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Abstract

Chapter 1

A mild, versatile, and convenient method for the efficient oxytrifluoromethylation of
unactivated alkenes based on a copper-catalyzed ligand-assisted difunctionalization strategy
has been developed. This method provides access to a variety of classes of synthetically useful
CF3-containing building blocks from simple starting materials.

Chapter 2

A method for the efficient enantioselective oxytrifluoromethylation of alkenes has been
developed using a copper catalyst system inspired by the ligand dependence observed in the
racemic reaction. Mechanistic studies are consistent with a metal-catalyzed redox radical
addition mechanism, in which a C-O bond is formed via the copper-mediated enantioselective
trapping of a prochiral alkyl radical intermediate derived from the initial trifluoromethyi radical
addition.

Chapter 3

A general and versatile method for the catalytic enantioselective oxyfunctionalization of
alkenes has been developed based on a key Cu-mediated enantioselective C-O bond forming
process of prochiral alkyl radical intermediates. A wide range of radicals were found to
participate this type of reaction, including azidyl, arylsulfonyl, aryl, acyloxyl and alkyl radicals.
This method provides rapid access to a broad spectrum of interesting enantiomerically enriched
lactones through tandem C-N/C-0O, C-S/C-0O, C-Caryyaiy/C-O or C-O/C-0O bond formation, in
good yields and enantiomeric excesses with good functional group compatibility.

Thesis Supervisor: Stephen L. Buchwald
Title: Camille Dreyfus Professor of Chemistry
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Introduction

Alkene difunctionalization encompass mechanistically diverse transformations that result in the
overall addition of two functional groups across a carbon-carbon double bond.' The first
examples of alkene difunctionalization include the classic electrophilic halogenation reactions
that were discovered over a century ago. Since then, this class of reactions has been the
subject of intense investigation by organic chemists, in part due to their ability to rapidly
increase molecular complexity through the simultaneous construction of multiple
carbon-carbon/carbon-heteroatom bonds and stereogenic centers. Indeed, more recently
developed examples of diastereo- and enantioselective alkene difunctionalizations such as the
Sharpless dihydroxylation have proven to be highly versatile and widely used synthetic

transformations.

During the past several decades, the development of asymmetric catalysis has brought new
opportunity for incorporating new reactivity and selectivity into traditional alkene
difunctionalization reactions. Many new methods based on metal- or organo-catalysts have
been developed in this field, leading to efficient enantioselective syntheses of structurally
diverse molecules.” However, catalytic asymmetric methods for the difunctionalization reactions
that proceed by the atom transfer radical addition mechanism, which accounts for a significant
portion of alkene difunctionalization reactions currently practiced, remain elusive.® As shown in
Scheme 1a, the major challenge lies in the catalyst-controlled enantioselective functionalization

of the prochiral alkyl radical intermediate A (termination step).

While attempts involving Lewis acid complexation and chiral chain-transfer catalysts with some
highly activated alkene substrates have been made,* a potentially more general solution
involves the use of a chiral transition metal complex as the redox catalyst for a radical reaction
(Scheme 1b). Here, the chiral metal complex is proposed to play a dual role: 1) initiate radical
formation when in the lower oxidation state (step a) and 2) mediate the enantioselective bond
forming process via prochiral radical B when in the higher oxidation state (step ¢). While a
variety of redox catalysts based on different transition metals are capable of mediating step a, a

catalyst delivering effective enantioselectivity in step ¢ is still unknown.®



Scheme 1. Background of the Cu-catalyzed enantioselective radical alkene difunctionalization.

a) Elementary steps in atom transfer radical addition
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Aiming at addressing the aforementioned challenge, the results presented herein focus on: 1)
the discovery of a copper-based redox catalyst enabling efficient enantioselective C-O bond
formation via the interception of alkyl radical intermediates in an atom transfer radical addition
type reaction (Scheme 1c; Chapter 1 and 2); 2) the development of a general and versatile
method for the enantioselective oxyfunctionalization of alkenes based on this key C-O bond
forming process (Chapter 3). It should be noted that although the development of a racemic
reaction is described in chapter 1, the identification of the crucial ligand effect in this study set

the ground for the later discovery of the related enantioselective process.
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Chapter 1.
Cu-Catalyzed Ligand-Assisted Alkene Oxytrifluoromethylation:

a Versatile Method to Access Trifluoromethyl-Containing Building Blocks

12



1.1 Introduction

The incorporation of fluoroalkyl groups and particularly the trifluoromethyl (CF3) group in
pharmaceutically and agrochemically relevant molecules has a significant impact on their
physical and biological properties, mainly because of the unique metabolic stability, lipophilicity,
and electron-withdrawing nature of the trifluoromethyl substituent.' The importance of CFs-
containing compounds provides a continuing driving force for the development of more efficient
and versatile trifluoromethylation methods.> Our research group has focused on the
development of new fluorination® and trifluoromethylation® reactions using transition metal
catalysis. Herein we report a mild and versatile copper-catalyzed oxytrifluoromethylation
reaction of unactivated alkenes that allows rapid access to a variety of CF3z-containing building
blocks from simple starting materials.

In 2011, our group, as well as those of Liu and Wang, independently reported the
copper-catalyzed allylic trifluoromethylation of unactivated alkenes (Scheme 1).***® During the
course of our studies, we proposed that this transformation might involve an a-CFs-alkyl radical
(A) that subsequently undergoes elimination to afford the allylic trifluoromethyl product. We
became interested in the possibility of intercepting this putative intermediate A, as a means of
synthesizing of a number of structurally diverse CFs-containing building blocks in a step-

economical fashion.

Scheme 1. Copper-Catalyzed Trifluoromethylation of Unactivated Alkenes.

Cu-Catalyzed Allylic Trifluoromethylation:

0O i Possibly via:
@:( Cu(MeCN)4PFg (15 mol%) :
R + O » R A CFs l R CF ]
s | MeOH, 0°C to RT ; A3
CFs ; A

Interception of the Intermediate A:

i --NuH -1e .-NuH ~"Nu
-~“NuH 1 . . ’
. / —_— e ¢ . )\/
L= \ L9 ’——> % CF
‘.. cat. Cu(l)/L /8\/CF3 v ~~_CF3 - 3
A
This work: Nu =0
oxytrifluoromethylation
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We envisioned that the oxidative difunctionalization of unactivated alkenes involving
tandem C-CF; and C—-Nu bond formation could be achieved based on this strategy.®’ It was
hypothesized that a single electron oxidation of the radical intermediate followed by trapping the
resulting carbocation would lead to the desired difunctionalization product B.® The success of
this strategy lies in the identification of a catalyst system that is efficient for both the C-CF; bond
formation and the subsequent functionalization steps as well as the ability to inhibit the
competitive elimination pathway. Herein we describe a copper(l)/2,2'-biquinoline catalytic

system that incorporates these qualities with oxygen-based nucleophiles.

1.2 Results and Discussion

We began our study by examining the reaction of 4-pentenocic acid (2a) in the
presence of Togni’s reagent 1° and a catalytic amount of Cu(MeCN)4PFs in methanol. Only the
allylic trifluoromethylated product 4a was observed in this case, suggesting elimination to be the
major pathway (Table 1, entry 1). After examining the effects of solvents and additives, we
found that switching to acetonitrile, in the presence of a catalytic amount of 2,2’-bipyridyl (L1),

afforded the desired oxytrifluoromethylation product 3a in 10% yield (entry 3).

Table 1. Ligand effect.®

Cu(MeCN),PFg (10 mol%) H - -
0 R 0 0 Y
HOJ\M Solvent, 55 °C > O:(J/\CFa ' HOJ\/\F‘\CFB ;
2a 3a 4a i CQ?
: Yield (%) 5 NN
Entry Solvent Ligand i 2 o ©o
1 MeOH - <5 46 i B %
2 MeCN - <5 <5 \ rG \N %
3 MeCN L1 10 18 § 0
a MeCN L2 12 11 i L4 w
5 MeCN L3 11 =& i >N Nz
6 MeCN L4 86 5
7 MeCN L5 89 <5 L5 m
8° MeCN L5 <5 <5 _N N_

[a] Reaction conditions: Cu(MeCN)4PFg (10 mol %), ligand (20 mol %), 2a (0.10 mmol, 1.0 equiv),
1 (1.1 equiv), solvent (1.0 mL), 55 °C, 16 h. [b] Determined by '°F NMR spectroscopy using PhCF3 as an
internal standard. [c] Without Cu(MeCN),PFs.

14



Encouraged by this result, we evaluated a series of different pyridine-based bidentate
ligands, which finally led to the identification of di-2-pyridyl ketone (L4) and 2,2’-biguinoline (L5)
as optimal (entry 6 and 7). A nearly 90% yield of 3a could be obtained in the presence of either
L4 or L5, with only trace of 4a observed. Both the copper salt and ligand proved to be essential
for the oxytrifluoromethylation reaction to take place, as no 3a was observed in the absence of

either of these components (entries 2 and 8).

Table 2. Substrate scope of the Cu-catalyzed oxytrifluoromethylation. °

1 (1.1 equiv.)
Cu(MeCN),PFg (10 mol%) )
»""OH L5 (20 mol%) -0 eF
) : L
MeCN (4 mL), 55 °C, 16 h
2a-m 3a-m
Entry Substrate Product yield (%)? Entry Substrate Product yield (%)
1 ﬁ\/\/ oﬁ/\CF 76 8¢ i 2 a 42¢
HO 3 w0 )
2a 3a 2h 3h
i o 7 o
2 HOJ‘\/Y Oﬁ/\CFa 81 9 HOW O/\CFS 73
Ph
2b 3b 2i 3i
(o] Ph o Me
3 o CF 94 OH o] CFj
HO 3 (dr2.2:1) 109 35
Me Ph =
2 3c 2j 3j
(o] o 0.
a = CFy 74 OH (o]
HOJY\/ (dr2.8:1) ¢ 50
NHBz  BzHN L B L ~ce, (@ 101)
- ad 2k 3K
o] o]
OH
(o) OH (o) 70
5¢ 12 ALLA 4
64 = dr 4:1
Qi\\ d&» cF, n_hemw)\/ n-heptyl CF; )
2e 3e 2l 3l

o/

0
o)
6 k/\/*-\ o) 71 Br OH Br 2
o £Fa . Z CFs 64
2t af 13 " (dr > 20:1)
0 o) o/
% CF,

2g 3g

o]
2
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[a] Reaction conditions: Cu(MeCN)4PFs (10 mol %), 2,2'-biquinoline (20 mol %), 2 (0.50 mmol, 1.0 equiv),
1 (1.1 equiv), MeCN (4 mL), 55 °C, 16 h. [b] Isolated yields, average of two runs. Diastereomeric ratio
determined by '*F NMR and 'H NMR spectroscopic analysis. Structures of the major diastereomers are
shown. [c] Cu(MeCN)4PFg (20 mol %) and 2,2’-biquinoline (30 mol %) were used. [d] Cu(MeCN),PFg (20
mol %) and di-2-pyridyl ketone (30 mo! %) were used. [e] Determined by F NMR spectroscopy using
PhCF; as an internal standard. [f] The reaction did not go to full conversion.

With an optimized protocol in hand, we next explored the scope of this
oxytrifluoromethylation reaction. lllustrative examples are shown in Table 2. A series of
unsaturated aliphatic and aromatic carboxylic acids were found to undergo the desired
transformation to give the corresponding trifluoromethylated lactones in good yields (entries 1-
8). With regard to the scope of alkene moiety, monosubstituted and geminal disubstituted
alkenes were excellent substrates for this reaction.’® Alkyl and aryl substituents on the
carbon-carbon double bond were well-tolerated. In terms of the size of the ring formed, &-, y-,
and even f-lactones proved to be accessible.

Next, we sought to expand the scope of the nucleophile to include other common
oxygen-based functional groups. It was found that primary alcohols (Table 2, entry 9) and
phenols (entry 10) also served as viable nucleophiles for this reaction.'" Allylic alcohols (Table
2, entry 11-13) are an especially interesting class of substrates because their
oxytrifluoromethylation reactions give rise to 3-trifluoromethyl-1,2-epoxides, which are highly
versatile CFj-containing intermediates. It was found that both aryl- (2k, 2m) and alkyl-
substituted (21) allylic alcohols furnished the desired products in moderate to good yields. When
the enantiomerically enriched 2k was subjected with the standard protocol, 3k was produced

with no erosion of the enantiomeric excess (eq. 1).

. 0
standard conditions W
i —— Ph/\'/\CFS (1)

50%
(R)-2k (25,35)-3k
94% ee 94% ee

Ph

To demonstrate further the synthetic utility of the products derived from this method,
oxytrifluoromethylation product 3m was shown to undergo epoxide opening in good yields in the
presence of a number of different nucleophiles, including an azide, a Grignard reagent, a thiol,
and a fluoride (Scheme 2). A series of highly functionalized CF;-containing building blocks (5-8)
that are otherwise difficult to access, were easily prepared from the simple allylic alcohol 2m in

two steps.

16



While the mechanistic details of this copper-catalyzed oxytrifluoromethylation reaction
remain unclear at this point, the use of a copper(l)/bidentate pyridine-based ligand system is
suggestive of an atom transfertype radical addition pathway.®'? Further, the
oxytrifluoromethylation reaction was found to be completely inhibited by addition of 2,2,6,6-

tetramethyl-1-piperidinyloxy (TEMPO), a known radical scavenger.'®

Scheme 2. Versatile transformations of the oxytrifluoromethylation product 3m. @

Br ';‘3 Br
H a b - :
CF, CF.
o] o}
Br
CF3
Cl 0
o~/
Br S 3m Br F
A c I I d
CF3 - > CF3
o OH 92% 79% o OH
o~/ 4 o~ 4

[a] Reaction conditions: (a) NaN3 (3 equiv), NH,CI (2 equiv), H,O/MeOH, 80 °C, 3 h; (b) Allylmagnesium bromide (3
equiv), Et,0, RT, 2 h; (c) p-CICgH4SH (2 equiv), NaOH (2 equiv), dioxane/H,0, 65 °C, 2 h; (d) BF3-Et,O (0.33 equiv),
DCM, -15 °C, 5 min.

1.3 Conclusion

In conclusion, a mild, versatile and convenient method for the efficient
oxytrifluoromethylation of unactivated alkenes based on a copper(l)/2,2’-biquinoline catalytic
system has been developed. Carboxylic acids, alcohols, and phenols all serve as suitable
nucleophiles under the conditions developed. The reaction conditions are compatible with a
range of functional groups including amides, f-lactones, epoxides, and aryl bromides. All of the
reactions were carried out using simple, user-friendly bench-top setup. This methodology allows
rapid access to a variety of synthetically useful building blocks such as CFj-containing lactones,
cyclic ethers, and epoxides from simple starting materials. We are continuing work to gain
insight into the reaction mechanism and expand the scope of this copper-catalyzed alkene

difunctionalization strategy.

1.4 Experimental

17



General considerations. All reactions were carried out with dry solvents under anhydrous
conditions, unless otherwise noted. Anhydrous acetonitrile was purchased from Aldrich.
Tetrakis(acetonitrile)copper(l) hexafluorophosphate was purchased from Strem and stored in a
dry box. Reagents were purchased at the highest commercial quality and used without further
purification, unless otherwise stated. All chemicals were weighed on the bench top, in the air. All
reactions were set up using standard Schlenk techniques. 1-Trifluoromethyl-1,2-benziodoxol-3-
(1H)-one (Togni trifluoromethylating reagent, 1) was prepared according to the literature
procedure.*® Yields refer to chromatographically and spectroscopically ('"H NMR) homogeneous
materials, unless otherwise stated. All yields of the copper-catalyzed oxytrifluoromethylation
reactions stated are the average of at least two experiments. Reactions were monitored by "OF
NMR spectroscopy and thin-layer chromatography (TLC) carried out on 0.25 mm E. Merck silica
gel plates (60F-254) using UV light as a visualizing agent and phosphomolybdic acid in ethanol
or KMnO, solution and heat as developing agents. Flash silica gel chromatography was
performed using Silicycle SiliaFlashP60 (230-400 mesh) silica gel. 'H and '®C NMR spectra
were recorded on a Bruker AMX 400 spectrometer and were calibrated using residual solvent as
an internal reference (CDCls: 7.26 ppm for '"H NMR and 77.16 ppm for '>C NMR; CD,CN: 1.94
ppm for 'H NMR and 1.32 ppm for '*C NMR). '°F NMR spectra were recorded on a varian 300
MHz spectrometer and were calibrated using CFCl; as an external reference (0 ppm). The
following abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = triplet,
g = quartet, m = multiplet, b = broad, at = apparent triplet, ad = apparent doublet. IR spectra
were recorded on a Thermo Scientific Nicolet iS5 FT-IR spectrometer (iD5 ATR). HPLC

analyses were performed on an Angilent 1100 series system with Daicel Chiralcel®

columns (4.6
mm x 250 mm) in hexanes/i-PrOH mixtures. Melting points (m.p.) were obtained on a Mel-Temp
capillary melting point apparatus. Gas chromatographic analyses were performed on an Agilent
6890 gas chromatograph. Elemental analyses were performed by Atlantic Microlabs Inc.,

Norcross, GA.

Synthesis and characterization of non-commercial substrates. 4-Phenylpent-4-enoic acid
(2b),™ 4-methyl-3-phenylpent-4-enoic acid (2c)," 2-vinylbenzoic acid (2e),"® 2-allylbenzoic acid

(2g),"" were prepared according to literature procedures.

(x)-N-benzoyl-allyiglycine (2d) Adapted from a previously reported procedure.’ In a 50 mL

round-bottom-flask equipped with a Teflon-coated magnetic stir bar racemic allylglycine (230

18



0 B2CI NaOH o) mg, 2.0 mmol) was dissolved in 0.2 M aqueous
HOJ\N(H:/ m HOJ\I\;B\Z/ sodium hydroxide solution (20 mL, 4.0 mmol) at 0
od °C. At the same temperature, benzoyl chloride

(280 mg, 2.0 mmol) was added to the flask via syringe dropwise. The resulting mixture was
stirred at room temperature overnight and diluted with ethyl acetate (20 mL) and acidified with
6N HCI (pH<2). The aqueous phase was separated and extracted with ethyl acetate (20 mLx3).
The combined organic layers were dried over Na,SO, and concentrated in vacuo.
Recrystallization of the residue from ethyl ether afforded racemic N-benzoyi-allylglycine (211

mg, 48 %) as a coloriess crystalline solid.

'"H NMR (400 MHz, CDCl3) & 7.78 (m, 2 H), 7.54, (m, 1 H), 7.45 (m, 2 H), 6.70 (d, J =7.2 Hz, 1
H), 5.81 (m, 1 H), 5.24 (d, J=8.4 Hz, 1 H), 5.20 (s, 1 H), 4.88 (m, 1 H), 2.74 (m, 2 H); '°*C NMR
(100 MHz, CDCl3) d 175.3, 167.9, 133.5, 132.3, 132.1, 128.9, 127.3, 120.1, 52.11, 36.2; IR
(film) vmax 3064, 1716, 1628, 1526, 1488, 1201, 920 cm™ ; Anal. Calcd. For C1,H13NO;3: C, 65.74;
H, 5.98. Found: C, 65.71; H, 6.04. m. p. 103-105 °C.

(x)-1-(5-bromobenzo[d][1,3]dioxol-4-yl)prop-2-en-1-0l (2m) An oven-dried 20 x 150 mm
Fisher Scientific re-sealable test tube equipped with a Teflon-coated magnetic stir bar was
charged with 5-bromobenzo[d][1,3]dioxole-4-carboxaldehyde (460 mg, 2.0 mmol). The reaction
tube was sealed with a septum screw-cap (10/90, Teflon/SIL, National Scientific) and
connected to a Schienk line. The tube was then briefly evacuated and backfilled with argon (this
sequence was repeated a total of three times). Anhydrous THF (5 mL) was added to the tube
followed by vinylmagnesium chloride (1.6 M solution in THF, 1.9 mL, 3.0 mmol) via syringe at 0
°C and the argon pressure was removed. After stirring at room temperature for 12 h the mixture

was diluted with ethyl ether (5 mL) and saturated

Br O Br OH
Z Mgl # aqueous ammonium chloride solution (5 mL). The
—_——
_/O THF, 0 °C to RT JO aqueous layer was separated and extracted with ethyl
0 o] . ,
acetate (5 mLx3), and the combined organic layers
2m

were dried over Na,SO,4, and concentrated in vacuo.
Purification of the residue by flash column chromatography (EtOAc/hexane = 8:1 to 3:1)
afforded 2m (489 mg, 95 %) as a white solid.
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'H NMR (400 MHz, CDCl;) & 6.97 (d, J=8.3 Hz, 1 H), 6.59 (d, J =8.3 Hz, 1 H), 6.12 (m, 1 H),
5.95 (d, J =6.6 Hz, 2 H), 5.51 (m, 1 H), 5.27 (add, J =17.0 Hz, 1.2 Hz, 1 H), 5.16 (dd, J =10.4
Hz, 1.2 Hz, 1 H), 3.11 (d, J =8.4 Hz, 1 H); '3*C NMR (100 MHz, CDCls) & 147.4, 145.9, 137.3,
125.7, 123.9, 115.6, 113.1, 108.9, 101.8, 73.1; IR (film) vmax 3416, 1452, 1405, 1237, 1050,
1011, 997, 932 cm™ ; Anal. Calcd. For CoHsBrOs: C, 46.72; H, 3.53. Found: C, 46.90; H, 3.41.
m. p. 75-76 °C.

General procedure and characterization for the Cu-catalyzed oxytrifluoromethylation of

unactivated alkenes.

General Procedure A: Ligand Effect (Table 1)

An oven-dried 13x100 mm Fisher Scientific re-sealable test tube equipped with a Teflon-
coated magnetic stir bar was charged with tetrakis(acetonitrile)copper(l) hexafluorophosphate
(3.7 mg, 0.01 mmol, 0.10 equiv.), ligand (0.02 mmol, 0.20 equiv.), 1-trifluoromethyl-1,2-
benziodoxol-3-(1H)-one 1 (Togni’s reagent, 34.8 mg, 0.11 mmol, 1.1 equiv.). The reaction tube
was sealed with a septum screw-cap (Thermo Scientific ASM PHN CAP w/PTFE/SIL, cat.
#03388316) and connected to a Schienk line. The tube was then briefly evacuated and
backfilled with argon (this sequence was repeated a total of four times). 4-pentenoic acid 2a
(10.0 mg, 0.10 mmol, 1.0 equiv.) was added to the tube via syringe followed by anhydrous
solvent (1.0 mL). The argon pressure was removed and the sealed tube was placed in a pre-
heated 55 °C oil bath. After stirring at the same temperature for 16 h the mixture was allowed to
cool to room temperature and «,«, a-trifluorotoluene (internal standard, 14.6 mg, 0.10 mmol, 1.0

equiv.) was added. The crude reaction mixture was then analyzed by '°F NMR spectroscopy.

General Procedure B: Substrate Scope (Table 2)

An oven-dried 20 x 150 mm Fisher Scientific re-sealable test tube equipped with a
Teflon-coated magnetic stir bar was charged with tetrakis(acetonitrile)copper(l)
hexafluorophosphate (18.6 mg, 0.050 mmol, 0.10 equiv.), 2,2’-biquinoline (25.6 mg, 0.10 mmol,
0.20 equiv.), 1-trifluoromethyl-1,2-benziodoxol-3-(1H)-one 1 (Togni's reagent, 174 mg, 0.55
mmol, 1.1 equiv.) and alkene substrate (0.50 mmol, 1.0 equiv. for non-liquid substrates). The
reaction tube was sealed with a septum screw-cap (10/90, Teflon/SIL, National Scientific) and
connected to a Schlenk line. The tube was then briefly evacuated and backfilled with argon (this

sequence was repeated a total of four times). Alkene substrate (0.50 mmol, 1.0 equiv. for liquid
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substrates) was added to the tube via syringe followed by anhydrous acetonitrile (4.0 mL) to
afford a purple solution. The argon pressure was removed and the sealed tube was placed in a
pre-heated 55 °C oil bath. After stirring at the same temperature for 16 h the mixture was
allowed to cool to room temperature, diluted with diethyl ether (10 mL), and washed with
saturated aqueous sodium bicarbonate solution (4 mL). The aqueous layer was separated and
extracted with diethyl ether (4 mLx3). The combined organic layers were dried over Na,SO,,
and concentrated in vacuo. The residue was purified by silica gel flash column chromatography
(EtOAc/hexane or Et,O/pentane, UV light as a visualizing agent and phosphomolybdic acid in
ethanol and heat as developing agents) to afford the oxytrifluoromethylation product. [Note:
Some of the oxytrifluoromethylation products are somewhat volatile and should not be placed

under vacuum for extended periods of time]

o) (2)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one (3a) Following general
OX T R . .  aci
procedure B, the title compound was synthesized from 4-pentenoic acid (2a)
(50.0 mg, 0.50 mmol). The product was purified by silica gel flash column chromatography
(pentane: ethyl ether = 3:1 to 0:1, GC-MS was used to help identifying product-containing
fractions) to afford 3a (64.2 mg, 76 %) as a colorless oil. 'H NMR (400 MHz, CDCl3) & 4.73
(dddd, J =8.8 Hz, 6.4 Hz, 6.4 Hz, 6.3 Hz, 1 H), 2.65 (m, 1 H), 2.56 (m, 2 H), 2.52-2.35 (m, 2 H),
1.99 (m, 1 H); "*C NMR (100 MHz, CDCl;) d 176.0, 125.1 (q, Jcr = 275 Hz), 73.9 (q, Jcr = 3 Hz),
39.6 (q, Jor = 28 Hz), 28.3; '9F NMR (282 MHz, CDCl;) & -64.2 (at, J = 10.3 Hz); IR (film) Vmax
2922, 1776, 1364, 1255, 1131, 1113, 1025, 919 cm™'; Anal. Calcd. For C¢H;F30,: C, 42.87; H,
4.20. Found: C, 43.03; H, 4.14.

o Ph (£)-5-phenyl-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one (3b) Following
Oa(.f\c':ﬁ general procedure B, the title compound was synthesized from 4-phenyl-4-
pentenoic acid (2b) (88.0 mg, 0.50 mmol). The product was purified by silica gel flash column
chromatography (hexanes: ethyl acetate = 8:1 to 3:1) to afford 3b (98.7 mg, 81 %) as a
colorless crystalline solid. 'H NMR (400 MHz, CDCls) & 7.40-7.32 (m, 5 H), 2.87 (dq, J =15.6
Hz, 10.4 Hz, 1 H), 2.80 (dg, J =15.6 Hz, 10.4 Hz, 1 H), 2.67-2.57 (m, 3 H), 2.44 (m, 1 H); '°C
NMR (100 MHz, CDCls) & 175.4, 141.1, 128.9, 128.5, 124.7, 124.7 (q, Jcr = 276 Hz), 84.3 (q,
Jor = 2 Hz), 45.2 (q, Jor = 27 Hz), 34.3, 28.0; "°F NMR (282 MHz, CDCl,) & -60.7 (at, J = 10.4
Hz); IR (film) vnax 1775, 1382, 1248, 1198, 1121, 1077, 1046, 928 cm™; R¢(hexanes: ethyl
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acetate = 3:1)= 0.38; Anal. Calcd. For Cy;H1F30;,: C, 59.02; H, 4.54. Found: C, 58.97; H, 4.45.
m. p. 64-65 °C.

o, Me o Me (z)-5-methyl-4-phenyl-5-(2,2,2-trifluoroethyl)
Oﬂ\CFa * O:LZ/\CFa dihydrofuran-2(3H)-one (3c) Following general procedure
3:“ 3th B, the title compound was synthesized from 4-methyl-3-
Major Minor phenyl-4-pentenoic acid (2c) (95.1 mg, 0.50 mmol).

d.r.(3c1:3c2) = 2.2:1 as determined by '"F NMR spectroscopic analysis of the crude reaction
mixture. The product was purified by silica gel flash column chromatography (hexanes: ethyl
acetate = 10:1 to 4:1) to afford an inseparable mixture of 3c1 and 3c2 (125.8 mg, 96 %) as a
colorless oil. The relative stereochemistry of 3c1 and 3c2 was assigned by 2D-NOESY
experiment (Figure 1). 'H NMR (400 MHz, CDCl;) 3¢c1: & 7.41-7.18 (m, 5 H), 3.70 (dd, J =9.4
Hz, 9.2 Hz, 1 H), 3.01 (dd, J=17.8 Hz, 9.9 Hz, 1 H), 2.92 (dd, J=17.8 Hz, 8.5 Hz, 1 H), 2.64 (aq,
J=10.6 Hz, 2 H), 1.15 (s, 3 H); 3c2: 5 7.41-7.18 (m, 5 H), 3.58 (dd, J =8.2 Hz, 8.2 Hz, 1 H), 3.02
(dd, J=17.8 Hz, 8.3 Hz, 1 H), 2.92 (dd, J=17.8 Hz, 8.5 Hz, 1 H), 2.24 (dq, J =15.6 Hz, 10.8 Hz,
1 H), 1.87 (dq, J =15.6 Hz, 10.7 Hz, 1 H), 1.71 (s, 3 H); "®*C NMR (100 MHz, CDCl;) 3c1: &
174.4, 135.6, 129.3, 129.1, 128.1, 125.1 (q, Jor = 277 Hz), 84.6 (q, Jor = 2 Hz), 49.4, 43.1 (q,
Jor = 28 Hz), 33.5, 21.5; 3¢2: 5 174.7, 136.3, 128.5, 128.4, 127.8, 125.5 (q, Jcr = 276 Hz), 84.3
(a, Jor = 2 Hz), 52.1, 40.0 (q, Jor = 28 Hz), 34.3, 25.1; '9F NMR (282 MHz, CDCls) 3¢1: & -60.2
(at, J = 10.8 Hz); 3¢2: & -59.9 (at, J = 10.7 Hz); IR (film) vma 1776, 1377, 1264, 1229, 1197,
1123, 1101, 967, 928 cm™'; Ry(hexanes: ethyl acetate = 3:1)= 0.43; Anal. Calcd. For Cy3H13F305:

C, 60.46; H, 5.07. Found: C, 60.71; H, 4.98.
o]

H
M
UH

3ci 3c2

Figure 1. Strong cross peaks observed in 2D-NOESY experiment.

(z)-N-(2-ox0-5-(2,2,2-trifluoroethyl) tetrahydrofuran-3-yl)benzamide (3d) Following general

W —_ . procedure B, the title compound was synthesized from
CFy + N ,
¢ =S—7 £ racemic N-benzoyl-allylglycine (2d) (109.6 mg, 0.50 mmol).
BzHN BzHN
cis-3d trans-3d
Major Minor
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d.r.(cis:trans) = 2.8:1 as determined by '’F NMR spectroscopic analysis of the crude reaction
mixture. Relative stereochemistry was assigned based on comparison with literature
compounds.'® The product was purified by silica gel flash column chromatography (hexanes:
ethyl acetate = 8:1 to 1:1) to afford an inseparable mixture of cis-3d and trans-3d (101.6 mg, 71
%) as a colorless crystalline solid. 'H NMR (400 MHz, CDsCN) cis-3d: & 7.78 (m, 2 H), 7.56-
7.52 (m, 2 H), 7.45 (m, 2 H), 4.73 (m, 2 H), 2.77-2.52 (m, 3 H), 2.18 (m, 1 H); '*C NMR (100
MHz, CDsCN) cis-3d:  174.9, 167.7, 134.4, 132.9, 129.6, 128.1, 126.8 (q, Jcr = 274 Hz), 71.7
(a, Jer = 3 Hz), 50.4, 39.7 (q, Jor = 28 Hz), 34.4; 'F NMR (282 MHz, CD3CN) cis-3d: & -64.2 (at,
J =10.7 Hz); trans-3d: & -64.1 (at, J = 10.7 Hz); IR (film) vna 3411, 1768, 1659, 1525, 1427,
1364, 1254, 1128, 1074, 1000 cm™'; Ri(hexanes: ethyl acetate = 1:1)= 0.33; Anal. Calcd. For
Ci3H1oNF303: C, 54.36; H, 4.21. Found: C, 54.22; H, 4.28. m. p. 211-213 °C.

(£)-3-(2,2,2-trifluoroethyl)isobenzofuran-1(3H)-one (3e) Following a slightly

o modified general procedure B, the title compound was synthesized from 2-
vinylbenzoic acid (2e) (74.1 mg, 0.50 mmol) using tetrakis(acetonitrile)copper(l)

o hexafluorophosphate (37.3 mg, 0.10 mmol, 0.20 equiv.), 2,2-biquinoline (38.4
mg, 0.15 mmol, 0.30 equiv.), 1-trifluoromethyl-1,2-benziodoxol-3-(7H)-one 1 (Togni’s reagent,
174 mg, 0.55 mmol, 1.1 equiv.). The product was purified by silica gel flash column
chromatography (hexanes: ethyl acetate = 12:1 to 3:1) to afford 3e (70.3 mg, 65 %) as a white
solid. 'H NMR (400 MHz, CDClg) 5 7.93 (d, J =7.6 Hz, 1 H), 7.74 (atd, J =7.6 Hz, 1.0 Hz, 1 H),
7.60 (at, J=7.6 Hz, 1 H), 7.52 (d, J =7.6 Hz, 1 H), 5.71 (dd, J =8.4 Hz, 3.7 Hz, 1 H), 2.86-2.54
(m, 2 H); ®C NMR (100 MHz, CDCls) & 169.5, 147.6, 134.7, 130.2, 126.2, 125.8, 125.1 (q, Jcr =
276 Hz), 122.1, 74.5 (q, Jor = 3 Hz), 39.5 (q, Jor = 29 Hz); '°F NMR (282 MHz, CDCl;) & -63.8
(at, J = 10.4 Hz); IR (film) vmax 1768, 1599, 1395, 1327, 1267, 1249, 1136, 1121, 1048 cm™;
Ri(hexanes: ethyl acetate = 3:1)= 0.46; Anal. Calcd. For C;oH,F30,: C, 55.56; H, 3.26. Found: C,

55.76; H, 3.12. m. p. 75-76 °C.

