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A set of secondary N-phenylfluorenyl â-amino alcohols have been prepared and evaluated as
catalysts for the enantioselective addition of diethylzinc to benzaldehyde. The influence of the
substituents on the stereogenic centers of the ligand has been studied, and enantioselectivities up
to 97% have been obtained. Those ligands with bulky groups in the carbinol stereocenter and small
groups R to the nitrogen atom displayed the best catalytic activity and enantioselectivity. The most
enantioselective ligand (4e) was found to possess general applicability for the enantioselective
addition of diethylzinc to a variety of aromatic and aliphatic aldehydes.

Introduction

The enantioselective addition of diorganozinc reagents
to aldehydes in the presence of catalytic amounts of a
chiral ligand provides an excellent method for the
preparation of enantiomerically enriched secondary al-
cohols.1 The discovery that certain â-amino alcohols can
promote the ethylation of benzaldehyde by Et2Zn initi-
ated a search for efficient chiral auxiliaries for this type
of reaction.2 A myriad of â-tertiary amino alcohols have
been investigated as catalysts; among them derivatives
of natural products such as ephedrine,3 norephedrine,4
camphor,5 proline,6 pinane,7 and cinchona alkaloids8 have
attracted widespread attention. The catalytic abilities of
nonnaturally occurring â-amino alcohols have been probed
as well, and the results were used to study the effects of
the substituents on the nitrogen atom9 and the hydroxyl-
bearing carbon of the ligand on the enantioselectivity of
the addition.10,11 Ferrocenyl amino alcohols,9 chiral pip-
erazines,12 γ-amino alcohols,13 δ-amino alcohols,14 and
derivatives of 2-amino-2′-hydroxy-1,1′-binaphthyls15 have

also been used as catalysts for this reaction. The mech-
anism of the process has been discussed for tertiary
â-amino alcohols,5b,16 and it has been shown that the
absolute configurations of the products correlate with the
configuration of the hydroxyl-bearing stereocenter of the
ligand, and that anti tertiary â-amino alcohols are
usually better ligands than the corresponding syn
stereoisomers.1c,10a Although less intensively investigated,
there have appeared some reports describing the suc-
cessful use of secondary â-amino alcohols,17 which showed
that the secondary amine group present in the catalyst
is not deprotonated under the reaction conditions. The
flow of reports in the literature dealing with new cata-
lysts for the enantioselective addition of organozinc
reagents to aldehydes continues unabated, showing the
importance and interest of this reaction nowadays. But,
despite this continued interest, there have been no
general studies on the combined influence of the substit-
uents on the amino- and hydroxyl-bearing carbons of the
catalyst in the outcome of the reaction, probably due to
the lack of an efficient and versatile method for the
systematic preparation of chiral, enantiomerically pure
â-amino alcohols. This situation is specially poignant
since the model proposed to account for the rate accelera-
tion in this reaction implicates a five-membered ring
Zn(II) aminoalkoxide complex 1 as the actual catalyst,
and, as Figure 1 clearly shows, the influence of the
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substituents R1-R6 on the â-amino alcohol must be
paramount on the feasibility of complexation with the Zn
atom.1,16

Results and Discussion

We have recently reported18 a method for the prepara-
tion of N-(9-phenylfluoren-9-yl) secondary amino alcohols
4, 5 which possess the structure present in most of the
catalysts used for the addition of diorganozinc reagents
to aldehydes. The bulky phenylfluorenyl group (Pf)
present in these molecules should act as a conformational
lock at the aminoalkoxide catalyst stage, thus allowing
the effects of the interactions among the R3-R6 groups
on the enantioselectivity of the additions to come to the
fore. Herein we present the results obtained when a
series of Pf-amino alcohols were used as catalysts for the
addition of Et2Zn to aldehydes.

â-Amino alcohols 4 and 5 were easily obtained from
R-amino ketones 3 using a variety of reducing agents.
The R-amino ketones were obtained from oxazolidinones
2, which were prepared from the corresponding amino
acid by N-phenylfluorenylation followed by reaction with
aq formaldehyde. Treatment of 2 with a variety of
organolithium reagents afforded R-amino ketones 3 in
excellent yields and without loss of enantiomeric purity.18

By using this route, both the syn and anti epimers of the
desired â-amino alcohols could be prepared, which al-
lowed us to study the influence of the substituents at the
amino- (RN) and hydroxyl-bearing carbons (RO), as well
as the importance of the configuration of the hydroxyl-
bearing stereocenter on the outcome of the addition.1
Alanine and leucine were chosen as the starting amino
acids since they provide RN groups with very different
steric demands. The introduction of six different RO

aliphatic and aromatic groups, covering a wide range of
sizes, provided the 18 ligands used for this study.

The stereochemistries of the amino alcohols 4 and 5
were determined as follows: the configuration of the
carbon bearing the amino group was fixed by the starting
amino acid (S), and the configuration of the carbinol
stereocenter was established by analysis of the coupling
constants between the hydrogens of the stereocenters.18

The assignments were corroborated by NOE experiments
on the oxazolidines18 derived from amino alcohols 4a,b,f
and 5a,b,f (RO ) Ph, ferrocenyl, and trityl, respectively).
No diagnostic NOE enhancements were observed for the
tert-butyl-substituted oxazolidinones 6e and 7e, and their
relative stereochemistries were determined by X-ray
crystallography.19

Amino alcohols 4 and 5 were studied as catalysts for
the addition of Et2Zn to benzaldehyde, using 3 mol % of

ligand in toluene at room temperature. The amino
alcohols were prepared (Scheme 1), and the enantiose-
lectivities and configuration of the products resulting
from the Et2Zn addition to benzaldehyde are shown in
Scheme 2.

