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Abstract: Mannich-type reaction of ketene silyl acetals with aldimines proceeded catalytically by means
of a phosphoric acid diester, derived from (R)-BINOL, as a chiral Brgnsted acid to afford $-amino esters
with good diastereoselectivity in favor of the syn isomer and high enantioselectivity (up to 96% ee). The
highest enantioselectivity was achieved by the phosphoric acid diester bearing 4-nitrophenyl groups on
the 3,3'-positions of BINOL. The N-2-hydroxyphenyl group of aldimine was found to be essential for the
present Mannich-type reaction. In combination with these experimental investigations, two possible
monocoordination and dicoordination pathways were explored using density functional theory calculations
(BHandHLYP/6-31G*). The present reaction proceeds via a dicoordination pathway through the zwitterionic
and nine-membered cyclic transition state (TS) consisting of the aldimine and the phosphoric acid. The
re-facial selectivity was also well-rationalized theoretically. The nine-membered cyclic structure and aromatic
stacking interaction between the 4-nitrophenyl group and N-aryl group would fix the geometry of aldimine
on the transition state, and the si-facial attacking TS is less favored by the steric hindrance of the 3,3"-aryl
substituents.

Introduction activator (e.g., protonation) than a neutral organic molecule in
hydrogen-bonding catalysis (Figure 1). In spite of being a

stronger and valuable electrophilic activator, Brgnsted acids had
been scarcely employed for catalytic asymmetric reactions when

Development of efficient chiral catalysts continues to be one
of the most challenging topics in organic chemistdynumber

of metal-based Lewis acid catalysts have been developed for X ) i . i
the activation of a carboroxygen double bond as well as a our project of chiral Bransted acid catalysis was startédntil
carbon-nitrogen double bond, and highly enantioselective dUite recently, chiral Bransted acid catalysisad been an
carbon-carbon bond formation reactions have been realized, Underdeveloped area except for asymmetric protonation reac-
In contrast to metal-based Lewis acids, organocatalysts aretions? Therefore, a chiral Brgnsted acid catalyst will be a new
generally stable toward water and oxygen, hence being easy ta
handle. As pioneering works of this area by Jacobsem (3) (@) Okino, T.; Hoashi, Y.; Takemoto, \0. Am. Chem. So@003 125
Takgmoto? chiral thiourea derivativ.e's haV('e.been regognized as %8;2;4{2%%7_(%%'”(%)Eb:;’ﬁ?'}"_;\( y;ﬁg@? ’T‘gﬁgﬁg‘i&’%‘eﬁt'
efficient catalysts for the nucleophilic addition reaction toward hedron Lett2004 45, 9185-9188. (d) Okino, T.; Nakamura, S.; Furukawa,

.. T.; Takemoto, Y Org. Lett.2004 6, 625-627. (e) Hoashi, Y.; Okino, T.;
aldehydes and aldimines. Furthermore, TADDOL has been Takemoto, Y.Angew. Chem., Int. ER005 44, 4032-4035. (f) Okino,

found to be quite effective as a chiral catalyst for the cycload- T.; Hoashi, Y. Furukawa, T.; Xu, X.; Takemoto, ¥. Am. Chem. Soc.
L . . 2005 127, 119-125. (g) Takemoto, YOrg. Biomol. Chem2005 3, 4299
dition reaction toward aldehydeThese asymmetric organoca- 4306. (h) Hoashi, Y.. Yabuta, T.; Yuan, P.; Miyabe, H.; Takemoto, Y.

i ifi - i i Tetrahedron2006 62, 365-374. (i) Inokuma, T.; Hoashi, Y.; Takemoto,
talysis should be classified as'hydrogen bonding catalysis. On Yo A Chem. So008 126 94130410, () Xur X.. Furukawa,
the other hand, a Brgnsted acid acts as a stronger electrophilic  1.; Okino, T.; Miyabe, H.; Takemoto, YChem—Eur. J. 2006 12, 466—