0 (£)-6-(2,2,2-trifluoroethyl)tetrahydro-2H-pyran-2-one (3f) Following general
é\/ procedure B, the title compound was synthesized from 5-hexenoic acid (2f) (57.0
CFs mg, 0.50 mmol). The product was purified by silica gel flash column
chromatography (pentane: ethyl ether = 3:1 to 0:1, GC-MS was used to help identifying product-
containing fractions) to afford 3f (66.5 mg, 73 %) as a colorless oil. 'H NMR (400 MHz, CDCl3)
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5 4.58 (m, 1 H), 2.65-2.52 (m, 2 H), 2.49-2.31 (m, 2 H), 2.02-1.84 (m, 3 H), 1.62 (m, 1 H); '°C
NMR (100 MHz, CDCl3) d 170.4, 125.2 (q, Jcr = 275 Hz), 74.0 (g, Jor = 3 Hz), 40.0 (q, Jcr = 28
Hz), 29.1, 27.8, 18.3; "°F NMR (282 MHz, CDCly) & -63.6 (at, J = 10.4 Hz); IR (film) Vimax 1732,
1239, 1174, 1140, 1122, 1079, 1056, 1037 cm™"; Anal. Calcd. For C;HgF30,: C, 46.16; H, 4.98.
Found: C, 45.89; H, 5.09.

o (2)-3-(2,2,2-trifluoroethyl)isochroman-1-one (3g) Following general

o procedure B, the title compound was synthesized from 2-allylbenzoic acid

©Fs (2g) (81.1 mg, 0.50 mmol). The product was purified by silica gel flash

column chromatography (hexanes: ethyl acetate = 20:1 to 6:1) to afford 3g (84.7 mg, 74 %) as a
white solid. 'H NMR (400 MHz, CDClg) 8 8.06 (d, J =7.6 Hz, 1 H), 7.56 (dd, J =7.3 Hz, 7.2 Hz, 1
H), 7.40 (dd, J =7.6 Hz, 7.4 Hz, 1 H), 7.27 (d, J=7.3 Hz, 1 H), 4.84 (m, 1 H), 3.08 (m, 2 H), 2.78
(m, 1 H), 2.55 (m, 1 H); '3C NMR (100 MHz, CDCl3) 3 164.3, 137.9, 134.2, 130.5, 128.2, 127.6,
125.2 (q, Jor = 275 Hz), 124.7, 72.3 (q, Jor = 3 Hz), 39.3 (q, Jor = 28 Hz), 33.0; '°F NMR (282
MHz, CDCl;) d -63.5 (at, J = 10.4 Hz); IR (film) vmax 1718, 1606, 1462, 1412, 1289, 1250, 1154,
1111, 1066, 1032 cm™'; Ri(hexanes: ethyl acetate = 3:1)= 0.41; Anal. Calcd. For Cy1HoF30,: C,

57.40; H, 3.94. Found: C, 57.11; H, 4.00. m. p. 57-58 °C.

o (2)-4-(2,2,2-trifluoroethyl)oxetan-2-one (3h) Following a slightly modified
general procedure B, the title compound was synthesized from vinylacetic acid

’ (2h) (43.0 mg, 050 mmol) wusing tetrakis(acetonitrile) copper(l)
hexafluorophosphate (37.3 mg, 0.10 mmol, 0.20 equiv.), 2,2’-biquinoline (38.4 mg, 0.15 mmol,
0.30 equiv.), 1-trifluoromethyl-1,2-benziodoxol-3-(7H)-one 1 (Togni’s reagent, 174 mg, 0.55
mmol, 1.1 equiv). The yield of 3h was 43 % as determined by '°F NMR spectroscopic analysis
of the crude reaction mixture using a,a,a-trifluorotoluene as an internal standard. '"H NMR (400
MHz, CDCl3) 3 4.73 (m, 1 H), 3.74 (dd, J=16.7 Hz, 5.8 Hz, 1 H), 3.33 (dd, J=16.7 Hz, 4.2 Hz, 1
H), 2.89-2.76 (m, 1 H), 2.64-2.57 (m, 1 H); '°F NMR (282 MHz, CDsCN) & -64.6 (at, J = 10.7

Hz).

0 CF (x)-2-(2,2,2-trifluoroethyl)tetrahydrofuran (3i) Following general procedure B,
Q_/ the titte compound was synthesized from 4-penten-1-ol (2i) (43.0 mg, 0.50 mmol).
The vyield of 3i was 71 % as determined by '°F NMR spectroscopic analysis of the crude

reaction mixture using a,a,a-trifluorotoluene as an internal standard. 'H NMR (400 MHz, CDsCN)
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5 4.04 (m, 1 H), 3.81 (ddd, J =8.1 Hz, 7.0 Hz, 6.9 Hz, 1 H), 3.68 (ddd, J =8.0 Hz, 7.9 Hz, 6.1 Hz,
1 H), 2.42-2.31 (m, 2 H), 2.08 (m, 1 H), 1.88 (m, 1 H), 1.54 (m, 1 H); '°C NMR (100 MHz,
CDsCN) & 127.6 (q, Jor = 274 Hz), 73.5 (q, Jor = 3 Hz), 68.5, 39.8 (q, Jor = 27 Hz), 32.4, 26.0;
F NMR (282 MHz, CDsCN) 5 -64.0 (at, J = 11.4 Hz).

o CF, (%)2-(2,2,2-trifluoroethyl)-2,3-dihydrobenzofuran (3j) Following a slightly
@E)_/ modified general procedure B, the title compound was synthesized from 2-
allylphenol (2j) (67.1 mg, 0.50 mmol) using tetrakis{acetonitrile)copper(l) hexafluorophosphate
(37.3 mg, 0.10 mmol, 0.20 equiv.), bi-2-pyridyl ketone (27.6 mg, 0.15 mmol, 0.30 equiv.) and 1-
trifluoromethyl-1,2-benziodoxol-3-(1H)-one 1 (Togni's reagent, 174 mg, 0.55 mmol, 1.1 equiv.).
The product was purified by silica gel flash column chromatography (hexanes: ethyl acetate =
1:0 to 20:1) to afford 3j (36.2 mg, 36 %) as a sticky white solid. 'H NMR (400 MHz, CDCl3) &
7.20-7.12 (m, 2 H), 6.90-6.80 (m, 2 H), 5.04 (m, 1 H), 3.43 (dd, J =15.6 Hz, 9.0 Hz, 1 H), 3.00
(dd, J =15.6 Hz, 7.6 Hz, 1 H), 2.72 (m, 1 H), 2.47 (m, 1 H); *C NMR (100 MHz, CDCl3) & 158.9,
128.5, 125.8, 125.7 (q, Jor = 275 Hz), 125.1, 121.1, 109.8, 76.5 (q, Jcr = 3 Hz), 40.1 (q, Jog = 27
Hz), 35.9; '°F NMR (282 MHz, CDCls) & -64.0 (at, J = 10.6 Hz); IR (film) vmax 1597, 1481, 1423,
1399, 1256, 1233, 1110, 1074, 872 cm™": R¢(hexanes: ethyl acetate = 10:1)= 0.50; m. p. 39-41
°C.

o (x)-2-phenyl-3-(2,2,2-trifluoroethyl)oxirane (3k) Following a slightly modified
Ph&/\CFS general procedure B, the title compound was synthesized from 1-phenyl-2-
propen-1-ol (2k) (67.1 mg, 0.50 mmol) using tetrakis(acetonitrile) copper(l) hexafluorophosphate
(37.3 mg, 0.10 mmol, 0.20 equiv.), 2,2-biquinoline (38.4 mg, 0.15 mmol, 0.30 equiv.), 1-
trifluoromethyl-1,2-benziodoxol-3-(7H)-one 1 (Togni’'s reagent, 174 mg, 0.55 mmol, 1.1 equiv.).
trans:cis = 10:1 as determined by 'F NMR and 'H NMR spectroscopic analysis of the crude
reaction mixture. The product was purified by silica gel flash column chromatography (hexanes:
ethyl acetate = 1:0 to 20:1) to afford 3k (52.2 mg, 51 %) as a colorless oil. 'H NMR (400 MHz,
CDCly) trans-diastereomer: & 7.40-7.27 (m, 5 H), 3.74 (d, J =1.9 Hz, 1 H), 3.19 (ddd, J =6.1 Hz,
5.4 Hz, 2.0 Hz, 1 H), 2.58-2.41 (m, 2 H); '®C NMR (100 MHz, CDCls) trans-diastereomer: &
136.1, 128.8, 128.8, 125.7, 125.7 (q, Jcr = 275 Hz), 57.6, 55.5 (q, Jor = 4 Hz), 37.6 (q, Jor = 29
Hz); F NMR (282 MHz, CDCls) cis-diastereomer: & -64.4 (at, J = 10.4 Hz); trans-diastereomer:
d -64.6 (at, J = 10.3 Hz); IR (film) vna 1375, 1276, 1250, 1145, 1076, 1036, 887 cm™; R;
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(hexanes: ethyl acetate = 10:1)= 0.50; Anal. Calcd. For CyoHgF30O: C, 59.41; H, 4.49. Found: C,
59.71; H, 4.59.

Following the same procedure above, enantiomerically enriched 3k was synthesized from (R)-
2k (94% ee) in 50% yield. Enantiomeric excess (for trans diastereomer): 94% ee, determined by
chiral HPLC analysis, Chiralcel OD-H 4.6 mm x 250 mm, hexanes: -PrOH = 99.5:0.5, 1.0

mL/min, 210 nm, tg = 14.5 min (minor) and 19.0 min (major).

o (_+)-2-heptyI-3-(2,2,2-trifluoroethyl)oxirane (31) Following general
/\/\/\/<l/\
Me CFy

(21) (78.1 mg, 0.50 mmol). trans:cis = 4:1 as determined by '’F NMR and 'H NMR spectroscopic

procedure B, the title compound was synthesized from 1-decen-3-ol

analysis of the crude reaction mixture. The product was purified by silica gel flash column
chromatography (hexanes: ethyl acetate = 1:0 to 20:1) to afford 3l (80.9 mg, 72 %) as a
colorless oil. 'H NMR (400 MHz, CDCl3) trans-diastereomer: d 2.88 (ddd, J =5.9 Hz, 5.8 Hz, 2.1
Hz, 1 H), 2.76 (ddd, J =5.8 Hz, 5.5 Hz, 2.0 Hz, 1 H), 2.43-2.19 (m, 2 H), 1.58-1.26 (m, 12 H),
0.88 (m, 3 H); *C NMR (100 MHz, CDCl;) trans-diastereomer: & 125.9 (q, Jor = 275 Hz), 58.0,
51.4 (q, Jor = 4 Hz), 37.5 (q, Jor = 28 Hz), 31.9, 31.7, 29.4, 29.3, 25.9, 22.7, 14.2; °F NMR (282
MHz, CDCls) cis-diastereomer: d -64.7 (at, J = 10.7 Hz); trans-diastereomer: & -64.8 (at, J =
10.7 Hz); IR (film) vinax 2927, 2857, 1466, 1344, 1277, 1250, 1148, 1075 cm™'; Ry(pentane: ethyl
ether = 10:1)= 0.63; Anal. Calcd. For C1HgF30: C, 58.91; H, 8.54. Found: C, 58.64; H, 8.41.

Br o (x)-5-bromo-4-(3-(2,2,2-trifluoroethyl)oxiran-2-yl)benzo[d][1,3] dioxole
(:(Q/\ CF;  (3m) Following general procedure B, the title compound was synthesized
oJO from 1-(5-bromobenzo{d][1,3]dioxol-4-yl)prop-2-en-1-ol (2m) (128.5 mg,

0.50 mmol). trans:cis > 20:1 as determined by '’F NMR and 'H NMR spectroscopic analysis of
the crude reaction mixture. The product was purified by silica gel flash column chromatography
(hexanes: ethyl acetate = 1:0 to 8:1) to afford 3m (109.2 mg, 67 %) as a white solid. 'H NMR
(400 MHz, CDCl3) & 7.08 (d, J =8.3 Hz, 1 H), 6.65 (d, J =8.3 Hz, 1 H), 5.98 (m, 2 H), 3.89 (d, J
=2.1 Hz, 1 H), 3.67 (m, 1 H), 2.65-2.37 (m, 2 H); °C NMR (100 MHz, CDCl;) 3 147.7, 146.7,
125.7 (q, Jor = 275 Hz), 125.6, 117.4, 115.1, 109.7, 102.1, 55.3, 52.3 (q, Jcr = 4 Hz), 37.5 (q,
Jer = 29 Hz); "®F NMR (282 MHz, CDCls) & -64.6 (at, J = 10.4 Hz); IR (film) vimax 1447, 1417,
1368, 1321, 1251, 1235, 1138, 1108, 1065, 1048 cm™'; Ri(hexanes: ethyl acetate = 3:1)= 0.67;
Anal. Calcd. For C,{HgBrF;0s: C, 40.64; H, 2.48. Found: C, 40.59; H, 2.26. m. p. 49-50 °C
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Procedures and Characterization for the Derivatization of Oxytrifluoromethylation
Product 3m (Scheme 2)

Br N, (+)-(1S,2R)-1-azido-1-(5-bromobenzo|[d][1,3]dioxol-4-yl)-4,4,4-
CF; trifluorobutan-2-ol (5) A mixture of epoxide 3m (32.5 mg, 0.10 mmol, 1.0

OH
oJO equiv.), sodium azide (19.5 mg, 0.30 mmol, 3.0 equiv.) and ammonium

chloride (10.6 mg, 0.20 mmol, 2.0 equiv.) in methanol/water (v/iv=1:1, 1.5 mL) was stirred at 80
°C for 3 h before cooling to room temperature. After removing methanol in vacuo the mixture
was extracted with diethyl ether (1 mLx4). The combined organic phase was concentrated in
vacuo. The residue was purified by silica gel flash column chromatography (hexanes: ethyl
acetate = 10:1 to 4:1) to afford the title compound (33.6 mg, 91 %) as a white solid. '"H NMR
(400 MHz, CDCls) & 7.14 (d, J =8.3 Hz, 1 H), 6.08 (d, J =1.1 Hz, 1 H), 6.02 (d, J =1.1 Hz, 1 H),
5.05 (d, J=7.4 Hz, 1 H), 4.48 (m, 1 H), 2.61 (dqd, J =15.2 Hz, 11.1 Hz, 1.8 Hz, 1 H), 2.32 (m, 1
H), 2.25 (br, 1 H); *C NMR (100 MHz, CDCls) 5 147.9, 146.7, 126.7, 126.4 (q, Jcr = 276 Hz),
116.9, 115.7, 110.5, 102.3, 67.2 (q, Jor = 3 Hz), 66.4, 37.7 (q, Jor = 28 Hz); '°F NMR (282 MHz,
CDCly) & -63.3 (at, J = 10.7 Hz); IR (film) vpnax 2105, 1453, 1237, 1123, 1051, 934 cm™.
Ri(hexanes: ethyl acetate = 3:1)= 0.52.

B N (2)-(3R,4S)-4-(5-bromobenzo[d][1,3]dioxol-4-yl)-1,1,1-trifluorohept-6-en-
- CFs 3-ol (6) An oven-dried 13x100 mm Fisher Scientific re-sealable test tube test
o OH tube equipped with a Teflon-coated magnetic stir bar was charged with 3m (45
o/

mg, 0.14 mmol, 1.0 equiv.). The reaction tube was sealed with a septum
screw-cap (Thermo Scientific ASM PHN CAP w/PTFE/SIL, cat. #03388316) and connected to a
Schlenk line. The tube was then briefly evacuated and backfilled with argon (this sequence was
repeated a total of four times). Anhydrous diethylether (0.5 mL) followed by allylmagnesium
bromide solution (1.0 M in diethylether, 0.42 mL, 3.0 equiv.) was added to the tube via syringe
at room temperature and the argon pressure was removed. After stirring at room temperature
for 3 h the mixture was quenched with saturated aqueous ammonium chloride solution (2 mL).
The aqueous layer was separated and extracted with diethyl ether (1 mLx3). The combined
organic layers were concentrated in vacuo. The residue was purified by silica gel flash column
chromatography (hexanes: ethyl acetate = 20:1 to 5:1) to afford the title compound (31.4 mg, 62
%) as a colorless oil. 'H NMR (400 MHz, CDCl3) 8 7.11 (d, J =8.3 Hz, 1 H), 6.65 (d, J =8.3 Hz,
1 H), 6.03 (d, J=1.0 Hz, 1 H), 5.94 (d, J=1.0 Hz, 1 H), 5.68 (m, 1 H), 5.05 (dd, J=17.0 Hz, 3.1
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Hz, 1 H), 4.97 (d, J =10.4 Hz, 1 H), 4.36 (m, 1H), 3.49 (m, 1 H), 2.71-2.53 (m, 2 H), 2.44-2.32
(m, 2 H), 2.22-2.11 (m, 1 H); "*C NMR (100 MHz, CDCl3) & 147.2, 146.0, 135.4, 126.6, 126.6 (q,
Jor = 276 Hz), 122.0, 117.8, 117.2, 109.7, 101.3, 68.1, 48.9, 39.5 (q, Jor = 27 Hz), 33.6; '°F
NMR (282 MHz, CDClg) & -63.5 (at, J = 10.4 Hz); IR (film) vmax 1734, 1445, 1362, 1236, 1123,
1050, 938 cm™'. Ry(hexanes: ethyl acetate = 3:1)= 0.58;

J@/Cl (x)-(18,2R)-1-(5-bromobenzo[d][1,3]dioxol-4-yl)-1-((4-chlorophenyl)thio)-
Br S 4,4, 4-trifluorobutan-2-ol (7) A mixture of epoxide 3m (45.0 mg, 0.14 mmol,

cF; 1.0 equiv.), sodium hydroxide (11 mg, 0.28 mmol, 2.0 equiv.) and 4-
OH
O chlorothiophenol (40 mg, 0.28 mmaol, 2.0 equiv.) in dioxane/water (v/iv=10:1, 1

o mL) was stirred at 65 °C for 2 h before cooling to room temperature and
diluted with 3 mL diethyl ether. The mixture was washed with 1N NaOH aqueous solution (5 mL)
and separated. The organic phase was concentrated in vacuo. The residue was purified by
silica gel flash column chromatography (hexanes: ethyl acetate = 20:1 to 6:1) to afford the title
compound (60.4 mg, 92 %) as a colorless oil. 'H NMR (400 MHz, CDCl;) & 7.24 (s, 4 H), 7.10
(d, J=8.3 Hz, 1 H), 6.64 (d, J=8.3Hz, 1 H), 5.93 (s, 1 H), 5.64 (s, 1 H), 4.57-4.49 (m, 2 H), 2.96
(m, 1 H), 2.48 (br, 1 H), 2.30 (m, 1 H); '*C NMR (100 MHz, CDCl;) & 147.3, 147.3, 136.3, 135.3,
129.2, 129.2, 126.6, 126.5 (q, Jcr = 276 Hz), 119.9, 119.9, 109.4, 101.7, 67.4, 56.7, 39.1 (q, Jcr
= 27 Hz); "°F NMR (282 MHz, CDCls) 3 -63.5 (at, J = 10.4 Hz); IR (film) vimax 1475, 1448, 12686,
1236, 1140, 1112, 1092, 1012, 989 cm™. Ri(hexanes: ethyl acetate = 3:1)= 0.56; Anal. Calcd.
For C47H3BrCIF;03S: C, 43.47; H, 2.79. Found: C, 43.21; H, 2.84.

B F (£)-(1R,2R)-1-(5-bromobenzo[d][1,3]dioxol-4-yl)-1,4,4,4-tetra fluorobutan-

CFs 2-ol (8) Adapted from a previously reported procedure,® the title compound

0 OH was synthesized from 3m (23.3 mg, 0.07 mmol). The product was purified by
o/

silica gel flash column chromatography (hexanes: ethyl acetate = 10:1 to 3:1)
to afford 3a (19.5 mg, 79 %) as a sticky oil. 'H NMR (400 MHz, CDCl;) & 7.08 (dd, J = 8.3 Hz,
1.3 Hz, 1 H), 6.74 (dd, J = 8.3 Hz, 1.0 Hz, 1 H), 6.05 (d, J= 1.3 Hz, 1 H), 6.03 (d, J = 1.3 Hz, 1
H), 5.73 (dd, J = 46 Hz, 6.3 Hz, 1 H), 4.61 (m, 1 H), 2.62 (br, 1 H), 2.51-2.43 (m, 1 H), 2.24-2.17
(m, 1 H); *C NMR (100 MHz, CDCl3) & 148.0 (d, Jcr = 2 Hz), 147.3(d, Jcr = 2 Hz), 126.2, 126.0
(9, Jcr = 274 Hz), 116.9 (d, Jor = 21 Hz), 113.5 (d, Jcr = 6 Hz), 110.8 (d, Jcr = 1 Hz), 102.3, 94.3
(d, Jor = 175 Hz), 67.3 (dq, Jor = 24 Hz, 3 Hz), 36.7 (qd, Jcr = 28 Hz, 6 Hz); '°F NMR (282
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MHz, CDCI3) 6 -63.9 (at, J=10.4 Hz, 3 F), -192.5 (dd, J = 46.0 Hz, 16.6 Hz, 1 F); IR (film) 3969,
1738, 1456, 1364, 1240, 1151, 1127, 1054, 873 cm™"; Ri(hexanes: ethyl acetate = 3:1)= 0.48;
Anal. Calcd. For C11HgBrF,O3: C, 38.29; H, 2.63. Found: C, 38.54; H, 2.47.
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1.6 Spectra and HPLC traces
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3b '*C NMR (100 MHz, CDCl5)
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3f '°C NMR (100 MHz, CDCl5)
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3k 'H NMR (400 MHz, CDCl3)
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HPLC traces for starting material and product in eq 1
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7 "°*C NMR (100 MHz, CDCl5)
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Chapter 2.
Cu-Catalyzed Enantioselective Alkene Oxytrifluoromethylation:
Discovery of a Cu-Mediated Enantioselective C—O Bond Forming Process

via a Radical Intermediate.
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2.1 Introduction

Transition metal-catalyzed alkene difunctionalization represents a versatile and step-
economical strategy for the enhancement of molecular complexity, as it accesses multiple
carbon-carbon/carbon-heteroatom bonds and stereogenic centers in a single step from simple
precursors."? One of the most synthetically important transformations of this class is the radical
addition of alkenes catalyzed by a transition metal redox system.® In a typical catalytic cycle
(Scheme 1a), a metal-generated radical adds across the alkene to give nascent carbon radical
intermediate I. Subsequent functionalization of 1 gives rise to Il while regenerating the metal
catalyst. Depending on the nature of the functional group used for trapping, a C-X (X =
halogen), C-O, C-N or C-C bond can be incorporated.* In contrast to numerous reports on
reactions that afford racemic products, catalyst-controlled enantioselective functionalizations of
I, interesting and potentially useful processes, have been rarely explored. The only disclosure is
by Sonoda and Kamigata who reported the use of chiral rhodium and ruthenium complexes as
catalysts for the atom transfer radical addition involving carbon-halogen bond formation
affording products with 16% ee and 10-40% ee, respectively.” Our interest in developing a
transition metal-catalyzed asymmetric radical addition reaction via the enantioselective trapping
of 1 originated from our recent study on the copper-catalyzed ligand-assisted
oxytrifluoromethylation of alkenes.® This method provides efficient access to a variety of CFs-
containing building blocks such as lactones, cyclic ethers and epoxides. A redox radical addition
mechanism was proposed for this transformation, in which a C-O bond was formed via the
copper-mediated trapping of an a-CF;-alkyl radical species Il derived from the addition of CF3
radical (Scheme 1b).’

During the course of our study, the use of a bidentate pyridine-based ligand was found
to facilitate the C-O bond formation step. This ligand effect prompted us to explore the
possibility of achieving asymmetric catalysis in this system by means of enantioselectively
trapping the putative intermediate Ill. This strategy represents a mechanistically unique
approach to enantioselective C-O bond formation via a radical intermediate. Given the wide
range of difunctionalization reactions such radical intermediates can participate in and the lack
of methods for exploiting their reactivity in enantioselective transformations, we believed that the
study of this transformation could have a significant impact in the broader context of transition

metal redox catalysis.
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In this report, we disclose the realization of this strategy in the copper-catalyzed
enantioselective oxytrifluoromethylation of alkenes. Mechanistic investigations are consistent
with a metal-catalyzed redox radical addition mechanism, featuring the enantioselective

functionalization of an alkyl radical intermediate.

Scheme 1. Background of the methodology development.

(a) Radical addition catalyzed by a transition metal redox system
Gp

R 2
Rz)\’ ! Mn By ¢ broad scope

|

' _ + versatility
trapping initiation
+ simple starting material
n+1
MIX Ry + valuable products
R P L 4—-4 Ry . . .
2 I addition enantioselective transformation: rarely explored

cat. Cu(MeCN)4PFg . JET
o “OH N - cat. 2,2"-biguinoline o) CF, J OH
% — > A4 5 8\ /CF3
’ MeCN, 55 °C

(c) This work: enantioselective radical addition catalyzed by a Cu(l) redox system - oxytrifluoromethylation

R i

enantioenriched
CF3-containing lactones

= [CuL*]

2.2 Results and Discussion

We began our study by examining the reaction of 4-phenyl-4-pentenoic acid (2a) with
Togni's reagent (1)? in the presence of a catalytic amount of Cu(MeCN),PFs combined with a
series of chiral ligands. The combination of Cu(MeCN),PFs and (S,S)-tBuBox (L1) in methyl
tert-butyl ether (MTBE) at room temperature furnished the oxytrifluoromethylation product 3a in
85% vyield and 81% ee (Table 1, entry 1). The enantioselectivity showed a significant

dependence on the solvent, following the trend: ethereal solvents > ethyl acetate > chloroalkane
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solvents > alcohol solvents > acetonitrile (entries 4-7). Next, the use of a cationic copper(l)
precatalyst was found necessary for the desired reaction to take place. Copper(l) iodide was
incapable of catalyzing the desired transformation, while the use of copper(l) chloride provided a
substantial amount of 3a with slight selectivity for the opposite enantiomer (entries 8 and 9).°
The reaction could not be catalyzed by a cationic copper(ll) salt (entry 10)."® In addition, two
Lewis acids were tested and 3a was detected in neither of these cases (entries 11 and 12). This
suggested the activation of 1 as an electrophile by means of Lewis acid coordination is not likely

involved in the productive pathway."'

Table 1. Effect of reaction parameters.

1.0 equiv 1
7.5% Cu(MeCN),PF Ph
OH 7.5% (S,S)-BuBox (L1) o
Ph = OV cr,
o MTBE, RT, 16 h
2a standard conditions 3a
- e Yield ee : Me_ Me
ntry change from standard conditions o lal o/ 10b] ;
[%] [%] : o ; i))
! \!
N N
1 none 85 81 -
! 1Bu Bu
2 L2 instead of L1 <2 n.d. : L1
3 L3 instead of L1 <2 n.d. &
4 EtOAc instead of MTBE 82 vy R j
5 CH,Cl, instead of MTBE 84 62 NoONTmy
6 MeOH instead of MTBE 57 36 L2
g MeCN instead of MTBE 80 4 :
8¢ Cul instead of Cu(MeCN),PFg <2 n.d. | =
9 CuCl instead of Cu(MeCN),PFs 66 21 SO', N \f)
10 Cu(OTf), instead of Cu(MeCN),PFs <2  nd - N =y .
1 Bu u
1 Zn(OTf), instead of Cu(MeCN),PFg <2 n.d. ; L3
12 Sc(OTf); instead of Cu(MeCN)4PFg <2 n.d. '

[a] Determined by '°F NMR spectroscopy using PhCF3 as an internal standard. [b] Determined by
HPLC analysis using a chiral stationary phase.

We next explored the scope of the transformation and representative examples are
shown in table 2. An array of unsaturated carboxylic acids bearing different aryl groups were
found to undergo the desired transformation to give the corresponding trifluoromethylated
lactones in good yields and useful enantiomeric excesses. The mild conditions were compatible

with a number of functional groups including aryl halides (table 2, 3b-d) and ketones (3f). An
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electron-deficient aryl substituent (3e) and a 3-thiophenyl substituent (3h) on the alkene were
also tolerated. The incorporation of a geminal dimethyl group showed little effect on the yield or
enantiomeric excess realized (3i and 3k). Incomplete conversion of the starting material and a
diminished yield of product was observed when the sterically demanding 1-naphthyl substituent
was present, even though a good level of enantiomeric excess was still observed (3g). It was

found that both y- and d-lactones (3j and 3k) were accessible under the standard conditions. '

Table 2. Cu-Catalyzed enantioselective oxytrifluoromethylation.?

1.0 equiv 1
7.5% Cu(MeCN),PFq R
OH R, 7.5% (5,9)-BuBox (L1) O !
o=( = > O CF,
p MTBE, RT, 16 h
2a-k 3a-k

Yield % ee %

: O ..
3a R=H 88 82 o o o Q

@ 3 R=Br 78 83 \l\;)_.\
Oto)i\ 3c R=Cl 81 81 CF
CF4

3d R=F 80 75

3f 3g
78% vyield, 83% ee 44% yield, 81% ee
3e R= CF3 74 81 (70% yield, 98% ee[b])

S Ph

O 0L >

@ O8-OL.Ph 0_o_Ph ~
Ox-0. 3 CF3

; MiA g oF CF, 3
CF, © 8 Me Me
3h 3i 3 3k

87% vyield, 74% ee 70% yield, 80% ee 85% vyield, 81% ee 85% vyield, 83% ee

[a] Reaction conditions: Cu(MeCN),PF; (7.5 mol %), L1 (7.5 mol %), 1 (1.0 equiv), 2 (0.50 mmol, 1.0 equiv) in 10 mL
MTBE at 25 °C for 16 h. Isolated yields, average of two runs. Enantiomeric excesses were determined by chiral
HPLC analysis. [b] The product crystallized from the crude reaction mixture after work-up. For details see the
supporting information.

A series of experiments was performed to test our mechanistic hypothesis (Scheme 2a).
When cyclopropane radical clock 4 was treated with 1 in the presence of the catalyst system,
the oxytrifluoromethylation product 5 was not detected. Instead, a complex mixture of CFs-
containing products resulting from cyclopropane ring opening was observed, the largest

component of which was identified to be 6. Further, the use of diallyl malonate 7 as substrate
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provided two 5-exo-cyclization products, 8 and 9."® These observations are consistent with a
mechanism involving an «-CFz-alkyl radical intermediate IV (Scheme 1c). Next, the reaction
between 1 and a radical scavenger TEMPO ((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl) in the
presence of the catalyst system afforded the trifluoromethyl-trapping adduct 10 in 45% yield
(Scheme 2b)."*

Scheme 2. (a) Radical clock experiments. (b) TEMPO trapping experiment.

(a) Reactions with radical clocks:

O |
2.0 equiv 1
40 mol% Cu(MeCN)4PF¢
WCOQH 40 mol% L1 ,A
: > Ph
A MTBE, RT COLH
Ph 40% conv.
CF3
(x)-4
< 2% 20%
1.5 equiv 1
| 25 mol% Cu(MeCN),PFg
25 mol% L1
EtO,C X MTBE, RT EtO ,C EtO,C
EtO,C 35% conv. EtO,C EtOZC
7
10% 4%
(b) Trapping with TEMPO:
1 equiv 1
1 equiv Cu{MeCN)4PFg
1 equiv L1
Me N Me > Me N Me
Me '+ Me MTBE, RT Me CI) Me
Q “CF,
10

45%

A study of the reaction of trisubstituted alkene substrates provided further insight into the
reaction mechanism. As shown in Scheme 3a, both geometric isomers of 5-phenyl-5-heptenoic
acid (21) were synthesized and subjected to the standard reaction conditions respectively. It was
found that, regardless of the alkene geometry of the substrate, aimost the same product
diastereomeric ratio (31 : 3m = 1:1.7), and same enantiomeric excess for each diastereomer
(92-93% ee for 31, 58-59% ee for 3m) were obtained. This observation excluded a Wacker-like

oxycupration mechanism for the C-O bond formation process.'® Next, from these results we
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were able to calculate the ratio of the four sterecisomers 3l : ent-31 : 3m : ent-3m to be
36:1:50:13. In terms of the CFs-bearing stereogenic center (C2'), the ratio between the products
with a 2'R configuration (3m and ent-3l) and those with a 2'S configuration (31 and ent-3m) was
essentially 1:1. This observation indicated a stepwise mechanism consist of (1) a non-
stereoselective C—CF3; bond-forming step and (2) a diastereoselective C—O bond-forming step,

which explains the stereoisomer ratio obtained as illustrated below.

Scheme 3. (a) Trisubstituted alkenes as mechanistic probes. ? (b) Rationale for the product
distribution observed.
(a)

M It M
e e
L/\j)\ 7 ]\/\)?\
Ph oH > LAk € mn OH
(E)-21 Ph : (2-21
E:Z>20:1 Me ZE=14:1
3m
3! 3m ratio of sterecisomers
substrate yield ee yield ee d.r.[e]
[°/o]lb] [°/o]i':] [%l[n] ["/o][c] 31 :ent-3l:3m : ent-3m
(E)-21 28 93 47 58 1317 36.3:1.3:49.3:13.1
(2)-21 24 92 40 59 15 1.¢ 357:15:498:13.0

[a] Reaction conidtions: 1.2 equiv 1, 10 mol% Cu(MeCN)4PFg, 10 mol% L1, MTBE, RT, 22 h. [b]
Determined by °F NMR analysis of the crude reaction mixture. [c] Determined by HPLC analysis.

