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Chiral B-fluoro amines and B,B-difluoro amines are common
substructures in medicinal compounds. Industrial syntheses
typically use enantiopure starting materials, chiral auxilia-
ries, or the resolution of enantiomeric or diastereomeric mix-
tures to install these functionalities in enantiopure form. With
the goal of improving access to these substructures, we re-
cently developed the first catalytic enantioselective olefin
aminohalogenation reaction, which produced chiral B-fluoro
amines in a single flask from achiral enal starting materials.

This paper describes the extension of this method to the
preparation of B-amino-o,a-difluoro carbonyl compounds.
Specifically, carbon-nitrogen and carbon-fluorine bond-
forming reactions were combined in an organocascade reac-
tion to produce B-amino-a,a-difluoro carbonyl compounds
containing alkyl substituents at the B-position. As such, this
method is mechanistically distinct from, and complementary
to, existing one-pot catalytic enantioselective methods for the
preparation of fluorinated B-amino acid precursors.

Introduction

In 2007, nine of the 20 top-selling drugs in the world
contained at least one fluorine atom.!" This statistic reflects
the trend in recent years of increasing incorporation of
fluorine into medicinal compounds.”? This trend is due to
the many and varied effects of fluorine, the most electroneg-
ative element, on the properties of medicinal compounds.
For example, the introduction of one or more fluorine
atoms vicinal to an amine, as seen in the compounds in
Figure 1, decreases the basicity of the amine.[’l This can
have the result of increasing the biological activity,™ bio-
availability,l! and/or lipophilicity (logD)! of a drug.

In addition to their influence on the biological activity
of amines, the incorporation of proximal fluorine atoms can
also modulate the activity of pharmacophoric carbonyl
groups. As an example of this effect, the introduction of a
gem-difluoromethylene group adjacent to a carbonyl group
increases the propensity of the carbonyl group to adopt its
tetrahedral hydrate form, which can increase the inhibitory
activity of certain carbonyl compounds against proteases
and esterases.”l As an example of both of these effects, Dai-
ichi pharmaceuticals developed fluorinated rhodopeptin
analogue 4, which retained the antifungal activity but had
a maximum tolerated dose (MTD) more than twice that of
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Figure 1. Fluorinated amine drugs.

non-fluorinated analogs of rhodopeptin.®®! In addition,
three fluorinated Docetaxel analogs of type 5, also devel-
oped by Daiichi pharmaceuticals, were more potent than
Paclitaxel in terms of both their GIs, against the five cancer
cell lines assayed and their inhibition (ICsy) of microtubule
assembly.”!

While the impact of these chiral B-fluoroamine and f,B-
difluoroamine moieties on the therapeutic parameters of
drugs can be impressive, the synthetic methods used in in-
dustry for their introduction are rather unremarkable.
Often, the use of enantiopure starting materials or a chiral
auxiliary is required to enable diastereoselective C—F bond-
forming reactions, as occurred in the synthesis of Sanofi—
Aventis chemotherapeutic 1 and Daiichi Pharmaceuticals
antibiotic 2, respectively.'®!!l It is also a common strategy
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to use non-asymmetric bond-forming reactions followed by
a resolution of the resulting enantiomeric or diastereomeric
mixture, as occurred in the Eli Lilly synthesis of AMPA
potentiator 3, and in the Daiichi Pharmaceuticals syntheses
of 4 and 5.18121

In contrast, catalytic enantioselective methods for pro-
ducing chiral B-fluoro amines and p,B-difluoro amines
would be more flexible and efficient than syntheses that are
restricted to substrates available from the chiral pool, those
that use a stoichiometric chiral auxiliary, and those that ne-
cessitate the disposal of an undesired stereoisomer. Towards
this end, we recently reported an organocatalytic enantiose-
lective olefin aminofluorination reaction that produced o-
fluoro-B-amino acid precursors (Scheme 1).['3 Ours was the
first example of a catalytic enantioselective olefin amino-
halogenation reaction.'¥) Among alternative catalytic meth-
ods to produce enantiopure B-fluoro amines from achiral
starting materials, several examples involve asymmetric hy-
drogenation of fluoroenamines,['> and thus require that the
carbon-—nitrogen and carbon—fluorine bonds be intact prior
to the enantiodetermining step. Other one-pot methods
generate PB-fluoro amines that contain only a single ste-
reocenter,!'® or that cannot be readily transformed into
diastero- or enantiopure fluorinated amino acids.!'4-17]
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Scheme 1. Catalytic asymmetric synthesis of fluorinated B-amino
acid precursors. Cbz = benzyloxycarbonyl; Boc = tert-butoxycarb-
onyl; TMS = trimethylsilyl.

Similarly, only two catalytic enantioselective methods for
the direct preparation of enantiopure f-amino-a,o-difluoro
carbonyl compounds are known (Scheme 1).['8] Both meth-
ods involve an asymmetric Mannich reaction using di-
fluoroenol silyl ethers 12. One method used chiral phos-
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phoric acid organocatalyst 13,'8] and the other used a chi-
ral Zn catalyst.l'8®] While the organocatalytic method gave
yields of up to 91% and ees of up to 93% using imines
derived from aromatic aldehydes, a 0% yield was obtained
using an imine derived from an aliphatic aldehyde. In this
paper, we review our original organocatalytic enantioselec-
tive olefin aminofluorination reaction, and present the ex-
tension of this method to the synthesis of f-amino-a,0-di-
fluoro carbonyl compounds (Scheme 1).

Results and Discussion

We initially envisioned that an organocascade reaction
(Scheme 2) would be an efficient means of producing
enantiopure o-fluoro-B-amino acid precursors.'”] At that
time, no single organocatalyst had proven to be effective in
both iminium-catalyzed aza-Michael additions (16 — 17)
and enamine-catalyzed o-fluorinations of aldehydes (18 —
10). We therefore anticipated that different organocatalysts
might be required for the iminium- and enamine-catalyzed
steps of the cascade reaction, which is known as cycle-spe-
cific organocascade catalysis.[>]
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Scheme 2. Organocascade reaction to generate o-fluoro-f-amino
aldehydes.

