, 1H = 3.2,
6.2, and 13.2 Hz, H‘5, 2.67 (dm,J = 14.5 Hz, H-5).13C NMR
(CDsOD, 125 MHz): 6 163.07 (g, = 34.7 Hz, COO), 157.25
(C-2"), 133.03 (C-6), 130.46 (C-4), 124.92 (C-1), 120.89 (C-
5"), 118.26 (qJ = 293.2 Hz, CF), 116.54 (C-3), 66.41 (C-2),
65.08 (C-6), 63.02 (C-6), 61.43 (C-2), 55.29 (C-3), 52.99 (Bn),
52.03 (C-3), 45.59 (C-5), 42.46 (C‘p MS (El): m/z (%) = 192
(32), 107 (38), 86 (100), 77 (11), 69 (14), 45 (17). HRMBZ):
[M + HT] caled for (GiH14NOo)™, 192.1023; found: 192.1020.
Anal. Calcd for GH,3FsN205 (392.38): C, 52.04; H, 5.91; N, 7.14.
Found: C, 51.67; H, 5.92; N, 6.99.

(3S,39)-4-Phenyl-3,3-Bimorpholine Trifluoroacetic Acid Salt
(5e). mp 189-191 °C. [a]p? = +44.5 € = 2.2, MeOH). IR
(KBr): 2981, 2861, 2496, 1682, 1599, 1501, 1200, 1131, 1107,
760, 7201H NMR (CDClz, 500 MHz): 6 9.54 (bs, 1H, NH), 9.26
(bs, 1H, NH), 7.18 (m, 2Hm), 6.85 (m, 2H,0-), 6.75 (t, 1H,J =
2 x 7.3 Hz,p-), 4.06 (dd, 1HJ = 2.5 and 12.0 Hz, H-?, 3.88
(m, 1H, H-3), 3.83 (m, 1H, H-3), 3.70 (m, 1H, H{ 3.69 (m,
1H, H-2), 3.63 and 3.61 (m, 2H, H-2), 3.52 and 3.50 (m, 2H,'H-5
3.49 and 3.27 (m, 2H, H-6), 2.65 and 1.98 (m, 2H, H1&¢ NMR
(CDCls, 125 MHz): 6 161.29 (qJ = 35.5 Hz, COO0), 148.25 (C-
s), 129.49 (Cm), 119.27 (Cp), 116.03 (q,J = 293.1 Hz, Chk),
115.93 (Ce), 66.12 (C-2), 65.14 (C-6), 63.51 (C-2), 63.12 (C-6),
54.06 (C-3), 51.74 (C-} 43.52 (C-5), 43.19 (C-5). MS (El):m/z
(%) = 248 (4), 162 (100), 132 (28), 119 (26), 86 (38), 69 (37).
HRMS (m/z): [M + HT] caled for (GoHi,NO)*, 162.0913;
found: 162.0911. Anal. Calcd for ;6H,:F3sN,O4 (362.34): C,
53.04; H, 5.84; N, 7.73. Found: C, 53.11; H, 5.87; N, 7.67.

General Procedure for the Organocatalytic Intramolecular
Aldol Condensation.Organocatalyss (0.05 mmol) was added to
the stirred solution of triketoné (1.0 mmol) in anhydrous MeCN
(2.0 mL). The reaction mixture was refluxed for an appropriate
time. The reaction was monitored by capillary GC. After completion
of the reaction, toluene was added, the mixture was concentrated
in vacuum, and a crude product was purified by chromatography
on silica gel (30% EtOAc in petroleum ether).

General Procedure for the Organocatalytic Intermolecular
Aldol Condensation of Aromatic Aldehyde and Acetone.Or-
ganocatalystb (0.09 mmol) was added to the solution of the
corresponding aromatic aldehy@a—i (0.3 mmol) in acetone (0.6
mL), and the mixture was stirred at room temperature for an

(KBr): 3428, 2850, 2518, 1668, 1454, 1198, 1175, 1138, 800, 724 appropriate time (610 days). The reaction mixture was treated

cm % 'H NMR (CDClz, 500 MHz): 6 7.33 (m, 4H, Bno-, m),
7.29 (m, 1H, Bnp-), 4.10 (dd, 1H,J = 2.9 and 12.8 Hz, H-2,
4.01 (dd, 1HJ = 2.8, 12.9 Hz, H-2), 3.99 and 3.92 (both d, 2H,
J = 13.3 Hz, Bn), 3.87 (m, 1H, H:} 3.81 (m, 1H, H-2, 3.80
(m, 1H, H-8), 3.79 (m, 1H, H-6), 3.67 (m, 1H, H*% 3.59 (m,
1H, H-2), 3.53 (m, 1H, H-6), 3.18 (m, 1H, H-5), 2.95 (m, 1H, H-3),
2.94 (m, 1H, H-H, 2.68 (m, 1H, H-5, 2.56 (dm,J = 14.6 Hz,
H-5). 13C NMR (CDCk, 125 MHz): ¢ 162.51 (q,J = 35.0 Hz,
COO0), 116.67 (gJ = 292.8 Hz, Ck), 65.08 (C-2), 63.72 (C-6),
62.79 (C-6), 60.85 (C-2), 57.32 (Bn), 53.70 (C-3), 50.71 (-3
45.85 (C-5), 41.33 (C5 MS (El): m/z (%) = 176 (49), 91 (100),
86 (12), 69 (12), 45 (30). HRMSn{z): [M + H'] calcd for
(C11H14.NO)*, 176.1075; found: 176.1079. Anal. Calcd for
Ci7H23F3N20, (376.38): C, 54.25; H, 6.16; N, 7.44. Found: C,
54.58; H, 6.16; N, 7.49.

with saturated NaCl solution and extracted with EtOAc oiCEt
and the combined organic layers were dried. After filtration and
concentration in vacuum, the crude prodli@a—i was purified by
chromatography on silica gel.
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