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ABSTRACT: DMOA-derived spiromeroterpenoids are a group of natural products with complex structures and varied biological
activities. Recently, we reported the first enantioselective total synthesis of five spiromeroterpenoids based on a fragment coupling
strategy. This full account describes details of a strategy evolution that culminated in successful syntheses of the targeted natural
products. Although our alkylative dearomatization methodology was unable to deliver the desired spirocyclic product in our first-
generation approach, our second-generation approach based on oxidative [3+2] cycloaddition produced the asnovolin H core along
with several complex dimers. Challenges with the dearomatization approach finally led us to develop a third generation, non-dearoma-
tization approach based on a fragment coupling strategy to construct the conserved, sterically hindered bis-neopentyl linkage of the
spiromeroterpenoids through 1,2-addition. To enable scalable access of the natural products, a refined, multigram-scale synthesis of
the coupling partners was developed. A series of stereoselective transformations was developed through judicious choice of reagents
and conditions. Finally, modular spirocycle construction logic was demonstrated through the synthesis of a small library of spiromer-
oterpenoid analogues.

B INTRODUCTION

. . . . carbon quaternary center. Subsequent epoxidation and cyclase- me-
3,5-Dimethylorsellinic acid (DMOA)-derived meroterpenoids diated polyene cyclization produced divergent (fused, bridged and
are a group of_fasu_natlng na_tL_JraI products W|_th cpmplex structures spiro) ring skeletons. Specifically, for DMOA-derived spiromero-
and diverse biological activities. As shown in Figure 1, asperter- terpenoids, dearomatized precursor 7 underwent polyene cycliza-

pene A (1) ex_hib_its potent BACE1 inhibitory activity with an ICso tion to cationic intermediate 8 followed by a hydride
of 78 nM which is more active than LY2811376 (ICso = 260 nM),

a clinical BACEL inhibitor produced by Eli Lilly. Compound 1 also Me  cO,Me
displays a highly strained twist-boat, twist-boat, boat, half-chair
conformation.! Tropolactone A (2), exhibits in vitro cytotoxicity
against human colon carcinoma (HCT-116) cells with an ICso value

of 13.2 ug/mL. Compound 2 also features a rare, highly-substituted Me o

tropone ring which is fused to the B ring boat through a tetrahydro- Mewme T "CO-Me 02

pyran moiety.2 The congener emervaridone A (3) was shown to in- asperterpene A, 1 Mfm’\gglacwne A2
hibit ESBL-producing E. coli with a MIC value of 2 pg/mL which BACET inhibitor cytotoxicity

is comparable to that of the clinically used antibiotic amikacin.
Compound 3 features a highly complex caged structure with two
continuous all-carbon quaternary centers.® Despite impressive bio-
logical activities and challenging structures, the chemical synthesis
of DMOA-derived meroterpenoids only appeared recently; surpris-

ingly, all completed syntheses have focused on berkeleyone A (4) © Mé 'M*:'
and its congeners.* Compared to other subfamilies, spiromero- emervaridone A, 3
terpenoids feature a conserved spiro-tetrahydrofuran linkage con- antibacterial

necting the terpenoid and polyketide moieties. The congener asno-
volin E (5)8 is one of a very few fibronectin-suppressing factors
found to date. Some spiromeroterpenoids feature astonishingly
complex skeletons with very high oxidation states such as the or-
thoester fumigatonin (6).°

(o]

The biosyntheses of DMOA-derived meroterpenoids have \ Mé .i‘\n'é' Onc
been extensively studied and have revealed that all members share fibroneci axprossion inhibitor fumigatonin, 6
a conserved biosynthetic origin. Enzymatic dearomatization of
DMOA with farnesyl pyrophosphate (FPP) forged the C1” all- Figure 1. Representative DMOA-derived spiromeroterpenoids
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Scheme 1. Complete biosynthesis for novofumigatonin
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shift//cyclization cascade to produce the precursor asnovolin H (9)
(Scheme 1).2° The cationic H-shift is an unusual enzymatic process
to forge the spirocyclic skeleton and axial C12-methyl group. Sub-
sequent enzyme-catalyzed redox modification of the A and D rings
generated the gateway compound asnovolin A (13). In the oxida-
tion phase, the endoperoxidase Nvfl catalyzed C-H activation of
the angular C13-methyl group leading to the incorporation of three
OXy-
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Figure 2. Key reactions to form the C1’ all-carbon quaternary
carbon center of select meroterpenoids.
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gen atoms to generate the congener fumigatonoid A (14). The hy-
drolase-type enzyme NvfD catalyzed subsequent epimerization of
the ester followed by lactonization. The ketoreductase NvfG further
reduced the ketone to form fumigatonoid B (15). The isomerase
NvfE-mediated rearrangement of the peroxide bridge to form the
orthoester moiety found in the congener fumigatonoid C (16). Fi-
nally, NvfF transformed 16 to the complex congener novofumiga-
tonin (17). The array of enzymes catalyzes unprecedented reac-
tions; their detailed catalytic mechanisms remain to be elucidated
and will rely on efficient access to synthetic natural product sub-
strates.

The C1° all-carbon quaternary center of spiromeroterpenoids
such as 5 and 6 derived from dearomatization posed a significant
synthetic challenge. Taking completed syntheses of berkelyone A
(4) as examples, enolate chemistry has been used in the formation
of the quaternary carbon centers (Figure 2). In the Maimone
group’s pioneering synthesis of 4,* the enolate generated from tri-
cyclic ketone 18 reacted with diketene to form tetracycle 19. In the
Newhouse group’s synthesis,® enol allyl ether 20 was formed
through O-allylation and isomerization. Claisen rearrangement
forged the key quaternary carbon found in 21. In Li’s synthesis,®
alkylative dearomatization of acylphloroglucinol 23 with a primary
alkyl triflate electrophile 22 established the quaternary carbon cen-
ter. In 2011, a dissertation from Baran group described the first syn-
thetic studies towards DMOA-derived meroterpenoids with a focus
on the spiromeroterpenoid simplicissin (cf. 29, Figure 4).! In
2019, our group reported the first biomimetic dearomatization of
DMOA and prepared a number of non-natural meroterpenoid iso-
mers.*2 This breakthrough paved the way for a collaborative study
with the Abe group to exploit the promiscuity of meroterpenoid
cyclases where we obtained a number of unprecedented meroterpe-
noid analogues.*® However, we were not able to access any natural
products through biomimetic chemistry. In 2022, we reported the
first abiotic and enantioselective total syntheses of five DMOA-

https://doi.org/10.26434/chemrxiv-2024-0m8pp ORCID: https://orcid.org/0000-0001-6836-1062 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0m8pp
https://orcid.org/0000-0001-6836-1062
https://creativecommons.org/licenses/by-nc-nd/4.0/

derived spiromeroterpenoids.'* Herein, we detail our efforts on the
strategy evolution of the syntheses of DMOA-derived spiromero-
terpenoids. The chemistry developed and lessons learned during
our investigations may serve as inspiration for the synthesis of
other targets in this family.

B RESULTS AND DISCUSSION

First generation approach: At the outset of our studies, asnovolin
H (9) was chosen as our synthetic target with the plan that a scalable
synthesis of this compound would allow us to prepare asnovolins
D, J, and A sequentially according to the biosynthetic scheme. The
spirocyle of asnovolin H may be formed through acid-mediated spi-
rocyclization of substrate 25 which may be formed using dearoma-
tization of DMOA with electrophile 26 (Figure 3). However, when
this reaction was applied to model electrophiles 27, the desired
dearomatized product 28 was never obtained. Careful monitoring
of the reaction indicated possible product formation through TLC
and UPLC-MS analysis, but the desired product could not be iso-
lated

HO” 7
YEATIS

asnovolin H, 9

LiHMDS o Me
(3 equiv.)
Me Me
Me
Me

DMOA 27: X = Br, OMs
28

Figure 3. First generation dearomatization approach to asnovolin
H and subsequent model study

after various workup procedures. The desired product 28 may be
unstable due to facile rearomatization to form a stable allylic cation.
Moreover, we later learned that the conformation of 25 may con-
strain the formation of undesired stereochemistry of the spirocycle
stereocenter and equatorial C12-methyl group due to Furster-Platt-
ner considerations.'> Accordingly, this approach was abandoned.

Second generation approach: In our second-generation approach,
we observed that the tetrahydrofuran is a conserved motif connect-
ing the polyketide and terpene fragments which called our attention
to use of direct oxidative, dearomative [3+2] cycloaddition to con-
struct a spirocycle between olefin 30 and DMOA (Figure 4). De-
calin 30 is also a known compound with a defined axial C12-methy!|
group which was reported by Corey and Shenvi. This type of ox-
idative [3+2] cycloaddition was also used in a concise synthesis of
brevione A (33).17

Using DMOA-methyl ester 34 and methylene cyclohexane 35
as a model substrate, we explored oxidative [3+2] cycloaddition re-
activity (Table 1). Use of Ag20 as oxidant resulted in complete
decomposition. To our surprise, AgOAc produced the complex di-
mer 36 in 13% yield, the structure of which was confirmed by sin-
gle X-ray crystal structure analysis (Figure 5). Ag2COs/Celite®
was found to be less effective and only a trace amount of dimeric
product was observed. In 1968, Moussa and coworkers reported the
dimerization of an acylphloroglucinol substrate using FeClz in

refluxing ethanol.'® However, this condition was not successful on
our substrate (entry 4). A combination of ceric ammonium nitrate
(CAN) and Cu(OAc)2 resulted in full conversion and a 38% iso-
lated yield of 36. Mn(OAc)z and Cu(OAc). produced dimer 36 in
30% vyield. Other single electron oxidants such as FeCls/DDQ,
CuBr2, K3Fe(CN)s, Frémy’s salt, and acridinium photocatalysts did
not produce the desired spirocyclic product.

The formation of dimer 36 indicated the generation of a phe-
nolic radical intermediate which preferred dimerization rather than
radical addition to the model exocyclic alkene 35. For other non-
fully substituted phenols, it is well documented that oxidative [3+2]
processes generally produce benzodihydrofuran products.!® In or-
der to probe reactivity on a substrate similar to DMOA methyl
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Figure 4. Second generation approach to asnovolin H

Table 1. Optimization of the dimerization of DMOA me-
thyl ester 34

OH O
Me
OMe M
+ - .
HO Me
Me
34 35
entry conditions results
Ag,0 (2 equiv.), CH3CN, r.t. Decomposition
AgOAc (2 equiv.), CH,CN, 84 °C 13%
AgsCO; (2 equiv.), CHZCN, 60 °C Trace dimer
FeCly (2.2 equiv), HoO/EtOH, 100 °C Trace dimer

CAN (3 equiv.), Cu(OAc), (1.5 equiv.), AcOH, r.t. 38%
Mn(OAc); (2 equiv.), Cu(OAc), (1.5 equiv.), AcOH, r.t. 309,
K3Fe(CN)g (2.2 equiv), CH3CN/water, r.t.
Fremy'’s salt (2.2 equiv.), CH3CN,50 °C
Acridinium photocatalyst, Cu(OTFA),

Decomposition

No reaction

© ® N O O A~ W N

No reaction

Figure 5. X-Ray crystal structure of dimer 36
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ester, methyl atratate 37 was subjected to CAN oxidation (Scheme
2). The expected benzodihydrofuran was not observed but a new
dimer 38 was isolated in 20% yield. It is interesting to note that the
latter dimer contains the core structure of the natural product tri-
dentorubin 39.2° Oxidative dimerization reactivity discovered for
these highly substituted phenols provides an inspiration for the fu-
ture synthesis of complex meroterpenoids such as 39.

As single electron oxidants afforded dimerization of DMOA
methyl ester, two electron oxidants were next evaluated. To our de-
light, using phenyliodine (111) diacetate (PIDA) as oxidant, the de-
sired [3+2] cycloaddition product 40 was observed and isolated in
17% yield along with two [5+2] cycloaddition regioisomers 41 and
42 in 18% and 11% yields, respectively, from the phenoxonium

Scheme 2. Oxidative dimerization reactivity of methyl atratate

OH O H
M .
e OMe , CAN ( 2 equiv.)
CH3CN, rt

HO Me 20 %

tridentorubin, 39 X-Ray

cation intermediates I and II when 10 equiv. of alkene 35 was used
(Scheme 3). During preparation of this manuscript, Zhang and
coworkers reported related oxidative [3+2] cycloadditions with
concomitant dearomatization towards their synthesis of simplicis-
sin.?! The George?? and Trauner groups® also reported biomimetic,
oxidative intramolecular [3+2] and [5+2] cycloadditions in their
syntheses of merochlorins A and B, respectively. To improve the

Scheme 3. PIDA-mediated oxidative [3+2] cycloaddition.
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yield and selectivity, other cation-stabilizing solvents including tri-
fluoroethanol, nitromethane, chloroform, and dichloromethane in
combination with HFIP were evaluated, but only extensive decom-
position was observed. Lowering the amount of alkene to two
equiv. only produced trace products along with extensive decom-
position. Other I(III) and I(V) oxidants such as Dess-Martin Perio-
dinane (DMP), 2-iodoxybenzoic acid (IBX), Koser’s reagent, and
Pb(OAc)s4 were found to be ineffective.

