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Synthesis and Structural Aspects of N-Triflylphosphoramides and Their
Calcium Salts—Highly Acidic and Effective Bronsted Acids
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Abstract: Recently, 1,1’-bi-2-naphthol (BINOL)-based N-triflylphosphoramides
emerged as a new class of potent Brgnsted acid catalysts. In this paper we describe
the efficient synthesis of various BINOL-based N-triflylphosphoramides and their
calcium salts. Furthermore, X-ray crystal structure analysis combined with energy-
dispersive X-ray spectroscopy (EDX) measurements confirmed that the synthes-
ised chiral N-triflylphosphoramides are highly acidic metal-free catalysts.
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Introduction

Recently, 1,1’-bi-2-naphthol (BINOL)-derived N-triflylphos-
phoramides emerged as a new class of highly acidic Brgnst-
ed acid catalysts. The application of the related chiral
BINOL-derived phosphates in organocatalysis was first de-
scribed in 2004 by the groups of Akiyama and Terada.l"
Since then, much effort has been devoted to the modifica-
tion of the BINOL framework to obtain improved catalyst
performance. Consequently, high levels of enantioselectivity
were attained in various transformations.>?! However, due
to their mild pK, values (1-2),) BINOL-based phosphates
are mainly restricted to the activation of basic aldimine and
ketimine substrates. To lower their pK, values and thus
broaden the scope of substrate activation, the introduction
of strong electron-withdrawing groups at the phosphate scaf-
fold is required. In this context, it is well known that intro-
duction of a triflate functionality into potential acidic groups
leads to a substantial increase in the acidity.>° For example,
the monotriflylamide 1 has a pK, value of 11.06, which im-
plies nine orders of magnitude higher acidity than benzoic
acid itself (pK,=20.7). An additional N-triflate moiety
lowers the pK, value to 6.17 (Scheme 1). The same behav-
iour has been observed for p-toluenesulfonamide. Here, the
introduction of a triflate functionality decreases the pK,
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Scheme 1. Influence of trifluorphosphoramide substitution on the acidity
of a protic acid.

value more than eight units from 16.3 to 8.0. By introducing
a second triflate group, the pK, value further decreases to
3.3 (Scheme 1).

Application of this concept to BINOL phosphates should
lead to the corresponding BINOL-derived N-triflylphos-
phoramides with an estimated pK, value of around —3 to
—4. This represents a range in which carbonyl activation is
feasible.

In 2006 Yamamoto and co-workers reported the first
BINOL-based N-triflylphosphoramides and their application
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in the asymmetric Diels—Alder reaction between ethyl vinyl
ketone (5) and various siloxydienes 6 (Scheme 2a).”! While
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Scheme 2. N-Triflylphosphoramide-catalysed reactions developed by Ya-
mamoto and co-workers.”!

BINOL-phosphates showed no catalytic activity, the corre-
sponding N-triflylphosphoramides efficiently catalysed this
transformation. Accordingly, the desired cyclohexenes 7
were isolated in moderate to high yields and good enantio-
selectivities. Subsequently, N-triflylphosphoramides were ap-
plied in the 1,3-dipolar cycloaddition of nitrones 8 with
ethyl vinyl ether (9) leading to products 10 with good to
high diastereo- and enantioselectivities (Scheme 2b).[!

Our group also developed several N-triflylphosphor-
amide-catalysed enantioselective reactions: 1) Nazarov cycli-
sations of divinylketones 11, 2) asymmetric 1,4-addition of
indols 14 to B,y -unsaturated a-ketoesters 131'” and 3) asym-
metric ene reaction between styrenes 17 and trifluorome-
thylpyruvates 16 (Scheme 3a—c)."! In contrast to BINOL
phosphates, which exhibited low or no reactivity, the corre-
sponding BINOL and Hg-BINOL-based N-triflylphosphora-
mides were highly effective in all of these transformations.
Furthermore, with the aid of phosphoramides, we recently
succeeded in the enantioselective synthesis of aminobenzo-
pyrans 21'? and v,y-disubstituted y-lactams 24 via the for-
mation of intermediary N-acyl iminium ions (Scheme 3d,
e).l1y

So far, despite an increasing number of applications in
asymmetric synthesis,""¥ no systematic study for the effi-
cient synthesis and structural determination of N-triflylphos-
phoramides and their calcium complexes was reported. This
article not only aims to present an efficient route toward the
synthesis of metal-free N-triflylphosphoramides, but for the
first time provides mechanistic and structural insight into tri-
flylphosphoramides as well as their calcium salts. Addition-
ally, it provides evidence that the metal-free triflylphosphor-
amides are the active catalysts in diverse carbonyl reactions
whereby specific acid catalysis activation is taking place.

Results and Discussion

BINOL-N-triflylphosphoramides—Readily accessible highly
acidic Bronsted acids: Although efficiently used in various
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Scheme 3. N-Triflylphosphoramide-catalysed reactions developed by our
group.

asymmetric transformations, BINOL-derived N-triflylphos-
phoramides exhibit the same drawbacks as their phosphoric
acid analogues, namely, their long synthesis. Nevertheless,
different approaches towards the synthesis of 3,3'-aryl disub-
stituted BINOL derivative 29, a valuable intermediate in
the synthesis of BINOL phosphoramides, are known in the
literature.™ Our synthetic route starts from BINOL (25)
and was accomplished in five steps (Scheme 4). Methoxy-
methyl (MOM) protection of the hydroxyl groups in 25 af-
forded 26 in high yield (90 % ). Metalation with nBuLi and
subsequent iodination reaction gave the 3,3’-dihalogenated
BINOL derivative 27. The reaction proved to be sluggish
and gave the desired product in moderate yield (55%). A
considerable amount of monohalogenated byproduct was
observed in this reaction. Alternatively, bromination led to
the corresponding 3,3’-dibrominated species in a similar
yield. Suzuki coupling with different boronic acids in the
presence of [Pd(PPh;),] and Ba(OH), yielded 28a—g, which
were subsequently deprotected to give the 3,3'-arylated
BINOLs 29a-g in high yields."! The phosphoramidation
step was performed by following a similar procedure to the
one described by Yamamoto and co-workers."! Treatment of
29a-g with phosphoroxychloride generated the appropriate
BINOL-phosphoroxychlorides, which were quenched in situ
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Scheme 4. Synthetic  pathway to  BINOL-N-triflylphosphoramides.
TMEDA =N,N,N’N'-tetramethylethylenediamine, DM AP =4-dimethyla-
minopyridine, Tf =trifluoromethanesulfonyl.

with Tf-NH, to give the desired N-triflylphosphoramides
30a-g in good to high yields (52-87%). The overall yields
of this sequence vary between 20 and 42 %, leaving space
for further improvement (Scheme 4).