(b) 0

bhice S
: 36%
Ph Ph
Oy—o0Y ) o Me
— - P\&Z',CF mismatched
3
s (o]
Me s 3 CF3 ent-3m
v [ 13%
either -CFy Me
(E)-2l or (2)-21 [CuL*] V:Vi=1:1 (@]
(@]
0 T @\R,CF om
o Ay 3 50%

— ME‘CFS matched o Me
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VI 0 ent-3l
S
&) CF3 1%
Y = [CuL?] :
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As shown in Scheme 3b, in the first radical addition step, either (E)- or (2)-2l reacts with
a trifluoromethyl radical to form a C-CF3; bond in a non-stereoselective fashion, furnishing a pair
of enantiomeric «-CF;-alkyl radicals V and VI in a ratio close to 1:1. In the C-O bond-forming
step, both the copper catalyst system and the already established stereogenic center at the 2'
position come into play, providing matched/mismatched scenarios. For V, the catalyst-controlled
selectivity (6R over 6S) contradicts the substrate-controlled selectivity (6S, 2'S over 6R, 2'S),
therefore affording a diminished selectivity (36:13) for the catalyst-controlled product 3I. For its
enantiomer VI, the catalyst-controlled selectivity (6R over 6S) is reinforced by the substrate-
controlled selectivity (6R, 2'R over 65, 2'R), leading to an enhanced selectivity (50:1) for 3m.

A catalytic cycle consistent with the mechanistic study discussed above is proposed
(Scheme 4). A single-electron-transfer between 1 and the Cu(l) catalyst generates a CF; radical
and a Cu(ll) complex. The CF; radical then adds across the alkene to give IV, which undergoes
enantioselective C-0O bond formation mediated by the Cu(ll) species, affording the lactone

product while regenerating the Cu(l) catalyst.'®

Scheme 4. Mechanistic proposal.

(@] O
Q JAr
1
CF, el
, CF3
Cu-mediated mmanon

enantioselective C-O
bond formation =

[Cu'l -CF; +
O
-
Ar addition J\/Y
FsC

v

2.3 Conclusion

In conclusion, we have developed a simple and mild method for the efficient
enantioselective oxytrifluoromethylation of alkenes using a copper-based catalyst system. This
method delivers a set of enantioenriched CFz-containing lactones with good functional group
compatibility. Evidence was found in support of a redox radical addition mechanism, in which a

C-0 bond is enantioselectively formed via a carbon radical intermediate. This method provides
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a novel approach to enantioselective C-O bond formation that can potentially be applied to a
range of transition metal-catalyzed radical difunctionalization reactions. We are continuing work

to expand the scope of this copper-catalyzed enantioselective difunctionalization strategy.

2.4 Experimental

General considerations. All reactions were carried out with dry solvents under anhydrous
conditions, unless otherwise noted. Anhydrous methyl tert-butyl ether (MTBE) and 2,2'-
isopropylidenebis[(4 S)-4-tert-butyl-2-oxazoline] (99%) were purchased from Aldrich and used as
received. Tetrakis(acetonitrile)copper(l) hexafluorophosphate was purchased from Strem and
stored in a dry box. Reagents were purchased at the highest commercial quality and used
without further purification, unless otherwise stated. All chemicals were weighed on the bench
top, in the air. 1-Trifluoromethyl-1,2-benziodoxol-3-(7H)-one (Togni trifluoromethylating reagent,
1) was prepared according to the literature procedure.™ Yields refer to chromatographically and
spectroscopically ('"H NMR) homogeneous materials, unless otherwise stated. All yields of the
copper-catalyzed asymmetric oxytrifluoromethylation reactions stated are the average of at least
two experiments. Reactions were monitored by ' NMR spectroscopy and thin-layer
chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV
light as a visualizing agent and phosphomolybdic acid in ethanol or iodine on silica gel as
developing agents. Flash silica gel chromatography was performed using Silicycle SiliaFlashP60
(230-400 mesh) silica gel. 'H and '®*C NMR spectra were recorded on a Bruker AMX 400
spectrometer and were calibrated using residual solvent as an internal reference (CDClj: 7.26
ppm for '"H NMR and 77.16 ppm for '*C NMR). '°F NMR spectra were recorded on a Varian 300
MHz spectrometer or a Bruker AMX 400 spectrometer and were calibrated using CFCl; as an
external reference (0 ppm). The following abbreviations were used to explain the multiplicities: s
= singlet, d = doublet, t = triplet, q = quartet, m = multiplet, b = broad, at = apparent triplet, ad =
apparent doublet. IR spectra were recorded on a Thermo Scientific Nicolet iS5 FT-IR
spectrometer (iD5 ATR). HPLC analyses were performed on an Angilent 1100 series system

with Daicel Chiralcel®

columns (4.6 mm x 250 mm) in hexanes/i-PrOH mixtures. Melting points
(m.p.) were obtained on a Mel-Temp capillary melting point apparatus. Optical rotations were
measured on Jacsco P-1010 polarimeter with a sodium lamp(589 nm) at 24 °C. Elemental

analyses were performed by Atlantic Microlabs Inc., Norcross, GA.
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Synthesis and characterization of non-commercial substrates. 4-Phenylpent-4-enoic acid
(2a),"” 4-(4-chlorophenyl)pent-4-enoic acid (2c), "’ 4-(4-fluorophenyl)pent-4-enoic acid (2d)," 4-
(4-trifuorophenyl)pent-4-enoic acid (2e),"” 4-(1-naphthalenyl)pent-4-enoic acid (2g),”® 5-
phenylhex-5-enoic  acid  (2j),"®  3,3-dimethyl-5-phenylhex-5-encic  acid  (2k),"®  4-(4-
bromophenyl)pent-4-enoic acid (2b),® 2,2-dimethyl-4-phenylpent-4-enoic acid (2i),*° 4-(3-
thienyl)pent-4-enoic acid (2h),2" 4-(3-acetylphenyl)pent-4-enoic acid (2f),* (Z)-5-phenylhept-5-
enoic acid ((Z)-21, Z:E = 14:1 as determined by 'H NMR analysis),?*> were prepared according to

literature procedures.

' 3\
1) 1% precatalyst A OMs O
| 1.5 equiv. ZnBr(CH,)3CO,Et Me 1
Pd—-L

THF rt, 10h | G
xMe > L/\/IL
Ph/K/ Ph OH

PCy,
2) KOH, MeOH/H,0, r.t. 3h

llle L= Pr Pr
then HCI O O

58% over 2 steps (B2 E:z>201 R
Pr

L Precatalyst A

J

Synthesis of (E)-5-phenylhept-5-enoic acid ((E)-2l1): An oven-dried 20 x 150 mL re-sealable
test tube equipped with a Teflon-coated magnetic stir bar was charged with precatalyst A (7 mg,
0.008 mmol, 0.01 equiv). The tube was then sealed with a Teflon screw-cap septum and
connected to a Schienk line. The vessel was briefly evacuated and backfilled with argon (this
sequence was repeated a total of three times). (2)-(1-iodoprop-1-en-1-yl)benzene (0.8 mmol,
195 mg, Z:E > 20:1)** was added to the tube followed by anhydrous THF (1 mL) via syringe.
The zinc reagent® (1 M in THF, 1.2 mL, 1.5 equiv) was then added to the resulting mixture via
syringe dropwise at room temperature to afford a light yellow solution. After stirred at room
temperature for 10 h the mixture was diluted with ethyl ether (4 mL) and saturated aqueous
ammonium chloride solution (4 mL). The agueous layer was separated and extracted with ethyl
ether (4 mLx3), and the combined organic layers were concentrated in vacuo. The residue was
dissolved in methanol (3 mL) and treated with aqueous potassium hydroxide solution (1 M, 3
mL, 3.8 equiv). After stirred at room temperature for 3 h, methanol was removed in vacuo. The
aqueous residue was washed with hexanes (5 mL) and ethyl ether (5 mL) and then acidified (
pH < 2 ). The resulting mixture was extracted with ethyl ether (5 mLx3), and the combined
organic layers were concentrated in vacuo. The residue was purified by silica gel flash column
chromatography (EtOAc/hexanes = 1:10 to 1:5) to afford (E)-5-phenylhept-5-enoic acid ((E)-2l,
E:Z>20:1) as a colorless oil (94 mg, 58% yield over 2 steps).
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'"H NMR (400 MHz, CDCl;) E:Z> 20:1. & 7.34-7.21 (m, 5 H), 5.81 (q, J =6.8 Hz, 1 H), 2.59 (t, J
=7.6 Hz, 2 H), 2.35 (t, J =7.6 Hz, 2 H), 1.80 (d, J =6.8 Hz, 3 H), 1.72 (m, 2 H); "°C NMR (100
MHz, CDCl3) & 180.2, 142.9, 139.8, 128.4, 126.8, 126.4, 124.1, 33.5, 28.5, 23.3, 14.3; IR (film)
Vmax 2931, 1703, 1409, 1237, 933, 754, 575 cm'1; R; (hexanes: ethyl acetate = 2:1)= 0.4; Anal.
Calcd. For Cy3H1602: C, 76.44; H, 7.90. Found: C, 76.70; H, 7.73.

General Procedure and Characterization for the Copper-Catalyzed Enantioselective

Oxytrifluoromethylation of Alkenes

General Procedure A: Effect of Reaction Parameters (Table 1)

Standard conditions: An oven-dried 13x100 mm Fisher Scientific re-sealable test tube equipped
with a Teflon-coated magnetic stir bar was charged with tetrakis(acetonitrile)copper(l)
hexafluorophosphate (2.8 mg, 0.0075 mmol, 0.075 equiv), 2,2'-isopropylidenebis[(4S)-4-tert-
butyl-2-oxazoline] (L1, 2.2 mg, 0.0075 mmol, 0.075 equiv), 1-trifluoromethyl-1,2-benziodoxol-3-
(1H)-one 1 (Togni’s reagent, 31.6 mg, 0.1 mmol, 1.0 equiv) and 4-phenyl-4-pentenoic acid (2a)
(17.6 mg, 0.1 mmol, 1.0 equiv). The tube was then sealed with a septum screw-cap (Thermo
Scientific ASM PHN CAP w/PTFE/SIL, cat. #03388316) and connected to a Schienk line. The
vessel was briefly evacuated and backfilled with argon (this sequence was repeated a total of
three times). Anhydrous methyl tert-butyl ether (0.5 mL) was added to the tube via syringe. The
reaction mixture was stirred at room temperature (25 °C) for 16 h. «, a, a-Trifluorotoluene
(internal standard, 12.2 mL, 1 equiv) was added to the reaction mixture via syringe. The crude
reaction mixture was then analyzed by '*F NMR spectroscopy. The reaction mixture was then
washed with saturated aqueous sodium bicarbonate solution (2 mL). The aqueous layer was
separated and extracted with diethyl ether (4 mLX3). The combined organic layers were
concentrated in vacuo. The residue was purified by thin-layer chromatography to afford the
oxytrifluoromethylation product 3a which was then analyzed by chiral HPLC (Chiralcel OD-H 4.6
mm x 250 mm, hexanes:i-PrOH = 97:3).

General Procedure B: Substrate Scope (Table 2)

An oven-dried 20 x 150 mm Fisher Scientific re-sealable test tube equipped with a Teflon-
coated magnetic stir bar was charged with tetrakis(acetonitrile)copper(l) hexafluorophosphate
(14 mg, 0.0375 mmol, 0.075 equiv), 2,2’-isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline] (L1, 11
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mg, 0.0375 mmol, 0.075 equiv), 1 (158 mg, 0.50 mmol, 1.0 equiv) and unsaturated carboxylic
acid (0.50 mmol, 1.0 equiv). The reaction tube was sealed with a septum screw-cap (10/90,
Teflon/SIL, National Scientific) and connected to a Schienk line. The vessel was briefly
evacuated and backfilled with argon (this sequence was repeated a total of three times).
Anhydrous methyl! tert-butyl ether (10 mL) was added to the tube via syringe to afford a blue
mixture. The argon pressure was removed and the reaction mixture was stirred at room
temperature (25 °C) for 16 h.*® The reaction mixture was then washed with saturated aqueous
sodium bicarbonate solution (12 mL). The aqueous layer was separated and extracted with
diethyl ether (4 mL X 3). The combined organic layers were concentrated in vacuo. The residue
was purified by silica gel flash column chromatography (EtOAc/hexanes or Et,O/hexanes (for
compounds that have similar or greater polarity than the chiral ligand recovered), using UV light
as a visualizing agent and phosphomolybdic acid in ethanol or iodine on silica gel as developing

agents) to afford the oxytrifluoromethylation product.

(R)-5-phenyl-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one (3a) Following

O=<-o_7_s/\m:3 general procedure B, the title compound was synthesized from 4-phenyl-4-
gel flash column chromatography (hexanes: ethyl acetate = 8:1 to 3.5:1) to afford 3a (105.0 mg,
86% yield, 81% ee) as a pale yellow sticky oil. 'H NMR (400 MHz, CDCls) & 7.40-7.32 (m, 5 H),
2.87 (dqg, J =15.6 Hz, 10.4 Hz, 1 H), 2.80 (dqg, J =15.6 Hz, 10.4 Hz, 1 H), 2.67-2.57 (m, 3 H),
2.44 (m, 1 H); 3C NMR (100 MHz, CDCl3) 3 175.4, 141.1, 128.9, 128.5, 124.7, 124.7 (Q, JoF =
277 Hz), 84.3 (q, Jor = 2 Hz), 45.2 (q, Jor = 27 Hz), 34.3, 28.0; '°F NMR (376 MHz, CDCls) & -
61.0 (at, J = 10.4 Hz); IR (film) vmax 1775, 1382, 1248, 1198, 1122, 1077, 1046, 929 cm’;
Ri(hexanes: ethyl acetate = 2:1)= 0.40; Anal. Calcd. For CoH1F30,: C, 59.02; H, 4.54. Found:
C, 58.74; H, 4.66. [0]p® = -53.0 (c= 1, CHCl3). The enantiomeric excess was determined by
chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250 mm, hexanes:i-PrOH = 97:3, 0.8 mL/min,

pentenoic acid (2a) (88.0 mg, 0.50 mmol). The product was purified by silica

210 nm, tg = 26.3 min (major) and 32.2 min (minor).

Br (R)-5-(4-bromophenyl)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one  (3b)
Following general procedure B, the title compound was synthesized from 4-(4-
0=(i7;’\CF3 bromophenyl)pent-4-enoic acid (2b) (127 mg, 0.50 mmol). The product was

purified by silica gel flash column chromatography (hexanes: diethyl ether = 3:1
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to 1:2.5 to 1:3) to afford 3b (124.2 mg, 77% yield, 83% ee) as a pale yellow solid. '"H NMR (400
MHz, CDCl;) & 7.53 (d, J =8.8 Hz, 2 H), 7.28 (d, J =8.8 Hz, 2 H), 2.88-2.75 (m, 2 H), 2.67-2.56
(m, 3 H), 2.50-2.41 (m, 1 H); *C NMR (100 MHz, CDCls) & 174.9, 140.2, 132.1, 126.6, 124.5 (q,
Jor = 277 Hz), 122.8, 83.9, 45.2 (q, Jor = 27 Hz), 34.4, 27.9; "°F NMR (376 MHz, CDCls) 5 -60.9
(at, J = 10.2 Hz); IR (film) vnax 1786, 1486, 1377, 1259, 1180, 1106, 1046, 1009, 922 cm™';
Ri(hexanes: ethyl acetate = 1.5:1)= 0.5; Anal. Calcd. For CysH1oBrFs;0,: C, 44.61; H, 3.12.
Found: C, 44.77; H, 3.02. m. p. 48-49 °C. [a]p®* = -36.9 (c= 0.6, CHCIls). The enantiomeric
excess was determined by chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250 mm, hexanes:i-
PrOH = 97:3, 0.8 mL/min, 230 nm, tg = 30.7 min (major) and 38.2 min (minor).

The absolute configuration of 3b was determined by X-ray crystallography. The absolute

configurations of 3a and 3c-m were assigned by analogy.

CF.

Figure 1. ORTEP representation of 3b. (thermal ellipsoids shown at 50% probability. Hydrogen

3

atoms are omitted for clarity.)

al (R)-5-(4-chlorophenyl)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one (3c)
Following general procedure B, the title compound was synthesized from 4-(4-

O=rON - chlorophenyl)pent-4-enoic acid (2c) (105 mg, 0.50 mmol). The product was
purified by silica gel flash column chromatography (hexanes: diethyl ether = 3:1

to 1:2.5 to 1:3) to afford 3¢ (114.6 mg, 82% yield, 82% ee) as a pale yellow solid. 'H NMR (400
MHz, CDCl3) & 7.38 (d, J=8.8 Hz, 2 H), 7.33 (d, J =8.8 Hz, 2 H), 2.88-2.75 (m, 2 H), 2.67-2.57
(m, 3 H), 2.50-2.41 (m, 1 H); '*C NMR (100 MHz, CDCls) & 174.9, 139.6, 134.7, 129.1, 126.3,
124.6 (q, Jor = 277 Hz), 83.9, 45.3 (q, Jor = 27 Hz), 34.4, 28.0; "°F NMR (282 MHz, CDCls) & -
61.0 (at, J = 10.3 Hz); IR (film) vmax 1767, 1492, 1393, 1262, 1247, 1118, 1047, 924 cm™;
Ri(hexanes: ethyl acetate = 2:1)= 0.25; Anal. Calcd. For Cy2H,CIF;0,: C, 51.72; H, 3.62. Found:
C, 51.59; H, 3.72. m. p. 59-60 °C. [a]p** = -37.6 (c= 0.5, CHCIs). The enantiomeric excess was
determined by chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250 mm, hexanes:i-PrOH = 97:3,

0.8 mL/min, 230 nm, tg = 30.2 min (major) and 37.1 min (minor).
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E (R)-5-(4-fluorophenyl)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one  (3d)
Following general procedure B, the title compound was synthesized from 4-(4-

Oa(i?::/\ca, fIu?rf)phenyl?p-)ent-4-enoic acid (2d) (97 mg, 0.50 mmol). T'he product was
purified by silica gel flash column chromatography (hexanes: diethyl ether = 3:1

to 1:2.5) to afford 3d (102.9 mg, 79% vyield, 75% ee) as a colorless oil. 'H NMR (400 MHz,
CDCl,) & 7.38 (m, 2 H), 7.08 (m, 2 H), 2.87-2.75 (m, 2 H), 2.69-2.58 (m, 3 H), 2.47-2.40 (m, 1
H); 3C NMR (100 MHz, CDCls) & 175.1, 162.6 (d, Jcr = 246 Hz), 136.8, 126.8 (d, Jcr = 8 Hz),
124.6 (q, Jor = 277 Hz), 115.9 (d, Jor = 22 Hz), 84.0, 45.4 (q, Jor = 27 Hz), 34.4, 28.0; '°F NMR
(376 MHz, CDCl;) & -61.0 (at, J=10.2 Hz, 3 F), -113.9 (m, 1 F); IR (film) vnax 1779, 1606, 1511,
1379, 1229, 1119, 1036, 925 cm™; R; (hexanes: ethyl acetate = 2:1)= 0.33; Anal. Calcd. For
C1oH1oF400: C, 54.97; H, 3.84. Found: C, 55.19; H, 4.16. [0]o®* = -39.8 (c= 1, CHCls). The
enantiomeric excess was determined by chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250

mm, hexanes:i-PrOH = 97:3, 0.8 mL/min, 210 nm, tg = 27.2 min (major) and 32.5 min (minor).

CFs (R)-5-(4-trifluoromethylphenyl)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3 H)-

one (3e) Following slightly modified general procedure B in which the combined

02(0‘75/\(3FS organic layers obtained from the extraction were briefly washed with 0.05 M

aqueous sodium hydroxide solution (5 mL) to remove the unreacted substrate

before concentrated in vacuo, the title compound was synthesized from 4-(4-trifluoromethyl
phenyl)pent-4-enoic acid (2e) (122 mg, 0.50 mmol). The product was purified by silica gel flash
column chromatography (hexanes: diethyl ether = 3:1 to 1:4) to afford 3e (112.9 mg, 72% yield,
81% ee) as a pale yellow oil. '"H NMR (400 MHz, CDCl;) & 7.68 (d, J =8.4 Hz, 2 H), 7.54 (d, J
=8.8 Hz, 2 H), 2.94-2.78 (m, 2 H), 2.73-2.58 (m, 3 H), 2.51-2.41 (m, 1 H); '*C NMR (100 MHz,
CDCl3) & 174.8, 145.2, 131.0 (q, Jcr = 32 Hz), 126.1, 125.4, 124.5 (q, Jor = 277 Hz), 123.8 (q,
Jor = 271 Hz), 83.8, 45.2 (q, Jor = 28 Hz), 34.5, 27.9; "°F NMR (376 MHz, CDCl;) & -61.0 (at, J
= 10.2 Hz, 3 F), -63.3 (s, 3 F); IR (film) vna 1788, 1380, 1324, 1251, 1109, 1069, 926 cm™;
Ri(hexanes: ethyl acetate = 2:1)= 0.33; Anal. Calcd. For Cy3H10FsO2: C, 50.01; H, 3.23. Found:
C, 50.23: H, 3.17. The enantiomeric excess was determined by chiral HPLC analysis: Chiralcel
OD-H 4.6 mm x 250 mm, hexanes:i-PrOH = 97:3, 0.8 mL/min, 210 nm, tg = 27.5 min (major)

and 37.1 min (minor).
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Q‘(O (R)-5-(3-acetylphenyl)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3 H)-one (3f)
Oﬁi-\ca Me  Following general procedure B,' the title compound was synthesized from 4-
(3-acetylphenyl)pent-4-enoic acid (2f) (109 mg, 0.50 mmol). The product was
purified by silica gel flash column chromatography (hexanes: ethyl ether = 1:1 to 1:7) to afford 3f
(115.5 mg, 81%, 83% ee) as a pale yellow crystalline solid. 'H NMR (400 MHz, CDCly) & 7.97
(m, 1 H),7.91 (d, J=7.6 Hz, 1 H), 7.63 (d, J=8.0 Hz, 1 H), 7.50 (at, J =7.6 Hz, 1 H), 2.89 (m, 2
H), 2.71-2.61 (m, 3 H), 2.60 (s, 3 H), 2.44 (m, 1 H); "*C NMR (100 MHz, CDCls)  197.6, 175.0,
142.0, 137.6, 129.4, 129.33, 128.7, 124.6 (q, Jor = 276 Hz), 124.3, 84.0 (q, Jocr = 2 Hz), 45.2 (q,
Jor = 27 Hz), 34.5, 27.9, 26.8; '°F NMR (376 MHz, CDCl3) 3 -60.9 (at, J = 10.2 Hz); IR (film) Vinax
1768, 1674, 1389, 1296, 1243, 1119, 1050, 929 cm™"; Ry(hexanes: ethyl acetate = 2:1)= 0.15;
Anal. Caled. For Cy4H 3Fs03: C, 58.74; H, 4.58. Found: C, 58.70; H, 4.59. The enantiomeric
excess was determined by chiral HPLC analysis: Chiralcel 1A 4.6 mm x 250 mm, hexanes:i-
PrOH = 90:10, 0.8 mL/min, 210 nm, tg = 16.3 min (minor) and 18.4 min (major).

Chromatography-free synthesis of 3f : An oven-dried 20 x 150 mm Fisher Scientific re-sealable
test tube equipped with a Teflon-coated magnetic stir bar was charged with
tetrakis(acetonitrile)copper(l) hexafluorophosphate (14 mg, 0.0375 mmol, 0.075 equiv), 2,2'-
isopropylidenebis[(4 S)-4-tert-butyl-2-oxazoline] (L1, 11 mg, 0.0375 mmol, 0.075 equiv), 1
(Togni’s reagent, 158 mg, 0.50 mmol, 1.0 equiv) and 2f (109 mg, 0.50 mmol). The reaction tube
was sealed with a septum screw-cap (10/90, Teflon/SIL, National Scientific) and connected to a
Schilenk line. The vessel was briefly evacuated and backfilled with argon (this sequence was
repeated a total of three times). Anhydrous methyl tert-butyl ether (10 mL) was added to the
tube via syringe to afford a blue mixture. The argon pressure was removed and the reaction
mixture was stirred at room temperature (25 °C) for 16 h. The reaction mixture was then
washed with saturated aqueous sodium bicarbonate solution (10 mL). The aqueous layer was
separated and extracted with diethyl ether (4 mLX<3). The combined organic layers were dried
over Na,SQ,, filtered though a short plug of silica gel and concentrated in vacuo until ca. 1.5 mL
solvent was left. Crystallization from this solution at -20 °C afforded 3f (99.8 mg, 70%, 98% ee)
as colorless needle-like crystals. m. p. 105-106 °C. [a]p** = -62.6 (c= 1, CHCl,).

(R)-5-(1-Naphthalenyl)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one (2g) Following slightly

modified general procedure B in which the combined organic layers obtained from the extraction
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were briefly washed with 0.05 M aqueous sodium hydroxide solution (5 mL) to

0¥ remove the unreacted substrate before concentrated in vacuo, the title

0 CFs

compound was synthesized from 4-(1-napthalenyl)-4-pentenoic acid (2g) (113
mg, 0.50 mmol). The product was purified by silica gel flash column chromatography (hexanes:
ethyl acetate = 6:1 to 4:1) to afford 3g (67.5 mg, 46% yield, 81% ee) as a sticky colorless oil. 'H
NMR (400 MHz, CDCls) 8 7.95-7.86 (m, 3 H), 7.78 (d, J =7.2 Hz, 1 H), 7.59 (id, J =6.8 Hz, 1.6
Hz, 1 H), 7.53 (td, J =6.8 Hz, 1.2 Hz), ), 7.48 (d, J=8.0 Hz, 1 H), 3.25 (dg, J=16.0 Hz, 10.4 Hz,
1 H), 3.11 (dq, J =16.0 Hz, 10.4 Hz, 1 H), 3.06 (m, 1 H), 2.94 (m, 1 H), 2.73 (ddd, J =18.0 Hz,
10.0 Hz, 5.6 Hz, 1 H), 2.51 (ddd, J =18.0 Hz, 10.0 Hz, 8.4 Hz, 1 H); '3C NMR (100 MHz, CDCly)
5 175.2, 137.0, 134.9, 130.2, 130.1, 128.6, 126.8, 125.8, 125.3, 125.2 (q, Jcr = 277 Hz), 123.7,
123.4, 85.0 (q, Jor = 2 Hz), 43.9 (q, Jor = 28 Hz), 32.9, 28.2; "*F NMR (376 MHz, CDCls) & -
61.2 (at, J = 10.5 Hz); IR (film) vmax 1779, 1376, 1260, 1193, 1121, 1058, 930 cm™'; Ri(hexanes:
ethyl acetate = 2:1)= 0.42; The enantiomeric excess was determined by chiral HPLC analysis:
Chiralcel AD-H 4.6 mm x 250 mm, hexanes:i-PrOH = 97:3, 0.8 mL/min, 210 nm, tg = 12.8 min

(minor) and 15.4 min (major).

@S (R)-5-(3-thiophenyl)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one (3h)
Z
00N Following general procedure B, the title compound was synthesized from 4-(3-
thiophenyi)pent-4-enoic acid (2h) (91 mg, 0.50 mmol). The product was purified
by silica gel flash column chromatography (hexanes: ethyl acetate = 8:1 to 3.5:1) to afford 3h
(110.7 mg, 88%, 73% ee) as a yellow oil. '"H NMR (400 MHz, CDCl3) & 7.36 (dd, J =5.2 Hz, 3.2
Hz. 1 H), 7.28 (dd, J =3.2 Hz, 1.6 Hz. 1 H), 7.02 (dd, J =5.2 Hz, 1.6 Hz. 1 H), 2.83 (m, 2 H),
2.63-2.47 (m, 4 H); 3C NMR (100 MHz, CDCls) & 175.3, 142.0, 127.5, 124.8, 124.6 (q, Jor =
277 Hz), 123.2, 83.0 (q, Jor = 2 Hz), 44.8 (q, Jor = 27 Hz), 34.0, 28.2; F NMR (376 MHz,
CDCly) & -61.2 (at, J = 10.3 Hz); IR (film) vimax 1776, 1374, 1248, 1191, 1116, 1040, 924 cm™;
R¢(hexanes: ethyl acetate = 2:1)= 0.41; Anal. Calcd. For C1oHgF30,S: C, 48.00; H, 3.63. Found:
C, 48.17; H, 3.77. [0]p® = -24.2 (c= 1, CHCl;). The enantiomeric excess was determined by
chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250 mm, hexanes:i-PrOH = 97:3, 0.8 mL/min,

230 nm, tg = 32.6 min (major) and 40.4 min (minor).

(R)-3,3-dimethyl-5-phenyl-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one  (3i) Following
general procedure B, the titte compound was synthesized from 2,2-dimethyl-4-phenyipent-4-

enoic acid (2i) (102 mg, 0.50 mmol). The product was purified by silica gel flash column
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chromatography (hexanes: ethyl acetate = 8:1 to 4:1) to afford 3i (99.3 mg, 73%

Q yield, 80% ee) as a pale yellow solid. 'H NMR (400 MHz, CDCl3) & 7.40 (m, 4
Ojjg'\cps H), 7.31 (m, 1 H), 2.82 (dq, J =15.6 Hz, 10.4 Hz, 1 H), 2.76 (dq, J =15.6 Hz, 10.4
M e Hz, 1 H), 2.67 (d, J =13.2 Hz, 1 H), 2.57 (d, J =13.2 Hz, 1 H), 1.32 (s, 1 H), 0.90
(s, 1 H); ®C NMR (100 MHz, CDCl3) 3 180.8, 142.4, 128.9, 128.4, 124.8, 124.6 (q, Jor = 277
Hz), 81.1, 48.6, 46.8 (q, Jcr = 27 Hz), 40.1, 26.4, 25.8; '°F NMR (376 MHz, CDCl3) & -60.6 (at, J
=10.2 Hz); IR (film) vimax 1766, 1379, 1261, 1236, 1131, 1091, 1035, 928 cm™'; Ri(hexanes: ethyl
acetate = 3:1)= 0.50; Anal. Calcd. For Cy;HsF30,: C, 61.76; H, 5.55. Found: C, 61.60; H, 5.48.
m. p. 61-62 °C. [0]p?* = -19.7 (c= 1, CHCIl5). The enantiomeric excess was determined by chiral
HPLC analysis: Chiralcel IC 4.6 mm x 250 mm, hexanes:i-PrOH = 99:1, 0.5 mL/min, 210 nm, tp

=29.1 min (major) and 22.9 min (minor).

(R)-6-phenyl-6-(2,2,2-trifluoroethyl)tetrahydro-2 H-pyran-2-one (3j) Following

OO general procedure B, the title compound was synthesized from 5-phenylhex-5-
v P enoic acid (2j) (95 mg, 0.50 mmol). The product was purified by silica gel flash
column chromatography (hexanes: ethyl acetate = 8:1 to 3.5:1) to afford 3j (109.1 mg, 85%
yield, 81% ee) as a colorless sticky solid. 'H NMR (400 MHz, CDCl,) & 7.41-7.30(m, 5 H), 2.80-
2.68 (m, 2 H), 2.51-2.35 (m, 3 H), 2.21 (m, 1 H), 1.82-1.74 (m, 1 H), 1.60-1.48 (m, 1 H); e
NMR (100 MHz, CDCl3) 6 170.2, 141.4, 129.1, 128.3, 125.0, 124.8 (q, Jcr = 277 Hz), 83.5, 46.8
(q, Jor = 27 Hz), 31.2, 29.0, 16.1; 'F NMR (282 MHz, CDCl,) 6 -60.3 (at, J = 10.3 Hz); IR (film)
Vmax 1732, 1446, 1384, 1236, 1045, 912 cm™'; Ry(hexanes: ethyl acetate = 2:1) = 0.50; Anal.
Calcd. For Cy3H3F30,: C, 60.46; H, 5.07. Found: C, 60.23; H, 5.04. m. p. 61-62 °C. [a]p™* = -
20.8 (c= 1.3, CHCl3). The enantiomeric excess was determined by chiral HPLC analysis:
Chiralcel AD-H 4.6 mm x 250 mm, hexanes:i-PrOH = 97:3, 1.0 mL/min, 210 nm, tg = 13.6 min

(major) and 15.1 min {minor).

@ (R)-4,4-dimethyl-6-phenyl-6-(2,2,2-trifluoroethyl)tetrahydro-2H-pyran-2-one
O OG (3k) Following general procedure B, the title compound was synthesized from

©Fs 3,3-dimethyl-5-phenylhex-5-enoic acid (2k) (109 mg, 0.50 mmol). The product

Mé M
° was purified by silica gel flash column chromatography (hexanes: ethyl acetate =
8:1 to 5:1) to afford 3k (119.5 mg, 84% yield, 83% ee) as a colorless ail. 'H NMR (400 MHz,

CDClg) & 7.41-7.27(m, 5 H), 2.68 (aq, J =10.4 Hz, 2 H), 2.55 (d, J =14.8 Hz, 1 H), 2.19-2.07 (m,
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3 H), 1.06 (s, 3 H), 0.77 (s, 3 H); '°C NMR (100 MHz, CDCl3) & 170.9, 142.0, 128.9, 128.3,
125.1, 124.6 (q, Jor = 277 Hz), 82.5, 48.5 (q, Jor = 27 Hz), 44.0, 43.5, 32.5, 30.6, 29.5; '°F NMR
(282 MHz, CDClg) & -60.1 (at, J = 10.4 Hz); IR (film) vmax 1741, 1378, 1245, 1115, 1023, 932
cm’; Ry(hexanes: ethyl acetate = 3:1)= 0.50; Anal. Calcd. For CisH;F30,: C, 62.93; H, 5.99.
Found: C, 62.80; H, 6.07. [0]p®® = -29.6 (c= 1, CHCl;). The enantiomeric excess was
determined by chiral HPLC analysis: Chiralcel AD-H 4.6 mm x 250 mm, hexanes:i-PrOH = 97:3,

1.0 mL/min, 210 nm, tg = 8.4 min (major) and 10.5 min {minor).

