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ABSTRACT: The repertoire of synthetic transformations of the products of
the Achmatowicz rearrangement has been expanded by exploring their
reactivity with potassium organotrifluoroborates in the absence of transition
metals. Depending on the reaction conditions and the substitution pattern of
the starting material, the reaction may lead to the stereoselective synthesis of
dihydropyranones (2,6-trans), tetrahydropyranones (2,3-cis-2,6-cis) or
functionalized 1,4-dicarbonyl compounds. The method has also been adapted
for the one-pot synthesis of functionalized pyrroles.

The Achmatowicz rearrangement (AR) consists of an
oxidative ring-expansion rearrangement of readily avail-

able 2-furfuryl alcohols 1 to 6-hydroxy-3-pyranones 2 (also
known as pyranuloses) (Scheme 1).1,2 Due to their dense
functionalization, the AR products 2 constitute useful starting
materials for the preparation of an ample variety of molecules
with dihydropyran or tetrahydropyran core, such as dihy-
dropyranones, oxidopyryliums, δ-lactones, or pyranoses.3

Thus, for example, AR products participate as glycosyl
donors in Pd-catalyzed glycosylation reactions (2 → 3,
Feringa−O’Doherty O-glycosylation),4 in bicycloketalization
reactions (2 → 4),5 as 1,3-dipoles in [5 + 2]-cycloadditions
with alkenes under basic conditions (2 → 5),6 as 2π
components in phosphine-catalyzed [3 + 2]-cycloaddition
reactions with allenoates (2 → 6),7 as 2π components in Pd-
catalyzed oxa-[3 + 2]-cycloaddition reactions with 1,3-
dicarbonyl compounds (2 → 7),8 or in the Kishi reduction,
which leads to cis-2,6-dihydropyranones 8.9 Additionally, by
means of a two-step sequence consisting of elimination (2 →
9) followed by Heck−Matsuda arylation (Pd-catalyzed
coupling with aryldiazonium salts), they may also give rise to
trans-2,6-dihydropyranones 10.10 Many of these transforma-
tions have been used in the synthesis of natural products,
bioactive carbohydrates, and advanced pharmaceutical ingre-
dients.
However, taking into consideration the simultaneous

presence of the hemiacetal and α,β-unsaturated ketone
moieties, the synthetic potential of these densely functionalized
compounds as pluripotent molecular platforms for diversity
oriented synthesis (DOS) is still poorly developed.11 In this
context, we were interested in finding new transformations of
the AR products 2 using aryl, alkenyl and alkynyl potassium
organotrifluoroborates 11 as reagents. The interest of these
reagents in synthesis is due to the fact that they are bench-
stable reagents that can be used without the need for
protection from humidity, and are compatible with unpro-
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Scheme 1. Previous Work: Synthesis and Transformations
of AR Products
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tected functional groups, such as OH.12 In particular, we have
focused our attention on finding selective reaction conditions
for the stereoselective replacement of the γC−O bond in 2 by
a γC−C bond, and on stereoselective conjugate addition
reactions to OH-unprotected 2, both of them under transition-
metal-free conditions (Scheme 2).13,14 Depending on the

reactants and reaction conditions, these transformations will
lead selectively to dihydropyranones 10, tetrahydropyranones
12,1,3 or 1,4-dicarbonyl compounds 13.15 In addition, we will
consider the application of these findings to the one-pot
synthesis of highly functionalized pyrroles (14, 15).16

With regard to literature precedents for the replacement of
the γC−O bond in AR products 2 with a γC−C(sp) bond,
alkynylation reactions have only been carried out in connection
with the synthesis of spirocyclic pyrans and macrocyclic
lactones by the Lewis-acid catalyzed addition of alkynylsi-
lanes.17 Concerning γC−C(sp2) bonds, the direct arylation has
been reported as a low-yielding process, and the synthesis of
10 has only been previously achieved by a sequence of
eliminationHeck−Matsuda reaction.10 To the best of our
knowledge, the direct vinylation reaction is unprecedented.
With respect to literature precedents for conjugate addition

reactions to AR products 2, the addition of alkyl groups using
organometallic nucleophiles18 or radicals19 has only been
carried out on O-protected derivatives of the AR products 2,
and is amply precedented. However, the addition of vinyl or
aryl groups is underdeveloped, and has only been carried out
on O-protected AR products 2.20,21 To the best of our
knowledge, the conjugate addition of C(sp)-nucleophiles has
not been previously reported.
We started our investigations by considering the selective

replacement of the γC−O bond in O-unprotected 2 with a
γC−C(sp2) bond (Scheme 3) toward the synthesis of 10.22

The first challenge of this transformation was finding reaction
conditions devoid of competence with conjugate addition to
the α,β-unsaturated ketone moiety of the AR starting materials
2, which would lead to 12.23 In addition, we were concerned
about the sterochemical outcome of the transformation, which
could lead to the dihydropyranones 10 either in 2,6-cis or 2,6-
trans relative configuration. In particular, the diastereoselective
obtention of 2,6-trans-dihydropyranones is challenging.10 After
some experimentation using 2a as starting material, we were
pleased to find that the reaction with potassium (E)-
phenylvinyl trifluoroborate 11a gave rise to the selective

formation of 10a either when promoted by trifluoroacetic
anhydride (TFAA, Scheme 3, conditions A) or by HBF4
(Scheme 3, conditions B). Under both reaction conditions,
10a was obtained as a single 2,6-trans diastereomer.24

Complementarily, we looked for reaction conditions that
could selectively afford the conjugate addition products 12
without formation of 10. Again using 2a as starting material,
we found that the reaction with (E)-phenylvinyl potassium
trifluoroborate 11a promoted by Bu4NHSO4 (Scheme 3,
conditions C) produced selectively the conjugate addition
product 12a. However, since 12a was unstable to purification
by silica gel chromatography, the crude reaction product was
acetylated in situ to 16a. Under both reaction conditions, 16a
was obtained with high 2,3-cis-2,6-cis diastereoselectivity.24,25

Under the optimum reaction conditions for the formation of
10a (TFAA promotion, −15 °C to rt), we extended our
observations to other AR products 2 for the synthesis of
various 2,6-trans-dihydropyranones 10 (Scheme 4).24,26 We
found that the additions of arylvinyltrifluoroborates and
alkylvinyltrifluoroborates to 2a took place smoothly to give
the corresponding dihydropyranones 10b−10e in good yields
and with trans:cis dr >98:02. Similar results were obtained for
the reactions of 2a with potassium aryltrifluoroborates (10f−
10h). However, an erosion of the diastereoselectivity was
observed in the addition of potassium alkynyltrifluoroborates
(10i, 10j). In these cases, we observed that lowering the
reaction temperature to −40 °C afforded compounds 10i and
10j with increased trans:cis dr. Good yields and trans:cis dr
>98:02 were also obtained when starting from the AR products
2b and 2c (synthesis of 10k−10n). We were also glad to
observe that the vinylation and arylation reactions of
compound 2d, with a quaternary carbon center, also took
place in good yield and full 2,6-trans diastereoselectivity
(synthesis of 10o, 10p), although the alkynylation reaction
(synthesis of 10q), as well as the reactions of 2e (synthesis of
10r, 10s), were less stereoselective. In these cases, we were not
able to improve the diastereoselectivity by diminishing the
reaction temperature.
In a similar fashion, under the optimum reaction conditions

for the formation of 16a (promotion with Bu4NHSO4, rt), we
extended our observations to other representative examples of
potassium organotrifluoroborates 11 in their reactions with 2a
for the synthesis of various tetrahydropyranones 16 (Scheme
5). The new compounds 16b−e have been also obtained with
high 2,3-cis-2,6-cis diasereoselectivity.

Scheme 2. Reactions of AR Products with
Organotrifluoroborates under Transition-Metal-Free
Conditions

Scheme 3. Reactions of 2a with 11a
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However, when the γ-carbon of the AR product 2 was fully
substituted (Scheme 6, 2f − 2i, R2 ≠ H), the outcome of the
reaction with potassium organotrifluoroborates 11 changed
drastically. Instead of the expected dihydropyranones 10 or
tetrahydropyranones 12, the reaction gave rise to the 1,4-
dicarbonyl compounds 13.15 The reaction was selective for α-
functionalization adjacent to the hydroxymethylcarbonyl
group. As observed for 13a, this result was independent of
the method of activation (13a: TFAA, 80%; HBF4, 62%;
Bu4NHSO4, 75%). Under the best conditions found for 13a
(TFAA activation) the reaction was extended to several other
examples (Scheme 6).
The reactions of potassium organotrifluoroborates 11 with

the AR products 2 can be understood (Scheme 7) by
considering the direct conjugate addition to the enone moiety

versus addition to the oxonium I that results from
dehydroxylation.22

In the presence of TFAA or HBF4, formation of the
oxonium I is expected to be easy. Direct addition of 11 to the
electrophilic γ-carbon in I accounts for the formation of
dihydropyranones 10.27 The relative stereochemistry of the
final products 10 is governed by trans addition to the most
bulky group (L) on the starting material. This type of reaction
would be hindered for R1 ≠ H. On the other hand,
organotrifluoroborates are known to be in equilibrium with
organodifluoroboranes under a variety of circumstances.28,29

Thus, under reaction conditions that do not favor formation of
I (Bu4NHSO4), coordination of a trivalent boron species to the
OH group in 2 may trigger the conjugate addition reaction that
leads to tetrahydropyranones 12. This type of addition is
presumed to take place from the β-face on a reactive
conformation with the most bulky group (L) at a
pseudoequatorial position.30 The formation of the 1,4-
dicarbonyl compounds 13 can be understood by an OH-
triggered conjugate addition to the open chain intermediates
II, which may be in equilibrium with 2 (R1 ≠ H).31

Scheme 4. Diastereoselective Synthesis of
Dihydropyranones 10b−s

Scheme 5. Diastereoselective Synthesis of
Tetrahydropyranones 16b−e

Scheme 6. Regioselective Synthesis of 1,4-Dicarbonyl
Compounds 13a−h

Scheme 7. Proposed Reaction Course
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Finally, we have considered the application of this
methodology to the one-pot synthesis of highly functionalized
pyrroles (Scheme 8).16 Thus, reaction of 2a or 2j with

compounds 11 in the presence of Bu4NHSO4 followed by the
addition of benzylamine gave rise to pyrroles 14, whereas
reaction of 2f or 2g with compounds 11 in the presence of
TFAA followed by the addition of benzylamine gave rise to
pyrroles 15 in good yields. Both types of transformations were
tolerant with the presence of a free OH group. It is worth
mentioning the complementary relative disposition of the β-
substituent and the α-hydroxyalkyl chain in pyrroles 14 (2,4-
relative disposition) and 15 (2,3-relative disposition).
In conclusion, the results presented in this paper put forward

new valorizations of Achmatowicz rearrangement products 2
using potassium organotrifluoroborates 11 as reagents in the
absence of transition metals. The substitution pattern at
position γ of the starting material 2 is crucial in determining
the course of the reaction. When the γ-carbon is fully
substituted, the reaction leads to 1,4-dicarbonyl compounds
13 independently of the reaction conditions. Compounds 13
show the particular feature of functionalization in α-position to
the carbonyl group of a hydroxymethylcarbonyl group. When
the γ-carbon of 2 is tertiary, the reaction can be controlled to
obtain selectively the dihydropyranones 10 (TFAA-promotion,
2,6-trans) or the tetrahydropyranones 12 (Bu4NHSO4-
promotion, 2,3-cis-2,6-cis). Compounds 10, 12 and 13 are
useful intermediates for the synthesis of an ample diversity of
products. As an example, crude 12 and 13 have been
transformed into functionalized pyrroles 14 and 15 bearing
α-hydroxyalkyl chains in a one-pot operation.

■ EXPERIMENTAL SECTION
General Information. Unless otherwise stated, all starting

materials acids were commercially available research-grade chemicals
and were used without further purification. Silica gel 60 F254 was
used for TLC, and the spots were detected with UV light (254 and/or
366 nm) and/or vanillin solution. Flash column chromatography was
carried out on silica gel 60. 1H NMR spectra were recorded at 300 or
500 MHz, 13C NMR spectra were recorded at 75 or 125 MHz, and
19F NMR spectra were recorded at 282 MHz, all of them in CDCl3, or
acetone-d6 solution.

Synthesis of 1a−g, 1i and 1j. 1-(Furan-2-yl)ethanol (1a),32

furan-2-yl(phenyl)methanol (1b),33 1-(furan-2-yl)-2-methylpropan-1-
ol (1c),34 2-(furan-2-yl)-3-methylbutan-2-ol (1d),35 1-(furan-2-yl)-1-
phenylethanol (1e),36 (5-methylfuran-2-yl)methanol (1f),37 (5-
phenylfuran-2-yl)methanol (1g),34 1-(5-methylfuran-2-yl)ethanol
(1i),38 and furan-2-ylmethanol (1j)39 were synthesized following
previous literature procedures.