Perusal of the data shown in the table (Scheme 2)
points to some interesting trends. With regards to the
syn ligands, 4, it can be seen that increasing the size of
RN (Me2CHCH2 vs Me), while keeping the same RO group,
is detrimental for the enantioselectivity of the catalyst
(compare entries 1 and 8, 3 and 7, 5 and 9). On the other
hand, the % ee values obtained when the RO group was
varied, while holding constant RN, increased in the
following order, 1-naphthyl < 2-naphthyl < ferrocenyl
∼ phenyl < trityl < tert-butyl, showing that bulky RO

groups combined with small RN substituents favored the
enantioselectivity of the process. (S)-Selectivity was
always favored with syn ligands.
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6862.
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Figure 1.

Scheme 1. Synthesis of â-Amino Alcohols 4 and 5

Scheme 2. Enantioselective Addition of Et2Zn to
Benzaldehyde: Effect of RN and RO Substituents
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Anti amino alcohols 5 showed a different, more erratic
behavior and, overall, they gave poorer enantioselectivi-
ties than their trans counterparts. The (R)-ethyl carbinol
(R)-9 was the predominant product in most cases, the
exception being the reactions catalyzed by the ligands
possessing bulky RO groups (tert-butyl and trityl, 5e, 5f,
5i), where (S)-9 was the main product.

Theoretical calculations have been used to study the
mechanism of the addition of dialkylzinc compounds to
aldehydes and the origin of the enantioselectivity of the
process.16,20 These studies have established the nature
of the intermediates, transition states, and the energetics
of the reaction profile. The mechanistic picture that
emerged from this work is depicted in Scheme 3. Com-
plexation of the reactants with the true catalyst, ethylzinc
aminoalkoxide 10, leads to a di-zinc complex (11) which
undergoes intramolecular ethyl migration, through tran-
sition state 12, to give a catalyst/product complex (13);
regeneration of the catalyst 10 and liberation of the
product take place in a subsequent step.16,20d The energy
differences, calculated at ab initio or semiempirical levels,
of the corresponding transition states leading to the R-
and S-reaction products have been used to explain the
enantioselectivies displayed by the different catalysts.20

The interaction of the substituents of the carbonyl group
with the ethyl group attached to the aminoalkoxide Zn
atom in the transition state appears to be the cause of
the observed enantioselection (compare transition states
12-pro-S and 12-pro-R).20c,d

Analysis of the transition structures 12 (R1 ) H, R2 )
RO) originated from anti amino alcohols 5 provided a clue

to explain the lack of clear trends in the enantioselectivity
displayed by the reactions catalyzed by these ligands. In
these systems there should exist a strong steric interac-
tion between RO () R2) and RN, which would lead to
destabilization of the chelate. The fact that ligands 5 in
which the RO group is very bulky (trityl or tert-butyl) give
products with S configuration, instead of the expected R
alcohols, might even indicate that the formation of the
chelate does not take place and that the true catalyst is
a Zn alkoxide in which the N atom remains uncomplexed.

In the case of the transition structures derived from
syn amino alcohols 4 (12, R1 ) RO, R2 ) H) this steric
repulsion is absent, and thus the Et2Zn addition should
proceed exclusively through the chelated form of the
catalyst. The transition structures 12-pro-S, the favored
ones, can provide an explanation for the decrease in
enantioselectivity observed for catalysts bearing bulky
RN groups: the steric interacions of RN with the Et2Zn
and PhCHO groups should result in the elongation of
both O-Zn bonds, thus isolating the reactants from the
influence of the chiral centers of the catalyst. The
increased enantioselectivity observed with the increasing
bulkiness of RO could be the result of steric compression
by this group onto the Et bound to the Zn to which the
PhCHO is attached; this effect should reduce the Et-
Zn-O angle and thus bring the Et group in closer
proximity to one of the carbonyl substituents, thus
increasing the enantiodifferentiation between 12-pro-S
and 12-pro-R.

Once we had developed a ligand (4e) that promoted
the highly enantioselective addition of Et2Zn to benzal-
dehyde very efficiently, we decided to explore its general
applicability, and thus we used it to induce the addition
of Et2Zn to a series of aromatic and aliphatic aldehydes
(Scheme 4). The reactions were performed using 3 mol
% of the catalyst in toluene at different temperatures,
and very good enantioselectivities were obtained in most
cases. We observed that, in the majority of cases, lower
temperatures favored the enantioselectivity of the reac-
tion; thus, when the reactions were carried out at 40 °C,
lower ee values were obtained compared to room tem-
perature or 0 °C. In these two latter cases the ee values
were high and quite similar but slightly better for the
reactions carried out at 0 °C. With regard to the additions
to aromatic aldehydes, we observed that steric hindrance
plays an important role in determining the degree of
enantioselection of the reaction: ortho-substituted ben-
zaldehydes underwent addition with lower enantioselec-
tivities compared to their meta or para analogues, and
1-naphthaldehyde (86% ee) gave lower enantioselectivity
compared to 2-naphthaldehyde (97% ee), although the
effect for the bromobenzaldehydes is less dramatic (94
vs 96% ee, entries 11 and 13). Electronic effects of the
aromatic ring substituents do not appear to have a large
influence on the enantioselectivity of the addition, with
the notable exception of the dialkoxybenzaldehydes where
the ee obtained were only moderate-to-good. Linear and
branched aliphatic aldehydes underwent Et2Zn addition
catalyzed by 4e in a highly enantioselective fashion
(entries 24 and 25) as well.

