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Enantiopure halogenated molecules are of tremendous importance as synthetic intermediates in the con-
struction of pharmaceuticals, fragrances, flavours, natural products, pesticides, and functional materials.
Enantioselective halofunctionalizations remain poorly understood and generally applicable procedures
are lacking. The applicability of chiral trans-chelating bis(pyridine)iodine()) complexes in the development
of substrate independent, catalytic enantioselective halofunctionalization has been explored herein. Six
novel chiral bidentate pyridine donor ligands have been designed, routes for their synthesis developed
and their [N-1-N]*-type halogen bond complexes studied by >N NMR and DFT. The chiral complexes
encompassing a halogen bond stabilized iodenium ion are shown to be capable of efficient iodenium
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transfer to alkenes; however, without enantioselectivity. The lack of stereoselectivity is shown to originate
from the availability of multiple ligand conformations of comparable energies and an insufficient steric
influence by the chiral ligand. Substrate preorganization by the chiral catalyst appears a necessity for
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Introduction

Electrophilic halofunctionalization is a long-established, syn-
thetic transformation that introduces two heteroatoms onto a
carbon-carbon double bond."? It is frequently applied in the
synthesis of bioactive molecules and synthetic building blocks,
whose halogen handle can easily be further manipulated. The
basis of its understanding has been laid by stereochemical
and kinetic studies performed in the early 20™ century.?
According to the commonly accepted mechanism, electrophilic
halofunctionalizations involve the formation of cyclic halo-
nium ions that undergo ring-opening through backside attack
by a nucleophile, yielding the anti-stereoisomers of the pro-
ducts selectively. An intermediate cyclic halonium ion was first
proposed by Roberts and Kimball," and later NMR spectrosco-
pically proven by Olah.*”® The formation of acyclic halocarbe-
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enantioselective halofunctionalization.

nium ions, particularly for smaller halogens, was also
reported, and even a concerted mechanism has been put
forward by Borhan, according to which the nucleophile’s elec-
tron donation activates the alkene for electrophilic attack by a
halenium ion.§” Despite diastereoselectivity, there is generally
no facial selectivity in the halenium addition to the olefin, and
accordingly the addition results in a racemic product. Due to
their high electron affinity, the reactivity of halenium ions is
difficult to modulate. The monodentate coordination of halo-
gens makes their positioning into a chiral environment chal-
lenging. In the past decade, vast efforts to develop an asym-
metric variant of this reaction have been made, however, so far
only with limited success whereas vast limitations remain.”*®
A reactive halenium ion can be stabilized by a three-center,
four-electron halogen bond in a [bis(pyridine)halogen(i)]-type
complex,"” which allows the rational modulation of halenium
ion reactivity.'® In such complexes, halonium ions,§ including
even chloronium ions,'® are stable in solution and hence can
be experimentally studied.'”*° > [Bis(pyridine)iodine(1)] tetra-
fluoroborate was introduced as a mild halogen transfer and
oxidation reagent by Barluenga,*® and the fundaments for the

§ The hypocoordinate (6e) X' is denoted as halenium, whereas the halogen of the
hypercoordinate (10e) [N—X—N]" complex as halonium ion. The former is for-
mally a halogen bond donor (Lewis acid) that may simultaneously interact with
two halogen bond acceptors (Lewis bases) and thereby form a 3-center, 4-elec-
tron halogen bonded complex. Both halenium and halonium ions are halogen(i)
species.
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mechanistic understanding of its halenium transfer reaction
were laid by Brown’s reaction kinetic studies.>*>° [Bis(pyri-
dine)halogen(1)] complexes easily dissociate in solution,
leading to rapid ligand scrambling.”” To avoid the compli-
cations that are caused by such dynamic processes, following
some initial studies®® the properties of halonium complexes
have been primarily investigated using bidentate bis(pyri-
dine)-type ligands,”" such as 1 shown in Fig. 1. The (1,2-bis
(pyridine-2-ylethynyl)benzene) backbone®® promotes the for-
mation of [N-X-N]" complexes with co-planar pyridine rings,
providing further helpful geometric control. Following exten-
sive studies of the factors influencing the symmetry and stabi-
lity of a three-center, four-electron halogen bond of halonium
ions,'82%29731 this backbone also allowed the development of
a stable asymmetric halonium complex.”* Building on the
above studies, halogen bonded halonium ions have been
made use of in building complex supramolecular systems,**~**
including also the first halonium ion-based halogen bonded
molecular framework (XOF).** Their potential applicability in
molecular motors has also been recently explored.*® The inter-
action of halogen(i) with silver(r) ions when included into bis
(pyridine)-type complexes have lately been reported.®”*®