A key observation in the development of this cascade
reaction, however, was that the diastereoselectivity reversed
from 1:3 syn/anti to 3:1 syn/anti upon running the fluorina-
tion step at —10 °C and at room temp., respectively. These
results indicated that different catalysts were operating in
the enamine-catalyzed o-fluorination step at low and at
high temperatures, and suggested that catalyst 9 could, in
fact, catalyze the entire cascade reaction.

This key observation, in conjunction with extensive reac-
tion optimization, led to the realization of this cascade reac-
tion as an efficient one-pot process. As mentioned earlier,
this process represents the first example of a catalytic enan-
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tioselective olefin aminohalogenation reaction (Scheme 3).
A variety of enals with aliphatic R groups gave the desired
products in isolated yields of up to 73%, with drs up to
98:2 and ees up to 99%. Acrolein (R = H), however, along
with cinnamaldehyde and p-nitrocinnamaldehyde (R = Ar)
did not give any olefin aminofluorination product under
the reaction conditions.

(1) (i) 6,9 (0.2 equiv.), 7 (1.2 equiv.), tBuOMe

<|3 (0.625 M), r.t., 1-2d OH
J) (ii) 8 (1 equiv.), tBuOMe (0.25 M), 0 °C, 2-3 d F/,,/,H
| . o -+, .OMe
R (2) NaBH, (2 equiv.), MeOH (0.125 m), 0 °C R™ N
6 19 Cbz
R = aliphatic groups 9 examples
up to 73% yield
(90% per step)
up to 98:2 dr

up to 99% ee

Scheme 3. Organocatalytic enantioselective aminofluorination of
olefins.

We envisioned that our organocatalyic enantioselective
olefin aminofluorination reaction could be adapted to di-
rectly produce enantiopure B-amino-a,a-difluoro carbonyl
compounds by combining an iminium-catalyzed (Im) aza-
Michael addition with 7wo consecutive enamine-catalyzed
(En) fluorinations in a single flask. The use of successive
carbon—nitrogen and carbon—fluorine bond-forming reac-
tions in a cascade reaction would thus be distinct from the
two existing catalytic asymmetric methods to form enantio-
pure B-amino-a,a-difluoro carbonyl compounds,!'®! both of
which involve a carbon-carbon bond-forming (Mannich)
reaction (Scheme 1). Moreover, our approach would gener-
ate enantiopure B-amino-o,a-difluoro carbonyl compounds
15 containing aliphatic groups at the B-position, and thus
would be complementary to the organocatalytic method
shown in Scheme 1, which produces enantiopure f-amino-

Table 1. Reaction development.[l

European Journal
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a,a-difluoro carbonyl compounds 14 containing aromatic
groups at that position.

Using our initial cascade reaction conditions, but in-
creasing the number of equivalents of N-fluorobenzenesulf-
onimide (NFSI; 8) from one to two,['® and running the
fluorination step at room temp. (as opposed to 0 °C, be-
cause no difluorination was observed in the original cas-
cade reaction at that temperature), resulted in a dismal 17%
yield of 20a after in situ reduction (Table 1, Entry 1). Exten-
sive reexamination of the individual steps of the cascade
reaction and exhaustive optimization of the one-pot cas-
cade reaction, detailed in the Supporting Information, ulti-
mately provided improved product yields. A few key obser-
vations are summarized in Table 1.

The presence of multiple silyl peaks in the '"H NMR
spectra during monitoring of the cascade reaction suggested
possible decomposition of catalyst 9. Therefore, fresh cata-
lyst was added for the fluorination step, and this resulted in
a significant increase in the product yield (Table 1, Entry 2).

Furthermore, it was conceivable that the product of the
first a-fluorination was mismatched for the second en-
amine-catalyzed fluorination using 9. Subjecting 2-fluoro-
tridecanal to the fluorination conditions in the absence of
an amine catalyst provided no difluorinated product after
20 h. Furthermore, subjecting 2-fluorotridecanal to the
fluorination conditions in the absence of 9, but in the pres-
ence of a stoichiometric amount of DBU, provided traces of
the difluorinated product after 20 h. Taken together, these
results suggest that in the cascade reaction, difluorination
probably does not proceed via an enol intermediate, neither
does it involve basic catalysis or transfer fluorination, but
rather it occurs by two successive enamine-catalyzed o-fluor-
inations. Moreover, resubjecting pure 10 (R = Et), as a 2:1
synlanti diastereomeric mixture, to the fluorination condi-
tions revealed that 9 converted approximately 60% of the
minor diastereomer and none of the major diastereomer

() () cat. oh
Ph
N
? H OTMms
9
|
i)y o R0
Ph”>"N">"Ph
6a E
8
Entry Cat. in step (ii) Equiv. 7 Equiv. 8 T of step (ii) Yield of 20a [%]™
1 - 1.2 2 r.t. 17
2 9 (10 mol-%) 1.2 2 rit. 30
3 rac-9 (10 mol-%) 1.2 2 r.t. 39
4lel rac-9 (20 mol-%) 1.2 2 r.t. 52
5le.d] rac-9 (20 mol-%) 1.2 2 0°C 35
6l rac-9 (20 mol-%) 1.2 3 r.t. 20
7 rac-9 (20 mol-%) 2.0 2 r.t. 54

[a] Reaction conditions: (1) (i) 6a (0.25 mmol), 7 (equiv.), 9 (0.05 mmol), /BuOMe (0.4 mL), room temp., 1 d; (ii) 8 (equiv.), cat. (equiv.),
temp, 2 d; (2) NaBH, (2.5 equiv.), CH,CL,/EtOH (2:1), room temp. [b] Isolated yield. [c] Reaction time for step (i) 2 d. [d] Reaction time

for step (ii) 3 d.
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into the corresponding difluorinated aldehyde (i.e., 15)
within 2 min, as indicated by 'H NMR spectroscopy.
Within the same timeframe, the enantiomer of 9 (i.e., ent-
9) converted approximately 25% of the major diastereomer,
but none of the minor diastereomer. Subsequent monitor-
ing of this reaction by 'H NMR spectroscopy revealed that
this trend continued. In the light of these results, racemic 9
(rac-9) was added for the fluorination step in the cascade
reaction, and this further improved the product yield
(Table 1, Entry 3). Further increasing the amount of rac-9
added in the fluorination step increased the product yield
to useful levels (Table 1, Entry 4).