Conclusion

Our studies have shown that the nature and stereo-
chemistry of the substituents in a series of N-phenylfluo-
renyl â-amino alcohols have a profound influence in their

(20) (a) Vidal-Ferran, A.; Moyano, A.; Pericàs, M. A.; Riera, A.
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(d) Yamakawa, M.; Noyori, R. Organometallics 1999, 18, 128.

Scheme 3
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ability to act as catalysts for the enantioselective addition
of diethylzinc to aldehydes. Those ligands with bulky
groups in the carbinol stereocenter and small groups R
to the nitrogen atom displayed the best catalytic activity
and enantioselectivity.

Experimental Section

General Methods. General experimental aspects have
been published elsewhere.18 Amino ketones 3 and amino
alcohols 4a,b and 5a,b were prepared according to the
published procedure.18

(1S,2S)-1-(1-Naphthyl)-2-[N-(9′-phenylfluoren-9′-yl)-
amino]propan-1-ol (4c) and (1R,2S)-1-(1-Naphthyl)-2-[N-
(9′-phenylfluoren-9′-yl)amino]propan-1-ol (5c). A 0 °C
solution of 3c (240 mg, 0.55 mmol) in MeOH/THF (6/2 mL)
was treated with NaBH4 (31 mg, 0.825 mmol). After stirring
for 4 h under Ar, the reaction mixture was quenched by slow
addition of 10% HCl. The resulting solution was extracted with
EtOAc, and the organic layer was washed with water and
brine, dried, filtered, and evaporated. Column chromatography
(CH2Cl2/hexane 1/1) afforded 4c (157 mg, 65% yield) and 5c
(77 mg, 32% yield). 4c: mp 156-158 °C (EtOH); [R]20

D ) +235
(c 1.0, CHCl3); 1H NMR δ 0.48 (d, J ) 6.3, 3H), 2.80 (m, 1H),
3.35 (bs, 1H), 4.74 (d, J ) 8.8, 1H), 7.19-7.94 (m, 20H); 13C
NMR δ 20.2, 53.4, 72.6, 78.3, 120.0, 120.1, 124.6, 124.9, 125.1,
125.2, 125.3, 125.7, 125.9, 126.4, 127.3, 127.7, 128.1, 128.2,
128.3, 128.4, 131.1, 134.0, 136.9, 140.3, 140.7, 144.7, 148.7,
150.7. Anal. Calcd for C32H27NO: C, 87.04; H, 6.16; N, 3.17.
Found: C, 86.78; H, 5.77; N, 3.11. 5c: mp 213-214 °C (EtOAc);
[R]20

D ) +174 (c 1.0, CHCl3); 1H NMR δ 0.58 (d, J ) 6.7, 3H),
2.28 (bs, 1H), 2.69 (m, 1H), 3.70 (bs, 1H), 4.96 (d, J ) 2.7, 1H),
6.31 (d, J ) 8.5, 1H), 7.04-7.91 (m, 19H); 13C NMR δ 15.6,
52.1, 71.6, 73.2, 120.1, 120.2, 122.6, 123.0, 124.5, 124.9, 125.2,

125.3, 125.8, 126.0, 127.0, 127.5, 128.2, 128.3, 128.4, 128.5,
128.6, 128.9, 129.8, 133.2, 136.5, 140.2, 141.3, 144.8, 149.4,
149.5. Anal. Calcd for C32H27NO: C, 87.04; H, 6.16; N, 3.17.
Found: C, 86.81; H, 5.97; N, 3.08.

(1S,2S)-1-(2-Naphthyl)-2-[N-(9′-phenylfluoren-9′-yl)-
amino]propan-1-ol (4d) and (1R,2S)-1-(2-Naphthyl)-2-[N-
(9′-phenylfluoren-9′-yl)amino]propan-1-ol (5d). To a -78
°C solution of 3d (200 mg, 0.45 mmol) in THF (5 mL) was
added L-Selectride (0.9 mL, 0.9 mmol) and stirred for 4 h at 0
°C, and then it was quenched with AcOH (0.1 mL, 1.76 mmol).
After 5 min of stirring, LiOH‚H2O (95 mg, 2.26 mmol) and
H2O2 (2.6 mL) were added, and the resulting mixture was
stirred for 25 min and then partitioned between CH2Cl2 (15
mL) and 1 M H3PO4 (15 mL). The aqueous phase was extracted
with CH2Cl2 (15 mL), and the combined organic phase was
washed with brine (20 mL), dried, and concentrated to give a
residue which was purified by column chromatography (CH2-
Cl2/hexane 1/1) to give 4d (150 mg, 74%) and 5d (49 mg, 25%
yield). 4d: [R]20