476.
T - - ) (4) (a) Huang, Y.; Unni, A. K.; Thadani, A. N.; Rawal, V. Wature 2003
Gakushuin University. 424, 146. (b) Thadani, A. N.; Stankovic, A. R.; Rawal, V. Proc. Natl.
* Rikkyo University. Acad. Sci. U.S.A2004 101, 5846-5850. (c) Unni, A. K.; Takenaka, N.;
(1) Jacobsen, E., Pfaltz, A., Yamamoto, H., EGemprehensie Asymmetric Yamamoto, H.; Rawal, V. HJ. Am. Chem. So@005 127, 1336-1337.
Catalysis Vols. I, Il, Ill; Springer-Verlag: Berlin, 1999. Tye, H.; Comina, (d) Gondi, V. B.; Gravel, M.; Rawal, V. HOrg. Lett. 2005 7, 5657
P. J.J. Chem. Soc., Perkin Trans.2D01, 1729-1747. 5660. (e) McGilvra, J. D.; Unni, A. K.; Modi, K.; Rawal, V. HAngew.
(2) (a) Sigman, M. S.; Vachal, P.; Jacobsen, E.Axgew. Chem., Int. Ed. Chem., Int. Ed2006 45, 6130-6133. (f) Du, H.; Zhao, D.; Ding, K.
200Q 39, 1279-1281. (b) Wenzel, A. G.; Jacobsen, E. N.Am. Chem. Chem—Eur. J.2004 10, 5964-5970.
So0c.2002 124, 12964-12965. (c) Joly, G. D.; Jacobsen, E. Bl. Am. (5) For a preliminary communication, see; Akiyama, T.; Itoh, J.; Yokota, K.;
Chem. Soc2004 126, 4102-4103. (d) Taylor, M. S.; Jacobsen, E. N. Fuchibe, K.Angew. Chem., Int. E®004 43, 1566-1568.
Am. Chem. So@004 126, 10558-10559. (e) Fuerst, D. E.; Jacobsen, E. (6) Our report: (a) Akiyama, T.; Morita, H.; Itoh, J.; Fuchibe, @rg. Lett.
N. J. Am. Chem. So@005 127, 8964-8965. (f) Taylor, M. S.; Tokunaga, 2005 7, 2583-2585. (b) Akiyama, T.; Saitoh, Y.; Morita, H.; Fuchibe, K.
N.; Jacobsen, E. M\ngew. Chem., Int. E@005 44, 6700-6704. (g) Yoon, Adv. Synth. Catal2005 347, 1523-1526. (c) Akiyama, T.; Tamura, Y.;
T. P.; Jacobsen, E. NAngew. Chem., Int. EQR005 44, 466—-468. (h) Itoh, J.; Morita, H.; Fuchibe, KSynlet2006 141-143. (d) Itoh, J.; Fuchibe,
Taylor, M. S.; Jacobsen, E. Mngew. Chem., Int. E2006 45, 1520~ K.; Akiyama, T. Angew. Chem., Int. Ed2006 45, 4796-4798. (e)
1543. (i) Lalonde, M. P.; Chen, Y.; Jacobsen, E.Ahgew. Chem., Int. Akiyama, T.; Morita, H.; Fuchibe, KI. Am Chem. So2006 128 13070~
Ed. 2006 45, 6366-6370. 13071.
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XM, R2 H.®_R2 Scheme 1. HBF4-Catalyzed Mannich-Type Reaction and Aza
N~ N Diels—Alder Reaction
R1ﬂ R1ﬂ ° OTMS PhNH O
Lews Acid Catalysis Bronsted Acid Catalysis R2 =L R2
Figure 1. Mode of activation by the acid catalysis. -Ph HBF,
| * OMe
entry to the metal-free organocatalysts as a rapidly emergingF*1 MeOH-H;0O

area in the fields of synthetic organic chemistty.

A Mannich-type reaction of silyl enolate with aldimine is a
useful method for the preparation gfamino carbonyl com-
pounds, which are the precursors/®amino acids ang-lac-

X or Phiy
H,0-SDS )N\/:\[\
OTMS R1 (0]

has revealed that HBRnd TsOH are effective for the activation

tams!! Various chiral Lewis acids have been developed as the of g/dimines. The Mannich-type reaction of silyl enolate with

catalyst for the Mannich-type reactiéfr.'* Focusing on the

aldimines proceeded smoothly under the influence of 10 mol

Mannich-type reaction as a model reaction, we have designedo, of HBF, in aqueous MeOH or THF to afforg-amino
and synthesized stronger chiral Brgnsted acid catalysts, WhiChcarbonyI compounds in good yiel#The same reaction can
can be employed under an operationally simple procedure. A e achieved even in water in the coexistence of SDS (sodium
chiral cyclic phosphoric acid diester has been found to be quite dodecyl sulfate) as a surfactant (Schemé&®1j addition, aza
effective as a chiral Brgnsted acid; a Mannich-type reaction of pjg|s—Alder reaction of aldimines with Danishefsky’s diene

silyl enolate with aldimine proceeded smoothly to giramino

under the same reaction conditions afforded six-membered

esters in good yields with good to excellent enantioselectivities. pheterocycles in good yield<.

We describe herein the design of the chiral Bransted acid  These findings drove us to challenge the development of the
catalyst and its application to the enantioselective Mannich- cira| Brgnsted acid catalyst. A novel and useful chiral Brgnsted

type reaction. A quantum chemical study was carried out t0 gid was designed in view of the following three points.
elucidate the reaction mechanism as well as the origin of the (1) use of readily available chiral sourceR}{BINOL was

enantipselectivity. . ) o selected as a chiral source.
Design of the Chiral Brgnsted Acid Catalyst.Our prelimi-

nary investigation to develop a chiral Brgnsted acid catalyst phosphate is a candidate because tigaf (EtO),P(O)OH is
1.3 which is close to that of HBF(—0.44)1°

(7) Reports by others: (a) Uraguchi, D.; Terada,]MAm. Chem. So2004

(2) suitable acid strength for the reaction to proceed:

@

~

©

=

126, 5356-5357. (b) Uraguchi, D.; Sorimachi, K.; Terada, 4 Am. Chem.
So0c.2004 126, 11804-11805. (c) Uraguchi, D.; Sorimachi, K.; Terada,
M. J. Am. Chem. So@005 127, 9360-9361. (d) Rueping, M.; Sugiono,
E.; Azap, C.; Theissmann, T.; Bolte, Mrg. Lett.2005 7, 3781-3783.
(e) Rowland, G. B.; Zhang, H.; Rowland, E. B.; Chennamadhavuni, S.;
Wang, Y.; Antilla, J. CJ. Am. Chem. So2005 127, 15696-15697. (f)
Hoffmann, S.; Seayad, A. M.; List, BAngew. Chem., Int. EQR005 44,
7424-7427. (g) Seayad, J.; Seayad, A. M.; List, B.Am. Chem. Soc.
2006 128 1086-1087. (h) Storer, R. I.; Carrera, D. E.; Ni, Y.; MacMillan,
D. W. C.J. Am. Chem. So@006 128 84—86. (i) Terada, M.; Machioka,
K.; Sorimachi, K. Angew. Chem., Int. EA2006 45, 2254-2257. (j)
Rueping, M.; Sugiono, E.; Azap, GAngew. Chem., Int. EQR00G 45,
2617-2619. (k) Rueping, M.; Antonchick, A. P.; Theissmann Ahgew.
Chem., Int. Ed2006 45, 3683-3686. (I) Nakashima, D.; Yamamoto, H.
J. Am. Chem. So@006 128 9626-9627. (m) Hoffmann, S.; Nicoletti,
M.; List, B. J. Am Chem. So2006 128 13074-13075. (n) Rueping, M.;
Antonchick, A. P.; Theissmann, Angew. Chem., Int. EQ006 45, 6751
6755. (0) Chen, X.-H.; Xu, X.-Y.; Liu, H.; Cun, L.-F.; Gong, L.-4. Am.
Chem. Soc2006 128 14802-14803. (p) Rueping, M.; Azap, G\ngew.
Chem., Int. Ed2006 45, 7832-7835.

