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Abstract — The synthesis of alkylated 6-hydroxyisochromenes and alkylated
6-hydroxyisocoumarins from 3-ethoxycyclohex-2-en-1-one was developed. The
key reaction features a novel intramolecular hydroalkoxylation of a
cyclohex-2-en-3-yn-1-one to assemble the dihydropyran moiety. Aromatization
of the cyclohex-2-en-1-one ring used a selenylation/oxidative elimination
sequence. The isochromenes were oxidized to their isocoumarin analogues

using DDQ.

Our synthesis of (—)-salviasperanol featured a novel intramolecular Friedel-Crafts reaction, also known as
a cyclialkylation.! In particular, enynone 1 was treated with excess Lewis acid and a catalytic amount of
ethanethiol and formed 6,7,6-fused tricycle 2 in 94% yield (Scheme 1).> In order to synthesize the
icetexone diterpenes,’ enynone 3 with a benzyl ether at C-19 was prepared. Although the desired ring

closure occurred in 85% yield (cf. 4), all conditions used to deprotect the benzyl ether also reduced the

cyclohexene double bond. A p-methoxybenzyl ether (PMB), a more labile protecting group, was also

__ (2equiv) _ (2equiv)

EtSH (0.2 equiv.) EtSH (0.2 equiv.)
1 (94%) 2 OCH,CeHs (85%) OCHCefs
3 4

Scheme 1



964 HETEROCYCLES, Vol. 84, No. 2, 2012

examined. Although PMB ethers can be deprotected by using Lewis acid catalysts and thiols,' we
hoped that the cyclization of 5 to tricycle 6 would occur without the loss of the PMB ether.” In contrast
to enynones 1 and 3, excess BF;-Et,O and a catalytic amount of EtSH failed to promote the cyclization of
5. Instead, treatment of 5 with two equivalents of BF;-Et,0 and 1.2 equivalents of EtSH in dilute DCM
at room temperature produced dihydropyran 7 in 85% yield (Scheme 2). This transformation begins
with the Lewis acid activation of the oxygen of the C-19 ether to produce intermediate i. The
ethanethiol present undergoes S\2 displacement at the benzylic position of the PMB ether to generate
intermediates ii and iii; proton transfer produces thioether PMBSEt (iv) and alcohol v. Because an
excess of ethanethiol was used, enynone v then undergoes 1,6-addition of EtSH to generate vinyl sulfide
vi in situ. Dihydropyran formation results from an addition/elimination sequence as shown (i.e., vi— vii

— viii — 7). The rapid nature of this transformation precluded the isolation of alcohol v or vinyl sulfide vi.

CH3O0  OCH, - n B
BF3Et,0
(2 equiv.) SN2
OCH,4
EtSH 05
(1.2 equiv.) N
OPMB 5 Fa” M8
L EtSH - -
(i) proton transfer,
loss of BF3
and PMSEt (iv)
PME = g + BF
T O CHz0 B O}BF3 (o ’ .
CH, 3 | Lewis 16-
loss of acid- additon
-SEt promoted of EtSH
OCHj4 and BF3 g? ring closure >
~—
O (sEt D SEt OH SEt
Ho ..
(viii) (vii) (vi)

Scheme 2

It occurred to us that, by analogy with the formation of v, enynone 11 would undergo an intramolecular
hydroalkoxylation to produce dihydropyran 10 having the salient features of the isocoumarins (Scheme 3).
Enynone 11 was expected to be prepared from alcohol 12, the product of an aldol reaction of
formaldehyde and the kinetic enolate of 3-ethoxycyclohex-2-en-1-one (13).° Many reagents aromatize
cyclohexenones, making the transformation of 10 — 9 attractive to us.  The final synthetic step would
be the benzylic oxidation of isochromene 9 to produce 6-hydroxyisocoumarin 8.  The simplicity of this

unknown route warranted its investigation.
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A large number of naturally-occurring 6-hydroxyisocoumarins have been isolated from plants, molds,
lichens, bacteria, and insect sources.” Many isocoumarins exhibit useful biological activity (Figure 1),
i.e., galloflavin, which has a gallic acid subunit, is an HIV-inhibitor whereas brevifolin carboxylic acid,
isolated from the Rose plant Geranium Bellum, inhibited triosephosphate isomerase from Trypsanoma
cruzi and showed cytotoxic activity in the low micromolar range.”* In addition, bergenin has been

identified as the antiarrythmic constituent in Fluggea virosa.'**

OH OH
HO OH
CO,H
l HO I
(0] (0] (6) (0] (CH,)4CH3
O
galloflavin brevifolin carboxylic acid bergenin arthonia acid
(HIV-inhibitor)”@ (cytotoxic acitivity) "¢ (antiarrhythimic)7d-e (wine stabilizen™
OCHs OH OH OH
HO OH CH,0 cl
CHs CeHs
HO © HO
l | [ )—coeH |
07 07 CH, 07 07 CeHs 070 0707 CH,
polgonolide xyridin A isogallofavin avicennin A
(anti-inflammatory)”9 (metabolite analogue)’" (anti-bacterial)’"1 (anti-fungal)’®
Figure 1

Chart 1 presents four representative strategies to prepare isocoumarins from a plethora of routes which
have been extensively reviewed.® The most versatile method for the construction of isocoumarins is the
transition-metal mediated cycloisomerization of alkenyl- or alkynylbenzoic acid derivatives. For
example, Hegedus and co-workers treated the sodium salt of o-bromobenzoates (ix) with m-allylnickel
bromide to afford allyl benzoates x (eq. 1).” These carboxylic acids were then treated with PACl, in the
presence of Na,CO, to yield 3-substituted isocoumarins (cf. xi). The directed o-metallation of aromatic
amides, carbamates, or other directing groups allowed for electrophile trapping, to form isocoumarins
with a high degree of structural diversity (xii — xiii — xiv, eq. 2)."° In 1984, Larock reported that

o-thallated benzoic acid derivative xv was produced by treating benzoic acid with TI(O,CCF;); (eq. 3).
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Intermediate xv underwent vinylation and subsequent Pd(II)-catalyzed cyclization to produce
3-substituted isocoumarin xvi.'"" Yamamoto and co-workers have developed many methods to prepare
isocoumarins. For example, they have reported that Cu(I) catalysis in the presence of an alcohol formed
only acetal xvii, while Cu(II) catalysis produced a mixture of acetals xvii and xviii in 89% yield in a 1:1
ratio (eq. 4)."”  While these methods represent efficient routes to prepare the isocoumarin framework,
they are all limited to the availability of an appropriately substituted aromatic precursor. Herein, we

report a new approach to prepare alkylated 6-hydroxyisochromenes and alkylated 6-hydroxyisocoumarins

whereby the dihydropyran ring is formed before the aromatic ring is formed.