It was noticed in the syntheses of merochlorins A and B?>?3 that
different protecting groups for the phenols tuned the reactivity to-
wards either oxidative [5+2] or [3+2] cycloaddition. Thus, we pre-
pared several modified substrates and found that the para-OTBS
protected substrate 43 produced the [5+2] product 41 in 22% yield
as single isomer and that the ortho-Me-protected substrate 44 pro-
duced 40 as single product in 35% yield on 50 mg scale (Scheme
4). We then applied this optimized condition to the decalin system
45. However, unfortunately in this case the desired [3+2] cycload-
dition product was not observed,

Scheme 4. Divergent oxidative cyclization reactivity of differen-
tially protected DMOA substrates

OH O |
f Me.
Me PIDA (1.5 equiv.) 0
OMe K»CO3 (3.0 equiv.) 0
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Scheme 5. Attempted [3+2] cycloaddition using a cyclic carbonate
as a possible phenoxonium precursor.
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and the only identifiable side product was the dearomatized, ace-
toxylation product 46, a compound which was also synthesized and
confirmed through subjection of 44 to PIDA in acetic acid.
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The mechanism of the PIDA-mediated oxidation of 44 appears
to involve a phenoxonium cation intermediate which is trapped by
excess olefin 35 to form the cycloaddition product or by acetate
group to form 46. The presumed phenoxonium cation intermediate
can also lead to decomposition through a quinone methide interme-
diate. To further increase the yield and obviate the formation of side
product 46, we proposed an alternate phenoxonium cation precur-
sor for [3+2] cycloaddition (Scheme 5). For example, cyclic car-
bonate 48 may generate a zwitterion 49 through CO: extrusion.
[3+2] Cycloaddition of oxyallyl cations have been documented.?*
Compound 48 was prepared from PIDA oxidation of the para-Boc
protected substrate 47.25 A series of photochemical conditions were
tested, but in these experiments rearomatization occurred. Screen-
ing of various Lewis acids and thermal conditions led to the finding
that microwave heating of 48 produced 2,4-dihydroxy-3,5-dime-
thylphthalide (50, DHDMP). Mechanistically, we propose that
deprotonation of the C6-Me produced dienol intermediate 51 which
may be followed by SN2’ attack of the allylic carbonate by the me-
thyl ester followed by decarboxylation to produce 52. Final de-
methylation would afford 50.

Scheme 6. Scalable synthesis of DHDMP

(e}
L| Me o]
MOMO then MoMO
IDavis oxaziridine
THF 52% Me Me
1.78 gram

OMOM OMOM
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0°C 50 °C, 4 hour Me Me
62% 95% OH
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The reaction producing 50 was only reproducible on a 20 mg
scale using microwave heating. DHDMP is the biosynthetic pre-
cursor of meroterpenoids such as emervaridone A and a scalable
synthesis of DHDMP will be helpful to explore future alkylative
dearomatization reactivity.*?> Thus, we developed an alternative
scalable synthesis of DHDMP (Scheme 6). Deprotonation of the
bis-MOM-protected DMOA methyl ester 53 with LDA produced
intermediate 54 which was oxidized by the Davis oxaziridine rea-
gent to produce phthalide 55. The reaction worked well on a small
scale (75% yield, 200 mg scale), but on a gram scale the yield was

Scheme 7. Interrupted Pummerer reaction for phenol um-
polung and application to a DMOA methyl ester substrate.

then 35,
/Q/CO Me 1 equiv.

Me

57 Me
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Me
T OMe

CO,Me s CO,Me
S
OMe (¢] Me

Me

58, 37%
Other squOX|des tested

w @/@M& @@ ﬂ
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lower, and the imine byproduct also reacted with the anion 54. Ac-
cordingly, we altered the protocol to trap anion 54 with B(OMe)3
followed by an oxidative quench with basic H20.. The latter trans-
formation was cleaner and more reproducible on a gram scale. Af-
ter acid-mediated hydrolysis of the MOM group, DHDMP 50 was
obtained on a gram scale.

The difficulties encountered with PIDA oxidation prompted
us to explore an alternative phenol umpolung method. In 2019, the
Procter group reported a phenol/2-naphthol oxidative coupling us-
ing an interrupted Pummerer reaction.?® Application of this meth-
odology to our system could mitigate the acetate nucleophilic ad-
dition observed in our PIDA oxidation attempts. When benzothio-
phene S-oxide 56 was activated by TFAA followed by addition of
44, a deep yellow color appeared which we initially assumed cor-
responded to the production of aryloxysulfonium salt 57 as a novel
umpolung intermediate (Scheme 7). After addition of alkene 35,
we isolated two products, 58 and 59, in 37 and 34% yields, respec-
tively. It was clear from *H-NMR spectral analysis that the double
bond on the benzothiophene heterocycle had participated in [2,3]-
rearrangement to produce dearomatized products 58 and 59. In our
experiments, aliphatic sulfoxides such as 60, DMSO, and 61 did
not show reactivity while aromatic sulfoxides 62 and 63 showed
similar rearrangement chemistry.

Despite the expectation that dearomatization approaches could
build up the fully substituted dienone system directly from abun-
dant DMOA as we demonstrated on the model system, our prelim-
inary success could not be extended to a more elaborate system.
Moreover, all efforts attempting to optimize and improve the oxi-
dative cycloaddition approach met with failure. Lastly, the afore-
mentioned approach did not address the stereochemistry control
problem at the C1°-quaternary carbon center and C12-axial methyl.
Accordingly, we postulated that a non-dearomatization, stepwise
construction of the highly substituted D-ring of the spiromeroterpe-
noids could be a feasible and practical solution and next turned our
attention to this approach.

Third generation approach: For a non-dearomatization approach,
we noticed that several spiromeroterpenoids such as asnovolins A
and J have reduced D-ring moieties. Asnovolin A (19) is a gateway
compound connecting both lower and higher oxidation state con-
geners and was thus selected as our target molecule. Both A and D
ring simplification of 19 afforded intermediate 64 (Figure 6). We
considered that the axial C12-methyl could be established through

(0]
CO,Me
Me @
- "Me 'Me
MeC, C,\ Me A&D ring

o A {pMe S|mpI|f|cat|on Me
o A Iate stage [
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Figure 6. Third generation retrosynthesis of asnovolin A
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Scheme 8. Synthesis of fragments 66 and 67.

(a) Gram-scale synthesis of 66
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hydrogenation of the alkene, although the facial selectivity for this
transformation at the outset was uncertain. The C-O bond of 64
could be formed through oxa-Michael addition. Precursor 65 re-
vealed a hindered bis-neopentyl C-C bond which was disconnected
to afford fragments 66 and 67. The syn-dimethyl relationship of 66
indicated an application of a Diels-Alder cycloaddition for its prep-
aration.

Large scale synthesis of fragments: Enone alcohol 71 is a known
compound which was reported by Cole and coworkers in their syn-
thesis of (-)-phomactin A.2” The asymmetric Diels-Alder reaction
between tiglic aldehyde and Rawal’s diene established the crucial
chiral quaternary carbon center (Scheme 8a). The derived cycload-
duct 70 was converted to enone 72 in two steps. Luche reduction of
72 produced 66 as a single diastereomer on a gram scale. The de-
calin fragment 67 was prepared in five steps from methyl carvone
according to Nagamitsu and Xie’s procedure.?® 2° Although we
were able to secure decalin 67 on a gram scale, the route suffered
from low atom and redox economy and several steps required re-
finement. For example, alkylation of 73 required 3.0 equiv. of 3-
bromopropionitrile, a non-activated electrophile, to produce 40-
60% yields of 74 along with 20-30% of unreacted starting material.
Under strongly basic conditions, undesired double alkylation,
polymerization of an in situ-generated acrylonitrile reagent were
observed. The reported high literature yield for 74 (66%, 98%
brsm) was not reproducible in our hands. We found that epoxida-
tion of the propenyl moiety required purified m-CPBA for high
yields (93% yield), otherwise only a 60 % yield was obtained in our
hands using commercially available m-CPBA. However, purifica-
tion of the reagent involves washing an ether solution of commer-
cial m-CPBA with pH 7 buffer which is a potential hazard. We
found that an environmentally friendly epoxidation of 74 using in
situ generated dimethyl dioxirane (DMDO) obtained from Oxone®
and acetone produced epoxide 75 in 77-85% yield on a multigram
scale without need for column purification.® Reductive cyclization
of epoxy nitrile 75 (Cp2TiClz, Zn) was found to work well in de-
gassed THF. Final deoxygenation of the derived product 76 in-
volved mesylation, iodination, and reduction which produced de-
calin 77 in a reproducible 75% yield. Conversion of 74 to 77 suf-
fered from low redox and atom economy. Ideally, direct, reductive
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O Me /
Me N 7,
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|
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Me 4. MsCl, EtN,
then Nal, Zn
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82%
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Me Me

T

5. glycol, toluene,
reflux, 4 h
3 grams scale
78%

Me

77 TleZCI

78
double activation mode for the
epoxide-nitrile cyclization

alkenyl nitrile cyclization may form 77 very efficiently from sub-
strate 74. A thorough survey of the literature revealed only a few
HAT and transition metal-mediated, reductive alkenyl nitrile cycli-
zations. In 2018, the Murphy group reported a Fe(acac)s-catalyzed
HAT cyclization an amine-tethered alkenyl nitrile system.3! In
2011, the Sensuki group reported a mechanistic study using Ni(0)-
PCys to effect oxidative cyclization of alkenyl-aryl nitriles to form
a metallacycle with triflic acid as additive to activate the nitrile
moiety.3? In two other examples, Fe(acac)s and Mn(dmp)s-cata-
lyzed alkenyl nitrile cyclizations involving five-membered ring for-
mation® or in a rigid framework.3* With these precedents in mind,
we tested numerous HAT and transition metal-catalyzed conditions

Table 2. Optimization of the neopentyl 1,2-addition.

Me Mé M
66 ‘67
entry Li-| exchange 1,2-addition yield
12 —78°C, 60 min ~78°C, 60 min 5% 79, 30% 80

22 —78°C, 10 min 42%

0°C, 10 min
32 —78°C, 10 min
0°C, 10 min
4> -78°C, 10 min
25°C, 15 min
5 —78°C, 10 min
25°C, 15 min

—78°C to 0 °C, 60 min
0°C, 60 min 57%
25 °C, 60 min 83%, 200 mg scale

25 °C, 60 min 66%, 500 mg scale

6° entry 4, quenched with 1 equiv. TMSCI 25% 81

a: 1.0 equiv. 66 was used. b: 1.2 equiv. 66 was used.
side products unsuccessful substrates:

OH

h Me" Me'| o}
Ms@ b\ N
Mé “OH Me OR Me OJ
R:TMS, TIPS, TBS
80 82 83
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on substrate 74, but these attempts were not successful. In all cases,
either no reaction or conjugate reduction of the enone was ob-
served. We were curious about these results and conducted a pre-
liminary conformational search which indicated that alkenyl nitrile
74 prefers a conformation with the isopropenyl and alkyl nitrile
substituents both in the diaxial position which makes the direct rad-
ical cyclization difficult (cf. Scheme 8 (c)). Thus, we believe that
in the reductive epoxy nitrile cyclization step, a doubly coordinated
intermediate such as 78 is required for C-C bond formation. Other-
wise, the produced iminyl radical will be less stable than the tertiary
radical and the retro-process will be favored.®

With the two chiral fragments in hand, we explored the crucial
1,2-addition process (Table 2). To our delight, sequential treatment
of 66 with n-BuL.i (2 mins at —78°C) and t-BuL.i (60 mins at —78°C),
followed by addition of decalin 67 afforded the desired product 79
in 5% yield with a significant amount of diol 80 as side product
(entry 1). We found the Li-I exchange time and temperature af-
fected the yield of adduct 79 significantly. Shortening the Li-1 ex-
change time and increasing reaction temperature improved the
yield dramatically (entries 2 and 3). The highest yield (83%) was
achieved when the Li-I exchange was shortened to 10 min. and re-
action temperature for 1,2-addition was increased to 25°C (entry 4).
The higher temperature required for this reaction indicated a rela-
tively high energy barrier for this sterically hindered, neopentyl

AE in kcal/mol

Chair-HAT pathway

Scheme 9. Forward synthesis of spirocycle 84 and attempted al-
kene isomerization.

