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Catalytic Lewis and Brønsted acid syn-diastereoselective
benzylic substitutions of �-hydroxy-�-nitro- and
�-hydroxy-�-azido-alkyl arenes
Raphaël Hensienne, Jean-Philippe Cusson, Étienne Chénard, and Stephen Hanessian

Abstract: A series of alkyl and alkenyl p-methoxy arenes containing �,�-disubstituted diamino and amino alcohol groups were
synthesized from �-nitro and �-azido benzylic alcohols in the presence of AuCl3 as catalyst. The formation of predominantly
syn-disubstituted products were rationalized on the basis of mechanistic considerations and transition state models relying on
A1,3-allylic strain. The products could have utility in the design of medicinally relevant compounds and as chiral ligands for
asymmetric catalysis. A new synthesis of (+)-sertraline (Zoloft) was achieved.

Key words: gold catalysis, benzylic sulfonamide, 1,1=-diaryl alkanes.

Résumé : Nous avons synthétisé une série de p-méthoxyarènes alkyliques ou alcényliques �,�-disubstitués par des groupes
diamino ou aminoalcool à partir d’alcools �-nitrobenzyliques ou �-azidobenzyliques en présence d’AuCl3 employé comme
catalyseur. Pour expliquer la formation prédominante des produits disubstitués syn, nous avons fondé notre raisonnement sur
des considérations mécanistiques et sur des modèles de l’état de transition reposant sur la tension allylique A1,3. Les produits
pourraient être utiles pour la conception de composés d’intérêt pharmacologique et comme ligands chiraux en catalyse asymé-
trique. Nous avons également réalisé une nouvelle synthèse de la (+)-sertraline (Zoloft). [Traduit par la Rédaction]

Mots-clés : catalyse par l’or, sulfonamide benzylique, 1,1=-diarylalkanes.

Introduction
The introduction of primary and secondary amino groups in

aliphatic organic molecules has been an area of long-standing
research activity.1 Of particular interest is the inclusion of an
amino group in the benzylic position of arenes especially in the
context of pharmacologically important drugs exemplified by ser-
traline (Zoloft).2 One of the simplest methods to achieve benzylic
amination is through the application of the Ritter reaction to
benzylic alcohols in the presence of catalytic amounts of protic
acids in acetonitrile, which leads to benzylic acetamides.3 Recent
efforts to synthesize benzylic amines by catalytic enantioselective
methods have been addressed in a number of creative ways par-
ticularly with regard to C–H activation.4 The diastereoselective
and asymmetric synthesis of vicinal �,�-disubstituted benzylic
diamines and amino alcohols in acyclic organic compounds has
been an area of interest for many years.5 Other than applications
to the synthesis of medicinally relevant compounds containing �-
or �-aminoalkyl substituted arenes,6 a great deal of progress has
been made in the inventive use of vicinal diamines and amino
alcohols as chiral non-racemic ligands for asymmetric catalysis.7

For example, C2-symmetric (R,R)- and (S,S)-1,2-diphenyl-diaminoethane5a

or (R,R)- and (S,S)-1,2-diaminocyclohexane7d are among the most
frequently used ligands for a multitude of catalytic and stoichio-
metric asymmetric reactions with great success. Ephedrine and
pseudoephedrine are versatile chiral auxiliaries in enolate al-
kylation reactions.8 They also represent examples of �-hydroxy-
�-alkylamino arenes with pharmacological properties,6b,6d,9

hence their regulated availability for research purposes. Thus,

arenes with �,�-heteroatom substituted benzylic alkane append-
ages are interesting compounds to explore as novel pharmacoph-
ores, as well as ligands for asymmetric synthesis and catalysis.

There are numerous methods to access �,�-disubstituted ben-
zylic diamines in a diastereoselective manner. Among the most
frequently used methods are the direct SN1 or SN2 displacement of
a suitable benzylic leaving group5d (Fig. 1, method A). By far the
most popular method to access arenes with �,�-diaminoalkyl
benzylic appendages has relied on the coupling of nitroalkanes
with N-Boc aldimines derived mostly from aromatic aldehydes,
also known as the nitro-Mannich or aza-Henry reaction10 (Fig. 1,
method B). A number of elegant catalytic enantioselective meth-
ods relying on C2-symmetric ligands have been reported with sim-
ple nitroalkanes leading to syn- or anti- products as predominant if
not exclusive diastereoisomers by Shibasaki11 and Johnston,12 re-
spectively. Jacobsen has reported highly enantioselective anti-
selective aza-Henry products from metal-free organocatalytic
thiourea-mediated reactions.13 There are a number of elegant
methods for benzylic amination via C–H activation.4b,4e–4h How-
ever, the synthesis of �,�-diaminoalkyl arenes involving benzylic
C–H activation and using a compatible source of a nitrogen-
containing partner are scarce (Fig. 1, method C).

We have previously reported on the diastereoselective benzylic
arylation of �-hydroxy-�-nitroalkyl arenes with electron rich aro-
matic compounds.14 The major if not exclusive products in the
presence of catalytic AuIII or BiIII salts were the syn-diastereoisomers
with regard to the incoming arenes and the �-nitro substituent on the
alkyl chain. Inspired by the scholarly studies of Bach,15a,15b Olah,15c,15d
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and Prakash,15c,15d we rationalized the predominance of syn-
diastereoselectivity based on minimisation of A1,3 strain in a pu-
tative quinonoid intermediate (Fig. 2). Furthermore, syn-nitro
alcohols were much more reactive toward arenes in the presence
of BiIII salts compared with anti-nitro alcohols, resulting in an
interesting kinetic diastereomer differentiation.14

Herein, we extended these studies to the introduction of amine
and oxygen substitution at the benzylic position in the form of
N-protected sulfonamides and O-benzyl and O-aryl ethers using
racemic �-hydroxy-�-nitro- (or �-azido-) alkyl and �-hydroxy-�-
nitro- (or �-azido-) allyl arenes in the presence of 10 mol% of AuCl3
as catalyst. A new series of electron rich aromatic phenols led to
the corresponding syn-C-aryl �-nitroalkyl arenes in the presence of
AuCl3 and to syn-C-aryl �-azidoalkyl arenes in the presence of cat-
alytic p-toluenesulfonic acid monohydrate as major isomers.

Experimental

General
All reactions were performed in oven- or flame-dried glassware

under an argon atmosphere using dry, deoxygenated solvents.
Dichloromethane, diethyl ether, and toluene were dried by pas-
sage through an activated alumina column under argon (Solvent
drying system (SDS)). Reagents were purchased and used without
further purification. Reactions were monitored by analytical thin-
layer chromatography (TLC) carried out on 0.25 mm silica plates
that were visualized under a UV lamp (254 nm) and developed
by staining with ceric ammonium molybdate (Hanessian Stain),
p-anisaldehyde, ninhydrin, and (or) potassium permanganate so-
lution. Flash column chromatography were performed using sil-
ica (particle size 40–63 �m, 230–400 mesh) at increased pressure.
FTIR spectra are reported in reciprocal centimeters (cm−1). 1H NMR
spectra were recorded at either 300, 400, or 500 MHz, and 13C NMR
spectra were recorded at either 75, 101, or 126 MHz. Chemical
shifts for 1H NMR spectra are recorded in parts per million relative
to trimethylsilane (TMS, � = 0.00 ppm) with the solvent resonance
as the internal standard (CHCl3, � = 7.26 ppm; or CH3OH, � =
3.31 ppm). Data are reported as follows: chemical shift, multiplic-
ity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet),
coupling constant in Hertz (Hz), integration (xH). Chemical shifts
for 13C NMR spectra are recorded in parts per million using the
central peak of CDCl3 (� = 77.16 ppm) as the internal standard.
Optical rotations were determined with a polarimeter at 589 nm,
using a 1 dm cell at ambient temperature and are reported in units
of deg cm3 g−1 dm−1. High resolution mass spectra and analytical
and preparative chiral HPLC were performed by the Centre ré-
gional de spectroscopie de masse de l’Université de Montréal. An-

alytical chiral HPLC were performed with an Agilent 1100 Series
HPLC, by chiralpak AD-H and chiralcel OD columns. All columns
were 4.6 mm diameter × 250 mm height and were purchased from
Daicel Chemical Industries Ltd. Chiral HPLC traces were obtained
from a UV detector, with wavelength set at 254 and (or) 210 nm.
The chiral HPLC separation conditions and results are described
as follows: gradient, column, flow, column temperature, back
pressure (BP, bar), retention time (RT), ratio.

Experimental procedures

General protocol for the synthesis of nitro alcohols16

To a mixture of p-anisaldehyde 1 (1.0 equiv.) and the nitro deriv-
ative 2 (5.0 equiv.) was added N,N-diisopropylethylamine (2.0 equiv.),
followed by LiBr (0.20 equiv.). The reaction mixture was stirred at
room temperature for 3 days. Ethyl acetate was added and the
resulting mixture was washed with a saturated aqueous solution
of Na2S2O3 (3×). The organic layer was dried over Na2SO4, filtered,
and concentrated under reduced pressure. The crude product was
purified by flash column chromatography (silica gel, hexane/ethyl
acetate 10:0 to 9:1) to afford the corresponding nitro alcohol.

General protocol for the synthesis of bromoketones17

The starting ketone 12 (1.0 equiv.) was dissolved in diethyl ether
(�1.5 mol L−1). Bromine (1.0 equiv.) was added dropwise. The reac-
tion mixture was stirred at room temperature, and progress was
monitored by TLC. After completion, a saturated aqueous solution
of Na2S2O3 was added at 0 °C. The resulting mixture was stirred at
room temperature for 30 min, and the aqueous layer was ex-
tracted with diethyl ether. The combined organic layers were
washed with a saturated aqueous solution of NaHCO3, dried over
MgSO4, filtered, and concentrated under reduced pressure to af-
ford the corresponding bromoketone.

General protocol for the synthesis of azidoketones
The starting bromoketone 13 (1.0 equiv.) was dissolved in dry

N,N-dimethylformamide (�0.25 mol L−1), NaN3 (3.0 equiv.) was
added, and the reaction mixture was stirred at room temperature
for 2 h. Diethyl ether and brine were added, the organic layer was
washed with brine (5×), dried over MgSO4, filtered, and concen-
trated under reduced pressure. The crude product was purified by
flash column chromatography (silica gel, hexane/ethyl acetate
10:0 to 8:2) to afford the corresponding azidoketone.

General protocol for the synthesis of azidoalcohols
The starting azidoketone 14 (1.0 equiv.) was dissolved in meth-

anol (�0.25 mol L−1). NaBH4 (1.1 equiv.) was added, and the reac-
tion mixture was stirred at room temperature for 1 h. Water was
slowly added and the methanol was evaporated under reduced
pressure. The resulting mixture was extracted with diethyl ether,
the organic layer was washed with brine (2×), dried over Na2SO4,
filtered, and concentrated under reduced pressure. The crude
product was filtered on a short pad (silica gel, 5V diethyl ether) to
afford the corresponding azidoalcohol.

General protocol for the acetylation of alcohols
The starting alcohol (1.0 equiv.) was dissolved in dichlorometh-

ane (�0.25 mol L−1). Acetic anhydride (5.0 equiv.) was added, fol-
lowed by triethylamine (2.0 equiv.) and 4-dimethylaminopyridine
(0.10 equiv.). The reaction mixture was stirred at room tempera-
ture for 5 min, ethyl acetate was added, and the resulting mixture
was washed with a saturated aqueous solution of NaHCO3 (2×).
The organic layer was dried over MgSO4, filtered, and concen-
trated under reduced pressure. The crude product was purified by
flash column chromatography (silica gel, hexane/ethyl acetate
10:0 to 9:1) to afford the corresponding acetate as a clear oil.

Fig. 1. Preferred methods toward benzylic substitution.
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General protocol for the acid catalyzed nucleophilic
substitution of benzylic alcohols and acetates14

The starting benzylic alcohol or acetate (1.0 equiv.) was dissolved in
dichloromethane (�0.1 mol L−1). The nucleophile (5.0 equiv.) was
added, followed by the catalyst (10 mol%). The reaction mixture
was stirred at room temperature and progress was monitored by
TLC. After completion (usually overnight), the resulting mixture
was diluted with dichloromethane and washed with a saturated
aqueous solution of NaHCO3. The organic layer was dried over
Na2SO4, filtered, and concentrated under reduced pressure. The
crude product was purified by flash column chromatography (sil-
ica gel, hexane/ethyl acetate 10:0 to 8:2) to afford the correspond-
ing adduct.

(±)-(1S,2S)-1-(4-Methoxyphenyl)-2-nitrobutan-1-ol (3a)
Following the general protocol for the synthesis of nitro alco-

hols and starting with 3.0 mL of p-anisaldehyde 1 and 11 mL of
1-nitropropane 2a, nitro alcohol 3a (2.9 g, 52%, dr 3–4.5:1) was
obtained. Rf = 0.31 (hexane/ethyl acetate 4:1); 1H NMR (300 MHz,
CDCl3) � 7.31–7.24 (m, 2H), 6.96–6.85 (m, 2H), 5.09 (d, J = 5.4 Hz,
0.2H), 4.98 (d, J = 9.1 Hz, 0.8H), 4.63–4.51 (m, 1H), 3.82 (s, 2.3H), 3.80
(s, 0.6H), 2.57 (br s, 0.2H), 2.40 (br s, 0.8H), 2.14 (ddq, J = 14.6, 10.7,
7.3 Hz, 0.2H), 2.04–1.72 (m, 1H), 1.40 (dqd, J = 14.8, 7.5, 3.5 Hz,
0.84H), 0.94 (t, J = 7.4 Hz, 0.57H), 0.86 (t, J = 7.4 Hz, 2.43H); Major
diastereomer (syn) 13C NMR (75 MHz, CDCl3) � 160.3, 130.8, 128.3,
114.6, 95.5, 75.3, 55.5, 24.1, 10.2; Minor diastereomer (anti) 13C NMR
(75 MHz, CDCl3) � 160.0, 130.8, 127.7, 114.3, 94.9, 74.2, 55.4, 21.9,
10.5; IR (neat) 3456, 2981, 2947, 2848, 1615, 1552, 1517, 1464, 1376,
1308, 1251, 1180, 1033 cm−1; HRMS (ESI) calcd for C11H15NNaO4 [M +
Na]+ 248.08933, found [M + Na]+ 248.08874.

(±)-(1S,2S)-1-(4-Methoxyphenyl)-2-nitropent-4-en-1-ol (3b)
Following the general protocol for the synthesis of nitro alco-

hols and starting with 0.40 mL of p-anisaldehyde 1 and 1.0 g of
4-nitrobutene 2b, nitro alcohol 3b (0.48 g, 61%, dr 3:1) was ob-
tained. Rf = 0.29 (hexane/ethyl acetate 4:1); 1H NMR (500 MHz,
CDCl3) � 7.33–7.28 (m, 2H), 6.95–6.89 (m, 2H), 5.70 (dddd, J = 16.9,
10.2, 7.9, 6.1 Hz, 0.28H), 5.65–5.55 (m, 0.73H), 5.19–4.97 (m, 3H),
4.77–4.63 (m, 1H), 3.82 (s, 2.14H), 3.81 (s, 0.74H), 2.88–2.81 (m,
0.28H), 2.70–2.62 (m, 0.28H), 2.56–2.46 (m, 1H), 2.38–2.36 (m,
0.71H), 2.20–2.13 (m, 0.76H); Major diastereomer 13C NMR
(126 MHz, CD3NO2) � 161.6, 133.3, 132.5, 129.8, 119.7, 115.4, 95.0,
76.3, 56.1, 36.1; Minor diastereomer 13C NMR (126 MHz, CD3NO2) �
161.4, 134.0, 132.8, 129.3, 119.5, 115.1, 94.2, 75.3, 56.0, 34.9; IR (neat)
3445, 3013, 2962, 2942, 2851, 1615, 1550, 1517, 1374, 1308, 1251, 1179,
1035 cm−1; HRMS (ESI) calcd for C12H19N2O4 [M + NH4]+ 255.13393,

found [M + NH4]+ 255.13336 and calcd for C12H15NNaO4 [M + Na]+

260.08933, found [M + Na]+ 260.08859.