RZ
CON {( N_,Br\ 0]
a —Ni
R1_I N 2 1. \/2 10 AN COQH PdC|2 N O
L RC P Na,CO R (ea- 1)
Br 2. HsO" R? 23 Z N Re
(ix) (x) (xi)
0 Q o
\m, AU DMG £ @NRZ @ii(i
2 —_—
TMEDA @[Li E - Z R (ea.2)
. (xiv)
(xii) (xiii)
ZR o)
eq. 3
= CF3CO.H TI(O,CCFa), ii. Na,COg, TEA A Sg (eq.8)
(xv) (60-80%) (xvi)
H OCH
H 3
o DMF, CHZOH OCHs
- | A 0 + O (eq. 4)
N CuBr XVii (92%); XViii 0% P \
TSN .p; CuCly Xvii (44%); xviii (44%) n-Pr Pr
(xvii) (xviii)
Chart 1

RESULTS AND DISCUSSION

We believed that bubbling gaseous formaldehyde into a solution containing the kinetic enolate derived
from 13 would readily produce aldol product 12 (Scheme 4)." Instead, bis-hydroxymethylated diol 14
was the major product (36% yield). The formation of 14 was overcome for the most part by adding
vacuum-dried solid paraformaldehyde to a solution of the preformed kinetic enolate stirred at 0 °C.
Although this reaction never went to completion, workup and isolation afforded 12 (60%), recovered 13

(32%), and only a trace of 14. The next step was to introduce the enynone moiety. Although the
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addition of lithium acetylide to enone 12 would give 16 directly, lithium (trimethylsilyl)acetylide was
more convenient to work with. Enone 12 in THF was added dropwise to a solution of lithium
(trimethylsilyl)acetylide stirred at O °C until TLC analysis indicated that the 1,2-addition was complete.
Note that this reaction did not suffer retro-aldol fragmentation (i.e., 12 — 13). The trimethylsilyl group
was removed from alkyne 15 with TBAF in 82% yield. Treatment of enynone 16 with 1.5 equivalent of
BF;-Et,0 in the presence of 1.2 equivalents of EtSH rapidly formed vinyl sulfide 17 by the 1,6-addition of
the ethanethiol; 17 could be isolated or transformed in 82% yield to dihydropyran 10 upon continued

exposure to Lewis acid. The mechanism for the formation of 10 parallels the mechanism that was

presented in Scheme 2.

1a. LDA, CH,0 (g) OEt 0 T o ] o)
OEt 12 (21%}) and 2.i. LIC=CTMS 4. BF3-Et20 'BFS,
14 (36%) or ii. HCI (aq) (1.5 equiv.) -EtSH
1b. LDA, O 3 TBAF EtSH (82%)
@O CH,O(s) R 3 S (1.2 equiv.) | |
12 (60%) OH OH 1 DCM, rt oH SEt 0
13 and R=H(12) R, = TMS (15)
14(0%) - cH,0H (14) "_H (16) 17 10
(could be
isolated)
Scheme 4

The aromatization of dihydropyran 10 would give 6-hydroxyisochromene 9. We first tried to achieve
this transformation via a one-pot bromination/elimination sequence (Scheme 5). However, the treatment
of enone 10 with NBS, Br,, or pyridinium hydrobromide perbromide under a variety of different
conditions gave a mixture of bromides 18 and 19 (unoptimized). Bromination occurred first at C-5
because even conjugated enolates such as zwitterion xix react with electrophiles at the a-position.'"* The
in situ generation of HBr would promote enolization of the carbonyl group, resulting in further
bromination of 18 at the C-7 position. We are confident that bromides 18 and 19 will serve as

precursors for the synthesis of halogenated isocoumarins such as aviennin A (20).’

o - (O +
( ~ Br (@]
7 5 —
gt X
[EE— — Y ——
(

| | )
O 0]
B +

10 (xix)

Scheme 5
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The next aromatization procedure we investigated featured the conversion of a cyclohexenone to a
cyclohexadienone using a selenoxide elimination procedure so that tautomerization of the nascent
dienone (cf. xx) would produce the isochromene arene ring (Scheme 6)."” Treatment of 10 with LDA at
-78 °C, followed by the addition of a solution of PhSeCl, gave inconsistent results. However, simply
adding 1.5 equivalents of solid PhSeCl to a solution of 10 in THF at room temperature produced
phenylselenide 21 within a few hours, whereas using EtOAc as the solvent resulted in decomposition.
Phenylselenide 21 was then treated with a threefold excess of 30% aqueous H,O, at room temperature.
Although THF is generally used as the solvent when aqueous H,0,is the oxidant, the reaction time was
shortened to < 30 minutes instead of overnight if EtOAc was used. Standard ethereal workup was
modified to include two basic washes (saturated aqueous NaHCO;) to ensure complete removal of

excess H,O, and the elimination byproduct PhSeOH; otherwise significant decomposition was

observed.
(@] (@] (6] OH
i. LDA PhSe H.0
ii. PhSeCl or 2~2 tautomerization‘
| PhSeCl, THF, rt | EtOAc:H,O ‘ |
rt
o) o) (78% over 0] 0]
2 st L _
steps) (XX)
10 21
Scheme 6

Since many oxidants are known to convert isochroman 22 to isochroman-1-one 23,' the oxidation of
isochromene 9 to isocoumarin 8 was expected to be trivial. Unfortunately, 6-hydroxyisocoumarin 8 was
produced from 9 in only 37% yield using 3 equivalents of CrO, in wet acetic acid at low temperatures
(Scheme 7). Other oxidants such as selenium dioxide, chromium trioxide, potassium permanganate,

PCC, or sodium hypochlorite, failed to react.

OH OH
RZ ] = Crog
~ SeO, or CrO5 or R—\ | (3 equiv.)
KMnO, or Co(aacac)s | (37%) |
O or PCC or NaCIO,
0" © ) o~ O
22 23 9 8

Scheme 7

DDQ can oxidize benzylic, allylic, and heteroatom-activated methylenes and methines."”  Xu'® and

others' have used DDQ in the presence of alcohols to oxidize isochromans to the corresponding C-1
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acetals. In our hands, the treatment of 6-hydroxyisochromene 9 with 2.0 equivalents of DDQ in
1 4-dioxane in an open flask gave a 91% yield of isocoumarin 8 (Scheme 8). We believe that the
oxidation of 9 occurs because of capricious water in the p-dioxane, and not oxygen from the air. The
addition of trace water to isochromenylium intermediate xxi would generate hemiacetal xxii that is further
oxidized by the excess DDQ present to intermediate xxiii to form isocoumarin 8 on deprotonation.
Isocoumarin 8 was also produced when the DDQ oxidation of 9 was carried out in degassed or wet

p-dioxane thus confirming that water is the oxygen source.

OH ~ OH OH OH OH
DDQ
(2.0 equiv) +H0 DDQ - DDQH,
—_— |
| 14-dioxane - || -DDQH, | | (91%) |
rt, 30 min 0 i HO™ N0 HO \O o
B *  DDQH . o
9 (xxi) (xxii) DDQH  (xxiii) - 8
Scheme 8

Since enone 13 is amenable to several synthetic manipulations, we wanted to prepare dialkylated
isochromene derivatives by systematically modifying the general strategy (Scheme 9). The first
modification studied was to carry out the aldol reaction of 13 with an aliphatic aldehyde culminating in
the formation of isochromene A with an alkyl substituent at C-1. We were also curious to see whether
substitution at the terminal position of the alkyne moiety would produce a C-3 substituted isochromene

(cf. B).

