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ammonia on the sample was performed at room temperature; the
subsequent removal of ammonia was carried out at 120°C for 1h in
flowing pure nitrogen.

Catalytic reactions: Two catalytic reactions were used to characterize the
catalytic performance of the prepared materials, and analyses of the
catalytic products were carried out using GC-8A and GC-17A (Shimazu
Co.) instruments equipped with TCD and FID detectors. Catalytic cracking
of 1,3,5-triisopropylbenzene was performed by the pulse method. Samples
were calcined at 600°C for 5 h to burn off any residual organic template.
The catalytic testing was performed according to the following standard
conditions: catalyst mass: 0.051 g; reaction temperatures in the range of
250-320°C (no thermal cracking); the ratio of catalyst to 1,3,5-triisopro-
pylbenzene or isopropylbenzene at 0.4 uL per 0.051 g. Nitrogen was used as
carrier gas; flow rate 0.92 mLs™.

The catalytic alkylation of isobutane with butene was investigated at 2 MPa
by using a stainless-steel apparatus equipped with a one-through stainless-
steel flow reactor. Typical reactions were carried out with 0.5 g of catalyst
and an isobutane/butene ratio of 12:1, and a 1-butene/2-butene ratio of 8:1;
the WHSV was 9 h~! at a reaction temperature of 25-100°C.
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Synthesis of the FGHI Ring System of
Azaspiracid**

K. C. Nicolaou,* Petri M. Pihko, Nicole Diedrichs,
Ning Zou, and Federico Bernal

Azaspiracid (1, Scheme 1), a novel marine toxin isolated
from the mussel Mytilus edulis in Killary Harbor, Ireland,
represents a new class of marine metabolites unrelated to any

Me

‘/ 1: azaspiracid

OTf

Me"" Me*"

Scheme 1. Structure of azaspiracid (1) and retrosynthetic analysis leading
to FGHI ring framework 3 via key intermediate 2.

previously known agents of diarrhetic shellfish poisoning.!!
This seasonally occurring toxin displays an unusually complex
molecular assembly — it harbors a total of nine rings, eight of
which are part of acetal or ketal structures — namely, an
azaspiro ring system fused to a 2,9-dioxacyclo[3.3.1]nonane
ring and a trioxadispiroketal fused to a tetrahydrofuran ring.
Adding to the serious challenge posed by such a molecular
framework, the absolute stereochemistry of the molecule and
the relative stereochemistry between the ABCDE and the
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FGHI domains remain unknown. Azaspiracid (1) is a potent
toxin in vivo, and exhibits mouse lethality at 0.2 mgkg~'. The
biological basis of the toxicity, however, also remains a
mystery. These intriguing questions posed by the chemistry
and biology of azaspiracid should be addressable through
chemical synthesis.”! Herein we report the first synthesis of
the C26-C40 tetracyclic FGHI domain of azaspiracid by a
novel strategy that affords the protected ring system in an
enantiomerically pure form.

As shown in Scheme 1, azaspiracid (1) can be retrosyntheti-
cally dissected at the C25—C26 bond, thus dividing the
molecule into the ABCDE and the FGHI domains. The
synthetic rationale for this strategic disconnection arises not
only from issues of convergency, but also from the need to
synthesize the ABCDE and the FGHI ring systems separately
in a manner that allows access to both enantiomers of each
subunit. Thus, a Nozaki — Kishi disconnection led to triflate 2,
which is accessible, in principle, from olefin 3 by ozonolysis
and formation of an enol triflate.

Scheme 2 outlines the synthesis of the I-ring precursor,
ketone 7. Starting from the knownl! lactone 4, ring opening
with AlMe; and MeO(NHMe) gave the Weinreb amide 5 in
96 % yield. Tosylation of the primary alcohol, followed by
azide displacement afforded azide 6 in 92% overall yield.
Finally, treatment of the latter compound (6) with MeLi
resulted in a clean conversion into ketone 7 (82 %).

