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Abstract

Enantioselective Functionalizations of Alkenes Using Chiral Phosphoric Acids

By
Jeffrey Wu
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor F. Dean Toste, Chair

New organocatalytic enantioselective reactions were developed, focusing on using new modes of
reactivity with chiral phosphoric acids. Prochiral alkenes and styrenes were explored as
substrates for various transformations, including enyne cycloisomerization, hydroamination,
halocyclization, and fluorination. The enantioenriched chiral products generated by these
methods include heterocycles and allylic fluorides.
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Preface

Enantioselective catalysis continues to advance since the transformations developed by
pioneers such as Knowles, Noyori, and Sharpless, who each received the Nobel prize in
chemistry in 2001 for their efforts in this field." The ability to distinguish between two
enantiotopic faces for the formation of either R or S (left or right handed) chiral centers has been
achieved by biological systems and nature, but only relatively recently has it become within the
repertoire of synthetic chemists. Continuing advancements driven by industrial demands as well
as academic pursuits have evolved the field into an increasingly diverse and fruitful one. The
applications of enantioselective catalysis are diverse, and arguably the most important has been
in agrochemicals and pharmaceuticals. Currently, methods identified as useful are often relevant
to the construction of moieties commonly found in the molecules desired by these particular
industries. The distinctions chemists commonly use to classify the myriad methods can be based
on identity of the catalyst, mode of reactivity, or chemical transformation. Historically,
transition-metal and enzyme catalysis were the two common branches. The field of
enantioselective transition-metal catalysis is further divided depending on the identity of the
metal and where it lies on the periodic table; or whether it acts as a Lewis acid, a pi-acid, a
redox-active cross-coupling catalyst; or by the transformation from substrate to product.’

Enantioselective Catalysis

Enzyme  Transition-Metal = Organocatalysis

Covalent lon-pair Hydrogen-bond

Scheme 1. A general breakdown of the different classes of enantioselective catalysis.

The advent of enantioselective organocatalysis as the third branch in the field has created a new
type of reaction which are distinguished by the lack of metals (Scheme 1).2 Within
organocatalysis, several structures and scaffolds have been developed, including but not limited
to amines, thioureas, Brgnsted acids, N-heterocyclic carbenes, and peptides (Figure 1). They
operate via hydrogen-bonding interactions, covalent interactions, and ionic interactions.
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Figure 1. A: Chiral-pool-derived organocatalysts. B: Synthetic (resolved) chiral organocatalysts.

Generally, the benefits of organocatalysis from a practical perspective include the avoidance of
expensive metals and concomitant contamination, favorable functional group compatibility,
stability to air and moisture, and the potential for being more economical.

A broad generalization of enantioselective transition-metal catalyzed methods and
enantioselective organocatalytic methods reveals that while seminal examples of the former
involve the functionalization of alkenes’ unsaturated C-C pi bonds, oxidation, or reduction,
seminal examples of the latter involve activation and reaction with unsaturated carbon-
heteroatom bonds.? ® This is largely the result of organocatalysis’s reliance on hydrogen-bonding
interactions or polar ionic interactions, which makes carbon-heteroatom bonds more reasonable
substrates. This also presents a limitation in that these interactions are almost impossible to
achieve with alkenes.* One reasonable solution to the problem of scope, which exists for all
types of methods, is the combination of different approaches applied to one method or
transformation.” For example more recently in our own group, organocatalysts have been used in
conjunction with transition-metals, and supramolecular clusters in conjunction with enzymes,
allowing for transformations not possible with just one type of catalysis.® | explore using an
organocatalyst in palladium-catalyzed reactions in the first chapter. However, another approach
to solving this problem is to stay within organocatalysis and further develop the catalysts and
applications. In the rest of my work, | explore the idea that design of new organocatalysts, and



implementation of new approaches with known organocatalysts can successfully functionalize
alkenes enantioselectively without the use of metals.

My work has centered on the use of chiral BINOL-derived phosphoric acids. Chiral
phosphoric acids have been widely developed and utilized in the last decade, most well
represented by the success of TRIP, a commercially available variant first discovered by List and
coworkers.” Although the first BINOL-derived chiral phosphoric acid catalysts were reported by
Terada and Akiyama, TRIP has proved to be the most versatile analog, owing to the 2,4,6-
triisopropylphenyl groups in the 3,3’-positions.? The initial and still predominant use of these
phosphoric acids has been as chiral Brgnsted acids, focusing on LUMO lowering of imine and
carbonyl groups via protonation and resultant hydrogen-bonding with the heteroatom. Many
reports have validated this approach to achieving enantioselective nucleophilic attack onto such
functional groups. One key in the success is the ability of the phosphate to interact with the
protonated substrate as well as the incoming nucleophile, both via hydrogen-bonding interactions
(Figure 2A).°

-

83% yield, 94% ee
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Figure 2. A: Two well-precedented activation modes of C-X double bonds. B: An example of
asymmetric counteranion direct catalysis — an enantioselective epoxidation of enals via
imminium chiral ion pair. C: Toste’s TRIP counteranion ion paired with meso-aziridinium
intermediate.

In the last five years, an extension in terms of modes of enantioinduction with chiral
phosphoric acids has been developed, to rely on ion-pairing of cationic intermediates with chiral
phosphates. Generally when used in this fashion, the counteranion phosphate is referred to as a
chiral anion (Figure 2B, 2C)."® However, alkene functionalization is still outside the scope of
these transformations because with the necessity of hydrogen-bonding replaced with electrostatic
interactions, polar groups are still required. This sub-field of chiral anion catalysis is an
important development in the ability to use these organocatalysts in a variety of reactions. In the
combination of organocatalysis with transition-metal catalysis, the distinction has been made that

Vi



the chiral anion in these cases is not necessarily a ligand on the metal, but rather a counterion
which is typically achiral such as a halide or borate. Arguably, the genesis for the Toste group’s
interest in TRIP and its derivatives was Greg Hamilton’s project using a chiral counteranion with
gold-catalyzed reactions.®® An important further development was work by the same colleagues,
who showed that a phase-transfer reaction with chiral phosphate solubilizing an achiral silver
salt, allowing for chiral ion pairing with a cationic aziridinium intermediate. This was an
example of chiral anion catalysis which did not rely on transition-metal reactivity.

These successes were indication that exploring the potential expansion of the roles these
types of catalysts play in the reaction could be very fruitful. From there, the Toste group has
developed many successful organocatalytic reactions in the last few years, marking a new area of
focus. So, as we have found out, chiral phosphoric acids and the derivative phosphate anion can
be very versatile in synthesis, and exploitation of their privileged C-2 symmetric structure and
bifunctional phosphate group can be achieved with relatively small changes to the catalyst. In
short, 1 aimed to work on these developments, with a thought process which predominantly
considers the mode of reactivity, activation, and mechanism, rather than the classification of
transformation, product class, or end-user applications. (Of course, working with air- and water-
tolerant reactions is highly desirable for any chemist.) As shown in the figure below, | have been
able to apply and develop chiral phosphoric acids as catalysts in new methods which incorporate
new approaches. Most of these methods continue to utilize the chiral counteranion of chiral
phosphoric acids (the phosphate). These methods also feature either use as chiral ligands in
palladium-catalysis, newly designed covalent catalysts, new halogenating phase-transfer
reagents, and directing groups for allylic fluorination (Figure 3).
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Figure 3. Projects revolving around chiral phosphoric acids includes covalent catalyst design,
halogenation reagent design, and implementation of directing groups to interact with chiral
phosphates.
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Herein | describe the specifics of my work toward further increasing the types of reactions
possible with these catalysts for enantioselective reactions with alkenes.** Each project chapter
will contain a separate introduction which will address more specific precedent based on the
transformation developed, and explain how it relates to the general goals described above.
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CHAPTER 1: DESIGN OF NEW CHIRAL PHOSPHORIC ACIDS FOR PALLADIUM
CATALYZED 1,6-ENYNE CYCLOISOMERIZATION

Abstract

The combination of a chiral phosphoric acid organocatalyst with a palladium (0) source
was found to undergo formal oxidative addition, creating a chiral palladium(II) catalyst for 1,6-
enyne cycloisomerization, providing chiral carbocycles in good yield and moderate to high
enantioselectivity. The development of novel chiral phosphoric acids was instrumental in
achieving higher enantioselectivity across a number of substrates. However, the methodology
suffered similar disadvantages as previously reported versions of this reaction. Thus, although
this approach did not necessarily produce significant progress for this particular transformation,
the concept of applying chiral phosphoric acids to palladium catalysis was validated.

)\:\%%
quantitative conversion
32-88% ee

Pd,dbasCHCls (2.5 mol%)

/\)\ PPh3 (5 mol%)
toluene, rt, 18-24 h

Y

X= (COQEt)zc
NTs
(SO,PN),C

10 mol%

R = phenyl; 2-naphthyl; adamantyl



Introduction

Although the use of chiral Brensted acids with palladium catalysis was reported by Trost
and co-workers for 1,6-enyne cycloisomerization with encouraging results, developments in
chiral Bronsted acid catalysis have not been applied to this reaction. Trost had employed several
chiral carboxylic Bronsted acids, of which binaphthoic acid provided 2 with an enantiomeric
excess of 33% (Scheme 1).! While this concept was applied to the use of TRIP as a counteranion
to palladium-intermediates by List and coworkers, examples of the combination of metal-
catalysis and organocatalysis are relatively rare.” The ability to utilize chiral organocatalysts as
ligands or counterions in metal-catalyzed reactions should in theory expand the possibilities for
creating catalysts with new or improved reactivity and chiral induction. In our lab, we have
explored the use of TRIP in gold-catalysis as a chiral counteranion with impressive results.’
Interestingly, there was a cooperative effect in choice of chiral ligand and chiral counteranion,
which opens the door to finding matched dual-sources of chirality as a viable option for difficult
transformations. We saw an opportunity to utilize the aforementioned chiral phosphoric acids to
render the cycloisomerization reaction more highly enantioselective, and provide another
demonstration of the benefits of combining transition-metal catalysis and organocatalysts.

Due to their abundance in biologically interesting natural products, extensive efforts have
been made to develop an efficient method for the synthesis of chiral 5-membered ring structures.
Trost reported a 1,6-enyne cycloisomerization reaction that provides an atom-economical and
powerful method for the synthesis of cyclic and bicyclic structures. A representative reaction
scheme is shown below (Scheme 1). Both ruthenium and palladium catalysts have been
investigated, and several methods have been developed to catalyze the reaction efficiently and
with a substrate scope that includes 5-membered and 6-membered carbo- and heterocycles.*

MeOZC P 2.5% sz(dba)3CHCl3 MeOzC COzMe M602C COzMe
MeO,C 5% PPh3
5% (S)-binaphthoic acid —
X
1 benzene, rt 2 3
61% 3.1
33% ee

SO
! ! CO,H

Scheme 1. Chiral binaphthoic acid induces enantioselectivity.

One plausible mechanism proposed by Trost proceeds via hydropalladation of the
palladium-enyne complex (Figure 1).” First, palladium (0) undergoes formal oxidative addition
with the Bronsted acid, generating a catalytically active palladium(Il)-hydride species.
Complexation of an enyne substrate is followed by hydropalladation of the alkyne, and migratory
insertion generates the 5-membered ring structure and the chiral center. Finally, B-hydride
elimination may take place with either of two adjacent hydrogens, providing either the 1,3- or
1,4-diene product.



Since Trost’s initial report, other methods of inducing enantioselectivity have been
developed, mostly by identifying effective chiral phosphine ligands. Much of the work has been
done by Mikami, who has reported high enantioselectivities using axially chiral ligands such as
Segphos and other modified BINAP ligands (Figure 2).°

HX

PdX

Figure 1. Proposed hydropalladation reaction pathway.

g e
PPh; Y PPh,
PPh, PPh, PPh, PPh,
A 99
(R)-SEGPHOS (S,S)-Skewphos (R)-BINAP

(R)-TRIP (4)

Figure 2. Chiral ligands used in 1,6-enyne cycloisomerization reactions.



0.0 [(MeCN)4Pd)(BF )], (5 mol%) o
HCOOH (1 equiv) | =
K( I o
DMSO, 80 °C
X
LI e .
\';éf

X

0, 87% yield, 88% ee
N!

\ X 99% yield, 93% ee

PPh,
OO (S) (10 mol%)

Scheme 2. N,P-ligand as a chiral ligand, achieving high enantioselectivity but limited substrate
scope.

In addition, N,P- and Skewphos ligands both provide high enantioselectivity (Scheme 2).’
However, these methods require highly specific substrates to obtain selectivity, therefore limiting
the scope of the reaction. In addition, Ito utilized a chiral diphosphane-palladium complex which
achieved enantioselectivity ranging from 34% to 95%, also with a high dependency on the
substrate substitution pattern.’



Results and Discussion

Since Trost’s initial report does not contain a detailed experimental procedure, our
studies were initiated by examining the effect of prolonging the stirring time prior to addition of
substrate (pre-stirring, Table 1). The combination of palladium (0) pre-catalyst, phosphine
ligand, and Bronsted acid, according to the proposed mechanism (Figure 1), generates the
catalytically active palladium (II) species. We hypothesized that the some reaction time would be
required to generate the chiral active catalyst, and addition of substrate too early might affect the
reactivity and selectivity of the transformation.

MeO,C 2;)5% Pdy(dba)sCHCL \10,c GO2Me
MeO,C 5% PPhy
5% TRIP . (1)
X toluene (0.1 M)
S rt, 18-24 h
1 2
entry pre-stir time (min) conv (%)? ee (%)°
1 2 25 -°
2 o 50 70
4 30 12 c
5 45 14 c

2 Conversion determined by NMR. P Enantiomeric excess determined by
chiral HPLC. °Not determined due to low amount of product. 9 Average of
two experiments

Table 1. Dependence on stirring catalyst and ligands prior to addition of substrate.

To test this hypothesis, we performed the cycloisomerization of 1 with different pre-stirring
times. Indeed, significantly different results were obtained in experiments performed with 2, 5,
20, 30 and 45 minute pre-stirring times (Table 1). Surprisingly, the reaction was much less
successful with a 30 minute or longer stirring time. From these results, a pre-stirring time of 20
minutes was from here on incorporated into our procedure.

The effects of various solvents and palladium sources were investigated (Table 2), which
included halogenated, ethereal, and aromatic solvents. Within each class of solvents we obtained
different results. However, in all cases, the reaction proceeded with moderate to good
conversion, and with moderate to good enantioselectivity. For example, using toluene instead of
benzene increased the yield and enantiomeric excess significantly.



entry solvent cat. conv (%)° ee (%)°

1 m-xylene Pd,(dba);CHCI; 76 80
2 toluene Pd,(dba);CHCI; 68 81
3 benzene Pd,(dba);CHCl; 35 65
4 MTBE Pd,(dba);CHCIj 53 70
5 p-dioxane Pd,(dba);CHCI; 95 78
6 DCE Pd,(dba);CHCl3 43 d
7 chloroform Pd,(dba);CHCI3 17 d
8 DCM Pd,(dba);CHCIj 76 55
9¢® toluene Pd(PPh3)4 76 76
10°¢ m-xylene Pd(PPh3), 99 84
11¢ p-dioxane Pd(PPh3), 67 74
12 toluene Pd(OAc), 99 33

@ Conditions: Pd (5 mol%), PPh3 (5 mol%), TRIP (5 mol%), rt,18-24 h.

b Conversion determined by NMR. © Enantiomeric excess determined by
chiral HPLC. 9 Not determined due to low amount of product. © PPh; was
not added.

Table 2. Solvent and palladium catalyst optimization of (1).

In our hands, benzene was one of the worst performing solvents for this reaction, despite being
the preferred solvent in previously reported studies." With Pd,(dba);CHCl; as a catalyst, m-
xylene and p-dioxane demonstrated increased reactivity compared to toluene; however, they
were not beneficial for enantioselectivity. Pd(OAc), catalyzed the reaction efficiently but with
low enantioselectivity. Interestingly, Pd(PPh;)s proved more effective both in reactivity and
selectivity, providing the desired product in quantitative yield and 84% ee in m-xylene. Using
Pd(PPhs), also has other advantages - for example, no phosphine ligand is added, and therefore
no pre-stirring is necessary. We reasoned that when using Pdy(dba);CHCl;, the
dibenzylideneacetone needed to be displaced by the phosphine ligand, which is what occurred in
the pre-stirring. Interestingly, using a greater than 1:1 ratio of PPhs to Pd,(dba);CHCIl; shut down
the reaction. When using an old bottle of Pd(PPhs).4, we obtained quantitative yield and 85% ee
in toluene. Unfortunately, we were not able to reproduce this result using a new bottle of
Pd(PPhs),. This made us cautious of using Pd(PPhs)s because there may be trace unidentified
palladium species which are catalyzing the reaction. In addition, our initial substrate scope
studies demonstrated that Pd(PPhs)s did not effectively catalyze the cycloisomerization on
substrates with different functional groups. Therefore, all further studies were performed with
Pd,(dba);CHCI; in toluene.

Next, we examined the effect of concentration and amount of chiral phosphoric acid used
(Table 3). As the reaction concentration was increased, the reactivity increased dramatically, but



with a slightly decreased enantiomeric excess. Doubling the chiral acid loading to 0.10
equivalents increased enantioselectivity from 75% to 85%, which was the optimal result. Thus,
both changes in concentration and chiral acid loading provided modest increases in
enantioselectivity.

entry concentration (M)  TRIP (equiv) conv (%)° ee (%)°
1 0.05 0.05 53 81
2 0.10 0.05 74 75
3 0.20 0.05 99 77
4 0.10 0.075 99 78
5 0.10 0.10 99 85

@ Conditions: Pdy(dba);CHCI5 (2.5 mol%), PPh3 (5 mol%), toluene, rt,18-24 h.
b Conversion determined by NMR. ¢ Enantiomeric excess determined by
chiral HPLC

Table 3. Concentration and catalyst loading optimization of (1).

However, we continued efforts to keep the chiral-inducing element at a low amount, and pursued
higher selectivity by exploring novel phosphoric acids which may be more efficient than TRIP. It
is unclear whether the low enantioselectivity was a result of undesired background reaction with
racemic palladium species, or whether the chiral environment is not discerning between the two
diastereomeric transition-states. The increase in enantioselectivity with higher catalyst loading
does indicate that the former is probably true.

PhO,S /\)\
PhOZSAC)\ TSN
S \%

5 7

ﬁ/*
A

1

P MeO,C
Meozcm/
(0] N N
X
9 T™S 10

Figure 4. Substrates synthesized for 1,6-enyne cycloisomerization.

MeOZC
MeOZC

With these optimized reaction conditions, we decided to study the substrate scope of this
system. Substrates (Figure 4) with different linkers were synthesized following previously
reported procedures and subjected to the standard reaction conditions. Initial studies with
substrates 9 and 10 were not promising — formation of desired product was not observed in either
case when acetic acid was used as the proton source (following Trost’s original racemic reaction
procedure). The results of the substrate scope study are summarized in Table 4. Both substrates 5
and 7 did not react with high enantioselectivity, achieving only 53% and 17% ee, respectively.

7



This was not a promising result because our method encountered the same problems as others -
specifically, limited substrate scope with regard to substitution patterns on the alkene as well as
functional groups in the central tether position. Thus, the TRIP phosphate ligand is not
necessarily more versatile than phosphine ligands which were somewhat effective in previous
reports.

To address this problem, novel chiral phosphoric acids were synthesized to investigate
the effect of minor changes in steric and electronic properties of the chiral phosphoric acid on
enantioselectivity and substrate scope. We aimed to extend the chiral information from the 3,3’-
positions on the BINOL scaffold and project steric bulk further from the phosphate center. The
ionic nature of the phosphate is important for interactions with the metal; however, the phosphate
is not interacting with the substrate itself, and thus may be further away from the actual bond-
forming event. To this end, analogs of TRIP were synthesized that contained different para-
position substitutions (Scheme 4; 24, 25). A synthetic scheme that utilized an efficient Suzuki
coupling reaction, followed by a Kumada coupling reaction, was seen as an expedient way to
explore electronic and steric effects at that position.

isoamyl nitrite | I, iodic acid |
CuBr, HOAG HOAc, H,0
H,SO,HBr H2S04
NFiz NH
11 2 Br
12 13
RB(OH),, EtOH
Na,COj3, H,0 R Mg powder R
Pd(PPhs), 1,2-dibromoethane
toluene THF - (AngBr)
Br MgBr
R= phenyl (14) R= phenyl (16)
R= 1-naphthyl (15) R= 1-naphthyl (17)

Scheme 3. Synthesis of aryl Grignard reagents 16 and 17.

This approach took advantage of the many diversely substituted phenylboronic acids that
are commercially available, thereby allowing us to prepare chiral phosphoric acids with
substituents of varying steric size without significantly changing the electronic properties.
Conversely, we could explore electron-donating and electron-withdrawing substituents without
significantly changing the steric properties. For example, comparing a 4-methoxyphenyl
substitution with a phenyl substitution keeps the size of the phenyl group but provides a
substituent with significantly different electronics. We began by synthesizing para-phenyl and
para-1-naphthyl substituted phosphoric acids. The common Suzuki coupling partner 13 was
synthesized from commercially available 2,6-diisopropylaniline in two steps. Reaction of 13
with either phenyl boronic acid or 1-naphthyl boronic acid followed by treatment with Mg
powder generated aryl Grignard reagents (Kumada coupling partners) 16 and 17 (Scheme 3).



1) NaH '
chloromethyl ethyl ether P
OH THF ) O/\
OH (0] (@]
2) n-BuLi NN
I |

THF
18 19
R
1) ArMgBr (16, 17)
NiCly(PPhj),
diethyl ether ;i;’g%
2) HCI 2) H,0
dioxane OH 2 -
o
R
R= phenyl (22) R= phenyl (24)
R= 1-naphthyl (23) R= 1-naphthyl (25)

R = adamantyl (26)

Scheme 4. Synthetic route toward novel chiral phosphoric acids.

These aryl Grignard reagents were coupled with 19, which was prepared from (R)-BINOL 18 in
two steps (Scheme 4). The Kumada coupling products were deprotected with HCI to reveal the
respective diols (22, 23). The phosphoric acids were then obtained by subjecting each diol to
POCI; followed by hydrolysis. With these two novel catalysts (24, 25) in hand, we proceeded
with substrates 1, 5, and 7 to determine the impact on substrate scope of phenyl and 1-naphthyl
substitutions in the para-position.

Phenyl substituted chiral acid 24 demonstrated an approximately 17% increase in
enantioselectivity for substrates with three different linkers. However, the bulkier naphthyl 25
provided similar enantioselectivity as the isopropyl substituted TRIP. Therefore, we have
demonstrated that changing the size of the substituent at the para-position does have an effect on
enantioselectivity, despite being distant from the phosphoric acid proton.



entry substrate chiral acid R ee? (%)

1 1 4 i-Pr 83
2 3 4 i-Pr 53
3 5 4 i-Pr 17
4 1 24 Ph 79
5 3 24 Ph 66
6 5 24 Ph 32
7 1 25 naphthyl 73
8 3 25 naphthyl 53
9 5 25 naphthyl 26
10 1 26 adamanty! -b
11 3 26 adamantyl 49
12 5 26 adamantyl 19

2 Enantiomeric excess determined by chiral HPLC. ° Reaction did not
proceed.
Table 4. Enantioselectivity of reaction (1) using various chiral phosphoric acids.

Installation of the bulky adamantyl group helped probe the steric space at the para-position,
while being readily prepared via our current synthetic approach. Catalyst 26 was prepared in
similar yields and provided enantioselectivity, except in the case of substrate 1 where low
conversion was observed. In addition, adamantyl was the sole nonaromatic substituent in the
catalyst.

In addition to the substrates reported above, there were diverse compounds found in the
literature which did not work for our reaction. Shown below in Figure 5 are substrates which did
not undergo the desired cyclization reaction — thus the effective substrate scope is limited to what
is presented above. Small changes to the alkene substitution pattern and linker between the
alkene and alkyne were not tolerated with our catalytic system, as was the case in most
precedented reports of this reaction.
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MeO,C = MeO,C MeO,C

MeO,C MeO,C

[E—— S

MeO,C 2 5:1 of 27b:27¢c
= 35% ee

27
MeO,C
B O 2 /\/\/\
N0, MeO,C TsN NS MeO,C_ ,~F &
BnO,C
MGOZC
30 \ 31 =
no conversion no conversion no conversion no conversion

a Conditions: Pda(dba)sCHCl5 (2.5 mol%), TRIP (10 mol%), PPhs (5 mol%), toluene, rt,(18-24 h.
b Conversion determined by NMR.

Figure 5**°. Additional substrates explored revealed scope limitations.

It is important to note that more recently a report has been published which utilized TRIP
as a counterion in iridium-catalyzed cycloisomerization reactions. Although a different metal
was used, a similar goal in the combination of BINOL-derived phosphoric acids with the pi-
activation of metals for inducing enantioselectivity in enyne cycloisomerization reactions was
achieved. In our work, analogs of TRIP were synthesized, and we demonstrated that substitutions
in the para-position of the 3,3’-aromatic rings have the potential to improve enantioselectivity.
These results are further evidence that BINOL-derived phosphoric acids are not only versatile
Bronsted acids, but can also act as sterically and electronically tunable ligands in transition-metal
chemistry.
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Supporting Information

MeO,C

MeO,C =

1 X 1 was prepared following previously reported methods.' Spectroscopic data
are consistent with previously reported values. 'H NMR (300 MHz, CDCls): & 4.909-4.857 (m,
1H), 3.724 (s, 6H), 2.782-2.760 (m, 4H), 1.991 (t, 1H, J = 2.7 Hz), 1.683 (s, 3H), 1.639 (s, 3H).

MeOZC
MeOzC

2 Pd,(dba);CHCIl; (0.027 g, 0.0053 mmol, 0.05 equiv), triphenylphosphine
(0.0014 g, 0.0053 mmol, 0.05 equiv), and (S)-TRIP (0.0048 g, 0.0053 mmol, 0.05 equiv) were
stirred in toluene (0.60 mL) for 20 min. A solution of 1 (0.025 g, 0.105 mmol, in 0.4 mL of
toluene) was then added by syringe, and the reaction mixture was stirred for 18-24 h at rt. The
reaction mixture was purified by silica gel chromatography (3.5% ethyl acetate in hexanes) to
afford 2 and starting material 1 as an inseparable mixture. Spectroscopic data is consistent with
previously reported values.! 'H NMR (400 MHz, CDCls): § 5.02 (bs, 1H) 4.84 (bs, 2H), 4.80 (d,
1H, J = 2.4 Hz), 3.75-3.72 (m, 6H), 3.31-3.26 (m, 1H), 3.10-3.06 (m, 1H), 2.95-2.90 (m, 1H),
2.55-2.50 (m, 1H), 2.16-2.13 (m, 1H), 1.65 (s, 3H). % ee was determined by HPLC with a
Chiralpak AD-H column (99.9% hexane: 0.01% 2-propanol), t; = 8.752 min for major
enantiomer, t, = 8.016 min for minor enantiomer.

PhO,S

PhO,S =

5 X Compound 5 was prepared following previously reported methods.'
Spectroscopic data is consistent with previously reported values. 'H NMR (400 MHz, CDCls): &
8.14-8.12 (m, 4H), 7.74-7.70 (m, 2H), 7.60-7.57 (m, 4H), 5.40 (t, 1H, J = 6.4 Hz), 3.18 (d, 2H, J
= 2.4 Hz), 3.05 (d, 2H, J = 6.4 Hz), 2.11 (t, 1H, J = 2.8 Hz), 1.77 (s, 3H), 1.58 (d, 3H, J = 2.4
Hz).

PhO,S
PhO,S

6 Compound 6 was prepared following the procedure described for 2.
Spectroscopic data is consistent with previously reported values.”> "H NMR (300 MHz, CDCl5):
0 8.08-8.02 (m, 4H), 7.75-7.68 (m, 2H), 7.62-7.57 (m, 4H), 4.951 (d, 1H, J = 2.1 Hz), 4.86-4.77
(m, 3H), 3.53-3.46 (m, 1H), 3.44-3.15 (m, 2H), 2.64 (d, 2H, J = 9.9 Hz), 1.57 (s, 3H). % ee was
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determined by HPLC with a Chiralpak AD-H column (90% hexane: 10% 2-propanol), t. =
18.453 min for major enantiomer, t; = 19.941 min for minor enantiomer.

TsN/\)\

7 N Compound 7 was prepared following previously reported methods.’
Spectroscopic data is consistent with previously reported values. 'H NMR (400 MHz, CDCls): &
7.74 (d, 2H, J = 8.0 Hz), 7.30 (d, 2H, J = 8.4 Hz), 5.11 (t, I1H, J = 7.2 Hz), 4.07 (d, 2H,J = 2.4
Hz), 3.82 (d, 2H, J = 7.2 Hz), 2.43 (s, 3H), 1.98 (t, 1H, J = 2.4 Hz), 1.73 (s, 3H), 1.68 (s, 3H).

TSITI\/\%_{

8 Compound 8 was prepared following the procedure described for 2. Spectroscopic
data is consistent with previously reported values.” "H NMR (300 MHz, CDCl3): § 7.70 (d, 2H,
J = 8.1 Hz), 7.33 (d, 2H, J = 8.1 Hz), 5.01-4.99 (m, 1H), 4.87-4.80 (m, 3H), 3.88 (d, 1H, J =
13.8 Hz), 3.81-3.75 (m, 1H), 3.48-3.43 (m, 1H), 3.30 (bt, 1H, J = 7.2 Hz), 3.14-3.08 (m, 1H),
2.43 (s, 3H), 1.58 (s, 3H). % ee was determined by HPLC with a Chiralpak AD-H column (95%
hexane: 5% 2-propanol), t. = 10.955 min for major enantiomer, t, = 12.485 min for minor
enantiomer.

=

@) N
9 S T™S Compound 9 was prepared following previously reported methods.’
Spectroscopic data is consistent with previously reported values. 'H NMR (400 MHz, CDCls): &
5.08 (t, 1H, J = 6.8 Hz), 2.59 (t, 2H, J = 7.6 Hz), 2.36 (q, 2H, J = 6.8 Hz), 1.69 (s, 3H), 1.63 (s,
3H), 0.25 (s, 9H).

MeO,C

Meozcﬁ/\(
10 A Compound 10 was prepared following previously reported

methods.* Spectroscopic data is consistent with previously reported values. 'H NMR (400 MHz,
CDCls): 6 5.12-5.08 (m, 1H), 3.74 (s, 6H), 2.86 (d, 2H, J = 2.4 Hz), 2.11-2.07 (m, 2H), 2.01 (bs,
1H), 1.92-1.86 (m, 2H), 1.68 (s, 3H), 1.59 (bs, 3H).
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12 NH; Todine (4.81 g, 1.90 mmol, 0.40 equiv) and iodic acid (1.76 g, 1.02 mmol,
0.215 equiv) were combined in HOAc (75 mL), H,O (2.0 mL), and H>SO4 (conc., 0.50 mL) at rt
and stirred for 10 min, followed by addition of 2,6-dimethylaniline (8.40 g, 47.4 mmol). The
reaction mixture was heated at 70 °C for 5 h, then returned to room temperature and quenched
with 200 mL of K,COj; (sat aq). The reaction mixture was diluted with ethyl acetate and the
organic layer was washed with sodium bisulfite (aq), then brine. The organic layer was dried
over MgSO, and concentrated in vacuo. The crude oil was filtered with a plug of silica gel to
provide 12 (12.0 g, 84%). Spectroscopic data is consistent with previously reported values.” 'H
NMR (300 MHz, CDCl3): 6 7.27 (s, 2H), 3.73 (bs, 2H), 2.83 (septet, 2H, J = 6.9 Hz), 1.23 (d,
12H, J = 6.9 Hz).

13 Br Aniline 12 (5.00 g, 16.5 mmol), HOAc (40 mL), and H,SO4 (16.5 mL)
were stirred at 0 °C for 10 min, followed by dropwise addition of isoamyl nitrite (3.57 g, 30.5
mmol, 1.85 equiv). This mixture was stirred at 0 °C for 30 min and was added to a stirring
solution of CuBr (3.31 g, 23.1 mmol, 1.40 equiv) in HBr (reagent grade, 48%, 60mL) at 0 °C.
The reaction mixture was stirred at room temperature for 18 h, then poured into ice water. This
mixture was extracted with hexanes (3 x 75 mL), and the combined organic layers were
sequentially washed with sodium bisulfite (sat aq), HCl (10% v/v aq), then brine. The organic
layer was dried over MgSOQ,, filtered through Celite, and concentrated in vacuo. The crude
product was purified by silica gel chromatography (100% hexanes) to provide oil 13 (4.05 g,
66%). Spectroscopic data is consistent with previously reported values.® '"H NMR (400 MHz,
CDCls): 6 7.40 (s, 2H), 3.43 (septet, 2H, J = 6.8 Hz), 1.23 (d, 12H, J = 6.8 Hz).

Ph

14 Br Solutions of Na,CO;3 (0.432 g, 4.08 mmol, 3.0 equiv) in H,O (2.0 mL) and
phenylboronic acid (0.249 g, 2.04 mmol, 1.5 equiv) in ethanol (2.5 mL) were added to 13 (0.500
g, 1.36 mmol) in toluene (6.5 mL) at rt. The reaction mixture was then heated at 70 °C for 18 h,
then cooled to rt and partitioned between diethyl ether and H,O. The aqueous layer was extracted
with diethyl ether and the organic layers were combined and washed with NaOH (1 M, aq), then
brine. The organic layer was dried over MgSOQys, filtered through filter paper, and concentrated in
vacuo. Silica gel chromatography (100% hexanes) afforded oil 14 (0.40 g, 93%). 'H NMR (400
MHz, CDCls): & 7.58-7.55 (m, 2H), 7.44 (t, 2H, J = 7.8 Hz), 7.38-7.31(m, 3H), 3.52 (septet, 2H,
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J=6.9 Hz), 1.29 (d, 12H, J = 6.0 Hz). ">C NMR (400 MHz, CDCl;): & 148.18, 141.22, 140.58,
128.90, 127.49, 127.28, 125.96, 123.25, 34.82, 23.25. HRMS calcd for CisHyBr 316.0827,
found 316.0824.

15 Br Compound 15 was prepared following the procedure described for 14. 'H
NMR (400 MHz, CDCls): 6 7.94-7.85 (m, 3H), 7.56-7.44 (m, 4H), 7.27 (s, 2H), 3.60 (q, 2H, J =
7.2 Hz), 1.29 (d, 12H, J = 6.8 Hz). °C NMR (400 MHz, CDCls): & 147.65, 139.95, 139.76,
133.85, 133.45, 131.54, 128.38, 127.89, 127.78, 126.84, 126.19, 126.03, 125.89, 125.84, 125.60,
125.40, 34.70, 23.15. HRMS calcd for Cy;H»3Br; 366.0983, found 366.0988.

Y
O/\ O/\

O

19 | To a -78 °C solution of protected (R)-BINOL (4.0 g, 9.9 mmol) in
THF (35 mL) was added BuLi (2.5 M in hexanes, 13.9 mL, 13.4 mmol, 3.5 equiv). The reaction
mixture was stirred at 0 °C for 1 h, then cooled to -78 °C. Iodine (9.40 g, 37.1 mmol, 3.75 equiv)
was added and the reaction mixture was warmed to 0 °C for 45 min. The reaction was then
quenched with Na,COs (sat aq), and the aqueous layer was extracted with diethyl ether. The
combined organic layers were washed with Na,COs; (sat aq), then brine. The organic layer was
dried over MgSQy, filtered through filter paper, and concentrated in vacuo to afford crude 19
(90% clean by NMR, 3.60 g, 56%). "H NMR (400 MHz, CDCls): & 8.55 (s, 2H), 7.79 (d, 2H, J =
8.0 Hz), 7.44-7.40 (m, 2H), 7.32-7.18 (m, 2H), 7.18-7.16 (m, 2H), 4.89 (d, 2H, J = 5.6 Hz), 4.73
(d, 2H, J = 6.0 Hz), 3.12-3.04 (m, 2H), 2.72-2.64 (m, 2H), 0.68-0.66 (m, 6H). >*C NMR (400
MHz, CDCls3): 6 152.23, 139.98, 133.75, 132.19, 127.19, 126.83, 126.46, 126.07, 125.81, 98.12,
92.70, 65.01, 14.41. HRMS calcd for C,6H24041; 653.9764, found 653.9763.
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20 i-Pr Ph To a flame-dried flask, magnesium powder (0.035 g, 1.4 mmol, 1.0
equiv) and THF (2.0 mL) were added, followed by 14 (1 drop) and 1,2-dibromoethane (4 drops).
After 5 min, the remainder of 14 (0.430 g, 1.39 mmol) was added dropwise, and the reaction
mixture heated at 65 °C for 16 h. The resulting Grignard solution was cooled to rt and added by
syringe to a solution of 19 (0.150 g, 0.23 mmol), NiCl,(PPh;), (0.018 g, 0.023 mmol, 0.1 equiv)
in diethyl ether (3.0 mL), and stirred for 4 h. Solid NH4Cl was added to the reaction mixture,
which was stirred for 5 min, and filtered with Celite. Silica gel chromatography (30-50%
methylene chloride in hexanes) afforded 20 (0.110 g, 55%). 'H NMR (400 MHz, CDCls): & 7.96-
7.94 (m, 2H), 7.89 (s, 2H), 7.74-7.72 (m, 4H), 7.55-7.39 (m, 16H), 4.40 (s, 4H), 3.00 (septet, 4H,
J=6.8 Hz), 2.66-2.47 (m, 4H), 1.44-1.25 (m, 18H), 1.11-1.10 (m, 6H), 0.54 (t, 6H, J = 6.8 HZ).
3C NMR (400 MHz, CDCl3): § 152.44, 148.34, 147.62, 142.09, 140.90, 135.10, 133.86, 133.79,
130.90, 130.43, 128.73, 127.92, 127.24, 127.10, 126.33, 126.22, 126.10, 124.98, 121.95, 121.59,
96.61, 63.75,31.11, 30.97, 26.00, 25.31, 23.35, 23.20, 14.38.

21 Compound 21 was prepared following the procedure
described for preparation of 20. "H NMR (400 MHz, CDCl;): & 8.18-8.16 (m, 2H), 8.06-7.99 (m,
8H), 7.68-7.46 (m, 18H), 4.55 (q, 4H, J = 5.2 Hz), 3.16-3.11, 3.14 (sextet, 4H, J = 6.4 Hz), 2.88-
2.77 (m, 4H), 1.48-1.36 (m, 18H), 1.25-1.19 (m, 6H), 0.76-0.72 (m, 6H). *C NMR (400 MHz,
CDCl): & 152.46, 147.95, 147.18, 141.16, 140.29, 134.93, 134.12, 134.01, 133.93, 131.79,
131.11, 130.55, 128.46, 128.04, 127.56, 126.97, 126.48, 126.25, 126.22, 126.14, 126.04, 125.80,
125.54, 125.10, 124.93, 124.58, 96.74, 63.96, 34.75, 31.17, 31.05, 26.06, 25.37, 25.32, 23.44,
23.34, 14.67.
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I | OH

99y
Ph

22 To a stirring solution of 20 (0.110 g, 0.126 mmol) in dioxane (2.5
mL) was added HCI (conc., 0.35 mL). The reaction mixture was heated at 60 °C for 8 h, then
cooled to rt. The reaction mixture was diluted with methylene chloride, and the organic layer
washed with sodium bicarbonate (sat aq), and then brine. The organic layer was dried over
MgSO,, filtered, and concentrated in vacuo to afford crude 22 (0.100 g, 0.132 mmol). This
material was used as is in the next step. "H NMR (400 MHz, CDCl3): § 8.00-7.98 (m, 2H), 7.90
(s, 2H), 7.76-7.74 (m, 4H), 7.59-7.36 (m, 16H), 5.08 (s, 2H), 3.01 (quintet, 2H, J = 6.8 Hz), 2.86
(quintet, 2H, J = 6.8 Hz), 1.385-1.18 (m, 21H), 0.98-0.91 (m, 3H). °C NMR (400 MHz, CDCl;):
o 150.67, 148.48, 148.42, 141.80, 141.73, 133.49, 132.45, 130.89, 128.16, 128.83, 128.75,
128.41, 127.35, 127.30, 126.97, 124.50, 124.07, 122.22, 122.18, 112.88, 31.08, 31.05, 24.38,
24.31,23.94, 23.77, 22.84, 22.71. HRMS calcd for Cs¢Hs4O,L1; 765.4278, found 765.4294.

23 Compound 23 was prepared following the procedure
described for preparation of 22. "H NMR (400 MHz, CDCl;): & 8.06-8.04 (m, 2H), 7.97-7.88 (m,
7H), 7.60-7.38 (m, 15H), 7.27 (s, 4H), 5.08 (s, 2H), 2.99 (m, 2H), 2.83 (m, 2H), 1.28-1.26 (m,
9H), 1.20-1.16 (m, 9H), 1.12-1.11 (m, 3H), 0.89-0.84 (m, 3H). °C NMR (400 MHz, CDCls): &
150.73, 148.00, 147.93, 141.04, 140.79, 133.95, 133.50, 132.18, 131.69, 130.89, 129.21, 128.95,
128.43, 128.40, 127.64, 127.01, 126.18, 126.08, 125.79, 125.49, 125.11, 124.50, 124.10, 113.00,
34.71, 31.06, 24.35, 24.00, 23.80. HRMS calcd for CesHsgO,L1; 865.4591 found 865.4607.
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To a solution of 22 (0.100 g, 0.132 mmol) in pyridine (0.50 mL)
was added by syringe POCl; (0.040 g, 0.26 mmol, 2.0 equiv), and the reaction mixture was
heated at 60 °C for 15 h. The reaction mixture was then cooled to 0 °C, charged with 0.1 mL of
H,O, and returned to heating at 60 °C for 7 h. After cooling to rt, the reaction mixture was
diluted with methylene chloride, and washed with HCl (10% v/v aq) two times. The organic
layer was dried over MgSQy, filtered, and concentrated in vacuo. Silica gel chromatography (0%
MeOH in 1:1 methylene chloride: hexanes to 5% MeOH in 1:1 methylene chloride : hexanes)
provided a white powder which was then dissolved in methylene chloride and washed with HCI
(10% v/v aq). The organic layer was dried over MgSOys, filtered, and concentrated in vacuo to
provide 24 (0.070 g, 65%). '"H NMR (400 MHz, CDCl3): & 7.96-7.94 (m, 2H), 7.88 (s, 2H), 7.55-
7.54 (m, 6H), 7.40-7.26 (m, 14H), 6.07 (brs, 2H), 2.66-2.57 (m, 4H), 1.10 (d, 6H, J = 6.4 Hz),
0.99 (d, 6H, J = 6.4 Hz), 0.91 (d, 6H, J = 6.8 Hz), 0.71 (d, 6H, J = 6.4 Hz). °C NMR (400 MHz,
CDCl): & 148.61, 148.12, 145.71, 145.62, 141.85, 141.02, 132.85, 132.51, 132.35, 131.78,
130.97, 127.51, 128.24, 127.33, 127.26, 126.98, 126.36, 125.76, 122.24, 122.01, 121.22, 31.07,
30.76, 26.38, 24.88, 23.18, 22.71. *'P NMR (400 MHz, CDCls): & 2.96. FTMS calcd for
C56H5204P1 81936, found 819.3603.
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25 Compound 25 was prepared following the procedure described
for preparation of 24. '"H NMR (400 MHz, CDCls): & 8.00-7.96 (m, 6H), 7.86-7.79 (m, 4H),
7.57-7.54 (m, 4H), 7.40-7.22 (m, 14H), 6.72 (brs, 2H), 2.75-2.67 (m, 4H), 1.12-1.10 (m, 6H),
1.03-1.02 (m, 6H), 0.92-0.91 (m, 6H), 0.73 (brs, 6H). °C NMR (400 MHz, CDCls): & 148.21,
147.60, 145.81, 145.72, 140.77, 140.42, 133.75, 132.70, 132.39, 131.85, 131.57, 131.03, 128.22,
128.07, 127.34, 126.92, 126.44, 126.29, 125.98, 125.82, 125.55, 125.25, 125.18, 124.13, 122.10,

31.10, 30.77, 26.35, 2491, 23.26, 22.83. 3P NMR (400 MHz, CDCls): 6 2.93. FTMS calcd for
C64H5604P1 91939, found 919.3893.

26 Compound 26 was prepared following the procedure
described for preparation of 24. '"H NMR (400 MHz, CDCls): 7.90(m, 2H), 7.88(s, 2H), 7.53-
7.52(m, 2H), 7.40-7.36(m, 4H), 7.11-7.06(m, 4H), 2.67-2.52(m, 4H), 2.10 (brs, 6H), 1.92(brs,
12H), 1.75(brs, 6H), 1.05-0.94(m, 18H). >C NMR (400 MHz, CDCl3): § 150.6, 147.5, 146.9,
145.9, 145.8, 132.5, 132.4, 131.1, 130.9, 128.1, 127.4, 126.1, 125.6, 122.1, 119.4, 118.4, 43.1,
36.9,36.3,31.1, 30.8,29.7, 29.0, 26.4, 25.1, 23.4, 22.6. *'P NMR (400 MHz, CDCls): § 2.48.
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Compounds 27-31, see references below.
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CHAPTER 2: DITHIOPHOSPHORIC ACIDS AS COVALENT CATALYSTS FOR
HYDROAMINATION AND HYDROARYLATION OF ALKENES

Abstract

The first organocatalytic enantioselective hydroamination was achieved with newly designed
dithiophosphoric acid catalysts. Markovnikov ionic addition of the Brensted acid catalyst to
alkenes resulted in covalent intermediates which then underwent intramolecular enantioselective
nucleophilic attack. The substrate scope includes dienes and styrenes, with both amine and
carbon nucleophiles. These reactions provided various heterocycles in good to high yield and
enantioselectivity, while it was found that probably due to mechanistic and steric considerations,
dienes were more successful than styrenes as substrates. However, we believe that the concepts
revealed in this work will prove applicable to other asymmetric functionalizations of unsaturated
systems.

14 examples
67-99% yield
83-99% ee

chiral intermediate

MeOZC
CO,Me MeoQ COo,Me
10 mol% catalyst
\ mol sieves N Q_\Q .
\ ! PhF, rt, 48 h =
Y s
R 3 examples
71-76% yield
80-91% ee
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Introduction

Transition-metal catalysis, through the use of chiral ligands, has mediated functionalization
of olefins with high enantioselectivity. In addition, the use of racemic Bronsted acids has also
been utilized to catalyze the addition of alcohols and other nucleophiles to olefins. However, the
expansion of their reactivity to produce enantioselective products from olefins has been a long-
standing challenge. As an illustration of the challenge, the only application toward this type of
reaction resulted in low enantioselectivity (17% ee).! Organocatalytic methods have become
highly desirable because they avoid the use of toxic and expensive metals and are generally
insensitive to air and moisture.” An organocatalyst capable of achieving asymmetric
hydroamination of unactivated olefins would represent not only a potential practical
improvement for this important reaction, but also an expansion of the range of transformations
amenable to organocatalysis. Typically polar unsaturated bonds are activated by chiral acids, due
to the increased basicity as well as the potential for hydrogen bonding. At the time we began
work to realize this concept, the general consensus from the organocatalysis community was that
chiral Bronsted acids require hydrogen-bonding interaction between the protonated substrate and
the conjugate base in order to attain selectivity.’ A significantly different approach — most likely
the design of new catalyst - was needed to achieve the desired enantioselective additions to
olefins. There are two main roadblocks to this type of reactivity. First, the acid must be very
acidic, such as triflic acid (pKa = -5.9). Second, the intermediate carbocation is planar and
generally lacks sufficient attractive interactions with the chiral source and thus cannot provide an
energy difference between the two diastereomeric transition states. The first issue of increasing
acidity has been previously explored in the design of new catalysts, which are more acidic than
the well-precedented BINOL-derived chiral phosphoric acid such as TRIP. Reactions requiring
more acidic catalysts have been rendered enantioselective by Yamamoto and others using N-
triflylphosphoramides and sulfonic acid derivatives. However, these stronger acids have still
only been utilized to more highly activate polar functional groups derived from ketones and
aldehydes. Instead of solely increasing acidity, we envisioned also increasing the nucleophilicity
of the conjugate base, in order to perform an ionic Breonsted acid addition to an alkene to form a
covalent intermediate. Ideally this intermediate would mimic the known addition of many simple
Breonsted acids such as hydrobromic acid to olefins (Figure 1B). This intermediate with a
tethered nucleophile could then undergo intramolecular Sy2 or Sy2' attack, depending on
whether a styrene or diene is reacting. Because the chiral catalyst is directly bound to the
substrate in the nucleophilic addition step, we hypothesized that the key intermediate is now
chiral and could undergo an intramolecular reaction with high enantioselectivity. Although
enamine and iminium catalysis also take advantage of covalent catalysis mechanisms, they are a
result of condensation with ketones, a mechanism significantly different from addition of a
Brensted acid to an alkene.’

The approach we took to increasing the nucleophilicity of the counteranion was to use
dithiophosphoric acids. The counterion is expected to be more nucleophilic due to polarizability
because of its size.’ It is precedented that simple dithiophosphoric acids add to dienes efficiently,
and chiral dithiophosphoric acids have been synthesized but have not been shown to catalyze any
reactions with high enantioselectivity (the best example to date: 7:3 dr, 63% ee).”®

Furthermore, we aimed to extend this type of covalent catalysis to substrates which bear no
hydrogen-bond donors. To demonstrate the lack of reliance on hydrogen-bonding and the vastly
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different requirements of this type of catalysis, we aimed to look at carbon nucleophiles in the
formation of C-C bonds. This type of reaction is even less well-precedented in organocatalysis
due to the non-hydrogen bonding nature of both reactive functional groups. We postulated that
the chiral intermediate featuring a chiral leaving group could provide enough differentiation
between the enantiotopic faces to facilitate highly enantioselective nucleophilic additions.

C ) )\/
XH@ J o

iminium chiral Bronsted acid carbocation
H
X*-H X* Nu-H Nu
B - %.
R R
(Sn2) R
X*-H
styrene chiral intermediate
X*
(Sn 2)
diene chiral intermediate

Scheme 1. Mechanistic distinctions between precedented chiral phosphoric acid activation
reactions and our hypothesis for alkene functionalization: A: Protonation of an imine with a
chiral Brensted acid leads to a hydrogen-bonded iminium, while protonation of an olefin results
in a carbocation which cannot form a hydrogen bond. B: Proposed new mechanism where a
novel Bronsted chiral acid adds to styrene, then undergoes enantioselective Sy2 displacement. C:
Proposed new mechanism where a Bronsted chiral acid adds to a diene, then undergoes
enantioselective SN2’ displacement.
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Results and discussion

The initial foray involved the intramolecular hydroamination reaction of styrenes with
nitrogen nucleophiles. The substrate design was straightforward and similar to other
hydroamination substrates used in the past by our group and others for metal-catalyzed
enantioselective variants; it relied on a benzylic carbocationic intermediate and its potential
interaction with the chiral dithiophosphate counteranion. Initial experiments with
hydroamination were attemped with a 4-methoxystyrene substrate, with hopes that an electron-
donating group would facilitate the initial protonation and interaction with catalyst. In addition to
using 7 as a substrate, intermediates 4, 5, and 6 were subjected to dithiophosphoric acid catalyst,
with 5 providing quantitative conversion and 6% ee while 4 was formed with no
enantioselectivity. After obtaining hydroamination in quantitative yield and 7% ee with 7,
unactivated styrenyl substrates (without the methoxy-substituent) were explored.

e} MePh3;PBr
AICl oy KOtBu OH
/@ <§ DCE_ W THF
o o
81% O ~o
3 4
LIA|H4 TsNCO LiA|H4
THF_ OH TEA 0 NH
/QJ\N THE, NHT. - e
s
69% ~o 30% O .
(2 steps) 6 (2steps)

Figure 1. Straight-forward synthesis of styrene substrates for intramolecular hydroamination.

The optimization of the reaction continued with the parent phenyl compound, synthesized in a
similar fashion. However, it was found that the methoxy-substitution did indeed provide a larger
effect than we anticipated and with the parent compound 8, heat was required to drive the
reaction to completion. Even with slight heating the pyrrolidine product was obtained in 13% ee
in benzene. A solvent screen revealed that fluorobenzene as solvent increased enantioselectivity
to 19% ee. Various dithiophosphoric acid catalysts were investigated (Table 1). With 3,3’-
substituents identical to TRIP, we obtained 7% ee, and with anything larger the reaction was
sluggish or did not proceed. This may be due to steric crowding of the quaternary carbon center
where nucleophilic attack must occur. In the case of these substrates, it is likely that there is
actually not a stable covalent adduct formed, but rather a strongly stabilized benzylic carbocation
is ion-paired with the counteranion thiophosphate. Other tethered nucleophiles were explored
including alcohol, carboxylic acid, and N-tosylamide. It is common to see the Thorpe-Ingold
effect used to improve reactivity in intramolecular reactions; however, in our case the use of
dimethyl-substituted linkers was detrimental for reactivity, probably due to the two contiguous
quaternary centers in the desired product.
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cat. (10 mol%) N

NHTs »
8 solvent (0.25M) ©><9j
55 °C 18-36h
entry? solvent cat. ee (%)°
1 benzene 10 13
2 fluorobenzene 10 19
3 fluorobenzene 11 €
4 fluorobenzene 12 7

a Reactions run to >90% completion, monitored by TLC. ® Enantiomeric
excess determined by chiral HPLC. ¢ Not determined due to low amount
of product.

Table 1. Optimization of reaction conditions and catalyst.

Ts

. N
NHTSs Condlt‘|9ns A, B‘
X >
no conversion
13 14

Figure 2. Conditions A: Triflic acid in methylene chloride, at room temperature. Conditions B:
Dithiophosphoric acid catalyst (10 mol%) in fluorobenzene at 55 °C.