D ) + 172 (c 1.0, CH2Cl2); 1H NMR δ 0.45 (d,
J ) 6.2, 3H), 2.31 (m, 1H), 3.46 (bs, 2H), 4.19 (d, J ) 8.6, 1H),
6.99 (dd, J ) 1.9, 8.5, 1H), 7.15-7.71 (m, 19H); 13C NMR δ
19.3, 54.8, 72.6, 78.4, 120.0, 120.1, 124.8, 125.1, 125.6, 125.8,
125.9, 126.0, 126.4, 127.3, 127.5, 127.8, 128.1, 128.4, 132.9,
139.7, 140.1, 140.6, 144.6, 148.4, 150.7. Anal. Calcd for C32H27-
NO: C, 87.04; H, 6.16; N, 3.17. Found: C, 87.14; H, 5.97; N,
2.97. 5d: [R]20

D ) + 151 (c 1.0, CH2Cl2); 1H NMR δ 0.56 (d, J
) 6.5, 3H), 1.90 (bs, 1H), 2.49 (m, 1H), 3.58 (bs, 1H), 4.28 (d,
J ) 2.8, 1H), 6.85 (d, J ) 8.8, 1H), 7.23-7.50 (m, 14H), 7.62
(d, J ) 8.5, 1H), 7.76 (m, 4H); 13C NMR δ 15.9, 53.9, 72.9,
74.8, 120.0, 120.1, 124.0, 124.2, 124.6, 125.3, 125.5, 125.8,
126.0, 127.3, 127.4, 127.5, 127.8, 128.0, 128.1, 128.4, 128.5,
128.7, 132.4, 133.0, 138.7, 139.9, 141.2, 144.7, 149.1, 149.7.
Anal. Calcd for C32H27NO: C, 87.04; H, 6.16; N, 3.17. Found:
C, 86.91; H, 6.07; N, 3.33.

(3S,4S)-2,2-Dimethyl-4-[N-(9′-phenylfluoren-9′-yl)ami-
no]pentan-3-ol (4e) and (3R,4S)-2,2-Dimethyl-4-[N-(9′-
phenylfluoren-9′-yl)amino]pentan-3-ol (5e). Method A: To
a -78 °C solution of ketone 3e (200 mg, 0.54 mmol) in THF (6
mL) was added Li(tBuO)3AlH (0.91 mL, 1.08 mmol, 1.19 M in
cyclohexane). The resulting solution was stirred for 3 h at -78
°C and 40 h at room temperature, and then it was cooled to 0
°C and quenched by addition of EtOAc (1 mL). After 3 min,
the cooling bath was removed and CH2Cl2 (9 mL) was added
followed successively by saturated aqueous Na2CO3, KH2PO4,
and Na2SO4. The resulting suspension was stirred for 30 min,
filtered, and concentrated in vacuo. The 1H NMR spectrum of
the crude product showed a mixture of 3e/4e/5e in a 2.8/24/1
ratio. Purification by column chromatography afforded 171 mg
of amino alcohol 4e (85% yield) as a white foam. Method B: A
0 °C solution of 3e (50 mg, 0.13 mmol) in THF (1.5 mL) was
treated with LiBH4 (3 × 6 mg, 0.27 mmol) at intervals of 1.5
h each. After 4.5 h the reaction was quenched by addition of
10% H3PO4 (0.5 mL). The reaction mixture was partitioned
between EtOAc and saturated aqueous NaHCO3. The aqueous
layer was extracted with EtOAc (10 mL), and the combined
organic layer was washed with water and brine, dried, filtered,
and concentrated to give a residue which was purified by
column chromatography (CH2Cl2/hexane 3/2) to give 4e (15 mg,
29%) and 5e (34 mg, 67% yield). 4e: [R]20

D ) +292 (c 1.0,
CHCl3); 1H NMR δ 0.55 (s, 9H), 0.82 (d, J ) 6.3, 3H), 2.13 (m,
1H), 2.75 (d, J ) 7.1, 1H), 7.19-7.79 (m, 13H); 13C NMR δ
24.8, 26.0, 34.4, 47.8, 72.6, 81.1, 119.6, 120.0, 125.3, 125.7,
126.3, 127.3, 127.5, 128.1, 128.3, 128.4, 139.8, 141.1, 144.5,
148.0, 149.8. Anal. Calcd for C26H29NO: C, 84.06; H, 7.87; N,
3.77. Found: C, 83.80; H, 7.63; N, 3.64. 5e : [R]20

D ) + 155 (c
1.9, CHCl3); 1H NMR δ 0.52 (s, 9H), 0.83 (d, J ) 6.7, 3H), 1.85
(bs, 1H), 2.27 (m, 1H), 2.80 (d, J ) 1.9, 1H), 7.16-7.43 (m,
11H), 7.65 (d, J ) 7.6, 1H), 7.72 (d, J ) 7.2, 1H); 13C NMR δ
17.2, 26.6 (3C), 33.3, 49.8, 73.2, 81.1, 119.8, 119.9, 124.6, 125.8,
126.0, 127.2, 127.6, 127.8, 128.3, 139.9, 141.2, 145.0, 149.3,
149.7. Anal. Calcd for C26H29NO: C, 84.06; H, 7.87; N, 3.77.
Found: C, 83.83; H, 8.02; N, 3.80.