(±)-(1S,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl acetate (4a)
Following the general protocol for the acetylation of alcohols

and starting with 250 mg of alcohol 3a, acetate 4a (249 mg, 84%, dr
17.5:1) was obtained. Rf = 0.49 (hexane/ethyl acetate 4:1); 1H NMR
(300 MHz, CDCl3) � 7.34–7.23 (m, 2H), 6.95–6.84 (m, 2H), 6.07 (d, J =
7.4 Hz, 0.14H), 6.01 (d, J = 10.2 Hz, 0.86H), 4.76 (td, J = 10.4, 3.4 Hz,
1H), 3.81 (s, 2.56H), 3.79 (s, 0.40H), 2.10 (s, 0.40H), 1.99 (s, 2.56H), 1.80
(ddq, J = 14.5, 10.6, 7.3 Hz, 1H), 1.44 (ddtd, J = 14.7, 10.8, 7.5, 3.4 Hz,
1H), 0.98 (t, J = 7.4 Hz, 0.46H), 0.88 (t, J = 7.4 Hz, 2.64H); 13C NMR
(75 MHz, CDCl3) � 169.3, 160.5, 129.1, 127.3, 114.6, 92.5, 75.9, 55.5,
24.0, 21.0, 10.1; IR (neat) 2962, 1750, 1609, 1554, 1514, 1372, 1257,
1223, 1176, 1084, 1015 cm−1; HRMS (ESI) calcd for C13H17NNaO5 [M +
Na]+ 290.09989, found [M + Na]+ 290.09914.

(±)-(1S,2S)-1-(4-Methoxyphenyl)-2-nitropent-4-en-1-yl acetate (4b)
Following the general protocol for the acetylation of alcohols

and starting with 100 mg of alcohol 3b, acetate 4b (67 mg, 60%, dr
20:1) was obtained. Rf = 0.56 (hexane/ethyl acetate 4:1); 1H NMR
(400 MHz, CDCl3) � 7.34–7.27 (m, 2H), 6.95–6.88 (m, 2H), 6.02 (d, J =
10.2 Hz, 1H), 5.59 (dddd, J = 17.1, 10.2, 8.1, 5.9 Hz, 1H), 5.12–5.01 (m,
2H), 4.88 (td, J = 10.3, 3.5 Hz, 1H), 3.81 (s, 3H), 2.52–2.42 (m, 1H),
2.22–2.14 (m, 1H), 2.00 (s, 3H); 13C NMR (75 MHz, CDCl3) � 169.3,
160.6, 130.3, 129.2, 126.9, 120.3, 114.6, 90.5, 75.6, 55.5, 34.8, 21.0;
HRMS (ESI) calcd for C14H21N2O5 [M + NH4]+ 297.1445, found [M +
NH4]+ 297.14532 and calcd for C14H17NNaO5 [M + Na]+ 302.09989,
found [M + Na]+ 302.10069.

(–)-N-((1R,2R)-1-(4-Methoxyphenyl)-2-nitrobutyl)-
2-methylpropane-2-sulfonamide (5a) and
(+)-N-((1S,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl)-
2-methylpropane-2-sulfonamide (5b)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic acetates, starting with 25 mg of
acetate 4a, using tert-butylsulfonamide as the nucleophile and
AuCl3 as the catalyst, a mixture of sulfonamides 5a and 5b (26 mg,
82%, dr 20:1 syn:anti) was obtained as a white solid. Rf = 0.41
(hexane/ethyl acetate 9:1); 1H NMR (500 MHz, CDCl3) � 7.19–7.14 (m,
2H), 6.97–6.89 (m, 2H), 5.29 (d, J = 10.0 Hz, 1H), 4.84 (dd, J = 10.0,
5.7 Hz, 1H), 4.62 (ddd, J = 10.1, 5.7, 4.1 Hz, 1H), 3.83 (s, 3H), 2.21 (ddq,
J = 14.5, 10.4, 7.2 Hz, 1H), 1.95 (dqd, J = 15.0, 7.6, 4.0 Hz, 1H), 1.29 (s,
9H), 1.03 (t, J = 7.4 Hz, 3H); 13C NMR (126 MHz, CDCl3) � 160.1, 129.8,
127.9, 115.0, 95.2, 60.7, 59.5, 55.7, 25.7, 24.5, 10.7; IR (neat) 3231,
2895, 2877, 1632, 1522, 1489, 1453, 1378, 1300, 1156, 1034 cm−1;

Fig. 2. Mechanistic rationale for syn-diastereoselectivity. [Colour online.]
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HRMS (ESI) calcd for C15H24N2NaO5S [M + Na]+ 401.1147, found [M +
Na]+ 401.1237. Preparative chiral HPLC was used to separate the
enantiomers. Analytical separation conditions: 10% iPrOH/CO2,
chiralpak AD-H, 30 °C, BP = 150, RT: 5a 4.15 min and 5b 5.10 min,
ratio 1:1.3 5a–5b; or 5% MeOH/CO2, chiralpak AD-H, 30 °C, BP = 150,
RT: 5a 14.1 min and 5b 16.7 min. For the R,R-enantiomer, 5a: mp:
139.5–142.0 °C; [�]D21 –53.3 (c 0.5, CHCl3). For the S,S-enantiomer,
5b: mp: 133.5–136.0 °C; [�]D21 +48.8 (c 0.3, CHCl3). Absolute config-
uration of the asymmetric centers for the R,R-enantiomer 5a was
determined by X-ray diffraction analysis (see Supplementary data
for X-ray structural data); this result was confirmed by compari-
son with literature data after conversion to the N-Boc N-acetyl
derivative 8 closely related to the reported compound 1111: [�]D21

–54.1 (c 1.1, CHCl3) (see Results and discussion; Fig. 3).

(±)-N-((1S,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl)-
2-(trimethylsilyl)ethane-1-sulfonamide (5c)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic acetates, starting with 25 mg of
acetate 4a, using 2-(trimethylsilyl)ethane-1-sulfonamide as the nu-
cleophile and AuCl3 as the catalyst, sulfonamide 5c (30 mg, 86%,
dr 20:1) was obtained as a white solid. Rf = 0.32 (hexane/ethyl
acetate 4:1); 1H NMR (400 MHz, CDCl3) � 7.25–7.16 (m, 2H), 6.96–
6.85 (m, 2H), 5.67 (d, J = 9.9 Hz, 1H), 4.78 (dd, J = 10.0, 8.2 Hz, 1H),
4.62 (ddd, J = 10.3, 8.2, 3.8 Hz, 1H), 3.79 (s, 3H), 2.71 (td, J = 14.1,
3.9 Hz, 1H), 2.58 (td, J = 14.1, 4.2 Hz, 1H), 1.97 (ddt, J = 14.5, 10.4,
7.3 Hz, 1H), 1.63 (dddd, J = 14.9, 11.3, 7.5, 3.9 Hz, 1H), 0.93 (t, J =
7.4 Hz, 3H), 0.82 (td, J = 13.7, 4.0 Hz, 1H), 0.70 (td, J = 13.7, 4.0 Hz, 1H),
–0.12 (s, 9H); 13C NMR (75 MHz, CDCl3) � 160.2, 129.0, 128.1, 115.0,
94.0, 59.3, 55.5, 50.4, 25.2, 10.4, 10.3, –2.0; IR (neat) 3261, 2955, 1613,
1555, 1517, 1455, 1316, 1230, 1168, 1033 cm−1; HRMS (ESI) calcd for

C16H32N3O5SSi [M + NH4]+ 406.18264, found [M + NH4]+ 406.18288
and calcd for C16H28N2NaO5SSi [M + Na]+ 411.13804, found [M + Na]+

411.13837.

(±)-N-((1S,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl)-
4-methylbenzenesulfonamide (5d)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic acetates, starting with 25 mg of
acetate 4a, using p-toluenesulfonamide as the nucleophile and
AuCl3 as the catalyst, sulfonamide 5d (21 mg, 59%, dr 18:1) was
obtained as a white solid. Rf = 0.42 (hexane/ethyl acetate 7:3);
1H NMR (500 MHz, CDCl3) � 7.50 (d, J = 8.3 Hz, 2H), 7.10 (d, J = 8.0 Hz,
2H), 6.91–6.86 (m, 2H), 6.71–6.67 (m, 2H), 5.62 (d, J = 9.3 Hz, 1H),
4.74 (dd, J = 9.6, 6.9 Hz, 1H), 4.60–4.54 (m, 1H), 3.74 (s, 2.85H), 3.73
(s, 0.15H), 2.36 (s, 2.85H), 2.34 (s, 0.15H), 0.93 (t, J = 7.4 Hz, 3H);
13C NMR (126 MHz, CDCl3) � 143.5, 137.4, 129.5, 127.8, 127.1, 114.5,
94.2, 58.9, 55.4, 25.0, 21.6, 10.3; IR (neat) 3264, 2922, 2849, 1611,
1555, 1515, 1456, 1373, 1324, 1162, 1032 cm−1; HRMS (ESI) calcd for
C18H22N2NaO5S [M + Na]+ 401.1147, found [M + Na]+ 401.1237.

(±)-N-((1S,2S)-1-(4-Methoxyphenyl)-2-nitropent-4-en-1-yl)-
2-(trimethylsilyl)ethane-1-sulfonamide (5e)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic acetates, starting with 25 mg of
acetate 4b, using 2-(trimethylsilyl)ethane-1-sulfonamide as the nu-
cleophile and AuCl3 as the catalyst, sulfonamide 5e (24 mg, 68%,
dr 20:1) was obtained as a white solid. Rf = 0.26 (hexane/ethyl
acetate 4:1); 1H NMR (400 MHz, CDCl3) � 7.25–7.16 (m, 2H), 6.95–
6.88 (m, 2H), 5.77–5.55 (m, 2H), 5.20–5.05 (m, 2H), 4.85–4.70 (m,
2H), 3.80 (s, 3H), 2.76–2.50 (m, 3H), 2.45–2.32 (m, 1H), 0.83 (td, J =
13.8, 4.1 Hz, 1H), 0.71 (td, J = 13.8, 4.1 Hz, 1H), –0.11 (s, 9H); 13C NMR

Fig. 3. Absolute configurations and optical rotations of compounds (–)-(R,R)-5a, (+)-(S,S)-5b, (+)-8, 10, and 11. [Colour online.]

(-)-(R,R)-5a
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(75 MHz, CDCl3) � 160.3, 130.5, 128.7, 128.2, 120.5, 115.0, 91.9, 59.2,
55.5, 50.4, 35.9, 10.3, –2.1; HRMS (ESI) calcd for C17H32N3O5SSi [M +
NH4]+ 418.18264, found [M + NH4]+ 418.18332 and calcd for
C17H28N2NaO5SSi [M + Na]+ 423.13804, found [M + Na]+ 423.13875.

(±)-N-((1S,2S)-2-Amino-1-(4-methoxyphenyl)butyl)-
2-methylpropane-2-sulfonamide (6)

A mixture of the starting nitro derivatives 5a and 5b (30 mg,
0.086 mmol, 1 equiv.) was dissolved in methanol (0.8 mL). Trimeth-
ylsilyl chloride (0.30 mL, 2.6 mmol, 30 equiv.) was added, followed
by zinc powder (112 mg, 1.7 mmol, 20 equiv.) slowly. The reaction
mixture was stirred at room temperature for 5 min. A saturated
aqueous solution of NaHCO3 was added and the resulting mixture
was extracted with dichloromethane. The organic layer was dried
over Na2SO4, filtered, and concentrated under reduced pressure.
The crude product was purified by flash column chromatography
(silica gel, dichloromethane/methanol 100:0 to 97:3) to afford
amine 6 (21 mg, 77%) as a colorless oil. 1H NMR (500 MHz, CDCl3) �
7.28 (d, J = 8.4 Hz, 2H), 6.89 (d, J = 8.2 Hz, 2H), 4.50 (d, J = 3.9 Hz, 1H),
3.80 (s, 3H), 3.15–3.09 (m, 1H), 1.75–1.66 (m, 1H), 1.54–1.44 (m, 1H),
1.21 (s, 9H), 1.02 (t, J = 7.3 Hz, 3H); 13C NMR (126 MHz, CDCl3) � 159.1,
133.1, 128.3, 114.3, 60.1, 59.7, 58.7, 55.4, 29.8, 24.3, 10.5; HRMS (ESI)
calcd for C15H26N2NaO3S [M + Na]+ 337.1562, found [M + Na]+

337.1527.

N-((1S,2S)-1-((1,1-Dimethylethyl)sulfonamido)-1-
(4-methoxyphenyl)butan-2-yl)acetamide (7)

The starting nitro derivative 5b (30 mg, 0.086 mmol, 1.0 equiv.)
was dissolved in methanol (0.80 mL). Trimethylsilyl chloride
(0.30 mL, 2.6 mmol, 30 equiv.) was added, followed by zinc powder
(112 mg, 1.7 mmol, 20 equiv.) slowly. The reaction mixture was
stirred at room temperature for 5 min. A saturated aqueous solu-
tion of NaHCO3 was added and the resulting mixture was ex-
tracted with dichloromethane. The organic layer was dried over
Na2SO4, filtered, and concentrated under reduced pressure.

The crude amine (S,S)-6 was dissolved in methanol (1.0 mL).
Acetic anhydride (20 �L, 0.20 mmol, 2.3 equiv.) was added. The
reaction mixture was stirred overnight at room temperature. A
saturated aqueous solution of NaHCO3 was added and the result-
ing mixture was extracted with dichloromethane. The organic
layer was dried over Na2SO4, filtered, and concentrated under
reduced pressure. The crude product was purified by flash column
chromatography (silica gel, hexane/ethyl acetate 10:0 to 4:6) to
afford amide 7 (25 mg, 82% over 2 steps) as a colorless oil. Rf = 0.24
(hexane/ethyl acetate 4:6); 1H NMR (400 MHz, CDCl3) � 7.28–7.18
(m, 2H), 6.87 (d, J = 8.2 Hz, 2H), 6.66–6.54 (m, 0.65H), 5.77 (d, J =
8.0 Hz, 1H), 4.28 (t, J = 8.8 Hz, 1H), 4.17–4.01 (m, 1H), 3.80 (s, 3H), 2.11
(s, 3H), 1.49–1.42 (m, 2H), 1.18 (s, 9H), 0.85 (t, J = 7.0 Hz, 3H); 13C NMR
(101 MHz, CDCl3) � 173.2, 159.3, 133.7, 132.4, 128.6, 114.9, 114.3, 63.0,
59.4, 57.0, 55.4, 25.0, 24.2, 24.1, 23.2, 10.6; IR (neat) 3223, 2906,
2864, 2877, 1632, 1510, 1440, 1379, 1301, 1174, 1033 cm−1; HRMS (ESI)
calcd for C17H28N2NaO4S [M + Na]+ 379.1668, found [M + Na]+

379.1642.

tert-Butyl (+)-((1S,2S)-2-acetamido-1-
(4-methoxyphenyl)butyl)carbamate (8)

The starting sulfonamide 7 (47 mg, 0.13 mmol, 1.0 equiv.) was
dissolved in dichloromethane (4 mL). A solution of triflic acid
(70 �L, 0.79 mmol, 6.0 equiv.) in dichloromethane (4 mL) was
added slowly at –20 °C. The reaction mixture was stirred at –20 °C
for 30 min. A 10% aqueous NaOH solution (10 mL) was added and
the resulting mixture was extracted with dichloromethane (2 ×
10 mL). The organic layer was dried over MgSO4, filtered, and
concentrated under reduced pressure.

The crude amine was dissolved in dichloromethane (1.3 mL).
Di-tert-butyl dicarbonate (43 mg, 0.20 mmol, 1.5 equiv.) was added.
The reaction mixture was stirred overnight at room temperature.
The resulting mixture was concentrated under reduced pressure.