OEt
aldol acetylide dihydropyran
reaction addltlon formatlon 5 aromatization
_______ -
0]
1

Ry~ “OH R 03R2

Ry =alkyl or Ry= alkyl'
Ro=H (A) R,=alkyl?(B)

Scheme 9

Our first functionalization of the 6-hydroxyisochromene skeleton was to introduce a substituent at the C-1
position (Scheme 10). This was accomplished by adding an aldehyde, such as acetaldehyde,
propionaldehyde, isobutyraldehyde, pentanal, or benzaldehyde, to the kinetic enolate of 13, giving the
desired aldol adducts in excellent yields and with the diastereomeric ratios shown. While all sets of
diastereomers (24A-D) could be separated by silica gel chromatography, they were carried forward as

diastereomeric mixtures. It should be noted that when benzaldehyde was used in the aldol reaction with
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13, some retro—aldol reaction was observed even at -78 °C. Thus, this reaction occurred in low yield
and further attempts to introduce an aromatic substituent at the C-1 position of the 6-hydroxyisochromene
skeleton were abandoned. Conversion of hydroxyketones 24A-D to enynones 25A-D was accomplished
as described earlier (cf. Scheme 3). A retro-aldol process was observed when 2.5 equivalents of lithium
(trimethylsilyl)acetylide were added to the carbonyl component at 0 °C. Fortunately, carrying out the
1,2-addition of the acetylide anion at -78 °C precluded these side reactions and cleanly gave

TMS-enynones 25A-D. The trimethylsilyl group was removed using TBAF to furnish enynones 26A-D

in high yields.
O R O _
1. i. LDA 2. i. LICG=CTMS TBAE
-78°c, THF MO THF, -78 °C (12equiv) _
OEt ii. RCHO oet - HCI, HO, rt T THE.t
13
R=Me (247) 89%, 1:1 R = Me (25A), 89%, 1:1 R = Me (26A), 82%
Et (24B), 97%, 3:1 Et (25B), 97%, 3:1 Et (26B). 89%
i-Pr (24C), 95%, 9:1 i-Pr (25C), 95%, 9:1 i-Pr (26C), 91%
But (24D), 95%, >9:1 But (26D), 95%, >9:1 But (26D), 92%
Scheme 10

Subjecting enynones 26A-D to 1.5 equivalents BF;-Et,O and 1.2 equivalents of EtSH in DCM at room
temperature for 4-6 hours gave substituted dihydropyrans 28A-D in very good yields (Scheme 11). We
were concerned that the secondary alcohol in 26A-D could dehydrate under the cyclization conditions
used to give 27A-D, but this elimination did not occur.  Aromatization of the cyclohexenone ring was

achieved using the selenylation/oxidation strategy to generate C-1 substituted isochromenes 29A-D in

very high yield.”
o o BF5-Et,0 o
(1.5 equiv). 1. PhSeCl, THF OH
BF5-Et,0 EISH (1.2 equiv.) 2. HpO,, EtOAC
’ (29A)
X elimination N R = Me (28A), 77% R = Me ,90%
| S S Et ((28B)? 89% | Et (29B), 92%
R R™ "OH i-Pr (28C), 69% R™1 0 i-Pr (29C), 87% R0
27-D 26A-D n-But (28D), 91% n-But (29D), 83%
Scheme 11

The introduction of a substituent at the C-3 position of the 6-hydroxyisochromene and isocoumarin
skeletons was accomplished by adding a substituted acetylide anion to enone 12 (Scheme 12).
Treatment of 12 with an excess of the lithium anion of 1-hexyne at 0 °C, followed by acid hydrolysis
gave 30A in excellent yield. Phenylacetylene, which introduced an aryl group at the C-3 position, added

similarly (cf. 30B).  Dihydropyran formation, followed by the aromatization of 30A-B to isochromenes
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31A-B occurred in very good to high yields. Oxidation to the C-3 substituted isocoumarins 32A-B was
accomplished with DDQ in 1,4-dioxane at room temperature. The overall yield of this sequence from

13 is comparable to that of the cycloisomerization of substituted alkenylbenzoic acids.

OEt 1. BF3: EtQO

(1.5 equiv.) DDQ

L Lic=eR. _ EtSH 2 PT'LS,?C' _(2equiv)

1 .2 equiv.)
o ii. i HOL 0 H,0 DCM i 3Et"'02202 14d|oxane
OH o R
R=But (30A), 80% R=But (31A), 88% R=But (32A). 829 o
12 ’ ut (32A), 82% R=But (33A), 71%
Ph (30B) 72% Ph (31B) 61% Ph (32B) 93% Ph (33B) 79%

Scheme 12

In conclusion, we have developed a practical route to prepare 6-hydroxyisochromenes and
6-hydroxyisocoumarins that feature a novel intramolecular hydroalkoxylation reaction, followed by the
aromatization of the cyclohexenone ring. This method provided access to C-1 and C-3 substituted
6-hydroxyisochromenes via slight modifications to the synthetic route. In the final step the
6-hydroxyisochromenes were efficiently oxidized to 6-hydroxycoumarins using DDQ. Further work is

ongoing to fully test the scope and limitations of this new method for heterocycle formation.

EXPERIMENTAL SECTION

General Procedures: All reactions were run under a nitrogen atmosphere and monitored by TLC
analysis. Unless otherwise indicated, all extractive workups consisted of the following procedure: The
reaction was slowly quenched by the addition of saturated aqueous NaHCO,. The aqueous layer was
extracted with two portions of Et,0. The combined ether extracts were washed with water, brine, and
dried over anhydrous sodium sulfate. Filtration, followed by concentration at reduced pressure on a
rotary evaporator and at 100 torr to a constant weight, afforded a crude residue which was purified using
silica gel 60 (230-400 mesh ASTM) and reagent grade petroleum ether (pet ether), Et,0, and EtOAc. 'H
and "C NMR spectra were recorded on Bruker AVB-400 and DRX-500 MHz spectrometers with "*C
operating frequencies of 100 MHz and 125 MHz, respectively. 'H NMR spectra were obtained in CDCl,
and were calibrated using trace CHCI, present (8 7.27) as an internal reference. "“C NMR spectra were

obtained in CDCl, and were calibrated using trace CHCI, present (6 77.23) as an internal reference.

Preparation of 3-ethoxy-6-(hydroxymethyl)cyclohex-2-en-1-one (12): To a solution of
diisopropylamine (33 mL, 0.23 mol) dissolved in 250 mL THF at -78 °C was added n-butyllithium (93.6
mL, 0.23 mol) over a 5-min period. The resulting mixture was allowed to rise to 0 °C over 30 min. A

solution of 13 (30.00 g, 0.21 mol) dissolved in 50 mL of THF was added using a cannula to the reaction
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mixture over a 5-min period and the resulting mixture was stirred at O °C for an additional 30 min. Solid
paraformaldehyde (9.50 g, 0.32 mol) was added to the reaction mixture in one portion and the reaction
was kept at O °C for 15 min, at which time the reaction was quenched with ammonium chloride (50 mL).
Standard extractive workup, followed by silica gel chromatography (elution with pet ether/EtOAc = 1:1)
gave 163 g (89% brsm, 60% conversion) of 12 as a dark red oil which was homogeneous by TLC
analysis [R; (12) =0.31, 1:1, pet ether/EtOAc]: '"H NMR (400 MHz, CHCl,) § 5.24 (s, 1H), 3.91 (septet,
J=7.1 Hz, 2H), 3.76-3-82 (m, 1H), 3.70 (bs, 1H), 3.52 (bs, 1H), 2.49-2.56 (m, 1H), 2.37-2.44 (m, 2H),
1.90-1.98 (m, 1H), 1.75 (dq, J = 12.7, 5.0 Hz, 1H), 1.36 (t, J = 7.0 Hz, 3H); "“C NMR (100 MHz,
CHCL,) 6 202.5,178.5,102.6,64.7,63.7,46.9,28.8,24.1, 14 2.