Radical Clock and TEMPO Trapping Experiments (Scheme 2)

Synthesis of radical clock 4:

(1) COCl,, DCM, cat. DMF

p
OEt
@) Ban/\/\n/ OMs O
Pd—L PCy2

(@]
0.5% Precatalyst A ! rllH L= Pr Pr
"GO THF - "'“/\/\COZH 2 O
(3) MePPh,*Br-, KOtBu, THF
4

(4) KOH, MeOH/H,0; HCI r

Precatalyst A
.

44% J

(x)-5-((15,25)-2-phenylicyclopropyl)hex-5-enoic acid (4) An oven-dried 5 mL vial equipped
with a  Teflon-coated magnetic stir bar was charged with (+)-(15,25)-2-
phenylcyclopropanecarboxylic acid (170 mg, 1.05 mmol). The tube was then sealed with a
Teflon screw-cap septum and connected to a Schlenk line. The vessel was briefly evacuated
and backfilled with argon. Anhydrous dichloromethane (1 mL) and two drops of anhydrous DMF
was added to the vial via syringe and the argon pressure was removed. A venting needle was
inserted into the vial. At 0 °C to the reaction mixture was added oxalyl chloride solution (2 M in
dichloromethane, 0.75 mL, 1.4 equiv) slowly. The resulting reaction mixture was stirred at room
temperature overnight before concentrated in vacuo. A mixture of the residue and precatalyst A
(4 mg, 0.005 mmol) were dissolved in anhydrous THF (1 mL) under argon. The zinc reagent®® (1
M in THF, 1.2 mL, 1.2 equiv) was then added to the reaction mixture via syringe dropwise at
room temperature. After stirred at room temperature for 1 h the mixture was diluted with ethyl
ether (5 mL) and saturated aqueous ammonium chloride solution (5 mL). The aqueous layer
was separated and extracted with ethyl ether (5 mLX3), and the combined organic layers were
dried over Na,SO,, filtered though a short silica gel plug and concentrated in vacuo. The crude

product was used for next step without further purification.
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At 0 °C to a slurry of methyltriphenylphosphonium bromide (464 mg, 1.3 mmol) in anhydrous
THF (2 mL) was added KOBu (140 mg, 1.25 mmol) in one portion. The resulting yellow mixture
was stirred at room temperature for 1 h before the crude product from the previous step was
introduced. The reaction mixture was further stirred for 4 h at the same temperature before
diluted with ethyl ether (5 mL) and 1 M aqueous HCI solution (5 mL). The aqueous layer was
separated and extracted with ethyl ether (5 mLX3), and the combined organic layers were
concentrated in vacuo. The residue was re-dissolved in methanol (4 mL) and treated with 1 M
aqueous potassium hydroxide solution (4 mL). After stirred at room temperature for 2 h,
methanol was removed in vacuo. The agueous residue was washed with ethyl ether (5 mLX3)
and then acidified ( pH < 2 ). The resulting mixture was extracted with ethyl ether (5 mL X 3), and
the combined organic layers were concentrated in vacuo. The residue was purified by silica gel
flash column chromatography (EtOAc/hexane = 1:2) to afford (x)-5-((15,25)-2-
phenylcyclopropyl)hex-5-encic acid 4 (105 mg, 44% from (%)-(15,25)-2-phenylcyclo

propanecarboxylic acid) as a pale yellow oil.

'H NMR (400 MHz, CDCl3) 3 11.66 (br, 1 H), 7.28 (m, 2 H), 7.18 (m, 1 H), 7.10 (m, 2 H), 4.76 (s,
1 H), 4.74 (d, J=0.8 Hz, 1 H), 2.40 (t, J=7.6 Hz, 2 H), 2.19 (t, J =7.6 Hz, 2 H), 1.94-1.82 (m, 3
H), 1.57 (m, 1 H), 1.24 (m, 1 H), 1.15 (m, 1 H); '*C NMR (100 MHz, CDCl;) 3 180.3, 148.7,
142.8, 128.5, 125.9, 125.8, 107.6, 35.8, 33.6, 28.4, 25.7, 23.0, 15.7; IR (film) v.x 2938, 1703,
1641, 1604, 1411, 1246, 906, 732, 695 cm™". R; (hexanes: ethyl acetate = 2:1)= 0.6.

o |
2.0 equiv 1 0
40 mol% Cu(MeCN),PFs O
WCOZH 40 mol% L1 - A(on Ph
H > 2 +
A MTBE, RT N CO.H
Ph 40% conv. CFs
CFs
(=4 5 e
< 2% 20%

Radical clock experiment 1: An oven-dried 13x100 mm Fisher Scientific re-sealable test tube
equipped with a Teflon-coated magnetic stir bar was charged with tetrakis(acetonitrile)copper(l)
hexafluorophosphate (9 mg, 0.4 equiv), 2,2'-isopropylidenebis[(4 S)-4-tert-butyl-2-oxazoline] (L1,
7 mg, 0.4 equiv), 1 (38 mg, 2 equiv). The reaction tube was sealed with a septum screw-cap
(Thermo Scientific ASM PHN CAP w/PTFE/SIL, cat. #03388316) and connected to a Schlenk

line. The vessel was briefly evacuated and backfilled with argon (this sequence was repeated a
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total of three times). 4 (14 mg, 0.06 mmol) was added to the tube via syringe followed by
anhydrous methyl tert-butyl ether (0.4 mL). The argon pressure was removed and the reaction
mixture was stirred at room temperature (25 °C) for 16 h. Solid precipitated from the blue
reaction mixture during the course of the reaction. The reaction mixture was then diluted with
saturated aqueous ammonium chloride solution (4 mL), ethyl ether (4 mL) and acetic acid (5
drops). The aqueous layer was separated and extracted with diethyl ether (4 mLX3). The
combined organic layers were concentrated in vacuo. The residue was redissolved in CDCl;
(a, a, a-trifluorotoluene (internal standard, 1 equiv) was added), and analyzed by 'H NMR, '°F
NMR and LC-MS.

Less than 2% oxytrifluoromethylation product 5 was formed. The reaction produced a complex
mixture of CFs-containing cyclopropane-opening products in ca. 40% yield in total. The major
product was identified to be 6 (ca. 20% yield by 'F NMR, 1.4:1 mixture of alkene geometric
isomers). However, this compound was inseparable from some other unidentified CFs-
containing products and 2-iodobenzoic acid (derived from 1). Therefore “F NMR yield was
given for 6. '"H NMR (400 MHz, CDCl3) & 7.99 (d, J = 8 Hz, 1 H), 7.82 (d, J = 8 Hz, 1 H), 7.42-
7.13 (m, 7 H), 6.01 (at, J=7 Hz, 1 H), 5.56 (major isomer, at, J = 7 Hz) and 5.48 (minor isomer,
at, J = 7.6 Hz) (1 H), 2.90-2.63 (m, 4 H), 2.31-2.24 (m, 2 H), 2.17-2.10 (m, 2 H), 1.71 (major
isomer, m) and 1.61 (minor isomer, m) (2 H); "°F NMR (376 MHz, CDCl;) & -64.2 (major isomer,
at, J = 10.9 Hz), -65.1 (minor isomer, at, J = 10.9 Hz); ESI/APCI-MS (mi/z, relative intensity):
569.0 ((M+Na]*, 100), 570.0 (24.6), 571.0 (4.2).

1.5 equiv 1

| 25 mal% Cu(MeCN),PFg FsC FsC : FaC
25 mol% L1 E
> CFy + :
EtO,C N MTBE(0.25 M), RT  Et0,C 8 Et0,C i EtO,C
EtO,C 35% conv. EtO,C Et0,C ' Et0,C
7 8 8 :

10% 4%
Radical clock experiment 2: An oven-dried 13x100 mm Fisher Scientific re-sealable test tube
equipped with a Teflon-coated magnetic stir bar was charged with tetrakis(acetonitrile)copper(l)
hexafluorophosphate (9.5 mg, 0.25 equiv), 2,2’-isopropy lidenebis[(4 S)-4-tert-butyl-2-oxazoline]
(L1, 7.5 mg, 0.25 equiv), 1 (47.5 mg, 1.5 equiv). The reaction tube was sealed with a septum
screw-cap (Thermo Scientific ASM PHN CAP w/PTFE/SIL, cat. #03388316) and connected to a
Schlenk line. The vessel was briefly evacuated and backfilled with argon (this sequence was

repeated a total of three times). Diethyl diallylmalonate 7 (24 mg, 0.10 mmol) was added to the
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tube via syringe followed by anhydrous methyl tert-butyl ether (0.4 mL). The argon pressure was
removed and the reaction mixture was stirred at room temperature (25 °C) for 16 h. White solid
precipitated from the blue reaction mixture during the course of the reaction. The reaction
mixture was then diluted with saturated aqueous sodium bicarbonate solution (4 mL) and ethyl
ether (4 mL). The aqueous layer was separated and extracted with diethyl ether (4 mL X 3). The
combined organic layers were concentrated in vacuo. The residue was redissolved in CDCl,
(a, a, a-trifluorotoluene (internal standard, 1 equiv) was added), and analyzed by 'H NMR, '°F
NMR and GC-MS. Cyclization products 8 and 9 (derived from radical intermediate B) were
observed in 10% and 4% yield based on NMR analysis, respectively.'

The product distribution was found dependent on factors such as solvent and concentration. For
example, (1) in dichloromethane, an increase in the yield of 8 (presumably via radical-radical
coupling of intermediate B) was observed; (2) in a more diluted system (0.06 M), 8 was
observed in less than 2% vyield. Instead, 11 was formed, presumably via a similar C—O bond

formation process as in the oxytrifluoromethylation reaction.

1.5 equiv 1
| 25 moi% Cu(MeCN),PFq FsC FaC
25 mol% L1
» +
EtO,C N DCM (0.25 M), RT  E10,C CFs T o,
EtO,C 40% conv. EtO,C EtO,C
7 8 9
14% 4%
1.5 equiv 1
I 25 mol% Cu(MeCN),PFg
25 mol% L1
» (0]
Et0,C x MTBE (0.06 M), RT  Et0,C EtO,C Et0,C I
EtO,C 15% conv. EtO,C Et020 EtOZC
7
< 2% 5% 5%

TEMPO trapping experiment: An oven-dried 13x100 mm Fisher Scientific re-sealable test tube
equipped with a Teflon-coated magnetic stir bar was charged with tetrakis(acetonitrile)copper(l)
hexafluorophosphate (7.5 mg, 1 equiv), 2,2’-isopropylidenebis{(4 S)-4-tert-butyl-2-oxazoline] (L1,
5.9 mg, 1 equiv), 1 (6.3 mg, 1 equiv). The reaction tube was sealed with a septum screw-cap
(Thermo Scientific ASM PHN CAP w/PTFE/SIL, cat. #03388316) and connected to a Schlenk
line. The vessel was briefly evacuated and backfilled with argon (this sequence was repeated a
total of three times). A solution of TEMPO (3.1 mg, 1 equiv) in anhydrous methyl tert-butyl ether

(0.2 mL) was added to the tube via syringe. The argon pressure was removed and the reaction
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mixture was stirred at room temperature (25 °C) for 1 h. «, «, «-Trifluorotoluene (internal
standard, 1 equiv) was added and the reaction mixture was then diluted with ethyl ether (1 mL)
and analyzed by '°F NMR and GC-MS. 10 was observed in 45% yield."®

1 equiv 1
1 equiv Cu(MeCN),PFg
1 equiv L1
MBQME ’ Me7Ej\—Me
Mé g Me MTBE, RT Mé N Me

o)
“CF,
10
45%

Trisubstituted Alkene Substrates as Mechanistic Probes (Scheme 3) %’

M Q M
e e
/E/\/ﬁ)\ i < ]\/\i
+
Ph oH > ~_-CF3 Ph OH
(E)-21 Ph = (2)-21
E.Z>20:1 M ZE=14:1
3m
al S ratio of sterecisomers
substrate yield ee yeld ee d.r.o
[%‘][b] [“/o]lc] {of"’l[b] [°/u][c| 31: ent-31: 3m : ent-3m
(E)-21 28 93 47 58 1 1.7 36.3:1.3:493:13.1
(2)-21 24 92 40 59 1:1.7 35.7:15:49.8:13.0

Reaction with (2)-21: An oven-dried 20 x 150 mm Fisher Scientific re-sealable test tube
equipped with a Teflon-coated magnetic stir bar was charged with tetrakis(acetonitrile)copper(l)
hexafluorophosphate (18.6 mg, 0.05 mmol, 0.10 equiv), 2,2’-isopropylidenebis[(4 S)-4-tert-butyl-
2-oxazoline] (L1, 14.7 mg, 0.05 mmol, 0.10 equiv), 1 (190 mg, 0.60 mmol, 1.2 equiv) and (2)-2I
(102 mg, 0.50 mmol, 1.0 equiv). The reaction tube was sealed with a septum screw-cap (10/90,
Teflon/SIL, National Scientific) and connected to a Schlenk line. The vessel was briefly
evacuated and backfilled with argon (this sequence was repeated a total of three times).
Anhydrous methyl tert-butyl ether (10 mL) was added to the tube via syringe to afford a blue
mixture. The argon pressure was removed and the reaction mixture was stirred at room
temperature (25 °C) for 16 h. a, a, « -Trifluorotoluene (internal standard, 61 mL, 1 equiv) was

added to the reaction mixture via syringe, and the crude reaction mixture was analyzed by UF
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NMR spectroscopy. The '°F NMR yields for diastereomers 31 and 3m were 23.6% and 39.9%
respectively (d.r. = 1:1.69).

The crude reaction mixture was then washed with saturated aqueous sodium bicarbonate
solution (12 mL). The aqueous layer was separated and extracted with diethyl ether (4 mLX3).
The combined organic layers were briefly washed with 0.05 M aqueous NaOH solution (10 mL),
dried over sodium sulfate and concentrated in vacuo. The residue was purified by silica gel flash
column chromatography (EtOAc/hexanes = 0:1 to 10:1 to 6:1 to 5.5:1) to give major
diastereomer 3m (R; = 0.64 (EtOAc/hexanes = 1:2), 45.6 mg, 34% isolate yield, 58.6% ee) and
minor diastereomer 31 (R; = 0.60 (EtOAc/hexanes = 1:2)). 31 was further purified by preparative
thin-layer chromatography (27.5 mg, 20% yield, 91.9% ee). Stereoisomer ratio calculated: (3l +
ent-3m):(3m + ent-31) = 51:49.

(R)-6-phenyl-6-((R)-1,1,1-trifluoropropan-2-yl)tetrahydro-2H-pyran-2-one (3m): colorless oil.
'H NMR (400 MHz, CDCls) & 7.40 (m, 2 H), 7.32 (m, 3 H), 2.70 (qq, J =9.2 Hz, 7.2 Hz, 1 H),
2.50-2.38 (m, 3 H), 2.33 (td, J =13.6 Hz, 3.6 Hz, 1 H), 1.74 (m, 1 H), 1.41 (m, 1 H), 1.10 (d, J
=7.2 Hz, 3 H); *C NMR (100 MHz, CDCl3) 8 170.6, 141.7, 129.1, 128.2, 127.0 (q, Jor = 280 Hz),
125.6, 86.4, 48.7 (q, Jor = 24 Hz), 30.2 (q, Jor = 3 Hz), 29.3, 16.3, 9.2 (q, Jor = 3 Hz); "°F NMR
(376 MHz, CDCl3) 6 -64.5 (ad, J = 9.0 Hz); IR (film) vmax 1738, 1447, 1264, 1204, 1169, 1120,
1027, 985, 760, 702 cm™'; R(hexanes: ethyl acetate = 2:1)= 0.64; Anal. Calcd. For Cy4H;5F30,:
C, 61.76; H, 5.55. Found: C, 61.83; H, 5.70. [0]p®* = -14.0 (c= 0.9, CHCl;). The enantiomeric
excess was determined by chiral HPLC analysis: Chiralcel 1A 4.6 mm x 250 mm, hexanes:/i-
PrOH = 99:1, 0.8 mL/min, 210 nm, tg = 15.7 min (minor) and 16.7 min (major).

(R)-6-phenyl-6-((S)-1,1,1-trifluoropropan-2-yl)tetrahydro-2H-pyran-2-one (3l): colorless oil.
'H NMR (400 MHz, CDCl3) & 7.40-7.32 (m, 5 H), 2.77 (qq, J =8.8 Hz, 7.2 Hz, 1 H), 2.65 (dt, J
=14.4 Hz, 4.0 Hz, 1 H), 2.44 (ddd, J =18.4 Hz, 10.0 Hz, 8.0 Hz, 1 H), 2.31 (dddd, J =18.4 Hz,
7.6 Hz, 3.2 Hz, 1.2 Hz, 1 H), 2.16 (id, J =13.2 Hz, 4.8 Hz, 1 H), 1.84 (m, 1 H), 1.63 (m, 1 H),
1.08 (d, J =7.2 Hz, 3 H); '*C NMR (100 MHz, CDCl3) & 170.4, 139.6, 128.8, 128.4, 126.7 (q, Jcr
= 280 Hz), 126.5, 86.4, 49.1 (q, Jor = 25 Hz), 29.0, 28.3, 16.3, 10.0 (q, Jor = 3 Hz); '°F NMR
(376 MHz, CDCl3) & -65.0 (ad, J = 9.0 Hz); IR (film) vmax 1739, 1448, 1264, 1205, 1169, 1120,
1028, 760, 703 cm™; Ri(hexanes: ethyl acetate = 2:1)= 0.60; Anal. Calcd. For Cy4H1sF30.: C,
61.76; H, 5.55. Found: C, 61.87; H, 5.59. The enantiomeric excess was determined by chiral
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HPLC analysis: Chiralcel 1A 4.6 mm x 250 mm, hexanes:i-PrOH = 99:1, 0.8 mL/min, 210 nm, tg
= 18.3 min (minor) and 20.7 min (major). The relative stereochemistry of 3m and 3l were
assigned based on comparison with known compounds.? The absolute stereochemistry were

assigned based on analogy to 3b.

Reaction with (E)-2lI: Following the same procedure for the reaction with (2)-21 described
above, An oven-dried 20 x 150 mm Fisher Scientific re-sealable test tube equipped with a
Teflon-coated magnetic stir bar was charged with tetrakis(acetonitrile)copper(l)
hexafluorophosphate (18.6 mg, 0.05 mmol, 0.10 equiv), 2,2’-isopropylidenebis[(4 S)-4- tert-butyl-
2-oxazoline] (L1, 14.7 mg, 0.05 mmol, 0.10 equiv), 1 (190 mg, 0.60 mmol, 1.2 equiv) and (E)-2I
(102 mg, 0.50 mmol, 1.0 equiv). The reaction tube was sealed with a septum screw-cap (10/90,
Teflon/SIL, National Scientific) and connected to a Schlenk line. The vessel was briefly
evacuated and backfilled with argon (this sequence was repeated a total of three times).
Anhydrous methyl tert-butyl ether (10 mL) was added to the tube via syringe to afford a blue
mixture. The argon pressure was removed and the reaction mixture was stirred at room
temperature (25 °C) for 16 h. a, «, « -Trifluorotoluene (internal standard, 61 mL, 1 equiv) was
added to the reaction mixture via syringe, and the crude reaction mixture was analyzed by '°F
NMR spectroscopy. The '®F NMR vyields for diastereomers 3l and 3m were 28.1% and 46.6%
respectively (d.r. = 1:1.66).

The crude reaction mixture was then washed with saturated aqueous sodium bicarbonate
solution (12 mL). The aqueous layer was separated and extracted with diethyl ether (4 mLX3).
The combined organic layers were briefly washed with 0.05 M aqueous NaOH solution (10 mL),
dried over sodium sulfate and concentrated in vacuo. The residue was purified by silica gel flash
column chromatography and preparative TLC to give 3m (58.2% ee) and 3l (93.1% ee).

Stereoisomer ratio calculated: (31 + ent-3m):(3m + ent-3l) = 51:49,
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Et

o] (0] o} (o] o]
(0] (0] (0] (0] 0
A R
T Br ¥ Br q CFs g Br 0 CF3
= H 2 S = Y
Ph Ph Ph £ Ph =
R Me Et Me

signals / chemical shift (ppm) i ii fii 3m
H1 2.69 2.73 2.65 2.60 2.40
H2 2.44 2.43 2.44 2.46 2.46-2.44
H3 2.34 2.34 231 2.46 2.44-2.42
H4 2.21 2.20 2.16 2.30 2.33
H5 1.86 1.84 1.84 1.75 1.74
H6 1.63 1.60 1.63 1.47 1.42
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course of the reaction, affording a clear blue-green solution. Reaction mixture turning white
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[27] A possible explanation for the stereoselectivity observed: The major unfavorable interaction
is between the 'Bu group and the aryl group. A secondary unfavorable interaction is caused by
the group overlapping with the carbon ring backbone, which is stronger with a CF; and weaker

with a Me group. This results in the higher selectivity via intermediate VI and lower selectivity via
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2.6 Spectra and HPLC traces
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3a 'H NMR (400 MHz, CDCl3)

RZ-3-96-C

——175.37

60 55 50 45 40 35 30 25

3a '*C NMR (100 MHz, CDCls3)

84,33

— 14116
28.
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26.
24.
23
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4565
4537

4510
44 82

2.0

— 3430
— 2802

1.5
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937
965
992

3a '%F NMR (376 MHz. CDCl)

Oa.0O 3
G
CFy
———T———— T T T T T T T
10 0 -0 -2 -30 -40 -50 -60 70 -80 -90 -100 -120 -140 -160 -180 -200
f1 (ppm)
HPLC traces for compound 3a
DAD1 C, Sig=210,8 Ref=360,100 (RONG\ELLIOT-52 2013-05-15 18.03-17\RZ-3-96_RAC.D)
e g
1254 b
100 -
754
m_
5-
0—-
26 A\
50
e T - 1 ———r— - - e
D 10 20 30 40 50 60
signal 3: DADL €, Sig=210,8 Ref=3§0,100
Peak RetTime Type Width Area Height Area
L] [min) [min] [mAU*s] ImAU) L o =
=rem|mm————— e e |==vmemean R Irevrn=as [ 0 :
1 26.298 BB 0.9243 1.28534ed  204.77682 $50.0201 CF.':I
2 32.063 BB 1.0662 1.2843led  167.18340 49.979%
Totals : 2.56966e4  371.96022 (£)-3a

DAD1 C, Sig=210.8 Ref=360,100 (RONGELLIOT-S2 2013-05-15 18-03-17\RZ-3-86_D)

mAU &
3 &
1003
B0 4
=1 ¢
404 &
204
0 _— AN
————— e ——— —
10 20 30 40 50 80
signal 3: DAD1 €, Sig=210,8 Ref=360,100
Peak RetTime Type Width Areza Height Area
¢ (min} [min] ImAU*s) [mAU] . o B
S R et EL [ oA ssnn lammmweaves [ | 0 -
1 26.324 MM 1.0425 817505855 130.76067 90.3963 CF3
2 32,224 MM 1.1810 BES.34000 12.26282  9.6037
Totals : 9047.99860 143.02349 3a
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RZ-3-8B3-H

3b 'H NMR (400 MHz, CDCl,)
Br

R | Y (TR

I T T T T T T T T T T T T

T
8.5 8.0 75 70 65 6.0 55 50 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm
3sls
viledl e

3b '*C NMR (100 MHz, CDCls)

RZ-3-83-C . & ¥ -
z g sedns 3 98 3 8
l | N VoI
é
of
X T om
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 pPpm
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RZ-3-83-F ﬁ';"&
i
Br
3b '°F NMR (376 MHz, CDClk)
O F

CF3

:

10 0 -0 -20 -30 -40 -50 -60 -70 -B0 -90 -100 -120 -140 -160 -180 -200
f1 (ppm)
HPLC traces for compound 3b
DAD1 D, Sig=230. 16 Ref=350, 100 (RONG\ELLIOT -S2 2013-05-22 17-12-26RZ-3-107B_RAC D)
mAU 3 AR § f“\‘
503 & 1
w-
304
m-
'o-.
0 ey v
= 1 T ¥ T I 1
10 20 30 40 50 60
el : ; Br
gnal 4: DAD! D, Sig=230,16 Ref=3&0,100
Peak RetTime Type Width Area Helght Area
[} [min] (min) [mAU*s) (maAU) L]
e B | ==mm | == mmn |memmm e == e |
1 32.816 mm L.6638 6293.73926  63.04526 45.7117 0. E
2 40.3%8 MM 2.1021 6386.7353%  50.47818 $0.2883 (o] CF
3
Totals : 1.26605e4  113.52344
(£)-3b
DAD1 A, Sig=230,4 Ref=360, 100 (C \CHEM321\DATAIRONGINAOYUK]_LC 2013-06-26 10-47-58\RZ-3-83 D)
mAU 2 &
50
w-
m..
m-.
10
0
—— — - - ——— T - +
10 20 0 40 50
Br
Signal 1: DADI A, Sig=2130,4 Ref=3&0,100
Peak RetTime Type Width Area Helght Area
¢ [min] [min]  [mAU®a] [mAU] .
el reessae | el b s I=e=semnrs jonmanene I (o) -
L 30.715 MM 1.942% €963.85840  59.5I274 91,7007 o) J
2 38,179 MM 2.2312 632.0723%  4.72152  8.2993 CF,
Totals : 7615.9307%  64.64426 3b
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RZ-3-91-H

3¢ 'H NMR (400 MHz, CDCl3)

|

T T T T T T T T T T T

8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 ppm
3 lgfs
3¢ *C NMR (100 MHz. CDClx)
RZ-3-91-C
Cl H 8 3 ans 5 §353 3 &
© i | T\V/ | N
o
0“(_]’\0!:3
200 180 W 120 100 80 60 40 20 & mn
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.965
001

o

RZ-3-91-F

-61.037

Cl
3¢ "F NMR (282 MHz, CDCh)

(@]
"y

:

CF3

+—

100 80 60 40 20 0 -20 60 80  -100 -130 -160 -190 220
fi (ppm)
HPLC traces for compound 3c
DAD1 D, Sig=230,16 Ref=360, 100 (RONGIELLIOT-S2 2013-05-15 18.03-11\RZ-3-91_RACD)
mAU &
- )
30 4
20 4
10
04 A m
B T et S Py e e -
10 20 30 4 50 L] 70
|
signal 4: DADl1 D, Sig=230,16 Ref=360,100
Peak RetTime Type Width Area Height Area
+ (min} [min]  (mAU*s) (mAU} &
e | ———— e [ e jmmemenoa [ o. 7
1 29.773 BB 1.051B 3180.40503  45.26018 50.2057 O - CF.
2 36,329 BB 1.2432 J154.34155  36.464%5 49,7942 3
Totals t €334.74658  81,72473 (£)-3c

DAD1 D, Sig=230, 16 Ref=380, 100 (RONGELLIOT-S2 2013-05-16 18-03- 1NRZ-3-81 D)

mAU
25+
w_
16
10
5
0 A
——r————— T e T T
Signal 4: DADI D, Sig=230,16 Ref=3&0, 100
Peak RetTime Typs Width Area Height Area
L] (min) [min] ImAU®s] {mAU] A
e | —————— [ R e |=emmmmmme e | o7
3
1 30,195 MM 1.2283 2341.3022 3.ree20 so.4511 O CF
2 37.088 MM 1,279€ 247.17065% 3.2192% 9.5489 3
Totals : 2586.47250 34.98745 3c
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RZ-3-99-H

3d 'H NMR (400 MHz, CDCl3)

b

[ 815 7:5 TI.O BI.S 610 57.5 510 dt5 4?0 3:5 3.0 25 2:0 1:5 17.0 ppa‘nI
8 |2 EEE]
3d '*C NMR (100 MHz, CDCl3)
RZ-3-99-C
N & ggnes g LR
:t Y | N/ V l |
O
O:(_f\CFs
200 180 160 140 120 100 60 a0 20 0 ppm



RZ-3-99-F 458 R PR
$38 Somes
F ¢ ol o o
3d '°F NMR (376 MHz, CDCk)
o (O

:

CFa

T T T T T T T T T T T T T T T T T T T T
10 0 -10 -20 30 -40 -50 -60 -70 -80 90 -100 -120 -140 -160 -180 -200
f1 (ppm)
HPLC traces for compound 3d
DAD1C, Sig=210 8 Ret=360, 100 (RONGELLIOT-S2 2013-05-15 18-03-17\RZ-3-96_RAC D)
mAL
3 ‘§§ dﬁp
1004 ; ;
w—
80 -
40
20
04— l' .
' f —T 1 - T v — -
10 20 30 40 50 60 70 mir
F
Signal 3: DADl C, $ig=210,8 Ref=360,100
Peak RetTime Type Width Area Height Area
+ [min] [min) (mAU*s ] (mAU] L]
i Bt e L B e e B LES e b b et e L o. %
1 27.308 MM 1.1131 8601.793%% 131.55710 50,0207 o) 5
2 4Rl M 1.3331 8754.4921% 105.95344 45.9793 ifc':a
Totals : 1.7596304  241.510%4 (:k)-ad
DAD1 C, Sig=210 8 Ref=360, 100 (RONGELLIOT-52 2013-05-16 18-03-1RZ-3-56.0)
mAL
150
125
100
754
50
2%
rt I
~—1— T | R L | v T T -
10 20 40 50 80 70 mir
F
signal 3: DAD1 C, $ig=210,8 Ref=3&0,100
Feak RetTime Type Width Area Height Area
¢ lmin) [min] ImAU*s | [mAU]} . >
e R [ [ f==mmm - e | 0.7

1 27.185 MM 1.1291 1.28814e4 190.14659 87.5566 ochs
2 32.527 MM 1.2081 1830.68152 25.25463 12.4434

Totals : 1.47121ed 215.40122
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RZ-3-104A-H

CF3

o

3e 'H NMR (400 MHz, CDCls)

8.5 8.0 75 6.5 6.0 55 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 ppm
Lo SEE
3e *C NMR (100 MHz, CDCls)
Goasseananny 3 3893 3 &
cFy | S | V|
o
Ov\CFa
200 180 160 140 120 100 60 a0 20 8 e



996
1.022
1.049

327

RZ-3-104A-F w j
CF3
3e F NMR (376 MHz, CDCly)
O.F

CF3

;

28
10 0 -10 -20 -30 40 -50 60 -70 -80 -90 -100 -120‘4'10'-1'60'-1'80,-260'
f1 (ppm)
HPLC traces for compound 3e

DAD1 C, Sig=210,8 Ref=360,100 (C \CHEM32\1\DATA\RONGINAOYUKI_LC 2013-06-12 15-46-35RZ-3-92-RAC D)

038882

Signal 3: DADl C, Sig=210,8 Ref=360,100

Peak RetTime Type Width Area Height Area
L] [min] [min] [mAU*s ] [mAU] L]
e o= =iy | in— e |==mm—— I
1 27.785 BB 1.2249 9620.12851  99.42204 50,3é09
2 37.022 BB 1.5402 9482.25098  72.48448 49,6391

Totals : 1.51024ed 17190652 (£)-3e
DAD1C, Sig=210,8 Ref=360, 100 (C\CHEM3Z\ I\DATARONG\NAOYUKI_LC 2013-06-12 15-46-35\RZ-3-104A D)
MAU
350 -
300 -
250 -
200~
E &
150 AV
=
100 hd
50 =
u__._,__J"\A_Ar\,_ " . AT
—_— y D
0 10 0 30 40 50 mir
signal 31 DAD] C, Sig=210,8 Ref360,100 CF3
Peak RetTime Type Width Area Height Area
L] (min} (min] [mAU"s] (mAD) A
e Bl e e e Bt | v
1'27,537 BB 1.4283 3.57673e4  383.25488 90.503¢ 0
2 37.143 MM 2.1067 4172.642%8  33.01132  9.4562 ovc,:a
Totals 4.39400e4 418.26620 h
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RZ-3-112-H

3f '"H NMR (400 MHz, CDCl3)

8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2. 2.0 1.5 1.0 PpPm
8 8 gl
< 3f '*C NMR (100 MHz, CDCl3)
: S HH : 35 228
\ | | | N/ | V |V
axt
0 Me
Oﬁ
CF4
. A A e
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mAL
260
200
160
100

50 3

o ) R |

80~
60 -

23 &L

206
933
-60.960

3f '9F NMR (376 MHz, CDCl)

HPLC traces for compound 3f

DADY C Sag=210,8 Ref=360, 100 (C\CHEMIRA NDATARONGNAOYLUIKI_LC 2013-06-26 17.56-30\R2-3-112_RAC D)

: ()-3f

a8
B-
8+

DAD1 C, Sig=210,8 Ref=360,100 (C \CHEMIZ\1\ DATARRONGINAOYUKI_LC 2013-06-28 17-56-3RZ-3-112D)

o

! & 3f
JF’ from
4‘ recrystallization

Totals 3

-
=
T

8

o

-

100

Signal 3: DADL C, Sig=210,8 Ref=360,100

Peak RetTime Type Wideth Area Height Area
L] [min) [min] (mAU=3] [maU] ]
] Rt e B fmmmmmmmmem |=ememmmae fmmrmmmmm [
1 16.098 BB 0.3890 76859.92334 298.86264 50.0167
2 18.304 88 0.4250 7€%4.7934€6 273.10046 45,9833
Totals