Synthesis of Hg-BINOL-N-triflylphosphoramides: To avoid
the above-described drawbacks of the BINOL phosphora-
mide synthesis, our attention turned to a slightly different
substance class, namely, the corresponding Hg-BINOL deriv-
atives. For instance, an efficient procedure for the bromina-
tion of Hg-BINOL to 3,3'-dibromo-Hg-BINOL is known.['”!
Furthermore, Beller and co-workers developed a very ele-
gant methodology for the direct Suzuki coupling of unpro-
tected He-BINOLs."® The combination of both leads to a
procedure that circumvents the use of protecting groups as
well as MOM-CI and prevents the low yielding halogenation
step of the above-described synthetic route (Scheme 4).

The synthesis starts with the hydrogenation of (R)-
BINOL (25), which was performed at 80°C and 80 bar H,
by using Pd/C (Scheme 5). The desired Hi-BINOL (31) was
isolated in quantitative yield (99 %) after 12 h. Bromination
was accomplished at —30°C by adding bromine to 31 and
the corresponding 3,3'-dibrominated derivative 32 was ob-
tained in 91% yield after crystallisation. Compared with
BINOL halogenation, the present reaction is much easier to
achieve, especially when performed on larger scale. By using
the protocol described by Beller and co-workers (Pd(OAc),,
cataCXiumA (33) as phosphine ligand)," Suzuki coupling
of 32 with different boronic acids could be directly per-
formed, without the need for O-protection. The products
34a-i were obtained in good to excellent yields (77-95%).
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The final phosphoramidation step was carried out in a one-
pot fashion by subsequently adding POCI; and Tf-NH, to a
solution of the 3,3'-arylated Hg-BINOLs.

Compared with the synthesis of related BINOL N-triflyl-
phosphoramides (Scheme 4), this process avoids the O-pro-
tection/deprotection steps and leads to Hg-N-triflylphosphor-
amides 35a-m in excellent overall yields (52-85%).

Synthesis of Hg-3,3'-silylated N-triflylphosphoramides: For a
greater diversity of the BINOL scaffold, we were interested
in the synthesis of the corresponding 3,3'-silylated deriva-
tives. Here, a highly efficient route to the corresponding
diols 37 is known.[')

The synthesis starts from the 3,3'-dibromo Hg-BINOL
(32) and involves, in a first step, protection of the alcohol
moieties with either CISiPh; or CISiPh,Me (Scheme 6). The
O-protected BINOL derivatives 36a and 36b were treated
with rBulLi to initiate a Brook-type rearrangement to the de-
sired 3,3'-silylated Hg-BINOLs 37a and 37b. The phosphora-
midation step was performed in the same manner as de-
scribed above. Whereas the phosphoramidation of sterically
high demanding 3,3'-SiPh; derivative 37b was straightfor-
ward (67 %), phosphoramidation of the 3,3'-SiPh,Me-substi-
tuted derivative 37a was accomplished in only 46 % yield.
The overall yields of this sequence are 57 and 34 %, respec-
tively.

Crystal structure analysis of the N-triflylphosphoramide cal-
cium salts: In addition to the developed synthetic pathways,
the elucidation of the N-triflyphosphoramides structure con-
stituted another focus of interest. In particular, for their
future design it is relevant to know whether the acidic
proton is located at the sulfonamide nitrogen or at the phos-
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Scheme 5. Efficient synthetic route
amides.

to Hg-BINOL-N-triflylphosphor-
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Scheme 6. Synthesis of 3,3"-silylated Hg-BINOL-N-triflylphosphoramides.

phate oxygen (Scheme 7). So far, only one crystal structure
showing a deprotonated BINOL N-triflylphosphoramide
was published.®! Hence, we started our own crystallisation
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Scheme 7. Equilibrium between N-triflylphosphoramide and N-triflyl-
phosphorimide.

experiments with various N-triflylphosphoramides. We were
pleased to find that the structure of p-methoxyphenyl-substi-
tuted N-triflylphosphoramide 35h could be examined by X-
ray crystal structure analysis.

Surprisingly, we did not observe the expected free acid
35h, but its corresponding calcium salt Ca(35h), (Figure 1).
At first sight this was intriguing, since no calcium derivatives
were used during the synthesis or workup procedures. On
the other hand, the structure of N-triflylphosphoramide re-
sembles the structure of acetylacetonate. Therefore, similar
chelating properties for cation binding can be envisioned
(Figure 2).

Important bond lengths and angles of this structure are
summarised in Table 1. The P1B—O3B bond length is
147.4 pm and therefore even shorter than a theoretical P=0O
double bond (152.0).*" The S1B—O1SB bond with O1 coor-
dinated to calcium is 144.1 pm and again shorter than a the-
oretical S=O double bond (150.0 pm). The non-coordinating
S1B—O2SB bond length is 141.6 pm. Furthermore, the P1B—
N1B (160.5 pm) and the S1B—N1B (152.9 pm) bond lengths
are both significantly shorter than the corresponding theo-
retical bond length for a N—X single bond (180.0 and
174 pm, respectively),?” thus indicating a double-bond char-
acter for the two bonds. The calcium ion possesses distorted
pentagonal bipyramidal geometry with two phosphoramides
and one water molecule in the equatorial plane. The axial
sites are occupied by water and dioxane (Figure 1). The

Chem. Eur. J. 2010, 16, 1311613126
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Figure 1. Crystal structure of Ca(35h),.
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Figure 2. Chelating properties of N-triflylphosphoramides.

CalA—O3B and CalA—O1SB bond lengths are 236.9 and
245.2 pm, respectively.

Further crystals have been obtained for the 3,3’-(2-naph-
thyl)-disubstituted N-triflylphosphoramide 30b (Figure 3).
Once more, we did not observe the free acid, but its calcium
salt Ca(30b),. As in the previous structure, the calcium ion
is pentagonal bipyramidal surrounded by one water and two
phosphoramide molecules in the pentagonal sites and two
dioxane molecules in the axial sites.

