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Towards combining backbone and sugar constraint
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Therapeutic oligonucleotides are chemically modified to enhance their drug-like properties — including
binding affinity for target RNA. Many nucleic acid analogs that enhance RNA binding affinity constrain the
furanose sugar in an RNA-like sugar pucker. The improvements in binding affinity result primarily from
increased off-rates with minimal effects on on-rates for hybridization. To identify alternate chemical
modification strategies that can modulate on- and off-rates for oligonucleotide hybridization, we
hypothesized that extending conformational restraint across multiple nucleotides could modulate
hybridization kinetics by restricting rotational freedom of the sugar-phosphate backbone. As part of that
effort, we recently reported that using hydrocarbon tethers to bridge adjacent phosphodiester linkages
as phosphonate tethered bridges can pre-organize nucleic acids in conformations conducive for
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of locked nucleic acid (LNA) trimers linked through alkylphosphonate tethers which restrict conformation
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Introduction

RNA-targeted oligonucleotide therapies are making rapid
progress in the clinic with several approved medicines and >100
candidates in clinical development.> RNA-targeted therapeutic
oligonucleotides can be classified into at least two broad
classes. The first class typically comprises single stranded
antisense oligonucleotides (ASOs) that first bind their target
RNA in cells through Watson-Crick base-pairing and recruit an
effector protein to modulate RNA processing. Examples of this
class include gapmer ASOs that degrade RNA via RNAse-H1
mediated hydrolysis,® ASOs that modulate splicing patterns to
promote exon skipping or inclusion,* ASOs that promote RNA-
editing via recruiting endogenous ADARs’ (adenosine deami-
nase acting on RNA) and ASOs that antagonize natural miR-
NAs.® In contrast, a second class of RNA-targeted therapeutic
oligonucleotides are first loaded into a protein effector complex
prior to interacting with their cognate RNA. Examples of this
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backbone across three nucleotide units.

class includes double stranded siRNA, where the guide strand
of the duplex is first loaded into argonaute 2, which facilitates
RNA binding and subsequent RNA cleavage.” Interestingly,
oligonucleotide therapeutics that promote genome editing are
also loaded into effector proteins such as CAS9, which in turn
facilitate DNA binding and subsequent single or double
stranded cleavage or base-editing.®

For oligonucleotide therapeutics that belong to the first class
described above, ASOs must bind to their cognate RNA while
avoiding interactions with mismatched RNA, to elicit sequence-
specific antisense effects.” The RNA-binding affinity of ASOs is
in turn governed by rates of association and dissociation for
their RNA-targets. A recent study demonstrated that short
oligonucleotides can form partially hybridized meta-stable
intermediates with mismatched RNA. These intermediate
partially complementary duplexes were sufficiently long-lived
such that they could be intercepted by enzymatic processes.
In the context of oligonucleotide therapeutics, this could result
in off-target effects. One strategy to avoid these issues would be
to modulate the kinetics of oligonucleotide hybridization such
that the ASO could sample the RNA sequence space relatively
quickly to identify its fully complementary binding site without
forming meta-stable partial duplexes of sufficient stability with
mis-matched RNA.

Therapeutic ASOs are typically chemically modified to
enhance their drug-like properties - including binding affinity
for target RNA."™* Many of these modifications enhance binding
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affinity by enforcing conformational constraint within the
nucleoside structure. Some notable examples include bi- and
tri-cyclo DNA, one of the first examples of conformationally
restricted nucleic acid analogs, described by Leumann et al.
where torsion angle vy was restricted in a non-canonical orien-
tation to enhance duplex stability;*>™* conformational restric-
tion of the furanose sugar moiety in the RNA-like C3’-endo
sugar pucker to provide the family of locked nucleic acids
(LNA);*>*¢ restriction of backbone o and B torsion angles to
provide constrained nucleic acids (a,3-CNA)7** and dual con-
strained nucleic acids where both the sugar ring and the
backbone torsion angles were restricted to enhance duplex
stability.**** Interestingly, as demonstrated for LNA-modified
oligonucleotides, the improvement in duplex stability was
primarily a result of increased off-rates with negligible effects
on on-rates.*

All the examples of conformationally constrained nucleic
acid analogs described above restrict conformation across
a single nucleotide unit within an oligonucleotide. We postu-
lated that extending conformational restraint across multiple
nucleotides could modulate hybridization kinetics by restrict-
ing rotational freedom of the sugar-phosphate backbone. As
part of that effort, we recently reported that using hydrocarbon
tethers to bridge adjacent phosphodiester linkages as phos-
phonate tethered bridges can pre-organize nucleic acids in
conformations conducive for Watson-Crick base-pairing and
modulate hybridization kinetics (Fig. 1A).>> It was concluded
that 15-membered octyl 3',3’-phosphonate linked macrocycles
with stereochemically defined phosphorus atoms
preferred to shorter 11-membered counterparts. These results
were corroborated with detailed molecular dynamic simulation
measurements. In a subsequent disclosure involving a system-
atic study of the length of the alkyl tether and the configuration
of the phosphorus atom of 12, 13, 14, and 16-membered mac-
rocycles it was concluded that the 15-membered macrocycle
harboring S,R-stereochemistry at the two phosphorus atoms
was preferred compared to smaller macrocycles (Fig. 1B).*
However, these macrocyclic analogues showed reduced RNA-
binding affinity and duplex stability, because of increased off-
rates relative to unmodified DNA.

To address this, we further hypothesized that combining
backbone constraint with sugar constraint could provide
analogues that could effectively modulate on- and off-rates of
hybridization without reducing overall duplex stability. We
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Fig. 1 (A) Trinucleotide DNA unit; (B) S/R phosphonate bridged 15-
membered macrocycle DNA unit; (C) S/R phosphonate tethered 15-
membered macrocycle LNA unit.
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chose the arduously accessible LNA 15-membered octyl bis-
phosphonate macrocyclic trimer as a synthetic prototype to
restrict the conformation of the furanose sugar in addition to
restricting the conformational mobility of the sugar-phosphate
backbone across three nucleotide units (Fig. 1C). In this report,
we describe the synthesis of LNA trimers linked through octyl
3/3’-bis-alkylphosphonate tethers which restrict conformation
of the furanose sugar in addition to restricting conformational
mobility of the sugar-phosphate backbone across three nucle-
otide units. In view of the steric environment presented by the
oxacyclic linking C2’ and C4/, the challenge was to explore the
feasibility of synthesizing two pairs of stereochemically pure 15-
membered macrocyclic octyl 3'-3’-bis-phosphonates.

Results and discussion

The general synthetic route consisted of previously adopted
phosphoramidite coupling protocols.?* Thus, the known 2/,5'-
anhydro nucleoside 1 was converted to the phosphoramidite 3,
and the product was coupled with the known 3'-OTBS-2/,5'-
anhydro nucleoside 4 (ref. 25) to give the corresponding mixture
of S- and R-epimeric allyl phosphonates 5a/5b (Scheme 1).
Cleavage of the DMT with p-toluenesulfonic acid hydrate
gave both dimers 6a/6b in high yield after separation by silica
gel chromatography without deprotection of the silyl ether
group. The assignment of stereochemistry at phosphorus in
each isomer followed conventional methods described in our
previous work,”>** and correlating with data reported by
Baran.?® A coupling reaction of the S-6a isomer with an excess of
1-heptenyl phosphoramidite 7 and tetrazole as the activator was
performed on a small scale in batches (Scheme 2).” The
resulting mixture S$*,S and R*S diastereoisomers 8a and 8b
could not be separated by chromatography. However, treatment
of this mixture with the Hoveyda-Grubbs II catalyst® in
refluxing DCM under high dilution led to two compounds
which were arbitrarily designated as bis-phosphonate macro-
cycles $*,5-9a and R*,S-9b in 30% and 31% yield respectively,
following the trend observed in the DNA macrocycles.>?
Similar phosphoramidite 7 coupling of the R-6b isomer, led
to the S*,R-8¢c and the R*,S-8d diastereomers respectively, which
could be separated by flash column chromatography. Ring-
closing metathesis using the Hoveyda-Grubbs II catalyst at
high dilution led to a mixture of cis and trans unsaturated
macrocycles 9c and 9d.>® To avoid deprotection of the DMT
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Scheme 1 Synthesis of LNA dimers from an LNA monomer unit.
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Scheme 2 Synthesis of bis-phosphonate LNA trimer macrocycles. The asterisk denotes uncertain R- or S- stereochemistry.

group, reduction of the macrocyclic olefins was done by
hydrogenolysis with Pd/C deactivated by 2,6-lutidine in
a mixture of THF/MeOH.* This was followed by removal of the
TBS protecting group, leading to the four diastereomers 11a-d,
which were isolated by reverse phase flash chromatography and
individually characterized spectroscopically. The four isomers
were chromatographically different by TLC.