Running the fluorination step at lower temperatures or
in the presence of increased amounts of 8 was detrimental
(Table 1, Entries 5 and 6). However, increasing the amount
of 7 increased the conversion of 6 to 17, which slightly in-
creased the product yield while decreasing the overall reac-
tion times, and thus provided the optimal reaction condi-
tions (Table 1, Entry 7 vs. Entry 4).

Having established the optimal reaction conditions for
the one-pot cascade reaction, a variety of a,B-unsaturated
aldehydes were examined in this transformation (Table 2).
Enals with unbranched aliphatic R groups provided j-
amino-a,a-difluoro alcohols in excellent yields (=79%
average yield per step) and with excellent ees (Table 2, En-
tries 1-4). Importantly, this cascade reaction was readily
scaled up tenfold to give identical product yields and ees

Table 2. Substrate scope.[]

(1) (i) cat. Ph
Ph MeO. ,.Cbz
N N
? H oTMms H E oH
9 7
I 7,
R @ 00090 (2) NaBH, R "’N’OMe
Ph™ NS ph Cbz
6 I‘: 20
8
Entry 20 R Yield of 20 [%]®<  ee of 20 [Yo]!
1 20a nBu 54 (81) 91
2 20b Et 57 (83) 90
3 20c nPr 52 (80) 98
4 20d CoH,o 49 (79) 92
sl 20d CoH,o 49 (79) 92
6 20e CH,Bn 43 (75) 93
7 20f iBu 49 (79) 88
8 20g iPr 40 (73) 90
9  20h (CH,);CHCH, 47 (78) 91
10  20i CH,OBn 44 (76) 92
11 20§ (CH,),CO,Me 47 (78) 90
121 20k CoH o [ (81) goIh]
[a] Reaction conditions: (1) (i) 6 (0.25 mmol), 7 (0.5 mmol), 9

(0.05 mmol), 1BuOMe (0.4 mL), room temp., 1 d; (ii) 8 (0.5 mmol),
rac-9 (0.05mmol), rBuOMe (0.6mL), room temp., 2-3d;
(2) NaBH4 (2.5 equiv.), CH,Cl,/EtOH (2:1), room temp. [b] Iso-
lated yield. [c] The number in parentheses corresponds to the
average yield per step in the three-step sequence. [d] Determined by
chiral-phase HPLC of the alcohol. [e] Reaction run on a 2.5 mmol
scale. [f] BhnONHCbz used instead of 7. [g] Yield determined by 'H
NMR spectroscopy using an internal standard. [h] ee of ester 21
(Scheme 4).
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(Table 2, Entries 4 and 5). Branching at the &- (20e) and &-
positions (20f) of the enals was tolerated in this transforma-
tion (Table 2, Entries 6 and 7). Notably, even a very hin-
dered substrate with branching at the y-position gave the
corresponding B-amino-a,0-difluoro alcohol (i.e., 20g) in
40% isolated yield and with 90% ee (Table 2, Entry 8).
Interestingly, this substrate gave a lower isolated yield
(24%) and ee (80%) in the organocatalytic enantioselective
olefin aminofluorination reaction.!'3] This transformation
also tolerates isolated olefins (Table 2, Entry 9), ether pro-
tecting groups (Table 2, Entry 10), and remote reactive
functionality, such as ester groups (Table 2, Entry 11). An
alternative nitrogen nucleophile, BnONHCDbz, was also ef-
fective in this cascade reaction, giving results comparable
to those obtained with 7 (Table 2, Entries 5 and 12). Under
the reaction conditions, cinnamaldehyde and 3-methyl-
crotonaldehyde were unreactive in the aza-Michael step of
the cascade reaction.

Cascade product 20k was transformed in three steps into
B-amino-o,a-difluoro amino ester 22 (Scheme 4), an inter-
mediate in the synthesis of fluorinated rhodopeptin ana-
logue 4.®1 Quantitative oxidation of alcohol 20k directly to
the corresponding carboxylic acid followed by methyl ester
formation provided 21 in 98% overall yield with 89% ee
(Table 2, Entry 12). Lastly, N-deprotection gave 22 in 89%
overall yield from 20k.

) TPAP, NMO, H, (50 psi)
_mo Pac g
i) (2 AcCl, P OMe o1y Fi)LOMe
.OBn .0OBn Y
CoHrg MeOH CoHig™ “N CoHig™ “NH,
Cbz 98% Cbz
20k 21 22

Scheme 4. Transformation of cascade product into an intermediate
in the synthesis of 4. TPAP = tetrapropylammonium perruthenate;
NMO = N-methylmorpholine N-oxide.

In the synthesis of fluorinated rhodopeptin analogue 4,
22 was generated as a racemic mixture. This mixture was
carried through nine subsequent steps, ultimately generat-
ing diasterecomers that were separated by flash column
chromatography four steps from the completion of 4. In
contrast, the organocascade reaction described in this paper
allows an asymmetric synthesis of 22, avoiding a cumber-
some separation of diastereomers and the resulting loss of
half of the material.