1.5314704 571.9€310

Signal 3: DADl C, Sig=210,8 Ref=360,100

Peak RetTime Type Width Area
L J [min) [min}

Height Area
ImAU*S | (maY] L]

1 16.250 MM
2 16.374 MM

0.4377 24€.11610
0.4727 2584.22192

5.37206 8.6956&
$1.11408 91.3044

Totals @ 26830,33803 100.48614

Sigral 3: DADl C, Sig=210,8 Ref=3&0,100

Peak RetTime Type Width Area Height Area
¢ [min] (min]  [mAU®s] {(mAY) .
csmm|essccas|uscn|anacsnn|cssnssmnas|enensacann |mecennes i
1 16,291 MM 0.35)6 10%.08588  4.9%301 1,333

2 18,207 MM 0.4716 7777.30908 274.8269%3 98,6668

7882.39506 279.779%5



RZ-3-105-H 1
3g 'H NMR (400 MHz, CDCl3)

ok

T T T T 1

I 8!5 BI.D 715 TiO 6I5 610 5,5 5'0 4I5 410 315 310 215 2.0 1.5 1.0
g3 5zle|lglls
— 3g "®C NMR (100 MHz, CDCl3)
& HEEE R R 3 g332 82

| S22 | NVZR N

o="N:

=(_7’\crs

R S . T L - ™
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RZ-3-105-F

-61.24
-61.27
-81.30

<

3g '°F NMR (376 MHz, CDCl3)

o4
9 CFs
O 20 40 60 80 10 120 -140 -160 -180 200 ppm
HPLC traces for compound 3g

DAD1 C, Sig=210.8 Ref=360, 100 (C \CHEM3I2\ 1\DATA\RONGWNAOYUKI_LC 2013-05-30 15-43-$1\RZ-3-105_RAC D)
mAU 8

T T ~—r T

20 30 40 50

Signal 3: DADl C, Sig=210,8 Ref=36€0,100
Peak RetTime Type Width Area Height Area
t  [=min] [min] (mAU*s) [mAU] L)

] R bttt Jmmmmmmemes jummm e fmmemree- i v
1 12.816 VW 0.3525 7923.84033 334.39627 50.7680 o ol
2 15.455 VB 0.4041 7684.10449 207.23532 49.2320 VCF;;

Totals : 1.56079%e4 621.63159 (
+)-3g
DAD1 C. Sig=210.8 Ref=360, 100 (C \CHEM32Z\1\DATARONGWNAOYUKI_LC 2013-05-30 15-43-51\RZ-3-105.D)
MAU 1 f_s
1200
1000
800
600
400 g
200 K J
[} T T
T v v T S e e | —r— — —r—
) 10 20 30 40 50
Signal 3: DADL C, Sige=210,8 Ref=360,100
Peak RetTime Type Width Area Height Area
’ (min] {min] (mAU*s] (mAU] Al
vessf st ains| Cae et e | dane s s sae e ne e seson | esannans | 0. :
1 12.7%¢ BB 0.3031 3795.40283 188.32103 9.3836 0 e
2 15.399 MM 0.4145 3.€6518e4 1473.6070€6 90.6164 CFG
Totals : 4.04472e4  16€1.92809 30
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s 0. e 3h 'H NMR (400 MHz, CDCls)

8.5 8.0 7:5 7f0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 ppm
3 R
3h *C NMR (100 MHz, CDCl3)
RZ-3-94-C
8 RER8Bge “ o =
5 g 3 Ansans - EEERER]
@ l [ N\ % VOV
-
o
O=(_r\CF3
200 180 160 140 120 100 80 60 40 20 o pge
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RZ-

1.210
1.237

304F

-61.182

.& :

oy 3h '"F NMR (376 MHz, CDCk )

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

T :
10 0 -10 -20 30 -40 50 -60 -70 -80 90 -100 -120
f1 (ppm)

-140 -160 -180 -200

HPLC traces for compound 3h
DAD1 D, Sig=230, 16 Ref=360,100 (RONG\ELLIOT-S2 2013-05-15 18-03-17\RZ-3-94_RAC D)
mAU 3 4> g &
40 - \ S
35 & o
m‘.
5_
m-
154
105
5_
5 i SN i — -
e e Tt S e S T S ST T
10 20 30 40 50 80 70
Signal 4: DAD1 D, Sig=230,16 Ref=1360,100 , s
" o
Peak RetTime Type Width Area Height Area ™
¢ imin] fmin]  [mAU®s] {mAU] ' 0.}
e e B B B B e | 0*_7’\‘_“:3
1 32.803 MM 1.2874 3274.74146  42.39560 43.6646
2 40.382 MM 1.6127 3318.96899%  34.30114 50.3354
(#)-3h
Totals : 6593.71045  76.69675
DAD1 D, Sig=230,16 Ref=360, 100 (RONG\ELLIOT-52 2013-05.15 18-03-17\RZ-3-94 D)
mAU @
60 >
m—
o oy
30 5 &
20 . &
10 A
0 A —

Signal 4: DAD1 D, Sig=l30,16¢ Ref=360,100

Peak RetTime Type Width Area Height Area
* [min] [min] [mAU*s ) (mAU] L]
s ranmses] Sres]stmpaesjenssemness fesesmennnal) oo men ]
1 32.622 MM 1.3294 €023.88574 75.52219 B6.6713

2 40.425 MM 1.5247 526.37915 10.12656 13.3287

Totals @ €950.26485 85.6487¢&
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RZ-3-95-H 3i '"H NMR (400 MHz, CDClz)

L al A

I 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 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 Ppm
g8 selg 8 [
3i '°C NMR (100 MHz, CDCl3)
RZ-3-95-C
: I 323358 3
©| | NI/ W/ v
(o N
O
=§J‘c.:3
Me lide
o W W e w0 % wm m A W 8 e
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-60.576
{-60.603
--60.630

3i '9F NMR (376 MHz, CDCl3)

ONE
O
; CF3
Me™ &
Me
S A e e L S m S S B
10 0 -0 -20 30 40 S0 60 70 -80 -90 -100 -120 -140 -160 -180 -200
f1 (ppm)
HPLC traces for compound 3i
DAD1 C, Sig=210 8 Ref=360,100 (C \CHEM32\ '"DATAIRONGINAOYUKI_LC 2013-04-25 15-06-30\RZ-3-88D-RAC_D)
MAU =
x ~
70
w-
w.
m.
m.
m-
10-
o N A
T T T T T Y T T T T Ty T
5 10 15 20 2% 30 k' 40 o
signal 3: DADL C, Sig=210,8 Ref=360,100 @
Peak RetTime Type Width Area Height Area =
¢ (min) [min] [mAU*s) [mAU] \ o 02
e e [ | =mmmmmmmam == jommmmmne i CF
1 21.690 BB 0.4011 2229.55005 B86.97044 49.8795 3 3
2 26,771 BB 0.4747 2240.31958  74.10431 50.1205 Me Me
Totals : 4469.86963 161.07475 (x)-3i
DAD1 G, 5ig=210.8 Ref=360, 100 (C \CHEMAZ \DATASHUNAOYUKI_LC 2013.06.13 14.06-21\RZ-3.96 D)
mAU s
300 3 -:‘5’*
2503
200 3 o
1503 3 .
1003 ‘ ."
e A
0 —
- ——r—— " | T e —
0 5 10 15 20 25 30 36 40 45 min
signal 3: DADL €, Sig=210,8 Ref=3§0,100
Peak RetTime Type Width Area Height Area [0 P
] {min] (min} [mAU*S] (maAU] % (0]
e B Pl e e B f=mmmmmnn i CF3
1 22.854 MM 0.4476 1430.36121 53.24110 9,8805 Me” =
2 29.105 MM 0.5B810 1.30462e4  1374.2173% 90.119% Me
Totals : 1.44766e4 427.45845 3'
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RZ-3-89-H 3j 'H NMR (400 MHz, CDCls)

8.5 8.0 715 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 ppm
5 o 5l (gl
8 3j '*C NMR (100 MHz, CDCl3)
g I asssss 3 jggs 5F ¢
Q | B4 | N2
O, o. ¢
GRS
A F LR
2(;0 ﬂ;u 1:50 1:10 150 ‘Itlm 0'0 Bio 4|0 2[0 6 ppm
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RZ-3-89-F

~60.215
{-w 251
~60.288

3j '°F NMR (282 MHz, CDCk)

CFa

100 80 60 40 20 0 - 60 -80  -100 -130 -160 -190
f1 (ppm)
HPLC traces for compound 3j
DAD! C. Sig=210.8 Ref=360_100 (C \CHEMIA DA TARONGINAOYUK]_LC 2013-04-30 18-07-5NRZ-3-88_RAC D)
E a0 @
120 W
1 A
100 4 7
m—
60
40
2 L
T ; T T T T T
0 5 10 15 20 25 20
Signal 3: DADI €, Sig=210,8 Ref=3§0,100 @
A
Peak RetTime Type Width Area Height Area (o] 0.F

L] [min) [min) [mAU*s] [mAY] L]
s |t anne f=mmm|mmmmmme I fommmmmmme e I U-\CFS
I 13.442 mM  0.3532

2831.11816 131.36601 50.1083
2 14,921 MM 0.3939 2818.0B8452 119.28081 49,8917 (*)_3]

Totals : 5650.00269 250.é&4682

DAD1 C, Sig=210,8 Ref=360 100 (C \CHEMAZ\1\DATA!

_LC 2013-04-30 16-07-5NRZ-3-80 D)

mAU )
140 +~
120
100
m_
60 = 49’
203 ;
¥
04 e Py
1 e ey - T — T
5 10 15 20 2% 30
signal 3: DADL C, Sig=210,8 Ref=360,100 O
Peak RetTime Type Width Area Height Area lo) o. &
¢ [min] [min] (mAU*s] [mAU] L] -
- |——— |l Jim e s s |
1 13.559 MM 0.3478 3483.15%18 166.91127 90.6€374 CF3

-

2 15.091 MM 0.3607 359.80008 16.62308 %.3626

3

Totals : 3642.95%26 183.5343%
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3k '"H NMR (400 MHz, CDCls)

ajs 8.0 7.r5 7I0 Bls GIIJ 5:5 510 415 4|0 3]5 310 2:5 2io 1I5 1i0 I;)pml
] L 5 8
. 3k '*C NMR (100 MHz, CDCl3)
@ 2 P 3 EEHERER
N | E\1"74 N/
o T o Y
CF,
Me". Me
| J | }
200 180 160 140 120 100 80 60 a0 20 0 ppm
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RZ-3-90-F §§§
i
3k '°F NMR (282 MHz, CDCl,)
Os O
CFs
Mé Me
100 8 6 40 2 0 20 40 60 80 -100 -3 -0 1%  -220

HPLC traces for compound 3Kk:

DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM32\ 1\DATAIRONG\NAOYUKI_LC 2013-04-30 18-07-67\002-0201 D)

mAU
400 +
300
200
100 4
o.:..__._._f\_/\_‘_4ﬁ—ki. T
¥ b T s 1 T T 1 . U 1 T E Y v 1
0 2 4 6 8 10 12 14 16 18
Peak RetTime Type Width Area Height Area Q
+ Imin) [min]  (mAU*s) {mAU) ' \
e b [ === | e I fmmmmmm e e | 0.0
I  ©8.837 BB 0.1706 5531.95752 501.89572 50.7018
2 10.575 BB 0.2509 5378.82129 321,92737 49.2982 CF3
Totals : 1.09108e4  823.52309 Me Me (£)-3k
DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM3Z\1\DATARONG\NAOYUKI_LC 2013-04-30 16-07-57\006-0301 D)
mAU °
400
300
200 &
g &
100 y
o] ' A
——— . — ==z — ——
0 2 i 8 8 10 18
Peak RetTime Type Width Area Height Area
] [min]) [min] [mAU*s) (mAU} )

e e e Jmmmmmmm e R jremeeane I
1 8.3%0 MM 0.2333 6455.49316 461.21140 51.3156
2 10.475 MM 0.2581 613.93805  39.64419  8.6844

Totals : 7069.43121 500.85558
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(2-21 'H NMR (400 MHz, CDCl3)

RZ-3-124r3
Ph OH
(2)-21
Z-E=141
— ___,“lL_._ — __._)L_._,-.,,- I JL‘JK; B _
I 815 sio 715 71.0 615 650 515 5:0 415 410 315 310 I 2:0 1i5 ] ]ppm'
Tl 5 (e
(2)-21 *C NMR (100 MHz, CDCl3)
RZ-3-124x3
$ mass 58 & 5
l | N/ T | |
Ph OH
(2-2l
ZE=14A1
200 180 160 140 120 100 80 6 4 20 O ppm



(E)-21 'H NMR (400 MHz, CDCl;)

RZ-3-120zr2-H

Ph OH
(E)-21
EZ>20:1
) N
[ B:S 8!0 715 710 StS 6:0 5:5 5I.0 415 410 315 310 2:5 210 1l.5 110 T ppl'l‘lI
s g S

RZ-3-120r2-C

F 88 sea 538 9
M | I \V/ LT
m
Ph OH
(B)-2
E.Z>20:1
200 180 160 140 120 10 80 e 40 20 0 ppin



RZ-3-129-MajorDiastereomer 3m 1H NMR (400 MHZ- CDCIS)

Ph i
h Me
lﬁ\ AAMUL.
815 8:0 715 7i0 615 610 515 510 afs 4:0 315 3fn 2!5 zio 1i5 1E0 [ppml
£ EREER R
3m "*C NMR (100 MHz, CDCl3)
RZ-3-129-MajorDiastereomer
& g S 3 3228 523 Bssag
l A\\74 Voo WY
(0]
: CF5
Ph I\=Ile
v o i | - | porsichtes s ’ LJ et .“J
2(1)0 160 1éo 110 1&0 160 éo 8[0 4'0 2I0 C'I ppm



o
Coen

19
o 3m "°F NMR (376 MHz, CDCl)
z CF5
Ph 2
Me
10 0 -10 -20 -30 40 S0 -60 -70 -80 -90ﬁ-1oo) -120 -140 -160 -180 -200
HPLC traces for compound 3m
Signal 3: DADI C, S5ig=l10,8 Ref~160,100
w OADY C Sage 0w fet = MG WD £ OEMIN VDS | ASArAOYIER | C 0008 1) 7008 JNAJ 1 127 Mk S0 Oy Peak RetTime TYP wideh Area H.lqht Area
o ’ 2 ¢ (min) (min]  [mAU®s] (mAU] 5
LS IR s it et et ettt ittt frasiaas !
- ' (&:)-3“\ I 16.388 BV 0.3503 1.30560ed  563.56586 49.3965
i | 2 17.524 VB 0.3830 1.31750ed  525.45898 50.6035
L '
[ I — = - - -‘l —— e Totals @ 2.64311ed 1089.02484
N 1Y " = - » e
CADY C Se G W L O N 1 AL DTS 17 193RI O
beard L Signal 3t DADI C, Sig=210,8 Ref=360,100
- ‘f
'v’t Feak RelTime Type Width Area Helght Area
L o P
2.,? 3m from (Z)'zl ¢ [min] [min]  [mAU®s] [mAU] .
- e I R Y mm e o e [
lll
- f 115,747 MM 0.3440 3120.54092 151.19560 20,6759
e e e 2 16.704 MM 0.3958 1.19736ed  504.16827 79.3241
L] 1] L " »n » » -~
Totals : 1.50946ed  655.36388
AT C S TV N N NID . PR T DA ANONCIALITUIS (G D108 17 W30S0 ) LISAM [
s l signal 3: DADI €, Sig=210,8 Ref=360,100
o ! "
wo i‘ Peak RetTime Type Width Area Height Area
- g 3m from (E)-21 P Y ol s R SO
: F. 1 15.712 BV 0.3480 5173.37012 225.23352 20.510%
| PO ML — 2 16.630 VB 0.3985 1.95671ed  739.92780 79.089%
. 5 [ M = = » -
Totals : 2.47405%e4 965.16132
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RZ-3-129-MinorDiastereomer

31 'H NMR (400 MHz, CDCls)

. Ml AA_

T

RZ-3-129-MinorDiastereomer

T T T
4.0 35 30 25 2

dide e 4

31 3C NMR (100 MHz, CDCls)

g 3 Exdand - 8 3 fm

| |\~ | Vv Y

T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0
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-65.006
<-65.031

31 'F NMR (376 MHz, CDCly)

————————r—T 7T T T
10 0 -0 -20 -30 40 50 -60 -70 -80 90 -100 -120 -140 -160 -180 -200
f1 (ppm)

HPLC traces for compound 3|

DAD C, Sag=210 8 Red =360, 100 (CCHEMI?  TARONGNACTURE_LC 20130828 07 42 4857 -3 175 MIN-RAL P2 O) Signal 3: DAD1 <, Sig=210,8 Ref=3§0,100

mAL 3 3
250 Feak RetTime Type Width Area Height Area
ﬁ + imin {min]  ImAU®S imAU] .
00 [ 1 e S -1
180 i i 1 17.621 VB 0.3770 T4B1.86760 297.0097% 50,5319
o | ‘ lr-‘ (*)"3' 1 20,076 BB 0.4188 7325.33€31 264.73019 49,4661
|
I\ \\ Totals ¢ 1.48082ed  $61.82999
[T S IS —_ Y G, TP SU, S— — —
T T T T = o T T
[ s 0 ® 2 » » e

DADY C. Sig=210.8 Ret=360.100 (C \CHEMI 1 DA TARONGNAD YUK _|LC 2013.08-17 1600 J782 3 I7908N Dy
™

Signal 3: DADI C, 8igel10(,? Ref=3&0,100

mAU F
200 # Peak RetTime Type WNidth Area Beight Area
¢ imin) min]  (mWAU®s] may| .
150 i
31 from (Z)-2| 110,356 BB 0.382) 321.77837 12
o 2 20.712 MM 04966 T624.87138 %4 $5.9508
0 Totals : 794665088 247.704%
o Y| P e o
T T T T T T
o ] 0 1% ] F ] o L
DADY G, Sige210.8 Ret=360, 100 (C \CHEMIN 1DATARONGINACYLIG LC 20130517 15.00.2NR2-3. 130084 D) Bignal 3i DADL @, §ig=210,% Ref=140, 100
m"“_ o Peak RetTime Type Width Atea Height Area
- N tmin] [min} ImAUs} {maU) ]

-1
31 n 2| I 18.3é5 m 0.3721 290.91943 13.0294%  3.4594
m (E)- z .27 M O.4844 E118.70752 279.1%88& 9€.5406

!
1
|
|
100- ‘;ﬂ
# \ Totals : £409.62655 292.38833

,.
F
>
L
'
"
8
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4 '"H NMR (400 MHz, CDCl,)

RZ-3-133r4
N N"cosH
“Ph

(%)

I T

e

T T T '
10 9 8 7 6 5 4 3

— di 4

RZ-3-133r4
8 §¢ min 2 TET TR
| [\ | TR
N"cosH
“Ph
(=)
T T T T T T : : r :
200 180 160 140 120 100 80 60 pa 20 5 pp
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X-Ray crystallography information (compound 3b)

Crystal data and structure refinement for x13071

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

x13071
C12H10Br F3 02
323.11

100(2) K

0.71073 A
Monoclinic

P 21

a=14.1070(4) A
b = 5.7880(2) A
c = 15.4036(4) A

a= 90°.
= 107.5980(10)".
vy =90°.

e
1198.86(6) A
4

3
1.790 Mg/m

3.458 mm""
640

0.250 x 0.150 x 0.100 mm?J
1.514 to 30.506°.

-20<=h<=19, -8<=k<=8, -21<=I<=22
56400

7213 [R(int) = 0.0288]

99.9 %

Semi-empirical from equivalenzts
Full-matrix least-squares on F
7213 /11325

1.053

R1=0.0177, wR2 = 0.0430
R1=0.0189, wR2 = 0.0432
0.0159(19)

n/a

3
0.307 and -0.265 e A"

Atomic coordinates ( x 104) and equivalent isotropic displacement parametti;rs (Azx 103)
for x13071. (U(eq) is defined as one third of the trace of the orthogonalized U tensor.)

X y z U(eq)
Br(1) -800(1) 4920(1) 748(1) 19(1)
F(1) 4346(1) 11753(2) 1403(1) 21(1)
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F(2) 4476(1) 9403(2) 364(1) 25(1)
F(3) 3047(1) 10001(2) 564(1) 23(1)
o(1) 3774(1) 9794(2) 2842(1) 12(1)
0(2) 4019(1) 11019(2) 4268(1) 17(1)
c(1) 3639(1) 7612(3) 2357(1) 12(1)
c(2) 4110(2) . 5807(3) 3100(1) 14(1)
C(3) 3923(1) 6864(3) 3938(1) 15(1)
C(4) 3926(1) 9424(3) 3756(1) 13(1)
C(5) 4229(1) 7732(3) 1667(1) 14(1)
C(6) 4010(1) 9716(4) 1002(1) 15(1)
C(7) 2536(1) 7102(3) 1933(1) 12(1)
C(8) 2259(1) 5033(4) 1466(1) 17(1)
C(9) 1272(2) 4400(3) 1116(1) 18(1)
C(10) 544(1) 5866(3) 1233(1) 15(1)
C(11) 790(2) 7948(3) 1687(1) 16(1)
C(12) 1789(1) 8561(3) 2038(1) 15(1)
Br(2) 11875(1) 2243(1) 4347(1) 22(1)
F(4) 7042(1) 199(3) 348(1) 35(1)
F(5) 6927(1) -2047(2) 1408(1) 41(1)
F(6) 8296(1) -343(3) 1524(1) 45(1)
0(3) 6868(1) -113(2) 3002(1) 13(1)
0(4) 6089(1) -1171(3) 3998(1) 19(1)
c(21) 7286(1) 1980(3) 2734(1) 12(1)
C(22) 6770(2) 3948(3) 3097(1) 15(1)
C(23) 6619(2) 2853(3) 3948(1) 16(1)
C(24) 6472(1) 350(3) 3696(1) 14(1)
C(25) 6982(1) 1992(3) 1691(1) 14(1)
C(26) 7315(1) -48(4) 1251(1) 19(1)
C(27) 8406(1) 2027(3) 3174(1) 12(1)
C(28) 8919(1) 241(3) 3725(1) 16(1)
C(29) 9951(1) 317(3) 4094(1) 17(1)
C(30) 10467(1) 2181(4) 3900(1) , 16(1)
C(31) 9973(2) 4004(4) 3365(1) 18(1)
C(32) 8947(2) 3926(3) 3016(1) 16(1)

Bond lengths [A] and angles [°] for x13071.

Br(1)-C(10) 1.8958(19) C(8)-C(9) 1.382(3)
F(1)-C(6) 1.349(2) C(8)-H(8) 0.9500
F(2)-C(6) 1.349(2) C(9)-C(10) 1.385(3)
F(3)-C(6) 1.332(2) C(9)-H(9) 0.9500
0(1)-C(4) 1.376(2) C(10)-C(11) 1.384(3)
O(1)-C(1) 1.451(2) C(11)-C(12) 1.394(3)
0(2)-C(4) 1.195(2) C(11)-H(11) 0.9500
C(1)-C(7) 1.523(2) C(12)-H(12) 0.9500
C(1)-C(5) 1.537(2) Br(2)-C(30) 1.8949(17)
C(1)-C(2) 1.544(2) F(4)-C(26) 1.334(2)
C(2)-C(3) 1.523(2) F(5)-C(26) 1.333(3)
C(2)-H(2A) 0.9900 F(6)-C(26) 1.330(2)
C(2)-H(2B) 0.9900 0(3)-C(24) 1.374(2)
C(3)-C(4) 1.508(3) 0(3)-C(21) 1.461(2)
C(3)-H(3A) 0.9900 0(4)-C(24) 1.198(2)
C(3)-H(3B) 0.9900 C(21)-C(27) 1.519(2)
C(5)-C(6) 1.507(3) C(21)-C(25) 1.533(2)
C(5)-H(5A) 0.9900 C(21)-C(22) 1.544(2)
C(5)-H(5B) 0.9900 C(22)-C(23) 1.528(2)
C(7)-C(8) 1.391(3) C(22)-H(22A) 0.9900
C(7)-C(12) 1.398(2) C(22)-H(22B) 0.9900
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C(23)-C(24)
C(23)-H(23A)
C(23)-H(23B)
C(25)-C(26)
C(25)-H(25A)
C(25)-H(25B)
C(27)-C(28)
C(27)-C(32)
C(28)-C(29)
C(28)-
C(29)-
C(29)-
C(30)-C(31)
C(31)-C(32)
C(31)-H(31)
C(32)-H(32)

C(4)-0(1)-C(1)
O(1)-C(1)-C(7)
O(1)-C(1)-C(5)
C(7)-C(1)-C(5)
O(1)-C(1)-C(2)
C(7)-C(1)-C(2)
C(5)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2A)
G(3)-C(2)-H(2B)
C(1)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3B)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
0(2)-C(4)-0(1)
0(2)-C(4)-C(3)
O(1)-C(4)-C(3)
C(6)-C(5)-C(1)
6)-C(5)-H(5A)
)-C(5)-H(5A)
)-C(5)-H(5B)
)-C(5)-H(5B)
A)-C(5)-H(5B)
C(6)-F(1)
C(6)-F(2)
-C
-C

AAAA

C(
c(
C®
c(
H(5

(6)-F(2)

(6)-C(5)

C(6)-C(5)
C(6)-C(5)
)-C(7)-C(12)
)-C(7)-C(1)
2)-C(7)-C(1)
)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)

F(3)-
F(3)-
F(1)-
F(3)-
F(1)-
F(2)-

(8
(8
c(
C(9
9

1.499(3)
0.9900
0.9900
1.506(3)
0.9900
0.9900
1.393(2)
1.401(3)
1.395(3)
0.9500
1.384(3)
0.9500
1.390(3)
1.384(3)
0.9500
0.9500

110.37(1
110.34(14
107.64(14
114.17(1
104.29(1
109.97(14
109.95(14
102.16(14
111.3
111.3
111.3
111.3
109.2
103.07(15)
111.2
111.2
111.2

3)
)
)
3)
3)
)
)
)

107.2

106.64(16)
107.11(14)
105.68(15)
114.01(16)
112.54(14)
110.37(16)
118.43(16)
118.68(16)
122.79(16)
121.50(17)
119.3

119.3

119.07(17)
120.5

120

C(10)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-Br(1)

C(9)-C(10)-Br(1)

C(10)-C(11)-C(12)

C(10)-C(11)-H(11)

C(12)-C(11)-H(11)

C(11)-C(12)-C(7)

(11)-C(12)-H(12)

(7)-C(12)-H(12)

(24)-0(3)-C(21)

(3)-C(21)-C(27)

0(3)-C(21)-C(25)

C(27)-C(21)-C(25)

0(3)-C(21)-C(22)

C(27)-C(21)-C(22)

C(25)-C(21)-C(22)
C(23)-C(22)-C(21)

C(23)-C(22)-H(22A)
C(21)-C(22)-H(22A)

C(23)-C(22)-H(22B)

C(21)-C(22)-H(22B)

H(22A)-C(22)-H(22B)

C(24)-C(23)-C(22)

C(24)-C(23)-H(23A)

C(22)-C(23)-H(23A)

C(24)-C(23)-H(23B)

C(22)-C(23)-H(23B)

H(23A)-C(23)-H(23B)

O(4)-C(24)-0(3)

0(4)-C(24)-C(23)

0(3)-C(24)-C(23)

C(26)-C(25)-C(21)

C(26)-C(25)-H(25A)

C(21)-C(25)-H(25A)

C(26)-C(25)-H(25B)

C(21)-C(25)-H(25B)

H(25A)-C(2

F(6)-C(26)-

F(6)-C(26)-

6
6

C
C(7
C
(@]

5)-
5)-
5)-
5)-

5)-
F(
F(4)
F(5)-C(26)-F(
F(6)-C(26)-
()C( 6)-
-C(26)-
-C(27
-C(27)-
(27)

-C
-C
-C
)-C(3
-C
-C(2
-2
-H
H
c
-H
-H(2
-C(3

)-
C(29) C(30) Br(2
C(31)-C(30)-B
C(32)-C(31)-C
C(32)-C(31)-H
C(30)-C(31)-H

120.5
121.12
121.24

(18)

(
117.64(

(

8
5)
4)
8

1
1
1
18)

119.17
120.4
120.4
120.70(17)
119.6
119.6
110.60(14)
110.11(13)
106.87(14)
113.01(14)
103.58(13)
111.50(15)
111.25(14)
101.99(14)
111.4
111.4
111.4
111.4
109.2
102.86(14)
111.2
111.2
111.2

106.05(19)
106.77(16)
106.12(17)
113.23(17)
113.41(15)
110.75(17)
118.58(17)
122.46(16)
118.96(16)
120.71(17)
119.6

119.6

119.29(16)
120.4

120.4

121.18(17)
119.87(14)
118.94(15)
118.93(18)
120.5

120.5



C(31)-C(32)-C(27) 121.25(17)
C(31)-C(32)-H(32) 1194 Symmetry transformations used to generate
C(27)-C(32)-H(32) 119.4 equivalent atoms:

Anisotropic displacement parameters (Azx 1203)2&»-2:;11 13071.. The anisotropic
displacement factor exponent takes the form: -2p [h a* U +... +2hka*b* U1 ]

U11 U22 U33 U23 U13 U12
Br(1) 13(1) 26(1) 17(1) 0(1) 2(1) -4(1)
F(1) 23(1) 14(1) 26(1) 0(1) 9(1) -3(1)
F(2) 30(1) 29(1) 21(1) 2(1) 15(1) 2(1)
F(3) 14(1) 27(1) 23(1) 10(1) 0(1) 2(1)
O(1) 15(1) 10(1) 11(1) -2(1) 2(1) 1(1)
0(2) 15(1) 20(1) 15(1) -6(1) 2(1) 1(1)
C(1) 12(1) 9(1) 12(1) -1(1) 2(1) 1(1)
C(2) 16(1) 12(1) 13(1) 2(1) 2(1) 4(1)
C(3) 15(1) 17(1) 12(1) 2(1) 2(1) 1(1)
C(4) 7(1) 18(1) 12(1) -1(1) 1(1) 0(1)
C(5) 13(1) 13(1) 14(1) -1(1) 4(1) 3(1)
C(6) 14(1) 17(1) 15(1) -1(1) 4(1) 1(1)
C(7) 12(1) 12(1) 10(1) 0(1) 2(1) 1(1)
C(8) 15(1) 16(1) 20(1) -6(1) 4(1) 2(1)
C(9) 18(1) 16(1) 18(1) -5(1) 3(1) -2(1)
C(10) 12(1) 19(1) 11(1) 2(1) 2(1) -2(1)
C(11) 12(1) 18(1) 19(1) -1(1) 6(1) 3(1)
C(12) 15(1) 13(1) 15(1) -2(1) 4(1) 2(1)
Br(2) 11(1) 28(1) 24(1) -1(1) 3(1) 0(1)
F(4) 59(1) 34(1) 14(1) 1(1) 13(1) 13(1)
F(5) 80(1) 19(1) 34(1) -9(1) 33(1) -14(1)
F(6) 26(1) 58(1) 48(1) -28(1) 6(1) 16(1)
0O(3) 14(1) 12(1) 15(1) 2(1) 7(1) o(1)
0(4) 15(1) 24(1) 20(1) 6(1) 7(1) 0(1)
C(21) 12(1) 10(1) 14(1) 1(1) 5(1) 1(1)
C(22) 16(1) 13(1) 18(1) 2(1) 9(1) 4(1)
C(23) 19(1) 17(1) 15(1) 1(1) 8(1) 4(1)
C(24) 8(1) 19(1) 12(1) 2(1) 1(1) 3(1)
C(25) 16(1) 15(1) 13(1) 2(1) 4(1) 3(1)
C(26) 23(1) 19(1) 15(1) -1(1) 6(1) 1(1)
C(27) 12(1) 13(1) 12(1) o(1) 4(1) 1(1)
C(28) 17(1) 14(1) 18(1) 4(1) 6(1) 1(1)
C(29) 16(1) 16(1) 18(1) 4(1) 4(1) 4(1)
C(30) 10(1) 21(1) 17(1) -1(1) 4(1) 1(1)
C(31) 18(1) 18(1) 19(1) 2(1) 7(1) -3(1)
C(32) 18(1) 14(1) 17(1) 4(1) 5(1) 1(1)

Hydrogen coordinates (x 10‘) and isotropic displacement parameters (Azx 103) for x13071.

x y z U(eq)
H(2A) 3781 4285 2952 17
H(2B) 4831 5628 3186 17
H(3A) 3274 6360 3997 18
H(3B) 4456 6442 4500 18
H(5A) 4945 7786 2013 16
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H(22B)
H(23A)
H(23B)
H(25A)
H(25B)
H(28)
H(29)
H(31)
H(32)

4113
2760
1095
285
1964
7199
6127
7210
6028
6248
7251
8561
10297
10334
8603

6277
4032
2979
8948
9986
5336
4373
3081
3504
2085
3412
-1041
-898
5284
5184

1313
1385

799
1758
2352
3251
2650
4486
4079
1457
1494
3851
4474
3241
2662

16
21
22
20
18
18
18
20
20
17
17
19
20
22
20
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Chapter 3.

General Cu-Catalyzed Enantioselective
Alkene Oxyfunctionalization via Radical Intermediates



3.1 Introduction

Transition metal-catalyzed enantioselective alkene difunctionalization has emerged as a
powerful tool for the synthesis of complex chiral molecules from simple starting materials.’
Studies in this field have been focused on the development of new strategies to expand the
scope of the accessible bond types and structures. While most of the existing strategies have
been developed based on two electron processes, the difunctionalization reactions involving
alkyl radical intermediates render especially attractive as they could offer different reactivity and
selectivity, and potentially lead to more efficient and versatile syntheses.

