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Asymmetric organocatalytic synthesis of tertiary azomethyl
alcohols: key intermediates towards azoxy compounds and a-
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A series of peracylated glycosamine-derived thioureas has been synthesized and its behavior as bifunctional

organocatalysts has been tested in the enantioselective nucleophilic addition of formaldehyde tert-butyl hydrazone to

aliphatic a-keto esters for the synthesis of tertiary azomethyl alcohols. Using the 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-

B-D-glucosamine derived 3,5-bis-(trifluoromethyl)phenyl thiourea the reaction could be accomplished with high yields (75-

98%) and moderate enantioselectivities (50-64% ee). Subsequent high-yielding and razemization-free tranformations of

both aromatic- and aliphatic-substituted diazene products in one pot fashion provides a direct entry to valuable azoxy

compounds and a-hydroxy-B-amino esters.

Introduction

Chiral non-racemic tertiary alcohols and derivatives bearing
aryl or alkyl substituents at the stereogenic center are
recurrent scaffolds in many bioactive molecules. The selected
examples shown in Figure 1 include lactones Campothecin1
and Tripranavir,2 B-amino alcohol derivative SSR—241586,3
Voriconazole," and 2-substituted a-hydroxy-B-amino acids
(isoserines)

. 5 . . . .
anticancer agents. The increasing interest in known or

which are present in several taxoid-based
predicted biological properties exerted by 2-alkyl or 2-aryl
substituted fragments, example in
conformationally restricted peptidomimetics,6 contrast,

however, with the narrow palette of available methodologies

isoserine for

for the asymmetric synthesis of suitable precursors for such
molecules.’ Therefore, there is a strong interest in the
introduction of molecular diversity based on functionalized
tertiary alcohols. One straightforward approach relies on the
asymmetric nucleophilic addition to ketones and derivatives.?
During years, we have extensively investigated the nucleophilic
reactivity of formaldehyde N,N-dialkyl hydrazones for the
stereoselective introduction of single-carbon functional groups
into several electrophilic substrates.’

More recently, we have also exploited the superior
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Figure 1. Bioactive tertiary alcohols and derivatives.

performance of formaldehyde tert-butyl hydrazone (1)'° in
combination with organocalytic activations.™ The asymmetric
nucleophilic addition of 1 to aryl-substituted di-carbonyl
compounds such as a-keto esters 2 (Scheme 1, A)10a isatins,10C
and related bidentate electrophiles such as a-keto
phosphonates1Od using BINAM-bis-urea as the organocatalyst
provides densely functionalized azomethyl carbinols (formally
hetero-carbonyl-ene products), which could be further
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Scheme 1. Sr)nthesis of aryl- and alkyl-substituted azomethyl tertiary alcohols 3:
a route to biologically relevant azoxy compounds 4 and a-hydroxy-B-amino
esters 5.

transformed into enantioenriched tertiary a-aryl a-hydroxy
aldehydes and derivatives thereof. In the originally proposed
working model, a bifunctional behaviour by the organocatalyst
results in the activation of both the hydrazone (via NH-
O=Chydrogen bonds) and the di-oxygenated electrophile
(using a second urea unit as multiple H-bond donor), while the
stereochemical outcome is explained by the relative bulkiness
of the aromatic group, oriented away from the more crowded
region of this ternary complex. In spite of the
experimental support collected for this model when ethyl
phenyl glyoxylate was used as the substrate,'® preliminary
experiments performed with aliphatic derivatives revealed a
poorer enantioselectivity, suggesting a priori that any kind of
m—7t interactions might contribute to the stabilization of the
transition state.

Aiming to expand the scope and applicability of azomethyl
tertiary alcohols 3, we report herein on the use of novel
saccharide-based organocatalysts for accessing
enantiomerically enriched alkyl-substituted products and their
subsequent one pot transformations into azoxymethyl alcohols
4 and a-hydroxy-B-amino esters 5 (Scheme 1, B).

inner
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Results and discussion

Synthesis of alkyl-substituted azomethyl alcohols 3

Preliminary experiments towards alkyl-substituted adducts 3
were performed with commercially available ethyl 3-methyl-2-
oxobutanoate (2a) as model substrate (Table 1). At room
temperature, the reaction of 1 with 2a afforded the azomethyl
alcohol 3a at a reasonable rate (85% conversion after 2 h in
toluene (entry 1). Cooling to —15 °C strongly decelerated the
uncatalyzed reaction (entry 2), while a significant acceleration
by the Schreiner’s thiourea I (10 mol%) was observed at this

Table 1. Screening of organocatalysts in the model reaction.’

tBlu
Bu o _N
N/NH Cat. (10 mol%) N
+ EE— HO
)J\ COzEt Toluene
H” H 2a CO,Et
1
3a
S
Al )J\ AF
H H

Arf = 3,5-(CF3),CeH3

Entry Cat. T(°C) t(h) Conv.(%)° ee (%)

1 none rt 2 85 -

2 none -15 48 30 -

3 1 -15 48 >95 -

4 ] -15 48 66 40 (S)
5 m -15 48 >95 72 (R)
6 v -15 48 >95 10 (R)
7 Vv -15 48 85 14 (R)
8 Vi -15 48 87 16 (S)
9 Vil -15 67 41 60 (R)
10 Vi -15 43 >95 22 (S)

?Reactions performed employing 2a (0.3 mmol), 1 (0.6 mmol) in toluene [1M].
°Determined by 'H-NMR. “Determined by chiral GC. 9In parentheses, absolute
configuration of the major enantiomer.
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temperature (>95% conversion, 48 h, entry 3). Therefore, we
explored the behavior of diverse bifunctional H-bonding
organocatalysts under these reaction conditions (entries 4-
10).J As observed for aryl-substituted a-keto esters, (R)-
BINAM-derived bis-urea Ill proved to be a superior catalyst
than its bis-thiourea analogue Il (entry 5 vs 4), affording (R)-3a
in full conversion and 72% ee. The divergent stereochemical
outcome observed for these two catalysts is in agreement with
different activation modes operating in each case and the
major (R) absolute configuration provided by bis-urea Il is
consistent with the dual activation mode proposed for the
aromatic substrates (see model in Scheme 1). Bifunctional 3,5-
bis(trifluoromethyl)phenyl-substituted thioureas bearing cis-1-
amino-2-indanol (IV), trans-1,2-diaminocyclohexane (V) and
tert-leucine (VI) chiral fragments afforded acceptable
activation levels, albeit with low enantioselections (entries 6-
8). The Jacobsen-type catalyst VIl showed a higher selectivity
(60% ee) but lower activity (41% conversion, 67 h, entry 9),
probably due to its reduced acidity associated with the lack of
electron-poor aryl groups.12 Finally, multifunctional p-glucose-
derived thiourea VIII was tested and the results revealed a
slightly superior catalytic activity, reaching full conversion in a
cleaner reaction, albeit in a low enantioselectivity (entry 10).
The performance exhibited by catalyst VIII suggests that the
carbohydrate unit might serve as a bulky-electron-withdrawing
group,13 increasing the acidity of thiourea and affording
additional interactions with mono-alkyl hydrazone 1 via NH—
0O=C bonding (similar to that proposed in the BINAM-bis-urea)
to the ester carbonyl groups. Considering this hypothesis, and
the enormous modulation possibilities of carbohydrates as
chiral scaffolds we decided to synthesize and evaluate a
small library of per-acylated hexosamine-derived
organocatalysts placing a (thio)urea group at the C2 position
(Figure 2). To the best of our knowledge, (thio)ureas with this
alternative design have not been evaluated in asymmetric

4
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Figure 2. Hexosamine-derived (thio)ureas design.

organocatalysis.15 These compounds were synthesized in good
overall yields according to the general strategy depicted in
Scheme 2. First, commercially available hexosamine
hydrochlorides [p-glucosamine (6a) and p-galactosamine (6b)]
efficiently converted into 1,3,4,6-tetra-O-acyl-pB-b-
glycosamine hydrochlorides 8-10 following a three step
procedure: a) amine protection employing p-anisaldehyde; b)
standard esterifications; and c) of p-
methoxybenzylidene group with HCl in acetone. Subsequently,
the in situ generated free glycosamines were reacted with 3,5-
bis-(trifluoromethyl)phenyl isocyanate or thiocyanate, to
afford the corresponding urea IX and thioureas X-XIll in good
overall yields (71-95%).

Next, the new set of saccharide-based organocatalysts were
tested in the model reaction (Table 2). To our delight, b-per-
acetylated glucosamine-derived organocatalysts IX and X were
more selective than VIII (entries 1-3), being thiourea X more
active than urea IX, and affording (S)-3a in full conversion and
a higher enantioselectivity (58% ee, entry 3). It is convenient to
remark that, in contrast with catalysts II/lll, good H-bond
acceptor functionalities (the carbonyl groups) are available in
both cases, so that the better performance of X can be
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Scheme 2. Synthesis of hexosamine-based (thio)ureas. a) p-anisaldehyde, aq. NaOH; b) O-Acylations; c) ag. HC, acetone. *3-step (6—8) yields. d) Ar'NCX, EtsN, CH,Cl,.
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Table 2. Screening of saccharide-based organocatalysts.’

Table 3. Organocatalytic additions of 1 to alkyl-substituted a-keto esters 2.”

Bu
Bu o) N
LU W)J\ Cat. (10 mol%) T
CO,et ————  HQ_ |
)J\ Solvent, -15 °C
H H 2a 43 h CO,Et
! (S)-3a
Entry Cat. Solvent Conv. (%) ee (%)
1 Vil Toluene >95 22
2 IX Toluene 65 42
3 X Toluene >95 58
4 Xi Toluene >95 8
5 X Toluene 85 24
6 X Toluene 78 rac
7 X Trifluorotoluene 86 58
8 X TBME 30 34
9 X n-Hexane 70 48
10 X CH,Cl, 60 54

?Reactions performed employing 2a (0.3 mmol) and 1 (0.6 mmol). ®Determined
by "H-NMR. “Determined by chiral GC.

explained by the higher acidity of the thiourea moiety.
Notably, D-galactosamine derivative Xl induced the lower
selectivity within the series (entry 4). The stereoelectronic
influence by different acyl groups was analyzed employing
catalyst XIl (per-benzoylated) and XllI (per-pivaloylated).
Acceptable levels of activation, albeit low enantioselectivies,
were observed in both cases (entries 5 and 6). Finally, poorer
conversions and/or enantioselectivities were observed in
solvents such as trifluorotoluene (entry 8), tert-butyl methyl
ether (TBME, entry 8), n-hexane (entry 9) or CH,Cl, (entry 10).
Thus, the model reaction revealed BINAM bis-urea Ill and D-
glucosamine derivative X as the most selective and active
organocatalysts, respectively. Consequently, the scope of the
reaction with a range of alkyl-substituted a-keto esters was
then explored employing both organocatalysts. The collected
data (Table 3) indicates that the expected products (R)-3 were
obtained with acceptable yields (60-88%) when catalyst lll was
used, although the enantioselectivities were highly dependent
on the alkyl substituents (entries 1, 3, 5, 7, 9 and 11), dropping
for those a-keto esters bearing linear alkyl chains [3a, R = pr
(72% ee); 3b, R = Me (49% ee); 3¢, R = "Pr (16% ee); 3d, R =
"Hex (16% ee); 3e,R = Bn (50% ee); 3f, R = CH,CH,Ph (14%
ee)]. On the other hand, faster and cleaner reactions
catalyzed by X afforded products (S)-3 in good to excellent
yields (75-98%) and moderate enantioselectivities (50-64% ee),
without significant variations depending on the alkyl chain
structures (entries 2, 4, 6, 8, 10 and 12). Substrate 2e carrying
a benzyl substituent reacted much faster, reaching completion
in shorter times (24 h), even at —45 °C. In this case, both
organocatalysts provided similar ee's (above 50% ee, entries 9
and 10). As limitation, a poorer reactivity was observed for
tBu-substituted a-keto ester 2g (entries 13 and 14). Even at O
°C for prolonged reaction times, (S)-3g was obtained with 20%
yield and 64% ee in presence of catalyst X.