8. cat. Fe(acac);
PhSiH;

EtOH
88-95%

/'Me

‘Me g TMSOTY, Et;N

Me  Eschenmoser salt
ii. Mel, NaHCO3

Boat-HAT pathway

reaction coordinate

Figure 7. DFT calculations for the Curtin—Hammett-driven HAT reduction at M06-2X/6-31G(d,p)/PBF (EtOH).

coupling. When the reaction was conducted on a 500 mg scale, the
yield dropped significantly. For this case, it appeared that Li-I ex-
change was not complete and t-BuL.i addition to 67 occurred. More-
over, adduct 79 was found to unstable; we also identified the SN2’
side product 81 after quenching the reaction with 1.0 equiv. of
TMSCI. As a result, rapid column purification was performed, and
the product was used immediately in the next step (Scheme 9). The
expected MnOz oxidation/oxa-Michael addition of 79 worked
smoothly to afford spirocycle 64 in good yield (67-72%). Other
variants of fragment 66 such as 83, the silyl enol ether of ketone
82, and the ring-opened form of decalin 74 were not successful re-
action partners for 1,2-addition.

The next key issue we encountered was to hydrogenate the dou-
ble bond to establish the axial C12-methyl group. We noticed a
strong NOE correlation for spirocycle 64 between the C12 vinyl
methyl and C6” methine (Scheme 9). We proposed that if the hy-
drogenation occurred from the top face, the resulting equatorial me-
thyl group would be in strong interference with C6’, thus the bot-
tom face approach may be favored to deliver the axial methyl
group. Accordingly, we explored heterogeneous hydrogenation us-
ing catalytic Pd/C and Pd(OH)2/C and Hz in methanol, but in this
case no reaction was observed presumably as both faces are hin-
dered. We also attempted to hydrogenate enone 67 to preinstall the

https://doi.org/10.26434/chemrxiv-2024-0m8pp ORCID: https://orcid.org/0000-0001-6836-1062 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0m8pp
https://orcid.org/0000-0001-6836-1062
https://creativecommons.org/licenses/by-nc-nd/4.0/

axial methyl group, but heterogeneous hydrogenation using Pd/C
afforded an inseparable 1:1.5 mixture of diastereomers.

Recently, the YYang group reported an elegant synthesis of (+)-
waihoensene wherein an axial methyl group was installed via
MHAT hydrogenation of an exocyclic alkene.* In their study, the
initially formed tertiary radical abstracted a nearby ketone a-H to
establish axial methyl stereochemistry. We proposed that in our
system, the initially formed tertiary radical may be able to abstract
the C6’-H, thus forging the axial C12-methyl stereochemistry. To
our delight, iron (111) hydride (MHAT) reduction of substrate 64
worked well and produced the desired product 84 as a single dia-
stereomer (Scheme 9), the mechanism of which was explored
through deuterium-labeling experiments and computational studies
as outlined in our previous work.* In the current study, we further
found that the conformational barrier from the chair radical con-
former A to the boat conformer B was 7.76 kcal/mol (Figure 7).

Conversion of 84 to the vinylogous ester 87 proved to be a non-
trivial transformation. We first designed an Eschenmoser methyle-
nation/olefin isomerization sequence to fulfill this goal due to step
economy (Scheme 9). Although the Eschenmoser reaction afforded
exocyclic enone 85 efficiently and endocyclic olefin 87 is much
more stable thermodynamically, we observed that the production
of hetero-Diels-Alder dimer 86 was a facile process leading to the
isolation of this compound in 75% yield after treatment of 85 in
CDCl;s overnight.

The high yield of dimer 86 also indicated potential high ef-
ficiency to obtain 87 if alkene isomerization could be achieved
which led us to evaluate several conditions (Table 3). Hydrogen
activated Pd/C has been reported to isomerize an exocyclic enone
to an endocyclic isomer,®” but our substrate was found to be inert
to these conditions (cf. entry 1). Palladium (Il) catalysts such as
(PhCN)2PdCl2 are known to isomerize terminal to internal ole-
fins;% however, these conditions only promoted dimerization and
acetal hydrolysis (entry 2). Catalytic (PPhs)sRhCI/EtsSiH has been
reported to isomerize a series of 5-membered a-alkylidene carbon-
yls to cyclic o, 8-unsaturated carbonyls, but the high temperature
required in this case promoted dimer formation (entry 3). A trace
amount of product was formed and a 1,4-hydrosilation product was
also observed. Recently, radical-type alkene isomerization using
metal hydride atom transfer chemistry has been applied to several
total syntheses.®® These conditions required mild heating in ben-
zene at 60°C. Use of a Co(salen)Cl catalyst system was not effec-
tive at r.t. and heat only promoted dimerization for our substrate

Table 3. Exploration of isomerization of 85

87
conditions results

1 Pd/C, H, (activation), EtOA, r.t. no reaction, 85 recovered, no dimer

2 (PhCN),PdCl,, benezene, 60 °C, dimer and trace 87, acetal deprotection
3 (PhgP)3RhCI, Et3SiH, 100 °C dimer, hydrosilation, trace 87
4 Co(salen)Cl, PhSiHj, rt. to 60 °C dimer

5 Co(dmgH), -2 H,0, PhSiH3, 60 °C dimer, reduction, and trace 87

6 RhCl3 :xH,0 (0.2 equiv.), EtOH, 100 °C  20% yield of 87. dimer, acetal hydrolysis

7 using Mannich base as substrate

: 33% yield of 87. EtOH addition
KoCOj3 ( 2 equiv.) i

no acetal hydrolysis

(entry 4). Norton’s radical-type olefin isomerization chemistry us-
ing Co(dmgH). as catalyst** was also evaluated, but dimer for-
mation was still the major observed pathway (entry 5). An exciting
success was found when catalytic RhCls in EtOH under reflux con-
ditions was employed for isomerization of 85.42 However, the high
temperature required resulted in competing dimerization, acetal hy-
drolysis, and Michael addition of EtOH (entry 6). Since the thermal
stability of exocyclic olefin 85 was a significant problem, we con-
sidered whether its slow release may help reduce undesired dimer-
ization and promote isomerization. Refluxing of RhCls in EtOH
also produces HCI which can hydrolyze the ketal protecting group
of substrate 85. Accordingly, we added K2COs or pH 7 buffer using
the Mannich base precursor to 85 and indeed observed slightly im-
proved yields of the desired product 87 (33%), but the basic condi-
tions employed also accelerated Michael addition of EtOH to 85.
Although we have also evaluated many other Ir-H and Ni-H condi-
tions, no promising results were observed, and all reactions were
plagued by dimerization. We also noticed that the yield of dimer 86
was variable in different batches and 86 exists as an inseparable
mixture of isomers. As a model of 85 shows that the two faces of
the exocyclic enone are very similar, Diels-Alder dimerization may
occur from both diastereo faces. After numerous attempted purifi-
cations and structural characterizations, we propose the dimeric
core structure shown 86 with the spirocyclic stereochemistry unde-
fined.

Considering the insurmountable problem of exocyclic alkene
isomerzation, we developed an alternative desaturation/cross -cou-
pling sequence to prepare spirocycle 87 (Scheme 10). IBX was
found to be an optimal desaturation reagent for substrate 84 to ac-
cess enone 88. Ito-Saegusa oxidation of 84 was found to be slug-
gish and incomplete in which case we also observed desaturation
of the C5’-C6’ site. Subsequent iodination and Suzuki coupling
produced the divergent intermediate 87 in high yield. This three-
step sequence was found to be more scalable than the elusive olefin
isomerization and produced 350 mg of 87 in a single pass. The po-
tassium enolate derived from 87 was acylated in high yield using
the Mander reagent to produce ketoester 90. A single crystal X-ray

17’ G . g ‘

Figure 8. 'H-NMR study of the Sc(OTf)s chelation effect on as-
novolin J. top: asnovolin J + Sc(OTf)z (3 equiv.), bottom: asno-
volin J.
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Scheme 10. Synthesis of key intermediate 80 and collective synthesis of five spiromeroterpenoids.

o o
H, €
“Me /" "Me
Me &, ‘Me Me ©, ‘Me

Me g X, Na,HPO, L Me s
EO | 4AMS, DMSO EO _ MeCN
O £\ 72% o /i 84%
Me Me Me Me
84 88
CO,Me
Me
12. KHMDS
CH50COCN
87 3 Me
THF
(94%) E
Me Me

then (PhSe0),0
then HCI

12. (PhSe0),0

then HCI A
86% 84% from 87
Q _COMe
Me .

Me 13. Et,AICI, i-PrOH
toluene, 50 °C
69% , 5:1 d.r.

Meerwein-Ponndorf-Verley
Me s reduction Me Me

chermesin B, 91

structure of 83 served to conflrm all stereochemistry established
thus far in the sequence. After hydrolysis, we achieved the first syn-
thesis of asnovolin J 12. The route was found to be scalable in pro-
ducing 133 mg of asnovolin J in a single pass. For the synthesis of
asnovolin A 19, addition of m-CPBA to 12 produced a complex
mixture; we reasoned that the electron-rich C2’-C3’ bond and
enolizable C5” position could also undergo undesired oxidation.
We considered that the electron density of the C2’-C3’ double bond
could be reduced through addition of Lewis acids and found that
Sc(OTf)s in conjunction with m-CPBA could indeed promote the
desired transformation to produce asnovolin A in 76% yield.* We
conducted a *H NMR study to monitor the effect of Sc(OTf)s on
the electronics of substrate 12 (Figure 8) for Bayer-Villiger oxida-
tion. Premixing 12 with 3 equiv. of Sc(OTf)s produced a spectrum
where the C11°-Me, C5’-H, and C8’-Me signals shifted downfield,
whereas the chemical shift of C2-H did not change. The spectrum
supported the idea that Sc(OTf)s chelation to the bidentate p-keto
ester moiety occurred which reduced the electron density of the D-
ring, while Sc(OTf)s activation of C3-ketone towards Baeyer-Vil-
liger oxidation was not definitive likely as the fast association/dis-
sociation of Sc(Ill) Lewis acid is shorter than the NMR timescale.
We were ultimately able to produce 30 mg of asnovolin A 19 which
will be used in future studies to provide material to access highly
oxidized spiromeroterpenoids through chemoenzymatic synthesis.
Acid-mediated methanolysis of asnovolin A 19 produced asnovolin
E 5in 41% yield. To our surprise, desaturation of the C5’-C6” po-
sition of substrate 87 using IBX was no longer effective even under
more harsh conditions. We had postulated that the vinylogous ox-
ygen may stabilize a putative radical cation and thus no proton was
eliminated. After considerable experiments, we found that ben-
zeneseleninic acid anhydride** enabled efficient desaturation of
enone 87. The dienone chermesin B (91) was isolated in 86% yield
after hydrolysis. A similar desaturation protocol also worked well
on B-keto ester 90

10.1,, CAN

Me ™\ . ;\',‘l"ee “,Me  14.p-TsOH
o MeOH MeO,C
. ! 41%
HO' A
= H Me Me

simplicissin, 93

| Me
~ e “"Me
Me O ,\’;"e 11. cat. PA(OAC), , SPhos Me O, | ‘Me
e K3PO,, MeB(OH), < Me
EO@’ toluene [O@
o 95% ok

YRS 350 mg vd mb!

then HCI
(77% from 87 )
e !
asnovolin J, 12
13. m-CPBA
Sc(OTf),
CHCl,
76%
0 % com % com
e e
CO,Me Me 2 Me 2
“"Me “Me

Me MeO. | 'Me o ["Me

Me

asnovolin A, 19 asnovolin E, 5

to produce dienone 92 after hydrolysis. The final C3-ketone reduc-
tion of 92 to simplicissin was not “simple” at all. Canonical bulky
reductants including L-Selectride and LiAIH(t-Bu)(i-Bu)2 primar-
ily reduced the C5’-C6’ double bond and then reduced the C3-ke-
tone to a mixture of axial and equatorial alcohols. Other strategies
including enone protection via Diels—Alder cycloaddition with
CpTMS* or PhsP/TMSOT#*¢ and stereoinversion of the C3- equa-
torial hydroxyl group via Mitsunobu reaction were not successful.
Finally we found that Meerwein-Ponndorf-Verley (MPV) reduc-
tion*” of 92 using in situ-generated (i-PrO)2AICI was a highly se-
lective method to reduce the C3-ketone with useful levels of dia-
stereoselectivity. Simplicissin (93) was purified and isolated in
59% vyield as a single diastereomer. In total, we achieved the col-
lective synthesis of five DMOA-derived spiromeroterpenoids in
our successful third generation route.

