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talytic, and diastereoselective sp3

C–H hydroxylation and alkoxylation of vicinally
functionalized lactams†

Timothy K. Beng, * Victoria Shearer, Rachel Davey and Ivianne Redman

The C–H bond functionalization of sp3 carbon centres presents a significant challenge due to the inert

nature of hydrocarbons as well as the need to selectively functionalize one of the numerous aliphatic

C–H bonds embodied in organic molecules. Here, we describe catalytic, diastereoselective, and site-

selective sp3 C–H hydroxylation/alkoxylation protocols featuring dihydroisoquinolones, g-, and d-

lactams, which bear vicinal stereocenters. The hydroxylation strategy utilizes oxygen, a waste-free

oxidant and affords attractive fragments for potential drug discovery. Fe-catalyzed dehydrative coupling

of the resulting tertiary alcohols with simple primary alcohols has led to the construction of highly

versatile unsymmetrical dialkyl ethers.
Introduction

Site-selective functionalization of C–H bonds continues to
provide chemists with transformative tools for editing and
constructing complex molecular architectures. Indeed, nature
is endowed with several enzymes that achieve direct and
selective oxygenation of organic molecules.1 Benzylic C–H
bonds are oen the target of most of these enzymes in part due
to their relatively low bond dissociation energy (BDE
�90 kcal mol�1).2 Fittingly, functionalized benzylic cyclic amino
tertiary alcohols constitute the core of several alkaloid natural
products and pharmaceuticals, including anti-inammatory
agent Homocrepidine B,3 anti-HIV agent Nifeviroc,4 antipsy-
chotic agent Haloperidol,5 and anticancer agent Donaxaridine6

(Fig. 1). Meanwhile, alcohol-bearing dihydroisoquinolones are
resident in several natural products, including 6-oxocoryno-
line.7 We have therefore identied the development of a cata-
lytic and stereoselective methodology for the site-selective
hydroxylation and alkoxylation of tertiary C–H bonds in readily
affordable dihydroisoquinolones (DHIQs) of type 1 and vicinally
functionalized lactams such as 4 as an important research
objective (Fig. 2A). Central among our objectives was the pros-
pect of developing a protocol that enables the sp3 C–H
hydroxylation of DHIQs while obviating the need for expensive
metal catalysts, cryogenic conditions, and the reliance on
directing groups. Such an efficient and selective sp3 C–H
oxidation method would undeniably streamline the synthesis of
drug metabolites, natural products, and ne chemicals.8
n University, Ellensburg, WA 98926, USA.
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Despite rapid advances in the development of metal-catalyzed
reactions,9 synthetically useful C(sp3)–H oxygenation chem-
istry is still in great demand.10 To the best of our knowledge,
only a single report exists on the construction of reduced DHIQs
(i.e., tetrahydroisoquinolines) bearing a tertiary alcohol motif at
the C4 position of the azaheterocycle.11

Remarkable progress has been made using transition-metal
catalysis with molecular O2 for selective sp3 C–H hydroxyl-
ation.12 The use of O2 for the synthesis of quaternary a-hydroxyl
carbonyl compounds was rst described by Ritter and co-
workers using dinuclear palladium complexes.13 Herein, we
report a site-selective, Cu-catalyzed, and diastereoselective
approach to hydroxylated DHIQs with excellent functional
group compatibility, which uses oxygen as the sole oxidant (see
Fig. 1 Examples of biologically active benzylic cyclic amino tertiary
alcohols and hydroxylated dihydroisoquinolones.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A) Proposed plan for the construction of C4 hydroxylated
dihydroisoquinolones and subsequent alkoxylation, (B) selective and
catalytic benzylation of DHIQs.