Conclusions

Previously, we had developed an organocascade reaction
that generated a-fluoro-f-amino aldehydes, and which was
the first example of a catalytic enantioselective olefin
aminofluorination reaction. This organocascade reaction
was readily adapted to produce B-amino-o,a-difluoro
aldehydes from achiral enals in a single flask in good yields
and with excellent ees. This new organocascade reaction
represents a new approach to B-amino-a,o-difluoro carb-
onyl compounds, and moreover, it produces compounds
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not directly accessible by existing organocatalytic methods.
Further investigations into other cascade reactions in-
volving organocatalytic fluorinations are underway in our
laboratory, and the results will be reported shortly.

Experimental Section

General Remarks: All reactions were run in oven-dried glassware
under argon. Solvents were dried and kept air-free in a solvent-
purification unit. Enals were distilled before use. NMR spectro-
scopic data were acquired using CDClj; as the solvent and internal
reference (‘H: 6 = 7.26 ppm; '3C: 6 = 77.0 ppm; unreferenced for
19F). Multiplicities are reported as: s = singlet, d = doublet, t =
triplet, ¢ = quartet, m = multiplet, dd = doublet of doublets, td =
triplet of doublets, dt = doublet of triplets, qd = quartet of
doublets. Enantiomeric excesses were determined by comparison
with a racemic sample (prepared using the corresponding racemic
catalyst), using chiral-phase HPLC with Chiralpak AD-H
(0.46 X 25 cm) and Chiralpak AS-H (0.46 X 25 cm) columns. Op-
tical rotations were determined using a Jasco P-1020 polarimeter
(589 nm, 23 °C). IR spectra were collected using an FTIR instru-
ment. HRMS data were acquired using a TOF spectrometer. Silica
gel chromatography was carried out using SiliaFlash F60 40-63 um
silica and SiliaPlate F,s4 glass TLC plates.

Preparation of Catalysts (9, rac-9), Starting Enals (6e, 6f—6j), and
Amine Nucleophiles (7, 7a): Catalysts 9 and rac-9 were prepared
according to literature procedures from the corresponding diaryl-
prolinols.?!-231 Non-commercially available enals 6e,>4 6f,1>] 6g,[>¢]
6h,27 6i,1>81 and 7j! were prepared according to known pro-
cedures. Amine nucleophiles 7 and 7a were prepared according to
literature procedures.3%!

General Procedure for the Aminodifluorination: Enal 6a (0.25 mmol,
1 equiv.) was added to a solution of catalyst 9 (0.05 mmol,
0.2 equiv.) and amine 7 (0.5 mmol, 2 equiv.) in MTBE (methyl zert-
butyl ether; 0.4 mL). After '"H NMR spectroscopy showed =95%
consumption of enal 6a (1 d), the reaction mixture was diluted with
MTBE (0.6 mL), then NFSI (0.5 mmol, 2 equiv.) and then catalyst
rac-9 (0.05 mmol, 0.2 equiv.) were added. The mixture was stirred
vigorously until "H NMR spectroscopy showed >85% (or, in some
cases, complete) consumption of the intermediate f-aminoaldehyde
and a-fluoro-B-aminoaldehyde (2 d). The reaction mixture was
then diluted with Et,O (2mL), cooled to —78 °C, and filtered
through silica gel (5 cm in a pipette), eluting with a cold (=50 °C)
mixture of Et;O/CH,Cl, (9:1; 30 mL). Me,S (0.2 mL) was added
to the eluted solution at room temp. The mixture was stirred for
15 min, then it was transferred to a separatory funnel, and washed
with satd. aq. NaHCO; (2 X 50 mL) and brine. The organic phase
was dried with MgSO, and concentrated. The resulting residue was
dissolved in CH,Cl,/EtOH (2:1; 2mL), and then NaBH,
(0.625 mmol, 2.5 equiv.) was added in one portion. The mixture
was stirred for 30 min, then it was cooled to 0 °C, and quenched
by the slow addition of satd. aq. NH4CI (5 mL). The mixture was
then warmed to room temp. and stirred vigorously for 30 min. The
mixture was extracted with CH,Cl, (2 X 50 mL), and the combined
organic extracts were washed with brine, dried with MgSQ,, and
concentrated. Purification on silica gel was achieved (unless other-
wise noted) using CH,Cl,/petroleum ether (19:1), until the excess
of unreacted amine nucleophile had been eluted, then switching to
CH,CI,/Et,0 (19:1) to elute the difluoroamino alcohols.

Benzyl (R)-(2,2-Difluoro-1-hydroxyheptan-3-yl)(methoxy)carbamate
(20a): Pale yellow liquid (44.3 mg, 54% yield, 91% ee). [a]s = +2.8
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(¢ = 1.8, CHCly). IR (thin film, KBr): ¥ = 3454, 2959, 2927, 2859,
1713, 1457, 1403, 1320, 1286, 1219, 1139, 1079, 1007, 912, 758,
736 cm . '"H NMR (400 MHz, CDCls): 6 = 7.44-7.31 (m, 5 H),
5.26 (q, J = 12.2 Hz, 2 H), 4.52-4.39 (m, 1 H), 3.89-3.65 (m, 5 H),
3.10 (s, 1 H), 2.05-1.88 (m, 1 H), 1.81-1.64 (m, 1 H), 1.44-1.14 (m,
4 H), 0.88 (t, J = 7.1 Hz, 3 H) ppm. '3C NMR (101 MHz, CDCl;):
0 = 1584, 135.5, 128.7 (2 C), 128.5, 128.1 (2 C), 1214 (t, J =
2493 Hz, 1 C), 68.6, 63.5, 62.9-61.8 (m, 1 C), 59.8, 28.0, 22.7,
22.3, 13.8 ppm. '°F NMR (188 MHz, CDCly): 6 = -113.4 (d, Jgr
=258.6 Hz, 1 F),-118.9 (d, J = 262.6 Hz, 1 F) ppm. HPLC (AD-H
column; n-hexane/iPrOH, 95:5; 0.3 mL/min): major fz = 42.4 min,
minor fg = 56.1 min. HRMS: calcd. for C;4H,3F,NO, [M + HJ*
331.1595; found 331.1595.