In this context, we turned our attention to the atom transfer radical addition of alkenes,
one of the most important and commonly used methods to generate such alkyl radicals.? While
the alkyl radical intermediates involved in this type of reaction have been shown to be readily
intercepted to form new carbon-carbon/carbon-heteroatom bonds in a racemic fashion,®
enantioselective functionalization remains challenging.” Pioneering work by Porter® and Sibi*®
made use of a Lewis acid-substrate complexation strategy to achieve enantioselectivity.
Additionally, a few reports have shown that chiral chain-transfer catalysts could be used for
enantioselective hydrogen atom transfer.®’” These approaches are mainly limited to C-C or C-H
bond formation from alky! radicals derived from highly electronically activated alkenes such as
a,p-unsaturated carbonyl derivatives. However, to enable the use of less activated alkene
substrates and achieve enantioselective carbon-heteroatom bond formation, a new strategy is
required.

To achieve the desired enantioselective difunctionalization, we hoped to take advantage
of a chiral transition metal redox catalyst (Scheme 1a). The chiral metal complex would serve
two functions: 1) initiate radical formation when in the lower oxidation state (step a) and 2)
mediate the enantioselective bond forming process via prochiral radical A when in the higher
oxidation state (step ¢). While a variety of redox catalysts based on different transition metals
are capable of mediating step a,® a catalyst delivering effective enantioselectivity in step ¢
remains elusive. The only efforts to develop such catalysts were reported by Sonoda,*

% and Brunner,” who used chiral ruthenium, rhodium and copper complexes to

Kamigata,
catalyze the atom transfer radical addition reactions involving carbon—halogen bond formation to

afford products in 16% ee, 10-40% ee, and 9-20% ee, respectively.

124



Scheme 1. Mechanistic hypothesis and development of a copper-catalyzed enantioselective
difunctionalization.
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Our interest in developing a new redox catalyst system for the enantioselective
functionalization of radical intermediate A originated from our recent study on the copper-
catalyzed enantioselective alkene oxytrifluoromethylation reaction (Scheme 1b)."® During the
course of our investigation, we found this transformation likely proceeds by a radical addition
mechanism involving a copper-mediated enantioselective C—-O bond forming process, through
which a tetrasubstituted carbon stereogenic center is produced from tertiary alkyl radical C.

Given the stepwise nature of this radical addition/interception mechanism, we envisioned

that this enantioselective C-O bond forming process could potentially serve as a general
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strategy en route to a class of new alkene enantioselective difunctionalization reactions
involving the addition of a set of different radicals. (Scheme 1c) The intrinsic versatility
associated with this strategy could potentially lead to more efficient and straightforward
syntheses of a diverse collection of useful enantiomerically enriched structures starting from
simple starting materials. In this report, we present a general copper-catalyzed method for the
enantioselective oxyfunctionalization of alkenes, including: oxyazidation (R; = Ng),

oxysulfonylation (R; = ArSO,-), oxyarylation (R;= Ar), and diacyloxylation (R;= RCO,-).

3.2 Results and Discussion

We began our investigation by applying this general strategy to the catalytic
enantioselective alkene oxyazidation reaction (R; = N3), '"'? in part, because it yields a
straightforward yet rarely explored approach to enantiomerically enriched 1,2-aminoalcohol
derivatives, which are useful synthetic building blocks and are found in many biologically
relevant compounds.'® To evaluate the proposed transformation, we examined the reaction of 4-
phenyl-4-pentenoic acid (2a) with a combination of two simple commercially available reagents,
(diacetoxyiodo)benzene as the oxidant and trimethylsilyl azide as the azidyl radical precursor.'
It was found that, in the presence of a catalytic amount of Cu(MeCN),PFs and (S,S)-BuBox (L),
the desired oxyazidation product 4a could be obtained in 63% yield and 89% ee (Table 1, entry
1). The use of preformed azido-iodine(lll) reagents did not yield detectable amount of desired
product.’®

We next explored the scope of this transformation and representative examples are
summarized in Table 1. A series of unsaturated carboxylic acids bearing different aryl
substituents on the alkene were found to undergo the desired oxyazidation reaction to afford the
corresponding azidolactones in good enantioselectivity (4a-j). Electron-neutral and -deficient
aryl substituents were well tolerated (4a-e), while slightly lower enantioselectivity was observed
with substrates containing a very electron-rich p-methoxyphenyl substituent (4f). The mild
reaction conditions were compatible with a range of functional groups including ary! halides (4b,
4c¢), nitriles (4d), ketones (4h), and 3-thiopheny! groups (4g). In addition, both y- and &-lactones
(4i, 4j) proved accessible under the standard reaction conditions. The incorporation of a geminal

dimethyl group in the substrate showed little effect on the enantioselectivity obtained.

Table 1. Cu-Catalyzed enantioselective alkene oxyazidation.?
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5% Cu(MeCN),PFg, 5% L

2.5 equiv Phl(OAc), Me  Me

0 2 4 equiv TMSN, . 07)1\\’0
» O O™ [l \J
HO™ M7 Et,0, 10 °C Q('()Jﬁ 5 N Nt
R, n N3 | 1Bu “Bu
L
Entry Substrate Product Yield {%]b ee [%]c
R
L 8
HO o°
Ty
1 R=H 2a 4a 63 89
2 R=Br 2b 4b 55 89
3 R=Cl 2 4c 56 89
4 R=CN 2d 4d 50 90
57 R =CF, 2e de 46 91
6 R = OMe 2f 4f 68 75
cad
o = S
77 HO ~* 0 Q 69 82

29

2i 4i
Ph
O 002
10 i 68 92
HOJKM ; N
Mé Me

2
o] Ph /
1° Ho)l\/\“/ 0\\/27%/ 50 72
N

2k 4k
™S
(o] TMS
ef = o // 44 82
12 HO Om
N3
21 4l

“Reaction conditions: Cu(MeCN)4PFs (5 mol%), L (5 mol%), 2 (0.50 mmol, 1.0 equiv), Phl(OAc), (2.5
equiv), TMSN; (2.4 equiv), in 30 mL Et,O at -10 °C for 16 h. “Yields of isolated products are an average of
two runs. “Determined by HPLC analysis using a chiral stationary phase. “Additional 2,6-di-tert-
butylpyridine (1.1 equiv) was added. “Cu(MeCN),PF; (8 mol%) and L (8 mol%) was used. 'Enantiomeric
excess was determined by HPLC analysis of the derivatized product, see the Supporting Information.
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We next sought to apply this protocol to substrates without a styrenyl unit (2k and 2I).
Substrates containing a 1,3-enyne structure are especially interesting because further
transformation of the alkyne group in the product would give access to a more diverse class of
structures. It was found that the oxyazidation of these substrates proceeded smoothly to furnish
the enantiomerically enriched lactone product in moderate yields and moderate to good
enantiomeric excesses (4k, 4l). Notably, a silyl protecting group on the alkyne was tolerated
which allows for further elaboration of the product (41).

The azide group in the lactone product can be easily converted to a number of useful
nitrogen-containing functional groups in good yields (Scheme 2). For example, palladium-
catalyzed hydrogenation of lactone 4a in methanol afforded chiral tertiary alcohol-containing d-
lactam 5 via an azide reduction/translactamization cascade. Conversely, hydrogenation of 4a in
the presence of di-tert-butyl dicarbonate furnished the Boc-protected aminolactone 6. The azide
group could also undergo [3+2] cycloaddition with phenylacetylene to give a triazole derivative

7. No erosion of enantiomeric excess was observed in any of these cases.

Scheme 2. Derivatization of the oxyazidation product 4a.’

o (o) pPh

b/f mNHBOC
6

PhG RN 89% ee

O -—

HO Q\./_7‘\ N

NH N3 (o} N LA Ph
"’ f e

89% ee 89% ee

7
89% ee

“Reaction conditions: (a) Pd/C, H, (balloon), MeOH, RT; then DMAP (10 mol%), RT, 78%; (b) Pd/C, H; (balloon),
Boc,0, THF, RT, 88%; (c) Sodium ascorbate (0.8 equiv), CuSO,*5H,0 (0.4 equiv), phenylacetylene (1.1 equiv),
'BUOH/H,;0, RT, 96%.

To provide further evidence for our mechanistic hypothesis, oxyazidation reactions with
trisubstituted alkene substrates were examined. As shown in Scheme 3a, both geometric
isomersuscis of 5-phenyl-5-heptenoic acid ((E)-and (2)-2m) were synthesized and subjected to
the standard reaction conditions. It was found that, regardless of the alkene geometry of the
substrate (E or 2), the same product diastereomeric ratio (4m:4n = 10:1) and same
enantiomeric excess for each diastereomer were obtained (4m: 11 and 12% ee, 4n: 93 and

93% ee). This observation was consistent with the radical addition type mechanism proposed in
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Scheme 1c. The fact that the sum of products 4m and ent-4n (~51%) equals that of 4n and ent-
4m (~49%) suggests the formation of a pair of enantiomeric radical intermediates E (2'S) and F
(2'R) in a 1:1 ratio from a non-stereoselective azidyl radical addition process. Since both the
chiral copper catalyst and the already established stereogenic center C2' in intermediates E and
F would have an impact on the stereoselectivity of the C-O bond forming process, the final
product distribution could be explained by a substrate-control/catalyst-control competition model
demonstrated in Scheme 3b. For E, the substrate-controlled selectivity (65, 2'S over 6R, 2'S) is
reinforced by the catalyst-controlled selectivity (6S over 6R), therefore giving a high selectivity
(51:0.3) favoring 4m over ent-4n. For F, a low selectivity (40:8.7) for ent-4m over 4n was
observed as a result of the opposing substrate-controlled (6R, 2'R over 6S, 2'R) and catalyst-

controlled (6S over 6R) selectivities."®

Scheme 3. Cu-Catalyzed oxyazidation of trisubstituted alkenes.®
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“Reaction conditions: Cu(MeCN),PFg (10 mol%), L go mol%), 2m (0.10 mmol, 1.0 equiv), Phl(OAc). (2.5 equiv),
TMSN; (2.4 equiv), in 6 mL Et,O at -10 °C for 16 h. "Determined by HPLC analysis using a chiral stationary phase.

With these results in hand, the copper-catalyzed enantioselective oxysulfonylation
involving the addition of a sulfonyl radical was next attempted. This transformation would furnish
enantiomerically enriched g-hydroxy sulfone derivatives, which are found in many biologically
relevant molecules.'”” Molecules containing this structure are also frequently used as
intermediates in the synthesis of a variety of natural products.'® Traditional synthesis of chiral -
hydroxyl sulfones typically involves the asymmetric reduction of p-ketosulfones,'® which does
not provide access to g-sulfonyl tertiary alcohol derivatives. We hypothesized this could be

addressed by our copper-catalyzed strategy.

Table 2. Selected optimizations for the Cu-catalyzed enantioselective alkene oxysulfonylation.®

Me
0 10% Cu(MeCN),PFs
10% L 5. B Me
HO + » O y S
Ph o'
8a

additive, solvent

”a SO,CI RT, 16 h
Entry Base Solvent [Y,;,:'iﬂ [’/eo]elc]
1 Et0OAc 12 28
2 NaOAc (1.1 equiv) EtOAc 37 18
3 AgOAc (1.1 equiv) EtOAc 62 74
4 Ag,CO, (0.55 equiv) EtOAc 95 74
5 Ag,CO; (0.55 equiv) MTBE 31 66
6 Ag,CO, (0.55 equiv) Et,O 48 38

“Reaction conditions: Cu(MeCN),PFs (10 mol%), L (10 mol%), 2a (0.10 mmol, 1.0 equiv), tosyl chloride (1.1 equiv),
base (x equiv), in 2 mL solvent at RT for 16 h. ®Yields were determined by "H NMR spectroscopic analysis using a
internal standard. “Enantiomeric excesses were determined by HPLC analysis using a chiral stationary phase.

In order to test this hypothesis, we studied the reaction of 2a with tosyl chloride as the
sulfonyl radical precursor in the presence of the Cu(l) catalyst and L (Table 2). The original
reaction in ethyl acetate provided the oxysulfonylation product 8a in 12% yield and 28% ee
(entry 1). It was found that the yield of 8a could be improved by the addition of a base to
neutralize the acid generated during the course of the reaction (entry 2). With respect to the
observed low enantioselectivity, we reasoned that the enantioselectivity might be adversely
affected by the chloride ion generated from the reduction of tosyl chloride via catalyst

coordination. Based on this analysis, the reaction was carried out in the presence of silver
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acetate as both an acid and a chloride scavenger, and a significant increase in yield and
enantioselectivity was observed (entry 3). After evaluation of a series of silver salts, silver
carbonate was identified as optimal, leading to an excellent yield of the desired product with
over 70% ee (entry 4). The use of methyl tert-butyl ether or ethyl ether as the solvent was found
to be inferior compared to ethyl acetate with regard to both the yield and enantioselectivity (entry
5 and 6).

Scheme 4. Examples of the Cu-catalyzed enantioselective oxysulfonylation.?
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“Reaction conditions: Cu(MeCN)4,PFs (10 mol%), L (10 mol%), 2 (0.50 mmol, 1.0 equiv), arylsulfonyl
chloride (1.1 equiv), silver carbonate (0.60 equiv), in 8 mL ethyl acetate at RT for 16 h. Yields are of
isolated products (average of two runs). Enantiomeric excesses were determined by HPLC analysis using
a chiral stationary phase.

Representative examples of the enantioselective oxysulfonylation are shown in Scheme
5. In general, this method delivers enantiomerically-enriched sulfonylated lactones in good to
high yields and good enantioselectivity. The readily availability of arylsulfony! chlorides allows
the quick access to chiral building blocks containing a diverse collection of arylsulfonyl groups
using this method.

Next, we sought to expand the scope of this method further to include not only C-N and
C-S bond formation but also C-C bond formation, such as C-Aryl bond formation. The
enantioselective alkene oxyarylation initiated by the addition of an aryl radical is a potentially
powerful reaction for the facile synthesis of chiral alcohol derivatives bearing different «-aryl
substituents.?® We proposed that this transformation could be achieved through the merger of
our copper redox catalysis strategy and the classic Meerwein arylation conditions using aryl
diazonium salts.

It was found that in the presence of the copper chiral catalyst and 2,6-di-'Bupyridine

(DTBP) as an acid scavenger, a series of unsaturated carboxylic acids with electron-neutral and
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-deficient aryl groups reacted with aryl diazonium salts to furnish the desired oxyarylation
products in good yields with moderate to good enantioselectivity (Scheme 5, 9a-9d). A number
of common functional groups were found to be compatible with the reaction conditions, such as
an aryl chloride (9a), an ethyl benzoate (9b) and a nitrile group (9¢). In addition, a d-unsaturated
carboxylic acid afforded the corresponding arylated &-lactone in good yield, albeit with a lower
ee (9d).

Scheme 5. Examples of the Cu-catalyzed enantioselective oxyarylation.®.

- 12% Cu(MeCN),PFg, 10% L

2.0 equiv DTBP 00 R
HOW + Ar—Ny*BFy > ;
n EtOAc, RT (

R n Ar
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Cl CN CF3

@) (3 3 >

B A A 0,05 CF.
CN CO,Et CN

9a 9b 9c 9d
74% yield, 73% ee 77% yield, 71% ee 53% vyield,76% ee 84% yield, 56% ee

“Reaction conditions: Cu(MeCN),PFg (12 mol%), L (10 mol%), 2 (0.50 mmol, 1.0 equiv), aryl diazonium
tetrafluoroborate (2.0 equiv), 2,6-di-Bupyridine (2.0 equiv), in 8 mL ethyl acetate at RT for 16 h. Yields are
of isolated products (average of two runs). Enantiomeric excesses were determined by HPLC analysis
using a chiral stationary phase.

Scheme 6. An enantioselective formal [4+2] annulation via Cu-catalyzed radical oxyarylation.®
15% Cu(MeCN)PFg, 15% L
Z COOH 2.0 equiv DTBP 0
- X - .
(o] N2+BF4. EtOAc, RT i
10 1 12
1.0 equiv 2.0 equiv 19% yield, 46% ee
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“Reaction conditions: Cu(MeCN)4PFs (15 mol%), L (15 mol%), 10 (0.50 mmol, 1.0 equiv), 11 (2.0 equiv),
2,6-di-'Bupyridine (2.0 equiv), in 8 mL ethyl acetate at RT for 16 h. Yields are of isolated products
(average of two runs). Enantiomeric excess was determined by HPLC analysis using a chiral stationary
phase.

Taking advantage of this oxyarylation reaction developed, we were able to probe the
reactivity and selectivity of mono-substituted alkenes in the copper-catalyzed enantioselective
radical oxyfunctionalization, as demonstrated by the copper-catalyzed formal [4+2] annulation
reaction described in Scheme 6. We expected 2-carboxybenzenediazonium tetrafluoroborate
(11) to serve as the precursor for an aryl radical incorporating an adjacent nucleophile. Under
the reaction conditions, this radical could add onto 4-chlorostyrene (10) to give a secondary
benzyl radical intermediate G, which might undergo the Cu-mediated C-O bond formation
process. We were able to isolate isochromanone derivative 12 produced by this reaction in 19%
yield and 46% ee. This suggested that a mono-substituted alkene is capable of participating in
the copper-catalyzed enantioselective radical oxyfunctionalization reaction, although much less
efficiently than the 1,1-disubstituted alkene substrates. In addition, despite the low selectivity,
the Cu-mediated enantioselective C-O bond forming process that proceeded via a secondary

benzyl radical intermediate was demonstrated to be viable.

Scheme 7. Preliminary results on the Cu-catalyzed radical diacyloxylation.®

Cl 10% Cu(MeCN),PFg, 10% L
0 (BzO), (1.5 equiv) 5. ¢ 0 g E
S 3 + s
HO Mn (2.0 equiv) Ov\oiph oﬁ/\"h

EtOAc, RT
2c 13 14
29% yield, 65% ee 40% yield, 67% ee

“Reaction conditions: Cu(MeCN),PFs (10 mol%), L (10 mol%), 2¢ (0.50 mmol, 1.0 equiv), dibenzoyl
peroxide (1.5 equiv), manganese powder (2.0 equiv), in 8 mL ethyl acetate at RT for 16 h. Yields were
determined by '"H NMR analysis using an internal standard. Enantiomeric excesses were determined by
HPLC analysis using a chiral stationary phase.

In addition to nitrogen-, sulfur- and carbon-centered radicals, we would like to also
explore the use of oxygen-centered radical species in the Cu-catalyzed enantioselective radical

oxyfunctionalization, which could lead to the new syntheses of chiral 1,2-diol derivatives.
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Preliminary results are described in Scheme 7. The treatment of 2¢ with dibenzoyl peroxide in
the presence of the chiral catalyst afforded two products: the desired diacyloxylation product 13
(29% vyield, 65% ee) and an unexpected oxyarylation product 14 (40% yield, 67% ee). This
observation clearly suggested the involvement of benzoyloxyl radicals in the reaction, which in
part underwent decarboxylation to give phenyl radicals that led to the oxyarylation process.
Details of the enantioselective C-O bond forming process remains unclear. At this point,
we propose two mechanistic possibilities. The first one involves the one-electron oxidation of the
tertiary radical D to a carbocation H by the Cu(ll) species, which is immediately trapped
intramolecularly by the carboxylate group. In the other scenario which is mechanistically related
to the Kharasch oxidation,?' the combination of the Cu(ll) species and the tertiary radical affords
a Cu(lll) complex I, which undergoes reductive elimination to form the C-O bond. Currently

neither possibility can be excluded based on the experimental evidence in hand.

Scheme 8. Possible pathways for the enantioselective C-0 bond forming process.
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3.3 Conclusion.

In conclusion, we have developed a general and versatile method for the catalytic
enantioselective oxyfunctionalization of alkenes based on a Cu-mediated enantioselective C-O
bond forming process of prochiral alkyl radical intermediates. A wide range of radicals were
found to participate this type of reaction, including azidyl, arylsulfonyl, aryl, acyloxyl and alkyl
radicals. This method provides rapid access to a broad spectrum of interesting enantiomerically
enriched lactones through tandem C-N/C-O, C-S/C-0O, C-Canyaiy/C—-O or C-O/C-O bond

formation, in good yields and enantiomeric excesses with good functional group compatibility.
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We are continuing the work to expand the scope of this new difunctionalization strategy to
include other radical species® and nucleophiles, as well as to gain more insight in the key

enantioselective functionalization process.

3.4 Experimental

General considerations. All reactions were carried out with dry solvents under anhydrous
conditions, unless otherwise noted. Anhydrous ethyl acetate (EtOAc), methyl tert-butyl ether
(MTBE) and 2,2'-isopropylidenebis[(4 S)-4-tert-butyl-2-oxazoline] (99%) were purchased from
Aldrich and used as received. Tetrakis(acetonitrile)copper(l) hexafluorophosphate was
purchased from Strem and stored in a dry box. Reagents were purchased at the highest
commercial quality and used without further purification, unless otherwise stated. All chemicals
were weighed on the bench top, in the air. Reactions were monitored by 'H NMR spectroscopy
and thin-layer chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-
254) using UV light as a visualizing agent and phosphomolybdic acid in ethanol or iodine on
silica gel as developing agents. Flash silica gel chromatography was performed using Silicycle
SiliaFlashP60 (230-400 mesh) silica gel. 'H and "®C NMR spectra were recorded on a Bruker
AMX 400 spectrometer and were calibrated using residual solvent as an internal reference
(CDCl3: 7.26 ppm for 'H NMR and 77.16 ppm for '*C NMR). "°F NMR spectra were recorded on
a Varian 300 MHz spectrometer or a Bruker AMX 400 spectrometer and were calibrated using
CFCl; as an external reference (0 ppm). The following abbreviations were used to explain the
multiplicities: s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, b = broad, at =
apparent triplet, ad = apparent doublet. IR spectra were recorded on a Thermo Scientific Nicolet
iS5 FT-IR spectrometer (iD5 ATR). HPLC analyses were performed on an Angilent 1100 series

®

system with Daicel Chiralcel” columns (4.6 mm x 250 mm) in hexanes/i-PrOH mixtures. Melting
points (m.p.) were obtained on a Mel-Temp capillary melting point apparatus. Optical rotations
were measured on Jacsco P-1010 polarimeter with a sodium lamp(589 nm) at 24 °C. Elemental
analyses were performed by Atlantic Microlabs Inc., Norcross, GA. HRMS (DART or ESI)
spectra were recorded on a Bruker Daltonics APEXIV 4.7 Tesla Fourier transform ion cyclotron

resonance mass spectrometer (FT-ICR-MS). Testb

Synthesis and Characterization of non-Commercial Substrates
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4-Phenylpent-4-enoic acid (2a),'” 4-(4-bromophenyl)pent-4-enoic acid (2b), ' 4-(4-
chlorophenyl)pent-4-enoic acid (2c), '* 4-(4-trifluoromethylphenyl)pent-4-enoic acid (2e), ' 4-
(4-methoxyphenyl)pent-4-enoic acid (2f),?® 4-(3-thienyl)pent-4-enoic acid (2g), ' 4-(3-
acetylphenyl)pent-4-enoic acid (2h), '® 5-phenylhex-5-enocic acid (2i), '®* 3,3-dimethyl-5-
phenylhex-5-enoic acid (2j), ' (2)-5-phenylhept-5-enoic acid ((2)-2m, Z:E = 14:1 as determined
by 'H NMR analysis), '* (E)-5-phenythept-5-enoic acid ((E)-2m, Z:E < 1:20 as determined by 'H

10a

NMR analysis),  were prepared according to literature procedures.

1) 1.5 equiv p-CN-CgH4B(OH),

2% precatalyst : (l)I O
2 equiv K3PO, !
THF, H,0, RT OH Pd-L Fnyz
Br OBu > : NH, L= Pr iPr
T 2) TFA, DCM G o O O

0°Cto RT 2d

precatalyst Pr

4-(4-cyanophenyl)pent-4-enoic acid (2d) : An oven-dried 100 mL round-bottom-flask
equipped with a magnetic stir bar was charged with 4-cyanophenyl boronic acid (1.5 equiv, 0.96
g, 6.5 mmol) and precatalyst (80 mg, 0.02 equiv). The flask was sealed with a rubber septum
and connected to a Schlenk line though a needle. The flask was then evacuated and backfilled
with argon (This sequence was repeated a total of three times). tert-Butyl 4-bromopent-4-enoate
(1.02 g, 4.3 mmol, 1.0 equiv),* followed by anhydrous tetrahydrofuran (10 mL) and potassium
phosphate aqueous solution (2 equiv, 1.84 g in 17 mL degassed water) was added via syringe.
The resulting mixture was stirred at room temperature for 48 h before diluted with water (50 mL)
and ethy! ether (50 mL). The aqueous phase was separated and extracted with ethyl ether (50
mL x 3). The combined organic layers was concentrated in vacuo. The residue was passed
through a short plug of silica gel (1 cm x 4 cm) and eluted with hexanes/ethyl ether until all the
coupling product was eluted as detected by TLC. The elute was concentrated in vacuo and
redissolved in dichloromethane (20 mL), to which at 0 °C was added 6.5 mL (20 equiv)
trifluoroacetic acid slowly. The resulting mixture was stirred at room temperature for 48 h before
concentrating in vacuo to remove the solvents and excess trifluoroacetic acid. The residue was
purified by silica gel flash column chromatography (hexanes: ethyl acetate = 5:1 to 1:1) followed

by one recrystallization to afford 2d (0.35 g, 40% vyield) as a pale yellow solid.
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'"H NMR (400 MHz, CDCl3) 8 7.65 (d, J=8.8 Hz, 2 H), 7.51 (d, J= 8.8 Hz, 2 H), 5.42 (s,
1H),5.25 (s, 1 H), 2.84 (t, J= 7.6 Hz, 2 H), 2.53 (t, J = 7.6 Hz, 2 H); '°C NMR (100 MHz, CDCls)
5 178.9, 145.2, 145.2, 132.4, 126.9, 118.9, 116.0, 111.4, 32.8, 29.7; IR (film) vmax 2970, 2232,
1739, 1699, 1627, 1365, 1217, 905, 839 cm™'; Ri(hexanes: ethyl acetate = 1:1)= 0.25; m. p. 101
°C. HRMS: [M+NH,]* Calcd. For Cy,HsN,0,: 219.1128; Found: 219.1128.

Y ph—==—1Mms o
AICly, CH,Cly, 0 °C to RT >
2) NaO'Bu, PPhyMe*Br, THF, RT

2k

Ph

4-Methylene-6-phenylhex-5-ynoic acid (2k): Adapted from a previously reported
procedure:*® Powered anhydrous AICI; (3.7 g, 28 mmol, 1.75 equiv) was added in portions to an
ice-cold mixture of succinic anhydride (2.4 g, 24 mmol, 1.5 equiv) and 1-phenyl-2-
trimethylsilylacetylene (3.1 mL, 16 mmol, 1.0 equiv) in 200 mL anhydrous CH,Cl,. The mixture
was stirred at 0 °C for 2 h and then at room temperature for 16 h. The dark brown mixture was
carefully quenched with 1 N HCI at 0 °C. The organic layer was separated and the aqueous
layer was extracted with CH,Cl, (100 mL x 2 ). The combined organic phase was washed with 1
N HCI, water and brine, and dried over sodium sulfate. The solvent was removed in vacuo and
the residue was purified by passing through a short silica gel column to afford the crude product
4-oxo-6-phenylhex-5-ynoic acid as a brown solid (1.6 g, 50 % yield) which was used in the next
reaction without further purification.

An oven-dried 200 mL round-bottom-flask equipped with a magnetic stir bar was
charged with methyltriphenylphosphonium bromide (3.7 g, 10.4 mmol, 1.3 equiv) and anhydrous
THF (100 mL). The mixture was stirred at 0 °C and sodium tert-butoxide (2.0 g, 20.6 mmol, 2.6
equiv) was added in portions. The resulting yellow slurry was stirred at room temperature for 45
min before being cooled to 0 °C. At 0 °C, 4-oxo0-6-phenylhex-5-ynoic acid (1.6 g, 8 mmol, 1.0
equiv) was added slowly to the reaction mixture. The resulting mixture was stirred at room
temperature for 16 h before concentrating in vacuo. The residue was diluted with 200 mL 0.5 N
aqueous sodium hydroxide and washed with CH.Cl, (30 mL x 3). The aqueous layer was cooled
to 0 °C, acidified (pH < 2), and extracted with Et,O (100 mL x 3). The combined organic layers

were washed with water (30 mL x 3) and brine (30 mL), dried over sodium sulfate, and
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concentrated in vacuo. The residue was purified by silica gel flash column chromatography to
afford 2k as a yellow solid (0.77 g, 54% yield).

'H NMR (400 MHz, CDCly) 3 7.46-7.43 (m, 2 H), 7.31 (m, 3 H), 5.47 (s, 1 H), 5.38 (d, J =
1.2 Hz, 1 H), 2.68 (t, J = 7.6 Hz, 2 H), 2,59 (t, J = 7.6 Hz, 2 H); 3C NMR (100 MHz, CDCl;) &
179.2, 131.8, 129.6, 128.5, 128.4, 123.1, 122.3, 90.2, 88.7, 33.0, 32.2; IR (film) Vmax 2970, 1737,
1706, 1610, 1489, 1442, 1373, 1217, 901, 754, 689 cm™'; Ri(hexanes: ethyl acetate = 2:1)=
0.50; m. p. 74 °C. Anal. Calcd. For Cy3H,0,: C, 77.98; H, 6.04. Found: C, 77.81; H, 6.05.

O TMS i . (@] ™
,U\/\“/ nBuLi, PPhzMe*Br - // S
HO -78 °Cto 0 °C HO
o}

21

4-Methylene-6-(trimethylsilyl)hex-5-ynoic acid (21): An oven-dried 200 mL round-bottom-
flask equipped with a magnetic stir bar was charged with methyltriphenylphosphonium bromide
(12.8 g, 36 mmol, 2.4 equiv). The flask was sealed with a rubber septum and connected to a
Schienk line though a needle. The flask was briefly evacuated and backfilled with argon (this
sequence was repeated a total of 3 times). Anhydrous THF (100 mL) was added via syringe. At
-78 °C to the stirring mixture was added n-butyl lithium solution (2.5 M in hexane, 22 mL, 54
mmol, 3.6 equiv) dropwise. The reaction mixture was moved to a 0 °C bath and stirred at the
same temperature for 0.5 h before being cooled to -78 °C. At -78 °C, a solution of 4-oxo0-6-
(trimethylsilyl)hex-5-ynoic acid® (3.1 g, 15 mmol, 1.0 equiv) in anhydrous THF (2 M) was added
slowly to the reaction mixture via syringe. The resulting mixture was stirred at -78 °C for 0.5 h,
then 0 °C for 2 h, and finally warmed to room temperature and stirred overnight. The reaction
mixture was quenched at 0 °C by the addition of 70 mL 1 M HCI, 50 mL saturated aqueous
NH,Cl and 50 mL brine. The aqueous layer was separated and extracted with ethyl ether. The
combined organic layers were dried over Na,SO, and concentrated in vacuo. The residue was
purified by silica gel flash column chromatography to afford 2I as a colorless oil. (1.34 g, 42%
yield)

'"H NMR (400 MHz, CDCl3) 8 11.67 (br, 1 H), 5.41 (s, 1 H), 5.32 (s, 1 H), 2.61 (t, J= 7.6
Hz, 2 H), 2.48 (t, J = 7.6 Hz, 2 H), 0.19 (s, 9 H); "®C NMR (100 MHz, CDCls) & 179.3, 129.6,
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123.1, 104.4, 95.2, 32.8, 31.9, 0.0; IR (film) vmax 2960, 2145, 1709, 1608, 1411, 1250, 904, 838,
759 cm™; R¢hexanes: ethyl acetate = 2:1)= 0.70; HRMS: [M-H]" Calcd. For CioH150,Si:
195.0847; Found: 195.0854.

General Procedure and Characterization for the Copper-Catalyzed
Enantioselective Oxyfunctionalization of Alkenes

Enantioselective Oxyazidation:

General procedure A for the Cu-catalyzed enantioselective oxyazidation (Table 1):

Caution: This reaction should be carried out behind a blast shield. It should be noted that while
no incident occurred during this study, azides are potentially hazardous compounds and

adequate safety measures should be taken.