Chiral ligands incorporating a sterically demanding Hg-bi-
naphthyl moiety instead of the unsaturated analogue are
known to give increased selectivity in several metal-based
catalysed reactions.”! The higher selectivity observed in
these transformations is accounted for by the greater torsion
angle of the Hg-binaphthyl scaffold. However, this seems
not to be the case for the phosphoramide derivatives. A
close look at the crystal structures of Ca(35h), and Ca(30b),
reveals almost the same torsion angle for both partially satu-
rated and unsaturated backbones. A slightly smaller torsion
angle has been observed in the case of the unsaturated
BINOL system.
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Table 1. Selected bond lengths [pm] and angles [°] of Ca(35h), and Ca(30b), as obtained by X-ray diffraction.
Coordination sphere of calcium in Ca(35h), (para-methoxyphenyl residues and hydrogen atoms have been

omitted for clarity).

s1c 028C

Ca(35h), Ca(30b), Ca(35h), Ca(30b),

PIB-O3B 147.4(6) 147.4(6) CalA-O3B 236.9(6) 234.8(0)
PIB-N1B 160.5(7) 160.8(9) 03B-PI1B-N1B 118.7(3) 120.0(6)
P1B-02B 161.1(5) 160.6(0) P1B-N1B-S1B 123.7(4) 125.5(6)
PIB-O1B 158.6(5) 161.1(5) CalA-O1SB-S1B 142.0(4) 142.4(9)
S1B-N1B 152.9(8) 153.7(4) CalA-O3B-P1B 136.8(3) 140.0(9)
S1B-O1SB 144.1(7) 144.9(9) 01SB-CalA-O3B 71.9(2) 73.5(7)
S1B-02SB 141.6(7) 142.6(9) N1B-S1B-C1SB 103.6(5) 103.3(1)
S1B-CISB 182.(1) 182.4(8) C1B-C2B-C12B-C11B 56.(1) 54.9(3)
CalA-O1SB 245.2(7) 245.8(1)

Figure 3. Crystal structure of Ca(30b),.
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;Crystal structure analysis of
the  H;-3,3'-p-methoxyphenyl
(PMP)-substituted N-triflyl-
phosphoramide 35h: The de-
scribed calcium salts Ca(30b),
and Ca(35h), were obtained
after purification of 30b and
35h by column chromatography
using commercially available
silica gel containing traces of
calcium. However, after a final
washing with 5~ HCI, we
always observed a change in
the product consistency and
colour. Therefore, different
crystallisation experiments of
N-triflylphosphoramides ob-
tained after the final washing
were initiated. Suitable single
crystals for X-ray analysis have
been obtained for catalyst 35h.
The molecular structure is
shown in Figure 4. The asym-
metric unit cell consists of two
crystallographically independ-
ent molecules forming a dimer-
ic structure. The N-triflyl func-
tionalities of the two molecules
in the dimeric structure are
facing each other, building a
polar pocket. The pocket is
held together by two hydrogen
bonds and is shielded on the re-
verse side by two p-methoxy-
phenyl moieties, one from each
molecule. No metal ions are
present in the crystal structure,
demonstrating that the catalyti-
cally active species is indeed a
protonated, highly acidic
Brgnsted acid. Furthermore, in
the solid state, the proton is lo-
cated at the nitrogen atom
without any evidence for tauto-
merism between phosphora-
mide and phosphorimide.

The acidic proton is involved
in a hydrogen bond with the
Lewis basic P=O functionality
of the second N-triflylphosphor-
amide within the asymmetric
unit. Each molecule acts as a
hydrogen-bond donor and ac-
ceptor. The values for the two
corresponding hydrogen bonds
are 201.80 and 182.76 pm, re-
spectively (Table 2). The length

Chem. Eur. J. 2010, 16, 1311613126
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Figure 4. Crystal structure of the dimer of N-triflylphosphoramide 35h.

of the P=0O double bond (146 pm) in both molecules is simi-
lar to the length of the P=0O double bond in the calcium salt
and in the previously disclosed BINOL phosphates. This
result suggests that dimer formation has no significant influ-
ence on the P=0O double bond.

A comparison of the bond lengths in the structure of cal-
cium salt Ca(35h), (Table 1) and the corresponding free
acid 35h (Table 2) shows that both S—N and P—N bonds, are
significantly longer for the protonated N-triflylphosphora-
mide. The S—N bond lengthens from 152.9 to 162.5 pm and
the P—N bond from 160.5 to 167.1 pm. This is due to proto-

Table 2. Selected bond lengths [pm] and angles [°] of 35h as obtained by X-ray diffraction. Close-up view of
the two hydrogen bonds forming the polar cavity/dimer (para-methoxyphenyl residues and hydrogen atoms

have been omitted for clarity).

FULL PAPER

nation, which disturbs the con-
jugation in the anion of the N-
triflylphosphoramide. Neverthe-
less, S—N and P—N bonds are
shorter than expected for the
corresponding  single bonds.
None of the S—O bonds are in-
volved in the chelation of a
metal ion or proton; conse-
quently they are all of almost
identical length (142 pm).

Energy-dispersive X-ray spec-
troscopy (EDX) measurements
of 35h: To confirm that the
washing step removes putative
metal impurities, such as calci-
um, EDX spectra of 35h were
analysed.

The diagrams displayed in Figure 5 show the EDX spectra
of a sample before (top) and after (bottom) the final HCI
washing procedure. As expected, in the upper spectra the
K, peaks for carbon, oxygen, fluorine, phosphor and sulfur
at 0.28, 0.52, 0.67, 2.01 and 2.30 keV respectively can be ob-
served. Furthermore, we notice calcium K, and Ky peaks at
3.69 and 4.01 keV, respectively. The P/S/Ca ratio is 2:2:1,
which is in agreement with the measured X-ray structure of
the calcium salt Ca(35h),. Since no calcium ions are present
during the synthetic steps, it is likely that N-triflylphosphor-
amides bound calcium cations from the silica gel used for
the final column chromatogra-
phy. Nevertheless, we were
pleased to see that no calcium
was detected in a sample ob-
tained after twice extracting
Ca(35h), with 5~ HCL In this
context, BINOL phosphoric
acids are known to bind calci-
um upon purification on silica
gel and to release it upon acidic
washing.”? Regarding our ana-
lysed sample, no other heavy
metal impurities, for example,
Pd, Rh or Ru, have been found
on a ppm level. Even with total
X-ray reflection fluorescence
(TXRF), a method much more
sensitive than EDX, no heavy
metals were detected in our
samples. Therefore, we can con-
clude that the synthesised N-tri-

P1-01 156.78/158.83(1) HIA-03 182.76 flylphosphoramides do not con-
P1-02 158.01(1)/157.03(1) N1-H1-03A 167.91 . . .

P1-03 146.0(3)/146.3(1) N1A-H1A-03 169.54 tain any metal impurities and
P1-N1 167.6 (7)/167.1(1) P1-03-H1A 129.05 their activation mode is based
S1-N1 162.5(1)/161.1(1) P1A-O3A-H1 133.43 on their highly acidic proton.
$1=028 141.92(1) P1-N1-S1 133.80/132.07

H1-03A 201.80 C11-C12-C2-C1 56.29/54.64
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Figure 5. EDX spectra of Hg-N-triflylphosphoramide 35h before (top)
and after washing with 5§ HCI (bottom).