Synthesis of a Spirocycle Library. Spirocycles are ubiquitous
structural motif in drugs and natural products.“® Recently the theme
of “escape from flatland”**® has spurred extensive research to make
sp3-rich scaffolds for drug discovery. The spirocycle assembly
logic in our spiromeroterpenoid synthesis provided an excellent
platform to construct various sp3-rich spirocycles. There are many
abundant, commercially available terpenes containing a ketone
functionality which may be engineered to spirocycles through the
1,2-addition/oxidative oxa-Michael addition sequence without pu-
rification of the intermediate diol (Scheme 11). In general, we
found that enolizable ketones work poorly and proto-deiodination
of 66 occurred. For example, the terpenes (+)-nopinone, thujone,
menthone, camphor, and fenchone did not produce the desired 1,2-
addition to afford the corresponding diol product. When carvone
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Scheme 11. Synthesis of a small spirocycle library
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was used, an separable diastereomeric mixture of 94-S and 94-R
were isolated in reasonable yield after two steps. Nootkatone only
produced spirocycle 95 in 5% yield. Cyclobutanone afforded the
novel spirocycle 96 in 30% yield, presumably as enolization would
introduce strain and was thus not favored. Several other ketones
without enolizable protons were evaluated and gave good results.
3-Methylene 2-norbornanone produced an inseparable 1:1 diastere-
omer mixture 97 in 28% yield. In this case, no 1,4-addition was
observed. The substrate 2-adamantanone produced spirocycle 98 in
40% yield as a crystalline solid. 9-Fluorenone generated spirocycle
99 in 48% yield. Thioxanthone was sparingly soluble in ether and
in this case a dilute THF solution was used in which case spirocycle
100 was isolated in good yield. We also tested aldehyde-containing
substrates including 1-methyl-1H-indole-2-carbaldehyde which
produced a 1:1 diastereomeric mixture of 101-S and 101-R in 60%
total yield. The unsaturated aldehyde reaction partner cyclocitral
generated 102-S and 102-R in 67% combined yield.

W CONCLUSIONS

In summary, we have detailed a full account of our strategy de-
velopment leading to the first unified asymmetric total synthesis of
DMOA-derived spiromeroterpenoids. Although the first- and sec-
ond-generation routes based on dearomatization strategies were not
successful, the lessons learned subsequently oriented our efforts to
undertake stepwise construction of the highly substituted D-ring
and a convergent fragment coupling strategy that proved to be ad-
vantageous in terms of stereochemical control. The oxidative
dearomatization reactivity of highly substituted phenols discovered
in our study can be leveraged in future studies. Several complex

dimers were produced along with a scalable synthesis of DHDMP
whose dearomatization reactivity will be explored in future work.
An improved process synthesis of decalin 67 was revisited. Our
third-generation route provided a robust and unified approach to
DMOA-derived spiromeroterpenoids. Several stereoselective reac-
tions were developed including MHAT chemistry to establish the
axial C12-methyl group, Meerwein-Ponndorf-Verley (MPV) re-
duction to accomplish a challenging C3-ketone reduction to pro-
duce simplicissin, orthogonal desaturation of a vinylogous ester
substrate, and a Lewis acid-assisted, regioselective Baeyer-Villiger
oxidation to produce the congener asnovolin A. Finally, the 1,2-
addition/oxidative cyclization sequence was extended to prepare a
small spirocyclic library which in the future should provide novel
leads for drug discovery.

B EXPERIMENTAL SECTION

General Methods. Unless stated otherwise, reactions were per-
formed in flame-dried glassware, 10 mL test-tubes, or 4 mL capped
reaction vials under an argon or nitrogen atmosphere using dry, de-
oxygenated solvents (distilled or passed over a column of activated
alumina) and stirred with Teflon-coated magnetic stirring
bars. HPLC grade methylene chloride, tetrahydrofuran, diethyl
ether, toluene, benzene, and acetonitrile were purchased from
Fisher Scientific and were purified and dried by passing through a
PURE SOLV® solvent purification system (Innovative Technol-
ogy, Inc.). All other reagents and catalysts were purchased and used
as received from Strem, Sigma Aldrich, Oakwood Chemical, and
Alfa Aesar. All NMR spectra were obtained in CDClIs, CDz0D,
CsDs (Cambridge Isotope Laboratories, Inc.) at ambient tempera-
tures using a Varian 400 MHz, 500 MHz or 600 MHz spectrometer.
Chemical shifts are reported in parts per million relative to the in-
ternal solvent peak (CDCls: § 7.26 for *H; § 77.16 for *3C. CDsOD:
& 3.31 for 'H; 6 49.00 for 13C, CsDe: & 7.16 for 1H; 128.06 for 13C).
Data for 'H NMR are reported as follows: chemical shift, multiplic-
ity (br = broad, s = singlet, d = doublet, t = triplet, g = quartet, m =
multiplet), coupling constants, and integration. All **C NMR spec-
tra were recorded with complete proton decoupling. Infrared spec-
tra were recorded on a Bruker ALPHA P FT-IR spectrometer
equipped with a diamond ATR module. High-resolution mass spec-
tra were obtained at the Boston University Chemical Instrumenta-
tion Center using a Waters Q-TOF mass spectrometer. Melting
points were recorded on a Mel-temp apparatus (Laboratory De-
vices) and are uncorrected. Analytical LC-MS was performed on a
Waters Acquity UPC? system (Ultra Performance Convergence
Chromatography (Waters MassLynx Version 4.2) with a Binary
solvent manager (Supercritical CO2 and MeOH), a SQ mass spec-
trometer, a Waters 2996 PDA (PhotoDiode Array) detector, and an
ELSD (Evaporative Light Scattering Detector). An Acquity UPC?-
MS Torus 2-PIC 1.7 um column was used for analytical UPC2-MS.
Analytical thin layer chromatography (TLC) was performed using
0.25 mm silica gel 60-F plates (Merck KGaA). Flash chromatog-
raphy was performed using ZEOprep 60 Eco 40-63 pm silica gel
(Zeochem AG). Preparative TLC was conducted with glass-backed
250 pm silica gel 60-F plates (Merck KGaA). Yields refer to chro-
matographically and spectroscopically pure compounds, unless
otherwise stated. All reactions were carried out in oven-dried glass-
ware under an argon/nitrogen atmosphere unless otherwise noted.
The Scilligence ELN Reaction Planner (Scilligence Corp.) was
used for experimental procedure planning.

Experimental procedure and characterization data: The de-
tailed experimental and characterization data for new compounds
are list below. For experimental details and characterization data
for compounds 5, 12, 19, 64, 66, 72, 79, 84, 85, 86, 87, 88, 89, 90,
91, 92, and 93, please see reference 14.
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Dimer 36: To a 4 mL reaction vial was added DMOA methyl ester
34 (10 mg, 47 umol, 1.0 equiv.) in AcOH (1 mL). The reaction was
degassed with Ar for 30 mins. Then CAN (78 mg, 143 umol, 3.0
equiv.) and Cu(OAc): (13 mg, 71 umol, 1.5 equiv.) were added.
The reaction was stirred at r.t. for 12 h. The reaction was finally
quenched with sat. NaHCOs and extracted with ethyl acetate (3 mL
X 3). The organic layer was dried over Na2SOs, filtered, and con-
centrated. The crude material was purified by silica gel chromatog-
raphy (hexane: ethyl acetate = 4:1) to afford the dimer 36 (3.8 mg,
19% yield). Physical state: white solid. Rr = 0.21(4:1 hexane :
EtOAc); M.p.: 198-202 °C (CHCls/isooctane) TH-NMR (CDCls,
500 MHz): 6 3.83 (s, 3H), 3.78 (s, 3H), 2.35 (s, 3H), 1.99 (s, 3H),
1.85 (s, 3H), 1.66 (s, 3H), 1.23 (s, 3H), 1.13 (s, 3H) 3C-NMR
(CDCls, 126 MHz): 200.1, 198.8, 191.0, 188.6, 167.4, 165.6, 159.2,
148.1, 136.4, 135.6, 69.1, 68.0, 60.5, 53.1, 52.9, 22.4, 20.1, 15.4,
12.8, 10.9, 10.6 IRymax (Diamond ATR): 2952, 1736, 1674, 1320,
1241 cm HRMS (ESI): [M + H]" Calc.’d for C22H250s: 417.1549,
found: 417.1554

Dimer 38: A 50 mL flask containing methyl atratate 37 (200 mg,
1.02 mol, 1.0 equiv.) in CH3CN (10 mL) was added CAN (448.9
mg, 2.04 mmol, 1.0 equiv.) at r.t. The mixture was stirred for 30
mins and was then quenched with sat. Na2S20s. The mixture was
extracted with ethyl acetate (10 mL X 3). The combined organic
layer was washed with brine, dried with Na2SOs, filtered, and con-
centrated to afford a crude yellow solid. Purification by silica gel
chromatography (hexane: ethyl acetate= 20:1 to 5:1) afforded the
dimer 38 (29 mg, 15% yield.). Physical state: yellow solid. Rt =
0.33 (4:1 hexane : EtOAc); M.p.: 185 °C (hexanes/EtOAc) H-
NMR (CDCls, 500 MHz): 6 11.9 (s, 1H), 5.07 (s, 1H), 3.93 (s, 3H),
3.83 (s, 3H), 2.54 (s, 3H), 2.19 (s, 3H), 2.04 (s, 3H), 1.72 (s, 3H),
13C-NMR (CDCls, 126 MHz): 191.4, 190.7, 172.7, 164.0, 164.0,
159.1, 145.3, 143.6, 137.8, 118.2, 108.2, 106.8, 103.1, 61.5, 53.0,
52.3, 17.7, 17.0, 14.3, 8.6 IRymax (Diamond ATR): 2960, 1708,
1512, 1254 c¢cm' HRMS (DART+): [M + H]" Calc.’d for
C20H2109: 405.11801, found: 405.11810

o) o} (I)
Me | " o
MeO,C Me o e
o _)—CO,Me
Mg _)—CO,Me
Me Me
40 M 42

Me Me
To solution of DMOA methyl ester 34 (10 mg, 47 umol, 1.0 equiv.)
in 0.3 mL of HFIP and methylene cyclohexane (45 mg, 57uL, 475
umol, 10 equiv.) in a4 mL vial at 0 °C was added a solution of
PIDA (23 mg, 71 umol, 1.5 equiv.) in HFIP (0.2 mL) dropwise.
The colorless solution became yellow immediately. After 30 mins,
the reaction was quenched with sat. Na2S203. The reaction mixture
was extracted with ethyl acetate (3 mL x 3). The combined organic
layer was washed with brine, dried with Na2SOs, filtered, and con-
centrated to afford a crude yellow oil. Purification by preparative

thin layer chromatography (hexane: ethyl acetate = 4:1) afforded
40 (2.6 mg, 17% yield.) as the desired [3+2] cycloaddition product
as slightly yellow wax and 4.3 mg of a yellow oil which was deter-
mined to be an inseparable mixture of the two [5+2] cycloadduct
regioisomers. The same reaction was repeated 3 x in which case the
yellow oil was combined and purified by preparative HPLC to af-
ford [5+2] isomer 41 (7.9 mg, 18% yield) as a white wax and [5+2]
isomer 42 (4.8 mg, 11% vyield) as a white wax.

[3+2] cycloadduct 40: Physical state: slight yellow solid. Rs =
0.185 (4:1 hexane : EtOAc); H-NMR (CDCls, 500 MHz): § 3.85
(s, 3H), 2.03 (d, J =12.40 Hz, 1H), 2.01 (overlap, 1H), 1.78 (d, J =
13.03 Hz, 1H), 1.79-1.84 (overlap, 2H), 1.77 (s, 3H), 1.73 (overlap,
1H), 1.63 (m, 1H), 1.55 (s, 3H), 1.47-1.52 (overlap, 3H), 1.37-1.45
(overlap, 2H). 13C-NMR (CDCls, 126 MHz): 184.4, 177.7, 168.1,
153.9, 131.8, 108.2, 90.7, 52.4, 48.2, 43.0, 40.7, 38.0, 34.4, 32.2,
25.0, 23.1, 21.8, 16.5, 7.6. IRumax (Diamond ATR): 2932, 2858,
1736, 1676, 1615, 1240, 1203 cm™' HRMS (ESI): [M + H]* Calc.’d
for Ci1sHz504: 305.1753, found: 305.1742.