(4,5-Dimethylfuran-2-yl)methanol (1h). 4,5-Dimethylfurfural
(300 mg, 2.2 mmol) was dissolved in anhydrous methanol (1.3
mL) and sodium borohydride (163.4 mg, 4.5 mmol) was added at 0
°C. The mixture was stirred for 1 h at room temperature, water was
then added, and the aqueous phase was extracted with dichloro-
methane. The combined organic layers were dried over MgSO4 and
filtered. The solvent was evaporated and the crude product was
purified via flash column chromatography on silica gel eluting with
hexane:AcOEt 8:2 (260.6 mg, 94% yield). Yellow oil. 1H NMR (300
MHz, CDCl3) δ 6.05 (S, 1H), 4.50 (S, 2H), 2.19 (s, 3H), 1.91 (s,
3H), 1.76 (bs, 1H) ppm; 13C NMR (75 MHz, CDCl3) δ 151.1, 147.7,
114.8, 111.4, 57.7, 11.5, 9.91 ppm. Anal. Calcd for C7H10O2: C, 66.65;
H, 7.99. Found: C, 66.69; H, 7.98.

Synthesis of 2a−c, 2f, 2g, 2i, and 2j. 6-Hydroxy-2-methyl-2H-
pyran-3(6H)-one (2a),40 6-hydroxy-2-phenyl-2H-pyran-3(6H)-one
(2b),41 6-hydroxy-2-isopropyl-2H-pyran-3(6H)-one (2c),41 6-hy-
droxy-6-methyl-2H-pyran-3(6H)-one (2f),31 6-hydroxy-6-phenyl-2H-
pyran-3(6H)-one (2g),41 6-hydroxy-2,6-dimethyl-2H-pyran-3(6H)-
one (2i),42 and 6-hydroxy-2H-pyran-3(6H)-one (2j)43 were synthe-
sized following previous literature procedures.

General Procedure for the Synthesis of 2d, 2e, and 2h. To a
stirred solution of the furfuryl alcohol 1 (1 mmol) in DCM (8 mL)
was added m-chloroperbenzoic acid (mCPBA, 1.5 mmol) at 0 °C.
After completion of the addition, the reaction was allowed to stir at 0
°C for 1 h. Evaporation of the solvent gave the crude product which
was purified via flash column chromatography on silica gel.

6-Hydroxy-2-isopropyl-2-methyl-2H-pyran-3(6H)-one (2d). Col-
orless oil. Major diastereomer. 1H NMR (300 MHz, CDCl3) δ 6.83
(d, J = 10.3 Hz, 1H), 6.05 (d, J = 10.3 Hz, 1H), 5.70−5.69 (m, 1H),
4.55 (bs, 1H), 2.15−2.06 (m, 1H), 1.34 (s, 3H), 0.90−0.83 (m, 6H)
ppm. 13C NMR (75 MHz, CDCl3) δ 200.0, 145.3, 126.9, 87.6, 84.3,
33.5, 21.9, 17.3, 16.3 ppm. Minor diastereomer. 1H NMR (300 MHz,
CDCl3) δ 6.84 (d, J = 10.3 Hz, 1H), 6.03 (d, J = 10.3 Hz, 1H), 5.68−
5.67 (m, 1H), 4.55 (bs, 1H), 2.28−2.21 (m, 1H), 1.25 (s, 3H), 0.90−
0.83 (m, 6H) ppm 13C NMR (75 MHz, CDCl3) δ 200.1, 146.7,
127.4, 87.7, 83.8, 34.5, 18.9, 17.2, 16.1 ppm. Anal. Calcd for C9H14O3:
C, 63.51; H, 8.29. Found: C, 63.58; H, 8.30.

6-Hydroxy-2-methyl-2-phenyl-2H-pyran-3(6H)-one (2e). White
solid (mp 77−79 °C). Major diastereomer. 1H NMR (300 MHz,
CDCl3) δ 7.36−7.33 (m, 5H), 6.79 (d, J = 10.3 Hz, J = 1.3 Hz, 1H),
6.20 (d, J = 10.3 Hz, J = 1.7 Hz, 1H), 5.42 (s, 1H), 3.24 (bs, 1H),
1.67 (s, 3H) ppm. 13C NMR (750 MHz, CDCl3) δ 196.2, 147.4,
138.5, 128.9 (2C), 128.5, 128.4, 125.5 (2C), 88.6, 83.6, 27.8 ppm.
Anal. Calcd for C12H12O3: C, 70.57; H, 5.92. Found: C, 70.61; H,
5.92.

6-Hydroxy-5,6-dimethyl-2H-pyran-3(6H)-one (2h). Colorless oil.
1H NMR (300 MHz, CDCl3) δ 5.90 (s, 1H), 4.48 (d, J = 16.9 Hz,
1H), 4.08 (d, J = 16.9 Hz, 1H), 3.51 (bs, 1H), 2.04−2.03 (m, 3H),
1.61 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3) δ 195.5, 161.0, 124.4,
95.4, 66.6, 25.9, 19.9 ppm. Anal. Calcd for C7H10O3: C, 59.14; H,
7.09. Found: C, 59.08; H, 7.08.

Scheme 8. Synthesis of Pyrroles 14 and 15
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General Procedure for the Synthesis of Compounds 10 and
13, Conditions A. A stirred solution of compound 2 (0.23 mmol, 1.0
equiv) and the corresponding potassium trifluoroborate 11 (0.28
mmol, 1.2 equiv) in DCM (1.4 mL, 6 mL/mmol) was cooled to −15
°C. After stirring for 5 min, TFAA (0.23−0.52 mmol, 1.0−2.2 equiv)
was added and the reaction mixture was allowed to warm to rt. Then,
the solvent was removed in vacuo and the crude product was purified
by flash column chromatography on silica gel.
General Procedure for the Synthesis of Compounds 10,

Conditions B. A stirred solution of compound 2 (0.23 mmol, 1.0
equiv) and the corresponding potassium trans-styryltrifluoroborate 11
(0.35 mmol, 1.5 equiv) in MeCN (2.3 mL, 10 mL/mmol) was cooled
to 0 °C. After stirring for 5 min, HBF4·OEt2 (0.35 mmol, 1.5 equiv)
was added, and the solution was stirred at 0 °C for 15 min. The
reaction was quenched with water (15 mL) and extracted with ethyl
acetate (3 × 10 mL). The organic layer was dried with MgSO4 and
concentrated. The crude product was purified by flash column
chromatography on silica gel.
General Procedure for the Synthesis of Compounds 16,

Conditions C. A solution of compound 2 (0.23 mmol, 1.0 equiv),
the corresponding potassium trifluoroborate 11 (0.35 mmol, 1.5
equiv) and tetrabutylammonium hydrogenosulfate (0.12 mmol, 0.5
equiv) in DCM (4.6 mL, 20 mL/mmol) was allowed to stir at rt for
24−48 h. After reaction completion as determined by TLC analysis,
the crude mixture was cooled to 0 °C, and Ac2O (0.23 mmol, 1.0
equiv), DMAP (0.012 mmol, 5% mol) and Et3N (0.47 mmol, 2.0
equiv) were added, and the reaction mixture was stirred at 0 °C for 1
h. Then, the mixture was concentrated and purified via flash column
chromatography on silica gel.
General Procedure for the One-Pot Synthesis of Pyrroles

14. A solution of compound 2 (0.23 mmol, 1.0 equiv), the
corresponding potassium trifluoroborate 11 (0.35 mmol, 1.5 equiv)
and tetrabutylammonium hydrogenosulfate (0.12 mmol, 0.5 equiv) in
DCM anh. (4.6 mL, 20 mL/mmol) was allowed to stir at rt for 24−48
h. After reaction completion as determined by TLC analysis, the
solvent was removed in vacuo and the residue was redissolved in
toluene (1.1 mL, 5 mL/mmol). Benzylamine (0.23 mmol, 1 equiv)
and p-toluenesulfonic acid (0.023 mmol, 0.1 equiv) were added and
the mixture was stirred at rt. Then, the mixture was concentrated and
purified via flash column chromatography on silica gel.
General Procedure for the One-Pot Synthesis of Pyrroles

15. A stirred solution of compound 2 (0.23 mmol, 1.0 equiv) and the
corresponding potassium trifluoroborate 11 (0.28 mmol, 1.2 equiv) in
DCM (1.4 mL, 6 mL/mmol) was cooled to −15 °C. After stirring for
5 min, TFAA (0.23−0.52 mmol, 1.0−2.2 equiv) was added and the
reaction mixture was allowed to warm to rt. Then, the solvent was
removed in vacuo and the residue was redissolved in toluene (1.1 mL,
5 mL/mmol). Benzylamine (0.23 mmol, 1 equiv) and p-
toluenesulfonic acid (0.023 mmol, 0.1 equiv) were added and the
mixture was stirred at rt. Then, the mixture was concentrated and
purified via flash column chromatography on silica gel.
(2R,6R)-2-Methyl-6-((E)-styryl)-2H-pyran-3(6H)-one (10a). Fol-

lowing general procedure for the synthesis of compounds 10,
Conditions A, starting from 2a (30.1 mg, 0.23 mmol, 1.0 equiv),
potassium trans-styryltrifluoroborate 11a (59.0 mg, 0.28 mmol, 1.2
equiv) and TFAA (33 μL, 0.23 mmol, 1.0 equiv) in DCM anh. (1.4
mL) for 1 h. The crude product was purified by flash column
chromatography on silica gel eluting with Hexane:AcOEt 8:2 to afford
a colorless oil (45.1 mg, 90% yield). Following general procedure for
the synthesis of compounds 10, Conditions B, starting from 2a (30.3
mg, 0.23 mmol, 1.0 equiv), potassium trans-styryltrifluoroborate 11a
(73.8 mg, 0.35 mmol, 1.5 equiv) and HBF4·OEt2 (48 μL, 0.35 mmol,
1.5 equiv) in MeCN anh. (2.3 mL). The crude product was purified
by flash column chromatography on silica gel eluting with
Hexane:AcOEt 8:2 to afford a colorless oil (37.6 mg, 75% yield).
1H NMR (300 MHz, CDCl3) δ 7.17−7.39 (m, 5H), 7.00 (dd, J = 10.4
Hz, J = 3.5 Hz, 1H), 7.60 (d, J = 16.1 Hz, 1H), 6.24 (dd, J = 16.1 Hz,
J = 6.2 Hz, 1H), 6.10 (dd, J = 10.4 Hz, J = 1.7 Hz, 1H), 5.01−5.08
(m, 1H), 4.34 (c. J = 6.8 Hz, 1H), 1.34 (d, J = 6.8 Hz, 3H) ppm. 13C
NMR (75 MHz, CDCl3) δ 196.9, 148.9, 135.9, 134.6, 128.9, 128.6,

126.8, 126.3, 124.0, 72.8, 71.6, 15.6 ppm. Anal. Calcd for C14H14O2:
C, 78.48; H, 6.59. Found: C, 78.55; H, 6.58.

(2R,6R)-6-((E)-4-Fluorostyryl)-2-methyl-2H-pyran-3(6H)-one
(10b). Following general procedure for the synthesis of compounds
10, Conditions A, starting from 2a (29.7 mg, 0.23 mmol, 1.0 equiv),
potassium 2-(4-fluorophenyl)vinyltrifluoroborate 11b (64.1 mg, 0.28
mmol, 1.2 equiv) and TFAA (33 μL, 0.23 mmol, 1.0 equiv) in DCM
anh. (1.4 mL) for 2 h. The crude product was purified by flash
column chromatography on silica gel eluting with Hexane:AcOEt 8:2
to afford a yellow oil (51.6 mg, 95% yield). 1H NMR (300 MHz,
CDCl3) δ 7.34−7.42 (m, 2H), 6.97−7.09 (m, 3H), 6.63 (d, J = 16.1
Hz, 1H), 6.23 (dd, J = 16.1 Hz, J = 6.0 Hz, 1H), 6.16 (dd, J = 10.4
Hz, J = 1.8 Hz, 1H), 5.06−5.13 (m, 1H), 4.40 (c. J = 6.8 Hz, 1H),
1.41 (d, J = 6.8 Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 196.8,
164.6, 161.3, 148.8, 133.4, 132.1, 132.0, 128.5, 128.4, 126.3, 123.8,
123.7, 116.0, 115.7, 72.9, 71.5, 15.6 ppm. Anal. Calcd for C14H13FO2:
C, 72.40; H, 5.64. Found: C, 72.49; H, 5.62.