(2S,3S)-1,1,1-Triphenyl-3-[N-(9′-phenylfluoren-9′-yl)-
amino]butan-2-ol (4f) and (2R,3S)-1,1,1-Triphenyl-3-[N-
(9′-phenylfluoren-9′-yl)amino]butan-2-ol (5f). A solution

Scheme 4. Catalytic Enantioselective Addition of
Et2Zn to Aldehydes Mediated by 4e
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of Ph3CH (175 mg, 0.72 mmol) in THF (7 mL) was cooled to 0
°C and treated with nBuLi (300 mL, 0.67 mmol). The dark red
solution was stirred for 2 h at 0 °C, and then a solution of
N-Pf-alaninal (140 mg, 0.45 mmol) was added. After 4 h of
stirring at 0 °C, the reaction was quenched by addition of
AcOH (0.5 mL). The cooling bath was removed, and after 3
min the mixture was partitioned between EtOAc and saturated
aqueous NaHCO3. The organic layer was washed with satu-
rated aqueous NaHCO3, water, and brine, dried, filtered, and
evaporated. The residue was purified to give 4f (77 mg, 31%
yield) and 5f (74 mg, 30% yield). 4f: [R]20

D ) -96 (c 1.0, CH2-
Cl2); 1H NMR δ 0.63 (d, J ) 6.6, 3H), 1.34 (m, 1H), 3.05 (bd, J
) 6.1, 1H), 5.16 (bs, 1H), 6.94-7.39 (m, 26 H), 7.63 (d, J )
7.5, 1H), 7.69 (d, J ) 7.5, 1H); 13C NMR δ 19.8, 53.4, 61.7,
71.1, 76.1, 120.1, 124.7, 124.9, 125.4, 125.7, 125.9, 127.0, 127.2,
127.3, 127.6, 127.7, 127.9, 128.1, 128.2, 129.5, 138.8, 140.2,
145.1, 148.0, 150.8. Anal. Calcd for C41H35NO: C, 84.06; H,
7.87; N, 3.77. Found: C, 84.07; H, 7.63; N, 3.76. 5f : mp 196
°C (EtOH); [R]20

D ) +75 (c 1.0, CHCl3); 1H NMR δ 0.11 (d, J
) 6.6, 3H), 1.53 (bs, 1H), 2.66 (bd, J ) 5.2, 1H), 3.29 (bd, J )
2.3, 1H), 4.46 (bs, 1H), 7.04-7.35 (m, 26H), 7.50 (d, J ) 6.6,
1H), 7.55 (d, J ) 7.5, 1H); 13C NMR δ 17.5, 51.3, 60.4, 72.6,
76.1, 120.1, 120.2, 124.4, 125.2, 125.7, 125.8, 127.2, 127.3,
127.7, 127.8, 127.9, 128.2, 128.3, 130.1, 139.5, 140.8, 144.9,
145.4, 149.0, 150.0. Anal. Calcd for C41H35NO: C, 84.06; H,
7.87; N, 3.77. Found: C, 84.17; H, 7.58; N, 3.76.

(1S,2S)-4-Methyl-1-(1-naphthyl)-2-[N-(9′-phenylfluoren-
9′-yl)amino]pentan-1-ol (4g) and (1R,2S)-4-Methyl-1-(1-
naphthyl)-2-[N-(9′-phenylfluoren-9′-yl)amino]pentan-1-
ol (5g). A 0 °C solution of 3g (200 mg, 0.4 mmol) in THF (1
mL) was treated with LiBH4 (3 × 20 mg, 0.85 mmol) at
intervals of 1.5 h each. After 4 h the reaction was quenched
by slow addition of 10% H3PO4 (0.5 mL). The reaction mixture
was partitioned between EtOAc and saturated aqueous NaH-
CO3. The aqueous layer was extracted with EtOAc (10 mL),
and the combined organic layer was washed with water and
brine, dried, filtered, and concentrated to give a residue which
was purified by column chromatography (CH2Cl2/hexane 1/1)
to give 4g (70 mg, 35%) and 5g (126 mg, 63% yield). 4g: [R]20

D

) +235 (c 1.0, CHCl3); 1H NMR δ -0.09 (d, J ) 6.5, 3H), 0.26
(d, J ) 6.5, 3H), 0.52 (m, 1H), 0.78 (m, 1H), 1.35 (m, 1H), 2.64
(m, 1H), 3.21 (bs, 2H), 4.93 (d, J ) 5.6, 1H), 6.46 (d, J ) 7.5,
1H), 6.70 (t, J ) 7.5, 1H), 7.05-7.75 (m, 18H); 13C NMR δ 20.7,
23.4, 24.5, 44.3, 54.8, 72.5, 75.1, 119.3, 119.9, 123.4, 124.8,
125.0, 125.2, 125.3, 125.4, 125.7, 125.9 (2C), 127.0, 127.4,
127.5, 127.8, 128.0, 128.2 (3C), 128.5, 130.8, 133.9, 137.7,
140.0, 140.8, 145.0, 148.2, 150.4. Anal. Calcd for C35H33NO:
C, 86.92; H, 6.88; N, 2.90. Found: C, 86.81; H, 7.13; N, 3.17.
5g: [R]20