Table 1 Optimization of the diastereoselective and site-selective
hydroxylation of DHIQ 1a

Entry Deviation from condition A % yield

1 Acetonitrile (MeCN) as solvent 52
2 N,N-Dimethylformamide (DMF) as solvent 57
3 DMSO as solvent 69
4 hppH in place of Cs2CO3 63a

5 Cu2O in place of CuF2 84
6 Cy(OTf)2 in place of CuF2 49
7 Conditions B in place of conditions A 69
8 Conditions C in place of conditions A 57
9 Conditions D in place of conditions A 68
10 Conditions E in place of conditions A 37
11 Conditions F in place of conditions A 31
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2). Fe-catalyzed dehydrative coupling of these sterically con-
gested alcohols has led to the synthesis of unsymmetrical alkyl
ethers (see 3). Direct Cu-catalyzed sp3 C–H methoxylation of
vicinally functionalized g- and d-lactams has also been accom-
plished (see 5). These selective C–O bond-forming reactions
nicely complement our recently disclosed C–C bond-forming
tactic (Fig. 2B).14
a Epimerization observed (down to 80 : 20 dr.).
Results and discussion

The substitution of noble metals by earth-abundant, inexpen-
sive and relatively less toxic metals is one of the most benecial
aspects of modern day transition metal-catalyzed processes.
Accordingly, copper-catalyzed oxidative C–H functionalization
protocols have emerged as alternatives to well-heeled but less
practical Pd-catalyzed processes.15 Seeking to take advantage of
the aforementioned merits of Cu-catalysis and inspired by the
ubiquity of cyclic amine-bearing tertiary alcohols in bioactive
compounds, the amenability of DHIQ 1 to diastereoselective
and site-selective hydroxylation, with O2 as the oxidant, was
explored. Aer surveying several conditions (Table 1), we were
pleased to nd that model DHIQ 1a undergoes efficient
hydroxylation to furnish product 2a in 92% yield. Magnesium-
mediated (entry 9), potassium-mediated (entry 10), and orga-
nocatalytic conditions (entry 11) were also evaluated, but they
did not perform as well as these Schoenebeck-inspired,16 Cu-
This journal is © The Royal Society of Chemistry 2020
catalyzed conditions. Control experiments in the absence of
base or oxygen revealed that both components are necessary.

With efficient conditions for site-selective and catalytic
hydroxylation of DHIQs in hand, the scope of the trans-
formation with respect to the stereoelectronics of the DHIQ was
next explored (Scheme 1). DHIQs bearing N-benzyl, alkyl, and
allyl substituents were surveyed. Pleasingly, the hydroxylated
DHIQs are obtainable in synthetically attractive yields when
a wide range of diversely functionalized lactam esters are
exposed to the identied reaction conditions (see 2a–s). The
transformation fully tolerates C3 alkenyl substituents (entries
2a–h), which bodes well for late-stage diversication given that
the alkenyl motif could pave the way for harnessing several
reactivity modes, including hydroarylation,17 oxoamination,18

triuoromethylation,19 oxacyclopropanation,20 and
RSC Adv., 2020, 10, 20264–20271 | 20265
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Scheme 1 C4 hydroxylation of dihydroisoquinolones.

Fig. 3 Possible mechanism for the formation of 2.
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aziridination.21 Owing to the continuing emergence of C3-
arylated dihydroisoquinolones and tetrahydroquinolines with
medicinal potential, DHIQs bearing benzylic a-amino stereo-
centers were surveyed. In the event, we nd that this site-
selective oxygenation protocol proceeds with great tolerance
20266 | RSC Adv., 2020, 10, 20264–20271
for electron-neutral, electron-rich, and electron-decient are-
nes. Of note, site-selective hydroxylation still occurs even when
potentially problematic benzyloxy and allyloxy groups are
employed (see 2k–n). Notably, ortho-substituted arenes are
amenable to this hydroxylation reaction, which converts sp3 a-
C–H bonds of hindered esters to C–O bonds (see 2n–p).