4 | J. Name., 2012, 00, 1-3

Bu Bu Bu
1 o I |
N R Cat. (10 mol%) N N
+ or
)J\ R COzEt  Toluene HO \\\| HEZ
H H 2 -15c X -
1 R” COEt R CO,Et
(S)-3 (R)-3

Entry 2 R Cat. 3 Yield (%)° ee (%)
1 2a Pr m (R)-3a 74 °72
2 2a Pr X (S)-3a 98 58°
3 2b Me m (R)-3b 75 49°
4 2b Me X (5)-3b 85 62°
5 2 n-Pr m (R)-3¢ 62 16"
6 2 n-Pr X (5)-3¢ 85 45°
7 2d n-CeHys NI (R)-3d 60 16°
8 2d n-CeHis X (5)-3d 90 63°
9of 2e Bn m (R)-3e 80 50°
10 2e Bn X (S)-3e 88 56°
11 2f Ph(CH,), 1l (R)-3f 88 14°
12 2f Ph(CH), X (S)-3f 86 64°
13¢ 2g ‘Bu m (R)-3g 14 42°
148 2g ‘Bu X (5)-3g 20 64°

?Reactions performed employing 2 (0.6 mmol), 1 (1.2 mmol) for 48 h (Ill) or 43 h
(X). ®Isolated yield. “Determined by chiral GC. Determined by chiral HPLC.
°Determined by chiral HPLC of its corresponding azoxymethyl alcohol 4. ‘Reaction
performed at —45 °C for 24 h. ®Reaction performed at 0 °C for 72 h.

The versatility of the N-tert-butyldiazenylmethylene group is in
good part attributed to its equivalence with the formyl group.
Thus, representative azomethyl alcohols 3c,e
transformed into aldehydes 12c,e via a tautomerization—
hydrolysis sequence accomplished by simple treatment with
HCl in a biphasic H,0/Et,0 medium (Scheme 3). Crude
aldehydes 12 did not resist chromatographic purifications but
were isolated with a high degree of purity (>90%, estimated by
1H-NMR). These intermediates were treated with Bu,NBH, to
yield diols 13c,e in satisfactory overall yields. The absolute (S)
configuration of adducts 3c,e (stereochemistry induced by X)
was determined by chemical correlation of diols 13c,e.16 The
absolute configuration of other adducts 3 and derivatives
thereof was assigned by analogy assuming a uniform reaction
pathway [(S) induced by X and (R) induced by Ill].

were
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: H
N
,\I/ "One-pot" HO \\
\ X
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1

Scheme 3. Synthesis of optically active diols (S)-13.
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Synthesis of azoxymethyl alcohols 4

The azoxy-containing natural products17 constitute a small but
growing family of compounds with varied biological activities,
the common structural feature of which is the presence of an
azoxy group (N=N—0). Compounds in this family include the
antitumour agent valanimycin, the carcinogen elaiomycin, the
antifungal agents maniwamycin A and azoxybacilin, and the
nematocidal compounds jietacins A and B, among others
(Figure 3). The increasing interest in this class of bioactive
compounds, however, contrasts with the lack of available
reactions for the direct introduction of azoxy groups. In this
context, oxidation of diazenes is a reasonably straightforward
methodology, although the control of regioselectivity usually
appears as an issue to overcome.™® Previous studies performed
Iaboratories,loc‘d however, revealed that the N-
oxidationtakes place selectively at the most hindered tert-
butyl substituted nitrogen atom similar derivatives.
Therefore, we decided to explore the use of different oxidizing

in our
in
reagents for the regioselective N-oxidation of compounds 3

leading to azoxy compunds 4 (Table 4). Azomethyl alcohol 3a
toluene/CH,Cl, mixture (full conversion in 4 hours) or

Table 4. One-pot synthesis of azoxymethyl alcohols 4.”

o) OMe ?
)}
N__= CO,H
X N\\NLrOH SN 2
Elaiomicyn Azoxybacilin
(o}
_N
W N//N j)J\ W/\ I;l - Y\OH
) O CoH

Maniwamycin A Valanimycin hydrate

Cycasin
Figure 3. Bioactive molecules containing an azoxy moiety.
magnesium monoperoxyphthalate (MMPP) in a
toluene/MeOH mixture (full conversion in 1 hour). It was
found out that elimination of toluene after the addition step

facilitates the isolation of product 4a in excellent yield (98%

By tBlu tBIU
|
_N //N ~
N o Cat. N~ MMPP N~ 0
+ _— —_—
Py R™NCoEt  Tolene  HQ MeOH ~  HO
H™ ~H T >
1 2 R” “COOEt R” “COOEt
3 4
FB'U
_N
N~ ™o
COOEt
(S)-4e
tBlu
N¢N‘o
COOEt
F
(R)-4k
Entry 2 Cat. T(°C) t (h)° 4 Yield (%)° ee (%)°

1 2a X -15 43 (S)-4a 98 57
2 2b X -15 43 (5)-4b 77 61
3 2 X -15 43 (S)-4c 78 49
4 2d X -15 43 (S)-4d 84 63
5 2e X -45 24 (S)-ae 88 58
6 2f X -15 43 (S)-af 77 64
7° 2 n -30 48 (R)-ah 80 89
8 2h n -45 7 (R)-a4i 20 88
9 2i n -45 9 (R)-4j 83 86
10 2j n -45 6 (R)-ak 82 90
11 2k n -30 72 (R)-4l 79 85

?Reactions performed employing 2 (0.6 mmol), 1 (1.2 mmol) and Cat. (10 mol%) at the temperature and for the time indicated. ®Reaction time of the first step.

‘Isolated yield. YDetermined by chiral HPLC.

This journal is © The Royal Society of Chemistry 20xx
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overall, 2-steps), with total
Performing the addition with catalyst X in
toluene at —15/-45 °C, followed by the optimized oxidation
protocol, alkyl-substituted azoxymethyl alcohols (S)-4a-f were
synthesized in good overall yields (77-98% over 2-steps) and

moderate enantioselectivities (50-64% ee), consistent with

regioselectivity and without
racemization.

those measured in their parent azomethyl alcohols 3 (entries
1-6). In the aromatic series, (R)-BINAM bis-urea lll was used at
lower temperatures (—30/—45 °C) for the first step to yield aryl-
/heteroaryl-substituted azoxymethyl alcohols (R)-4g-k with
several substitution patterns (entries 7-11) in high yields (79-
90%) and enantioselectivities (85-90% ee).

Synthesis of a-hydroxy-B-amino esters 5

Azomethyl alcohols 3 proved to be also suitable precursors for
quaternary a-hydroxy-B-amino acids (isoserines). The required
transformation of the N-tert-butyldiazenylmethylene group of
3 into the aminomethyl group in 5 was accomplished via a
one-pot  tautomerization/hydrolysis/reductive amination
sequence, as depicted in Scheme 4. Treatment of
enantiomerically enriched diazene (S)-3a, with HCI
biphasic H,O/Et,0 medium, followed by simple L-L extractions
afforded crude a-hydroxy aldehyde (S)-12a with a high degree
of purity. Subsequent reductive amination using p-anisidine
(PMPNH,) and sodium cyanoborohydride (NaCNBH;) in

in a

Bu NHPMP
N,NH . i "One pot" HO,"
H )k H R CO,Et R CO,Et
1 2 5

Cat. l Toluene, T PMPNH,, NaCNBH;

Bu By
//N \NH Q
N / Ho, |
HCI (aq)/Et,O N 2
/2 HO, p R” CO,Et
R CO,Et R CO,Et 12

“ (R

(R)-5k

Scheme 4. Synthesis of a-hydroxy-B-amino esters 5.
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Table 5. Synthesis of a-hydroxy-B-amino esters 5.°

Entry 2 cat. T(C) t(h)® 5 Yield (%)° ee (%)’
1 2a X -15 43 (S)-5a 49 61
2 2c X -15 43 (S)-5¢ 40 55
3 2d X -15 43 (S)-5d 50 61
4 2e X -45 24 (S)-5e 45 51
5 2f X -15 43 (S)-5f 41 62
6 2h 1] -30 48  (R)-5h 51 90
7 2i 1 -45 7 (R)-5i 46 90
8 2f m -45 9 (R)-5j 46 84
9 2k 1] -45 6 (R)-5k 44 93
10 2| 1 -30 72 (R)-51 41 84

?Reactions performed employing 2 (0.6 mmol), 1 (1.2 mmol) and Cat. (10 mol%)
at the temperature and for the time indicated. PReaction time of the first step.
‘Isolated yield. “Determined by chiral HPLC.

CHZCI2,¢ afforded (S)-5a in a satisfactory overall yield (49%, 4
steps) and enantioselectivity consistent with the azomethyl
alcohol precursor (S)-3a (entry 1, Table 5).

Employing organocatalysts X or Il for the asymmetric
functionalization of alkyl- or aryl-substituted o-keto esters
followed by the above discussed protocol in a pseudo one pot
fashion, gave the targeted a-hydroxy-B-amino esters 5 in
satisfactory overall yields (41-51%) and moderate to good
enantiomeric excesses (Table 5).

Conclusions

In summary, readily available per-acetylated (-D-glucosamine
thiourea X appears as a competent organocatalyst for the
asymmetric nucleophilic addition of formaldehyde tert-butyl
hydrazone 1 to a-keto esters 2. Compared to previously
established BINAM bis-urea Il catalysts, these new family of
bifunctional thioureas shows a fair catalytic activity and a
complementary scope, enabling the obtention of aliphatic
tertiary azomethyl alcohols 3 with high yields and moderate
enantioselectivities. Both aromatic- and aliphatic-substituted
products 3 have been employed as key precursors for the
synthesis of biologically relevant azoxy compounds 4 and a-
hydroxy-f-amino esters 5.

Experimental

Spectra were recorded at [1H NMR (300, 400 or 500 MHz); 3¢ NMR
(75, 100 or 125 MHz); *°F NMR (470.6 MHz)] with the solvent peak
used as the internal reference (7.26 and 77.0 ppm for 'H and ¢
respectively). Column chromatography was performed on silica gel
(Merck Kieselgel 60). Analytical TLC was performed on aluminium
backed plates (1.5 x 5 c¢cm) pre-coated (0.25 mm) with silica gel
(Merck, Silica Gel 60 F254). Compounds were visualized by
exposure to UV light or by dipping the plates in solutions of KMnOy,
vainilline or phosphomolibdic acid stains followed by heating.
Melting points were recorded in a metal block and are uncorrected.
Unless otherwise noted, analytical grade solvents and commercially
available reagents used without further purification.
Formaldehyde tert-butyl hydrazone 1,%° organocatalysts 1-Iv*! and

were
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. . 22 .
not commercially available o-keto esters 2™ were synthesized
according to literature procedures.