D ) +69 (c 1.0, CHCl3); 1H NMR δ -0.13 (d, J ) 6.3,
1H), 0.38 (d, J ) 6.3, 1H), 1.02 (m, 3H), 2.81 (m, 1H), 3.74 (bs,
1H), 4.70 (bs, 1H), 6.37 (d, J ) 9.5, 1H), 6.99-7.87 (m, 19H);
13C NMR δ 21.3, 23.2, 24.3, 39.0, 54.7, 70.5, 72.8, 120.0, 120.1,
122.6, 123.1, 124.8, 125.0, 125.1, 125.5, 125.6, 126.0, 126.9,
127.4, 128.2, 128.3, 128.5, 128.7, 128.9, 129.7, 133.1, 136.5,
139.9, 141.3, 149.8. Anal. Calcd for C35H33NO: C, 86.92; H,
6.88; N, 2.90. Found: C, 86.90; H, 6.98; N, 2.95.

(1S,2S)-4-Methyl-1-phenyl-2-[N-(9′-phenylfluoren-9′-
yl)amino]pentan-1-ol (4h) and (1R,2S)-4-Methyl-1-phen-
yl-2-[N-(9′-phenylfluoren-9′-yl)amino]pentan-1-ol (5h).
Method A: A solution of 3h (250 mg, 0.58 mmol) in THF (5
mL) at -78 °C was treated with BH3‚SMe2 (1.16 mL, 1.16
mmol, 1 M in THF) and stirred for 48 h while slowly warming
to room temperature. MeOH (1 mL) was slowly added to the
reaction mixture, and after stirring for 5 min, the resulting
mixture was concentrated to dryness and the residue purified
by column chromatography (CH2Cl2/hexane 1/1) to give 4h/
5h in a ratio 1/12. Method B: To a -78 °C solution of 3h (300
mg, 0.7 mmol) in THF (7 mL) was added L-Selectride (1.4 mL,
1.4 mmol, 1 M in THF) and stirred for 16 h while slowly
warming to room temperature, and then it was quenched with
AcOH (0.1 mL, 1.76 mmol). After 3 min of stirring, the reaction
mixture was cooled to 0 °C, LiOH‚H2O (146 mg, 3.5 mmol)
and H2O2 (3 mL) were added, and the resulting mixture was
stirred for 20 min and then partitioned between EtOAc (15
mL) and 1 M H3PO4 (15 mL). The aqueous phase was extracted

with EtOAc (15 mL) and the combined organic phase was
washed with brine (20 mL), dried, and concentrated to give a
residue which was purified by column chromatography (CH2-
Cl2/hexane 1/1) to give 4h (196 mg, 65%) and 5h (100 mg, 33%
yield). 4h: [R]20

D ) +209 (c 1.0, CH2Cl2); 1H NMR δ 0.07 (d, J
) 6.1, 3H), 0.37 (d, J ) 6.1, 3H), 0.79 (m, 1H), 1.24 (t, J ) 8.8,
1H), 2.31 (m, 1H), 4.24 (d, J ) 5.8, 1H), 6.95-7.39 (m, 16 H),
7.65 (d, J ) 7.5, 1H), 7.69 (d, J ) 7.5, 1H); 13C NMR δ 20.9,
23.3, 24.4, 44.0, 56.6, 72.6, 76.0, 119.6, 120.0, 125.4, 125.9,
126.0, 126.8, 127.1, 127.2, 127.6, 127.9, 128.2, 128.3, 140.1,
140.9, 143.0, 144.9, 148.2, 150.4. Anal. Calcd for C31H31NO:
C, 85.87; H, 7.21; N, 3.23. Found: C, 86.06; H, 6.95; N, 3.33.
5h : [R]20

D ) +101 (c 1.3, CHCl3); 1H NMR δ 0.23 (d, J ) 6.4,
3H), 0.61 (d, J ) 6.6, 3H), 0.81 (m, 1H), 1.08 (m, 1H), 1.34 (m,
1H), 2.20 (bs, 1H), 2.49 (m, 1H), 3.25 (bs, 1H), 4.04 (d, J )
2.7, 1H), 6.87 (d, J ) 7.1, 2H), 7.09-7.55 (m, 14H), 7.77 (d, J
) 7.6, 1H), 7.82 (d, J ) 7.6, 1H); 13C NMR δ 21.4, 23.3, 24.0,
38.5, 56.4, 72.5, 73.1, 119.8, 120.0, 125.2, 125.3, 126.0, 126.2,
127.3, 127.7, 127.9, 128.1, 128.3, 128.4, 128.6, 139.7, 141.1,
141.3, 145.0, 149.4, 149.9. Anal. Calcd for C31H31NO: C, 85.87;
H, 7.21; N, 3.23. Found: C, 85.96; H, 7.27; N, 3.06.