We can only designate the absolute stereochemistry of the
phosphorus atom of the “lower” nucleotide unit within each
macrocycle 11a-d relying on the known stereochemistry of the
monomers 6a and 6b from which they are synthesized (Scheme
2). The stereochemistry of the phosphorus atom in the “upper”
nucleoside unit in the trimers 8a-d as well as the macrocycles
11a-d is currently unknown. It would be misleading to compare
the *'P values of the current LNA macrocyclic compounds 11a-
d with their counterparts in the DNA P-macrocycles series.*
Furthermore, the differences in *'P chemical shifts within each
series are too close to establish a reliable correlation or trend.
Nevertheless, each of the bis-phosphonate LNA macrocyles 11a-
d are individually characterized as chromatographically homo-
geneous and distinguishable compounds. The difficulty of
ascertaining the absolute configuration at phosphorus in the
“upper” nucleoside in each trimeric unit warrants an

© 2024 The Author(s). Published by the Royal Society of Chemistry

independent synthesis possibly relying on X-ray crystallography
analogues such as 3'-esters.

Conclusions

We have developed methods to synthesize 15-membered bis-
phosphonate macrocyclic nucleosides tethered between 3’ and
3’ of a trimeric LNA unit as constrained analogues of the cor-
responding LNA trimers. Incorporation into oligonucleotides
and measurement of T, values along with kinetic parameters of
binding for one of the analogues will determine which of the
macrocyclic analogues may be pursued and to establish the
absolute stereochemistry at phosphorus in the “upper” nucle-
oside unit by independent synthesis.

Experimental section
General information

Anhydrous tetrahydrofuran, diethyl ether, toluene and
dichloromethane were obtained through activated columns of
alumina, while all other solvents were used as received from
chemical suppliers. Reagents were purchased and used without
further purification unless otherwise specified. Yields refer to
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chromatographically and spectroscopically homogeneous
material, unless otherwise stated. Reactions were monitored by
thin-layer chromatography (TLC) carried out on Silicycle Silia-
Plate 60 A, 250 um (indicator F-254) that were visualized using
a UVP UVG-11 compact UV lamp (254 nm) and developed with
usual revealing agents (cerium ammonium molybdate, potas-
sium permanganate or ninhydrin). Flash chromatography was
performed using Silicycle SiliaFlash F60 (230-400 mesh) silica
gel or using TELEDYNE ISCO CombiFlash Rf+ when a gradient
was used. NMR spectra were recorded on Bruker AV-300, AV-400
or AV-500, calibrated using residual undeuterated solvent as
internal reference (CHCl;, 6 = 7.26 ppm for 'H NMR; ¢ =
77.16 ppm for >C NMR; DMSO, 6 = 2.50 ppm for "H NMR; 6 =
39.52 ppm for ">C NMR; acetone, 6 = 2.05 ppm for "H NMR; 6 =
29.84 ppm for "*C NMR) and reported in parts per million from
tetramethylsilane as follows: chemical shift (multiplicity,
coupling constant in Hz, integration). The following abbrevia-
tions were used to describe multiplicities: s = singlet, d =
doublet, t = triplet, ¢ = quadruplet, m = multiplet, br = broad.
High-resolution mass spectra (HRMS) were recorded at the
Centre Régional de Spectrométrie de Masse de 'Université de
Montréal on an Agilent LC-MSD TOF mass spectrometer by
electrospray ionization time of flight reflectron experiments.
Specific rotations were measured with an Anton Paar MCP100
polarimeter.

Characterization data and procedures

Synthesis of phosphoramidite (3). 5-ODMT LNA thymidine 1
(0.16 g, 0.28 mmol) was co-evaporated with toluene twice.
Compound 1 was dissolved in anhydrous DMF (0.2 mL) under
Ar. In a separate flask under Ar, a solution of 4,5-dicyanoimi-
dazole (0.02 g, 0.17 mmol) and N-methylimidazole (10 pL, 0.12
mmol) in anhydrous DMF (0.3 mL) was prepared. In a third
flask under Ar, a solution of allyl phosphordiamine 2 (0.12 g,
0.43 mmol) in anhydrous DMF (0.2 mL), was prepared. The
solution containing 4,5-dicyanoimidazole was added dropwise
to the reaction solution, followed by a dropwise addition of the
phosphordiamine solution. The reaction was stirred at r.t
overnight until consumption of 5-ODMT LNA thymidine 1
(TLC: hexane/ethyl acetate 7:3). A few drops of Et;N were
added, and the solvent was evaporated in vacuo. The resulting
oil was dissolved in a minimum amount of CH,Cl, with Et;N,
and purified by flash chromatography (gradient, from 100%
hexanes + 1% Et;N to hexanes/EtOAc: 7/3 + 1% Et;N). White
powder (120 mg; 60%). "H NMR (400 MHz, CDCl,) 6 8.24 (s, 1H),
7.73 (dd, J = 14.9, 1.4 Hz, 1H), 7.55-7.31 (m, 7H), 6.87 (td, ] =
9.0, 2.9 Hz, 4H), 5.74-5.61 (m, 1H), 5.57-5.35 (m, 1H), 5.13-5.02
(m, 1H), 4.99-4.78 (m, 1H), 4.44-4.33 (m, 1H), 4.17 (dd, ] = 15.4,
6.8 Hz, 1H), 3.83 (s, 6H), 3.69-3.34 (m, 4H), 2.99 (s, 1H), 2.91 (s,
1H), 2.56-2.19 (m, 2H), 1.75-1.72 (m, 1H), 1.36-1.19 (m, 3H),
1.19-0.95 (m, 12H). *'P NMR (160 MHz, CDCl;) 6 130.9, 125.2.