Synthesis of saccharide-based organocatalysts

VIII: 3,5-Bis(trifluoromethyl)phenyl isothiocyanate (151 ulL, 0.8
mmol) was added to a solution of 2,3,4,6-tetra-O-acetyl-B-D-
glucopyranosylamine23 (256 mg, 0.7 mmol) in CH,Cl, (10 mL). The
reaction mixture was stirred for 20 h at rt and the solvent was
removed in vacuo. Flash chromatography (Et,0/n-hexane/CH,Cl,
5:1:1) afforded VIII (243 mg, 56%) as a white solid. M.P. = 68-70 °C.
'H NMR (500 MHz, CDCls) & 8.62 (s, 1H), 7.94 (s, 2H), 7.61 (s, 1H),
7.03 (d, J = 10.0 Hz, 1H), 5.73 (t, J = 5.0 Hz, 1H), 5.38 (t, J = 10.0 Hz,
1H), 5.21 (t, J = 10.0 Hz, 1H), 5.09 (t, J = 10.0 Hz, 1H), 4.71 (dd, J =
10.0, 5.0 Hz, 1H), 3.99 (d, J = 10.0 Hz, 1H), 3.93-3.89 (m, 1H), 2.09 (s,
3H), 2.06 (s, 6H), 2.03 (s, 3H). *C NMR (125 MHz, CDCl5) & 182.4,
172.3,171.1,170.2, 169.5, 139.1, 131.6 (q, / = 34.0 Hz), 124.3 (q, J =
262.0 Hz), 124.2, 119.0 (t, J = 2.5 Hz), 82.8, 75.5, 73.7, 70.9, 68.7,
62.5, 21.1, 20.7, 20.6, 20.5. HRMS: m/z calculated for
[Cy3H,4aFsN,04SNa]™: 641.0999; found: 641.1002. [a]p™® = +22.6 (c
1.0, CHCl3).

General procedure for the synthesis of hexosamine-derived amine
hydrochlorides 8-10

p-Anisaldehyde (2.8 mL, 36.6 mmol) was added to a solution of D-
hexosamine hydrochloride 6a,b (5 g, 23.2 mmol) in NaOH aq. (1M,
25 mL) at 0 °C. The mixture was stirred for ~3 h until a crystalline
solid was formed, which was then filtered and washed with cold
H,0 (2x50 mL), EtOH (50 mL) and Et,0 (50 mL). The crude imine
intermediates were directly subjected to O-acylation reactions to
afford per-O-acylated imines 7. O-acetylation: Acetic anhydride
(16.8 mL, 118 mmol) was added to a solution of the crude imine
(5.9 g, 19.8 mmol) in pyridine (17.6 mL, 218 mmol) at 0 °C. The
reaction mixture was allowed to reach rt and stirred for ~24 h. An
ice-H,0 (50 mL) mixture was added and the resulting solid was
filtered, washed with cold H,0O (2 x 30 mL) and recrystallized from
EtOH. O-benzoylation: Et;N (30.4 mL, 217.8 mmol) and benzoyl
chloride (20.7 mL, 178.2 mmol) were added to a solution of the
crude imine (5.9 g, 19.8 mmol) in CH,Cl, (150 mL) at 0 °C. The
reaction mixture was allowed to warm to rt, stirred for ~24 h,
washed with NaHCO; (4 x 30 mL) and concentrated to dryness. O-
pivaloylation: Et;N (30.4 mL, 217.8 mmol) and pivaloyl chloride
(26.8 mL, 218 mmol) were added to a solution of the crude imine
(5.9 g, 19.8 mmol) in CH,Cl, (150 mL) at 60 °C. The reaction mixture
was stirred for ~24 h, washed with NaHCO; (4 x 30 mL) and
concentrated to dryness.

Imine hydrolysis: HCI (5M, 5 mL) was added to a solution of per-
acylated imine 7 (17.8 mmol) in acetone (40 mL) at 0 °C. The
reaction was stirred for 2 h, concentrated to dryness and the
resulting residue was washed with cold Et,0 (2x50 mL) to afford O-
acyl amine hydrochlorides 8-10.

8a: White solid (6.4 g, 72%). Characterization data is in agreement
with a literature report.24

8b: White solid (5.7 g, 64%). Characterization data is in agreement
with a literature report.25
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9a: White solid (8.9 g, 61%), M.P. = 202-204 °C. 'H NMR (500 MHz,
CD;0D) & 8.18 (dd, J = 8.1, 1.0 Hz, 2H), 7.98 (td, J = 8.3, 1.4 Hz, 4H),
7.85 (dd, J = 7.9, 1.0 Hz, 2H), 7.71 (t, J = 10.0 Hz, 1H), 7.60-7.52 (m,
6H), 7.42 (td, J = 8.0, 2.1 Hz, 4H), 7.36 (t, J = 8.2 Hz, 2H), 6.38 (d, J =
10.0 Hz, 1H) 5.93 (t, J = 10.0 Hz, 1H), 5.80 (t, J = 10.0 Hz, 1H), 4.65-
4.64 (m, 1H), 4.49-4.40 (m, 2H), 4.17 (dd, J = 10.2, 8.9 Hz, 1H). °C
NMR (125 MHz, CDCl;) & 167.6, 167.4, 166.7, 165.7, 135.5, 135.0,
134.9, 134.5, 131.4, 131.0, 130.7, 129.9, 129.6, 129.6, 129.5, 92.8,
74.2, 73.2, 70.4, 63.6, 54.8. HRMS: m/z calculated for
[C34H3oNOGCI]": 596.6100; found: 596.6110.

10a: White solid (6.9 g, 54%), M.P. = 205-207 °C. *H NMR (500 MHz,
CD;0D) 6 5.93 (d, J = 10.0 Hz, 1H), 5.45 (t, J = 10.0 Hz, 1H), 5.18 (t, J
= 10.0 Hz, 1H), 4.14 (d, J = 5.0 Hz, 2H), 4.08-4.04 (m, 1H), 3.69 (t, J =
5.0 Hz, 1H), 1.27 (s, 9H), 1.22 (s, 9H), 1.19 (s, 9H), 1.18 (s, 9H). °C
NMR (125 MHz, CD;0D) & 179.3, 178.8, 177.9, 177.4, 92.0, 74.0,
72.7, 69.3, 62.5, 54.4, 40.1, 40.0, 39.9, 39.8, 27.5, 27.4, 27.2. HRMS:
m/z calculated for [CogHagNOGCI]": 516.6525; found: 516.6529.

General procedure for the synthesis of hexosamine-derived
(thio)ureas IX-XIlI

EtsN (0.7 mL, 5.3 mmol) and 3,5-bis(trifluoromethyl)phenyl
isocyanate or isothiocyanate (2.4 mmol) were sequentially added to
a solution of amine hydrochloride 8-10 (2.2 mmol) in CH,Cl, (10 mL)
at room temperature. Reaction mixture was stirred for 24 h. Solvent
was removed in vacuo and the obtained solid was purified by flash
chromatography (Et,0/n-hexane/CH,Cl, 5:1:1) to afford the desired
(thio)urea.

IX: White solid (981 mg, 74%), M.P. = 194-196 °C. '"H NMR (400
MHz, CDCl5) & 7.82 (s, 2H), 7.50 (s, 2H), 5.87 (d, J = 8.6 Hz, 1H), 5.42
(d, J = 8.6 Hz, 1H), 5.31 (t, J = 9.8 Hz, 1H), 5.16 (t, J = 9.8 Hz, 1H),
4.30 (dd, J = 12.5, 4.0 Hz, 1H), 4.19-4.15 (m, 2H), 3.97-3.93 (m, 1H),
2.15 (s, 3H), 2.10 (s, 3H), 2.08 (s, 3H), 2.06 (s, 3H). *C NMR (100
MHz, CDCl;) 6 171.8, 170.8, 169.8, 169.4, 153.9, 140.1, 132.2 (q, J =
33.1 Hz), 120.9 (q, J = 271.2 Hz), 118.6, 116.3, 92.8, 72.7, 72.6, 68.0,
61.7, 54.2, 20.9, 20.7, 20.6, 20.5. HRMS: m/z calculated for
[Cy3H4FeN,050Na]": 625.4310; found: 625.4320. [a]p™° = +9.2 (¢ 1.0,
CHCly).

X: White solid (1.1 g, 84%), M.P. = 64-66 °C. 'H NMR (500 MHz,
CDCl;) 6 8.40 (s, 1H), 7.91 (s, 2H), 7.69 (s, 1H), 6.32 (br s, 1H), 5.81
(d, J = 8.5 Hz, 1H), 5.26-5.22 (m, 2H), 5.12 (br s, 1H), 4.28 (dd, J =
12.5, 4.5 Hz, 1H), 4.16 (dd, J = 12.5, 2.5 Hz, 1H), 3.89-3.86 (m, 1H),
2.15 (s, 3H), 2.10 (s, 3H), 2.07 (s, 3H), 2.04 (s, 3H). *C NMR (125
MHz, CDCl;) 6 182.1, 171.8, 170.8, 169.7, 169.4, 139.2, 132.5 (q, J =
33.3 Hz), 124.1 (q, J = 271.3 Hz), 122.9, 119.4, 92.9, 72.9, 72.8, 67.8,
61.7, 57.7, 20.9, 20.7, 20.7, 20.5. HRMS: m/z calculated for
[Cy3H,4FsN,04SNal": 641.1004; found: 641.1015. [ap> = -1.6 (c 1.0,
CHCly).

XI: White solid (966 mg, 71%), M.P. = 68-70 °C. "H NMR (500 MHz,
CDCl3) & 8.34 (s, 1H), 7.91 (s, 2H), 7.68 (s, 1H), 6.52 (br s, 1H), 5.83
(d, J = 8.1 Hz, 1H), 5.42 (s, 1H), 5.22 (d, J = 9.0 Hz, 1H), 5.08 (br s,
1H), 4.20-4.15 (m, 3H), 2.21 (s, 3H), 2.16 (s, 3H), 2.05 (s, 3H), 2.03 (s,
3H). *C NMR (125 MHz, CDCl5) 6 182.5, 171.4, 170.9, 170.6, 169.9,
139.2, 132.7 (q, J = 34.0 Hz), 124.1 (q, J = 244.0 Hz), 123.9, 119.5,
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93,5, 72.2, 71.0, 66.6, 61.6, 55.0, 21.1, 20.9, 20.8, 20.8. HRMS: m/z
calculated for [C,3H,4FeN,09SNa]™: 641.0999; found: 641.0989.
[a]o?® = +19.8 (c 1.0, CHCl3).