(3S,4S)-2,2,6-Trimethyl-4-[N-(9′-phenylfluoren-9′-yl)-
amino]heptan-3-ol (4i) and (3R,4S)-2,2,6-Trimethyl-4-[N-
(9′-phenylfluoren-9′-yl)amino]heptan-3-ol (5i). LiAlH4 (28
mg, 0.73 mmol) in THF (5 mL) was cooled to 0 °C and treated
with a solution of 3i (150 mg, 0.36 mmol) in THF (5 mL), the
cooling bath was removed, and the resulting mixture was
stirred for 30 min. Then it was quenched by slow addition of
EtOAc (1 mL) followed by CH2Cl2, saturated aqueous NaHCO3

(1 mL), KH2PO4, and anhyd Na2SO4. The resulting mixture
was stirred at room temperature for 1 h and then filtered. The
residue was washed with CH2Cl2, the combined clear filtrate
and washings were concentrated, and the residue was purified
by short column chromatography (CH2Cl2/hexane 1/1) to give
4i (97 mg, 64%) and 5i (48 mg, 32%). 4i: [R]22

D ) +160 (c 2.3,
CHCl3); 1H NMR δ 0.38 (d, J ) 6.5, 3H), 0.50 (d, J ) 6.5, 3H),
0.61 (m, 1H), 0.70 (s, 9H), 0.99 (m, 1H), 1.25 (m, 1H), 2.47 (q,
J ) 3.8, 1H), 2.92 (d, J ) 3.9, 1H), 3.12 (bs, 2H), 7.17-7.38
(m, 11H), 7.67 (m, 2H); 13C NMR δ 21.7, 23.4, 24.3, 26.4, 34.9,
43.9, 50.9, 72.3, 79.0, 119.9, 125.2, 125.8, 126.6, 127.1, 127.7,
128.2, 128.3, 128.4, 140.4, 140.5, 145.5, 148.1, 151.5. Anal.
Calcd for C29H35NO: C, 84.22; H, 8.53; N, 3.39. Found: C,
84.12; H, 8.76; N, 3.27. 5i: [R]22

D ) +12 (c 1.5, CH2Cl2); 1H
NMR δ 0.48 (s, 9H), 0.50 (d, J ) 6.6, 3H), 0.91 (d, J ) 6.6,
3H), 1.27 (m, 2H), 1.76 (m, 1H), 2.05 (m, 1H), 2.16 (m, 1H),
2.44 (dd, J ) 1.7, 9.8, 1H), 2.64 (d, J ) 1.2, 1H), 7.21-7.74
(m, 13H); 13C NMR δ 21.4, 24.4, 24.5, 27.0, 33.4, 39.8, 52.5,
72.6, 79.3, 119.7, 119.9, 125.6, 126.1, 127.1, 127.7, 127.8, 128.2,
128.3, 139.9, 141.0, 145.6, 149.3, 150.6. Anal. Calcd for C29H35-
NO: C, 84.22; H, 8.53; N, 3.39. Found: C, 84.33; H, 8.21; N,
3.35.

Preparation of Oxazolidines 6/7e,f. General Proce-
dure. A solution of amino alcohol 4e,f or 5e,f (0.15 mmol),
p-TsOH (6 mg, 0.03 mmol), and aq formaldehyde (0.2 mL, 1.5
mmol) in THF (2 mL) was stirred at room temperature for 24
h. The reaction mixture was partitioned between CH2Cl2 and
saturated aqueous NaHCO3. The organic layer was washed
with water and brine, dried, filtered, and evaporated. The
residue was purified by column chromatography (EtOAc/
hexane 1/20 for 6/7e and EtOAc/hexane 1/10 for 6/7f) to give
the product as a white solid.

(4S,5R)-5-(tert-Butyl)-4-methyl-3-[N-(9′-phenylfluoren-
9′-yl)amino]oxazolidine (6e): mp 129-130 °C (EtOH); [R]20

D

) -423 (c 1.0, CHCl3); 1H NMR δ 0.67 (s, 9H), 0.91 (d, J )
6.6, 3H), 2.61 (m, 1H), 2.69 (d, J ) 5.6, 1H), 4.68 (d, J ) 5.3,
1H), 4.85 (d, J ) 5.3, 1H), 7.10-7.65 (m, 13H); 13C NMR δ
18.3, 27.0 (3C), 32.8, 56.1, 76.6, 82.3, 86.9, 119.6, 119.7, 125.6,
126.6, 126.9, 127.0, 127.2, 127.6, 127.7, 128.0, 128.2, 128.3,
128.6, 139.2, 141.3, 144.3, 148.1, 149.5. Anal. Calcd for C27H29-
NO: C, 84.55; H, 7.62; N, 3.65. Found: C, 84.23; H, 7.67; N,
3.70.

(4S,5S)-5-(tert-Butyl)-4-methyl-3-[N-(9′-phenylfluoren-
9′-yl)amino]oxazolidine (7e): mp 127-128 °C (EtOH); [R]20

D

) -489 (c 1.0, CHCl3); 1H NMR δ 0.47 (s, 9H), 0.86 (d, J )
6.1, 3H), 2.22 (m, 1H), 3.00 (d, J ) 7.5, 1H), 4.66 (d, J ) 7.2,
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1H), 4.99 (d, J ) 7.2, 1H), 7.07-7.69 (m, 13H); 13C NMR δ
22.7, 26.1 (3C), 32.4, 54.2, 76.9, 82.4, 94.0, 119.2, 119.6, 126.6,
126.9, 127.0, 127.2, 127.8, 127.9, 128.0, 128.3, 128.4, 139.1,
141.8, 145.7, 147.6, 149.0. Anal. Calcd for C27H29NO: C, 84.55;
H, 7.62; N, 3.65. Found: C, 84.32; H, 7.81; N, 3.62.