Synthesis of dimers (5). Before the reaction, nucleoside 4 was
co-evaporated with toluene twice. To a solution of nucleoside 4
(60 mg, 0.15 mmol) in anhydrous acetonitrile (0.5 mL), a solu-
tion of phosphoramidite 3 (200 mg, 0.27 mmol) in anhydrous
MeCN (0.5 mL) was added dropwise under Ar, followed by
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a dropwise addition of a solution containing 4,5-dicyanoimi-
dazole (30 mg, 0.25 mmol) and N-methylimidazole (2 pL, 0.024
mmol) in anhydrous MeCN (0.3 mL). The progress of the reac-
tion was monitored by TLC analysis and mass spectrometry.
Upon completion, a 5 M solution of ¢-BuOOH in decanes (30 pL,
0.015 mmol) was added dropwise to the reaction mixture and
stirred for 45 min. The reaction mixture was diluted with EtOAc,
cooled to 0 °C, and aq. 10% NaHSO; solution (1 mL) was added.
After stirring for 5 min, the reaction mixture was washed with
saturated aq. NaHCOj; solution (5 mL). The aqueous layer was
extracted with EtOAc, the combined organic layers were dried
over Na,SO,, filtered, and concentrated under reduced pres-
sure. The residue was dissolved in a minimum amount of
CH,Cl, and purified by flash column chromatography (gradient
from 100% hexanes to hexanes/CH,Cl,/MeOH: 7/2/0.5) to give
a mixture of dimers. White powder (120 mg; 80%). "H NMR (500
MHz, CDCl;) 6 9.47 (s, 2H), 7.62 (t,J = 1.8 Hz, 1H), 7.46 (ddd, ] =
7.5, 5.6, 1.7 Hz, 2H), 7.40-7.21 (m, 9H), 6.97-6.81 (m, 5H), 5.80-
5.45 (m, 3H), 5.31-5.19 (m, 1H), 5.10-4.79 (m, 3H), 4.49-4.28
(m, 3H), 4.09-3.84 (m, 5H), 3.84-3.78 (m, 8H), 3.71 (dd, J = 11.0,
5.4 Hz, 1H), 3.54-3.35 (m, 2H), 2.79 (dd, J = 22.2, 7.3 Hz, 1H),
2.52 (dqd, J = 22.5, 15.2, 7.4 Hz, 1H), 1.99-1.88 (m, 3H), 1.58
(dd, J = 2.5, 1.2 Hz, 3H), 1.35-1.11 (m, 2H), 0.90 (d, J = 5.6 Hz,
2H), 0.87 (d, J = 2.2 Hz, 9H), 0.07 (dd, J = 8.3, 3.2 Hz, 6H). *'P
NMR (200 MHz, CDCl;) 6 29.1, 28.0. HRMS (ESI): caled for
Cs,Hg;N,0,5PSiNa [M + Na]': 1065.3689; found 1065.3721.
Synthesis of dimers (6a) and (6b). A solution of compound 5
(120 mg, 0.11 mmol) in dichloromethane (2.5 mL) was cooled
down to 0 °C, then a solution of p-toluenesulfonic acid mono-
hydrate (24 mg, 0.12 mmol) in MeOH (1.2 mL) was added
slowly. The reaction was kept at 0 °C for 30 min, until
consumption of the starting material (monitored by TLC anal-
ysis). Solid Na,CO; was added to the cold reaction mixture and
the resulting suspension was stirred until the orange color
disappeared (5-15 min). The volatiles were removed by rotary
evaporation, the solid residue was dissolved in a minimum
amount of DCM, and then purified by flash column chroma-
tography (hexanes/CH,Cl,/MeOH: 7/3/0.5) to give mixed dimers
6a and 6b (60 mg, 74% yield). The mixture of dimers was sus-
pended in (20 mL) EtOAc/MeCN: 95/5. The upper isomer (6b)
(20 mg) slowly precipitated out from the solution while the
bottom isomer remained in solution. To further purify the
bottom isomer (6a), the collected filtrate was evaporated under
reduced pressure. The residue was dissolved in EtOAc/acetone:
9/1 and loaded on silica gel. The column was eluted with EtOAc/
acetone: 9/1 run by gravity to obtain pure 6a (30 mg) (6a): white
powder (30 mg; 37%). "H NMR (500 MHz, acetone-dg) 6 10.17 (d,
J=55.3 Hz, 2H), 7.67 (q,] = 1.2 Hz, 1H), 7.64 (q, ] = 1.2 Hz, 1H),
5.88 (ddq, J = 17.3, 10.2, 7.2 Hz, 1H), 5.57-5.48 (m, 2H), 5.37
(ddq,J = 17.1, 5.5, 1.5 Hz, 1H), 5.28 (ddq, J = 10.1, 3.9, 1.2 Hz,
1H), 4.85 (d,J = 7.0 Hz, 1H), 4.76 (s, 1H), 4.61-4.45 (m, 3H), 4.39
(d,J = 0.8 Hz, 1H), 4.29 (s, 1H), 4.06-3.95 (m, 4H), 3.84 (dd, J =
17.9, 8.0 Hz, 2H), 2.96 (dddt, J = 22.4, 7.4, 2.2, 1.3 Hz, 2H), 1.86
(s, 3H), 1.78 (d,J = 1.3 Hz, 3H), 0.90 (s, 10H), 0.12 (d, ] = 5.3 Hz,
6H). *C NMR (125 MHz, acetone-dg) 6 205.3, 133.99, 133.96,
120.4, 120.3, 109.6, 87.6, 87.0, 86.9, 79.1, 78.4, 72.1, 71.2, 71.1,
70.8, 56.2, 31.3, 30.2, 25.1, 17.6, 11.9, 11.7, —5.6, —5.9. >'P NMR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(200 MHz, acetone-dg) 6 28.8 (6b): white powder (20 mg; 25%).
'H NMR (400 MHz, DMSO-d) 6 11.43 (s, 1H), 7.61 (d, ] = 1.5 Hz,
1H), 7.39 (d, J = 1.4 Hz, 1H), 5.72 (ddq, J = 17.3, 10.1, 7.2 Hz,
1H), 5.47 (d,J = 17.9 Hz, 2H), 5.39 (t, ] = 5.8 Hz, 1H), 5.30-5.13
(m, 2H), 4.57 (d, ] = 6.3 Hz, 2H), 4.45 (dd, J = 12.2, 5.2 Hz, 1H),
4.33 (dd,j = 12.2, 6.4 Hz, 1H), 4.25 (s, 1H), 4.07 (s, 1H), 3.88 (d, J
= 7.9 Hz, 1H), 3.86-3.75 (m, 4H), 3.74 (d, J = 8.0 Hz, 1H), 2.92 (d,
J=7.3Hz,1H),2.87 (d,/ = 7.3 Hz, 1H), 1.78 (dd, J = 16.1, 1.1 Hz,
6H), 0.85 (s, 9H), 0.08 (d, J = 4.1 Hz, 6H). *C NMR (100 MHz,
DMSO-dg) 6 163.8,157.1, 150.6, 134.8, 127.7, 127.6, 120.9, 120.8,
109.22, 109.20, 88.9, 87.2, 86.8, 79.2, 78.3, 72.8, 71.5, 71.0, 25.9,
18.1, 12.8, 12.8, —4.5, —4.8. *'P NMR (160 MHz, DMSO-d;)
0 28.3.

Synthesis of phosphoramidite (7). 5-ODMT thymidine 1
(1.2 g, 2.09 mmol) was co-evaporated with toluene twice. 5'-
ODMT thymidine was dissolved in anhydrous DMF (0.5 mL)
under Ar. In a separate flask under Ar, a solution of 4,5-dicya-
noimidazole (0.24 g, 2.03 mmol) and 1-methyl imidazole (80 pL,
0.97 mmol) in anhydrous DMF (1 mL) was prepared. In a third
flask under Ar, a solution of phosphordiamine S1 (1.12 g, 3.41
mmol) in anhydrous DMF (1 mL) was prepared. The solution
containing 4,5-dicyanoimidazole and 1-methyl imidazole was
added dropwise to the 5-ODMT thymidine solution, followed by
a dropwise addition of the phosphordiamine S1 solution. The
reaction was allowed to stir at r.t for approximately 12 h until
full consumption of the 5-ODMT thymidine (monitored by TLC
analysis). The volatiles were removed under reduced pressure
(keeping the temperature of the rotavapor water bath under 35 °©
C). The resulting oil was dissolved in a minimum amount of
CH,Cl, and purified by flash silica gel column chromatography
(from hexanes + 1% Et;N to hexanes/EtOAc: 7/3 + 1% Et3N).
Mixture of P-diastereoisomers. White powder (1.4 g; 87%). 'H
NMR (500 MHz, CDCl;) 6 8.55 (s, 1H), 7.56-7.45 (m, 2H), 7.42~
7.38 (m, 3H), 7.37-7.29 (m, 4H), 6.90-6.83 (m, 4H), 5.81 (ddtd, J
= 16.9, 10.2, 6.7, 3.6 Hz, 1H), 5.66 (s, 1H), 5.04-4.91 (m, 2H),
4.39 (t, ] = 5.0 Hz, 2H), 3.87-3.76 (m, 9H), 3.61 (d, J = 10.8 Hz,
1H), 3.37 (dd,J = 18.1, 10.9 Hz, 1H), 2.09-1.98 (m, 2H), 1.74 (d,
= 1.2 Hz, 1H), 1.55 (d, J = 1.2 Hz, 3H), 1.50-1.23 (m, 8H), 1.19-
1.04 (m, 14H), 1.00 (d, J = 6.7 Hz, 2H). >*C NMR (125 MHz,
CDCl;) 6 163.7, 158.7, 149.6, 144.2, 138.9, 135.3, 134.8, 130.4,
130.3, 130.2, 130.1, 128.5, 128.2, 127.9, 127.2, 114.4, 113.21,
113.15, 110.3, 87.9, 87.2, 86.8, 74.6, 74.4, 72.0, 58.1, 55.2, 33.73,
33.65, 31.32, 31.32, 31.25, 30.8, 30.7, 28.7, 28.6, 24.0, 12.3. 3'p
NMR (200 MHz, CDCl;) 6 135.3, 128.2. HRMS (ESI): caled for
C45H5oN;04P [M + H]': 800.4034; found 800.4062.