(e}
OH (0]
Cii‘\\Me a. MeO(NHMe),AIMeﬁ M OMe
Y Y N~
T Me Me Me
Me
4 5
b. p-TsCl
c. NaN3
N3 9] : N3 (@]
d. MelLi
- _OM
Me Me Me Me Me
7 6

Scheme 2. Preparation of azidoketone 7: a)MeO(NHMe)-HCI
(5.0 equiv), AlMe; (2.0M in toluene, 5.1 equiv), THF, —15°C, 2 h, 96 %;
b) p-TsCl (1.5 equiv), Et;N (5.0 equiv), CH,Cl,, 25°C, 18 h, 96 % c) NaNj;
(2.0 equiv), DMF, 25°C, 76 h, 96 %; d) MeLi (1.25m in Et,0, 1.0 equiv),
THEF, —78°C, 40 min, 82 %. p-TsCl = para-toluenesulfonyl chloride.

The synthesis of the F-ring aldehyde is presented in
Scheme 3. Allylboration of D-isopropylidene glyceralde-
hydeP! (8) with the Brown chiral allylborane 9 proceeded
in 88% yield and 97:3 diastereoselectivity. Acylation of the
resulting alcohol with acrylic acid and 1,3-dicyclohexylcarbo-
diimide (DCC) smoothly yielded acrylate 10 (73%). A
remarkably efficient ring-closing metathesis reaction!” within
10 then afforded unsaturated lactone 11 in 95 % yield. Acid-
catalyzed deprotection of the acetonide, selective silylation of
the primary alcohol with tert-butyldiphenylsilyl chloride
(TBDPSCI) and protection of the secondary hydroxy group
as the 4-methoxybenzyl (PMB) etherl® furnished lactone 12 in
76 % yield over three steps. Methylcupration with Me,.
Cu(CN)Li, served as an excellent method to install the C30
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Scheme 3. Synthesis of the F ring aldehyde 14: a)9 (2.0 equiv), Et,0,
—100°C, 6h, 88% (97:3 selectivity); b) acrylic acid (1.8 equiv), DCC
(2.0 equiv), 4-DMAP (0.08 equiv), CH,Cl,, 25°C, 40h, 73%;
c) [PhCH=Ru(PCy;),CL,] (0.05equiv), CH,Cl,, reflux, 4h, 95%;
d) AcOH/H,0 (3/1), 65°C, 2 h; e) TBDPSCI (1.5 equiv), Et;N (3.0 equiv),
4-DMAP (0.08 equiv), CH,Cl,, 0—-25°C, 5h; f) PMBOC(=NH)CCl,
(2.0 equiv), TrBF, (0.025 equiv), Et,0, 0°C, 20 min, 76 % over three steps;
g) Me,Cu(CN)Li, (1.5 equiv), Et,0, —78°C, 10 min, 97 %; h) TBAF (1.0Mm
in THEF, 1.25 equiv), THF, 25°C, 3 h, 89 %; i) Dess—Martin periodinane
(1.4 equiv), pyridine (10.0 equiv), CH,Cl,, 0°C, 2 h, 95%. Ipc=isopino-
campheyl, 4-DMAP = 4-(dimethylamino)pyridine, TrBF,= triphenylcar-
benium tetrafluoroborate.

e

methyl group in a highly diastereoselective fashion to afford
13 in 97 % yield as the only detectable stereoisomer.’) The
synthesis of aldehyde 14 was completed by a tetra-n-butyl-
ammonium fluoride (TBAF) mediated cleavage of the tert-
butyldiphenylsilyl (TBDPS) group (89 % ) followed by oxida-
tion of the liberated hydroxy group with Dess—Martin
periodinane (95 %).

With both building blocks 7 and 14 in hand, our next task
was the aldol-facilitated union of the two fragments. Efforts to
utilize a chelation-controlled Mukaiyama aldol process under
the conditions of Reetz and Kesseler (SnCl,, —78°C)I
resulted only in extensive decomposition of the aldehyde.
We then turned to boron-mediated aldol reactions as mild
alternatives. Thus, enolization of ketone 7 with (Cy),BCl
(Cy=cyclohexyl) and N,N-diisopropylethylamine (DI-
PEA)' followed by reaction with aldehyde 14 gave aldol
15 in 82% yield as a single isomer (Scheme 4). The aldol
product in this case represented the undesired anti diaster-
eoisomer (corresponding to the Felkin product).l'? However,
we were confident that the stereochemistry at this newly
formed chiral center could be corrected after the formation of
the spirocycle as long as we could obtain the correct spiro
stereochemistry.