Kinetic studies of the N-triflylphosphoramide-catalysed ene
reaction: In addition to revealing the structure and proper-
ties of this new class of highly acidic N-triflylphosphora-
mides, we were interested in finding out the kinetic laws
these catalysts obey. The recently disclosed carbonyl ene re-
action was chosen as a model for subsequent kinetic studies.
Since the two components trifluoropyruvic ester (16a) and
a-methylstyrene (17a) react in a clearly defined manner, the
reaction can easily be followed by NMR spectroscopy. In
addition, general reaction parameters, such as solvent, tem-
perature and reaction time, are well suited for good resolved
NMR spectra. Regarding the mechanism, we propose that
upon activation of the trifluoropyruvic ester by the N-triflyl-
phosphoramide, nucleophilic attack by the a-methylstyrene
takes place, releasing the N-triflylphosphoramide 39 and
forming the a-hydroxy-a-trifluoromethyl ethyl ester 18a.

Depending on the relative reaction rates, the present cat-
alysis reactions (Scheme 8) exhibit general or specific acid-
catalysed kinetics. In the case of specific acid catalysis, k; is
fast and the addition of the nucleophile to the active com-
plex is the rate-determining step, thus one should observe
reaction kinetics that are independent of the acid concentra-
tion. In the general acid-catalysed reaction, the acid is in-
volved in the rate-determining step and its concentration in-
fluences the reaction rate.

First the background reaction was monitored by the con-
sumption of pyruvic ethyl ester. We were pleased to see that
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Scheme 8. Proposed reaction mechanism for the carbonyl ene reaction.

the background reaction takes place only slowly. In further
experiments the same reaction was run with 1, 2, 5 and
10 mol % of the catalyst (Figure 6).

0:00:00 0:50:24 1:40:48 2:31:12 3:21:36

Reaction time [h:min:sec]

Figure 6. Reaction kinetics for the carbonyl ene reaction using different
catalyst loadings. —: background reaction, ¢: 1 mol%, e: 2 mol%, m:
5mol% and A: 10 mol %.

The observed reaction kinetics (Figure 6) suggest that the
effect of catalyst loading is only minimal. Reactions per-
formed with 1, 2 and 5mol% of catalyst proceeded with
almost the same reaction constants. In contrast, the reaction
carried out with 10 mol % of catalyst appeared to be signifi-
cantly slower than the reactions performed with lower cata-
lyst loadings. This result might be explained through a con-
centration effect: with increasing the concentration of the
less demanding, achiral catalyst 39 (Scheme 8), catalyst di-
merisation is favoured and consequently the catalytic activi-
ty drops. The similar reaction constants indicate that the
concentration of the Brgnsted acid has no effect on the re-
action kinetics, meaning that a specific acid-catalysed reac-
tion takes place. Thus the rate-determining step is the addi-
tion of the a-methylstyrene to the activated pyruvic ester.

Conclusion

We have established an efficient synthetic route which gives
access to Hi-BINOL N-triflylphosphoramides. Crystal struc-

Chem. Eur. J. 2010, 16, 13116-13126


www.chemeurj.org

N-Triflylphosphoramides and Their Calcium Salts

ture analysis and EDX measurements confirm that these
highly acidic Brgnsted acids are free from any metal impuri-
ties. Furthermore, kinetic studies of the N-triflylphosphora-
mide-catalysed ene reaction strongly indicates specific acid
catalysis as the activation mode. These results support the
theory that these Brgnsted acids are strong enough to pro-
mote carbonyl activation. Acidity measurements as well as
further NMR spectroscopy studies in solution are part of on-
going experiments and will be reported in due course.

Experimental Section

General: Unless otherwise noted, all commercially available compounds
were used as provided by the suppliers. Solvents for chromatography
were technical grade and distilled prior to use. Dichloromethane and pro-
pionitrile used in reactions were reagent grade and distilled from CaH,.
Analytical thin-layer chromatography (TLC) was performed on Merck
silica gel aluminium plates with F-254 indicator, visualised by irradiation
with UV light. Column chromatography was performed by using silica
gel Merck 60 (particle size 0.063-0.2 mm). Solvent mixtures are reported
as volume/volume ratios. "H and C NMR spectra were recorded on a
Bruker AM 250 spectrometer, a Bruker AV 300 and a Varian Inova 400
spectrometer in CDCl;. Data are reported in the following order: chemi-
cal shift () in ppm; multiplicities are indicated, s (singlet), d (doublet), t
(triplet), m (multiplet); coupling constants (/) are in Hertz (Hz). Mass
spectra (ESI-MS) were conducted on an ESI-MS: VG-Platform II
(Fisons Instruments) spectrometer. Mass spectra (EI-MS, 70 eV) were
conducted on GC-MS Shimadzu QP2010 (column: Equity-5, length x
ID. 30m x 0.25mm, df 0.25 pm, lot # 28089-U, Supelco) or Finnigan
MAT SSQ 700 (MS-EI, 70 eV) instruments. IR spectra were recorded on
a Jasco FT/IR-420 spectrometer and are reported in terms of frequency
of absorption (cm™'). Optical rotations were measured on a Perkin—
Elmer 241 polarimeter.

Hydrogenation of 25 to form 31: (R)-BINOL (10 g, 35 mmol) and Pd/C
(5 g, Swt% Pd/59.5 wt% H,0) were suspended in ethanol (80 mL) and
stirred for 20 h under 80 bar H, pressure at 90°C in an autoclave. After
the hydrogenation was finished, the crude suspension was filtered over
Celite and subsequently over a short plug of silica gel to provide Hg-(R)-
BINOL 31 as a white powder in quantitative yield (99%, 10.2 g).
'HNMR (250 MHz, CDCly): 6=7.11 (d, J=83 Hz, 2H), 6.87 (d, J=
8.3 Hz, 2H), 4.63 (s, 2H), 2.86-2.71 (m, 4H), 2.42-2.13 (m, 4H), 1.85-
1.66 ppm (m, 8H); *CNMR (100 MHz, CDCL,): 6=151.4, 1372, 131.1,
130.2, 118.9, 113.0, 29.3, 27.2, 23.1, 23.0 ppm; EI-MS: m/z (%): 294.1
(100) [M]*.

Bromination of 31 to form 32: Compound 31 (15 g, 51 mmol) was dis-
solved in dichloromethane (280 mL) and the solution was cooled to
—30°C. Br, (5.7 mL, 112 mmol) was then added. The reaction mixture
was stirred for 30 min at —30°C and subsequently treated with a saturat-
ed aqueous solution of Na,S,0s (250 mL). The suspension was warmed
to RT and stirred for an additional 60 min. The organic layer was separat-
ed, the aqueous phase was washed twice with dichloromethane and the
combined organic layer was washed again with a saturated aqueous solu-
tion of NaHCO;, dried over Na,SO,, filtered and evaporated under
vacuum to yield a yellow foam. The crude mixture was recrystallised
from heptane to give 32 as colourless crystals (21.02 g, 91%). '"H NMR
(300 MHz, CDCl;): 6=7.31 (s, 2H), 5.12 (s, 2H), 2.79 (t, 4H, J=4.2 Hz),
2.35-2.27 (m, 2H), 2.17-2.08 (m, 2H), 1.78-1.66 ppm (m, 8H); "C NMR
(100 MHz, CDCL,): 6=147.2, 136.8, 132.6, 131.5, 122.2, 107.2 ppm; EI-
MS: m/z (%): 371.0 (9) [M—Br]*, 373.0 [M—Br]*, 292.1 [M—Br,]*; ESI-
MS: m/z (%): 449.1 (54) [M—H]", 451.1 (100) [M—H]", 453.0 (53)
[M—-H].