Synthesis of trimers (8a) and (8b). In a flame-dried 50 mL
round-bottom flask under Ar, S-dimer 6a (100 mg, 0.135 mmol)
and phosphoramidite 7 (340 mg, 0.425 mmol, 3.2 eq.) were
combined with MeCN (7 mL, ¢ = 19 mM) to give a colorless
solution. Tetrazole (0.48 mL, 0.45 M in MeCN, 0.216 mmol, 1.6
eq.) was added dropwise followed by NMI (10 mg, 10 pL,
0.124 mmol, 0.9 eq.). The mixture was stirred at r.t overnight.
The mixture was quenched with +-BuOOH (0.2 mL, 5.5 M in
decanes, 1.08 mmol, 8 eq.) and stirred for 30 min. The solution
was diluted with EtOAc and an aq. solution of 10% NaHSO,/sat.
NaHCO;: 1/1 was added. After 5 min, the aq. phase was
extracted with EtOAc (x3). The comb. org. layers were dried over
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MgSO,, filtered and evaporated in vacuo. The crude white solid
(468 mg) was purified on silica (10 x 2.5 cm; hexanes/EtOAc: 1/2
then EtOAc then DCM/MeOH: 95/5). Mixture of diastereoiso-
mers 8a/8b. White powder (128 mg; 65%). *'P NMR (200 MHz,
CDCl;) 6 34.6 (minor), 34.1 (major), 28.0 (minor), 27.7 (major).

Synthesis of trimers (8c) and (8d). In a flame-dried 100 mL
round-bottom flask under Ar, R-dimer 6b (300 mg, 0.405 mmol)
and phosphoramidite 7 (1.0 g, 1.26 mmol, 3.1 eq.) were
combined with MeCN (24 mL, ¢ = 17 mM) to give a white
suspension. Tetrazole (1.44 mL, 0.45 M in MeCN, 0.648 mmol,
1.6 eq.) was added dropwise followed by NMI (31 mg, 30 pL,
0.373 mmol, 0.9 eq.). The mixture was stirred at r.t overnight.
The mixture was quenched with +-BuOOH (0.52 mL, 5.5 M in
decanes, 2.83 mmol, 7 eq.) and stirred for 30 min. The solution
was diluted with EtOAc and an aq. solution of 10% NaHSO,/sat.
NaHCO;: 1/1 was added. After 5 min, the aq. phase was
extracted with EtOAc (x3). The comb. org. layers were dried over
MgSO0,, filtered and evaporated in vacuo. The crude white solid
(1.3 g) was purified on silica (9 x 3 cm; hexanes/EtOAc: 1/2 then
EtOAc). The recovered mixture of trimers 8¢/8d, a white solid
(360 mg), was purified again using 40 g Premium silica column
(from 0 to 6% EtOH over 10 min then gradient to 10% EtOH
over 20 min after 50 min). First fraction (8c): white powder
(157 mg; 27%). *H NMR (400 MHz, CDCI;) 6 10.04 (s, 1H), 9.58
(s, 1H), 8.99 (s, 1H), 7.64 (s, 1H), 7.43 (d, J = 7.4 Hz, 2H), 7.37 (s,
1H), 7.35-7.28 (m, 6H), 7.21 (s, 1H), 6.90-6.82 (m, 4H), 5.80-5.68
(m, 2H), 5.64 (s, 1H), 5.56 (s, 1H), 5.51 (s, 1H), 5.30-5.21 (m, 2H),
4.99-4.86 (m, 4H), 4.80-4.75 (m, 2H), 4.63 (dd, J = 12.2, 7.8 Hz,
1H), 4.48 (dd, J = 12.0, 6.3 Hz, 1H), 4.34 (s, 1H), 4.24 (dd, J =
12.1, 5.2 Hz, 1H), 4.18-4.11 (m, 1H), 3.97 (s, 1H), 3.93-3.84 (m,
3H), 3.78 (s, 6H), 3.74-3.69 (m, 2H), 3.66 (s, 1H), 3.64-3.60 (m,
1H), 3.39 (d,J = 11.1 Hz, 1H), 2.84-2.80 (m, 1H), 2.79-2.75 (m,
1H), 2.05-1.98 (m, 3H), 1.92 (s, 3H), 1.80 (s, 3H), 1.61 (s, 8H),
1.42-1.31 (m, 4H), 0.86 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H). *'P
NMR (160 MHz, CDCl;) 6 34.4, 30.0. HRMS (ESI): caled for
CoHggNeO,,P,SiNa [M + Na]: 1477.5088; found 1477.5107.
Second fraction (8d): white powder (118 mg, 20%). "H NMR (400
MHz, CDCl;) 6 10.02 (s, 1H), 9.55 (s, 1H), 9.30 (s, 1H), 7.58 (s,
1H), 7.43 (d, J = 7.4 Hz, 2H), 7.37-7.27 (m, 8H), 6.90-6.82 (m,
4H), 5.79-5.67 (m, 2H), 5.63 (s, 1H), 5.60 (s, 1H), 5.59 (s, 1H),
5.31-5.20 (m, 2H), 5.03 (d, J = 5.2 Hz, 1H), 4.99-4.90 (m, 3H),
4.87 (s, 1H), 4.67 (d,J = 4.5 Hz, 1H), 4.55-4.39 (m, 3H), 4.38-4.32
(m, 2H), 4.02 (s, 1H), 4.00-3.92 (m, 3H), 3.89-3.82 (m, 3H), 3.79
(s, 6H), 3.64 (d, J = 11.0 Hz, 1H), 3.35 (d, J = 11.0 Hz, 1H), 2.82
(d,J = 7.3 Hz, 1H), 2.77 (d, J = 7.3 Hz, 1H), 2.06-1.93 (m, 3H),
1.92 (s, 3H), 1.89 (s, 3H), 1.72-1.63 (m, 5H), 1.58 (s, 3H), 1.29-
1.21 (m, 6H), 0.87 (s, 9H), 0.08 (s, 6H). *'P NMR (160 MHz,
CDCl;) 6 34.5, 29.0. HRMS (ESI): caled for C;oHggNgO,,P,SiNa
[M + Na]': 1477.5088; found 1477.5095.

