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ABSTRACT: Catalytic and enantioselective approaches to transan-(Which is regarded as the vinylogous version of the Morita-Baylis-
nular reactions are very limited and mostly are based on chiralHillman reaction) used in the total synthesis of complex natural
Lewis acid-catalyzed pericyclic reactions. In this report we presentProducts have been reportédyut remarkably, no precedent can be
an efficient and straightforward methodology to access bicyclic found in the literature regarding a transannular Morita-Baylis-Hill-
carbo- and heterocyclic scaffolds combining different ring sizes Mman reaction either in a diastereo- or enantioselective fashion.
through transannular Morita-Baylis-Hillman reaction catalyzed by Scheme 1. The transannular Baylis-Hillman reaction.
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The use of transannular reactions for building polycyclic frame-  We initially surveyed the viability of our proposal by studying
works is a significantly underdeveloped synthetic methodology in the behavior of ketoenorfe when exposed to 4-dimethylamino-
comparison with the conventional cyclization or cycloaddition ap- pyridine (DMAP) as well-known nucleophilic catalyst for Morita-
proaches, This can be mostly attributed to the requirement of a Baylis-Hillman reactions (see Table 1). As projected, bicyclic com-
macrocyclic starting material, whose preparation entails a syntheticpound2a was isolated in a promising 65% yield after 24h (entry 1).
problem by itself. However, advances in synthetic methodology for With this result in hand, we next proceeded to survey compounds
the preparation of medium and large-size rfrigss prompted sev-  3a and3b, which are the chiral evolution of DMAP developed by
eral research groups to engage in the application of transannularFu and coworker® Disappointingly, these catalysts did not per-
reactions to the synthesis of complex targets, in almost all casesorm well in the reaction (entries 2 and 3) and the same negative
through diastereoselective processes that involve the use of chiralesult was obtained under any other conditions tested. As a conse-
and enantioenriched starting materfals.fact, catalytic and enan-  quence, we moved to explore the performance of chiral phosphines
tioselective variants of transannular reactions are limited to onlyas potential Lewis base catalystsAfter testing different candi-
four reportst Jacobsen pioneered the field in 2007 with one exam- dates, (see supporting information for the detailed screening of cat-
ple of a transannular Diels-Alder reaction under chiral Lewis acid alysts) we ended up with the identification of peptide-like bifunc-
catalysi§ and two additional transition metal-catalyzed transfor- tional phosphine3c as a potentially effective promoter for this
mations were reported afterwards comprising a Claisen rearrangetransformatiot? Remarkably, the performance of the reaction
menf and an ene reactidnin addition to these three cases, one could be significantly improved through the incorporation of a pro-
single example of a catalytic and enantioselective transannular retic additive, which is known to facilitate the proton transfer step
action under metal-free conditions has been described by List angequired for the catalyst turnov€rAdditional experiments led to
coworkers making use of enamine catal§sis. establish that the use of a 50 mol% of phenol was optimal for the

In view of the state of the art, we envisioned that a macrocyclic reaction to proceed with the highest possible enantiocontrol (entry
keto-enone substrate such as the one shown in Scheme 1 would 8-'® Next, fine-tuning of the structure of the catalyst was carried
suitable to undergo a transannular Morita-Baylis-Hillman reattion out (entries 5-13), initially evaluating the possible matched/mis-
through catalytic activation by a Lewis base. Moreover, achieving matched combination with respect to the absolute configuration of
enantiocontrol in the formation of the new stereogenic centre the two stereogenic centres present at the catalyst structure. Indeed,
formed at the final adduct should also be possible using a chiraldiastereomeric phosphiige provided adduc2a in a similar yield
catalyst. There are many examples of catalytic and enantioselectiv®ut with a much lower e.e. than that provided by catatysiork-
versions of the Morita-Baylis-Hillman reaction in either intra- or ing under the optimized reaction conditions (entxs 8). This in-
intermolecular way® which in general make use of chiral tertiary dicates that both stereocentres play a significant role in controlling
amines or phosphines as Lewis base catalysts. Even a couple of esthe stereochemical outcome of the reaction. Catalysts relased to
amples of diastereoselective transannular Rauhut-Currier reaction§ut with differentN-protecting groups at the amine moiety were