3-Ethoxy-6,6-bis(hydroxymethyl)cyclohex-2-en-1-one (14) was generated when the above aldol
reaction (preparation of 12) was carried out under extended reaction time. Silica gel chromatography
(elution with 100% EtOAc) gave variable yields of 14 as a yellow oil (36% yield) which was
homogeneous by TLC analysis [R; (14) = 0.62, 100% acetone]: 'H NMR (400 MHz, CHCL,) § 5.17 (s,
1H), 4.12 bs, 2H), 3.79 (q, J = 6.9 Hz, 2H), 3.63 (d, / = 11.2 Hz, 2H), 3.51 (d,J = 11.2 Hz, 2H), 2.38 (t, J
= 6.3 Hz, 2H), 1.76 (t,J = 6.3 Hz, 2H), 1.24 (t,J = 7.0 Hz, 3H); "“C NMR (100 MHz, CHCL,) 5 204.2,
178.6,102.2,64.8,62.9,499,25.8,24.6,14.2.

General Procedure A (1,2-Addition of Acetylide Anion to a Cyclohex-2-en-1-one): To a solution of
TMS-acetylene (2.5 equiv., ~50 mmol) in 75 mL of THF at -78 °C was added n-butyllithium (2.5M, 2.2
equiv., ~44 mmol) over a 2-min period. The resulting mixture was stirred at -78 °C for 30 min, and then
warmed to 0 °C over a 30-min period. The resulting solution was cooled to -78 °C and a solution of
enone-alcohol 12 (1.0 equiv., ~20 mmol) dissolved in 20 mL of THF was then added via cannulation over
a 5-min period. The resulting reaction mixture was stirred at -78 °C for 1 h. The reaction mixture was
quenched by the addition of water (20 mL), followed by the portion-wise addition of aqueous 6 M HCI
(50 mL). After warming the resulting solution to rt, and stirring for 30 min, the resulting solution was
subjected to standard extractive workup to yield the crude TMS-enynone, which was used in the next step
without further purification or characterization. To a solution of crude TMS-enynone dissolved in 150
mL of THF at rt was added TBAF-trihydrate (2.5 equiv., ~50 mmol) in a single portion.  The resulting
solution was stirred for 5 min. Standard extractive workup yielded the crude enynone, which was

purified by silica gel chromatography.

Preparation of 3-ethynyl-4-(hydroxymethyl)cyclohex-2-en-1-one (16): Enone 12 (3.50 g, 21 mmol)
was reacted according to general procedure A, but was warmed to 0 °C after the addition of enone 12 to

the solution of lithium (trimethylsilyl)acetylide. The crude silyated enynone 15 was deprotected as
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described in general procedure A to give crude enynone 16. Silica gel chromatography (elution with
pet ether/EtOAc = 1:1) gave 2.54 g (82%) of 16 as a yellow oil which was homogeneous by TLC analysis
[R, (16) = 0.26, 1:1, pet ether/EtOAc]: '"H NMR (400 MHz, CHCl,) § 6.31 (s, 1H), 3.91 (s, 2H), 3.62 (s,
1H), 2.32-2.66 (m, 5H) 2.10-2.19, (m, 2H); "“C NMR (100 MHz, CHCI,) § 198.9, 143.0, 135.9, 88.9,
81.5,63.8,41.6,35.7,25.1.

General Procedure B (Dihydropyran Formation): To a solution of enynone (~15 mmol) and
ethanethiol (1.2, equiv., ~18 mmol) in 100 mL of DCM at 0 °C was added BF;Et,O (1.5 equiv., ~33
mmol) over a 2-min period. The resulting solution was stirred at rt for 6 h. The reaction mixture was
diluted with Et,0O (100 mL) and 50 mL H,O (100 mL) and stirred vigorously at rt for 5-min. Standard

extractive workup gave the crude pyran.

Preparation of 8,8a-dihydro-1H-isochromen-6(7H)-one (10): Enynone 16 (2.20 g, 15 mmol) was
reacted according to general procedure B. Purification using silica gel chromatography (elution with pet
ether/EtOAc = 4:1) gave 1.8 g (82%) of 10 as a red oil which was homogeneous by TLC analysis [R; (10)
=0.26, 1:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCl,) 6 6.81 (d,J = 5.7 Hz, 1H), 5.72 (s, 1H), 5.56
(d,J=5.7Hz, 1H),4.34 (dd,J =54, 10.8 Hz, 1H), 3.65 (dd, J = 13.3, 11.4 Hz, 1H), 2.80-2.89 (m, 1H),
2.54-2.61 (m, 1H), 2.44-2.50 (m, 1H), 1.99-2.03 (m, 1H), 1.55-1.63 (m, 1H); "“C NMR (100 MHz,
CHCI,) 6 198.7,153.0, 152.8,119.2,104.7,70.4,37.3,34.1, 25 4.

General Procedure C (Aromatization of the Cyclohex-2-en-1-one):

To a solution of cyclohexenone (~3 mmol) in THF (20 mL) was added PhSeCl (4.5 mmol) in one portion.
The reaction mixture was stirred until TLC analysis indicated the consumption of the starting pyran.
Standard ethereal workup gave a crude a-phenylselenide, which was used directly in the next step without
purification or characterization.

To a solution of phenylselenide in EtOAc (20 mL) at rt was added a solution of hydrogen peroxide (30%
in water, 9 mmol). The resulting solution was stirred at rt for 30 min, at which time Et,0 (20 mL) was
added to the reaction mixture. The organic layer was washed with water (5 mL), saturated aqueous
NaHCO; (5 mL), water (4x5 mL), and brine (5 mL). The crude isochromene was obtained by drying

over anhydrous sodium sulfate, filtered, and then concentrated under reduced pressure.

Preparation of 1H-isochromen-6-0l (9): Dienone 10 (650 mg, 4.3 mmol) was reacted according to
general procedure C. Purification using silica gel chromatography (elution with pet ether/EtOAc = 4:1)
gave 505 mg (78%) of 9 as a clear colorless oil which was homogeneous by TLC analysis [R; (9) = 0.26,
2:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCl,) § 6.87 (d, J = 8.0 Hz, 1H), 6.60-6.66 (m, 2H), 6.47
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(s, 1H), 5.74 (d, J = 5.6 Hz, 1H), 5.00 (s, 2H); "C NMR (100 MHz, CHCL,) § 155.9, 146.9, 132.1, 125 4,
120.6,113.2,110.2,105.5, 68 0.

General Procedure D (Isochromene to Isocoumarin Oxidation using DDQ): To a solution of
isochromene (~ 0.5-2 mmol) in 1,4-dioxane (~6-15 mL) at rt was added DDQ (2.0 equiv.) in one portion.
The resulting suspension was allowed to stir at rt until TLC analysis indicated consumption of the starting
isochromene. To the reaction mixture was added Et,0 (20 mL). The reaction mixture was washed
with H,O (4x4 mL) and brine (5 mL). The crude isocoumarin was obtained by drying over anhydrous

sodium sulfate and concentration under reduced pressure.

Preparation of 6-hydroxy-1H-isochromen-1-one (8): Isochromene 9 (79 mg, 0.5 mmol) was reacted
according to general procedure D. Purification using silica gel chromatography (elution with pet
ether/EtOAc = 4:1) gave 79 mg (91%) of 8 as a clear colorless oil which was homogeneous by TLC
analysis [R; (8) = 0.23, 2:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCl,) § 9.72 (s, 1H), 8.06 (d, J =
8.8 Hz, 1H),7.37 (d,J=5.6 Hz, 1H),7.06 (dd,J=2.4,84 Hz, 1H),6.94 (d,/=2.6 Hz, 1H),6.57 (d,J =
5.6 Hz, 1H); "“C NMR (100 MHz, CHCL,) & 163.4, 161.4, 149.9, 1394, 1320, 117.6, 1142, 1104,
106.8.