The crude product was purified by flash column chromatography
(silica gel, hexane/ethyl acetate 10:0 to 8:2) to afford 8 (32 mg, 79%
over two steps) as a colorless oil. [�]D21 +63.2 (c 0.3, CHCl3), lit. for
analog (–)-(1R,2R)-1111 [�]D21 –54.1 (c 1.1, CHCl3); Rf = 0.35 (hexane/
ethyl acetate 8:2); 1H NMR (500 MHz, CDCl3) � 7.26 (t, J = 4.2 Hz, 2H),
6.89–6.84 (m, 2H), 5.67 (d, J = 6.7 Hz, 1H), 4.47 (d, J = 9.8 Hz, 1H),
3.93–3.84 (m, 1H), 3.79 (s, 3H), 2.07 (s, 3H), 1.49 (d, J = 5.3 Hz, 1H),
1.40 (s, 9H), 1.34–1.30 (m, 1H), 0.91 (t, J = 7.4 Hz, 3H); 13C NMR
(126 MHz, CDCl3) � 170.5, 159.6, 155.9, 130.2, 128.5, 114.0, 79.3, 56.1,
55.4, 28.5, 25.0, 21.3, 10.3; HRMS (ESI) calcd for C17H28N2NaO4 [M +
Na]+ 359.1947, found [M + Na]+ 359.1889. Alternatively, compounds
(+)-(S,S)-8 and ent-8 could be obtained by preparative chiral HPLC
from a racemic mixture prepared from 5a,5b; analytical separa-
tion conditions: 10% MeOH/CO2, WHELK-01, 30 °C, BP = 150, RT:
2.60 min and 6.89 min, ratio 1:1.3. See Fig. 3.

(±)-(4R,5R)-4-Ethyl-5-(4-methoxyphenyl)imidazolidin-2-one (9)
The starting racemic amine 6 (13 mg), obtained by reduction of

5a and 5b, was dissolved in a mixture of dichloromethane
(0.10 mL) and a saturated aqueous solution of NaHCO3 (0.20 mL).
Triphosgene (4.1 mg) was added at 0 °C. The reaction mixture was
stirred at room temperature for 1 h. Ethyl acetate was added and
the resulting mixture was washed rapidly with water (pH 3). The
aqueous layer was extracted with ethyl acetate. The combined
organic layers were washed rapidly with a saturated aqueous so-
lution of NaHCO3, followed by brine, dried over Na2SO4, filtered,
and concentrated under reduced pressure to afford the isocyanate
intermediate (16 mg) as a dark oil. 1H NMR (400 MHz, CDCl3) � 7.32
(d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.6 Hz, 2H), 5.98 (s, 1H), 4.94 (d, J =
2.9 Hz, 1H), 3.81 (s, 3H), 3.51 (td, J = 6.3, 3.1 Hz, 1H), 1.75–1.66 (m, 2H),
1.22 (s, 9H), 0.98 (t, J = 7.4 Hz, 3H).

The crude isocyanate (16 mg) was dissolved in dichloromethane
(0.20 mL). AlCl3 (16 mg, 0.12 mmol) was added at 0 °C. The reaction
mixture was stirred at room temperature for 40 min. Water (5 mL)
was added and the resulting mixture was extracted with dichlo-
romethane (10 mL). The organic layer was dried over Na2SO4, fil-
tered, and concentrated under reduced pressure. The crude
product was purified by flash column chromatography (silica gel,
hexane/ethyl acetate 10:0 to 9:1) to afford urea 9 (6 mg, 73%) as a
colorless oil. 1H NMR (400 MHz, CDCl3) � 7.29 (d, J = 8.6 Hz, 2H),
6.90 (d, J = 8.7 Hz, 2H), 4.98 (s, 1H), 4.85 (s, 1H), 4.35 (d, J = 6.8 Hz, 1H),
3.81 (s, 3H), 3.46 (dd, J = 12.3, 7.0 Hz, 1H), 1.74–1.52 (m, 2H), 0.94 (t,
J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) � 162.6, 159.8, 133.4, 127.9,
114.4, 63.7, 62.2, 55.5, 27.8, 10.1; IR (neat) 3234, 2960, 2924, 2851,
1701, 1610, 1512, 1459, 1373, 1247, 1176, 1033 cm−1; HRMS (ESI) calcd
for C12H16N2NaO2 [M + H]+ 221.1290, found [M + H]+ 221.1317.

(±)-2-Bromo-1-(4-methoxyphenyl)propan-1-one (13a)17,18

Following the general protocol for the synthesis of bromoketones
and starting with 3.0 g of 1-(4-methoxyphenyl)propan-1-one 12a, bro-
moketone 13a (4.6 g, quantitative) was obtained. Rf = 0.42 (hexane/
dichloromethane 1:1); 1H NMR (300 MHz, CDCl3) � 8.05–7.97 (m, 2H),
6.99–6.91 (m, 2H), 5.26 (q, J = 6.6 Hz, 1H), 3.88 (s, 3H), 1.89 (d, J = 6.6 Hz,
3H); analytical data are in accordance with literature data.17,18

(±)-2-Bromo-1-(4-methoxyphenyl)-3-methylbutan-1-one (13b)17

Following the general protocol for the synthesis of bromoketones
and starting with 0.88 g of 1-(4-methoxyphenyl)-3-methylbutan-1-one
12b, bromoketone 13b (1.1 g, 89%) was obtained. Rf = 0.29 (hexane/
dichloromethane 1:1); 1H NMR (400 MHz, CDCl3) � 8.03–7.95 (m, 2H),
6.99–6.91 (m, 2H), 4.90 (d, J = 8.7 Hz, 1H), 3.88 (s, 3H), 2.54–2.39 (m, 1H),
1.21 (d, J = 6.6 Hz, 3H), 1.01 (d, J = 6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3)
� 192.4, 164.1, 131.3, 128.0, 114.1, 55.9, 55.7, 31.3, 21.0, 20.6; IR (neat)
3018, 2965, 2929, 2875, 2836, 1670, 1599, 1452, 1367, 1312, 1266, 1235,
1164, 1020, 1016 cm−1; HRMS (ESI) calcd for C12H16

79BrO2 [M + H]+

271.03282, found [M + H]+ 271.03179; analytical data are in accordance
with literature data.17
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(±)-2-Azido-1-(4-methoxyphenyl)propan-1-one (14a)17

Following the general protocol for the synthesis of azi-
doketones and starting with 2.0 g of bromoketone 13a, azi-
doketone 14a (1.5 g, 89%) was obtained. Rf = 0.43 (hexane/ethyl
acetate 4:1); 1H NMR (400 MHz, CDCl3) � 7.99–7.87 (m, 2H), 7.03–
6.91 (m, 2H), 4.65 (q, J = 7.0 Hz, 1H), 3.88 (s, 3H), 1.56 (d, J = 7.0 Hz,
3H); IR (neat) 2982, 2841, 2093, 1679, 1595, 1573, 1255, 1221, 1171,
1029 cm−1; analytical data are in accordance with literature data.17

(±)-2-Azido-1-(4-methoxyphenyl)-3-methylbutan-1-one (14b)
Following the general protocol for the synthesis of azi-

doketones and starting with 0.88 g of bromoketone 13b, azi-
doketone 14b (0.58 g, 76%) was obtained. Rf = 0.42 (hexane/ethyl
acetate 9:1); 1H NMR (500 MHz, CDCl3) � 7.95–7.89 (m, 2H), 6.98–
6.93 (m, 2H), 4.33 (d, J = 7.2 Hz, 1H), 3.87 (s, 3H), 2.37–2.26 (m, 1H),
1.03 (d, J = 6.7 Hz, 3H), 0.98 (d, J = 6.7 Hz, 3H); 13C NMR (126 MHz,
CDCl3) � 195.3, 164.2, 131.1, 128.5, 114.2, 68.8, 55.7, 31.1, 20.0, 18.4; IR
(neat) 2957, 2928, 2861, 2849, 2098, 1676, 1600, 1578, 1514, 1472,
1265, 1220, 1173, 1031 cm−1; HRMS (ESI) calcd for C12H16N3O2
[M + H]+ 234.1237, found [M + H]+ 234.122797 and calcd for
C12H15N3NaO2 [M + Na]+ 256.10565, found [M + Na]+ 256.10577.

(±)-2-Azido-1-(4-methoxyphenyl)-3,3-dimethylbutan-1-one (14c)
Following the general protocol for the synthesis of azi-

doketones and starting with 2.4 g of bromoketone 13c, azi-
doketone 14c (1.4 g, 69%) was obtained. Rf = 0.40 (hexane/ethyl
acetate 9:1); 1H NMR (500 MHz, CDCl3) � 7.98–7.95 (m, 2H), 6.97–
6.93 (m, 2H), 5.10 (s, 1H), 3.88 (s, 3H), 1.21 (s, 9H); 13C NMR (126 MHz,
CDCl3) � 193.0, 164.0, 131.1, 129.1, 114.1, 57.8, 55.7, 35.3, 27.6; IR
(neat) 2957, 2932, 2868, 2100, 1671, 1597, 1509, 1365, 1307, 1171,
1089 cm−1; HRMS (ESI) calcd for C13H17N3NaO2 [M + Na]+ 270.1219,
found [M + Na]+ 270.1311.

(±)-(1S,2S)-2-Azido-1-(4-methoxyphenyl)propan-1-ol (15a)
Following the general protocol for the synthesis of azi-

doalcohols and starting with 1.5 g of azidoketone 14a, azi-
doalcohol 15a (1.5 g, quantitative, dr 2:1) was obtained. Rf = 0.5
(hexane/ethyl acetate 7:3); 1H NMR (400 MHz, CDCl3) � 7.30–7.21
(m, 2H), 6.93–6.85 (m, 2H), 4.71–4.62 (m, 0.36H), 4.40 (dd, J = 7.6,
2.9 Hz, 0.64H), 3.80 (s, 3H), 3.74–3.57 (m, 1H), 2.42 (d, J = 2.9 Hz,
0.61H), 2.10 (d, J = 3.3 Hz, 0.34H), 1.18 (d, J = 6.7 Hz, 1.05H), 1.08 (d, J =
6.7 Hz, 1.95H); 13C NMR (126 MHz, CDCl3) � 159.8, 159.6, 132.5, 132.4,
128.1, 127.9, 114.1, 114.0, 77.9, 76.3, 63.8, 62.6, 55.4, 16.1, 14.0; IR
(neat) 3409, 2963, 2935, 2902, 2839, 2101, 1611, 1586, 1552, 1512,
1463, 1443, 1246, 1175, 1032; HRMS (ESI) calcd for C10H13N3NaO2
[M + Na]+ 230.09000, found [M + Na]+ 230.09088.

(±)-(1S,2S)-2-Azido-1-(4-methoxyphenyl)-3-methylbutan-1-ol (15b)
Following the general protocol for the synthesis of azi-

doalcohols and starting with 0.20 g of azidoketone 14b, azi-
doalcohol 15b (0.19 g, 92%, dr 3:1) was obtained. 1H NMR (400 MHz,
CDCl3) � 7.40–7.31 (m, 1.5H), 7.30–7.24 (m, 0.5H), 6.95–6.84 (m, 2H),
4.68–4.61 (m, 1H), 3.81 (s, 2.21H), 3.81 (s, 0.7H), 3.41 (dd, J = 7.3,
4.9 Hz, 0.74H), 3.33 (dd, J = 7.3, 4.2 Hz, 0.23H), 2.31 (s, 0.2H), 2.09–
1.93 (m, 1.46H), 1.68–1.57 (m, 0.5H), 1.05 (d, J = 6.8 Hz, 2.29H), 0.99
(d, J = 6.8 Hz, 0.73H), 0.96 (d, J = 6.7 Hz, 0.23H), 0.91 (d, J = 6.7 Hz,
0.7H); 13C NMR (101 MHz, CDCl3) � 159.8, 159.7, 133.4, 133.3, 128.5,
127.9, 114.24, 114.15, 75.19, 75.16, 74.4, 74.1, 55.4, 29.4, 29.2, 21.1,
20.8, 17.0, 16.8; IR (neat) 3418, 2982, 2964, 2937, 2104, 1615, 1589,
1517, 1389, 1370, 1342, 1302, 1249, 1178, 1035 cm−1; HRMS (ESI) calcd
for C12H17N3NaO2 [M + Na]+ 258.1213, found [M + Na]+ 258.12067.

(±)-(1S,2S)-2-Azido-1-(4-methoxyphenyl)-3,3-dimethylbutan-1-ol (15c)
Following the general protocol for the synthesis of azi-

doalcohols and starting with 0.29 g of azidoketone 14c, azi-
doalcohol 15c (0.28 g, 95%, dr 6:1) was obtained. 1H NMR (300 MHz,
CDCl3) � 7.42–7.34 (m, 2H), 6.92–6.88 (m, 2H), 4.90 (dd, J = 7.4,
2.9 Hz, 0.16H), 4.78 (dd, J = 5.9, 3.2 Hz, 0.84H), 3.82 (s, 2.5H), 3.80 (s,
0.5H), 3.46 (d, J = 5.9 Hz, 1H), 0.97 (s, 1.5H), 0.93 (s, 7.5H); 13C NMR

(75 MHz, CDCl3) � 159.8, 134.1, 129.2, 127.2, 127.1, 114.2, 114.0, 114.0,
77.4, 77.3, 75.1, 55.4, 35.4, 30.3, 27.5, 27.4; IR (neat) 3417, 2956,
2866, 2839, 2107, 1677, 1598, 1574, 1509, 1462, 1419, 1395, 1313, 1171,
1029 cm−1; HRMS (ESI) calcd for C13H19N3NaO2 [M + Na]+ 272.1375,
found [M + Na]+ 272.1504.

(±)-(1S,2S)-2-Azido-1-(4-methoxyphenyl)propyl acetate (16)
Following the general protocol for the acetylation of alcohols

and starting with 100 mg of alcohol 15a, acetate 16 (115 mg, 96%, dr
2:1) was obtained. Rf = 0.58 (hexane/ethyl acetate 4:1); 1H NMR
(400 MHz, CDCl3) � 7.31–7.23 (m, 2H), 6.94–6.83 (m, 2H), 5.70 (d, J =
5.0 Hz, 0.36H), 5.59 (d, J = 7.8 Hz, 0.63H), 3.85–3.73 (m, 4H), 2.12 (s,
1.07H), 2.11 (s, 1.91H), 1.20 (d, J = 6.7 Hz, 1.07H), 1.06 (d, J = 6.7 Hz,
1.94H); 13C NMR (101 MHz, CDCl3) � 170.0, 169.9, 160.0, 159.9, 129.4,
128.7, 128.6, 128.5, 114.2, 114.0, 78.8, 77.5, 60.9, 60.5, 55.4, 21.2, 16.3,
15.3; IR (neat) 2986, 2972, 2956, 2843, 2838, 2114, 1741, 1613, 1515,
1232, 1177, 1030 cm−1; HRMS (ESI) calcd for C10H13N3NaO2 [M + Na]+

272.10056, found [M + Na]+ 272.10087.

(±)-N-((1S,2S)-2-Azido–1-(4-methoxyphenyl)propyl)-
2-methylpropane-2-sulfonamide (17a)

Method A, from the alcohol
Following the general protocol for the acid catalyzed nucleo-

philic substitution of benzylic alcohols, starting with 25 mg of
alcohol 15a, using tert-butylsulfonamide as the nucleophile and
AuCl3 as the catalyst, sulfonamide 17a (24–27 mg, 61%–66%, dr
4.5–7:1) was obtained overnight as a white solid.

Method B, from the acetate
Following the general protocol for the acid catalyzed nucleo-

philic substitution of benzylic acetates, starting with 50 mg of
acetate 16, using tert-butylsulfonamide as the nucleophile and
AuCl3 as the catalyst, sulfonamide 17a (36 mg, 55%, dr 2:1) was
obtained overnight as a white solid. 1H NMR (500 MHz, CDCl3) �
7.20–7.16 (m, 2H), 6.92–6.88 (m, 2H), 4.84 (d, J = 9.5 Hz, 0.05H), 4.66
(d, J = 9.2 Hz, 0.95H), 4.44 (dd, J = 9.2, 3.6 Hz, 0.95H), 4.38 (dd, J = 9.7,
4.4 Hz, 0.05H), 3.81 (s, 3H), 3.78 (dd, J = 6.6, 3.6 Hz, 1H), 1.43 (d, J =
6.6 Hz, 3H), 1.25 (s, 9H); 13C NMR (126 MHz, CDCl3) � 159.4, 132.2,
129.2, 128.0, 114.3, 114.1, 63.7, 61.3, 60.1, 55.4, 24.3, 17.6; IR (neat)
3231, 2895, 2877, 2111, 1632, 1522, 1489, 1453, 1378, 1300, 1156,
1034 cm−1; HRMS (ESI) calcd for C14H22N4NaO3S [M + Na]+ 349.1311,
found [M + Na]+ 349.1341.