Although a few methods for the construction of azaoxa-
spirane junctions are known,!¥] our goal was to develop a
method that would allow the direct synthesis of the spirocycle
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Scheme 4. Synthesis of azaspiro compound 19: a) Cy,BCl (1.3 equiv),
DIPEA (1.5 equiv), CH,Cl,, —78 — —40°C, 5h, 82% (>30:1 diastereo-
selectivity); b) BzCl (3.0 equiv), pyridine, 0°C, 2h, 96%; c) DDQ
(1.5 equiv), CH,CL/H,O (10/1), 0°C, 8h, 98%; d)PPTS (0.2 equiv),
MeOH, 25°C, 1.5 h; e) H,, 10% Pd/C (20 % by weight), Boc,O (4.0 equiv),
EtOAcCc, 25°C, 3.5 h, 76 % over two steps; f) BF;- Et,0 (0.1 equiv), CH,Cl,,
0°C, 10 min, 60 %. Bz =benzoyl, Boc = tert-butoxycarbonyl.

in a protected form, which would facilitate handling and
purification. We projected that the acid-catalyzed construc-
tion of the azaoxaspiro system would require relatively harsh
conditions because of the basic character of the nitrogen
atom. However, we envisaged that by suitable protection of
the nitrogen atom, cyclization with relatively mild acids or
Lewis acids might become feasible. As shown in Scheme 4, we
began with the protection of 15 as a benzoate (96%).
Subsequent deprotection of the PMB ether with 2,3-di-
chloro-5,6-dicyano-1,4-benzoquinone (DDQ) gave keto alco-
hol 16 in 98% yield. This compound was then further
activated towards cyclization by formation of the mixed
methyl ketal 17 with pyridinium para-toluenesulfonate
(PPTS) in MeOH (ketal 17 was isolated as a 2:1 mixture of
anomers). Hydrogenolysis of the azide in the presence of di-
tert-butyl dicarbonate (Boc,0),! afforded carbamate 18 in
76 % yield over two steps. The stage was now set for the
crucial spirocyclization. Although the use of protic acids to
effect this transformation led mostly to decomposition of the
starting material, we were gratified to observe that exposure
of 18 to a catalytic amount of BF;- Et,0O at 0°C resulted in the
rapid formation of the desired spirocycle 19 in 60% yield
(Table 1).[91 NOE studies of 19 confirmed the formation of
the correct spiro stereochemistry (Scheme 5).

The remaining tasks consisted of the inversion of the
stereochemistry at C34, the attachment of the methallyl side
chain, and final cyclization to close ring G. An oxidation-
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Table 1. Selected data for compounds 19 and 3.

19: R;=0.78 (silica gel, ethyl acetate thexanes 1:1); [a]¥ = —13.1° (CHCL;,
c=1.14); IR (film) 7, =2959, 2924, 1720, 1365, 1274, 1159, 1110, 1068,
858, 713 cm™'; 'TH NMR (500 MHz, CDCl;): 6 =8.00 (dd, J=8.4, 1.4 Hz,
2H), 7.56 (tt,J=7.5,1.1 Hz, 1H), 7.43 (t,/=7.9 Hz, 2H), 5.67 (dt,J =7.3,
2.2 Hz, 1H), 449 (dt, J=8.1, 48 Hz, 1H), 427 (dd, J=8.1, 1.8 Hz, 1H),
3.71 (ddd, /=132, 4.0, 1.8 Hz, 1H), 3.32 (dd, /=162, 7.4 Hz, 1H), 2.93
(dd, /=132, 11.3 Hz, 1H), 2.62 (dd, J=16.5, 5.7 Hz, 1H), 2.54 (dd, /=
15.8,2.2 Hz, 1H), 2.24 (m, 1H), 2.15 (dd, /=16.5, 9.2 Hz, 1H), 2.01 (ddd,
J=13.9,7.7, 62 Hz, 1H), 1.99 (ddq, J=10.2, 6.6, 3.7 Hz, 1H), 1.73 (ddd,
J=13.9,6.6,4.4 Hz, 1H), 1.61 (m, 1H), 1.57 (m, 1H), 1.46 (s, 9H), 1.30 (m,
1H), 1.11 (d, J=7.0 Hz, 3H), 0.97 (d, J=6.6 Hz, 3H), 0.85 (d, /= 6.6 Hz,
3H); BC NMR (150 MHz, CDCl,): 6 =171.0, 165.8, 155.7, 133.1, 129.9,
129.6,128.4,99.3, 85.8, 80.3, 76.6, 75.9, 50.7, 41.0, 38.4, 37.7, 31.8, 30.9, 30.3,
28.4, 234, 21.2, 18.8, 17.2; HR-MS (Matrix-assisted laser desorption/
ionization (MALDI)): calcd for C,sH;gNO;Na* [M+Na*]: 524.2619, found
524.2613