From here, I began working on dienes rather than styrenes (Scheme 1B vs. Scheme 1C).
Work on 1,3-diene substrates included using fluorobenzene as solvent, and lowering the
temperature of the reaction to 15 °C. Unlike the previous styrene substrates, changing the 3,3’
substituents to anthracenyl groups led to a substantial boost in enantioselectivity, presumably
because the projection of chiral information is required due to the less proximal Sy2’ attack.
Along these lines, the addition of aryl substituents to the 10-position of the anthracene further
increased enantioselectivity in this reaction. The H8-type BINOL backbone also provided
improvements in selectivity (entry 5). Thus, we postulate that the change in mechanism (from
Sn2 to SN2’) is critical for success in this type of reaction, because Sy2 displacements are very
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unlikely at quaternary carbon centers. Notably, both mesityl catalyst 16 and 3,5-t-butylphenyl
catalyst 15 provided exceptional enantioselectivity even at room temperature. Both of these
catalysts were used in the substrate scope studies.

i-Pr i-Pr |O
: O Ar
i-Pr O
>

RO, o) RO, s
/P\OH [— F\/SH increased acidity
RO RO
RO, % RO, % . I
N-% *pZB increased nucleophilicit -
PZ — PZ philicity 15 Ar = 3,5-(t-Bu),Ph
RO RO 16 Ar = mesityl

Scheme 2. Overall modification to design new catalysts includes transition to a more acidic
dithiophosphoric acid, and the extension of the 3,3’-position groups.

Various substrates, including modifications to the diene alkyl substituents, and changes in the
Thorpe-Ingold linker, were synthesized (Table 2). We found that spirocyclic products as well as
dienes with cyclic alkyl substitutions performed well under optimized reaction conditions. In
addition, the protecting sulfonyl group could be changed to nosyl.

R

R PY R Ry Ry R Ry Ry

R A ~_Br RN R A AN R A X _NHTs

LDA CN' 1) LiAH,, ether .

R/ R, 2)TsCl TEA DCM R, R,
B THF V! _ NHTs
R\(’ 789C100°C  R._eP " CN R\('M

R hd

R R

Figure 3. Synthesis of substrates.
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With 1,3- and 1,2-dienes (allenes), we expected similar results, which indeed was observed.
They should proceed via a common intermediate, which is the chiral covalent adduct. This
observation helps verify our mechanistic hypothesis. In addition, we were able to change the
nucleophile to hydroxylamines to generate isoxazolidine heterocycles with high
enantioselectivity. This stronger nucleophile (due to the alpha-effect) was required in the lone
substrate without the gem-dialkyl linker.

Table 2. Substrate scope of hydroamination.

To further confirm that the reaction is proceeding by our proposed mechanism, we aimed to
observe the covalent intermediate which demonstrates that the dithiophosphoric acid is acting as
a covalent chiral Bronsted acid catalyst. Gratifyingly, following the course of the transformation
by TOF-MS allowed us to directly observe the covalent intermediate. This work was done with
the assistance of the mass spectrometry facility in Stanley Hall. The formation of this
intermediate is also supported by literature precedent which has observed addition of
dithiophosphoric acids to alkenes and dienes.” One possible mechanism consists of a covalent
intermediate is being formed, followed by formation of a tight ion pair, which may not observed.
We cannot discount this process, but whether the covalent intermediate is directly converted to
product or proceeding via a more reactive intermediate, the transformation proceeds by a
reaction mechanism unprecedented in enantioselective organocatalysis.
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As mentioned earlier, we investigated carbon nucleophiles to further demonstrate the
potential for this type of transformation. We chose to work with indoles, which are highly
nucleophilic, heteroaromatic, and generally alkylate at the 2- or 3-positions, when the nitrogen is
protected. Additions of indoles to alkenes have not been demonstrated with organocatalysts.” A
few substrates were designed and synthesized with similar structural characteristics as the
substrates described above. They contained a gem-dimethyl linker in order to keep the Thorpe-
Ingold effect, and an indole and allene were tethered to either side. We were gratified to find that
indoles do react with high efficiency to form tetrahydrocarbazoles in high yield and
enantioselectivity (Figure 3). Notably, there are no hydrogen-bond donors on the nucleophile in
this case. Thus the interaction between chiral catalyst and substrate in the form of a covalent
bond provides sufficient differentiation between the two diastereomeric transition states. This is
a rare example of an enantioselective transformation using chiral Brensted acids without any
hydrogen-bonding capability on either reaction partner. The analogous covalent intermediate
between the indole substrate and catalyst was similarly detected by MS studies (See supporting
information).

MeOC 6 M MeO2C co,Me
\. 20 mol% 15
N }/ PhF, 48h, rt, N —
N 4AMS N
Me 192 Me

19b 76% yield, 80% ee

MeOzC COzMe MeOZC COzMe
N _ N _
N N
Me Me
20b 75% yield, 91% ee 21b 71% yield, 87% ee

Figure 4. Dithiophosphoric acid catalyzed hydroarylation of indole derivatives.

We have demonstrated that with the design of dithiophosphoric acid catalysts, we were able
to achieve organocatalytic hydroamination and hydroarylation. The reaction proceeds via a
covalent intermediate which is produced in similar fashion as classic Brensted acid addition to
alkenes. This intermediate then undergoes intramolecular nucleophilic attack generating
heterocycles in high enantioselectivity. The value in this method is mainly in the demonstration
of a new mechanism for chiral Brensted acid catalysis, allowing for the functionalization of
alkenes rather than imines or carbonyls. The further evolution of chiral Breonsted acids, based on
the well-precedented TRIP, was explored by using dithiophosphoric acids rather than phosphoric
acids, and extension of the 3,3-substituents to a bulkier substituent.
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Supporting Information

General procedure for acid-catalyzed enantioselective hydroamination reaction. To a 1-
dram screw cap vial was added the diene or the allene substrate (0.1 mmol, 1.0 equiv) followed
by the dithiophosphoric acid catalyst (0.01 mmol, 0.1 equiv) and activated 4 A molecular sieves
(20 mg). To the mixture was added fluorobenzene 0.5 mL at room temperature. The vial was
sealed and allowed to stand at room temperature for 48 h at the indicated temperature. After the
reaction was complete, the entire mixture was loaded onto silica gel and the product was eluted
with EtOAc/hexanes.

Br
OOO B(OH}»
+ d(OAc),, SPhos nBuLl OOO
B(OH)2 I(3P04 B[DJ Pr)s
~ ; - toluene 105 °C CCI,; THF 7gec O
53
Pd{OAc),, SPhos

B(OH), KaPOy4 “~0"™ conc. HCI
R ——.

OOO toluene, 105 °C

0. _-O._~ dioxane
70°C

S1: A 100 mL flame-dried round-bottom flask was charged with 9-bromoanthracene (3.81 g, 15
mmol, 1.0 equiv), 2,4,6-trimethylphenylboronic acid (3.69 g, 22.5 mmol, 1.5 equiv), Pd(OAc),
(101.02 mg, 0.45 mmol, 0.03 equiv), SPhos (369.5 mg, 0.90 mmol, 0.06 equiv), KsPO4 (7.96 g,
37.5 mmol, 2.5 equiv), and anhydrous toluene (120 mL). The resulting mixture was subjected to
freeze-pump-thaw cycles (3x) and heated at 105 °C for 18 h. After this time, the reaction
mixture was cooled to room temperature and poured over water (50 mL). The organic layer was
separated, and the aqueous layer was extracted with CH,Cl, (2 X 50 mL). The organic extracts
were combined and dried over anhydrous MgSOQ,, filtered, and concentrated in vacuo. The
resulting dark reddish-brown semi-solid was dissolved in minimal amount of CH,Cl, and
triturated with MeOH. The desired product S1 precipitated as a reddish-brown solid, and was
filtered and washed with ice-cold MeOH. The solid mass was dried under high vacuum for 2 h
until a constant mass of 4.22 g (96% yield) was obtained. 'H NMR (300 MHz, CDCl5): & 8.48
(s, 1H), 8.06 (d, 2H, J = 8.4 Hz), 7.50-7.43 (m, 4H), 7.35-7.30 (m, 2H), 7.10 (s, 2H), 2.46 (s,
3H), 1.71 (6H, s). °C NMR (100 MHz, CDCls): & 137.6, 137.1, 135.7, 134.5, 131.6, 129.7,
128.6, 128.2, 126.0, 126.0, 125.5, 125.1, 21.2, 20.0.
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S2: To a flame-dried 250 mL flask was added 9-(2,4,6-trimethylphenyl)-anthracene (S1) (3.20
g, 10.8 mmol, 1.0 equiv) and CCly (40 mL). To the resulting solution was added dropwise over
5 minutes Br, (612 pL, 11.9 mmol, 1.1 equiv). The reaction mixture was allowed to stir for 15
min at room temperature and quenched with saturated Na,SO; (30 mL). The biphasic mixture
was extracted with CH,Cl, (2 X 50 mL) and the combined organic layers were dried over
anhydrous MgSQy, filtered and concentrated in vacuo. The product S2 (3.24 g, 73% yield) was
obtained by recrystallization from CH,Cl,/MeOH as a dark green solid. 'H NMR (300 MHz,
CDCl): 6 8.63 (d, 2H, J = 9.0 Hz), 7.63-7.58 (m, 2H), 7.51 (d, 2H, J = 8.7 Hz), 7.40-7.35 (m,
2H), 7.11 (s, 2H), 2.47 (s, 3H), 1.71 (s, 6H). *C NMR (75 MHz, CDCls): & 137.4, 137.4, 136.6,
134.1, 130.5, 130.5, 128.3, 128.1, 127.0, 126.4, 125.9, 122.2, 21.2, 20.0.

S4: A 100 mL flame-dried round-bottom flask was charged with (R)-3,3'-diiodo-
5,5’,6,6’,7,7’,8,8'-octahydr0-2,2’-bis(ethoxymethyloxy)-1,1’-binaphthyl1 (818 mg, 1.24 mmol,
1.0 equiv), 9-(2,4,6-trimethylphenyl)10-anthracenylboronic acid (S3, 6.0 equiv, prepared by
metallation of the bromide precursor (7.41 mmol) using nBuLi (18.5 mmol, 2.5 equiv), THF 250
mL, B(O-1Pr); (22.2 mmol, 3.0 equiv) and used as crude material), Pd(OAc), (27.8 mg, 0.124
mmol, 0.1 equiv), SPhos (101.5 mg, 0.25 mmol, 0.2 equiv), K;PO,4 (1.31 g, 6.18 mmol, 2.5
equiv), and anhydrous toluene (25 mL). The resulting mixture was subjected to 3 freeze-pump-
thaw cycles and heated at 105 °C for 18 h. After this time, the reaction mixture was brought to
room temperature and poured over water (25 mL). The organic layer was separated and the
aqueous layer was extracted with CH,Cl, (2 X 50 mL). The organic extracts were combined and
dried over anhydrous MgSOQy, filtered, and concentrated in vacuo and the crude product was
purified by flash chromatography (5-40% CH,Cly/hexanes) to yield 950.5 mg of S4 in 77% yield
as faint yellow solid. 'H NMR (300 MHz, CDCls): & 8.10 (d, 2H, J = 8.7 Hz), 8.00-7.96 (m,
2H), 7.68-7.60 (m, 4H), 7.57-7.52 (m, 2H), 7.46-7.33 (m, 8H), 7.29 (s, 2H), 7.22 (s, 4H), 4.54-
4.50 (m, 4H), 2.99 (br, 6H), 2.62-2.45 (m, 12H), 2.01 (m, 8H), 1.90 (s, 6H), 1.87 (s, 6H), 0.70 (t,
6H, J = 7.2 Hz). °C NMR (75 MHz, CDCls): § 151.2, 137.6, 137.3, 137.1, 137.0, 135.6, 134.8,
133.9, 133.1, 131.6, 130.4, 130.4, 129.4, 129.3, 129.3, 128.2, 127.7, 127.5, 126.0, 125.8, 125.3,
125.1,96.5, 77.2, 63.8, 29.5, 27.9, 23.4, 23.0, 21.2, 20.1, 20.0, 14.5.

S5: Compound S4 (840 mg, 0.84 mmol) was suspended in dioxane (50 mL). To the mixture was
added conc. HCI1 (5 mL) and the mixture was heated to 70 °C for 2 h. The reaction mixture was
cooled to room temperature and concentrated in vacuo. The resulting semi-solid was dissolved
in CH,Cl, (70 mL) and washed with water (25 mL) and saturated NaHCO3 (25 mL) and dried
over anhydrous MgSOQ, filtered, and concentrated in vacuo. The residue was purified by
recrystallization from CH,Cly/hexanes to yield 789 mg (94% yield) of the desired product F as a
faint yellow solid. 'H NMR (400 MHz, CDCls): § 7.92 (d, 2H, J = 8.8 Hz), 7.80-7.78 (m, 2H),
7.53-7.46 (m, 6H), 7.40-7.36 (m, 2H), 7.32-7.27 (m, 4H), 7.21 (s, 2H), 7.13 (brs, 4H), 4.70 (s,
2H), 3.72 (s, 2H), 2.90 (m, 4H), 2.80-2.62 (m, 4H), 2.48 (s, 6H), 1.95-1.89 (m, 8H), 1.80 (s, 6H),
1.75 (s, 6H). >*C NMR (100 MHz, CDCls): & 149.3, 137.7, 137.6, 137.1, 136.4, 134.7, 133.2,
131.4, 130.6, 130.5, 129.9, 129.6, 128.3, 126.9, 126.4, 126.2, 125.7, 125.5, 125.5, 125.4, 122.5,
121.0, 67.1, 29.3, 27.5, 23.4, 23.1, 21.3, 20.1, 20.1. HRMS (ESI) calc. for [M+H]" (C¢cHs905)
883.4510, found 883.4493.
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3h: The following procedure is representative for all the dithioacid catalysts used in this study.
A flame dried flask was charged with diol S5 (650 mg, 0.74 mmol, 1.0 equiv), P,Ss (81.9 mg,
0.37 mmol, 0.5 equiv), and anhydrous m-xylene (10 mL). The flask was equipped with a
condenser and placed in an oil-bath preheated to 150 °C. The progress of the reaction was
monitored by disappearance of the phenolic protons ('H NMR). After 2 h, the reaction was
judged complete and allowed to cool to room temperature. The solution was decanted into a
flame-dried 100 mL flask and the solvent was evaporated in vacuo. The crude product was
dissolved in anhydrous CH,Cl, (5 mL) and treated with hexanes (50 mL). At this point, a fine
precipitate was observed. The solvent was then partially evaporated until about 2 to 3 mL
solvent was left. The precipitate was then collected by filtration and washed with ice-cold
hexanes. Following this procedure, the product 16 (617 mg) was obtained as a faint-yellow
powder in 85% yield.

OH

%

~

3 0 '"H NMR (300 MHz, CDCLy): § 7.98 (d, 2H, J = 6.9 Hz), 7.00
(d, 2H, J = 9.0 Hz), 3.86(s, 3H), 3.31-3.24 (m, 2H), 2.67 (t, 2H, J = 6.3 Hz).

OH

i

~

4 0 'H NMR (400 MHz, CDCls): § 7.38-7.35 (m, 2H), 6.96-6.83
(m, 2H), 5.27 (s, 1H), 5.04-5.03 (m, 1H), 2.83 (t, 2H, J = 8.0 Hz), 2.56-2.52 (m, 2H).

OH

i

N

5 0 'H NMR (400 MHz, CDCL): § 7.38-7.35 (m, 2H), 6.88-6.85
(m, 2H), 5.24 (s, 1H), 5.01 (s, 1H), 3.64 (t, 2H, J = 6.4 Hz), 2.59 (¢, 2H, J = 6.8 Hz), 1.75-1.68
(m, 2H), 1.88 (brs, 1H).

NH
Ts

7 ~o 'H NMR (400 MHz, CDCL): & 7.77-7.71 (m, 2H), 7.29-7.24

(m, 4H), 6.85-6.82 (m, 2H), 5.18 (s, 1H), 4.92 (s, 1H), 4.75 (t, 1H, J = 12.4 Hz), 3.81 (s, 3H),
2.97-2.92 (m, 2H), 2.49-2.45 (m, 2H), 2.42 (s, 3H), 1.63-1.56 (m, 2H). °C NMR (125 MHz,
CDCLy): § 159.1, 146.3, 143.3, 136.9, 132.8, 129.7, 127.1, 127.0, 113.7, 111.5, 55.3, 42.7, 32.2,
27.9,21.5.

1

7b  MeO 'H NMR (400 MHz, CDCLs): § 7.56 (d, 2H, J = 8.0 Hz), 7.31-7.27
(m, 2H), 7.27-7.21 (m, 2H), 6.83-6.79 (m, 2H), 3.81 (s, 3H), 3.71-3.55 (m, 2H), 2.41 (s, 3H),
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2.16-2.10 (m, 1H), 1.99-1.93 (m, 1H), 1.87 (s, 3H), 1.85-1.84 (m, 2H). Enantiopurity was
determined by HPLC analysis (Chiralpak AD column, 92:08 hexanes/ethanol, 1 mL/min) tg
18.78 min (major), 22.02 min (minor).

NHTs

8 'H NMR (400 MHz, CDCL): & 7.72 (d, 2H, J = 8.0 Hz), 7.32-
7.29 (m, 7H), 5.25 (s, 1H), 5.01 (s, 1H), 4.57 (¢, 1H, J = 8.0 Hz), 2.98-2.93 (m, 2H), 2.52-2.49
(m, 2H), 2.43 (s, 3H), 1.63-1.60 (m, 2H). °C NMR (125 MHz, CDCls): & 147.0, 143.3, 140.5,
136.9, 129.7, 128.4, 127.5, 127.0, 126.0, 113.1, 53.4, 42.7, 32.2, 27.9, 21.5.

Ts

N
9 ©>O '"H NMR (400 MHz, CDCls): 8 7.59 (d, 2H, J = 8.0 Hz), 7.42-7.39 (m, 2H),

7.32-7.25 (m, 5H), 3.74-3.69 (m, 1H), 3.59-3.53 (m, 1H), 2.42 (s, 3H), 2.18-1.95 (m, 2H), 1.90
(s, 3H), 1.87-1.78 (m, 2H). Enantiopurity was determined by HPLC analysis (Chiralpak AD
column, 95:05 hexanes/ethanol, 1 mL/min) tg 17.52 min (minor), 20.35 min (major).

10 NMR analysis of this and related compounds (3¢ and 3d) is
complicated by the presence of multiple conformers due to slow rotation around the 3,3'-biaryl
bonds and the unsymmetrical nature of the 1-naphthyl substituent. 'H NMR (400 MHz, CDCl;):
§ 8.12-7.33 (m, 24H). *'P NMR (162 MHz, CDCls): & 93.4, 93.2, 93.1.
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11 '"H NMR (400 MHz, CDCl3): & 8.47 (s, 2H), 8.04-7.97 (m, 6H),
7.68 (d, 2H, J = 8.8 Hz), 7.49-7.27 (m, 10H), 3.13-2.68 (m, 6H), 2.05-1.78 (m, 10H). *'P NMR
(162 MHz, CDCly): 8 90.9. HRMS (ESI) calc. for [M+H]" (C4sHss0,PS,) 741.2045, found
741.2057.

NHTs

13 'H NMR (400 MHz, CDCLs): § 7.55 (d, 2H, J = 8.0 Hz), 7.41-
7.25 (m, 7TH), 5.27 (s, 1H), 5.03 (s, 1H), 4.52 (¢, 1H, J = 6.8 Hz), 2.58-2.52 (m, 2H), 2.50 (s, 2H),
2.48 (s, 3H), 0.79 (s, 6H). °C NMR (125 MHz, CDCLy): § 154.4, 146.0, 143.3, 143.1, 136.8,
129.6, 128.5, 128.3, 127.4, 126.9, 126.4, 117.6, 55.9, 44.8, 35.2, 25.6, 21.5.

t-Bu

15 t-Bu 'H NMR (400 MHz, CDCl3): & 8.11 (d, 2H, J = 9.2
Hz), 7.76-7.72 (m, 4H), 7.68 (d, 2H, J = 8.0 Hz), 7.56 (s, 2H), 7.46 (s, 2H) 7.37 (t, 2H, J = 8.8
Hz), 7.29-7.14 (m, 10H), 3.15-2.96 (m, 6H), 2.78-2.68 (m, 2H), 2.15-1.73 (m, 8H), 1.41 (s,
18H), 1.38 (s, 18H). *'P NMR (162 MHz, CDCl3): & 91.5. HRMS (ESI) calc. for [M+H]"
(C76H7802P82) 11175175, found 1117.5185.
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16 'H NMR (300 MHz, CDCls): & 8.09 (d, 2H, J = 8.8 Hz),
7.77 (d, 2H, J = 8.8 Hz), 7.51-6.99 (m, 18H), 3.13-3.05 (m, 6H), 2.77-2.72 (m, 2H), 2.46 (s, 6H),
2.07-2.01 (m, 8H), 1.83 (s, 6H), 1.60 (s, 6H). *C NMR (100 MHz, CDCLs): & 137.3, 137.0,
136.7, 135.7, 134.9, 134.3, 131.0, 130.7, 129.9, 129.6, 129.1, 128.3, 128.1, 128.0, 126.8, 126.1,
126.0, 125.9, 125.6, 125.1, 125.0, 124.5, 29.4, 28.4, 22.8, 22.8, 21.3, 21.2, 20.1, 19.8. *'P NMR
(162 MHz, CDCl;): & 89.7. HRMS (ESI) calc. for [M+H]" (CesHssO,PS,) 977.3610, found
977.3617.

Substrates were prepared by the methods of Widenhoefer and coworkers® according to the
general scheme shown in Supporting Figure 2. Dienyl bromides were prepared by the method of
Ollis and coworkers’,

17¢: '"H NMR (300 MHz, CDCl3) § 7.76 (d, 2H, J = 7.2 Hz), 7.30 (d, 2H, J = 7.2 Hz), 6.09 (d,
1H, J = 15.2 Hz), 5.53 (dt, 1H, J = 15.2, 7.8 Hz), 5.03 (t, 1H, J = 6.8 Hz), 4.88 (s, 1H), 4.86 (s,
1H), 2.66 (d, 2H, J = 6.8 Hz), 2.00 (d, 2H, J = 7.8 Hz), 1.78 (s, 3H), 0.86 (s, 6H).

C NMR (75 MHz, CDCl3) & 162.7, 141.8, 135.9, 131.4, 129.2, 125.8, 115.0, 114.2, 55.6, 52.8,
42.7,34.6,25.0, 18.7.

17a: "H NMR (300 MHz, CDCl3) & 7.50 (s, 2H), 7.17 (s, 1H), 6.09 (d, 1H, J = 15.3 Hz), 5.55
(dt, 1H, J=15.3, 7.8 Hz), 5.22 (t, 1H, J = 6.8 Hz), 4.87 (s, 1H), 4.85 (s, 1H), 2.67 (d, 2H, J = 6.8
Hz), 2.36 (s, 3H), 2.01 (d, 2H, J = 7.8 Hz), 1.78 (s, 3H), 0.87 (s, 6H). °C NMR (75 MHz,
CDCly) § 142.1, 139.9, 139.3, 136.2, 134.5, 126.2, 124.8, 115.3, 53.1, 43.0, 35.0, 25.2, 21.5,
19.0. HRMS (ESI) calc. for [M+H]" (C1sH2sNO,S) 322.1835, found 322.1832.

17b: "H NMR (300 MHz, CDCl3) & 7.80 (d, 2H, J = 8.7 Hz), 7.46 (d, 2H, J = 8.7 Hz), 6.08 (d,
1H, J = 15.6 Hz), 5.51 (dt, 1H, J = 15.6, 7.8 Hz), 5.21 (t, 1H, J = 6.8 Hz), 4.87 (s, 1H), 4.85 (s,
1H), 2.66 (d, 2H, J = 6.8 Hz), 1.98 (d, 2H, J = 7.8 Hz), 1.76 (s, 3H), 0.85 (s, 6H). °C NMR (75
MHz, CDCls) & 142.0, 139.3, 138.7, 136.4, 129.7, 128.8, 125.8, 115.5, 53.1, 42.9, 35.0, 25.2,
18.9. HRMS (ESI) cale. for [M+H]" (C1sH»CINO,S) 328.1133, found 328.1136.
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17h: "H NMR (300 MHz, CDCl3) & 7.74 (d, 2H, J = 8.1 Hz), 7.27 (d, 2H, J = 8.1 Hz), 5.94 (d,
1H, J = 15.6 Hz), 5.59 (bs, 1H), 5.37 (dt, 1H, J = 15.6, 7.5 Hz), 5.09 (t, 1H, J = 6.9 Hz), 2.63 (d,
2H, J = 6.9 Hz), 2.40 (s, 3H), 2.12-1.98 (m, 4H), 1.94 (d, 2H, J = 7.5 Hz), 1.68-1.50 (m, 4H),
0.82 (s, 6H). °C NMR (75 MHz, CDCLy) & 143.1, 136.8, 136.5, 135.3, 129.5, 127.8, 127.0,
121.3, 52.7, 42.7, 34.5, 25.6, 24.9, 24.5, 22.5, 22.4, 21.4. HRMS (ESI) calc. for [M+H]"
(C20H30NO,S) 348.1992, found 348.1988.

17k: '"H NMR (300 MHz, CDCls) 6 7.73 (d, 2H, J = 8.4 Hz), 7.27 (d, 2H, J = 8.4 Hz), 5.98 (d,
1H, J = 15.3 Hz), 5.45-5.31 (m, 2H), 4.91 (t, 1H, J = 6.8 Hz), 2.64 (d, 2H, J = 6.8 Hz), 2.40 (s,
3H), 1.95 (d, 2H, J = 7.5 Hz), 1.68 (d, 3H, J = 6.9 Hz), 1.64 (s, 3H), 0.83 (s, 6H). °C NMR (75
MHz, CDCl3) & 143.1, 137.8, 136.8, 134.1, 129.6, 127.0, 125.3, 121.8, 52.7, 42.7, 34.5, 24.9,
21.4,13.6, 12.0. HRMS (ESI) calc. for [M+H]" (C1sH2sNO,S) 322.1835, found 322.1831.

17k-2: Isolated as about a 6:1 mixture of E and Z olefin isomers. '"H NMR (300 MHz, CDCls) &
7.75 (d, 2H, J = 8.1 Hz), 7.30 (d, 2H, J = 8.1 Hz), 6.03 (d, 1H, J = 15.9 Hz), 5.63-5.53 (m, 1H),
4.96-4.86 (m, 2H), 2.66 (d, 2H, J = 6.9 Hz), 2.42 (s, 3H), 2.16 (q, 2H, J= 7.5 Hz) 1.98 (d, 2H, J
= 7.5 Hz), 1.05 (t, 3H, J = 7.5 Hz), 0.89 (s, 6H). °C NMR (75 MHz, CDCl;) & 147.4, 143.2,
136.8, 135.2, 129.6, 127.0, 124.8, 112.9, 52.8, 42.8, 34.6, 24.9, 24.8, 21.5, 12.6.

17f: 'H NMR (300 MHz, CDCls) § 7.76 (d, 2H, J = 8.1 Hz), 7.31 (d, 2H, J = 8.1 Hz), 6.02 (d,
1H, J = 15.6 Hz), 5.62 (dt, 1H, J = 15.6, 7.8 Hz), 4.96 (T, 1H, J = 6.8 Hz), 4.90 (app s, 2H), 3.63
(t, 2H, J = 6.3 Hz), 2.67 (d, 2H, J = 6.8 Hz), 2.43 (s, 3H), 2.22 (t, 2H, J = 7.7 Hz), 2.00 (d, 2H, J
— 7.8 Hz), 1.67 (app quintet, 2H, J = 6.9 Hz), 0.90 (s, 9H), 0.87 (s, 6H), 0.06 (s, 6H). *C NMR
(75 MHz, CDCls) 8 145.9, 143.5, 137.2, 135.4, 130.0, 127.3, 125.5, 114.4, 63.0, 53.7, 53.2, 43.1,
35.0, 31.7, 28.6, 26.2, 25.2, 21.8, 18.6, -5.0. HRMS (ESI) calc. for [M-H]" (C,sH4NO;SSi)
464.2649, found 464.2650.

171: 'H NMR (300 MHz, CDCl3) & 7.74 (d, 2H, J = 8.1 Hz), 7.27 (d, 2H, J = 8.1 Hz), 6.09 (d,
1H, J = 15.6 Hz), 5.46 (dt, 1H, J = 15.6, 7.5 Hz), 5.06 (t, 1H, J = 6.7 Hz), 4.85 (s, 1H), 4.83 (s,
1H), 2.70 (d, 2H, J = 6.8 Hz), 2.39 (s, 3H), 2.09 (d, 2H, J = 7.5 Hz), 1.72 (s, 3H), 1.60-1.45 (m,
4H), 1.45-1.30 (m, 4H). >C NMR (75 MHz, CDCl3) & 145.5, 142.1, 137.0, 136.0, 130.0, 127.4,
126.7, 115.3, 50.5, 46.3, 40.8, 35.5, 25.1, 21.8, 18.9. HRMS (ESI) calc. for [M+H]
(C19H5NO,S) 334.1835, found 334.1834.

17m: 'H NMR (300 MHz, CDCl3) & 7.73 (d, 2H, J = 8.1 Hz), 7.27 (d, 2H, J = 8.1 Hz), 6.09 (d,
1H, J = 15.6 Hz), 5.47 (dt, 1H, J = 15.6, 7.8 Hz), 5.89-5.78 (m, 3H), 2.70 (d, 2H, J = 6.9 Hz),
2.40 (s, 3H), 2.05 (d, 2H, J = 7.8 Hz), 1.73 (s, 3H), 1.42-1.20 (m, 10H). '*C NMR (75 MHz,
CDCL) § 143.5, 142.1, 137.0, 136.1, 129.9, 127.4, 125.7, 115.4, 53.7, 49.5, 39.4, 37.1, 33.7,
26.3,21.8,21.6, 18.9. HRMS (ESI) calc. for [M+H]" (C2H3NO,S) 348.1992, found 348.1987.
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17¢-2: "H NMR (400 MHz, CDCl3) § 7.73 (d, 2H, J = 7.7 Hz), 7.29 (d, 2H, J = 7.7 Hz), 4.81 (m,
1H), 4.60 (t, 1H, J = 7.1 Hz), 2.71 (d, 2H, J = 7.1 Hz), 2.42 (s, 3H), 1.83 (d, 2H, J = 8.1 Hz),
1.61 (s, 3H), 1.60 (s, 3H), 0.86 (s, 6H). *C NMR (100 MHz, CDCl3) & 203.3, 143.3, 137.2,
129.7, 127.1, 94.2, 84.2, 52.5, 39.8, 34.5, 24.8, 21.5, 20.5. HRMS (ESI) calc. for [M+H]"
(C17H26NO,S) 308.1679, found 308.1685.

17d: '"H NMR (300 MHz, CDCls) § 8.13-8.07 (m, 1H), 7.88-7.82 (m, 1H), 7.76-7.71 (m, 2H),
531 (t, 1H, J = 6.9 Hz), 4.88-4.79 (m, 1H), 2.88 (d, 2H, J = 6.9 Hz), 1.88 (d, 2H, J = 7.8 Hz),
1.63 (s, 3H), 1.62 (s, 3H), 0.90 (s, 6H). '°C NMR (75 MHz, CDCls) § 203.4, 147.9, 133.5, 132.7,
131.0, 125.2, 94.2, 83.7, 52.9, 39.6, 34.6, 24.6, 20.4. HRMS (ESI) calc. for [M+H]'
(C16H23N,048) 339.1373, found 339.1377.

17e: '"H NMR (300 MHz, CDCl3) § 7.93-7.86 (m, 4H), 7.52-7.40 (m, 6H), 4.88-4.79 (m, 1H),
2.88 (br, 1H), 2.76 (t, 2H, J = 6.9 Hz), 1.88 (d, 2H, J = 8.1 Hz), 1.59 (s, 3H), 1.58 (s, 3H), 0.90
(s, 6H). C NMR (75 MHz, CDCl3) 8 203.1, 133.4, 132.1, 132.0, 131.7, 128.5, 128.3, 94.0, 84.3,
50.4, 39.9, 34.9, 34.8, 24.7, 20.4. HRMS (ESI) calc. for [M+H]" (C5,HxNOP) 354.1981, found
354.1988.

17g: 'H NMR (300 MHz, CDCl3) § 7.79 (d, 2H, J = 8.7 Hz), 6.96 (d, 2H, J = 8.7 Hz), 4.90-4.81
(m, 2H), 3.85 (s, 3H), 2.68 (d, 2H, J = 6.9 Hz), 2.04-1.98 (m, 4H), 1.84 (d, 2H, J = 8.1 Hz), 1.57-
1.43 (m, 6H), 0.86 (s, 6H).°C NMR (75 MHz, CDCLy) & 199.8, 162.6, 131.6, 129.0, 114.1,
101.3, 83.9, 55.5, 52.3, 40.1, 34.4, 31.4, 27.2, 25.9, 24.6. HRMS (ESI) calc. for [M+H]"
(C20H30NO3S) 364.1941, found 364.1950.

17i: "H NMR (300 MHz, CDCl3) & 7.81 (d, 2H, J = 8.4 Hz), 7.33 (d, 2H, J = 8.4 Hz), 7.07 (s,
1H), 4.87 (app septet, 1H, J = 3.0 Hz), 3.79 (s, 2H), 2.49 (s, 3H), 1.65 (s, 3H), 1.64 (s, 3H), 0.97
(s, 6H).C NMR (75 MHz, CDCls) & 200.0, 144.7, 133.7, 129.6, 128.6, 97.3, 96.5, 86.1, 35.8,
25.0,21.6, 20.6. HRMS (ESI) cale. for [M+H]" (C1sH24NO5S) 310.1471, found 310.1478.

18j: 'H NMR (300 MHz, CDCls) & 7.81 (d, 2H, J = 8.1 Hz), 7.33 (d, 2H, J = 8.1 Hz), 7.03 (s,
1H), 4.92-4.86 (m, 1H), 4.01 (t, 2H, J = 6.9 Hz), 2.4 (s, 3H), 2.25 (q, 2H, J = 6.9 Hz), 2.08-2.02
(m, 4H), 1.60-1.46 (m, 6H).>*C NMR (75 MHz, CDCl3) & 199.0, 144.7, 133.5, 129.6, 128.5,
103.0, 84.1, 31.5, 28.2, 27.3, 26.0, 21.6.

20a: 'H NMR (400 MHz, CDCls) § 7.14 (d, 1H, J = 8.8 Hz), 7.03 (d, 1H, J = 2.4 Hz), 6.84 (m,
2H), 4.96 (m, 1H), 3.85 (s, 3H), 3.70 (s, 3H), 3.66 (s, 3H), 3.4 (s, 2H), 2.65 (d, 2H, J = 7.6 Hz),
2.13 (m, 4H), 1.60 (m, 6H). *C NMR (100 MHz, CDCls) § 200.5, 171.6, 153.8, 132.0, 128.8,
111.7, 109.8, 107.8, 102.4, 100.9, 83.1, 58.8, 55.9, 52.3, 32.8, 32.7, 31.5, 27.4, 27.1, 26.0.
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21a: '"H NMR (400 MHz, CDCl3) & 7.66 (s, 1H), 7.25 (d,1H, J = 8.4 Hz), 7.11 (d, 1H, J = 8.4
Hz), 6.90 (s, 1H), 4.90 (m, 1H), 3.71 (s, 3H), 3.68 (s, 6H), 3.41 (s, 2H), 2.62 (d, 2H, J = 7.6 Hz),
2.15 (m, 4H), 1.60 (m, 6H). >C NMR (100 MHz, CDCl3) & 200.7, 171.3, 135.2, 130.1, 129.5,
124.2,121.6, 112.4, 110.7, 108.0, 102.5, 82.9, 58.5, 52.4, 32.9, 32.7, 31.6, 27.2, 27.1, 26.0.

19a: 'H NMR (400 MHz, CDCls) 8. 7.57 (d, 1H, J = 8.0 Hz), 7.27 (m, 1H), 7.19 (dt, 1H, J =7.2,
0.8 Hz), 7.09 (dt, 1H, J = 8.0, 0.8 Hz), 6.86 (s, 1H), 4.96 (m, 1H), 3.73 (s, 3H), 3.67 (s, 6H), 3.48
(s, 2H), 2.63 (d, 2H, J = 7.6 Hz), 1.73 (s, 3H), 1.73 (s, 3H). °C NMR (100 MHz, CDCl3) &
203.8, 171.5, 136.6, 128.6, 128.1, 121.4, 118.9, 118.8, 109.1, 108.4, 95.2, 83.4, 58.9, 52.2, 32.6,
32.6,27.6, 20.6.

18c: '"H NMR (300 MHz, CDCl3) & 7.65 (d, 2H, J = 8.4 Hz), 7.26 (d, 2H, J = 8.4 Hz), 5.00 (d,
1H, J = 8.5 Hz), 4.34 (app q, 1H, J = 8.5 Hz), 3.20 (d, 1H, J =9.9 Hz), 3.10 (d, 1H, J =9.9 Hz),
2.40 (s, 3H), 1.74 (dd, 1H, J = 12.6, 7.2 Hz), 1.66 (s, 3H), 1.61 (s, 3H), 1.40 (dd, 1H, J = 12.6,
8.5 Hz), 1.03 (s, 3H), 0.77 (s, 3H). C NMR (75 MHz, CDCls) § 143.1, 136.8, 133.1, 129.5,
127.7, 126.8, 61.2, 58.0, 48.1, 37.7, 26.7, 26.3, 26.0, 21.8, 18.2. HRMS (ESI) calc. for [M+H]"
(C17H26NO,S) 308.1679, found 308.1675. Enantiopurity was determined by HPLC analysis
(Chiralpak AD-H column, 98:2 hexanes/ethanol, 1 mL/min) tg 8.9 min (minor), 11.6 min
(major). Absolute configuration was assigned by comparison with a previous report, and the rest
of the products were assigned by analogy”.

18a: '"H NMR (300 MHz, CDCl3) § 7.38 (s, 2H), 7.15 (s, 1H), 5.01 (d, 1H, J = 9 Hz), 4.36 (dd,
1H,J=16.2,9 Hz),3.24 (d, 1H,J=9.9 Hz), 3.10 (d, 1H, J =9.9 Hz), 2.36 (s, 6H), 1.75 (dd, 1H,
J=12.3,7.2 Hz), 1.68 (s, 3H), 1.64 (s, 3H), 1.41 (dd, 1H, J=12.3, 9 Hz), 1.04 (s, 3H), 0.81 (s,
3H). NMR (75 MHz, CDCls) 6 139.1, 138.4, 133.8, 132.8, 126.4, 124.9, 60.8, 57.7, 47.8, 37.3,
26.4, 25.9, 25.6, 21.2, 17.9. HRMS (ESI) calc. for [M+H]" (C;sHxNO,S) 322.1835, found
322.1830. Enantiopurity was determined by HPLC analysis (Chiralpak AS-H column, 99.5:0.5
hexanes/ethanol, 1 mL/min) tg 11.5 min (minor), 14.5 min (major).

18b: 'H NMR (300 MHz, CDCls) 6 7.72 (dt, 2H, J = 8.7, 2.1 Hz), 7.45 (dt, 2H, J = 8.7, 2.1 Hz),
4.91 (doublet of septets, 1H, J=9.3, 1.2 Hz), 4.43 (ddd, 1H, J=9.3, 8.7, 7.5 Hz), 3.29 (dd, 1H,
J=9.9, 1.2 Hz), 3.09 (d, 1H, J =9.9 Hz), 1.80 (ddd, 1H, J=12.6, 7.5, 1.2 Hz), 1.68 (d, 3H, J =
1.2 Hz), 1.62 (d, 3H, J = 1.2 Hz), 1.42 (dd, 1H, J = 12.6, 8.7 Hz), 1.06 (s, 3H), 0.88 (s, 3H). "°C
NMR (75 MHz, CDCls) & 138.9, 138.8, 133.9, 129.1, 129.0, 126.2, 61.1, 58.1, 48.1, 37.8, 26.5,
26.3, 25.9, 18.2. Enantiopurity was determined by HPLC analysis (Chiralpak AS-H column, 99:1
hexanes/ethanol, 1 mL/min) tg 14.1 min (minor), 15.5 min (major).

18h: "H NMR (300 MHz, CDCl3) & 7.69 (d, 2H, J = 8.1 Hz), 7.28 (d, 2H, J = 8.1 Hz), 4.99 (d,
1H, J =9 Hz), 4.41 (dd, 1H, J = 16.2, 8.7 Hz), 3.24 (d, 1H, J = 9.9 Hz), 3.13 (d, 1H, J = 9.9 Hz),
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2.42 (s, 3H), 2.30-2.05 (m, 2H), 2.05-1.95 (m, 2H), 1.80-1.32 (m, 8H), 1.05 (s, 3H), 0.79 (s, 3H).
C NMR (75 MHz, CDCls) & 142.8, 140.6, 136.5, 129.2, 127.4, 123.2, 61.0, 56.9, 37.4, 36.8,
29.0, 28.1, 27.5, 26.7, 26.4, 26.0, 21.5. HRMS (ESI) calc. for [M+H]" (C20H3,NO,S) 348.1992,
found 348.1988. Enantiopurity was determined by HPLC analysis (Chiralpak AS-H column,
99:1 hexanes/ethanol, 1 mL/min) tg 13.4 min (minor), 14.9 min (major).

18k: Using 4d as starting material, 5d was isolated as a 4.7:1 mixture of olefin isomers favoring

the E isomer. Using 4e as starting material, the product was isolated as a 2:1 mixture of isomers
favoring the Z isomer. NMR data are reported for the 4.7:1 mixture. The E and Z isomers were
assigned on the basis of a 2D 'H-'"H NOESY experiment. 'H NMR (300 MHz, CDCls) & 7.67 (d,
2H, J = 8.4 Hz), 7.30-7.25 (m, 2H), 5.02-4.96 (m, 1H), 4.45-4.35 (m, 1H), 3.30-3.20 (m, 1H),
3.17-3.09 (m, 1H), 2.41 (s, 3H), 2.24-2.14 (m, 0.18H), 2.07-1.87 (m, 0.18H), 1.91 (q, 1.48H, J =
7.4 Hz), 1.76 (ddd, 0.82H, J = 12.6, 8.4, 1.2 Hz), 1.80-1.70 (m, 0.18H), 1.67 (d, 2.46H, J = 0.9
Hz), 1.62 (d, 0.54H, J = 1.2 Hz), 1.47-1.35 (m, 1H), 1.06 (s, 2.46H), 1.05 (s, 0.54H), 1.01 (t,
0.54H, J = 7.5 Hz), 0.91 (t, 2.46H, J = 7.4 Hz), 0.82 (s, 2.46H), 0.80 (s, 0.54H). >C NMR (75
MHz, CDCls) & 142.8, 137.9, 136.7, 129.2, 127.3, 124.8, 60.9, 57.6, 47.9, 37.4, 32.0, 26.4, 26.0,
21.5, 16.3, 12.0. HRMS (ESI) calc. for [M+H]" (C;gHsNO,S) 322.1835, found 322.1832.
Enantiopurity was determined by HPLC analysis (Chiralpak AD-H column, 99.5:0.5
hexanes/ethanol, 1 mL/min) tg 15.5 min (Z diastereomer, minor enantiomer), 17.0 min (E
diastereomer, minor enantiomer), 18.5 min (Z diastereomer, major enantiomer), 26.4 min (E
diastereomer, major enantiomer).

18f: Isolated as a 78:22 mixture of olefin isomers. 'H NMR (600 MHz, CDCl3) & 7.68-7.64 (m,
2H), 7.28-7.26 (m, 2H), 5.05-5.02 (m, 1H), 5.04 (m, 0.22H), 4.41-4.35 (m, 1H), 3.60 (t, 0.44H, J
= 6.3 Hz), 3.57 (t, 1.56H, J = 6.6 Hz), 3.25-3.20 (m, 1H), 3.14-3.10 (m, 1H), 2.41 (s, 3H), 2.32-
2.25 (m, 0.22H), 1.97-1.92 (m, 1.77H), 1.78-1.73 (m, 1.23H), 1.67 (d, 2.34H, J = 0.6 Hz), 1.63
(d, 0.66H, J = 0.6 Hz), 1.61-1.47 (m, 2H), 1.45-1.39 (m, 1H), 1.05 (s, 2.34H), 1.04 (s, 0.66H),
0.892 (s, 7.02H), 0.888 (s, 1.98H), 0.80 (s, 2.34H), 0.79 (s, 0.66H), 0.06 (s, 4.68H), 0.06 (s,
1.32H). C NMR (75 MHz, CDCl3) & 162.3, 142.8, 136.5, 136.1, 129.2, 127.4, 127.2, 62.9,
60.8, 57.3, 48.2, 37.4, 31.4, 28.3, 26.4, 25.9, 23.2, 21.5, 18.3, -5.3. HRMS (ESI) calc. for
[M+H]" (CosH44NO3SSi1) 466.2806, found 466.2805. Enantiopurity was determined by HPLC
analysis after deprotection of the alcohol with tetrabutylammonium fluoride (Regis Technologies
Whelk-O1 column, 97:3 hexanes/ethanol, 1 mL/min) tg 51.4 min (Z diastereomer, minor
enantiomer), 57.1 min (Z diastereomer, major enantiomer), 73.1 min (E diastereomer, minor
enantiomer), 83.3 min (E diastereomer, major enantiomer).

181: 'H NMR (300 MHz, CDCls) & 7.67 (d, 2H, J = 8.1 Hz), 7.28 (d, 2H, J = 8.1 Hz), 5.06 (d,
1H, J = 8.3 Hz), 4.30 (app q, 1H, J = 8.3 Hz), 3.26 (d, IH, J =9.9 Hz), 3.20 (d, 1H, J =9.9 Hz),
2.42 (s,3H), 1.84 (dd, 1H, J =12.3, 7.2 Hz), 1.68 (s, 3H), 1.64 (s, 3H), 1.63-1.45 (m, 7H), 1.25-
1.15 (m, 2H). ®C NMR (75 MHz, CDCl3) § 143.1, 136.6, 133.0, 129.5, 127.7, 126.9, 59.8, 58.3,
48.9, 46.4,37.2,36.7, 26.0, 24.9, 24.8, 21.8, 18.3. HRMS (ESI) calc. for [M+H]" (C19H,sNO,S)
334.1835, found 334.1832. Enantiopurity was determined by HPLC analysis (Chiralpak AS-H
column, 99:1 hexanes/ethanol, 1 mL/min) tg 20.7 min (minor), 28.1 min (major).
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18m: '"H NMR (300 MHz, CDCl;) § 7.67 (d, 2H, J = 8.4 Hz), 7.28 (d, 2H, J = 8.4 Hz), 5.06 (d,
1H, J = 8.5 Hz), 4.30 (app q, 1H, J = 8.5 Hz), 3.36 (d, 1H, J = 10.2 Hz), 3.10 (d, 1H, J=10.2
Hz), 2.42 (s, 3H), 1.83 (dd, 1H, J=12.63, 7.2 Hz), 1.67 (s, 3H), 1.64 (s, 3H), 1.48-1.22 (m, 9H),
1.10-1.00 (m, 2H). *C NMR (75 MHz, CDCl;) & 143.1, 136.4, 132.9, 129.5, 127.7, 126.9, 58.7,
57.3, 46.1, 41.4, 36.8, 34.7, 26.2, 26.0, 24.0, 23.2, 23.2, 21.8, 18.3. HRMS (ESI) calc. for
[MJrH]+ (C19H2sNO,S) 334.1992, found 334.1990. Enantiopurity was determined by HPLC
analysis (Chiralpak AS-H column, 99:1 hexanes/ethanol, 1 mL/min) tg 22.1 min (minor), 28.5
min (major).

18d: '"H NMR (300 MHz, CDCls) & 7.93-7.87 (m, 1H), 7.63-7.55 (m, 3H), 4.72-4.62 (m, 2H),
3.57 (dd, 1H, J =10.5, 0.6 Hz), 3.16 (d, 1H, J = 10.2 Hz), 1.89-1.82 (m, 1H), 1.64 (s, 3H), 1.48-
1.44 (m, 1H), 1.39 (s, 3H), 1.09 (s, 3H), 1.07 (s, 3H). *C NMR (75 MHz, CDCls) & 147.7, 135.4,
135.2, 132.8, 131.0, 130.8, 124.5, 123.7, 61.3, 57.8, 47.8, 44.4, 37.5, 25.5, 25.4, 17.7. HRMS
(ESI) calc. for [MJrH]+ (C16H23N204S) 339.1373, found 339.1376. Enantiopurity was determined
by HPLC analysis (Chiralpak TA column, 98:2 hexanes/isopropanol, 1 mL/min) tg 11.7 min
(major), 12.6 min (minor).

18e: '"H NMR (300 MHz, CDCls) & 7.95-7.81 (m, 4H), 7.44-7.31 (m, 6H), 5.08 (d, 1H, J=9.3
Hz), 4.39 (app quintet, 1H, J = 8.4 Hz), 3.05-2.88 (m, 2H), 3.16 (d, 1H, J = 10.2 Hz), 1.82 (dd,
1H, J=12.3, 7.5 Hz), 1.42 (dd, 1H, J = 12.6, 8.7 Hz), 1.36 (s, 3H), 1.17 (s, 3H), 1.04 (s, 3H),
0.92 (s, 3H). >C NMR (75 MHz, CDCl3) § 134.3, 133.6, 132.8, 132.6, 132.3, 131.9, 131.5,
131.1, 131.0, 128.3, 128.2, 127.9, 127.7, 60.1, 56.3, 48.6, 38.8, 26.1, 25.2, 16.7. HRMS (ESI)
calc. for [M+H]" (C2,H20NOP) 354.1981, found 354.1988. Enantiopurity was determined by
HPLC analysis (Chiralpak IA column, 98:2 hexanes/isopropanol, 1 mL/min) tg 34.5 min (major),
42.4 min (minor).

18g 'H NMR (300 MHz, CDCl3) & 7.79-7.71 (m, 2H), 7.00-6.92 (m, 2H), 5.00 (d, 9H), 4.39 (dd,
IH, J=16.2, 9 Hz), 3.87 (s, 3H), 3.23 (d, 1H, J = 9.9 Hz), 3.13 (d, 1H, J = 9.9 Hz), 2.30-1.96
(m, 4H), 1.80-1.33 (m, 8 H), 1.05 (s, 3H), 0.79 (s, 3H). *C NMR (75 MHz, CDCl3) & 162.5,
140.4, 131.3, 129.4, 123.3, 113.7, 61.0, 56.8, 55.5, 48.4, 37.3, 36.9, 29.0, 28.2, 27.5, 26.7, 26.4,
26.0. HRMS (ESI) calc. for [M+H]" (Cy0H3,NO3S) 364.1941, found 364.1934. Enantiopurity
was determined by HPLC analysis (Chiralpak AS-H column, 98:2 hexanes/ethanol, 1 mL/min) tg
25.0 min (minor), 30.1 min (major).

18i: 'H NMR (300 MHz, CDCl;) & 7.88 (d, 2H, J = 8.1 Hz), 7.37 (d, 2H, J = 8.1 Hz), 5.21 (d,
1H,J=9.6 Hz), 4.17 (d, 1H, J=9.6 Hz), 3.57 (d, 1H, J = 8.1 Hz), 3.42 (d, 1H, J = 8.1 Hz), 2.46
(s, 3H), 1.83 (s, 3H), 1.76 (s, 3H), 1.08 (s, 3H), 0.94 (s, 3H). °C NMR (75 MHz, CDCl3) &
144.8, 137.4, 132.3, 129.6, 129.4, 119.2, 80.3, 66.4, 47.7, 26.3, 21.7, 21.1, 18.3. HRMS (ESI)
calc. for [M+H]" (C1¢H24NO3S) 310.1471, found 310.1468. Enantiopurity was determined by
HPLC analysis (Chiralpak AS-H column, 99:1 hexanes/ethanol, 1 mL/min) tg 16.3 min (minor),
19.1 min (major).
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18j: "H NMR (300 MHz, CDCl3) & 7.85 (d, 2H, J = 8.1 Hz), 7.34 (d, 2H, J = 8.1 Hz), 5.13 (d,
1H, J = 8.7 Hz), 5.05-4.97 (m, 1H), 4.08-3.96 (m, 2H), 2.44 (s, 3H), 2.41-1.96 (m, 6H), 1.63-
1.55 (m, 6H). °C NMR (75 MHz, CDCl3) & 144.9, 144.0, 133.4, 129.7, 129.3, 120.4, 70.1, 56.7,
37.0, 36.7, 29.3, 28.4, 27.7, 26.7, 21.8. Enantiopurity was determined by HPLC analysis
(Chiralpak AS-H column, 98:2 hexanes/ethanol, 1 mL/min) tg 14.2 min (minor), 29.7 min
(major).

20b: 'H NMR (400 MHz, CDCl3) 6 7.11 (d, 1H, J = 8.8 Hz), 6.97 (d, 1H, J = 2.4 Hz), 6.83 (dd,
1H, J=28.8, 2.4 Hz), 5.06 (d, 1H,J=9.2 Hz), 4.11 (q, 1H, J = 8.8 Hz), 3.86 (s, 3H), 3.78 (s, 3H),
3.65 (s, 3H), 3.55 (s, 3H), 3.45 (d, 1H, J = 15.6 Hz), 3.23 (dd, 1H, J = 15.2, 1.6 Hz), 2.66 (ddd,
1H, J=13.6, 6.4, 1.6 Hz), 2.35 (m, 2H), 2.14 (m, 2H), 1.98 (dd, 1H, J = 13.6, 9.2 Hz), 1.61 (m,
6H). °C NMR (100 MHz, CDCls) & 172.2, 171.4, 153.7, 141.1, 136.9, 133.0, 126.7, 123.1,
110.8, 109.2, 105.8, 100.3, 56.0, 54.3, 52.7, 52.6, 37.0, 36.8, 30.3, 28.9, 28.5, 27.7, 27.6, 26.8.
Enantiopurity was determined by HPLC analysis (Chiralpak IA column, 98:2
hexanes/isopropanol, 1 mL/min) tg 19.7 min (minor), 27.2 min (major).