For reviews on Brgnsted acid catalysis, see: (a) Schreiner, Eh&n.
Soc. Re. 2003 32, 289-296. (b) Pihko, P. MAngew. Chem., Int. Ed.
2004 43, 2062-2064. (c) Bolm, C.; Rantanen, T.; Schiffers, I.; Zani, L.
Angew. Chem., Int. EQ005 44, 1758-1763. (d) Pihko, P. MLett. Org.
Chem.2005 2, 398-403. (e) Takemoto, YOrg. Biomol. Chem2005 3,
4299-4306. (f) Taylor, M. S.; Jacobsen, E. Angew. Chem., Int. Ed.
2006 45, 1520-1543. (g) Akiyama, T.; Itoh, J.; Fuchibe, Kdv. Synth.
Catal. 2006 348 999-1010. (h) Connon, S. Angew. Chem., Int. Ed.
2006 45, 3909-3912.

For a review, see: Yanagisawa, A.; Yamamoto, H.Qoemprehensie
Asymmetric Catalysislacobsen, E. N.; Pfaltz, A.; Yamamoto, H., Eds.;

(3) cyclic structure for attaining high asymmetric induction:

a cyclic phosphoric acid diesté&r bearing BINOL scaffold, was
selected as a chiral Brgnsted acid.

(13) For selected examples of the chiral Lewis acid catalyzed reactions, see:

(a) Ishitani, H.; Ueno, M.; Kobayashi, S. Am. Chem. Sod.997, 119
7153-7154. (b) Kobayashi, S.; Ishitani, H.; Ueno, M.Am. Chem. Soc.
1998 120 431-432. (c) Ishitani, H.; Ueno, M.; Kobayashi, .Am. Chem.
Soc.200Q 122, 8180-8186. (d) Kobayashi, S.; Hamada, T.; Manabe, K.
J. Am. Chem. So2002 124, 5640-5641. (e) Kobayashi, S.; Matsubara,
R.; Nakamura, Y.; Kitagawa, H.; Sugiura, M. Am. Chem. So2003

125 2507-2515. (f) Hagiwara, E.; Fujii, A.; Sodeoka, M. Am. Chem.
S0c.1998 120, 2474-2475. (9) Fuijii, A.; Hagiwara, E.; Sodeoka, M.

Am. Chem. Socl999 121, 5450-5458. (h) Xue, S.; Yu, S.; Deng, Y.;
Wulff, W. D. Angew. Chem., Int. EQ001, 41, 2271-2274. (i) Trost, B.

M.; Terrell, L. R.J. Am. Chem. SoQ003 125 338-339. (j) Juhl, K.;
Gathergood, N.; Jargensen, K. Angew. Chem., Int. EQ001, 40, 2995~
2997. (k) Ferraris, D.; Young, B.; Dudding, T.; Lectka, J.Am. Chem.
S0c.1998 120, 4548-4549. (1) Ferraris, D.; Dudding, T.; Young, B.; Drury,
W. J., lll; Lectka, T.J. Org. Chem1999 64, 2168-2169. (m) Taggi, A.

E.; Hafez, A. M.; Lectka, T.Acc. Chem. Res2003 36, 10—19. (n)
Matsunaga, S.; Kumagai, N.; Harada, S.; Shibasaki).M\m. Chem. Soc.
2003 125 4712-4713. (0) Harada, S.; Handa, S.; Matsunaga, S.; Shibasaki,
M. Angew. Chem., Int. EQ005 44, 4365-4368. (p) Marques, M. M. B.
Angew. Chem., Int. E®006 45, 348-352. (q) For a review on catalytic
asymmetric Mannich-type reaction, see: Kobayashi, S.; Ueno, M. In
Comprehensie Asymmetric Catalysigacobsen, E. N., Pfaltz, A., Yama-
moto, H., Eds.; Supplement 1; Springer: Berlin, 2003; Chapter 29.5, p
143.

Springer: New York, 1999; Chapter 34.2. (14) For a review on )-proline-catalyzed Mannich reactions, see; Cordova,

(10) (a) Dalko, P. I.; Maoisan, LAngew. Chem., Int. EQ001, 40, 3726-3748.
(b) Dalko, P. I.; Moisan, LAngew. Chem., Int. EQ004 43, 5138-5175.
Houk, K. N., List, B., Eds. (special issue on organocatalyAis). Chem.

Res 2004 37, 487-631. (d) List, B., Bolm, C., Eds. (special issue on

organocatalysishdv. Synth. Catal2004 346, 1021-1249. (e) Berkessel,
A., Groger, H., EdsAsymmetric OrganocatalysigViley-VCH: Weinheim,
2005. (f) Seayad, J.; List, BOrg. Biomol. Chem2005 3, 719-724.