General Procedure E (Stork—Danheiser Aldol Reaction®): To a solution of 13 (29 mmol) in THF (50
mL) at -78 °C was added dropwise a solution of LDA (1.8M, 35 mmol). The resulting solution was
stirred at -78 °C for 30 min, at which time the corresponding aldehyde (41 mmol) in THF (10 mL) was
added dropwise and the reaction mixture was stirred at -78 °C for 1 h. The reaction was quenched by
the addition of ammonium chloride (10 mL). Standard extractive workup, followed by silica gel
chromatography gave both diastereomers of the aldol adducts. NP indicates the more nonpolar

diastereomer and P indicates the more polar diastereomer by silica gel chromatography.

Preparation of 3-ethoxy-6-(1-hydroxyethyl)cyclohex-2-en-1-one (24A): Enone 13 (4.00 g, 29 mmol)
was reacted with acetaldehyde according to general procedure E. Purification using silica gel
chromatography (elution with pet ether/EtOAc = 1:1) gave 4.7 g (89% combined yield) of 24A as two
components as yellow oils which by TLC analysis [R; (24A-NP) = 0.31, 1:1, pet ether/EtOAc; R; (24A-P)
= 0.22, 1:1, pet ether/EtOAc]: 24A-NP: 'H NMR (400 MHz, CHCL,) & 5.34 (s, 1H), 5.07 (s, 1H),
3.90-3.95 (m, 2H), 2.28-2.60 (m, 3H) 2.00-2.09 (m, 2H), 1.57-1.61 (m, 1H), 1.33-1.38 (m, 3H), 1.20 (s,
3H); "C NMR (100 MHz, CHCl,) & 203.0, 178.4, 102.6, 68.2, 64.5, 51.2, 28.8, 23.5, 20.1, 14.1.
24A-P: 'H NMR (400 MHz, CHCl,) & 5.36 (s, 1H), 4.18-4.25 (m, 1H), 3.85-3.94 (m, 2H), 3.26 (d, J =
10.1 Hz. 1H), 2.34-2.58 (m, 3H), 1.81-2.02 (m, 2H), 1.38 (t,J = 7.0 Hz, 3H), 1.22 (d, J = 6.6 Hz); "“C
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NMR (100 MHz, CHCl,) 6 201.8,178.3,103.3,67.1,64.7,50.9,29.1,22.2,19.3, 14 3.

Preparation of 3-ethoxy-6-(1-hydroxypropyl)cyclohex-2-en-1-one (24B): Enone 13 (4.00 g, 29 mmol)
was reacted with propionaldehyde according to general procedure E. Purification of the crude reaction
residue using silica gel chromatography (elution with pet ether/EtOAc = 1:1) gave 5.5 g (97% combined
yield) of 24B as two components as yellow oils which by TLC analysis [R; (24B-NP) = 0.47, 1:1, pet
ether/EtOAc; R; (24B-P) = 0.36, 1:1, pet ether/EtOAc]: 24B-NP: 'H NMR (400 MHz, CHCl,) § 5.35
(s, 1H),4.87 (s, 1H), 3.93 (m, 2H), 3.79 (m, 1H), 2.50 (m, 1H), 2.42 (m, 1H), 2.21 (m, 1H), 2.03 (m, 1H),
1.68 (m, 2H), 1.45 (m, 1H), 1.38 (t, J = 7.0 Hz, 3H), 1.00 (t, J = 7.4 Hz, 3H); "“C NMR (100 MHz,
CHCL,) 6 203.3, 178.3,102.5,72.8,64.5,49.1, 28.8,26.2,23.4,14.1,9.1. 24B-P: 'H NMR (400 MHz,
CHCI;) 6 5.35 (d,J =74 Hz, 1H), 4.04-4.14 (m, 1H), 3.85-4.00 (m, 2H), 2.32-2.56 (m, 6H), 1.90-2.04 (m,
2H), 1.37 (t, J = 8.2 Hz, 3H), 1.00 (t, J = 8.0 Hz, 3H); "“C NMR (100 MHz, CHCl,) & 201.6, 178.1,
103.2,71.6,64.5,50.0,28.1,26.2,21.4,14.4,10.9.

Preparation of 3-ethoxy-6-(1-hydroxy-2-methylpropyl)cyclohex-2-en-1-one (24C): Enone 13 (4.00
g, 29 mmol) was reacted with isobutyraldehyde according to general procedure E. Purification using
silica gel chromatography (elution with pet ether/EtOAc = 1:1) gave 5.63 g (95% combined yield) of 24C
as two components as yellow oils which by TLC analysis [R, (24C-NP) = 0.61, 1:1, pet ether/EtOAc; R;
(24C-P) = 042, 1:1, pet ether/EtOAc]: 24C-NP: 'H NMR (400 MHz, CHCL,) & 5.33 (s, 1H), 4.73 (s,
1H), 3.85-3.95 (m, 2H), 3.55-3.67 (m, 2H), 2.43-2.41 (m, 1H), 2.31-2.39 (m, 1H), 2.20-2.28 (m, 1H),
1.93-2.00 (m, 1H), 1.73-1.81 (m, 1H), 1.60-1.69 (m, 1H), 1.35 (t,J = 6.2 Hz, 3H), 1.03 (d, J = 6.0, 3H),
1.03 (d,J = 6.0,3H),0.89 (d,J = 6.0,3H); "C NMR (100 MHz, CHCl) & 203.6, 178.0, 102.4, 75.7,
644,477,293, 28.6,23.5,200, 14.3, 140. 24C-P: 'H NMR (400 MHz, CHCI;) § 5.39 (s, 1H),
3.81-399 (m, 4H), 2.41-2.53 (m, 1H), 2.37-2.45 (m, 1H), 2.21-2.32 (m, 1H), 1.99-2.09 (m, 2H),
1.67-1.76 (m, 1H), 1.37 (t,J = 6.4 Hz, 3H), 1.06 (d,J = 7.0 Hz, 3H), 0.87 (d,J = 6.7 Hz, 3H); "“C NMR
(100 MHz, CHCl,) 6 201.6,177.9,103.2,74.6,64.4,48.2,30.1,28.8,20.1,19.7, 19.1, 14 2.

Preparation of 3-ethoxy-6-(1-hydroxypentyl)cyclohex-2-en-1-one (24D): Enone 13 (4.00 g, 29
mmol) was reacted with pentanal according to general procedure E and silica gel chromatography (elution
with pet ether/EtOAc = 1:1) gave 6.1 g (95% combined yield) of 24D as two components as yellow oils
which by TLC analysis [R; (24D-NP) = 0.56, 1:1, pet ether/EtOAc; R, (24D-P) = 047, 1:1, pet
ether/EtOAc]: 24D-NP: 'H NMR (400 MHz, CHCl,) § 5.24 (s, 1H), 4.84 (s, 1H), 3.90-3.96 (m, 2H),
3.83 (bt, 1H), 2.37-2.57 (m, 2H), 2.16-2.22 (m, 1H), 2.00-2.07 (m, 1H), 1.29-1.75 (m, 9H), 092 (t, J =
7.1 Hz,3H); "“C NMR (100 MHz, CHCI,) 6 203.2,178.2,102.5,71.7,64.5,49.9,33.5,28.8,27.1,23.6,
22.8,14.0,140. 24D-P: 'H NMR (400 MHz, CHCl,) 8 5.37 (s, 2H), 4.16 (bs, 1H), 3.82-3.90 (m, 2H),
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272 (d,J=59Hz, 1H, 2.32-2.58 (m, 3H), 1.90-2.03 (m, 2H), 1.48-1.57 (m, 2H), 1.27-1.45 (m, 8H), 091
(t,J =7.1 Hz,3H); "C NMR (100 MHz, CHCl,) § 201.6, 178.2,103.2,70.2,64.5,50.3,33.0,29.0, 28.6,
22.8,213,14.2,142.