XlI: White solid (1.6 g, 84%), M.P. = 75-77 °C. 'H NMR (400 MHz,
CDCl) 6 8.17 (d, J = 8.0 Hz, 2H), 8.09 (br s, 1H), 8.01 (d, J = 8.0 Hz,
2H), 7.91 (d, J = 8.0 Hz, 2H), 7.84 (d, J = 8.0 Hz, 2H), 7.58-7.50 (m,
6H), 7.43-7.32 (m, 8H), 7.22-7.10 (m, 1H), 6.89 (d, J = 7.1 Hz, 1H),
6.35 (d, J = 8.0 Hz, 1H), 5.87-5.78 (m, 2H), 5.67 (brs, 1H), 4.71 (d, J =
8.0 Hz, 1H), 4.60-4.40 (m, 2H). 3C NMR (100 MHz, CDCl;) & 182.3,
167.9, 166.4, 165.6, 165.5, 139.2, 134.3, 133.8, 133.4, 132.3 (q, / =
26.7 Hz), 130.7, 130.2, 130.0, 129.8, 129.6, 128.8, 128.8, 128.6,
128.6, 128.3, 124.7, 123.0 (q, J = 272.1 Hz), 119.2, 93.9, 73.8, 73.3,
69.7, 63.1, 58.1. HRMS: m/z calculated for [C,3H3,FgN,0oSNa]’:
889.1625; found: 889.1611. [a]p>° = —28.5 (c 0.5, CHCl3).

XIll: White solid (1.6 g, 95%), M.P. = 80-82 °C. '*H NMR (300 MHz,
CDCly) 6 8.27 (br's, 1H), 7.79 (s, 2H), 7.72 (s, 1H), 6.4 (br s, 1H), 5.73
(d, J = 8.4 Hz, 1H), 5.27 (d, J = 9.1 Hz, 2H), 4.17 (d, J = 3.0 Hz, 2H),
3.89-3.86 (m, 1H), 2.04 (s, 1H), 1.22 (s, 9H), 1.22 (s, 9H), 1.17 (s, 9H),
1.15 (s, 9H). *C NMR (75 MHz, CDCl5) & 182.1, 180.1, 178.3, 176.5,
139.1, 133.3 (g, J = 33.0 Hz), 124.9, 122.8 (g, J = 271.0 Hz), 120.0,
93.2, 73.5, 72.7, 67.4, 61.8, 57.3, 39.3, 39.1, 39.1, 39.0, 27.3, 27.2,
27.2, 27.0. HRMS: m/z calculated for [CssHagFsN,0gSNa]™: 809.2877;
found: 809.2866. [a]p™° = +13.6 (c 1.0, CHCI5).

General procedure for the catalytic enantioselective reactions of
tert-butyl hydrazone 1 with a-keto esters 2.

Formaldehyde tert-butyl hydrazone 1 (134 pL, 1.2 mmol) was added
to a solution of a-keto ester 2 (0.6 mmol) and catalyst X or 11l (0.06
mmol) in toluene (0.6 mL) at the specified temperature (Tables 3-5).
The mixture was stirred for the time specified (TLC monitoring).
Solvent removed in Flash  chromatography
(Toluene/EtOAc) afforded the corresponding azomethyl alcohols 3.

was vacuo.

Ethyl (S,E)-2-[(tert-butyldiazenyl)methyl]-2-hydroxy-3-methyl
butanoate [(S)-3a]: Yelow oil (144 mg, 98%); 'H NMR (400 MHz,
CDCl3) 6 4.23 (q, J = 6.8 Hz, 2H), 4.11 (d, J = 12.8 Hz, 1H), 3.85 (d, J =
12.8 Hz, 1H), 3.29 (s, 1H), 2.18-2.11 (m 1H), 1.28 (t, J = 6.8 Hz, 3H),
1.15 (s, 9 H), 1.02 (d, J = 6.8 Hz, 3H,), 0.91 (d, J = 6.8 Hz, 3H). **C
NMR (100 MHz, CDCl;) 6 175.2, 78.8, 73.7, 67.7, 61.7, 34.0, 26.6,
17.0, 16.1, 14.1. HRMS: m/z calculated for [C1,H,4N;05]": 244.3314;
found: 244.3318. The enantiomeric excess was determined by GC
[Chrompack CP7500, cyclodextrin-B, 225 m x 0.25 mm x 0.25 um,
He as mobile phase, Tmajor = 14.3 MiN, Tyinor = 13.8 min, (58% ee)];
[l = +17.8 (c 0.8, CH,Cl,).

Ethyl (R,E)-2-[(tert-butyldiazenyl)methyl]-2-hydroxy-3-methyl
butanoate [(R)-3a]: Yelow oil (109 mg, 74%). [(X]DZO =+21.1 (c 1.0,
CHzclz, 72% ee).

Ethyl (S,E)-3-(tert-butyldiazenyl)-2-hydroxy-2-methylpropanoate
[(S)-3b]: Yelow oil (110 mg, 85%); 'H NMR (400 MHz, CDCl;) & 4.25-
4.19 (m, 2H), 4.17 (d, J = 13.2 Hz, 1H), 3.83 (d, J = 13.2 Hz, 1H), 3.46
(s, 1H), 1.52 (s, 3 H), 1.28 (t, J = 7.2 Hz, 3H), 1.17 (s, 9 H). **C NMR
(100 MHz, CDCl3) 6 175.3, 77.1, 75.2, 73.8, 61.7, 26.6, 23.9, 14.1.
HRMS: m/z calculated for [CioH,oN,05]": 216.1474; found:
216.1468. The enantiomeric excess was determined by GC
[Chrompack CP7500, cyclodextrin-f3, 225 m x 0.25 mm x 0.25 pm,
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He as mobile phase, Tmajor = 17.3 Min, Trinor = 17.1 min, (62% ee)];
[a]p™® = 5.8 (¢ 1.0, CH,Cly).

Ethyl (S,E)-2-[(tert-butyldiazenyl)methyl]-2-hydroxypentanoate [(S)-
3c]: Yelow oil (124 mg, 85%); "H NMR (300 MHz, CDCl5) & 4.25-4.15
(m, 2H), 4.10 (d, J = 13.0 Hz, 1H), 3.78 (d, J = 13.0 Hz, 1H), 3.39 (s,
1H), 1.84-1.46 (m, 4H), 1.25 (t, J = 7.0 Hz, 3H), 1.13 (s, 9H), 0.90 (t, J
= 7.0 Hz, 3H). *C NMR (125 MHz, CDCl5) 6 175.0, 76.6, 75.0, 67.7,
61.6, 39.4, 26.7, 16.4, 14.2, 14.1. HRMS: m/z calculated for
[C12H25N,05]": 245.1860; found: 245.1862. The enantiomeric excess
was determined by HPLC using a Chiralpak AD-H column [hexane/i-
PrOH (98:2)]; flow rate 1 mL/min; Tmajor = 6.7 MIN, Trinor = 5.6 Min
(45% ee); [a]p® = +23.0 (c 0.6, CHCI5).

Ethyl (S,E)-2-[(tert-butyldiazenyl)methyl]-2-hydroxyoctanoate [(S)-
3d]: Yelow oil (155 mg, 90%); "H NMR (400 MHz, CDCl3) & 4.23 (q, J
=7.2 Hz, 2H), 4.13 (d, J = 13.2 Hz, 1H), 3.80 (d, J = 13.2 Hz, 1H), 3.39
(s, 1H), 1.86-1.71 (m, 2H), 1.56-1.49 (m, 2H), 1.30-1.26 (m, 6H), 1.28
(t,J = 6.8 Hz, 3H), 1.16 (s, 9H), 0.87 (t, J = 6.4 Hz, 3H). *C NMR (100
MHz, CDCl3) 6 175.3, 77.4, 75.3, 68.0, 61.9, 37.4, 31.8, 29.5, 26.9,
23.1, 22.7, 14.4, 14.2. HRMS: m/z calculated for [C;sH3oN,03Na]*:
309.2149; found: 309.2142. The enantiomeric
determined by HPLC of its corresponding azoxymethyl alcohol (S)-
ad; [a]p2° = +5.9 (c 1.0, CHCls, 63% ee).

excess was

Ethyl (S,E)-2-benzyl-3-(tert-butyldiazenyl)-2-hydroxypropanoate
[(S)-3e]: Yellow oil (154 mg, 88%): "H NMR (300 MHz, CDCl;) & 7.23-
7.13 (m, 5H), 4.21 (d, J = 13.2 Hz, 1H), 4.10 (qd, J = 7.1, 2.9 Hz, 2H),
3.77 (d, J = 13.2 Hz, 1H), 3.09 (d, J = 13.5 Hz, 1H), 3.01 (d, J = 13.5
Hz, 1H), 1.18 (t, J = 7.1 Hz, 3H), 1.09 (s, 9H). *C NMR (75 MHz,
CDCl3) 6 174.2, 135.2, 130.4, 128.1, 127.0, 77.1, 74.6, 68.0, 61.9,
43.4, 26.8, 14.2. HRMS: m/z calculated for [CisH,503N,]": 293.1860;
found: 293.1851. The enantiomeric excess was determined by HPLC
using a Chiralpak OJ-H column [hexane:iPrOH (98:2)]; flow rate 1
mL/min; 30 °C, Trajor = 6.5 MIN, Trinor = 7.2 Min (56% ee); [alp” =
-4.83 (c 0.4, CHCl3).

Ethyl (S,E)-2-[(tert-butyldiazenyl)methyl]-2-hydroxy-4-phenyl
butanoate [(S)-3f]: Yelow oil (158 mg, 86%); 'H NMR (400 MHz,
CDCl3) 6 7.28 (m, 3H), 7.19 (d, J = 7.2 Hz, 2H), 4.23 (q, J = 7.2 Hz,
2H), 4.17 (d, J = 13.2 Hz, 1H), 4.01 (br s, 1H), 3.80 (d, J = 13.2 Hz,
1H), 2.94-2.85 (m, 1H), 2.62-2.51 (m, 1H), 2.22-2.08 (m, 2H), 1.29 (t,
J = 7.2 Hz, 3H), 1.17 (s, 9H). *C NMR (100 MHz, CDCl;) & 175.0,
141.4, 128.6, 128.4, 76.4, 75.1, 68.0, 61.9, 39.0, 29.5, 26.8, 14.3.
HRMS: m/z calculated for [Ci7H,eN,0sNal™: 329.1836; found:
329.1829. The enantiomeric excess was determined by HPLC of its
corresponding azoxymethyl alcohol (S)-4f; [oc][,20 = +4.7 (c 1.0,
CHCl3, 64% ee).

Ethyl (S,E)-2-[(tert-butyldiazenyl)methyl]-2-hydroxy-3,3-dimethyl
butanoate [(S)-3g]: Yelow oil (31 mg, 20%); 'H NMR (400 MHz,
CDCls) § 4.32 (d, J = 13.2 Hz, 1H), 4.31-4.22 (m, 2H), 3.77 (d, J = 13.1
Hz, 1H), 3.46 (s, 1H), 1.30 (t, J = 7.2 Hz, 3H), 1.14 (s, 9H), 1.06 (s, 9H).
3¢ NMR (100 MHz, CDCl5) 6 175.1, 81.0, 70.9, 67.8, 61.7, 37.2, 26.8,
25.7, 14.3. HRMS: m/z calculated for [CysHyN,05]": 259.2016;
found: 259.2010. The enantiomeric excess was determined by HPLC
of its corresponding azoxymethyl alcohol (S)-4g using a Chiralpak
AD-H column [hexane/i-PrOH (80:20)]; flow rate 1 mL/min; Trajor =
4.5 Min, Trinor = 4.1 min (64% ee); [alp™° = +2.9 (¢ 0.7, CHCL3).
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General procedure for the synthesis of azoxymethyl alcohols 4.