21b: "H NMR (400 MHz, CDCl3) & 7.61 (d, 1H, J = 2.0 Hz), 7.23 (dd, 1H, J = 8.8, 2.0 Hz), 7.08
(d, 1H, J=8.8 Hz), 5.04 (d, 1H, J=9.2 Hz), 4.11 (q, 1H, J = 9.6 Hz), 3.77 (s, 3H), 3.65 (s, 3H),
3.56 (s, 3H), 3.41 (d, 1H, J = 15.2 Hz), 3.19 (dd, 1H, J = 15.6, 2.0 Hz), 2.65 (dd, 1H, J =11.6,
4.8 Hz), 2.34 (m, 2H), 2.13 (m, 2H), 1.97 (dd, 1H, J = 13.6, 9.2 Hz), 1.61 (m, 6H). *C NMR
(100 MHz, CDCls) 6 172.0, 171.2, 141.7, 137.6, 136.3, 128.1, 123.7, 122.5, 120.6, 112.0, 110.0,
106.0, 54.1, 52.8, 52.7, 37.0, 36.8, 30.4, 30.3, 28.9, 28.4, 27.7, 27.4, 26.7. Enantiopurity was
determined by HPLC analysis (Chiralpak IA column, 98:2 hexanes/isopropanol, 1 mL/min) tg
11.4 min (minor), 21.5 min (major).

19b: '"H NMR (400 MHz, CDCls) & 7.54 (d, 1H, J = 7.6 Hz), 7.29 (d, 1H, J = 8.0 Hz), 7.22 (t,
1H,J=7.2 Hz), 7.13 (t, IH, J = 7.6 Hz), 5.16 (d, 1H, J=9.2 Hz), 4.11 (q, 1H, J = 8.8 Hz), 3.81
(s, 3H), 3.69 (s, 3H), 3.59 (s, 3H), 3.51 (d, 1H, J = 8.4 Hz), 3.30 (dd, 1H, J = 15.6, 2.0 Hz), 2.73
(ddd, 1H,J=13.6, 6.4, 1.6 Hz), 2.02 (dd, 1H, J = 13.2 Hz, 9.2 Hz), 1.88 (s, 3H, 1.81 (s, 3H). "°C
NMR (100 MHz, CDCls) 6172.3, 171.3, 137.7, 136.2, 133.3, 126.5, 126.4, 121.0, 118.8, 118.0,
108.6, 106.3, 54.2, 52.7, 52.6, 36.3, 31.2, 30.0, 27.5, 25.6, 17.8. Enantiopurity was determined
by HPLC analysis (Chiralpak AS-H column, 99:1 hexanes/isopropanol, 1 mL/min) tg 8.4 min
(major), 9.7 min (minor).
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NTs [M]": m/z = 892.26

N
= HNTs |— T
PhF, rt, 14 h —

[M-H] : m/z = 1198.41

Supporting Figure 3. Reaction analyzed by mass spectrometry.
Studies of reaction intermediate by TOF-MS

A one-dram screw cap vial was charged with catalyst S6 (0.01 mmol), substrate 1 (0.1 mmol),
and fluorobenzene (0.2 mL). The mixture was stirred for 14 h. 0.1 mL of the mixture was
diluted with 1 mL CH3CN, and this solution was analyzed by TOFMS™ (negative mode). A peak
fully consistent with the proposed intermediate was observed at 1198.43. The peak had an
isotopic distribution in excellent agreement with the theoretical pattern (Supporting Figure 4).
This species was then subjected to further ionization (TOFMSMS"), which revealed a fragment
corresponding to the regenerated catalyst as the sole negative ion with mass of 892.26
(Supporting Figure 5).
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VRT-157 in acetonitrile 16-Mar-2010
QT14349 (0.017) Is (1.00,0.10) CTTHEINO4PS3 TOF MS ES-
160+ 1198.41 3.58212

. : 1199.42
[Simulated |

120042
=
1201.42
120242
M-H] 120342 1304.42
o Dbl B . . R - ot
QT14349 11 (0.184) Cm (4:130) TOF MS ES-
1198.43 6.40e3
1004 i
116942
Measured| ‘ 120043
|
-
]
| 1201.43
1202.43
1203.44
1204.44
0 T T T T T T T T T T T T m/z
1194 1196 1198 1200 1202 1204 1206 1208 1210

Supporting Figure 4. Comparison of measured and theoretical isotopic mass distributions for
the observed intermediate.
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VRT-157 in acetonitrile 16-Mar-2010
QT14350 52 (0.874) Cm (4:69) TOF MSMS 1200.00ES-
100- 892 26 2.16e4

[M-HI

Residual precursor ion

\f

Ot - - L i T miz

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

Supporting Figure 5. MS/MS of the intermediate ion yields a fragmentation peak corresponding
to reformed catalyst.
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4b '"H NMR
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Sample ID: JW-02-178
Filename:
C:\EzStart\Projects\Default\Data\JWwu\JwW-02-178_0J995005IP 55min.met10-9-2009
2-59-06 PM.dat Method:
C:\EzZ8tart\Projects\Default\Method\TWu\OJ\JW-0J995005_55min pt5.met
Injection volume: 5 uL -

Description: {Data Description}

100

100 ; 2
] 1 r~
i f A
f i
il I
i = | o
| i1 | !
L | |
w| [
1 oy h 8 ok
0 e e e D
. i ;
0 10 20 30 40 s0
Miewtes
1: 210 nm, 4 nm Results
Retention Time Area Area Percent
34.661 6319455 49,919
47.600 6339932 50.081
Sample ID: Jw-02-181
Filename:

C:\EzStart\Projects\Default\Data\JWu\JW-02-181 OJSS5005IP 55min.metl0-9-2009

9-42-08 AM.dat Method:
C:\EzStart\Projects\Default\Method\JWu\0J\JW-OJ255005_45min_pt5.met
Injection volume: 5 uL

J | f.
50 | I % +50
3 i [
l J f
I i |
1 ; | 1 !
. i Il I
s i las 2
1N | t
; Li JE |
1 ,4."""."’5.,, B _:g‘k J_“L | I
0 ik ‘ 0
6 15 20 30 40
Minutes
3: 2320 nm, 4 nm Results
Retention Time - Area Area Percent
©'32.107 3320281 53.100
37.664 2932574 46,300
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JwW-02-175 AVQ-400 QNP Proton starting parameters. 7/16/03.
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JW-02-185ApL preg plate AVQ-400 QNP Carbon Starting paransters 7/16/03 revised T/22/03 BN

HAMT Jw=02-183a-pl-preppls
EAMO 1
FROCHD 1

1) fu
usER JWu
Date_ 20031013

Time 1.3
INSTRUN AVC—-600
FROEED 5 mm QNP 1H/13
FULFROG 2gpg 30

o £823¢
SOLVENT cneld

¥s 128

o] o

SwH 20038 461 Ex
FIDRES 0.166798 Mz
AQ 1.3632196 sac
et 16364

o 20.300 usec
CE €00 usec
e %37 K

ol 2.00000000 see
o011 0.03000008 sac
fes -] 1
wrazEuzs CHANNEL fl a=ssassa
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....... = CHARNBL £2 scs=ssss
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wocz2 b1
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FL12 15.00 a8
FL13 17.00 dB
PLIW §.S8516808 W
PLL2M 0.301084472 W
PLLIW 0.19045115 w
SFO2 400.1316000 NFx

T T T i T T T T T

T 7 T Ty T
190 10 170 160 150 140 130 120 110 100 "a a0 70 60 50 40 30 20 10

Sample ID: IW-02-204

Filename: ferie idiega
C:\EZStart\Projects\Default\Data\JWa\JW-02-204 AD9208P 25min.metl0-23-2009
3-04-54 PM.dat Method:
C:\EZStart\Projects\Default\Method\glh\AD\glh_AD9208IF 25min.met

Injection volume: 5 ul

100~ !E i ! 100
i oo #
50 [ Y.
1 i i r
] g B
0i————= - S— .L:‘fﬁ¥*{o
‘: = i '.—'——'—'
0 5 10 15 20 25
g 3 Mnutss
3: 238 nm, 4 nm Results
Retention Time Area Area Percent
18.667 4902617 50.000
21.504 4902618 50.000
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Sample ID: JW-02-185App
Filename:

09 11-55-11 PM.dat - Method:
C:\EzStart\Projects\Default\Method\glh\AD\glh AD9208IP 25min.met
Injection volume: 3 ulL

C:\Ezstart\Projects\Default\Data\JWu\JW-02-185App ADS208IP 25min.metl0-13-20

Description: {Data Description)

i L
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. ‘Ii f :
= il ] I
] I
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] 1
] | = v
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0 mr T re—Td& Tt
0 5 10 15 20 2
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1: 210 nm, 4 nm Results
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18.784 6620440 53.134
22.021 _ 5839511 46 .866
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Sample ID: JwW-02-199

Filename: .
C:\EZStart\Projects\Defaul;\Data\JWu\JW—02-199_ADBZOBIP 45min.met10-19-2009
5-15-06 PM.dat Method: -
C: \EZStart\Projects\Default \Method\glh\A.D\glh__ADQSOSIP_4 Smin.met
Injection volume: 5 uL

- :
1 !
f | ;
150 oy r 150
1 \ i F
i . t
100 . 100
b i r
g i S
g 0l !
50 i - 50
i 88 f
ot e Lo
b
1] 10 20 30 40
Mautes
3: 240 nm, 4 nm Results
Retention Time Area Area Percent
17.5820 4871277 49 _974
20.352 4876313 50.026
o4y ———— _}sm

1
]
] I
200 . 7200
i [
H L F 2
100 4 | 100
L :
i |
‘u__ﬁ“LA_ j E
LE Fo
. ———ai e
0 ‘ 30
1: 195 nm, 4
nm Results
Retention Time Area Area Percent Lambda Max
13.192 3606233 41.371 207

14.832 5110870 58.629 207
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AV-300 Dual C-E probe proton starting paraseters 7/23/03 RN.
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Dual C-H probe proton starting parameters 7/23/03 BN.
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Jual C-H probe proton starting parameters 7/23
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AV-300 Dual C-H probe proton starting parameters 7/23/03 RN.
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Dual C=H probe proton starting parameters 7/23
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Dual C-H probe proton starting parameters 7/23
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Copies of HPLC traces (racemic on top)

18a

Sample ID: VRT-1-152D-Rac

Filename:

-30min.met3-19-2010 4-15-43 PM.dat

Injection volume: 1 ul

C:\EzZStart\Projects\Default\Data\Vivek\Hydroamination\VRT-1-152D Rac-AS99505

C:\EZStart\Projects\Default \Method\Vivek\AS93505ET~-30min, met

Method:

Description: {Data Description}

75 | 75
50 i | 50 Q0,5
F| : g 2}
E | | N
25{ i. | 25 llll.\
] A Ejl I / 5a >
PR B R - NV TR o
e .
[ 10 20 30
Minutes
1l: 230 nm, 4 nm Results
Retention Time Area Area Percent
11.829 2417646 49.976
14.400 24199595 50.024
Sample ID: VRT-1-152D
Filename:

n.met3-19-2010 4-36-34 PM,.dat
2 uL

Injection volume:

C:\EZStart\Projects\Default\Data\Vivek\Hydroamination\VRT-1-152DAS99505-30mi
Method:

C:\EZStart\Projects\bDefault\Method\Vivek\AS99505ET-30min. met

Description: {Data Description}
400 - [ 400
] i |
% m_. !' Y Dzs
ﬁ a I >-u|l
0 - - __'_.l_ﬁa.l._ h] 5‘
0 10 20 ™
Mirutes
4: 220 nm, 4 nm Results
Retention Time Area Area Fercent
11.541 408348 4.370
14.512 8936979 95.630
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Sample ID: JW-03-107D

Filename:
C:\EZStart\ProjEcts\Default\Data\JWu\JW-OJ-10?D_A59901ET_40min.met3—15—201&
12-34-05 AM. dat Method:
C:\EZStart\Projects\Default\Method\Vivek\AS9901ET-40min. met
Injection volume: 5 ulL

Description: {Data Description}

HD; | ?zn
] 1 ! S
e-C\ i w0 | o . >—
| | N\
} : b

0 ‘ | - E@J e D ; °

a ___10 I “2-0- . ;U'_F 40
Minules

1: 210 nm, 4 nm Results

Retention Time Area Area Percent
13.B83 4387608 50.023
15.504 4982970 49.977
Sample ID: JW-03-107Dchiral
Filename:
C:\EZStart\Projects\Default\Data\JWwu\Jw-03-107Dchiral ASS9901ET_30min.met3-16
-2010 1-19-42 PM.dat Method:
C:\EzZStart\Projects\Default\Method\Vivek\AS9901Et-30min.met
Injection volume: 5 uL

Description: {Data Description)

1: 210 nm, 4 nm Results

Retention Time Area Area Percent
14.059 454706 2.420
15.552 18335038 97.580
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Sample ID: Jw-03-107B

Filename:
C:\EzStart\Projects\Default\Data\JWu\JW-03-1078_RSS901ET 40min.met3-15-2010
11-20-55 PM.dat Method:
C:\EZStart\Projecta‘\DefaultiMethod\Vivek\AS9901ET-40min. met
Injection volume: 5 ulL

Description: {Data Description)

P

30’ ' 1 F30

- -'r I
2- '; 20 ™

i % | : H \>__

10 ' l E10 2
0 !_-._ L PR A E\J'E I — I 0

i Miaacncns saseoaaser e

Minules

2: 254 nm, 4 nm Results

Retention Time Area Area Percent
19.035 948215 51.478
22.624 893783 48.522

chocle wf Je i

Sample ID: JW-03-107Bchiral

Filename:
C:\Ezstart\Projects\Default\Data\JWu\JW-03-107Bchiral AS9901ET 30min.met3-16
-2010 12-16-41 PM.dat Method:
C:\EzZstart\Projects\Default\Method\Vivek\AS9901ELt-30min.met
Injection volume: 5 uL

Description: {Data Description}

1] 10 20 30

1: 210 nm, 4 nm Results

Retention Time Area Area Percent
19.483 591399 2.547
22,757 22628378 97.453
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- 100
O;N

2D
0 5j .\>_

ﬁﬂﬁﬁonTﬂﬁ
Area Percent 1
!
1201 '
I
|'I il
g 50~ ! |i
I
&
0 I | P i\ A -
v a3
I_ - B
o 5 10 15 20 2
Minutea

3: 280 nm, 4 nm

Results
Pk 4 Retenticon Time Area Percent Lambda Max
1 11.868 48.997 200
2 12.648 51.003 201

C:\EZ3tart\Projects\Default\Data\glh\VRT-152G_IA995005Et_50min.met3-18-2010

10-51-12 PM.dat

300 tl" v = 00
Retantion Time
Ared Percent
; | ]
200 200 O,N
il
|
- 0:3

100

1: 255 nm, 4 nm
Results

a8

Pk £ Retention Time Arsz Percent Lambda Max
1 11.732 94,922 202
2 12,520 5.078 205
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18e

JW-03-107C
C:\BZstart\Projects\Default\Method\wataru\IC 100%D 1lml min 60min.met
3/17/2010 9:07:14 AM
C:\EZStart\Projects\Default\Data\Jeff\JW-03-107C_IA9802IF 45min3-16-2010

4-38-51 PM.dat
I — o T N T 1
|
! I
100 - 100
. § 3 o
£ 4 g i i “pPhy
50 - ! 50
| | |I1I o N
| \ —
ﬂl R — = E{ )
0 {7l A 6k )
= —rr— e ——— E— -
o 10 20 an 40
Minutas
1: 195 nm, 4
nm Results
Retention Time Area Area Percent Lambda Max
35.224 4058715 52,359 206
42.404 31692945 47,641 205

JW-032-107Cchiral
C:\BZstart\Projects\Default\Method\watarui\IC 100%D 1ml min 60min.met
3/17/2010 2:59:32 PM
C:\EZStart\Projects\Default\Data\Jeff\JW-02-107Cchiral .dat

200 - ) Taw

F g ] “PPh,

. ‘ N
3 00 b1 l1w 32 .
C - S

{ li! :II F;i :- sk

0 bt - o ___,_,___Tz,'l Al F\l_—% o
o 1 2 s s
Minutes

1: 195 nm, 4
nm Results

Retention Time BErea Area Percent Lambda Max
34.898 5426707 91.713 206
42,360 490326 B.287 205
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Sample ID: VRT-1-133C-Racemic

Filename:
C:\EZStart\Projects\Default\Data\Vivek\Hydroamination\VRT-1-133C-RacemicWHS7
03ET-90min.met3-20-2010 3-50-04 PM.dat Method:

C:\EZstart\Projects\Default\Method\Vivek\WH9703ET-90min.met
Injection volume: 1 ul

Description: {Data Description}

o
F
51.648
-
=

[ 1.1Y]
&
== B7T.611
o
@ %::zm
i
Z

-0 .-“M-_.M-Té_:kr(:-II'H"‘"['JI@-I‘.‘I'#“ ol

OTBS

10
e et et e
i 20 40 80 B 100
Minutes
1l: 230 nm, 4 nm Results
Retention Time Area Area Percent
51.648 475163 12,333
57.611 487115 12.644
73.504 14206189 36.874
83.488 1469762 38,1459
Sample ID: VRT-1-152F
Filename:
C:4\EZsStart\Projects\Default\Data'\Vivek\Hydroamination\VRT-1-152FWH9703ET-50m
in.met3-20-2010 5-26-36 PM.dat Method:
C:\EEZ8tart\Projects\Default\Method\Vivek\WHS703ET-90min. . met
Injection velume: 1 uL

Description: {Data Description)

i
50 - &0
| Ts
§ i =
S 254 | o 25 \
g | ROg 5f
5 o2
I_ } R | = __' A !_ —_— 1
0y T . FlL_ “
] 20 40 B0 BD 100
[
1: 230 nm, 4 nm Results
Retention Time Area Area Percent
51.429 35226 0.505
57.104 5525286 79.170
73.056 1279889 18.339
83.264 138582 1.586

oTBS
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Sample ID: VRT-1-154C-Racemic
Filename:

C:\EZStart\Projects\Default\Data\Vivek\Hydroamination\VRT-1-154C-RacemichAS98
02-40min.met3-1%-2010 1-35-31 PM.dat Method:

C:\EZStart\Projects\Default\Method\Vivek\AS9802-40min.met
Injecticn volume: 2 ul

Description: {Data Description]

o # 0 OMe
(I | ,@
| ! 0,S
t m;. |‘ 4290 N
} | i
2 ] —1}:lJ> A\
0+—+ — e e o 51
o w 2 w2
Mivwtes

1: 230 nm, 4 nm Results

Retention Time Area Area Percent
24 .875 20418087 50.126
30.736 20315717 45.874
Sample ID: VRT-1-154C
Filename:
C:\EzStart\Projects\DefaultData\Vivek\Hydroamination\VRT-1-154C-A59802-40mi
n.met3-1%-2010 2-17-34 PM.dat Method:
C:\EZstart\Projects\Default\Method\Vivek\AS9802-40min.met
Injection wvolume: 2 uL

Description: {Data Description}

500 t Lam OMe
A o8
| F)
E 250 - g | | 250 N
} ]
o=§=¢ D T - VIR 51
J‘ - 10 a ﬁ“—"’ m- N é
OM" Minules

1: 230 nm, 4 nm Results

Retention Time Area Area Percent
25.003 759114 1.467
30.112 50996378 98.533
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18h

Sample ID: VRT-1-139-7-rac

Filename:
C:\EZStart\Projecte\Default\Data\Vivek\Hydroamination\VRT-1-139-7-racAS9901E
t-30min.met2-15-2010 7-40-36 PM.dat Method:

C:\EzZstart\Projects\Default\Method\Vivek\AS9901Et-30min.met
Injection volume: 5 ul

Description: {Data Description}

150 ‘ 150 Ts
. " k N
Il Iil I il
100 ] | H 100 \
i 1 | |;. -E. E S
50 UL 50 Sc
‘ F % EI I \ I
o e 0
| e
0 10 20 0
Minutes
1: 230 nm, 4 nm Results
Retention Time Area Area Percent
17.584 7213123 55.650
19.691 5748433 44.350

Sample ID: VRT-1-139-7

Filename:
C:\EZStart\Projects\Default\Data'\Vivek\Hydroamination\VRT-1-139-7AS59901Et-30
min,met2-15-2010 B8-12-29%9 PM.dat Method:
C:\EZStart\Projects\Default\Method\Vivek\AS9901Et-30min. . met
Injection volume; 5 ulL

Description: {Data Description)

mfu

280 | I! Iaw i 5¢C
|

1: 230 nm, 4 nm Results

Retention Time Area Area Percent
17.184 T24444 2.884
18,997 24397158 97.116
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Sample ID: JW-03-108C
Filename:

10-23-08 PM.dat Method:

Injection volume: 5 ul

C:\EZStart\Projects\Default\Data\JWu\JW-03-108c_ASSS01ET 40min.met3-16-2010

C:\EZStart\Projects\Default\Method\Vivek\AS9901ET-40min.met

Description: {Data Description}

{
1 i
400 | h

f ﬁ T
-]
‘ E =N
E 200 - L E o0 F 0 -
E L i}——.
H e = +
ot—te el gl o sm
0 10 20 0 a0
hlnvules
1: 210 nm, 4 nm Results
Retention Time Area Area Percent
15.547 14518430 50.435
19,237 14268032 49,565
Sample ID: JW-03-108Cchiral

Filename:

Injection veolume: 5 ul

C:\EZStart\Projects\Default\Data\JWu\JW-03-108cChiral ASSSC1ET 40min.met3-16
-2010 11-36-11 PM.dat Method:
C:\EZ8tart\Projects\Default\Method\Vivek\AS9501ET-40min.met

Description: {Data Description)

1uw{ “ 1000
|| 15
i i g T \>_,
500 500
L |
L .
E o s5m
i .-I {
P S R Lo
o 10 20 ") 40
Mrules
1l: 210 nm, 4 nm Results
Retention Time Area Area Percent
1l6.315 2245590 4.827
19.104 443153893 95,173
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Sample ID: VRT-1-145B-Rac

Filename:
C:\EZStart\Projects\Default\Data\Vivek\Hydroamination\VRT-1-145B-RacAS9802-3
Omin.met2-25-2010 2-55-10 PM.dat Method:
C:\EZStart\Projects\Default\Method\Vivek\AS9802-30min.met
Injection volume: 5 uL

Description: {Data Description}

200 4 - 200

'ﬁ
i 1m‘ poo 2 Q7N
| N /™
| M AW
! | é L 5n
- e
0 10 o Eﬂ- _'_-':!J
Minates
4: 210 nm, 4 nm Results
Retention Time Area Area Percent
14.053 4325748 50.024
2B.469 4321597 49,976
| A |
200 | [ r 200
ﬁ
1 || | 1 I
w0 [ 1
z ] | o
100 | © | 00 &
: || 2 [ |
{ | 1
I| ) - ..
|I - .ull S, .,.-.Ix_ e - e = RN
0+ & -0
0 10 20 30
Mangtes
2; 220 nm, 4 nm Results
Retention Time Area Area Percent
14,325 Te0475 4.006
29,744 12222910 98,994
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Sample ID: 15-174A

Filename:
C:\EZStart\Projects\Default\Data\Nathan\ns15-174A-12-19-2009 1-19-37
PM-AD995005ET .met .dat Method:
C:\EZStart\Projects\Default\Method\Nathan\AD995005ET 45min.met
Injection volume: 4 ul

Description: {Data Description)

—

0 ..1_.,\I."l.._r L —

e B e e LA B e o e T e TR

0 10 2 2 %0

1: 230 nm, 4 nm Results

Retention Time Area Area Percent
14.821 443985 8.802
15.808 2067084 40,980
16 .885 494466 9.803
22.096 2038556 40.415
Sample ID: VRT-1-137E
Filename:
C:\EZStart\Projects\Default\Data\Vivek\Hydrocamination\VRT-1-137EVRT-1-136D.m
et2-11-2010 7-29-21 AM.dat Method:
C:\EZStart\Projects\Default\Method\Vivek\VRt-1-136D.met
Injection volume: 2 ulL

Description: {Data Description}

i fi i g?
401 il tm »
- | ; '7E4 Nangt
L 2::é E \ :m i Sd >~.
l eE" | | i
| 2 |
9 _
SIS AV {TRER
0 e T T e T T a a
Minutes

1: 230 nm, 4 nm Results

Retention Time Area Area Percent
15.57% 38375 0.781
17.077 107920 2.13%
18.437 BO3826 15.935%
26.421 4093302 81.145
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Sample ID: JW-03-108A
Filename :
C:\EZStart\Projects\Default\Data\JWu\JW-03-108A_AS9901ET_40min.met3-16-2010
7-57-01 PM.dat Method:
C:\EZStart\Projects\Default\Method\Vivek\AS9201ET-40min.met
Injection volume: 5 ulL

Description: {Data Description)

- el
{ o
o & N Lo
0 10 20 30 40
ey
1: 210 nm, 4 nm Results

Retention Time Area Area Percent
20.219 5234845 48.972
27.984 5454555 51.028

Sample ID: VRT-1-152B
Filename:
C:\EZStart\Projects\Default\Data'\Vivek\Hydroamination\VRT-1-152BAS9901ET-40m
in.met3-10-2010 10-10-04 PFM.dat Method:
C:\EZStart\Projects\Default\Method\Vivek\ASS901ET-40min.met
Injection volume: 5 ul
Description: {Data Description}
300 § T - + 300
200 200 vt
: | I Ve
mni E ||| raa 5g
| g 5 |

|
|
i

1
=5=0 e e -
© 0 w0 20 30 a0
r_\ hrutes

1l: 230 nm, 4 nm Results

Retenticn Time Area Area Percent
20.8677 314407 2.202
28.091 13964418 97.798
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Sample ID:
Filename:

9-10-05 PM.dat

Injection volume:

JW-03-108B

C:\EzZstart\Projects\Default\Data\JWu\JW-03-107B_AS9901ET_40min.

Method:

C:\EZStart\Projects\Default\Method\Vivek\AS9901ET-40min.met

5 ul

metl-16-2010

Description:

{Data Description}

. Ts
: et
100+ ! Fn \> _
z ; 5h
mf } | 5
§ & |
0 L — :'—J e ﬁ| ' 0
I
e . S }
0 10 20 30 40
Minutes
1: 210 nm, 4 nm Results
Retention Time Area Area Percent
21.392 5735548 50.661
28.197 5585924 49,339
Sample ID: VRT-1-152A
Filename:

Injection volume:

C:\EZstart\Projects\Default\Data\Vivek\Hydroamination\VRT-1-152AAS9901ET-40m
in.met3-10-2010 9$-28-10 PM.dat

C:\EzStart\Projects\Default\Method\Vivek\AS59901ET-40min.met

Method:

5 ul

Description: {Data Description}

300 | ) me
-; | | %
awi L 200 -
é i i i>—'
t g [0 "
] S { |
/L 0 ‘ A o |_J _ l-g.!.ii_ 0
T 'l""_'_'_l_'_"""1""'|-----|---'—y———:l
I 0 10 20 ] 40
=p Minutes
6: 240 nm, 4 nm Results
Retention Time Area Area Percent
ME 22.123 250463 1.455
28.528 16963043 98.545
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Sample ID:
Filename:

.met$-24-2010 10-40-58% AM.dat

Injection volume: 1 ul

VRT-2-109-Rac

C:\EZStart'\Projects\Default\Data\Vivek\Hydroamination\VRT-2-109-Rac-AS9901IP

Method:

C:\EZStart\Projects\Default\Method \AS\ASSS01IP.met

Description: {Data Description}

—

i [
® | S |7 Me0,C
o i eY92% _co,Me
50 | |?= I &0
g | -|: | M
25 H b L2s b — °
1 | || b N
; o | \ . Me Me
r il t
0 i T ;EJr - o s1
6 5 10 15 ﬁ
Mirrules
3: 277 nm, 4 nm Results
Retention Time Area Area Percent
8.368 1580236 50.323
2.771 1559987 49, 677
Sample ID: VRT-2-109
Filename:

9-24-2010 10-27-39 AM.dat

C:\EZStart\Projects\Default'\Data\Vivek\Hydroamination\VRT-2-10%-A59901IF.met

Method:

C:\EZStart\Projects\Default \Method\AS\AS9901IP.mek

Injection volume: 1 uL
|
75 i‘ 75
‘. MeO2G  co,Me
50 - | 50
3 |
E I
I — . e
25 [ 2 -25 M
wl P N
LA Me
o [ |I o Lo Me
s
0 5 10 15
Minutes
3: 277 nm, 4 nm Results
Retention Time Area Area Percent
8.368 1534517 90.0z22
89.701 170138 9.5978
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] o o
15 a 15 MeQ:Q co,Me
: | &
10 ! |i :I 10 MED \
1 | I
1 i |
g 1 | |‘ g N
5 | I 5 e
— E o s9
[ S B N Y Q
! e
e S S S ' I
o 20 40 &0
Miubes
3: 302 nm, 4
nm Results
Retention Time Area  Area Percent Lambda Max
19.2868 695041 49, 344 208
27.312 713517 50.656 230
oML
fi
75 i 78 W) l Co2tve
| [
5.0 LED
é | ‘. - E) Pl
% i E
25 = (1 25
- |¢%I| !
0.0 __.___.L'h-r'\ L R ——— I\—l-fﬂ“--l—_.__ |_.4_'I_ R \‘-\._ ? 00
o 10 20 30
Minutes
3: 30% nm, 4
nm Results
Retention Time Area Area Percent Lambda Max
19.664 24025 4 328 205
27.180 531135 85,672 205
21b
w | g ”
i || ~ L MEOzC
2 | |! . 2 CDzME
E 20 | I L2 = Br
1 | =
. M N
[} : S I :"I e -0 Me
L S e — $10
0 10 20 30 40
Mirndes
2: 300 nm, 4
nm Results
Retention Time Area Area Percent Lambda Max
12,448 1221545 49.602 234
21.204 1241156 50.398 234
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200 F 200
i -r| [
It
I
t
E 100 o i 100 2
E $ Ii | E
[ i ] g'\_ |
04— _;J\..._ - _!.l_ |—-N e ’ o Br
0 10 20 30 40
Minutes
4: 207 nm, 4
nm Results
Retention Time Area  Area Percent Lambda Max
11.448 573334 6.490 235
21.520 B260B98 93.510 235
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CHAPTER 3: NEW HALOGENATION REAGENTS DESIGNED FOR CHIRAL ANION
PHASE-TRANSFER CATALYSIS: HALOCYCLIZATION

Abstract

New electrophilic halogenation reagents have been designed specifically for use in chiral
anion phase-transfer catalysis. The key characteristics of these reagents include low solubility in
nonpolar organic solvents, the ability to undergo ion-exchange with chiral phosphates, and bench
stability. These ionic reagents include both brominating and iodinating reagents and were shown
to react with various alkenes to generate benzoxazines with high enantioselectivity. The amide
nucleophile tethered to the arene core is essential for interactions with the chiral ion pair which is
generated in-situ by the phase-transfer process. Very wide substrate scope was demonstrated
with a variety of alkene substitution patterns. An impressive demonstration of low catalyst
loading (0.1 mol%) is also presented, which is generally unseen in organocatalytic reactions.

N/Jr—C| N/+_Ar
/) BF: |==| /\_J BF;
Fr X"
A="Br*
B =" I+"

Rz A orB (1.3 equiv)
| NazPO, (4.0 equiv)
R, chiral phosphoric acid (0.1 equiv)

NH xyl/hex (1:1, 0.03M), rt,18 h

0”7 R4
R; = alkyl, aryl, heterocycle 22 examples with A, 60% - 99% yield
R, = alkyl or aryl 87% -99% ee

R, = alkyl, halogen, aryl . .
3 = alkyl, halogen, ary 3 examples with B, 74% - 82% yield

92% -99% ee
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Introduction

In addition to exploring catalyst modifications for enantioselective functionalization of
alkenes, this project focused on the development of new reagents for precedented catalytic
systems. We demonstrate that while the generation of new modes of reactivity can be achieved
by modifications to the catalyst (as shown in chapter 2), new reactions and methods can also be
developed by the design of new reagents. Due to the high presence of halogenated chiral motifs
in natural products, and importance as synthetic intermediates, we chose to investigate
halogenations.'” This work is largely based on the fluorination reactions developed in the Toste
group, which rely on the same chiral anion phase-transfer catalytic cycle. However, known
bromination and iodination reagents were not found to be amenable in the system — thus, the
design of new reagents was required. These transformations present a different challenge from
fluorination due to the increased reactivity and electrophilicity of bromination and iodination
reagents, which makes achieving enantioselectivity more difficult.

There are a few precedented examples of enantioselective electrophilic addition
reactions.” Among these types of transformations, metal-catalyzed variants have been
developed.* Meanwhile, organocatalytic methods generally rely on hydrogen-bonding activation
of the electrophilic reagent by chiral hydrogen-bonding catalysts: cinchona alkaloids, chiral
diaminocyclohexane derivatives, Cs;-symmetric imidazoline derivatives, peptides, and
phosphoric acids.”” The success of these methods is due to the increased reactivity of the reagent
when in the presence of the catalyst compared with the background racemic reaction which
occurs when the substrate and reagent react in the absence of the chiral catalyst. In order to
overcome this small difference in reactivity between catalyzed (chiral) and uncatalyzed (racemic)
reaction, long reaction times and low temperatures are often employed.

A look at the chiral anion phase-transfer catalytic system that has been developed shows that
there is the possibility for “plugging in” various electrophilic salts in place of Selectfluor to
achieve a wider range of transformations. Presumably, these reagents would have to have similar
characteristics as Selectfluor in terms of solubility and interactions with chiral phosphates.'
With this in mind, we began the design of new reagents using a DABCO scaffold in order to
mimic the reactivity and favorable properties of Selectfluor.

R
%@ (BF ), precedented: X = F (Selectfluor)

N
/ + H ” "
this work: "Br*, I*" source
insoluble
soluble Phos*
(chiral phase-transfer
NuH catalyst) PN
I,’ .'/ Nu
. E*Phos™ \ )\(R'
\\ , > N R . *
.. >~ _R
R nonpolar solvent X+

Scheme 1. Proposed expansion of chiral anion phase transfer catalysis from fluorination to
bromination and iodination (E” = electrophile, Phos*” = chiral phosphate anion).

Results and Discussion
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Beginning with DABCO as a simple modifiable scaffold, and precedented amine-
bromine complexes which have been used as brominating and oxidation reagents, we subjected
monoalkylated DABCO salts to bromine (Figure .M

(BF4)s

_AgBF4, Brp uN Br- N
N/h\NJr - MeCN
/ BF,

Figure 1. Preparation of reagent 1 and confirmation of structure by X-ray crystallography
(ellipsoids at 50% probability level, counterions and H’s omitted for clarity).

The bench stability was found to be slightly worse than Selectfluor, and the powder was kept in
vials in the -20 °C refrigerator for months. Similar to homogeneous reactions with Selectfluor,
reagent 1 was subjected to 3a and promoted cyclization in high yield and short reaction time.
Running the reaction with 3a in nonpolar solvents such as hexane, toluene, and methylene
chloride in the absence of phase-transfer catalyst demonstrated that the insolubility of 1
prevented any background (racemic) reaction. When run in the presence of chiral phase-transfer
catalyst 2a, however, we observed formation of desired product. With these results in hand, we
were ready to optimize the reagent and catalyst.

Lipophilicity and electrophilicity were tuned with various changes to the alkyl substituents on
the DABCO framework. We postulated that electron-withdrawing substituents could inductively
increase electrophilicity of the reagent. Further, highly lipophilic reagent 1d was found to
improve enantioselectivity probably due to increased solubility in the presence of phase-transfer
catalyst (Table 1, entries 1-4). Changes to the solvent choice showed that more hydrophobic
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solvents were beneficial for enantioselectivity (entries 5, 6).

1a-1d (1.3 equiv)

2a-2¢ (10 mol%) Br
j\H base (4.0 equiv) /)O\
0% >Ph solvent (0.05M) N~ "Ph
3a 4a
entry reagent catalyst solvent base time conv.? ee?
1 1a 2a toluene Na,CO; 1d 82% 59%
2 1b 2a toluene Na,CO; 1d 67% 70%
3 1c 2a toluene Na,CO; 1d 30% 20%
4 1d 2a toluene Na,CO; 1d 67% 83%
5 1d 2a p-xylene Na,CO3 16h 62% 86%
6 1d 2a p-xyl/hex (1:1) Na,CO3z 16h 90% 89%
7 1d 2a hexanes Na,CO; 16h 21% 60%
8 1d 2b p-xyl/hex (1:1) Na,CO3; 17 h 90% 89%
9 1d 2c p-xyl/hex (1:1) Na,CO3; 17 h 90% 91%
10 1d 2c p-xyl/hex (1:1) Na,CO3° 17h  100% 90%
11 1d 2c p-xyl/hex (1:1) NasPO,° 17h  100% 92%
12 1d9 2c° p-xyllhex (1:1) NasPO,° 4h  100%9 94%

@Determined by 1H NMR of crude product after workup. bDetermined by chiral HPLC.
°Finely ground and dried. “Reprecipitated from MeNO,. €5 mol%. 0.025 M. 982% isolated

yield.
Reagent: Catalyst: R R
SN, - Cl \
/—+ I\Jj—Br—ltl/_\r\JfJ R
o B — _/
3(BFy)
1a
P Y s WY o ‘
N N-B-NT N R .
Ar N/ / R
3(BF4)
2a:R=C , R'=H
:b: ﬁ\r = g,SF-(CFs)zCeHs 2b (TRIP)):/ R=iPr, R = H
c: Ar=CgFs . by e
1d: Ar = CgMes 2¢: R=iPr, R' = Si(iPr);

Table 1. Optimization of bromocyclization conditions.

Commonly used phosphoric acid catalyst TRIP (2b) provided high enantioselectivities, while
the inclusion of 6,6’-TIPS substituents (2c, TIPS-TRIP) provided improvements (entries 8, 9)
due either to increased solubility in nonpolar solvent, or a slightly different angle between the
naphthyl substituents.

After optimization of reaction conditions, we proceeded to investigate the substrate scope
by first varying substitutions on the alpha- positions of the styrene. In terms of functional group
tolerance, substrates containing silyl ether or alcohol did not undergo side reactions or lack
reactivity. In addition, pyridine rather than phenyl derivatives could be subjected to reaction
conditions, providing product in high yield and enantioselectivity. Heterocyclic substituents were
also well-tolerated, although more polar solvent mesitylene was used in these cases after noticing
that results improved when changing the solvent from benzene to toluene to xylene.
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Pd(OAc),, SPhos,

0 | c K3POy, toluene, R
@6\ LDA, PPhy(CH,CI)Br BzCl, Et;N, DCM | R-B(OH), |
_ >
THF . .
NH, NH,  83% 2steps NHBz 55% NHBz

Figure 2. Synthesis of trisubstituted alkenes via vinyl chloride and subsequent Suzuki reaction.

We next explored substrates bearing substitution at both o and B positions of the styrenyl
system. The vinyl chloride formed via a Wittig reaction provided a versatile compound for
diversification at the alkene and at the amine. This route was used for compounds 4g — 4i.
Despite forming more than one stereocenter, only one diastereomer was observed in all of these
cases. A wide variety of steric and electronic changes were well-tolerated. Thus, although only
one type of nucleophile was employed, resulting in only one type of heterocycle, the ability to
change every other moiety on the substrate demonstrates a wide tolerance in this reaction
regarding with respect to functional groups, steric bulk, and electronic changes.
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Br—, Br—, Br—. Ph
C(ao\ 4a O 4b 0 4d
N” “Ph N” “Ph N” >Ph
82% yield 93% yield 94% yield 62% yield 85% yield
94% ee 96% ee 99% ee 90% ee 99% ee
Cl Ph
Br Br Br
)0\49 j)\4h )0\44
-
N” >Ph N7 “Ph N”>Ph
66% yield 94% yield 88% yi % yi
yield 93% yield
89% ee 97% ee gs:A, ee 97?’/0 ee
Br ‘ ‘ Br S 4m
o 4 Br o % Br 4 o
(o)
2 ® ) ()
N”>Ph NP ph N/)\Ph e
84‘%; yield 71% yield 78% yield 83% yield
97% ee 98% ee 98% ee 97% ee
/Br Br —, Br = Br—.
% O OMe 0 ~o
Ny o 40 P NG 49 .4
l = /)\ N N
N~ ~Ph R
88% yield 67% yield 60% yield R = OMe: 90% yield, 91% ee 72% yield
9 91% ee 87% ee = Cl 979 vi 0 87% ee
97% ee R = Cl: 97% yield, 92% ee
Br— Br B
o g — r—,
Br— ) 4 0 4u -/ av -/ 4w
0 P O Ph o}
N P
N7 : s N \ " N | A
Y N o _N
s/
94% yield 74% yield 66% yield 82% yield
91% ee 87% ee 92% ee 94% ee

Table 2. Substrate scope of bromocyclization with new reagent 1d. Conditions: 1d (1.3
equiv), TIPS-TRIP (5 mol%), Nas;PO4 (4.0 equiv), p-xylene/hexanes (1:1, 0.025 M), 4 h.
Enantioselectivities determined by chiral HPLC. #1.5 equiv 1d in mesitylene/hexanes (1:1).

The generation of iodination reagents was achieved following a protocol similar to that
employed in the synthesis of bromination reagent 1. After the synthesis of 5d we investigated
various substrates representing a wide range of structures. Without modification of the reaction
conditions, we were able to attain iodocyclization products in similar yields and
enantioselectivities as the bromocyclization reaction (Scheme 2). This analogous study further
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demonstrates the ability to design new reagents in a straight-forward manner for use in the chiral
anion phase-transfer system.

5d (1.3 equiv)

NHBz 2c¢ (0.05 equiv)
Naz;PO, (4.0 equiv) o
3b hexanes/p-xylene (1:1, 0.025 M) 6b 74% yield
16 h, rt 94% ee
L\ - s\ BFa)s ! 6]
N—I—N N (0]
N7 "/ /)\
5d N Ph
82% yield 79% yield
99% ee 92% ee

Scheme 2. Analogous enantioselective electrophilic iodination.

New reagents were designed and synthesized for phase-transfer halocyclization reactions. High
enantioselectivities and yields were demonstrated for a variety of compounds including
heterocyclic and spirocyclic substrates, and a variety of substitution patterns on the alkene. These
reactions were run under air and without the exclusion of moisture, and offers an efficient
organocatalytic method for the formation of benzoxazines. The use of a new iodination reagent
further highlights the ability to change the reagent in the phase-transfer system without loss of
enantioselectivity and yield. Future work in this area may include the design of new electrophilic
reagents for non-halogenation reactions, possibly achievable for trifluoromethylation.

133



References

1.

.°\

10.

11.

Halogenation in natural products: A) Wagner C., El Omari M., Kénig G. M. J. Nat. Prod.
2009, 72, 540-553. B) Vaillancourt F. H., Yeh E., Vosburg D. A., Garneau-Tsodikova S.,
Walsh C. T. Chem. Rev. 2006, 106, 3364-3378. C) Gribble G. W. J. Nat. Prod., 1992, 55,
1353-1395. For recent advances in bromocyclization in natural product synthesis, see: D)
Werness J. B., Tang W. Org. Lett. 2011, 13, 3664-3666. E) Snyder S. A., Treitler D. S.
Angew. Chem. Int. Ed. 2009, 48, 7899-7903.

Cross coupling of alkyl halides: A) Rudolph A., Lautens M. Angew. Chem. Int. Ed. 2009,
48, 2656-2670. B) Phapale V. B. and Cardenas D. J. Chem. Soc. Rev. 2009, 38, 1598-1607.
C). Nicolaou K. C., Bulger P. G., Sarlah D. Angew. Chem. Int. Ed. 2005, 44, 4442-4489.
Selected reviews on enantioselective halogenation: A) Hennecke U. Chem. Asian J. 2012,
7, 456-465. B) Tan C. K., Zhou L., Yeung Y.-Y. Synlett. 2011, 1335-1339. C) Castellanos
A., Fletcher S. P. Chem. Eur. J. 2011, 17, 5766-5776. D) Ma S., Chen G. Angew. Chem.
Int. Ed. 2010, 49, 8306-8308. E) France S., Weatherwax A., Lectka T. Eur. J. Org. Chem.
2005, 475-479.

A) Kang S. H., Lee S. B., Park C. M. J. Am. Chem. Soc. 2003, 125, 15748-15749. B)
Sakurada 1., Yamasaki S., Gottlich R., Iida T., Kanai M., Shibasaki M. J. Am. Chem. Soc.
2000, 122, 1245-1246. C) El-Qisairi A., Hamed O., Henry P. M. J. Org. Chem. 1998, 63,
2790-2791. D) Inoue T., Kitagawa O., Kurumizawa S., Ochiai O., Taguchi T. Tetrahedron
Lett. 1995, 36, 1479-1482.

A) Chen Z-M., Zhang Q-W., Zhang Z-H., Li H., Tu Y-Q., Zhang F-M., Tan J-M. J. Am.
Chem. Soc. 2011, 133, 8818-8821. B) Nicolaou K. C., Simmons N. L., Ying Y., Heretsch P.
M., Chen J. S. J. Am. Chem. Soc. 2011, 133, 8134-8317. C) Lozano O., Blessley G., del
Campo T. M., Thompson A. L., Giuffredi G. T., Bettati M., Walker M., Borman R.,
Gouverneur V. Angew. Chem. Int. Ed. 2011, 50, 8105-8109. D) Jaganathan A., Garzan A.,
Whitehead D. C., Staples R. J., Borhan B. Angew. Chem. Int. Ed. 2011, 50, 2593-2596. E)
Zhou L., Tan C. K., Jiang X., Chen F., Yeung Y. Y. J. Am. Chem. Soc. 2010, 132, 15474-
15476. F) Zhang W., Zheng S., Liu N., Werness J. B., Guzei 1. A., Tang W. J. Am. Chem.
Soc. 2010, 132, 3664-3665. G) Ishimaru T., Shibata N., Horikaw T., Yasuda N., Nakamura
S., Toru T., Shiro M. Angew. Chem. Int. Ed. 2008, 42, 3291-3294. H) Julia S., Ginebreda A.
Tetrahedron Lett. 1979, 20, 2171-2174.

Veitch G. E., Jacobsen E. N. Angew. Chem. Int. Ed. 2010, 49, 7332-7335.

Murai K., Matsushita T., Nakamura A., Fukushima S., Shimura M., Fujioka H. Angew.
Chem. Int. Ed. 2010, 49, 9174-9177.

Gustafson J. L., Lim D., Miller S. J. Science, 2010, 328, 1251-1255.

A) Huang D., Wang H., Xue F., Guan H., Li L., Peng X., ShiY. Org. Lett., 2011, 13, 6350-
6353. B) Hennecke U., Miiller C. H., Frohlich R. Org. Lett. 2011, 13, 860-863. Use of a
Lewis basic co-catalyst: C) Denmark S. E., Burke M. T. Org. Lett., 2012, 14, 256-259.
Earlier study of Lewis base catalysis: D) Denmark S. A., Burke M. T. Proc. Natl. Acad. Sci.
USA, 2010, 107, 20655-20660.

A) Rauniyar V., Lackner A. D., Hamilton G. L., Toste F. D. Science, 2011, 334, 1681-1684.
B) Phipps R. J., Hiramatsu K., Toste F. D. J. Am. Chem. Soc. 2012, 134, 8376-8379.

Early structural studies: A) Blair L. K., Parris K. D., Hii P. S., Brock C. P. J. Am. Chem.
Soc. 1983, 105, 3649-3653. B) Bowmaker G. A., Hannan S. F. Aust. J. Chem. 1972, 25,
1151-1158. C) Eia G., Hassel O. Acta Chem. Scand. 1956, 10, 139-141. Synthetic

134



applications: D) Rousseau G., Robin S., Tetrahedron Lett. 1997, 38, 2467-2470. E) J. Org.
Chem. 1992, 57, 1600-1603.

135



Supporting Information

Synthesis of bromination reagents la-d and iodination reagent 5d. Reagents la-d were
prepared according to the following scheme.

rR

N

R R [
N
[[ ] RCH,CI, Et,0 N: cr _ NaBFs(xs) _ + BF, Br2 AgBFs _ N+ ]
N reflux [[ ] “MecN [ ] T MecN E:llr: 3(BF4)
N [ D 1a-d
S6a-d )N+

R

S6d: A solution of 2,3,4,5,6-pentamethylbenzyl chloride (8.61 g, 43.8 mmol, 1.00 equiv) and
1,4-diazabicyclo[2.2.2]octane (4.91 g, 43.8 mmol, 1.00 equiv) in diethyl ether (200 mL) was
heated under reflux for 18 h. The resultant white solid was isolated by filtration and washed
repeatedly with diethyl ether, air-dried overnight, and used directly in the next step.

The crude product from above and sodium tetrafluoroborate (24.0 g, 219 mmol, 4.99 equiv) were
suspended in acetonitrile (300 mL) in an Erlenmeyer flask and sonicated for 2 h with occasional
swirling. The reaction mixture was filtered and washed with acetonitrile, and the filtrate was
evaporated to dryness. The crude product was purified by recrystallization (EtOH/MeCN) to
give the title product (11.6 g, 32.2 mmol, 74%) as a white solid.

"H NMR (300 MHz, CD3;NO,, 'H res. & 4.33) & 4.79 (s, 2H), 3.39-3.30 (m, 6H), 3.19-3.09 (m,
6H), 2.38 (s, 6H), 2.31 (s, 3H), 2.26 (s, 6H). C NMR (75 MHz, CD;NO,, & 60.5) & 126.8,
135.0, 133.5, 120.2, 62.6, 51.2, 44.2, 43.5, 17.4, 15.0. "’F NMR (376 MHz, CDsNO,) & -151.9, -
152.0. Anal. calcd. for Ci9Hy9BF4N»: C, 60.01; H, 8.11; N, 7.78, found: C, 60.19; H, 7.79; N,
7.80.

1d: As a precaution, the following procedure was performed with fume hood lights turned off.
To an open-flask, stirred solution of S6d (1.00 g, 2.78 mmol, 1.00 equiv) and silver
tetrafluoroborate (298 mg, 1.53 mmol, 0.55 equiv) in acetonitrile (100 mL) was added bromine
(275 mg, 1.72 mmol, 0.62 equiv) in acetonitrile (10 mL) via Pasteur pipette over 3 min. The
flask was capped, and the reaction mixture was stirred for 5 min after addition was completed,
and then vacuum-filtered through a fritted funnel (fine porosity), which was rinsed with
additional acetonitrile (50 mL). To the homogeneous filtrate was added dichloromethane (100
mL) and hexanes (200 mL). The resultant suspension was sonicated for 5 min and vacuum-
filtered. The precipitate was washed with hexanes and dried by suction for a few minutes to give
a very slightly yellow cake of solid. This material may be used directly for bromocyclization
without adversely affecting yield or enantioselectivity, although longer reaction times were
required. To further purify the reagent, the cake was broken up with a spatula and nitromethane
(25 mL) was added to the filter funnel to redissolve the solid. The resultant slightly cloudy
solution was vacuum-filtered, and the residue was rinsed with additional nitromethane (25 mL).
To the colorless homogeneous filtrate was added dichloromethane (75 mL) and hexanes (100
mL). The resultant suspension was sonicated for 5 min and vacuum-filtered. The precipitate
was washed with dichloromethane and then washed thoroughly with hexanes and dried under
high vacuum to afford the title product as a colorless and odorless fluffy solid (910 mg, 1.03

136



mmol, 74%). Crystals suitable for X-ray diffraction were obtained by cooling a saturated
solution in nitromethane to -20 °C overnight. Note: Reagent 1d can be stored at -20 °C for at
least a month in a tightly sealed vial. However, solutions of 1d in acetonitrile or nitromethane
start to degrade after several hours at room temperature.

'"H NMR (600 MHz, CD3NO,, 'H res. & 4.33) § 4.95 (s, 2H), 3.86 - 3.56 (m, 12H), 2.36 (s, 6H),
2.31 (s, 3H), 2.25 (s, 6H). ">C NMR (151 MHz, CD;NO,, § 60.5) § 137.7, 135.1, 134.0, 119.2,
63.5,51.6,49.6,17.2,15.2, 15.0. "°F NMR (376 MHz, CDsNO,) § -151.7, -151.8.

Bromination reagents 1a — 1¢ were prepared analogously.

1a: "H NMR (600 MHz, CD;NO», 'H res. § 4.33) 8 5.22 (s, 2H), 4.10 - 3.75 (m, 12H).

1b: "H NMR (600 MHz, CD;NO, 'H res. & 4.33) 8 8.23 (s, 4H), 8.16 (s, 2H), & 4.85 (s, 2H),
3.95 - 3.70 (m, 12H).

1c: '"H NMR (300 MHz, CD;NO», 'H res. 5 4.33) 5 4.80 (s, 2H), 4.05 - 3.70 (m, 12H).