Preparation of 3-ethynyl-4-(1-hydroxyethyl)cyclohex-2-en-1-one (26A): Enone 24A (4.10 g, 22
mmol) was reacted according to general procedure A. Purification using silica gel chromatography
(elution with pet ether/EtOAc = 1:1) gave 3.0 g (82%) of 26A as a yellow oil which was homogeneous by
TLC analysis [R; (26A) = 0.32, 1:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCl,) § 6.34 (s, 1H), 4.43
(pentet, J = 5.8 Hz, 1H), 3.64 (s, 1H), 2.56-2.71 (m, 2H), 2.37 (dq, J = 17.2, 5.1, 1H), 2.17-2.23 (m, 1H),
1.89-1.96 (m, 2H), 1.25 (d, J = 6.4 Hz, 3H); "“C NMR (100 MHz, CHCl,) § 198.9, 143.1, 136.0, 89.2,
82.0,69.3,45.3,36.2,23.0,19.7.

Preparation of 3-ethynyl-4-(1-hydroxypropyl)cyclohex-2-en-1-one (26B): Enone 24B (3.90 g, 20
mmol) was reacted according to general procedure A. Purification using silica gel chromatography
(elution with pet ether/EtOAc = 1:1) gave 3.13 g (89%) of 26B as a yellow oil which was homogeneous
by TLC analysis [R, (26B) = 0.36, 1:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCL,) § 6.35 (s, 1H),
401-4.12 (m, 1H), 3.62 (s, 1H), 2.59-2.73 (m, 2H), 2.36 (dq, J = 17.2, 5.1, 1H), 2.17-2.27 (m, 1H),
1.87-1.95 (m, 2H), 1.62 (s, 1H), 1.47-1.54 (m, 1H), 1.03 (t,J = 7.3,3H); "C NMR (100 MHz, CHCl,) §
1989, 1439, 136.1,89.0,82.1,75.3,44.7,36.2,26.9,24.0, 11.0.

Preparation of 3-ethynyl-4-(1-hydroxy-2-methylpropyl)cyclohex-2-en-1-one (26C): Enone 24C
(440 g, 21 mmol) was reacted according to general procedure A. Purification using silica gel
chromatography (elution with pet ether/EtOAc = 1:1) gave 3.63 g (91%) of 26C as a yellow oil which
was homogeneous by TLC analysis [R; (26C) = 0.44, 1:1, pet ether/EtOAc]: 'H NMR (400 MHz,
CHCl,) 6 6.33 (s, 1H), 3.60-3.69 (m, 2H), 2.57-2.73 (m, 2H), 2.34 (dt, /= 17.6, 6.1 Hz, 1H), 2.11-2.20 (m,
1H), 1.90-1.99 (m, 1H), 0.98 (dd, J = 15.6, 6.7 Hz, 6H); "“C NMR (100 MHz, CHCl,) § 199.1, 144.1,
135.8,89.2,83.3,79.6,42.5,35.2,31.8,26.5,20.1, 17.6.

Preparation of 3-ethynyl-4-(1-hydroxypentyl)cyclohex-2-en-1-one (26D): Enone 24D (4.50 g, 20
mmol) was reacted according to general procedure A. Purification using silica gel chromatography
(elution with pet ether/EtOAc = 1:1) gave 3.75 g (92%) of 26D as a yellow oil which was homogeneous
by TLC analysis [R, (26D) = 0.46, 1:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCL,) § 6.35 (s, 1H),
4.11-4.22 (m, 1H), 3.62 (s, 1H), 2.57-2.73 (m, 2H), 2.35 (dq, J = 17.1, 5.1 Hz, 1H), 2.20-2.27 (m, 1H),
1.63-1.99 (m, 2H), 1.47-1.55 (m, 2H), 1.31-1.39 (m, 2H), 0.92 (t,J = 6.7 Hz, 3H); "“C NMR (100 MHz,
CHCl,) 6 199.2,143.3,136.0,89.2,82.0,73.4,44.9,36.3,33.3,28.8,23.6,22.7, 14 2.
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Preparation of 1-methyl-8,8a-dihydro-1H-isochromen-6(7H)-one (28A): Enynone 26A (1.80 g, 11
mmol) was reacted according to general procedure B. Purification using silica gel chromatography
(elution with pet ether/EtOAc = 4:1) gave 1.4 g (77%) of 28A as a red oil which was homogeneous by
TLC analysis [R; (28A) = 0.33, 2:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCl,) 6 6.84 (d,J =54
Hz, 1H), 5.71 (s, 1H), 5.53 (d, J = 5.4 Hz, 1H), 3.60-3.67 (m, 1H), 2.51-2.60 (m, 2H), 2.41 (dt, J = 14.7,
4.9 Hz, 1H), 2.05-2.13 (m, 1H), 1.86-1.95 (m, 1H), 1.50-1.73 (m, 2H), 1.05 (t, J =7.3 Hz, 3H); "“C
NMR (100 MHz, CHCl,) 6 198.6, 153.8, 153.6,119.3,104.8, 81.6,37.8,37.4,25.7,24 8.

Preparation of 1-ethyl-8,8a-dihydro-1H-isochromen-6(7H)-one (28B): Enynone 26B (2.40 g, 13
mmol) was reacted according to general procedure B. Purification using silica gel chromatography
(elution with pet ether/EtOAc = 4:1) gave 2.15 g (89%) of 28B as a red oil which was homogeneous by
TLC analysis [R; (28B) = 0.41, 2:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCl,) § 6.81 (d,J=5.6 Hz,
1H), 5.71 (s, 1H), 5.54 (d, J = 5.6 Hz, 1H), 3.80 (sextet, J = 5.9 Hz, 1H), 2.35-2.60 (m, 2H), 2.10-2.18-
(m, 1H), 1.53-1.59 (m, 1H), 1.44 (d, J = 6.2 Hz, 3H); "C NMR (100 MHz, CHCl,) 6 198.7, 153.4, 153 .4,
119.2,105.0,77.4,40.3,37.4,25.8,18.7.

Preparation of 1-isopropyl-8,8a-dihydro-1H-isochromen-6(7H)-one (28C): Enynone 26C (1.70 g, 9
mmol) was reacted according to general procedure B. Purification using silica gel chromatography
(elution with pet ether/EtOAc = 4:1) gave 1.17 g (69%) of 28C as a red oil which was homogeneous by
TLC analysis [R; (28C) = 0.49, 2:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCl,) 6 6.80 (d,J=5.5
Hz, 1H), 5.71 (s, 1H), 5.50 (d, J = 5.6 Hz, 1H), 3.58 (d, J = 12.2 Hz, 1H), 2.59-2.71 (m, 1H), 2.50-2.59
(m, 1H), 2.41 (dt,J = 14.4,5.0 Hz, 1H), 2.01-2.10 (m, 2H), 1.56 (dq, J = 12.8,4.5 Hz, 1H), 1.10 (d, J =
7.0 Hz, 1H),0.97 (d,J = 7.0 Hz, 1H); "C NMR (100 MHz, CHCI,) § 198.6, 154.4, 153.8,199.2, 104.6,
84.5,37.4,36.2,27.9,25.3,20.0, 14.2.