Following the general procedure for the catalytic enantioselective
reactions of hydrazone 1 (1.2 mmol) with a-keto esters 2 (0.6
mmol). After consumption of starting material, the solvent was
removed in vacuo and the residue was dissolved in MeOH (2 mL),
cooled to 0 °C, and MMPP (1.48 g, 5 equiv.) was added. The
reaction mixture was stirred until consumption of the azomethyl
alcohol 3 (tlc monitoring, 2-3 h.), diluted with H,0 (5 mL), extracted
with CH,Cl, (3 x 10 mL), dried over Na,SO, and concentrated in
vacuo. The resulting residue was purified by flash chromatography
(Toluene/EtOAc) to afford azoxymethyl alcohol 4.

[(S)-4a]: Yellow oil (154 mg, 98%). "H NMR (400 MHz, CDCl5) & 4.22-
4.20 (m, 2H), 3.63 (d, J = 17.0 Hz, 1H), 3.59 (d, J = 17.0 Hz, 1H), 3.36
(s, 1H), 2.10-2.07 (m, 1H), 1.49 (s, 9H), 1.24 (t, J = 6.8 Hz, 3H), 1.00
(d, J = 6.8 Hz, 3H), 0.88 (d, J = 6.8 Hz, 3H). *C NMR (100 MHz, CDCl5)
6 175.5, 78.6, 76.6, 61.7, 58.8, 33.8, 28.2, 17.2, 16.1, 14.3. HRMS:
m/z calculated for [C;,H,4N,04Na]™: 283.1628; found: 283.1623. The
enantiomeric excess was determined by HPLC using a Chiralpak AD-
H column [hexane/i-PrOH (98:2)]; flow rate 1 mL/min; Tpajor = 10.4
MIN, Tminor = 9.9 Min (57% ee); [alp™° = +7.5 (¢ 1.0, CHC3).

[(S)-4b]: White solid (108 mg, 77%), M.P.: 97-99 °C. 'H NMR (500
MHz, CDCl3) & 4.24-4.13 (m, 2H), 3.64 (d, J = 15.0 Hz, 1H,), 3.49 (d, J
=15.0 Hz, 1H), 3.44 (s, 1H), 1.48 (s, 9H), 1.46 (s, 3H), 1.22 (t, / = 5.0
Hz, 3H)."*C NMR (125 MHz, CDCls) & 175.3, 76.6, 73.3, 61.7, 60.5,
28.1, 23.7, 14.1. HRMS: m/z calculated for [CioH,1N,0;Na]™:
255.1315; found: 255.1311. The enantiomeric
determined by HPLC using a Chiralpak OJ column [hexane/i-PrOH
(98:2)]; flow rate 1 mL/min; Tmajor = 11.5 Min, Tyinor = 13.5 min (61%
ee); [a]p’® = =3.5 (¢ 0.5, CHCI3).

excess was

[(S)-4c]: Yellow oil (122 mg, 78%). "H NMR (300 MHz, CDCl;) & 4.27-
4.15 (m, 2H), 3.72 (d, J = 17.0 Hz, 1H), 3.61 (d, J = 17.0 Hz, 1H), 3.43
(s, 1H), 1.79-1.72 (m, 2H), 1.60-1.53 (m, 2H), 1.50 (s, 9H), 1.25 (¢, J =
7.0 Hz, 3H), 0.92 (t, J = 7.3 Hz, 3H). *C NMR (125 MHz, CDCl;) &
175.2, 76.3, 61.7, 60.1, 39.1, 28.2, 16.6, 14.3, 14.1. HRMS: m/z
calculated for [Ci,H,4N,04Na]: 283.1628; found: 283.1622. The
enantiomeric excess was determined by HPLC using a Chiralpak AD-
H column [hexane/i-PrOH (98:2)]; flow rate 1 mL/min; Toajor = 15.1
MiN, Tminor = 12.0 min (49% ee); [a]p>’ = +15.5 (¢ 0.5, CHCI3).

[(S)-4d]: Yellow oil (152 mg, 84%). 'H NMR (400 MHz, CDCl5) & 4.23-
4.12 (m, 2H), 3.60 (d, J = 18.0 Hz, 1H), 3.49 (d, J = 18.0 Hz, 1H), 3.41
(s, 1H), 1.73-1.69 (m, 2H), 1.56-1.49 (m, 2H), 1.47 (s, 9H), 1.27-1.19
(m, 9H), 0.83 (t, J = 5.6 Hz, 3H). *C NMR (100 MHz, CDCl3) & 175.2,
76.6, 76.3, 61.7, 60.1, 36.9, 31.6, 29.3, 28.1, 23.1 22.5, 13.9, 14.3.
HRMS: m/z calculated for [CisH3oN,O4Nal™: 325.2098; found:
325.2091. The enantiomeric excess was determined by HPLC using a
Chiralpak AD-H column [hexane/i-PrOH (80:20)]; flow rate 1
ML/Min; Tmajor = 5.0 MiN, Tyinor = 4.3 min (63% ee); [alp™° = +6.2 (c
1.0, CHCls).

[(5)-4e]: Yellowish oil (163 mg, 88%): 'H NMR (300 MHz, CDCls) &
7.34-7.21 (m, 5H), 4.33-4.07 (m, 2H), 3.80 (d, J = 18.0 Hz, 1H), 3.63
(d,J=18.0 Hz, 1H), 3.14 (d, J = 17.3 Hz, 1H), 3.10 (d, / = 17.3 Hz, 1H),
1.53 (s, 9H), 1.25 (t, J = 7.1 Hz, 3H). °C NMR (75 MHz, CDCl5) &
174.3, 135.2, 130.3, 128.2, 127.0, 76.8, 61.8, 59.7, 43.1, 28.2, 14.2.
HRMS: m/z calculated for [CigH404N,Nal™: 331.1628; found:
331.1621. The enantiomeric excess was determined by HPLC using a
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Chiralpak OJ-H column [hexane:iPrOH (98:2)]; flow rate 1 mL/min;
30 °C, Tyajor = 13.6 Min, Tpinor = 15.0 min (58% ee); [alp” = +1.52 (c
0.6, CHCl3).

[(S)-4f]: Yellow oil (150 mg, 77%). 'H NMR (400 MHz, CDCl3) & 7.30-
7.21 (m, 3H), 7.15 (d, J = 6.8 Hz, 2H,), 4.14 (m, 2H), 3.65 (d, J = 18.0
Hz, 1H), 3.56 (d, J = 18.0 Hz, 1H), 3.54 (s, 1H), 2.84-2.80 (m, 1H),
2.54-2.45 (m, 1H), 2.11-2.03 (m, 2H), 1.48 (s, 9H), 1.22 (t, J = 6.8 Hz,
3H). *C NMR (100 MHz, CDCls) 6 174.9, 141.4, 128.4, 126.0, 76.8,
76.0, 61.9, 60.1, 38.6, 29.6, 28.2, 14.3. HRMS: m/z calculated for
[C17H26N,04Na]™: 345.1785; found: 345.1780. The enantiomeric
excess was determined by HPLC using a Chiralpak AD-H column
[hexane/i-PrOH (80:20)]; flow rate 1 mL/min; Tmajor = 6.1 MiN, Tminor
= 5.6 min (64% ee); [a]p™° = +21.9 (¢ 1.0, CHCl5).

[(R)-4h]: White solid (141 mg, 80%); M.P.: 100-102 °C. *H NMR (400
MHz, CDCl3) & 7.64 (d, J = 7.2 Hz, 2H), 7.44-7.26 (m, 3H), 4.31-4.17
(m, 2H), 4.16 (d, J = 17.6 Hz, 1H), 3.98 (s, 1H) 3.81 (d, J = 17.6 Hz,
1H), 1.53 (s, 9H), 1.25 (t, J = 7.2 Hz, 3H). *C NMR (100 MHz, CDCl5) &
173.8, 139.4, 128.3, 128.2, 125.7, 77.2, 76.8, 62.4, 60.6, 28.2, 14.2.
HRMS: m/z calculated for [CisHy,N,04Nal™: 317.1472; found:
317.1468. The enantiomeric excess was determined by HPLC using a
Chiralpak AD-H column [hexane/i-PrOH (80:20)]; flow rate 1
ML/Min; Tmajor = 6.6 MIN, Tyinor = 7.6 Min (89% ee); [alp™° = +8.3 (¢
1.0, CHCl5).

[(R)-4i]: Yellow oil (174 mg, 90%). 'H NMR (400 MHz, CDCl;) & 7.78
(d, J = 8.0 Hz, 2H), 7.64 (d, J = 8.0 Hz, 2H), 4.29-4.16 (m, 2H), 4.12 (s,
1H), 4.08 (d, J = 18.0 Hz, 1H), 3.75 (d, J = 18.0 Hz, 1H), 1.49 (s, 9H),
1.23 (t, J = 7.2 Hz, 3H). *C NMR (100 MHz, CDCl) § 172.7, 144.6,
132.1, 126.8, 118.5, 112.2, 77.1, 76.8, 63.0, 60.5, 28.2, 14.2. HRMS:
m/z calculated for [Ci6H,;N304Na]™: 342.1424; found: 342.1419. The
enantiomeric excess was determined by HPLC using a Chiralpak AD-
H column [hexane/i-PrOH (80:20)]; flow rate 1 mL/min; Tpajor = 10.6
MiN, Tminor = 11.6 min (88% ee); [a]p>’ = +13.6 (¢ 1.3, CHC3).

[(R)-4j]: White solid (181 mg, 83%); M.P.: 102-104 °C. *"H NMR (400
MHz, CDCl5) & 7.80 (s, 1H), 7.51 (d, J = 8.5 Hz, 1H), 7.45 (d, J = 8.5
Hz, 1H), 4.39-4.16 (m, 2H), 4.09 (s, 1H), 4.09 (d, J = 17.9 Hz, 1H),
3.77 (d, J = 17.9 Hz, 1H), 1.54 (s, 9H), 1.28 (t, J = 7.1 Hz, 3H). °C
NMR (100 MHz, CDCl;) & 173.0, 139.6, 132.6, 132.5, 130.3, 128.2,
125.4, 76.8, 76.5, 62.9, 60.5, 28.2, 14.2. HRMS: m/z calculated for
[C1sH0Cl,N,0,Na]™: 385.0692; found: 385.0689. The enantiomeric
excess was determined by HPLC using a Chiralpak AD-H column
[hexane/i-PrOH (80:20)]; flow rate 1 mL/min; Tmajor = 5.6 MiN, Tminor
= 6.3 min (86% ee); [a]p™° = +12.3 (c 1.0, CHCl5).