A hydroxylated DHIQ harboring a requisite halogen group
for potential cross-coupling is obtainable in synthetically useful
yield (see 2o). The incorporation of a uorinated moiety into
organic molecules generally increases the solubility, lip-
ophilicity and metabolic stability of the parent molecules, thus,
explaining why �25% of existing preclinical drugs and 40% of
agrochemicals contain at least one uorine atom.22 Specically,
the CF3 group enjoys a privileged role because its incorporation
oen enhances efficacy by promoting electrostatic interactions
with targets, improving cellular membrane permeability, and
increasing robustness toward oxidative metabolism of the
drug.23 It is therefore noteworthy that DHIQs 2e (uorine-
containing) and 2p (CF3-containing), are obtainable in good
yields.

Gleaning from prior detailed mechanistic studies on Cu-
catalyzed hydroxylation or scission of enolizable and
branched ketones,16 we propose that 2 arises from 1 via
a sequence involving enolization and oxygenation of the ester
enolate to peroxide 8, which either undergoes reduction or
homolytic O–O cleavage (see 9) and concomitant hydrogen atom
abstraction (Fig. 3). The diastereoselectivity of the hydroxylation
is presumably governed by substituent effects, especially the
vicinal C3 substituent.

Post-diversication strategies that enable the step-
economical incorporation of new latent functionality oen
provide an efficient strategy for rapidly accessing structural
analogues of pharmaceutical candidates with a diverse array of
chemical and biological properties. Fittingly, reduction of the
ester and lactam groups resident in 2a/p affords tetrahy-
droisoquinolines (THIQs) of type 10 (Scheme 2). The reliable
synthesis of THIQs bearing a hydroxymethyl group such as 10, is
noteworthy given that this substructure constitutes the core of
a few alkaloids, including calycotomine.24
This journal is © The Royal Society of Chemistry 2020
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Table 2 Optimization of the catalytic dehydrative etherification of 2i

Entry Deviation from conditions A % yield as solvent

1 PhMe as solvent 0
2 CH2Cl2 as solvent 67
3 2-MeTHF as solvent 48
4 FeCl3$6H2O in place of Fe(OTf)3 39
5 Fe(NO3)3 (5 mol%) in place of Fe(OTf)3 0
6 No Fe(OTf)3 0
7 No NH4Cl 0
8 Conditions B in place of conditions A 57
9 Conditions C in place of conditions A Trace

Scheme 2 Synthesis of C4 hydroxylated tetrahydroisoquinolines.
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Iron-catalyzed dehydrative etherication of 2

The development of effective coupling methods that rely on the
cleavage of unactivated C(sp3)–O bonds is synthetically and
theoretically appealing. However, formidable challenges
remain to be addressed given that carbon–oxygen bonds are
strong (�95 kcal mol�1).25 Thus, forcing conditions are typically
required to achieve useful conversions and even these are
subject to limitations. Direct intermolecular dehydrative
coupling of two alcohols to form unsymmetrical ethers is
attractive from the standpoint of atom economy.26 This is all the
more relevant since unsymmetrical alkyl ethers have wide-
spread applications as solvents, plasticizers, disinfectants,
herbicides, drug intermediates, fragrances, and as precursors
for polymers.27 Moreover, in the realm of medicinal chemistry,
hindered and unsymmetrical ethers are highly desirable given
that extensive substitution about the ether bond prevents
unwanted metabolic processes that can lead to rapid degrada-
tion in vivo. However, due to the poor departing ability of the
hydroxyl functionality, hydroxide activation is challenging,
particularly for nucleophilic substitution. These challenges
notwithstanding, the construction of unsymmetrical ethers
directly from two different alcohols, under transition-metal
catalysis continues to garner attention from the synthesis
community.28 However, Fe-catalyzed dehydrative etherication
of two different alcohols has scarcely been investigated,29 which
is unfortunate since iron is an earth abundant, less toxic, and
environmentally benign metal that is capable of emulating or
surpassing the catalytic activities of noble transition metals.30