The use of a chiral [bis(2-menthylpyridine)bromine(r)]
complex for asymmetric halocyclization has been explored by

R=Ph (R,S)-4

(S,R)-4 07
R=H (R.S)-5 H
(S.R)-5
R
Ph N
N)\ Z
I N
R R
R
N\/
6 R=H P 8 R=Cl
7 R=Me 9 R = 1-pyrrolidinyl

Fig. 1 Ligands 1-9 used in iodine() transfer reactions. The corres-
ponding iodine(l) complexes are denoted as 1-1, 2-1, ... and 8-1.
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Brown. This yielded only negligible enantioselectivity
(2.4-4.8% ee),” likely due to the flexibility and the large dis-
tance of the applied 2-menthyl substituent from the reaction
center. Herein, we explore whether more rigid (1,2-bis(pyri-
dine-2-ylethynyl)-benzene)-type'®>' ligands that encapsulate a
halonium ion into a chiral pocket could provide strong enough
influence on the stereochemistry of halofunctionalization to
make it enantioselective. Accordingly, we synthesized a series
of chiral analogues of 1 (Fig. 1). These do not suffer from
ligand scrambling,>” and may influence the halenium transfer
process with both chiral pyridines even upon dissociation of
the [N-I-N]" bond. Whereas ligands 2 and 4 hold their chiral
centers in a rigid framework and in the proximity of the pyri-
dine nitrogen, 3 has its chiral centers further away, and 5 and
6 allow for geometric adjustments. Ligands 8-9 have originally
been introduced by Johnston and coworkers,>® and were
reported to provide enantioselectivity in halonium transfer
when using N-iodosuccinimide as iodine-source in the pres-
ence of acid, and were here synthesized as positive controls.

Results and discussion
Synthesis

(1,2-Bis( pyridine-2-ylethynyl)benzene) (1) was prepared accord-
ing to a previously established protocol,”" whereas ligands 2-7
were synthesized following the reaction routes shown in
Schemes 1-4 (for details, see the Experimental section).
Ligands 8 and 9 were prepared following Johnston’s
procedure.*’

Stability

The iodine(i) complexes of 1-6 were achieved by mixing the
free ligands with AgBF, in dichloromethane, followed by the
addition of I,, and removal of the AgI precipitate by centrifu-
gation. The formation of the bis(pyridine)iodine(r) complexes
was confirmed by observation of >N NMR chemical shifts
(Table 1) characteristic for such complexes.'”'®21:29 The
iodine(1) complexes of 1-5 are stable at room temperature,
whereas those of 6 and 7 can be studied at —5 °C and —35 °C,
respectively. Ligands 8-9 do not form stable iodine(i) com-
plexes, but undergo self-iodination.>® The stability of the
[N-I-N]" complexes remarkably correlates to the steric
demand of the pyridine ortho-substituent. Hence, 1-I, the
iodine(r) complex of 1 that possesses a sterically undemanding
alkyne is stable at room temperature in solution, and so is its
literature known 2,6-dialkyne analogue.’> The iodine(r) com-
plexes 2-I-5-1 that have sterically demanding substituents
orienting away from the plane of the [N—I-N]" halogen bond
are also stable for several hours in solution at room tempera-
ture. In contrast, 6-I that has an sp>-hybridized ortho-pyridine
substituent is less stable (Table 1), whereas 7-I was not stable
in solution at —35 °C, expectably due to its even more sterically
demanding ortho-substituent. To confirm our hypothesis on
the importance of steric crowding, we performed geometry
optimization of complexes 4, 6-7 and visualized the non-