[(R)-4K]: Yellowish oil (162 mg, 82%): ‘*H NMR (300 MHz, CDCl;) &
7.51 (td, J = 8.7, 6.3 Hz, 1H), 688-6.78 (m, 1H), 6.74 (ddd, J = 11.3,
8.7, 2.6 Hz, 1H), 4.25-4.08 (m, 2H), 4.11 (s, 1H), 4.09 (d, J = 17.8 Hz,
1H), 3.96 (d, J = 17.8 Hz, 1H), 1.45 (s, 9H), 1.15 (t, J = 7.1 Hz, 3H). **C
NMR (75 MHz, CDCl5) & 173.0, 162.9 (dd, J = 250.2, 12.3 Hz), 160.4
(dd, J = 252.0, 11.9 Hz), 129.1 (dd, J = 9.8, 5.3 Hz), 123.4 (dd, J =
12.6, 3.9 Hz), 111.1 (dd, J = 21.0, 3.5 Hz), 104.6 (dd, J = 26.6, 25.6
Hz), 77.2,74.9 (d, J = 2.0 Hz), 62.5, 58.3 (d, J = 3.6 Hz), 28.1, 14.0. *°F
NMR (283 MHz, CDCls) 6 -107.49 (d, J = 8.7 Hz), -109.87 (d, J = 8.7
Hz). HRMS: m/z calculated for [C1sH,004N,F,Na]*: 353.1283; found:
353.1276. The enantiomeric excess was determined by HPLC using a
Chiralpak AD-H column [hexane:iPrOH (80:20)]; flow rate 1 mL/min;
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30 °C, Trmajor = 5.7 MiN, Trminor = 6.7 Min (90 % ee); [a]p> = +2.5(c 0.7,
CHCl).

[(R)-41]: Yellowish oil (142 mg, 79%): *H NMR (300 MHz, CDCl;) &
7.20 (dd, J= 5.1, 1.2 Hz, 1H), 7.09 (dd, J = 3.6, 1.2 Hz, 1H), 6.92 (dd, J
= 5.1, 3.6 Hz, 1H), 4.30-4.09 (m, 2H), 4.18 (s, 1H), 4.02 (d, J = 18.0
Hz, 1H), 3.79 (d, J = 18.0 Hz, 1H), 1.46 (s, 9H), 1.20 (t, J = 7.1 Hz, 3H).
13C NMR (75 MHz, CDCls) 6 172.9, 143.9, 127.1, 125.5, 124.7, 76.9,
76.1, 62.7, 61.4, 282, 14.2. HRMS: m/z calculated for
[C13H2004N,NaS]: 293.1860; found: 293.1851. The enantiomeric
excess was determined by HPLC using a Chiralpak AD-H column
[hexane:iPrOH (80:20)]; flow rate 1 mL/min; 30 °C, Tmajor = 6.4 min,
Tminor = 7.7 Min (85% ee); [a]p> = +3.8 (c 0.4, CHCI3).

General procedure for the synthesis of a-hydroxy-B-amino esters
5

Following the general procedure for the catalytic enantioselective
reactions of hydrazone 1 (1.2 mmol) with a-keto esters 2 (0.6
mmol). After consumption of starting material, the solvent was
removed in vacuo and the residue was dissolved in Et,0 (5.5 mL),
cooled to 0 °C, and HCl (6 M, 2.5 mL) was added. The reaction
mixture was allowed to warm to rt, stirred for 2 h, and extracted
with Et,0 (2 x 5 mL) and CH,Cl, (2 x 5 mL). The combined organic
layer was dried over Na,SO4 and concentrated in vacuo to afford a-
hydroxy aldehyde 12. p-Anisidine (121 mg, 0.9 mmol) and NaCNBH;
(88 mg, 1.4 mmol) were added to a solution of crude aldehyde in
CH,Cl, (3 mL) at room temperature. The reaction mixture was
stirred for 2-3 h, H,0 was added and the mixture was extracted
with CH,Cl, (3 x 5 mL). The combined organic layer was dried over
Na,SO, and concentrated Flash chromatography
(hexane/EtOAc)  afforded corresponding  B-amino-a-
hydroxyester 5.

in vacuo.
the

Ethyl (S)-2-hydroxy-2-{[(4-methoxyphenyl)amino]methyl}-3-
methylbutanoate [(S)-5a]: Yellowish oil (83 mg, 49%):1H NMR (300
MHz, CDCls) & 6.73-6.63 (m, 2H), 6.60-6.48 (m, 2H), 4.22-3.98 (m,
2H), 3.66 (s, 3H), 3.44 (brs, 1H), 3.40 (d, J = 12.0 Hz, 1H), 3.18 (d, J =
12.0 Hz, 1H), 1.99 (hept, J = 6.8 Hz, 1H), 1.16 (t, J = 7.1 Hz, 3H), 0.92
(d, J = 6.8 Hz, 3H), 0.82 (d, J = 6.8 Hz, 3H). **C NMR (75 MHz, CDCl5)
6 175.9, 152.5, 142.5, 115.2, 114.7, 80.1, 62.1, 55.8, 50.7, 33.9,
17.3, 16.4, 14.6. HRMS: m/z calculated for [CisH4NO,]": 282.1700;
found: 282.1693. The enantiomeric excess was determined by HPLC
using a Chiralpak AD-H column [hexane:iPrOH (80:20)]; flow rate 1
mL/min; 30 °C, Tmajor = 7.7 MiN, Trinor = 9.9 Min (61% ee); [alp> =
+4.5 (¢ 0.9, CHCI5).

Ethyl (S)-2-hydroxy-2-{[(4-methoxyphenyl)amino]methyl}
pentanoate [(S)-5¢c]: Yellow oil (67 mg, 40%). "H NMR (300 MHz,
CDCls) & 6.75 (d, J = 9.0 Hz, 2H), 6.61 (d, J = 9.0 Hz, 2H), 4.26-4.08
(m, 2H), 3.74 (s, 3H), 3.57 (br s, 1H), 3.49 (d, J = 12.3 Hz, 2H), 3.15
(d, J = 12.3 Hz, 2H), 1.76-1.65 (m, 2H), 1.57-1.41 (m, 1H), 1.24 (t, J =
14.3 Hz, 3H), 1.20-1.07 (m, 1H), 0.92 (t, J = 7.3 Hz, 3H). *C NMR (75
MHz, CDCl;) 6 175.7, 152.6, 142.1, 115.3, 114.8, 77.6, 62.1, 55.8,
52.7,39.1, 16.6, 14.2, 14.1. HRMS: m/z calculated for [CisHy3NO,]":
282.1635; found: 282.1630. The enantiomeric excess was
determined by HPLC using a Chiralpak AD-H column [hexane/i-PrOH
(80:20)]; flow rate 1 mL/min; Tmajor = 8.8 MiN, Tyinor = 11.5 min (55%
ee); [a]p’® = 4.9 (c 0.5, CHCI3).
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Ethyl (S)-2-hydroxy-2-{[(4-methoxyphenyl)amino]methyl} octanoate
[(S)-5d]: Yellowish oil (97 mg, 50%): 'H NMR (300 MHz, CDCl3) &
6.73-6.64 (m, 2H), 6.61-6.54 (m, 2H), 4.20-3.99 (m, 2H), 3.67 (s, 3H),
3.43 (d, J = 12.3 Hz, 1H), 3.10 (d, J = 12.3 Hz, 1H), 1.74-1.55 (m, 2H),
1.49-1.33 (m, 1H), 1.27-1.13 (m, 9H), 1.12-0.94 (m, 1H) 0.80 (t, J =
6.7 Hz, 3H). *C NMR (75 MHz, CDCl5) 6 175.7, 152.8, 141.8, 115.5,
114.7,77.6, 62.2, 55.8, 52.9, 37.0, 31.6, 29.3, 23.1, 22.5, 14.2, 14.0.
HRMS: m/z calculated for [C1gH3oNO,]": 324.2095; found: 324.2063.
The enantiomeric excess was determined by HPLC using a Chiralpak
AD-H column [hexane:iPrOH (80:20)]; flow rate 0.7 mL/min; 30 °C,
Tmajor = 10.9 MiN, Tyinor = 12.1 min (61% ee); [alp> = +7.4 (c 1.6,
CHCl3).

Ethyl (8)-2-benzyl-2-hydroxy-3-[(4-methoxyphenyl)amino]
propanoate [(S)-5e]: Yellowish oil (89 mg, 45%): 'H NMR (300 MHz,
CDCls) & 7.36-7.22 (m, SH), 6.84-6.77 (m, 2H), 6.70-6.64 (m, 2H),
4.20-4.09 (m, 2H), 3.78 (s, 3H), 3.67 (d, J = 12.2 Hz, 1H), 3.48 (brs,
1H), 3.30 (d, J = 12.2 Hz, 1H), 3.13 (d, J = 13.6 Hz, 1H), 3.06 (d, J =
13.6 Hz, 1H), 1.25 (t, J = 7.1 Hz, 3H).*C NMR (75 MHz, CDCl5) &
174.6, 152.6, 142.2, 135.2, 130.1, 128.2, 127.1, 115.2, 114.8, 78.2,
62.2, 55.8, 52.5, 43.1, 14.1. HRMS: m/z calculated for [C1oH404N]":
330.1700; found: 330.1691. The enantiomeric
determined by HPLC using a Chiralpak OJ-H column [hexane:iPrOH
(90:10)]; flow rate 1 mL/min; 30 °C, Trmajor = 27.7 MiN, Trinor = 29.9
min (51% ee); [alp> = +10.7 (c 1.5, CHCI5).

excess was

Ethyl (S)-2-hydroxy-2-{[(4-methoxyphenyl)amino]methyl}-4-
phenylbutanoate [(S)-5f]: Yellowish oil (84 mg, 41%): '"H NMR (400
MHz, CDCls) & 7.36-7.27 (m, 2H), 7.27-7.16 (m, 3H), 6.86-6.73 (m,
2H), 6.68-6.59 (m, 2H), 4.16 (qq, J = 10.7, 7.1 Hz, 2H), 3.77 (s, 3H),
3.71 (br s, 1H), 3.55 (d, J = 12.4 Hz, 1H), 3.24 (d, J = 12.3 Hz, 1H),
2.86 (ddd, J = 13.6, 10.9, 5.6 Hz, 1H), 2.50 (ddd, J = 13.6, 11.2, 5.8
Hz, 1H), 2.18-2.03 (m, 1H), 1.27 (t, J = 7.1 Hz, 1H). **C NMR (100
MHz, CDCl;) 6 175.5, 152.6, 142.2, 141.3,128.5, 128.4, 126.1, 115.2,
114.8,77.4, 62.4,55.8, 52.8, 38.6, 29.7, 14.2. HRMS: m/z calculated
for [CyoHsNO,]*: 343.1856; found: 343.1847. The enantiomeric
excess was determined by HPLC using a Chiralpak AD-H column
[hexane:iPrOH (80:20)]; flow rate 1 mL/min; 30 °C, Tmajor = 9.8 min,
Tminor = 12.4 min (62% ee); [alp> = -6.3 (c 1.0, CHCl3).