Synthesis of $*,S-macrocycle (9a) and R*,S-macrocycle (9b).
In a flame-dried 1 L round-bottom flask under Ar, trimers 8a/8b
(380 mg, 0.261 mmol) were dissolved in CH,Cl, (390 mL, ¢ = 671
uM) to give a colorless solution. The mixture was degassed for
15 min and Hoveyda-Grubbs-1I (50 mg, 0.078 mmol, 0.3 eq.)
was added. The mixture was stirred under reflux overnight. The
green solution was evaporated in vacuo and the crude green
solid (407 mg) was partitioned in two portions and each was
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purified on silica (40 g; from 0 to 5% EtOH in CH,Cl, over
10 min, then 6% EtOH after 70 min). First fraction (9a): light
brown solid (112 mg; 30%). 'H NMR (700 MHz, acetone-dg)
6 10.27 (br s, 1H), 10.19 (br s, 1H), 10.07 (br s, 1H), 7.68 (s, 1H),
7.64 (s, 1H), 7.56-7.52 (m, 2H), 7.42-7.38 (m, 4H), 7.38-7.33 (m,
3H), 7.30-7.26 (m, 1H), 6.93-6.89 (m, 4H), 5.69-5.66 (m, 1H),
5.65 (s, 1H), 5.56 (s, 1H), 5.48 (s, 1H), 5.42 (td, ] = 14.7, 7.1 Hz,
2H), 5.11 (d, ] = 6.4 Hz, 1H), 4.94 (s, 1H), 4.76 (s, 1H), 4.58 (dd, J
=12.0, 7.2 Hz, 2H), 4.56-4.54 (m, 1H), 4.50 (dd,J = 11.9, 6.2 Hz,
1H), 4.40 (s, 1H), 4.30 (s, 1H), 4.16-4.13 (m, 1H), 4.05 (d, J =
7.8 Hz, 1H), 3.95 (d, J = 8.1 Hz, 1H), 3.89-3.87 (m, 1H), 3.85 (d,J
= 7.7 Hz, 1H), 3.80 (s, 6H), 3.77 (d, J = 11.0 Hz, 1H), 3.60 (d, ] =
11.0 Hz, 1H), 3.57 (d, J = 8.2 Hz, 1H), 2.74-2.65 (m, 2H), 2.21-
2.15 (m, 1H), 2.13-2.09 (m, 1H), 1.94-1.86 (m, 2H), 1.83 (s, 3H),
1.80 (s, 3H), 1.74-1.46 (m, 7H), 1.44 (s, 3H), 1.43-1.35 (m, 3H),
0.90 (s, 9H), 0.12 (s, 3H), 0.11 (s, 3H). ">C NMR (175 MHz,
acetone-dg) ¢ 164.4, 164.3, 164.1, 159.8, 150.9, 150.8, 145.6,
137.3, 136.3, 136.2, 135.3, 134.9, 134.1, 131.4, 129.4, 128.7,
128.0, 119.2, 119.1, 114.0, 110.8, 110.4, 110.3, 88.4, 88.0, 87.9,
87.8, 87.6, 87.5, 87.4, 80.2, 79.5, 79.2, 74.1, 73.7, 73.6, 72.7, 72.2,
72.1,71.8, 62.1, 59.3, 58.7, 55.6, 34.2, 32.6, 32.0, 30.8, 30.6, 30.3,
28.6, 28.4, 26.4, 26.0, 25.7, 25.6, 23.3, 23.1, 23.0, 18.5, 14.4, 13.1,
12.7, —4.7, —4.9. >'P NMR (160 MHz, acetone-ds) 6 35.6, 29.0.
HRMS (ESI): caled for CegHgyNO,,P,SiNa [M + Na]': 1449.4775;
found 1449.4787. Second fraction (9b): light brown solid
(115 mg; 31%). "H NMR (700 MHz, acetone-dg) 6 7.76 (s, 1H),
7.72 (s, 1H), 7.59 (s, 1H), 7.55 (d, J = 7.5 Hz, 2H), 7.43-7.40 (m,
4H), 7.39-7.35 (m, 2H), 7.32-7.29 (m, 2H), 6.95-6.92 (m, 4H),
5.70-5.64 (m, 2H), 5.63 (s, 1H), 5.58 (s, 1H), 5.56 (s, 1H), 5.46~
5.39 (m, 3H), 5.21 (d,J = 6.6 Hz, 1H), 5.04 (s, 1H), 5.02 (s, 1H),
4.71(d,J = 4.4 Hz, 1H), 4.62 (dd,J = 12.2, 7.7 Hz, 2H), 4.55 (dd,J
= 11.7, 6.8 Hz, 2H), 4.44-4.35 (m, 4H), 4.26 (s, 1H), 4.09-4.00
(m, 4H), 3.94-3.87 (m, 4H), 3.85 (d,J = 7.7 Hz, 1H), 3.81 (dd, J =
6.0, 1.8 Hz, 4H), 3.70-3.66 (m, 1H), 3.59-3.53 (m, 4H), 2.72-2.64
(m, 3H), 2.14-2.12 (m, 1H), 2.02-1.97 (m, 2H), 1.88 (s, 3H), 1.79
(s, 3H), 1.78-1.55 (m, 8H), 1.53 (s, 3H), 0.88 (s, 9H), 0.10 (s, 3H),
0.09 (s, 3H). "*C NMR (175 MHz, acetone-dg) 6 174.6, 172.0,
164.1, 159.88, 159.86, 150.9, 145.4, 137.0, 136.1, 136.0, 135.1,
134.6, 131.2, 131.1, 129.22, 129.16, 128.9, 128.0, 119.53, 119.46,
114.08, 114.07, 111.4, 111.0, 110.6, 88.49, 88.45, 88.4, 88.3, 88.1,
88.0, 87.6, 79.9, 79.0, 72.5, 72.0, 71.9, 71.8, 62.2, 58.6, 57.7, 55.6,
55.5, 45.6, 34.2, 33.1, 32.6, 32.0, 30.6, 30.3, 30.2, 26.0, 23.9,
23.43, 23.41, 23.3, 20.5, 18.9, 18.5, 14.4, 12.9, 12.8, 12.6, —4.7,
—4.9. *'P NMR (160 MHz, acetone-dg) 6 32.9, 28.2. HRMS (ESI):
caled for CegHgsNgO,,P,SiNa [M + Na]": 1449.4775; found
1449.4787.

Synthesis of S$* R-macrocycle (9¢c). In a flame-dried 500 mL
round-bottom flask under Ar, trimer 8c (308 mg, 0.212 mmol)
was dissolved in CH,Cl, (300 mL, ¢ = 705 uM) to give a colorless
solution. The mixture was degassed for 15 min and Hoveyda-
Grubbs-II (41 mg, 0.064 mmol, 0.3 eq.) was added. The mixture
was stirred under reflux overnight. The green solution was
evaporated in vacuo and the crude green solid (421 mg) was
purified on silica (6 x 3 cm; CH,Cl, then CH,Cl,/MeOH: 96/4).
Brown solid (258 mg; 85%). >'P NMR (101 MHz, acetone-de)
6 35.7 (major), 35.1 (minor), 28.6 (minor), 27.6 (major). HRMS
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(ESI): caled for CegHgyNO,,P,SiNa [M + Na]': 1449.4775; found
1449.4755.

Synthesis of R*,R-macrocycle (9d). In a flame-dried 500 mL
round-bottom flask under Ar, trimer 8d (391 mg, 0.269 mmol)
was dissolved in CH,Cl, (400 mL, ¢ = 671 uM) to give a colorless
solution. The mixture was degassed for 15 min and Hoveyda-
Grubbs-1I (52 mg, 0.081 mmol, 0.3 eq.) was added. The mixture
was stirred under reflux overnight. The green solution was
evaporated in vacuo and the crude green solid (421 mg) was
purified on silica (8 x 3 cm; CH,Cl, then CH,Cl,/MeOH: 96/4).
Light brown solid (346 mg; 90%). 31P NMR (101 MHz, acetone-
de) 0 33.4 (major), 33.2 (minor), 27.5 (major), 26.8 (minor).
HRMS (ESI): caled for CggHgyNgO,,P,SiNa [M + Na]': 1449.4775;
found 1449.4790.