(11) For reviews, see: Kleinman, E. F. Gomprehensie Organic Synthesis,

Vol. 2, Trost, B. M., Fleming, I., Eds.; Pergamon Press: Oxford, 1991; p

893. Arend, M.; Westermann, B.; Risch, Angew. Chem., Int. EA.998
37, 1044-1070. Kobayashi, S.; Ishitani, Lhem. Re. 1999 99, 1069-
1094. Arend, M.AAngew. Chem., Int. EA.999 38, 2873-2874.

A. Acc. Chem. Re2004 37, 102-112. See also, Marques, M. M. B.
Angew. Chem., Int. ER00§ 45, 348-352.

(15) Akiyama, T.; Takaya, J.; Kagoshima, Bynlett1999 1045-1048.

(16) (a) Akiyama, T.; Takaya, J.; Kagoshima, $nlett1999 1426-1428. (b)
Akiyama, T.; Takaya, J.; Kagoshima, Hetrahedron Lett2001, 42, 4025
4028. (c) Akiyama, T.; Takaya, J.; Kagoshima,Adly. Synth. Catal2002
344, 338-347. Please see: (d) Manabe, K.; Mori, Y.; Kobayashylett
1999 1401-1402. (e) Manabe, K.; Mori, Y.; Kobayashi, $etrahedron
2001, 57, 2537-2544. (f) Manabe, K.; Kobayashi, 8rg. Lett.1999 1,
1965-1967.

(17) Akiyama, T.; Takaya, J.; Kagoshima, Fetrahedron Lett1999 40, 7831
7834,

(12) For selected examples of the enantioselective Mannich-type reaction by (18) Quin, L. D. A Guide to Organophosphorus Chemistdohn Wiley &

means of stoichiometric amount of activator, see: (a) Ishihara, K.; Miyata,

M.; Hattori, K.; Tada, T.; Yamamoto, Hl. Am. Chem. Sod 994 116,
10520-10524. (b) Miler, R.; Goesmann, H.; Waldmann, Bingew. Chem.,
Int. Ed. 1999 38, 184-187.

Sons: New York, 2000; Chapter 5, pp 13B65.
(19) Sudakova, T. N.; Krasnoshchekov, V.Zh. Neorg. Khim197§ 23, 1506~
1508

(20) Please see Scheme 4 in the Supporting Information for details.
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Y
1a; X=H
O\ 0

57 1b; X=CgHs

OO o OH  16;X=2,4,6-Me;CgHy
X

1d: X=4-M9006H4
1

1e; X=4-N02C6H4
Figure 2. Chiral phosphoric acids.

Table 1. Effect of 3,3'-Substituents of Phosphoric Acid 12

HO. i
OTMS Chiral Bronsted
j@ acid 1 A’;NH Q
N ¥ 7 ~OMe Ph OMe
Ph)
2a 3 4a

entry Ar time (h) yield of 4a (%) ee (%)
1 H (18 22 57 0
2 Ph @Lb) 20 100 27
3 2,4,6-MeCgH2 (10) 27 100 60
4 4-MeOGH4 (1d) 48 36 32
5 4-NO,CgH4 (1€ 4 96 87

aConditions: 2a (1.0 equiv),3 (3.0 equiv),1 (30 mol %), toluene,
—78°C.

The catalystsl were readily prepared starting froniR)¢
BINOL?? (Figure 2). Introduction of aryl groups onto the 3,3
position was successfully achieved by the Suzdkiyaura
coupling reaction. Bis-boronic acil was used as a key
intermediate for the preparation of 3substituted phosphoric
acids 1. The acidla has been already utilized as a chiral
resolving agent? and its lanthanide salt was employed as a
chiral catalys€2 but 1 itself had not been employed as a chiral
catalyst as far as we know.

Results and Discussion

At the outset, a Mannich-type reaction of an aldimizeand
a ketene silyl aceta® was examined as a model reaction. On
treatment of2a with 3 (3.0 equiv) in the presence dfa (0.3

Scheme 2. Diastereoselective Mannich-Type Reaction

equiv) in toluene at-78 °C, the Mannich-type reaction took
place smoothly to giveda in a good yield as a racemic
compound (Table 1, entry 1), which was determined by HPLC
analysis with a chiral stationary phase column. Next we
employed chiral phosphoric acids bearing aryl substituents on
the 3,3-positionslb—1e Introduction of aromatic groups onto
the 3,3-position exerted a beneficial effect on the enantiose-
lectivity. Use of 1b as a chiral Brgnsted acid increased the
enantiofacial selectivity to 27% ee in toluene (entry 2). It is
noted that 4-nitrophenyl groups on the'3®sition exhibits dual
effects: (1) improvement of the enantioselectivity to 87%, (2)
acceleration of the reaction rate, thereby completing the reaction
in 4 h (entry 5). The absolute stereochemistry 4z was
determined by comparison of the retention time of the chiral
HPLC analysis of4a with that of the literaturé3n

Further optimization of the reaction conditions elucidated that
use of aromatic solvent exhibited high enantioselectivities, where-
as protic solvent gave racemates (EHg83% ee; E{O, 30%
ee; CHCly, 13% ee; EtOH, 0% ee. A range of aromatic aldi-
mines were found to be good substrates for the Mannich-type
reaction catalyzed by 10 mol % of a chiral Brgnsted d&d*
Aldimines derived from aromatic and heteroaromatic aldehydes
afforded adducts with good to high enantioselectivities. It is
noted that the chemical yields were excellent in all the cases
examined (see Table 4 in Supporting Information). Use of ketene
silyl acetals bearing substituents on vinyl carbon gave kigh
selectivity as well as excellent enantioselectivity (Scheme 2).
A ketene silyl acetal derived from a propionate furnished the
corresponding ester in 96% ee. Ketene silyl acetals derived from
an a-oxy acetate also exhibited excellesyn selectivity and
high enantioselectivity (see Table 5 in Supporting Information).