Inspired by our prior success on Fe-catalyzed dehydrative
intramolecular coupling of alkenols,31 and seeking to further
demonstrate the synthetic utility of the catalytic hydroxylation
protocol described herein, we interrogated the hindered
benzylic alcohols depicted in Scheme 1 in an intermolecular,
Fe-catalyzed cross-coupling protocol with simple alcohols.
Pleasingly, we have found that these lactam-bearing alcohols
are amenable to efficient Fe(OTf)3-catalyzed dehydrative
coupling (Table 2 and Scheme 3). No reaction is observed in the
absence of the iron catalyst and minimal coupling is observed
when Fe(OTf)3 is replaced by FeCl3$6H2O. An excess of meth-
anol is necessary to compensate for the formation of small
amounts of dimethylether. Indeed, the homocoupling product
This journal is © The Royal Society of Chemistry 2020
was suppressed only when ammonium chloride was intro-
duced. Several hydroxylated DHIQs react satisfactorily with
methanol (see 3a–k). Isotopically labelled methanol reacts
prudently and affords deuterated ether 3l. Benzyl alcohol is also
a suitable alcohol for this etherication process (see 3m), which
is noteworthy since organic and medicinal chemists routinely
employ benzyl ethers as protecting/directing groups as they
tackle synthetic targets of increasing complexity. The use of
ligand-free, simple, cheap, and readily available Fe(OTf)3 as
a catalyst makes this protocol highly attractive and endows it
with a practical advantage over existing methodologies. This
carbocation-driven process should in principle tolerate
hindered nonbenzylic alcohols as reactive partners. Accord-
ingly, the amenability of hindered secondary as well as tertiary
alcohols to this intermolecular etherication process is
currently under investigation and the results will be disclosed
later.
Copper-catalyzed site-selective dehydrogenative etherication
of vicinally functionalized lactams

The direct alkoxylation of sp3-hybridized C–H bonds (especially
those that are not adjacent to a heteroatom) remains attractive,
particularly in the context of late-stage modication of
pharmaceutically-pertinent fragments.32 Specically, the
installation of a methoxy group is quite appealing given that in
addition to introducing a potential hydrogen bond acceptor
site, it has minimal impact on the overall lipophilicity (i.e.,
log P).33 Accordingly, we sought a one-step protocol for the
conversion of vicinally functionalized lactams such as 1 to
unsymmetrical methyl ethers. We reasoned that the successful
implementation of this mode of reactivity would obviate the
need for pre-installation of the hydroxyl functionality resident
RSC Adv., 2020, 10, 20264–20271 | 20267
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Scheme 3 Fe-catalyzed intermolecular dehydrative coupling of
tertiary dihydroisoquinolinols with simple alcohols.

Scheme 4 Site-selective methoxylation of vicinally functionalized
lactams.
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in 2. Importantly, we desired to achieve direct sp3 a-C–H
methoxylation of lactams of type 4 (Scheme 4) which resisted
sp3 a-C–H hydroxylation under the conditions described in
Scheme 1. We were however not oblivious to the challenges
associated with realizing such an atom-economical trans-
formation in sterically congested environments and with
substrates that bear many active/labile sp3 C–H bonds.

In keeping with our interest in Cu-catalyzed direct sp3 a-C–H
oxygenation, these studies have revealed that DHIQs of type 1
undergo site-selective benzylic C–H methoxylation with meth-
anol to afford benzyl methyl ethers (Scheme 4, see 3a/d/f).
Importantly, these Stahl-inspired conditions34 allow for direct
site-selective benzylic methoxylation of sp3 C–H bonds resident
in vicinally functionalized g-lactams (see 5a–i). Remarkably,
site-selective benzylic methoxylation of the heterocycles occurs
even when potentially active side-chain a-amino-benzyl (see 5a–
e), allyl (see 5f), and tertiary (see 5g–i) C–H bonds are present. A
vicinally functionalized d-lactam is also amenable to this site-
selective dehydrogenative methoxylation (see 5j). The relative
conguration of 5 has not been fully established at this point
but the diastereomeric ratios of most of the products are
synthetically useful.
20268 | RSC Adv., 2020, 10, 20264–20271
Conclusions