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 The synthetic route to ligand 2. Reagents and conditions: (a) Ethyl acetoacetate, NH4OAc, 135 °C, 20 h.; (b) Phenylphosphonic dichlor-
ide, 160 °C, 21 h; (c) (1) Glacial AcOH, H,O,, 80 °C to r.t,, 22 h; (2) Ac;0O, r.t. to 100 °C, 5 h; (d) LiOH, THF, H,O, r.t,, 21 h; (e) Novozyme 435, vinyl
acetate; r.t., 4 h; (f) (1) Triisopropylacetylene, trans-[PdCl,(CH3CN),], XPhos, Cs,COs, CHsCN, MW 110 °C, 20 min; (2) TBAF, THF, 0 °C, 2 h; (g) 1,2-
diiodobenzene, Pd (PPhz),Cl,, PPhs, Cul, Et,NH, MW 110 °C, 20 min. For details, see the ESI.{
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Scheme 2 The synthetic route to ligand 3. Reagents and conditions: (a) 1. Piperidine, MeOH, reflux, Ar, 2 h. 2. HCONH,, AcOH, 200 °C, 1 h; (b)
Tf,0, EtsN. CH,Cl,, —50 °C to r.t. 19 h; (c) 1,2-diethynylbenzene, Pd(PPh3),Cl,, Cul, PPhs, DIEA, MW 110 °C, 15 min. For details, see the ESI.

o,
@ ﬁf @ J\I"E] IIJD IT—\U
85% 75% rac 99% cl N/ | Cl

(S) 99%, 84 ee%  rac 98% (R.S) 60% Ph (RS) 70%
17 18 19 20 (B.R)57% 21 ) 4%

H
- ° i

-

(R.S) 80% (RS) 95% » (R.S) 81%

(SR) 67% (SR) 37% = N I\ (SR) 99%

TIPS

....o

22

23

Scheme 3 The synthetic route to ligand 4. Reagents and conditions: (a) I, DMAP, K,COs, H,O/THF (1:1), r.t, 2 h.; (b) Pd/C, PhB(OH),, Na,COs3,
DME/H,0 (1:1), r.t,, 18 h; (c) CeCls, NaBH4, MeOH, 0 °C to r.t. in 2 h; (d) 6-chloro-2-iodopyridine-3-ol, DIAD, PPhs, toluene, r.t., 3 days; (e) Pd
(PPh3),Cl,, Ag,COs3, NEts, toluene, 110 °C, 24 h; (f) Rh/C, H,, MeOH; (g) trans-[PdCl,(CH3CN),], XPhos, Cs,COs, CH3CN, 85 °C, 8 h; (h) (1) NuB4F,
THF, 0 °C, 2 h, then (2) 1,2-diiodobenzene, Pd;(dba)s, PPhs, Cul, NEtz, 45 °C, 20 h. For details, see the ESI.{

covalent interactions (Fig. 2, for details see section 4.3 in the acts as hydrogen bond acceptor and the amide proton as
ESIY). It should be noted here that 5-I is stabilized by an intra- hydrogen bond donor, analogous to previously reported
molecular hydrogen bond, where a filled p-orbital of iodine(i) systems encompassing hydrogen bond-enhanced halogen

This journal is © The Royal Society of Chemistry 2021 Org. Biomol. Chem., 2021,19, 8307-8323 | 8309
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Scheme 4 The synthetic route to ligand 5. Reagents and conditions: (a) Bromocylohex-1-ene, K,COs, DMF, r.t. 17 h; (b) SmI2, EtzN, THF, r.t, 1 h; (c)
triisopropylacetylene, trans-[PdCl,(CH3CN),], XPhos, Cs,CO3, CH3CN, 90 °C, 18 h; (d) TBAF, THF, 0 °C, 2 h; (e) 1,2-diiodobenzene, Pd(PPh3),Cl,,

PPhs, Cul, Et,NH, 60 °C, 19 h. For details, see the ESI.