(2R,6R)-6-((E)-4-Methoxystyryl)-2-methyl-2H-pyran-3(6H)-one
(10c). Following general procedure for the synthesis of compounds
10, Conditions A, starting from 2a (29.7 mg, 0.23 mmol, 1.0 equiv),
potassium 2-(4-methoxyphenyl)vinyltrifluoroborate 11c (67.4 mg,
0.28 mmol, 1.2 equiv) and TFAA (33 μL, 0.23 mmol, 1.0 equiv) in
DCM anh. (1.4 mL) for 2 h. The crude product was purified by flash
column chromatography on silica gel eluting with Hexane:AcOEt 8:2
to afford a yellow oil (37.2 mg, 65% yield). 1H NMR (500 MHz,
CDCl3) δ 7.34 (d, J = 8.7 Hz, 2H), 7.06 (dd, J = 10.8 Hz, J = 4.3 Hz,
1H), 6.87 (d, J = 8.7 Hz, 1H), 6.60 (d, J = 16.0 Hz, 1H), 6.14−6.20
(m, 2H), 5.06−5.11 (m, 1H), 4.40 (c. J = 6.8 Hz, 1H), 3.82 (s, 3H),
1.41 (d, J = 6.8 Hz, 3H) ppm. 13C NMR (125 MHz, CDCl3) δ 197.0,
160.0, 149.2, 134.3, 128.7, 128.1, 126.2, 121.6, 114.3, 72.7, 71.8, 55.5,
15.6 ppm. Anal. Calcd for C15H16O3: C, 73.75; H, 6.60. Found: C,
73.64; H, 6.58.

(2R,6S)-6-((E)-3-Chloroprop-1-en-1-yl)-2-methyl-2H-pyran-
3(6H)-one (10d). Following general procedure for the synthesis of
compounds 10, Conditions A, starting from 2a (30.1 mg, 0.23 mmol,
1.0 equiv), potassium trans-2-chloromethylvinyltrifluoroborate 11d
(51.2 mg, 0.28 mmol, 1.2 equiv) and TFAA (39 μL, 0.28 mmol, 1.2
equiv) in DCM anh. (1.4 mL) for 2 h. The crude product was purified
by flash column chromatography on silica gel eluting with
Hexane:AcOEt 8:2 to afford a colorless oil (40.2 mg, 92% yield).
1H NMR (300 MHz, CDCl3) δ 6.96 (dd, J = 10.4 Hz, J = 3.4 Hz,
1H), 6.12 (dd, J = 10.4 Hz, J = 1.7 Hz, 1H), 5.86−6.01 (m, 2H),
4.93−5.00 (m, 1H), 4.32 (c. J = 6.8 Hz, 1H), 4.00−4.16 (m, 2H),
1.38 (d, J = 6.8 Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 196.5,
148.1, 130.7, 129.4, 126.3, 73.0, 70.4, 43.8, 15.4 ppm. Anal. Calcd for
C9H11ClO2: C, 57.92; H, 5.94. Found: C, 57.99; H, 5.92.

(2R,6R)-2-Methyl-6-((E)-3-phenylprop-1-en-1-yl)-2H-pyran-
3(6H)-one (10e). Following general procedure for the synthesis of
compounds 10, Conditions A, starting from 2a (30.0 mg, 0.23 mmol,
1.0 equiv), potassium trans-3-phenyl-1-propen-1-yltrifluoroborate 11e
(63.0 mg, 0.28 mmol, 1.2 equiv) and TFAA (39 μL, 0.28 mmol, 1.2
equiv) in DCM anh. (1.4 mL) for 2 h. The crude product was purified
by flash column chromatography on silica gel eluting with
Hexane:AcOEt 8:2 to afford a colorless oil (49.7 mg, 93% yield).
1H NMR (300 MHz, CDCl3) δ 7.05−7.31 (m, 5H), 6.89 (dd, J = 10.2
Hz, J = 3.4 Hz, 1H), 6.00 (dd, J = 10.2 Hz, J = 1.3 Hz, 1H), 5.87 (dt, J
= 15.5 Hz, J = 16.7 Hz, 1H), 5.59 (dd, J = 15.5 Hz, J = 6.7 Hz, 1H),
4.82−4.90 (m, 1H), 4.26 (c. J = 6.8 Hz, 1H), 3.37 (d, J = 6.7 Hz, 2H),
1.31 (d, J = 6.8 Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 197.0,
149.4, 139.3, 135.3, 128.7, 128.6, 126.5, 126.2, 125.9, 72.7, 71.3, 38.9,
15.5 ppm. Anal. Calcd for C15H16O2: C, 78.92; H, 7.06. Found: C,
78.90; H, 7.07.

(2R,6S)-2-Methyl-6-phenyl-2H-pyran-3(6H)-one (10f). Following
general procedure for the synthesis of compounds 10, Conditions A,
starting from 2a (29.5 mg, 0.23 mmol, 1.0 equiv), potassium
phenyltrifluoroborate 11f (51.7 mg, 0.28 mmol, 1.2 equiv) and TFAA
(39 μL, 0.28 mmol, 1.2 equiv) in DCM anh. (1.4 mL) for 2 h. Then, a
second equivalent of TFAA (33 μL, 0.23 mmol, 1.0 equiv) was added
and the reaction mixture was allowed to warm to room temperature
for 4 h. The crude product was purified by flash column
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chromatography on silica gel eluting with Hexane:AcOEt 8:2 to afford
a colorless oil (37.4 mg, 85% yield). 1H NMR (300 MHz, CDCl3) δ
7.37−7.43 (m, 5H), 7.16 (dd, J = 10.4 Hz, J = 3.1 Hz, 1H), 6.23 (dd,
J = 10.4 Hz, J = 1.9 Hz, 1H), 5.48−5.54 (m, 1H), 4.26 (c. J = 6.9 Hz,
1H), 1.40 (d, J = 6.9 Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ
197.0, 149.3, 136.9, 129.0, 128.9, 128.2, 126.2, 73.3, 72.8, 15.4 ppm.
Anal. Calcd for C12H12O2: C, 76.57; H, 6.43. Found: C, 76.62; H,
6.42.
(2R,6S)-6-(4-Fluorophenyl)-2-methyl-2H-pyran-3(6H)-one (10g).

Following general procedure for the synthesis of compounds 10,
Conditions A, starting from 2a (29.9 mg, 0.23 mmol, 1.0 equiv),
potassium 4-fluorophenyltrifluoroborate 11g (56.8 mg, 0.28 mmol,
1.2 equiv) and TFAA (39 μL, 0.28 mmol, 1.2 equiv) in DCM anh.
(1.4 mL) for 2 h. Then, the mixture was cooled at 0 °C and a second
equivalent of TFAA (33 μL, 0.23 mmol, 1.0 equiv) was added and the
reaction mixture was allowed to warm to room temperature for 4 h.
The crude product was purified by flash column chromatography on
silica gel eluting with Hexane:AcOEt 8:2 to afford a colorless oil (44.9
mg, 93% yield). 1H NMR (300 MHz, CDCl3) δ 7.34−7.44 (m, 2H),
7.04−7.17 (m, 3H), 6.23 (dd, J = 10.4 Hz, J = 1.9 Hz, 1H), 5.46−5.50
(m, 1H), 4.23 (c. J = 6.8 Hz, 1H), 1.40 (d, J = 6.8 Hz, 3H) ppm. 13C
NMR (75 MHz, CDCl3) δ 196.8, 164.7, 161.4, 148.9, 132.9, 132.8,
130.0, 129.9, 126.3, 116.0, 115.8, 73.3, 72.0, 15.4 ppm. Anal. Calcd for
C12H11FO2: C, 69.89; H, 5.38. Found: C, 69.85; H, 5.37.
(2R,6S)-6-(2-Methoxyphenyl)-2-methyl-2H-pyran-3(6H)-one

(10h). Following general procedure for the synthesis of compounds
10, Conditions A, starting from 2a (30.1 mg, 0.23 mmol, 1.0 equiv),
potassium 2-mehtoxyphenyltrifluoroborate 11h (60.1 mg, 0.28 mmol,
1.2 equiv) and TFAA (33 μL, 0.23 mmol, 1.0 equiv) in DCM anh.
(1.4 mL) for 3 h. The crude product was purified by flash column
chromatography on silica gel eluting with Hexane:AcOEt 8:2 to afford
a yellow oil (28.1 mg, 55% yield). 1H NMR (300 MHz, CDCl3) δ
7.30−7.40 (m, 2H), 7.08 (dd, J = 10.3 Hz, J = 2.8 Hz, 1H), 6.92−7.01
(m, 2H), 6.17 (dd, J = 10.4 Hz, J = 2.2 Hz, 1H), 5.88−5.94 (m, 1H),
4.38 (c. J = 7.0 Hz, 1H), 3.89 (s, 3H), 1.43 (d, J = 7.0 Hz, 3H) ppm.
13C NMR (75 MHz, CDCl3) δ 197.5, 157.1, 150.2, 130.0, 128.3,
125.5, 125.2, 120.7, 111.1, 74.1, 66.8, 55.8, 15.4 ppm. Anal. Calcd for
C13H14O3: C, 71.54; H, 6.47. Found: C, 71.61; H, 6.45.
(2R,6S)-2-Methyl-6-(phenylethynyl)-2H-pyran-3(6H)-one (10i).

Following general procedure for the synthesis of compounds 10,
Conditions A, starting from 2a (30.1 mg, 0.23 mmol, 1.0 equiv),
potassium phenylethylnyltrifluoroborate 11i (58.5 mg, 0.28 mmol, 1.2
equiv) and TFAA (33 μL, 0.23 mmol, 1.0 equiv) in DCM anh. (1.4
mL) at −40 °C for 3 h. The crude product was purified by flash
column chromatography on silica gel eluting with Hexane:AcOEt 8:2
to afford a colorless oil (40.2 mg, 81% yield, dr 91:09). 1H NMR (300
MHz, CDCl3) δ 7.43−7.50 (m, 2H), 7.32−7.38 (m, 3H), 7.03 (dd, J
= 10.2 Hz, J = 4.2 Hz, 1H), 6.11 (dd, J = 10.2 Hz, J = 1.5 Hz, 1H),
5.37 (dd, J = 4.2 Hz, J = 1.5 Hz, 1H), 4.67 (c. J = 6.7 Hz, 1H), 1.44
(d, J = 6.7 Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 196.4, 146.3,
132.1, 129.2, 128.5, 125.8, 121.8, 87.9, 81.8, 73.3, 63.4, 15.4 ppm.
Anal. Calcd for C14H12O2: C, 79.22; H, 5.70. Found: C, 79.29; H,
5.69.
(2R,6S)-6-(Cyclohexylethynyl)-2-methyl-2H-pyran-3(6H)-one

(10j). Following general procedure for the synthesis of compounds
10, Conditions A, starting from 2a (30.4 mg, 0.23 mmol, 1.0 equiv),
potassium cyclohexylethylnyltrifluoroborate 11j (60.1 mg, 0.28 mmol,
1.2 equiv) and TFAA (33 μL, 0.23 mmol, 1.0 equiv) in DCM anh.
(1.4 mL) at −40 °C for 3 h. The crude product was purified by flash
column chromatography on silica gel eluting with Hexane:AcOEt 8:2
to afford a colorless oil (37.3 mg, 72% yield). 1H NMR (300 MHz,
CDCl3) δ 6.92 (dd, J = 10.1 Hz, J = 4.2 Hz, 1H), 6.00 (dd, J = 10.1
Hz, J = 1.4 Hz, 1H), 5.09−5.17 (m, 1H), 4.56 (c. J = 6.7 Hz, 1H),
2.36−2.47 (m, 1H), 1.40 (d, J = 6.7 Hz, 3H), 1.18−1.84 (m, 10H)
ppm. 13C NMR (75 MHz, CDCl3) δ 196.7, 147.4, 125.1, 93.2, 72.9,
63.1, 32.5, 32.4, 29.2, 25.9, 24.9, 15.3 ppm. Anal. Calcd for C14H18O2:
C, 77.03; H, 8.31. Found: C, 77.00; H, 8.25.
(2S,6S)-2-Phenyl-6-((E)-styryl)-2H-pyran-3(6H)-one (10k). Fol-

lowing general procedure for the synthesis of compounds 10,
Conditions A, starting from 2b (30.0 mg, 0.16 mmol, 1.0 equiv),

potassium trans-styryltrifluoroborate 11a (39.9 mg, 0.19 mmol, 1.2
equiv) and TFAA (23 μL, 0.16 mmol, 1.0 equiv) in DCM anh. (1.0
mL) for 1 h. The crude product was purified by flash column
chromatography on silica gel eluting with Hexane:AcOEt 8:2 to afford
a colorless oil (28.7 mg, 65% yield). 1H NMR (300 MHz, CDCl3) δ
7.43−7.31 (m, 10H), 7.07 (dd, J = 10.4 Hz, J = 2.8 Hz, 1H), 6.73 (d, J
= 16.0 Hz, 1H), 6.28−6.36 (m, 2H), 5.34 (s, 1H), 5.04−5.06 (m, 1H)
ppm. 13C NMR (75 MHz, CDCl3) δ 194.4, 149.5, 136.0, 134.8, 134.4,
128.9 (2C), 128.7 (3C), 128.6, 127.7 (2C), 127.0, 126.9 (2C), 124.6,
79.4, 71.1 ppm. Anal. Calcd for C19H16O2: C, 82.58; H, 5.84. Found:
C, 82.51; H, 5.86.