An oven-dried 100 mL round bottom flask equipped with a Teflon-coated magnetic stir bar was
charged with tetrakis(acetonitrile)copper(l) hexafluorophosphate (9.3 mg, 0.025 mmol, 0.05
equiv), 2,2'-isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline] (7.4 mg, 0.025 mmol, 0.05 equiv)
and unsaturated carboxylic acid 2 (0.50 mmol, 1.0 equiv). The flask was sealed with a rubber
septum and connected to a Schlenk line though a needle. The flask was briefly evacuated and
backfilled with argon (this sequence was repeated a total of two times). The septum was
removed, (diacetoxyiodo)benzene (403 mg, 1.25 mmol, 2.5 equiv, dried under high vacuum for
2 h in advance.) was quickly added into the flask and the flask was sealed again with the
septum. The flask was connected to a Schlenk line though a needle. The reaction flask was
then briefly evacuated and backfilled with argon (this sequence was repeated a total of three
times). The reaction flask was cooled to -78 °C. At the same temperature, without stirring,
anhydrous diethyl ether (30 mL) was added to the flask via syringe followed by trimethylsilyl
azide (158 pL, 1.20 mmol, 2.4 equiv). After cooled at -78 °C for 2 min, the argon pressure was
removed and the reaction mixture was moved to a -10 °C bath and stirred at the same
temperature for 16 h. The reaction mixture was quenched carefully with saturated aqueous
sodium bicarbonate solution (20 mL). The aqueous layer was separated and extracted with
diethyl ether (15 mLx3). The combined organic layers was concentrated in vacuo. The residue

was purified by silica gel flash column chromatography (EtOAc/hexanes/toluene, using UV light
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as a visualizing agent and phosphomolybdic acid in ethanol or iodine on silica gel as developing

agents) to afford the oxyazidation product 4.

o @ (S)-5-(azidomethyl)-5-phenyldihydrofuran-2(3H)-one (4a) Following general
O\\/_]HNS procedure A, the title compound was synthesized from 4-phenyl-4-pentenoic
acid (2a) (88.0 mg, 0.50 mmol). The product was purified by silica gel flash

column chromatography (hexanes: toluene: ethyl acetate = 1:0:0 to 0:1:0 to 0:12:1 10 0:8:1) to
afford 4a (66.9 mg, 62% yield, 89% ee) as a pale yellow sticky oil. 'H NMR (400 MHz, CDCls) &
7.42-7.33 (m, 5 H), 3.67 (d, J = 13.2 Hz, 1 H), 3.53 (d, J = 13.2 Hz, 1 H), 2.78-2.65 (m, 2 H),
2.55-2.40 (m, 2 H); '"*C NMR (100 MHz, CDCls) & 175.7, 140.6, 128.9, 128.6, 124.7, 87.7, 60.0,
31.4, 28.7; IR (film) va 2096, 1772, 1739, 1448, 1365, 1196, 1062, 935 cm™'; Ry(toluene: ethyl
acetate = 4:1)= 0.6; Anal. Calcd. For CyH{{N3O,: C, 60.82; H, 5.10. Found: C, 61.11; H, 5.18.
[a]p®* = -28.1 (c= 0.8, CHCIl3). The enantiomeric excess was determined by chiral HPLC
analysis: Chiralcel OD-H 4.6 mm x 250 mm, hexanes:i-PrOH = 95:5, 1.0 mL/min, 210 nm, tg =

20.6 min (major) and 26.3 min {minor).

Br (S)-5-(azidomethyl)-5-(4-bromophenyl)dihydrofuran-2(3H)-one (4b)
Q Following general procedure A, the title compound was synthesized from 4-(4-

O_ &
O§(_7‘\ bromophenyl)pent-4-enoic acid (2b) (127.5 mg, 0.50 mmol). The product was

N
’ purified by silica gel flash column chromatography (hexanes: toluene: ethyl

acetate = 1:0:0 to 10:0:1 to 6:1:1 to 4:2:1) to afford 4b (82.6 mg, 56% vyield, 89% ee) as a
colorless oil. 'H NMR (400 MHz, CDCl3) & 7.53 (d, J = 8.4 Hz, 2 H), 7.26 (d, J = 8.4 Hz, 1 H),
3.65(d, J=13.2 Hz, 1 H), 3.51 (d, J= 13.2 Hz, 1 H), 2.80-2.64 (m, 2 H), 2.52 (m, 1 H), 2.39 (m,
1 H), ; "*C NMR (100 MHz, CDCl5) & 175.3, 139.7, 132.1, 126.6, 122.9, 87.2, 59.9, 31.5, 28.7;
IR (film) vmax 2097, 1738, 1365, 1229, 1217, 1007cm™; Ri(hexanes: toluene: ethyl acetate =
2:2:1)= 0.4; Anal. Calcd. For C11H1oN3O2Br: C, 44.62; H, 3.40. Found: C, 44.90; H, 3.54. [a]p** =
+ 4.8 (c= 1, CHCIl3). The enantiomeric excess was determined by chiral HPLC analysis:
Chiralcel OD-H 4.6 mm x 250 mm, hexanes:-PrOH = 95:5, 1.0 mL/min, 230 nm, tz = 24.6 min

(major) and 31.4 min (minor).

Scheme 9. Synthesis and ORTEP presentation of 7b. (thermal ellipsoids shown at 50%
probability. Hydrogen atoms are omitted for clarity.)
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(1) 1.2 equiv. =—Ar
0.25 equiv CuSQy,
0.5 equiv Na-ascorbate o. Ar

0= O BUOH/H,0, RT 017-5\
X — \, =

N3 (2) recrystalization *N
ab 88% S\__,{,

89% ee Ar

i 7b
Br Sicy 98% ee (X-ray)

Derivatization of 4b: (S)-5-(4-bromophenyl)-5-((4-(4-bromophenyl)-1H-1,2,3-triazol-1-

yl)methyl)dihydrofuran-2(3H)-one (7b) To a mixture of 4b (1.0 equiv, 25 mg, 0.08 mmol), 4-
bromophenylacetylene (1.2 equiv, 18 mg, 0.10 mmol) in H,O/BuOH (1 mL/1 mL) was added
CuS0,05H,0 (0.25 equiv, 5 mg) and sodium ascorbate (0.5 equiv, 8 mg). The resulting mixture
was stirred at room temperature for 20 h before diluted with ethyl acetate (5 mL), saturated
aqueous EDTA solution (0.2 mL) and water (5 mL). The aqueous layer was extracted with ethyl
acetate (5 mLx3). The combined organic layers were dried over Na,SO,, filtered through a
short silica gel plug, and concentrated in vacuo. The residue was triturated with hexanes, and
then recrystallized in CH,Cl./EtOAc to afford 7b as a colorless crystalline solid (35.4 mg, 88%
yield, 98% ee). '"H NMR (400 MHz, CDCls,) 8 7.86 (s, 1 H), 7.68 (d, J= 8.8 Hz, 2 H), 7.57 (m, 4
H), 7.31 (d, J=8.8 Hz, 2 H), 4.84 (d, J=14.8 Hz, 1 H), 4.68 (d, J=14.8 Hz, 1 H), 2.71 (ddd, J =
13.2, 9.6, 8.0 Hz, 1 H), 2.50 (ddd, J=13.2, 10.0, 5.2 Hz, 1 H), 2.40 (ddd, J=17.2, 9.6, 8.0 Hz, 1
H), 2.12 (ddd, J = 17.2, 9.6, 5.2 Hz, 1 H); '*C NMR (100 MHz, CDCls) & 174.9, 147.6, 138.6,
132.5, 132.2, 129.1, 127.5, 126.6, 123.4, 122.6, 121.5, 86.5, 58.3, 31.4, 28.0; IR (film) Vmax
1738, 1455, 1365, 1229, 1217, 1000, 922, 831, 817 cm™; Ri( hexanes : ethyl acetate = 1:1) =
0.5; Anal. Calcd. For CigH;sNsO2Br2: C, 47.83; H, 3.17. Found: C, 47.78; H, 3.09. [a]p®* = +51.0
(c= 0.5, CHxCly). m. p. 235-236 °C. The enantiomeric excess was determined by chiral HPLC
analysis: Chiralcel IA 4.6 mm x 250 mm, hexanes:-PrOH = 80:20, 1.0 mL/min, 254 nm, tg =
37.0 min (major) and 21.6 min (minor). The absolute stereochemistry of 7b was assigned by X-
ray crystallography, based on which the absolute stereochemistry of 4b was assigned. The
absolute stereochemistry of 4a-c, 4e-n, 8a-c, 9a-d, 13, 14 were assigned based on analogy to
4b.

(S)-5-(azidomethyl)-5-(4-chlorophenyl)dihydrofuran-2(3H)-one (4c)

cl
Q Following general procedure A, the title compound was synthesized from 4-(4-
o

<O~

N
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chlorophenyl)pent-4-enoic acid (2¢) (105 mg, 0.50 mmol). The product was purified by silica gel
flash column chromatography (hexanes: toluene: ethyl acetate = 1:0:0 to 0:1:0 to 0:12:1 to
0:7:1) to afford 4¢ (65.7 mg, 52% yield, 89% ee) as a pale yellow oil. 'H NMR (400 MHz,
CDCl3) 8 7.38 (d, J=9.0 Hz, 2 H), 7.32 (d, J= 9.0 Hz, 2 H), 3.65 (d, J=12.8 Hz, 1 H), 3.52 (d, J
=12.8 Hz, 1 H), 2.80-2.65 (m, 2 H), 2.52 (m, 1 H), 2.39 (m, 1 H), ; "*C NMR (100 MHz, CDCls) &
175.4, 139.2, 134.7, 129.2, 126.2, 87.2, 59.9, 31.5, 28.7; IR (film) via 2097, 1774, 1492, 1277,
1175, 1068, 1011, 935 cm™; Rtoluene: ethyl acetate = 4:1)= 0.3; Anal. Calcd. For
C11H10N3O:Cl: C, 52.50; H, 4.01. Found: C, 52.35; H, 4.11. [0]p>* = +1.3 (c= 0.9, CHCls). The
enantiomeric excess was determined by chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250
mm, hexanes:i-PrOH = 95:5, 1.0 mL/min, 230 nm, tg = 20.0 min (major) and 24.6 min (minor).
CN (S)-5-(azidomethyl)-5-(4-cyanophenyl)dihydrofuran-2(3H)-one (4d)
0.0 Q Following a slightly modified general procedure A in which the combined
§<—7\\N3 organic layers after ethyl ether extraction was briefly washed with Na>COs;
aqueous solution (0.02 M, 10 mLX2) before concentrating in vacuo, the titte compound was
synthesized from 4-(4-cyanophenyl)pent-4-enoic acid (2d) (100 mg, 0.50 mmol). The product
was purified by silica gel flash column chromatography (hexanes: toluene: ethyl acetate = 1:0:0
to 0:1:0 to 0:10:1 to 0:6:1) to afford 4d (56.5 mg, 47% yield, 90% ee) as a pale yellow oil. 'H
NMR (400 MHz, CDCl;) 6 7.71 (d, J = 8.4 Hz, 2 H), 7.52 (d, J = 8.4 Hz, 2 H), 3.66 (d, J =13.2
Hz, 1 H), 3.57 (d, J = 13.2 Hz, 1 H), 2.84-2.69 (m, 2 H), 2.53 (m, 1 H), 2.40 (m, 1 H), ; "°*C NMR
(100 MHz, CDCl3) & 174.9, 145.8, 132.8, 125.8, 118.2, 112.8, 86.8, 59.7, 31.5, 28.5; IR (film)
Vmax 2229, 2102, 1778, 1176, 1070, 937, 838, 729 cm™"; Ri(toluene: ethyl acetate = 3:1)= 0.4;
Anal. Calcd. For Ci2H1oN4O»: C, 59.50; H, 4.16. Found: C, 59.57; H, 4.42. [a]o** = + 10.8 (c=
0.5, CHCIg). The enantiomeric excess was determined by chiral HPLC analysis: Chiralcel OD-H
4.6 mm x 250 mm, hexanes:i-PrOH = 85:15, 1.0 mL/min, 230 nm, tg = 30.6 min (major) and

34.3 min (minor).

cr, (S)-5-(azidomethyl)-5-(4-trifluoromethylphenyl)dihydro  furan-2(3H)-one

(4e) Following a slightly modified general procedure A in which (1)

m tetrakis(acetonitrile)copper(l) hexafluorophosphate (14.9 mg, 0.04 mmol, 0.08
No equiv) and 2,2'-isopropylidenebis[(4 S)-4-tert-butyl-2-oxazoline] (11.8 mg, 0.04

mmol, 0.08 equiv) were used; (2) the combined organic layers after ethyl ether extraction was
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briefly washed with Na,CO3; aqueous solution (0.02 M, 10 mLX2) before concentrating in
vacuo, the title compound was synthesized from 4-(4-trifluoromethylphenyl)pent-4-enoic acid
(2e) (122 mg, 0.50 mmol). The product was purified by silica gel flash column chromatography
(hexanes: toluene: ethyl acetate = 1:0:0 to 0:1:0 to 0:12:1 to 0:8:1) to afford 4e (65.5 mg, 46%
yield, 90% ee) as a colorless oil. '"H NMR (400 MHz, CDCl3) & 7.68 (d, J = 8.4 Hz, 2 H), 7.53 (d,
J=8.4Hz, 1H), 368 (d J=13.2Hz, 1H), 357 (d, J=13.2 Hz, 1 H), 2.84-2.70 (m, 2 H), 2.54
(m, 1 H), 2.43 (m, 1 H); 3C NMR (100 MHz, CDCly) & 175.2, 144.7, 131.1 (q, Jor = 32 Hz),
126.1 (q, Jor = 4 Hz), 125.4, 123.9 (q, Jor = 270 Hz), 87.1, 59.9, 31.6, 28.6; '°F NMR (376 MHz,
CDCl3) & -62.8 (s); IR (film) vmna 2102, 1738, 1365, 1229, 1217, 1115, 1077cm™; R (toluene:
ethyl acetate = 6:1)= 0.2; HRMS: [M+NH,]" Calcd. For C;,H{4N4F:0,: 303.1063; Found:
303.1050. [a]p** = -11.6 (c = 0.4, CHCl3). The enantiomeric excess was determined by chiral
HPLC analysis: Chiralcel OD-H 4.6 mm x 250 mm, hexanes:i-PrOH = 95:5, 1.0 mL/min, 210 nm,

tg = 19.8 min (major) and 25.6 min (minor).

OMe (S)-5-(azidomethyl)-5-(4-methoxyphenyl)dihydrofuran-2(3H)-one (4f)
Following general procedure A, the title compound was synthesized from 4-(4-
§<_7‘\ methoxyphenyl)pent-4-enoic acid (2f) (103 mg, 0.50 mmol). The product was

Na purified by silica gel flash column chromatography (hexanes: toluene: ethyl
acetate = 1:0:0 to 0:1:0 to 0:12:1 t0 0:7:1) to afford 4f (79.6 mg, 65% yield, 75% ee) as a pale
yellow oil. 'H NMR (400 MHz, CDCls) 5 7.29 (d, J =8.8 Hz, 1 H), 6.91 (d, J =8.8 Hz, 1 H), 3.80
(s,3H),3.64 (d, J=13.2Hz, 1 H),3.48(d, J=13.2 Hz, 1 H), 2.76-2.61 (m, 2 H), 2.51 (m, 1 H),
2.40 (m, 1 H); *C NMR (100 MHz, CDCls) 3 175.8, 159.7, 132.4, 126.1, 114.2, 87.6, 60.1, 55.4,
31.3, 28.8; IR (film) vmax 2098, 1772, 1611, 1513, 1247, 1175, 1068, 934 cm™"; Ri(toluene: ethyl
acetate = 4:1)= 0.5; Anal. Calcd. For Ci2H13N303: C, 58.29; H, 5.30. Found: C, 58.44; H, 5.49.
[a]o® = +1.6 (c= 0.6, CHCI3). The enantiomeric excess was determined by chiral HPLC analysis:
Chiralcel OD-H 4.6 mm x 250 mm, hexanes:i-PrOH = 95:5, 1.0 mL/min, 230 nm, t5 = 23.2 min

{major) and 27.6 min (minor).

(S)-5-(azidomethyl)-5-(thiophen-3-yl)dihydrofuran-2(3H)-one (4g) Following a slightly
modified general procedure A in which additional 2,6-di-tert-butylpyridine (120 mL, 0.55 mmol,
C 1.1 equiv,) was added via syringe after the addition of trimethylsilyl azide, the
s
O ~=

A

N3

title compound was synthesized from 4-(3-thiophenyl)pent-4-enoic acid (2g) (91
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mg, 0.50 mmol). The product was purified by silica gel flash column chromatography (hexanes:
toluene: ethyl acetate = 10:0:1 to 6:1:1) to afford 4g (76.1 mg, 68% yield, 82% ee) as a pale
yellow oil. 'H NMR (400 MHz, CDCly) & 7.38 (dd, J =5.2 Hz, 3.0 Hz. 1 H), 7.31 (dd, J =3.0 Hz,
1.2 Hz. 1 H), 7.02 (dd, J=5.2 Hz, 1.2 Hz. 1 H), 3.71 (d, J= 13.0 Hz, 1 H), 3.53 (d, J = 13.0 Hz, 1
H), 2.77-2.52 (m, 3 H), 2.40 (m, 1 H); *C NMR (100 MHz, CDCl;) d 175.7, 141.7, 127.6, 124.7,
121.9, 86.4, 59.3, 31.3, 28.8; IR (film) v 2102, 1775, 1181, 1070, 1040, 942, 847 cm™;
Ri(toluene: ethyl acetate = 4:1)= 0.6; Anal. Calcd. For CgHgN3O,S: C, 48.42; H, 4.06. Found: C,
48.34; H, 3.97. [a]p™ = -9.0 (c= 0.5, CHCI3). The enantiomeric excess was determined by chiral
HPLC analysis: Chiralcel OD-H 4.6 mm x 250 mm, hexanes:i-PrOH = 95:5, 1.0 mL/min, 230 nm,

tr = 29.0 min (major) and 36.9 min (minor).

QA (S)-5-(azidomethyl)-5-(3-acetylphenyl)dihydrofuran-2(3H)-one (4h)

C

OTOJL\ Following a slightly modified general procedure A in  which
Na tetrakis(acetonitrile)copper(l) hexafluorophosphate (14.9 mg, 0.04 mmol,

0.08 equiv) and 2,2-isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline] (11.8 mg, 0.04 mmol, 0.08
equiv) were used, the title compound was synthesized from 4-(3-acetylphenyl)pent-4-enoic acid
(2h) (109 mg, 0.50 mmol). The product was purified by silica gel flash column chromatography
(hexanes: toluene: ethyl acetate = 1:0:0 to 0:1:0 to 0:10:1 to 0:5:1) to afford 4h (67.7 mg, 52%
yield, 90% ee) as a white solid. '"H NMR (400 MHz, CDCls)  7.92 (m ,2 H), 7.62 (m, 1 H), 7.51
(m, 1 H), 3.67 (d, J=13.2 Hz, 1 H), 3.57 (d, J=13.2 Hz, 1 H), 2.81-2.69 (m, 2 H), 2.61 (s, 3 H),
2.56-2.42 (m, 2 H); '*C NMR (100 MHz, CDCls) & 197.6, 175.4, 141.5, 137.7, 129.5, 129.4,
128.7, 124.4, 87.3, 60.0, 31.5, 28.7, 26.8; IR (film) vmax 2101, 1773, 1682, 1365, 1217, 1069,
938 cm™"; R¢(toluene: ethyl acetate = 4:1)= 0.3; Anal. Calcd. For C3H13N3Os: C, 60.22; H, 5.05.
Found: C, 60.38; H, 5.12. [a]024 = -12.8 (c= 0.5, CHCI3). m. p. 80-81 °C. The enantiomeric
excess was determined by chiral HPLC analysis: Chiralcel 1A 4.6 mm x 250 mm, hexanes:/i-
PrOH = 90:10, 1.0 mL/min, 230 nm, tg = 20.5 min (major) and 18.7 min (minor).

0 (S)-6-(azidomethyl)-6-phenyltetrahydro-2H-pyran-2-one (4i) Following
ik/o"tph general procedure A, the title compound was synthesized from 5-phenylhex-5-

Nz enoic acid (2i) (95 mg, 0.50 mmol). The product was purified by silica gel flash

column chromatography (hexanes: toluene: ethyl acetate = 1:0:0 to 0:1:0 to 0:12:1 to 0:8:1) to
afford 4i (69.8 mg, 60% yield, 89% ee) as a colorless oil. 'H NMR (400 MHz, CDCl;) & 7.43-
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7.32 (m, 5 H), 3.61 (d, J=128 Hz, 1 H), 3.42 (d, J = 12.8 Hz, 1 H), 2.50 (ddd, J = 18 Hz, 9.6
Hz, 7.2 Hz, 1 H), 2.45 (ddd, J = 18 Hz, 7.2 Hz, 4 Hz, 1 H), 2.31-2.22 (m, 2 H), 1.83 (m, 1 H),
1.60 (m, 1 H); "°C NMR (100 MHz, CDCls) 5 170.5, 140.4, 129.2, 128.5, 125.3, 86.9, 60.8, 29.3,
29.1, 16.2; IR (film) vma 2096, 1736, 1447, 1232, 1187, 1048, 934 cm™; Ri(toluene: ethyl
acetate = 4:1) = 0.6; Anal. Calcd. For C;,H43N3O5: C, 62.33; H, 5.67. Found: C, 62.51; H, 5.78.
[a]p?* = +24.9 (c= 0.5, CHCI;). The enantiomeric excess was determined by chiral HPLC
analysis: Chiralcel OD-H 4.6 mm x 250 mm, hexanes:/-PrOH = 95:5, 1.0 mL/min, 210 nm, tg =
19.5 min (major) and 26.5 min (minor).
0 (S)-6-(azidomethyl)-4,4-dimethyi-6-phenyltetrahydro-2H-pyran-2-one  (4j)
Me.mPh Following general procedure A, the title compound was synthesized from 3,3-
Me "o gimethyl-5-phenylhex-5-enoic acid (2j) (109 mg, 0.50 mmol). The product was
purified by silica gel flash column chromatography (hexanes: toluene : ethyl acetate = 1:0:0 to
0:1:0 to 0:20:1 to 0:15:1 to 0:10:1) to afford 4j (83.0 mg, 64% yield, 92% ee) as a colorless oil.
'H NMR (400 MHz, CDCls) 5 7.43-7.30 (m, 5 H), 3.50 (d, J = 12.8 Hz, 1 H), 3.29 (d, J = 12.8 Hz,
1 H), 2.33-2.17 (m, 4 H), 1.09 (s, 3 H), 0.78 (s, 3 H); *C NMR (100 MHz, CDCl3) 5 171.0, 141.6,
129.0, 128.3, 125.1, 85.8, 62.0, 43.8, 41.7, 31.9, 30.7, 29.1; IR (film) vmax 2970, 2097, 1739,
1447, 1365, 1217, 1060, 759, 702 cm™; R(toluene: ethyl acetate = 5:1) = 0.7; HRMS: [M+Na]*
Calcd. For Cy4H{7N3O.Na: 282.1213; Found: 282.1205. [a]p®* = +35.9 (c= 0.8, CHCls). The
enantiomeric excess was determined by chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250

mm, hexanes:-PrOH = 95:5, 1.0 mL/min, 210 nm, tg = 13.0 min (major) and 15.0 min (minor).

Ph  (S)-5-(azidomethyl)-5-(phenylethynyl)dihydrofuran-2(3H)-one (4k) Following

00 // a slightly modified general procedure A in which tetrakis(acetonitrile)copper(l)
§("7‘\Ng. hexafluorophosphate (14.9 mg, 0.04 mmol, 0.08 equiv) and 2,2-
isopropylidenebis[(4 S)-4-tert-butyl-2-oxazoline] (11.8 mg, 0.04 mmol, 0.08 equiv) were used, the
title compound was synthesized from 4-methylene-6-phenylhex-5-ynoic acid (2k) (100 mg, 0.50
mmol). The product was purified by silica gel flash column chromatography (hexanes: toluene :
ethyl acetate = 1:0:0 to 0:1:0 to 0:15:1 to 0:8:1) to afford 4k (61.4 mg, 51% yield, 72% ee) as a
colorless oil. "H NMR (400 MHz, CDCls) & 7.46-7.44 (m, 2 H), 7.38-7.31 (m, 3 H), 3.77 (d, J =
13.2 Hz, 1 H), 3.61 (d, J=13.2 Hz, 1 H), 2.83 (ddd, J=17.6 Hz, 9.6 Hz, 9.2 Hz, 1 H), 2.71 (ddd,

J = 17.6 Hz, 7.6 Hz, 6.4 Hz, 1 H), 2.53-2.49 (m, 2 H): ®C NMR (100 MHz, CDCly) & 175.2,
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132.0, 129.5, 128.6, 121.1, 88.1, 85.3, 80.0, 57.9, 32.2, 28.7; IR (film) v 2990, 2099, 1738,
1365, 1228, 1217, 918, 756 cm™'; Ri{(hexanes: ethyl acetate = 2:1) = 0.5; HRMS: [M+NH,]
Calcd. For Ci3HisN4O2: 259.1190; Found: 259.1183. [a]p®™ = +35.7 (c= 1, CHCl3). The
enantiomeric excess was determined by chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250

mm, hexanes:i-PrOH = 95:5, 1.0 mL/min, 230 nm, tg = 17.0 min (major) and 19.7 min (minor).

™S (S)-5-(azidomethyl)-5-((trimethyisilyl)ethynyl)dihydrofuran-2(3H)-one (41)

Y . . .
OQC?L( Following a slighty modified general procedure A in which
N3 tetrakis(acetonitrile)copper(l) hexafluorophosphate (14.9 mg, 0.04 mmol, 0.08

equiv) and 2,2'-isopropylidenebis[(4 S)-4-tert-butyl-2-oxazoline] (11.8 mg, 0.04 mmol, 0.08 equiv)
were used, the title compound was synthesized from 4-methylene-6-(trimethylsilyl)hex-5-ynoic
acid (21) (96 mg, 0.50 mmol). The product was purified by silica gel flash column
chromatography (hexanes: toluene : ethyl acetate = 1:0:0 to 0:1:0 to 0:20:1 to 0:15:1 to 0:10:1)
to afford 41 (52.9 mg, 45% yield) as a colorless oil. 'H NMR (400 MHz, CDCls) d 3.65 (d, J =
13.2 Hz, 1 H), 3.49 (d, J=13.2 Hz, 1 H), 2.75 (ddd, J=17.6 Hz, 9.6 Hz, 9.2 Hz, 1 H), 2.63 (ddd,
J=17.6 Hz, 7.2 Hz, 6.8 Hz, 1 H), 2.43-2.39 (m, 2 H), 0.18 (s, 9 H); "°C NMR (100 MHz, CDCls)
5 175.1, 101.2, 94.0, 79.4, 57.7, 32.1, 28.6, -0.4; IR (film) v 2103, 1784, 1739, 1365, 1249,
1174, 1056, 841 cm™; R(toluene: ethyl acetate = 10:1) = 0.6; HRMS: [M+NH,]* Calcd. For
C1oH1sN4O,Si: 255.1272; Found: 255.1275. [a]p** = +28.6 (c= 1, CHCI;).

Ph
™S
y TBAF 4 Pd(PPh3),Cl, Y
O° / —— | 0N » OxONS
§(_7~\ THE Phi, TEA, Cul, THF ﬁﬁ
Ny Ng 40% over 2 steps Nj
41 4k

Enantiomeric excess determination of 4l by converting to 4k: To a solution of 41 (15 mg, 0.06
mmol) in anhydrous THF (0.5 mL) was added tetrabutylammonium fluoride (1 M in THF, 0.12
mL) slowly at 0 °C. The yellow mixture was stirred at the same temperature for 0.5 h before
diluted with saturated aqueous NH,Cl (1 mL). The aqueous layer was separated and extracted
with ethyl ether (1 mLX2). The combined organic layers was dried over Na,SO,, passed
through a silica gel plug, and concentrated in vacuo to afford the crude product. Under an Ar
atmosphere, a mixture of this crude product, PdCI;(PPhs), (3.5 mg), iodobenzene (24 mg), and
triethylamine (20 mg) in anhydrous THF (1 mL) was stirred at room temperature (25 °C) for 5
min before Cul (1.9 mg) was added. The reaction vessel was briefly evacuated and backfilled

with argon. The reaction mixture was stirred at 70 °C for 2 h before diluted with ethyl ether (2
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mL), saturated aqueous NH.CI (1 mL) and 1 M aqueous HCI (1 mL). The aqueous layer was
separated and extracted with ethyl ether (1 mL X 2). The combined organic layers was
concentrated in vacuo. The residue was purified by preparative thin-layer-chromatography to
afford 4k (6 mg, ca. 40% yield over 2 steps, 82% ee). The enantiomeric excess was determined
by chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250 mm, hexanes:-PrOH = 95:5, 1.0

mL/min, 230 nm, tg = 17.0 min (major) and 19.7 min (minor).
Derivatization of Oxyazidation Product 4a

0 (S)-5-hydroxy-5-phenylpiperidin-2-one (5) A mixture of 4a (32 mg, 0.15 mmol, 1.0
@H equiv, 89% ee) and 5% Pd/C (6 mg) in methanol (1 mL) was stirred at room
pf{ oy temperature (25 °C) under H; atmosphere for 16 h. 4-Dimethylaminopyridine (2 mg,

0.015 mmol, 0.1 equiv) was added to the reaction mixture and the resulting mixture was stirred
at room temperature for 8 h before concentrating in vacuo. The residue was purified by silica gel
flash column chromatography (ethyl acetate: methanol = 1:0 to 5:1) to afford 5 (22 mg, 78%
yield, 89% ee) as a colorless solid. 'H NMR (400 MHz, CD;OD) & 7.55 (m, 2 H), 7.37 (m, 2 H),
7.28 (m, 1 H), 3.60 (d, J=12.8 Hz, 1 H), 3.28 (dd, J =12.8 Hz, 2.8 Hz, 1 H), 2.67 (m, 1 H), 2.48-
2.33 (m, 2 H), 2.01 (m, 1 H); ®C NMR (100 MHz, CDsOD) & 174.6, 146.6, 129.4, 128.5, 126.1,
70.8, 54.2, 33.5, 28.9; IR (film) vmax 3225, 2917, 2384, 1633, 1494, 1233, 978, 768 cm™;
Ri(methanol: ethyl acetate = 5:1)= 0.40; HRMS: [M+H]"* Calcd. For C;;H4,NO,: 192.1019; Found:
192.1026. [a]p® = -2.2 (c= 0.9, MeOH). m. p. 198-199 °C. The enantiomeric excess was
determined by chiral HPLC analysis: Chiralcel 1A 4.6 mm x 250 mm, hexanes:i-PrOH = 95:5, 1.0

mL/min, 210 nm, tg = 67.5 min (major) and 80.1 min (minor).

0 {75(1 (S)-tert-butyl((5-oxo-2-phenyltetrahydrofuran-2-yl)methyl)carbamate (6)
NHBoc A mixture of 4a (56 mg, 0.26 mmol, 1.0 equiv, 89% ee), di-tert-butyl
dicarbonate (84 mg, 0.39 mmol, 1.5 equiv) and 5% Pd/C (5 mqg) in THF (1.5 mL) was stirred at
room temperature (25 °C) under H, atmosphere for 15 h. The reaction mixture was then
concentrated in vacuo. The residue was purified by silica gel flash column chromatography
(hexanes: ethyl acetate = 10:1 to 1:1) to afford 6 (66 mg, 88% vyield, 89% ee) as a colorless
sticky oil. '"H NMR (400 MHz, CDCl3) & 7.37-7.29 (m, 5 H), 4.91 (br, 1 H), 3.71 (dd, J =14.8 Hz,

7.6 Hz, 1 H), 3.42 (dd, J =14.8 Hz, 5.2 Hz, 1 H), 2.67-2.33 (m, 4 H), 1.39 (s, 9 H); °C NMR (100
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MHz, CDClz) & 176.5, 156.2, 141.1, 128.8, 128.2, 124.8, 89.1, 80.0, 49.3, 31.2, 28.8, 28.3; IR
(film) vmax 1774, 1709, 1508, 1365, 1245, 1163, 1115, 1092, 1069, 912, 730, 700 cm™;
Ri(hexanes: ethyl acetate = 2:1)= 0.2; Anal. Calcd. For CysH21NO4: C, 65.96; H, 7.27. Found: C,
65.84; H, 7.31. [a]p>* = -36.1 (c= 1, CHCl3). The enantiomeric excess was determined by chiral
HPLC analysis: Chiralcel OJ-H 4.6 mm x 250 mm, hexanes:i-PrOH = 90:10, 1.0 mL/min, 210

nm, tg = 8.2 min (major) and 7.3 min (minor).