Table 1 The ®*N NMR chemical shifts of bis(pyridine)-type ligands,
their silver() and iodine() complexes in CD,Cl,, and the stability of the
bis(pyridine)iodine()) complexes®

Ligand 8" Nijg 8" Npg 8Ny Stability
1 —65"% n.d. —166'* r.t.18
(8)-2 —-80 n.d. n.d. n.d.
(5,5)-3 -84 —29 -171 r.t.
(S,R)-4 -73 —127 —-170 r.t.
(S,R)-5 -74 n.d. —187.6 n.d.
(R,R)-5 —115 (—285) —163 (—283) —-199 (—273) <-5°C
(R,R)-6 —116 (—296) —149 (—298) n.d. <=35°C

“The "N NMR chemical shift of the free ligand is denoted as 5 Nhg,
that of its silver() complex as 8" Npgq, Of its iodine(1) complex as
8" Ny, and the stability of the iodine(1) complex at the conditions
under which it is stable for at least 1 hour with < 5% decomposition.
n.d. - not determined.

Fig. 2 Non-covalent interaction (NCI) plots of 4-1 (a), 6-1 (b), and 7-1 (c),
calculated at the ©wB97X-D/aug-cc-pVTZ level of theory, with strong
repulsions being shown in red, weak repulsion in yellow, weak attraction
in green, and strong attraction in blue.

bonds.*>*' In contrast, 7-I is destabilized by the repulsion
between the N-methyl amine substituent and iodine. No sig-
nificant steric crowding was predicted for complex 4-I that
orients its sterically demanding phenyl group out of the plane
of the three-center halogen bond.

Halogen(1) transfer reaction

The non-chiral 1-I and its derivatives are mild halonium trans-
fer agents.'”'® They react via an initial dissociation of one of

8310 | Org. Biomol. Chem., 2021, 19, 8307-8323

the pyridines (Scheme 6), followed by coordination of the
nucleophilic C=C double bond to the reactive single co-
ordinated [pyridine-iodine(i)]" species, yielding a three mem-
bered cyclic iodonium intermediate. The latter undergoes ring
opening typically assisted by a nucleophile, which in halocycli-
zations is present intramolecularly in the substrate. The
mechanism of iodine(i) transfer from bis(pyridine) complexes,
such as 1, has been recently described based on UV-kinetic
and computational data.’’ Herein we assess whether chiral
analogues of 1 presenting chiral functionalities near the coor-
dinating nitrogen may influence the enantioselectivity of
iodocyclisation.

To explore whether its chiral analogues 2-7 provide stereo-
induction in halenium transfer reactions, we used iodocycliza-
tion as a model reaction. The iodine(i) complex of (R,S)-4-I was
generated in situ by addition of stoichiometric I, to a mixture
of (R,S)-4-Ag and trans-styrylacetic acid at —20 °C, providing
halocyclization with the full conversion of the iodine source in
toluene, dichloromethane, acetonitrile or tetrahydrofuran as
solvents (for details, see the ESI Table S3t). Despite being
chiral, 2-5 did not induce significant enantiomeric excess (ee)
in the halocyclization of trans-styrylacetic acid. As a positive
control for iodocyclization, the pyridinium/N-iodosuccinimide
mediated iodination of 5-phenylhex-5-enoic acid to 6-(iodo-
methyl)-6-phenyltetrahydro-2H-pyran-2-one using 8 and 9 as
chiral catalysts, as introduced by Dobisch and Johnston,*’
used (Table 2. These provided measurable enantiomeric
excesses (ees) confirming our chromatographic method’s
ability to detect ee (for details see ESI section 1 and 2.1-2.37).
No enantioselectivity was obtained using 2-7 as chiral
catalysts.

The enantioselectivity of the reactions of 8 and 9 has orig-
inally been proposed®® to originate from Brensted acid acti-
vation of both N-iodosuccinimide and the substrate. The
bifunctional catalysts 8 and 9 are supposed to interact with
both N-iodosuccinimide and the substrate prior to the iodine
(1) transfer. Using "H NMR detection, we observed no
decomposition when mixing 4 with N-iodsuccinimide to gene-

was

This journal is © The Royal Society of Chemistry 2021
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Scheme 6 The simplified general mechanism of iodine()) transfer from [(1,2-bis(pyridine-2-ylethynyl)benzene)iodinel()] (1)-type reagents. A detailed
DFT-based description of the mechanism is given in ref. 29. The possible chiral influence of ligands 2—7 on the outcome of the iodocylization of

alkenes is assessed herein.f

Table 2 lodocyclization of 5-phenylhex-5-enoic acid induced by 2-1-
8-1, the iodine() complexes of 2—-8 (Fig. 1), as iodine()) transfer agents®