[5+2] cycloadduct 41: Physical state: white wax. Rf = 0.37 (4:1
hexane: EtOAC); IH-NMR (CDCls, 500 MHz): § 3.82 (s, 3H), 2.06
(s,3H),1.97 (d,J =12.95Hz, 1H), 1.78 (d, J = 12.95 Hz, 1H), 1.58—
1.68 (overlap, 3H), 1.34 (s, 3H), 1.19-1.32 (overlap, 5H), 1.18 (s,
3H), 1.00-1.1 (overlap, 2H). 13C-NMR (CDCls, 126 MHz): 207.0,
195.0, 166.6, 166.3, 133.1, 72.8, 52.4, 52.0, 45.4, 40.6, 34.3, 33.8,
24.9, 22.5, 22.0, 17.2, 16.0, 9.0 IRymax (Diamond ATRY): 2934,
1735, 1667, 1436, 1333, 1230 cm™ HRMS (ESI): [M + H]* Cale.’d
for C1gH2504: 305.1753, found: 305.1750.

[5+2] cycloadduct 42:_Physical state: white wax R = 0.41(4:1
hexane : EtOAc); tH-NMR (CDCls, 500 MHz): § 3.84 (s, 3H), 2.02
(s,3H),1.91(d, J=13.74 Hz, 1H), 1.80 (d, J = 14.41 Hz, 1H), 1.61-
1.72 (overlap, 3H), 1.31-1.45 (overlap, 4H), 1.29 (s, 3H), 1.21 (s,
3H), 1.26 (m, 1H), 0.99-1.15 (overlap, 2H). 3C-NMR (CDCls,
126 MHz): 207.0, 195.0, 166.7, 163.0, 133.3, 62.9, 62.0, 52.6, 44.3,
41.1,33.1,32.5,25.4,22.7,21.9,19.7, 13.5, 11.0. IRymax (Diamond
ATR): 2935, 1760, 1736, 1677, 1445, 1216 cm HRMS (ESI): [M
+ H]* Calc.’d for C1sH2504: 305.1753, found: 305.1745

Me
43

43: To a 100 mL flask was added THF (25 mL), DMOA methyl
ester 34 (500 mg, 2.38 mmol, 1 equiv.), TBSCI (468 mg, 3.11
mmol, 1.3 equiv.), and EtN(i-Pr)z (614.7 mg, 828 uL, 4.76 mmol,
2.0 equiv.). After 6 h, the reaction was quenched with sat. NH4Cl
and was extracted with EtOAc (10 mL x 3). The combined organic
layers were then dried over Na2SO4 and concentrated under vac-
uum. The crude product was purified using silica gel chromatog-
raphy (hexane: EtOAc = 20: 1) to afford 43 (655 mg, 84% vyield).
Physical state: white solid. Rr = 0.83 (4: 1 hexane: EtOAc); M.p.:
78-80 °C (hexanes/EtOAC). *H-NMR (CDCls, 500 MHz): 6 11.24
(s, 1H), 3.93 (s, 3H), 2.40 (s, 3H), 2.09 (s, 3H), 1.09 (s, 9H), 0.16
(s, 6H), 3C-NMR (CDCls, 126 MHz): 172.81, 159.81, 156.90,
137.14, 120.37, 114.21, 107.39, 52.01, 29.85, 26.15, 19.11, 18.81,
14.33, 10.78, —-3.08 IRymax (Diamond ATR): 2955, 2930, 1654,
1321, 1207,827 cm! HRMS (ESI): [M + H]* Calc.’d for
C17H2004Si: 325.1835, found: 325.1839
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To a 500 ml flask was added DMOA methyl ester 34 (4.0 g, 19
mmol, 1.0 equiv.), benzyl bromide (3.58 g, 20.9 mmol, 1.1 equiv.),
K2COs (3.94 g, 28 mmol, 1.5 equiv.), and acetone (150 mL). The
mixture was heated at 60 °C for 3 h at which time TLC analysis
showed that all starting material was consumed. Then Mel (5.4 g,
2.37 mL, 38 mmol, 2.0 equiv.) and K2COs (7.89 g, 57 mmol, 3.0
equiv.) were added and the reaction was refluxed for 18 h. The re-
action mixture was diluted with water (100 mL) and acetone was
removed under reduced pressure. Then the mixture was extracted
with ethyl acetate (50 mL x 3) and combined organic layer was
washed with brine, dried with Na2SOq, filtered, and concentrated.
The crude product was purified by silica gel chromatography (hex-
ane: EtOAc = 30: 1 to 20: 1) to afford the bis-ether intermediate
(5.6 g, 93% yield). 5.6 g of the intermediate was dissolved in meth-
anol (60 mL) and Pd/C (216 mg, 0.1 equiv.) and AcOH (0.5 mL)
were added. The mixture was bubbled with a Hz balloon for 5 min
and the reaction was stirred for 24 h. The mixture was filtered over
Celite® and concentrated in vacuo. Purification by silica gel chro-
matography (hexane: EtOAc = 20: 1 to 15: 1) afforded the product
44 (2.77 g, 69% vyield). Physical state: white solid Rf = 0.38 (4:1
hexane : EtOAc); M.p.: 65 °C (hexane/EtOAc) *H-NMR (CDCls,
500 MHz): 6 4.80 (s, 1H), 3.91 (s, 3H), 3.73 (s, 3H), 2.17 (s, 3H),
2.16 (s, 3H), 2.13(s, 3H) BC-NMR (CDCls, 126 MHz): 169.9,
153.9, 153.8, 132.4, 121.6, 118.6, 114.4, 62.2, 52.3, 16.8, 11.8, 8.9
IRumax (Diamond ATR): 3467, 2949, 1726, 1583, 1293, 1201cm™
HRMS (ESI): [M + Na]* Calc.’d for C12H1s0sNa: 247.0946,
found: 247.0937

OMe O

Me
OMe

(0] Me
AcO Me
46

To a stirred solution of 44 (85 mg, 0.379 mmol, 1.0 equiv.) in
AcOH (2 mL) was added PIDA (159 mg, 0.492 mmol, 1.3 equiv.)
and the reaction was stirred at rt and monitored until all starting
material was consumed. The reaction was diluted with water and
EtOAc, then quenched by careful addition of sat. NaHCOs. The re-
action mixture was extracted with ethyl acetate (5 mL x 3) and com-
bined organic layer was washed with brine, dried with Na2SOs, fil-
tered, and concentrated. The crude product was purified by silica
gel chromatography (hexane: EtOAc = 4:1) to afford 46 (107 mg,
93% vyield). Physical state: yellow oil Rf = 0.22 (4:1 hexane :
EtOAC); IH- NMR (CDCls, 500 MHz): & 3.85 (s, 3H), 3.84 (s, 3H),
2.12 (s, 3H), 1.93 (s, 3H), 1.82 (s, 3H), 1.42 (s, 3H) BC-NMR
(CDCls, 126 MHz): 198.6, 169.4, 166.8, 163.5, 147.7,126.6, 117.2,
80.5, 61.1, 52.4, 24.4, 20.4, 14.4, 9.06 IRymax (Diamond ATR):
2952, 1735, 1665, 1236 cm™* HRMS (ESI): [M + H]* Calc.’d for
C14H1906: 283.1182, found: 283.1176

OH O

Me
OMe

BocO Me

Me
47

47: To a 50 mL flask was added CH2Cl2 (9 mL), 34 (200 mg, 0.95
mmol, 1 equiv.), Boc2O (249 mg, 1.14 mmol, 1.2 equiv.), DMAP

(2.32 mg, 19 umol, 0.02 equiv.), and EtN(i-Pr)2 (9.4 mg, 10 uL, 57
umol, 0.06 equiv.). The mixture was stirred for 4 h and was then
concentrated. Direct purification by silica gel chromatography
(hexane: EtOAc = 20:1) afforded compound 47 as a white solid
(150 mg, 50% yield.) Physical state: white solid Rf=0.77 (4 : 1
hexane : EtOAc); tH-NMR (CDCls, 500 MHz): & 11.04 (s, 1H),
3.95 (s, 3H), 2.42 (s, 3H), 2.09 (s, 3H), 2.08 (s, 3H), 1.55 (s, 9H)
13C-NMR (CDCls, 126 MHz): 172.81, 159.81, 156.90, 137.14,
120.37, 114.21, 107.39, 52.01, 29.85, 26.15, 19.11, 18.81, 14.33,
10.78, 3.08 IRumax (Diamond ATR): 2955, 2930, 1654, 1321, 1207,
827 cm? HRMS (ESI): [M + Na]* Calc.’d for CisH220sNa
333.1314, found: 333.2193

Me
Q Me

%o
O 48

Cyclic carbonate 48: To a 250 mL flask was added 47 (1.76 g, 5.67
mmol, 1.0 equiv.) and HFIP (56 mL) at r.t. and the mixture was
stirred for 5 mins to ensure that all solids were dissolved. To an-
other 50 mL flask was added PIDA (2.01 g, 6.24 mmol, 1.1 equiv.)
in HFIP (30 mL). The solution of PIDA was added to the solution
of 47 through a syringe pump over 60 mins and the reaction was
stirred for another 15 mins. The reaction was concentrated directly
and the crude product was purified by silica gel chromatography
(hexane: EtOAc = 5: 1) to afford cyclic carbonate 48 (1.16 g, 81%
yield). Physical state: white solid; Rt = 0.23 (4:1 hexane : EtOAC);
M.p.: 78-80 °C (hexane/EtOAc); H-NMR (CDCls, 500 MHz): &
3.88 (s, 3H), 2.16 (s, 3H), 1.91 (s, 3H), 1.82 (s, 3H) 3C-NMR
(CDCls, 126 MHz): 181.6, 165.2, 162.7, 150.0, 149.5, 132.3, 111.7,
82.3, 52.8, 28.8, 14.6, 8.3 |Rumax (Diamond ATR): 2954, 1842,
1727, 1658, 1105 HRMS (ESI): [M + H]* Calc.’d for C12H130k:
253.0712, found: 253.0719

OH o

Me
o]
HO
Me
DHDMP, 50

Compound 48 (20 mg, 0.079 mmol, 1.0 equiv.) was dissolved in
NMP (0.4 mL) in a 10 mL microwave tube. The tube was sealed
and heated to 200 °C for 10 mins in the microwave reactor. The
resulting dark solution was diluted with water and ethyl acetate.
The mixture was extracted with ethyl acetate (3 x 4 ml) and the
combined organic layer was washed with brine, dried with Na2SOs,
filtered, and concentrated. The crude product was purified by silica
gel chromatography (hexane: EtOAc = 4: 1) to afford 50 (7.2 mg,
46% yield). The data matched reported data by Abe and cowork-
ers.0 IH-NMR (CDCls, 500 MHz): & 7.70 (s, 1H), 5.35 (s, 1H),
5.19 (s, 2H), 2.16 (s, 3H), 2.20 (s, 3H).

Oy_OMe
MOMO Me
Me Me
OMOM

53

Di-MOM-DMOA methyl ester 53: To a stirred solution of
DMOA methyl ester 34 (4.0 g, 19 mmol) in THF (180 mL) at 0 °C
was added NaH (60%, 1.9 g, 47 mmol, 2.5 equiv.). The resulting
mixture was stirred at 0 °C for 20 min before MOM-CI (3.83 g, 47
mmol, 2.5 equiv.) was slowly added. The resulting mixture was
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warmed to r.t. and was stirred for 3 h before being quenched with
NH.4CI (200 mL, sat. aq.). The layers were separated, and the aque-
ous layer was extracted with EtOAc (3 x 50 mL). The combined
organic layers were washed with NaHCOz (50 mL, sat. ag.), dried,
and concentrated in vacuo. Flash column chromatography (silica
gel, hexane: EtOAc = 9:1) afforded the ester 53 (3.81 g, 67%) as a
colorless oil. Physical state: colorless oil; Rf = 0.35 (4:1 hexane :
EtOAC); IH-NMR (CDCls, 500 MHz): § 4.95 (s, 2H), 4.91 (s, 2H),
3.90 (s, 3H), 3.60 (s, 3H), 3.54 (s, 3H), 2.22 (s, 3H), 2.17 (s, 3H),
2.16 (s, 3H) *C-NMR (CDCls, 126 MHz): 169.2, 156.2, 151.2,
132.7,126.7, 126.0, 122.8, 100.3, 99.5, 57.7, 57.5, 52.2, 17.0, 13.1,
10.9. IRumax (Diamond ATR): 2952, 1730, 1158, 1048, 957cm™.
HRMS (ESI): [M + H]* Calc.’d for CisHz30s: 283.1545, found:
283.1559

MOMO.