Suzuki Coupling of 32 to form 34d: Compound 32 (4.1 g, 9 mmol) and 4-
biphenyl boronic acid (5.4 g, 27 mmol) were suspended in a mixture of
glycol ether (90 mL) and 1M K,COj; (45 mL). The suspension was repeat-
edly degassed and Pd(OAc), (81 mg, 0.36 mmol, 4 mol %) and CataCXi-
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um A [P(Ad),(Bu)] (162 mg, 0.45 mmol, 5 mol %) were added under an
argon atmosphere. The mixture was heated at reflux under an argon at-
mosphere for 24 h. The reaction mixture was cooled to RT, triturated
with dichloromethane and the organic layer was separated. The aqueous
phase was twice washed with dichloromethane. The combined organic
layer was washed with a saturated aqueous solution of NH,Cl and brine,
dried over Na,SO,, filtered and evaporated under vacuum. The crude oil
was purified by flash chromatography (silica gel, hexane to hexane/di-
chloromethane 2:1) to give a white powder (4.9 g, 8.2 mmol, 90%).
'HNMR (250 MHz, CDCly): 6 =7.84-7.69 (m, 12H), 7.58-7.49 (m, 4H),
7.46-7.38 (m, 2H), 7.30 (s, 2H), 5.04 (s, 2H), 2.95-2.86 (m, 4H), 2.59-
246 (m, 2H), 2.44-2.29 (m, 2H), 1.94-1.76 ppm (m, 8H); “C NMR
(100 MHz, CDCl;): 6=148.3, 141.0, 139.9, 136.9, 136.8, 131.8, 1304,
129.7, 128.8, 127.3, 127.2, 125.7, 120.1, 29.4, 27.3, 23.2, 23.1 ppm; ESI-MS:
mlz (%): 597.7 (61) [M—H] .

Compound 34i: White foam; m.p. 128-130°C; [a]¥=-66.5 (c=0.5,
CHCl;); '"HNMR (400 MHz, CDCL,): 6=7.54 (d, J=8.6 Hz, 4H), 7.45
(d, J=8.6 Hz, 2H), 7.16 (s, 2H), 4.93 (b, 2H), 2.75-2.85 (m, 4H), 2.35-
245 (m, 2H), 2.24 (dt, J=17.4 Hz, J=6.2 Hz, 2H), 1.66-1.82 (m, 8H),
1.36 ppm (s, 18H); "C NMR (100 MHz, CDCl;): §=149.8, 148.0, 136.2,
134.8, 131.5, 130.0, 128.7, 125.7, 125.3, 120.0, 34.6, 31.4, 29.3, 27.2, 27.0,
23.2 ppm; IR (KBr): »=3518, 2929, 2861, 2323, 2106, 1666, 1606, 1516,
1457, 1393, 1361, 1322, 1268, 1233, 1178, 1137, 1022, 945, 834 cm™'; EI-
MS: m/z (%): 558 (100) [M]*, 543 (25), 264 (31).

Synthesis of 35a: Compound 34a (1 g, 1.8 mmol) was dissolved in dry di-
chloromethane (15 mL) and cooled to 0°C under argon atmosphere. Trie-
thylamine (1.81 mL, 12.8 mmol, 7equiv), POCl; (226 mg, 2.2 mmol,
1.2 equiv) and DMAP (447 mg, 3.7 mmol, 2 equiv) were added. The reac-
tion mixture was stirred for 2h at RT. Tf-NH, (681 mg, 4.6 mmol,
2.5 equiv)and dry propionitrile (8 mL) were added and the reaction mix-
ture was heated at reflux at 85°C for 4 h. The solution was cooled to RT,
quenched with water and stirred for 1 h. The solution was extracted three
times with diethyl ether, the organic layers were combined, washed once
with a saturated aqueous solution of NaHCO;, twice with 5N HCI, dried
over Na,SO,, filtered and evaporated under vacuum. The crude product
(yellow oil) was purified by flash chromatography (hexane/dichlorome-
thane/diethyl ether 1:1:0.5) to yield a white solid. This solid was dissolved
in dichloromethane and washed again twice with 5N HCI to yield 35a as
a white foam (1.2¢g, 89%). M.p. 254-258°C; [a]d=-2212 (c=0.5,
CHCl;); '"HNMR (300 MHz, CDCl;): §=7.92-7.63 (m, 4H), 7.62-7.32
(m, 8H), 7.32-7.03 (m, 4H), 5.04 (brs, 1H), 3.00-2.79 (m, SH), 2.61-2.44
(m, 2H), 2.19-2.04 (m, 1H), 2.03-1.67ppm (m, 8H); “CNMR
(100 MHz, CDCly): 6=133.2, 133.1, 132.4, 131.9, 131.7, 128.2, 128.1,
128.0, 127.9, 126.0, 126.0, 125.9, 125.8, 125.8, 125.5, 125.5, 124.9, 44.9,
29.3,29.3, 28.1, 28.0, 22.7, 22.6, 22.59 ppm; '’F NMR (282 MHz, CDCl;) :
0=-78.70 ppm; *'P NMR (121 MHz, CDCl,): 6 =—3.01 ppm; IR (KBr):
v=3442 (b), 2932, 1294, 1197, 1088, 956, 892, 779, 607 cm™'; ESI-MS: m/z
(%): 738.7 (100) [M—H] ~.

Compound 35b: White foam; m.p. 200-203°C; [a]d=-284.0 (c=0.5,
CHClL;); '"HNMR (300 MHz, CDCl;): §=7.95-7.85 (m, 2H), 7.74-7.65
(m, 2H), 7.64-7.52 (m, 4H), 7.46-7.40 (m, 1H), 7.34-7.24 (m, 5H), 7.21-
7.17 (m, 2H), 6.29 (brs, 1H), 2.92-2.80 (m, 3H), 2.77-2.58 (m, 2H), 2.45-
2.25 (m, 2H), 2.24-2.07 (m, 1H), 1.87-1.70 (m, 6H), 1.68-1.49 ppm (m,
2H); "CNMR (100 MHz, CDCL): 6=137.8, 133.3, 133.1, 132.7, 132.5,
131.8, 131.6, 131.5, 128.9, 128.6, 128.3, 128.3, 127.8, 127.6, 127.5, 127.4,
127.3, 125.9, 45.5, 29.3, 27.9, 22.7, 22.6, 22.5 ppm; “F NMR (282 MHz,
CDCly): 0=-78.48 ppm; *P NMR (121 MHz, CDCl;): 6=-5.63 ppm;
IR (KBr): v=3444 (b), 2932, 1440, 1289, 1198, 1095, 964, 945, 903, 818,
751, 614 cm™'; ESI-MS: m/z (%): 738.6 (100) [M—H]".