Synthesis of $*,S-macrocycle (10a). In a 50 mL round-bottom
flask under Ar, macrocycle 9a (66 mg, 0.046 mmol) was
combined with THF/MeOH: 1/1 (8 mL) to give a light brown
solution. Pd/C 5% deactivated with 2,6-lutidine (295 mg,
0.139 mmol, 3 eq.) was charged and the flask was purged with Ar
(x3). The flask was then purged with H, (x3) and the mixture was
stirred at r.t for 3 h. The mixture was filtered on Celite and the
filtrate was evaporated in vacuo. The crude white solid (58 mg)
was used in the next step without any further purification.
White solid (58 mg; 88%). "H NMR (700 MHz, acetone-d)
6 10.45 (s, 1H), 10.27 (s, 1H), 10.08 (s, 1H), 7.69 (s, 1H), 7.67 (s,
1H), 7.55-7.51 (m, 2H), 7.42-7.37 (m, 5H), 7.38-7.33 (m, 2H),
7.30-7.25 (m, 1H), 6.94-6.89 (m, 4H), 5.75 (s, 1H), 5.65 (s, 1H),
5.56 (s, 1H), 5.44 (s, 1H), 5.15 (d, J = 6.5 Hz, 1H), 4.89 (s, 1H),
4.85 (s, 1H), 4.78 (s, 1H), 4.57 (dd,J = 12.1, 7.1 Hz, 1H), 4.48 (dd,
J=12.1, 6.5 Hz, 1H), 4.40 (s, 1H), 4.31 (s, 1H), 4.22-4.15 (m, 2H),
4.06 (d,J = 7.8 Hz, 1H), 3.93 (d, ] = 8.1 Hz, 1H), 3.90-3.87 (m,
2H), 3.86 (d, J = 7.8 Hz, 1H), 3.80 (s, 6H), 3.78 (d, ] = 11.0 Hz,
1H), 3.60 (d,J = 11.0 Hz, 1H), 3.53 (d,J = 8.1 Hz, 1H), 2.19-2.10
(m, 3H), 1.99-1.87 (m, 2H), 1.85 (s, 3H), 1.79 (s, 3H), 1.73-1.49
(m, 7H), 1.44 (s, 3H), 1.43-1.36 (m, 3H), 0.91 (s, 9H), 0.13 (s, 3H),
0.12 (s, 3H). "*C NMR (175 MHz, acetone-dg) 0 164.5, 164.4,
164.3, 159.8, 159.8, 150.9, 150.8, 150.7, 145.5, 136.3, 136.2,
135.4, 134.9, 134.7, 131.3, 129.5, 128.7, 128.0, 114.0, 110.3,
110.2, 110.2, 88.4, 88.4, 88.3, 88.1, 88.0, 87.9, 87.9, 87.6, 80.2,
79.7,79.2,74.2,74.1, 73.5, 73.5, 72.7, 72.3, 72.1, 71.9, 61.6, 61.5,
59.4, 58.9, 58.9, 55.6, 53.6, 28.5, 28.4, 27.9, 27.9, 27.2, 27.0, 26.0,
25.5,25.2,24.7,22.8,22.7,21.9, 21.9, 18.5, 13.3, 12.7, 12.7, —4.7,
—4.9. *'P NMR (101 MHz, acetone-dg) 6 36.2, 34.8. HRMS (ESI):
caled for CggHggNgO,,P,SiNa [M + Na]': 1451.4932; found
1451.4926.

Synthesis of R*,S-macrocycle (10b). In a 50 mL round-bottom
flask under Ar, macrocycle 9b (118 mg, 0.083 mmol) was
combined with THF/MeOH: 1/1 (10 mL) to give a light brown
solution. Pd/C 5% deactivated with 2,6-lutidine (528 mg,
0.248 mmol, 3 eq.) was charged and the flask was purged with Ar
(x3). The flask was then purged with H, (x3) and the mixture was
stirred at r.t for 3 h. The mixture was filtered on Celite and the
filtrate was evaporated in vacuo. The crude white solid (111 mg)
was used in the next step without any further purification.
White solid (111 mg; 94%). "H NMR (700 MHz, acetone-ds)
67.88 (s, 1H), 7.73 (s, 1H), 7.63 (s, 1H), 7.56-7.53 (m, 2H), 7.44-
7.40 (m, 4H), 7.39-7.35 (m, 3H), 7.32-7.28 (m, 2H), 6.96-6.92
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(m, 4H), 5.61 (s, 1H), 5.59 (s, 1H), 5.55 (s, 1H), 5.27 (d,] = 6.7 Hz,
1H), 5.04 (s, 1H), 5.02 (s, 1H), 4.87 (d, J = 3.6 Hz, 1H), 4.75-4.70
(m, 2H), 4.55 (dd, J = 11.7, 6.7 Hz, 1H), 4.43-4.39 (m, 3H), 4.26
(s, 1H), 4.08 (d,J = 8.1 Hz, 1H), 4.01 (d,J = 7.7 Hz, 1H), 3.92-3.88
(m, 3H), 3.85 (d, /= 7.6 Hz, 1H), 3.81 (s, 6H), 3.72 (d,J = 11.0 Hz,
1H), 3.54 (d, J = 11.1 Hz, 1H), 2.27 (t,J = 7.4 Hz, 1H), 2.01-1.93
(m, 3H), 1.89 (s, 3H), 1.87-1.82 (m, 2H), 1.80 (s, 3H), 1.73-1.52
(m, 7H), 1.50 (s, 3H), 0.88 (s, 9H), 0.10 (s, 3H), 0.08 (s, 3H). °C
NMR (175 MHz, acetone-dg) 6 165.1, 164.2, 164.1, 159.9, 159.9,
151.7, 151.3, 150.9, 145.3, 136.1, 136.0, 135.3, 134.9, 134.6,
131.2,129.2,128.9,128.0,114.1,114.1,111.2,111.0, 110.5, 88.5,
88.4, 88.4, 88.3, 88.1, 88.1, 87.6, 79.9, 79.2, 79.2, 79.0, 72.5, 72.0,
72.0,71.8, 61.9, 61.8, 61.2, 58.6, 55.6, 55.5, 34.2, 32.6, 32.0, 28.8,
28.7,28.4,28.4,27.8,27.2, 25.7, 25.6, 25.3, 24.8, 24.5, 22.6, 22.3,
22.3, 18.5, 13.0, 12.8, 12.6, —4.7, —5.0. *'P NMR (101 MHz,
acetone-d) 6 33.3, 33.1. HRMS (ESI): caled for CggHggNgO,,Ps-
SiNa [M + Na]': 1451.4932; found 1451.4910.

Synthesis of $*,R-macrocycle (10c). In a 50 mL round-bottom
flask under Ar, macrocycle 9c¢ (247 mg, 0.173 mmol) was
combined with THF/MeOH: 1/1 (20 mL) to give a light brown
solution. Pd/C 5% deactivated with 2,6-lutidine (1.10 g,
0.519 mmol, 3 eq.) was charged and the flask was purged with Ar
(x3). The flask was then purged with H, (x3) and the mixture was
stirred at r.t for 3 h. The mixture was filtered on Celite and the
filtrate was evaporated in vacuo. The crude white solid (184 mg)
was used in the next step without any further purification.
White solid (184 mg; 74%). "H NMR (700 MHz, acetone-dg)
67.68 (s, 1H), 7.55-7.54 (m, 2H), 7.48 (s, 1H), 7.42-7.39 (m, 4H),
7.39-7.35 (m, 3H), 7.30-7.28 (m, 1H), 6.93-6.92 (m, 4H), 5.66 (s,
1H), 5.58 (s, 1H), 5.47 (s, 1H), 5.11 (d, J = 6.4 Hz, 1H), 4.84 (s,
1H), 4.78 (s, 1H), 4.57 (dd, J = 11.9, 5.9 Hz, 1H), 4.51 (d, J =
3.9 Hz, 1H), 4.43 (dd, J = 11.9, 5.1 Hz, 1H), 4.39 (d, J = 4.1 Hz,
1H), 4.37 (s, 1H), 4.27 (s, 1H), 4.16 (dd,J = 12.2, 7.9 Hz, 1H), 4.05
(d,J = 7.8 Hz, 1H), 3.98 (d, ] = 8.2 Hz, 1H), 3.92 (s, 2H), 3.84 (d,J
= 7.8 Hz, 1H), 3.81 (s, 6H), 3.76 (d, J = 11.1 Hz, 1H), 3.65-3.61
(m, 2H), 2.60 (s, 1H), 2.42 (s, 1H), 2.19-2.10 (m, 3H), 1.97-1.86
(m, 3H), 1.80 (s, 3H), 1.78 (s, 3H), 1.76-1.48 (m, 10H), 1.45 (s,
3H), 0.89 (s, 9H), 0.12 (s, 3H), 0.10 (s, 3H). **C NMR (175 MHz,
acetone-dg) 6 164.3, 164.3, 164.2, 159.8, 159.8, 150.9, 150.8,
150.8, 145.6, 136.3, 136.2, 135.0, 134.9, 134.3, 131.3, 131.3,
129.4, 128.8, 128.0, 126.1, 120.6, 114.0, 110.8, 110.4, 110.0, 88.4,
88.4, 88.3, 88.1, 88.0, 87.7, 87.7, 87.5, 80.2, 79.2, 79.1, 74.1, 74.0,
73.6,73.6,72.7,72.3,71.9, 71.7, 61.2, 61.2, 59.5, 59.3, 59.3, 55.9,
28.0, 28.0, 27.8, 27.8, 26.5, 26.0, 25.3, 23.8, 23.3, 23.0, 21.9, 21.9,
21.5,21.5,18.5,13.2, 13.0, 12.7, —4.7, —5.0. *'P NMR (101 MHz,
acetone-de) 6 35.2, 31.9. HRMS (ESI): caled for CegHooN,0,,P,Si
[M + NH,]": 1446.5378; found 1446.5367.