Preparation of 1-butyl-8,8a-dihydro-1H-isochromen-6(7H)-one (28D): Enynone 26D (2.0 g, 10
mmol) was reacted according to general procedure B. Purification using silica gel chromatography
(elution with pet ether/EtOAc = 4:1) gave 1.83 g (91%) of 28D as a red oil which was homogeneous by
TLC analysis [R; (28D) = 0.54, 2:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCL,) 6 6.82 (d,J =5.6
Hz, 1H), 5.69 (s, 1H), 5.2 (d, J = 5.6 Hz, 1H), 3.62-3.69 (m, 1H), 2.49-2.56 (m, 2H), 2.40 (dt, J = 14 4,
5.0 Hz, 1H), 2.09-2.18 (m, 1H), 1.75-1.83 (m, 1H), 1.52-1.61 (m, 2H), 1.31-1.39 (m, 1H), 0.93 (t, 7.1 Hz,
3H); "“C NMR (100 MHz, CHCI,) 6 198.6, 153.8,153.5,119.2,104.9, 80.7,38.3,37.4,31.6,26.6,25.8,
22.8,14.2.

Preparation of 1-methyl-1H-isochromen-6-ol (29A): Dienone 28A (710 mg, 4.3 mmol) was reacted
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according to general procedure C. Purification using silica gel chromatography (elution with pet
ether/EtOAc = 6:1) gave 631 mg (90%) of 29A as a red oil which was homogeneous by TLC analysis [R
(29A) = 0.35, 4:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCI,) § 6.86 (d, J = 8.1 Hz, 1H), 6.64 (d, J
= 8.0 Hz, 1H), 6.54 (d,J = 5.6 Hz, 1H), 6.46 (s, 1H), 5.88 (bs, 1H), 5.69 (d, /= 5.6 Hz, 1H), 5.18 (q, J =
6.4 Hz, 1H), 1.58 (d,J = 6.4 Hz, 3H); "C NMR (100 MHz, CHCl,)  155.6, 145.6, 131.6, 125.2, 124.9,
113.4,110.3,105.0,73.7,20.0.

Preparation of 1-ethyl-1H-isochromen-6-ol (29B): Dienone 28B (562 mg, 3.2 mmol) was reacted
according to general procedure C. Purification using silica gel chromatography (elution with pet
ether/EtOAc = 6:1) gave 512 mg (92%) of 29B as a red oil which was homogeneous by TLC analysis [R;
(29B) = 0.38, 4:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCL,) 4 6.83 (d, J = 8.1 Hz, 1H), 6.62 (dd, J
=2.1,8.0 Hz, 1H), 6.52 (d,J = 5.7 Hz, 1H), 6.46 (d,J = 2.0 Hz, 1H), 5.65 (d,J = 5.7 Hz, 1H), 5.45 (bs,
1H), 4.97 (dd,J =5.2,7.7 Hz, 1H), 2.00 (m, 2H), 1.71-1.80 (m, 2H), 1,01 (t,J = 7.4 Hz, 3H); "“C NMR
(100 MHz, CHCl,) & 155.5,145.1, 131.5,125.6, 124.1,113.1,110.3, 104.4,78.8,27.4, 10.1.

Preparation of 1-isopropyl-1H-isochromen-6-0l (29C): Dienone 28C (450 mg, 2.3 mmol) was
reacted according to general procedure C. Purification using silica gel chromatography (elution with pet
ether/EtOAc = 6:1) gave 303 mg (69%) of 29C as a red oil which was homogeneous by TLC analysis [R
(29C) =041, 4:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCI,) 6 6.80 (d,J = 8.1 Hz, 1H), 6.61 (dd, J
=2.1,8.0 Hz, 1H), 6.53 (d,J = 5.7 Hz, 1H), 6.44 (d,J = 2.0 Hz, 1H), 5.61 (d,J = 5.7 Hz, 1H), 5.53 (bs,
1H), 4.74 (d,J = 6.8 Hz, 1H), 2.21 (sextet, J = 6.7 Hz, 1H), 1.03 (d, J = 6.6 Hz, 3H), 0.89 (d, / = 6.6 Hz,
3H); "“C NMR (100 MHz, CHCI,) & 1554, 145.3,131.6, 126.9, 122.8, 112.9, 110.2, 104.3, 82.9, 31.9,
19.2,18.3.

Preparation of 1-butyl-1H-isochromen-6-ol (29D): Dienone 28D (733 mg, 3.6 mmol) was reacted
according to general procedure C. Purification using silica gel chromatography (elution with pet
ether/EtOAc = 6:1) gave 662 mg (91%) of 29D as a red oil which was homogeneous by TLC analysis [R;
(29D) =041, 4:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCl,) 6 6.84 (d,J = 8.0 Hz, 1H), 6.62 (dd, J
=20,8.1 Hz, 1H), 6.51 (d,J =5.6 Hz, 1H), 6.46 (d, /= 2.1 Hz, 1H), 5.67 (d, J = 5.7 Hz, 1H), 5.44 (bs,
1H), 505 (dd, J = 4.9, 82 Hz, 1H), 4.16 (q, J = 7.1 Hz, 1H), 1.92-2.01 (m, 1H), 1.66-1.73 (m, 1H),
1.45-1.50 (m, 1H), 1.33-1.41 (m, 2H), 1.26-1.32 (m, 1H), 0.93 (t,J = 7.0 Hz, 3H); "“C NMR (100 MHz,
CHCl,) 6 155.4,145.1,131.4,125.5,124.4,113.2,110.3,104.5,76.9,34.1,27.8,22.8, 14 3.

Preparation of 3-(hex-1-yn-1-yl)-4-(hydroxymethyl)cyclohex-2-en-1-one (30A): To a solution of
I-hexyne (5.6 mL, 48 mmol) in 75 mL of THF at -78 °C was added n-butyllithium (17.0 mL, 2.5 M, ~43
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mmol) over a 2-min period. The resulting mixture was stirred at -78 °C for 30 min, and then warmed to
0 °C over a 30 min period. To the resulting solution was added a solution of enone-alcohol 12 (3.30 g,
19 mmol) dissolved in 20 mL of THF via cannulation over a 5-min period. The resulting reaction
mixture was stirred at 0 °C for 1 h. The reaction mixture was quenched by the addition of water (20
mL), followed by the portion-wise addition of aqueous 6M HCI (50 mL). After warming the resulting
solution to rt, and stirring for 30 min, the resulting solution was subjected to standard extractive workup.
Silica gel chromatography (elution with pet ether/EtOAc = 1:1) gave 3.2 g (80%) of 30A as a yellow oil
which was homogeneous by TLC analysis [R; (30A) = 0.30, 1:1, pet ether/EtOAc]: 'H NMR (400 MHz,
CHCI,) 6 6.19 (s, 1H), 3.82-3.91 (m, 3H), 2.50-2.59 (m, 2H), 2.33-2.41 (m, 3H), 1.95-2.19 (m, 2H),
1.50-1.59 (m, 2H), 1.33-1.41 (m, 2H), 0.91 (t,J = 7.0 Hz, 3H); "“C NMR (100 MHz, CHCl,) & 199.5,
145.5,1334,104.2,79.4,63.7,42.1,354,30.5,24.9,22.1,19.7,13.7.