Compound 35¢: White foam; m.p. 155-159°C; [a]¥=-235.8 (c=0.5,
CHCL); '"HNMR (300 MHz, CDCly): 6=7.53-7.40 (m, 4H), 7.35-7.10
(m, 8H), 4.33 (s, 1H), 2.86-2.74 (m, 3H), 2.71-2.51 (m, 3H), 2.36-2.19
(m, 2H), 1.83-1.67 (m, 6H), 1.62-1.47ppm (m, 2H); “CNMR
(100 MHz, CDCly): 6=142.8, 142.6, 137.9, 137.8, 136.7, 136.7, 135.9,
135.8, 131.7, 131.6, 131.3, 131.1, 129.9, 129.6, 128.2, 128.0, 127.4, 127.3,
1272, 45.7, 45.7, 29.3, 29.2, 27.9, 22.6, 22.6, 22.5, 22.4 ppm; “F NMR
(282 MHz, CDCly): 0=-78.43 ppm; *P NMR (121 MHz, CDCL): 6=
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—4.48 ppm; IR (KBr): v=3443, 2933, 1448, 1292, 1200, 1096, 960, 887,
700, 605 cm~'; ESI-MS: m/z (%): 638.5 (100) [M—H]".

Compound 35d: White foam; m.p. 250-254°C; [a]¥=-263.4 (c=0.5,
CHCIy); '"HNMR (300 MHz, CDCl;): 6=7.61-7.38 (m, 12H), 7.34-7.12
(m, 8H), 2.88-2.76 (m, 3H), 2.72-2.44 (m, 3H), 2.40-2.20 (m, 2H), 1.86-
1.69 (m, 6H), 1.63-1.48 ppm (m, 2H); *C NMR (100 MHz, CDCL): 6=
140.8, 131.2, 131.2, 130.2, 129.9, 128.7, 128.7, 127.3, 127.2, 127.1, 127.1,
127.01, 127.00, 126.9, 126.6, 29.3, 29.3, 27.9, 22.6, 22.6, 22.5, 22.5 ppm;
YENMR (282 MHz, CDCl): 6=-7820ppm; *'PNMR (121 MHz,
CDCL): 6=-5.4ppm; IR (KBr): v=3438 (b), 2932, 1489, 1448, 1428,
1293, 1198, 1095, 959, 888, 766, 698, 608 cm™'; ESI-MS: m/z (%): 790.8
(100) [M—H] .

Compound 35e: White foam; m.p. 240-246°C; [a]¥=-106.1 (c=0.5,
CHCL); '"HNMR (300 MHz, CDCL): 6=8.81-8.40 (m, 4H), 8.11-7.01
(m, 16H), 4.86 (brs, 1H), 3.04-2.68 (m, 4H), 2.62-2.33 (m, 2H), 2.12-
1.61 ppm (m, 10H); *C NMR (100 MHz, CDCL): 6=132.5, 1302, 130.1,
130.1, 130.0, 130.0, 129.7, 129.6, 129.6, 128.8, 126.7, 126.7, 126.6, 126.6,
126.6, 126.6, 126.6, 126.5, 126.5, 126.5, 126.4, 126.4, 126.4, 126.4, 126.4,
126.4, 126.4, 126.3, 126.3, 126.3, 126.1, 126.1, 122.5, 122.5, 122.0, 29.3,
29.3,28.1, 22.7, 22.7, 22.6, 22.6, 22.6, 22.6, 22.5 ppm; "’F NMR (282 MHz,
CDCL): 6=-7888ppm; *PNMR (121 MHz, CDCL): 6=-34,
—4.4ppm; IR (KBr): v=3445 (b), 2930, 1624, 1450, 1422, 1301, 1194,
1087, 951, 888, 727, 617 cm™"; ESI-MS: m/z (%): 838.6 (100) [M—H]".
Compound 35f: White foam; m.p. 188-192°C; [a]y=-134.9 (c=0.5,
CHCIy); "HNMR (300 MHz, CDCL): 6=7.97 (m, 4H), 7.83 (m, 1H),
7.74 (m, 1H), 7.25 (brs, 2H), 2.94 (q, J=6.6 Hz, 4H), 2.60-2.80 (m, 2H),
23-2.5 (m, 2H), 1.80-2.00 (m, 6H), 1.60-1.80 ppm (m, 2H); *C NMR
(100 MHz, CDClL;): 6=140.7, 140.6, 140.3, 140.0, 138.0, 137.7, 137.6,
132.1, 131.9, 131.6, 131.5, 129.9, 129.5, 128.9, 126.6, 126.5, 125.0, 121.5,
121.4, 29.1, 29.1, 27.9, 22.1 ppm; “FNMR (282.2 MHz, CDCl,): 6=
—629, —63.0, —77.8, —79.0ppm; *PNMR (1214 MHz, CDCL):
—7.3 ppm; IR (KBr): »=3392, 3281, 2943, 1389, 1375, 1279, 1188, 1136,
897, 682, 617 cm™"; ESI-MS: m/z (%): 910.7 (100) [M~H] .

Compound 35g: White foam; m.p. 200-205°C; [a]d=-57.1 (c=0.5,
CHCL); 'HNMR (300 MHz, CDCL): 6=6.70-7.10 (m, 6H), 5.2 (brs,
1H), 2.60-2.90 (m, 6H), 2.25-2.45 (m, SH), 2.25 (m, 5H), 1.95-2.15 (m,
9H), 1.61-1.90 ppm (m, 9H); *CNMR (100 MHz, CDCl): d=143.1,
137.3, 137.2, 136.0, 132.5, 132.3, 130.2, 129.4, 128.9, 128.1, 127.8, 126.3,
126.1, 29.2, 27.8, 27.8, 22.6, 22.5, 21.3, 21.0, 20.8, 20.3, 20.0 ppm; “F NMR
(2822 MHz, CDCL): 6=-77.6, —79.6ppm; *PNMR (121.4 MHz,
CDCl;): 6=1.70, —6.75 ppm; IR (KBr): v=3444, 2928, 1451, 1287, 1198,
964, 882, 610 cm™'; ESI-MS: m/z (% ): 722.5 (100) [M—H]".