In summary, Cu-catalyzed and site-selective conversion of sp3 a-
C–H bonds of hindered benzylic esters to C–O bonds in vicinally
functionalized dihydroisoquinolones has been accomplished.
Environmentally benign molecular oxygen is employed as the
sole oxidant. The reaction shows compatibility with alkenes,
which are typically sensitive to oxidative conditions and not
tolerated in most aliphatic C–H oxidations. Substrates bearing
multiple benzylic positions, including a-amino and a-alkoxy
benzylic positions, undergo site-selective hydroxylation only at
the benzylic position alpha to the ester. Post-diversication of
the tertiary alcohols to unsymmetrical alkyl ethers by Fe-
catalyzed dehydrative coupling with simple primary alcohols
has also been achieved. Dehydrogenative methoxylation of
vicinally functionalized lactams has led to the rapid construc-
tion of a small library of benzylic lactam ethers. The application
This journal is © The Royal Society of Chemistry 2020
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of this strategies to simplify the synthesis of medicinally
important entities and the extension of the Fe-catalyzed dehy-
drative coupling protocol to primary and tertiary alcohols are
ongoing and the results will be disclosed in due course.

Experimental

All experiments involving air and moisture sensitive reagents
were carried out under an inert atmosphere of nitrogen and
using freshly distilled solvents. Column chromatography was
performed on silica gel (230–400 mesh). Thin-layer chromatog-
raphy (TLC) was performed using Silicycle Siliaplate™ glass
backed plates (250 mm thickness, 60�A porosity, F-254 indicator)
and visualized using UV (254 nm) or KMnO4 stain. Unless
otherwise indicated, 1H, 13C, and DEPT-135 NMR, and NOESY
spectra were acquired using CDCl3 solvent at room temperature.
Chemical shis are quoted in parts per million (ppm). HRMS-EI+

data were obtained using either electronspray ionization (ESI) or
electron impact (EI) techniques. High-resolution ESI was ob-
tained on an LTQ-FT (ion trap; analyzed using Excalibur). High
resolution EI was obtained on an Autospec (magnetic sector;
analyzed using MassLynx). Representative GC-MS traces are
provided to substantiate the diastereomeric ratios.

General procedure A: conversion of 1 to 2

To a solution of lactam ester 1 (1 mmol) and CuF2 (5 mol%) in
anhydrous 2-methyltetrahydrofuran (5 mL) was added cesium
carbonate (1.1 mmol, 1.1 equiv.). The reaction vessel was sealed,
evacuated, relled with oxygen gas, and stirred at room
temperature for the desired time period (TLC and GC-MS
monitoring) under oxygen atmosphere (which was maintained
with an O2-lled balloon). The reaction mixture was diluted
with an aqueous solution of hydrochloric acid (0.50 M, 10 mL)
and extracted with ethyl acetate (3 � 20 mL). The combined
organic phases were dried (MgSO4), ltered, and concentrated
under reduced pressure. The crude product was puried by
ash column chromatography eluting with hexanes/EtOAc to
give the pure alcohol.

General procedure B: conversion of 2 to 8

To a 10 mL round-bottomed ask equipped with a magnetic stir
bar under a N2 atmosphere, in a 0 �C ice/water bath, was added
the lactam (0.25 mmol) and THF (10 mL). LiAlH4 (44 mg, 1.12
mmol) was then added portion-wise. The reaction mixture was
allowed to warm to room temperature for 3 h (as judged complete
by GC-MS analysis). Aer this time, the reaction mixture was
cooled to 0 �C and quenched by slow addition of a solution of 2 N
NaOH(aq.) (1 mL). The organic layer was decanted and the
aqueous layer was extracted with EtOAc (3 � 5 mL). The
combined organic layers were dried over anhydrous Na2SO4 and
concentrated in vacuo to yield the crude tertiary aminodiol, which
was puried by ash chromatography on silica.