Benzyl (R)-(2,2-Difluoro-1-hydroxypentan-3-yl)(methoxy)carbamate
(20b): Colorless liquid (43.3 mg, 57% yield, 90% ee). [a]E = +10.9
(¢ = 2.1, CHCly). IR (thin film, KBr): v = 3453, 2975, 2944, 1712,
1457, 1402, 1359, 1314, 1263, 1214, 1143, 1077, 1028, 756 cm™!. 'H
NMR (400 MHz, CDCl,): 6 = 7.37 (h, J = 49 Hz, 5 H), 5.26 (q,
J =122 Hz, 2 H), 446-4.31 (m, 1 H), 3.92-3.62 (m, 5 H), 3.07 (s,
1 H), 1.97 (ddt, J = 18.7, 14.4, 7.3 Hz, 1 H), 1.88-1.73 (m, 1 H),
0.96 (t, J = 7.3 Hz, 3 H) ppm. '*C NMR (101 MHz, CDCl;): § =
158.6, 135.5, 128.7 (2 C), 128.5, 128.1 (2 C), 121.4 (t, J = 249.3 Hz,
1 C), 68.6, 63.6, 62.8-61.9 (m, 1 C), 61.9-61.0 (m, 1 C), 16.5,
10.6 ppm. F NMR (188 MHz, CDCly): 6 = -113.5 (d, Jry =
257.6 Hz, 1 F), -118.7 (d, Jgr = 263.3 Hz, 1 F) ppm. HPLC (AS-H
column; n-hexane/iPrOH, 95:5; 0.3 mL/min): major fx = 34.2 min,
minor fg = 31.5 min. HRMS: caled. for C4,HoF,NO, [M + HJ*
303.1282; found 303.1279.

Benzyl (R)-(2,2-Difluoro-1-hydroxyhexan-3-yl)(methoxy)carbamate
(20c): Pale yellow liquid (40.9 mg, 52% yield, 98 % ee). [a]Es = +3.8
(¢ = 1.2, CHCI,). IR (thin film, KBr): ¥ = 3462, 2962, 2875, 1712,
1457, 1402, 1299, 1239, 1139, 1078, 1016, 914, 757 cm™'. 'H NMR
(400 MHz, CDCly): 0 = 7.43-7.29 (m, 5 H), 5.25 (q, J = 12.2 Hz,
2 H), 4.55-4.41 (m, 1 H), 3.90-3.63 (m, 5 H), 3.08 (s, 1 H), 2.05-
1.90 (m, 1 H), 1.73-1.62 (m, 1 H), 1.52-1.37 (m, 1 H), 1.34-1.20
(m, 1 H), 0.92 (t, J = 7.4 Hz, 3 H) ppm. '3C NMR (101 MHz,
CDCly): 6 = 158.4, 135.5, 128.7 (2 C), 128.5, 128.1 (2 C), 121.4 (t,
J = 2493 Hz, 1 C) 68.6, 63.6, 62.8-61.9 (m, 1 C), 59.5 (t, J =
26.7 Hz, 1 C), 25.0, 19.1, 13.6 ppm. '°F NMR (188 MHz, CDCl;):

=-113.4(d, Jgr =257.8 Hz, 1 F), -118.8 (d, Jpr =278.3 Hz, | F)
ppm. HPLC (AD-H column; n-hexane/iPrOH, 95:5; 0.3 mL/min):
major tg = 42.4 min, minor fx = 62.9 min. HRMS: calcd. for
C,sH, F,NO,4 [M + HJ* 317.1439; found 317.1438.

Benzyl (R)-(2,2-Difluoro-1-hydroxydodecan-3-yl)(methoxy)carb-
amate (20d): Chromatography (acetone/petroleum ether, 3:97) gave
a yellow liquid (49.5 mg, 49% yield, 92% ee). [a]E = +7.5 (¢ = 2.6,
CHCl;). IR (thin film, KBr): v = 3462, 2927, 2855, 1713, 1457,
1401, 1304, 1085, 911, 756 cm™'. 'H NMR (400 MHz, CDCl;): § =
7.42-7.31 (m, 5 H), 5.26 (q, J = 12.2 Hz, 2 H), 4.554.37 (m, 1 H),
3.90-3.62 (m, 5 H), 3.10 (s, 1 H), 2.05-1.87 (m, 1 H), 1.79-1.60 (m,
1 H), 1.41-1.20 (m, 14 H), 0.88 (t, J = 6.9 Hz, 3 H) ppm. '*C NMR
(101 MHz, CDCly): 6 = 158.6, 135.6, 128.7 (2 C), 128.6, 128.2 (2
C), 121.6 (t, J = 249.2 Hz, 1 C), 68.6, 63.6, 62.9-62.0 (m, 1 C), 59.9
(t, J =239Hz 1 C), 32.0, 29.6, 29.5, 29.4, 29.3, 26.0, 23.2, 22.8,
14.2 ppm. F NMR (188 MHz, CDCly): 6 = -113.4 (d, Jrf =
261.0 Hz, 1 F), -118.9 (d, Jgr = 266.2 Hz, 1 F) ppm. HPLC (AD-H
column; n-hexane/iPrOH, 97:3; 0.3 mL/min): major fz = 41.6 min,
minor fg = 48.6 min. HRMS: calcd. for C,;H33F>-NO4 [M + H]*
401.2378; found 401.2376.