(2S,6R)-2,6-Diphenyl-2H-pyran-3(6H)-one (10l). Following gen-
eral procedure for the synthesis of compounds 10, Conditions A,
starting from 2b (30.0 mg, 0.16 mmol, 1.0 equiv), potassium
phenyltrifluoroborate 11f (35.0 mg, 0.19 mmol, 1.2 equiv) and TFAA
(23 μL, 0.16 mmol, 1.0 equiv) in DCM anh. (1.0 mL) for 24 h. The
crude product was purified by flash column chromatography on silica
gel eluting with Hexane:AcOEt 8:2 to afford a colorless oil (22.8 mg,
57% yield). 1H NMR (300 MHz, CDCl3) δ 7.41−7.39 (m, 10H),
7.10 (dd, J = 10.4 Hz, J = 2.4 Hz, 1H), 6.37 (dd, J = 10.4 Hz, J = 2.4
Hz, 1H), 5.35 (t, J = 2.4 Hz, 1H), 5.31 (s, 1H) ppm. 13C NMR (75
MHz, CDCl3) δ 194.5, 150.3, 137.8, 134.4, 129.1 (2C), 129.0, 128.8
(2C), 128.7, 127.9 (2C), 127.6 (2C), 126.8, 79.9, 72.3 ppm. Anal.
Calcd for C17H14O2: C, 81.58; H, 5.64. Found: C, 81.55; H, 5.71.

(2S,6S)-2-Isopropyl-6-((E)-styryl)-2H-pyran-3(6H)-one (10m). Fol-
lowing general procedure for the synthesis of compounds 10,
Conditions A, starting from 2c (29.4 mg, 0.19 mmol, 1.0 equiv),
potassium trans-styryltrifluoroborate 11a (47.5 mg, 0.23 mmol, 1.2
equiv) and TFAA (26 μL, 0.19 mmol, 1.0 equiv) in DCM anh. (1.1
mL) for 1 h. The crude product was purified by flash column
chromatography on silica gel eluting with Hexane:AcOEt 8:2 to afford
a colorless oil (31.7 mg, 69% yield). 1H NMR (300 MHz, CDCl3) δ
7.41−7.28 (m, 5H), 7.03 (dd, J = 10.4 Hz, J = 3.4 Hz, 1H), 6.66 (d, J
= 16.2 Hz, 1H), 6.26 (dd, J = 16.2 Hz, J = 6.0 Hz, 1H), 6.14 (dd, J =
10.4 Hz, J = 1.9 Hz, 1H), 5.10−5.12 (m, 1H), 4.00 (d, J = 5.3 Hz,
1H), 2.41−2.30 (m, 1H), 1.01 (d, J = 6.9 Hz, 3H), 1.00 (d, J = 6.7
Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 196.4, 148.6, 136.0,
134.2, 128.8 (2C), 128.5, 126.9, 126.8 (2C), 124.5, 81.4, 71.5, 28.4,
19.0, 17.7 ppm. Anal. Calcd for C16H18O2: C, 79.31; H, 7.49. Found:
C, 79.20; H, 7.37.

(2S,6R)-2-Isopropyl-6-phenyl-2H-pyran-3(6H)-one (10n). Follow-
ing general procedure for the synthesis of compounds 10, Conditions
A, starting from 2c (29.1 mg, 0.19 mmol, 1.0 equiv), potassium
phenyltrifluoroborate 11f (41.2 mg, 0.22 mmol, 1.2 equiv) and TFAA
(26 μL, 0.19 mmol, 1.0 equiv) in DCM anh. (1.1 mL) for 24 h. The
crude product was purified by flash column chromatography on silica
gel eluting with Hexane:AcOEt 8:2 to afford a colorless oil (25.5 mg,
62% yield). 1H NMR (300 MHz, CDCl3) δ 7.40−7.39 (m, 5H), 7.13
(dd, J = 10.4 Hz, J = 3.1 Hz, 1H), 6.20 (dd, J = 10.4 Hz, J = 2.1 Hz,
1H), 5.51−5.49 (m, 1H), 3.80 (d, J = 6.4 Hz, 1H), 2.38−2.27 (m,
1H), 1.03 (d, J = 6.7 Hz, 3H), 0.94 (d, J = 6.9 Hz, 3H) ppm. 13C
NMR (75 MHz, CDCl3) δ 196.4, 149.0, 137.6, 128.9 (2C), 128.8,
128.0 (2C), 126.7, 82.1, 72.6, 28.1, 18.8, 18.2 ppm. Anal. Calcd for
C14H16O2: C, 77.75; H, 7.46. Found: C, 77.73; H, 7.58.

(2S,6S)-2-Isopropyl-2-methyl-6-((E)-styryl)-2H-pyran-3(6H)-one
(10o). Following general procedure for the synthesis of compounds
10, Conditions A, starting from 2d (29.9 mg, 0.18 mmol, 1.0 equiv),
potassium trans-styryltrifluoroborate 11a (44.3 mg, 0.21 mmol, 1.2
equiv) and TFAA (25 μL, 0.18 mmol, 1.0 equiv) in DCM anh. (1.1
mL) for 1 h. The crude product was purified by flash column
chromatography on silica gel eluting with Hexane:AcOEt 8:2 to afford
a colorless oil (39.2 mg, 85% yield). 1H NMR (300 MHz, CDCl3) δ
7.42−7.28 (m, 5H), 6.84 (dd, J = 10.3 Hz, J = 1.5 Hz, 1H), 6.72 (d, J
= 15.9 Hz, 1H), 6.20 (dd, J = 15.9 Hz, J = 7.0 Hz, 1H), 6.00 (dd, J =
10.3 Hz, J = 2.5 Hz, 1H), 5.03−5.06 (m, 1H), 2.32−2.23 (m, 1H),
1.26 (s, 3H), 1.07 (d, J = 6.9 Hz, 3H), 0.84 (d, J = 6.7 Hz, 3H) ppm.
13C NMR (75 MHz, CDCl3) δ 198.7, 148.2, 136.2, 133.1, 128.7 (2C),
128.3, 126.8 (3C), 124.7, 83.6, 70.1, 29.4, 17.3, 17.0, 16.3 ppm. Anal.
Calcd for C17H20O2: C, 79.65; H, 7.86. Found: C, 79.74; H, 7.76.
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(2S,6R)-2-Isopropyl-2-methyl-6-phenyl-2H-pyran-3(6H)-one
(10p). Following general procedure for the synthesis of compounds
10, Conditions A, starting from 2d (29.5 mg, 0.17 mmol, 1.0 equiv),
potassium phenyltrifluoroborate 11f (38.3 mg, 0.21 mmol, 1.2 equiv)
and TFAA (24 μL, 0.17 mmol, 1.0 equiv) in DCM anh. (1.0 mL) for
24 h. The crude product was purified by flash column chromatog-
raphy on silica gel eluting with Hexane:AcOEt 8:2 to afford a colorless
oil (22.7 mg, 58% yield). 1H NMR (300 MHz, CDCl3) δ 7.40−7.36
(m, 5H), 6.87 (dd, J = 10.3 Hz, J = 1.7 Hz, 1H), 6.04 (dd, J = 10.3
Hz, J = 2.6 Hz, 1H), 5.40−5.42 (m, 1H), 2.42−2.32 (m, 1H), 1.25 (s,
3H), 1.09 (d, J = 6.8 Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H) ppm. 13C
NMR (75 MHz, CDCl3) δ 198.7, 149.2, 139.5, 129.0 (2C), 128.7,
127.5 (2C), 124.3, 84.0, 71.6, 29.2, 17.4, 17.0, 16.0 ppm. Anal. Calcd
for C15H18O2: C, 78.23; H, 7.88. Found: C, 78.15; H, 7.93.
(2S,6R)-2-Isopropyl-2-methyl-6-(phenylethynyl)-2H-pyran-3(6H)-

one (10q). Following general procedure for the synthesis of
compounds 10, Conditions A, starting from 2d (30.1 mg, 0.18
mmol, 1.0 equiv), potassium phenylethylnyltrifluoroborate 11i (44.2
mg, 0.28 mmol, 1.2 equiv) and TFAA (25 μL, 0.18 mmol, 1.0 equiv)
in DCM anh. (1.1 mL) at −40 °C for 3 h. The crude product was
purified by flash column chromatography on silica gel eluting with
Hexane:AcOEt 8:2 to afford a colorless oil (37.5 mg, 82% yield, dr =
85:15). 1H NMR (300 MHz, CDCl3) δ 7.48−7.46 (m, 2H), 7.33−
7.31 (m, 3H), 6.93 (dd, J = 10.2 Hz, J = 2.4 Hz, 1H), 6.05 (dd, J =
10.2 Hz, J = 2.5 Hz, 1H), 5.45 (t, J = 2.5 Hz, 1H), 2.22 (heptet, J =
6.8 Hz, 1H), 1.37 (s, 3H), 1.03 (d, J = 6.8 Hz, 3H), 0.88 (d, J = 6.8
Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 198.1, 145.7, 132.0
(2C), 129.0, 128.4 (2C), 125.1, 122.1, 86.4, 85.0, 84.4, 60.6, 30.6,
17.9, 17.2, 16.8 ppm. Anal. Calcd for C17H18O2: C, 80.28; H, 7.13.
Found: C, 80.30; H, 7.24.
(2S,6S)-2-Methyl-2-phenyl-6-((E)-styryl)-2H-pyran-3(6H)-one

(10r). Following general procedure for the synthesis of compounds
10, Conditions A, starting from 2e (30.0 mg, 0.15 mmol, 1.0 equiv),
potassium trans-styryltrifluoroborate 11a (37.1 mg, 0.18 mmol, 1.2
equiv) and TFAA (21 μL, 0.15 mmol, 1.0 equiv) in DCM anh. (0.9
mL) for 1 h. The crude product was purified by flash column
chromatography on silica gel eluting with Hexane:AcOEt 8:2 to afford
the desired compound as a separable mixture of diastereomers (30.9
mg, 72% yield, dr = 78:22).
(2S,6S)-2-Methyl-2-phenyl-6-((E)-styryl)-2H-pyran-3(6H)-

one. Major diastereomer. Colorless oil. 1H NMR (300 MHz, CDCl3)
δ 7.43−7.30 (m, 10H), 6.80−6.71 (m, 2H), 6.28−6.17 (m, 2H),
4.80−4.77 (m, 1H), 1.66 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ
196.4, 149.4, 138.6, 136.2, 133.3, 128.8 (2C), 128.7 (2C), 128.4,
128.3, 126.8 (2C), 126.2, 126.0, 125.8 (2C), 83.1, 71.0, 27.5 ppm.
Anal. Calcd for C20H18O2: C, 82.73; H, 6.25. Found: C, 82.86; H,
6.18.
(2R,6S)-2-Methyl-2-phenyl-6-((E)-styryl)-2H-pyran-3(6H)-

one.Minor diastereomer. Colorless oil. 1H NMR (300 MHz, CDCl3)
δ 7.57 (d, J = 8.0 Hz, 2H), 7.38−7.29 (m, 8H), 7.00 (dd, J = 10.3 Hz,
J = 1.9 Hz, 1H), 6.73 (d, J = 16.0 Hz, 1H), 6.21−6.10 (m, 2H), 5.25
(d, J = 7.1 Hz, 1H), 1.80 (s, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ
196.8, 148.9, 141.7, 136.2, 133.3, 128.7 (2C), 128.3, 128.1 (2C),
127.9, 126.8 (2C), 126.6 (2C), 126.4, 125.6, 81.9, 71.2, 22.5 ppm.
Anal. Calcd for C20H18O2: C, 82.73; H, 6.25. Found: C, 82.80; H,
6.17.
(2S,6R)-2-Methyl-2,6-diphenyl-2H-pyran-3(6H)-one (10s). Fol-

lowing general procedure for the synthesis of compounds 10,
Conditions A, starting from 2e (30.0 mg, 0.15 mmol, 1.0 equiv),
potassium phenyltrifluoroborate 11f (33.1 mg, 0.18 mmol, 1.2 equiv)
and TFAA (21 μL, 0.15 mmol, 1.0 equiv) in DCM anh. (0.9 mL) for
24 h. The crude product was purified by flash column chromatog-
raphy on silica gel eluting with Hexane:AcOEt 8:2 to afford the
desired compound as a separable mixture of diastereomers (22.2 mg,
56% yield, dr = 75:25).
(2S,6R)-2-Methyl-2,6-diphenyl-2H-pyran-3(6H)-one. Color-

less oil. Major diastereomer. 1H NMR (300 MHz, CDCl3) δ 7.40−
7.38 (m, 10H), 6.82 (dd, J = 10.3 Hz, J = 1.6 Hz, 1H), 6.22 (dd, J =
10.4 Hz, J = 2.7 Hz, 1H), 5.14−5.13 (m, 1H), 1.67 (s, 3H) ppm. 13C
NMR (75 MHz, CDCl3) δ 196.4, 150.3, 139.1, 138.6, 129.0 (2C),

128.8 (2C), 128.7, 128.3, 127.5 (2C), 125.9 (2C), 125.8, 83.4, 72.9,
27.6 ppm. Anal. Calcd for C18H16O2: C, 81.79; H, 6.10. Found: C,
81.64; H, 6.02.