Me Me
OMOM
55

Di-MOM DHDMP 55:

Procedure 1: To a stirred solution of diisopropylamine (1.01 mL,
7.16 mmol, 1.2 equiv.) in dry THF (13 ml) at —78 °C under was
added n-BuLi (2.86 mL, 2.5 M in hexane, 1.2 equiv.) dropwise. The
mixture was stirred for 30 min at —78 °C for the generation of LDA.
Then a solution of azeotropically dried 53 (1.78 g, 5.97 mmol, 1.0
equiv.) in THF (10 mL) was added to the solution of LDA at —78
°C dropwise. Subsequently, 3.3 mL of anhydrous THF was used to
rinse the flask. The mixture was stirred for 30 mins. Then a solution
of Davis oxaziridine (1.87 g, 7.2 mmol, 1.2 equiv.) in THF (18 mL)
was added quickly. 4.4 mL of THF was used to rinse the flask con-
taining the oxidant. The reaction mixture was stirred for 40 mins
and was then quenched by NH4Cl. The reaction was warmed to r.t.
and extracted with EtOAc (3 x 50 mL). The combined organic layer
was washed with brine and dried over Na>SOa. The dried solution
was filtered and concentrated. CH2Cl2 was then added to the crude
solid in which case a white slurry formed which was filtered. The
filtrate was concentrated and was purified by silica flash column
chromatography (hexane: EtOAc = 10:1 to 4:1) to afford phthalide
55 (0.88 g, 52%). Physical state: white solid. R = 0.35 (2:1 hex-
ane/EtOAC); M.p.: 75 °C (hexane/EtOAC). *H-NMR (CDCls, 500
MHz): § 5.35 (s, 2H), 5.14 (s, 2H), 5.02 (s, 2H), 3.63 (s, 3H), 3.59
(s, 3H), 2.30 (s, 3H), 2.19 (s, 3H). *C-NMR (CDCls, 126 MHz):
169.35, 161.03, 154.15, 146.10, 126.16, 120.66, 112.48, 101.15,
99.66, 68.42, 57.87, 57.82, 12.23, 10.91. |Rumax (Diamond ATR):
2928, 1758, 1134, 949 cm™. HRMS (DART+): [M + H]* Calc.’d
for C14H190s: 283.11761, found: 283.11757

Procedure 2:

To a stirred solution of diisopropylamine (0.90 mL, 6.44 mmol, 1.2
equiv.) in dry THF (10 ml) at —78 °C under was added n-BuLi (2.56
mL, 2.5 M in hexane, 1.2 equiv.) dropwise. The reaction mixture
was stirred for 30 min at —78 °C for the generation of LDA. Then a
solution of azeotropically dried substrate 53 (1.60 g, 5.37 mmol,
1.0 equiv.) in THF (10 mL) was added to the solution of LDA at —
78 °C dropwise and stirred for 30 mins. B(OMe)s (0.9 mL, 8.05
mmol, 1.5 equiv.) was added dropwise and the reaction was stirred
at —78 °C for 30 mins and 0 °C for an additional 30 mins. At 0 °C,
H202 (3 equiv.) and NaOH (3 equiv.) was added and the reaction
was stirred for 30 mins. The reaction was then quenched by NH4Cl
and was extracted with EtOAc. The combined organic layer was
washed with brine and dried over Na2SOs. The crude product was

purified by silica flash column chromatography (hexane: EtOAc =
10:1 to 4:1) to afford 55 (1.52 g, 100%).

[0}
(0}

HO

Me Me

OH
50

DHDMP 50: To a stirred solution of 55 (1.6 g, 5.67 mmol, 1.0
equiv) in MeOH (27 mL) and THF (27 mL) was added conc. HCI
(0.42 mL). The mixture was stirred at 50 °C for 4 h and was then
quenched with sat. NaHCOs. The mixture was extracted with
EtOAc (3 x 30 mL). The combined organic layer was washed with
brine, dried over Na>SOs, and concentrated in vacuo to afford
DHDMP 50 (1.05 g, 95%).

Sulfoxide 56 (8 mg, 49 umol, 1.1 equiv.) was dissolved in CH2Cl2
(0.2 mL, 0.1 M) in an oven-dried tube flushed with Ar. TFAA (14
mg, 9.43 uL, 1.5 equiv.) was then added at —40 °C. After 5 min at
the same temperature, DMOA methyl ester 34 (10 mg, 44 umol,
1.0 equiv.) in CH2Cl2 (0.2 mL) was added dropwise. The colorless
solution rapidly became deep orange. Alkene 35 (10.7 mg, 13 uL,
2.5 equiv.) was then added in one portion. The reaction was stirred
at —40 °C for 30 mins; the cooling bath was removed, and the reac-
tion was stirred for 30 mins. The solvents were removed, and the
crude product was purified by preparative TLC (hexane: EtOAc =
5: 1) to afford 58 (5.7 mg, 34%) and 59 (6.3 mg, 37%)

C5-product: 58: Physical state: slight yellow solid. M.p.: 85-90
°C (hexane/EtOAc); Rs = 0.34 (hexane : EtOAc =4 : 1); *H-NMR
(CDCls, 500 MHz): § 7.79 (ddd, J = 7.69, 1.31, 1.06 Hz, 1H), 7.59
(ddd, J =7.79, 1.89, 0.73 Hz, 1H), 7.34 (ddd, J = 7.06, 7.94, 1.35
Hz, 1H), 7.30 (ddd, J = 7.13, 7.17, 1.46 Hz, 1H), 3.91 (s, 3H), 3.88
(s, 3H), 1.98 (d, J=0.83 Hz, 3H), 1.96 (s, 3H), 1.77 (s, 3H), 1.74(d,
J = 0.69 Hz, 3H). 3C-NMR (CDCls, 126 MHz): 201.96, 167.40,
163.97, 150.71, 141.12, 140.35, 137.94, 128.42, 126.68, 124.14,
124.12,122.19, 121.71, 117.36, 61.34, 54.91, 52.53, 26.97, 16.96,
11.68, 9.08. IRymax (Diamond ATR): 2964, 1735, 1654, 1587,
1434, 1303, 1252cm™ HRMS (ESI): [M + H]* Cale.’d for
C21H2304S: 371.1317, found: 371.1304

C3-product: 59- Physical state: slight yellow solid._M.p.: 120 °C
(hexane/EtOAC); Rr =0.41(4:1 hexane : EtOAC); *H-NMR (CDCls,
500 MHz): & 7.78 (ddd, J = 8.08, 1.38, 0.57 Hz, 1H), 7.58 (ddd, J
=7.51, 1.61,1.03 Hz, 1H), 7.32 (ddd, J = 7.07, 7.20, 1.24 Hz, 1H),
7.29 (ddd, J = 7.07, 7.69, 1.53 Hz, 1H), 3.87 (s, 3H), 3.56 (s, 3H),
2.10(s, J = 0.98 Hz, 3H), 1.77 (s, 3H), 1.96 (s, J = 0.98 Hz, 3H),
1.85 (s, 3H). BC-NMR (CDCls, 126 MHz): 198.25, 168.65,
165.16, 145.79, 140.90, 139.90, 138.12, 128.00, 125.34, 124.02,
123.97, 122.15, 121.72, 112.81, 60.27, 54.29, 52.49, 26.70, 18.36,
11.94, 11.48 1Rymax (Diamond ATR): 2948, 1728, 1654, 1303cm*
HRMS (ESD): [M + H]* Calc.’d for Ca1H2304S: 371.1317, found:
371.1311

https://doi.org/10.26434/chemrxiv-2024-0m8pp ORCID: https://orcid.org/0000-0001-6836-1062 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0m8pp
https://orcid.org/0000-0001-6836-1062
https://creativecommons.org/licenses/by-nc-nd/4.0/

OH Diol 80: Allylic alcohol 66 (60 mg, 0.225 mmol,
\ 1.0 equiv.) in a flame-dried 10 mL test-tube with a
Me" oH stir bar was azeotropically dried with benzene (0.3
Me mL x 3) and further dried using high vacuum for
8 30 mins. Then the vial was vacuumed and refilled
with Ar three times. Then distilled grade pentane (1.2 mL) and dry
ether (0.96 mL) were added. In a separate 10 mL test-tube, decalin
67 (59 mg, 0.225 mmol, 1.0 equiv.) was weighed and azeotropi-
cally dried with benzene (0.5 mL x 3) and was further dried in
vacuo for 30 mins. The flask containing allylic alcohol 66 was
placed in a —78 °C dry ice/ acetone bath. n-BuLi (2.5 M in hexane,
90 uL, 1.0 equiv.) was added dropwise. 2 mins later after addition,
t-BuLi (1.7 M in pentane, 0.292 mL, 2.2 equiv.) was added drop-
wise and a white slurry formed. The slurry was stirred at —78 °C for
60 mins. The dried decalin 67 was dissolved in 0.5 mL ether and
the solution was added to the lithium dianion slurry dropwise. The
test tube containing the decalin was rinsed twice with ether (0.25
mL each time). After 1.5 h, the reaction was quenched by slow ad-
dition of DI water (10 mL). The reaction was extracted with EtOAc
(3 x5 mL), and the combined organic layer was washed with brine
and dried over Na2SOs, filtered and concentrated and was purified
by silica gel column chromatography (10:1 to 2:1 hexane/EtOAc)
to afford the diol product 79 as sticky, colorless oil which became
a white foam under high vacuum (4.9 mg, 5.3%) and the diol side
product 80 (10.8 mg, 30%). Physical state: colorless oil. Rt = 0.08
(2:1 hexane : EtOAc); Rotation: [a]4°=6.787 (¢ 0.1, CHCls); H-
NMR (CDCls, 500 MHz): § 5.78 (dt, J = 10.76, 1.75 Hz, 1H), 5.46
(dd, J =10.16, 2.00 Hz, 1H), 4.27 (dddd, J = 9.69, 6.00, 1.85, 1.85
Hz, 1H), 3.45 (d, J = 10.04 Hz, 1H), 3.33 (d, J = 11.09 Hz, 1H),
1.95 (ddg, J = 12.54, 7.0, 2.44 Hz, 1H), 1.86 (dddd, J = 1.58, 2.45,
6.00, 12.54 Hz, 1H), 1.37 (td, J = 10.24, 12.94 Hz, 1H), 0.89 (d, J
=6.53 Hz, 3H), 0.79 (s, 3H). 3C-NMR (CDCls, 126 MHz):136.32,
133.21, 68.73, 68.07, 41.12, 37.44, 29.55, 17.58, 16.04. IRymax (Di-
amond ATR): 3439, 2959, 1701, 1280, 1042, 755 cm?. HRMS
(ESD: [M + H]* Calc.’d for CgH1702: 157.1229, found: 157.0665

The allylic alcohol 66 (56 mg, 0.210 mmol, 1.0 equiv.) in a flame-
dried 10 mL test-tube with a stir bar was azeotropically dried with
benzene (3 x 0.3 mL) and further dried in high vacuum for 30 mins.
Then the vial was vacuumed and refilled with Ar three times. Then
distilled grade pentane (1.2 mL) and dry ether (0.8 mL) were added.
In a separated 10 mL test-tube, the decalin 67 (44 mg, 0.225 mmol,
0.8 equiv.) was azeotropically dried with benzene (3 x 0.5 mL) and
further dried in high vacuum for 30 mins. The flask containing al-
lylic alcohol 66 was placed in a —78 °C dry ice/ acetone bath. Then
n-BuLi (2.5 M in hexane, 84 pL, 1.0 equiv.) was added dropwise.
2 mins later, t-BuLi (1.7 M in pentane, 0.272 mL, 2.2 equiv.) was
added dropwise and an orange slurry formed. The slurry was stirred
at —78 °C for 10 mins, then r.t. for 15 mins. Then the dried decalin
67 was dissolved in 0.5 mL ether and the solution was added to the
lithium dianion slurry dropwise. The test-tube containing decalin
was rinse twice with ether (0.25 mL each time). After 1.5 h, the
reaction was quenched by slow addition of TMSCI (23 mg, 0.210
mmol, 1.0 equiv.) and the mixture was stirred at r.t. for 30 mins.
The reaction was quenched by water and extracted with EtOAc (3
x 3 mL). The combined organic layer was washed with brine and
dried over Na2SOs, filtered and concentrated and repeated purifica-
tion with silica gel column afforded the SN2’ product 81 (20 mg,