Ethyl (R)-2-hydroxy-3-[(4-methoxyphenyl)amino]-2-phenyl
propanoate [(R)-5h]: Yellowish oil (101 mg, 51%): 'H NMR (300
MHz, CDCls) & 7.67 (d, J = 7.6 Hz, 2H), 7.45-7.32 (m, 3H), 6.78 (d, J =
8.8 Hz, 2H), 6.68 (d, J = 8.8 Hz, 2H), 4.22 (q, J = 7.2 Hz, 2H), 4.19 (br
s, 1H)4.01 (d, J = 12.4 Hz, 1H), 3.75 (s, 3H), 3.39 (d, J = 12.4 Hz, 1H),
1.23 (t, J = 7.2 Hz, 3H). *C NMR (75 MHz, CDCl3): & 174.2, 152.7,
142.2, 139.7, 128.5, 128.2, 125.5, 115.5, 114.8, 78.7, 62.8, 55.8,
53.4, 14.0. HRMS: m/z calculated for [C1gH,3NO,]": 316.1543; found:
316.1540. The enantiomeric excess was determined by HPLC using a
Chiralpak AD-H column [hexane:iPrOH (80:20)]; flow rate 1 mL/min;
30 °C, Tyajor = 16.2 MiN, Tpinor = 12.6 min (90% ee); [alp™ = +11.7 (c
1.01, CHCls).

Ethyl (R)-2-(4-cyanophenyl)-2-hydroxy-3-[(4-methoxyphenyl)
amino]propanoate [(R)-5i]: Yellowish oil (94 mg, 46%): 'H NMR (300
MHz, CDCl5) 6 7.73 (d, J = 8.6 Hz, 2H), 7.59 (d, J = 8.6 Hz, 2H), 6.72-
6.66 (m, 2H), 6.64-6.55 (m, 2H), 4.13 (g, J = 7.1 Hz, 2H), 3.87 (d, J =
12.6 Hz, 1H), 3.66 (s, 3H), 3.28 (d, J = 12.6 Hz, 1H), 1.16 (t, J = 7.1 Hz,
3H). *C NMR (75 MHz, CDCl5) & 172.1, 151.9, 143.7, 140.6, 131.2,
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1255, 117.5, 114.6, 113.8, 111.2, 77.5, 62.3, 54.7, 52.6, 13.0.
HRMS: m/z calculated for [CioH»N,0,]": 341.1496; found:
341.1496. The enantiomeric excess was determined by HPLC using a
Chiralpak IB column [hexane:iPrOH (90:10)]; flow rate 1 mL/min; 30
°C, Tmajor = 15.9 MiN, Tryinor = 14.2 min (90% ee); [a]p> = +11.3 (c 1.2,
CHCl3).

Ethyl  (R)-2-(3,4-dichlorophenyl)-2-hydroxy-3-[(4-methoxyphenyl)
amino]propanoate [(R)-5j]: Yellow oil (106 mg, 46%). 'H NMR (400
MHz, CDCl5) & 7.82 (d, J = 2.1 Hz, 1H), 7.54 (dd, J = 8.5, 2.1 Hz, 1H),
7.47 (d, J = 8.5 Hz, 1H), 6.83-6.77 (m, 2H), 6.73-6.66 (m, 2H), 4.27-
4.24 (m, 2H), 3.94 (d, J = 12.5 Hz, 1H), 3.77 (s, 3H), 3.36 (d, J = 12.5
Hz, 1H), 1.27 (t, J = 7.1 Hz, 3H). *C NMR (100 MHz, CDCl5) & 173.3,
152.9, 141.7, 139.8, 132.7, 132.5, 130.4, 127.9, 125.1, 115.6, 114.8,
78.0, 63.3, 55.8, 53.6, 14.0. HRMS: m/z calculated for
[C1gH20NO,4Cl,]*: 384.0764; found: 384.0757. The enantiomeric
excess was determined by HPLC using a Chiralpak AD-H column
[hexane/i-PrOH (80:20)]; flow rate 1 mL/min; Tmajor = 11.6 Min, Tminor
= 10.3 min (84% ee); [a]p> = +10.4 (c 0.5, CHCl3).

Ethyl (R)-2-(2,4-difluorophenyl)-2-hydroxy-3-[(4-methoxyphenyl)
amino]propanoate [(R)-5k]: Yellowish oil (93 mg, 44%): '"H NMR
(300 MHz, CDCl) & 7.55 (m, 1H), 6.87-6.79 (m, 1H), 6.79-6.73 (m,
1H), 6.73-6.67 (m, 2H), 6.65-6.58 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H),
3.97 (d, J = 12.5 Hz, 1H), 3.47 (d, J = 12.5 Hz, 1H), 1.12 (t, J = 7.1 Hz,
3H). *C NMR (75 MHz, CDCl3) 6 173.3, 162.9 (dd, J = 250.2, 12.2 Hz),
160.4 (dd, J = 250.9, 11.8 Hz), 153.0, 141.7, 128.9 (dd, J = 9.7, 5.5
Hz), 123.4 (dd, J = 12.7, 3.9 Hz), 115.6, 114.8, 111.3 (dd, /= 21.0, 3.5
Hz), 104.6 (dd, J = 26.6, 25.6 Hz), 75.8 (d, J = 2.5 Hz), 62.8, 55.8, 51.4
(d, J = 4.0 Hz), 13.9. *>F NMR (283 MHz, CDCl5) 6 -108.39 (d, J = 8.5
Hz), -109.89 (d, J = 8.5 Hz). HRMS: m/z calculated for
[CigH1FNO,]: 352.1355; found: 352.1350. The enantiomeric
excess was determined by HPLC using a Chiralpak IA column
[hexane:iPrOH (80:20)]; flow rate 1 mL/min; 30 °C, Tmajor =9.6 min,
Tminor = 12.6 min (93% ee); [ap> = +8.0 (c 1.0, CHCl,).

Ethyl (R)-2-hydroxy-3-[(4-methoxyphenyl)amino]-2-(thiophen-2-yl)
propanoate [(R)-51]: Yellowish oil (79 mg, 41%): 'H NMR (300 MHz,
CDCls) 6 7.20 (dd, J = 5.1, 1.2 Hz, 1H), 7.10 (dd, J = 3.6, 1.2 Hz, 1H),
6.93 (dd, J = 5.1, 3.6 Hz, 1H), 6.70 (d, J = 8.3 Hz, 2H), 6.59 (d, J = 8.3
Hz, 2H), 4.19-4.10 (m, 2H), 4.07 (d, J = 6.5 Hz, 1H), 3.66 (s, 3H), 3.38
(d, J= 6.5 Hz, 1H), 1.18 (t, J = 7.0 Hz, 3H). *C NMR (75 MHz, CDCl3) &
173.2, 152.8, 144.1, 141.8, 127.2, 125.4, 124.4, 115.5, 114.6, 77.7,
63.1, 55.8, 54.5, 14.0. HRMS: m/z calculated for [CigH,iNO,S]":
322.1108; found: 322.1103. The enantiomeric
determined by HPLC using a Chiralpak AD-H column [hexane:iPrOH
(80:20)]; flow rate 1 mL/min; 30 °C, Trmajor = 19.2 Min, Trinor = 15.3
min (84% ee); [ap> = +11.8 (c 0.9, CHCI5).

excess was

General procedure for the synthesis of diols 13

Following the general procedure for the catalytic enantioselective
reactions of hydrazone 1 (1.2 mmol) with a-keto esters 2 (0.6
mmol). After consumption of starting material, solvent was
removed in vacuo and the residue was dissolved in Et,0 (5.5 mL),
cooled to 0 °C, and HCl (6 M, 2.5 mL) was added. The reaction
mixture was allowed to warm to room temperature and stirred for
2 h., then extracted with Et,0 (2 x 5 mL) and CH,Cl, (2 x 5 mL).
Organic phases were dried over Na,SO, and concentrated in vacuo
to afford a-hydroxy aldehyde 12. BusNBH, (112 mg, 0.4 mmol) was
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added to a solution of crude aldehyde in CH,Cl, (3 mL) at room
temperature. The reaction mixture was stirred for 2-3 h. Flash
chromatography (CH,Cl,/MeOH 97:3) afforded the pure diols 13.

Ethyl (S)-2-hydroxy-2-(hydroxymethyl)pentanoate [(S)-13c]: yellow
oil (45 mg, 43%). [alp> = -5.6 (c 1.7, CHCls, 50% ee). Lit. [a]p” =
11.1 [c 4.0, CHCl;, 44% ee, (R)]."*

Ethyl (5)-2-benzyl-2,3-dihydroxypropanoate [(S)-13e]: yellow oil (85
mg, 63%). [alp> = +9.8 (c 0.8, CHCl3, 60% ee). Lit. [a]p> = +10.4 (c
0.9, CHCl;, 76% ee)."®

Acknowledgements

This work was supported by the Ministerio de Economia y
Competitividad of Spain (CTQ2016-76908-C2-1-P, CTQ2016-
76908-C2-2-P, contract RYC-2012-10014 for G. de G.),
European FEDER funds and the Junta de Andalucia (Grant
2012/FQM 1078 and fellowships for I.S. and J.A.C). D. M.
acknowledges the Universidad de Sevilla for a postdoctoral
contract.

Notes and references

[ Reactions performed at lower temperatures resulted in longer
reaction times without improvement of the enantioselectivities.
Additionally, 1 M concentration of 2 was selected as the best
option: the enantioselectivities slightly dropped at higher
concentrations (2 M) while reactions performed at ¢ = 0.5 M
required longer times without improvement of the
enantioselectivities.

9 These results apparently indicates that the working model
depicted in Scheme 1 apply also to aliphatic derivatives, but a
smaller methylene group in primary alkyl chains may
accommodate better in the inner region of the catalyst resulting
in lower enantioselectivities.

} Alternative reductive amination conditions (BnNH, instead of
PMPNH, or NaBH, in MeOH/TFE medium) gave lower yields (5-
30%).

1 Anti-tumour Camptothecin (CPT) and analogues: (a) C. H.
Takimoto, J. Wright and S. G. Arbuck, Biochim. Biophys. Acta
1998, 1400, 107. (b) L. B. Saltz, J. V. Cox, C. Blanke, L. S.
Rosen, L. Fehrenbacher, M. J. Moore, J. A. Maroun, S. P.
Ackland, P. K. Locker, N. Pirotta, G. L. Elfring and L. L. Miller,
N. Engl. J. Med. 2000, 343, 905. (c) R. F. Ozols, Int. J. Gynecol.
Cancer 2000, 10, 33. (d) R. Garcia-Carbonero and J. G. Supko,
Clin. Cancer Res. 2002, 8, 641. (e) C. J. Thomas, N. J. Rahier
and S. M. Hecht, Bioorg. Med. Chem. 2004, 12, 1585.

2 Tripranavir is administered with ritonavir in combination
therapy to treat HIV infection: S. R. Turner, J. W. Strohbach,
R. A. Tommasi, P. A. Aristof, P. D. Johnson, H. I. Skulnick, L. A.
Dolak, E. P. Seest, P. K. Tomich, M. J. Bohanon, M.-M. Horng,
J. C. Lynn, K.-T. Cong, R. R. Hinshaw, K. D. Watenpaugh, M. N.
Janakiraman and S. Thaisrivongs, J. Med. Chem. 1998, 41,
3467.