Furthermore, the present Mannich-type reaction can be
achieved effectively even on a gram scale. Thus, on treatment
of 2a(1.06 g) with3in the presence of 10 mol % @& Mannich
adduct4a was obtained in a quantitative yield with 87% ee
without decreasing the enantioselectivity (Scheme 3). The

HO
OTMS
:@ ’ ﬁ/k te(10mol%)  ANH O ArNH O
+ Z ~OR3 1 3 + :
j‘| R2 toluene RY , OR R OR?
R . ~78°C, 24 h R R?
2 (1.5 equiv) 5 sym:anti = 86:14-100:0
85-96% ee
Scheme 3. Gram-Scale Synthesis of a -Amino Ester
j@ OTMS 1e (10 mol)
N + >=< _— NH O
J OMe Toluene, -78 °C ’
Ph Ph OMe
2a(1.0eq.) 3 (1.5 equiv) 4a 1.61 g, quant., 87% ee
1.06 g, 5.38 mM recovery of the catalyst; 92%

OMe
CHal, KoCO3 @
NH O

Ph%OMe

6758 J. AM. CHEM. SOC. = VOL. 129, NO. 21, 2007

(5 equiv)
(NH,),Ce(NOy)s tH, O




Chiral Bransted Acid Catalyzed Mannich-Type Reaction ARTICLES

Table 2. Effect of the N-Aryl Group Scheme 4. Mechanism of the Mannich-Type Reaction

HO
1e (10 mol%
[ Xx OTMS ( ) Arl?\lH 0o o O o o0
Z 7 “OMe Ph oM ( = ( P+ N
)l toluene, —78 °C ° o) O 0 o “OH )|
i Cat Ph
entry X time (h) yield (%) ee (%)
1 2-OH 13 08 89 / \
2 4-OH 33 28 20
3 2-OCH; 46 56 3
4

(0]
o_b_o HO 0_ 0--H-0
H 43 76 39 —P=0_ < P
5 H\Nj@ 0" “o-H-

| |
N-protecting group can be removed readily to furnish free amino Ph) Ph)
acid ester in 47% yield frora. CP2n CP1n

An interesting effect of theN-aryl group of aldimine was “ “
found in the present Mannich-type reaction. The 2-hydroxyphen- o)
yl group on nitrogen exhibited remarkably superior enantio- ,',' 9 -H-0 ( “p 0---H-0
selectivity compared to the 4-hydroxyphenyl group (Table 2, ' H‘N:© "'H\ND
entry 1 vs 2). Because the enantioselectivity was lowered to g
39% ee and 3% ee in the case of=XH and 2-OCH, the Ph OS,Mes Ph
presence of the 2-hydroxy moiety of aldimine is essential to CP2i CP1i
afford high yield and enantioselectivity (entry 1 vs 3, 4).

These results indicate that hydrogen bonding of the 2-hydroxy Path 2: \ / Path 1:
group on theN-aryl group plays an important role in combina- monocoordination path dicoordination path
tion with phosphoric acid activation to significantly amplify
reactivity as well as enantioselectivity. ©[

Investigation of the Reaction Mechanism: DFT Study. NH O

The intriguing effect of théN-aryl group of aldimine motivated Ph” OMe
us to study the reaction mechanism in detail. The 2-hydroxy

group would form hydrogen bonding with phosphoryl oxygen path 2 to clarify the reaction mechanism in detail. Therefore,
to generate a nine-membered cyclic transition state we havebiphenolate (BIPOLate) was initially used instead of'3,3
previously proposeP ¢ However, the dual role of the Bransted  substituted BINOLate as a chemical model to reduce the
acid and hydrogen bond in the present reaction was still unclear.computational cost. The issue of theefacial selectivity in the

In combination with these experimental investigations, the present reaction is also addressed. As is known experimentally,

mechanism of the present Mannich-type reaction was theoreti-only the 4-nitrophenyl group results in acceleration of the
cally studiec®® All calculations were performed with the

reaction rate keeping high enantioselectivity. We employed
Gaussian 98 packageé Geometries were fully optimized and

finally the 3,3-substituted BIPOLate model bearing the 4-ni-
characterized by frequency calculation using hybrid density trophenyl group to clarify the origin of the preferentratface
functional theory (BHandHLYP) with the 6-31G*. Free attack.

energie_s (298.15 K, 1 atm) and natural charges from the natural |n both path 1 and path 2, there are two possible models of

population analysis were also computed for the gas phase. Inactivation of aldiminel): protonation and hydrogen-bonding
the continuum solvation model, the single-point energy calcula-

tions with the self-consistent reaction field (SCRF) calculation
based on the polarizable continuum model (P&M,= 2.379

ol
[g'gl L

o
E -5.4
for toluene) were carried out at the same level as the one usedg % (0.0) W [+5.6]
for geometry optimization. 5 cat i 58 ’(+24'(_))‘
Two possible pathways (path 1, dicoordination pathway; path g T N"u [+13.3] / Ts2i
2, monocoordination pathway) of the present reaction are shown: + (+21.4)

; /TS
in Scheme 4. The issue of which pathway proceeds favorably & El . =

) ) —
. ) 112 77 88 Y
should be evaluated first, and hence we compared path 1 withe 194 VA0S T BT S o ) N
\ CP2n 114 N (+¥2.8)/ [ (+207)