(±)-N-((1S,2S)-2-Azido-1-(4-methoxyphenyl)propyl)-
2-(trimethylsilyl)ethane-1-sulfonamide (17b)

Method A, from the alcohol
Following the general protocol for the acid catalyzed nucleo-

philic substitution of benzylic alcohols, starting with 25 mg of
alcohol 15a, using 2-(trimethylsilyl)ethane-1-sulfonamide as the
nucleophile and AuCl3 as the catalyst, sulfonamide 17b (30–
35 mg, 67%–78%, dr 6:1) was obtained overnight as a white solid.

Method B, from the acetate
Following the general protocol for the acid catalyzed nucleo-

philic substitution of benzylic acetates, starting with 25 mg of
acetate 16, using 2-(trimethylsilyl)ethane-1-sulfonamide as the nu-
cleophile and AuCl3 as the catalyst, sulfonamide 17b (34 mg, 91%,
dr 6:1) was obtained overnight as a white solid. Rf = 0.31 (hexane/
ethyl acetate 4:1); 1H NMR (400 MHz, CDCl3) � 7.27–7.22 (m, 2H),
6.93–6.87 (m, 2H), 5.25 (d, J = 9.1 Hz, 0.14H), 5.11 (d, J = 7.2 Hz,
0.83H), 4.33 (dd, J = 9.1, 4.8 Hz, 0.15H), 4.27 (dd, J = 7.2, 5.9 Hz,
0.84H), 4.00–3.94 (m, 0.16H), 3.80 (s, 3H), 3.73 (p, J = 6.4 Hz, 0.84H),
2.61 (td, J = 14.1, 3.9 Hz, 1H), 2.46 (td, J = 14.1, 4.3 Hz, 1H), 1.31 (d, J =
6.6 Hz, 2.58H), 1.18 (d, J = 6.7 Hz, 0.50H), 0.91–0.80 (m, 1H), 0.74 (td,
J = 13.9, 4.2 Hz, 0.85H), 0.65 (td, J = 14.1, 4.1 Hz, 0.18H), –0.14 (s,
7.30H), –0.16 (s, 1.50H); 13C NMR (75 MHz, CDCl3) � 159.9, 130.9,
128.6, 114.5, 62.1, 61.4, 55.5, 50.2, 17.1, 10.4, –2.0; HRMS (ESI)
calcd for C15H30N5O3SSi [M + NH4]+ 388.18331, found [M + NH4]+
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388.18305 and calcd for C15H26N4NaO3SSi [M + Na]+ 393.13871,
found [M + Na]+ 393.13842.

(±)-N-((1S,2S)-2-Azido-1-(4-methoxyphenyl)propyl)-
4-methylbenzenesulfonamide (17c)

Method A, from the alcohol
Following the general protocol for the acid catalyzed nucleo-

philic substitution of benzylic alcohols, starting with 25 mg of
alcohol 15a, using p-toluenesulfonamide as the nucleophile and
AuCl3 as the catalyst, sulfonamide 17c (29–37 mg, 68%–83%, dr 4:1)
was obtained overnight as a white solid.

Method B, from the acetate
Following the general protocol for the acid catalyzed nucleo-

philic substitution of benzylic acetates, starting with 25 mg of
acetate 16, using p-toluenesulfonamide as the nucleophile and
AuCl3 as the catalyst, sulfonamide 17c (23 mg, 63%, dr 1.5:1) was
obtained overnight as a white solid. mp: 98–100 °C; Rf = 0.35
(hexane/ethyl acetate 7:3); 1H NMR (300 MHz, CDCl3) � 7.55–7.44
(m, 2H), 7.09 (d, J = 8.0 Hz, 2H), 6.99–6.89 (m, 2H), 6.71–6.63 (m, 2H),
5.53 (d, J = 8.4 Hz, 0.18H), 5.46 (d, J = 6.8 Hz, 0.81H), 4.23 (dd, J = 8.4,
4.8 Hz, 0.18H), 4.16 (dd, J = 6.3 Hz, 0.82H), 3.79–3.56 (m, 4H), 2.34 (s,
3H), 1.19 (d, J = 6.6 Hz, 2.5H), 1.10 (d, J = 6.7 Hz, 0.59H); 13C NMR
(75 MHz, CDCl3) � 159.41, 159.36, 143.24, 143.18, 137.44, 137.42,
129.9, 129.8, 129.43, 129.37, 129.0, 128.4, 128.1, 127.2, 127.1, 113.9,
113.8, 62.1, 61.5, 61.2, 60.9, 55.4, 21.6, 16.7, 16.1; IR (neat) 3282, 2928,
2859, 2113, 1616, 1517, 1444, 1326, 1253, 1161, 1094, 1035 cm−1; HRMS
(ESI) calcd for C17H20N4NaO3S [M + Na]+ 383.11483, found [M + Na]+

383.11623.

(±)-N-((1S,2S)-2-Azido-1-(4-methoxyphenyl)
propyl)benzenesulfonamide (17d)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 15a, using benzenesulfonamide as the nucleophile and
AuCl3 as the catalyst, sulfonamide 17d (49 mg, 59%, dr 5:1) was
obtained overnight as a colorless oil. Rf = 0.10 (hexane/ethyl ace-
tate 9:1); 1H NMR (500 MHz, CDCl3) � 7.64–7.60 (m, 2H), 7.42 (t, J =
7.5 Hz, 1H), 7.30 (t, J = 7.9 Hz, 2H), 6.96–6.91 (m, 2H), 6.68–6.64 (m,
2H), 5.47 (d, J = 8.6 Hz, 0.15H), 5.41 (d, J = 6.9 Hz, 0.85H), 4.27 (dd, J =
8.6, 4.7 Hz, 0.15H), 4.22–4.18 (m, 0.85H), 3.89–3.85 (m, 0.15H), 3.74
(s, 3H), 3.67 (m, 0.85H), 1.21 (d, J = 6.6 Hz, 2.5H), 1.11 (d, J = 6.7 Hz,
0.5H); 13C NMR (126 MHz, CDCl3) � 159.4, 140.5, 132.4, 129.7, 129.0,
128.9, 128.8, 128.4, 127.13, 127.06, 114.0, 113.9, 62.1, 61.6, 61.3, 60.9,
55.4, 16.8, 16.1; IR (neat) 3275, 3063, 2930, 2837, 2106, 1611, 1585,
1513, 1446, 1380, 1322, 1249, 1178, 1159, 1091, 1030 cm−1; HRMS (ESI)
calcd for C16H18N4NaO3S [M + Na]+ 369.0998, found [M + Na]+

369.0944.

(±)-N-((1S,2S)-2-Azido-1-(4-methoxyphenyl)propyl)-
4-chlorobenzenesulfonamide (17e)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 15a, using p-chlorobenzenesulfonamide as the nucleo-
phile and AuCl3 as the catalyst, sulfonamide 17e (70 mg, 77%, dr 6:1)
was obtained overnight as a colorless oil. Rf = 0.15 (hexane/ethyl
acetate 9:1); 1H NMR (500 MHz, CDCl3) � 7.55–7.51 (m, 2H), 7.27–
7.23 (m, J = 8.7, 2.2 Hz, 2H), 6.95–6.91 (m, 2H), 6.70–6.67 (m, 2H),
5.76 (d, J = 8.7 Hz, 0.15H), 5.67 (d, J = 6.1 Hz, 0.85H), 4.30 (dd, J = 7.9,
4.6 Hz, 0.15H), 4.22 (t, J = 5.7 Hz, 0.85H), 3.93–3.89 (m, 0.15H), 3.77
(s, 3H), 3.69 (m, 0.85H), 1.24 (d, J = 6.6 Hz, 2.5H), 1.14 (d, J = 6.7 Hz,
0.5H); 13C NMR (126 MHz, CDCl3) � 159.6, 159.5, 139.1, 139.0, 138.80,
138.76, 129.3, 129.1, 129.0, 128.9, 128.6, 128.52, 128.46, 127.5, 114.0,
113.8, 62.0, 61.8, 61.1, 61.0, 55.4, 16.8, 16.1; IR (neat) 3271, 2932, 2837,
2108, 1610, 1585, 1439, 1250, 1161, 1089, 1031 cm−1; HRMS (ESI) calcd
for C16H17ClN4NaO3S [M + Na]+ 403.0608, found [M + Na]+ 403.0529.

(1S,4S)-4-(3,4-Dichlorophenyl)-1,2,3,4-tetrahydronaphthalen-
1-ol (19a)19 and (1S,4R)-4-(3,4-dichlorophenyl)-
1,2,3,4-tetrahydronaphthalen-1-ol (19b)

A solution of (R)-(+)-2-methyl-CBS-oxazaborolidine (1.0 mol/L in
toluene, 200 �L, 200 �mol, 0.06 equiv.) was prepared in toluene
(10 mL). N,N-diethylaniline borane (1.2 mL, 6.8 mmol, 2.0 equiv.)
was added. A solution of 4-(3,4-dichlorophenyl)-3,4-dihydronaphthalen-
1(2H)-one 18 (1.0 g, 3.4 mmol, 1.0 equiv.) in toluene (12.5 mL) was
slowly added via a syringe pump over 5 h. The reaction mixture
was stirred at room temperature for 10.5 h. Methanol (2.5 mL) and
1 N HCl (2.5 mL) were carefully added and the resulting mixture
was extracted with ethyl acetate (2 × 50 mL). The combined or-
ganic layers were washed with brine, dried over Na2SO4, filtered,
and concentrated under reduced pressure. The crude product was
purified by flash column chromatography (silica gel, hexane/ethyl
acetate 5:1) to afford isolated alcohols 19a (470 mg, 47%) and 19b
(498 mg, 50%) as colorless oils. 19a: [�]D25 +53.9 (c 0.5, CHCl3), lit.19

[�]D25 +50.5 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) � 7.46 (dd, J =
7.7, 1.5 Hz, 1H), 7.36 (d, J = 8.2 Hz, 1H), 7.29–7.24 (m, 2H), 7.17 (td, J =
7.5, 1.5 Hz, 1H), 6.98 (dd, J = 8.3, 2.1 Hz, 1H), 6.82 (d, J = 7.8 Hz, 1H),
4.87 (t, J = 4.4 Hz, 1H), 3.99 (dd, J = 8.7, 5.7 Hz, 1H), 2.13–1.97 (m, 4H),
1.81 (s, 1H); analytical data are in accordance with literature data.19

19b: Rf = 0.28 (hexane/ethyl acetate 4:1); 1H NMR (300 MHz, CDCl3)
� 7.55 (d, J = 7.5 Hz, 1H), 7.33 (d, J = 8.3 Hz, 1H), 7.29 (t, J = 7.3 Hz, 1H),
7.18 (td, J = 7.5, 1.5 Hz, 1H), 7.12 (d, J = 2.1 Hz, 1H), 6.90–6.81 (m, 2H),
4.89 (t, J = 5.7 Hz, 1H), 4.14 (t, J = 6.4 Hz, 1H), 2.41–2.30 (m, 1H),
2.17–2.06 (m, 1H), 1.90–1.73 (m, 3H); IR (neat) 3327, 3022, 2936,
2862, 1558, 1468, 1396, 1265, 1131, 1030, 764 cm−1.

N-((1S,4S)-4-(3,4-Dichlorophenyl)-1,2,3,4-tetrahydronaphthalen-
1-yl)-2-(trimethylsilyl)ethane-1-sulfonamide (20a) and N-((1R,4S)-
4-(3,4-dichlorophenyl)-1,2,3,4-tetrahydronaphthalen-1-yl)-
2-(trimethylsilyl)ethane-1-sulfonamide (20b)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 79 mg of
alcohol 19a, using 2-(trimethylsilyl)ethane-1-sulfonamide as the
nucleophile and AuCl3 as the catalyst, sulfonamides 20a (74 mg,
60%) and 20b (26 mg, 21%) were obtained overnight and isolated
after flash column chromatography. For 20a: [�]D25 +23.5 (c 0.4,
CHCl3); Rf = 0.52 (hexane/ethyl acetate 4:1); 1H NMR (400 MHz,
CDCl3) � 7.47 (d, J = 7.2 Hz, 1H), 7.37 (d, J = 8.2 Hz, 1H), 7.25 (t, J =
7.4 Hz, 1H), 7.21 (d, J = 2.1 Hz, 1H), 7.17 (td, J = 7.5, 1.4 Hz, 1H), 6.95
(dd, J = 8.3, 2.1 Hz, 1H), 6.83 (d, J = 7.5 Hz, 1H), 4.83 (d, J = 7.9 Hz, 1H),
4.68 (dt, J = 8.1, 4.8 Hz, 1H), 4.01 (t, J = 6.8 Hz, 1H), 3.12–2.94 (m, 2H),
2.19–2.09 (m, 1H), 2.06–1.93 (m, 3H), 1.11–0.97 (m, 2H), 0.05 (s, 9H);
13C NMR (75 MHz, CDCl3) � 146.6, 138.7, 136.5, 132.7, 130.72, 130.65,
130.61, 130.3, 129.4, 128.5, 128.3, 127.6, 52.1, 50.6, 44.7, 29.3, 28.9,
11.0, –1.8; IR (neat) 3264, 2961, 1467, 1322, 1139, 757 cm−1; HRMS
(ESI) calcd for C21H27Cl2NNaO2SSi [M + Na]+ 478.08010, found [M +
Na]+ 478.08026 and calcd for C21H27Cl2KNO2SSi [M + K]+ 494.05404,
found [M + K]+ 494.05412. For 20b: [�]D25 +34.7 (c 0.6, CHCl3); Rf =
0.34 (hexane/ethyl acetate 4:1); 1H NMR (400 MHz, CDCl3) � 7.56 (d,
J = 7.8 Hz, 1H), 7.34 (d, J = 8.3 Hz, 1H), 7.28 (t, J = 7.5 Hz, 1H), 7.17 (t,
J = 7.2 Hz, 1H), 7.12 (d, J = 2.1 Hz, 1H), 6.85 (dd, J = 8.3, 2.1 Hz, 1H), 6.82
(d, J = 7.8 Hz, 1H), 4.79–4.71 (m, 1H), 4.39 (d, J = 8.6 Hz, 1H), 4.15–4.10
(m, 1H), 3.14–2.97 (m, 2H), 2.33–2.16 (m, 2H), 1.91–1.81 (m, 2H),
1.17–1.04 (m, 2H), 0.09 (s, 9H); 13C NMR (75 MHz, CDCl3) � 146.7,
138.6, 136.9, 132.6, 130.7, 130.57, 130.55, 130.4, 128.6, 128.3, 128.1,
127.6, 52.5, 50.7, 44.4, 29.89, 29.85, 11.0, –1.8; IR (neat) 3247,
2924, 2856, 1468, 1310, 1144, 757 cm−1; HRMS (ESI) calcd for
C21H31Cl2N2O2SSi [M + NH4]+ 473.12471, found [M + NH4]+ 473.12461
and calcd for C21H27Cl2KNO2SSi [M + K]+ 494.05404, found [M + K]+

494.05435.