Iodination reagent 5d was prepared in analogy to bromination reagent 5d, starting from S6d
(1.00 g, 2.78 mmol, 1.00 equiv), silver tetrafluoroborate (296 mg, 1.53 mmol, 0.55 equiv), and
iodine (424 mg, 1.67 mmol, 0.60 mmol). The reaction mixture was stirred for 15 min, instead of
5 min for the preparation of 1d. After an identical workup procedure, 5d was obtained as a very
slightly yellow solid (980 mg, 1.05 mmol, 75%), pure enough for use in the iodocyclization
reactions. Analytically pure product could be obtained as colorless crystals by cooling a
saturated solution of 5d in nitromethane to -20 °C overnight. Use of the crude product was not
detrimental to yield or enantioselectivity of the iodocylization reactions.

'H NMR (500 MHz, CD3sNO,, 'H res. 5 4.33) § 4.93 (s, 2H), 3.89 - 3.55 (m, 12H), 2.35 (s, 6H),
2.31 (s, 3H), 2.25 (s, 6H). *C NMR (126 MHz, CD3;NO,, & 60.5) § 137.6, 135.1, 133.9, 119.1,
63.8,51.7,51.0,17.2, 15.2, 15.0.

General procedure for halocyclizations. Prior to use in halocyclization reactions, sodium
phosphate was stirred overnight at 60 °C under high vacuum. To a 4 mL vial was added
substrate (0.0421 mmol, 1.00 equiv), 2¢ (2.2 mg, 0.00207 mmol, 0.05 equiv), and sodium
phosphate (28.0 mg, 0.171 mmol, 4.07 equiv). Solvent (0.84 mL hexanes and 0.84 mL p-xylene)
was added, followed by 1d (45.0 mg, 0.0507mmol, 1.20 equiv), and the reaction was stirred
using a 1/2” x 1/8”° octagonal stirbar at 700 rpm. After 4 h (16 h for iodocyclization), the
reaction mixture was filtered through Celite with hexanes, and solvent was evaporated under a
stream of nitrogen. (More polar products 4f, 4n, and 40 were filtered through silica with ethyl
acetate instead.) The residue was purified by preparative thin-layer chromatography to afford the
bromocyclization product. Iodocyclization was carried out in an analogous manner.

Halocyclization of 3j with 0.1 mol % catalyst loading. Sodium phosphate was dried and
ground as described above immediately before performing the reaction. A stock solution of 2.0
mg 2¢ / 2.0 mL hexanes was made, of which 50 puL (0.0469 pumol) was added to 3j (13.0 mg,
0.0469 mmol), sodium phosphate (31.0 mg), hexanes (0.94 mL), and p-xylene (0.89 mL).
Brominating reagent 1d (53.0 mg) was added, and the reaction mixture was stirred for 16 h.
Workup as described above afforded 4j in 86-88% yield (2 runs) and 90-93% ece (4 runs).

137



Synthesis of substrates. The synthesis of substrates is summarized below.

3a-3c.
//N (0] CH,
(:( RMgBr, EtZO dLR 1. BZCL Et3N, DCM @fLR
NH2 R =Et, iPr NH2 2. PPh3MeBI', NHBz
. NaOt¢-Bu, Et,O
R = Me, Et, iPr
S7a-c

To a stirred solution of Grignard reagent (3.0 equiv; 3.0 M EtMgBr, 1.0 M iPrMgBr) in
diethyl ether at 0 °C was added anthranilonitrile (1.0 equiv, 10 - 20 mmol scale) as a solid. The
reaction mixture was allowed to warm to room temperature and was stirred overnight. Saturated
aqueous NH4Cl was then cautiously added dropwise by syringe until gas evolution ceased. The
reaction mixture was then diluted with water and dichloromethane. Standard aqueous workup
(CH,Cl,) followed by flash column chromatography (20:1 to 10:1 hexanes/EtOAc) afforded the
ketone product S7b and S7c. 2-Aminoacetophenone (S7a) was available commercially and was
used as received.

To a solution of S7a-c (1.00 equiv) in DCM (0.3 M) was added sequentially
triethylamine (1.50 equiv) and benzoyl chloride (1.05 equiv). Water was added after 30 min.
Subsequent standard aqueous workup (DCM) followed by recrystallization (EtOAc for S7a, S7b;
hex/EtOAc for S7c) afforded the amide product.

To a stirred suspension of methyltriphenylphosphonium bromide (1.30 equiv) in dry
diethyl ether (100 mL for 1.50 g phosphonium salt) at 0 °C was added sodium t-butoxide (2.60
equiv). The reaction mixture was stirred for 30 min after which the amide product from above
(1.00 equiv) was added. The reaction mixture was allowed to warm to room temperature and
then heated at reflux overnight. Saturated aqueous NH4Cl (5 mL) was added dropwise. Dilution
with water and EtOAc, followed by standard aqueous workup (EtOAc) and column
chromatography (20:1 to 10:1 hexanes/EtOAc) afforded substrates 3a-3c.

3d
Q 1. PPh;MeBr, CH,
dph NaOt-Bu, Et,O (:ﬁj\Ph
NH, 2. BzCl, Et;N, DCM NHBz
s7d 3d

Amide 3d was prepared from 2-aminobenzophenone by Wittig olefination followed by
benzoylation, using the procedures described for 3a-3c¢ above.

3e, 3f
NH, NHBz J\/Si/
| 1. Pd(OAc),, PhsP Bpin  Br oTBS TBAF, THF
HBpin, Et3N, toluene Pd(OAc),, SPhos, Se
2. BzCl, Et;N, DCM K3PO,, dioxane, H,O

To a stirred, degassed solution of 2-iodoaniline (1.00 g, 4.56 mmol), palladium acetate
(51 mg, 5 mol%), triphenylphosphine (240 mg, 20 mol%), and triethylamine (2.5 mL, 4.0 equiv)
in toluene (5 mL) was added pinacolborane (1.75 g, 3.0 equiv) dropwise by syringe (hydrogen
evolution!). Upon cessation of bubbling, the reaction mixture was heated to 90 °C for 2 h. Upon
cooling to room temperature, the reaction mixture was filtered through a plug of silica (EtOAc

138



eluent), and the filtrate was concentrated to dryness. Column chromatography (1:1
hexanes/DCM to DCM) afforded 2-aminophenylboronic acid pinacol ester (550 mg, 55%) as an
orange solid.

To a solution of the boronic acid pinacol ester from above (550 mg, 1.0 equiv) in DCM
(100 mL) was added sequentially triethylamine (0.7 mL) and benzoyl chloride (0.31 mL, 1.05
equiv). After 10 min, water (100 mL) was added. Standard aqueous workup (DCM) followed
by crystallization (hexanes/toluene) afforded 2-benzamidophenylboronic acid pinacol ester as a
yellow solid.

A mixture of the amide from above (323 mg, 1.0 equiv), S8 (335 mg, 1.2 equiv), SPhos
(41 mg, 10 mol%), potassium phosphate (849 mg, 4.0 equiv), dioxane (5.0 mL), and water (0.5
mL) was degassed. Palladium acetate (11 mg, 5 mol%) was added, and the reaction mixture was
once again degassed and then stirred and heated at 90 °C. After 30 min, the reaction mixture was
filtered through a plug of silica (DCM eluent), and the filtrate was concentrated to dryness.
Column chromatography (20:1 hexanes/EtOAc) afforded 3e as a yellow oil (321 mg, 81%).

To a stirred solution of amide 3e (663 mg, 1.0 equiv) in THF (30 mL) at 0 °C was added
TBAF (1.84 mL, 1.0 M solution in THF, 1.1 equiv). The reaction mixture was allowed to warm
to room temperature and stirring was continued for 30 min. The reaction mixture was diluted
with water. Standard aqueous workup (EtOAc) followed by column chromatography (1:1
hexanes/EtOAc) afforded 3f (460 mg, 96%) as a yellow oil.

3g-3i

To a stirred solution of diisopropylamine (3.5 mL, 2.5 equiv) in THF (100 mL) was
added a 2.5 M n-BulLi solution in hexane (10 mL, 2.5 equiv) at -78 °C. The reaction mixture was
warmed to 0 °C in an ice bath for 15 min and then cooled back to -78 °C.
Chloromethyltriphenylphosphonium bromide (9.78 g, 2.5 equiv) was added, and the reaction
mixture was warmed to room temperature for 15 min. The reaction mixture was again cooled to -
78 °C, and 2-aminoacetophenone (1.35 g, 10 mmol) was added dropwise. After 18 h, aqueous
saturated ammonium chloride was added. Standard aqueous workup (Et,O) followed by column
chromatography afforded (E)-2-(1-chloroprop-1-en-2-yl)aniline (S9) as a single isomer by NMR.

Triethylamine (1.5 equiv) and benzoyl chloride (0.35 mL, 1.02 equiv) were added
dropwise to S9 (0.5 g, 2.98 mmol) in THF (15 mL) at 0 °C. After 30 min of stirring at room
temperature the reaction mixture was filtered and then partitioned between ether and water. The
organic layer was dried with magnesium sulfate and concentrated. The crude solid was washed
with hexane to provide 3h as a white solid (0.51g, 63%).

A mixture of amide 3h (0.1 g, 0.368 mmol), palladium acetate (8 mg, 0.1 equiv), SPhos
(0.030 g, 0.2 equiv), phenylboronic acid (0.135 g, 3.0 equiv), and potassium phosphate (finely
powdered, 0.39 g, 5 equiv) in toluene (2.5 mL) was degassed, and then stirred vigorously at
70 °C for 18 h. The reaction mixture was then filtered with Celite and partitioned between water
and EtOAc and extracted (EtOAc). The combined organic layers were washed with brine and
dried with MgSO,. Column chromatography (0-10% ethyl acetate in hexane) provided a product
which was suspended in hexane and filtered to provide 3i as a white solid (0.060 g, 55%).

Amide 3g was prepared in analogy to 3i, with trimethylboroxine (2.5 equiv) in place of
phenylboronic acid.
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3k

NHBz
(0] Bpin [::Ii
1. LDA, PhNTf,, THF |
2. (Bpin),, PACIy(PPh3),, Pd(OAc),, SPhos,
KOPh, PPhj, KBr, tol. K3POy, dioxane, H,O

$10

A solution of LDA was prepared by addition of n-BuLi (3.40 mL, 1.10 equiv, 2.5 M
solution in hexanes) to a stirred solution of diisopropylamine (1.20 mL, 1.10 equiv) in THF (20
mL) at 0 °C and allowing deprotonation to occur over 30 min. The LDA solution was cooled to
-78 °C, and a solution of cyclohept-2-en-1-one (0.853 g, 1.00 equiv) in THF (2 mL) was added
dropwise. Stirring was continued for 2 h at -78 °C, whereupon a solution of phenyl bistriflimide
(2.77 g, 1.00 equiv) was added dropwise. The reaction mixture was allowed to warm to room
temperature, with stirring continued for an additional 4 h. Solvent was removed and the residue
was extracted with pentane. Column chromatography (pentane) afforded the triflate as a
colorless oil (1.3 g).

A mixture of bis(pinacolato)diboron (839 mg, 1.1 equiv),
bis(triphenylphosphine)palladium dichloride (63 mg, 3 mol%), triphenylphosphine (47 mg, 6
mol%), potassium phenolate (595 mg, 1.5 equiv), potassium bromide (535 mg, 1.5 equiv), and
toluene (20 mL) was degassed, and a solution of the triflate prepared above (727 mg, 1.0 equiv)
in toluene (5 mL) was added dropwise by syringe. The reaction mixture was stirred vigorously
and heated at 50 °C for 2 h. The crude product was filtered through a short plug of silica
(pentane) to afford S10 (377 mg, 57%), which was essentially pure by 'H NMR ("H NMR (300
MHz, CDCl3) 6 6.81- 6.66 (m, 1H), 6.22 - 6.00 (d, J = 11.7 Hz, 1H), 5.92 - 5.74 (m, 1H), 2.52 -
2.37 (m, 2H), 2.35 - 2.24 (m, 2H), 1.92 - 1.74 (m, 2H), 1.27 (s, 12H)).

A mixture of S10 (470 mg, 1.5 equiv), SPhos (58 mg, 0.10 equiv), 2-iodobenzamide (460
mg, 1.0 equiv), and potassium phosphate (1.2 g, 4 equiv), dioxane (25 mL), and water (5 mL)
was degassed. Palladium acetate (16 mg, 0.05 equiv) was added. The reaction mixture was
again degassed and stirred vigorously at 90 °C for 14 h. The reaction mixture was then filtered
through a short plug of silica (EtOAc). Solvent was removed, and the residue was purified by
column chromatography (10:1 to 6:1 hexanes/EtOAc) to afford 3k as a yellow oil (270 mg,
66%).

3l
NHBz
Br 1. morpholine, DMSO, @
O benzene /O |
Br 2. (Bpin)y, Pd(PPh3)Cl,  Bpin Pd(OAc),, SPhos,
PPhs,, KOPh, KBr KsPO,, dioxane, H,O
toluene S11

1-Bromo-1,5-cyclooctadiene was prepared by heating a mixture of 5,6-dibromo-1-
cyclooctene (16.3 g), DMSO (36 g), and morpholine (26 g) in benzene (40 mL) at reflux for 18
h. The crude reaction mixture was taken up in DCM (100 mL) and washed twice with water
(200 mL). Concentration followed by short-path vacuum distillation afforded the diene (1.5 g).

A mixture of the diene prepared above (660 mg), bis(pinacolato)diboron (985 mg),
potassium phenolate (700 mg), triphenylphosphine (55 mg) and potassium bromide (628 mg) in
toluene was briefly degassed. Bis(triphenylphosphine)palladium dichloride (125 mg) was added.
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The reaction mixture was again degassed and stirred vigorously at 60 °C for 7 h. The reaction
mixture was then concentrated and subjected directly to column chromatography (pentane to
10:1 pentane:Et,0) to afford S11 (ca. 90% pure, 414 mg) as a colorless oil (‘"H NMR (300 MHz,
CDCls) 6 6.60 - 6.40 (m, 1H), 5.66 - 5.44 (m, 2H), 2.59 - 2.51 (m, 2H), 2.51 - 2.27 (m, 6H), 1.25
(s, 12H)).

A mixture of S11 from above (414 mg, ca. 90% pure, 1.35 equiv), SPhos (32 mg, 0.06
equiv), 2-iodobenzamide (420 mg, 1.0 equiv), and potassium phosphate (1.10 g, 4.0 equiv),
dioxane (5 mL), and water (0.5 mL) was degassed. Palladium acetate (9 mg, 0.03 equiv) was
added. The reaction mixture was again degassed and stirred vigorously at 90 °C for 13 h. The
reaction mixture was then filtered through a short plug of silica (EtOAc). Solvent was removed,
and the residue was purified by column chromatography (10:1 to 8:1 hexanes/EtOAc) to afford
3l as a yellow oil (237 mg, 60%).

3m

s
NHBz mBr
©/Bpin

Pd(OAc),, SPhos,
K3PQOy, dioxane, H,0

A mixture of 2-bromobenzothiophene (426 mg, 2.0 equiv), 2-benzamidophenylboronic
acid pinacol ester (323 mg, 1.0 equiv), SPhos (41 mg, 10 mol%), potassium phosphate (849 mg,
4.0 equiv), dioxane (5 mL), and water (0.5 mL) was degassed. Palladium acetate (11 mg, 5
mol%) was added, and the reaction mixture was degassed again and heated at 90 °C with
vigorous stirring. After 0.5 h, the reaction mixture was allowed to cool and was filtered through
a short plug of Celite. Column chromatography (10:1 hexanes/EtOAc) afforded 3m (242 mg,
73%) as a yellow oil.

3n
Bpin
N N
| = 1. NBS, MeCN | X A
P 2. BzCl, Et3N, g Pd(OAc),, SPhos,
DMAP, DCM " K3PO,, dioxane, H,0
NH, NHBz

To a stirred solution of 4-aminopyridine (3.00 g, 31.8 mmol) in acetonitrile (150 mL) was
added freshly recrystallized NBS (5.67 g, 31.8 mmol) in the dark. The reaction mixture was
stirred in the dark for 36h, whereupon solvent was removed, and the resultant residue was
partitioned between water and EtOAc. Standard aqueous workup (EtOAc), followed by column
chromatography (5:1 to 1:1 hexanes/EtOAc) afforded 4-amino-3-bromopyridine as a colorless
solid (2.0 g).

To a stirred solution of 4-amino-3-bromopyridine (1.00 g) in DCM (50 mL) was added
sequentially triethylamine (2 mL), benzoyl chloride (812 mg, 1.00 equiv), and DMAP (71 mg,
10 mol%). After 15 min, water was added. Standard aqueous workup (DCM), recrystallization
(hexanes/toluene), and column chromatography (2:1 to 1:2 hexanes/EtOAc) afforded the
benzoylated product as a white solid (400 mg), which was still slightly impure and used without
in the next step without further purification.

A mixture of the amide from above (400 mg), isopropenylboronic acid pinacol ester (364
mg, 1.5 equiv), SPhos (60 mg, 10 mol%), potassium phosphate (1.22 g, 4.0 equiv), dioxane (10
mL) and water (1 mL) was degassed. Palladium acetate (16 mg, 5 mol%) was added, and the
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reaction mixture was again degassed and heated at 90 °C with vigorous stirring for 16 h. The
reaction mixture was then allowed to cool, and filtered through a short plug of silica (EtOAc
eluent). Removal of solvent, followed by column chromatography (1:1 to 4:7 hexanes/EtOAc)
afforded 3n (216 mg) as a yellow solid.

30
BBrz, DCM 1. NpHg*H,0
NPhth ——> —— »
é/\/\ then AcOH \fBr/\ANPhth 2. HCOOH, ag. CH,0 \ITBr/\ANMeZ
NHBz $12
Bpin Pd(OAc),, SPhos
+ o

K3POy, dioxane, H,O

To a stirred solution of 5-phthalimidopent-1-yne (0.778 g, 1.00 equiv) in DCM (10 mL)
at -78 °C was added boron tribromide (0.34 mL, 1.00 equiv) over 5 min. The reaction mixture
was allowed to warm to room temperature, with stirring continued for 1 h, after which water (3
mL) was added. The reaction mixture was stirred for a further 5 min. Standard aqueous workup
(DCM) afforded the crude boronic acid as a yellow-orange oil, which was suspended in hexanes
(20 mL) and heated with acetic acid (1 mL) with vigorous stirring at 50 °C overnight. Removal
of solvent, followed by column chromatography (20:1 hexanes/EtOAc) afforded the vinyl
bromide as a colorless oil.

The vinyl bromide from above and hydrazine hydrate (1.0 mL) were heated at 50 °C in
THF (5 mL) with vigorous stirring for 4 h. Gravity filtration with additional THF to remove the
hydrazide byproduct and removal of solvent afforded the primary amine as a yellow oil which
was used directly in the next step.

A stirred solution of the primary amine from above, formic acid (1.0 mL), and formalin
(1.0 mL) in water (5.0 mL) was heated at 90 °C overnight. The reaction mixture was carefully
neutralized with saturated NaHCO; (5.0 mL). Standard aqueous workup (EtOAc) afforded
tertiary amine S12 as a yellow oil (250 mg, 36% over 3 steps), which was essentially pure by 'H
NMR (‘H NMR (300 MHz, CDCls) & 5.73 - 5.50 (m, 1H), 5.45 - 5.34 (m, 1H), 2.46 (t, J = 7.5
Hz, 2H), 2.34 - 2.10 (m, 8H), 1.80 - 1.61 (m, 2H)).

A mixture of S12 (250 mg, 1.3 equiv), 2-benzamidophenylboronic acid pinacol ester (323
mg, 1.0 equiv), SPhos (41 mg, 10 mol%), potassium phosphate (849 mg, 4.0 equiv), dioxane (10
mL), and water (1.0 mL) was degassed. Palladium acetate (11 mg, 5 mol%) was added, and the
reaction mixture was degassed again and heated at 90 °C with vigorous stirring. After 6 h, the
reaction mixture was allowed to cool and was filtered through a short plug of Celite. Column
chromatography (EtOAc to MeOH gradient) afforded the crude product as a black oil containing
only trace impurities (likely palladium). Further purification was achieved by filtration through
a short plug of NH silica gel (~3 g, EtOAc eluent) to afford 30 (200 mg) as a yellow oil.

3p-3s

RCOCI, Et;N, DCM
3p-3s
NH

2

Substrates 3p-3s were prepared by acylation with the appropriate acyl chloride as
outlined in the syntheses for substrates 3a-3c.
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3a NHBz 'H NMR (500 MHz, CDCI;) 6 8.53 - 8.44 (m, 2H), 7.84 (d, J = 5.0 Hz,
2H), 7.58-7.53 (m, 1H), 7.52 - 7.47 (m, 2H), 7.36 - 7.31 (m, 1H), 7.21 - 7.16 (m, 1H), 7.15 - 7.10
(m, 1H), 5.49 (s, 1H), 5.13 (s, 1H), 2.12 (s, 3H). BC NMR (126 MHz, CDCl3) 6 165.2, 143.5,
135.3,134.2, 133.6, 132.0, 129.0, 128.2, 127.8, 127.1, 124.0, 120.8, 117.0, 24.9. HRMS (ESI+):
calcd. for [C16H15ON+H]+: 238.1226, found: 238.1223.

Br
(@]
PN 1
4a N Ph H NMR (500 MHz, CDCl;) 6 8.26 - 2.19 (m, 2H), 7.54 - 7.49 (m,

1H), 7.49 - 7.44 (m, 2H), 7.40 - 7.34 (m, 2H), 7.28 - 7.22 (m, 1H), 7.20 - 7.16 (m, 1H), 3.78 (d, J
= 11.5 Hz, 1H), 3.56 (d, J = 11.5 Hz, 1H), 1.94 (s, 3H). BC NMR (126 MHz, CDCls) 6 156.4,
139.2, 132.4, 131.8, 129.8, 128.4, 127.2, 127.0, 125.7, 123.4, 78.2, 39.9, 25.0 (1 resonance
missing). HRMS (ESI+): calcd. for [C16H14ONBr+H]+: 316.0332, found: 316.0327.

3b NHBz 'H NMR (500 MHz, CDCls) & 8.55 - 8.49 (m, 1H), 8.44 (s, 1H), 7.84 -
7.76 (m, 2H), 7.58 - 7.43 (m, 3H), 7.36 - 7.30 (m, 1H), 7.17 - 7.08 (m, 2H), 5.48 - 5.45 (m, 1H),
5.13 (s, 1H), 2.45 - 2.36 (m, 2H), 1.10 - 1.00 (m, 3H). “C NMR (126 MHz, CDCl;) & 165.1,
149.4, 135.2, 134.6, 133.1, 131.9, 129.0, 128.2, 128.1, 127.0, 123.9, 120.5, 115.1, 31.3, 12.7.
HRMS (ESI+): calced. for [C17H;ON+H]": 252.1383, found: 252.1380.

Br
(@]

PY

4b N~ Ph '"H NMR (300 MHz, CDCl5) § 8.23 - 8.15 (m, 2H), 7.55 - 7.41 (m,
3H), 7.37 - 7.30 (m, 2H), 7.27 - 7.19 (m, 1H), 7.12 - 7.07 (m, 1H), 3.79 (d, J = 11.0 Hz, 1H),
3.65 (d, J = 11.0 Hz, 1H), 2.45 - 2.28 (m, 1H), 2.19 - 2.02 (m, 1H), 0.95 (t, J = 7.5 Hz, 3H). “C
NMR (126 MHz, CDCl3) § 156.3, 140.0, 132.5, 131.6, 129.5, 128.4, 128.2, 126.8, 125.9, 124.9,
123.7, 81.6, 40.3, 31.0, 8.3. HRMS (ESI+): caled. for [Ci7H;qONBr+H]": 330.0488, found:
330.0483.

(@)

P

6b N™ ~Ph 'H NMR (600 MHz, CDCls) 6 8.22 (d, J = 8.0 Hz, 2H), 7.51 (t,J =
7.0 Hz, 1H), 7.47 (t, J = 7.5 Hz, 2H), 7.40 - 7.30 (m, 2H), 7.25 - 7.18 (m, 1H), 7.08 (d, J = 7.5
Hz, 1H), 3.67 (d, J = 11.0 Hz, 1H), 3.57 (d, J = 11.0 Hz, 1H), 2.35 (dq, J = 14.5, 7.5 Hz, 1H),
2.11 (dq, J = 14.5, 7.5 Hz, 1H), 0.94 (t, J = 7.5 Hz, 3H). °C NMR (151 MHz, CDCl5) & 156.2,
139.8, 132.5, 131.6, 129.4, 128.4, 128.3, 126.8, 125.9, 125.3, 123.6, 81.1, 32.6, 16.4, 8.7.
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iPr

3c NHBz 'H NMR (300 MHz, CDCl3) § 8.52 (d, J = 9.0 Hz, 1H), 8.40 (s, 1H), 7.85-
7.78 (m, 2H), 7.60-7.45 (m, 3H), 7.38-7.31 (m, 1H), 7.15-7.09 (m, 2H), 5.48-5.44 (m, 1H), 5.14-
5.07 (m, 1H), 2.61 (sept, J = 7.0 Hz, 1H), 1.10 (d, J = 6 Hz, 6H). °C NMR (151 MHz, CDCl3)
165.0, 153.9, 135.2, 134.9, 133.3, 131.9, 129.0, 128.4, 128.1, 127.0, 123.7, 120.5, 113.8, 35.6,
21.6. HRMS (ESI+): caled. for [CisH0ON+H]': 266.1539, found: 266.1540.

Br
(@]

P

4¢ N Ph '"H NMR (300 MHz, CDCls) § 8.20-8.12 (m, 2H), 7.55 - 7.41 (m,
3H), 7.36 - 7.28 (m, 2H), 7.25 - 7.17 (m, 1H), 7.14 - 7.06 (m, 1H), 3.95 (d, J = 9.0 Hz, 1H), 3.80
(d, J=9.0 Hz, 1H) 2.48 (sept, J = 7.0 Hz, 1H), 1.15 (d, J = 7.0 Hz, 3H), 0.96 (d, J = 7.0 Hz, 3H).
3C NMR (151 MHz, CDCly) § 155.9, 139.7, 132.5, 131.5, 129.2, 128.4, 127.9, 126.5, 125.7,
125.1, 123.9, 84.3, 39.7, 37.2, 18.1, 16.1. HRMS (ESI+): caled. for [CisHsONBr+H]":
344.0645, found: 344.0640.

Ph

3d NHBz 'H NMR (400 MHz, CDCly) § 8.50 (d, J = 8.0 Hz, 1H), 7.79 (s, 1H), 7.54
~7.24 (m, 12H), 7.20 (td, J = 7.5, 1.0 Hz, 1H), 5.92 (d, J = 0.5 Hz, 1H), 5.44 (d, J = 0.5 Hz, 1H).
3C NMR (101 MHz, CDCl3) § 165.1, 146.5, 139.1, 135.6, 135.0, 131.8, 131.7, 130.7, 129.2,
129.1, 128.9, 128.7, 126.9, 126.8, 124.4, 121.1, 117.9. HRMS (ESI+): caled. for
[C21H;ON+H]": 300.1383, found: 300.1385.

Br Ph
0
P 1
4d N~ "Ph H NMR (400 MHz, CDCl3) § 8.42 - 8.20 (m, 2H), 7.58 - 7.42 (m,

SH), 7.42 - 7.29 (m, SH), 7.29 - 7.17 (m, 1H), 7.16 - 7.04 (m, 1H), 4.25 - 3.99 (m, 2H). °C
NMR (101 MHz, CDCl3) 8 156.1, 140.3, 139.6, 132.3, 131.8, 129.8, 128.8, 128.7, 128.5, 128.4,
126.7, 126.5, 126.1, 125.8, 125.0, 82.3, 37.3. HRMS (ESI+): calcd. for [Co;HcONBr+H]":
378.0488, found: 378.0489.

OTBS

3e NHBz 'H NMR (500 MHz, CDCls) & 8.52 (d, J = 10.0 Hz, 1H),
8.44 (s, 1H), 7.82 (d, J = 10.0 Hz, 2H), 7.57 - 7.54 (m, 1H), 7.51 - 7.47 (m, 2H), 7.35 - 7.31 (m,
1H), 7.17 - 7.09 (m, 2H), 5.49 (s, 1H), 5.15 (s, 1H), 3.59 (t, J = 5.0 Hz, 2H), 2.58 - 2.42 (m, 2H),
1.67 - 1.59 (m, 2H), 0.85 (s, 9H), 0.01 (s, 6H). *C NMR (126 MHz, CDCl3) & 165.1, 147.6,
135.2, 134.7, 132.8, 131.9, 129.0, 128.2, 128.1, 127.0, 123.9, 120.6, 116.3, 62.5, 34.7, 31.2, 26.0,
18.4, -5.2. HRMS (ESI+): calcd. for [C24H3302NSi+Na]+: 418.2173, found: 418.2172.
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oTBS
Br
(@]
P 1
4e N Ph H NMR (500 MHz, CDCl;) ¢ 8.20 (d, J = 7.5 Hz, 2H),

7.36 - 7.32 (m, 1H), 7.53 - 7.48 (m, 2H) 7.47 - 7.43 (m, 2H), 7.24 - 7.20 (m, 1H), 7.12 (d, J = 7.5
Hz, 1H), 3.78 (d, J = 11 Hz, 1H), 3.65 - 3.58 (m, 3H), 2.44 - 2.35 (m, 1H), 2.24 - 2.15 (m, 1H),
1.69 - 1.61 (m, 1H), 1.58 - 1.48 (m, 1H), 0.88 (s, 9H), 0.01 (d, J = 4 Hz, 6H). *C NMR (126
MHz, CDCls) § 156.2, 139.9, 132.5, 131.6, 129.6, 128.4, 128.3, 126.9, 125.9, 125.1, 123.8, 81.3,
62.7, 40.6, 343, 274, 26.1, 184, -5.1s, -52;. HRMS (ESI+): caled. for
[C22H3,0,NBrSi+H] :474.1458, found: 474.1466.

OH

3f NHBz 'H NMR (600 MHz, CDCls) & 8.52 (s, 1H), 8.45 (d, J = 8.2 Hz,
1H), 7.84 - 7.80 (m, 2H), 7.54 (t, J = 7.5 Hz, 1H), 7.48 (t, J = 7.5 Hz, 2H), 7.36 - 7.30 (m, 1H),
7.16 (dd, J = 7.5, 1.5 Hz, 1H), 7.12 (td, J = 7.5, 1.0 Hz, 1H), 5.49 (s, 1H), 5.15 (s, 1H), 3.64 (t, J
= 6.0 Hz, 2H), 2.61 - 2.42 (m, 2H), 1.74 - 1.59 (m, 2H), 1.45 (s, 1H). "*C NMR (151 MHz,
CDCls) & 165.3, 147.3, 135.2, 134.7, 133.0, 131.9, 129.0, 128.3, 128.1, 127.1, 124.1, 121.3,
116.4, 62.6, 34.9, 30.8. HRMS(ESI+): calcd. for [C1sH90,N+Na]": 304.1308, found: 304.1310.

OH
Br
(@]
A |
Af N Ph H NMR (600 MHz, CDCls) ¢ 8.19 (d, J = 8.0 Hz, 2H), 7.55 - 7.49

(m, 1H), 7.49 - 7.40 (m, 2H), 7.39 - 7.29 (m, 2H), 7.28 - 7.17 (m, 1H), 7.12 (d, J = 7.5 Hz, 1H),
3.78 (d, J =11.0 Hz, 1H), 3.70 - 3.57 (m, 2H), 2.49 - 2.36 (m, 1H), 2.26 - 2.14 (m, 1H), 1.76 -
1.64 (m, 1H), 1.64 - 1.37 (m, 2H). BC NMR (151 MHz, CDCls) ¢ 156.1, 139.8, 132.4, 131.7,
129.7, 128.4, 128.3, 127.0, 126.0, 124.9, 123.7, 81.2, 62.6, 40.4, 34.3, 27.3. HRMS (ESI+):
caled. for [C18H1802N+H]+: 360.0594, found: 360.0597.

3g NHBz 'H NMR (400 MHz, CDCl;) & 8.48 (d, J = 8.0 Hz, 1H), 8.37 (s, 1H), 7.82
(d, J=7.0 Hz, 2H), 7.58 - 7.46 (m, 3H), 7.35 - 7.27 (m, 1H), 7.18 - 7.07 (m, 2H), 5.55 (q, J = 6.5
Hz, 1H), 2.00 (s, 3H), 1.87 (d, J = 6.5 Hz, 3H). "“C NMR (75 MHz, CDCl;) & 165.0, 135.7,
135.3, 134.5, 133.9, 131.8, 129.0, 128.4, 127.7, 126.9, 126.5, 124.0, 120.6, 18.0, 14.2. HRMS
(ESI+): caled. for [C17H7ON+H]™: 252.1383, found: 252.1383.
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Br
(@]
PR 1
4q N~ ~Ph H NMR (300 MHz, CDCl3)  8.25 - 8.20 (m, 2H), 7.55 - 7.43 (m,

3H), 7.37 - 7.30 (m, 2H), 7.24 - 7.18 (m, 1H), 7.18 - 7.11 (m, 1H), 4.44 (q, J = 7.0 Hz, 1H), 1.94
(s, 3H), 1.66 (d, J = 7.0 Hz, 3H). C NMR (126 MHz, CDCls) § 156.4, 138.9, 132.3, 131.7,
129.4, 128.5, 128.2, 126.8, 126.7, 125.7, 124.1, 81.6, 57.0, 27.7, 21.0. HRMS (ESI+): calcd. for
[C17H cONBr+H]": 330.0488, found: 330.0484.

Cl

3h NHBz 'H NMR (500 MHz, CDCls) & 8.36 (d, J = 8.0 Hz, 1H), 7.95 (s, 1H), 7.82
(d, J=8.0 Hz, 2H), 7.61 - 7.55 (m, 1H), 7.54 - 7.49 (m, 2H), 7.40 - 7.35 (m, 1H), 7.19 - 7.13 (m,
2H), 6.22 (s, 1H), 2.16 (s, 3H). *C NMR (126 MHz, CDCl;) & 165.3, 136.7, 134.8, 134.8,
132.2, 131.8, 129.1, 129.1, 128.9, 127.0, 124.7, 121.9, 118.8, 19.0. HRMS (ESI+): calcd. for
[Ci16H14ONCI+H]": 272.0837, found: 272.0837.

C
Br
(@]
P 1
4h N Ph H NMR (600 MHz, CDCl;) 6 8.22 (d, J = 8.0 Hz, 2H), 7.55 - 7.51

(m, 1H), 7.49 - 7.45 (m, 2H), 7.43 - 7.39 (m, 1H), 7.38 - 7.32 (m, 2H), 7.28 - 7.24 (m, 1H), 5.91
(s, 1H), 2.08 (s, 3H). *C NMR (126 MHz, CDCl3) § 155.9, 139.2, 131.9,, 131.8, 130.3, 128.5,
126.8, 125.7,, 125.65, 124.7, 81.7, 65.2, 23.3 (1 resonance missing). HRMS (ESI+): calcd. for
[C16H3;ONBrCI+H]:349.9942, found:349.9937.

Ph

3i NHBz '"H NMR (600 MHz, CDCl3) & 8.50 (d, J = 8.0 Hz, 1H), 8.45 (s, 1H), 7.82
(d, J=7.5 Hz, 2H), 7.55 - 7.50 (m, 1 H), 7.46 - 7.35 (m, 7H), 7.33 - 7.27 (m, 2H), 7.20 - 7.16
(m, 1H), 6.65 (s, 1H), 2.26 (s, 3H). >C NMR (101 MHz, CDCls) & 165.1, 136.9, 135.9, 135.7,
135.0, 134.3, 131.9, 131.6, 129.0, 128.9, 128.5, 128.3, 128.1, 127.3, 126.9, 124.3, 121.2, 20.1.
HRMS (ESI+): caled. for [Co,H19ON+H]'™: 314.1539, found: 314.1539.

Ph
Br

O

o

4i N"Ph  'H NMR (500 MHz, CDCls) § 8.09 (d, J = 7.5 Hz, 2H), 7.54 - 7.49 (m,
1H), 7.46 - 7.41 (m, 2H), 7.29 - 7.10 (m, 7H), 7.06 - 7.01 (m, 2H), 5.52 (s, 1H), 2.07 (s, 3H). °C
NMR (126 MHz, CDCL3) & 155.7, 138.8, 136.8, 132.3, 131.6, 129.9, 129.5, 128.7, 128.3, 128.2,
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127.70, 126.4, 125.5, 124.9, 82.0, 61.9, 27.5 (1 resonance missing). HRMS (ESI+): calcd. for
[C2HsONBr+H]": 392.0645, found: 392.0636.

'S

3j NHBz 'H NMR (300 MHz, CDCls) 6 8.62 - 8.43 (m, 2H), 7.92 - 7.76 (m, 2H),
7.63 - 7.44 (m, 3H), 7.37 - 7.23 (m, 1H), 7.21 - 7.05 (m, 2H), 5.96 - 5.78 (m, 1H), 2.39 - 2.13 (m,
4H), 1.94 - 1.64 (m, 4H). BC NMR (101 MHz, CDCl3) 6 164.9, 136.2, 135.3, 134.6, 134.4,
131.9, 129.00, 128.9¢, 128.3, 127.8, 126.9, 123.9, 120.2, 30.3, 25.6, 23.2, 22.2. HRMS (ESI+):
calcd. for [C19H190N+H]+: 278.1539, found: 278.1541.

(@]
. PR 1
4j N™ "Ph H NMR (600 MHz, CDCl;) 6 8.22 (d, J = 7.5 Hz, 2H), 7.56 - 7.44
(m, 3H), 7.40 - 7.28 (m, 3H), 7.24 (t, J = 7.5 Hz, 1H), 4.54 (app. s, 1H), 2.81 (td, J = 13.5, 4.5
Hz, 1H), 2.50 - 2.41 (m, 1H), 2.21 - 2.05 (m, 2H), 2.04 - 1.91 (m, 1H), 1.91 - 1.82 (m, 1H), 1.78
- 1.69 (m, 1H). BC NMR (151 MHz, CDCl;) & 155.6, 138.9, 132.6, 131.7, 129.3, 128.6, 127.9,
127.8, 126.5, 126.1, 124.9, 79.3, 53.7, 30.1, 29.7, 20.8, 19.7. HRMS (ESI+): calcd. for
[C19H180NBr+H]+: 356.0645, found: 356.0647.

O

6j J\Ph '"H NMR (500 MHz, CDCl5) § 8.22 (d, J = 7.0 Hz, 2H), 7.56 - 7.44
(m, 3H), 7.41 - 7.28 (m, 3H), 7.26 - 7.20 (m, 1H), 4.81 (app. s, 1H), 2.88 (td, J = 13.0, 4.5 Hz,
1H), 2.44 - 2.31 (m, 1H), 2.24 - 2.09 (m, 2H), 2.01 - 1.73 (m, 4H). *C NMR (126 MHz, CDCl)
§ 155.9, 138.9, 132.6, 131.8, 129.3, 128.8, 128.6, 127.9, 126.7, 125.9, 124.8, 79.3, 37.0, 31.9,
30.3,21.5,21.1. HRMS (ESI+): caled. for [CoH;sONI+H]': 404.0506, found: 404.0508.

S D

3k NHBz 'H NMR (500 MHz, CDCl3) § 8.49 (d, J = 8.0 Hz, 1H), 8.29 (s,
1H), 7.84 (d, J = 7.5 Hz, 2H), 7.54 (t, J = 7.0 Hz, 1H), 7.47 (t, J = 7.5 Hz, 2H), 7.33 (, J= 7.5
Hz, 1H), 7.19 (d, J = 7.0 Hz, 1H), 7.10 (t, J = 7.5 Hz, 1H) , 6.13-6.02 (m, 2H), 5.88 (d, J = 11.5
Hz, 1H), 2.51 - 2.43 (m, 4H), 2.07 - 1.98 (m, 2H). *C NMR (126 MHz, CDCL3) § 165.0, 136.2,
136.0, 135.4, 135.3, 135.35, 135.0, 131.8, 129.1, 128.9, 128.5, 128.1, 127.0, 124.1, 120.4, 31.8,
30.6,28.1. HRMS (ESI+): caled. for [CaoH9ON+H]': 290.1539, found: 290.1539.
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4k N” >Ph 'H NMR (500 MHz, CDCl3) & 8.24 — 8.17 (m, 2H), 7.54 — 7.35 (m,
5H), 7.35 - 7.30 (m, 1H), 7.24 (dd, J = 7.5, 1.5 Hz, 1H), 6.26 - 6.19 (m, 1H), 6.09 (dd, J = 12.0,
2.0 Hz, 1H), 4.57 (dd, J = 6.5, 3.0 Hz, 1H), 2.77 - 2.66 (m, 1H), 2.66 - 2.57 (m, 1H), 2.50 - 2.40
(m, 1H), 2.22 — 2.06 (m, 2H), 1.88 - 1.77 (m, 1H). *C NMR (126 MHz, CDCls) § 155.5, 139.1,
136.3, 132.6, 131.8, 131.7, 129.6, 128.6, 128.0, 127.2, 126.7, 126.1, 125.4, 83.2, 58.4, 33.7, 28.0,
23.3. HRMS (ESI+): calcd. for [Con]gONBI""H]+I 368.0645, found: 368.0638.

oy}
=

W,
o

fo

3l NHBz 'H NMR (500 MHz, CDCl;) & 8.50 (d, J = 8.0 Hz, 1H), 8.46 (s,
1H), 7.84 (d, J = 8.0 Hz, 2H), 7.54 (t, J = 7.0 Hz, 1H), 7.47 (t, J = 7.5 Hz, 2H), 7.29 (t, J = 7.5
Hz, 1H), 7.16 - 7.03 (m, 2H), 5.71 (t, J = 7.0 Hz, 1H), 5.59 - 5.51 (m, 1H), 5.50 - 5.41 (m, 1H),
2.70 - 2.53 (m, 4H), 2.51 - 2.35 (m, 4H). ">C NMR (126 MHz, CDCl;) & 165.6, 137.9, 135.9,
135.4, 135.0, 131.8, 130.4, 129.6, 129.2, 128.7, 128.6, 127.7, 127.4, 123.7, 120.3, 34.0, 28.4,
27.6,27.2. HRMS (ESI+): caled. for [C21Ho ON+H]': 304.1696, found: 304.1695.

L0

(@)
PN
4 N~ “Ph 'H NMR (500 MHz, CDCl5) & 8.15 (d, J = 7.5 Hz, 2H), 7.54 - 7.40
(m, 3H), 7.40 - 7.30 (m, 2H), 7.23 (t, J = 7.0 Hz, 1H), 7.15 (d, J = 7.5 Hz, 1H), 5.89 - 5.78 (m,
1H), 5.73 - 5.63 (m, 1H), 4.87 (dd, J = 12.0, 4.5 Hz, 1H), 3.10 - 2.90 (m, 2H), 2.85 - 2.72 (m,
1H), 2.53 - 2.42 (m, 2H), 2.39 - 2.29 (m, 1H), 2.28 —2.10 (m, 2H). "*C NMR (126 MHz, CDCl;)
0 155.4,139.9, 132.9, 132.5, 131.4, 129.5, 128.4, 127.9, 126.3, 126.0, 125.1, 124.5, 124.2, 85.2,
61.5, 39.1, 34.8, 25.6, 25.2. HRMS (ESI+): calcd. for [C,Ha0ONBr+H]": 382.0788, found:

382.0794.
oY,

L,
3m NHBz 'H NMR (500 MHz, CDCl5) § 8.55 (d, J = 8.0 Hz, 1H), 8.48 (s,
1H), 7.89 (d, J = 7.5 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.76 (d, J = 7.5 Hz, 2H), 7.55 - 7.45 (m,
3H), 7.45 - 7.35 (m, 5H), 7.23 (d, J = 7.5 Hz, 1H). C NMR (126 MHz, CDCl;) & 165.4, 140.5,
140.2, 139.8, 135.7, 134.7, 132.0, 131.1, 129.9, 129.0, 127.2, 125.0, 125.0, 124.9, 124.6, 124.1,
123.9, 122.5, 121.9. HRMS (ESI+): caled. for [Co H;sONS+H]': 330.0947, found: 330.0947.

o3}
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Br

S
LS
A 1
dm N~ "Ph H NMR (600 MHz, CDCl;) 6 7.94 - 7.89 (m, J = 8.3, 2H), 7.71
(dd, J=7.5, 1.0 Hz, 1H), 7.49 - 7.44 (m, 2H), 7.44 - 7.34 (m, 6H), 7.29 — 7.22 (m, 2H), 5.73 (s,
1H). BC NMR (151 MHz, CDCls) ¢ 155.5, 139.2, 138.4, 137.2, 132.1, 131.7, 131.2, 130.3,
128.6, 128.2, 127.9, 127.0, 126.6, 126.4, 125.4, 123.2, 122.2, 102.6, 58.6. HRMS (ESI+): calcd.
for [C21H14ONBrS+H]+: 408.0052, found: 408.0050.

N| X
3n Z “NHBz 'H NMR (500 MHz, CDCl;) 6 8.57 (s, 1H), 8.51 (d, J = 5.5 Hz, 1H), 8.48
(d, J=5.5 Hz, 1H), 8.39 (s, 1H), 7.81 (d, J = 7.5 Hz, 2H), 7.59 (t, J = 7.5 Hz, 1H), 7.51 (t, J =
7.5 Hz, 2H), 5.61 (s, 1H), 5.21 (s, 1H), 2.16 (s, 3H). °C NMR (126 MHz, CDCl3) 165.6, 149.9,
148.8, 141.3, 140.1, 134.3, 132.6, 129.2, 127.7, 127.1, 119.0, 113.6, 24.8. HRMS (ESI+): calcd.
for [C1sH4ONy+H]": 239.1179, found: 239.1176.

Br

N (o)

PN |
4n N™ “Ph H NMR (400 MHz, CDCl3) & 8.57 (d, J = 5.0 Hz, 1H), 8.43 (s,
1H), 8.22 (d, J = 7.5 Hz, 2H), 7.59 — 7.51 (m, 1H), 7.48 (t, J = 7.5 Hz, 2H), 7.21 (d, J = 5.0 Hz,
1H), 3.77 (d, J = 11.5 Hz, 1H), 3.62 (d, J = 11.5 Hz, 1H), 1.98 (s, 3H). "*C NMR (101 MHz,
CDCl3) & 160.2, 151.7, 146.0, 145.1, 132.8, 131.6, 128.9, 128.6, 122.6, 119.3, 77.8, 39.6, 25.4.
HRMS (ESI+): caled. for [C15sH30N,Br+H]": 317.0284, found: 317.0286.

N O

A 1
6n N™ “Ph H NMR (500 MHz, CDCl3) § 8.56 (d, J = 5.0 Hz, 1H), 8.42 (s,
1H), 8.25 (dd, J = 8.5, 1.5 Hz, 2H), 7.64 - 7.54 (m, 1H), 7.48 (t, J = 7.5 Hz, 2H), 7.20 (d, J = 5.0
Hz, 1H), 3.67 (d, J=11.0 Hz, 1H), 3.54 (d, J = 11.0 Hz, 1H), 1.98 (s, 3H). *C NMR (126 MHz,
CDCl3) § 160.1, 151.6, 145.8, 145.0, 132.7, 131.5, 129.0, 128.6, 122.7, 119.4, 26.9, 15.0 (1
resonance missing). HRMS (ESI+): caled. for [C15sH30N,I+H]": 365.0145, found: 365.0137.

NMe2

30 NHBz '"H NMR (500 MHz, CDCls) § 8.47 (s, 1H), 8.11 (d, J = 8.0
Hz, 1H), 7.84 (d, J = 7.5 Hz, 2H), 7.56 - 7.43 (m, J = 27.3, 3H), 7.34 - 7.27 (m, 1H), 7.18 - 7.11
(m, 2H), 5.44 (s, 1H), 5.18 (s, 1H), 2.86 - 2.77 (m, 2H), 2.53 (s, 6H), 2.47 (t, J = 7.3 Hz, 2H),
1.88 — 1.76 (m, 2H). '>C NMR (126 MHz, CDCls) & 165.6, 145.2, 134.5, 134.3, 133.8, 132.1,
129.3, 128.5, 128.4, 127.1, 125.0, 123.3, 117.5, 57.4, 43.0, 34.6, 22.8. HRMS (ESI+): calcd. for
[CaoH24ON,+H]™: 309.1961, found: 309.1956.
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NM62
Br
O
P 1
40 N” ~Ph H NMR (500 MHz, CDCls) & 8.19 (d, J = 7.5 Hz, 1H),

7.57 - 7.42 (m, 3H), 7.42 - 7.30 (m, 2H), 7.25 - 7.19 (m, 1H), 7.11 (d, J = 7.5 Hz, 1H), 3.77 (d, J
=11.0 Hz, 1H), 3.64 (d, J = 11.0 Hz, 1H), 2.43 — 2.08 (m, 10H), 1.69 - 1.54 (m, 1H), 1.54 - 1.40
(m, 1H). *C NMR (126 MHz, CDCl5) § 156.2, 139.8, 132.4, 131.6, 129.6, 128.4, 128.2, 126.9,
125.9, 125.0, 123.6, 81.3, 59.3, 454, 40.6, 35.8, 22.2. HRMS (ESI+): caled. for
[C20H230N,Br+H]": 387.1067, found: 387.1070.

: NH OMe
O)\@
3p '"H NMR (500 MHz, CDCls) § 10.13 (s, 1H), 8.56 (d, J = 8.0 Hz,

1H), 8.32 (dd, J = 8.0, 1.5 Hz, 1H), 7.54 - 7.44 (m, 1H), 7.32 (t, J = 7.5 Hz, 1H), 7.20 - 7.06 (m,
3H), 7.02 (d, J = 8.5 Hz, 1H), 5.41 (s, 1H), 5.12 - 5.07 (m, 1H), 4.00 (s, 3H), 2.11 (s, 3H). “C
NMR (126 MHz, CDCls) & 163.3, 157.3, 143.9, 135.2, 134.3, 133.3, 132.8, 128.0, 123.7, 122.0,
121.6,121.5,116.7, 111.4, 55.78, 24.41 (1 resonance missing).

Br
(j_\)(o OMe
s
4p 'H NMR (500 MHz, CDCls) & 7.76 (dd, J = 7.5, 1.5 Hz, 1H), 7.45

-7.39 (m, 1H), 7.38 - 7.30 (m, 2H), 7.27 - 7.21 (m, 1H), 7.17 (d, J = 7.5 Hz, 1H), 7.02 (t, J = 7.5
Hz, 1H), 6.97 (d, J = 8.5 Hz, 1H), 3.90 (s, 3H), 3.84 (d, J = 11.0 Hz, 1H), 3.69 (d, J = 11.0 Hz,
1H), 1.90 (s, 3H). ">C NMR (126 MHz, CDCl3) & 158.6, 157.1, 139.1, 132.2, 131.2, 129.6,
127.0, 126.8, 125.6, 123.7, 122.8, 120.5, 111.9, 79.0, 66.0, 39.6, 25.4.

@ﬁ
O)\@\
OMe

3q '"H NMR (400 MHz, CDCls) & 8.56 - 8.31 (m, 2H), 7.80 (d,
J=8.5Hz, 2H), 7.30 (t, J = 7.5 Hz, 1H), 7.18 (d, J = 7.5 Hz, 1H), 7.10 (t, J = 7.5 Hz, 1H), 6.96
(d, J = 8.5 Hz, 2H), 5.47 (s, 1H), 5.11 (s, 1H), 3.84 (s, 3H), 2.11 (s, 3H). °C NMR (101 MHz,
CDCly) & 164.6, 162.4, 143.4, 134.2, 133.5, 128.8, 128.0, 127.7, 127.3, 123.7, 120.8, 116.7,
114.0, 55.4, 24.6.
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Br
(f ?
~
“ﬁ
4q OMe  'H NMR (400 MHz, CDCl;) & 8.17 (d, J = 9.0 Hz, 2H),

7.39 - 7.28 (m, 2H), 7.24 - 7.14 (m, 2H), 6.96 (d, J = 9.0 Hz, 2H), 3.87 (s, 3H), 3.76 (d, J=11.0
Hz, 1H), 3.53 (d, J = 11.0 Hz, 1H), 1.92 (s, 3H). "*C NMR (101 MHz, CDCl3) & 162.6, 156.3,
139.5, 130.3, 129.7, 127.1, 126.5, 125.4, 124.8, 123.3, 113.8, 78.0, 55.6, 39.8, 24.8.

NH

3r Cl "H NMR (500 MHz, CDCl3) & 8.57 - 8.31 (m, 2H), 7.76 (d, J = 8.0
Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.33 (t, J = 8.0 Hz, 1H), 7.20 (d, J = 7.5 Hz, 1H), 7.13 (t, J =
7.5 Hz, 1H), 5.48 (s, 1H), 5.11 (s, 1H), 2.12 (s, 3H). *C NMR (101 MHz, CDCl;) & 164.1, 143.4,
138.2, 133.9, 133.61, 133.5¢, 129.3, 128.5, 128.2, 127.8, 124.3, 120.8, 117.0, 24.8.

Br
Ef ?
2
“ﬁ
4r Cl 'H NMR (500 MHz, CDCls) & 8.21 - 8.10 (m, 2H), 7.46 -

7.41 (m, 2H), 7.41 - 7.31 (m, 2H), 7.29 - 7.21 (m, 1H), 7.17 (d, J = 7.5 Hz, 1H), 3.75 (d, J=11.5
Hz, 1H), 3.54 (d, J = 11.5 Hz, 1H), 1.93 (s, 2H). *C NMR (126 MHz, CDCl3) & 155.4, 139.0,
138.0, 130.9, 129.8, 129.8, 128.7, 127.2, 127.1, 125.7, 123.4, 78.4, 39.9, 24.9.