Benzyl (R)-(2,2-Difluoro-1-hydroxy-Sphenylpentan-3-yl)(methoxy)-
carbamate (20e): Colorless liquid (41.1 mg, 43% yield, 93% ee).
[a]E = +13.8 (¢ = 1.0, CHCI3). IR (thin film, KBr): ¥ = 3461, 3029,
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2944, 1712, 1497, 1455, 1402, 1309, 1214, 1170, 1102, 1077, 1018,
913, 752 cm™'. 'TH NMR (400 MHz, CDCls): § = 7.42-7.10 (m, 10
H), 5.38-5.17 (m, 2 H), 4.53-4.39 (m, 1 H), 3.88-3.60 (m, 5 H),
3.14 (s, 1 H), 2.78 (ddd, J = 14.0, 9.7, 4.5 Hz, 1 H), 2.54 (dt, J =
13.8, 8.3 Hz, 1 H), 2.39-2.24 (m, 1 H), 2.13-2.01 (m, 1 H) ppm.
13C NMR (101 MHz, CDCl5): 6 = 158.4, 140.7, 135.5, 128.8 (2 C),
128.7, 128.6 (2 C), 128.5 (2 C), 128.3 (2 C), 126.4, 121.50 (t, J =
249.6 Hz, 1 C), 68.8, 63.8, 63.2-61.3 (m, 1 C), 59.3 (t, J = 28.5 Hz,
1 C), 32.1, 25.0 ppm. ’F NMR (188 MHz, CDCl,): 6 = -113.4 (d,
Jer = 263.1 Hz, 1 F), ~119.1 (d, Jgy = 270.0 Hz, 1 F) ppm. HPLC
(AD-H column; n-hexane/iPrOH, 95:5; 0.5 mL/min): major tg =
42.4 min, minor fg = 50.9 min. HRMS: calcd. for C,yH»3F>NO,
[M + H]* 379.1595; found 379.1595.

Benzyl (R)-(2,2-Difluoro-1-hydroxy-5-methylhexan-3-yl)(methoxy)-
carbamate (20f): Colorless liquid (40.8 mg, 49% yield, 88% ee).
[a] = +7.3 (¢ = 1.2, CHCl5). IR (thin film, KBr): ¥ = 3460, 2959,
2872, 1712, 1456, 1402, 1305, 1244, 1085, 1002, 912, 755cm™!. 'H
NMR (400 MHz, CDCl;): 6 = 7.43-7.30 (m, 5 H), 5.26 (q, J =
12.2 Hz, 2 H), 4.64-4.49 (m, 1 H), 3.89-3.66 (m, 5 H), 3.20 (s, 1
H), 2.01 (ddd, J = 14.7, 11.6, 3.4 Hz, 1 H), 1.67-1.55 (m, 1 H),
1.41 (t, J = 12.4Hz, 1 H), 095 (d, J = 6.6 Hz, 3 H), 0.86 (d, J =
6.5 Hz, 3 H) ppm. '3C NMR (101 MHz, CDCl,): § = 158.3, 135.4,
128.6 (2 C), 128.5, 128.1 (2 C), 121.6 (t, J = 249.4 Hz, 1 C), 68.6,
63.6,62.8-61.6 (m, 1 C), 57.7, 31.7, 24.4, 23.5, 21.1 ppm. '°F NMR
(188 MHz, CDCly): 0 = -113.2 (d, Jgg = 257.4 Hz, 1 F), -119.0 (d,
Jrr = 260.1Hz, 1 F) ppm. HPLC (AD-H column; n-hexane/
iPrOH, 95:5; 0.3 mL/min): major fg = 31.6 min, minor tg =
47.8 min. HRMS: caled. for C;¢H,3F>NO, [M + HJ* 331.1595;
found 331.1594.

Benzyl (R)-(2,2-Difluoro-1-hydroxy-4-methylpentan-3-yl)(methoxy)-
carbamate (20g): Colorless liquid (31.4 mg, 40% yield, 90% ee).
[a]3 = +1.0 (¢ = 0.9, CHCl5). IR (thin film, KBr): v = 3480, 2968,
2946, 2879, 1712, 1457, 1394, 1350, 1305, 1277, 1213, 1148, 1075,
1004, 912, 756 cm™!. 'H NMR (400 MHz, CDCls): 6 = 7.44-7.31
(m, 5 H), 5.32-5.18 (m, 2 H), 4.21 (d, / = 17.4 Hz, 1 H), 3.97-3.64
(m, 5 H),2.92 (s, 1 H), 2.39(d, J = 6.9 Hz, 1 H), 1.11 (dd, J = 6.3,
3.1 Hz, 3 H), 1.04 (d, J = 6.7 Hz, 3 H) ppm. '*C NMR (101 MHz,
CDCly): 0 = 158.5, 135.5, 128.7 (2 C), 128.5, 128.1 (2 C), 122.4 (t,
J =251.0Hz, 1 C), 68.6, 64.6, 63.8-63.1 (m, 1 C), 63.1, 26.1, 20.6,
19.8 (d, J = 6.2 Hz, 1 C) ppm. ’F NMR (188 MHz, CDCl;): § =
-105.3 to -117.1 (m, 2 F) ppm. HPLC (AS-H column; n-hexane/
iPrOH, 97:3; 0.3 mL/min): major 7z = 35.4 min, minor fgx =
50.9 min. HRMS: calcd. for C;sH, F,NO, [M + H]* 317.1439;
found 317.1440.