)n
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surveyed (entries 6 and 7), again showing that catatyastas the seen in table 2, those substrates leading to the bicyclo[5.3.0]decane
best performing one in terms of enantiocontrol. Finally, we pro- scaffold (m=1, n=1 irla-f) proceeded to react efficiently, provid-
ceeded to evaluate a variety of related catalysts with different subing the corresponding addu@a-f in excellent yield and e.e. The
stituents at both stereocentres (entries 7-13). While substituting theeaction worked even better with those starting materials that led to
side chain at the aminophosphine moiety dRup) did not have  the formation of adducts with a general bicyclo[5.4.0Jundecane ar-
any important influence on the stereocontrol (cataBgts entries chitecture (m=1 and n=2 ftg-n). Moreover, substrates incorporat-
8-10), modifying the alkyl substituent at the aminoacid substructureing fused aromatic systems with different substitution patterns were
(R? group) had a profound effect on the enantioselectivity of the also suitable for this transformation, maintaining an excellent level
process (entries 11-13), leading to an excellent 90% e.e. with theof enantiocontrol (see for example add&wt$ and2h-m). The re-
bulkiest catalysBk (entry 12). Moreover, this catalyst proved to be action also proceeds efficiently when a heteroatom is incorporated
more active than the other ones, observing complete consumptionvithin the structure of the starting material, as exemplified with
of starting material in only three hours, compared to the average otompound®b and2n. On the contrary, the possibility of using an

16 hours required before. Cataly3ts and3n in which the amide  a,B-unsaturated lactone as substrate was also evaluated but it was
NH moiety had been replaced by N-Me groups were also testedfound to be unreactive, presumably due to the poorer ability of the
requiring for much longer reaction time and especially providing a enoate moiety to act as Michael acceptor towards the catalyst.

very poor enantioselectivity in the casenf which points towards . a

th(le’y kgy role played by theyNH moiety as stereodFi)recting element. TABLE 2. Scope of the reaction.

TABLE 1. Screening for best reaction conditions.” RN 3k (10 mol%)
S PhOH (50 mol%)
Q CHCls, 25°C i

OH

0, - )n
0 Catalyas; d(ili?lemol %) X mo
04[ Z ] Solvent, 25°C o fas 2a-s
1a 2a Q Q Q Q
NRZ, Bn By f? ‘ O.‘
@/Nﬁ BocHN/WN\;/\PPhZ BocHN/H(N\;/\PPh2 H o— OH ‘. H OH
2a 2b

RI_FE Rt O pr o pr
- 3c 3d
R R! © oph Yield: 98% (3h)  Yield: 93% (2h)  Yield: 88% (2h) Yield: 90% (6h)
R " o i Uy 2 90% e.e. 95% e.e. 84% e.e. 88% e.e.
3a (R'=Ph; R%=Me) 3e (R'=Fmoc, R*=Bn, R*=Pr) Boc.. N o o
3b (R'=Me; R?=-(CH,)-) 3f (R'=Ts, R?=Bn, R*='Pr) N s
R? ppp, 39 (R'=Boc, R?%=Bn, R*=(S)-*Bu) Me 03m'F'r ‘ MeO ‘
J 2 3h (R'=Boc, R2=Bn, R3='Bu) . O
R HN/W 3i (R1 Boc, R?=Bn, R*=Ph) Bu  Me PPhy OH OH OH
R®  3j(R'=Boc, R?=Pr, R3=iPr) B°°\N/\WN,J MeO  2e
3k (R'=Boc, R2='Bu, R3=Pr) H 8 # Yield: 98% (6h) Yield: 88% (2h) Yield: 90% (20h)
31 (R'=Boc, R?=Ph, R*=iPr) 3n 87% e.e. 78% e.e. 82% ee.
o)
entry | Catalyst| Solvent Additivel TimeYield |e.e.(%}) q 0
| ooy 0.0 O.
1 DMAP |EtOH | none 24 65 OH OH OH
2h 2i MeO
2 3a EtOH | none 96 <5 ng. Yield: 99% (3h) Yield: 99% (7h) Yield: 99% (4h)
3 3b EtOH none 96 <5 nel 98% e.e. Rt >98% e.e. 97OA; ee.
4 s CHCL: |[PhOH |16 | 86 | 84 Ve 0 ‘ Br
5 3d CHClz |PhOH 24 87 68 O o | OH
‘ 21
2k )
6 3e CHCl3 PhOH 16 77 72 Vield: 06% 71y Yield: 95% (2h)
7 3f CHCl |PhOH 16 89 76 >08% e.e. 97% e.e.
8 39 CHCl | PhOH 16 80 84
9 3h CHCl |PhOH 16 87 82 O.
OH
10 3i CHClz |PhOH 16 99 80
" Yield: 99% (2h) Yield: 99% (1h) Yield: 73% (8h)
11 3 CHCl | PhOH 16 83 86 o 96% 0.6, 97% e, 74% e,
12 3k CHCl | PhOH 3 98 90 1) 0 0 0]
13 3l CHCl | PhOH 16 91 81 w W Q. iji}
14 |3m CHCl |PhOH |40 |82 | 82 OH OH OH
2p 2q 2r 2s
15  |3n CHCl: |PhOH 72 21 10 Yield: <5% (96h) Yield: 72% (5h) Yield: 82% (10h) Yield: 73% (28h)
92% e.e. 70% e.e.