(2R,6R)-2-Methyl-2,6-diphenyl-2H-pyran-3(6H)-one. Color-
less oil. Minor diastereomer. 1H NMR (300 MHz, CDCl3) δ 7.60
(d, J = 7.6 Hz, 2H), 7.49−7.29 (m, 8H), 7.03 (dd, J = 10.3 Hz, J = 1.6
Hz, 1H), 6.20 (dd, J = 10.3 Hz, J = 2.4 Hz, 1H), 5.65 (s, 1H), 1.87 (s,
3H) ppm. 13C NMR (75 MHz, CDCl3) δ 196.8, 149.9, 141.3, 139.3,
129.1 (2C), 128.7, 128.1 (2C), 127.8, 127.5 (2C), 126.7 (2C), 125.4,
82.2, 72.2, 21.5 ppm. Anal. Calcd for C18H16O2: C, 81.79; H, 6.10.
Found: C, 81.85; H, 6.00.

(E)-1-Hydroxy-3-styrylhexane-2,5-dione (13a). Following general
procedure for the synthesis of compounds 13, Conditions A, starting
from 2f (30.0 mg, 0.23 mmol, 1.0 equiv), potassium trans-
styryltrifluoroborate 11a (59.1 mg, 0.28 mmol, 1.2 equiv) and
TFAA (32 μL, 0.23 mmol, 1.0 equiv) in DCM anh. (1.4 mL) for 1 h.
The crude product was purified by flash column chromatography on
silica gel eluting with Hexane:AcOEt 8:2 (42.7 mg, 80% yield). 1H
NMR (300 MHz, CDCl3) δ 7.33−7.27 (m, 5H), 6.56 (d, J = 15.8 Hz,
1H), 6.00 (dd, J = 15.8 Hz, J = 9.3 Hz, 1H), 4.48 (s, 2H), 3.75 (td, J =
9.5 Hz, J = 3.8 Hz, 1H), 3.29 (dd, J = 18.3 Hz, J = 9.8 Hz, 1H), 2.92
(bs, 1H), 2.74 (dd, J = 18.3 Hz, J = 3.8 Hz, 1H), 2.17 (s, 3H) ppm.
13C NMR (75 MHz, CDCl3) δ 209.5, 206.3, 136.1, 134.7, 128.8 (2C),
128.4, 126.5 (2C), 124.7, 67.6, 47.4, 45.5, 29.8 ppm. Anal. Calcd for
C14H16O3: C, 72.39; H, 6.94. Found: C, 72.33; H, 6.80.

1-Hydroxy-3-phenylhexane-2,5-dione (13b). Following general
procedure for the synthesis of compounds 13, Conditions A, starting
from 2f (30.0 mg, 0.23 mmol, 1.0 equiv), potassium phenyl-
trifluoroborate 11f (51.5 mg, 0.28 mmol, 1.2 equiv) and TFAA (32
μL, 0.23 mmol, 1.0 equiv) in DCM anh. (1.4 mL) for 1 h. The crude
product was purified by flash column chromatography on silica gel
eluting with Hexane:AcOEt 8:2 (21.3 mg, 45% yield). 1H NMR (300
MHz, CDCl3) δ 7.33−7.28 (m, 3H), 7.21−7.18 (m 2H), 4.42 (d, J =
18.9 Hz, 1H), 4.23 (d, J = 18.9 Hz, 1H), 4.17 (dd, J = 10.7 Hz, J = 3.6
Hz, 1H), 3.55 (dd, J = 18.3 Hz, J = 10.7 Hz, 1H), 2.86 (bs, 1H), 2.74
(dd, J = 18.3 Hz, J = 3.6 Hz, 1H), 2.17 (s, 3H) ppm. 13C NMR (75
MHz, CDCl3) δ 208.9, 206.6, 136.7, 129.4 (2C), 128.2 (2C), 128.1,
67.4, 49.3, 46.9, 29.8 ppm. Anal. Calcd for C12H14O3: C, 69.88; H,
6.84. Found: C, 69.99; H, 6.95.

(E)-5-Hydroxy-1-phenyl-3-styrylpentane-1,4-dione (13c). Follow-
ing general procedure for the synthesis of compounds 13, Conditions
A, starting from 2g (29.7 mg, 0.16 mmol, 1.0 equiv), potassium trans-
styryltrifluoroborate 11a (39.4 mg, 0.19 mmol, 1.2 equiv) and TFAA
(22 μL, 0.16 mmol, 1.0 equiv) in DCM anh. (1.0 mL) 1 h. The crude
product was purified by flash column chromatography on silica gel
eluting with Hexane:AcOEt 8:2 (38.6 mg, 82% yield). 1H NMR (500
MHz, CDCl3) δ 7.96 (d, J = 8.6 Hz, 2H), 7.59 (t, J = 7.4 Hz, 1H),
7.47 (t, J = 7.9 Hz, 2H), 7.36−7.28 (m, 5H), 6.63 (d, J = 15.8 Hz,
1H), 6.12 (dd, J = 15.8 Hz, J = 9.0 Hz, 1H), 4.59 (q, J = 19.0 Hz,
2H), 3.95 (td, J = 9.5 Hz, J = 3.4 Hz, 1H), 3.86 (dd, J = 17.8 Hz, J =
9.5 Hz, 1H), 3.31 (dd, J = 17.8 Hz, J = 3.4 Hz, 1H), 3.00 (bs, 1H),
ppm. 13C NMR (125 MHz, CDCl3) δ 209.6, 197.7, 136.2, 136.1
134.7, 133.7, 128.9 (4C), 128.4, 128.3 (2C); 126.6 (2C); 125.1, 67.7,
47.5, 41.3 ppm. Anal. Calcd for C19H18O3: C, 77.53; H, 6.16. Found:
C, 77.67; H, 6.02.

5-Hydroxy-1,3-diphenylpentane-1,4-dione (13d). Following gen-
eral procedure for the synthesis of compounds 13, Conditions A,
starting from 2g (29.9 mg, 0.16 mmol, 1.0 equiv), potassium
phenyltrifluoroborate 11f (34.8 mg, 0.19 mmol, 1.2 equiv) and TFAA
(22 μL, 0.16 mmol, 1.0 equiv) in DCM anh. (1.0 mL) 1 h. The crude
product was purified by flash column chromatography on silica gel
eluting with Hexane:AcOEt 8:2 (34.7 mg, 81% yield). 1H NMR (300
MHz, CDCl3) δ 7.95 (d, J = 8.1 Hz, 2H), 7.58 (t, J = 7.5 Hz, 1H),
7.46 (t, J = 7.5 Hz, 2H), 7.36−7.27 (m, 5H), 4.58 (d, J = 18.8 Hz,
1H), 4.40−4.30 (m, 2H), 4.11 (dd, J = 18.0 Hz, J = 10.6 Hz, 1H),
3.32 (dd, J = 18.0 Hz, J = 3.4 Hz, 1H), 3.17 (bs, 1H) ppm. 13C NMR
(75 MHz, CDCl3) δ 209.0, 197.9, 136.9, 136.1, 133.7, 129.5 (2C),
128.8 (2C), 128.3 (2C), 128.2 (2C); 128.1, 67.5, 49.4, 42.8 ppm.
Anal. Calcd for C17H16O3: C, 76.10; H, 6.01. Found: C, 75.93; H,
5.86.
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(E)-6-Hydroxy-4-styrylheptane-2,5-dione (13e). Following general
procedure for the synthesis of compounds 13, Conditions A, starting
from 2i (29.8 mg, 0.21 mmol, 1.0 equiv), potassium trans-
styryltrifluoroborate 11a (52.9 mg, 0.25 mmol, 1.2 equiv) and
TFAA (29 μL, 0.21 mmol, 1.0 equiv) in DCM anh. (1.3 mL) for 1 h.
The crude product was purified by flash column chromatography on
silica gel eluting with Hexane:AcOEt 8:2 to afford the desired
compound as a mixture of diastereomers (66:33 mixture, 34.1 mg,
66% yield). Major diastereomer. Colorless oil. 1H NMR (300 MHz,
CDCl3) δ 7.32−7.28 (m, 5H), 6.56 (d, J = 15.9 Hz, 1H), 5.98 (dd, J =
15.9 Hz, J = 9.4 Hz, 1H), 4.50 (q, J = 7.1, 1H), 3.75 (td, J = 9.7 Hz, J
= 4.0 Hz, 1H), 3.40 (bs, 1H), 3.30 (dd, J = 18.3 Hz, J = 10.0 Hz, 1H),
2.66 (dd, J = 18.3 Hz, J = 3.8 Hz, 1H), 2.18 (s, 3H), 1.50 (d, J = 7.1
Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 212.3, 206.6, 136.1,
134.7, 128.8 (2C), 128.3, 126.5 (2C), 125.2, 71.8, 45.9, 45.3, 29.9,
20.3 ppm. Anal. Calcd for C15H18O3: C, 73.15; H, 7.37. Found: C,
73.22; H, 7.39.
(E)-1-Hydroxy-4-methyl-3-styrylhexane-2,5-dione (13f). Follow-

ing general procedure for the synthesis of compounds 13, Conditions
A, starting from 2h (30.0 mg, 0.21 mmol, 1.0 equiv), potassium trans-
styryltrifluoroborate 11a (53.3 mg, 0.25 mmol, 1.2 equiv) and TFAA
(29 μL, 0.21 mmol, 1.0 equiv) in DCM anh. (1.3 mL) 1 h. The crude
product was purified by flash column chromatography on silica gel
eluting with Hexane:AcOEt 8:2 to afford the desired compound as a
mixture of diastereomers (90:10 mixture, 41.3 mg, 80% yield). Major
diastereomer. Colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.34−
7.29 (m, 5H), 6.60 (d, J = 15.7 Hz, 1H), 6.00 (dd, J = 15.7 Hz, J =
10.0 Hz, 1H), 4.43 (s, 2H), 3.52 (t, J = 10.0 Hz, 1H), 3.28−3.17 (m,
1H), 2.86 (bs, 1H), 2.22 (s, 3H), 1.16 (d, J = 7.5 Hz, 3H) ppm. 13C
NMR (75 MHz, CDCl3) δ 211.4, 210.2, 136.2, 136.1, 128.9 (2C),
128.4, 126.6 (2C), 124.4, 67.5, 54.9, 48.5, 28.7, 14.9 ppm. Anal. Calcd
for C15H18O3: C, 73.15; H, 7.37. Found: C, 73.19; H, 7.21.
5-Hydroxy-3-(4-methoxyphenyl)-1-phenylpentane-1,4-dione