N-((1S,4S)-4-(3,4-dichlorophenyl)-1,2,3,4-tetrahydronaphthalen-
1-yl)-N-methyl-2-(trimethylsilyl)ethane-1-sulfonamide (21)

The starting sulfonamide 20a (57 mg, 0.13 mmol, 1.0 equiv.) was
dissolved in N,N-dimethylformamide (1.7 mL). NaH (60% in min-
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eral oil, 11 mg, 0.27 mmol, 2.1 equiv.) was added. The reaction
mixture was stirred at room temperature for 2.5 h. Methyl iodide
(20 �L, 0.32 mmol, 2.5 equiv.) was added. The reaction mixture
was stirred at room temperature for 19 h. Water (2.5 mL) was
added and the resulting mixture was extracted with dichlorometh-
ane (3 × 5 mL). The combined organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure. The
crude product was purified by flash column chromatography
(silica gel, hexane/ethyl acetate 10:0 to 9:1) to afford N-methyl
sulfonamide 21 (61 mg, quantitative) as a white solid. [�]D25 +44.5
(c 0.2, CHCl3); Rf = 0.65 (hexane/ethyl acetate 4:1); 1H NMR
(300 MHz, CDCl3) � 7.55 (d, J = 7.7 Hz, 1H), 7.33 (d, J = 8.4 Hz, 1H),
7.33 (td, J = 7.7, 1.5 Hz, 1H), 7.22 (t, J = 7.4 Hz, 1H), 7.07 (d, J = 2.1 Hz,
1H), 6.96 (d, J = 7.5 Hz, 1H), 6.80 (dd, J = 8.4, 2.2 Hz, 1H), 5.16 (dd, J =
10.9, 6.3 Hz, 1H), 4.20 (dd, J = 5.6, 2.7 Hz, 1H), 3.10–2.92 (m, 2H), 2.70
(s, 3H), 2.30 (tdd, J = 13.1, 5.6, 3.1 Hz, 1H), 2.04 (ddt, J = 13.2, 5.2,
2.7 Hz, 1H), 1.88 (tdd, J = 13.3, 11.0, 2.9 Hz, 1H), 1.83–1.71 (m, 1H),
1.17–0.99 (m, 2H), 0.06 (s, 9H); 13C NMR (75 MHz, CDCl3) � 146.9,
138.4, 135.5, 132.5, 130.9, 130.7, 130.34, 130.25, 128.1, 127.97, 127.95,
127.92, 56.7, 49.0, 43.0, 30.2, 29.9, 22.4, 10.8, –1.8; IR (neat) 2925,
2855, 1467, 1451, 1329, 1130, 756 cm−1; HRMS (ESI) calcd for
C22H29Cl2NNaO2SSi) [M + Na]+ 492.09575, found [M + Na]+

492.09602 and calcd for C22H29Cl2KNO2SSi [M + K]+ 508.06969,
found [M + K]+ 508.07034.

(1S,4S)-4-(3,4-Dichlorophenyl)-N-methyl-
1,2,3,4-tetrahydronaphthalen-1-amine (22)19

The starting N-methyl sulfonamide 21 (52 mg, 0.11 mmol,
1.0 equiv.) was dissolved in N,N-dimethylformamide (1.0 mL). CsF
(58 mg, 0.38 mmol, 3.4 equiv.) was added. The reaction mixture
was stirred at 95 °C for 20 h. Methanol (0.5 mL) was added, the
resulting mixture was concentrated under reduced pressure, and
residual N,N-dimethylformamide was removed under high vac-
uum. Diethyl ether (5 mL) was added, the resulting suspension
was filtered, and the filtrate was concentrated under reduced
pressure. The crude product was purified by flash column chro-
matography (silica gel, dichloromethane/methanol 10:1) to afford
amine 22 (22 mg, 65%) as a light yellow oil. 1H NMR (300 MHz,
CDCl3) � 7.44 (dd, J = 7.6, 1.5 Hz, 1H), 7.35 (d, J = 8.3 Hz, 1H), 7.28 (d,
J = 2.1 Hz, 1H), 7.21 (t, J = 7.1 Hz, 1H), 7.13 (td, J = 7.5, 1.5 Hz, 1H), 7.01
(dd, J = 8.3, 2.1 Hz, 1H), 6.81 (d, J = 7.5 Hz, 1H), 3.99 (dd, J = 9.4, 5.4 Hz,
1H), 3.85 (t, J = 4.4 Hz, 1H), 2.55 (s, 3H), 2.16–1.98 (m, 3H), 1.95–1.83
(m, 1H); analytical data are in accordance with literature data.19

(1S,4S)-4-(3,4-Dichlorophenyl)-N-methyl-
1,2,3,4-tetrahydronaphthalen-1-amine hydrochloride,
(+)-sertraline-HCl (23)19,20

Amine 22 (22 mg, 0.73 mmol, 1.0 equiv.) was dissolved in
4.0 mol/L HCl in dioxane (2.2 mL). The reaction mixture was stirred
at room temperature. The resulting mixture was concentrated
under reduced pressure and dried under high vacuum. The crude
product was washed with diethyl ether and dried under high
vacuum to afford amine hydrochloride 23 (18 mg, 71%) as a white
solid. [�]D25 +31.1 (c 0.4, CH3OH), lit.19 [�]D25 +32.5 (c 1.0, CH3OH);
1H NMR (400 MHz, CD3OD) � 7.55 (d, J = 7.1 Hz, 1H), 7.50 (d, J =
8.3 Hz, 1H), 7.44 (d, J = 2.1 Hz, 1H), 7.40–7.30 (m, 2H), 7.22 (dd, J = 8.3,
2.1 Hz, 1H), 6.93 (d, J = 7.5 Hz, 1H), 4.50 (t, J = 4.6 Hz, 1H), 4.19 (dd, J =
9.9, 5.5 Hz, 1H), 2.85 (s, 3H), 2.35–2.15 (m, 3H), 2.06–1.95 (m, 1H);
analytical data are in accordance with literature data.19,20

(±)-1-Methoxy-4-((1S,2S)-1-(4-methoxyphenoxy)-
2-nitrobutyl)benzene (24a)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 48 mg of
alcohol 3a, using 4-methoxyphenol as the nucleophile and AuCl3
as the catalyst, ether 24a (41 mg, 58%, dr 7:1) was obtained after 2 h
as a light yellow oil. Rf = 0.40 (hexane/ethyl acetate 9:1); 1H NMR
(400 MHz, CDCl3) � 7.35–7.27 (m, 2H), 6.95–6.87 (m, 2H), 6.75–6.64

(m, 4H), 5.25 (d, J = 9.6 Hz, 1H), 4.76 (td, J = 11.0, 3.3 Hz, 1H), 3.80 (s,
3H), 3.69 (s, 3H), 1.83 (ddq, J = 14.4, 11.1, 7.2 Hz, 1H), 1.42 (dqd, J =
14.9, 7.5, 3.4 Hz, 1H), 0.89 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz,
CDCl3) � 160.4, 154.9, 151.3, 128.9, 128.2, 118.5, 114.6, 114.5, 94.4,
82.9, 55.7, 55.4, 23.8, 10.3; IR (neat) 3041, 2997, 2931, 2837, 1611,
1551, 1504, 1461, 1250, 1213, 1175, 1033 cm−1; HRMS (ESI) calcd for
C18H21NNaO5 [M + Na]+ 354.13119, found [M + Na]+ 354.13118.

(±)-1-(Benzyloxy)-4-((1S,2S)-1-(4-methoxyphenyl)-
2-nitrobutoxy)benzene (24b)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 48 mg of
alcohol 3a, using p-(benzyloxy)phenol as the nucleophile and
AuCl3 as the catalyst, ether 24b (24 mg, 67%, dr 20:1) was obtained
after 2 h as a colorless oil. Rf = 0.20 (hexane/diethyl ether 17:3);
1H NMR (300 MHz, CDCl3) � 7.47–7.27 (m, 7H), 6.96–6.86 (m, 2H),
6.80–6.65 (m, 4H), 5.26 (d, J = 9.7 Hz, 1H), 4.93 (s, 2H), 4.76 (ddd, J =
11.1, 9.8, 3.4 Hz, 1H), 3.80 (s, 3H), 1.83 (ddq, J = 14.6, 11.3, 7.4 Hz, 1H),
1.42 (dqd, J = 14.9, 7.6, 3.3 Hz, 1H), 0.89 (t, J = 7.4 Hz, 3H); 13C NMR
(75 MHz, CDCl3) � 160.1, 153.8, 151.2, 136.7, 128.6, 128.4, 127.9, 127.7,
127.3, 118.1, 115.3, 114.3, 94.1, 82.5, 70.3, 55.2, 23.5, 10.0; IR (neat)
3039, 3015, 2977, 2946, 2845, 1615, 1555, 1506, 1459, 1254, 1232,
1178, 1031 cm−1; HRMS (ESI) calcd for C24H29N2O5 [M + NH4]+

425.2071, found [M + NH4]+ 425.20603 and calcd for C24H25NNaO5

[M + Na]+ 430.16249, found [M + Na]+ 430.16158.

(±)-1-Methoxy-4-((1S,2S)-2-nitro-1-(p-tolyloxy)butyl)benzene (24c)
Following the general protocol for the acid catalyzed nucleo-

philic substitution of benzylic alcohols, starting with 48 mg of
alcohol 3a, using p-cresol as the nucleophile and AuCl3 as the
catalyst, ether 24c (16 mg, 57%, dr 20:1) was obtained after 4 h as a
colorless oil. Rf = 0.52 (hexane/diethyl ether 4:1); 1H NMR (300 MHz,
CDCl3) � 7.36–7.29 (m, 2H), 6.97–6.92 (m, 2H), 6.92–6.87 (m, 2H),
6.75–6.61 (m, 2H), 5.34 (d, J = 9.6 Hz, 1H), 4.76 (ddd, J = 11.1, 9.6,
3.4 Hz, 1H), 3.79 (s, 3H), 2.20 (s, 3H), 1.85 (ddq, J = 14.4, 11.0, 7.2 Hz,
1H), 1.43 (dqd, J = 14.7, 7.4, 3.4 Hz, 1H), 0.89 (t, J = 7.4 Hz, 3H);
13C NMR (75 MHz, CDCl3) � 160.3, 155.1, 131.4, 129.9, 128.8, 128.1,
116.8, 114.6, 94.4, 81.7, 55.4, 23.8, 20.6, 10.3; IR (neat) 2980, 2932,
2846, 1615, 1556, 1513, 1255, 1232, 1178, 1035 cm−1; HRMS (ESI) calcd
for C18H25N2O4 [M + NH4]+ 333.18088, found [M + NH4]+ 333.18044
and calcd for C18H21NNaO4 [M + Na]+ 338.13628, found [M + Na]+

338.13592.

(±)-1-Methoxy-4-((1S,2S)-2-nitro-1-(p-tolyloxy)pent-4-en-
1-yl)benzene (24d)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 3b, using p-cresol as the nucleophile and AuCl3 as the
catalyst, ether 24d (34 mg, 49%, dr 20:1) was obtained overnight as
a colorless oil. 1H NMR (400 MHz, CDCl3) � 7.33 (d, J = 8.7 Hz, 2H),
6.94 (d, J = 8.2 Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 6.69 (d, J = 8.6 Hz, 2H),
5.62 (dddd, J = 16.5, 10.3, 8.2, 5.8 Hz, 1H), 5.42 (d, J = 7.2 Hz, 0.02H),
5.37 (d, J = 9.5 Hz, 0.98H), 5.12–5.04 (m, 2H), 4.89 (ddd, J = 10.7, 9.6,
3.5 Hz, 1H), 3.80 (s, 2.88H), 3.78 (s, 0.12H), 2.52 (ddd, J = 14.8, 10.7,
8.3 Hz, 1H), 2.23–2.15 (m, 4H); 13C NMR (126 MHz, CDCl3) � 160.4,
155.1, 131.5, 130.8, 129.9, 128.9, 127.8, 120.0, 116.8, 114.7, 92.3, 81.4,
55.4, 34.7, 20.6; IR (neat) 2902, 2825, 1651, 1611, 1513, 1327, 1250,
1031 cm−1; HRMS (ESI) calcd for C19H21NNaO4 [M + Na]+ 350.1369,
found [M + Na]+ 350.1417.

(±)-1-Methoxy-4-((1S,2S)-1-(4-methoxyphenoxy)-2-nitropent-
4-en-1-yl)benzene (24e)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 3b, using 4-methoxyphenol as the nucleophile and AuCl3
as the catalyst, ether 24e (52 mg, 72%, dr 4:1) was obtained over-
night as a light yellow oil. Rf = 0.36 (hexane/ethyl acetate 9:1);
1H NMR (400 MHz, CDCl3) � 7.35–7.26 (m, 2H), 6.93–6.89 (m, 1.6H),
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6.89–6.85 (m, 0.4H), 6.75–6.65 (m, J = 9.4, 6.7, 4.5 Hz, 4H), 5.76
(dddd, J = 16.2, 10.2, 8.2, 5.8 Hz, 0.2H), 5.61 (dddd, J = 16.2, 10.2, 8.2,
5.8 Hz, 0.8H), 5.35 (d, J = 7.2 Hz, 0.2H), 5.27 (d, J = 9.6 Hz, 0.8H),
5.20–5.12 (m, 0.4H), 5.07 (dd, J = 20.4, 5.0 Hz, 1.6H), 4.92–4.85 (m,
0.8H), 4.81 (ddd, J = 10.3, 7.2, 3.4 Hz, 0.2H), 3.80 (s, 2.4H), 3.78 (s,
0.6H), 3.71 (s, 0.6H), 3.69 (s, 2.4H), 2.55–2.45 (m, 1H), 2.20–2.13 (m,
1H); 13C NMR (101 MHz, CDCl3) � 160.5, 155.0, 151.3, 131.7, 130.8,
129.0, 128.4, 128.2, 127.8, 120.0, 119.7, 118.5, 117.6, 114.7, 114.7, 114.6,
114.5, 92.4, 82.6, 80.8, 55.7, 55.7, 55.4, 55.4, 34.7, 33.9; IR (neat)
2901, 2850, 1681, 1600, 1572, 1510, 1421, 1312, 1118 cm−1; HRMS (ESI)
calcd for C19H21NNaO5 [M + Na]+ 366.1318, found [M + Na]+

366.1375.

(±)-1-((1S,2S)-1-(Benzyloxy)-2-nitropent-4-en-1-yl)-
4-methoxybenzene (24f)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 3b, using benzyl alcohol as the nucleophile and AuCl3 as
the catalyst, ether 24f (52 mg, 76%, dr 20:1) was obtained overnight
as a light yellow oil. Rf = 0.39 (hexane/ethyl acetate 9:1); 1H NMR
(500 MHz, CDCl3) � 7.33–7.26 (m, 5H), 7.18–7.15 (m, 2H), 6.97–6.94
(m, 2H), 5.56 (dddd, J = 16.8, 10.2, 8.2, 5.8 Hz, 1H), 5.07–4.98 (m, 2H),
4.74 (ddd, J = 10.8, 9.7, 3.3 Hz, 1H), 4.66 (d, J = 9.7 Hz, 1H), 4.42 (d, J =
11.7 Hz, 1H), 4.20 (d, J = 11.7 Hz, 1H), 3.85 (s, 3H), 2.41 (ddd, J = 14.9,
10.8, 8.3 Hz, 1H), 2.04 (dddd, J = 14.9, 7.2, 3.1, 1.5 Hz, 1H); 13C NMR
(126 MHz, CDCl3) � 160.5, 137.2, 131.0, 129.3, 128.5, 128.0, 127.8,
119.7, 114.7, 92.5, 81.2, 70.5, 55.5, 34.8, 29.9; IR (neat) 2923, 2852,
1609, 1555, 1512, 1455, 1250, 1174 cm−1; HRMS (ESI) calcd for
C19H21NNaO4 [M + Na]+ 350.1369, found [M + Na]+ 350.1296.

(±)-1-((1S,2S)-2-Azido-1-(4-methoxyphenyl)propoxy)-
4-methylbenzene (24g)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 15a, using p-cresol as the nucleophile and AuCl3 as the
catalyst, ether 24g (43 mg, 61%, dr 5:1) was obtained overnight as a
light yellow oil. Rf = 0.23 (hexane/diethyl ether 9:1); 1H NMR
(300 MHz, CDCl3) � 7.34–7.29 (m, 0.33H), 7.24–7.19 (m, 1.67H), 7.06–
7.01 (m, 1H), 6.95–6.90 (m, 1H), 6.88–6.81 (m, 2.5H), 6.74 (d, J =
2.1 Hz, 0.3H), 6.69 (d, J = 8.1 Hz, 0.85H), 6.61 (d, J = 8.1 Hz, 0.15H), 5.43
(s, 1H), 4.40–4.28 (m, 1H), 4.18 (d, J = 9.1 Hz, 0.15H), 4.12 (d, J = 9.1 Hz,
0.85H), 3.78 (s, 0.5H), 3.78 (s, 2.5H), 2.28 (s, 2.5H), 2.25 (s, 0.5H), 1.31
(dd, J = 6.4, 4.6 Hz, 3H); 13C NMR (75 MHz, CDCl3) � 158.5, 153.4,
151.5, 150.9, 133.3, 133.1, 130.4, 130.2, 130.1, 129.8, 129.6, 129.5, 128.7,
128.6, 128.4, 127.6, 116.9, 116.2, 115.2, 114.2, 114.0, 60.6, 60.2, 55.4,
51.3, 50.3, 20.9, 20.6, 18.8, 18.5; IR (neat) 2914, 2858, 2100, 1615,
1542, 1504, 1437, 1241, 1188, 1033 cm−1; HRMS (ESI) calcd for
C17H19N3NaO3 [M + Na]+ 320.1375, found [M + Na]+ 320.1321.