Benzyl (R)-(2,2-Difluoro-1-hydroxyoct-7-en-3-yl)(methoxy)carb-
amate (20h): Yellow liquid (40.8 mg, 47% yield, 91% ee). [al} =
+8.4 (¢ = 1.7, CHCI5). IR (thin film, KBr): ¥ = 3458, 2942, 1712,
1456, 1401, 1316, 1213, 1165, 1080, 1016, 913, 755 cm™!. 'H NMR
(400 MHz, CDCly): 6 = 7.42-7.32 (m, 5 H), 5.75 (ddt, J = 16.9,
10.2, 6.7 Hz, 1 H), 5.26 (q, J = 12.2 Hz, 2 H), 5.05-4.93 (m, 2 H),
4.54-4.40 (m, 1 H), 3.88-3.67 (m, 5 H), 3.05 (s, 1 H), 2.13-1.90 (m,
3 H), 1.81-1.67 (m, 1 H), 1.57-1.44 (m, 1 H), 1.43-1.28 (m, 1 H)
ppm. 3C NMR (101 MHz, CDCl;): 6 = 158.3, 137.9, 135.4, 128.7
(20), 128.5,128.1 2 C), 121.4 (t, J = 2494 Hz, 1 C), 115.1, 68.6,
63.6, 62.4 (dd, J = 32.8, 30.1 Hz, 1 C), 60.8-58.6 (m, 1 C), 33.2,
25.1, 22.5 ppm. 'F NMR (188 MHz, CDCls): 6 = ~113.4 (d, Jgr
= 2574Hz | F), -118.7 (d, Jgr = 246.6 Hz, 1 F) ppm. HPLC
(AD-H column; n-hexane/iPrOH, 95:5; 0.3 mL/min): major tg =
42.2 min, minor fg = 60.0 min. HRMS: calcd. for C;;H»3F,NO,
[M + H]* 343.1595; found 343.1594.

Benzyl (R)-[1-(Benzyloxy)-3,3-difluoro-4-hydroxybutan-2-ylj(meth-
oxy)carbamate (20i): Chromatography (EtOAc/petroleum ether, 1:7

5278

WWW.eurjoc.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

to 1:4) gave a colorless liquid (43.6 mg, 44% yield, 92% ee). [a]E
= +6.9 (¢ = 1.8, CHCl;). IR (thin film, KBr): ¥ = 3461, 2926,
1716, 1455, 1396, 1303, 1120, 1067, 1028, 910, 737 cm™'. '"H NMR
(400 MHz, CDCly): 0 = 7.42-7.28 (m, 10 H), 5.32-5.20 (m, 2 H),
4.86 (dtd, J = 17.8, 9.3, 4.3 Hz, 1 H), 4.56 (s, 2 H), 4.04 (t, J =
9.8 Hz, 1 H), 3.90-3.71 (m, 6 H), 2.90 (s, 1 H) ppm. '*C NMR
(101 MHz, CDCly): 6 = 158.3, 137.5, 135.5, 128.6 (2 C), 128.4 (2
), 128.1 (2 C), 127.8 2 C), 127.7 (2 C), 121.1 (t, J = 249.6 Hz, |
QO), 73.3, 68.6, 63.7, 63.3, 62.6 (t, J = 31.1 Hz, 1 C), 59.5 (t, J =
25.8 Hz, 1 C) ppm. '’F NMR (188 MHz, CDCls): 6 = -113.0 (d,
Jer = 2539 Hz, 1 F),-115.8 (d, Jgg = 273.0 Hz, | F) ppm. HPLC
(AD-H column; n-hexane/iPrOH, 90:10; 1.0 mL/min): major tg =
17.6 min, minor fg = 20.0 min. HRMS: calcd. for C,yH»3F>NOs
[M + HJ]" 395.1544; found 395.1545.

Methyl (R)-9-{|(Benzyloxy)carbonyl](methoxy)amino}-10,10-di-
fluoro-11-hydroxyundecanoate (20j): Chromatography (EtOAc/pe-
troleum ether, 1:7 to 1:4) gave a colorless liquid (50.5 mg, 47%
yield, 90% ee). [a] = +3.2 (¢ = 2.8, CHCI;). IR (thin film, KBr):
v = 3999, 2941, 2858, 1737, 1456, 1399, 1303, 1213, 1171, 1115,
1079, 1015, 912, 756 cm™'. '"H NMR (400 MHz, CDCls): 6 = 7.41—
7.31 (m, 5 H), 5.25(q, /= 12.2, 11.4 Hz, 2 H), 4.53-4.38 (m, 1 H),
3.91-3.64 (m, 8 H), 3.11 (s, 1 H), 2.29 (t, J = 7.5 Hz, 2 H), 2.01-
1.90 (m, 1 H), 1.69 (s, 1 H), 1.63-1.56 (m, 2 H), 1.45-1.16 (m, 8
H) ppm. 3C NMR (101 MHz, CDCls): § = 174.6, 158.8, 135.8,
129.0 (2 C), 128.9, 128.5 (2 C), 121.8 (t, J = 249.3 Hz, 1 C), 68.9,
63.9, 63.2-62.2 (m, 1 C), 60.9-60.0 (m, 1 C), 51.8, 34.4, 29.3, 29.3,
29.3, 26.1, 25.2, 232 ppm. ’F NMR (188 MHz, CDCl;): § =
-113.4 (d, Jgr = 258.3 Hz, 1 F), -118.8 (d, Jgr = 259.9 Hz, 1 F)
ppm. HPLC (AD-H column; n-hexane/iPrOH, 90:10; 1.0 mL/min):
major tg = 12.8 min, minor tz = 15.6 min. HRMS: calcd. for
C,1H3,FoNOg [M + HJ* 431.2119; found 431.2119.

Benzyl (R)-Benzyloxy(2,2-difluoro-1-hydroxydodecan-3-yl)carb-
amate (20k): Prepared according to the general procedure
(3.0 mmol scale), using N-OBn protected amine nucleophile 7a.
Chromatography (EtOAc/petroleum ether, 7.5:92.5 to 15:85) of the
crude cascade product gave an inseparable mixture of alcohol 20k
and the unreacted amine nucleophile in an approximate 2:3 ratio.
The yield was determined by NMR spectroscopy, using cyclohex-
ene as an internal standard (54% yield). Full characterization of
the corresponding methyl ester (21) was achieved and is described
below.