(13g). Following general procedure for the synthesis of compounds
13, Conditions A, starting from 2g (30.1 mg, 0.16 mmol, 1.0 equiv),
potassium 4-mehtoxyphenyltrifluoroborate 11m (40.7 mg, 0.19
mmol, 1.2 equiv) and TFAA (22 μL, 0.16 mmol, 1.0 equiv) in
DCM anh. (1.0 mL) for 3 h. The crude product was purified by flash
column chromatography on silica gel eluting with Hexane:AcOEt 8:2
(36.3 mg, 76% yield). 1H NMR (300 MHz, CDCl3) δ 7.96−7.93 (m,
2H), 7.57 (t, J = 7.4 Hz, 1H), 7.46 (t, J = 7.8 Hz, 2H), 7.20 (d, J = 8.7
Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 4.55 (d, J = 18.7 Hz, 1H), 4.36−
4.29 (m, 2H), 4.07 (dd, J = 18.2 Hz, J = 10.5 Hz, 1H), 3.80 (s, 3H),
3.28 (dd, J = 18.2 Hz, J = 3.5 Hz, 1H), 2.86 (bs, 1H) ppm. 13C NMR
(75 MHz, CDCl3) δ 209.2, 198.0, 159.5, 136.2, 133.6, 129.4 (2C),
128.8 (3C), 128.2 (2C), 114.8, 67.3, 55.5, 48.5, 42.8 ppm. Anal. Calcd
for C18H18O4: C, 72.47; H, 6.08. Found: C, 72.61; H, 6.20.
(E)-5-Hydroxy-1-phenyl-3-(3-phenylprop-1-en-1-yl)pentane-1,4-

dione (13h). Following general procedure for the synthesis of
compounds 13, Conditions A, starting from 2g (29.8 mg, 0.16 mmol,
1.0 equiv), potassium trans-3-Phenyl-1-propen-1-yltrifluoroborate 11e
(42.6 mg, 0.19 mmol, 1.2 equiv) and TFAA (22 μL, 0.16 mmol, 1.0
equiv) in DCM anh. (1.0 mL) for 3 h. The crude product was purified
by flash column chromatography on silica gel eluting with
Hexane:AcOEt 8:2 (38.0 mg, 77% yield). 1H NMR (300 MHz,
CDCl3) δ 7.93 (d, J = 7.6 Hz, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.46 (t, J
= 7.6 Hz, 2H),7.32−7.21 (m, 3H), 7.14 (d, J = 7.4 Hz, 2H), 5.94−
5.84 (m, 1H), 5.46 (dd, J = 15.3 Hz, J = 7.8 Hz, 1H), 4.59 (s, 2H),
3.81−3.70 (m, 2H), 3.37 (d, J = 6.6 Hz, 2H), 3.25−3.16 (m, 1H),
2.98 (bs, 1H), ppm. 13C NMR (75 MHz, CDCl3) δ 209.8, 197.8,
139.4, 136.2, 134.9, 133.7, 128.8 (2C), 128.7 (2C), 128.6 (2C), 128.2
(2C), 127.0, 126.5, 67.5, 47.2, 41.1, 39.0 ppm. Anal. Calcd for
C20H20O3: C, 77.90; H, 6.54. Found: C, 78.03; H, 6.49.
(E)-(1-Benzyl-4-styryl-1H-pyrrol-2-yl)methanol (14a). Following

general procedure for the synthesis of pyrroles 14, starting from 2j
(35.0 mg, 0.31 mmol, 1.0 equiv), potassium trans-styryltrifluoroborate
11a (96.8 mg, 0.46 mmol, 1.5 equiv), tetrabutylammonium
hydrogenosulfate (52.6 mg, 0.16 mmol, 0.5 equiv) in DCM anh.
(6.2 mL) at rt for 48 h. Then, benzylamine (34 μL, 0.31 mmol, 1.0
equiv) and p-toluenesulfonic acid (5.9 mg, 0.03 mmol, 0.1 equiv) in

toluene (1.6 mL) at rt for 12 h. The crude product was purified via
flash column chromatography on silica gel eluting with Hexane:A-
cOEt 8:2 (67.3 mg, 75% yield). 1H NMR (500 MHz, acetone-d6) δ
7.44 (d, J = 8.2 Hz, 2H), 7.33 (t, J = 7.6 Hz, 2H), 7.29 (t, J = 8.1 Hz,
3H), 7.18 (d, J = 7.8 Hz, 2H), 7.14 (t, J = 7.5 Hz, 1H), 7.05 (d, J =
16.3 Hz, 1H), 6.92 (d, J = 1.8 Hz, 1H), 6.76 (d, J = 16.3 Hz, 1H),
6.36 (d, J = 1.8 Hz, 1H), 5.23 (s, 2H), 4.47 (s, 2H), 2.81 (bs, 1H)
ppm. 13C NMR (125 MHz, acetone-d6) δ 139.8, 139.6, 135.2, 129.4
(2C), 129.3 (2C), 128.1, 127.8 (2C), 127.0, 126.4 (2C), 124.1, 123.7,
123.4, 122.6, 106.5, 56.7, 50.9 ppm. Anal. Calcd for C20H19NO: C,
83.01; H, 6.62. Found: C, 82.90; H, 6.74.

(E)-1-(1-Benzyl-4-styryl-1H-pyrrol-2-yl)ethanol (14b). Following
general procedure for the synthesis of pyrroles 14, starting from 2a
(29.7 mg, 0.23 mmol, 1.0 equiv), potassium trans-styryltrifluoroborate
11a (73.8 mg, 0.35 mmol, 1.5 equiv) and tetrabutylammonium
hydrogenosulfate (39.7 mg, 0.12 mmol, 0.5 equiv) in DCM anh. (4.6
mL) at rt for 48 h. Then, benzyl amine (26 μL, 0.23 mmol, 1.0 equiv)
and p-toluenesulfonic acid (4.4 mg, 0.02 mmol, 0.1 equiv) in toluene
(1.2 mL) at rt for 1 h. The crude product was purified via flash
column chromatography on silica gel eluting with Hexane:AcOEt 8:2
to afford a yellow oil (57.5 mg, 81% yield). 1H NMR (300 MHz,
acetone-d6) δ 7.42−7.47 (m, 2H), 7.22−7.37 (m, 6H), 7.12−7.18 (m,
2H), 7.06 (d, J = 16.2 Hz, 1H), 6.88 (d, J = 1.7 Hz, 1H), 6.77 (d, J =
16.2 Hz, 1H), 6.40 (d, J = 1.7 Hz, 1H), 5.36 (d, J = 16.0 Hz, 1H),
5.20 (d, J = 16.0 Hz, 1H), 4.70 (q. J = 6.3 Hz, 1H), 3.91 (d, J = 6.3
Hz, 1H), 1.48 (d, J = 6.3 Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3)
δ 140.0, 139.6, 139.0, 129.4, 129.3, 128.0, 127.7, 126.9, 126.3, 124.0,
123.8, 123.2, 122.3, 103.6, 62.2, 50.9, 22.9 ppm. Anal. Calcd for
C21H21NO: C, 83.13; H, 6.98. Found: C, 83.09; H, 6.99.

(E)-1-(1-Benzyl-4-(3-phenylprop-1-en-1-yl)-1H-pyrrol-2-yl)-
ethanol (14c). Following general procedure for the synthesis of
pyrroles 14, starting from 2a (30.3 mg, 0.23 mmol, 1.0 equiv), trans-3-
phenyl-1-propen-1-yltrifluoroborate 11e (78.5 mg, 0.35 mmol, 1.5
equiv) and tetrabutylammonium hydrogenosulfate (39.7 mg, 0.12
mmol, 0.5 equiv) in DCM anh. (4.6 mL) rt for 48 h. Then, benzyl
amine (26 μL, 0.23 mmol, 1.0 equiv) and p-toluenesulfonic acid (4.4
mg, 0.02 mmol, 0.1 equiv) in toluene (1.2 mL) at rt for 12 h. The
crude product was purified via flash column chromatography on silica
gel eluting with Hexane:AcOEt 8:2 to afford a yellow oil (57.9 mg,
78% yield). 1H NMR (300 MHz, acetone-d6) δ 7.06−7.38 (m, 10H),
6.69 (d, J = 1.9 Hz, 1H), 6.30 (d, J = 15.5 Hz, 1H), 6.21 (d, J = 1.9
Hz, 1H), 5.94 (dt, J = 15.5 Hz, J = 7.1 Hz, 1H), 5.32 (d, J = 16.1 Hz,
1H), 5.14 (d, J = 16.1 Hz, 1H), 4.68 (q. J = 6.5 Hz, 1H), 3.83 (d, J =
6.8 Hz, 1H), 3.44 (d, J = 6.8 Hz, 2H),1.43 (d, J = 6.5 Hz, 3H) ppm.
13C NMR (75 MHz, CDCl3) δ 142.3, 140.2, 138.5, 129.4, 129.2,
128.0, 127.7, 126.7, 125.6, 124.3, 122.2, 121.8, 103.6, 62.3, 50.8, 40.0,
23.0 ppm. Anal. Calcd for C22H23NO: C, 83.24; H, 7.30. Found: C,
83.31; H, 7.28.

(1-Benzyl-4-(phenylethynyl)-1H-pyrrol-2-yl)methanol (14d). Fol-
lowing general procedure for the synthesis of pyrroles 14, starting
from 2j (36.0 mg, 0.31 mmol, 1.0 equiv), potassium phenyl-
ethynyltrifluoroborate 11i (95.7 mg, 0.46 mmol, 1.5 equiv) and
tetrabutylammonium hydrogenosulfate (52.6 mg, 0.16 mmol, 0.5
equiv) in DCM anh. (6.2 mL) at rt for 48 h. Then, benzylamine (34
μL, 0.31 mmol, 1.0 equiv) and p-toluenesulfonic acid (5.9 mg, 0.03
mmol, 0.1 equiv) in toluene (1.6 mL) at rt for 12 h. The crude
product was purified via flash column chromatography on silica gel
eluting with Hexane:AcOEt 8:2 (57.0 mg, 64% yield). 1H NMR (300
MHz, acetone-d6) δ 7.45−7.29 (m, 8H), 7.20 (d, J = 7.5 Hz, 2H),
7.09 (d, J = 1.8 Hz, 1H), 6.22 (d, J = 1.8 Hz, 1H), 5.28 (s, 2H), 4.48−
4.47 (m, 2H), 4.08 (bs, 1H) ppm. 13C NMR (75 MHz, acetone-d6) δ
139.2, 134.4, 131.7 (2C), 129.4 (2C), 129.2 (2C), 128.3, 128.2, 127.8
(2C), 127.5, 125.4, 112.2, 103.6, 87.9, 86.5, 56.3, 51.0 ppm. Anal.
Calcd for C20H17NO: C, 83.59; H, 5.96. Found: C, 83.76; H, 6.08.

1-(1-Benzyl-4-(phenylethynyl)-1H-pyrrol-2-yl)ethanol (14e). Fol-
lowing general procedure for the synthesis of pyrroles 14, starting
from 2a (30.3 mg, 0.23 mmol, 1.0 equiv), potassium phenyl-
ethynyltrifluoroborate 11i (73.1 mg, 0.35 mmol, 1.5 equiv) and
tetrabutylammonium hydrogenosulfate (39.7 mg, 0.12 mmol, 0.5
equiv) in DCM anh. (4.6 mL) at rt for 48 h. Then, benzyl amine (26
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μL, 0.23 mmol, 1.0 equiv) and p-toluenesulfonic acid (4.4 mg, 0.02
mmol, 0.1 equiv) in toluene (1.2 mL) at rt for 12 h. The crude
product was purified via flash column chromatography on silica gel
eluting with Hexane:AcOEt 8:2 to afford a yellow oil (57.2 mg, 81%
yield). 1H NMR (300 MHz, acetone-d6) δ 7.25−7.46 (m, 8H), 7.17
(d, J = 7.4 Hz, 2H), 7.05 (d, J = 1.7 Hz, 1H), 6.23 (d, J = 1.0 Hz, 1H),
5.41 (d, J = 15.8 Hz, 1H), 5.25 (d, J = 15.8 Hz, 1H), 4.73 (q. J = 6.5
Hz, 1H), 4.04 (d, J = 6.5 Hz, 1H), 1.43 (d, J = 6.5 Hz, 3H) ppm. 13C
NMR (75 MHz, CDCl3) δ 139.4, 138.2, 131.7, 129.4, 129.3, 128.2,
128.1, 127.7, 127.2, 125.4, 109.6, 103.4, 87.9, 86.6, 62.0, 51.1.22.8
ppm. Anal. Calcd for C21H19NO: C, 83.69; H, 6.35. Found: C, 83.60;
H, 6.34.
(E)-(1-Benzyl-5-phenyl-3-styryl-1H-pyrrol-2-yl)methanol (15a).