NH

PN

3s 0~ t-Bu '"H NMR (400 MHz, CDCls) & 8.34 (d, J = 8.3 Hz, 1H), 7.98 (s,
1H), 7.30 - 7.23 (m, 1H), 7.13 (d, J = 7.5 Hz, 1H), 7.06 (t, J = 7.5 Hz, 1H), 5.43 (s, 1H), 5.06 -
5.00 (m, 1H), 2.07 (s, 3H), 1.28 (s, 9H). *C NMR (101 MHz, CDCls) & 176.4, 143.4, 134.3,
133.3, 128.0, 127.6, 123.6, 120.5, 116.8, 40.2, 27.7, 24.6.

Br
0]
A 1
4s N t-Bu H NMR (400 MHz, CDCl3) 6 7.36 - 7.25 (m, 1H), 7.24 - 7.14 (m,

2H), 7.08 (d, J = 7.5 Hz, 1H), 3.64 (d, J =11.0 Hz, 1H), 3.51 (d, J=11.0 Hz, 1H), 1.78 (s, 3H),
1.29 (s, 9H). *C NMR (101 MHz, CDCls) & 167.4, 139.0, 129.4, 126.54, 126.5, 125.3, 123.3,
39.9, 37.6, 27.8, 25.4 (1 resonance missing).
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AVQ-400 QNP Proton starting parameters. 7/16/03, Revised 7/22/03 RN
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2.49

AVQ-400 QNF 31P Starting paraneters. Trimwthyl phosphate=

Ties- T

AV-300 Dual C-# probe Carbes starting parameters 7/23/03

ymw-VI-88-acid
1
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AV-600 ZBO proton starting parameters 11/16/08 RN
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1H starting parameters (zg30)
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1H starting parameters (zg30)
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1# starting parameters (zg30)
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AV-600 ZBO proton starting parameters 11/16/08 RN
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AV-600 ZBC proton starting parameters 11/16/08B RN
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AV-600 ZBO proton starting parameters 11/16/08 RN
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AV-600 ZBO proton starting parameters 11/16/08 RN
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AV-§00 ZBO proton starting parameters 11/16/08 RN
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1H starting parameters (zg30)
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Date 2 22
— WO W MW MO Oo Time 167
[ OV N-~-OAOE--O Q‘gc O™ INSTRUM AVg-4aC
- WSS ADD~ DM S men e PROBHD 5 mm QNP 1H/1
) e MM 00909 09 ~ =0 S eme PULPROG zagpg?
- o et et et e e e e e e -~ e Mmoo TD 6553
X, SOLVENT €DCl
TS\ N NI/ ne g
Ds
SWH 24018, 4¢
FIDRES 0.3667s
AQ 1.36321%
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pr 20.8C
DE 6.C
TE 292.
D 2.000000¢C
D11 0.030000C
™0 10c
- CHAMMEL £1 —
nuCi 12
Pl 8.%
PL1 =-2.(
PL1W 47.7728614
2;-—13( i&; SF01 100.62282%
mmmmme== CHANNEL £2 ==
CFDPRG2 waltzl
1
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0,1904511
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AV=600 ZBO proton starting parameters 11/16/08 RN

1
20120312

Data,
Time 20,50
INETRON AV-E00
FROBHD 5 nn FABBO Bi-
PULPRCG ¥930
™ 85536
SOLVENT ccll
He []
D& ]
" 1201%.230 na
FIDRES 0,1€3399 Ha
AQ 2.726477 sac
RS 120
g'. o™ 41.600 use
= ks .00 use
T® 296.5 K
— \ :ila 0.10000000 sec
- o ]
— "b“‘ -
L e p—
L 18
¥l 13.75 use
rLl .00
PLIN 22.53057305 W
SFOL €00.1339000 Mz
a1 5536
sF €00.1300171 mm2
e e
=1 a
LB 0.30 k2
G (']
BC 4.00
|
|
|
J L | L | v ;
T T T T T T T T T T 1
10 9 8 6 5 4 2 1 4] ppm
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LR\ i
N \L/;,,” \q\l/
NS V
NRME eh-I-6l-cal
EXFND 13
FROCHO 1
Date_ 20120312
Time 20.5%
. -
12/21/10 ©C AV-600 TBO carbon starting paramecers D & W DADSS BB
AQ_MOD=DQD FULFROE 2apg 30
™ 131072
EOLVENT €orL
ns 135
s o
suE 35057.691 Hx
FIDRES 0.2750%% H2
e 1.8175018 sec
RG 0
’w e 13,867 usec
e & 00 usec
%{‘ I 1.50009000 xa
bi o o
e DIl 0.03000000 sec
d ™0 1000
& wevnewne CHANNEL £l st
—_— -‘*‘?‘-_Pt‘ e 136
L B.50 usec
FL1 2.00 4B
PLLW £2.60328293 W
BFOl 150,91789%53 MEz
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=2.00 48
12.14 dn

T T
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1H starting parameters (zg30)
DRX-500 TBIC
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1H starting parameters (zg30)
DRX-500 TBIC

MM A DD AD O - WY et COMAMIADARPF OOV ATNSINMO -
; NANA A ADCWEWNMA R o NO AR AOACEWMO RN DN PSP DA
FAME yme-VI=126-col NN e DM o ~ e FITMAMMODNDODO-NSMMNO NN DO 0
Date_ 20120217 l.\
Time 19.07
IRSTRUM TRX - 5040
PROBHD 5§ nm BEO BE-1H
PULFROG 2910
™ 65516
SCLVENT coclLl
HS 8 6
DS ] 'H
SWH 10000.000 Hz
FIDRES 0.152588 Hz
AQ 3.2768500 sec
RG 645.1
™ 50.000 uree
DE 7.11 usec
TE 293.1 K
DL 1,00000000 s&c
TDO a
PL1 =5.00
SPO1 499.9230870 Mz
ST 65536
5P 499.9200000 MHz
WD M
558 o
LB 0.20 Hz
aB o
PC 5.00
L i’y A
I Ty T T T T T T T T T T I ]
10 9 8 7 6 5 4 3 2 1 Q ppm
I i
|  [m[m[m| -] eea =) o3
b=d o e o o0 al
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B P ] B cald ol e
b P
- “wan
- Ges
- ma o
| )
T
| M
MAME yow-VI-126-c01
EXENG 13
PROCND 1
Date_ 20020217
Tine 19.09
500 Sem TBIC probe 13C starting paraneters, Rev 1/11/ et 5 ma m's“mi—ﬁ
With €PD proton decoupling. Use nstd0d scans 230
65536
coeld
N a0d
s 9
M 41322.312 Mz
FIDRES 0.630528 Xz
AQ 0.7930356 sec
"G 8197
o 12.100 usee
e 00 usec
Ity = 293.3 x
— ol 2.00000000 sec
di1 0.03000000 sec
DELTA 1.89999998 sec
—Q& &Jﬂh ™0 10600
=mmmmmn CHANNFL f1
wel 13c
Pl 10.75 usec
PLL .00
ero] 125, 7475545 Moe
e CHANNEL 2 —
CPUPRCZ waltzls
=] s
PCPD2 100.00 usec

-5.00 4B
-0
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1H starting parameters (zg390)
DRX-500 TBIC
At

NAME
EXFHO
FROCHD
Lata_

Timo
INETRUN

=

= 5.00

L

r T T T T T T T T T T T 1
10 9 ] 7 6 5 4 3 2 1 0 ppn

Bl =d b il faed )
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B I e H

54.2%

DRX-300 %mm TEIC probe 13C starting parancters. kev 1711/
With CFD proton deceupling. Use ns*wd0 scans

0=
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x
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©,00
1257175545 i

250 200 150 100 50 0

179



1H starting parameters (zg30)
DRX-500 TIBIC
Ae1a3n o

-y

yme-¥I-121-col
1

1
Date_ 120210
15.10

PFLl -5.00 d8
aFo 459,.9230870 Mz ~
=1 EESRE w
B 499.9200000 vz 1
o B w
888 o
L] 8.20 Bz
an 0
PC 5.00
o L.__J | [
T T T T T T T T T T T 1
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hd D | | el a bd
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BRI AR R S a8en
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HAME  ymw-VI-121-eol
EXFNO 13
FROCHC 1
Dute_ 20120210
Tiow 15.11
INETHRUN vex-$04
DEN-500 Smm TBIC probe 13C starting parameters. Rev 1/11/ FRODOE 5 e BDO ER-1R
With CPD proten decoupling, Use nevedd scans PULFROG 2gpg30
™ 236
SOLVENT crell
N €4
a
Bl 41322.312 Bz
FIURES 0.630520 Ba
g 0.7930356 swe
RG 2
o
=~ o
b 2931 K
-~ B 2.00000000 swe
O dll 0.,03000000 aec
DELTA 1.89959998 sec
--..-#__“%h 100 1000
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yome-¥1-122-rac

PROCND 1
Date_ 20120213
Ti 15,07
IRETROM V=600
PROAHD S mn PARBO EB-
PULPRCG #330
™ 65536
SOLVENT ocld
NE a
o6 Q
12019.230 n=
FIDREE 0.183399 Hz
AQ 2,726M77 se=c
Ro 12
oW 41.600 use
bE 6,90 use
TE 296.4 X
o 2.10000000 ses
[i%8 b A\ 00 ]
L CRANNEL f1
= 5 -
.75 e
JZ,N_"‘Lqﬂw PL1 2.00 dia
PL1N 21.93097T305 W
srol €00.1339008 MAz
8r €5536
5r 600.1300171 MRz
oW =
BEB Q
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=2 a
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10 9 8

T
7 6
G o8 ek
L[ 154 P P B By - e e | ¥t P
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L e s e eHMO = ™ oo o
NN O - - e . . . .
MMM NN S0 - W = )N
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Current Data Parameters = —
NAME yw-VI-198B-ptlc \w‘%g‘ \v | H v
EXPNO 13
PROCNO 1
F2 - Acquisition Parameters
Date_ 20120528
Time 18.37
INSTRUM DRX-500
PROBHD 5 mm Inverse 1 A
PULPROG zgpg30
™D 25536 Gf zf
SOLVENT Cpel3 5
NS 780 [>]
DS 0 — \fl.,
SWH 41322.312 Hz
FIDRES 0.630528 Hz
AQ 0.7930356 sec
RG 8192
oW 12.100 usec
DE 6.00 usec
TE 293.8 K
D1 2.00000000 sec
dll 0.03000000 sec
DELTA 1.89999998 sec
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T T T T i T
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i1H starting parameters (zg30)

DRX-500 TBIC

[T T———

10
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==== CHANMEL f1

EXPND
PROCNO
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e PL 700
™
SOLVENT
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TE
n
™na
\J
. T T v e T T
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MO NS Ar-ihO~FLPLH MM = - EXPNO 13
L= s e W W Mo M e s e Mo Mo e Mo Mo o e o ol ol el
e e e R e R I e I B I B R I B I I ol ol o PROCNO 1
eI\ g 4=  Date_ 20120124
i Time 9.36
INSTRUM DRX-500
PROBHD 5 mm BBO BB-1H
PULPROG zgpgl0
D 65536
SOLVENT CDC13
NS 155
DS 0
SWH 41322 .312
FIDRES 0.630528
AQ 0.7930356
RG B192
DW 12.100
ﬂ-_zﬁf'::\ DE 6.00
—~ TE 293.4
=3 D1 2.00000000
nGz a1l 0.03000000
DELTA 1.89999998
TDO 1000
=mzz==== CHANNEL fl ====
NuUCl 13c
Pl 10.75
PL1 0.00
SFO1 125.7175545
= == CHANNEL f2 ====
CPDPRG2 waltzlé

ym-V1-108B-col
1

1
20120124
9.33
DRX-500

5 mm BBO BB-1H

L]
10000.000 Hz
0.152588 Hz
3.2768500 sec
228.1
50.000 usec
7.11 usac
293.1 K
1.00000000 sec
8

1H
25,00 usec
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499.9230870 Mk
655316
499.5200000 MHz
™

0
0.20 Hz

0
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sec
sec
sec
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T T
200 150 100
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AV-600 ZBO proton starting parameters 11/16/08 RN \

1
20120125
Ti 16.14
INSTRUM AV-£00
PROBHD 5 mm PABBO BB
PULPROG 2530
D 65516
SOLVENT <OC13
NS 8
os o
SWH 12019.230 Hz
FIDRES 0.183399 Hz
AQ 2.7263477 sec
RG z28
e 41,600 usec
DE £.00 usec
TE 294.9 K
D1 0.10000000 sec
TOD 8

= CHANNEL f1 ==

1H
13.75 usec

22700 ds
22.93097305 W
€00.1339008 MHz
4 65536
5 Y §00.1300171 M
\ EM
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GB a
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Time 16.15
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PROBHD 5 mm PABBO BB-
PULPROG zgpg30
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SOLVENT CDC13
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DS 0
SWH 36057.691
FIDRES 0.275098
AQ 1.8175818
RG 2050
b DW 13.867
DE 6.00
) TE 295.0
{4 D1 1.50000000
D11 0.03000000
TDO 1000
======m= CHANNEL f] ====
NucCl 13c
Pl 8.50
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1H starting parameters (zg30)
DRX=-500 TBIC
Pt

v

yrw-¥1-1730~cal
1

EXINO
FROCND 1
Date_ 20120213
| Tine 10.3%
INSTRUM L-500
i S mn BBO BS-1H
PULFROG 2530
™ E5536
EOLVENT s
av Bz . 3
.- oS [
, &7 un 10000. 000 Hx
\2 FIDRES 0.1525868 Hx
Ll 3,2768500 swe
RG £74.7
oW L
D& 7.11 use
16 293.3 X
o1 1.00000000 sec
w’wa L
CHANNEL, 1 ~m=e—e
wc1 1
Pl 25.00 use
L1 00 dp
srol 499.35230870 M0
5 435
¥ 495.5200000 rn
WM o )
£s8 o
s 0.20 Ha
=]
FC s5.00
- (O SR e U ‘- _
L T T T T T T T T T T L]
10 9 8 7 6 5 3 2 1 0 ppm
folo)m i \
EH%: el @ S
| | 1 o ol
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Sea v
a® MmO SaACs © @ T N
TT TE oM e e e -
BRI i fapa b SRS S N o
AW 1 /
VA |
HAME ymw-VI-1238-col
X 13
PROCHD 1
Date_ 20120213
Thime 10,36
INSTRUM DRX-500
ORZ-500 Sem TRIC probe 13C starting parameters. Rev 1/11/ PROBED 5 mm BRO BB-1H
With CFD proton decoupling. Use na*td) scans FULPROG 2apaIl
™ €5536
BOLVENT €DC13
xS 32
s o
BNR 41322.312 He
FIDRES 0,630528 mx
A 0.7930356 sec
REG 8192
o 12,100 usec
™= £ A0 nean
™ 293.3 K
Nﬂh Dl 2.00000000 sec
di1 0,03000000 sec
DELTA 1.89999998 auc
— 100 1000
meee CHANMEL £1
woC1 13
2 10,75 usec
1 0.00 a8
srol 128. 71758548 iz
e CHANNEL £2 s
CPOPRGE walczlf
wocz m
PCPD2 100,00 usec
LI -5.00 4B
PLiz 7.04 an
|
T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 B0 70 60 S0 40 30 20 10 ppm
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. S e o — GEE W .
Scon=guy @ eriec $5588 28 =
R EEERH A 1] 89288 22 8
e R & Qe SENC 2 e T a
N\ |/ WV |
123c-pric
He
e
W
- ¢
5

sesmmsce CHANNEL £1
1

= et

e B B e B e e
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- ® ®m
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m w=0
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s
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: = ! «
PIDRES
R
R
oW
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7E 196.6 K
D1 1.50000000 sec
11 0.03900000 sec
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E
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1H starting parameters {zg30)
DRX-500 TBIC

Vme-VI-187-ptlc
1

mm Tnverse 1
zg30

65536

€oell

[

0
0 Hz

0.1825

H=
L4 PI.‘ ) 3.2768500 pec
RG 8
D 50.000 usec
DE 7.11 ugec
TE 296.1 X
m 1.00000000 sec
™0 H

L o B J;‘;____.J.L A

[ T " — L B b
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¢ k 1 |
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NAME ymw=Vi-181A-col2
EXPNO 1
PROCNO 1
Date_ 20120418
Time 16.45
INSTRUM DRX-500
PROBHD 5 mm Inverse 1
PULPROG zg30
D 65536
SOLVENT CDC13 \
NS 8
DS 0 M ns
SWH 10000.000 Hz =
FIDRES 0.152588 Hz KA Te
AQ 3.2768500 sec =
RG 8 m
Dw 50.000 usec
DE 7.11 usec
TE 295.8 K
D1 1.00000000 sec
T™DO 8
==s====== (CHANNEL f]l za======
NUCL 1H
Pl 8.12 usec
PL1 -5.00 dB
SFO1 500.1630885 MH=z
. s ) NI S
T T T T LR T T T T 1
10 ) 6 5 4 3 2 1 0 ppm
o lS ﬂ\rum =t
™ = =Sl =)
K S ceEr e
— ] = Z'N|\am =i
n SeRS8SIREERE e - @ e
@ 0000 B 0 i oo -
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S\ Vo
HANE. yow-VI-181A-colagain
EXPNO 13
PROCNO 1
Date 20120418
Time 1 3
INETRUN TRX 500
PROBHD 5 mn loverse 1
FOLFROG 29pgl®
™ 65536
SOLVENT cDcld
NS #
o 0
W 41322.5121 W=
riones 0. ds0828 e
e 6.733035% ne
\ o :x'_smo..;.-r
A om— 2 s
5 h 3703000000 sec
DRLTA

T
250

" . . . e
200 150 100

1.89999938 sec
1000

25.00 usec
-3.00 4B
125.7779086 MHz

CHANNEL £2 wwsmme=e
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100.00 uses
B
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NAME

ynmw-VI-181-rac
1

EXPNO
PROCNO 1
Date. 20120418
Time 19.26
INSTRUM DRX-500 |
PROBHD 5 mm Inverse 1 s
PULPROG zg30
™ 65536
SOLVENT cDcl3 br
NS 8
DS 0
swH 10000.000 Hz i
FIDRES 0.152588 Hz
AQ 3.2768500 sec
RG 8
Dl 50.000 usec
DE 7.11 usec
TE 295.7 K
D1 1.00000000 sec
DO 8
==c===== CHANNEL fl ========
NUC1 1H
Pl 8.12 usec
PL1 -5.00 dB
SFo1 500.1630885 MHz
51 65536
SF 500.1600000 MH=z
WDW EM
S5B 0
LB 0.20 Hz
GB 0
PC 5.00
Al
- x o _A
bR s T T u i | T T T T T T
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1ﬁ Sl 12/[5 fatbet
I e BIE S
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MAME yaw-V1-188-orthoMe

PROCHNOD 1
Date_ 20120516 l‘
Time 19.26 /—Tf v
TNSTRUM DRX-500 -
PROBAD % mm Inverse 1 l-._/--..ﬂ H-. ° ~Me
PULPROG 2430 ) -
™ 65516
BOLVENT coc13 t“H—_ \
NS B o —_—
D& o
W 10000.000 Hz
FIDRES 0.152588 Hz
A 3.2768500 wec
Ra 8
oW 50,000 usac
DE 7.11 usec
G 294.0 K
ol 1.00000000 aec
0o 8
B.12 usec
-5.00 d8
S00.1630885 Miz
65536 ¥2
500.1600000 MHz h
s w
o
0.20 iz
a
5.00
L i J J L
1 1 RS Bama R T T - ' i T . !
10 ] 8 r [ 5 4 3 2 1 0 ppm
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- e ® ©
WAME yaw-VI-188-crthate " e mo® 0 -
EXPND 13 a in -0 " -
BROCNG 1 EC ] ~Ee e wn ~
Date_ 20120516 | | l//
Time 19.31 |
INSTRUN OHX-500
PROBHD 5 s Inverse 1
PULFROG #Qpg3i0
™ 68536
SOLVENT el
N© 402
e 0
W 41322.312 He
FIDRRS 0.630528 Hz
AQ 0.7T930356 sec
A0 8192 \
o 12.100 usec
b €.00 usec )
= 294.0 K
= 2.00000000 sec —"‘-hl.l a“\.h_-
a1l 003000000 mec 3
DELTA 1.89995990 poc
ol 1000

.l -3.00 dB
arol 125.7779086 Mz
memseess CHANNSL (2 mssc-===
CPDPRGZ waltzlé
NuC2 18
PCPO2 .00 usec
L2

PL12

FL13

sroz

S1

sF

Wi

Ln 0.75 Hz

a 0

B 2.00

. e — — .

. —————

250 200 150 100 0 .
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7.11 usec

9

293.9
1.00000000
8

crannEL £1

500, 16308
‘ ~
£00.1600000 rT
w

Bamaasssay R . :

. T
*e 3 5 7 6 5 4

4 . 0 ppm

| |l
(=} o|c|wn ™
o I~ || o
=] olo|o =]
~ ] -
] n p
yan-VI-1898-ptlc + H -

©
I oiha

__"'HAWEI

50 0 to

190



N AMAN MmO @Y ™~ m oo - -
HOWNIN MO O M AN T o o D o — N —
N MAI™mMMNNA O, w - O o0 "o o ~”
ol ol S S S W < mm o0 -
MNAME Jw-08-2008
EXPNO 1
PROCNOD 1
Date_ 20120503
T Lme 14.1%
INSTRUN AVE-400
PROBHD 5 mem PABBO BB-
PULPROG 2930
™ 65536 l_
SOLVENT cnell
NS 16 6]
ng a
o §276.146 1z H
FIDRES 0.126214 Hz
AQ 3.9584243 sec
G 28.5
o 60,400 usec <3
DE €.00 usec
TE 297.2 K
bl 1.00000000 sec o—
DO 4
mzssssss CHANNEL 1 seswssms
N1 1H
Pl 8.20 uaec
L1 3.00 dB
PLIN 23.05461311 W
SFOL 400.1324710 Az
51 32768
8F 400.1300000 Mz
WO EX
SSH 0
LB Q.30 Hz
GR L]
PC 4.00
L .
T T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 0 ppm
e~ < mﬂbr- | je o =1
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Determination of enantioselectivity:

Enantioselectivity was determined by chiral HPLC using Daicel OD-H, AD-H, OJ-H, IA,
IB, and IC and the Regis WHELK-O1 columns (0.46 x 25 cm). With the exception of 4f, 4k, 4,
and 40, racemic product was generally prepared by reaction with reagent 1d in acetonitrile under
homogeneous conditions. The racemic products 4f, 4k, 41, and 40, we generated by using rac-
TRIP in place of (R)-TIPS-TRIP using the phase-transfer conditions given in “General procedure
for halocyclizations.”

Chiral HPLC separation conditions and retention times for products:

4a: OD 99:01 hexanes/isopropanol, 1 ml/min, t;,, = 7.4 min, ty; = 9.4 min.

4b: OD 99:01 hexanes/isopropanol, 1 ml/min, t,, = 8.3 min, tyy = 9.5 min.

4c: OD 99:01 hexanes/isopropanol, 1 ml/min, t,, = 8.5 min, tyy = 9.7 min.

4d: Two WHELK columns in series, 99:01 hexanes/isopropanol, 0.5 ml/min, t,, = 19.6 min, ty =
18.0 min.

4e: OD 99:01 hexanes/isopropanol, 1 ml/min, t,, = 6.4 min, ty; = 6.9 min.

4f: OD 92:08 hexanes/isopropanol, 1 ml/min, t,, = 13.5 min, tyy = 15.3 min.

4g: OD 99:01 hexanes/isopropanol, 1 ml/min, t, = 14.7 min, t; = 16.6 min.

4h: OD 99:01 hexanes/isopropanol, 1 ml/min, t,, = 7.1 min, tyy = 9.6 min.

4i: OD 99:01 hexanes/isopropanol, 1 ml/min, t,, = 8.5 min, tyy = 11.8 min.

4j: OD 99:01 hexanes/isopropanol, 1 ml/min, t,, = 7.3 min, ty; = 6.5 min.

4k: Two WHELK columns in series, 99:01 hexanes/isopropanol, 0.5 ml/min, t,, = 14.7 min, ty =
15.8 min.

41: OD 99:01 hexanes/n-butanol, 0.5 ml/min, t,, = 14.8 min, ty; = 11.8 min.

4m: OD 99:01 hexanes/isopropanol, 1 ml/min, t,, = 17.5 min, tyy = 9.9 min.

4n: 1B 95:05 (80:1 hexanes/n-butylamine)/isopropanol, 1 ml/min, t,, = 12.7 min, tyy = 10.8 min.
40: OJ 97:03 (80:1 hexanes/n-butylamine)/isopropanol, 1 ml/min, t,, = 7.9 min, tyy = 11.8 min.
4p: OD 97:03 hexanes/isopropanol, 1 ml/min, t,, = 6.6 min, t;y = 18.2 min.

4q: OD 98:02 hexanes/isopropanol, 1 ml/min, t,, = 8.9 min, ty = 13.3 min.

4r: OD 99:01 hexanes/isopropanol, 1 ml/min, t,, = 6.2 min, tyy = 7.1 min.

4s: OD 99:01 hexanes/isopropanol, 1 ml/min, t,, = 4.6 min, ty = 5.2 min.

6b: OD 99:01 hexanes/isopropanol, 1 ml/min, t,, = 7.1 min, ty = 8.5 min.

6j: AD 99:01 hexanes/isopropanol, 0.5 ml/min, t,, = 6.2 min, tyy = 7.5 min.

6n: IB 95:05 (80:1 hexanes/n-butylamine)/isopropanol, 1 ml/min, t, = 12.9 min, tyy = 11.6 min.

HPLC traces:

4a:
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CHAPTER 4: COMBINATION OF CHIRAL ANION PHASE-TRANSFER CATALYSIS AND
DIRECTING GROUPS FOR ALKENE FLUORINATION

Abstract:

The combination of directing groups and chiral anion phase-transfer catalysis allows
chiral phosphoric acids to catalyze the direct fluorination of alkenes to generate tertiary and
quaternary C(sp3)-F bonds, and B-amino- and B-aryl- allylic fluoride moieties. Essentially, a
reactive electrophilic chiral ion pair interacts with a hydrogen-bond donor directing group but
fluorinates a remote alkene. A variety of heterocyclic, carbocyclic, and acyclic allylic fluoride
products were provided with good to excellent yields and high enantioselectivity. Further, by
using two electrophilic salts of differing reactivity, we were able to perform a one-pot, two-step
dihalogenation-cyclization reaction sequence utilizing the same catalytic cycle twice.

Selectfluor
R)-STRIP
HXAD R i\la) co Hx-A" R 15 examples
| 23 F 56-95% yield
76-97% ee
toluene, rt N\ °
alkenes and styrenes with: tertiary and quaternary
R = H, alkyl allylic fluorides

X = OH, NHR (directing group)

directing group interaction with chiral
electrophilic fluorinating reagent generated in-situ

212



Introduction

Organocatalysts have largely been developed around the idea that hydrogen-bonding can
act as a strong attractive interaction between substrate and catalyst, allowing the creation of a
pair of diastereomeric transition states. However, the use of hydrogen-bonding in organocatalysis
has not been extended to directing groups (DG). Instead, almost all examples have relied on
hydrogen-bonding directly with the reactive functional group. Directing groups (DGs) have been
used both in the field of enantioselective transition-metal catalysis and for C-H activation.'® DGs
provide the ability to functionalize non-polar bonds (such as alkenes), while maintaining
beneficial polar interactions between the substrate and chiral source, by following a similar
reactivity model as that described in previous reports of directed reactions (Figure 1).

Directing groups in Transition-metal catalysis Directed fluorination
and Organocatalysis
O
E
Py 0 ph. L
-Pr< E N O
pro, .0, 1 o /N |
o 'S ~0o 7 HO
T | 0 O (\)
t-BuO /
E RHN
E = ethyl ester @
Sharpless titanium-catalyzed aspartate catalysis remote hydrogen-bonding with
epoxidation (Miller) chiral phosphate
Precedented chiral phosphate modes of reactivity Directed fluorination
H.
* N
@/o\p/i@ o 25)* X o
@y ® P— ) O &
RZH 1 RY.R I R _R-O
T ° N [ 9%
)l\ ) )\ | *
/H H "F®"
-Nu -Nu”
remote hydrogen-bonding with
hydrogen-bond electrostatic chiral phosphate

Figure 1. Top: Substrate-catalyst interactions in precedented metal-catalyzed and
organocatalytic directed enantioselective reactions with alkenes. Bottom: Modes of activation of
polar groups in chiral phosphoric acid catalysis, compared to this work - directed interaction with
alkenes.

Within organocatalysis, the Miller research group has developed an enantioselective
epoxidation reaction of allylic alcohols using amino acid catalysts featuring aspartate, capable of
hydrogen-bonding with a remote alcohol DG (Figure 1).” In another mode of catalysis, the Tan
group has designed bifunctional covalent catalysts which are capable of scaffolding and
organizing the transition state to provide enantioselectivity.*
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- M Selectfluor
o 0 N 0O O
With metals o/ o or NFSI
R o —~ . | A~ E—— RMO/\
R, R o F" R,
R requires strong nucleophile
R R
F
With cinchona alkaloids ©j$:0 7[’\‘ _ @f; o
N '®
Boc Zi F N@SO Ph Eoc
OR (SO2Ph)2 considerable background
(racemic) reaction
Ar
o
With proline/enamine catalysis \ , Ar NFSI O\
N omwms — = F
g ) f
R activated alkenes required

Figure 2. Modes of enantioinduction in electrophilic fluorination.

Both these modes of activation achieve enantioselectivity with catalysts which organize the
reactants in the transition state (Figure 1), rather than LUMO-lowering protonation or hydrogen-
bonding, which has generally been utilized for substrates containing carbon-heteroatom
unsaturated bonds such as carbonyls or imines.''"* Generally, chiral phosphoric acids have been
predominantly used as Bronsted acids in LUMO-lowering activation of a polar electrophile. It is
notable that hydrogen bonding to the incoming nucleophile has also been implicated as a key
component of achieving enantioselectivity.'* Based on the well-established ability of phosphoric
acids to hydrogen-bond with substrates, we saw an opportunity to combine transition-state
organization catalysis with chiral anion phase-transfer catalysis which was introduced in chapter
3. The hypothesis here is that a remote hydrogen-bonding DG could effectively direct an ion-
paired chiral phosphate species for the enantioselective fluorination of alkenes (Figure 1,
Bottom).
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In-situ formation of a chiral Electrophilic fluorine source

i-Pr i-Pr i-Pr
! F i
L o Fl)-ng N ~ L o FPr sy
o . 2 ZBF4 B B-H o P02
i-Pr v i-Pr
+ N + N
toluene 2 X
Cl _ o Cl
i-Pr i-Pr solid - liquid i-Pr i-Pr
phase-transfer e
(R)-STRIP Selectfluor Chiral "F+" source
Soluble Insoluble Soluble ion pair

Phase-transfer catalyst

Figure 3. Both solubility and chirality are provided by the organophosphate, when it is ion-
paired with the DABCO-derived electrophilic fluorine moiety. In the presence of base, the
phosphate is generated in-situ to act as the active catalyst.

Compared with nucleophilic fluorinating reagents which can be used for stereospecific reactions,
electrophilic reagents are easier to handle, have a range of reactivity, and are more commonly
used in the development of enantioselective fluorination methods (Figure 2). Our recent
enantioselective halocyclization methods utilized chiral anion phase-transfer catalysis, in which
ion exchange between an insoluble electrophilic salt (such as Selectfluor) and a soluble chiral
lipophilic phosphate anion derived from catalysts such as TRIP generates in-situ a chiral
electrophilic salt (Figure 3).">'® In addition, our reports of enantioselective fluorinations
demonstrated that activated alkenes such as enamides react with high enantioselectivity and yield
using the same phase-transfer system.'”'® In both examples, hydrogen-bonding between the
reacting functional group (amide) and the phosphate catalyst is hypothesized to facilitate the
reaction. The enantioselective synthesis of allylic fluorides has been recently achieved by a few
research groups - allylic chlorides undergo palladium-catalyzed nucleophilic fluorination in the
presence of silver fluoride, while allylsilanes undergo electrophilic fluorination with NFSI in the
presence of cinchona alkaloid catalysts (Figure 4)."”*> While these are useful advancements in
the synthesis of these moieties, they suffer limitations such as the requirement of pre-
functionalizing the alkene, as well as the use of transition-metals, and long reaction times — at
times requiring up to a week for completion.
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C'U Pd,dbas (5%) F X
Trost Ligand (10%) \Q

X o)
AgF (1.1 to 3 equiv) X

D 0
F B NH HN R
or R7NAN0) TH, it 24n or R)v/ S PPh, Ph,P 7
13 examples ]
50-88% yield, 85-97% ee Trost Ligand
Et
i Cinch lkaloid (10% s ) (N\ﬂ N-N
Me;Si inchona alkaloid (10%) : W)\ S o N
F-N(SO,Ph), (1.2 equiv) . A T =
A\ E Meo \”\*OME MBO]/\ N
. R ACN,0°Cto-40°C X N N N
9h to 10 days 18 examples (DHQ),PYR (DHQ),PHAL

58-95% yield, 31-95% ee

Figure 4. Top: Enantioselective transformation of allylic chlorides to allylic fluorides using
palladium-catalysts. Bottom: Organocatalytic enantioselective allylic fluorination using cinchona
alkaloids.

On the other hand, the desirable direct fluorination of a variety of alkenes was reported in
racemic fashion by Loh and co-workers (Figure 5).** This homogeneous reaction required
heating, demonstrating the relatively low reactivity of the unactivated alkene toward Selectfluor.
Nevertheless, we envisioned that this reaction could be rendered enantioselective by taking
advantage of a DG capable of participating in hydrogen-bonding with the phosphate phase-
transfer catalyst.

Selectfluor (1.05 equiv)
N R > R
X DMF, 40-75 °C x F

Figure 5. Racemic direct fluorination of alkenas exihpielertidaos yisnder homogeneous
conditions.
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Results and Discussion

Based on the previous success with benzamides in our phase-transfer system, we initially
investigated their ability to act as DGs for direct alkene fluorination. Furthermore, we saw this as
an opportunity to access enantioenriched tertiary P—fluoroamines, which has been an
outstanding challenge for synthetic chemists, while being useful for the development of drug
candidates.”*’ Enantioselective fluorination of substrates with no hydrogen-bond donor
containing directing group was attempted with poor results, verifying our initial hypothesis that a
directing group with hydrogen-bonding capabilities would be required and beneficial.**

o) SelectFluor (1.35 equiv) o
N Na,CO3 (1.45 equiv) o)
O : D un
t-Bu catalyst (10 mol%) F H E N
t-Bu

solvent (0.03 M)

la 10°C, 18 h 1b: elimination product le: cy(cJLz;éZ)i?ez;oduct
entry catalyst solvent yield (%) 1b:1c ee (%) 1b (ee (%) 1c)

1 (8)-2 PhF 82 5:1 85 (48)

2 (S)-2 tol 95 8:1 89

32 (S)-2 tol 95 8:1 88

4 (R)-3 tol 95 10:1 90

5 4 MeCN 98 1:4

6 - MeCN 98 1:4

23.0 equiv Na,CO3

Catalysts:

(o]

“POLH

i-Pr
(S)-2 (TRIP) (R)-3 (STRIP) achiral 4

Table 1. Optimization of product distribution and enantioselectivity by catalyst and solvent
screening.

Specifically, enantioselectivies no higher than 10% ee were obtained. After the installation of a
pendant amide group, fluorination proceeded to provide product 1b in 82% yield and 85% ee
(Table 1, entry 1). Also in accord with our hypothesis that a remote hydrogen-bond donor may
be essential to direct fluorination, N-methylated amide analog of la gave less than 10%
conversion under identical conditions (Figure 6). Interestingly, this is evidence of the amide N-H
participating in increasing reactivity as well as selectivity. This is in-line with such observations
from covalent catalysis, often referred to as induced-intramolecularity. In principle, the
transition-state organization provided by attractive and stabilizing interactions increases
reactivity (Figure 6). In other words, it seems like the hydrogen-bonding DG improves both
enantioselectivity and reactivity. When the phase-transfer catalyst was left out of the reaction
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mixture, the fluorination did not proceed, thus verifying that a phase-transfer process is indeed
essential, and that there is no background reaction with Selectfluor.

Selectfluor (1.35 equiv)
0 0 Na,CO5 (1.45 equiv)

. Mel (R)-TRIP (0.1 equiv)
O‘ E)ﬁ — . O‘ NJ\©\ no reaction
t-Bu Me tBu PhF

Induced
Intramolecularity

Diastereomers

Prochiral SM

Chiral Product (R, S)

Figure 6. The amide N-H participates in lowering the activation barrier, inducing
intramolecularity by hydrogen-bonding. The amide also directs the chiral reagent and is essential
for enantioselectivity.

A solvent screen revealed that changing the solvent to toluene helped increase selectivity
for the desired allylic fluoride product at the expense of side product 1c (resulting from
nucleophilic attack by the amide) (entry 2). Allylic fluorination and cyclization products could be
produced from a common fluorinated carbocationic intermediate as a result of deprotonation or
nucleophilic attack. As formation of the C-F bond is presumably enantiodetermining for both,
the significantly lower enantioselectivity observed for the cyclization product 1c (48% ee; Table
1, entry 1) suggest that there is no shared cationic intermediate and that the two reaction
pathways are divergent at an earlier stage. In addition we showed that the allylic fluoride could
not be produced in greater enantioselectivity through a kinetic resolution (by an elimination
reaction of 1C) in an experiment where we resubjected 2b to reaction conditions with no
observed conversion (Figure 7).
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(0]
B: N
-Bu
K/\.?‘O 2a
SOgRe!
" tBu o\p/
|

Pathway B
1 N

F
2b

Figure 7. Product does not ring-open to form 2a, and the two pathways are distinct (no common
benzylic carbocation exists).

A catalyst screen revealed that STRIP provided improvements over the commercially available
TRIP.*® The role of the phosphate-directing group interaction is further confirmed by the
observation that the undesired cyclization pathway predominates when the reaction was run in
acetonitrile under homogeneous conditions (Table 1, entries 5-6). The reactivity under phase-
transfer conditions differs greatly from under homogeneous conditions.

Selectfluor (1.35 equiv)

@) Na,CO; (1.45 equiv) . o]
NJLR (R)-STRIP (0.1 equiv) ' )LR
DOR - N
toluene, rt, 18 h
entry R= ee (%) entry R= ee (%)
1  Me 30 5 CF,H 30
2 i-Pr 51 6 CF; 82
3 t-Bu 75 7 CCl3 93

4 Ph 92 (769

a) ee (%) determined by chiral HPLC. b) Conversion determined by NMR

>90% for all entries c¢) With (S)-TRIP rather than (R)-STRIP

Table 2. Studies on electronic and steric factors using amide DGs. Enantioselectivity generally
increased with steric bulk on the amide.

While we were exploring substrate scope with the tetralone core and other modifications,
we undertook a study to determine whether steric and electronic factors were at play in the
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preferential reactivity of benzamides. In addition, we hoped that the understanding would also
help in finding a cleavable directing group rather than being solely able to use benzamides. The
ability to use non-benzamide DG would be a step forward for chiral anion phase-transfer
catalysis in the Toste group, as well as for this particular method. Various substrates were
synthesized with electronic and steric variations (Table 2). Chlorinated and fluorinated acetyl
derivatives provided insight into the influence of electronegativity, while increasingly bulky
alkyl derivatives revealed the effect of changes in steric bulk. Predictably, increased
enantioselectivity tracked well with increased steric bulk (t-Bu > i-Pr > Me; entries 1-3).
Identical enantioselectivities were achieved with CH; and CHF, substituents (entries 1 and 5),
but one additional fluorine increased enantioselectivity from 30% to 82% ee (entry 5 vs. 6). We
postulate that the rotation of the CHF, group can minimize steric interactions which are not
possible with the symmetrically bulky CF;. A further increase in size to CCls (TCA), while
decreasing the electron-withdrawing ability, improved enantioselectivity to a synthetically useful
93% ee. In addition, comparison of entries 3 and 4 indicate that a phenyl group, due to either
electon-withdrawing or pi-stacking interactions, improves enantioselectivity. We found this to be
beneficial also in the development of alcohol derived DGs. Unfortunately, more substantial
changes such as the use of p-toluenesulfonamide as the directing group provided product with
67% conversion by NMR analysis and only 18% ee — hence we decided not to investigate any
other classes of DG. In addition to being highly efficient for the desired transformation, the TCA
group was readily hydrolyzed with potassium hydroxide to provide free amine in 90% yield with
no racemization of the fluorinated stereocenter (determined by derivatization of the amine), thus
allowing access to primary B-fluoroamines and ability to access a number of amine derivatives
not necessarily containing the DGs we have optimized (Figure 10).

Table 3 sums up the various changes we made to the core and amide DG. Good yields
and high enantioselectivities were maintained with medium-sized rings (entries 3 and 4). The
method tolerates electron-withdrawing and electron-donating groups on the fused benzene ring,
even when in an electronically significant (by resonance donation/activation) position (entry 8).
Chromanone-derived heterocyclic substrates 9a and 14a were fluorinated with good yield and
high enantioselectivity (96% ee and 97% ee, respectively) to generate heterocyclic fluorinated
products.
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Selectfluor (1.35 equiv)

Na,CO3 (1.45 equiv)

- NHR

S X (R}-STRIP (0.1 equiv) Y ~—XF
toluene, 10 °C, 18 h

A NHR

entry product entry product entry product
1b
o} 4 o 8 o)
< "N >N
~ N 2 2
t-Bu (0] t-Bu
8b 12b
5b

65% yield, 95% ee 60% yield, 92% ee

88% vyield, 92% ee

53
2 93 O
7 N
F H
6b t-Bu
72% yield, 93% ee % 13b
57% vyield, 96% ee 63% yield, 96% ee
6
0 (0] 102
N CF3 (e}
“F H cl \
t-Bu “« H
7b CF3 O t-Bu
92% yield, 93% ee 10b 14b
64% yield, 97% ee 60% yield, 97% ee
7b - .
(0] g I aF
NSNS N &
~_ N { [ o9 % =~ /
F H _/\/\b/\_. -_"'--.‘.\
N02 L \"'ﬁ-_

11b
66% yield, 89% ee

a) Reaction run at room temperature. b) Product isolated with cyclized by-product in 10:1 ratio.
c) Reaction run for 36 h. d) All stereochemistry defined in analogy to compound 14b (see Supporting information for
crystallography details)

Table 3. Scope of amide DG substrates.

As seen in the amide DGs, pi-stacking or some other electronic effects from an aromatic
ring does have an effect. We had recently observed that phenol acts as a competent hydrogen-
bond donor in enantioselective fluorination and dearomatization reactions.”’ Specifically,
compound 18a was found to direct fluorination with high enantioselectivity by Robert Phipps,
who was exploring dearomatization. Thus, in addition to amides, 2-hydroxyphenyl was
serendipitously discovered to be a DG which promotes enantioselective fluorination of a variety
of alkenes under identical reaction conditions (Table 4). In the examples shown here, we observe
that the presence of more highly substituted double bonds changes the chemoselectivity, and
fluorination of the alkene is seen exclusively rather than fluorination of the phenol. Both (-
phenolic tertiary and quaternary fluorides with alkyl, aryl, or heteroaryl substituents were

221



obtained with good to high enantioselectivity and yield. Compound 23a, which contains both an
allyl and 3,3-dimethylallyl group ortho- to the hydroxyl, reacts specifically to provide the allylic
fluoride in 53% ee, which is a surprising result due to the relatively similar steric bulk of the two
faces of the compound. Further, fluorinated piperidine 19b was obtained in moderate yield and
enantioselectivity - a facile synthesis of a scaffold which has been explored in therapeutic
agents.”” This was achieved with a change in catalyst to one previously reported by Du and co-
workers — use of TRIP or STRIP with this substrate provided no reactivity. Interestingly, when
the hydroxyl group was shifted to be meta- to the alkene, no reaction was seen. In addition, the
use of benzamides in the place of the hydroxyl did not provide desired product. The ideal
location of the hydroxyl donor is specific, and different from the ideal location of the benzamide
donor. In agreement with previous results, conversion was severely diminished (< 10%) when
the phenoxy group was methylated, presumably due to the inability of the methyl ether moiety to
effectively participate in hydrogen-bonding with the catalysts. Even with these requirements in
DG position and identity, we anticipate that the enantioselective construction of f-amino and [-
aryl sp3-C-F bonds will still be valuable in drug discovery.”

Phenol DG Substrates® ¢

1 3 5b,c
OH OH TN oA
@ F F

15b 17b 19b
78% yield, 76% ee 83% yield, 92% ee 63% yield, 77% ee
2 OH 4 OH
/Eﬁ)%\ﬂ\@ )J\"\\\\©
F
So N F
16b 18b
56% yield, 88% ee 72% yield, 89% ee

a) Selectfluor (1.35 equiv), Na,CO3 (1.45 equiv), (R)-STRIP (0.1 equiv), toluene, rt, 18 h. b) Reaction run
36 h. ¢) Du catalyst (Ref 34) used instead of (R)-STRIP. d) All stereochemistry defined in analogy to
compound 17b (see Supporting information for crystallography details).

Table 4. 2-Hydroxylphenyl DG effective for various alkenes.

20a 21a 22a
2% ee 34% ee 12% ee

Figure 8. Various hydroxyl-DGs explored. Reaction conditions identical to Table 3. Conversion
was followed by NMR, and reactions were run for 24-48 h or until starting material had been
completely consumed.
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OH

\ =
X A

N
Ts 'rl\'ls
23a 24 25
90% yield, 53% ee no reaction no reaction

Figure 9. Substrate with similar ortho-substituents reacted regioselectively and with moderate
enantioselectivity. Shift of the hydroxyl-DG, or replacement with benzamide, are both
detrimental to reactivity.

Some effort and serendipity was required to identify a suitable DG which was not amine-
derived. In the Toste group at this point all of the phase-transfer fluorinations required
benzamides. Efforts in expanding this focused on hydroxyl (O-H) based DGs. However, initial
results indicated that simple alcohols did not provide high enantioselectivity, maybe due to its
small steric parameters or lack of rigidity. First, a bulkier alcohol DG on substrate 15 was found
to be ineffective for providing enantioselectivity. Next, benzoylated hydroxylamines were
explored in order to mask an alcohol (which would be revealed by deprotection by
hydrogenation) as a functional group with the previously successful amide moiety. However, the
extended tether length in these cases was detrimental and enantioselectivity was not improved.
The incorporation of phenol was investigated with substrate 22 (Figure 8). We explored whether
alcohols and amide DG could be interchangeable in analogous substrates 19 and 24; where a
hydroxyl group promoted the reaction, a benzamide with the acidic hydrogen in the exact same
position did not promote the reaction. When the hydroxyl-DG was moved from ortho- to meta-,
the reaction also did not proceed. Thus, there is specificity regarding hydrogen-bond donor
location (Figure 9). Another observation of the difference in reactivity between directing groups
was that acyclic substrates were not amenable to amide-directed fluorination - with the
benzamide DG, exclusively cyclized product was observed, while with TCA no reaction was
observed. Thus, only phenol DG was capable of creating tertiary fluorine-containing carbon
centers with these types of substrates.

A tandem reaction was achieved using our previously reported electrophilic bromination
reagent 28 to further functionalize the product from the fluorination reaction.'® This reaction
proceeds in two steps, using the same catalytic cycle and phase-transfer process. The important
factor is the orthogonal reactivity of the two reagents — Selectfluor does not do the
halocyclization, while reagent 28 does. The experiment consisted of subjecting 8a to the standard
fluorination conditions for 18 h (“F+”) described above, followed by addition of 28 (“Br+”) and
an equivalent of base, under air.
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Deprotection of TCA directing group
0}

J\ KOH (20%, aqueous)
N CC|3 MeOH/CH2C|2
c H
24 h, rt
6b 6c
93% ee (from Table 2) 90% yield, 93% ee

One-pot dihalogenation: electrophilic fluorination and bromination

1) Selectfluor (1.35 equiv)

‘ o Na,COj (1.45 equiv) t-Bu
(R)-STRIP (0.1 equiv)
HN Br
toluene, 18 h / o
/‘ \

8a 2) 28 (1.35 equiv) N
.8y NaxCOj3 (1.45 equiv), 18 h z

26

61% yield (one pot), 90% ee

Ar—\
+N/\>\l
(BF ; \BENW
4)3
K\;N:/A

28
Ar = pentamethylbenzene

t-Bu

r

27
45% yield (one pot), 92% ee

Figure 10. Reactions with enantioenriched allylic fluoride products.

Complex heterocyclic framework of 20 formed in good yield and high diastereo- and
enantioselectivity, including two adjacent stereocenters and the incorporation of two different
halogen atoms (Figure 10).

An enantioselective allylic fluorination has been achieved through the combination of
DG and phase-transfer catalysis. The phosphoric acid catalyst acts both as a phase-transfer
catalyst and a hydrogen-bonding catalyst, and allows the chiral electrophilic fluorine source to
react with an unactivated alkene. The attractive hydrogen-bonding interaction requires a
hydrogen-bond donor DG on the substrate, which we identified as either an amide or phenol.
Various substrates were subjected to these reaction conditions with good results — tertiary,
quaternary, cyclic and acyclic substrates were successful. Finally, the application of two
electrophilic salts in two sequential reactions was achieved in one-pot to generate highly
functionalized compounds in high diastereoselectivity and enantioselectivity.
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Supporting Information

Representative synthesis of substrates
PBr; (2.5 equiv) PPh3 (1.3 equiv)

(0] B .
DMF (3.0 equw) NaBH, (1.5 equiv) r DIAD (1.3 equiv)
Ejé _bcm MeOH “) Phthalimide (1.3 equiv)
THF
S1

1) TEA (1.5 equw)

Br BzCl (1.1 equiv)
N2H4 THF
* PO EPOR
THF 2) Pd(OAG,) (0.05 equiv)
60 °C SPhos (0.1 equiv)
K3PO, (5 equiv) S7

Trimethylboroxine (3 equiv)

Dioxane:H,0 (10:1)

70°C
PBr; (8mL, 2.5 equiv) was added to DMF (7.8mL, 3.0 equiv) in DCM (150 mL) at 0 °C then
warmed to room temperature for 1.5 h. Starting material tetralone (5g, 33.7mmol) was added as a
solution in DCM (15mL), then the mixture was refluxed. The reaction was quenched with water
at 0 °C followed by 20 min of stirring and extraction with DCM. The organic phase was washed
with brine and dried with magnesium sulfate. NaBH; (0.19g, 1 equiv) was added to S2
(4.94mmol) in MeOH (30mL) at 0 °C and stirred for one hour. The reaction was warmed up to
room temperature and stirred another hour before evaporation of the solvent. The crude mixture
was partitioned between methylene chloride and water, and the organic layer separated, dried
with magnesium sulfate, and chromatographed (EtOAc: Hex; 3:1) to provide white solid S3
(88% yield).
S3 was combined with PPh; (1.3 equiv) and phthalimide (1.3 equiv) in THF and cooled to 0 °C,
followed by slow addition (over 30 min.) of DIAD (1.3 equiv). The reaction was warmed up to
room temperature and stirred another 2 h, followed by direct silica-gel chromatography (EtOAc:
Hex, 4:1) to provide solid S4 (57%).
Hydrazine hydrate (7 equiv) was added to S4 in THF and heated to 60 °C for 16 h. The reaction
mixture was diluted with methylene chloride and filtered with Celite. The organic layer was
washed with water, then brine, and dried with magnesium sulfate to provide amine S5 (95%).
Triethylamine and benzoyl chloride were added to S5 in THF at 0 °C, and warmed up to room
temperature immediately. The reaction was stirred for 8 h followed by filtration with Celite. The
filtrate was partitioned between ethyl acetate and water, and the organic layer was separated,
washed with brine, and dried with magnesium sulfate. Silica gel chromatography (EtOAc: Hex,
4:1) provided S6 (85%).
Pd(OAc); (0.05 equiv), SPhos (0.1 equiv), KsPO4 (5 equiv), and trimethylboroxine (3 equiv)
were added to S6 in dioxane:H,O (10:1, 0.2M) at room temperature, then heated to 70 °C for 18
h. The reaction mixture was filtered with Celite, followed by extraction with ethyl acetate. The
organic layer was washed with ammonium chloride (sat. aq.), followed by water, then brine, and
then dried with magnesium sulfate. Chromatography (EtOAc: Hex, 4:1) provided S7 (80%).
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o Ref # O DIBAL-H SOCl,
LA S S -~
/ B(pin); OEt THF B(pin), OH B(pin) X cl

ether 2
S8 S9 -78C $10 s11
oH Pd(PPhz), OH
NaH, Phenol KsPO,
B(pin) > R
Benzene
t, o/n S12 Qi:))?&rlne
(based on Ref #) 85C. o/n
OH
NaH, Phenol
“/\ PBr3 Br R
ether, 10C Benzene O‘ O
rt, o/n
S$13 S14 (based on Ref #)

same procedures as above

S9 was prepared from S8 by a precedented method. Dropwise DIBAL-H addition to a THF
solution of S9 at -78°C followed by stirring for 2 h, the reaction was warmed up to 0 °C and
quenched with sodium sulfate decahydrate. Vigorous stirring followed by filtration with Celite
provided S10 as an oil. Purification was done with silica gel column chromatography (0-30%
EtOAc in Hexanes); fractions visualized by iodine stain.

Thionyl chloride was added dropwise to S10 in ether at 0 °C and the reaction was stirred for 3 h.
The reaction was quenched with sodium bicarbonate (saturated aqueous solution) and extracted
with ether. The organic layer was washed with brine, dried with magnesium sulfate and used
without further purification.

Phenol and sodium hydride were combined at 0 °C in benzene as a slurry. After 15 minutes of
stirring, allylic chloride S11 was added as a solution in benzene. The reaction stirred at rt for 18
h followed by evaporation of solvent, followed by aqueous workup as described in reference X.
S12 was subjected to Pd(PPhs)4, K3POy4, and ArBr in dioxane under nitrogen at 85°C for 18 h,
followed by filtration with Celite. Silica gel column chromatography (0-25% EtOAC in
Hexanes) provided substrates.