(4S,5R)-4-Methyl-3-[N-(9′-phenylfluoren-9′-yl)amino]-
5-trityloxazolidine (6f): mp 201-202 °C (EtOH); [R]20

D )
+207 (c 1.0, CH2Cl2); 1H NMR δ 0.23 (d, J ) 6.9, 3H), 3.16 (d,
J ) 6.9, 3H), 4.27 (d, J ) 5.7, 2H), 4.75 (d, J ) 6.6, 1H), 4.80
(d, J ) 6.6, 1H), 6.8-7.68 (m, 28H); 13C NMR δ 18.2, 29.7,
58.2, 59.4, 81.7, 83.2, 119.6, 119.7, 125.3, 125.9, 126.8, 127.0,
127.2, 127.3, 127.5, 127.7, 128.0, 128.2, 128.3, 128.9, 130.4,
139.2, 141.5, 144.1, 148.1, 149.5. Anal. Calcd for C42H35NO:
C, 88.54; H, 6.19; N, 2.46. Found: C, 88.32; H, 6.39; N, 2.31.

(4S,5S)-4-Methyl-3-[N-(9′-phenylfluoren-9′-yl)amino]-
5-trityloxazolidine (7f): mp 201 °C (Et2O-EtOH); [R]20

D )
+187 (c 1.0, CH2Cl2); 1H NMR δ 0.38 (d, J ) 6.0, 3H), 3.22 (m,
1H), 4.40 (d, J ) 2.5, 3H), 4.71 (d, J ) 2.5, 3H), 5.11 (d, J )
4.4, 3H), 6.77 (d, J ) 7.9, 3H), 6.93-7.37 (m, 25H), 7.52 (d, J
) 7.6, 3H), 7.62 (d, J ) 7.1, 3H); 13C NMR δ 17.9, 54.8, 61.0,
72.5, 79.1, 88.8, 119.6, 120.1, 126.0, 126.1, 126.5, 126.7, 127.0,
127.2, 127.4, 127.5, 127.6, 127.9, 128.1, 130.4, 138.7, 141.0,
143.9, 145.1, 147.6, 148.7. Anal. Calcd for C42H35NO: C, 88.54;
H, 6.19; N, 2.46. Found: C, 88.35; H, 6.39; N, 2.40.

General Procedure for the Enantioselective Amino
Alcohol-Catalyzed Addition of Diethylzinc to Aldehydes.
A solution of the amino alcohol 4 or 5 (0.027 mmol) and the
aldehyde 8 or 14a-l (0.9 mmol) in anhydrous toluene (1 mL)
was cooled to the desired temperature and treated with Et2-
Zn (100 or 250 mol %, 1 M in hexane), and the mixture was
stirred under Ar and monitored by TLC. The reaction was
cooled to 0 °C, quenched by careful addition of 10% HCl, and
extracted with EtOAc (2 × 10 mL), and the combined organic
layer was washed with water and brine, dried, and evaporated.
The residue was purified by bulb to bulb distillation. Enan-
tiomeric excesses were determined by chiral GC using a
Supelco R- or â-DEX 120 column, isotherm temperature
program, and He as carrier gas (1.3 mL/min). 1-Phenylpro-
panol: â-DEX 120 column, 120 °C, tR R isomer 20.8 min, tR S
isomer 21.2 min. The absolute configuration was determined

by comparison of the known optical rotation of (S)-1-phenyl-
propan-1-ol. 1-(2-Naphthyl)-1-propanol: â-DEX 120 column,
160 °C, tR R isomer 58.3 min, tR S isomer 60.6 min. 1-(1-
Naphthyl)-1-propanol: â-DEX 120 column, 160 °C, tR R isomer
52.0 min, tR S isomer 53.0 min. 1-(4-Phenylphenyl)-1-pro-
panol: â-DEX 120 column, 180 °C, tR R isomer 60.7 min, tR S
isomer 62.0 min. 1-(2-Bromophenyl)-1-propanol: â-DEX 120
column, 140 °C, tR R isomer 37.5 min, tR S isomer 40.8 min.
1-(4-Bromophenyl)-1-propanol: â-DEX 120 column, 140 °C, tR

R isomer 47.9 min, tR S isomer 49.2 min. 1-(4-Chlorophenyl)-
1-propanol: â-DEX 120 column, 140 °C, tR R isomer 32.5 min,
tR S isomer 33.8 min. 1-(4-Methoxyphenyl)-1-propanol: â-DEX
120 column, 145 °C, tR R isomer 26.2 min, tR S isomer 26.9
min. 1-(3-Methoxyphenyl)-1-propanol: â-DEX 120 column, 135
°C, tR R isomer 39.8 min, tR S isomer 40.7 min. 1-(3,4-
Methylenedioxyphenyl)-1-propanol: â-DEX 120 column, 150
°C, tR R isomer 40.6 min, tR S isomer 41.4 min. 1-(3,4-
Dimethoxyphenyl)-1-propanol: â-DEX 120 column, 140 °C, tR

R isomer 103.6 min, tR S isomer 106.5 min. 1-Cyclohexyl-1-
propanol: R-DEX 120 column, 90 °C, tR R isomer 32.4 min, tR

S isomer 33.1 min. 3-Dodecanol: R-DEX 120 column, 90 °C,
tR R isomer 36.7 min, tR S isomer 37.7 min. The absolute
configuration was established by comparison of the optical
rotation of the products with the reported values.10b
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