Synthesis of R*R-macrocycle (10d). In a 50 mL round-
bottom flask under Ar, macrocycle 9d (340 mg, 0.238 mmol)
was combined with THF/MeOH: 1/1 (30 mL) to give a light
brown solution. Pd/C 5% deactivated with 2,6-lutidine (1.52 g,
0.715 mmol, 3 eq.) was charged and the flask was purged with Ar
(x3). The flask was then purged with H, (x3) and the mixture was
stirred at r.t for 3 h. The mixture was filtered on Celite and the
filtrate was evaporated in vacuo. The crude white solid (150 mg)
was used in the next step without any further purification.
White solid (285 mg; 84%). "H NMR (700 MHz, acetone-de)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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67.83 (s, 1H), 7.74 (s, 1H), 7.56-7.53 (m, 2H), 7.42-7.37 (m, 7H),
7.32-7.29 (m, 1H), 6.96-6.94 (m, 4H), 5.61 (s, 1H), 5.60 (s, 1H),
5.59 (s, 1H), 5.26 (d, ] = 6.7 Hz, 1H), 4.98 (d, ] = 9.7 Hz, 2H), 4.75
(dd,J = 12.0, 8.5 Hz, 1H), 4.57-4.53 (m, 2H), 4.51 (dd, J = 12.4,
6.6 Hz, 1H), 4.42 (dd, J = 11.8, 4.4 Hz, 1H), 4.36 (s, 1H), 4.23 (s,
1H), 4.09 (d,J = 8.3 Hz, 1H), 4.03 (d,J = 7.8 Hz, 1H), 3.95 (d,] =
8.2 Hz, 1H), 3.92 (d, ] = 8.2 Hz, 1H), 3.90 (d, J = 8.2 Hz, 1H), 3.87
(d,J = 7.7 Hz, 1H), 3.81 (s, 6H), 3.75 (d,J = 11.1 Hz, 1H), 3.54 (d,
J = 11.1 Hz, 1H), 2.22 (s, 2H), 2.03-1.89 (m, 3H), 1.87 (s, 3H),
1.86-1.80 (m, 3H), 1.77 (s, 3H), 1.74-1.50 (m, 8H), 1.48 (s, 3H),
0.87 (s, 9H), 0.10 (s, 3H), 0.07 (s, 3H). >C NMR (175 MHz,
acetone-dg) 6 164.7, 164.5, 164.3, 159.9, 159.9, 151.5, 151.3,
150.8, 145.3, 136.1, 136.0, 134.9, 134.6, 131.2, 131.2, 129.2,
128.9, 128.0, 126.1, 114.1, 111.4, 111.0, 110.1, 88.5, 88.4, 88.3,
88.2, 88.0, 87.7, 87.7, 87.6, 80.1, 79.1, 78.9, 73.9, 73.8, 73.2, 73.2,
72.6,72.2,71.9,71.7, 61.2, 61.2, 61.0, 61.0, 58.7, 55.6, 28.4, 28.3,
28.1,28.1,27.2,27.1, 26.0, 25.0, 24.5, 23.7, 22.4, 22.3, 22.2, 22.2,
18.5, 13.2, 12.9, 12.7, —4.7, —5.0. *'P NMR (101 MHz, acetone-
de) 6 33.4, 31.4. HRMS (ESI): caled for CegHggNgO,,P,SiNa [M +
Na]*: 1451.4932; found 1451.4913.

Synthesis of $*,S-LNA macrocyle (11a). In a 50 mL round-
bottom flask under Ar, macrocycle 10a (80 mg, 56.0 pmol) was
combined with THF (5 mL) to give a colorless solution. The
mixture was cooled down to 0 °C and TBAF (1 M in THF, 70 pL,
70.0 pmol, 1.25 eq.) was added. The mixture was stirred for 1 h
and 2 drops of sat. ag. NH,Cl soln. were added. The mixture was
evaporated in vacuo and the crude white solid residue (137 mg)
was purified on silica (12 x 1 cm; CH,Cl, then CH,Cl,/MeOH:
94/6). The recovered 57 mg were purified by reverse phase
chromatography (SiO, C18; 4 g; from 10 to 80% MeCN in water
over 15 min). White solid (27 mg; 37%). "H NMR (500 MHz,
acetone-ds) 6 10.40 (br s, 1H), 10.21 (br s, 1H), 10.04 (br s, 1H),
7.69 (s, 1H), 7.60 (s, 1H), 7.56-7.51 (m, 2H), 7.43-7.32 (m, 8H),
7.28 (t, ] = 7.4 Hz, 1H), 6.94-6.88 (m, 4H), 5.65 (s, 1H), 5.55 (s,
1H), 5.45 (s, 1H), 5.14 (d, J = 6.6 Hz, 1H), 4.91 (s, 1H), 4.83 (s,
1H), 4.78 (s, 1H), 4.59-4.48 (m, 2H), 4.34 (s, 1H), 4.26-4.19 (m,
2H), 4.19-4.11 (m, 1H), 4.06 (d, J = 7.8 Hz, 1H), 3.99 (d, J =
8.0 Hz, 1H), 3.89 (s, 2H), 3.84 (d, J = 8.0 Hz, 1H), 3.82-3.75 (m,
7H), 3.60 (d, ] = 11.2 Hz, 1H), 3.52 (d, J = 7.9 Hz, 1H), 2.19-2.08
(m, 3H), 2.01-1.88 (m, 2H), 1.86 (s, 3H), 1.79 (s, 3H), 1.76-1.46
(m, 7H), 1.45 (s, 3H), 1.44-1.28 (m, 4H). A good quality *C NMR
spectrum could not be obtained due to poor solubility of the
compound in usual NMR solvents. *'P NMR (202 MHz, acetone-
de) 6 36.1, 35.1. HRMS (ESI): calcd for Ce,H,,NgO,,P,Na [M +
Na]*: 1337.4067; found 1337.4130. [a]p>® = +40.000 (c 0.50,
acetone).

Synthesis of R*,S-LNA macrocycle (11b). In a 50 mL round-
bottom flask under Ar, macrocycle 10b (75 mg, 52.5 pmol) was
combined with THF (4 mL) to give a colorless solution. The
mixture was cooled down to 0 °C and TBAF (1 M in THF, 66 pL,
65.6 umol, 1.25 eq.) was added. The mixture was stirred for 1 h
and 2 drops of sat. aq. NH,Cl soln were added. The mixture was
evaporated in vacuo and the crude white solid residue (140 mg)
was purified on silica (12 x 1 cm; CH,Cl, then CH,Cl,/MeOH:
94/6). The recovered 50 mg were purified by reverse phase
chromatography (SiO, C18; 4 g; from 10 to 80% MeCN in water
over 15 min). White solid (20 mg; 29%). "H NMR (500 MHz,
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acetone-ds) 6 10.76-10.29 (m, 3H), 7.83 (s, 1H), 7.72 (s, 1H), 7.59
(s, 1H), 7.56-7.53 (m, J = 7.3 Hz, 2H), 7.44-7.35 (m, 6H), 7.33-
7.28 (m, 1H), 6.94 (dd, J = 9.0, 2.0 Hz, 4H), 5.59 (s, 1H), 5.59 (s,
1H), 5.54 (s, 1H), 5.26 (d, J = 7.0 Hz, 1H), 5.00 (s, 1H), 4.97 (s,
1H), 4.81 (d, J = 4.0 Hz, 1H), 4.68 (dd, J = 12.4, 7.9 Hz, 1H), 4.49
(d, J = 6.2 Hz, 2H), 4.40 (dd, J = 12.6, 6.7 Hz, 1H), 4.37 (s, 1H),
4.19 (s, 1H), 4.13 (d,J = 8.3 Hz, 1H), 4.02 (d, ] = 7.9 Hz, 1H), 3.90
(t,] = 5.7 Hz, 3H), 3.82 (s, 1H), 3.81 (s, 6H), 3.73 (d, J = 11.4 Hz,
1H), 3.54 (d, J = 11.2 Hz, 1H), 2.03-1.96 (m, 2H), 1.87 (s, 3H),
1.82 (s, 3H), 1.79-1.53 (m, 7H), 1.49 (s, 3H), 1.43-1.31 (m, 8H).
3C NMR (100 MHz, acetone-dg) 6 164.0, 163.6, 163.3, 159.0,
150.6, 150.3, 150.0, 144.4, 135.2, 135.1, 134.4, 134.0, 133.7,
130.4, 128.4, 128.0, 127.1, 113.2, 110.2, 110.0, 109.4, 87.5, 87.3,
87.25, 87.16, 87.1, 86.8, 79.3, 78.4, 78.3, 72.2, 72.0, 71.7, 71.2,
70.9, 69.8, 60.9, 60.2, 58.5, 57.8, 54.7, 27.9, 27.8, 27.4, 27.3, 26.7,
26.4, 25.0, 24.9, 23.7, 23.5, 21.7, 21.5, 12.0, 11.9. *'P NMR (202
MHz, acetone-de) 6 34.0, 33.4. HRMS (ESI): caled for Cg,H;,Ng-
0,,P,Na [M + NaJ": 1337.4067; found 1337.4020. [a]p>° =
+57.308 (¢ 0.52, acetone).