SOCI, was added as a solution in DCM to S13 (which was prepared with procedures described
on the previous page) in diethyl ether at 0 °C. The reaction was quenched after 3 h at room
temperature, with sodium bicarbonate (saturated aqueous solution), then extracted with ether.
The organic layer was washed with brine, dried with magnesium sulfate, concentrated and used
without further purification.

S14b were prepared following the procedure used with intermediate S11.
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0
N
Hk@k
la 'H-NMR (500 MHz, CDCl3) & (ppm) 7.73 (d, J = 8.5

Hz, 2H), 7.47 (d, ] = 8.5 Hz, 2H), 7.34-7.14 (m, 4H), 6.06 (s, 1H), 4.35 (d, J = 5 Hz, 2H), 2.77 (t,
J = 7.5 Hz, 2H), 2.37-2.34 (m, 2H), 2.18 (s, 3H), 1.35 (s, 9H).">C NMR (125 MHz, CDCl5) &
(ppm) 167.7, 155.0, 136.4, 135.8, 131.9, 131.7, 129.2, 127.2, 126.9, 126.7, 126.5, 125.5, 123.3,
42.2,35.0,31.2,28.5,26.9, 14.3.

HRMS (ESI) Caled. [M+H] C23H280N: 334.2165; found: 334.2170.

(@)
N
(ﬁﬁﬂm
1b 'H-NMR (500 MHz, CDCls) & (ppm) 7.75 (d, J = 8.5

Hz, 2H), 7.63 (d, J = 7 Hz, 1H), 7.49 (d, J = 8.5 Hz, 2H), 7.28-7.21 (m, 2H), 7.16-7.15 (m, 1H),
6.47 (s, 1H), 5.75 (s,1H), 5.50 (s, 1H), 4.24-4.13 (m, 1H), 3.48-3.42 (m, 1H), 3.16-3.12 (m, 1H),
2.99-2.94 (m, 1H), 2.26-2.14 (m, 2H), 1.36 (s, 9H). >*C NMR (125 MHz, CDCl;) & (ppm) 167.3,
155.2, 143.9, 143.8, 134.9, 132.5, 131.3, 128.9, 128.4, 128.0, 126.8, 126.5, 125.6, 125.1, 124.8,
109.0, 108.9, 97.4, 95.6, 44.8, 44.6, 34.92, 31.1, 30.4, 30.2, 27.0, 26.9. "F-NMR (376.4 MHz) &
(ppm) —161.0 - —161.2 (m).

HRMS (ESI) Calcd. for [M+H] C23H270NF: 352.2071; found: 352.2074.

HPLC (ChiralPak IC column) 92:08 (hexane:iPrOH) 1mL/min; Tmajor (22.172 min), Tminor
(25.260 min)

Catalysts 2-4 are either commercially available or previously reported.

O
5a 'H-NMR (500 MHz, CDCls) § (ppm) 7.79 (d, J = 7.0 Hz, 2H),

7.54-7.44 (m, 3H), 7.34-7.32 (m, 1H), 7.26-7.19 (m, 1H), 7.18-7.14 (m, 2H), 6.10 (brs, 1H), 4.36
(d, J = 5.5 Hz, 2H), 2.78 (t, J = 7.5 Hz, 2H), 2.37 (t, J = 7 Hz, 2H), 2.18 (s, 3H). °*C NMR (125
MHz, CDCl3) & (ppm) 167.7, 136.3, 135.8, 134.6, 131.6, 131.5, 129.5, 128.7, 127.2, 126.9,
126.8, 126.5, 123.3, 42.4, 28.5, 27.0, 14.3.

HRMS (ESI) Caled. for [M+H]CsH200N 278.1539, found: 278.1547.

O
N
5b 'H-NMR (500 MHz, CDCl3) & (ppm) 7.81 (d, J = 7.5 Hz,

2H), 7.63 (d, J = 7.5 Hz, 1H), 7.56-7.53 (m, 1H), 7.49-7.46 (m, 2H), 7.26-7.21 (m,2H), 7.16-
7.15 (m, 1H), 6.49 (brs, 1H), 5.75 (s, 1H), 5.51 (s, 1H), 4.23-4.13 (m, 1H), 3.50-3.43 (m, 1H),
3.19-3.12 (m, 1H), 2.99-2.96 (m, 1H), 2.27-2.12 (m, 2H). *C NMR (125 MHz, CDCls) § (ppm)
167.5, 143.9 (d, JC-F = 16.3 Hz), 134.9, 134.3, 132.5, 131.7, 129.0, 128.7, 128.5, 128.1, 127.1
(d, JC-F = 19.0 Hz), 126.6, 124.9, 109.0 (d, JC-F = 11.3 Hz), 97.2, 95.8, 44.8 (d, JC-F = 25.0
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Hz), 30.4 (d, JC-F = 21.3 Hz), 27.0 (d, JC-F = 11.3 Hz)."”F-NMR (376.5 MHz) & (ppm) —
150.03 - -150.06 (m).

HRMS (ESI) Calcd. for [M+H] C19H200N 296.1445; found: 296.1452.

HPLC (ChiralPak IC column) 92:08(hexane:iPrOH) ImL/min; Tmajor (18.224 min), Tminor
(19.572 min)

0]

BN

CCl,
H

6a O‘ "H-NMR (500MHz, CDCls) 6 (ppm) 7.34-7.24 (m, 2H), 7.21-
7.15 (m, 2H), 6.67 (brs, 1H), 4.27 (d, J = 5.5 Hz, 2H), 2.79 (t, J = 7.5 Hz, 2H), 2.32 (t, J = 7.5
Hz, 2H), 2.17 (s, 3H). BC NMR (100 MHz, CDCl3) & (ppm) 162.1, 136.0, 135.7, 130.6, 129.7,
127.3,127.1, 126.6, 123.5, 92.7, 43.8, 28.4, 26.8, 14.3.

Elemental analysis (CHN) est: 52.77% C, 4.43% H, 4.4% N; found: 52.49% C, 4.53% H, 4.51%
N.

O
- H)Lcm3
6b 'H-NMR (400 MHz, CDCl;) & (ppm) 7.64 (d, J = 7.6 Hz, 1H),
7.30-7.24 (m, 2H), 7.19-7.17 (m, 1H), 7.03 (brs, 1H), 5.78 (d, J = 3.2 Hz, 1H), 5.52 (s, 1H),
4.01-3.89 (m, 1H), 3.56-3.47 (m, 1H), 3.10-3.02 (m, 2H), 2.28-2.16 (m, 2H). *C NMR (100
MHz, CDCl3) & (ppm) 162.2, 143.2, 143.0, 134.5, 132.2, 132.2, 128.9, 128.6, 126.8, 125.0,
124.9, 109.6, 109.5, 96.7, 94.9, 92.5, 46.2, 46.0, 30.6, 30.4, 26.9, 26.8. ""F-NMR (376.5 MHz) &
(ppm) — 150.59 (m). Elemental analysis (CHN) est: 49.95% C, 3.89% H, 4.16% N; found:
48.96% C, 4.11% H, 3.81% N.
HPLC (ChiralPak IC column) 98:02 (hexane/iPrOH) 1mL/min; Tmajor (9.50 min), Tminor
(10.90 min).

O
N
7a 'H-NMR (500 MHz, CDCls) & (ppm) 7.73 (d, J = 8.2 Hz,

2H), 7.46 (d, J = 8.2 Hz, 2H), 7.28-7.24 (m, 2H, overlaps CDCl3) 7.17 (d, J = 2.4 Hz, 2H), 6.11
(s, 1H), 4.33 (d, J = 5.3 Hz, 2H), 2.55 (t, J = 7.1 Hz, 2H), 2.17 (s, 3H), 2.13 — 2.02 (m, 2H), 1.93
— 1.86 (m, 2H), 1.34 (s, 9H). >C NMR (125 MHz, CDCl;) & (ppm) 167, 155.0, 143.2, 140.0,
133.5, 132.6, 131.8, 128.5, 126.7, 126.7, 126.5, 126.1, 125.6, 42.2, 35.0, 34.6, 32.1, 31.2, 28.6,
18.3.

HRMS (ESI) Calcd. for [M+H] C24H300N: 348.2322; found: 348.2330.

Jbv< H-NMR (400 MHz, CDCl3) § (ppm) 7.93 (d, J = 8.0 Hz,
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2H), 7.70 (d, J = 8.0 Hz, 2H), 7.22-7.09 (m, 4H), 6.29 (brs, 1H), 5.64 (s, 1H), 5.22-5.21 (m, 1H),
3.81-3.70 (m, 1H), 3.58-3.45 (m, 1H), 2.82-2.76 (m, 2H), 2.22-1.63 (overlapping multiplets, 4H),
1.35 (s, 9H). °C NMR (125 MHz, CDCl3) & (ppm) 167.13, 155.11, 151.40, 151.21, 139.54,
139.54, 138.83, 138.78, 131.55, 129.28, 128.88, 128.34, 128.02, 126.76, 126.73, 125.60, 125.30,
114.71, 114.59, 99.07, 97.30, 45.098, 44.89, 38.70, 38.47, 34.96, 31.19, 23.60, 23.49.

PF-NMR (376.5 MHz) & (ppm) -147.2 (broad multiplet), -149.2 (m), -151.36-151.42 (m);
possibly rotamers.

HRMS (ESI) Calcd. for [M+H] C24H290ONF: 366.2228; found: 366.2229.

HPLC (ChiralPak IB column) 95:05 (hexane: iPrOH) ImL/min; Tmajor (9.540 min), Tminor
(8.808 min).

O
ﬁNJ\Q\k
H
8a 'H-NMR (300 MHz, CDCl3) & (ppm) 7.72-7.69 (m, 2H),

7.45-7.38 (m, 3H), 7.31-7.30 (m, 2H), 7.20-7.18 (m, 1H), 4.51 (d, J = 5.4 Hz, 2H), 3.42 (s, 2H),
2.17 (s, 3H),1.32 (s, 9H). '>C NMR (125 MHz, CDCls) & (ppm) 167.3, 155.0, 146.4, 142.5,
137.3, 136.2, 131.5, 126.7, 126.3, 125.5, 124.8, 123.4, 118.9, 39.6, 37.5, 34.9, 31.1, 10.4.

HRMS (ESI) Calcd. For C22H260N: 320.201; found: 320.2015.

O
N
: F HKQ\{/
8b 'H-NMR (400 MHz, CDCls) & (ppm) 7.71 (d, J = 8.0 Hz,

2H), 7.53-7.46 (m, 3H), 7.27-7.24 (3H), 6.48 (brs, 1H), 5.78 (d, J = 4.0 Hz, 1H), 5.44 (s, 1H),
4.16-4.04 (m, 1H), 3.79-3.72 (m, 1H), 3.42-3.21 (m, 2H), 1.35 (s, 9H). °C NMR (125 MHz,
CDCl) 6 (ppm) 167.6, 155.3, 149.2, 149.1, 140.7, 137.9, 137.8, 131.3, 129.7, 127.4, 126.9,
125.6, 125.5, 121.1, 107.7, 107.6, 102.7, 100.8, 46.1, 45.8, 40.8, 40.6, 35.0, 31.2. "F-NMR
(376.4 MHz) o (ppm) —144.78 - —144.81 (m).

HRMS (ESI) Calcd. for C22H250NF: 338.1915; found: 352.1923.

HPLC (ChiralPak IC column) (90:10 hexane:iPrOH) ImL/min; Tmajor (22.436 min), Tminor
(20.620 min).

O
XN
Cff H
0
9a 'H-NMR (400 MHz, CDCls) & (ppm) 7.72 (d, 8.4Hz,

2H), 7.45 (d, 8.4Hz, 2H), 7.27-7.13 (m, 2H), 6.97-6.93 (m, 1H), 6.83 (d, 7.6Hz, 1H), 6.18 (s,
1H), 4.71 (s, 2H), 4.25 (d, 5.6Hz, 2H), 2.11 (s, 3H), 1.33 (s, 9H). °C NMR (125 MHz, CDCl3) §
(ppm) 167.8, 155.2, 153.8, 131.2, 128.9, 127.4, 126.9, 125.6, 125.4, 124.7, 123.9, 121.4, 115.8,
67.0, 38.7,35.0,31.2, 12.9.

HRMS (ESI) Caled. for [M+H] C22H2602N: 336.1958; found: 336.1963.
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O
N
QL
e k@\{/
9b 'H-NMR (400 MHz, CDCl5) § (ppm) 7.75 (d, J = 8.4 Hz,

2H), 7.62-7.60 (m, 1H), 7.50 (d, J = 8.4 Hz, 2H), 7.30-7.25 (m, 1H), 7.04-6.96 (m, 2H), 6.43
(brs, 1H), 5.811 (s, 1H), 5.50 (s, 1H), 4.37-4.33 (m, 1H), 4.24-4.12 (m, 2H), 3.82-3.72 (m, 1H),
1.38 (s, 9H). °C NMR (125 MHz, CDCls) & (ppm) 167.4, 155.3, 152.9, 138.6, 138.4, 131.2,
130.2, 126.9, 125.6, 124.7, 122.0, 119.3, 117.6, 107.4, 107.3, 68.1, 67.8, 43.4, 43.2, 35.0, 31.2.
YF-NMR (376.4 MHz) & (ppm) —166.28 - —166.40 (m).

HRMS (ESI) Calcd. for [M+H] C22H2502NF: 354.1864; found: 354.1874.

HPLC (ChiralPak IC column) 90:10 (hexane/iPrOH) ImL/min; Tmajor (28.140 min), Tminor
(31.536 min)

(@]
N)KQ/CFS
H

10a CFs  'H.NMR (400 MHz, CDCl3) 8 (ppm) 8.24 (s, 2H), 8.032
(s, 1H), 7.66 -7.64 (m, 1H), 7.25-7.20 (m, 1H), 7.13-7.11 (m, 1H), 6.51 (brs, 1H), 4.56-4.55 (m,
2H), 2.86 (t, J = 8.0 Hz, 2H), 2.57 (ts, J = 8.0 Hz, 2H), 1.57 (s, 3H).

3C NMR (125 MHz, CDCly) & (ppm) 164.8, 136.5, 136.0, 135.7, 132.7, 132.4, 132.1, 131.8,
130.5, 130.2, 127.3, 127.0, 126.6, 125.1, 125.1, 125.0, 125.0, 124.0, 123.4, 121.8, 42.8, 28.4,
27.1, 14.4. HRMS (ESI) Calcd. For C21H18ONF: 414.1287, found: 414.1303.

O
N CF,
F H

10b CF3  'H-NMR (400 MHz, CDCls) & (ppm) 8.23 (s, 2H), 8.04
(s, 1H), 7.63-7.61 (m, 1H), 7.26-7.15 (m, 4H), 6.58 (brs, 1H), 5.76 (s, 1H), 5.50 (s, 1H), 4.21 -
4.08 (m, 1H), 3.59-3.51 (m, 1H), 3.13-2.89 (m, 2H), 2.23-2.21 (m, 2H). °C NMR (125 MHz,
CDCl3) 6 (ppm) 164.6, 143.7, 143.5, 136.3, 134.6, 132.5, 132.3, 132.2, 129.0, 128.6, 127.4,
126.7, 125.3, 124.9, 109.3, 109.2, 96.93, 95.50, 45.2, 45.0, 30.6, 30.4, 26.9, 26.85. "F-NMR
(376.5 MHz) 6 (ppm) —62.1 (s), -150.0 (m).

HRMS (ESI) Calcd. for [M+H] C21H170NF7: 432.119; found: 432.121.

HPLC (ChiralPak IB column) 99:01 (hexane/iPrOH) 1mL/min; Tmajor (21.40 min), Tminor
(24.99min).

)

SORRS!

1la NO, 'H.NMR (500 MHz, CDCl3) & (ppm) 8.33-8.29 (m, 2H),
8.00-7.94 (m, 2H), 7.34-7.28 (m, 1H), 7.26-7.14 (m, 3H), 6.23 (brs, 1H), 4.38-4.37 (m, 2H), 2.87
(t, J = 8.0 Hz, 2H), 2.38-2.35 (m, 2H), 2.19 (s, 3H). '*C NMR (100 MHz, CDCl;) & (ppm) 165.7,
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149.6, 140.1, 136.1, 135.7, 130.7, 130.0, 128.2, 127.3, 127.0, 126.6, 123.8, 123.4; 42.7, 28.4,
27.1,14.3.
HRMS (ESI) Calcd. for [M+H] C19H1903N2: 323.139; found: 323.1402.

@)

N)J\©\
F H

11b NO2 'H.NMR (400 MHz, CDCls) & (ppm) 8.32 (d, J = 8.8
Hz, 2H), 7.95 (d, J = 8.4 Hz, 2H), 7.62-7.60 (m, 1H), 7.25-7.15 (m, 4H), 6.50 (brs, 1H), 5.74 (m,
1H), 5.49 (s, 1H), 4.19-4.07 (m, 1H), 3.58-3.48 (m, 1H), 3.19-2.97 (m, 2H), 2.23-2.16 (m, 2H).
>C NMR (125 MHz, CDCl;) & (ppm) 165.5, 149.7, 143.6 (d, JC-F = 16.3 Hz), 139.8, 134.6,
132.3 (d, JC-F = 16.3 Hz), 128.97-128.61, 128.2, 126.7, 124.9, 124.0, 109.2 (11.3), 96.9, 95.5,
45.1, 44.9,30.7, 30.5,27.0, 26.9. "F-NMR (376.5 MHz) & (ppm) —150.31 (m).

HRMS (ESI) Calcd. for [M+H] C19H1803N2F: 341.1296; found: 341.1307.

HPLC (ChiralPak IA column) 90:10 (hexane/iPrOH) 1mL/min; Tmajor (15.868 min), Tminor
(18.700 min).

(@)
N)k©\k
H
~o
12a 'H-NMR (400 MHz, CDCly) § (ppm) 7.74 (d, J = 8

Hz, 2H), 7.44-7.42 (m, 2H), 7.27 -7.21 (m, 1H), 6.75-6.70 (m, 2H), 6.33 (brs, 1H), 4.41-4.29 (m,
2H), 3.93 (s, 3H), 2.74-2.7 (t, J = 8 Hz, 2H), 2.33-2.31 (m, 2H), 2.12 (s, 3H), 1.33 (s, 9H). °C
NMR (125 MHz, CDCls) 6 (ppm) 167.6, 158.3, 154.8, 137.6, 131.7, 129.4, 129.3, 128.8, 126.8,
125.4,124.5,113.3, 111.0, 55.2, 42.2,34.9, 31.1, 28.9, 26.8, 14.2.

HRMS (ESI) Calcd. For C24H3002N: 364.227, found: 364.228.

0]
F H
~o
12b 'H-NMR (400 MHz, CDCls) & (ppm) 7.77 (d, J =

8.4 Hz, 2H), 7.58 (d, J = 8.8 Hz, 1H), 7.52-7.50 (m, 2H), 6.83-6.81 (m, 1H), 6.67 (s, 1H), 6.48-
6.47 (m, 1H), 5.63-5.62 (m, 1H), 5.40 (s, 1H), 4.27-4.14 (m, 1H), 3.84 (s, 3H), 3.50-3.41 (m,
1H), 3.21-3.14 (m, 1H), 2.96-2.92 (m,1H), 2.27-2.13 (m, 2H), 1.39 (s, 9H). °C NMR (125 MHz,
CDCl3) & (ppm) 167.4, 159.7, 155.3, 143.5, 136.4, 131.4, 126.8, 126.3, 125.6, 125.4, 113.6,
112.7, 106.7, 106.6, 55.3, 44.8, 44.6, 35.0, 31.2, 30.3, 30.2, 27.3, 27.2. ""F-NMR (376.5 MHz) &
(ppm) — 150.3 (m).

HRMS (ESI) Calcd. for [M+H] C24H2902NF: 383.2177; found: 382.2187.

HPLC (ChiralPak IC column) 96:04 (hexane/iPrOH) 1mL/min; Tmajor (60.28 min), Tminor
(64.92 min).
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(@)
ﬁ *@
H
13a 'H-NMR (400 MHz, CDCl;) & (ppm) 7.72 (d, J = 8.4

Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 7.27 (s, 1H), 7.13 (s, 1H), 7.02-7.01 (m, 1H), 6.26 (brs, 1H),
4.51 (d, J = 5.6 Hz, 2H), 3.38 (s, 2H), 2.42 (s, 3H), 2.15 (s, 3H), 1.33 (s, 9H). °*C NMR (125
MHz, CDCl3) § (ppm) 167.3, 155.0, 146.6, 139.5, 137.5, 136.2, 135.9, 131.5, 126.7, 125.6,
125.5, 123.1, 119.7, 39.18, 37.6, 34.9, 31.1, 21.5, 10.4.

HRMS (ESI) Calcd. For C23H280N: 334.2165, found: 334.2176.

O
N
13b 'H-NMR (400 MHz, CDCl3) & (ppm) 7.72 (d, J = 8.0

Hz, 2H), 7.47 (J = 8.0 Hz, 2H), 7.33 (s, 1H), 7.11 (s, 2H), 5.75 (d, J =4 Hz, 1H), 540 (d,J =4
Hz, 1H), 4.14-4.02 (m, 1H), 3.77-3.7- (m, 1H), 3.36-3.16 (m, 2H), 2.37 (s, 3H), 1.35 (s, 9H). °C
NMR (125 MHz, CDCls) 6 (ppm) 167.5, 155.2, 149.2, 149.0, 137.8, 137.7, 137.1, 131.3, 130.7,
126.8, 125.6, 125.1, 121.5, 107.2, 107.1, 102.9, 46.0, 45.8, 40.4, 40.2, 34.9, 31.1, 21.3. "F-NMR
(376.5 MHz) 6 (ppm) -144.83 - -145.01(m).

HRMS (ESI) Calcd. for [M+H] C23H270NF:352.2071; found: 352.2084.

HPLC (ChiralPak IC column) 96:04 (hexane/iPrOH) ImL/min; Tmajor (33.86 min), Tminor
(37.06 min).

O
Cl X N
H
(@]
14a 'H-NMR (300 MHz, CDCls) & (ppm) 7.70 (d, J =

6.0 Hz, 2H), 7.43 (d, J = 8.1 Hz), 7.14 (s, 1H), 7.08-7.05 (m, 1H), 6.75-6.72 (m, 1H), 6.21 (brs,
1H), 4.68 (s, 2H), 4.23 (d, J = 5.7 Hz), 2H), 2.06 (s, 3H), 1.32 (s, 9H).  *C NMR (75 MHz,
CDCls) & (ppm) 168.0, 155.6, 152.6, 131.3, 128.7, 127.1, 127.0, 126.8, 126.5, 126.4, 125.9,
124.1,117.3, 67.4,38.9, 35.2,31.4, 13.1.

HRMS (ESI) Caled. For [M+H]C22H2402NCl: 370.1587; found: 370.1580.

0]
F
H
O
14b 'H-NMR (300 MHz, CDCl;3) & (ppm) 7.71 (d, J =

9Hz, 2H), 7.51-7.44 (m, 3H), 7.18-7.14 (m, 1H), 6.38 (brs, 1H), 5.75 (s, 1H), 5.48 (s, 1H), 4.31-
25 (m, 1H), 4.19-4.03 (m, 2H), 3.77-3.64 (m, 1H), 1.33 (s, 9H). *C NMR (125 MHz, CDCl;) &
(ppm) 167.38, 155.45, 151.53, 137.58, 137.4, 131.1, 130.1, 127.2, 126.9, 125.6, 124.3, 120.8,
119.1, 108.8, 108.66, 68.13, 67.82, 43.2, 43.0, 35.0, 31.2. ""F-NMR (376.5 MHz) & (ppm) —
166.27 - —166.39 (m).

HRMS (ESI) Calcd. for [M+H] C22H2402NCIF: 388.1493; found: 388.1488.
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HPLC (ChiralPak IC column) 90:10 (hexane/iPrOH) 1mL/min; Tmajor (20.832 min), Tminor
(23.336 min).

OH

15a O‘ 1H-NMR (400 MHz, CDCls) & (ppm) 7.41-7.40 (m, 1H), 7.32-7.29

(m, 1H), 7.27-7.15 (m, 4H), 6.95-6.93 (m, 1H), 6.88-6.83 (m, 1H), 5.31 (s, 1H), 3.73 (s, 2H),
2.81 (t, J = 7.6 Hz, 2H), 2.26-2.23 (t and s overlap, 5H). °C NMR (100 MHz, CDCl;) & (ppm)
154.4, 136.7, 135.8, 133.8, 130.2, 127.9, 127.6, 127.2, 126.5, 126.3, 125.6, 123.1, 120.9, 116.0,
115.5,34.4,28.6,28.1, 14.5.

HRMS (ESI) Calcd. for [M] C18H180: 250.1352; found: 250.1351.

15b 'H-NMR (400 MHz, CDCls) & (ppm) 7.63-7.61 (m, 1H), 7.29-7.13
(m, 4H), 6.97-6.94 (m, 2H), 6.87-6.84 (m, 1H), 5.93 (d, J = 21 Hz, 1H), 5.62 (d, J = 4.0 Hz,
1H), 5.35 (s, 1H), 3.23-2.99 (m, 4H), 2.22-2.11 (m, 2H). *C NMR (100 MHz, CDCls) & (ppm)
155.0, 144.9, 144.8, 134.5, 133.1, 133.1, 132.6, 128.8, 128.77, 128.3, 125.13, 125.11, 121.9,
120.6, 117.0, 108.9, 108.8, 100.2, 98.8, 39.0, 38.8, 32.2, 32.0, 27.0, 26.9. "’F-NMR (376.5 MHz)
d (ppm) —137.1 - —137.3 (m).

HRMS (ESI) Calcd. for [M] C18H160F: 267.1191; found: 267.1192.

HPLC (ChiralPak IC column) 98:02 (hexane/iPrOH) ImL/min; Tmajor (7.72 min), Tminor (8.80
min).

OH

X

|
16a 07 N7 'H-NMR (500 MHz, CDCl3) & (ppm) 8.22 (s, 1H), 7.66 (d, J =
2.5 Hz, 1H), 7.19-7.11 (m, 2H), 6.90-6.81 (m, 2H), 6.71 (d, J = 8.5 Hz, 1H), 5.93 (t, ] = 3.5 Hz,
1H), 5.60 (s, 1H), 3.93 (s, 3H), 3.57 (d, J = 7.5 Hz, 2H), 2.13 (s, 3H). C NMR (100 MHz,
CDCls) & (ppm) 163.1, 153.9, 143.6, 135.3, 133.0, 132.2, 130.0, 127.5, 126.7, 125.4, 120.8,
115.4,110.1, 53.5, 29.6, 15.7.
HRMS (ESI) Calcd. for [M+H] C16H1802N: 256.1332; found: 256.1325.

OH
X

| B
16b o N 'H-NMR (400 MHz, CDCls) & (ppm) 8.26 (s, 1H), 7.70 (d, J =
8.4 Hz, 1H), 7.14-7.04 (m, 2H), 6.87-6.75 (m, 3H), 5.79 (s, 1H), 5.73-5.58 (m, 1H), 5.40 (s, 2H),
3.96 (s, 3H), 3.16-2.84 (m, 2H). >C NMR (100 MHz, CDCls) & (ppm) 163.8, 154.1, 144.8,
143.7, 143.5, 137.4, 131.7, 128.3, 127.2, 123.2, 120.7, 115.6, 114.7, 114.6, 110.6, 95.0, 93.3,
53.6, 36.4, 36.2.

PF-NMR (376.5 MHz) & (ppm) —174.3 - —174.6 (m).

HRMS (ESI) Calcd. for [M+H] C16H1702NF: 274.1230; found: 274.1238.

HPLC (ChiralPak IC) 98:02 (hexane/iPrOH) 1mL/min; Tmajor (9.228 min), Tminor (10.452

~
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min)

OH

g

17a 'H-NMR (400 MHz, CDCl3) & (ppm) 7.43-7.10 (m, 7H), 6.90 (t, J =
9.8 Hz, 1H), 6.80 (d, J = 10.4 Hz, 1H), 5.96(t, ] = 8.4 Hz, 1H), 3.57 (d, J = 9.6 Hz, 2H), 2.19 (s,
3H);

3C NMR (100 MHz, CDCls) & (ppm) 154.0, 143.4, 136.9, 130.1, 128.3, 127.6, 127.0, 126.8,
125.8, 125.5, 121.0, 115.6, 29.9, 16.1.

HRMS (EI) Calcd. for [M] C16H160: 224.1201; found: 224.1204.

17b 'H-NMR (400 MHz, CDCls) & (ppm) 7.45-7.35 (m, 5H), 7.15 (t, J =
7.8 Hz, 1H), 7.03 (d, ] = 7.2 Hz, 1H), 6.89-6.82 (m, 2H), 5.77-5.66 (m, 1H), 5.44 (d, J = 12 Hz,
2H), 5.21 (d, J = 8 Hz, 1H), 3.15-2.93 (m, 2H). >C NMR (100 MHz, CDCl3) & (ppm) 154.1,
146.7, 146.5, 138.2, 131.7, 128.5, 128.3, 128.1, 126.8, 123.4, 120.8, 115.9, 114.6, 114.5, 95.6
93.9, 36.4, 36.2, 29.7. "F-NMR (376.5 MHz) & (ppm) —173.9 - —=174.2 (m).

HRMS (EI) Calcd. for [M] C16H150F: 242.1107; found: 242.1110.

HPLC (ChiralPak IC) 94:06 (hexane/iPrOH) ImL/min; Tmajor (4.384 min), Tminor (4.612
min).

OH

18a 'H-NMR (500 MHz, CDCl5) & (ppm) 7.15-7.12 (m, 2H), 6.84-6.82 (m,
1H), 6.76 (d, J = 8 Hz, 1H), 5.37-5.34 (m, 1H), 5.16 (s, 1H), 3.39 (d, ] = 7 Hz, 2H), 1.81-1.80
(m, 6H).

>C NMR (100 MHz, CDCls) & (ppm) 154.2, 134.5, 130.1, 127.6, 127.3, 122.1, 120.9, 115.8,
29.6,25.9, 17.9.

HRMS (EI) Calcd. for [M] C11H140: 162.1045; found: 162.1048.

18b 'H-NMR (400 MHz, CDCl3) & (ppm) 7.17-7.13 (m, 2H), 6.91-6.82 (m,
2H), 5.32 (d, J = 8.4 Hz, 1H), 5.2 (m, 1H), 4.99 (d, J = 21.6 Hz, 2H), 3.09-2.96 (m, 2H), 2.19 (s,
1H), 1.83 (s, 3H). >C NMR (100 MHz, CDCl3) & (ppm) 154.1, 142.8, 142.7, 131.5, 128.3, 123.6,
120.9, 116.0, 113.1, 113.0, 97.5, 95.8, 35.6, 35.4, 17.5, 17.5. "F-NMR (376.5 MHz) & (ppm) —
173.2 - —-173.5 (m).

HRMS (EI) Calcd. for [M] C11H130F: 180.0950; found: 180.0949.

HPLC (ChiralPak IC) 99:01 (hexane/iPrOH) 1mL/min; Tmajor (19.892 min), Tminor (24.844
min).

235



TsN | OH

19a 'H-NMR (400 MHz, CDCls)  (ppm) 7.77 (d, J = 8.0 Hz, 2H), 7.39 (d, J
= 8.4 Hz, 2H), 7.19 (t, J = 6.4 Hz, 1H), 7.04-7.02 (m, 1H), 6.93-6.89 (m, 2H), 5.83 (s, 1H), 5.19
(s, 1H), 3.82-3.81 (m, 2H), 3.40 (t, J = 5.6 Hz, 2H), 2.58 (s, 2H), 2.22 (s, 3H). °C NMR (100
MHz, CDCl3) § (ppm) 152.2, 143.9, 134.0, 133.1, 129.8, 128.9, 128.3, 127.8, 122.5, 121.1,
120.6, 115.8, 115.5, 45.0, 43.2, 29.4, 21.6.

HRMS (ESI) Calcd. for [M-1] C18H1803NS: 328.1013; found: 328.1009.

TsN F OH

19b 'H-NMR (400 MHz, CDCls) & (ppm) 7.77 (d, J = 8.0 Hz, 2H), 7.40 (d, J
= 8.4 Hz, 2H), 7.26-7.21 (m, 1H), 7.11-7.09 (m, 1H), 6.95-6.88 (m, 2H), 6.15-6.14 (m, 1H),
5.46-5.34 (m/brs overlap, 2H), 4.16-4.08 (m, 1H), 3.99-3.92 (m, 1H), 3.66-3.53 (m, 1H), 3.31-
3.21 (m, 1H), 2.49 (s, 3H). >C NMR (100 MHz, CDCl3) & (ppm) 153.1, 144.2, 133.2, 132.7,
132.5, 129.9, 129.8, 129.7, 129.6, 129.56, 127.8, 125.0, 120.8, 116.1, 85.85, 84.14, 65.9, 47.7,
47.4,44.9, 21.6.

YF-NMR (376.5 MHz) & (ppm) —168.97 (m)

HRMS (ESI) Calcd. for [M-1] C18H1703NSF: 346.0919; found: 346.0913.

HPLC (ChiralPak TA) 80:20 (hexane/iPrOH) ImL/min; Tmajor (12.38 min), Tminor (14.87
min).

20a O‘ OH ' .NMR (500 MHz, CDCLy) § (ppm) 7.33-7.22 (m, 2H), 7.16-7.14
(m, 2H), 2.76-2.73 (m, 2H), 2.56 (s, 2H), 2.35 (brm, 2H), 2.11-2.107 (m, 3H), 1.33 (s, 6H).

20b " OH 'H-NMR (400 MHz, CDCl3) & (ppm) 7.54-7.52 (m, 1H), 7.24-7.19
(m, 2H), 7.13-7.11 (m, 1H), 5.54 (d, J = 4.4 Hz, 1H), 5.47 (s, 1H), 3.03-3.00 (m, 2H), 2.38-2.31
(m, 1H), 2.18-2.10 (m, 1H), 2.02 (s, 2H), 1.28-1.25 (m, 6H). ’F-NMR (376.5 MHz) & (ppm) —
147.57 (s).

HPLC (ChiralPak IA column) 96:04 (hexane/iPrOH) 1mL/min; Tmajor (7.22 min), Tminor (8.77
min).

N
DO
21a o "H-NMR (500 MHz, CDCl3) & (ppm) 8.37 (s, 1H), 7.45

(d,J = 7.5 Hz, 1H), 7.36-7.23 (m, 4H), 6.81 (s, 2H), 5.00 (s, 2H), 3.55 (s, 2H), 2.25 (s, 6H), 2.20
(s, 3H).
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O/ \’p/
F
21b Cé@ o 'H-NMR (400 MHz, CDCls) & (ppm) 8.60 (s, 1H), 7.53

(d, J = 7.2 Hz, 1H), 7.34-7.30 (m, 4H), 6.89 (brs, 2H), 5.82-5.81 (m, 1H), 5.47-5.46 (m, 1H),
4.44-4.23 (m, 2H), 3.75-3.70 (m, 1H), 3.42-3.31 (m, 1H), 2.36 (s, 6H), 2.32 (s, 3H). ""E-NMR
(376.5 MHz) 6 (ppm) —168.45 - -168.53 (m).

HPLC (ChiralPak OD column) 96:04 (hexane/iPrOH) 0.5mL/min; Tmajor (44.7min), Tminor

(40.5 min).
HO O

22a O 'H-NMR (400 MHz, CDCl3) & (ppm) 7.40-7.37 (m, 1H), 7.30-7.20
(m, 4H), 7.11-7.10 (m, 1H), 7.00-6.93 (m, 2H), 5.14 (s, 1H), 2.96-2.91 (m, 2H), 2.59-2.46 (m,
2H), 1.98 (s, 3H).

HO

22b '"H-NMR (400 MHz, CDCl3) & (ppm) 7.72-7.70 (m, 1H), 7.59-7.55
(m, 2H), 7.45-7.19 (m, 5H), 5.85-5.84 (m, 1H), 5.11-5.10 (m, 1H), 4.71-4.67 (m, s overlap, 3H
total), 3.19-3.11 (m, 1H), 2.96-2.90 (m, 1H), 2.77-2.72 (m, 1H). "F-NMR (376.5 MHz) & (ppm)
—134.9-135.0 (m).

HPLC (ChiralPak IB column) 90:10 (hexane/iPrOH) ImL/min; Tmajor (6.78 min), Tminor (6.28
min).

OH

23a 'H-NMR (400 MHz, CDCls) & (ppm) 7.02-7.00 (m, 2H), 6.85-
6.81 (m, 1H), 6.07-6.02 (m, 1H), 5.33-5.30 (m, 2H), 5.18-5.13 (m, 2H), 3.42-3.36 (m, 4H), 1.79
(s, 6H).

OH

23b F 'H-NMR (400 MHz, CDCls) & (ppm) 7.06-7.03 (m, 2H), 6.87-
6.83 (m, 1H), 6.08-5.98 (m, 1H), 5.44-5.42 (m, 1H), 5.20-5.17 (m, 3H), 5.02 (s, 1H), 4.95 (s,
1H), 3.44 (d, J = 7.6 Hz, 2H), 3.07-2.96 (m, 2H), 1.83 (s, 3H). '’F-NMR (376.5 MHz) & (ppm) —
173.62-173.86 (m).

HPLC (ChiralPak IA column) 99:01 (hexane/iPrOH) 1mL/min; Tmajor (8.66 min), Tminor (9.02
min).
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N
24 Ts 'H-NMR (400 MHz, CDCl3) & (ppm) 8.33 (d, J = 8.4 Hz, 1H), 8.19 (s, 1H),

7.82-7.80 (m, 2H), 7.72-7.70 (m, 2H), 7.59-49 (m, 3H), 7.35-7.31 (m, 3H), 7.14-7.04 (m, 2H),
5.80 (s, 1H), 3.77 (d, J = 3.2 Hz, 2H), 3.34 (t, J = 5.6 Hz, 2H), 2.52 (brs, 2H), 2.45 (s, 3H). 1°C
NMR (100 MHz, CDCls) & (ppm) 165.1, 143.9, 134.9, 134.6, 134.4, 133.1, 132.4, 132.0, 129.8,
129.0, 128.5, 128.0, 127.7, 126.9, 124.4, 123.8, 121.6, 45.0, 43.1, 30.2, 24.8, 21.5.

OH
E \1
N

25 Ts '"H-NMR (400 MHz, CDCls) & (ppm) 7.72 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.0
Hz, 2H), 7.18 (t, J = 7.6 Hz, 1H), 6.88-6.86 (m, 1H), 6.79 (s, 1H), 6.78-6.72 (m, 1H), 5.96 (brs,
1H), 5.01 (s, 1H), 3.76-3.74 (m, 2H), 3.32-3.29 (m, 2H), 2.60-2.57 (m, 2H), 2.44 (s, 3H).

26 F 'H-NMR (400 MHz, CDCl3) & (ppm) 8.02 (d, J = 8.4 Hz, 2H),
7.63 (d, J = 8.0 Hz, 1H), 7.47-7.45 (m, 2H), 7.41-7.32 (m, 2H), 7.29 (s, 1H), 4.12 (t, J = 16 Hz,
1H), 4.00-3.83 (m, 2H), 3.60-3.46 (m, 2H), 3.28-3.22 (m, 1H), 1.34 (s, 9H). *C NMR (100
MHz, CDCls) & (ppm) 156.4, 154.5, 141.1, 137.1, 137.06, 130.3, 129.7, 127.6, 127.3, 125.5,
125.4, 125.2, 94.49, 85.25, 85.05, 49.97, 49.71, 40.94, 40.70, 35.19, 35.08, 34.85, 31.16, 30.97.
F-NMR (376.5 MHz) & (ppm) —168.45 - -168.53 (m).

HRMS (ESI) Calcd. for [M+H] C22H24ONFBr: 416.1013; found: 416.1020.

HPLC (ChiralPak IB column) 99:01 (hexane/iPrOH) ImL/min; Tmajor (11.26 min), Tminor
(9.252 min).
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Cl
F
27 0~ 'H-NMR (400 MHz, CDCL3) 8 (ppm) 8.02(d, J = 8.0 Hz, 2H), 7.53-7.48

(m, 3H), 7.26-7.25 (m, 1H), 6.84 (d, J = 8.8 Hz, 1H), 4.63-4.58 (m, 1H), 4.27-4.25 (m, 1H),
4.21-4.10 (m, 1H), 3.95-3.70 (m, 3H), 1.36 (s, 9H). *C NMR (100 MHz, CDCl;) & (ppm) 154.9,
153.0, 150.5, 131.2, 129.5, 127.5, 127.2, 126.7, 125.5, 123.4, 118.5, 85.8, 84.6, 48.7, 48.6, 36.0,
35.9,35.1, 31.3. "F-NMR (376.5 MHz) & (ppm) —175.20- -175.33 (m).

HRMS (ESI) Calcd. for [M+H] C22H2402NFBrCl: 466.0575; found: 466.0579.

HPLC (ChiralPak IC column) 98:02 (hexane/iPrOH) 1mL/min; Tmajor (6.28 min), Tminor (5.66
min).
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DRX-500 Smm TBIC probe 13C starting parsmeters. Rev 1711/
With CPD proton decoupling. Use nsitdl scans
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g EEEELEE R R £id L
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JW-0879 AV-500 new TBI(HXP) probe
1D 1H starting parameters

NAME JW-08-79-protonchen
EXPNO 1
PROCNO 1
Date_ 20120518
Time 11.08
INSTRUM AV-500
PROBHD 5 mm TBI 1H/31
PULEROG 2g
™ 65536
SOLVENT €DC13
HE 16
] 1]
SWH 10330.578 Hz
FIDRES 0.157632 Hz
AQ 3.1720407 sec
RG 128
ow 48.400 usec
DE €.00 usec
TE 292.8 K
o1 0.10000000 sec
100 4
CHANNKEL £1
10
7.30 usec

0.00 dB
12,55943202 W
500.2330889 MHz

85536
500.2300165 MHE
EM
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0.30 Hz
0
4.00
A 1 | ‘ Ah M I Ju A
r T T T T T T T T T T T
10 9 8 7 6 5 K H ! ! o
CCAAB B n o AR
GFNN Ll it - = =l o] ot || ] |
il | leilesl - ¥ | i
DRX-500 Sem TRIC probe 13C stestisg parameters. Rew }':11:
Mith CPD praton decoupling. Use ns*tdd scans C A .
~
% FR3REILRIIAGLE SR ap 253 g EEE
g S33ARANNRSRARE 22 ﬁ 33 v :::\;
NWE AD-Jw-7=79
[ EXPHO 1
- . el
il O 2012021
= 5"\/"‘# '-'-3 Fima~ 10.13
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. e B8O Ee-18
= e gpg30
2 S
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:g.- 568
ne Q9
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™ .5 K
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L, | s
CELTA . sac
™e 10000
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L ~-5.00 a8
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T T T
T T L) T T T T T T T T T T T 1
180 170 160 150 140 130 120 110 100 90 80 70 60 50 4q 30 20 10 ppm
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9check AVQ-400 QNP Probe 19F starting parameters

(revised P1,

chemical shifts relative to CFCl3 at 0 ppm| (082103 HvH)

R Jl-ﬂl-‘"lclwcl‘z

PROCNO 1

Dete_ aozos18

Time 11.16
AVQ-400

PROBMD 5 wm QNP 1E/13

FULFROG lgﬂ

™ 131092

EOLVENT 3

6 2

=] a

S $0050.05%4 Az

FIDRES 0.687333 Bz

A 0.7275051 =ec
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oW §.550 usec

DE &.00 usec
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™m0 4
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w1 16.00 usec
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S1 L
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:f \/ug;’“{’i«

T
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T T T T T T T T
-110 =-115 ~-120 -125 -130 -135 -140 -145

JW-08-7%rac / 07-162

T T T T T T T
=150 =155 ~160 ~-165 =170 ~175 ~180 —1r5 ppm

o 3 3% om L e - oo
Retention Time
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g 200 g § -0 i
El ] |
:d
FA Fa
'Y /A
0 ‘f; L DAY . . o
18.0 175 00 ns 250
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3: 252 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 17.980 49.836 287
2 19.324 50.164 204
14 ]

2/12
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JW-0B-79

200 00
—— FL R
Aetention Time
Araa Paroant
If\
|
i 004 [ o 3
|
Iz
!;1|
| 1 E
| |
| a \ 3
! ! \ - L
oi _'J' e " et O
L ———
150 175 200 25 %0
Miranes
3: 252 nm, 4 nm
Results
Pk _# Retention Time Area Percent Lambda Max
1 16.224 96.073 482
2 19.572 3,927 205
JW-07-ymw substrate suzuki AV-500 new TBI{HXP)} probs
1D 1H starting parameters
AES FAr P A s ramsnm ma
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ppm

. Use ne*zd0 scans

DRX-500 Sem TBIC probe 13C starting paraneters. Rev 1/117

With CPD proton
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122 AVQ-400 QNP Carbon Starting parameters 7/16/03

NAME JW-08-122carb
EXPNO 1
PROCNO 1
Date_ 20120310
Time 15.27
INSTRUM AVQ-400
s mm QNP 1H/13
zgpgi0
™ 65536
SOLVENT cocl3
NS 578
DS o
E 24038461 Hz
FIURES 0.3166798 Hz
A 1.3632196 sec
RG 16384
™ 20.800 usec
DE 6.00 usec
TE 292.7 K
D1 2.00000000 sec
™l 0.03000000 sec
™0 999999
===se CHIOMEL f] ss=z=z==
wucl 13
P 8.50 usec
PLL -Z.00 &8
PLIW 47.77286148 W
SFO1 100.6225298 MHz

£2 seam====

waltzlé
1H

17.00 d»

9.54516868 W
0.30184472 W
0.18045115 W
400.1316000 MHZ
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© WM T W
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S OO0
= =1 ool
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T
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T T
140 120
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a0

AVQ-400 QNP Probe 19F starting parameters. (revised P
chemical shifts relative to CPFC13 at 0 ppm (082103 Hv
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JW-07-11TRack

2011102
7.¢

AVWg-4C

S mm QNP 1H/1
zgflc

1310%
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z

90090.08
0.68732
0.72750%
as

5.5%

6.C

292.
1.000000C

-3.¢
20.04748%1
376.441875

6552
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E
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JW=07-119rac_IC9208_30min

—_— 7 2 am, 4 e
Retention Time
Area Percent ;"1
| A
404 l'] ;#1 40
|
| 1' |
| i !
i [ L i
20 } 1 t ] - 20
|
8 E|
|9 | SH‘
| f
J 3 i |
- i o= _o
04 — ,é,\,,l 7 o R ]
16 18 0 o= % P 0
Mrutos
2: 244 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 19.184 49.958 205
2 21.828 50.042 205
JW-08-16a
-me I £y e rl
Retention Time ;H
Area Percent fi
300 < 1 ‘I -300
| §
| -
P | !
; lai
8l §
100 4 ! 1 ﬁ 100
R g
= &
-“' a lL ~~
0 — . : - . -0
% " 20 2 P z 20
Niues
2: 252 nm, 4 nm
Result
e Pk # Retention Time Area Percent Lambda Max
1 22.172 95.123 191
2 25.260 4.877 205
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1H starting parameters (zg30)
DRX-500 TBIC

‘ZQV

J

xZ
kY

e yee-VI-1000-Tanide
1

1
Date 20120118
15,08

o

W 10000.000 Ax

Fioaes 0.153584 mx

» 32768500 mec
149,

o
e 7,11

292.9 K
7Y 1.00000000 see
1

2.24
2

.22

0.99

“

DRX-500 SEm TRIC probe 13C starting parameters. Rew 1/13/
With CPD protom decsupling. Use ns*td® scans

2.00

.03
S.27
. 0i
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1
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P2
12 9204 an

T T
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FER-1' 1Y)
1.629
1.503
1.372
1.347
1.264
1.188
0.982
0.966
0.891

N
§

TW-08-42
1

1
20120124
15.1%

AVp-100
S mm QWP 1R/13

8012. &30
0.123268
4.0B95586
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62400
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EEEEEEQEIEE ig;g ;E
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e
™
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T
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eie=] e o = w| o e~ =1| 5]
mfise| = @ ol |o <+ [ — ca|fofe|o| &
el | & ol |o 4| |en s Bt o =t 2
eafeq| |0 =1 | | | s
170 =i
W-08-124 AVB-400 ZBQO Carbon Starting paramters 6/11/03 RN
ONAC RN TOATAANNDOO
MEAOOMNENF@INONON—ARMO ~mMmo @ 00 e e D
AT NEMeFFOAENEd O N Ao ww Do
D e e A A R B - I O = S =o e
FNHA O AN DOOWOW W T e e O
VWOV NEMMMEO NN R 0 W WD W M
HAME IW08-124 A A A e o e O E R e e
EXENO 1
FROCHND 1
Date_ 20120310 N
Tine 16.39 e
INSTROM AVB- 400 A
5 mm PAEBO BE- " NG‘)
PULPROG 1gpg30
™ 65536 [
SOLVENT Coc13
us 1601
s [
23900.814 He
FIDRES 0.365918 Hz
A0 1.3664756 sec
RG 16384
o 20,850 usec
DE 6.00 usec
m® 257,
g1 1,50000000 sec
D11 0. 0000 sec
00 1000
cmccccss CHANNEL f1 se=sms==
woc1 13
Fl 8,50 usec
PL1 -2.00 dB
PLIW 47,77206148 W
5FO1 100.6228298 Nz
ammeaass CHANNEL {7 me=em===
CPDPRGZ waltzl6
HUC2 1
BCPD2 70.00 usec
P2 -3.00 4B
PL1Z 16.00 4B
PL13 16,00 4B
PLIN 23.05461311 W
PLIZH 0.29024038 W
PL1IW 0.29024034 W
sro2 400.1316005 Miz
a1
sr 100.6127690 Miz
WOA ™
38 0
LB 1.50 Nz
GB o
PC 1.60
T T T T T T T T T T T
200 180 1a0 1an 120 100 RO L11] an 2n n ™
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JW-08-42 AVQ-400 QNP Probe 19F starting parameters. | NAME TW-D8-42
chemical shifts relative to CFC13 at 0 ppm (082103 Hv m
™ 1] Do~ Date_ 2012012
N. - f":" Time ,m,léiié
T § &R S ™ O gtis
1 ] [ T 13107
| | \/ SOLVENT ool
NS 3
Ds
Ewe 90090.0¢
PIDRES D.68732
AQ 0.72750E
RG 5160.
oW 5.5%
DE 6.C
F M 0 1.000006¢
o A ™0 :
4 (L smssmz== CHAMNEL £1 ==
X NUC1 = 1
Fl 16.C
PL1 =-3.0
PL1W 20.0474891
SFO1 376.460704
SI 6553
SF 376.498072
WD ]
S5B
LB 2.C
GR
PC 4.C
e Ay et op . ‘.A}J“: a wan -
e T T T T T T T T
-135 -140 -145 =150 -155 -160 -1d5 ppm
JW-08-42~-rac (ad)
Retention Time R
40~ AreaPercent 'E] f L 40
3 i
AT
. | I
: RUENE i
20 4 ol [ 20
- AR
Iy ! jwo i
I 5\ 12
MW
{ \ 3
. J § B S o
1 -
6 ‘ 7 8 ® 0 11 12
Miries
2: 255 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 8.672 49.565 205
2 9.456 50.435 205
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JW-08-124 IB9505_15

——— in M, og
Retention Time
30001  Area Percent 1| | 2000
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| | i
8 |
1000 -} = gil 1000
@ !3\
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7 B 9 10 1 12 13 14 15
Minutes
1: 200 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 8.580 4,155 205
2 9.308 95.845 202
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HAME Jw-08-20{ccarb
EXPNO 1

1 O N TOANEOO N
PROCNO N OMTANN- N0 O oo o~ oo @
Date_ 20120505 L ™ O W i 00— ™
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JW-08-31

Retention Time
6-  Araa Percert i
8
“ |l
t il i
2 ‘H E
P S | N— s L 1 ’L_ /."\_
W
0 s 10 % E) 28 30 £ P
LR
1: 285 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 20.708 49,234 205
2 22.552 50.766 205
Jw-08-31
©f " Aatention Time a0
Area Percent !
i
|
1' |
20+ f - 20
E < i i
"3
J "
4] - . 1 i 44'0
o s 10 15 20 25 30 40 as
Minutes
1: 285 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 20.620 2.671 205
2 22.436 97.329 204
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JW_07-159N02 AV-500 new TBI (HXP) probe
1D 1H starting parameters
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a 3.1719923 sec
v LITSPY a5 181
o
oE
®
o
™0
e
o
Ml .00 dB
Hulw 12.55943201 W
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ArHe~OMION-O
NOWNEHOMMNOWSN
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JW-07-174p1 AVQ-400 QNP Proton starting parameters. 7/16/03. Revise
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AVQ=400 QNP Proton starting parameters. 7/16/03. Revised 7/22/03 RN
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198-pl AVQ-400 QNP Probe 197 starting paramsters.
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JW-AD 67 AVQ-400 QNP Carbon Starting parameters 7/16
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DRX-500 Sem THIC probe 13C starting parameters. Rew 1/11/
With CFD proton decoupling. Uss na*tdl scans
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AVG-400 QNP Probe 197 starting aneters. (revised F1, 2
chenical shifts relative to cl\:t;xut 0 ppm (00103 HwH)
ow 239.28 ppms olp O ppm

AD=IW- 76 -com-T
1

- 20120209
16.4

gE

~
ul

/u\’l:/\:u’“""-“:
BEBSRRES

§asged

3
g
g

0.687333 Ha
0.7374996 gec
4597

5.550 usec
1.00000000 =mec
3

prmmme CHAMNEL {] =e———e—
19r
16.00 uaec
=3.00 d8
20.04748517 w
376.4701166 MEe

=

65536
3764980734 sz
EM
o
2.00 Hz
o
4.00

ASEZELRERINE| FEAREEE

e e - M.