3: R;=0.56 (silica gel, ethyl acetate:hexanes 4:1); [a]} = +4.6° (CH,Cl,,
¢=0.22); IR (film) 7,,,=2925, 1591, 1492, 1446, 1373, 1225, 1190, 1115,
928, 747 cm~!; 'TH NMR (500 MHz, [Dg4Jacetone): 6 =4.77 (m, 1H), 4.73
(dt,J=5.1,2.4 Hz, 1 H), 4.69 (m, 1 H), 4.19 (brd, J = 4.9 Hz, 1 H), 3.82 (dd,
J=5.1,09 Hz, 1 H), 3.68 (m, 1 H), 3.64 (m, 1 H), 3.19 (dd, J = 13.2, 11.8 Hz,
1H), 2.21 (AB, J=13.2 Hz, v,,=20.8 Hz, 2H), 2.17 (dd, /=14.7, 5.1 Hz,
1H), 2.16 (m, 1H), 2.00 (ddg, J =11.0, 6.2, 4.1 Hz, 1H), 1.77 (t, J = 0.7 Hz,
3H), 1.77—1.72 (m, 2 H), 1.60— 1.50 (m, 2 H), 1.42 (s, 9 H), 1.37 (dt, J = 12.6,
53 Hz, 1H), 1.29 (m, 1H), 1.24 (dd, J=13.6, 12.5 Hz, 1H), 0.88 (d, J =
6.2 Hz, 3H), 0.81 (d, J=6.6 Hz, 3H), 0.79 (d, J=6.6 Hz, 3H); BCNMR
(125 MHz, CD;CN): 6 =156.1, 143.3, 114.9, 97.6, 97.1, 79.3, 78.8, 74.2, 72.3,
51.3, 50.2, 42.5, 40.9, 39.9, 37.4, 35.8, 32.3, 28.7, 25.1, 24.4, 23.2, 19.0, 16.8;
HR-MS (MALDI): caled for C,sH,NOsNa* [M+Na*]: 458.2877, found
458.2864

Scheme 5. Selected NOE interactions observed in intermediates 19 and 21.

reduction sequence accomplished the inversion task (Scheme 6).
Thus, simultaneous reduction of the benzoate group and of
the lactone with diisobutyl aluminum hydride (DIBAL-H)
and oxidation of the resulting hydroxy groups with Dess—
Martin periodinane gave ketone 20 (66 % over two steps). A
highly selective reduction of 20 with lithium tri-sec-butylboro-
hydride (L-Selectride) gave an intermediate alcohol as a
single isomer (84 % ). Protection of the resulting alcohol with
tert-butyldimethyl trifluoromethanesulfonate (TBSOTY) fur-
nished 21 in 68 % yield.'! Diagnostic NOE enhancements
observed in the NMR spectra of 21 (Scheme 5) confirmed the
illustrated stereochemistry.