Synthesis of $*R-LNA macrocycle (11c). In a 50 mL round-
bottom flask under Ar, macrocycle 10c (106 mg, 74.2 pmol)
was combined with THF (4 mL) to give a colorless solution. The
mixture was cooled down to 0 °C and TBAF (1 M in THF, 93 puL,
92.7 umol, 1.25 eq.) was added. The mixture was stirred for 1 h
and 2 drops of sat. aq. NH,Cl soln. were added. The mixture was
evaporated in vacuo and the crude white solid residue (228 mg)
was purified on silica (5 x 3 cm; CH,Cl, then CH,Cl,/MeOH: 94/
6). The recovered 92 mg were purified by reverse phase chro-
matography (SiO, C;g; 4 g; from 10 to 80% MeCN in water over
20 min). White solid (35 mg; 36%). "H NMR (700 MHz, acetone-
ds) 6 7.69-7.67 (m, 1H), 7.56-7.53 (m, 2H), 7.47-7.46 (m, 1H),
7.43-7.39 (m, 4H), 7.39-7.35 (m, 3H), 7.31-7.28 (m, 1H), 6.94-
6.91 (m, 4H), 5.65 (s, 1H), 5.53 (s, 1H), 5.49 (s, 1H), 5.11 (t, ] =
3.1 Hz, 2H), 4.83 (s, 1H), 4.77 (s, 1H), 4.63-4.60 (m, 1H), 4.60-
4.59 (m, 1H), 4.41 (dd, J = 12.5, 9.1 Hz, 1H), 4.38 (dd, J = 12.4,
4.5 Hz, 1H), 4.33 (s, 1H), 4.18-4.15 (m, 1H), 4.14 (s, 1H), 4.02 (d,J
= 7.9 Hz, 1H), 3.99 (d, J = 8.3 Hz, 1H), 3.90 (s, 2H), 3.81 (s, 6H),
3.78 (d, J = 7.9 Hz, 1H), 3.76 (d, J = 11.1 Hz, 1H), 3.62 (d, ] =
5.0 Hz, 1H), 3.60 (d,J = 2.0 Hz, 1H), 2.21-2.16 (m, 1H), 2.14-2.10
(m, 1H), 1.99-1.91 (m, 3H), 1.81 (s, 3H), 1.79 (s, 3H), 1.77-1.50
(m, 10H), 1.46 (s, 3H). **C NMR (175 MHz, acetone-dg) 0 164.3,
164.3, 164.2, 159.8, 159.8, 150.9, 150.8, 150.8, 145.6, 136.3,
136.2, 134.9, 134.8, 134.4, 131.4, 131.3, 129.4, 128.8, 128.0,
114.0, 114.0, 110.8, 110.4, 109.9, 88.4, 88.4, 88.3, 88.3, 88.2, 88.0,
88.0, 87.5, 87.3, 80.1, 79.2, 79.1, 77.2, 74.1, 74.1, 73.9, 73.8, 72.7,
71.8, 70.9, 61.4, 61.4, 59.4, 59.2, 59.2, 55.9, 55.6, 28.0, 28.0, 26.6,
26.3,25.9, 25.1, 23.7, 23.3, 22.9, 22.1, 22.0, 21.6, 21.5, 13.1, 13.0,
12.7. *'P NMR (101 MHz, acetone-d¢) 6 35.1, 33.5. HRMS (ESI):
caled for CgH,,NgO,,P,Na [M + Na]: 1337.4067; found
1337.4040. []p>® = +30.000 (c 0.46, acetone).

Synthesis of R*,R-LNA macrocycle (11d). In a 50 mL round-
bottom flask under Ar, macrocycle 10d (140 mg, 97.9 umol)
was combined with THF (6 mL) to give a colorless solution. The
mixture was cooled down to 0 °C and TBAF (1 M in THF, 0.12
mL, 0.122 mmol, 1.25 eq.) was added. The mixture was stirred
for 1 h and 2 drops of sat. aq. NH,Cl soln. were added. The
mixture was evaporated in vacuo and the crude white solid

23590 | RSC Adv, 2024, 14, 23583-23591

View Article Online

Paper

residue (231 mg) was purified on silica (12 x 1 cm; CH,Cl, then
CH,Cl,/MeOH: 94/6). The recovered 144 mg were purified by
reverse phase chromatography (SiO, Cig; 4 g; from 10 to 80%
MeCN in water over 20 min). White solid (65 mg; 50%). "H NMR
(700 MHz, acetone-dg) 6 10.57 (br s, 1H), 10.38 (br s, 1H), 10.21
(br s, 1H), 7.77 (s, 1H), 7.72 (s, 1H), 7.56-7.52 (m, 2H), 7.47 (s,
1H), 7.42-7.36 (m, 6H), 7.32-7.28 (m, 1H), 6.98-6.92 (m, 4H),
5.63 (s, 1H), 5.58 (s, 1H), 5.54 (s, 1H), 5.22 (d, J = 6.5 Hz, 1H),
4.91 (s, 1H), 4.89 (s, 1H), 4.79-4.73 (m, 1H), 4.67-4.64 (m, 1H),
4.64-4.59 (m, 1H), 4.51-4.46 (m, 1H), 4.46-4.41 (m, 1H), 4.33 (s,
1H), 4.12 (s, 1H), 4.11 (d,J = 8.4 Hz, 1H), 4.04 (d, ] = 7.9 Hz, 1H),
3.96-3.89 (m, 3H), 3.81 (s, 6H), 3.76 (d,J = 11.2 Hz, 1H), 3.53 (d,
J = 11.2 Hz, 1H), 2.85 (s, 6H), 2.81 (s, 3H), 2.14-2.08 (m, 2H),
2.02-1.93 (m, 2H), 1.86 (s, 3H), 1.80 (s, 3H), 1.78-1.50 (m, 8H),
1.48 (s, 3H), 1.45-1.29 (m, 8H). *C NMR (175 MHz, acetone-d)
0 164.4, 164.3, 159.90, 159.88, 151.2, 151.1, 150.8, 145.3, 136.1,
136.0, 135.1, 135.0, 134.7, 131.24, 131.2, 129.3, 128.9, 128.0,
114.1,111.1, 110.8, 110.1, 88.4, 88.36, 88.32, 88.19, 88.16, 88.05,
87.7, 87.6, 80.2, 79.3, 79.1, 74.21, 74.17, 73.5, 73.4, 72.6, 72.0,
71.9, 71.0, 61.8, 61.1, 58.8, 55.6, 28.3, 28.28, 28.23, 28.18, 27.12,
27.10, 25.9, 25.1, 24.6, 23.8, 22.4, 22.2, 13.0, 12.9, 12.7. *'P NMR
(101 MHz, acetone-ds) 6 33.7, 33.0. HRMS (ESI): calcd for Ce,-
H-,,NO2,P,Na [M + Na]™: 1337.4067; found 1337.4040. [a]p*° =
+37.197 (c 0.48, acetone).
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