3 SSR 241586 has been reported to be active in the treatment
of depression, schizophrenia, urinary trouble, emesis, and
irritable bowel syndrome (IBS): (a) X. Emonds-Alt, V.
Proietto, R. Steinberg, F. Oury-Donzt, X. Vigé, P. Vilain, E.
Naline, S. Daoui, C. Advenier, G. Le Fur, J.-P. Maffrand, P.
Soubrié and M. Pascal, J. Pharmacol. Exp. Ther. 2002, 303,
1171. (b) R. Steinberg, R. Alonso, L. Rouquier, C. Desvignes,
J.-C. Michaud, A. Cudennec, M. Jung, J. Simiand, G. Griebel,

J. Name., 2013, 00, 1-3 | 11



10

11

12

X. Emonds-Alt, G. Le Fur and P. Soubrié, J. Pharmacol. Exp.
Ther. 2002, 303, 1180.

Voriconazol (antifungal drug): K. Tamura, M. Furutachi, N.
Kumagai and M. Shibasaki, J. Org. Chem. 2013, 78, 11396
and references therein.

(a) I. Ojima, C. M. Sun, M. Zucco, Y. H. Park, O. Duclo and S.
Kuduk, Tetrahedron Lett. 1993, 34, 4149. (b) I. Ojima, T.
Wang and F. Delaloge, Tetrahedron Lett. 1998, 39, 3663. (c)
G. Cardillo, L. Gentilucci, A. Tolomelli and C. Tomasini, J. Org.
Chem. 1998, 63, 2351. (d) Y. Takeda, T. Yoshino, K. Uoto, J.
Chiba, T. Ishiyama, M. Iwahana, T. Jimbo, N. Tanaka, H.
Terasawa and T. Soga, Bioorg. Med. Chem. Lett. 2003, 13,
185.

(a) J. K. Ekegren, T. Unge, M. Z. Safa, H. Wallberg, B.
Samuelsson and A. Hallberg, J. Med. Chem. 2005, 48, 8098.
(b) A. Guerrini, G. Varchi, C. Samor, R. Daniele and B. Arturo,
Tetrahedron Lett. 2007, 48, 5081.

Selected examples for stereoselective synthesis of a-
alkylisoserines. Swimming pool-dependent synthesis: (a) V.
Huang, Y.-Bo. Zhang, Z.-C. Chen and P.-F. Xu, Tetrahedron:
Asymmetry, 2006, 17, 3152. (b) A. Guerrini, G. Varchi, and A.
Battaglia, J. Org. Chem. 2006, 71, 6785. (c) A. Guerrini, G.
Varchi, R. Daniele, C. Samori and A. Battaglia, Tetrahedron
2007, 63, 7949. (d) A. Guerrini, G. Varchi, C. Samori, R.
Daniele, and B. Arturo, Tetrahedron Lett., 2007, 48, 5081.
Multi-step, enantioselective synthesis: (e) R. Roers and G. L.
Verdine, Tetrahedron Lett. 2001, 42, 3563. (f) A. Avenoza, J.
H. Busto, F. Corzana, G. Jiménez-Osés, M. Paris, J. M.
Peregrina, D. Sucunza and M. M. Zurbano, Tetrahedron:
Asymmetry, 2004, 15, 131. Organocatalytic enantioselective
synthesis of a-alkylisoserine derivatives: (g) Z. Han, W. Yang,
C.-H. Tan and Z. Jianga, Adv. Synth. Catal. 2013, 355, 1505.
Selected examples for stereoselective synthesis of a-aryl a-
hydroxy-B-amino esters: (h) H. Huang, X. Guo and W. Hu,
Angew. Chem., Int. Ed. 2007, 46, 1337. W. Hu, X. Xu, J. Zhou,
W.-J, Liu, H. Huang, L. Yang and L.-Z. Gong, J. Am. Chem. Soc.
2008, 130, 7782. (i) X. Xu, J. Zhou, L. Yang and W. Hu, Chem.
Commun. 2008, 6564. (j) Z. Guo, T. Shi, J. Jiang, L. Yang and
W. Hu, Org. Biomol. Chem. 2009, 7, 5028. (k) J.-L. Jiang, M.
Yao and C.-D. Lu, Org. Lett. 2014, 16, 318. Selected examples
of organocatalytic enantioselective synthesis of direct
precursors. a-Hydroxy B-nitro esters: (I) H. Li, B. Wang and Li
Deng, J. Am. Chem. Soc. 2006, 128, 732. a-Alkoxy B-nitro
esters: (m) F.-G. Zhang, Q.-Q. Yang, J. Xuan, H.-H. Lu, S.-W.
Duan, J.-R. Chen and W.-J. Xiao, Org. Lett. 2010, 12, 5636.
Selected reviews: (a) O. Riant and J. Hannedouche, Org.
Biomol. Chem. 2007, 5, 873. (b) M. Shibasaki and M. Kanai,
Chem. Rev. 2008, 108, 2853 and references therein.

(a) R. Fernandez and J. M. Lassaletta, Synlett 2000, 1228. (b) R.
Brehme, D. Enders, R. Fernandez, J. M. Lassaletta, Eur. J. Org.
Chem. 2007, 5629.

(a) A. Crespo-Pefia, D. Monge, E. Martin-Zamora, E. Alvarez,
R. Fernandez and J. M. Lassaletta, J. Am. Chem. Soc. 2012,
134, 12912. (b) D. Monge, S. Daza, P. Bernal, R. Fernandez
and J. M. Lassaletta, Org. Biomol. Chem. 2013, 11, 326. (c) D.
Monge, A. Crespo-Peia, E. Martin-Zamora, E. Alvarez, R.
Fernandez and J. M. Lassaletta, Chem. Eur. J. 2013, 19, 8421.
(d) I. Serrano, D. Monge, E. Alvarez, R. Fernandez and J. M.
Lassaletta, Chem. Commun. 2015, 51, 4077. (e) E. Matador,
D. Monge, R. Fernandez and J. M. Lassaletta, Green Chem.
2016, 18, 4042.

Hydrazones in asymmetric organocatalysis: M. de G.
Retamosa, E. Matador, D. Monge, J. M. Lassaletta and R.
Fernandez, Chem. Eur. J. 2013, 19, 8421.

For discussions on hydrogen-bond donating ability, see: (a)
A. Wittkopp and P. R. Schreiner, Chem. Eur. J. 2003, 9, 407;
(b) S. J. Connon, Synlett 2009, 354; (c) G. Jakab, C. Tancon, Z.

12 | J. Name., 2012, 00, 1-3

13

14

15

16

17

18

19

20

21

22

23

24

25

Zhang, K. M. Lippert and P. R. Schreiner, Org. Lett. 2012, 14,
1724.

K. Liu, H.-F. Cui, J. Nie, K.-Y. Dong, X.-J. Li and J.-A. Ma, Org.
Lett. 2007, 9, 923.

Selected reviews: (a) M. M. K. Boysen, Chem. Eur. J. 2007, 13,
8648. (b) A. M. F. Phillips, Eur. J. Org. Chem. 2014, 7291. (c)
C. Shen and P.-F. Zhang, Current Organic Chemistry, 2013,
17, 1507.

For selected examples of saccharide-based organocatalysts
with (thio)urea groups at C1 position see: (a) C. Becker, C.
Hoben, H. Kunz, Adv. Synth. Catal. 2007, 349, 417. (b) K. Liu,
H.-F. Cui, J. Nie, K.-Y. Dong, X.-J. Li and J.-A. Ma, Org. Lett.
2007, 9, 923. (c) Q. Gu, X.-T. Guo and X.-Y. Wu, Tetrahedron
2009, 65, 5265. (d) A. Lu, P. Gao, Y. Wu, Y. Wang, Z. Zhou and
C. Tang, Org. Biomol. Chem. 2009, 7, 3141. (e) X. Pu, P. Li, F.
Peng, X. Li, H. Zhang and Z. Shao, Eur. J. Org. Chem. 2009,
4622. (f) X.-W. Pu, F.-Z. Peng, H.-B. Zhang and Z.-H. Shao,
Tetrahedron 2010, 66, 3655. (g) A. Puglisi, M. Benaglia, L.
Raimondi, L. Lay and L. Poletti, Org. Biomol. Chem. 2011, 9,
3295. (h) S. Kong, W. Fan, G. Wu and Z. Miao, Angew. Chem.
Int. Ed. 2012, 51, 8864. (i) |. Gergelitsova, J. Tauchman, I.
Cisafova and J. Vesely, Synlett, 2015, 26, 2690.

(a) P. S. Dragovich, H. Tada and R. Zhou, Heterocycles, 1995,
41, 2487. (b) S.-s. Jew, H.-a Kim, J.-h. Kim and H.-g. Park,
Heterocycles, 1997, 46, 65.

(a) The antimicrobial and cytotoxic elaiomycins: L. Ding, B. L.
T. Ndejouong, A. Maier, H. H. Fiebig and C. Hertweck, J. Nat.
Prod. 2012, 75, 1729. (b) the antibiotic valanimycin: R. P.
Garg, X. L. L. Qian, L. B. Alemany, S. Moran and R. J. Parry,
Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 6543. (c) and the
antifungal agents maniwamycin A: M. Nakayama, Y.
Takahashi, H. Itoh, K. Kamiya, M. Shiratsuchi and G. Otani, J.
Antibiot. 1989, 42, 1535.

Some examples: (a) F. D. Greene and S. S. Hecht, J. Org.
Chem. 1970, 35, 2482. (b) M. Nakata, S. Kawazoe, T. Tamai
and K. Tatsuta, Tetrahedron Lett. 1993, 34, 6095. (c) A.
Sugawara, M. Kubo, T. Nakashima, T. Hirose, N. Tsunoda, K.
Yahagi, Y. Asami, T. Yamada, K. Shiomi, Y. Takahashi, S.
Omura and T. Sunazuka, Tetrahedron 2015, 71, 2149.

The oxidation of mono-alkyl hydrazones to azoxy compounds
by peracetic acid has been reported: B. T. Gillis and K. F.
Schimmel, J. Org. Chem. 1962, 27, 413.

J.-S. M. Lehn, S. Javed and D. M. Hoffman, Inorg. Chem.
2007, 46, 993.

For catalyst Il and llI: J. J. Jiang and M. Shi, Tetrahedron Lett.,
2007, 18, 2773. For catalyst IV: R. P. Herrera, V. Sgarzani, L.
Bernardi and A. Ricci, Angew. Chem., Int. Ed., 2005, 44, 6576.
(a) X. Creary, J. Org. Chem. 1987, 52, 5026. (b) T. Nelson, C.
Leblond, D. Frantz, and L. Matty, J. Org. Chem. 2004, 69,
3620.

Q. Wu, H. Hu, J. Guo, Z. Guo, R. Li, Y. Tian, H. Cui, S. Huang
and W. Li. (Faming Zhuanli Shenging) CN102766198 (A), 2012
D. J. Silva, H. Wang, N. M. Allanson, R. K. Jain and M. J. Sofia,
J. Org. Chem. 1999, 64, 5926.

M. Avalos, R. Babiano, P. Cintas, M. B. Hursthouse, J. L.
Jiménez, M. E. Light, J. C. Palacios and E. M. S. Pérez, Eur. J.
Org. Chem. 2006, 657.

This journal is © The Royal Society of Chemistry 20xx