24% vyield). Physical state: white foam Rr = 0.25 (10:1 hexane:
EtOAcC); Rotation: [a]3!= —89.946 (c 0.2, CHCls); H-NMR
(CDCls, 500 MHz): § 5.71 (dd, J = 10.30, 2.15 Hz, 1H), 5.62 (ddd,
J=10.30, 1.70, 1.70 Hz, 1H), 5.21 (m, 1H), 4.32 (dddd, J = 10.04,
5.75, 1.70, 1.70 Hz, 1H), 3.91-3.98 (overlap, 4H), 2.38 (m, 1H),
2.31(d, J = 15.34 Hz, 1H), 2.01(dd, J = 10.56, 7.07 Hz, 1H), 1.90
(d, J =14.31, 4.56 Hz, 1H), 1.85-1.89 (overlap, 2H), 1.80 (td, J =
13.61, 3.78 Hz, 1H), 1.72 (d, J = 1.61Hz, 3H), 1.70 (m, 1H), 1.53
(dt, J = 13.05, 3.72 Hz, 1H), 1.38-1.44 (overlap, 2H), 1.34 (d, J =
15.46 Hz, 1H), 1.03 (s, 3H), 0.939 (d, J = 6.91 Hz, 1H), 0.90 (s,
3H), 0.87 (s, 3H), 0.82 (s, 3H). *C-NMR (CDCls, 126 MHz):
141.2, 139.5, 131.9, 121.0, 113.2, 80.5, 68.0, 64.92, 64.88, 45.8,
42.1, 41.98, 41.1, 39.2, 38.6, 31.2, 28.5, 26.7, 24.4, 24.1, 22.5,
19.56, 19.43, 16.7, 15.5. IRumax (Diamond ATR): 2962, 2934,
1608, 1510, 1246, 1036 cm™*. HRMS (DART+): [M + H]* Calc.’d
for C2sH3003: 387.28937, found: 387.28784

Me”

o
Me o\)
3

8.

Triethyl orthoformate (0.53 mL, 0.89 mmol, 7.0 equiv.) was added
to a solution of ethylene glycol (0.127 mL, 2.27 mmol, 5.0 equiv.),
p-toluenesulfonic acid monohydrate (4.32 mg, 3.5 umol, 5.0 mol
%), and neopentyl iodide 72 (120 mg, 0.454 mmol, 1 equiv.) in
ether (1.0 mL) at 23 °C. The reaction vessel was sealed, and the
reaction vessel was placed in an oil bath that had been preheated to
50 °C. The reaction mixture was stirred for 29 h at 50 °C. The prod-
uct mixture was cooled to 23 °C over 30 min. The cooled product
mixture was diluted with ethyl acetate (25 mL), and transferred to
a separatory funnel and washed sequentially with sat. NaHCOz (15
mL) and brine (15 mL). The organic layer was dried over Na2SOxs,
filtered, concentrated, and purified by flash-column chromatog-
raphy (eluting with 5% ether/hexane) to provide the ketal 83 as a
colorless oil (117 mg, 83%). Physical state: colorless oil. Rf= 0.6
(10:1 hexane: EtOAc); IH- NMR (CDCls, 500 MHz): § 5.60 (d, J
=10.22 Hz, 1H), 5.54 (dd, J =10.05, 1.24 Hz, 1H), 4.02-3.84 (over-
lap, 4H), 3.24 (d, J = 10.52 Hz, 1H), 3.18 (d, J = 9.43 Hz, 1H), 2.17
(m, 1H), 1.68-1.72 (overlap, 2H), 1.0 (s, 3H), 0.86 (d, J = 7.14 Hz,
3H). 3C-NMR (CDCls, 126 MHz): § 140.64, 127.02, 105.77,
64.80, 64.60, 38.51, 33.39, 20.50, 19.18, 15.57. 1Rymax (Diamond
ATR): 2962, 2876, 1112, 1061 cm-1 HRMS (ESD): [M + HJ*
Calc.’d for C11H18102: 309.0352, found: 309.0426

General procedure for spirocycle library synthesis:

The allylic alcohol 66 (50 mg, 0.188 mmol, 1.0 equiv.) in a flame-
dried 10 mL test-tube with a stir bar was azeotropically dried with
benzene (3 x 0.3 mL) and further dried in high vacuum for 30 mins.
Then the vial was vacuumed and refilled with Ar three times. Then
distilled grade pentane (1.0 mL) and dry ether (0.80 mL) were
added. The test-tube was placed in a —78 °C dry ice/ acetone bath.
Then n-BuLi (2.5 M in hexane, 75 pL, 1.0 equiv.) was added drop-
wise. 2 mins later after addition, t-BuLi (1.7 M in pentane, 0.243
mL, 2.2 equiv.) was added dropwise and an orange-yellow slurry
formed. The slurry was stirred at —78 °C for 10 mins. Then the re-
action was moved to r.t. and stirred for 15 mins. Then a solution of
the ketone or aldehyde (1.5 equiv.) in ether (1.0 mL) was added and
the mixture was stirred for 60 mins. The reaction was quenched by
slow addition of DI water (5 mL) and extracted with EtOAc (3 x 5
mL) and the combined organic layer was washed with brine and
dried over Na2SO4. The dried solution was concentrated, and the
residue was dissolved in CHzCl2 (2.0 mL) and MnOz (200 mg, 12
equiv.) was added. The reaction was stirred for 24 h and then the
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mixture was filtered through celite and concentrated. The mixture
was purified using an ISCO Combiflash system (normal phase, 0%
EtOAc to 10% EtOAc/hexane gradient elution over 10 mins, then
10% EtOAc/hexane elution for 5 mins) to afford the desired the

spirocycle.
Me Me
o
M 5
e M\ Me OH
Me' o)

94-S 94-R

94-S: 20 mg, 47% yield. Physical state: colorless oil. Rf=0.15 (10
:1 hexane : EtOAC); Rotation: [a]4%= —1.868 (c 0.2, CHCl3); tH-
NMR (CDCls, 500 MHz): & 5.50 (m, 1H), 4.72 (s, 2H), 4.10 (t, J =
5.28 Hz, 1H), 2.66 (d, J = 1.80 Hz, 1H), 2.65 (d, J =0.78 Hz, 1H),
2.23-2.30 (overlap, 2H), 2.19 (dddd, J = 13.13, 4.98, 2.53 Hz, 1H),
2.02-2.14 (overlap, 3H), 1.97 (d, J = 13.55 Hz, 1H), 1.92 (dddd, J
= 16.6, 11.6, 2.5, 2.5 Hz, 1H), 1.72 (s, 3H), 1.68 (m, 3H), 1.69-
1.72(overlap, 1H), 1.54 (t, J = 12.33 Hz, 1H), 1.08 (s, 3H), 0.96(d,
J = 6.83 Hz, 3H). 3C-NMR (CDCls, 126 MHz): 210.51, 149.13,
136.23, 136.23, 125.39, 109.23, 83.31, 82.96, 49.53, 44.79, 44.21,
43.10, 40.73, 39.68, 35.69, 31.06, 20.53, 19.02, 17.49, 15.92.
IRumax (Diamond ATR): 2962, 2878, 1719, 1278 cm?. HRMS
(ESD): [M + HJ* Calc.’d for C1gH2003: 289.2168, found: 289.2160.

94-R: 12 mg, 28% yield. Physical state: colorless oil. Rt = 0.09
(10:1 hexane : EtOAC);_Rotation: [a]3?= -114.21 (c 0.2, CHCls);
'H-NMR (CDCls, 500 MHz): § 5.60 (d, J =5.33 Hz, 1H), 4.71(t, J
=1.57 Hz, 1H), 4.67 (s, 1H), 4.23 (dd, J =5.51, 2.54 Hz, 1H), 2.67
(d, J = 16.8 Hz, 1H), 2.50 (dd, J = 15.44, 5.48 Hz, 1H), 2.30-2.40
(overlap, 2H), 2.14-2.20 (overlap, 3H), 2.10 (m, 1H), 2.06 (td, J =
13.05, 1.98 Hz, 1H), 1.88 (d, J = 13.8 Hz, 1H), 1.81 (s, 3H), 1.71
(s, 3H), 1.61(t, J = 12.35Hz, 1H), 1.10 (s, 3H), 0.99 (d, J = 6.7 Hz,
3H). 3C-NMR (CDCls, 126 MHz): 209.95, 149.5, 136.1, 127.1,
108.9, 87.2, 81.3, 47.0, 45.3, 44.7, 44.4, 37.95, 35.57, 31.33, 21.1,
20.5,16.7, 16.4. |Rumax (Diamond ATR): 2961, 2923, 2877, 1719
cm,

Me

/l\]/le Me
e}
Me

95 Me

4 mg, 5% yield. Physical state: colorless foam. Rf = 0.15 (10:1
hexane : EtOAc); Rotation: [a]3?= 226.688 (c 0.2, CHCl3); 1H-
NMR (CDCls, 500 MHz): 8 5.22 (s, 1H), 4.68 (s, 1H), 4.66 (s, 1H),
4.04 (dd, J =5.22, 2.88 Hz, 1H), 2.62 (dd, J = 16.24, 3.18 Hz, 1H),
2.53 (dd, J =15.51, 4.77 Hz, 1H), 2.28 (dd, J =12.87 Hz, 1H), 2.14-
2.24 (overlap, 4H), 2.05 (d, J = 16.54 Hz, 1H), 2.02 (d, J = 13.58
Hz, 1H), 1.85 (d, J = 12.66 Hz, 1H), 1.79 (d, J = 10.62 Hz, 1H),
1.74 (d, J = 12.66 Hz, 1H), 1.70 (s, 3H), 1.66 (dd, J = 13.2, 5.88
Hz, 1H), 1.62 (d, J = 11.85 Hz, 1H), 1.45 (m, 1H), 1.17 (dd, J =
4.03, 11.16 Hz, 1H), 1.07 (s, 3H), 0.96 (d, J = 7.00 Hz, 3H), 0.95
(s, 3H), 0.88 (d, J = 7.22 Hz. 3H). 3C-NMR (CDCls, 126 MHz):
209.89, 150.42, 144.84,127.08, 108.59, 83.91, 80.39, 52.60, 44.79,
44.76, 42.13, 41.19, 38.60, 38.17, 35.82, 32.93, 32.28, 21.05,
17.60, 17.07, 16.3, 15.85. IRymax (Diamond ATR): 2962, 2929,
2873, 1720, 1455, 997 cm™*. HRMS (DART+): [M + H]* Calc.’d
for C24H3702: 357.27881, found: 357.27804

oM
(0]

Me :
Me

96

12 mg, 30% yield. Physical state: colorless oil. R =0.44 (3:1 hex-
ane : EtOAc); Rotation: [a]32= 10.243 (c 0.133, CHCls); H-
NMR (CDCls, 500 MHz): 3.88 (dd, J = 3.38, 4.69 Hz, 1H), 2.58
(dd, J = 16.51, 3.56 Hz, 1H), 2.49 (dd, J = 15.43, 4.64 Hz, 1H),
2.22-2.28 (overlap, 3H), 2.13-2.16 (overlap, 2H), 2.00-2.10 (over-
lap, 3H), 1.83(d, J = 13.35 Hz, 1H), 1.66-1.73 (m, 1H), 1.52 (m,
1H), 1.03 (s, 3H), 0.95 (d, J = 6.51 Hz, 3H). 3C-NMR (CDCls,
126 MHz): 210.08, 84.98, 81.72, 50.24, 44.54, 44.31, 42.34, 38.25,
37.52, 34.05, 16.34, 12.92. IRymax (Diamond ATR): 2961, 2930,
2875, 1719, 1112 cm. HRMS(DART+): [M + H]* Calc.’d for
C13H2102: 209.15361, found: 209.15304