] L] T T L} T
~140 =145 =150 ~155 =160 =165 ppm

264



AD-2-68rac-ic9604-70min

@0 Retnton Tme o
Area Percent
M~
g 8
e @
g 200 - - L 200 %
g 3
8 8
‘i""‘\ \\ 7 a \\
s b _/
04~ —_— e \‘J-JT—_L.__ e E—
50.0 525 550 575 a;; aZS elm srTJs 70.0
Minuios
3: 204 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 59.624 50.247 204
2 63.944 49.753 204
F !
-
= N =
| oo L
~0
JW-08-76
| Retention Time .
150-1 Area Percent 'f ‘i - 150
i
i
P
100 - ‘ | - 190
[ \
'l ;5 iE g i
50 - }1 § i o -50
[ & '\ o
/ - b
" ﬁ \ T l'. o
Q05— T 8 H
50.0 525 5.0 575 600 625 850 675 700
Mirntes
1: 208 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 60.276 97.098 203
2 64.916 2.902

204

265



ASTRABANS o N 0o o
B L Il aa = H\ﬂmtg 3 qu‘
PSRRI : n= e Smdg R S§05
\l\\\;?; T v @ RPA D I P
e AD-85-bewash
ERPND 3
FROCNO 1 o
Date_ 20120139 |
13.36 .y = ~ J&C
\ - (4 B
T~
1
0 dn
PLIN §.54516888 W
400.1324700 s
65536
400,3300142 Mz
£
[]
0.30 Hz
4.00
r : |5 : |0 5‘5 Gl T T T T T ; . . - )
. . - -0 5.5 5.0 4.5 4.0 3.5 3.0
- - . - . 2.5 210 1.5 1.0
- - ppm
e el
ol |ef||o|w| | - 2 =1 O | -y
9 :l m|o| o o o 8 (] D trey
eal el ==l - » K : o o
o3 L
e AD-§5-headash € oy  wwo®LCGOMOA®
™~ AN TH®INE NN MmO o m o
PROCND 1 ! mNow v i -
Date_ 20120129 ~ R Nl A R RT R R R EEEE P -
Time 1120 @ DWW Mmme Moo [ e o =]
= M A A A A eee~ mmme o ]
INSTRUM AVQ-400
m smetmn | VNS 11227 V% N
PULPROG 2gpg30 ! C
™ 65536
SOLVENT cocll
NS 329
Ds 0
SWH 24028.461 Hz
FIDRES 0.366798 Hz
AQ 1.3632196 aec
RG 16384
b 20.B00 usec
DE 6.00 usec
TE 292.8 K <
Dl 2.00000000 sec
D11 0.03000000 sec
™0 1000
s= CHAMNEL £l ====z=w=
13C
123 8.50 usec
PLL -2.00 48
FLIW 47.77286148 W
SFOL 100.6226298 MHz
ss=z==== CHANNEL £2 =sesss==
CPDERGZ waltzl§
NuC2 1H
BCPD2 70.00 usee
PL2 0.00 dB
PL12 15.00 48
PL13 17.00 4B
PLZW 9.54516868 W
PL12W 0.30184472 W
PL13W 0.19045115 W
SFOZ 400,1316000 MHz
81 2768
sF 100.6127755 MHz
W B
s5B 0
LB 1.50 H=z
GE L
rC 1.40
T T T T T T T T T T T T T T T T T 1 T T T T
210 200 190 180 170 160 150 140 130 120 110 100 30 80 70 60 50 40 0 20 10 ] pEm

266



@ 00 00 © Y O~ COS NN TFONNO S OYyMOoOOVWaA 9 T@OnWNmE™m
w w
AT EEERE RS PR R ERE RN EE R PR
Ll ol ol ol ol ol o WI-HIﬂI’l\{!11’1“9""vﬂMHHﬂMMHM-ﬁ-’:r’:NN—O—!—Fiv-oc;l::
RAME TH-08-60
EXPNO 1
FPROCNO 1
Data_ 20120131
Tine 17.30
INSTRIM AVD-400
FROBED 5 me QNP 1M/13 o
FULPROG 3930
™ 65536 )\—@—F
SOLVENT coecll
ns ©
DS o »
SNN B012.8320 Hz v
FIDRES 0.122266 Hz ¥
AQ 4 _DBILBEE mac
RG 181
oW 62.400 usec
DE E.00 usec
™ 283.1 K
Dl 1.00000000 sac
™0 b
CHANNEL f1 ==
NUCL iH
Pl 12 80 usec
PL1 o0 48
FLIW 9. 54516!.5 w
sroL 400.1324700 1otz
sF 400.1300142 Gz
WDwW EM
553 0
1B 0.30 Hz
[ a
FC 4.00
L\-\.'—ﬂk_—.__..___
T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 0 pPpm
(] @ | || LAl 0| =l —)| o s ey ~
=
cietslls B BB S I =
SEH B o) Al et Y e | ™~
AVQ-400 QNP Carbon Starting parameters 7/16/03 revised 7/22/03 RN
R L R LR R
M MO MO DN = ENINO™MO @O m ~Hul= o oW W
N NEHORPRwONNAY AR —How BN NN M
.Ir;........“.;u.;l_;r‘:r‘:- g X =N"] o~ Al ™M
O -~ Do~~~ O W o . e v+ o = s ¢ o
AR TH-E-bleash VNPT MEOAMMMENNNO OO - w0 Voo o
1 e e R e R R el e N e R e R el e N e N N K ] o~~~ MM N
2 e XANVEZYS WV NV
Tine 17,31
INSTRUM AVQ-400
PROBND 5 mm QNP 1H/13
PUOLI 2gpgi0
™ 65536 <}
SOLVENT cocly
Ng 297 g ———
s 0 e N =)
S 24038461 Mz -~
FIDRES 0.366798 Hz
20 1.3631968 sec
RG 16304
o 20,600 usec
OE 6.00 usec
TE 293.2 K
D1 2.00000000 sec
pll 0.03000000 sec
™0 100000
wewmmmss CHAMNEL f1 =
c1 13¢
Fl 8.50 usec
PL1 -2.00 &8
PLIW 47.77266148 W
sFOL 100.6226298 Miz
4 £2
CPDPRA2 waltzlé
NUC2 1H
FCPO2 70.00 usac
FL2 0.00 48
PLl2 15.00 4B
PLl3 17.00 dB
PLIW 9.54516888 W
PLl2W 0.10184472 W
PLL3W 0.19045115 W
SFO2 400.1316000 Muz
ST 12768
st 1006127755 MHz
WOW
S5B [
Le 1.50 Hz
an 0
[ 1.40
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 Q0 ppm

267



W WANE H-08-60F
EXPND 1
PROCRO 1
Date_ 20120131
Time 17.48
IRSTRLN Al 00
FROMD 4 wm QNP 1H/1D
PULFPROG 1
™ 131072
o s
-] (']
\ Fifan o caians me
r:‘ = ‘j< AQ 0.727505] ses
v ™ 51950 usel
e 6,00 used
™= 20).8 x
ol 1.00000000 sec
™0 4
CHANMEL £1
NuCl 197
Fl 16.00 used
B2 3,00 da
BLIW 20.04748917 W
SPFO1 376.4607042 iz
81 65536
3 376.4380736 ez
WO BN
569 L]
L8 2.00 Mz
a8 0
FC 4.00
_J e
™ T T T T - T T T T T T
-136 -138 -140 -142 -144 -146 -148 -150 ~152 -154
JW-08-60rac/ADII-66
m— 4 B0 i, 4 2168
Retention Time .
404  Area Percent A\ 7 -40
/ N
[ i
i ‘l !' \
{ 1] / \
i 20 ; \ I:f | 2o 3
¥ ‘l
{ / \
B ;8
/g | -
[+] _.:’ &I \ f' § \‘ ro
/ IS L .
. ._\.\._Lr,. gL
30 % ' % a8 40
Mirutes.
1: 220 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 33.712 49.977 204
2 36.808 50.023 204



JW-08-60

— 1: 270 . 4 ]
Retention Time A
ago-|  Area Percent “.-’ \ L ag0
1 o
200 I 200
f [
100 ;B o | 100
;= |
foos b §
/ @ i 3
/8 §
044 - ..._r._ S ___g'__ . :4———-«.—1—'T'..-...'.. ——— I —0
30 M M 3% » ©
Mirutes
1: 220 nm, 4 nm
Results ‘
Pk # Retention Time Area Percent Lambda Max
1 33.860 97.816 202
2 37.056 2,184 204
= ]
|
| NS
- lal

269



201pl1 AVQ-400 QNP Protom starting parameters. 7/16/03. Revised 7/22,
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1

Q.00 4B
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312 Rz
0320 Rz

——155.22
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§.00 usec

914K
2.00000000 sec
0.03000000 sec
1.85599558 sec
100000

13
10.73 usec

2.03

-

o

77.34
77.08
76.83

—67.02

—38.74
—134.97
—31.18

12.47

T
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T
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T
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1z0

T
110

T
100

T

20

T

80

T
70

T
60

T
50

T

40

0

270



8Z6°0
086°0
TO0°T
TTT'T
Z0E°T
186°T
LES'T
Z69'T
L8024

JW-08-203 AVE-400 ZBO Proton starting parameters. 6/11/03 RN
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204p2 AVQ-400 QNP Probe 19F starting parameters. (rev RAME IW-07-204p3

chemical shifts relative to CFCl3 at 0 ppm (082103 Hv g:gggo

Date_ 2011121
0w o Tima 10.2
N INSTRUM AVQ-4C
: PROBHD S mm QNP 1H/1
v FULPROG 2gElg
— ™ 1310%
3 9 L SOLVENT cnel
HE H

P N De
| (e SWH 90090, 05
- -~ FIDRES 0.68732
AQ 0.72750¢
RG 1149,
oW 5.58
CE 6.0
TE 282.
©l 1.000000C

DO

====ssss CHANNEL fl1 ==
Nucl 15
P 16.¢C
PL1 =-4.¢
PL1W 20.0474891
SFol 376.460704
51 6552
SF 376.498072
WDW E
58B

LB 2.C
GB
FC a.C
T T - 1
-166.2 -166.4 ppm
' 0 -20 10 60 -én -1'097_ -120 —;40 _150 -180 -200 ppm_
JW-08-59rac/07-204rac
Retention Time )
Area Percent I
60 I\ fl - 80
Ig “
|| [
40 | i | | - 40
? 1 L i
! g
2 g (g -
% 8
| =l [ ©
0 — N i_g i E }L - —
TR Te T - 7
20 25 2 3 o as
Mirutes
5: 255 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 27.964 49.933 204
2 31.276 50.067 204
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JW-08-59

Retention Time
Area Percent g‘.'
]
il
100 1 f It - 100
[
}' 1
: 1 i
80 ol g - 60
| | -
,fg’! 8
-3 o l
-3 ®
o4 '“‘"‘"‘r“‘"ﬁ A S N S Lo
20 2 30 35 © 45
Mnutas
5: 255 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 28.140 98.040 204
2 31.536 1.960 205
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JW-08-25p] dry AV-300 Dual C-H# probe proten starting parametars 7/

- 167,99
—155.61
—152.58

AV-300 Dual C-H probe Carbon startisg paraseters 7/13/03

cl

é

—_—7.37

—50.87

R e - a o o
AETamTon T o o @ @ Sa 28 danssr®
e e e ™~ o o e N o Mmoo ®
FREERRRRRBE w o - o o oo . -
NPT Y [T TR e
o 1
] 1
Data_ 20120112
Time 13.58
IHSTRIN
BD % mm Cual 130/
PULPROG 1930
™ 65536
SOLVENT €oc13
s 16
s 0
MR €172.839 Bz
FIORES 0.094190 Hs
" AG 53084660 sec
w RS 362
a o #1.000 use
o= .90 use
= 204.0 X
oL 0.20000000 amc
™0
Lt Y L I ——
ey
rL 11.00 wea
m -3.60 cn
FLin 25.08636341 W
srol 300.1318553 waz
st 32768
e 300.1500089 sz
WO =
843 ]
e 0.50 ms
= 0
re 4.00
T T T T T T T T T T T T T T T T T T ~TT
9.0 8.% 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 n.5 1.0 0.5 ppm
=f 1o =l
= [~ lm kS £ = N
cal |evl ol o = 2 e LA
ArenenmEe®
neoaramnmon o o o
...... ren “Ee 5 2
AEESeeEa T H '
0 0 40 NN ] . "
LR L i ) N F a

——31.41

HAME JW-0B-2%rep-plcarb
1

FROCHD 1

Date_ 20120112

Time 14.01
=300

PRoBED S mm Dual 33C/

ru 30
65526

SOLVENT encla

NS 3

s °

i 17985.611 Ha

riones 0.27T4439 Ha

» 1.8219508 s

ne 2768

Ll 27.800 usec

e 6.00 usec

TE 194.1 K

ol 1.00000000 asc

Ll 0.03000000 ses

oG

e CHANNEL £] meemmeee

Ml 3

Fl 10.50 wseg

1 0.00 &

PLIW 33.65452194 W

81 T9. 4760505 MHs

w—esemes CHAMNEL f2

CEDPRGZ walrzlé

woca

PCPD2 120.00 usec

PL2 =3.00

PL12 17,76 dn

T T T T T T T T T ] T T
210 200 190 180 170 160 150 140 130 2120 110 100 90
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bl - @ -
N o
e ne 2 4
o~ o~ - S
NAME J’H-ﬂ-ﬂ-dlruprt'chﬂn;k%\‘ / | I
EXPNO 1
PROCNO 1
Data_ 20120327
Tima 10.48
INSTRUM av-100
PROBHD 5 mm Dual 13C/
FULPROG zg30
D 65536
SOLVENT cpel3
NS 8
o a
EWH 6172.639 Hz
FIDRES 0.094190 Mz
AQ 5.3084560 Bec
RG .
o B81.000 ueec
DE §.00 usec
= 29¢.2 K
D 0.20000000 sec
DO 1
ssssaene CHANNEL, f1 s==sss==
NUC1 1
Pl 11.00 usec
PL1 -3.00 d8
PLIW 25.05936241 w
sFo1 300.1318533 Mux
BI 32768
5F 300.1300069 MMz
wWow N
EEB 0
LB 0.30 Hz
aB
PC §.00
M_A- A JJ ') .
T T T T T T T u T T T e
10 9 B 7 6 5 4 3 2 1 popm
oo |~ = o |~ =G — o i~
i
2 e B OB 8 B &
cal Il el |2 i =l o o o o
EXENC ”Wﬂ“n:’ o NN EONOATTOoONMANOo
FROCHD 1 N MOHNNOVOUSODECUNID O WAND e M Mo
] FUNTFTOOADOMEO-W MO DM N ~ < O
Date_ 20120327 . s e e o s s s s s D MOM™® ~NO o
Time 10.58 ~ NMACRASOONSONROE s+ o+ o+ o+ s o - 5 = =
INSTRUM AVB-400 <] NMMEAMMENNEANAO0OO0 0 [~ Do~ Mmoo
PROBHD 5 mm PABBO BB- - Hed At A A A A AAAAAAA OO [~~~ 00 s Mm@
PULPROG apad
2 m ] WS\ TV
SOLVENT cDCl3
NE 1418
D& o
S 23980.814 Hz
FIDRES 0.365918 Hz
1.3664756 sec
RG 16384
oW 20.850 usec
DE 6.00 usec
TE 287.4 X
DL 1.50000000 sec
D1l 0.03000000 sec
TDO 10000
cmmemmme CHANNEL 1 sssssmms
NuCl 13¢
7 8.50 usec
PL1 -2.00 4B
PLIW 47.7728614E W
aFOl 100.6228296 Mz
ssssssss CHANNEL {2 ssssssss=
CPDPRG2 waltzlf
NUC2 1H
PCPD2 70.00 usac
PLZ -3.00 aB
PL12 16.00 A
PLLI 16.00 4B
PLIW 23.05461311 W
PLLIW 0.29024018 W
PLLIW 0.290240318 W
5FO2 400.131600% dez
sI 32768
5F 100. 6127650 deiz
WO EM
558 0
L8 1.50 Hz
GB 0
BC 1.40
T T T T T T T T T T T
200 180 160 140 120 100 BO 60 40 20 0 ppm
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100 QNP Probe 19F starting parameters. (revised
ical shifts relative to CFC13 at 0 ppm (082103

u-ggjij(?“

-166.27
~166.33
-166.39

<

o u-08-4iga-r
EXEHO 1
FROCNO 1
Date_ 20120124
Time 15.11
TXETRIN AVD-400
FROBAD  § Wm QNP 1H/1)
FLFROG sgtiqn

] 131072
sotvmer coc1y

ns 32

os n

o 1094
FIDRES 0.68733% ms
M 0.7275081 wew
B 256

o 5.550 usee
oE 6.00 usec
™ 292.7 K
o 1.00000000 sea
™0

------ £l sessscas
woc] 137

i 16,60 useo
i -3.00
ELIW 2004748517 w
:;ol 3764607042 012
4 3764980736 sota
i ]

5 ]

L8 2.00 He
an 0

5 4.00

JR
T ——
T T T T T T T T T T A - . ™ -
0 =20 -40 -60 -80 =100 =120 ~140 =160 -180 -300 POm
JW-0B-28rac
— I 233w, nien
Retention Time .
a0  Area Percent A a0
[ ~
| ! [y
| [
\ o
f \ H
20 f ' L
? [ [ ®
[\ /o
;& f 8 |
0+ / 2 \‘ / 8 \ F0
j i
e — S - . _\\‘-‘_._._ﬁ_l._ﬁ - ‘if., g . \":ﬁ..__l.._._____
T T b
19 20 21 22 23 2'4 25
Mirutes
5: 233 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 20.696 45.815 202
2 23.180 50.185 202
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o v
I+
1)
Ji-08-41rt
| asmionine
4001  Area Percent !_.-’ - 400
I\
ii: !l,
1
f \
f I
' \
200 / | - L2002
f 4 ~
! \ :
[ 8
/8 | 8
/ \ ™
J/ \ ™
04— ! v N E \\___‘__ ___l____ B l —la
w2 2 2 2 24 2
Minutas
5: 233 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 20.832 98.526 226
2 23.336 1.474 204
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JW-08-184 AV-500 new TBI(HXP)} probe
1D 1H starting parameter:
Aras ~ TR
S w oo o MUOBomMeHOhNg |0 e O
R R R T - o cwH N DUCAC-MUOCBN [ -~ &
D 0T T 0 o D @ w ELEER] CO®Br-MMMAO® [0 MM o
D e el el e Wi www = MEOANNNNNNNNA A A 2
HANE TW-oE-184
EXPNO
PROCHO
Date_ 20120418
Time é
PROGED & mm TBI 1H/31
]
™ 65536
SOLVENT <1l (=]
B % 'u-“!\(.q
&
£ 10330.578 Ha —~ " I
FIDRES 0.15T632 X fa)
AQ 1.1720407 wec
RG T
o
o
T
o1
0
= CHAIBIEL £] ssssssss
7.30 unec
00 dn
12,.55943303 w
500, 3330889 M=
63536
500, 2300168 ez
-
o
0.30 ¥z
]
4.00
r T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 m
Sl = e Wm | o)
un | | o a =Nl
vt [=] tal (ol el el
2 35258832
o~ — O o
WHE Ow-08-184carb it annunnae 2 S8 a % 2
-184ca: . e e ® n a'se’s - .o
EXPRO 13 o wuoan-on . i} = - -
FROCHO 1 o e o1 -0 - @ g -
Date_ 20120801 ~ A A A @ e~ - 5 o} -t
Time 17.42
: waite L SN\ |\ Y/
PROBHD  § mm PABEO EB-
FUL zZgpgll0
™ 65536
SOLVENT 13
ns 202
Ds q
e 23980.814 Hx
FIDRES 0.365918 Mz
L] 1.3664756 sec
RO 16384
oW 20,850 usee
pe 6.00 usec
TE 297.1
ol 1.50000000 ses
Di1 0.03000000 sec
00 10000
casmssas CHANNEL f1 ==
wuc1 13c
Fi 8.50 usec
PLL -2.00 dB
PLIW 47.77206148 w
srol 100.6228298 MHx
mame CHANNEL €2 wwwezzzz
CPDPROZ waltzlf
woc2 in
PCPD2 70.00 usec
FL2 =3.00 db
PL12 16.00 dn
PL13 16.
PL2W 23.05461311 W
PL1ZW 0.29024038 W
PLIIW 0.25024038 W
sroz 400.1316005 Miz
81 12768
sr 100.6127690 Mtz
WOM EM
558 []
L3 1.50 Hz
oR [
»C 2.00
2[;0 T T T T T T T T T T
180 160 140 120 100 80 60 40 20 0 Ppm
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AV-300 Dual C-H probe proton starting parameters 7/23/03 RN.
ﬂ‘H\:"QN:‘-Ou’!Iﬂﬁ?\D'—!"ﬁ'l“\l"\-wl“-oogﬂﬁlnf"\iﬂvmmmDLDv—ll‘-mr"\MNr-i—thDu NOoOWVWOoOhUN o
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r-r-t-r‘r-r\r-l‘:-l‘l-t-r-ﬁrwmmmmmmmmmmmmmmmmmmmmmmmmmwcqm-—«-—cﬁﬁﬁ\:a

|
f
§
§

N Y

T T T T T

T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

|

A ng 2|z YT

& fon|wi|on =1 =] [=1 =1 = It

Il leilala Sl I s

186 AVB-400 2BO Carbon Starting paramters 6/11/03 RN

= 229RSITEET 22 non mwn .
g gSysdssdss 22 o2 9% i
- e e - - - oo Lol ol o -
YNWE VA W Vv

30.60

30.39
26,90
26.80

PEL

FIDRES

EEEFEH]

[ TW-08-186cass
2

i

20120420

14.35

AVE-400

o PABBO Ei-

»9pg10

63316

[ Wk

a3
23980.814 Hz

0.365918 Hz
1.3664756 mac

O
9.9 5
1.50000000 smc
©.03000000 sec
10000

sszssses CHANKEL 1 seeseees
NUC1 13

Fl £.50 usec
FL1 -21.00 as
FLIM 4777206148 W
srol 100.8228290 M
s=sseses O] £7 smmmmmwsn
Ci waltzlé
woc2 18
FCPD2 T0.00 uses
L] -3.00 a8
PLlZ 16.00 a8
T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 50 B0 70 &0 S0 40 o 2 10 o ppm
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i p AVQ-400 QNP Probe 19F starting parameters. (reypised P1, 2/12/04
chemical shifts relative to CPFC13 at 0 ppm (082103 HvH)
sw 239.28 ppm; olp 0 ppm

NAME IW-ADeclIP-F

BXPC 1 o

PROCHD 1 n

Date_ 20120518 *

Time 11,20 o [a]
T AVG-400 1

PROBHD 5 sm QNP 1H/1D |

!

"
™
FULPROG 2gtign 4 Sl C ~y
™ 131072 H
SOLVENT cocly 0 —
ns a2
oS
eI

]
o 90050, 094 Wz
pRES 0.687333 Mz

AQ 0.7275051 mwc
L.

ow 5.550 usec
oE 6.00 unes
T i92.4 £
Dl 1.00000000 mec
0 4

NUC

T — -y

T T T T
=110 =120 -130 140 150 =160 =170 -180 -190 =200 ppm

280



JW-08-117rac IC9802_30min

2004 2 B4A v, & e 200
Retention Time g
Area Percent 2
g g
3
a 8
f e
100 1 100
H o T i
(.
ol
(W
11y
0 : S | ¥ [_' '\_.1‘ L W S Y
00 25 50 75 100 125 180 175 200
Minutes

2% 243 nm, 4 nm

Results

# Retention Time Area Percent Lambda Max
1 9.544 50.509 209
2 10.932 49.491 209

JW-08-121 IC9802_30min

Retonton Time
Area Percent 2
400 - § - 400
=2
[/
[t
H i i
200 4 | - 200
|| g
X «
b
1§
[ | g
| 1 -
[ e — T —— .____.._._._'l_.,_i‘x_.__.-l_.*..l:'.--\.... N J“,,A,;g, e ]
50 75 100 125 150
Minutes
2: 243 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 9.500 96.832 209
2 10.896 3.168 210
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v
o
g
=
o
o
3
o+
e
=]
n

rameters. 7/16/03. Revised 7/22/0
WML OOMODEO O mwnwao o
l‘?ggaas CUNEHPFOFYVOYMOAVNLSNODN ™MW
A N NS R R R e e R R R R e R Rl ]

e ==

1.494
1.338
1.266
—1.180

Z

0.981
0.965
0.890
—0.080

X

1.831

02AC AVQ-
ZM vQ i_%?aagl;?n‘fCarborh%g&;g%ppmﬁg;a 7/16‘;03

EXTHO O-—i » .l‘-l.nN\nm-! 2 mg-—cmr—

rrocw0 i  B3IERSIRNELE 2 seced
M LG ©

?’;;;— 20123??5 ettt b B B B B & oonmR

INSTRUM AVG-400 '\ / '\‘"\\:\\\ \/}zﬁ-’“ | \i'l \./

PROBHD 5 mm QNP 1H/13 I

PULFROG =gpg30

D 655136

SOLVENT cocll

KRS 1010

Ds a

SWH 24038. 461 Hz

FIDRES 0.366798 Hz

AQ 1,3632196 sec

RG 16384

oW 20.800 usec

DE 6.00 usec

TE 293.5 K

ja) | 2.00000000 sec

D11 0.03000000 see

TDO 19000

messmmss CHAMNEL £1 ========

NUC1 13C

Fl 8.50 usec

PL1 -2.00 4B

PLIW 47.77286148 W

sFOL 100.6228298 Mz

sssssces CHANNEL £2 ssms=z==

CFDFRG2 waltzlé

aUC2 M

BCPD2 70.00 usec

BL2 0.00 4B

PL12 15.00 4B

PL13 17.00 aB

FL2W 5.54516888 W

PL12w 0.30184472 W

PL13W 0.19045115 W

SFO2 400.1316000 MHz

s1 32768

EF 100.6127755 waz

WDW =

s5B 0

LB 1.50 Bz

GB 0

1.40

1.000

1.5 1.0 0.5 ppm

)
!
—
o
A OoMOunWwt
oA O @
o o DEOE- Rk ]
- = ™M M Moo

T

T T
210 200 1%0

T T
180 170

T L T T
160 150 140 130 120

T
110 100 90 a0 70




AN JW-08-202A-01F
o 1
PROCKD 1
i 1
m’ﬂ s—uﬂ;’ﬁ 1A AVQ-400 QNP Probe 19F starting parameters. (revisled Pl, 2/12/04 1
FHEG wtim chemical shifts relative to CFC13 at 0 ppm (082103 HvH)
- eoetd sw 239.28 ppm; olp 0 ppm
s
) 0,08
B GEEE
] ° ,3;'253 =53
™ (550 usec .
b3 .00 whes o e
- | b
E;n-. CHANNEL £1 ;;;-u.- \V
7 16-00 e
a -3.00
LW 2004748917 W
sral 3764607042
8t 5536
W I76. 4980706 MHE
WO L
BER 0
=3 2.00 ms
o
L 4.00
T T T T T T T T T T T T T ;
-156  -158  -160 162  -164 -166 -168 -170 -172 -174 -176 -178 ~-180 -182 -184 ppm
JW-08-207rac~- IB9901 15
e 3 240 W4
Retention Time : ]
Area Percent I
40 w
J .Y
[ (
! 1
\ ] i \.
: | |
= li !\ - 20
] lh |
|
\ ;g&
3
13 [ I8 4
| \ 1l A
~ IR 8 N
O e~ —d —‘\—\‘.‘:a- — g S
Ta e B—
50 ‘ 4 ‘
. 75 10.0 125 150
Minutas

3: 265 nm, 4 nm
Results

Pk #

Retention Time Area Percent

Lambda Max

1
2

9.056
11.200

49,243
50.757

203
203
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JW-08-202B IB9901

Pt 248 0 3 e
Area Percent
100 4

°+_., Y S % T

A — R Lo
T T T T v 1 . ____J
0.0 25 5.0 78 10.0 125 150 17.8 200
Mirutes
4: 242 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 9.252 3.860 209
2 11.264 96.140 203
COUMNHERSAHOVOW O\ONG\QN‘I‘!“-\Q#DOOI‘*W EMeE QDO
DM OO A M omr--smooooomnﬁor-rﬂc = G R A AT
aRAMIININNDD EEEERNES RSO UEE TR L EL R
r:rhr-:r-'r-'r-r-:r-r-w\n VPSS IILIAMOMMININON A A A A OO
MAME £
B e N\ [ SN Y
Date_ 20120802
Time 18.01
INSTRUM AV-800
PROBHD 5 mm PAEBO BEB-
PULPROG 2930
65536
BOLVENT D1y
RS
s 1
SWH 12019.230 Wz
Fipmes 0.183399% Mz
AQ 2.7263877 sec
RG 128
oW 41,600 usec
OE 6.00 usec
TR 94.0 B
ol 0.10000000 sec
DO 8
Sesmmwws CHANMEL f] =====ses
NuUCl
P 13.75 usec
PLL -2.00 4B
PL1W 22.93097305 W
§rol 600.1339008 Mz
1 65536
SF 600.1300164 Mz
WM |
888 []
LB 0.30 Ez
aB []
rC 4.00
BN | .
T Li T 1 T T T T T T T - -
10 9 8 7 3 5 4 3 2 1 0 pom
o] [cofa]|w =1 el W =
™ WD ey (o (=1 WO W]l =l
| lolale| | I B | P =
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ne n =

s jute_par 28R R32N%%ss HEr OB we morw
N 8 e i hcachele iy : thebely
Dot 20120003 EHH] bbb EELE SZRRERTSE S%  R23=2
Ties 19.04 ]

V-600 | / / f f
PRORHD 5 B
UL ‘i!"
™ 10
SoesmET cacl)
" 00
os L]
awH I6057.691 Nz
FIomes 0.275098 Hx
) 1.6175818 pec
= 1050
I~ 13967 usec
R &,
k. 254.1 %
[ 1.50000000 sec
D11 0.03000000 sec
™™ 1o00

meesews CHAODMNL £1 =scsmsmn
w1 1

r .50 uses
L 2.00 aB
N 62.6032829) w
L 150.917999) pee

2

iy 19.00 4
Haw 32,9309730% W
FeizN 0.0393533 W
PLLIW 0.18214715% W
sFaz £00.1327008
=1 L5516

P 1309027880 Mz
e ™
L []

a 0.75 me
o ]

L 1.50

T T T T T T T T T T

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 0 10 o

ottomband AVQ-400 QNP Probe 19F starting parameterg. (revised Pl, :

PAME T 08-19&-bottcabardy M + . ‘
xENn 1 chemical shifts relative to CFCl3 at 0 ppm (0B2103 HvH)
Frou 20120438 sw 239.28 ppm; olp 0 ppm
Time i1.18
INSTRUN AVQ-400
PROBMD S mm QNP 1M/1) ounom
FULFROG 2gfl NNmm
0 lllolg m nn ..n -
ﬂ" m!; Ll vl 2l 3
De o L I )
EWE P0090. 094 Hx 5y
PIDRES 0.687311 n:
AQ 0.7375051 sec
Ll 31351
e g 5.550 umec
TR §.00 usec
T 23 .5 K
o1 1.00000000 sec
™o “

ap
PLIM 20.04748917 W
Srod 376.4607042 MMz
51 65536
s ATE.45807136 Mms
L} B
&5R Q
e 2.00 Hz
. L]
"~ .00

1
T T T T T T T T T T T T T |
-164 -166 -168 -170 -172 =174 -176 =178 -180 -182 -184 -14s6 -188 ppm
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JW-08-194rac IC9802_30min

[
Area Percent
400 1 [ 400
200 - g 5 | 200
] g
A P
0=t _‘.-m__:;u.(i_  — = - e +o
5 6 7 [ 10
Minutes
2: 215 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 5.652 50.082 204
2 6.272 49.918 204
%
(<
<\ (o
JW-09-6 IC9802_15min
100 - T - 100
Retention Time
Area Percent a
8
50 % - 50
i _, Z
g |
o 1
g i
QT.,._._._. e e ._._-,fu.JT.’._E\._..,LV,,,ﬁ S ..__._-.—ILO
0 ‘ 2 ' H 6 8 ' 10
Minutss
2: 298 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 5.644 3.672 204
2 6.252 96.328 205
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JW-09-103A

EXPHD

FROCND 1

F2 - hoquisition Parameters

Date_ 20120830

Time 13.39

INSTRUM AV-500

PROBHD 5 mm TRBI 1H/31

PULPROG g3

™ 65536

SoLVENT enc13

ns 16

Ds o

EWH 10330.578 Hz

FIDRES .157632 Hz

a0 3.1719923 sac

L 256

oW

DE

=

NUCL 18

n 7.60 usec
PL1 o a8

FL1W 12.55043203 W
SFOL 500.2330869 MHz
F2 - Processing parameters
s1 65536

SF 500.2300165 MHz
Won B
858 o

1B 0.30 Hz
&8 o

P 8.00

| =r|ca o | — o
—i[|=r|u:n en o9 e el
=l o [ e o
illeil S =ls) i v
@ DO WNOo N O
™ MO WL O Y@ fal> B d
o~ NonMNS O~ r~ e ; g :;
MO -~ bred
103A AVB-400 ZBO Carbon Starting paramters 6/11/03 RN
Current Data Pacaneters
HAME Jd-08-103aCarh
FROTKO 1
F1 - Roquisition Fararsters
Date, 20121004
Tine 17.00
IRSTRUM AVE-400
FROBHD 5 nm FABBD BE-
FULPRCG 2gpa30
™ 65536
BOLVENT 3
xe 54
e °
awe 23980.814 nx
FIDRES 0.365918 mx
AC 1.3664756
RG 16384
™ 20,850 usec
o 5.00 usee
™ 297.0 X
m 1.50000000 sec
il 0.03000000 sec
=0 1000
sesscsss CHANMEL f1 Ssssssss
et
L 8.50 usec
rel -2.00 a8
rLin 47.77206148 W
srol 1006320290 Mz
mmmmeeee CHAMMEL £3 wemssszz
crormc2 waltzlf
wcz
KPro2 T0.00 uses
L2 =3.00 a8
PL1Z 16.00 dn
PL1Y 16.00 48
PLEW 23.05461311 W
FL1EW 0.29024038 W
PLIW 0.29024038 W
sroz 400.1316005 Mz
F1 - Processing paranster:
s 33768
ar 100.6137690 Mz
WOM ™
288 o
Le 1.50 mx
a8 o
L §.00
n A
L T T T T T T T T T Ll
200 180 160 140 120 100 80 60 40 20 0 ppm
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63336
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L
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9.3C uz
-]
4.00
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LLB'D

—

F

£61°2

|

696°1
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NAME TW-08-dimet by | ProdPic
EXP 1
PROCHO 1
Sate 20131027
Time 13.59
INSTRUM AVg-400

S om QNP lx.-ﬁ
FULFROG =
™ T
SOLVENT ==t
8 168

]

) 24038861 nx
FIDRES 4.366792 Mx
AQ 1.3632196 see
] 163
o 20.800 useo
oE £.00 usec
= 252.9
o1 1.00000000 sec
oii ©.03000000 sec
70 10000

esseess CHUBEL £1
et

13
1 850 umec
PLL -2.00 dén
PLLW 477706146 M
BPO1 100. 6228298 mux

= CHANNEL £ ==ssesss
walrzlé

2

B Eeesgesg

0
12768
100.6117758
B

3
1.50
°
z.00

e~ Bl -J Ll s B )
o @ W THNNON O
- N~ o MmOoOmnMmm
] - < L L]
% S$3 FRER=02
TRIRY%

Voo

oo e - ™o -
T @ Mo @ o e
0 ~0e W -
oo e e -
VW VooV
\

T T T T T
210 200 190 180 170

T T T T T
160 150 140 130 120 110 100

AVQ-400 QNP Probe 19F starting parameters.

T
20 80 70 &0 50 40 30 20 i0 0

{revised P1, 2/12/04 RN)
chemical shifts relative to CFCl3 at 0 ppm (082103 HvH)

sw 239.28 ppm; olp 0 ppm

WAHE JN-05-strip-RP-F-100
EXPRO i @M
PROCNC 1 ECECE R
Date. 20120830 S
Time 14.57 mOammm
THSTRIN AVO-400 e B Ea I B
PROBHD 5 mm QmP 18/131 A T
PULFROG 2gflgn

131072
SOLVENT enell
¥5 1s
-] Q
o) $0050.054 Hr
rioREs J6E7133 Hz
AQ 0.7273031 wec
-] 3649.1
o 5,350 umec
og 6.00 usec
= 934 K
bl 1.06000500 wec
™0 2
ssswwwes CHANNEL £l =====eae
NC1 19pr
P 16.00 usec
Pl -3.00 4B
FLIW 20.04748817 W
srol 376.4607042 MHz
s1
4 376.4980736 MHz
oW -]
5B 9
LB 2.00 uz
[ Q
~x 4.00

-t
-
T T T T T T T T T T T T T
-115 -120 -125 -130 -135 -140 -145 ~-150 ~-155 -160 -165 -170 -175 -180 -185 PP,
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JW-09-102rac ic9901-45

Retention Time
150,  Area Percent | 150
[
&
8 2
100 - g ¢ 100
2 ¢ i t
&
50 - 50
\
0 - : S—
[ ™ ™ T ---'r'-'——'—'—-‘:r""" T T —_—
18 19 20 2 22 23 24 25 26 27
Minules
1: 212 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 19,892 50.907 200
2 24 .844 49.093 200
JW-09-102strip ic9901-45
Retention Time
150 Area Pergm | 150
h: 4
a
100 | 9—’ - 100
2 i
! 8
i ©
50 t b - 50
b1
04 T s _.] ______ —— -— j -0
18 ' ﬁ & ﬂ ﬁ ﬁ ﬂ ﬁ ﬁ 27
Minutas
2: 220 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 19,336 94.378 200
2 24,456 5.622 217
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[ YE

T T T T T T T T T T T T T T T T T T T
9.0 85 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

T | |
o v =1 =) o) —
o @ = n e =]
- | =] | o =
= |l - c! el o
AVB-400 ZBO Carbon Starting paramters 6/11/03 EN
MYOOLAHACNO-~MINW
YHNoOOoONOAONMNOm =~ uy -l
LA AMONDONO 0 TMNO o =~
LS e N e < @ @ o
k- 1 £ MMOO®M YW W ] . "
TXFHO 1 e b L e e R L e ~~w o o
PROCR0 H e R s B [ L I R R e g o~~~ o -
Pl - Asquisition Parameters I WW \.V ' I
Date_ 20121004
Tine 17.03
Ava-doe
PRORHD 5 m FARBO mB-
FULFROG 2upa
65536
sotvENT ey
us
os L]
s 2I9E0.604 e
rioags 0.365918 M=
ag 1.3564756 mec
G 16384
e 20.850 uses
b= 6.00 umec
™ 297.1
b1 1.50000000
pii 0.03000600
o0 1000
BT T S Q—
et 138
r 8.
L1 -2.00 dn
FLIN 47.7728
£POL 100,6278298 MEx
sssseess CHAGGEL f] sssssees
CPDERGR waltzlé
o] 1E
PCPD2 70.00 us
7l -3.00 48
FLi2 16.00 dB
FL1Y 16.00 dB
FLIW 2308461311 W
FL1ZW 0.230248
PL1IW D.23024238 N
sroz 400, 1316003 Mz
7 - Processing armters
51 P33
= 100. 6127696 s
L L
55 o
LE 1.50 ==
cB []
B 1.40
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 Ppm
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CeCREEREERNROOVVO B VLN MM ME NN - -
T —~\ ||
EXPHO 1
FROCND
Date_ 20120508
Tine .56
i AVG-400
5 o QNP 1H/13
FULPROG
1 eslse
BOLVENT o1l
™ i
o6 1
EWE 8013820 mx
FITRES 5127766 ms vA
AQ 4.089S586 sec “
"G 156
o™ 62.400 usec aﬂ
DR £.00 usec el‘\
™= 293.9 X
ol 1.00000000 sec ‘
w0 2
- = CHAMNEL f1 s=== F
e 1
n 12,89 uses
FL1 0.00 4B
FLIN 354316088 ®
SPol A4%0.1334700 Mz
81 €5534
aF 400.1300142 sotz
oW -
258 9
LB 0.30 Hz
R ]
s 16.00
T T T T T T T T T T T T T T T T T T T 1
9. 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
| | |es|m o[ |unf|oo 0
=T on| =[] o
| o |on | o |eof|en =N
i . a1 H
=|lolo|— o |=llo -
55b rep AVQ-400 QNP Carbon Starting parameters 7/16/03 revised 7/2
O OMVOSF N OONOO @~
QO A DNMO2M OO e —-o® ~m @
MAME JN-09-115bRepPlCarb * e 8 & 8 8 9 8 5 & B & 5 v mow -~ O
X0 1 25 LB ARV DLM O T L - [ .
1 N TN NN N A A i ™ -~ oo o
20131037 L e e R R R R ] oo Lol ol o mm N
16.18 ! ) \
et ! %

o4
S = QNP 1W/13
= 30
238
cocl3
458

24038 _461 Hx
C.366798 Mz
1.3632196 sec

20.800 usec
6.00 usec
2193.2 K
2.0000000C sec
0.0300000C sec
1000

sssssszz CHANNEL fl ==sesses
HoC1 13

c
B.50 unes
2.00 48

Pl
PL1 =
PLIW 47.77286148 W
5701 100.6228298 MH:
mrmmmems CHANNEL f1 mesmmmms
waltzlé
o
FCPD2 70.00 usec
FL2 0.00 48
iz 15,00 4B
rLiy 17.00 4B
PLIW 9.84516088 W
PL1IN ©.30188872 W
PLIIN G.10045115 w
EFO: 400.1316000 MHE
51 12748
5T 100.6127755 MHz
WO
ssB -]
La 1.90 Nz
a8

-]
2.00

T T T T T T T T T T T T

T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 S0 a0 70 60 S0 40 30 20 10 0 pom



AVQ-400 QNP Prcbe 19F starting parameters. (revised P gg ;gg L3 e
cal shifPs’*¥8lative to CFC13 at 0 ppm (082103 Hv e
MM S
PROCNO 1 il il
Date_ 20120909 Ll B B R |
Time 9.58 RN
INSTRUM AVQ-400 W
PROBHD S mm QNP 1H/13
PULPROG zgflgm
™ 131072
SOLVENT CDCl3
NS 24
DS 0
SWH %0090.054 Hz
FICRES 0.687333 Hz
AQ 0.7275051 sec
RG 40896
bW 5.550 usec
DE 6.00 usec
TE 292.9 X
DL 1.00000000 sec
TDO 3
-------- CHANNEL fl ===ess=s
NOC1 13F
Pl 16.00 usec
PLL -3.00 4B
PLIW 20.04748917 W
SPOL 176.4607042 MHz
s1 6553
SP 376.4980736 Mz
WD =™
558 0
LB 2.00 Mz
GB 0
PC 4.00
T T T T T T T T T
0 -20 -40 -60 -BD -100 =120 -140 -160 ~180 -200 P
JW-09-115rac- IC9406
Relention Time
80 Area Percent - 80
] ‘;
1 I
| ‘ | I;
1 1)
i - i
| I\
\ |
204 lo] Il L
il 20
\5 1
i ' y |
I 8 1_ ! 3
\ (/e \
0 f % ! © - 1o
- <
) T J T T p— T ——
40 4.5 50 56 6.0 6.5 7.0
Mnutes
1: 204 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
il 4,384 50.813 205
2 4.612 49.187 205
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50 55 8.0 6.5 70
Minules

45

4.0

0
]
=
m
—
+
8
Q
4]
-
[]
o
]
[
M
- »
¢
=
Bl
&
S
Q
-
o)
s
-]
Fx
[T}
('
e
™4

E o

<]
-

-
om
o M
- —
N3

7]

e Q@

o™ X

205
205

96.5B7
3.413
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AVQ-400 QNP Carbon Start]lng parameters 7/16/03 revised 7/22/03 RN

R JW-05-17dcarbon

Exewo 1

RO i

Date_ 20121004

Time 1243

o TROC 30

FuLl =

= it

SCLVENT [~ %]

us 161

B8 o

S 20038.461 Bx

FI0SES 0_366798 Hz
1.3632156 sec

RG 16184

™ 20.800 usec

] .0

= 2540

B 2.00040000

D1 0.03040000

1200

-2.00
PLIW 4T. 77386148 W
SFOL 100. 6220298 Mz

usec
das
<p
aB
9.34516868 W
0.30184472 W
BLLIW 019045115 W
sroR 400.1316000 Motz
1 8
&F 108. 6127755 Mz

woud B
e
1.50
o
2.00

2

HANE TW=09=176mnt
EXPRO 1
PROCND 1
Data_ 20121023
Tine 11.15
IRSTRON AVg-400
PROBHD 5 mm QNP 1M/13
PULFROG 230
65536
SOLVENT eseld
NS 4
os [
SWEH 8012.820 Hx
FIDRES 0.122266 Hz
AQ 4.0895586 sec
RO 322.5
oW £2.400 usec
DE 6.00 usec
TE 293.0 x
o1 1.00000000 sec
oo 3

- CHANMEL [l ssssssss
1"

12.80 usec
0.00 a8

5545160808 W
400.1324700 MH2
65536
400.1300142 MHz
EN
a
9.30 n=

a
4.00

w -]
[N}
v
o

10 9 8 ppm)

1.021
1.943

2.081
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176car]

1"{&“AVQ—4E“QAOQ_NP Cﬁrb"% Smtgqu?‘pm&péqﬁ'{g?&OB

EXPHO 1 » SEEMEYNMNaniong o =g b I

PROCNO 1 '3 Ezggbﬂmrmcm-wvo .o P . 5 =
(3 MMM A A A ™M

EI;::::- zolﬁ?g; — .—1.—|-T4T-T¢-—|r-|-1.—-.7u‘—‘|-—|-—q.—t a; ee o ﬁt\'.il

TNSTRUM Avg-d00 | SN YR N/ \

PROBHD 5 mm QNP 1H/13 NN AN L1 A = \ | I Y

PULPROG 2gpg30

™ 65516

SOLVENT CDCl3

NS 613

DS 0

B 24038, 461 Hz

FIDRES 0.366798 Hz

AQ 1.3632196 gec

R3 16384

oW 20,800 usec

DE 6.00 usec

TE 281.31 K

b1 2.00000000 sec

p11 0.03000000 sec

™0 10000

= CHANNEL £1 ===
13c
8§.50 usec
-2.00 4B
47.77286148 W
100.6226298 Mz

CPDPRG2 waltzlé |
NuUCc2 1H 1
PCPD2 70.00 usec |
PL2 0.00 d8
PL12 15.00 da |
PL13 17.00 d= |
PL2W 9.54516888 W
PL12W 0.30184472 W
FL1IW 0.1904311% W
8PO2 400,1316000 MHz
81 312768
SF 100.6127755 MHz
WDW EM
SSB ]
LB 1.50 Hz
GB a

2.00

T T T T T T T T

T 1 T I T
210 200 180 180 170 160 150 140 130 120 110 100 90 ED 70 60 50 40 30 20 10 0

AVQ-400 QNP Probe 19F starting parameters. (revised P1, 2/12/04 RN)
chemical shifts relative to CFCl3 at 0 ppm (082103 HvH)
sw 2359.28 ppm:; olp 0 ppm

e In-09-176Pent
1

5
o8 0
S S0080.004 M2
FIDSES 0687333 ma
A0 0.7275051 mec
L3 597,86
o™ 5,550 uses
e £.00 uses
™ 293.0 x
ol 1.00000000 sec
™ F]
sessssss CHAMNEL ] ssssssss
ot
Pl 00 usec
Pl =3.00 dB
PLIW 20 04748917 W
701 3744807043 MHz
21 3534
8P 3744580736 Wz
L] -
58 -]
LB 2.00 He
a ]
© 400
S — . . . e .
-110 -120 130 140 150 -160 -170 -180 -190 ppm
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JW-09-176rac

- 200

0- -0
0.0 25 5.0
Minutes
1l: 222 nm, 4
nm Results
Retention Time Area Area Percent Lambda Max
9.228 4754400 50.011 205
10.452 4752224 49,989 205
JW-09-176ent
100 - - 100
: 50 - S - 50 :
<
j ‘JL = B
J w
0 . ~ o )
=T 7 L | L | T T 'T“I
0.0 25 © 50 7.5 10.0 125
Minutes
1: 222 nm, 4
nm Results
Retention Time Area Area Percent Lambda Max
9.180 3250038 93.910 245
10.408 210767 6.090 246
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195 trit AVB-400 ZBO Proton starting parameters. 6/11/03 RN
CrEYMMAOSOHNMEEM O - MO W n oW =]
g VOO LSUNMHOODM & O D [l ) o
MM NN SO0 D DO - @S MM Cale N ] o
eSO YOYODOWN w MMM m NN Ll

oA

T T T T T T T T T T T
10 9 7 [ 5 4 3 2 1 [1] ppm
| || (=N ™ (=] (] (=2 o b=l (=] -
o [ || o | w I=4 i = 0|
S| || (v~ =l | @ (=4 =gt (o] (=] (=]
(a1 R0y [E=1 (o] Ll (=] — |9 Callal ] un|
N N HDNIND O Y
N meMMOaerN~SO OGN ""O-" =-'-: q: ‘Q
" FOEONNINNNN N Ll D oy bl -
R It b P et -~ == L4
V l¢# N/
.
| AN Vool
199 AVB-400 ZBO Carbon Starting paramters 6/11/03
NaHE JW-OP-1%Pcart
EXPFNO 1
PFROCND 1
Date_ 20321134
Time 17.%
TRETRUN AVE-430
PROBED S na PARRO BS-
PULPROG = 30
b mlé
SOLVENT cacls
] 1l
o8
13980814
FIDRES C.3655148
A 1.366475
RG 1618
o 20.850 usec
bE €.00 usec
TE 254 .8 x
[ 1.50000000 sec
Bii ©.03000000 see
™0 1000
e
KUC1
n 0.3 usec
na -3.00 db
rLilw 7.7 8w
aFol 1006228290 Mas
memesmme (EANNEL #] scescmes
CPOPRG2 waltzlé
Nucz im
PCPD2 70.00 usec
PL2 =3.00 d»
PL1Z 1€.00 da
PLL3 1€.00 dB |
PL2W 23.05461311 w
rLlaw 0.29024038 W
PL1IN 0.29024038 w
arol 400.13516005 Mis
81 32768
o 100.412%90
T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 BO 70 60 50 40 30 20 10 1] PP
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9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 0 3.5 3.0 5 2.0 1.5 1. joi=nd
mf  olls]o|n [=] ) iy =
T e = =1 < ~ =
| Ao 1= & o k=]
o llo|ol- - i o) -
203 AVB-400 ZBO Carbon Starting paramters 6/11/03
NneomNOoOr~roOMmMUMMa T
S D BN i e e - ~
METOENNNNDRAN S0 e A e -
DT MO IO N NN NN~ nNner~r~8e ~ -9 -
Il e Nl e e Nl R R R ] @@~ - - T o~
vz v T V)
)
MANE TW-09-200pldriedCark \IW /‘ 3 | {
EXPRO 1
FROCHND
Date_ 20122214
Time 14
IMSTRATN A o0
PROBHD S ma PAERBS BB~
FULEROG -y
10 T
BOLVENT coc13
NS Oé
Dé [
SkE 23080.814 Wz
FIDRES 0.365918 nx
1+ 1.3664756 sec
£ 16384
™™ 20,850 uses
DE 6.00 urec
TE 295.0 K
D1 1.50000000 sec
il 0.03000000 sec
e 10000
memmmmm— CHANMEL f] me——
(] 3
Pl 8.50 uses
PL1 ~-2.00 ds
LIV 4T7.77106148 w
sro: 100.6220298 mMH2
CHABNEL 17 =mmmmmme
waltzlé
1"
70.00 uses
-5.60 da
16.00 dB
1€.00 dB
23.05461311 w
0.29024038 w
©.25024038 w
400.1316005 Mz
1176
100.4127690 MHz |
B
Qo
1.50 Bz
]
1.4
T T T T
70 60 50 40 30 20 10 ppm
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Je-05-198pIF

EXFHO

PROCHD i
Date. 20131107
Tine 11.47
INETRU Avg-400
PROSED S wm QNP IN/L3
FULFROG saflg

iy 072
SCLVENT cpell

NS &

os o

W 90090.0%4 Hz
rioees 0.687333 Hz
A 0.7275051 sec
L 2896.3

oW 5,550 usec
oe 6.00 usec
T= 291.3 K
bl 1.00006000 mec
™0 .
ssssssss CHAMNEL £1 seeswees
NOC1 ir

Pl 16.00 usee
FlL1 -3.00 &8
PLIW 20 04748517 W
8701 3764607042 Mz
51 65536

(24 376.4930736 MHz
N B

58 1]

La 2.00 Bx
=B 0

< 4.00

AVQ-400 QNP Probe 19F starting parameters. (revised P1, 2/12/04 RN)
chemical shifts relative to CFC1l3 at 0 ppm (082103 HvH)

sw 239.28 ppm; olp 0 ppm

-168.97

st es

;10 =115 —lEU —;25 =130 —155 =140 ~£45 -120 -135 «1%0 —1;5 =170 ':175 —lhu ﬁpm
] n
50 - -50
a3 =1
T  °
25 | - 25
0 L i/ | 0
L T LI I T T T T J
0 10 20 30
Minutes
1: 223 nm, 4
nm Results
Retention Time Area Area Percent Lambda Max

12.672
15 258

1731570
1726247

50.077 208
49.923 208
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g898'¥!