General procedure C: conversion of 2 to 3

To the hydroxylated dihydroisoquinolone 2 (0.5 mmol), dis-
solved in 1,2-dichloroethane (2 mL), was added the primary
This journal is © The Royal Society of Chemistry 2020
alcohol (1.5 mmol, 3 equiv.), ammonium chloride (1.3 mg,
0.025 mmol), and Fe(OTf)3 (12.6 mg, 5 mol%) in a vial equipped
with a magnetic stir bar, under open atmosphere. The reaction
mixture was stirred at 50 �C. Aer completion of the reaction
(TLC and GC-MS monitoring), the mixture was cooled to room
temperature. The solvents were removed in vacuo and the crude
mixture was dissolved in ethyl acetate and subjected to ash
column chromatography on silica gel.

General procedure D: conversion of 4 to 5

To an oven-dried vial equipped with a stir bar was added cop-
per(I) chloride (10.0 mg, 0.100 mmol, 20 mol%), 4,40,5,50-tetra-
hydro-2,20-bioxazole (14 mg, 0.100 mmol, 10 mol%), and NFSI
(315.2 mg, 1.0 mmol, 2.0 equiv.). The capped vial was placed
under nitrogen followed by addition of 5 mL of a mixture of 1,2-
dichloroethane and HFIP (4 : 1). Lactam 4 (0.50 mmol, 1.0
equiv.) dissolved in 1 mL DCE, methanol (84 mL, 2.0 mmol, 4.0
equiv.) and dimethyl phosphonate (24 mL, 0.25 mmol, 0.5
equiv.) were added to the septum-capped vial under nitrogen.
The contents were then heated to 60 �C under stirring for the
desired length of time. Aer completion of the reaction (TLC
and GC-MS monitoring), the mixture was cooled to room
temperature and triethylamine (0.5 mL) was added to quench
any unreacted NFSI. The solvents were removed in vacuo and
crude product 5 was dissolved in ethyl acetate and subjected to
ash column chromatography on silica gel.

Synthesis of C4 hydroxylated DHIQ 2a

Prepared from ester 1a (411.5 mg, 1.0 mmol) using general
procedure A. Purication: ash chromatography on silica
eluting with hexane/EtOAc (80 : 20). Oily substance. Yield ¼
393 mg, 92%. 1H NMR (400 MHz, CDCl3) d 8.26 (dd, J ¼ 6.9, 2.1,
1H), 7.52–7.40 (m, 2H), 7.39–7.13 (m, 11H), 6.36 (s, 1H), 5.56 (d,
J¼ 15.1 Hz, 1H), 4.17 (s, 1H), 4.08 (d, J¼ 15.1 Hz, 1H), 3.85 (br s,
1H), 3.64 (s, 3H), 1.47 (s, 3H). 13C NMR (101 MHz, CDCl3)
d 172.96, 163.16, 136.58, 136.41, 135.82, 134.07, 132.36, 132.07,
129.57, 129.22, 129.04, 129.01, 128.99, 128.77, 128.70, 128.67,
128.65, 128.59, 128.48, 128.43, 128.40, 128.37, 127.61, 127.38,
127.06, 76.97, 74.27, 53.32, 48.18, 13.60. HRMS calc. for
C27H25NO4 427.1784, found 427.1788. FTIR (KBr): 3384.5506,
2924.8333, 1642.2515, 1494.9545, 1448.8548, 1427.0419,
1393.4602, 1361.6968, 1328.7144, 1289.7737, 1223.6425,
1198.9141, 1130.0001, 1074.1578, 1030.4745, 988.561, 966.1662,
925.5022, 741.6755, 693.4562.

Note: All other hydroxylated products depicted in Scheme 1
were prepared as described above. Spectroscopic data can be
found in the ESI.†