Compound 35h: White foam; m.p. 250-253°C; [a]¥=-2158 (c=0.5,
CHCL); 'HNMR (300 MHz, CDCL): 6=7.40-7.50 (m, 4H), 7.22 (s,
1H), 7.17 (s, 1H), 6.94 (m, J=8.7 Hz, 2H), 6.86 (m, J=8.7 Hz, 2H), 4.40
(brs, 1H), 3.78 (s, 3H), 3.74 (s, 3H), 2.8-3.0 (m, 4H), 2.6-2.8 (m, 2H),
2225 (m, 2H), 1.65-1.9 (m, 6H), 1.5-1.65 ppm (m, 2H); “C NMR
(75.4 MHz, CDCl;): 6=159.4, 159.1, 142.2, 141.3, 137.9, 137.2, 136.6,
136.2, 131.6, 131.4, 131.0, 130.8, 130.6, 128.5, 128.2, 126.7, 126.5, 114.2,
113.5, 55.2, 55.1, 29.2, 27.7, 22.5 ppm; “F NMR (282.2 MHz, CDCl,): 6 =
—77.4 ppm; *'P NMR (121.4 MHz, CDCly): =-7.8 ppm; IR (KBr): v=
3445, 2934, 1610, 1516, 1434, 1289, 1247, 1200, 959, 889, 833, 607,
571 em™%; ESI-MS: m/z (%): 698.6 (100) [M—H] .

Compound 35i: White foam; m.p. 194-198°C; [a]¥=-214 (c=0.1,
CHCL); 'HNMR (400 MHz, CDCl,): =7.50 (d, J=8.6 Hz, 2H), 7.38-
7.44 (m, 4H), 7.32 (d, J=82 Hz, 2H), 7.25 (s, 1H), 7.18 (s, LH), 4.4 (b,
1H), 2.8-3.0 (m, 4H), 2.6-2.8 (m, 2H), 2.3-2.5 (m, 2H), 1.76-1.92 (m,
6H), 1.58-1.72 (m, 2H), 1.27 (s, 9H), 1.19ppm (s, 9H); “"CNMR
(100 MHz, CDCl;): 6=150.2, 150.1, 137.8, 137.2, 136.3, 135.7, 133.3,
132.9, 131.6, 131.6, 131.4, 131.3, 131.0, 129.2, 129.0, 126.7, 125.2, 124.7,
45.6, 34.5,34.4, 31.2, 31.2, 29.4, 29.3, 27.9, 27.8, 22.7, 22.7, 22.6, 22.5 ppm;
YENMR (3763 MHz, CDCL): 6=-78.4ppm; P NMR (161.9 MHz,
CDCly): =—6.0 ppm; IR (KBr): v=3437, 3019, 2962, 2866, 2664, 1643,
1517, 1433, 1388, 1286, 1200, 1160, 1099, 1064, 960, 892, 836, 758,
609 cm™'; EI-MS: m/z (%): 751 (100) [M]*, 680, (31), 360 (38), 86 (12).
Compound 35j: White foam; m.p. 216-220°C; [a]¥=-149.6 (c=0.5,
CHCL); '"HNMR (300 MHz, CDCL): 6=7.49-7.39 (m, 4H), 7.27-7.20
(m, 2H), 7.19-7.05 (m, 6H), 5.97 (brs. 1H), 2.88-2.70 (m, 2H), 2.70-2.47
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(m, 4H), 2.33-2.16 (m, 2H), 1.82-1.63 (m, 6H), 1.60-1.40 ppm (m, 2H),
BCNMR (100 MHz, CDCly): 6 =143.0, 142.9, 142.5, 142.3, 137.7, 137.7,
137.6, 137.6, 136.9, 136.9, 135.6, 135.6, 135.6, 135.6, 131.8, 131.8, 131.8,
131.7, 131.3, 131.2, 130.9, 130.9, 129.9, 129.6, 128.1, 127.9, 127.4, 127.4,
127.2, 1271, 126.9, 126.9, 45.7, 29.3, 29.2, 27.9, 27.8, 22.7, 22.6, 22.6,
22.5ppm; “FNMR (282 MHz, CDCl,): §=-80.87, —112.13, —121.37,
—126.07 ppm; P NMR (121 MHz, CDCl;): 0=-4.43 ppm; IR (KBr):
v=3445 (b), 2933, 1453, 1304, 1197, 1155, 1135, 958, 886, 699 cm™'; ESI-
MS: miz (%): 788.6 (100) [M—H] .

Compound 35k: White foam; m.p. 119-123°C; [a]y=-139 (c=0.5,
CHCl;); '"HNMR (300 MHz, CDCl;): §=7.51-7.40 (m, 4H), 7.31-7.22
(m, 2H), 7.22-7.06 (m, 6H), 5.35 (brs, 1H), 2.91-2.72 (m, 2H), 2.72-2.50
(m, 4H), 2.37-2.17 (m, 2H), 1.85-1.65 (m, 6H), 1.64-1.41 ppm (m, 2H);
BCNMR (75 MHz, CDCL): 6=142.9, 142.8, 142.3, 1422, 137.8, 137.8,
137.6, 137.6, 136.8, 136.8, 136.8, 135.8, 135.7, 135.7, 135.6, 131.8, 131.8,
131.3, 131.3, 131.1, 131.0, 129.9, 129.6, 128.2, 127.9, 127.3, 127.3, 127.3,
127.1, 126.8, 126.8, 45.6, 29.3, 29.2, 27.9, 22.7, 22.6, 22.5 ppm, "“F NMR
(282 MHz, CDCly): 6=-70.13, —71.90, —-80.86, —111.76, —120.36,
—121.80, —122.78, —126.16 ppm; *'PNMR (121 MHz, CDCL): 6=
—4.79 ppm; IR (KBr): v=2937, 1455, 1202, 1154, 960, 887, 700 cm™"; ESI-
MS: m/z (%): 988.8 (100) [M—H].

Compound 351: White foam; m.p. 158-161°C; [a]y=-218.2 (c=0.5,
CHClL;); '"HNMR (300 MHz, CDCl;): §=7.50-7.42 (m, 4H), 7.41-7.30
(m, 5H), 7.30-7.23 (m, 2H), 7.18 (s, 1H), 7.07-6.93 (m, 4H), 2.88-2.72
(m, 4H), 2.72-2.50 (m, 2H), 2.41-2.26 (m, 1H), 2.22-2.06 (m, 1H), 1.85-
1.44 ppm (m, 8H); *CNMR (75 MHz, CDCl,): 6=138.3, 138.2, 1377,
137.6, 136.5, 136.5, 136.4, 136.2, 136.0, 135.9, 131.8, 131.8, 131.7, 131.6,
131.5, 131.5, 131.5, 129.8, 129.4, 128.7, 127.9, 127.8, 127.7, 127.2, 125.7,
125.7, 29.2, 292, 279, 27.8, 22.6, 22.5, 224, 22.4ppm; “FNMR
(282 MHz, CDCly): 0=-63.28 ppm; *'PNMR (121 MHz, CDCL): 6=
—6.76 ppm; IR (KBr): v=2933, 1449, 1407, 1322, 1172, 1133, 1063, 943,
700, 598 cm™'; ESI-MS: m/z (%): 714.6 (100) [M—H]".