(21) Wipf, P.; Jung, J.-KJ. Org. Chem200Q 65, 6319-6337. \ Tsit.  CPai ,' ' / ©
(22) Wilen, S. H.; Qi, J. ZJ. Org. Chem1991, 56, 487—489. ' 433 ! +5.4 S
(23) For enantioselective synthesis using metal salt of BINOL phosphates, see: vyt cpPii/ [¥10.9] S

(a) Inanaga, J.; Sugimoto, Y.; HanamotoNew J. Chem1995 19, 707— -4 CP1n — (+21.3) @Q

712. (b) Furuno, H.; Hanamoto, T.; Sugimoto, Y.; InanagaDid. Lett. -14.2

200Q 2, 49-52. [-11.2]
(24) For details, please see Table 4 in the Supporting Information. (-0.6)
(25) After our submission of the manuscript, a report on the mechanistic and

computational study on the phosphoric acid catalysis has been published. Reaction coordinate

See: Gridnev, I. D.; Kouchi, M.; Sorimachi, K.; Terada, Wetrahedron Figure 3. Energy profiles of dicoordination pathway (path 1) and

Lett. 2007, 48, 497-500. . . ) monocoordination pathway (path 2). The potential energy of the sum of
(26) Ef&sczhdoMz' J. etaGaussian 9grevision A.11.4.; Gaussian, Inc.: Pittsburgh, a1 Nu, andEl is set to zero. Activation energies are shown in italics, in
@7 Hehre, W. J.: Radom, L.: Schleyer, P. v. R.; Pople, Atinitio Molecular pa_rentheses are the free energies, and in brackets are the results of single-

Orhital Theory John Wiley: New York, 1986 and references cited therein. ~Point energy calculations with the SCRF method based on RGMZ.379
(28) Miertus, S.; Scrocco, E.; Tomasi,Ohem. Phys1981, 55, 117—129. for toluene).
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CP1n
1.590
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1.485

(a) dicoordination pathway

Figure 4. 3D structures of CPs ani@iS1tin (a) path 1 and (b) path 2 at the BHandHLYP/6-31G* level. Bond lengths are in A, and natural charges are

underlined and bold.

models. Protonation of aldimine generates a zwitterionic of a very flat potential energy surface of our large molecular

complex of iminium salt CP1i or CP2i) followed by nucleo-
philic attack of ketene silyl acetalN{). In activation by
hydrogen bonding, proton abstraction proceeds after th€ C
bond formation orCP1n or CP2n. We explored the transition
state TS) of the C—-C bond formation for two activation models.
As a result, zwitterionic transition structureB1i and TS2i)
were only found. In the hydrogen-bonding model, a proton
spontaneously transferred from phosphoric adat] to the
aldimine nitrogen in optimization of th&S. The present

models having many low-frequency modes. Therefore, the
relative energies of the zwitterioni€Pi and TSi are only
obtained from the free energies. As shown in path 1, the
activation energy of protonationr§1t) is only 1.9 kcal/mol
and the proton-transfer reaction exhibits a very flat energy
profile. This is reasonably applicable to path 2, and hence the
protonationTS of CP2nwas ignored in this calculation. In both
path 1 and path 2, nucleophilic attack of ketene silyl acéta) (

to CPi yields the product via zwitterioni€Si with a moderate

Mannich-type reaction, therefore, would proceed predominantly activation barrierca. 6 kcal/mol ¢€a.21 kcal/mol in free energy).

through protonation followed by nucleophilic attack via zwit-
terionic TS. The feasibility of the dicoordination (path 1) and

TS1i of a nine-membered cyclic transition state in path 1 is
found to be lower in energy thahS2i in path 2 by 3.4 kcal/

monocoordination (path 2) pathways depending on the hydrogen-mol (3.3 kcal/mol in free energy). The relative stability of these
bonding mode on the phosphoryl oxygen is evaluated (Schemecomplexes and transition structures retains in the solvation model
4). The relative energies in path 1 and path 2 were shown in (brackets in Figure 3).

Figure 3.

The zwitterionic complexesQP1i and CP2i) generated by
protonation and the hydrogen-bonding compl&P{Ln and
CP2n) are very close to each other in energy (within 1 kcal/
mol). In a stationary point having a large number of low-

Figures 4 and 5 show the 3D pictures of important stationary
points. At the stage of protonation @P1n, the structural feature
other than the two-point hydrogen-bonding moiety is almost
retained. The lengths of ©H, N—H, and P-O are changed
dramatically through protonationCP1i is regarded as the

frequency vibrational modes, the entropy contribution from the iminium phosphate due to the almost same tweCPbonds

partition function for a low-frequency mode tends to be
overestimated in a free energy calculatf§d?Such an entropic
error would be problematic particularly in the protonation step

6760 J. AM. CHEM. SOC. = VOL. 129, NO. 21, 2007

(29) Avyala, P. Y.; Schlegel, H. Bl. Chem. Phys1998 108 2314-2325.
(30) See, for example: (a) Hamza, A.; Schubert, G/;sSdo; Paai, I. J. Am.
Chem. Soc2006 128 13151-13160.
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(a) dicoordination pathway (b) monocoordination pathway
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Front view

Side view

Figure 5. 3D structures of TSs in (a) path TS1iand (b) path 2TS2i at the BHandHLYP/6-31G* level. Bond lengths are in A, and natural charges are
underlined and bold.