0.1 eq catalyst
0.08 eq HOTf or HNTf,

HO. O
1.2 eq N-iodsuccinimide I 0. O
Ph
Ph Toluene, -20°C

Catalyst Acid ee
()2 — 0%”
(5,5)-3 — 0%”
(R,S)-4 HNTf, <7%
(R,R)-5 — 0%”
(R,R)-6 HOTf 3%

8 HNTf, 61%
9 HNTI, 97%°°
9 HOTf 93%

“The ees were determined using chiral analytical HPLC using a Lux
i-Amylose column (for further details, see Table S12 in section 2.3 in
the ESIf). °The iodine() complex of (S)-2 was generated in situ by
addition of I, to its silver(r) complex.

rate 4-I, whereas decomposition took place when, 4-H (proto-
nated 4) was used instead (for details, see section 1.10 in the
ESIT). Without contradicting the previous findings, this
control experiment suggests that protonation is essential for
the iodine(1) transfer from N-iodosuccinimide to the pyridine-
nitrogen. The reactive N-iodopyridinium ion is formed upon
transferring iodine(i) from N-iodosuccinimide to the pyridi-
nium salt via I'/H" exchange.

The chiral ligands 2-7 are similar to 8-9 bifunctional mole-
cules, have two pyridine Lewis bases, and allow substrate
coordination, and hence could be expected to induce enantio-
selectivity in halocyclizations. Enantioselectivity may originate
from the irreversible addition of iodine(i) to the alkene via a
halogen-bonded iodine(i) prereactive complex.*> In this, the
iodine(i) simultaneously coordinates a chiral pyridine and the
double bond, providing a chiral bidentate complex of iodine().
Bidentate iodine(1) complexes are literature known.'”*°
Alternatively, if the halogen addition step is reversible, the
intramolecular nucleophilic attack of the carboxylate oxygen
may provide enantioselectivity if the ligand remains co-

This journal is © The Royal Society of Chemistry 2021

ordinated at the time point of the nucleophilic attack. To
assess the intermediate that undergoes the nucleophilic
attack, we used 5-norbornene-2,3-dimethanol as a substrate
(Scheme 7) as for this molecule enantioselectivity in product
formation is determined at the time point of the nucleophilic
attack, instead of the coordination of iodine(i) to the double
bond. In case the chiral pyridine ligand remains coordinated
to iodine(1) at the time point of the nucleophilic ring closure,
enantioselectivity in the product formation is expected, pre-
suming that the chiral information provided by the bis(pyri-
dine)-ligand is close enough to the reaction centre. If the
chiral ligand is dissociated from iodine(1r) when the nucleophi-
lic ring closure occurs, a racemic outcome is expected. Using
(R,S)-4, no significant ee (2%) in the haloetherification of
5-norbornene-2,3-dimethanol was observed (Scheme 5). This
suggests that pyridines do not form stable enough bis-coordi-
nate iodine() complexes involving an alkene to induce
enantioselectivity, or that the chiral ligand used in this experi-
ment did not provide sufficient enough energy difference of
the diaestereotopic transition states.

Iodocyclization reactions induced by 1-7-I are assumed to
proceed via their singly coordinated open forms, which allow
the interaction of the electrophilic iodine(i) with the sub-
strate’s olefinic double bond prior to iodocyclization. DFT cal-
culations (see the Experimental section and section 4.1 in the
ESI}) carried out for 4-I indicate that the ground state of this
complex is the symmetric structure A (Fig. 3), which involves a
strong three-center, four-electron [N-I-N]" bond.** The open
forms B and C are by at least 13 kcal mol™" less stable and may

g [(R,S)-4-(1)]BF4
- 2ee-%
OH  CH,Cl,, -20°C o H

HO

Scheme 7 Haloetherification of 5-norbornene-2,3-dimethanol was
used to selectively study enantioselectivity of the cyclization step. The
enantiomeric excess (ee-%) has been determined following benzylation
of the product using benzylanhydride, diisopropylethylamine in CH,Cly,
at 30 °C for 3 days.