Me™
97,d.r. 1:1

14 mg, 28% yield. Physical state: colorless oil. Rf=0.59 (3:1 hex-
ane : EtOAc); *H-NMR (CDCls, 500 MHz): 4.93 (s, 1H), 4.89 (s,
1H), 4.85 (s, 2H), 4.23 (dd, J = 4.65, 2.60 Hz, 1H), 3.76 (dd, J =
5.62, 4.11 Hz, 1H), 2.67-2.72 (overlap, 3H), 2.58-2.65 (overlap,
2H), 2.48 (dd, J = 14.96, 4.43 Hz, 1H), 2.33 (bs, 1H), 2.22-2.31
(overlap, 3H), 2.15-2.19 (overlap, 4H), 1.94 (d, J = 13.23 Hz, 1H),
1.83 (d, J = 13.23 Hz, 1H), 1.79 (d, J = 12.63 Hz, 1H), 1.61-1.67
(overlap, 3H), 1.28-1.45 (overlap, 8H), 1.09 (s, 3H), 1.06 (s, 3H),
0.97 (d, J = 6.39 Hz, 3H), 0.95 (d, J = 6.76 Hz, 3H). 3C-NMR
(CDCls, 126 MHz): 210, 209.9, 165.1, 159.9, 104.4, 102.7, 86.69,
86.65, 83.7,53.22, 51.4, 49.0, 45.7, 45.1, 44.7, 44.24, 44.20, 43.59,
4258, 41.92, 36.58, 35.81, 35.72, 33.61, 30.25, 29.38, 20.97,
20.71, 18.05, 16.2, 16.06, 15.87. IRymax (Diamond ATR): 2959,
2872, 1722, 1063 cm™*. HRMS(DART+): [M + H]* Calc.’d for
C17H2502: 261.18491, found: 261.18536

Me"
98

22 mg, 40% yield._Physical state: white solid. Rf=0.5 (3:1 hexane
: EtOAc); Rotation: [a]4'= 8.875 (c 0.2, CHCI3); M.P: 100 °C
(hexane/EtOAc). 'H-NMR (CDCls, 600 MHz): § 3.92 (dd, J =
4.97, 2.77 Hz, 1H), 2.61 (dt, J = 15.70, 1.91 Hz, 1H), 2.48 (dd, J =
15.70, 4.50 Hz, 1H), 2.12-2.18 (overlap, 5H), 2.07 (d, J = 11.05 Hz,
1H), 2.0 (d, J=12.97 Hz, 1H), 1.76 (overlap, 1H), 1.72-1.75 (over-
lap, 3H), 1.68-1.70 (overlap, 2H), 1.54( d, J = 13.09 Hz, 1H), 1.41-
1.46 (overlap, 2H), 1.03 (s, 3H), 0.92 (d, J = 6.58 Hz, 3H). 3C-
NMR (CDCls, 150 MHz): & 210.65, 84.02, 83.03, 48.28, 46.99,
44.90, 43.99, 41.85, 39.39, 39.27, 37.56, 36.57, 36.15, 35.46,
34.28, 33.63, 33.10, 27.09, 26.53, 16.63, 16.09._IRymax (Diamond
ATR): 2899, 2852, 1718, 1450, 1109, 928 cm* HRMS(DART+):
[M + HJ* Calc.’d for C19H2002: 289.21621, found: 289.21587
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29 mg, 48% yield. Physical state: yellow solid. Rs = 0.33 (3:1 hex-
ane : EtOAc); Rotation:[a]3? = 21.492 (¢ 0.2, CHCIls); M.p: 220
°C (hexane/EtOAc). H-NMR (CDCls, 600 MHz): § 7.59 (t, J =
6.83 Hz, 2H), 7.55 (d, J = 7.41 Hz, 2H), 7.43 (d, J = 7.67 Hz, 2H),
7.34 (td, J = 7.67, 0.90 Hz, 2H), 7.29 (td, J = 7.09, 1.23 Hz, 2H),
4.67 (dd, J =5.23, 2.78 Hz, 1H), 2.71-2.76 (overlap, 2H), 2.69 (dd,
J=15.4,5.56 Hz, 1H), 2.67 (d, J =14.4 Hz, 1H), 242 (d, J = 14.4
Hz, 1H), 2.40 (ddd, J = 15.08, 4.37, 1.44 Hz, 1H), 2.35 (dd, J =
15.4, 13.6 Hz, 1H), 1.33 (s, 3H), 1.125 (d, J = 7.00 Hz, 3H). 13C-
NMR (CDCls, 126 MHz): 6 209.25, 150.75, 147.30, 140.16,
139.65, 129.24, 128.97, 128.38, 128.17, 124.53, 123.79, 120.06,
119.91, 88.54, 86.03, 48.55, 44.82, 44.68, 42.01, 35.5, 16.93,
16.29. IRymax (Diamond ATR): 2961, 1718, 1448, 760, 731cm™
HRMS(DART+): [M + H]* Calc.’d for C22H2302: 319.16926,
found: 319.16981

100

Note: Thioxanthone dissolved in 3 mL of THF was added. 31 mg,
46 % yield. Physical state: slight yellow solid. Rf = 0.21 (3:1 hex-
ane: EtOAC); Rotation: [«]42=30.227 (c 0.073, CHCls); M.p: 110
°C (hexane/EtOAc). IH-NMR (CDCls, 600 MHz): § 7.69 (dd, J =
8.24, 1.20 Hz, 1H), 7.56 (dd, J = 7.81, 5.63 Hz, 1H), 7.49 (dd, J =
7.59, 0.79 Hz, 1H), 7.47 (dd, J = 7.70, 0.91 Hz, 1H), 4.56 (dd, J =
4.60, 2.43 Hz, 1H), 3.08 (dt, J = 15.77, 2.12 Hz, 1H), 2.74 (dd, J =
15.77,4.47 Hz, 1H), 2.59 (d, J = 13.42 Hz, 1H), 2.19-2.25 (overlap,
3H), 1.94( d, J = 13.65 Hz, 1H), 1.01 (s, 3H), 0.73 (d, J = 6.13 Hz,
1H ). BC-NMR (CDCls, 150 MHz): § 209.7, 143.51, 143.02,
131.84, 131.76, 128.03, 127.71, 126.85, 126.76, 126.44, 126.39,
123.82, 122.13, 87.48, 82.89, 50.60, 44.94, 44.67, 41.79, 35.05,
16.42, 16.12. IRumax (Diamond ATR): 2961, 2932, 2870, 1719,
1452, 1043, 758 cm™. HRMS(DART+): [M + H]* Calc.’d for
C22H2302S: 351.14133, found: 351.14106

Hb

0= 0

T
N Ha ™o
Me ) Mege

101-R

101-R 17 mg, 30% yield. Physical state: yellow foam. Rf = 0.43
(3:1 hexane : EtOAC); Rotation:[a]3°= 39.667 (c 0.2, CHCls); 1H-
NMR (CDCls, 600 MHz): & 7.58 (d, J = 7.22 Hz, 1H), 7.31(d, J =
9.12 Hz, 1H), 7.22 (t, J = 7.22 Hz, 1H), 7.09 (d, J = 7.22 Hz, 1H),
6.46 (s, 1H), 5.28 (t, J = 7.55 Hz, 1H), 4.02 (dd, J = 2.55, 4.43 Hz,
1H), 3.76 (s, 3H), 2.62 (dd, J = 15.36, 2.35 Hz, 1H), 2.52 (dd, J =
13.87, 7.31 Hz, 1H), 2.50 (dd, J = 13.49, 4.34 Hz, 1H), 2.26 (over-
lap, 3H), 2.19 (dd, J = 13.18, 8.76 Hz, 1H), 1.20 (s, 3H), 1.08 (d, J
= 7.13 Hz, 3H). 3C-NMR (CDCls, 126 MHz): 209.87, 140.18,
138.43, 127.02, 121.93, 120.72, 119.58, 109.25, 99.22, 84.69,
70.12, 44.86, 44.12,41.81, 41.43, 34.63, 30.36, 16.7, 15.48. IRymax
(Diamond ATR): 2961, 2922, 1718, 1468, 1310, 749cm™.
HRMS(DARTH): [M + H]* Calc.’d for CisH24NO2: 298.18016,
found: 298.17969

NOE
e

N Ha 0: 0
Me:
101-§  Me

101-S, 17 mqg, 30% vield. Physical state: yellow solid. M.p: 198
°C (Hexane/EtOAc). Rf = 0.28 (3:1 hexane : EtOAc); Rota-
tion: [a]3°=-21.873 (c 0.2, CHClI3); *H-NMR (CDCls, 600 MHz):
8 7.58(d, J=7.08 Hz, 1H), 7.31 (d, J = 7.59 Hz, 1H), 7.21 (t, J =
6.98 Hz, 1H), 7.09 (d, J = 6.98 Hz, 1H), 6.42 (s, 1H), 5.15 (, J =
7.26 Hz, 1H), 4.00 (t, J = 5.06 Hz, 1H), 3.76 (s, 3H), 2.72 (dd, J =
15.81, 4.39 Hz, 1H), 2.63 (dd, J = 15.95, 5.18 Hz, 1H), 2.38 (dd, J
=12.76, 7.04 Hz, 1H), 2.27 (m, 1H), 2.22 (d, J = 8.9 Hz, 1H), 2.20
(d, J=5.71Hz, 1H), 2.15 (d, J = 13.75 Hz, 1H), 1.17 (s, 3H), 1.01
(d,J=6.72Hz, 3H). 3C-NMR (CDCls, 126 MHz): 209.71, 139.90,
138.17, 127.17, 121.81, 120.79, 119.61, 109.16, 98.89, 86.06,
71.75, 44.24, 43.75, 43.41, 42.50, 35.37, 30.39, 17.14, 16.15.
IRymax (Diamond ATR): 2960, 2934, 1718, 1469, 1313, 749 cm™.,

Me H

:< H o:fcfo

M Me Me o
102-8

102-S, 17.1 mg, 31% yield._Physical state: colorless oil. Rt =0.59
(4:1 hexane : EtOAc); Rotation: [a]31= —49.248 (c 0.2, CHCIls);
!H-NMR (CDCls, 600 MHz): 5 4.37 (dd, J = 10.67, 5.68 Hz, 1H),
3.62 (dd, J = 8.26, 6.54 Hz, 1H), 2.86 (dd, J = 14.24, 6.86 Hz, 1H),
2.74 (dd, J = 14.76, 8.68 Hz, 1H), 2.24-2.32 (overlap, 2H), 1.97-
2.03 (m, 1H), 1.91-1.96 (overlap, 3H), 1.81 (s, 3H), 1.81(dd, J =
12.42, 5.70 Hz, 1H), 1.52-1.60 (overlap, 2H), 1.46 (ddd, J = 13.1,
6.91, 3.10 Hz, 1H), 1.37 (ddd, J = 13.1, 10.66, 3.82 Hz, 1H), 1.10
(s, 3H), 0.99 (s, 3H), 0.98 (d, J = 6.86 Hz, 3H), 0.96 (s, 3H). B*C-
NMR (CDCls, 150 MHz): § 211.27, 134.92, 132.12, 83.45, 77.03,
47.22, 44.93, 44.77, 43.25, 40.01, 36.23, 34.58, 34.42, 29.11,
27.82, 20.73, 19.73, 19.36, 15.83. IRumax (Diamond ATRY): 2958,
2927, 2904, 1719, 1074 cm™. HRMS(DARTH4): [M + H]* Calc.’d
for C19H3102: 291.23186, found: 291.23219

Me H
Ho_: (0}

M Me Me o
102-R

102-R, 19.8 mg, 36% yield. Physical state: colorless oil. Rf =0.48
(3:1 hexane : EtOAc); Rotation: [a]3'= ~72.452 (c 0.2, CHCIs);
'H-NMR (CDCls, 600 MHz): & 4.68 (dd, J =11.94, 6.45 Hz, 1H),
4.23(t,J =4.85 Hz, 1H), 2.68 (dd, J = 15.5, 5.22 Hz, 1H), 2.54 (dd,
J =15.5,5.22 Hz, 1H), 2.27 (m, 1H), 2.24 (ddd, J = 15.6, 3.9, 0.81
Hz, 1H), 2.17 (dd, J = 15.6, 13.64 Hz, 1H), 2.08 (dd, J =13.15,
6.17 Hz, 1H), 1.94-1.97 (overlap, 2H), 1.85 (dd, J=13.2, 11.73 Hz,
1H), 1.73 (s, 3H), 1.51-1.59 (overlap, 2H), 1.43 (ddd, J = 12.98,
6.35, 3.20 Hz, 1H), 1.35 (ddd, J = 14.25, 10.83, 3.24 Hz, 1H), 1.12
(s, 3H), 1.07 (s, 3H), 1.018 (d, J = 6.76 Hz, 3H), 1.93 (s, 3H). 3C-
NMR (CDCls, 150 MHz): 4 210.22, 136.76, 131.19, 84.83, 75.93,
45.03, 44.93, 44.34, 42.98, 40.18, 34.61, 34.58, 33.86, 29.30,
27.88, 20.53, 19.37, 17.46, 16.87. IRumax (Diamond ATR): 2960,
2927, 2865, 1721, 1458, 1072, 914 cm™.
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