Following general procedure for the synthesis of pyrroles 15, starting
from 2g (29.7 mg, 0.16 mmol, 1.0 equiv), potassium trans-
styryltrifluoroborate 11a (39.4 mg, 0.19 mmol, 1.2 equiv) and
TFAA (22 μL, 0.16 mmol, 1.0 equiv) in DCM anh. (1.0 mL) for 1 h.
Then, benzylamine (17 μL, 0.16 mmol, 1.0 equiv) and p-
toluenesulfonic acid (3.0 mg, 0.02 mmol, 0.1 equiv) in toluene (0.8
mL) at rt for 12 h. The crude product was purified via flash column
chromatography on silica gel eluting with Hexane:AcOEt 8:2 (42.1
mg, 72% yield). 1H NMR (300 MHz, acetone-d6) δ 7.55−7.53 (m,
2H), 7.35−7.26 (m, 12H), 6.98−6.96 (m, 3H), 6.61 (s, 1H), 5.41 (s,
2H), 4.62 (s, 2H), 4.07 (bs, 1H) ppm. 13C NMR (75 MHz, acetone-
d6) δ 140.3, 139.6, 137.1, 134.0, 133.7, 129.6 (2C), 129.5 (2C), 129.4
(2C), 129.3 (2C), 128.2, 127.8, 127.2, 126.6 (2C), 126.4 (2C), 125.4,
122.2, 122.0, 106.1, 53.8, 48.2 ppm. Anal. Calcd for C26H23NO: C,
85.45; H, 6.34. Found: C, 85.35; H, 6.48.
(E)-(1-Benzyl-5-phenyl-3-(3-phenylprop-1-en-1-yl)-1H-pyrrol-2-

yl)methanol (15b). Following general procedure for the synthesis of
pyrroles 15, starting from 2g (29.8 mg, 0.16 mmol, 1.0 equiv),
potassium trans-3-phenyl-1-propen-1-yltrifluoroborate 11e (42.6 mg,
0.19 mmol, 1.2 equiv) and TFAA (22 μL, 0.16 mmol, 1.0 equiv) in
DCM anh. (1.0 mL) for 3 h. Then, benzylamine (17 μL, 0.16 mmol,
1.0 equiv) and p-toluenesulfonic acid (3.0 mg, 0.02 mmol, 0.1 equiv)
in toluene (0.8 mL) at rt for 12 h. The crude product was purified via
flash column chromatography on silica gel eluting with Hexane:A-
cOEt 8:2 (46.7 mg, 77% yield). 1H NMR (500 MHz, acetone-d6) δ
7.32−7.26 (m, 11H), 7.22−7.19 (m, 2H), 6.92 (d, J = 7.3 Hz, 2H),
6.56 (d, J = 15.6 Hz, 1H), 6.40 (s, 1H), 6.11 (dt, J = 15.6, Hz, J = 7.1
Hz, 1H), 5.36 (s, 2H), 4.49 (d, J = 5.3 Hz, 2H), 3.93 (t, J = 5.3 Hz,
1H), 3.52 (d, J = 7.1 Hz, 2H) ppm. 13C NMR (125 MHz, acetone-d6)
δ 142.1, 140.5, 136.6, 134.2, 132.1, 129.6 (2C), 129.5 (2C), 129.4
(2C), 129.3 (2C), 129.2 (2C), 128.0, 127.7, 126.7, 126.4 (2C), 125.9,
124.0, 122.1, 106.3, 53.9, 48.1, 40.2 ppm. Anal. Calcd for C27H25NO:
C, 85.45; H, 6.64. Found: C, 85.31; H, 6.75.
(E)-(1-Benzyl-5-methyl-3-styryl-1H-pyrrol-2-yl)methanol (15c).

Following general procedure for the synthesis of pyrroles 15, starting
from 2f (30.5 mg, 0.24 mmol, 1.0 equiv), potassium trans-
styryltrifluoroborate 11a (65.0 mg, 0.29 mmol, 1.2 equiv) and
TFAA (33 μL, 0.24 mmol, 1.0 equiv) in DCM anh. (1.4 mL) for 1 h.
Then, benzylamine (26 μL, 0.24 mmol, 1.0 equiv) and p-
toluenesulfonic acid (4.6 mg, 0.02 mmol, 0.1 equiv) in toluene (1.2
mL) at rt for 12 h. The crude product was purified via flash column
chromatography on silica gel eluting with Hexane:AcOEt 8:2 (36.4
mg, 50% yield). 1H NMR (300 MHz, acetone-d6) δ 7.50 (d, J = 7.6
Hz, 2H), 7.34−7.13 (m, 8H), 7.01 (d, J = 7.5 Hz, 2H), 6.78 (d, J =
16.1 Hz, 1H), 6.23 (s, 1H), 5.28 (s, 2H), 4.62−4.61 (m, 2H), 3.92 (t,
J = 5.4 Hz, 1H), 2.11 (s, 3H) ppm. 13C NMR (75 MHz, acetone-d6) δ
139.9, 139.8, 132.2, 131.2, 129.4 (2C), 129.3 (2C), 127.8, 126.9,
126.7 (2C), 126.4 (2C), 124.2, 122.5, 120.9, 104.0, 53.5, 47.4, 12.3
ppm. Anal. Calcd for C21H21NO: C, 83.13; H, 6.98. Found: C, 83.29;
H, 6.90.
(1-Benzyl-3,5-diphenyl-1H-pyrrol-2-yl)methanol (15d). Following

general procedure for the synthesis of pyrroles 15, starting from 2g
(30.3 mg, 0.16 mmol, 1.0 equiv), potassium phenyltrifluoroborate 11f
(34.8 mg, 0.19 mmol, 1.2 equiv) and TFAA (22 μL, 0.16 mmol, 1.0
equiv) in DCM anh. (1.0 mL) for 1 h. Then, benzylamine (17 μL,
0.16 mmol, 1.0 equiv) and p-toluenesulfonic acid (3.0 mg, 0.02 mmol,
0.1 equiv) in toluene (0.8 mL) at rt for 12 h. The crude product was

purified via flash column chromatography on silica gel eluting with
Hexane:AcOEt 8:2 (38.0 mg, 70% yield). 1H NMR (300 MHz,
acetone-d6) δ 7.62−7.58 (m, 2H), 7.42−7.22 (m, 11H), 6.98 (d, J =
7.1 Hz, 2H), 6.44 (s, 1H), 5.47 (s, 2H), 4.55−4.53 (m, 2H), 4.07 (t, J
= 4.8 Hz, 1H) ppm. 13C NMR (75 MHz, acetone-d6) δ 140.4, 137.5,
136.1, 134.2, 130.8 129.6 (2C), 129.5 (2C), 129.3 (2C), 129.2 (2C),
129.0 (2C), 128.1, 127.8, 126.5, 126.4 (2C), 125.8, 109.4, 54.7, 48.3
ppm. Anal. Calcd for C24H21NO: C, 84.92; H, 6.24. Found: C, 85.11;
H, 6.15.

(1-Benzyl-3-(4-methoxyphenyl)-5-phenyl-1H-pyrrol-2-yl)-
methanol (15e). Following general procedure for the synthesis of
pyrroles 15, starting from 2g (30.4 mg, 0.16 mmol, 1.0 equiv),
potassium 4-mehtoxyphenyltrifluoroborate 11m (40.7 mg, 0.19
mmol, 1.2 equiv) and TFAA (22 μL, 0.16 mmol, 1.0 equiv) in
DCM anh. (1.0 mL) for 3 h. Then, benzylamine (17 μL, 0.16 mmol,
1.0 equiv) and p-toluenesulfonic acid (3.0 mg, 0.02 mmol, 0.1 equiv)
in toluene (0.8 mL) at rt for 12 h. The crude product was purified via
flash column chromatography on silica gel eluting with Hexane:A-
cOEt 8:2 (47.8 mg, 81% yield). 1H NMR (300 MHz, acetone-d6) δ
7.52 (d, J = 8.9 Hz, 2H), 7.37−7.22 (m, 8H), 6.99−6.96 (m, 4H),
6.39 (s, 1H), 5.44 (s, 2H), 4.51 (s, 2H), 4.06 (bs, 1H), 3.81 (s, 3H)
ppm. 13C NMR (75 MHz, acetone-d6): 159.1, 140.5, 139.5, 134.3,
130.4, 130.0 (2C), 129.9, 129.6 (2C), 129.4 (2C), 129.3 (2C), 128.0,
127.8, 126.4 (2C), 125.6, 114.7 (2C), 109.3, 55.5, 54.9, 48.3 δ ppm.
Anal. Calcd for C25H23NO2: C, 81.27; H, 6.27. Found: C, 81.22; H,
6.38.

(2S,3R,6R)-6-Methyl-5-oxo-3-((E)-styryl)tetrahydro-2H-pyran-2-
yl acetate (16a). Following general procedure for the synthesis of
compounds 16, Conditions C, starting from 2a (29.4 mg, 0.23 mmol,
1.0 equiv), potassium trans-styryltrifluoroborate 11a (73.8 mg, 0.35
mmol, 1.5 equiv) and tetrabutylammonium hydrogenosulfate (39.7
mg, 0.12 mmol, 0.5 equiv) in DCM anh. (4.6 mL) at rt for 48 h.
Then, Ac2O (22 μL, 0.23 mmol, 1.0 equiv), DMAP (1.4 mg, 0.012
mmol, 5% mmol) and Et3N (65 μL, 0.47 mmol, 2.0 equiv) at 0 °C for
1 h. The crude product was purified via flash column chromatography
on silica gel eluting with Hexane:AcOEt 8:2 to afford a yellow oil
(52.6 mg, 82% yield, dr 90:10). 1H NMR (300 MHz, CDCl3) δ 7.14−
7.34 (m, 5H), 6.42 (d, J = 15.8 Hz, 1H), 6.09 (d, J = 5.4 Hz, 1H),
6.03 (dd, J = 15.8 Hz, J = 7.7 Hz, 1H), 4.31 (q. J = 6.8 Hz, 1H),
2.93−3.06 (m, 1H), 2.51−2.69 (m, 2H), 2.08 (s, 3H), 1.27 (d, J = 6.8
Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 208.9, 169.9, 136.4,
133.0, 128.8, 128.2, 126.6, 126.5, 94.4, 73.2, 42.2, 39.5, 21.3, 15.1
ppm. Anal. Calcd for C16H18O4: C, 70.06; H, 6.61. Found: C, 70.14;
H, 6.59.

(2S,3R,6R)-6-Methyl-3-(2-methylprop-1-en-1-yl)-5-oxotetrahy-
dro-2H-pyran-2-yl acetate (16b). Following general procedure for
the synthesis of compounds 16, Conditions C, starting from 2a (29.9
mg, 0.23 mmol, 1.0 equiv), potassium 2-methyl-1-propenyltrifluor-
oborate 11k (56.9 mg, 0.35 mmol, 1.5 equiv) and tetrabutylammo-
nium hydrogenosulfate (39.7 mg, 0.12 mmol, 0.5 equiv) in DCM anh.
(4.6 mL) at rt for 48 h. Then, Ac2O (22 μL, 0.23 mmol, 1.0 equiv),
DMAP (1.4 mg, 0.012 mmol, 5% mmol) and Et3N (65 μL, 0.47
mmol, 2.0 equiv) at 0 °C for 1 h. The crude product was purified via
flash column chromatography on silica gel eluting with Hexane:A-
cOEt 8:2 to afford a colorless oil (33.9 mg, 64% yield, dr 95:5). 1H
NMR (300 MHz, CDCl3) δ 5.97 (d, J = 5.3 Hz, 1H), 5.02 (dt, J = 9.4
Hz, J = 1.3 Hz, 1H), 4.33 (c. J = 6.8 Hz, 1H), 3.02−3.13 (m, 1H),
2.36−2.57 (m, 2H), 2.12 (s, 3H), 1.71 (s, 3H), 1.64 (s, 3H), 1.31 (d,
J = 6.8 Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 209.7, 170.0,
136.4, 121.8, 95.2, 73.0, 40.1, 37.9, 25.9, 21.4, 18.3, 15.1 ppm. Anal.
Calcd for C12H18O4: C, 63.70; H, 8.02. Found: C, 63.75; H, 8.03.

(2S,3R,6R)-3-(Cyclohex-1-en-1-yl)-6-methyl-5-oxotetrahydro-2H-
pyran-2-yl acetate (16c). Following general procedure for the
synthesis of compounds 16, Conditions C, starting from 2a (29.5 mg,
0.23 mmol, 1.0 equiv), potassium cyclohexenyltrifluoroborate 11l
(66.0 mg, 0.35 mmol, 1.5 equiv) and tetrabutylammonium hydro-
genosulfate (39.7 mg, 0.12 mmol, 0.5 equiv) in DCM anh. (4.6 mL)
at rt for 18 h. Then, Ac2O (22 μL, 0.23 mmol, 1.0 equiv), DMAP (1.4
mg, 0.012 mmol, 5% mmol) and Et3N (65 μL, 0.47 mmol, 2.0 equiv)
at 0 °C for 1 h. The crude product was purified via flash column
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chromatography on silica gel eluting with Hexane:AcOEt 8:2 to afford
a colorless oil (31.3 mg, 53% yield, dr 89:11). 1H NMR (300 MHz,
CDCl3) δ 6.12 (d, J = 5.4 Hz, 1H), 5.55 (s, 1H), 4.28 (c. J = 6.6 Hz,
1H), 2.41−2.70 (m, 3H), 2.11 (s, 3H), 1.90−2.05 (m, 4H), 1.51−
1.65 (m, 4H), 1.31 (d, J = 6.6 Hz, 3H) ppm. 13C NMR (75 MHz,
CDCl3) δ 210.9, 170.1, 134.4, 125.5, 94.0, 72.6, 45.6, 38.5, 26.4, 25.3,
22.8, 22.2, 21.4, 15.3 ppm. Anal. Calcd for C14H20O4: 66.65; H, 7.99.
Found: 66.59; H, 8.01.
(2S,3R,6R)-3-(Benzofuran-2-yl)-6-methyl-5-oxotetrahydro-2H-