Org. Biomol. Chem., 2021,19, 8307-8323 | 8311
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Scheme 5 The synthetic route to ligands 6 and 7. Reagents and conditions: (a) Pd(PPh3),Cl,, Cul NEts, 110 °C, o.n.; (b) Pdx(dba)sz, 1,3-bis(diphenyl-
phosphino)propane, NaOtBu, (R)-(+)-1-phenzlethylamine, toluene, 90 °C, 3 h; (c) 1. NaH, DMF, r.t,, 1 h, 2. Mel, DMF, r.t., 1 h, 3. NaH, DMF, r.t., 1 h, 4.

Mel, DMF, r.t, 1 h. For details, see the ESI.}

C, (16.9)

c, (17.0) c;(17.7)

Fig. 3 Various forms of complex [2-1]* as obtained from DFT calcu-
lations. Relative stabilities are given in kcal mol™ with respect to the
symmetric chelating form. Hydrogen atoms are omitted for clarity.
Close I*—n contacts in By and B, are highlighted with green dotted
arrows.

adopt several conformations, such as B;-C; (Fig. 3) In the
most favoured open forms B; and B,, the pyridine-bound
iodine(i) is in close contact either with the phenyl substituent
or with the pyridine ring of the second arm of the ligand.
Conformers C,, C, and C; lack such stabilizing interactions
making the iodine(i) readily available for binding the olefinic
bond of the ligand. Even if these conformers are considerably
less stable than B, and B,, they can be regarded as the reactive
forms of the 4-I complex towards iodocyclization. Our struc-
tural analysis of these energetically close-lying reactive forms
suggests that the chiral environment provided by ligand 4 is
vaguely defined. The phenyl substituent of the chiral fused
ring fragment of the dissociated arm of the ligand is in close
vicinity to the iodine(r) providing partial steric shielding,
whereas the rest of the fused ring system of the dissociated
arm are remotely displaced. Most likely due to the weakness of
the steric influence and to the availability of multiple ligand
conformations, sufficient stereospecificity in substrate binding
is not induced, explaining the inefficiency of 4 to induce enan-
tiomeric excess.

8312 | Org. Biomol Chem., 2021,19, 8307-8323

Conclusions

We report the design and synthesis of six novel, bidentate and
chiral bis(pyridine)-type ligands (2-7) and their assessment for
enantioselective iodine(1) transfer. The three-center, four-elec-
tron [N-I-N]" halogen bond complexes of the ligands were
formed through two alternative pathways, either by conversion
of the silver(i) complex of the ligands using iodine*** or by
iodine transfer from N-iodosuccinimide in the presence of
triflic acid.>® The stability of bidentate complexes was observed
to be limited by the bulkiness of the substituent in the ortho
position to the pyridine nitrogen, and thus we found that a
hydrogen or alkyne (1) was well tolerated, whereas a substi-
tuted ortho-quarternary carbon (4) or an ortho-secondary
amide (5) destabilized the iodine(i) complex. The ortho tertiary
amide of 6 made the complex so unstable that it could not be
studied by ">’N NMR at —35 °C, but only generated in situ.

The chiral complexes 2-7-1 straightforwardly transferred
iodenium ions to a model alkene; however, in our hands
without enantioselectivity. We hypothesize that this is due to
insufficient substrate preorganization by the chiral catalyst,
which appears necessary for the induction of enantio-
selectivity.>® Our control experiments using 5-norbornene-2,3-
dimethanol as substrate suggests the irreversible addition of
the pyridine bound iodine(i) to the alkene along with rapid
ligand dissociation, which prevents stereocontrol by the chiral
bis(pyridine) ligands in the nucleophilic ring closure step.
Alternatively, the lack of enantioselectivity of the iodine(r)
transfer may be explained by the chiral information not being
close enough to the reaction centre. Whereas a substrate-inde-
pendent, catalytic enantioselective halofunctionalization pro-
tocol has been a long-sought target of the field, so far all
known catalytic enantioselective halogenation protocols are
substrate-dependent and require the pre-orientation of the
substrate by the catalysts,”"*"%3%13