a All reactions were carried out at 0.06 mmol scaléapfusing
10 mol% of catalyst, 50 mol% of PhOH in 0.8 mL of Cki&tr.t.
until consumption of starting material (TLC analys®¥)elds refer
to isolated pure produ2t. ¢Calculated by HPLC on chiral station-
ary phase (see supporting informatici.d. not determined.

aAll reactions were carried out at 0.20 mmol scal&ssf, using
10 mol% of3k, 50 mol% of PhOH in 2.0 mL of CHE#At r.t. Yields
refer to isolated pure produza-sand e.e. was calculated by HPLC
on chiral stationary phase (See supporting information for details).
b Reaction carried out at 0°C in GCI

With an optimized experimental protocol in hand, we next eval-
uated the scope and limitations of this transformation. As it can be



Those substrates that require the formation ofelarimg struc-
tures at the cycloalkanone moiety of the final addm>1) were
found to be less reactive. In fact, a longer reactime was re-
quired for the synthesis of the bicyclo[6.3.0]uratee scaffold (ad-
duct20), even though still providing acceptable yield ane. but
substratelp failed to undergo the desired transannular protegs
would eventually lead to the formation of compo@pdThis reac-
tion design can also be used for the constructiateoalone-type
scaffolds (m=0, n=2 in adduc®g| and2r) but provides the corre-
sponding dehydration product when trying to buifa the bicy-
clo[4.3.0]nonane scaffold (m=0, n=1; substrage Finally, we
also scaled up the reaction leadin@#o obtaining similar results
(98% yield, 90% e.e. at 2.0 mmol scale).

The absolute stereostructure of the adducts olatdipehis pro-
tocol was established by single-crystal X-ray asialpf an enanti-
opure sample of compour. The configuration of all other ad-
ducts2a-r, was established based on mechanistic analogyréecc
ingly, we can tentatively propose a model to explhie stereo-
chemical outcome of the reaction through the foronabf an in-
termediate such as the one depicted in Schemdl#islsense, once
the activation of the substrate by the catalystdmnjugate addition
of the phosphine has taken place, the stereodgfstép would rely
on the presence of H-bonding interactions betwleeNH moieties
of the catalyst and the electrophilic ketone dutimgtransannular
aldol reaction step. This type of arrangement Hss been pro-
posed in the literature for other reactions in whiis type of bi-
functional phosphines have been involv¥éd.

Scheme 2. Proposed stereochemical model.