Preparation of 4-(hydroxymethyl)-3-(phenylethynyl)cyclohex-2-en-1-one (30B): To a solution of
phenylacetylene (5.2 mL, 47 mmol) in 75 mL of THF at -78 °C was added n-butyllithium (16.5 mL, 2.5M,
~42 mmol) over a 2-min period. The resulting mixture was stirred at -78 °C for 30 min, and then
warmed to 0 °C over a 30-min period. To the resulting solution was added a solution of enone 12 (3.20
g, 19 mmol) dissolved in 20 mL of THF via cannulation over a 5-min period. The resulting reaction
mixture was stirred at 0 °C for 1 h. The reaction mixture was quenched by the addition of water (20
mL), followed by the portion-wise addition of aqueous 6M HCI (50 mL). After warming the resulting
solution to rt, and stirring for 30-min, the resulting solution was subjected to standard extractive workup.
Silica gel chromatography (elution with pet ether/EtOAc = 1:1) gave 3.0 g (72%) of 30B as a yellow oil
which was homogeneous by TLC analysis [R, (30B) = 0.42, 1:1, pet ether/EtOAc]: 'H NMR (400 MHz,
CHCl,) 6 7.43-7.49 (m, 2H), 7.30-7.39 (m, 3H), 6.33 (s, 1H), 3.89-4.04 (m, 2H), 2.53-2.85 (m, 3H),
2.35-2.43 (m, 1H), 2.09-2.16 (m, 2H); "“C NMR (100 MHz, CHCI,) & 199.1, 144.2,134.1,132.2, 129.9,
128.8,1219,101.5,87.5,64.0,41.9,35.7,25.2.

Preparation of Dihydropyran 31A. Enynone 30A (752 mg, 3.7 mmol) was reacted according to
general procedure B. Purification using silica gel chromatography (elution with pet ether/EtOAc = 4:1)
gave 660 mg (88%) of 31A as a red oil which was homogeneous by TLC analysis [R; (31A) = 0.44, 2:1,
pet ether/EtOAc]: 'H NMR (400 MHz, CHCl,) 8 5.63 (s, 1H), 5.41 (s, 1H), 4.32 (dd, J = 10.7, 5.4 Hz,
1H),3.61 (dd,J=13.3,11.0 Hz, 1H), 2.75 (m, 1H), 2.48-2.55 (m, 1H), 2.37-2.45 (m, 1H), 2.19 (t,J = 7.1
Hz, 2H), 2.05-2.13 (m, 1H), 1.47-1.55 (m, 3H), 1.33 (sextet, J/ = 7.5 Hz, 2H), 0.90 (t, J = 7.3 Hz, 3H);
C NMR (100 MHz, CHCl,) § 198.7, 167.0, 154.9, 117.3, 101.0, 70.7, 37.2,34.4,33.7,29.0, 25.2, 22 4,
14.0.
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Preparation of Dihydropyran 31B. Enynone 30B (890 mg, 3.9 mmol) was reacted according to
general procedure B. Purification using silica gel chromatography (elution with pet ether/EtOAc = 4:1)
gave 540 mg (61%) of 31B as a red oil which was homogeneous by TLC analysis [R; (31B) = 042, 2:1,
pet ether/EtOAc]: 'H NMR (400 MHz, CHCL,) & 7.63-7.76 (m, 2H), 7.38-7.46 (m, 3H), 6.18 (s, 1H),
5.84 (s, 1H), 455 (dd, J = 10.7, 53 Hz, 1H), 3.61 (dd, J = 13.0, 11.8 Hz, 1H), 2.84-2.91 (m, 1H),
2.55-2.64 (m, 1H), 248 (dt, J = 14.3, 4.9 Hz, 1H), 2.01-2.12 (m, 1H), 1.64 (dt, J = 134, 40 Hz, 1H);
C NMR (100 MHz, CHCl,) & 198.7, 160.4, 154.5, 133.7, 130.6, 128.8, 126.0, 119.3, 100.7, 71.0, 37.3,
34.1,253.

Preparation of 3-butyl-1H-isochromen-6-0l (32A): Dienone 31A (415 mg, 2.0 mmol) was reacted
according to general procedure C. Purification using silica gel chromatography (elution with pet
ether/EtOAc = 6:1) gave 342 mg (82%) of 32A as a clear colorless oil which was homogeneous by TLC
analysis [R; (32A) = 0.45, 4:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCL,) § 6.87 (d,J = 6.9 Hz, 1H),
6.56 (d,J =69 Hz, 1H), 642 (s, 1H), 5.58 (s, 1H), 4.98 (s, 2H), 4.81 (bs, 1H), 2.19 (t, J = 7.6 Hz, 2H),
1.50-1.58 (m, 2H), 1.31-1.40 (m, 2H), 0.93 (t, J = 7.2 Hz, 3H); "“C NMR (100 MHz, CHCl,) & 159.8,
155.7,1339,1250, 1200, 112.2,109.5,100.9, 68.7,33.6,29.4,22.5, 14.1.

Preparation of 3-phenyl-1H-isochromen-6-ol (32B): Dienone 31B (620 mg, 2.7 mmol) was reacted
according to general procedure C. Purification using silica gel chromatography (elution with pet
ether/EtOAc = 6:1) gave 569 mg (93%) of 32B as a clear colorless oil which was homogeneous by TLC
analysis [R; (32B) = 0.39, 4:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCl,) § 7.73 (d, J = 7.1 Hz, 2H),
7.31-7.40 (m, 3H), 6.95 (d, J = 7.8 Hz, 1H), 6.64 (d, J = 7.8 Hz, 1H), 6.60 (s, 1H), 6.39 (s, 1H), 5.17 (s,
2H), 4.81 (bs, 1H); "“C NMR (100 MHz, CHCL,) § 155.9, 154.7, 134.4, 133.7, 130.4, 129.2, 128.6,
125.4,125.1,120.7,113.2, 110.6, 101.2, 69.0.

Preparation of 3-butyl-6-hydroxy-1H-isochromen-1-one (33A): Isochromene 32A (109 mg, 0.5 mmol)
was reacted according to general procedure D. Purification using silica gel chromatography (elution
with pet ether/EtOAc = 4:1) gave 83 mg (71%) of isocoumarin 33A as a clear colorless oil which was
homogeneous by TLC analysis [R; (33A) = 0.50, 4:1, pet ether/EtOAc]: 'H NMR (400 MHz, CHCL,) §
8.13 (d,J = 8.7 Hz, 1H), 8.00 (bs, 1H), 7.02 (dd, J = 1.7, 8.7 Hz, 1H), 6.82 (d, J = 1.9 Hz, 1H), 6.20 (s,
1H),2.50 (t,J = 7.6 Hz, 2H), 1.65 (pentet, J = 7.6 Hz, 2H), 1.37 (pentet, J = 7.5 Hz, 2H), 0.92 (t,J = 7.3
Hz, 3H); "C NMR (100 MHz, CHCL,) § 164.3, 162.8, 158.9, 140.6, 132.3, 117.2, 112.7, 110.0, 103.5,
33.3,29.1,22.3,140.

Preparation of 3-phenyl-6-hydroxy-1H-isochromen-1-one (33B): Isochromene 32B (160 mg, 0.7
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mmol) was reacted according to general procedure D. Purification using silica gel chromatography
(elution with pet ether/EtOAc = 4:1) gave 134 mg (79%) of isocoumarin 33B as a clear colorless oil
which was homogeneous by TLC analysis [R, (33B) = 0.44, 4:1, pet ether/EtOAc]: 'H NMR (400 MHz,
CH,OH) 6 8.06 (d,J =8.7 Hz, 1H), 7.86 (d, J = 7.5 Hz, 2H), 7.40-7.50 (m, 3H), 7.10 (s, 1H), 6.96 (d,J =
8.8 Hz, 1H), 6.91 (s, 1H); °C NMR (100 MHz, CH,OH) & 164.2, 163.1, 153.7, 140.5, 132.2, 131.6, 129.8,
128.8,1250,117.4,112.0,110.5, 102.1.
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