This study not just provides some guidance for the further
development of enantioselective halenium transfer reagents,
but also presents a set of chiral bidentate ligands that may
find applications in other fields, such as transition metal cata-
lysis. Structurally closely related trans-chelating bis(pyridine)-
ligands have been applied for complexation of copper,**™*°
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silver, iron,*® palladium, mercury,”” gold,*® and
even of carbenes® with several of these complexes having
shown synthetically useful catalytic activities,*>>*>*>6:38

Experimental section
General methods and materials

CH,CI, was dried by distillation over CaH,, and n-hexane by
distillation over Na, benzophenone and tetraglyme. For NMR,
deuterated solvents were dried by adding 3 A molecular sieves
to freshly opened bottles. All dry solvents were stored over 3 A
molecular sieves in a glovebox. Pyridine was redistilled prior to
use. All other chemicals were used without further purifi-
cation. For all synthesis performed in a glovebox, glassware
had been dried at 150 °C in an oven, or in vacuo, at least over-
night. NMR spectra were recorded on a Bruker Avance Neo
500 MHz spectrometer equipped with a TXO cryogenic probe,
or an Agilent MR-400 equipped with an OneNMR probe.
Chemical shifts are reported on the § scale (ppm), with the
residual solvent signal as an internal reference; CD,Cl, (i
5.32, 8¢ 53.84), CDCl; (i 7.26, 8¢ 77.16). Nitromethane (Sx
0.0 ppm) was used as an external standard for '°N. To assign
the "H NMR resonances chemical shift (§), multiplicity, coup-
ling constants (J Hz) and number of hydrogens were con-
sidered. 2D spectra ('H,">N HMBC, 'H,’C HSQC, 'H,"“C
HMBC, TOCSY, and COSY) also aided correct assignment.
Multiplicities are denoted as s (singlet), d (doublet), t (triplet),
q (quartet), h (heptet), and m (multiplet). MestReNova 12.0.2.
was used to process the NMR spectra.

(1,2-Bis( pyridine-2-ylethynyl)benzene) (1) was prepared
according to a previously established protocol®!