pyran-2-yl acetate (16d). Following general procedure for the
synthesis of compounds 16, Conditions C, starting from 2a (29.4 mg,
0.23 mmol, 1.0 equiv), potassium benzofuran-2-trifluoroborate 11m
(78.7 mg, 0.35 mmol, 1.5 equiv) and tetrabutylammonium hydro-
genosulfate (39.7 mg, 0.12 mmol, 0.5 equiv) in DCM anh. (4.6 mL)
at rt for 24 h. Then, Ac2O (22 μL, 0.23 mmol, 1.0 equiv), DMAP (1.4
mg, 0.012 mmol, 5% mmol) and Et3N (65 μL, 0.47 mmol, 2.0 equiv)
at 0 °C for 1 h. The crude product was purified via flash column
chromatography on silica gel eluting with Hexane:AcOEt 8:2 to afford
a yellow oil (53.3 mg, 79% yield, dr 92:8). 1H NMR (300 MHz,
CDCl3) δ 7.49−7.55 (m, 1H), 7.41−7.47 (m, 1H), 7.18−7.31 (m,
2H), 6.47−6.58 (m, 2H), 4.43 (c. J = 6.6 Hz, 1H), 3.64−3.78 (m,
1H), 2.92−3.03 (m, 2H), 2.17 (s, 3H), 1.35 (d, J = 6.6 Hz, 3H) ppm.
13C NMR (75 MHz, CDCl3) δ 207.6, 169.6, 155.0, 154.7, 128.1,
124.5, 123.1, 121.1, 111.3, 104.2, 92.5, 73.3, 39.3, 38.0, 21.2, 15.2
ppm. Anal. Calcd for C16H16O5: C, 66.66; H, 5.59. Found: C, 66.58;
H, 5.60.
(2S,3R,6R)-6-Methyl-5-oxo-3-(phenylethynyl)tetrahydro-2H-

pyran-2-yl acetate (16e). Following general procedure for the
synthesis of compounds 16, Conditions C, starting from 2a (29.8 mg,
0.23 mmol, 1.0 equiv), potassium phenylethynyltrifluoroborate 11i
(73.1 mg, 0.35 mmol, 1.5 equiv) and tetrabutylammonium hydro-
genosulfate (39.7 mg, 0.12 mmol, 0.5 equiv) in DCM anh. (4.6 mL)
at rt for 48 h. Then, Ac2O (22 μL, 0.23 mmol, 1.0 equiv), DMAP (1.4
mg, 0.012 mmol, 5% mmol) and Et3N (65 μL, 0.47 mmol, 2.0 equiv)
at 0 °C for 1 h. The crude product was purified via flash column
chromatography on silica gel eluting with Hexane:AcOEt 8:2 to afford
a colorless oil (47.4 mg, 75% yield, dr 98:2). 1H NMR (300 MHz,
CDCl3) δ 7.23−7.46 (m, 5H), 6.36 (d, J = 4.6 Hz, 1H), 4.36 (q. J =
6.9 Hz, 1H), 3.37−3.45 (m, 1H), 2.89 (dd, J = 16.0 Hz, J = 5.4 Hz,
1H), 2.78 (dd, J = 16.0 Hz, J = 8.0 Hz, 1H), 2.18 (s, 3H), 1.38 (d, J =
6.5 Hz, 3H) ppm. 13C NMR (75 MHz, CDCl3) δ 206.9, 169.6, 131.8,
128.7, 128.4, 122.4, 93.0, 85.5, 85.1, 73.3, 39.5, 32.8, 21.3, 15.3 ppm.
Anal. Calcd for C16H16O4: C, 70.57; H, 5.92. Found: C, 70.50; H,
5.93.
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ÓDoherty, G. A. De Novo Asymmetric Synthesis of the Pyranoses:
From Monosaccharides to Oligosaccharides. Adv. Carb. Chem.
Biochem. 2013, 69, 55−123. (b) Palfram, M. J.; Pattenden, G. The
Versatility of Furfuryl Alcohols and Furanoxonium Ions in Synthesis.
Chem. Commun. 2014, 50, 7223−7242. (c) Song, W.; Wang, S.; Tang,
W. De Novo Synthesis of Mono- and Oligosaccharides via
Dihydropyran Intermediates. Chem. - Asian J. 2017, 12, 1027−1042.
(d) Vetica, F.; Chauhan, P.; Dochain, S.; Enders, D. Asymmetric
Organocatalytic Methods for the Synthesis of Tetrahydropyrans and
their Application in Total Synthesis. Chem. Soc. Rev. 2017, 46, 1661−
1674.
(4) (a) Comely, A. C.; Eelkema, R.; Minnaard, A. J.; Feringa, B. L.
De Novo Asymmetric Bio- and Chemo-Catalytic Synthesis of
Saccharides - Stereoselective Formal O-Glycoside Bond Formation
Using Palladium Catalysis. J. Am. Chem. Soc. 2003, 125, 8714−8715.
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Sancho, F.; Csaḱÿ, A. G. C-C Bond Formation with Boronic Acids
and Derivatives by Transition-Metal-Free Conjugate Addition
Reactions. Synthesis 2016, 48, 2165−2177. (b) Nguyen, T. N.;
May, J. A. Enantioselective Organocatalytic Conjugate Addition of
Organoboron Nucleophiles. Tetrahedron Lett. 2017, 58, 1535−1544.
(15) Due to their interest in the preparation of cyclopentenones, 5-
membered heterocycles and 6-membered heterocycles, the synthesis
of 1,4-diketones has received considerable attention in recent
literature. For some recent reports, see: (a) Setzer, P.;
Beauseigneur, A.; Pearson-Long, M. S. M.; Bertus, P. Titanium-
Mediated Synthesis of 1,4-Diketones from Grignard Reagents and
Acyl Cyanohydrins. Angew. Chem., Int. Ed. 2010, 49, 8691−8694.
(b) Parida, B. B.; Das, P. P.; Niocel, M.; Cha, J. K. C-Acylation of
Cyclopropanols: Preparation of Functionalized 1,4-Diketones. Org.
Lett. 2013, 15, 1780−1783. (c) Zhang, F.; Du, P.; Chen, J.; Wang, H.;
Luo, Q.; Wan, X. Co-Catalyzed Synthesis of 1,4-Dicarbonyl
Compounds Using TBHP Oxidant. Org. Lett. 2014, 16, 1932−
1935. (d) Luo, J.; Jiang, Q.; Chen, H.; Tang, Q. Catalyst-Free
Formation of 1,4-Diketones by Addition of Silyl Enolates to Oxyallyl
Zwitterions In Situ Generated From α-Haloketones. RSC Adv. 2015,
5, 67901−67908. (e) Stepherson, J. R.; Fronczek, F. R.; Kartika, R. An
Expedient Synthesis of Functionalized 1,4-Diketone-Derived Com-
pounds via Silyloxyallyl Cation Intermediates. Chem. Commun. 2016,
52, 2300−2303. (f) Yin, H.; Nielsen, D. U.; Johansen, M. K.;
Lindhardt, A. T.; Skrydstrup, T. Development of a Palladium-
Catalyzed Carbonylative Coupling Strategy to 1,4-Diketones. ACS
Catal. 2016, 6, 2982−2987.
(16) (a) Khaghaninejad, S.; Heravi, M. M. Paal-Knorr Reaction in
the Synthesis of Heterocyclic Compounds. Adv. Heterocycl. Chem.
2014, 111, 95−146. (b) Vessally, E. A New Avenue to The Synthesis
of Highly Substituted Pyrroles: Synthesis from N-Propargylamines.
RSC Adv. 2016, 6, 18619−18631.
(17) (a) Hobson, S. J.; Marquez, R. Stereocontrolled Synthesis of
Highly Functionalized Spirocyclic Pyrans. Org. Biomol. Chem. 2006, 4,
3808−3814. (b) Srihari, P.; Sridhar, Y. Total Synthesis of Both
Enantiomers of Macrocyclic Lactone Aspergillide C. Eur. J. Org. Chem.
2011, 2011, 6690−6697.

(18) For representative examples, see: (a) Yunker, M. B.; Plaumann,
D. E.; Bert Fraser-Reid, B. The Stereochemistry of Conjugate
Addition of Lithium Dialkyl Cuprate Reagents to some Carbohydrate
α-Enones. Can. J. Chem. 1977, 55, 4002−4009. (b) Paulsen, H.;
Koebernick, W. Branched-chain sugars. XVIII. Stereoselective Syn-
thesis of Branched-Chain Sugars by 1,4-Addition of Carbanions to
Pyranoside Enones. Chem. Ber. 1977, 110, 2127−2145. (c) Martin, S.
F.; Dodge, J. A.; Burgess, L. E.; Hartmann, M. A Formal Total
Synthesis of (+)-Macbecin I. J. Org. Chem. 1992, 57, 1070−1072.
(d) Lipshutz, B. H.; Wood, M. R.; Tirado, R. Michael Additions of
Functionalized Organozinc Reagents Mediated by Catalytic Quanti-
ties of Copper(I). J. Am. Chem. Soc. 1995, 117, 6126−6127.
(e) Achmatowicz, O.; Szechner, B.; Maurin, J. K. Addition of
Organolithium Reagents to some Carbohydrate Enones. Tetrahedron
1997, 53, 6035−6044. (f) van der Deen, H.; Kellogg, R. M.; Feringa,
B. L. Remarkable O(2)-Effect in 1,4-Additions of Diethylzinc to 6-
Acyloxy-2H-pyran-3(6H)-ones and 6-Alkoxy-2H-pyran-3(6H)-ones.
Org. Lett. 2000, 2, 1593−1595. (g) Baba, T.; Huang, G.; Isobe, M.
Synthesis of the JKLM-Ring Fragment of Ciguatoxin. Tetrahedron
2003, 59, 6851−6872. (h) Sugawara, K.; Imanishi, Y.; Hashiyama, T.
A Total Synthesis of (17S)-Hexahydro-TMC-69. Heterocycles 2007,
71, 597−607.
(19) For representative examples, see: (a) Fraser-Reid, B.; Holder,
N. L.; Yunker, M. B. Ground and Excited State 1,4-Addition
Reactions of Carbohydrate Enones. J. Chem. Soc., Chem. Commun.
1972, 1286−1287. (b) Fraser-Reid, B.; Holder, N. L.; Hicks, D. R.;
Walker, D. L. Synthetic Applications of the Photochemically Induced
Addition of Oxycarbinyl Species to α-Enones. Part I. The Addition of
Simple Alcohols. Can. J. Chem. 1977, 55, 3978−3985. (c) Sibi, M. P.;
Yu, A. Diastereoselective Conjugate Radical Additions to β-
Pyranones. Synlett 2007, 2007, 3193−3197.
(20) Cu-catalyzed addition of vinylmagnesium bromide: Lipshutz, B.
H.; Sengupta, S. Organocopper Reagents: Substitution, Conjugate
Addition, Carbo/Metallocupration, and other Reactions. Org. React.
1992, 41, 135−631.
(21) Cu-catalyzed addition of phenylmagnesium bromide: Sugawara,
K.; Hashiyama, T. Stereoselective Nucleophilic Substitution Of 6-
(tert-Butyldimethylsilyloxy)-3,6-dihydro-2H-pyran-3-yl Acetate: Ap-
plication to the Synthesis of a NK1 Receptor Antagonist. Tetrahedron
Lett. 2007, 48, 3723−3726.
(22) For the reaction of boronic acids and potassium organo-
trifluoroborates with oxonium cations derived from acetals under
transition-metal-free conditions, see ref 13, and in addition: (a) Baxter,
M.; Bolshan, Y. General Access to Propargylic Ethers through
Bronsted Acid Catalyzed Alkynylation of Acetals and Ketals with
Trifluoroborates. Chem. - Eur. J. 2015, 21, 13535−13538. (b) Luan,
Y.; Barbato, K. S.; Moquist, P. N.; Kodama, T.; Schaus, S. E.
Enantioselective Synthesis of 1,2-Dihydronaphthalene-1-carbalde-
hydes by Addition of Boronates to Isochromene Acetals Catalyzed
by Tartaric Acid. J. Am. Chem. Soc. 2015, 137, 3233−3236. (c) Qian,
H.; Zhao, W.; Wang, Z.; Sun, J. Organocatalytic Enantio- and
Diastereoselective Synthesis of 1,2-Dihydronaphthalenes from Iso-
benzopyrylium Ions. J. Am. Chem. Soc. 2015, 137, 560−563.
(d) Fisher, K. M.; Bolshan, Y. Bronsted Acid-Catalyzed Direct
Substitution of 2-Ethoxytetrahydrofuran with Trifluoroborate Salts.
Catalysts 2016, 6, 94−98.
(23) For conjugate additions of boronic acids to γ-oxygen-
substituted enones, see: Roscales, S.; Csaḱÿ, A. G. Trifluoroacetic
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