10

Minutes

1

223 nm,
nm Results

1:

Area Percent Lambda Max

Area
685715

Retention Time

207
206

88.375

12,384
14.868

L1l . 625

90201

LLE”
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(4310
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s1z”
¥ee”
a9z
L8Z"
Loe”
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L

11.42
AwQ-400

5 mm GWF 1H/13

20130108

zg3d
65536

cpell

i

B
o
8012.820 Hz
§.122266 Hz
4,0895586 sec

:

1.00000000 sec

2

H
Reafroozsnad

= CHANNEL fl ======ss

m

12.80 usec

o
9.54516888 W
400.1324700 MHz

NUCl

1

.00 ap

PLL

.

65536

X

a
0.30 Hz

o

4.00

400.1300142 MHz

1.0

000°¢2

e ————

S96°0

——aE

FL1W
SFol
ST
SF
WO
SS8B
LB
aa
PC
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L R e A R T R el oy Mo wy
BN G0 SN M SN e <402 -
e, TW-l-dopicarion LR LR e ™~ 0 - @ o -
. 1 e e e e e e R e R e ~ = ™o —
Dave_ 20030108
Time 11.55
IRATRON a
TROBED 5mmlm;=
LR
0w mli
SOLVENT oncll
HE 5%
o8 L]
sm 24008 441 Rx
FIORES 0. 166798 He
) 1.36371M sec
ha 16384
oW 20,200 usec
R 00 umec
™ 292.8 K
[ 2.00000000 sec
D11 0.03000400 sec
™o 1100
sees CHANNIL 11 sssscses
£.50 uaac
Ll -1.00 48
PLIW §7. 77286048 W
srol 100 6230298 e
reesecen CHANMEL f3 orsweses
e T waltzid
2 in
FCPD2 70,00 usec
PL2 0.0n 4B
PL12 15.00 48
PL1Y 17.00 4B
PLIM S4516808 W
PL12W 10184472 W
PL13W 0. 19045115 W
SFOZ 4001316000 MHz
51 13763
5F 100.6127755 s
Wit an
[ ]
L8 1.50 me
o a
e 1.80
|H ]\ \ " e
T T T T T T T T T T T T T 1 T T T T T T T
210 200 19 180 170 160 150 140 130 120 110 100 30 ao 70 B0 50 10 30 20 [
AN ORI AMNEXMONMONYMOOVIENBOFCAUVEVDONWAHEONHEDTADOCDNMON O S OON
TN HCN AR ODNNMEODECETIMEMECNMOEEENNOVNSBYN ANV AN mMOrnmae o
L PO NNNNNENENNENAAAA ANV ROARAYEMNAAT I AOO SO dd VYN ©0®
r-l-r-r-r-r-[-l-r-t-rvr-hr-hhhhh&cmmwmwmmmmmmmmmmmmwﬂm«mwmﬂﬂﬂﬂa—uDococ
MAME awW-10-41pl
EXFRO i
Date. 20130109
Time 13.58
INSTROM AVQ-200
PROBHD 5 wm QNP 1H/13
PULER 2a30
™ 65536
SOLVERT cocll
NS 27
ns Q9
SWH 8012.820 Hz
PIDRES 0.122266 Hz
ps] 4.0895585 scc
acG 226.1
o 62.400 usec
DE 6.00 usec
TE 263.1 K
™ 1.00000000 sec
DO 4

Pl 12.80 usec
PL1 0.00 d8
PLIW 9.54516888 W
SPO1 400.1324700 MHz
a1 &
sF 400.1300142 MHxm
Wik L
258 o
LB 0.30 Hsz
a8 [}
PC 4.00
T T T
8.0 7.5 7.0 6.5
o ad i
| [~ i~
=] o |
tal [l o

T T o T T T T T T T T T
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm
ol || |2 = g
| (@] |D)] o e~
e RE S i
ol 1ol 1+ - ea
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DRX-580 Sew ZBO probe 13

riing pariusetess.
e

With CPD protos decoupling. £ scans
Current Dars Pararaters
WAME  JW-19-41Carbon
ARG i
FRocwo L
P F2 - Acquisition Parameters
O = O Tate, 0300
aRnAss oax-500
5 mx b0 B0-18
\ 23pa30
5536
epcll
1] e
[:.3 o
st a1322.312
ripneEs
»
R
[
DE
™"
0
dll
EELTA
RO 10000
- CRANNKL ] ==eme—es
wci 13c
1 11L.3% usec
PL1 .00 d
oFol 125.7771900¢ Mz

was s nn CEANNEL 2
CPUFROZ waltzld
i
100.00 uses
00 48
11.48 o3

22.00 &3
S00.1621561 MHx

¥7 - Processing pacameters
3

sF 125

: T T B —
250 200 150 100 50 0 ppm
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AVQ-400 QNP Probe 19F starting parameters.

(revised P1, 2/12/04 RN)

chemical shifts relative to CPFC1l3 at 0 ppm (082103 HvH)

o JW-10-41p1F-100 sw 239.28 ppm; olp 0 ppm
XPND 1
TROCHG 1
Date_ 20130109
Tims 13.55
AVp-400
PROBHEG 5 s (NP 1H/13
PULPROG 20f1qn
™ 131072
HOLVENT o1l
L EF]
& L]
sk $0050.094 Mz
FIDRAS 0.6873]3 LIEGE -] Wi
AQ 0.727505]1 sec NN ™
o 5:330 uaec ceoen a
DE i.#h uses 2 "-l.‘ 2 : 2 :
i 1.00000855 nec :\W |
o0 4
smsmss=e CHAMINEL 11 l;;“l
Pl 1£.00 wsec
Ll -3.00 48
PLIW A0.047T4E517 W
01 376 4607047 MHE
(1% 65534
s 376.49B0736 MMz
WO -3
S8B o
LB 2.00 He
ae [
K’ 4.00
—
T T T T L] T T T T T T
-110 -115 -120 -125 -130 -135 ~140 ~145 ~150 -155 por
JW-10-41rac
2000 ——- . S —— 2000
Ratantion Time
Area Percent
§ 2
i 1we+ g s F1000 £
- 2
g
X 2
) o
i il i i
0 fmremvere " e ' S - 0
4 5 [ 7 8 9 10
Minulas
l: 1%0 nm, 4 nm
Results
Pk # Retention Time Area Percent Lanmbda Max
1 T.424 49,925 203
2 g.388 50.075 203
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JW-10-41

3000 : - 3000
Retention Time )
Area Percent i
i
i
I - 2000
m1 i!l:!
|
i ~
5 | 2 .
1000 - lonl 2
;8-(: ~
'gl ©
P NS S SR I
T T T T T
4 5 6 7 2 [ 10
hdes
1: 190 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 7.724 88.029 247
2 §.796 11.871 203
= - AD N WD ™ QY ~ NOHD\HGHFNHFD\DHI“I"}\DNCBD&\‘!O‘MF‘
o Il Rl ] o MOT MUV OO A MO = Oy (O~ 0
l")ﬂ’l NNNNNNN M WA TFMON A D S DM M) O -
conannanan 1 JORIRIER RISt i S S A g

JW-09-44pl AV-500 new TBIpWV

1D 13C{1H} on BB-channel

HAME JW-09-44plrep
EXPNO 1
FROCNO 1
Date_ 20120628
Time 11.31
INSTRUM AV-500
PROBHD S mm TEI 1H/31
PULPROG 2930
I 65536
SOLVENT <13
NS 20
Ds [+]
SKH 10330.578 ez
FIDRES 0.157632 Hz
AQ 3.1720407 sec
RG 90.%
oW 48,400 usec ST J _ N
CE 6.00 usec
TE 292.T X r T T T T T T —
D1 0.10000000 sec 2.7 2.5 2.4 2.3 2.2 2.1 ppm
00 8
====mmae CHANNEL fl cccewwes
NUcl 1H
Pl 7.30 usec
BLL 0,00 dB
PLIW 12.55943203 w
SFol 500.233088% MHz
51 65536
SF 500.2300165 MHz
Wow EM
ss8 0 ok
LB 0.30 Hz
GB 0
PC 4.00 o o
o
K/v
' 7
Lt
T T T T T T T T T
1 9 7 6 5 4 1 3 Pl
=[P =1 | = ) ""! If: * =
et C; | t'i N ol m -~
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MO memMa o0 COUANIMNMOOMONOONNCOCTOMNEM™ MM SN MWD
MONOENNOOM e mmhmmmﬂocwmmmmNmﬁhmmmhﬁmmﬂmcmqwgg
LA B e R N R NN OCOOOrMMMMMMMAMecded 000N WMo o
P I R R R R R i S
|l Sl Sl Sl Sl el WU OMOON NN TN N e e
—

MANE JW-03-46
1

EXPRO |
PROCNG 1
Date_ 0120629
Time 10,03 o)
o0
FRODHD 5 mm ONF AE/L)
FULEROC zp30
5336
SCLVENT cocld
kS 18
o8 ]
Sl §012.820 Mz
PIDRES 0.122266 Hz
AQ 4.0895586 mec
RE 362
™ 52 400 uset
DE .00 upec
= /3.2 K
DL 1.00000000 sec
70 H

asumwnms CHANNBL f1 sssscacs
NUC]

3 12,80 usec
FL1 0.M
PLIW 9.545L6800 w
sPO1 a0 . 1324700 ¥z
81 5516
BF 400.1300142 Mz
WON -
E&B o
La 0.30 He
a8 0
C 4.00
o T T T T T T T T T T
10 9 8 7 ] 5 4 3 2 1 0 D]
=+ | (e0|oy = gl o™ DI O] |
| |=r~ M= (=] W= |w| fu|
8| || mMim ] wifwnf=rf=n || e
] |09 o et (3] A= | O] (N
46 AVQ-400 ONP Probe 19F starting parameters. (revised P1, 2/12/04
chemical shifts relative to CFC13 at 0 ppm (082103 HvH)
sw 239.28 ppm; olp 0 ppm
NANZ TH-09-86F
EXFNO 1
PROCND 1 [
Date_ 20120629 wn
rime 10.07 -
TRETRIN AVQ-400 [
FROBMD 5 mw QNP 1M/13 -
PULEROG egflan i
™ 131072
soLVEeT enrly |
s EH |
a
S 20090.054 Hax
F1ORES 0.667333 Ha
D 0.7295051 sec
RC 156
o 5.550 usec
DE 6.00 usec
TE FLEPFI 4
01 1.00004000 sec
™0 [ ]
L
1 29 1E.00 usec
-3,60 <8
20.04748517 w
376 . 460TIM2 Wiz
£5536
3764980756 Mix
(=
a
2.00 He
o
4.c0
T T T T T : T T T T T T
0 =20 ~40 -60 ~80 -100 -120 ~140 160 -180 -200

ppm
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08~-46ent 1a9604

woe o .
Retention Time 1000
Area Percent
i (=]
2 5004 CM [500 2
E
8 g o
&
- )
ﬁ [=]
[ E— E».l F =
~ @
" T T - T - T T
o 5 10 15 20 25 30
Minutes
2: 239 nm, 4 nm
Results
Pk # Retention Time Area FPercent Lambda Max
1 7.220 49,350 202
2 8.700 50.650 189
40-2 AV-500 new TBI(HXP) probe
1D 1H starting parameters
OMDOMW e O~ I~ @ MITODEADFPTONMALIE A AMBAA- M 0@
RTINSO~ INTYNNC O NeNOoOOANNPPREIFNONOYNODNYMODVNA0NO
MEEmaaamaneanes B e e e e e R e e e e L L L L L
LRl ol ol ol ol ol ol ol ol ot Y] AR veﬂ'HNNNﬂNNNNNN—G—I—IHﬁOOOO
KEME TH-09-40-2
EXPNC 1
FROCNO 1
Date_ 20120620
Time 13.30
INSTRIN AV-5C0
PROBHD 5 mn TAI 1H/31
. o o288
- — o ’\:i[" SOLVENT coel3
(;il / . b NS 4
. S— b8 Q
10330.578 Mz
FIDRES 0.157632 Mz
AQ 3.1719923 sec
R 256
oW 48.400 uaec
DE 6.00 usec
TE 293.2
D1 0.10000000 gec
OO 2

ss====s== CHANNEL fl sssassss
1iH

7.30 usec

"] da

12.55943203 W
500.2310889 MHz

65536
500.23001€5 MHz
Ex

]
0.30 Kz
]
4.00
i | J
[ e T T 1 T T T T T T
10 9 8 7 6 5 4 3 1 0 ppm

™y bl 1524 ™ wuy D,’) |
(g feal 52 = o (=] ] (]
&l =] | ad =4 =1
{=1 v || (] ol N| (.- o]
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Sample ID: JW-09-41rac

Filename:

0l2 1=-17-59 PM.dat Method:

Injection volume: 5 ulL

C:\EZStart\Projects\Default\Data\JWwu\JW-09-41rac_0OD9604_&0halfflow.met6-22-2

C:\E25tart\Projects\Default\Method\¥iming\OD96C4IP_ pt5flow_60min.met

Description: {Data Description}

a0 40
‘*; 0 :
-5 8
> 0 Ca L2000
¢ | 3
|
ﬂ—-.n_.JJ\_L\J‘L ! ‘\-.]. o
0 ‘ ﬁ -é ) 60
Minues
2; 250 nm, 4 nm Results
Retention Time Area Area Percent
40.7587 1873761 48,733
45,189 2076433 51.287
Sample ID: Jw-09-4lent
Filename:

012 2-35-51 BEM.dat Method:

Injection velume: S ul

C:\EZStart\Projects\Default\Data\JWu\JW-09-41ent 0OD9604 60halfflow.meté-22-2

C:\EZstart\Projects\Default\Methed\¥iming\0OD3604IP_pt5flow 6é0min.met

Description: [Data Description}

754

-75

50 - 50
z ] £
25 - 25
0 d;__,,_Jb N o
]
0 1 20 40 80
Minules
2: 250 nm, 4 nm Results
Retention Time Area Area Percent
40,448 3814523 32.696
44.688 7852100 67.304
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({89010

09~-72ent
Retention Time .
Area Percent ]
400 [ | - 400
—l ?.
f o] o e
- 1! Ly }
-
‘l'\l :h:!
] E. & |
=
!OI "G 1 i
W - SRR - _f‘_a_:-]-'g J._. O
© ' ©
I —'r - 7 T T N e ———
0 1 2 3 4 5 7
Mirutes
1: 205 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 6.280 44.289 208
2 6.780 55.711 208
09-45rac
200{  Retention Time 200
Area Percent !
P
2w 0o 2
§ &
? 2
: @
o g o
~ @0
L — —— . - i
0 5 H 5 20 25 30
Minutes
Z2: 239 nm, 4 nm
Results
Pk Retention Time Area Percent Lambda Max
1 7.228 49,9583 210
2 B.716 50.007 210
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AVQ-400 QNP Probe 19F starting parameters.

(revised 21, 2/12/04

chemical shifts relative to CFC13 at 0 ppm (082103 HvH)

NAME Ju-09-L10entF
EXFHD 1
PROCHO 1
Date_ 20120803
Time 10.44
THSTRIN AVQ-2010
FROBHT 3 oo QNP 1H/13
FULFRIG zgflgn

™ 131072
SCLVENT cocly

ws 24

s [

EwH 90090.094 Hz
FIDRES 0.&87313 Wz
A 0.7373451 sec
RC 43976

oW 5.550 usec
LE 6.00 usec
™ 2931.2 ¥

DL 1.00000009 sec
ToD 3
cacsccce CUAMNEL f1 ========
rocl 19F

FL 1€.L0 usec
Ll -31.00 B
PLLW 20,04748917 w
s7OL 376.4607042 nEz
E1

&7 AT6. 4960736 MRz
WO EM

§58 ("]

LB 2.00 Hz
as 0

B 4.00

sw 239.28 ppm; olp 0 ppm

e . : B G
! T T T T T L | B— 2 B
0 .20 40 -60 80 -100 -140 -160 -180 -200  ppm
09-110rac
W04 T T 200
Retention Time |
Area Percent 'i
100 - ioooad - 100
# o
: = ¢ 2
O -0
0 1I5 26 26 30
Minutes
2: 194 nm, 4 nm
Results
Pk # Retention Time Area Percent Lambda Max
1 3.872 51.794 203
2 9,236 48.206 Z03

RN)
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09-110-IA9901

ﬁéte ntldh ITime
Area Percent

myw
g g g
i
GL26L 8106 <.
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1500

10
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4 nm

194 nm,

2:

Results

Lambda Max

Area Percent

Time
3.660
9.01e

Retention

Pk #

203
203

30.225
19,775

—i

(o]

JW-09-204 AVQ-400 QNP Proton starting parameters.

Revised 7/22/03 RN

7/16/03.
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HAME JW-09-204plcar
EXPNG 1
PROCNO 1
Date_ 20121114
Time 11.41
INSTRUM AVE-400
PROBHD 5 =xem QNP 1H/13
FPULFRCG zgpg30
™ 65536
SOLVERT <o k]
NS 162
D8 0
swH 24038.461
FIDRES 0.366758
Al 1.3632196
RG 16384
oW 20.800
B 6.00
TB 292.%
ol 2.000000C0
D1l 0.03000000
™0 1000

oW Oh 00 0D 09Oy A
b COMINMO =N
nMmeYLAINAD
D= MMN ™ o~
e A —

aec

usec

usac '

Guc
Bac

dB
PL13 17.00 4B
PL2W 9.545168388 W
PL1ZW 0.30184472 W
FL1IW 0.13045115 w
SFO2 400.1316000 MHE
s8I 32768

8F 100.6127755 Miz
EM

&
‘oo
Hz
Hz q < o

127.99%

F

77.33
77.01

76.70
74.99

<

——44.96
T—43.14

—30.21
24.81
“~—24.55

™~21.53
14.17

T T T T T T T T T T 0 T T T T T T T
240 200 1%0 180 170 160 150 140 130 120 110 100 S0 80 70 60 50 40 30 20 10 a &}
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JW-07-171-pl AVQ-400 QNP Probe 19F starting parameter

chemical shifts relative to CFC13 at 0 ppm
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A colorless plate 0.10 x 0.06 x 0.03 mm in size was mounted on a Cryoloop with Paratone oil.
Data were collected in a nitrogen gas stream at 100(2) K using phi and omega scans. Crystal-to-
detector distance was 60 mm and exposure time was 10 seconds per frame using a scan width of
1.0°. Data collection was 98.3% complete to 67.00° in [I. A total of 22020 reflections were
collected covering the indices, -8<=h<=9, -14<=k<=14, -23<=|<=23. 6821 reflections were
found to be symmetry independent, with an Rj,; of 0.0431. Indexing and unit cell refinement
indicated a primitive, monoclinic lattice. The space group was found to be P2(1) (No. 4). The
data were integrated using the Bruker SAINT software program and scaled using the SADABS
software program. Solution by direct methods (SIR-2008) produced a complete heavy-atom
phasing model consistent with the proposed structure. All non-hydrogen atoms were refined
anisotropically by full-matrix least-squares (SHELXL-97). All hydrogen atoms were placed
using a riding model. Their positions were constrained relative to their parent atom using the
appropriate HFIX command in SHELXL-97. Absolute stereochemistry was unambiguously
determined to be R at C1 and C23, respectively.
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Table 1. Crystal data and structure refinement for toste52.

X-ray ID
Sample/notebook ID
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Crystal color/habit

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.00°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

toste52

JW-08-41

C22 H23 CIFN 02

387.86

100(2) K

1.54178 A

Monoclinic

P2(1)

a=8.4882(3) A [1=90°.
b=11.8855(5) A
c=19.4286(8) A ] =90°.
1948.56(13) A3

4

1.322 Mg/m3

1.953 mm-1
816

0.10 x 0.06 x 0.03 mm3

colorless plate

4.37 to 67.86°.

-8<=h<=9, -14<=k<=14, -23<=1<=23
22020

6821 [R(int) = 0.0431]

98.3 %

Semi-empirical from equivalents
0.9437 and 0.8287

Full-matrix least-squares on F2
6821/1/493

1.044
R1=0.0730, wR2 = 0.1882
R1=0.0832, wR2 = 0.2001
-0.01(3)

0.798 and -0.438 ¢.A-3

1= 96.216(3)°.
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx
103)
for toste52. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
C(1) 4214(5) 4439(3) 4535(2) 37(1)
C(2) 4829(5) 4120(4) 3852(2) 38(1)
C(3) 4754(5) 5039(4) 3328(2) 39(1)
C4) 5340(6) 4891(5) 2687(3) 51(1)
C(5) 5186(7) 5740(6) 2204(3) 62(1)
C(6) 4413(7) 6725(5) 2311(3) 56(1)
C(7) 3870(6) 6904(4) 2953(2) 47(1)
C(8) 4050(5) 6071(4) 3456(2) 40(1)
C(9) 4262(5) 5694(3) 4652(2) 35(1)
C(10) 5316(6) 3090(4) 3738(3) 50(1)
Cc(n 5087(6) 3825(4) 5147(2) 43(1)
C(12) 5296(5) 4865(3) 6234(2) 37(1)
C(13) 4874(5) 4903(4) 6955(2) 40(1)
C(14) 5710(6) 5647(5) 7422(3) 51(1)
C(15) 5458(7) 5665(6) 8101(3) 63(1)
C(16) 4361(6) 4971(5) 8368(3) 57(1)
c(17) 3520(6) 4244(5) 7900(3) 54(1)
C(18) 3750(6) 4219(4) 7214(3) 48(1)
C(19) 4109(9) 4941(7) 9146(3) 80(2)
C(20) 5199(19) 4005(11) 9475(4) 166(6)
C(21) 2355(11) 4761(9) 9229(4) 102(3)
C(22) 4550(10) 6092(8) 9482(3) 91(2)
C(23) -804(5) 6703(3) 4348(2) 38(1)
C(24) -615(5) 6248(4) 3630(2) 39(1)
C(25) -157(5) 7111(4) 3131(2) 43(1)
C(26) -32(6) 6841(5) 2436(3) 52(1)
C(27) 451(7) 7658(6) 1998(3) 62(1)
C(28) 776(7) 8751(5) 2218(3) 60(1)
C(29) 658(6) 9025(4) 2896(3) 54(1)
C(30) 180(5) 8219(4) 3351(3) 45(1)
C@31) 247(5) 7702(3) 4524(2) 41(1)
C(32) -856(6) 5180(4) 3472(2) 49(1)
C(33) -581(5) 5820(3) 4927(2) 38(1)
C(34) 586(5) 6545(3) 6039(2) 38(1)
C(39%) 264(5) 7014(3) 6729(2) 38(1)
C(36) -1125(5) 7571(4) 6829(2) 40(1)
C@37) -1360(5) 7994(4) 7466(3) 45(1)
C(38) -229(6) 7874(4) 8035(3) 51(1)
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C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
N(1)
N(2)
O(1)
0(2)
0(3)
0(4)
F(D)
FQ2)
CI(1)
Cl(2)

1176(6)
1433(5)
-506(7)
-837(15)

2152(13)

778(11)
4551(4)
-712(4)
3480(3)
6346(3)

39(4)
1930(3)
2601(3)

-2405(3)

5951(3)
678(3)

7332(4)
6907(4)
8293(6)
7315(12)
8927(12)
8987(12)
4093(3)
6278(3)
6295(2)
5460(3)
8557(2)
6439(3)
4115(2)
7101(2)
5539(2)
7284(2)

7931(2)
7288(2)
8763(3)
9203(4)
8735(5)
9071(5)
5807(2)
5599(2)
4071(2)
6043(2)
4013(2)
5883(2)
4492(1)
4316(1)
1412(1)
1137(1)

49(1)
43(1)
65(2)

141(5)

134(5)

131(4)
41(1)
39(1)
38(1)
45(1)
48(1)
44(1)
44(1)
46(1)
94(1)
92(1)
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Table 3. Bond lengths [A] and angles [°] for toste52.

C(1)-F(1)
C(1)-C(9)
C(1)-C(11)
C(1)-C(2)
C(2)-C(10)
C(2)-C(3)
C(3)-C(8)
C(3)-C(4)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-Cl(1)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-H(7)
C(8)-0(1)
C(9)-0(1)
C(9)-H(9A)
C(9)-H(9B)
C(10)-H(10A)
C(10)-H(10B)
C(11)-N(1)
C(11)-H(11A)
C(11)-H(11B)
C(12)-0(2)
C(12)-N(1)
C(12)-C(13)
C(13)-C(18)
C(13)-C(14)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-C(19)
C(17)-C(18)
C(17)-H(17)
C(18)-H(18)
C(19)-C(21)
C(19)-C(20)
C(19)-C(22)
C(20)-H(20A)
C(20)-H(20B)

1.416(5)
1.509(5)
1.519(6)
1.526(6)
1.318(6)
1.490(6)
1.399(6)
1.400(6)
1.374(8)
0.9500
1.369(8)
1.751(5)
1.394(7)
0.9500
1.388(6)
0.9500
1.364(5)
1.435(5)
0.9900
0.9900
0.9500
0.9500
1.441(6)
0.9900
0.9900
1.226(5)
1.347(6)
1.485(6)
1.389(7)
1.403(7)
1.358(8)
0.9500
1.387(8)
0.9500
1.394(8)
1.550(8)
1.368(7)
0.9500
0.9500
1.529(11)
1.541(11)
1.545(12)
0.9800
0.9800

C(20)-H(20C)
C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(22)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23)-F(2)
C(23)-C(31)
C(23)-C(24)
C(23)-C(33)
C(24)-C(32)
C(24)-C(25)
C(25)-C(26)
C(25)-C(30)
C(26)-C(27)
C(26)-H(26)
C(27)-C(28)
C(27)-Cl(2)
C(28)-C(29)
C(28)-H(28)
C(29)-C(30)
C(29)-H(29)
C(30)-0(3)
C(31)-0(3)
C(31)-H(31A)
C(31)-H(31B)
C(32)-H(32A)
C(32)-H(32B)
C(33)-N(2)
C(33)-H(33A)
C(33)-H(33B)
C(34)-0(4)
C(34)-N(2)
C(34)-C(35)
C(35)-C(36)
C(35)-C(40)
C(36)-C(37)
C(36)-H(36)
C(37)-C(38)
C(37)-H(37)
C(38)-C(39)
C(38)-C(41)
C(39)-C(40)

0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.434(5)
1.502(6)
1.521(6)
1.535(6)
1.317(7)
1.492(6)
1.403(7)
1.404(7)
1.383(8)
0.9500
1.385(9)
1.763(6)
1.370(8)
0.9500
1.394(7)
0.9500
1.364(6)
1.419(5)
0.9900
0.9900
0.9500
0.9500
1.429(6)
0.9900
0.9900
1.218(5)
1.358(6)
1.504(6)
1.384(6)
1.395(6)
1.370(7)
0.9500
1.391(7)
0.9500
1.390(7)
1.541(7)
1.388(7)
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C(39)-H(39)
C(40)-H(40)
C(41)-C(44)
C(41)-C(42)
C(41)-C(43)
C(42)-H(42A)
C(42)-H(42B)
C(42)-H(42C)

F(D-C(1)-C(9)
F(1)-C(1)-C(11)
C(9)-C(1)-C(11)
F(D-C(1)-C(2)
C(9)-C(1)-C2)
C(11)-C(1)-C(2)
C(10)-C(2)-C(3)
C(10)-C(2)-C(1)
C(3)-C(2)-C(1)
C(3)-C(3)-C(4)
C(3)-C(3)-C(2)
C(H-C3)-C(2)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(6)-C(5)-C(4)
C(6)-C(5)-CI(1)
C(4)-C(5)-CI(1)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
O(1)-C(8)-C(7)
O(1)-C(8)-C(3)
C(7)-C(8)-C(3)
O(1)-C(9)-C(1)
O(1)-C(9)-H(9A)
C(1)-C(9)-H(9A)
O(1)-C(9)-H(9B)
C(1)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(2)-C(10)-H(10A)
C(2)-C(10)-H(10B)

H(10A)-C(10)-H(10B)

N(1)-C(11)-C(1)

0.9500
0.9500
1.444(11)
1.487(13)
1.583(11)
0.9800
0.9800
0.9800

106.7(3)
107.6(3)
110.7(3)
107.5(3)
111.8(4)
112.2(3)
123.9(4)
121.3(4)
114.8(4)
117.9(4)
120.6(4)
121.5(4)
119.9(5)
120.1
120.1
122.4(5)
118.6(4)
118.9(5)
118.5(5)
120.8
120.8
119.9(5)
120.0
120.0
117.1(4)
121.8(4)
121.2(4)
111.8(3)
109.3
109.3
109.3
109.3
107.9
120.0
120.0
120.0
114.6(4)

C(43)-H(43A)
C(43)-H(43B)
C(43)-H(43C)
C(44)-H(44A)
C(44)-H(44B)
C(44)-H(44C)
N(1)-H(1)

N(2)-H(2)

N(1)-C(11)-H(11A)
C(1)-C(11)-H(11A)
N(1)-C(11)-H(11B)
C(1)-C(11)-H(11B)

H(11A)-C(11)-H(11B)

0(2)-C(12)-N(1)
0(2)-C(12)-C(13)
N(1)-C(12)-C(13)
C(18)-C(13)-C(14)
C(18)-C(13)-C(12)
C(14)-C(13)-C(12)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(15)-C(16)-C(17)
C(15)-C(16)-C(19)
C(17)-C(16)-C(19)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17)
C(16)-C(17)-H(17)
C(17)-C(18)-C(13)
C(17)-C(18)-H(18)
C(13)-C(18)-H(18)
C(21)-C(19)-C(20)
C(21)-C(19)-C(22)
C(20)-C(19)-C(22)
C(21)-C(19)-C(16)
C(20)-C(19)-C(16)
C(22)-C(19)-C(16)

C(19)-C(20)-H(20A)

C(19)-C(20)-H(20B)

H(20A)-C(20)-H(20B)

C(19)-C(20)-H(20C)

H(20A)-C(20)-H(20C)

0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.8800
0.8800

108.6
108.6
108.6
108.6
107.6
120.9(4)
121.7(4)
117.2(4)
117.0(4)
124.7(4)
118.2(4)
121.1(5)
119.5
119.5
122.4(5)
118.8
118.8
116.2(5)
123.2(6)
120.5(5)
122.1(5)
118.9
118.9
121.1(5)
119.5
119.5
113.8(9)
105.9(7)
110.9(7)
110.2(5)
106.3(6)
109.8(6)
109.5
109.5
109.5
109.5
109.5
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H(20B)-C(20)-H(20C)
C(19)-C(21)-H(21A)
C(19)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(19)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(19)-C(22)-H(22A)
C(19)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(19)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
F(2)-C(23)-C(31)
F(2)-C(23)-C(24)
C(31)-C(23)-C(24)
F(2)-C(23)-C(33)
C(31)-C(23)-C(33)
C(24)-C(23)-C(33)
C(32)-C(24)-C(25)
C(32)-C(24)-C(23)
C(25)-C(24)-C(23)
C(26)-C(25)-C(30)
C(26)-C(25)-C(24)
C(30)-C(25)-C(24)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26)
C(25)-C(26)-H(26)
C(26)-C(27)-C(28)
C(26)-C(27)-C1(2)
C(28)-C(27)-C1(2)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28)
C(27)-C(28)-H(28)
C(28)-C(29)-C(30)
C(28)-C(29)-H(29)
C(30)-C(29)-H(29)
0(3)-C(30)-C(29)
0(3)-C(30)-C(25)
C(29)-C(30)-C(25)
0(3)-C(31)-C(23)
0(3)-C(31)-H(31A)
C(23)-C(31)-H(31A)
0(3)-C(31)-H(31B)
C(23)-C(31)-H(31B)
H(31A)-C(31)-H(31B)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
106.6(3)
105.7(3)
111.8(4)
107.3(3)
110.5(4)
114.4(3)
123.8(4)
121.8(4)
114.4(4)
118.3(4)
121.3(4)
120.3(4)
119.3(5)
120.4
120.4
122.1(5)
118.4(5)
119.4(4)
119.1(5)
120.5
120.5
120.2(5)
119.9
119.9
117.2(4)
121.9(4)
120.9(5)
112.4(4)
109.1
109.1
109.1
109.1
107.9

C(24)-C(32)-H(32A)
C(24)-C(32)-H(32B)
H(32A)-C(32)-H(32B)
N(2)-C(33)-C(23)
N(2)-C(33)-H(33A)
C(23)-C(33)-H(33A)
N(2)-C(33)-H(33B)
C(23)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
0(4)-C(34)-N(2)
0(4)-C(34)-C(35)
N(2)-C(34)-C(35)
C(36)-C(35)-C(40)
C(36)-C(35)-C(34)
C(40)-C(35)-C(34)
C(37)-C(36)-C(35)
C(37)-C(36)-H(36)
C(35)-C(36)-H(36)
C(36)-C(37)-C(38)
C(36)-C(37)-H(37)
C(38)-C(37)-H(37)
C(39)-C(38)-C(37)
C(39)-C(38)-C(41)
C(37)-C(38)-C(41)
C(40)-C(39)-C(38)
C(40)-C(39)-H(39)
C(38)-C(39)-H(39)
C(39)-C(40)-C(35)
C(39)-C(40)-H(40)
C(35)-C(40)-H(40)
C(44)-C(41)-C(42)
C(44)-C(41)-C(38)
C(42)-C(41)-C(38)
C(44)-C(41)-C(43)
C(42)-C(41)-C(43)
C(38)-C(41)-C(43)
C(41)-C(42)-H(42A)
C(41)-C(42)-H(42B)
H(42A)-C(42)-H(42B)
C(41)-C(42)-H(42C)
H(42A)-C(42)-H(42C)
H(42B)-C(42)-H(42C)
C(41)-C(43)-H(43A)
C(41)-C(43)-H(43B)
H(43A)-C(43)-H(43B)
C(41)-C(43)-H(43C)

120.0
120.0
120.0
113.1(3)
109.0
109.0
109.0
109.0
107.8
122.5(4)
121.7(4)
115.8(4)
118.7(4)
122.8(4)
118.5(4)
120.8(4)
119.6
119.6
121.7(4)
119.2
119.2
117.4(4)
120.2(5)
122.4(5)
121.4(4)
119.3
119.3
120.0(4)
120.0
120.0
112.9(8)
112.4(6)
109.4(6)
111.5(8)
99.8(8)
110.2(5)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5



H(43A)-C(43)-H(43C)
H(43B)-C(43)-H(43C)
C(41)-C(44)-H(44A)
C(41)-C(44)-H(44B)
H(44A)-C(44)-H(44B)
C(41)-C(44)-H(44C)
H(44A)-C(44)-H(44C)
H(44B)-C(44)-H(44C)
C(12)-N(1)-C(11)
C(12)-N(1)-H(1)
C(11)-N(1)-H(1)
C(34)-N(2)-C(33)
C(34)-N(2)-H(2)
C(33)-N(2)-H(2)
C(8)-0(1)-C(9)
C(30)-0(3)-C(31)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
121.7(4)
119.1
119.1
121.8(3)
119.1
119.1
114.5(3)
115.6(3)
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Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameters (Azx 103)f0r toste52. The anisotropic
displacement factor exponent takes the form: -2 2[h2a*2ull + . +2hka*b* UL2)

ull U222 U33 U23 ul3 ul2
C(1) 36(2) 32(2) 42(2) -3(2) 4(2) 0(2)
C22) 31(2) 42(2) 40(2) -4(2) 5(2) 3(2)
C(3) 38(2) 42(2) 37(2) -1(2) 5(2) 0(2)
CH4) 60(3) 56(3) 40(2) -2(2) 14(2) 6(2)
C(5) 78(4) 75(4) 33(2) 2(2) 14(2) 3(3)
C(6) 67(3) 63(3) 39(2) 11(2) 7(2) -6(2)
C(7) 51(3) 46(2) 44(2) 9(2) 2(2) 0(2)
C(8) 41(2) 45(2) 35(2) 0(2) 6(2) -2(2)
C) 31(2) 36(2) 40(2) 1(2) 7(2) 5(2)
C(10)  56(3) 44(2) 53(3) -2(2) 14(2) 11(2)
Ccan  51(2) 33(2) 46(2) -2(2) 5(2) 6(2)
C(12)  29(2) 37(2) 44(2) 5(2) -2(2) 1(2)
C(13) 32(2) 43(2) 42(2) 2(2) 0(2) 4(2)
C(14) 48(3) 61(3) 44(2) -2(2) 4(2) -13(2)
C(15) 60(3) 80(4) 45(3) -10(3) -8(2) -9(3)
C(16) 56(3) 72(3) 44(3) 13(2) 9(2) 8(2)
C(17) 52(3) 61(3) 48(3) 6(2) 12(2) -2(2)
C(18) 48(3) 50(3) 48(3) -1(2) 8(2) -3(2)
C(19)  98(5) 103(5) 36(3) 3(3) -3(3) 21(4)
C(20) 286(16) 170(10) 42(4) 25(5) 12(6) 136(11)
C21) 126(7) 131(7) 54(4) -3(4) 40(4) -34(6)
C(22) 93(5) 138(7) 41(3) -9(4) 10(3) 1(5)
C23) 34(2) 38(2) 43(2) -2(2) 10(2) 3(2)
C(24) 38(2) 40(2) 41(2) 0(2) 6(2) 6(2)
C(25) 38(2) 47(2) 43(2) 2(2) 2(2) 6(2)
C(26) 56(3) 57(3) 41(2) -1(2) 1(2) -9(2)
C27) 62(3) 84(4) 40(3) 9(3) 1(2) -9(3)
C(28) 62(3) 65(3) 52(3) 21(2) 1(2) -5(2)
C(29) 59(3) 47(2) 55(3) 9(2) 5(2) 8(2)
C30) 43(2) 44(2) 48(3) 0(2) 3(2) 6(2)
C31) 4712 34(2) 42(2) -4(2) 9(2) -1(2)
C32) 58(3) 49(3) 39(2) -6(2) 11(2) 1(2)
C33) 35(2) 39(2) 42(2) -4(2) 10(2) -1(2)
C(34) 36(2) 33(2) 46(2) 5(2) 11(2) 0(2)
C(35) 41(2) 36(2) 39(2) 1(2) 9(2) -7(2)
C(36) 36(2) 39(2) 45(2) 0(2) 7(2) -4(2)
C(37) 38(2) 48(2) 51(3) -3(2) 13(2) -2(2)
C38) 64(3) 48(2) 44(3) 3(2) 19(2) -1(2)
C(39) 53(3) 59(3) 35(2) 3(2) 5(2) 4(2)
C40) 3712 46(2) 46(2) 2(2) 5(2) 0(2)
C@él) 754 85(4) 35(3) -5(2) 12(2) 11(3)
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C(42)
C(43)
C(44)
N()
N(2)
O(1)
0(2)
0(3)
O(4)
E(1)
FQ2)
CI(1)
Cl(2)

187(10)

121(7)
99(6)
48(2)
33(2)
41(2)
36(2)
63(2)
33(2)
41(1)
42(1)
120(1)
122(2)

194(12)

212(13)

200(12)
39(2)
41(2)
35(1)
54(2)
31(1)
52(2)
43(1)
44(1)
122(2)
117(2)

49(4)
68(5)
97(6)
36(2)
43(2)
40(2)
44(2)
54(2)
46(2)
48(1)
53(2)
47(1)
38(1)

25(6)
~45(7)
-83(7)

6(2)

-1(2)

3(1)
2(1)
2(1)

-8(1)
7(1)

0(1)
4(1)
2(1)

45(5)
2(5)
22(5)
6(1)
11(1)
7(1)
6(1)
19(2)
6(1)
11(1)
10(1)
35(1)
12(1)

-94(9)

60(8)

-26(7)

-7(2)
-1(1)
2(1)
-8(1)
0(1)
-2(1)
-7(1)
7(1)
10(1)

22(1)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 103)

for toste52.
X y z U(eq)

H(4) 5842 4205 2586 61
H(6) 4251 7273 1954 67
H(7) 3376 7597 3047 57
H(9A) 3743 5874 5071 42
H(9B) 5379 5944 4733 42
H(10A) 5644 2898 3301 60
H(10B) 5337 2539 4093 60
H(11A) 4969 3005 5069 52
H(11B) 6229 4007 5168 52
H(14) 6464 6145 7261 61
H(15) 6056 6173 8404 75
H(17) 2762 3750 8063 64
H(18) 3130 3725 6910 58
H(20A) 5012 3310 9207 250
H(20B) 4972 3876 9952 250
H(20C) 6308 4233 9473 250
H(21A) 2057 3986 9103 152
H(21B) 1712 5283 8926 152
H(21C) 2173 4899 9711 152
H(22A) 4014 6182 9901 136
H(22B) 4217 6695 9154 136
H(22C) 5700 6131 9605 136
H(26) -276 6103 2268 62
H(28) 1077 9303 1904 72
H(29) 902 9767 3055 64
H(31A) 13 8015 4974 49
H(31B) 1367 7454 4575 49
H(32A) -739 4920 3018 58
H(32B) -1146 4669 3813 58
H(33A) -1388 5222 4831 46
H(33B) 475 5468 4925 46
H(36) -1925 7660 6451 48
H(37) -2319 8379 7520 54
H(39) 1978 7251 8309 59
H(40) 2406 6543 7227 52
H(42A) -756 7550 9689 211
H(42B) -65 6718 9148 211
H(42C) -1909 7034 9062 211
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H(43A)
H(43B)
H(43C)
H(44A)
H(44B)
H(44C)
H(1)

H(2)

-2414
-2980
-2081
415
1125
1665
3716
-1660

9058
8465
9649
9431
9494
8507
3743
6391

9208
8484
8498
9448
8719
9253
5934
5730

202
202
202
197
197
197

49

46

17b (nosyl-derivative)
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- | 03 /
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A colorless rod 0.060 x 0.040 x 0.040 mm in size was mounted on a Cryoloop with Paratone oil.
Data were collected in a nitrogen gas stream at 100(2) K using phi and omega scans. Crystal-to-
detector distance was 60 mm and exposure time was 5 seconds per frame using a scan width of
1.0°. Data collection was 100.0% complete to 67.000° in []. A total of 43179 reflections were
collected covering the indices, -8<=h<=8, -16<=k<=16, -26<=I<=26. 3685 reflections were
found to be symmetry independent, with an Rjy; of 0.0226. Indexing and unit cell refinement
indicated a primitive, orthorhombic lattice. The space group was found to be P 21 21 21 (No.
19). The data were integrated using the Bruker SAINT software program and scaled using the
SADABS software program. Solution by direct methods (SIR-2011) produced a complete heavy-
atom phasing model consistent with the proposed structure. All non-hydrogen atoms were
refined anisotropically by full-matrix least-squares (SHELXL-2012). All hydrogen atoms were
placed using a riding model. Their positions were constrained relative to their parent atom using
the appropriate HFIX command in SHELXL-2012. Absolute stereochemistry was
unambiguously determined to be R at C9.
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Table 1. Crystal data and structure refinement for toste72.

X-ray ID
Sample/notebook ID
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Crystal color/habit

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.000°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

toste72

JW-10-NS

C22HI8FNOSS

427.43

100(2) K

1.54178 A

Orthorhombic

P 212121

a=6.8101(4) A 1=90°.
b=13.2958(8) A [=90°.
c=22.2494(14) A 1 =90°.
2014.6(2) A3

4

1.409 Mg/m3

1.817 mm-!
888

0.060 x 0.040 x 0.040 mm3

colorless rod

3.873 to 68.334°.

-8<=h<=8, -16<=k<=16, -26<=1<=26
43179

3685 [R(int) = 0.0226]

100.0 %

Semi-empirical from equivalents
0.929 and 0.841

Full-matrix least-squares on F2
3685/0/271

1.065

R1=0.0209, wR2 = 0.0555
R1=0.0211, wR2 = 0.0557
-0.002(3)

n/a

0.178 and -0.217 e.A-3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx

103)

for toste72. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
C(1) 5215(3) 12126(1) 1663(1) 26(1)
C(2) 7181(3) 11910(1) 1538(1) 32(1)
C(3) 8374(3) 11480(2) 1974(1) 41(1)
C4) 7629(4) 11262(2) 2537(1) 47(1)
C(5) 5687(4) 11489(2) 2669(1) 45(1)
C(6) 4491(3) 11913(1) 2238(1) 35(1)
C(7) 3880(3) 12562(1) 1204(1) 26(1)
C(8) 2574(4) 13271(2) 1330(1) 40(1)
C() 4009(2) 12090(1) 588(1) 24(1)
C(10) 2945(2) 11083(1) 574(1) 25(1)
C(11 3181(3) 10524(1) -11(1) 26(1)
C(12) 1647(3) 10472(1) -420(1) 33(1)
C(13) 1859(3) 9973(2) -964(1) 41(1)
C(14) 3613(3) 9505(2) -1105(1) 42(1)
C(15) 5178(3) 9548(2) -710(1) 34(1)
C(16) 4936(3) 10053(1) -170(1) 27(1)
c(17) 5427(2) 8871(1) 1041(1) 24(1)
C(18) 3986(3) 8253(1) 795(1) 26(1)
C(19) 2288(3) 8086(1) 1122(1) 28(1)
C(20) 2111(2) 8537(1) 1679(1) 27(1)
C(21) 3567(3) 9120(1) 1935(1) 28(1)
C(22) 5266(3) 9288(1) 1610(1) 26(1)
N(1) 245(2) 8409(1) 2005(1) 36(1)
O(1) 6555(2) 10168(1) 228(1) 27(1)
0O(2) 7819(2) 8428(1) 168(1) 36(1)
0(3) 8948(2) 9643(1) 936(1) 33(1)
O4) -903(2) 7769(1) 1825(1) 45(1)
O(5) -55(3) 8961(1) 2434(1) 51(1)
F(1) 3122(2) 12724(1) 160(1) 34(1)
S(1) 7421(1) 9220(1) 582(1) 26(1)
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Table 3. Bond lengths [A] and angles [°] for toste72.

C(D-C(2)
C(D)-C(6)
C(D-C(7)
C(2)-C(3)
C(2)-H(2)
C(3)-C(4)
C(3)-HQ3)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-H(6)
C(7N)-C(8)
C(7)-CO)
C(8)-H(8A)
C(8)-H(8B)
C(9)-F(1)
C(9)-C(10)
C(9)-H(%)
C(10)-C(11)
C(10)-H(10A)
C(10)-H(10B)
C(11)-C(12)
C(11)-C(16)
C(12)-C(13)

C(2)-C(1)-C(6)
C(2)-C(1)-C(7)
C(6)-C(1)-C(7)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-HB)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5)
C(4)-C(5)-H(S)
C(5)-C(6)-C(1)
C(5)-C(6)-H(6)
C(1)-C(6)-H(6)

1.397(3)
1.401(2)
1.484(2)
1.388(3)
0.9500
1.383(3)
0.9500
1.388(4)
0.9500
1.377(3)
0.9500
0.9500
1.326(3)
1.512(2)
0.9500
0.9500
1.4080(19)
1.523(2)
1.0000
1.507(2)
0.9900
0.9900
1.387(3)
1.395(3)
1.389(3)

118.51(18)
122.03(16)
119.45(17)
120.44(19)
119.8
119.8
120.3(2)
119.8
119.8
119.7(2)
120.2
120.2
120.4(2)
119.8
119.8
120.7(2)
119.7
119.7

C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(16)-0(1)
C(17)-C(22)
C(17)-C(18)
C(17)-S(1)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(19)-H(19)
C(20)-C(21)
C(20)-N(1)
C(21)-C(22)
C(21)-H(21)
C(22)-H(22)
N(1)-0(5)
N(1)-0(4)
0(1)-S(1)
0(2)-S(1)
0(3)-S(1)

C(8)-C(7-C(1)
C(8)-C(7)-C(9)
C(1)-C(7)-C(9)

C(7)-C(8)-H(8A)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)

F(1)-C(9)-C(7)
F(1)-C(9)-C(10)
C(7)-C(9)-C(10)
F(1)-C(9)-H(9)
C(7)-C(9)-H(9)
C(10)-C(9)-H(9)

C(11)-C(10)-C(9)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10A)
C(11)-C(10)-H(10B)
C(9)-C(10)-H(10B)
H(10A)-C(10)-H(10B)

0.9500
1.383(3)
0.9500
1.381(3)
0.9500
1.388(2)
0.9500
1.422(2)
1.387(2)
1.391(2)
1.7613(17)
1.383(3)
0.9500
1.383(3)
0.9500
1.381(3)
1.474(2)
1.383(3)
0.9500
0.9500
1.221(2)
1.224(2)
1.6002(12)
1.4237(13)
1.4214(14)

122.97(17)
121.68(17)
115.22(14)
120.0
120.0
120.0
109.85(13)
108.04(13)
110.80(14)
109.4
109.4
109.4
113.52(14)
108.9
108.9
108.9
108.9
107.7
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C(12)-C(11)-C(16)
C(12)-C(11)-C(10)
C(16)-C(11)-C(10)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(15)-C(16)-C(11)
C(15)-C(16)-0(1)
C(11)-C(16)-0(1)
C(22)-C(17)-C(18)
C(22)-C(17)-S(1)
C(18)-C(17)-S(1)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18)
C(17)-C(18)-H(18)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(21)-C(20)-C(19)
C(21)-C(20)-N(1)
C(19)-C(20)-N(1)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(21)-C(22)-C(17)
C(21)-C(22)-H(22)
C(17)-C(22)-H(22)
0(5)-N(1)-O(4)
0(5)-N(1)-C(20)
0(4)-N(1)-C(20)
C(16)-0(1)-S(1)
0(3)-S(1)-0(2)
0(3)-S(1)-0(1)
0(2)-S(1)-0(1)
0(3)-S(1)-C(17)
0(2)-S(1)-C(17)
0(1)-S(1)-C(17)

117.14(16)
120.75(16)
122.10(16)
121.20(18)
119.4
119.4
120.12(19)
119.9
119.9
120.30(17)
119.8
119.8
118.60(18)
120.7
120.7
122.61(17)
119.96(16)
117.27(14)
122.60(16)
119.03(13)
118.13(13)
118.58(16)
120.7
120.7
118.27(16)
120.9
120.9
123.46(16)
118.69(16)
117.83(16)
118.35(16)
120.8
120.8
118.64(16)
120.7
120.7
124.62(17)
117.37(17)
118.00(17)
120.46(11)
120.81(8)
103.36(7)
109.54(7)
110.26(8)
109.08(8)
102.05(7)
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Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameters (Azx 103) for toste72. The anisotropic
displacement factor exponent takes the form: 202[h2a*2ull + . +2hka*b* Ul2]

ull U222 U33 U23 ul3 ul2
C(1) 32(1) 21(1) 26(1) -4(1) -1(1) -5(1)
C22) 31(1) 32(1) 33(1) -2(1) -6(1) -4(1)
C(3) 37(1) 35(1) 52(1) -6(1) -19(1) -3(1)
CH4) 68(2) 33(1) 42(1) 1(1) -32(1) -9(1)
C(5) 70(2) 37(1) 27(1) 1(1) -9(1) -19(1)
C(6) 46(1) 31(1) 28(1) -4(1) 2(1) -12(1)
C(7) 26(1) 25(1) 28(1) 1(1) 4(1) -2(1)
C(8) 43(1) 38(1) 38(1) -1(1) 6(1) 10(1)
C) 22(1) 27(1) 24(1) 4(1) -1(1) 2(1)
C(10)  21(1) 27(1) 27(1) 0(1) 4(1) 1(1)
can  27(1) 24(1) 27(1) 1(1) 5(1) -2(1)
C(12)  30(1) 34(1) 35(1) -1(1) -1(1) 2(1)
C(13)  43(1) 47(1) 34(1) -7(1) -8(1) 0(1)
C(14)  52(1) 45(1) 29(1) -10(1) 4(1) 0(1)
C(5)  36(1) 34(1) 33(1) -3(1) 12(1) 1(1)
C(16)  28(1) 27(1) 27(1) 2(1) 3(1) -3(1)
C(7) 19(1) 20(1) 32(1) 2(1) 2(1) 1(1)
C(18)  27(1) 21(1) 32(1) 0(1) -1(1) 0(1)
C(19)  23(1) 23(1) 39(1) 6(1) -5(1) -3(1)
C(20)  23(1) 23(1) 36(1) 11(1) 3(1) 1(1)
C21)  32(1) 24(1) 28(1) 3(1) 3(1) 2(1)
C(22) 26(1) 22(1) 31(1) 0(1) -2(1) -2(1)
N(1) 29(1) 35(1) 44(1) 17(1) 7(1) 3(1)
o(1) 23(1) 25(1) 32(1) 0(1) 5(1) 0(1)
0(2) 33(1) 31(1) 44(1) -4(1) 11(1) 6(1)
0@3) 20(1) 32(1) 46(1) 4(1) 2(1) -1(1)
04) 27(1) 42(1) 66(1) 21(1) 3(1) -6(1)
0(5) 45(1) 58(1) 49(1) 6(1) 22(1) 2(1)
F(1) 38(1) 29(1) 34(1) 6(1) -11(1) 1(1)
S(1) 20(1) 24(1) 35(1) 0(1) 5(1) 2(1)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 10 3)

for toste72.
X y z U(eq)

H(2) 7705 12059 1152 38
H(3) 9708 11334 1884 50
H(4) 8443 10958 2833 57
H(5) 5179 11352 3058 54
H(6) 3162 12062 2333 42
H(8A) 2462 13522 1728 48
H(8B) 1750 13527 1021 48
H(9) 5420 11986 479 29
H(10A) 3450 10657 905 30
H(10B) 1529 11199 648 30
H(12) 429 10782 -325 40
H(13) 797 9954 -1241 50
H(14) 3743 9153 -1474 50
H(15) 6394 9238 -808 41
H(18) 4165 7953 412 32
H(19) 1270 7672 967 34
H(21) 3405 9397 2326 33
H(22) 6301 9681 1773 32
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