(±)-1-((1S,2S)-2-Azido-1-(4-methoxyphenoxy)propyl)-
4-methoxybenzene (24h)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 15a, using 4-methoxyphenol as the nucleophile and AuCl3
as the catalyst, ether 24h (50 mg, 67%, dr 5:1) was obtained over-
night as a colorless oil. Rf = 0.21 (hexane/diethyl ether 9:1); 1H NMR
(500 MHz, CDCl3) � 7.31–7.28 (m, 0.4H), 7.22–7.18 (m, 1.6H), 6.86–
6.81 (m, 3H), 6.67 (dd, J = 8.7, 3.0 Hz, 1H), 4.33–4.25 (m, 1H), 4.19 (d,
J = 8.8 Hz, 0.15H), 4.12 (d, J = 9.2 Hz, 0.85H), 3.78 (s, 0.5H), 3.77 (s,
2.5H), 3.75 (s, 2.5H), 3.73 (s, 0.5H), 1.32 (d, J = 6.4 Hz, 0.5H), 1.30 (d,
J = 6.4 Hz, 2.5H); 13C NMR (126 MHz, CDCl3) � 158.6, 154.0, 153.9,
147.7, 147.2, 132.8, 132.7, 129.8, 129.5, 129.4, 117.7, 116.9, 116.2, 115.7,
115.4, 115.0, 114.2, 114.1, 112.5, 112.1, 60.8, 60.1, 55.8, 55.4, 51.0, 50.2,
29.8, 18.8, 18.5; IR (neat) 2928, 2835, 2102, 1608, 1554, 1508, 1431,
1246, 1178, 1033 cm−1; HRMS (ESI) calcd for C17H19N3NaO3 [M + Na]+

336.1324, found [M + Na]+ 336.1273.

(±)-1-((1S,2S)-2-azido-1-(4-methoxyphenoxy)-3,3-dimethylbutyl)-
4-methoxybenzene (24i)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 30 mg of
alcohol 15c, using 4-methoxyphenol as the nucleophile and AuCl3
as the catalyst, ether 24i (28 mg, 65%, dr 4:1) was obtained over-
night as a colorless oil. Rf = 0.20 (hexane/diethyl ether 9:1); 1H NMR
(500 MHz, CDCl3) � 7.41–7.38 (m, 0.4H), 7.35–7.32 (m, 1.6H), 6.94–
6.90 (m, 1.6H), 6.89–6.86 (m, 0.4H), 6.79–6.73 (m, 4H), 5.30 (d, J =
2.7 Hz, 0.8H), 5.07 (d, J = 6.7 Hz, 0.2H), 3.82 (s, 2.4H), 3.82 (s, 0.6H),
3.73 (s, 2.4H), 3.73 (s, 0.6H), 3.59 (d, J = 6.7 Hz, 0.2H), 3.20 (d, J =
2.7 Hz, 0.8H), 1.10 (s, 7.2H), 1.02 (s, 1.8H); 13C NMR (126 MHz, CDCl3)
� 159.6, 159.5, 154.1, 151.6, 131.9, 131.0, 130.7, 129.4, 127.8, 117.1,
116.6, 114.69, 114.66, 114.3, 114.02, 114.00, 80.6, 79.6, 77.6, 55.8, 55.4,
55.3, 42.5, 36.6, 35.6, 29.8, 29.0, 27.9, 27.5, 26.6; IR (neat) 2998,
2922, 2113, 1638, 1610, 1584, 1440, 1300, 1109, 1033 cm−1; HRMS (ESI)
calcd for C20H25N3NaO3 [M + Na]+ 378.1794, found [M + Na]+

378.1752.

(±)-2,6-Di-tert-butyl-4-((1R,2S)-1-(4-methoxyphenyl)-
2-nitrobutyl)phenol (25a)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 3a, using 2,6-di-tert-butylphenol as the nucleophile and
AuCl3 as the catalyst, diaryl 25a (52 mg, 62%, dr 20:1) was obtained
overnight as a colorless oil. 1H NMR (400 MHz, CDCl3) � 7.18 (d, J =
8.7 Hz, 2H), 7.06 (s, 2H), 6.85 (d, J = 8.7 Hz, 2H), 5.12 (td, J = 11.0,
3.0 Hz, 1H), 4.27 (d, J = 11.5 Hz, 1H), 3.83 (s, 0.16H), 3.77 (s, 2.84H),
1.86 (m, 1H), 1.67 (m, 1H), 1.41 (s, 0.7H), 1.39 (s, 17.3H), 0.92 (t, J =
7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3) � 158.8, 153.0, 136.0, 132.7,
130.7, 129.1, 124.0, 114.5, 94.1, 55.4, 54.9, 34.5, 30.4, 26.7, 10.6; IR
(neat) 3406, 2854, 2832, 2814, 1638, 1610, 1580, 1454, 1357, 1225,
1124 cm−1; HRMS (ESI) calcd for C25H35NNaO4 [M + Na]+ 436.2464,
found [M + Na]+ 436.2479.

(±)-4-((1R,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl)-
2,6-dimethylphenol (25b)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 3a, using 2,6-dimethylphenol as the nucleophile and
AuCl3 as the catalyst, diaryl 25b (67 mg, 92%, dr 20:1) was obtained
overnight as a yellow oil. Rf = 0.36 (hexane/ethyl acetate 8:2);
1H NMR (300 MHz, CDCl3) � 7.19 (d, J = 8.7 Hz, 2H), 6.91 (s, 2H), 6.86
(d, J = 8.7 Hz, 2H), 5.14 (ddd, J = 11.5, 10.5, 3.2 Hz, 1H), 4.60 (s, 1H),
4.25 (d, J = 11.6 Hz, 1H), 3.77 (s, 3H), 2.16 (s, 6H), 1.89 (tdd, J = 14.6, 7.3,
2.4 Hz, 1H), 1.77–1.65 (m, 1H), 0.93 (t, J = 7.4 Hz, 3H); 13C NMR
(75 MHz, CDCl3) � 158.8, 151.5, 132.4, 131.8, 129.0, 127.5, 123.4, 114.6,
93.9, 55.4, 54.1, 26.6, 16.1, 10.5; HRMS (ESI) calcd for C19H27N2O4

[M + NH4]+ 347.19653, found [M + NH4]+ 347.19541 and calcd for
C19H23NNaO4 [M + Na]+ 352.15193, found [M + Na]+ 352.1511.

(±)-4-((1R,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl)-
2-methylphenol (25c)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 3a, using o-cresol as the nucleophile and AuCl3 as the
catalyst, diaryl 25c (55 mg, 72%, dr 12:1) was obtained overnight as
a yellow oil. 1H NMR (500 MHz, CDCl3) � 7.24–7.21 (m, 0.05H),
7.20–7.16 (m, 1.95H), 7.04–7.00 (m, 2H), 6.88–6.84 (m, 1.93H), 6.83–
6.79 (m, 0.07H), 6.67 (d, J = 8.2 Hz, 0.06H), 6.61 (t, J = 5.3 Hz, 0.94H),
5.13 (td, J = 10.8, 3.1 Hz, 1H), 5.00 (s, 1H), 4.41 (d, J = 11.6 Hz, 0.01H),
4.28 (d, J = 11.5 Hz, 0.99H), 3.77 (s, 2.9H), 3.74 (s, 0.1H), 2.21 (s,
0.1H), 2.16 (s, 2.9H), 1.93–1.81 (m, 1H), 1.78–1.68 (m, 1H), 0.99 (t, J =
7.4 Hz, 0.03H), 0.93 (t, J = 7.4 Hz, 2.97H); 13C NMR (126 MHz, CDCl3)
� 158.8, 153.2, 132.2, 132.2, 130.3, 129.0, 125.7, 124.4, 115.3, 114.6,
94.0, 55.4, 54.1, 26.5, 16.0, 10.5; IR (neat) 3433, 2972, 2934, 2879,
2837, 1608, 1584, 1545, 1508, 1249, 1178, 1030 cm−1; HRMS (ESI)
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calcd for C18H21NNaO4 [M + Na]+ 338.1369, found [M + Na]+

338.1395.

(±)-2-((1R,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl)-
5-methylphenol (25d)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 40 mg of
alcohol 3a, using m-cresol as the nucleophile and AuCl3 as the
catalyst, diaryl 25d (42 mg, 71%, dr 20:1) was obtained after 5 h as
a colorless oil. 1H NMR (500 MHz, CDCl3) � 7.35 (d, J = 8.4 Hz, 1H),
7.17 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 6.63 (dd, J = 8.4, 2.4 Hz,
1H), 6.55 (d, J = 2.3 Hz, 1H), 5.14 (td, J = 11.0, 3.0 Hz, 1H), 4.56 (d, J =
11.4 Hz, 1H), 3.76 (s, 2.9H), 3.73 (s, 0.1H), 2.32 (s, 0.1H), 2.25 (s, 2.9H),
1.87 (ddq, J = 14.5, 10.5, 7.3 Hz, 1H), 1.69 (dqd, J = 14.8, 7.4, 3.1 Hz, 1H),
0.92 (t, J = 7.4 Hz, 3H); 13C NMR (126 MHz, CDCl3) � 158.8, 154.5,
138.2, 131.1, 130.7, 129.7, 126.3, 118.1, 114.5, 113.1, 93.4, 55.4, 49.3,
26.8, 19.9, 10.5; IR (neat) 3405, 2975, 2944, 2861, 1635, 1540, 1456,
1249, 1216, 1136, 1033 cm−1; HRMS (ESI) calcd for C18H25N2O4 [M +
NH4]+ 333.1809, found [M + NH4]+ 333.1783 and calcd for
C18H21NNaO4 [M + Na]+ 338.13628, found [M + Na]+ 338.13654.

(±)-2,6-Dimethoxy-3-((1R,2S)-1-(4-methoxyphenyl)-
2-nitrobutyl)phenol (25e)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 3a, using 2,6-dimethoxyphenol as the nucleophile and
AuCl3 as the catalyst, diaryl 25e (51 mg, 64%, dr 20:1) was obtained
overnight as a white oil. Rf = 0.16 (hexane/ethyl acetate 8:2);
1H NMR (400 MHz, CDCl3) � 7.25–7.18 (m, 2H), 6.92 (d, J = 8.6 Hz,
1H), 6.85–6.77 (m, 2H), 6.60 (d, J = 8.6 Hz, 1H), 5.45 (s, 0.8H), 5.19
(ddd, J = 11.7, 10.6, 3.1 Hz, 1H), 4.79 (d, J = 11.8 Hz, 1H), 3.83 (s, 3H),
3.80 (s, 3H), 3.75 (s, 3H), 1.89 (ddq, J = 14.5, 10.4, 7.2 Hz, 1H), 1.73
(dqd, J = 14.9, 7.5, 3.2 Hz, 1H), 0.93 (t, J = 7.4 Hz, 3H); 13C NMR
(126 MHz, CDCl3) � 158.8, 147.1, 145.0, 139.0, 131.9, 129.6, 126.8,
116.3, 114.4, 106.2, 92.8, 60.5, 56.2, 55.4, 47.3, 26.7, 10.6; IR (neat)
3491, 2936, 2838, 1609, 1548, 1511, 1496, 1319, 1247, 1088 cm−1;
HRMS (ESI) calcd for C19H24NO6 [M + H]+ 362.15981, found [M + H]+

362.16152 and calcd for C19H27N2O6 [M + NH4]+ 379.18636, found
[M + NH4]+ 379.18629.

(±)-2-Methoxy-5-((1R,2S)-1-(4-methoxyphenyl)-
2-nitrobutyl)phenol (25f)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 30 mg of
alcohol 3a, using 2-methoxyphenol as the nucleophile and AuCl3
as the catalyst, diaryl 25f (37 mg, 84%, dr 4:1) was obtained after 5 h
as a colorless oil. 1H NMR (500 MHz, CDCl3) � 7.19–7.16 (m, 2H),
6.88–6.73 (m, 5H), 5.56 (s, 0.25H), 5.51 (s, 0.75H), 5.15–5.07 (m, 1H),
4.29 (dd, J = 16.4, 8.0 Hz, 1H), 3.84 (s, 2.4H), 3.81 (s, 0.6H), 3.77 (s,
2.4H), 3.76 (s, 0.6H), 1.94–1.81 (m, 1H), 1.72 (dqd, J = 14.9, 7.5, 3.0 Hz,
1H), 0.95–0.90 (m, J = 7.4, 2.8 Hz, 3H); 13C NMR (126 MHz, CDCl3) �
158.9, 158.9, 146.7, 145.88, 145.85, 145.0, 133.5, 132.2, 132.04, 131.98,
129.1, 128.5, 119.9, 118.9, 114.8, 114.6, 114.4, 113.8, 110.9, 110.4, 93.9,
93.8, 56.02, 55.97, 55.4, 54.5, 54.3, 26.6, 26.5, 10.5; IR (neat) 3421,
2929, 2905, 1618, 1571, 1499, 1456, 1417, 1314, 1129, 1102, 1031 cm−1;
HRMS (ESI) calcd for C18H22NO5 [M + H]+ 332.1498, found [M + H]+

332.1466.

(±)-5-Methoxy-2-((1R,2S)-1-(4-methoxyphenyl)-
2-nitrobutyl)phenol (25g)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 30 mg of
alcohol 3a, using 3-methoxyphenol as the nucleophile and AuCl3
as the catalyst, diaryl 25g (37 mg, 76%, dr 20:1) was obtained after
5 h as a colorless oil. 1H NMR (500 MHz, CDCl3) � 7.28–7.17 (m, 3H),
6.85–6.76 (m, 2H), 6.46–6.21 (m, 2H), 5.30 (ddd, J = 24.7, 12.4, 2.7 Hz,
1H), 4.70 (dd, J = 11.6, 3.5 Hz, 1H), 3.76 (s, 3H), 3.73 (s, 1.5H), 3.67 (s,
1.5H), 1.87 (dtt, J = 21.4, 14.5, 7.3 Hz, 1H), 1.78–1.65 (m, 1H), 0.92 (q, J =

7.4 Hz, 3H); 13C NMR (126 MHz, CDCl3) � 159.7, 158.8, 158.6, 158.1,
156.1, 154.1, 149.0, 132.0, 131.8, 129.60, 129.57, 129.0, 128.3, 127.8,
124.4, 121.0, 119.6, 114.4, 114.2, 114.2, 107.2, 106.5, 106.4, 102.9, 102.8,
99.9, 93.6, 92.66, 92.64, 55.7, 55.38, 55.36, 55.3, 48.0, 47.9, 31.7,
30.2, 29.8, 26.7, 26.3, 14.3, 10.59, 10.54; IR (neat) 3428, 2924, 2918,
1637, 1611, 1559, 1495, 1457, 1374, 1305, 1157, 1117, 1033 cm−1; HRMS
(ESI) calcd for C18H22NO5 [M + H]+ 332.1498, found [M + H]+

332.1425.

(±)-2-((1R,2S)-2-Azido-1-(4-methoxyphenyl)propyl)-
4,6-dimethylphenol (25h)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol15a, using2,4-dimethylphenolas thenucleophileand p-tol-
uenesulfonic acid monohydrate as the catalyst, diaryl 25h (43 mg,
58%, dr 6:1) was obtained overnight as a colorless oil. Rf = 0.12
(hexane/ethyl acetate 9:1); 1H NMR (500 MHz, CDCl3) � 7.31–7.27 (m,
0.33H), 7.23–7.17 (m, 1.67H), 6.90 (d, J = 1.6 Hz, 0.85H), 6.88–6.80 (m,
3.15H), 5.25 (s, 0.8H), 4.35–4.26 (m, 1H), 4.18 (d, J = 8.8 Hz, 0.15H),
4.12 (d, J = 9.1 Hz, 0.85H), 3.78 (s, 0.5H), 3.78 (s, 2.5H), 2.25 (s, 2.5H),
2.23 (s, 0.5H), 2.19 (s, 2.5H), 2.17 (s, 0.5H), 1.32–1.28 (m, J = 9.5, 6.4 Hz,
3H); 13C NMR (126 MHz, CDCl3) � 158.5, 149.9, 133.1, 130.3, 123.0,
129.8, 129.6, 129.5, 127.6, 127.4, 127.1, 124.6, 114.2, 114.1, 60.7, 60.2,
55.3, 51.1, 50.3, 20.9, 18.8, 18.6, 16.3, 16.1; IR (neat) 3423, 2925, 2100,
1685, 1607, 1582, 1509, 1482, 1454, 1377, 1301, 1245, 1178, 1123,
1033 cm−1; HRMS (ESI) calcd for C18H21N3NaO2 [M + Na]+ 334.1532,
found [M + Na]+ 334.1689.