(7R,7'R)-(1,2-Phenylenebis(ethyne-2,1-diyl))bis(4-methyl-6,7-
dihydro-5H-cyclopenta[b]pyridine-2,7-diyl) diacetate (2). To an
oven-dried microwave vial, Pd(PPh;),Cl, (14 mg, 10 mol%),
Cul (5 mg, 15 mol%) and PPh; (10 mg, 20 mol%) and com-
pound 13 (76 mg, 0.35 mmol) were added successively under
N, gas. The vial was sealed and flushed with N,.
Deoxygenated, dry Et,NH (900 pL) was added and N, was
bubbled through the solution. Diiodobenzene (23 pL,
0.18 mmol) was added via a syringe. The resulting reaction
mixture was bubbled with N, and heated at 120 °C for 20 min
under microwave irradiation. Next, the flask was allowed to
cool to room temperature, the solvent was removed under
reduced pressure, the crude was dissolved in CH,Cl,, and
washed twice with aqueous NH,CI solution. The organic phase
was dried with Na,SO, and the solvent was removed under
reduced pressure to yield a brown oil, which was purified by
flash chromatography with hexane:EtOAc (6:4) eluent.
Compound 2 was obtained as an orange solid (61 mg, 67%
yield). "H NMR (500 MHz, CDCl;) & 7.63 (AA’ part of AA'BB/,
2H, H-14), 7.39 (s, 1H, H-3), 7.39-7.42 (2 x s, 1H, H-3) 7.34 (BB’
part of AA'BB/, 2H, H-13), 6.06 (dd, J = 7.4, 4.1 Hz, 1H, H-7),
3.05-2.98 (m, 1H, H-5), 2.88-2.79 (m, 1H, H-5), 2.70-2.60 (m, J,
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1H, H-6), 2.26 (s, 3H, Me-4), 2.14-2.07 (m, 4H, Me-9 and H-6).
3C NMR (126 MHz, CDCl;) § 170.9 (C-8), 160.5 (C-7a), 144.2
(C-4), 142.8 (C-2), 137.2 (C-4a), 132.4 (C-13), 128.7 (C-14), 128.6
(C-3), 125.6 (C-12), 93.3 (C-11), 93.2 (C-10), 87.8 (C-7), 30.6
(C-6), 26.8 (C-5), 21.5 (Me-9), 18.6 (Me-4). >N NMR (CDCl;) §
-80.2.
1,2-Bis(((6R,8R)-7,7-dimethyl-5,6,7,8-tetrahydro-6,8-metha-
noisoquinolin-3-yl)ethynyl)benzene (3). To a flame dried N,
purged microwave vial, Cul (13 mg, 0.07 mmol), Pd(PPh;),Cl,
(50 mg, 0.07 mmol) and PPh; (37 mg, 0.14 mmol) were added
under N,. Deoxygenated and dry Et,NH (3 mL; purified by
redistillation, 99.5%) was then added. N, was bubbled through
this solution for 15 min. Compound 15 (470 mg, 1.5 mmol) in
dry Et,NH (3 mL) was added to the flask. The resulting reac-
tion mixture was bubbled with N, for 5 min. Next, 1,2-diethy-
nylbenzene (105 mg, 0.8 mmol) dissolved in dry Et,NH (3 mL)
was added. After heating the reaction at 60 °C for 15 h, the
reaction mixture was allowed to cool to rt, and was filtered
through a Celite plug (solvent CH,Cl,). The organic phase was
concentrated under reduce pressure, and then the crude was
dissolved with CH,Cl, and washed trice with saturated
aqueous NH,CI solution. The organic phase was dried with
Na,S0, and the solvent was removed under reduce pressure to
yield a brown oil, which was purified by flash chromatography
with Et,O: pentane (7: 3) as eluent, and further purified using
ethyl/buthyl phophonic acid silica (Sigma-Aldrich) with MeOH
as eluent. Compound 3 was obtained as an orange foam
(265 mg, 76%). "H NMR (500 MHz, CD,Cl,) 6 8.16 (s, 1H, H1),
7.63 (1H, H13), 7.59 (t, J = 0.9 Hz, 1H, H4), 7.38 (1H, H14), 2.97
(d,J = 2.8 Hz, 2H, H5), 2.85 (t,J = 5.5 Hz, 1H, HS8), 2.72 (dt, J =
9.6, 5.5 Hz, 1H, H9'), 2.31 (tt, J = 5.5, 2.8 Hz, 1H, H6), 1.42 (s,
3H, CH,7"), 1.21 (d, J = 9.6 Hz, 1H, H16'), 0.64 (s, 3H, CH,7").
3C NMR (126 MHz, CD,Cl,) § 147.1 (CH, C1), 145.3 (C, C8a),
143.3 (C, C4a), 141.6 (C, C3), 132.5 (CH, C13), 129.1 (CH, C14),
127.8 (CH, C4), 126.2 (C, C12), 94.3 (C, C10), 86.8 (C, C11),
45.2 (CH, C8), 40.7 (CH, C6), 39.7 (C, C7), 33.1 (CH,, C5), 32.2
(CH,, C9), 26.3 (CH;, C7"), 21.7 (CH;, C7'). HRMS (MALDI
TOF) caled for CsH;,N, 469.2643 [M + HJ', found m/z
469.2612. [a]¥ —36.5 (¢ 0.135, CH,CL,).
1,2-Bis-[((5a8,9aR)-9a-phenyl-5a,6,7,8,9,9a-hexahydrobenzo-
furo[3,2-b]pyridin-2-yl)-ethinyl ]benzene (4). An oven dried
microwave vial was charged with (5a$,9aR)-2-ethynyl-9a-
phenyl-5a,6,7,8,9,9a-hexahydrobenzofuro[3,2-b]pyridine ~ (23)
(461 mg, 1.60 mmol, 2.20 eq.), Pd,(dba); (26.7 mg,
0.029 mmol, 0.04 eq.), Cul (10.4 mg, 0.546 mmol, 0.10 eq.),
PPh; (57.2 mg, 0.218 mmol, 0.40 eq.), was evacuated and
flushed with N,. Dry NEt; (9 ml), and 1,2-diiodobenzene
(95.1 pL, 240 mg, 0.728 mmol, 1.00 eq.) were added and the
mixture was evacuated and flushed with N, trice to degass.
The mixture was stirred at 45 °C for 20 h, until comple