0\/(
o}
0 K M \*_Ph
22 .| 0N, - H\ P<Ph| —= )
Y \H‘Q»—\o — h
mg N BuO =\ )H )OH
H "

In addition, we also tested substratém=1, n=0 in Table 2) that
should lead to the formation of a cycloheptanonecstre with a
fused four-membered ring. However, this compourahad a par-
ticular behavior, forming compouritt in an excellent yield and
high enantiocontrol (see Scheme 3). The formatfdhis structur-
ally different adduct can be explained by assunisogerization
of the intermediate enolate formed after the atitwaof the sub-
strate. The reason for this behavior should relyherless strained
nature of2t in comparison with the bicyclo[5.2.0]Jnonane arebit
ture expected to be formed through the conventipatiiway.

Scheme 3. Proposed pathway for the formation of zt.
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Finally, we also decided to demonstrate the paibmti this
methodology as a general tool in total synthesiqdrticular, this
reaction has shown to be particularly effectivetf@ construction
of the bicyclo[5.3.0]decane structure, which is teatral motif of
the general architecture of many natural produtsesquiterpene
and diterpene origit? In particular, we focused on the application

of this methodology on the synthesisyedurjunene (see Scheme
4), a sesquiterpenoid natural product isolated frioengurjun bal-
sams of several speciesifpterocarpus.!® In view of its structure
and observing the presence of a methyl substitatedt4 (which is
also generally found in most of the natural prodwath this archi-
tecture isolated up to date), we envisaged thahkcketoenonet
should be a very appropriate starting material. édoer, we de-
cided to use this substrate in a racemic form,idexi/that condi-
tions were found that enable kinetic resolutionmiyithe projected
catalytic enantioselective transannular Morita-Badillman re-
action. Indeed, when this compound was subjecte@dotion in
the presence of cataly@ under slightly modified conditior?8 bi-
cyclic adducts was isolated in 42% yield and 90% e.e. together
with the resolved starting materigiR)-4 in 56% yield and 76%
e.e?! Next, this adduct was protected as the correspgniiMS
ether (TMS=trimethylsilyl6 and subsequently subjected to conju-
gate addition with Gilman cuprate. Disappointinglyis reaction
provided the corresponding conjugate addition pcoduth the
wrong stereochemistry at tifiestereocentre. As an alternative, the
enolate intermediate arising after the conjugathtiamah of Gilman
cuprate to6 was trappedn situ as the corresponding TMS enol
ether, followed by treatment witN-bromosuccinimide (NBS),
which led to the formation of brominated addécBase-promoted
elimination followed by hydrogenation provided caropd8 with
the correct relative stereochemistry. The latefaldenyl unit was
introduced through standard aldol chemistry folldvay dehydra-
tion, providing key synthetic intermedia®dn excellent yield. Fi-
nally, installation of the endocyclic C=C doublenbovas accom-
plished by reduction of the ketone moiety followmdelimination
understandard conditions, leading to the target pro@yef-gur-
junene, whose spectroscopic and analytical datachedt with
those reported in the literatui®.

Scheme 4. Total synthesis of (-)-y-gurjunene..

0
3k (10 mol%) TMS-imidazole
__PhOH (50 mol%) TMSCI
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In conclusion, we have established a solid andctisgnthetic
approach to polycyclic carbo- and heterocyclic fdd§ using
transannular reactivity as an unconventional etdrthis type of
complex molecular architectures. Through the atitiwaof a me-
dium-sized ketoenone substrate with a chiral eopote multi-
functional phosphine catalyst, a transannular MeBiaylis-Hil-
man reaction takes place with excellent yield amh#ioselectivity
for a variety of different substrates, enabling gemeration of bi-
cyclic structures containing fused rings of differeizes and with
an excellent degree of stereocontrol in the geiveraff the stereo-
genic tertiary alcohol moiety placed at the ringgtion. Moreover,

(-)-y-gurjunene



this new reaction has been used as the key stiye ifirst enanti-
oselective total synthesis of a sesquiterpene algtwoduct, which
highlights the synthetic utility and performancetbfs transfor-
mation as a powerful tool in organic synthesis. Fstance, the
straightforward access to the hydroazulene coraopéditional
possibilities for the application of this methodgyato other rele-
vant examples of total synthesis. In addition, thie of reactivity
will be further developed to other mechanisticaéiated transfor-
mations in order to further widen the potentiatrainsannular re-
actions as an alternative disconnection when phanthie total syn-
thesis of complex molecules.
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