(±)-2-((1R,2S)-2-Azido-1-(4-methoxyphenyl)-3-methylbutyl)-
4-methylphenol (25i)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 15b, using p-cresol as the nucleophile and p-toluenesul-
fonic acid monohydrate as the catalyst, diaryl 25i (52 mg, 76%, dr
7:1) was obtained overnight as a white solid. mp: 112–113 °C;
1H NMR (500 MHz, CDCl3) � 7.42–7.37 (m, 3H), 7.26–7.22 (m, 1.7H),
7.09 (d, J = 1.8 Hz, 0.85H), 7.01 (d, J = 1.9 Hz, 0.15H), 6.91 (dd, J = 8.1,
2.1 Hz, 0.85H), 6.87–6.83 (m, 2.15H), 6.70 (d, J = 8.1 Hz, 0.85H), 6.58
(d, J = 8.1 Hz, 0.15H), 5.66 (s, 0.6H), 4.37 (dd, J = 9.7, 4.0 Hz, 1H), 4.09
(dd, J = 9.9, 3.7 Hz, 0.15H), 3.98 (dd, J = 9.4, 4.6 Hz, 0.85H), 3.78 (s,
0.5H), 3.78 (s, 2.5H), 2.27 (s, 2.5H), 2.26 (s, 0.5H), 1.89–1.83 (m,
0.15H), 1.83–1.72 (m, 0.85H), 1.08–1.02 (m, 3H), 0.98 (d, J = 6.7 Hz,
2.5H), 0.91 (d, J = 6.7 Hz, 0.5H); 13C NMR (126 MHz, CDCl3) � 158.5,
151.5, 150.6, 133.9, 133.2, 130.4, 130.3, 129.9, 129.7, 129.5, 128.7,
128.5, 128.2, 127.6, 116.9, 116.0, 114.3, 114.1, 73.0, 72.0, 66.0, 55.4,
48.1, 47.5, 30.9, 30.7, 29.8, 21.3, 21.1, 20.9, 16.6, 16.0, 15.4; IR (neat)
3402, 2963, 2930, 2873, 2096, 1670, 1573, 1541, 1462, 1482, 1454,
1357, 1388, 1225, 1141, 1135, 1028 cm−1; HRMS (ESI) calcd for
C19H23N3NaO2 [M + Na]+ 348.1688, found [M + Na]+ 348.1651.

(±)-2-((1R,2S)-2-Azido-1-(4-methoxyphenyl)-3-methylbutyl)-
4-methoxyphenol (25j)

Following the general protocol for the acid catalyzed nucleo-
philic substitution of benzylic alcohols, starting with 50 mg of
alcohol 15b, using 4-methoxyphenol as the nucleophile and
p-toluenesulfonic acid monohydrate as the catalyst, diaryl 25j
(60 mg, 84%, dr 5:1) was obtained overnight as a colorless oil. 1H NMR
(500 MHz, CDCl3) � 7.41–7.38 (m, 0.33H), 7.24 (dd, J = 6.8, 5.0 Hz,
1.67H), 6.90 (d, J = 2.7 Hz, 0.8H), 6.87–6.83 (m, 2H), 6.80 (d, J = 2.4 Hz,
0.2H), 6.75 (s, 0.3H), 6.73 (s, 0.5H), 6.67 (d, J = 3.0 Hz, 0.5H), 6.66 (d,
J = 3.0 Hz, 0.3H), 5.59 (s, 0.8H), 4.40 (d, J = 9.7 Hz, 1H), 4.05 (dd, J =
9.7, 3.8 Hz, 0.2H), 3.97 (dd, J = 9.6, 4.1 Hz, 0.8H), 3.77 (s, 2.5H), 3.76
(s, 0.5H), 3.75 (s, 2.5H), 3.74 (s, 0.5H), 1.91–1.76 (m, 1H), 1.07–1.03 (m,
3H), 0.97 (d, J = 6.7 Hz, 2.5H), 0.93 (d, J = 6.7 Hz, 0.5H); 13C NMR
(126 MHz, CDCl3) � 158.5, 153.9, 147.7, 147.0, 133.5, 132.9, 130.0,
129.9, 129.5, 129.5, 117.7, 116.6, 116.2, 115.6, 115.0, 114.3, 114.1, 112.7,
111.9, 73.1, 72.0, 66.0, 56.2, 55.3, 47.5, 47.3, 30.9, 30.7, 21.3, 21.1, 16.3,
16.1, 15.3; IR (neat) 3418, 2895, 2807, 2102, 1673, 1640, 1587, 1499,
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1482, 1454, 1357, 1318, 1267, 1178, 1124, 1033 cm−1; HRMS (ESI) calcd
for C19H23N3NaO3 [M + Na]+ 364.1637, found [M + Na]+ 364.1704.

Results and discussion
We chose to use racemic �-hydroxy-�-nitroalkyl arenes to estab-

lish conditions for catalytic benzylic substitutions being cogni-
zant that access to enantiopure nitroaldol products remains to be
a challenge.21 In fact, enantiopure or highly enriched syn- or
anti-selective Henry reactions with aromatic aldehydes and
nitroalkanes higher than nitromethane have been seldom
achieved.22 Therefore, rather than using enantioenriched ni-
troaldol products or trying to adapt the singularly successful
enantioselective Henry reaction23 to p-anisaldehyde and
1-nitropropane (or 4-nitrobutene) for the purposes of this study,
we opted for racemic partners. However, we were pleased that
enantiomeric N-sulfonamides could be separated by chiral HPLC
(vide infra) and obtained as enantiopure syn-diastereomers.

The synthesis of racemic �-hydroxy- and �-acetoxy-�-nitroalkyl
(or �-nitroallyl) arenes is shown in Scheme 1. Due to the acidity of
the �-H, competing elimination occurred during the acetylation
of alcohols 3a and 3b, presumably from the anti-isomer. As a
result, the acetylated nitro alcohols 4a and 4b were highly en-
riched favoring the syn-isomer. In the course of our previous stud-
ies, we indeed observed a kinetic differentiation in the reactivity
of syn- and anti-diastereoisomers of nitroalcohols.14

Treatment of a diastereomeric mixture of �-acetoxy-�-nitro
arylalkanes14 with tert-butylsulfonamide (BusNH2),24 2-(trimethylsilyl)
ethane-1-sulfonamide (SESNH2),25 and p-toluenesulfonamide in
the presence of 10 mol% AuCl3 in dichloromethane afforded the
corresponding syn-oriented products as predominant diaste-
reomers (Table 1, entries 1–3). The mixture of racemic tert-
butylsulfonamides 5a and 5b could be separated by preparative
chiral HPLC affording (–)-(R,R)-5a and (+)-(S,S)-5b as enantiomers.
X-ray crystallographic analysis was performed on the (–)-(R,R)-5a
enantiomer, allowing for the determination of the absolute config-
uration and syn-diastereoselectivity.

We had anticipated that the Bus and SES groups could be easily
cleaved under acidic24 or fluoride-mediated26 conditions. How-
ever, 5a or 5b could not be converted to the free amine as the
tert-butylsulfonamide moiety remained unreactive in mildly
acidic media. Harsher conditions led to extensive decomposition
through benzylic cleavage followed by retro-aldolization. Re-
moval of the SES group in product 5c, using various fluoride
sources (such as CsF,26a tetra-n-butylammonium fluoride,26b tetra-
n-butylammonium fluoride/acetic acid,26c triethylamine trihy-
drofluoride) under either basic or acidic conditions, failed in a
similar fashion. Nonetheless, the nitro group in (+)-(S,S)-5b could be
selectively reduced to the corresponding amine in the presence of
zinc and trimethylsilyl chloride in methanol,27 then N-acetylated to
give compound 7 (Scheme 2). Treatment with triflic acid in dichlo-
romethane at –20 °C, followed by protection of the resulting benzylic
amine gave the enantiopure N-Boc derivative (+)-(S,S)-8 in excellent
overall yield. Additionally, we were pleased that chiral HPLC could
also provide enantiopure (+)-(S,S)-8 and ent-8 from a racemic mixture.

Achieving predominantly syn- or anti-enantioselectivity in the
aza-Henry reactions with nitroalkanes has been a challenge.10 Al-
though highly anti-enantioselective aza-Henry reactions have
been reported by Johnston12 and Jacobsen,13 to the best of our
knowledge, high syn-selectivity was reported for the first time by
Shibasaki.11 For example, reaction of p-anisaldehyde N-Boc aldi-
mine with 1-nitropropane in the presence of a heterobimetallic
Cu-Sm Schiff base complex derived from (1R,2R)-diaminocyclohex-
ane, led to the coupled product (R,R)-10 in 64% yield and 20:1
syn-selectivity (91% ee)11 (Fig. 3). Comparison between the signs of
optical rotations of compounds 5a, 5b and 10 on one hand, and 8
and 11 on the other led to a conclusion consistent with the result
previously obtained from the X-ray diffraction analysis (Fig. 3) and
consolidated our assignments of the absolute configurations of
(–)-(R,R)-5a, (+)-(S,S)-5b, and (+)-(S,S)-8 (Fig. 3).

Reduction of a racemic mixture of 5a and 5b led to 6, which was
treated with triphosgene followed by AlCl3 in dichloromethane,
to afford racemic cyclic urea 9 with no erosion of syn-selectivity
according to NMR spectroscopy.

The synthesis of racemic �-hydroxy- and �-acetoxy-�-azidoalkyl
arenes is shown in Scheme 3. Benzylic sulfonamidation in this
series could be achieved with the benzylic alcohol 15a (Method A)
or the corresponding acetate 16 (Method B) depending on the
sulfonamide (Table 1, entries 5–12). Although the yields were gen-
erally acceptable in favor of the syn-isomers, they varied with the
nature of the sulfonamide. Comparison between alcohol 15a and
acetate 16 (Table 1, entries 5–7 vs. 10–12) shows that the better the
leaving group, the lesser the diastereoselectivity. Furthermore,
the use of TsNH2 led to diastereomeric ratios somewhat lower
than those obtained with BusNH2 and SESNH2, as was also the case
in the nitro series.

Attempts to cleave the Bus group in 17a under acidic conditions
led to degradation as was observed in the nitro series with com-
pounds 5a and 5b. However, contrary to the nitro series with
compound 5c, treatment of the SES derivative 17b with CsF26a

afforded the corresponding amine that could be converted to the
crystalline N-tosylamide 17c. Presumably, this is due to the lower
acidity of the �-H in 17b compared to 5c. X-ray crystal structures of
several derivatives confirmed the syn-selectivity of the major prod-
ucts, although the ratios were diminished compared with their
nitro analogues possibly due to the smaller size of the azido
group.

To demonstrate the utility of the benzylic sulfonamidation, we
report an expedient route to (+)-sertraline (Zoloft), one of the most
frequently prescribed antidepressant drugs2,28 (Scheme 4). Thus,
reduction of the tetralone 18 with the CBS reagent29 as described
by Jung et al.19 gave the alcohol 19 as a 1:1 mixture of diastereom-
ers, which could be separated by column chromatography to give
19a and 19b. Treatment of 19a with SESNH2 in the presence of
10 mol% AuCl3 afforded the sulfonamide 20 in 81% yield as a
mixture of diastereomers (dr 3:1 in favor of the desired product),
which could also be separated by column chromatography to give
20a (major isomer) and 20b (minor isomer). Methylation of 20a
and treatment with CsF in DMF at 95 °C afforded (+)-sertraline 23

Scheme 1. Synthesis of racemic �-hydroxy- and �-acetoxy-�-nitroalkyl (or �-nitroallyl) arenes.
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as the hydrochloride salt. The ketone 18 has been previously re-
solved into the desired (S)-isomer by a continuous chromatogra-
phy protocol as part of the commercial process for the production
of sertraline.30 A new chemoenzymatic synthesis of sertraline was
recently reported.31

The facile benzylic functionalization from the corresponding
alcohols or acetates with sulfonamides led us to explore the
corresponding ether formation, especially with p-substituted phe-
nols, to provide �-phenoxy-�-nitro- (or �-azido-) alkyl arenes 24a–
24i (Table 2).32 Using �-hydroxy-�-nitro- (or �-azido-) alkyl arenes 3
or 15 and 10 mol% AuCl3, a variety of phenols led to the corre-
sponding syn-substituted products 24a–24i in acceptable yields
and mostly excellent diastereoselectivities (Table 2). In general,
selectivities were higher in the case of �-nitroalkanes compared

with �-azidoalkanes. Benzyloxylation was also highly stereoselec-
tive (Table 2, entry 6).

Extending the benzylic phenoxylation to highly electron rich
mono- and di-substituted phenols led as expected to the corre-
sponding benzylic C-arylation products 25a–25j (Table 3).33 High-
est arylation selectivities were obtained with phenols containing
a para- or combined ortho- and para- donating groups (Table 3,
entries 1, 2, 4, 5, and 7). In this series, it was also possible to achieve
C-arylations using 10% p-toluenesulfonic acid (Table 3, entries
8–10). The major products were syn-selective, especially in the
�-nitro series, as evidenced from X-ray crystallography. The prod-
ucts are examples of 1,1=-diarylmethanes with �-nitro and �-azido
groups, which can be further functionalized and exploited in the
context of medicinally important compounds.34

Table 1. Benzylic sulfonamidation.

Entry Substrate R1 R2 X R3 Producta Yield (drb)

1 4a NO2 Et OAc tBu 5ac, 5b 82% (20:1)
2 4a NO2 Et OAc Me3Si(CH2)2 5c 86% (20:1)
3 4a NO2 Et OAc p-MeC6H4 5d 59% (18:1)
4 4b NO2 Allyl OAc Me3Si(CH2)2 5e 68% (20:1)
5 15a N3 Me OH tBu 17ac 61%–66% (4.5–7:1)
6 15a N3 Me OH Me3Si(CH2)2 17b 67%–78% (6:1)
7 15a N3 Me OH p-MeC6H4 17cc 68%–83% (4:1)
8 15a N3 Me OH C6H5 17dc 59% (5:1)
9 15a N3 Me OH p-ClC6H4 17ec 77% (6:1)
10 16 N3 Me OAc tBu 17ac 55% (2:1)
11 16 N3 Me OAc Me3Si(CH2)2 17b 91% (6:1)
12 16 N3 Me OAc p-MeC6H4 17cc 63% (1.5:1)

aRacemic mixture.
bRatios determined by 1H NMR at 300, 400, or 500 MHz.
cX-ray structural data available (see Supplementary data).

Scheme 2. Functionalization of the diamine.
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In conclusion, we have shown that �-acetoxy-�-nitro- (or �-
hydroxy-�-azido-) alkyl arenes can be efficiently converted to the
corresponding �-sulfonamido-, �-phenoxy- (or �-benzyloxy-), and
�-aryl products with good to excellent syn-diastereoselectivity.

The successful amino-functionalization of benzylic carbon atoms
in the presence of �-nitroalkyl (or �-azidoalkyl) groups including
an allylic chain provides possibilities for further individual ma-
nipulations of these functional groups possibly with orthogonal

Scheme 3. Synthesis of racemic �-hydroxy- and �-acetoxy-�-azidoalkyl arenes.