Compound 35m: White foam; m.p. 141-144°C; [a]¥=-264,7 (c=1.0,
CHCL;); '"HNMR (300 MHz, CDCLy): =742 (s, 1H), 741 (s, 1H), 4.5
(brs, 1H), 2.7-2.9 (m, 4H), 2.45-2.6 (m, 2H), 2.15-2.3 (m, 2H), 1.7-1.85
(m, 6H), 1.45-1.65 ppm (m, 2H); "C NMR (75 MHz, CDCL;): 6=142.4,
142.2, 141.6, 141.5, 138.4, 138.4, 138.1, 138.1, 138.1, 138.0, 138.0, 137.9,
134.0, 133.9, 133.9, 133.9, 127.0, 126.9, 126.8, 126.7, 112.3, 112.2, 111.7,
111.6, 289, 288, 27.6, 27.6, 22.1, 22.0, 22.0, 21.9 ppm; “FNMR
(2822 MHz, CDCL): 6=-76.9, —78.9ppm; *'PNMR (121.4 MHz,
CDCly): 0=-6.2 ppm; IR (KBr): v=3444, 2936, 1281, 1205, 1096, 961,
877, 612cm™'; ESI-MS: miz (%): 6422 (48) [M—H]", 644.2 (100)
[M—H] ", 646.2 (57) [M—H] .

Silyl protection of 32 to form 36b: Compound 32 (1 g, 2.2 mmol) and tri-
phenylchlorosilane (2.4 g, 7.9 mmol) were dissolved in a 1:1 mixture of
dry chloroform and DMF (40 mL) and heated to 90°C. After 2 h, further
triphenylchlorosilane (0.5 g) was added and the reaction mixture was
stirred for 12 h at 90°C under an argon atmosphere. The solution was
cooled to RT, triturated with a saturated aqueous solution of NaHCO;
(40 mL) and stirred for 30 min. The crude mixture was washed twice with
dichloromethane. The organic layer was washed with brine, dried over
Na,SO,, filtered and evaporated under vacuum. The crude product was
purified by flash chromatography (hexane/dichloromethane 5:1) to yield
36b as a white foam (1.91g, 89%). 'HNMR (250 MHz, CDCl,): 6=
7.42-7.28 (m, 19H), 7.20-7.11 (m, 11H), 6.99 (s, 2H), 2.67-2.50 (m, 2H),
2.48-2.33 (m, 2H), 2.13-1.94 (m, 4H), 1.59-1.29 ppm (m, 8 H); *C NMR
(75 MHz, CDCl,): 6=147.4, 136.2, 135.4, 135.4, 134.9, 133.3, 132.4, 130.3,
129.5, 127.9, 127.4, 111.7, 28.9, 27.5, 22.7, 22.4 ppm; ESI-MS: m/z (%):
986.4 (6) [M+NH,]"*.

Rearrangement of 36b to form 37b: The silyl-protected BINOL 36b
(1.7 g, 1.8 mmol) was dissolved in THF (30mL) and cooled to 0°C.
Under an argon atmosphere, a 1.5m rBuLi solution in THF (3.7 mL,
5.6 mmol, 3.2 equiv) was added within 5 min. The ice bath was removed
and the solution was stirred for 45 min at RT. The reaction mixture was
quenched with a saturated aqueous solution of NaHCO; and washed
twice with dichloromethane. The organic layers were combined, dried
over Na,SO,, filtered and evaporated under vacuum to yield 37b as
white foam (1.4 g, 99 % ). The crude product was directly used in the final
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phosphoramidation step. '"H NMR (250 MHz, CDCl,): 6=7.75-7.59 (m,
12H), 7.51-7.36 (m, 18H), 7.00 (s, 2H), 4.94 (s, 2H), 2.71-2.59 (m, 4H),
2.48-2.34 (m, 4H), 1.83-1.71 ppm (m, 8H); 3C NMR (75 MHz, CDCL):
0=156.2, 140.1, 136.3, 134.7, 130.1, 129.4, 127.8, 118.9, 117.2, 34.7, 31.7,
292, 27.5, 26.9, 25.4, 22.7, 20.8 ppm; ESI-MS: m/z (%): 810.0 (100)
[M-H] .

Compound 38a: White foam; m.p. 130-133°C; [a]¥=-159.8 (c=0.5,
CHCL); '"HNMR (300 MHz, CDCL): 6=7.59-7.46 (m, 4H), 7.39-7.05
(m, 18H), 4.80 (bs, 1H), 2.77-2.63 (m, 2H), 2.64-2.40 (m, 4H), 2.24-2.04
(m, 2H), 1.76-1.44 (m, 8H), 0.90 (s, 3H), 0.87 (s, 3H); “C NMR
(100 MHz, CDCly): 6=140.4, 139.3, 137.9, 136.2, 135.8, 135.7, 135.7,
135.6, 135.6, 135.5, 135.4, 135.2, 134.9, 129.9, 129.9, 129.3, 129.1, 129.0,
128.5, 128.4, 128.3, 128.2, 127.8, 127.6, 125.3, 29.1, 27.9, 27.8, 22.5, 22.4,
22.3; YFNMR (2822 MHz, CDCLy): 6=-77.3; *'P NMR (121.4 MHz,
CDCl;): 0=-9.2; IR (neat): v=3445, 2934, 1428, 1282, 1195, 1110, 1080,
962, 789, 735, 611 cm™'; ESI-MS: m/z (%): 878.8 (100) [M—H] .
Compound 38b: White foam; m.p. 160-163°C; [a]d=-159.0 (c=0.5,
CHCL); '"HNMR (300 MHz, CDCL): 6=7.57-7.50 (m, 6H), 7.48-7.40
(m, 6H), 7.35-7.16 (m, 19H), 6.96 (s, 1H), 3.19 (bs, 1H), 2.73-2.64 (m,
2H), 2.63-2.46 (m, 4H), 2.35-2.11 (m, 2H), 1.82-1.47 ppm (m, $H);
BCNMR (100 MHz, CDCl;): 6=150.5, 150.5, 141.6, 141.5, 140.8, 140.7,
140.2, 140.1, 139.4, 139.4, 136.8, 136.5, 136.4, 136.4, 135.6, 135.5, 1354,
135.3, 133.5, 133.2, 129.9, 1294, 128.2, 127.6, 127.6, 126.5, 126.4, 125.7,
122.3, 122.8, 121.5, 121.4, 29.1, 28.0, 27.9, 22.6, 22.5, 22.5, 22.4 ppm;
YFNMR (2822 MHz, CDCL): d=-77.9 ppm; *PNMR (121.4 MHz,
CDCl;): 0=-10.8 ppm; IR (KBr): v=3445, 2933, 1428, 1302, 1197, 1107,
975, 912, 701, 612 cm™'; ESI-MS: m/z (%): 1003.2 (26) [M—H] .
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