Scheme 5. Possible Reaction Mechanism of the Present Mannich-Type Reaction

0_ O--H-0

(e MesSiO. _OM

o o 0---HS es IJ/\ e
|

ND Ar)

|

T

(e.g., phosphate anion) in comparison witiP1n. Natural in CP1i (natural charge on electrophilic carbon atorh:0.24)
population analysis showed that aldimine is more electrophilic than in CP1n (+0.18) in spite of similar gross structures of
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(a) re-face attack (b) si-face attack
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Figure 6. 3D structures of TSs in (ap-face attack;TS3r and (b)si-face attackTS3sat the BHandHLYP/6-31G* level. Bond lengths are in A.

CPliandCP1n. In TS1t, the proton stands around the center
between the imine nitrogen atom and phosphoryl oxygen atom
(Figure 4a). These structural and electron population features
are also observed i€P2n and CP2i on path 2 (Figure 4b).
The zwitterionic transition structures consist of iminium phos-
phate and ketene silyl acetal to afford highly complicated CP1i
structures. The R)-BIPOL moieties inTS1i and TS2i are

DEF(F1a)
————>F1a

Table 3. Differences of Deformation (DEF) and Interaction (INT)
Energies (kcal/mol) between TS1i and TS2i

TS1i
INT(1)

"~ F1b DEF(F1b)

located parallel and perpendicular to &8 direction of Cat+ El (+3.0) “AE(Fa) jAE(Fb) Nu

aldimine, respectivelyTS2i appears to be a more crowded \ DEF (F2a)
concave structure for the attacking nucleophile tA&1i. In CP2i F
fact, the forming C-C bond ofTS2iis longer than that of S1i
(TS1i, 2.077 A;TS2i, 2.122 A) (Figure 5).

To further study the origin of the energy differenc&H)
betweenTS1i and TS2i (3.4 kcal/mol), which is very similar

2a

»{F(sz)

F2b
INT(2)

TS2i

to that betweenCP1i and CP2i (3.0 kcal/mal), a fragment CPi TSI

DEF(Fa)  DEF(Fb) INT

energy analysis was carried out (Table B$.1i andTS2i were E(path 1)
divided into two fragments with a fixed geometry at the E(path2)
corresponding stationary points. The phosphoryl iminium salt g(ppath 2)— E(path 1) +3.0 +3.4
fragment Fa) and the ketene silyl acetal fragmeifo) were

+17.2 +7.1 —18.9
+17.3 +5.9 —-17.4

+0.1 —-1.2 +1.5
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\E(TS3s - TS3n)®

= AE(F3as - F3ar) + AE(F3bs - F3br) + AINT?

AE(TS3s - TS3r):
\E(F3as - F3ar):
\E(F3bs - F3br):
AINT:

+5.7 kcal/mol
+1.5 kea/mol
+0.6 kcal/mol
+3.6 kcal/mol

B 1]
H----0_ O
0/ x\P.--‘
%™
~ N/H
‘ '&._\_\_ Ph Fia
Me;SiO

F3ar (0.0 kcal/mol)

s si-face attack, r: re-face attack
BAINT = INTs - INTr

(b) si-face attack

F3as (+1.5 kcal/mol)

Figure 7. Differences of the iminium phosphate fragmefR84) energy, the ketene silyl acetal fragmefR8) energy, and interaction energy (INT) between
TS3r and TS3s The 3D structures oF3a in (a) re-face attack,F3ar and (b)si-face attackF3as at the optimized structure by BHandHLYP/6-31G*

calculation. Bond lengths are in A.

deformed from the optimized original geometries@®i and
Nu to interact readily inTSi. The deformation energies of the
iminium phosphate fragment, DBF), were same in botfS1i
andTS2i (DEF(Fla), +17.2 kcal/mol; DERE24), +17.3 kcal/
mol). The AE betweenFla and F2a (AE(Fa) in Table 3),
therefore, corresponded to that betwe@Rli and CP2i. On
the other handTS1i showed larger deformation energies for
the Nu fragment, DEHED), than those folTS2i (DEF(F1b),
+7.1 kcal/mol; DEFEF2b), +5.9 kcal/mol). The interaction
energy (INT) betweenFa and Fb was calculated by the
following equation.

INT = (total electronic energy ofSi) —
{DEF(a) + DEF(Fb)}

INT is larger inTS1i (—18.9 kcal/mol) than i S2i (—17.4
kcal/mol). The stronger interaction &fL andF2 in TS1i can
be traced back to the shorter bond length of the formirgCC
bond TS1i, 2.077 A;TS2i, 2.122 A). ThereforeNu in TS1i
was more deformed than thatTi$2i as described above. These
results indicate that DEFp) and INT essentially compensate
each other. ThéE betweenTS1i and TS2i originates mostly
from that betweel€P1i andCP2i. The fragment energy analysis
revealed that the energy difference betw@&1i and TS2i is
caused by the thermodynamic energy difference betv@ih
andCP2i based on the hydrogen-bonding mode connecting the
phosphoryl oxygen. In the dicoordination pathway (path 1), the
iminium moiety tightly two-point coordinates to the phosphoryl
oxygen throughout the reaction. It is overwhelmingly favored
over the monocoordination pathway (path 2). In combination
with the unique and important character of the 2-hydroxy group
on theN-aryl group of aldimine experimentally observed, this

computational analysis suggests the possible reaction mechanism
as shown in Scheme 5. Indee@;trimethylsilyl ether5 was
observed as a major product in the crude mixture.