Synthesis of alcohol 10a

Prepared from ester 2a (0.5 mmol) using general procedure B.
Purication: ash chromatography on silica eluting with
hexane/EtOAc (50 : 50). Oily substance. Yield ¼ 175.4 mg, 91%.
1H NMR (400 MHz, CDCl3) d 7.66 (dd, J ¼ 7.5, 1.6 Hz, 1H), 7.49–
7.29 (m, 12H), 7.05 (dd, J¼ 7.6, 1.5 Hz, 1H), 6.47 (s, 1H), 4.30 (d,
J ¼ 10.7 Hz, 1H), 4.06 (d, J ¼ 13.3 Hz, 1H), 3.98 (d, J ¼ 16.0 Hz,
1H), 3.80–3.65 (m, 3H), 3.62 (s, 1H), 3.56 (d, J ¼ 13.3 Hz, 1H),
RSC Adv., 2020, 10, 20264–20271 | 20269
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3.30 (s, 1H), 1.93 (s, 3H). 13C NMR (101 MHz, CDCl3) d 138.05,
138.04, 137.11, 134.37, 133.12, 132.46, 129.30, 128.77, 128.34,
127.80, 127.63, 127.32, 127.05, 125.99, 125.22, 75.30, 72.14,
67.80, 60.19, 53.60, 18.48. HRMS calc. for C26H27NO2 385.2042,
found 385.2047.

Note: All other alcohols depicted in Scheme 2 were prepared
as described above. Spectroscopic data can be found in the ESI.†
Synthesis of ether 3a

Prepared in 0.5 mmol scale using general procedure C. Puri-
cation: ash chromatography on silica eluting with hexane/
EtOAc (25 : 75). Oily substance. Yield ¼ 158.6 mg, 79%. 1H
NMR (400 MHz, CDCl3) d 8.49 (d, J ¼ 7.7 Hz, 1H), 7.65 (td, J ¼
7.6, 1.3 Hz, 1H), 7.57 (td, J ¼ 7.6, 1.3 Hz, 1H), 7.45 (d, J ¼ 7.3 Hz
1H), 7.32–7.27 (m, 8H), 6.85 (d, J ¼ 7.2 Hz, 2H), 5.54 (d, J ¼
15.2 Hz, 1H), 4.85 (s, 1H), 3.82 (d, J ¼ 15.2 Hz, 1H), 3.44 (s, 3H),
3.02 (s, 3H). 13C NMR (101 MHz, CDCl3) d 169.57, 162.56,
136.33, 135.27, 131.18, 131.12, 130.18, 129.81, 129.79, 129.24,
128.93, 128.67, 128.54, 128.30, 127.98, 127.44, 83.35, 68.62,
52.89, 52.30, 48.76. HRMS calc. for C25H23NO4 401.1627, found
401.1633. FTIR (KBr): 2976.0754, 2927.2335, 1721.7979,
1650.1792, 1492.0415, 1438.4625, 1362.2698, 1320.5399,
1290.1484, 1206.364, 1180.3512, 1146.7618, 1132.397, 995.8166,
918.8793, 700.1334.

Note: All other ethers depicted in Scheme 3 were prepared as
described above. Spectroscopic data can be found in the ESI.†
Synthesis of ether 5j

Prepared in 0.5 mmol scale using general procedure D. Puri-
cation: ash chromatography on silica eluting with hexane/
EtOAc (75 : 25). Oily substance. Yield ¼ 152.3 mg, 69%, 95 : 5
dr. 1H NMR (400 MHz, CDCl3) d 7.30–7.17 (m, 10H), 6.90–6.85
(m, 4H), 6.12 (s, 1H), 5.22 (d, J¼ 17.1 Hz, 1H), 4.67 (s, 1H), 3.85–
3.76 (m, 4H), 3.59 (s, 3H), 2.79–2.70 (m, 2H), 2.62–2.42 (m, 2H),
1.06 (s, 3H). 13C NMR (101 MHz, CDCl3) d 169.08, 158.13,
136.41, 135.58, 134.11, 132.29, 131.94, 129.89, 129.58, 129.35,
129.02, 128.78, 128.47, 128.38, 127.35, 126.92, 114.10, 72.84,
67.90, 55.35, 53.34, 48.43, 29.59, 23.59, 17.32. HRMS calc. for
C29H31NO3 441.2304, found 441.2309.

Note: All other methyl ethers depicted in Scheme 4 were
prepared as described above. Spectroscopic data can be found
in the ESI.†
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