For the installation of the methallyl side chain, functional-
ization of the lactone as the ketene acetal triflatel'” or
phosphatel' and subsequent Stille coupling with methallyl-n-
tributyltin (23) appeared particularly attractive, since the
resulting enol ether could readily be engaged in the formation
of the final ketal under mild conditions. Towards this end,
treatment of lactone 21 with potassium bis(trimethylsilyl)-
amide (KHMDS) and 22 gave the intermediate ketene acetal
triflate in 75 % yield. Stille coupling (23, [Pd,(dba);]- CHCl;
(dba = trans,trans-dibenzylideneacetone), tri-2-furylphos-
phine (TFP))[! effected the smooth displacement of the
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a. DIBAL-H
b. Dess-Martin [O]

c. L-Selectride
d. TBSOTf

cl
Tl
N”NTf,
22

e. 22, KHMDS
f. [Pd,(dba)s], TFP, 23

Me""

BusSn® 23

Scheme 6. Synthesis of the FGHI ring system 3: a) DIBAL-H (1.0M in
CH,Cl,, 4.0 equiv), toluene, —78°C, 10 min; b) Dess—Martin periodinane
(3.0 equiv), pyridine (20 equiv), CH,Cl,, 0—25°C, 1h, 66% over two
steps; ¢) L-Selectride, (1.0M in THF, 2.0 equiv), THF, — 78 °C, 20 min, 84 %;
d) TBSOTT (1.1 equiv), 2,6-lutidine (1.5 equiv), CH,Cl,, —78°C, 15 min,
68%; €)23 (15equiv), KHMDS (0.5M in toluene, 10.0 equiv), THE,
—20—0°C, 30min, 75%; f)LiCl (3.0equiv), [Pd,(dba);]:- CHCl;
(0.05 equiv), tri-2-furylphosphine (0.43 equiv), methallyltributylstannane
(5.0 equiv), THF, 25°C, 10 h, 86%; g) TBAF (1.0M in THF, 3.0 equiv),
THEF, 25°C, 2 h, 93%; h) Hg(OAc), (3.5 equiv), THF:H,O (3:1), —5°C,
20 min, then NaBH, (excess), 65% based on 75% conversion. DIBAL-
H = diisobutylaluminum hydride, TBS = tert-butyldimethylsilyl.

triflate group (OTf) with the methallyl side chain to afford
enol ether 24 in 86 % yield. Finally, desilylation with TBAF
gave the alcohol 25 in 93 % yield, thus setting the stage for the
final ring closure.

Our initial attempts at intramolecular ketalization with
PPTS were not very encouraging. Although the desired FGHI
spiro ring system 3 was indeed formed in 68 % yield (based on
68 % conversion), the product was obtained as an inseparable
mixture of spiro isomers. We then turned our attention to
other electrophiles. In spite of the presence of the potentially
reactive methallyl side chain, we felt that the higher reactivity
of the enol ether should allow a chemoselective reaction to
take place at the enol double bond. Fortunately, exposure of
25 to Hg(OAc), in THF/H,O (3:1) at —5°C followed by
quenching with NaBH,?"! effected a smooth cyclization into
the desired FGHI ring system 3 in 65 % yield (based on 75 %
conversion), with none of
the undesired spiroisomer
observed (Table1). Re-
markably, this mild mer-
curocyclization reaction
also left the methallyl side
chain intact. Scheme 7 dis-
plays the three-dimen-
sional shape of 3 with the
observed NOE effects,
which confirm the as-
signed stereochemistry.

Scheme 7. Three-dimensional repre-
sentation of 3 and representative
NOE interactions confirming the in-
dicated stereochemistry.
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In conclusion, the synthesis of the protected FGHI domain
of azaspiracid (1) has been achieved in 23 linear steps from
known starting materials. The unusual nature of this intri-
cately carved portion of the molecule necessitated the search
for novel conditions to effect the required key cyclizations.
The power of BF;- Et,0 to catalyze the expedient formation
of the HI spirocycle and the effectiveness of Hg(OAc),-
mediated intramolecular ketalization have ultimately resulted
in the first successful synthesis of the FGHI ring system of this
novel target in a protected and enantiomerically pure form.
Significantly, as both enantiomers of the starting materials
utilized in this synthesis are readily available, the route
described herein can provide material for continuing efforts
toward the total synthesis of azaspiracid (1), determination of
its absolute and relative stereochemistries, and for chemical
biology studies.
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