Methyl (R)-3-{(Benzyloxy)|(benzyloxy)carbonyl]amino}-2,2-di-
fluorododecanoate (21): Prepared according to adapted literature
procedures.*'l An inseparable mixture of difluoro amino alcohol
20k (0.53 mmol, as determined by 'H NMR spectroscopy with an
internal standard) and the amine nucleophile (1.47 mmol) were dis-
solved in MeCN (10 mL, 0.2 m). NMO (2.34 g, 10 equiv.), H,O
(360 puL, 10 equiv.), and TPAP (70.3 mg, 0.10 equiv.) were added,
and the mixture was stirred at room temp. for 1.5 h. It was then
quenched with /PrOH (5 mL), and stirred for a further 30 min. The
crude mixture was filtered through silica gel (10 cm plug) with
CH,Cl,/MeOH, 9:1 (150 mL), and the eluted solution was concen-
trated. The resulting crude residue was dissolved in Et,O (50 mL),
and this solution was washed with satd. aq. KHSO,4 (2 X 50 mL)
to remove the excess NMO. The aqueous layer was re-extracted
with Et,O (2X 20mL). The combined organic extracts were
washed with brine, dried with Na,SO,, and concentrated. Column
chromatography (EtOAc/petroleum ether, 8:2, to EtOAc/MeOH,
9:1) gave the carboxylic acid in nearly quantitative yield (260 mg,
0.53 mmol) as a yellow oil.

This acid intermediate (260 mg, 0.53 mmol) was dissolved in meth-
anol (4.0 mL) at 0°C, and AcCl (377 uL, 10 equiv.) was added
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dropwise. The mixture was warmed to room temp. and stirred for
2 h. After this time, TLC confirmed that the starting material had
been consumed, and the mixture was concentrated. This crude resi-
due was dissolved in EtOAc (50 mL). This solution was neutralized
with satd. aq. NaHCOj3 (50 mL), washed with brine (50 mL), and
dried with MgSO,. Concentration provided pure methyl ester 21
(261 mg, 98% yield, 89% ee) as a colorless liquid. [a] = +50.4 (c
= 3.5, CHCI,). IR (thin film, KBr): ¥ = 3066, 3034, 2956, 2926,
2855, 1776, 1719, 1498, 1456, 1389, 1285, 1215, 1066, 751 cm™!. 'H
NMR (400 MHz, CDCls): 6 = 7.47-7.28 (m, 10 H), 5.24 (s, 2 H),
4.99-4.81 (m, 2 H), 4.82-4.58 (m, 1 H), 3.76 (s, 3 H), 2.17-1.91 (m,
1 H), 1.73-1.52 (m, 1 H), 1.40-1.11 (m, 14 H), 0.94-0.81 (m, 3 H)
ppm. 3C NMR (101 MHz, CDCls): 6 = 163.9 (t, J = 32.2 Hz, 1
CO), 157.8, 135.6, 135.0, 129.4 (2 C), 128.6 (2 C), 128.5, 128.4, 128.4
(2C), 1282(2 C), 114.7 (t, J = 256.3 Hz, 1 C), 77.9, 68.5, 61.3 (t,
J=258Hz,1C),53.4,31.9,294,29.3,29.3,29.1, 25.3, 23.5, 22.7,
14.1 ppm. YF NMR (188 MHz, CDCl3): 6 = -109.9 (dd, Jrr =
259.7, Jgu = 9.4 Hz, 1 F), —-115.3 (d, Jgr = 256.6 Hz, 1 F) ppm.
HPLC (AD-H column; n-hexane/iPrOH, 99:1; 0.3 mL/min): major
tg = 26.6min, minor fzg = 59.2min. HRMS: calcd. for
CyxH3,F>,NOs [M + HJ* 506.2713; found 506.2712.

Methyl (R)-3-Amino-2,2-difluorododecanoate (22): Difluoro amino
ester 21 (57 mg, 0.11 mmol) in MeOH (5 mL) was slowly added
to a slurry of 5% Pd/C (47 mg, 20% Pd) in EtOH (0.5 mL) and
hydrogenated (50 psi) at room temp. for 20 h. This crude mixture
was filtered through cotton (EtOAc, 30 mL) and concentrated to
give the pure free amino ester (22), as a yellow oil (27.3 mg, 91%
yield). [a] = +19.6 (¢ = 0.7, CHCl;). IR (thin film, KBr): ¥ =
3407, 2956, 2926, 2856, 1764, 1459, 1441, 1378, 1316, 1196, 1097,
812, 723 cm™!. 'H NMR (400 MHz, CDCl;): 6 = 3.89 (s, 3 H),
3.28-3.11 (m, 1 H), 1.66-1.50 (m, 2 H), 1.34-1.21 (m, 14 H), 0.88
(t, J = 6.6 Hz, 3 H) ppm. '3C NMR (101 MHz, CDCl5): § = 164.72
(t, J=329Hz, 1C), 116.35 (t, J = 253.3Hz, 1 C), 54.32 (t, J =
24.1Hz, 1C), 53.2,31.9,29.77 (t, J = 2.5Hz, 1 C), 29.5,29.4, 29 4,
29.3, 25.8, 22.7, 14.1 ppm. ’F NMR (188 MHz, CDCl;): § =
—-115.3 (dd, Jgg = 2564, Jpy = 11.3Hz, 1 F), -118.4 (dd, Jrr =
256.5, Jgpu = 14.2 Hz, 1 F) ppm. HRMS: caled. for C;3H,5F,NO,
[M + HJ]" 265.1926; found 265.1925.

Assignment of Stereochemistry: Stereochemistry was assigned based
on the accepted model of stereochemical induction for catalyst 91321
and on the previously determined stereochemistry of the product
of B-amination of substrate 6f using catalyst 9.3

Supporting Information (see footnote on the first page of this arti-
cle): Peripheral discussion of cascade optimization, and copies of
'H and 3C NMR spectra and HPLC chromatograms for com-
pounds 20a-20j, 21 and 22.
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