Scheme 4. Synthesis of (+)-sertraline.
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reactivities toward more complex compounds. Extension of these
methods to enantiopure (or enantioenriched) substrates, avail-
able via asymmetric nitro-aldol reactions22 or starting from chi-
ral, non-racemic compounds,35 can provide access to alkyl arenes
harboring vicinally substituted diamines or aminoalcohols as ver-
satile ligands for asymmetric catalysis and for compounds of me-
dicinal interest.6a

Supplementary data
Supplementary data are available with the article through the

journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/
cjc-2020-0016.
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(b) Čorić, I.; Kim, J. H.; Vlaar, T.; Patil, M.; Thiel, W.; List, B. Angew. Chem. Int.
Ed. 2013, 52, 3490. doi:10.1002/anie.201209983; (c) Kumara Swamy, K. C.;
Bhuvan Kumar, N. N.; Balaraman, E.; Pavan Kumar, K. V. P. Chem. Rev. 2009,
109, 2551. doi:10.1021/cr800278z; (d) Shintou, T.; Mukaiyama, T. J. Am. Chem.
Soc. 2004, 126, 7359. doi:10.1021/ja0487877; (e) for catalytic methods, see:
Ziegler, D. T.; Fu, G. C. J. Am. Chem. Soc. 2016, 138, 12069. doi:10.1021/jacs.
6b08486; (f) Pandey, G.; Pal, S.; Laha, R. Angew. Chem. Int. Ed. 2013, 52, 5146.
doi:10.1002/anie.201210333; (g) Roggen, M.; Carreira, E. M. Angew. Chem. Int.
Ed. 2011, 50, 5568. doi:10.1002/anie.201007716; (h) Voutchkova, A. M.;
Crabtree, R. H. J. Mol. Catal. A Chem. 2009, 312, 1. doi:10.1016/j.molcata.2009.
07.019.

(33) For a review, see: Rueping, M.; Nachtsheim, B. J. Beilstein J. Org. Chem. 2010,
6, 6. doi:10.3762/bjoc.6.6.

(34) (a) See for example: Liu, X.; Xiao, Y.; Li, J.-Q.; Fu, B.; Qin, Z. Mol. Divers. 2019,
23, 809. doi:10.1007/s11030-018-9895-3; (b) García-Vanegas, J. J.;
Ramírez-Villalva, A.; Fuentes-Benites, A.; Martínez-Otero, D.; González-Rivas, N.;
Cuevas-Yañez, E. J. Chem. Sci. 2019, 131, 27. doi:10.1007/s12039-019-1605-x;
(c) Wang, Z.; He, X.; Zhang, R.; Zhang, G.; Xu, G.; Zhang, Q.; Xiong, T.;
Zhang, Q. Org. Lett. 2017, 19, 3067. doi:10.1021/acs.orglett.7b01135;
(d) Ameen, D.; Snape, T. J. MedChemComm 2013, 4, 893. doi:10.1039/
C3MD00088E; (e) Zhang, J.; Xiong, B.; Zhen, X.; Zhang, A. Med. Res. Rev. 2009,
29, 272. doi:10.1002/med.20130.

(35) (a) For an account, see: Anaya de Parrodi, C.; Juaristi, E. Synlett 2006, (17),
2699. doi:10.1055/s-2006-950259; (b) see also: Hanessian, S.; Giroux, S.;
Merner, B. L. Design and strategy in organic synthesis: from the Chiron Approach to
catalysis; Wiley-VCH, Weinheim, Germany, 2013.

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

Hensienne et al. 15

Published by NRC Research Press

C
an

. J
. C

he
m

. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
N

at
io

na
l U

ni
ve

rs
ity

 o
f 

Si
ng

ap
or

e 
on

 0
5/

23
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

http://dx.doi.org/10.1021/acs.chemrev.6b00644
http://dx.doi.org/10.1126/science.aar6376
http://dx.doi.org/10.1126/science.aar6376
http://dx.doi.org/10.1021/acscatal.6b03665
http://dx.doi.org/10.1002/anie.201506990
http://dx.doi.org/10.1002/anie.201506990
http://dx.doi.org/10.1021/ol101517v
http://dx.doi.org/10.1002/anie.201107427
http://dx.doi.org/10.1021/ja0650450
http://dx.doi.org/10.1021/ol701544z
http://dx.doi.org/10.1021/ja076519d
http://dx.doi.org/10.1021/ol062514u
http://dx.doi.org/10.1021/acs.orglett.7b01768
http://dx.doi.org/10.1055/s-0034-1380750
http://dx.doi.org/10.1002/(SICI)1521-3773(19981016)37%3A19%3C2580%3A%3AAID-ANIE2580%3E3.0.CO;2-L
http://dx.doi.org/10.1021/jo00032a013
http://dx.doi.org/10.1016/j.tet.2016.07.067
http://dx.doi.org/10.1124/jpet.107.120709
http://dx.doi.org/10.1111/j.1747-0285.2006.00347.x
http://dx.doi.org/10.1046/j.1365-2125.2003.01834.x
http://dx.doi.org/10.1007/978-3-0348-9146-2_6
http://dx.doi.org/10.1007/978-3-0348-9146-2_6
http://dx.doi.org/10.1070/RCR4562
http://dx.doi.org/10.1021/cr040107v
http://dx.doi.org/10.1021/cr020027w
http://dx.doi.org/10.1021/cr9407577
http://dx.doi.org/10.1021/ja970402f
http://dx.doi.org/10.1021/jo952032o
http://dx.doi.org/10.1002/ejoc.200801097
http://dx.doi.org/10.1021/ja800253z
http://dx.doi.org/10.1021/ja800253z
http://dx.doi.org/10.1021/jo981700d
http://dx.doi.org/10.1039/c9qo00196d
http://dx.doi.org/10.1039/c9qo00196d
http://dx.doi.org/10.1021/ja0701560
http://dx.doi.org/10.1021/ja908814h
http://dx.doi.org/10.1002/anie.200461814
http://dx.doi.org/10.1002/anie.200461814
http://dx.doi.org/10.1021/ol500902p
http://dx.doi.org/10.1021/jo802296e
http://dx.doi.org/10.1002/asia.200700241
http://dx.doi.org/10.1021/ja062102g
http://dx.doi.org/10.1055/s-2006-951471
http://dx.doi.org/10.1055/s-2006-951471
http://dx.doi.org/10.1021/ja050626v
http://dx.doi.org/10.1055/s-2006-932449
http://dx.doi.org/10.1055/s-2006-932449
http://dx.doi.org/10.1016/S0968-0896(02)00309-7
http://dx.doi.org/10.1021/jm061106t
http://dx.doi.org/10.1021/jo201794k
http://dx.doi.org/10.1002/chem.201002846
http://dx.doi.org/10.1021/jo5027832
http://dx.doi.org/10.1039/c9ra10263a
http://dx.doi.org/10.3390/sym3020220
http://dx.doi.org/10.3390/sym3020220
http://dx.doi.org/10.1016/j.tet.2003.11.016
http://dx.doi.org/10.1016/j.tet.2003.11.016
http://dx.doi.org/10.1016/S0040-4020(00)00965-0
http://dx.doi.org/10.1016/S0040-4020(00)00965-0
http://dx.doi.org/10.1021/ja905885z
http://dx.doi.org/10.1021/jo902664v
http://dx.doi.org/10.1021/jo101932a
http://dx.doi.org/10.1002/asia.200700145
http://dx.doi.org/10.1021/jo971455i
http://dx.doi.org/10.1021/jo971455i
http://dx.doi.org/10.1055/s-0028-1088201
http://dx.doi.org/10.1021/cr0300587
http://dx.doi.org/10.1016/S0040-4039(00)84458-5
http://dx.doi.org/10.1021/jo00127a030
http://dx.doi.org/10.1002/anie.201406815
http://dx.doi.org/10.1002/anie.201406815
http://dx.doi.org/10.1039/B814413C
http://dx.doi.org/10.1021/ja952799y
http://dx.doi.org/10.1002/ajoc.201500469
http://dx.doi.org/10.1111/j.1527-3458.2001.tb00188.x
http://dx.doi.org/10.1002/1520-6394(2000)11%3A4%3C139%3A%3AAID-DA1%3E3.0.CO;2-C
http://dx.doi.org/10.1002/1520-6394(2000)11%3A4%3C139%3A%3AAID-DA1%3E3.0.CO;2-C
http://dx.doi.org/10.1002/(SICI)1521-3773(19980817)37%3A15%3C1986%3A%3AAID-ANIE1986%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/chir.20113
http://dx.doi.org/10.1002/ejoc.201901810
http://dx.doi.org/10.1002/ejoc.201901810
http://dx.doi.org/10.1080/00397911.2016.1230218,1
http://dx.doi.org/10.1002/anie.201209983
http://dx.doi.org/10.1021/cr800278z
http://dx.doi.org/10.1021/ja0487877
http://dx.doi.org/10.1021/jacs.6b08486
http://dx.doi.org/10.1021/jacs.6b08486
http://dx.doi.org/10.1002/anie.201210333
http://dx.doi.org/10.1002/anie.201007716
http://dx.doi.org/10.1016/j.molcata.2009.07.019
http://dx.doi.org/10.1016/j.molcata.2009.07.019
http://dx.doi.org/10.3762/bjoc.6.6
http://dx.doi.org/10.1007/s11030-018-9895-3
http://dx.doi.org/10.1007/s12039-019-1605-x
http://dx.doi.org/10.1021/acs.orglett.7b01135
http://dx.doi.org/10.1039/C3MD00088E
http://dx.doi.org/10.1039/C3MD00088E
http://dx.doi.org/10.1002/med.20130
http://dx.doi.org/10.1055/s-2006-950259

	Article
	Introduction
	Experimental
	General

	Experimental procedures
	General protocol for the synthesis of nitro alcohols16
	General protocol for the synthesis of bromoketones17
	General protocol for the synthesis of azidoketones
	General protocol for the synthesis of azidoalcohols
	General protocol for the acetylation of alcohols
	General protocol for the acid catalyzed nucleophilic substitution of benzylic alcohols and aceta ...
	(±)-(1S,2S)-1-(4-Methoxyphenyl)-2-nitrobutan-1-ol (3a)
	(±)-(1S,2S)-1-(4-Methoxyphenyl)-2-nitropent-4-en-1-ol (3b)
	(±)-(1S,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl acetate (4a)
	(±)-(1S,2S)-1-(4-Methoxyphenyl)-2-nitropent-4-en-1-yl acetate (4b)
	(–)-N-((1R,2R)-1-(4-Methoxyphenyl)-2-nitrobutyl)-2-methylpropane-2-sulfonamide (5a) and ( ...
	(±)-N-((1S,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl)-2-(trimethylsilyl)ethane-1-sulfonamide (5c)
	(±)-N-((1S,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl)-4-methylbenzenesulfonamide (5d)
	(±)-N-((1S,2S)-1-(4-Methoxyphenyl)-2-nitropent-4-en-1-yl)-2-(trimethylsilyl)ethane-1-sulf ...
	(±)-N-((1S,2S)-2-Amino-1-(4-methoxyphenyl)butyl)-2-methylpropane-2-sulfonamide (6)
	N-((1S,2S)-1-((1,1-Dimethylethyl)sulfonamido)-1-(4-methoxyphenyl)butan-2-yl)acetamide (7)
	tert-Butyl (+)-((1S,2S)-2-acetamido-1-(4-methoxyphenyl)butyl)carbamate (8)
	(±)-(4R,5R)-4-Ethyl-5-(4-methoxyphenyl)imidazolidin-2-one (9)
	(±)-2-Bromo-1-(4-methoxyphenyl)propan-1-one (13a)17,18
	(±)-2-Bromo-1-(4-methoxyphenyl)-3-methylbutan-1-one (13b)17
	(±)-2-Azido-1-(4-methoxyphenyl)propan-1-one (14a)17
	(±)-2-Azido-1-(4-methoxyphenyl)-3-methylbutan-1-one (14b)
	(±)-2-Azido-1-(4-methoxyphenyl)-3,3-dimethylbutan-1-one (14c)
	(±)-(1S,2S)-2-Azido-1-(4-methoxyphenyl)propan-1-ol (15a)
	(±)-(1S,2S)-2-Azido-1-(4-methoxyphenyl)-3-methylbutan-1-ol (15b)
	(±)-(1S,2S)-2-Azido-1-(4-methoxyphenyl)-3,3-dimethylbutan-1-ol (15c)
	(±)-(1S,2S)-2-Azido-1-(4-methoxyphenyl)propyl acetate (16)
	(±)-N-((1S,2S)-2-Azido–1-(4-methoxyphenyl)propyl)-2-methylpropane-2-sulfonamide (17a)
	Method A, from the alcohol
	Method B, from the acetate

	(±)-N-((1S,2S)-2-Azido-1-(4-methoxyphenyl)propyl)-2-(trimethylsilyl)ethane-1-sulfonamide  ...
	Method A, from the alcohol
	Method B, from the acetate

	(±)-N-((1S,2S)-2-Azido-1-(4-methoxyphenyl)propyl)-4-methylbenzenesulfonamide (17c)
	Method A, from the alcohol
	Method B, from the acetate

	(±)-N-((1S,2S)-2-Azido-1-(4-methoxyphenyl)propyl)benzenesulfonamide (17d)
	(±)-N-((1S,2S)-2-Azido-1-(4-methoxyphenyl)propyl)-4-chlorobenzenesulfonamide (17e)
	(1S,4S)-4-(3,4-Dichlorophenyl)-1,2,3,4-tetrahydronaphthalen-1-ol (19a)19 and (1S,4R)-4-(3,4-dich ...
	N-((1S,4S)-4-(3,4-Dichlorophenyl)-1,2,3,4-tetrahydronaphthalen-1-yl)-2-(trimethylsilyl)ethane-1- ...
	N-((1S,4S)-4-(3,4-dichlorophenyl)-1,2,3,4-tetrahydronaphthalen-1-yl)-N-methyl-2-(trimethylsilyl) ...
	(1S,4S)-4-(3,4-Dichlorophenyl)-N-methyl-1,2,3,4-tetrahydronaphthalen-1-amine (22)19
	(1S,4S)-4-(3,4-Dichlorophenyl)-N-methyl-1,2,3,4-tetrahydronaphthalen-1-amine hydrochloride, (+)- ...
	(±)-1-Methoxy-4-((1S,2S)-1-(4-methoxyphenoxy)-2-nitrobutyl)benzene (24a)
	(±)-1-(Benzyloxy)-4-((1S,2S)-1-(4-methoxyphenyl)-2-nitrobutoxy)benzene (24b)
	(±)-1-Methoxy-4-((1S,2S)-2-nitro-1-(p-tolyloxy)butyl)benzene (24c)
	(±)-1-Methoxy-4-((1S,2S)-2-nitro-1-(p-tolyloxy)pent-4-en-1-yl)benzene (24d)
	(±)-1-Methoxy-4-((1S,2S)-1-(4-methoxyphenoxy)-2-nitropent-4-en-1-yl)benzene (24e)
	(±)-1-((1S,2S)-1-(Benzyloxy)-2-nitropent-4-en-1-yl)-4-methoxybenzene (24f)
	(±)-1-((1S,2S)-2-Azido-1-(4-methoxyphenyl)propoxy)-4-methylbenzene (24g)
	(±)-1-((1S,2S)-2-Azido-1-(4-methoxyphenoxy)propyl)-4-methoxybenzene (24h)
	(±)-1-((1S,2S)-2-azido-1-(4-methoxyphenoxy)-3,3-dimethylbutyl)-4-methoxybenzene (24i)
	(±)-2,6-Di-tert-butyl-4-((1R,2S)-1-(4-methoxyphenyl)-2-nitrobutyl)phenol (25a)
	(±)-4-((1R,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl)-2,6-dimethylphenol (25b)
	(±)-4-((1R,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl)-2-methylphenol (25c)
	(±)-2-((1R,2S)-1-(4-Methoxyphenyl)-2-nitrobutyl)-5-methylphenol (25d)
	(±)-2,6-Dimethoxy-3-((1R,2S)-1-(4-methoxyphenyl)-2-nitrobutyl)phenol (25e)
	(±)-2-Methoxy-5-((1R,2S)-1-(4-methoxyphenyl)-2-nitrobutyl)phenol (25f)
	(±)-5-Methoxy-2-((1R,2S)-1-(4-methoxyphenyl)-2-nitrobutyl)phenol (25g)
	(±)-2-((1R,2S)-2-Azido-1-(4-methoxyphenyl)propyl)-4,6-dimethylphenol (25h)
	(±)-2-((1R,2S)-2-Azido-1-(4-methoxyphenyl)-3-methylbutyl)-4-methylphenol (25i)
	(±)-2-((1R,2S)-2-Azido-1-(4-methoxyphenyl)-3-methylbutyl)-4-methoxyphenol (25j)

	Results and discussion
	Supplementary data

	Acknowledgements
	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages true
	/ColorSettingsFile (None)
	/AutoRotatePages /PageByPage
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Average
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/SUO <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