To explore the issue of the enantioselectivity in the present
Mannich-type reaction, the 3;8ubstituted BIPOLate model was
employed for the dicoordination pathway (path 1). Since
introduction of the 4-nitrophenyl group on the 3@sitions is
essential for the high enantioselectivity vizface attack, the
zwitterionic transition states oé-face ¢) andsi-face §) attack
were compared in the 3;3ubstituted BIPOLate model bearing
the 4-nitrophenyl group. Structural and energetic characters of
re-face (TS3r) andsi-face (TS39 attack ofNu were presented
in Figures 6 and 7. Thee-face attack is 5.7 kcal/mol more
favored tharsi-face attack in agreement with the experimental
result. It is noted that theN-aryl group of El and the
4-nitrophenyl group ofCat were forced to stack and formed a
slipped-parallel structure by the aromatic stacking interacfion.
This stacking interaction is predicted to fix the geometrbf
in addition to the electrostatic interaction between the iminium
cation and phosphoryl anion. The instabilityT3swould be
attributed to the steric hindrance (purple curved lines) between
the 4-nitrophenyl group dfat and the SiMegroup ofNu (left
side in Figure 6b) or the Ph group &l (right side in Figure
6b). These structural properties B83r and TS3sallowed us
to examine in detail the origin of instability GfS3s The AE

(31) Ingeneral, the DFT methods are not enough to correctly evaluate dispersion
interaction in the weakly bounded system suchrastacking interaction.
It has been recently reported, however, that a half-and-half functional
reproduces geometries and energetics foistacked system with reasonable
accuracy. See: (a) Waller, M. P.; Robertazzi, A.; Platts, J. A.; Hibbs, D.
E.; Williams, P. A.J. Comput. Chem2006 27, 491-504. (b) Romero,
C.; Fomina, L.; Fomine, 9nt. J. Quantum Chen005 102 200-208.
(c) Zhao, Y.; Truhlar, D. GJ. Chem. Theory Compw2007, 3, 289-300.
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betweenTS3r and TS3s is distributed into the phosphoryl
iminium salt fragment E3ar and F3as shown in Figure 7)
energy, the ketene silyl acetal fragmefRBlor andF3bs) energy,
and the interaction energy (INT) between two fragments. The
box of Figure 7 presents theE of F3a, F3b, and INT between
there-face andsi-face attacking pathways. The 3D pictures of
F3ar andF3asreveal the arrangement of the Ph grougebfs
dramatically changed depending on the attacking fadel arf
contrast to similar structures of the stacking interaction moiety
(red box in Figure 7). The Ph group Bf is aligned parallel to
the 4-nitrophenyl group o€at in TS3r, whereas it is perpen-
dicular in TS3s Thus,F3asis found to be 1.5 kcal/mol less
favored tharF3ar by steric repulsion between the Ph group of
El and the 4-nitrophenyl group dZat. Both F3br and F3bs

lie very close in energy. Two fragments3aandF3b, interact
with each other more readily inS3r than inTS3ssinceTS3r

has a larger interaction energy (INT) th&i$3sby 3.6 kcal/
mol. This indicates thatNu approaches with unfavorable
orientation inTS3s due to repulsive interaction between the
SiMes group of Nu and the 4-nitrophenyl group ofat as

of the stacking interaction rather than by an increase of the
acidity of the phosphate group.

In summary, we hae deeloped chiral Brgnsted acid
catalyzed enantioselee@ Mannich-type reactions of aldimines
with silyl enolates for the first time, angtamino esters were
obtained with high to excellent enantioseleitiés under metal-
free conditionsTheoretical study elucidated that the two-point
hydrogen bonding interaction makes the dicoordination pathway
overwhelmingly favored over the monocoordination pathway
in the present Mannich-type reaction. We found that the reaction
proceeds through the protonation followed by the nucleophilic
attack via zwitterionic and nine-membered cyclic TS. The
intriguing issue of there-facial selectivity was also well-
rationalized. The two-point hydrogen-bonding moiety and
aromatic stacking interaction between the 4-nitrophenyl group
andN-aryl group are significantly important to fix the geometry
of aldimine on the zwitterionic TS. The-facial attacking TS
is structurally less favored than the-facial alternative due to
repulsive interaction of the 3;&ryl substituents. The present
Brgnsted acid catalyzed reaction is potentially extended to a

mentioned above (Figure 6b). Consequently, both electrostaticvariety of enantioselective nucleophilic addition reactions to

and aromatic stacking interactions have significant roles in the
high enantioselectivity to fix the geometry &f with a favorable
orientation and to minimize the sterically repulsive interaction
between the 3;3substituents oCat and approachingju. The
magnitude of the stacking interaction is sensitive to the nature
of the substituent on the aryl groé}#:32The 4-nitrophenyl group
would interact more attractively with th&l-aryl group of
aldimine than the normal Ph group due to significant electrostatic
contributions to the aromatic stacking interactf®i.hus, the
high enantioselectivity obtained by introduction of the 4-nitro-
phenyl group on 3,3positions would be caused by an increase

(32) (a) Meyer, E. A,; Castellano, R. K.; Diederich,Ahgew. Chem., Int. Ed.
2003 42, 1210-1250. (b) Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch,
C. J.J. Chem. Soc., Perkin Trans.2D01, 651-669. (c) Cockroft, S. L.;
Hunter, C. A.; Lawson, K. R.; Perkins, J.; Urch, CJJAm. Chem. Soc.
2005 127, 8594-8595. (d) Tsuzuki, S.; Uchimaru, T.; Mikami, M. Phys.
Chem. A2006 110, 2027-2033. (e) Sinnokrot, M. O.; Sherrill, C. DJ.
Chem. Phys. 2003 107, 83778379.

(33) The mesityl group (iic) has a different role from that of the 4-nitrophenyl
group for there-facial selectivity. It would generate a significant steric
effect increasing the repulsive interaction for the Sieoup of Nu. We
are going to study other substituted BIPOL models.
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carbon-nitrogen double bond. Further application to other
enantioselective reactions is in progress.
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