0{7:: (S)-5-phenyl-5-((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)dihydrofuran-2(3H)-
N.y one (7) To a mixture of 4a (1.0 equiv, 22 mg, 0.1 mmol), phenyl acetylene (1.1

S\/I'I" equiv, 11 mg, 0.11 mmol) in H,O/BuOH (1 mL/1 mL) was added CuSO4*5H;0

o" (0.4 equiv, 10 mg) and sodium ascorbate (0.8 equiv, 16 mg). The resulting
mixture was stirred at room temperature for 17 h before diluted with ethyl acetate (5 mL),
saturated aqueous EDTA solution (0.2 mL) and water (5 mL). The aqueous layer was extracted
with ethyl acetate (5 mLX3). The combined organic layers were dried over Na,SO,, filtered
through a short silica gel plug, and concentrated in vacuo. The residue was triturated with
hexanes to afford 7 as a white solid ( 31 mg, 96% vyield, 89% ee). '"H NMR (400 MHz, CDCls,) &
7.85(s,1H),781(d, J=7.2Hz, 1H),745-7.32 (m, 8 H), 488 (d, J=14.8 Hz, 1 H), 4.69 (d, J
= 14.8 Hz, 1 H), 2.70 (ddd, J = 13.2, 9.6, 8.0 Hz, 1 H), 2.52 (ddd, J = 13.2, 10.0, 5.6 Hz, 1 H),
2.39 (ddd, J = 17.6, 9.6, 8.0 Hz, 1 H), 2.09 (ddd, J = 17.6, 10.0, 5.6 Hz, 1 H); '>*C NMR (100
MHz, CDCls) & 175.3, 148.4, 139.7, 130.2, 129.2, 129.1, 129.0, 128.5, 126.0, 124.8, 121.4,
87.0, 58.5, 31.3, 28.1; IR (film) vma 1777, 1738, 1449, 1365, 1228, 1217, 1147, 931, 764, 697
cm™: Ry(hexanes: ethyl acetate = 2:1)= 0.1; HRMS: [M+H]" Calcd. For CygH1gN3O,: 320.1394;
Found: 320.1373. [a]p®* = -0.6 (c= 0.5, CHCl3). m. p. 151-152 °C. The enantiomeric excess was
determined by chiral HPLC analysis: Chiralcel IA 4.6 mm x 250 mm, hexanes:i-PrOH = 85:15,

1.0 mL/min, 210 nm, tg = 27.1 min (major) and 20.5 min (minor).
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Trisubstituted Alkene Substrates as Mechanistic Probes (Scheme 3) *'

M
e o Me o
| —_— - |
Ph OH 80% 60% Ph OH
(E)-2m (2)-2m
E:Z>20:1 Z.E=141
4m 4n ratio of sterecisomers

substrate drt

ee %]’ ee[%]” 4m:ent4m :4n:ent-4n

(E)-2m  10:1 12 93 51.1:40.0:86:0.3
(2-2m 10:1 1 93 50.6:40.3:8.8:03

Reaction with (2)-2m: An oven-dried 20 x 125 mm re-sealable test tube (Fisher Scientific, Cat.
#1495937) equipped with a Teflon-coated magnetic stir bar was charged with
tetrakis(acetonitrile)copper(l) hexafluorophosphate (3.8 mg, 0.01 mmol, 0.1 equiv), 2,2-
isopropylidenebis[(4 S)-4-tert-butyl-2-oxazoline] (3.0 mg, 0.01 mmol, 0.1 equiv) and (£)-2m (0.10
mmol, 1.0 equiv). The reaction tube was sealed with a septum screw-cap (10/90, Teflon/SIL,
National Scientific) and connected to a Schlenk line. The reaction tube was then briefly
evacuated and backfilled with argon (this sequence was repeated a total of two times). The
septum screw-cap was removed, (diacetoxyiodo)benzene (80 mg, 0.25 mmol, 2.5 equiv, dried
under high vacuum for 2 h in advance.) was added into the tube quickly and the tube was
sealed again with the septum screw-cap. The reaction tube was connected to a Schlenk line.
The reaction tube was then briefly evacuated and backfilled with argon (this sequence was
repeated a total of three times). The reaction tube was cooled to -78 °C. At the same
temperature, without stirring, anhydrous diethyl ether (6 mL) was added to the tube via syringe
followed by trimethylsilyl azide (32 uL, 0.24 mmol, 2.4 equiv). After cooled at -78 °C for 2 min,
argon pressure was removed and the reaction mixture was moved to a -10 °C bath and stirred
at the same temperature for 16 h. The reaction was quenched with saturated aqueous sodium
bicarbonate solution (6 mL). The aqueous layer was separated and extracted with diethyl ether
(5 mL x 3). The combined organic layers was concentrated in vacuo. Phenanthrene (9.0 mg)
was added and the crude product was analyzed by 'H NMR spectroscopy. The total yield of 4m

and 4n was 60% as determined by 'H NMR spectroscopy.
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A small portion of the crude product was then subjected to a rapid TLC purification to remove
the non-polar components (internal standard and iodobenzene) as well as the polar carboxylic
acid derivatives. The residue (R (toluene: ethyl acetate = 5:1) between 0.4 and 0.8) was
analyzed by chiral HPLC. Chiralcel OD-H/OD-H 4.6 mm x 250 mm, pentane:EtOH = 97:3, 0.8
mL/min, 210 nm. 4m (11% ee): tg = 35.5 min (major) and 37.6 min (minor). 4n (93% ee): tg =
33.5 min (major) and 44.8 min (major). d.r.(4m: 4n) = 10:1. Stereoisomer ratio calculated: (4m +
ent-4m):(4n + ent-4n) = 51:49,

The rest of the crude material was purified by preparative thin-layer chromatography to afford an
inseparable mixture of 4m and 4n. IR (film) vy 2094, 1739, 1447, 1365, 1230, 1217, 1033,
760, 702 cm™; HRMS: [M+NH,]* Calcd. For Ci3H:sN4O,: 263.1503; Found: 263.1507. [a]p?* =
+1.2 (c= 0.8, CHCIy).

Major diastereomer:(S)-6-((S)-1-azidoethyl)-6-phenylitetrahydro-2H-pyran-2-one (4m) 'H
NMR (400 MHz, CDCls) & 7.43-7.31 (m, 5 H), 3.78 (q, J = 6.8 Hz, 1 H), 2.56 (dtd, J =14.4 Hz,
4.4 Hz, 0.8 Hz, 1 H), 2.46 (ddd, J = 18.4 Hz, 9.2 Hz, 7.6 Hz, 1 H), 2.37 (dddd, J =18.4 Hz, 7.2
Hz, 3.6 Hz, 0.8 Hz, 1 H), 2.06 (ddd, J = 14.4 Hz, 12.4 Hz, 4.4 Hz, 1 H), 1.85 (m, 1 H), 1.62 (m, 1
H), 1.11 (d, J = 6.8 Hz, 3 H); '3C NMR (100 MHz, CDCls) & 170.6, 138.8, 128.8, 128.5, 126.5,
88.5, 65.0, 28.3, 28.0, 16.2, 14.0.

Minor diastereomer:(S)-6-((R)-1-azidoethyl)-6-phenyltetrahydro-2H-pyran-2-one (4n) 'H
NMR (400 MHz, CDCl;): d 3.57 (q, J=6.8 Hz, 1 H), 2.22 (td, J=13.6 Hz, 3.6 Hz, 1 H), 1.17 (d, J
= 6.8 Hz, 3 H); '°C NMR (100 MHz, CDCls) & 170.8, 140.6, 129.1, 128.2, 125.5, 88.8, 64.1,
29.8, 29.6, 16.2, 13.0.

The relative stereochemistry of 4m and 4n were assigned based on comparison with known

compounds. #’

Reaction with (E)-2m: Following the same procedure for the reaction with (E)-2m described
above, an over-dried 20 x 125 mm re-sealable test tube (Fisher Scientific, Cat. #1495937)
equipped with a Teflon-coated magnetic stir bar was charged with tetrakis(acetonitrile)copper(l)
hexafluorophosphate (3.8 mg, 0.01 mmol, 0.1 equiv), 2,2 -isopropylidenebis[(4S)-4-tert-butyl-2-
oxazoline] (8.0 mg, 0.01 mmol, 0.1 equiv) and (E)-2m (0.10 mmol, 1.0 equiv). The reaction tube

was sealed with a septum screw-cap (10/90, Teflon/SIL, National Scientific) and connected to a
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Schilenk line. The reaction tube was then briefly evacuated and backfilled with argon (this
sequence was repeated a total of two times). The septum screw-cap was removed,
(diacetoxyiodo)benzene (80 mg, 0.25 mmol, 2.5 equiv, dried under high vacuum for 2 h in
advance.) was added into the tube quickly and the tube was sealed again with the septum
screw-cap. The reaction tube was connected to a Schlenk line. The reaction tube was then
briefly evacuated and backfilled with argon (this sequence was repeated a total of three times).
The reaction tube was cooled to -78 °C. At the same temperature, without stirring, anhydrous
diethyl ether (6 mL) was added to the tube via syringe followed by trimethylsilyl azide (32 uL,
0.24 mmol, 2.4 equiv). After cooled at -78 °C for 2 min, argon pressure was removed and the
reaction mixture was moved to a -10 °C bath and stirred at the same temperature for 16 h. The
reaction was quenched with saturated agueous sodium bicarbonate solution (6 mL). The
aqueous layer was separated and extracted with diethyl ether (5 mL x 3). The combined organic
layers was concentrated in vacuo. Phenanthrene (9.0 mg) was added and the crude product
was analyzed by '"H NMR spectroscopy. The total yield of 4m and 4n was 80% as determined

by 'H NMR spectroscopy.

A small portion of the crude product was then subjected to a rapid TLC purification to remove
the non-polar components (internal standard and iodobenzene) as well as the polar carboxylic
acid derivatives. The residue (R; (toluene: ethyl acetate = 5:1) between 0.4 and 0.8) was
analyzed by chiral HPLC. 4m:12% ee; 4n: 93% ee; d.r.(4m: 4n) = 10:1. Stereoisomer ratio

calculated: (4m + ent-4m):(4n + ent-4n) = 51:49.

Additional Evidence Consistent with the Proposed Mechanism (footnote 16)

0
50% Cu(MeCN),PFg N3
J]\/\/ 50% (S,S)-BuBox )
W CO,H - + Ph = CO,H
@ Y 2.5 equiv PhI(OAC), Ng
Ph 2.4 equiv TMSN, Na
16 Et,0, -10°C PH (E:Z~1:1)
17 18
not detected ca. 40%

(a) Radical clock substrate 16 was treated with Phl(OAc), and TMSN; in the presence of 0.5

equiv of the copper catalyst and the ligand using a protocol similar to the general procedure
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described before. The oxyazidation product 17 was not observed. Cyclopropane ring-opening
product 18 (1:1 mixture of alkene geometric isomers, chromatographically inseparable from
other carboxylic acid derivatives in the crude reaction mixture) was detected by 'H NMR

analysis of the crude reaction mixture.

8-azido-5-(azidomethyl)-8-phenyloct-5-enoic acid (18) 'H NMR (400 MHz, CDCls): & 5.48
and 5.46 (t, J=7.2 Hz, 1 H), 4.50 and 4.48 (t, J = 6.8 Hz, 1 H), 3.73 and 3.69 (s, 2 H), 2.64-
2.50 (m, 2 H), 2.32 (m, 2 H), 2.17-2.09 (m, 2 H), 1.79-1.62 (m, 2 H); HRMS (DART, Negative):
[M-H]" Calcd. for CysH7NeO2: 313.1418; Found: 313.1420.

10% Cu(Me(’fN}qF’Fs likely via:
o Ph 10% (S, S)-'BuBox 0 Ph
CE PN = =" ¢ mlA o
HO 2.5 equiv PhI{OAc), LoX-Cu JJ\)\/N3
2.4 equiv TMSN, N3 =0 ’
19 Et,0, -10 °C 20 21
not detected 20~30%

(b) 3-Phenylbut-3-enoic acid (19) was treated with Phl(OAc). and TMSN3 in the presence of 0.1
equiv of the copper catalyst and the ligand using a protocol similar to the general procedure
described before. The oxyazidation product 20 was not observed, while (3-azidoprop-1-en-2-
yl)benzene (21)*® was detected by 'H NMR analysis of the crude reaction mixture. It is likely that
21 was formed via the copper-mediated decarboxylative elimination of the g-radical-carboxylate

intermediate®® derived from the azidyl radical addition of 19.

8% Cu(MeCN),PFg CFg
8% (S,S)-BuBox Q
o > 0. OEt
: O, @
2 o 2.5 equiv Phl(OAc), Oﬁ + /@)k/\r Y
FaC 2.4 equiv TMSN,4 ey co 0 Me
Et;0, -10 °C 3 3
2e 45 -
6% ca. 10%
Likely via:
oet  *Ns OEt 1€ OEt
N —— ™ — o
Me H-abstraction  Me Me
J K
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(c) In the oxyazidation reaction of an electron-deficient styrene derivative 2e, side product 22
was identified by '"H NMR analysis of the crude reaction mixture. (characteristic '"H NMR signals
(400 MHz, CDCl3): & 5.97 (q, J = 5.2 Hz, 1 H); chromatographically inseparable from other
acetal derivatives in the crude reaction mixture) It is likely that 22 was formed via the
nucleophilic trapping of a cationic intermediate K derived from the hydrogen-abstraction of a

solvent molecule by an azidyl radical followed by one-electron oxidation.*°
Enantioselective Oxysulfonylation:

General procedure B for optimization (Table 2): An oven-dried Fisher Scientific 13x100 mm re-
sealable test tube equipped with a Teflon-coated magnetic stir bar was charged with
tetrakis(acetonitrile)copper(l) hexafluorophosphate (3.7 mg, 0.010 mmoi, 0.10 equiv), 2,2-
isopropylidenebis[(4 S)-4-tert-butyl-2-oxazoline] (2.9 mg, 0.010 mmol, 0.10 equiv), arylsulfonyl
chloride (0.11 mmol, 1.1 equiv), base and 2a (0.10 mmol, 1.0 equiv). The reaction tube was
sealed with a septum screw-cap (Thermo Scientific ASM PHN CAP w/PTFE/SIL, cat.
#03378316). The reaction tube was connected to a Schilenk line though a needle. The reaction
tube was then briefly evacuated and backfilled with argon (this sequence was repeated a total of
three times). Anhydrous EtOAc (2 mL) was added to the tube via syringe and the argon
pressure was removed. The reaction mixture was stirred at room temperature for 16 h. The
reaction mixture was diluted with saturated aqueous sodium bicarbonate solution (4 mL) and
ethyl acetate (2 mL). The aqueous layer was separated and extracted with ethyl acetate (4
mLx3). The combined organic layers was concentrated in vacuo. The residue was analyzed by
'H NMR spectroscopy using phenanthrene as an internal standard. The residue was purified by
thin-layer chromatography to afford the oxysulfonylation product 8a, which was analyzed by
chiral HPLC.

General procedure C for substrate scope (Scheme 4): An oven-dried Fisher Scientific 20x150
mm re-sealable test tube equipped with a Teflon-coated magnetic stir bar was charged with
tetrakis(acetonitrile)copper(l) hexafluorophosphate (18.7 mg, 0.05 mmol, 0.10 equiv), 2,2
isopropylidenebis[(4 S)-4-tert-butyl-2-oxazoline] (14.7 mg, 0.05 mmol, 0.10 equiv), arylsulfonyl
chloride (0.55 mmol, 1.1 equiv), silver carbonate (82.8 mg, 0.60 mmol, 1.2 equiv) and 2 (0.5
mmol, 1.0 equiv). The reaction tube was sealed with a septum screw-cap (10/90, Teflon/SIL,

National Scientific) and connected to a Schlenk line. The reaction tube was then briefly
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evacuated and backfilled with argon (this sequence was repeated a total of three times).
Anhydrous EtOAc (8 mL) was added to the tube via syringe and the argon pressure was
removed. The reaction mixture was stirred at room temperature for 16 h. The reaction mixture
was diluted with saturated aqueous sodium bicarbonate solution (8 mL) and ethyl acetate (4
mL). The aqueous layer was separated and exiracted with ethyl acetate (8 mLx3). The
combined organic layers was concentrated in vacuo. The residue was then purified by silica gel
flash column chromatography (Et;O/Hexanes or EtOAc/Hexanes) to afford the oxysulfonylation

product 8.

(S)-5-phenyl-5-(tosylmethyl)dihydrofuran-2(3H)-one (8a) Following

2(__7,\ /@’ general procedure C, the title compound was synthesized from 4-
phenylpent-4-enoic acid (2a) (0.50 mmol, 88 mg) and tosyl chloride

(0.55 mmol, 105 mg). The product was purified by silica gel flash column chromatography
(Et.O/hexanes = 1:1 to 3:1) to afford 8a (149.8 mg, 91% yield, 74% ee).'"H NMR (400 MHz,
CDCl3) 8 7.69 (d, J=8.0 Hz, 2 H), 7.35-7.28 (m, 7 H), 3.77 (d, J=14.8 Hz, 1 H), 3.72 (d, J=14.8
Hz, 1 H), 3.35 (ddd, J=12.8 Hz, 10.0 Hz, 8.0 Hz, 1 H), 2.84 (ddd, J=17.6 Hz, 10.0 Hz, 4.8 Hz, 1
H), 2.63 (ddd, J =12.8 Hz, 10.0 Hz, 4.8 Hz, 1 H), 2.48 (ddd, J =17.6 Hz, 8.0 Hz, 10.0 Hz, 1 H),
2.42 (s, 3 H); "°C NMR (100 MHz, CDCl3) 3 175.4, 145.0, 142.0, 137.6, 128.9, 128.0, 124.6, 4.8,
65.1, 32.6, 28.3, 21.7; IR (film) vmax 1776, 1596, 1449, 1318, 1285, 1173, 1137, 1084, 1049, 841
cm’; Ri(hexanes: ethyl ether = 1:2)= 0.3; HRMS: [M+NH,]* Calcd. For CqgH2NO,S: 348.1264:
Found: 348.1248. [a]p®* = -3.2 (c = 1.5, CHCI3). The enantiomeric excess was determined by
chiral HPLC analysis: Chiralcel IA 4.6 mm x 250 mm, hexanes:i-PrOH = 90:10, 1.0 mL/min, 230

nm, tg = 34.5 min (minor) and 36.9 min (major).

(S)-5-(((4-bromophenyl)sulfonyl)methyl)-5-(4-chlorophenyl)dihydrofuran-2(3H)-one  (8b)
Following general procedure C, the title compound was synthesized from 4-(4-chlorophenyl)
i pent-4-enoic acid (2c) (0.50 mmol, 105 mg) and 4-

@ bromobenzenesulfonyl chloride (0.55 mmol, 140.5 mg). The product
0O /©/Br was purified by silica gel flash column chromatography (Et.O/hexanes =
mﬁb 3:1 to 7:1 to EtOAc/hexanes = 1:1) to afford 8b (204.8 mg, 95% vyield,
78% ee)."H NMR (400 MHz, CDCls) & 7.65 (m, 4 H), 7.31 (d, J=8.4 Hz, 2 H), 7.23 (d, J =8.4 Hz,
2 H), 3.73 (m, 2 H), 3.27 (ddd, J =12.8 Hz, 9.6 Hz, 8.4 Hz, 1 H), 2.82 (ddd, J =17.6 Hz, 9.6 Hz,

4.4 Hz, 1 H), 2.61 (ddd, J=12.8 Hz, 9.6 Hz, 4.4 Hz, 1 H), 2.49 (ddd, J =17.6 Hz, 8.4 Hz, 9.6 Hz,
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1 H); 3C NMR (100 MHz, CDCl3) 8 174.9, 139.8, 139.3, 135.0, 132.7, 129.6, 129.2, 126.3, 84.1,
65.1, 33.1, 28.1; IR (film) vmax 1776, 1572, 1326, 1140, 1067, 1137, 997, 812 cm™'; Ri(hexanes:
ethyl acetate = 1:1)= 0.2; HRMS: [M+NH,]" Calcd. For C;HsCIBrNO,S: 447.9808; Found:
447.9827. [a]p® = +12.9 (c = 1, CHCl;). The enantiomeric excess was determined by chiral
HPLC analysis: Chiralcel IA 4.6 mm x 250 mm, hexanes:i-PrOH = 85:15, 1.0 mL/min, 230 nm, tg

= 35.0 min (minor) and 68.4 min (major).

(S)-5-(3-acetylphenyl)-5-(((4-(trifluoromethyl)phenyl)sulfonyl)methyl)dihydrofuran-2(3 H)-
one (8c) An oven-dried Fisher Scientific 20x150 mm re-sealable test tube equipped with a
Teflon-coated magnetic stir bar was charged with tetrakis(acetonitrile)copper(l)
Me hexafluorophosphate (18.7 mg, 0.05 mmol, 0.10 equiv), 2,2'-
o
°=<fj:/\s/©/c':3 0.10 equiv), silver carbonate (82.8 mg, 0.60 mmol, 1.2 equiv) and 2h
J% (109 mg, 0.50 mmol, 1.0 equiv). The reaction tube was sealed with a

septum screw-cap (10/90, Teflon/SIL, National Scientific) and connected to a Schienk line. The

isopropylidenebis[(4 S)-4-tert-butyl-2-oxazoline} (14.7 mg, 0.05 mmol,

reaction tube was then briefly evacuated and backfilled with argon (this sequence was repeated
a total of three times). A solution of 4-trilfuoromethylbenzenesulfonyl chloride (134 mg, 0.55
mmol, 1.1 equiv) in anhydrous EtOAc (8 mL) was added to the tube via syringe under argon.
The argon pressure the reaction mixture was stirred at room temperature for 16 h. The reaction
mixture was diluted with saturated aqueous sodium bicarbonate solution (8 mL) and ethyl
acetate (4 mL). The aqueous layer was separated and extracted with ethyl acetate (8 mLx3).
The combined organic layers was concentrated in vacuo. The residue purified by silica gel flash
column chromatography (Et,O/hexanes = 3:1 to EtOAc/hexanes = 1:1) to afford 8¢ (142.2 mg,
67% yield, 80% ee).'H NMR (400 MHz, CDCls) 5 7.92 (d, J =8.4 Hz, 2 H), 7.84 (m, 2 H), 7.75
(d, J=8.4 Hz, 2 H), 7.56 (m, 1 H), 7.45 (m, 1 H), 3.86 (d, J=15.2 Hz, 1 H), 3.83 (d, J=15.2 Hz, 1
H), 3.28 (ddd, J=12.8 Hz, 9.6 Hz, 8.0 Hz, 1 H), 2.85 (ddd, J=17.6 Hz, 9.6 Hz, 4.8 Hz, 1 H), 2.66
(ddd, J=12.8 Hz, 9.6 Hz, 4.8 Hz, 1 H), 2.57 (s, 3 H), 2.50 (ddd, J =17.6 Hz, 8.0 Hz, 9.6 Hz, 1 H);
'3C NMR (100 MHz, CDCls) & 197.3, 174.8, 143.7, 142.1, 137.7, 135.6 (q, Jor = 33 Hz), 129.5,
129.3, 128.9, 128.8, 126.5 (q, Jcr = 4 Hz), 124.3, 123.1 (q, Jor = 272 Hz), 84.1, 64.9, 33.4,
28.0, 26.8; '°F NMR (376 MHz, CDCls) & -63.3 (s); IR (film) vimax 1782, 1683, 1403, 1320, 1167,
1132, 1061, 914, 844 cm™; Ri(hexanes: ethyl acetate = 1:1)= 0.2; HRMS: [M+NH,]* Calcd. For
CaoH2:FsNOsS: 444.1087; Found: 444.1090. [a]o™ = -0.8 (c = 0.9, CHCIls). The enantiomeric
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excess was determined by chiral HPLC analysis: Chiralcel IA 4.6 mm x 250 mm, hexanes:i-

PrOH = 85:15, 1.0 mL/min, 230 nm, tg = 51.6 min (minor) and 55.5 min (major).
Enantioselective oxyarylation

General procedure D for the enantioselective oxyarylation (Scheme 5). An oven-dried Fisher
Scientific 20x150 mm re-sealable test tube equipped with a Teflon-coated magnetic stir bar was
charged with tetrakis(acetonitrile)copper(l) hexafluorophosphate (22.4 mg, 0.06 mmol, 0.12
equiv), 2,2-isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline] (14.7 mg, 0.05 mmol, 0.1 equiv),
aryldiazonium tetrafluoroborate (1.0 mmol, 2.0 equiv) and 2 (0.50 mmol, 1.0 equiv). The tube
was then sealed with a septum screw-cap (10/90, Teflon/SIL, National Scientific) and connected
to a Schlenk line. The vessel was briefly evacuated and backfilled with argon (this sequence
was repeated a total of three times). Anhydrous EtOAc (8 mL) was added to the tube via syringe
followed by 2,6-di-tert-butylpyridine (224 uL, 2.0 equiv). The argon pressure was removed and
the reaction mixture was stirred at room temperature (25 °C) for 16 h. The reaction mixture was
carefully diluted with saturated aqueous sodium bicarbonate solution (8 mL) and EtOAc (4 mL).
The aqueous layer was separated and extracted with EtOAc (8 mLx3). The combined organic
layers were concentrated in vacuo. The residue was then purified by silica gel flash column
chromatography (Et,O/Hexanes or EtOAc/Hexanes) to afford the oxyarylation product 9.

Cl (R)-4-((2-(4-chlorophenyl)-5-oxotetrahydrofuran-2-yl)methyl)benzonitrile
o Q (9a) Following general procedure D, the titte compound was synthesized from

° 4-(4-chlorophenyl)pent-4-encic acid (2¢) (105 mg, 0.50 mmol) and 4-
cyanophenyldiazonium tetrafluoroborate (217 mg). The product was purified by

CN silica gel flash column chromatography (Et,O/hexanes = 2:1 to EtOAc/hexanes

= 2:1) to afford 9a (115.1 mg, 74% yield, 73% ee) as a pale yellow oil. 'H NMR (400 MHz,
CDCl3) 6 7.49 (d, J =8.4 Hz, 2 H), 7.30 (d, J =8.8 Hz, 2 H), 7.16 (d, J =8.8 Hz, 2 H), 7.11 (d, J
=8.4 Hz, 2 H), 3.26 (d, J=14.4 Hz, 1 H), 3.22 (d, J =14.4 Hz, 1 H), 2.55-2.50 (m, 2 H), 2.42-2.38
(m, 2 H); 3C NMR (100 MHz, CDCl3) 5 175.5, 140.6, 140.3, 134.2, 132.1, 131.4, 128.9, 126.4,
118.7, 111.3, 87.9, 48.6, 34.3, 28.5; IR (film) vmax 1742, 1434, 1366, 1229, 1217 cm™;
Ri(hexanes: ethyl acetate = 1:1)= 0.3; HRMS: [M+NH,]" Calcd. For CisH1sCIN2O,: 329.1051;

Found: 329.1071. [a]p** = +48.8 (c = 1.1, CHCIs). The enantiomeric excess was determined by
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chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250 mm, hexanes:i-PrOH = 90:10, 1.0 mL/min,

230 nm, tg = 34.5 min (major) and 39.5 min (minor).

(R)-ethyl-4-((2-(4-cyanophenyl)-5-oxotetrahydrofuran-2-yl)methyl)benzoate (9b) Following
general procedure D, the title compound was synthesized from 4-(4-cyanophenyl)pent-4-enoic
cn acid (2d) (100 mg, 0.50 mmol) and 4-ethoxycarbonylphenyldiazonium

Q tetrafluoroborate (264 mg). The product was purified by silica gel flash
oys column chromatography (Et,O/hexanes = 2:1 to EtOAc/hexanes = 1:1) to
afford 9b (132.0 mg, 76% vyield, 71% ee) as a pale yellow oil. '"H NMR (400

co,et MHz, CDCly) & 7.91 (d, J =8.0 Hz, 2 H), 7.64 (d, J =8.8 Hz, 2 H), 7.40 (d, J

=8.8 Hz, 2 H), 7.11 (d, J=8.0 Hz, 2 H), 4.36 (g, J=7.2 Hz, 2 H), 3.27 (d, J=14.0 Hz, 1 H), 3.21
(d, J=14.0 Hz, 1 H), 2.62 (ddd, J=12.8 Hz, 10.0 Hz, 7.2 Hz, 1 H), 2.51-2.33 (m, 2 H), 2.26 (ddd,
J #17.2 Hz, 9.6 Hz, 6.0 Hz, 1 H); *C NMR (100 MHz, CDCls;)  175.3, 166.4, 148.1, 139.3
132.6, 130.6, 129.9, 129.7, 125.8, 118.4, 112.2, 87.9, 61.2, 48.5, 33.6, 28.5, 14.5; IR (film) vmax
2228, 1774, 1738, 1717, 1365, 1277, 128, 1217, 1104, 1021 cm™'; Ri(hexanes: ethyl acetate =
1:1)= 0.1; HRMS: [M+NH,]* Calcd. For C»;H23N»0O4: 367.1652; Found: 367.1665. [a]p®* = +11.3
(c = 1, CHCI3). The enantiomeric excess was determined by chiral HPLC analysis: Chiralcel AD-

H 4.6 mm x 250 mm, hexanes:i-PrOH = 85:15, 1.0 mL/min, 230 nm, tg = 20.3 min (major) and

o)

29.1 min (minor).

(R)-4-((5-ox0-2-(4-(trifluoromethyl)phenyl)tetrahydrofuran-2-yl)methyl)benzonitrile (9¢)
cF, Following general procedure D, the title compound was synthesized from 4-(4-

trifluoromethylphenyl)pent-4-enoic acid (2e) (122 mg, 0.50 mmol} and 4-

cyanophenyidiazonium tetrafluoroborate (217 mg). The product was purified

by silica gel flash column chromatography (Et.O/hexanes = 2:1 to
cn  EtOAc/hexanes = 1:1) to afford 9¢ (90.4 mg, 52% yield, 76% ee) as a pale
yellow oil. '"H NMR (400 MHz, CDCls) 8 7.61 (d, J =8.4 Hz, 2 H), 7.51 (d, J =8.4 Hz, 2 H), 7.37
(d, J=8.4 Hz, 2 H), 7.14 (d, J=8.4 Hz, 2 H), 3.30 (d, J=14.4 Hz, 1 H), 3.26 (d, J=14.4 Hz, 1 H),
2.63-2.51 (m, 2 H), 2.47-2.33 (m, 2 H); ">*C NMR (100 MHz, CDCls) 3 175.3, 146.2, 140.0,
132.2, 131.4, 130.6 (g, Jor = 32 Hz), 125.8 (q, Jor = 3 Hz), 125.4, 123.9 (q, Jor = 270 Hz),
118.7, 111.5, 87.8, 48.5, 34.2, 28.4; '°F NMR (376 MHz, CDCl3) & -62.7 (s); IR (film) vimay 1738,
1434, 1365, 1229, 1217, 1163 cm’'; Ritoluene: ethyl acetate = 5:1)= 0.3; HRMS: [M+NH,]*
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Calcd. For CigH1sF3N20,: 363.1315; Found: 363.1332. [a]p® = +8.0 (¢ = 0.9, CHCls). The
enantiomeric excess was determined by chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250

mm, hexanes:i-PrOH = 90:10, 1.0 mL/min, 230 nm, tz = 30.3 min (major) and 37.6 min (minor).

Ph (R)-6-(3,5-bis(trifluoromethyl)benzyl)-6-phenyltetrahydro-2H-pyran-

0O CFs
U\Q/ 2-one (9d) Following general procedure D, the title compound was

CF4 synthesized from 5-phenythex-5-enoic acid (2i) (95 mg, 0.50 mmol) and
3,5-bis(trifluoromethyl)phenyldiazonium tetrafluoroborate (328 mg). The product was purified by
silica gel flash column chromatography (hexanes: ethyl acetate = 10:1 to 4:1) to afford 9d (164.9
mg, 82% yield, 56% ee) as a pale yellow oil. 'H NMR (400 MHz, CDCl3) & 7.70 (s, 1 H), 7.36-
7.30 (m, 5 H), 7.19-7.178 (m, 2 H), 3.28 (d, J =14.0 Hz, 1 H), 3.26 (d, J =14.0 Hz, 1 H), 2.47-
2.33 (m, 3 H), 1.97 (ddd, J=14.4, 12.8, 48 Hz, 1 H), 1.80 (m, 1 H), 1.63 (m, 1 H); "*C NMR (100
MHz, CDCl3)  170.8, 141.3, 137.7, 131.1 (q, Jcr = 33 Hz), 130.9, 129.0, 128.2, 125.3, 123.3 (q,
Jor = 271 Hz), 120.9 (m), 86.7, 49.9, 31.7, 29.1, 16.2; '°F NMR (376 MHz, CDCl,) 3 -62.9 (s); IR
(film) vmax 1736, 1378, 1275, 1235, 1167, 1125, 1044, 894 cm™; R(toluene: ethyl acetate =
5:1)= 0.6; [M+NH,]" Calcd. For CyHpoFsNO,: 420.1393; Found: 420.1370. [a]p®* = +2.3 (c= 0.7,
CHCIs). The enantiomeric excess was determined by chiral HPLC analysis: Chiralcel OD-H 4.6
mm x 250 mm, hexanes:i-PrOH = 90:10, 1.0 mL/min, 230 nm, tg = 7.1 min (major) and 10.6 min

(minor).

(S)-3-(4-chlorophenyl)isochroman-1-one (12) (Scheme 6) An oven-dried Fisher Scientific
20x150 mm re-sealable test tube equipped with a Teflon-coated magnetic stir bar was charged
0 with tetrakis(acetonitrile)copper(l) hexafluorophosphate (28.0 mg, 0.075
@é? mmol, 0.15 equiv), 2,2-isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline]
(22.1 mg, 0.075 mmol, 0.15 equiv), 2-carboxybenzenediazonium
tetrafluoroborate (236 mg, 1.0 mmol, 2.0 equiv). The tube was then sealed

with a Teflon septum screw-cap (10/90, Teflon/SIL, National Scientific) and connected to a
Schilenk line. The vessel was briefly evacuated and backfilled with argon (this sequence was
repeated a total of three times). Anhydrous EtOAc (8 mL) was added to the tube via syringe
followed by 2,6-di-tert-butylpyridine (224 ul, 2.0 equiv) and 4-chlorostyrene (69 mg, 1.0 equiv,
0.50 mmol) via syringe. The argon pressure was removed and the reaction mixture was stirred

at room temperature (25 °C) for 16 h. The reaction mixture was carefully diluted with saturated
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aqueous sodium bicarbonate solution (8 mL) and EtOAc (4 mL). The aqueous layer was
separated and extracted with EtOAc (8 mLx3). The combined organic layers were concentrated
in vacuo. The residue was then purified by silica gel flash column chromatography (hexanes:
ethyl acetate = 10:1 to 4:1) to afford 12 (23.9 mg, 19% vyield, 46% ee). 'H NMR (400 MHz,
CDCls) 6 8.15(d, J=7.2 Hz, 1 H), 7.58 (td, J =7.2, 1.2 Hz, 1 H), 7.46-7.38 (m, 5 H), 7.29 (d, J
=7.6 Hz, 1 H), 5.54 (dd, J =12.0, 3.2 Hz, 1 H), 3.30 (dd, J =16.4, 12.0 Hz, 1 H), 3.13 (dd, J
=16.4, 3.2 Hz, 1 H); '*C NMR (100 MHz, CDCls) & 165.2, 138.7, 137.3, 134.7, 134.2, 130.7,
129.1, 128.2, 127.6, 127.5, 125.2, 79.3, 35.7; IR (fiim) vmax 1722, 1602, 1492, 1459, 1268, 1224,
1082, 816, 741 cm™; Ry(toluene: ethyl acetate = 5:1)= 0.5; [M+H]* Calcd. For CysH2ClO,:
259.0520; Found: 259.0538. [a]p®* = -51.9 (c= 0.6, CHCIl3). The enantiomeric excess was
determined by chiral HPLC analysis: Chiralcel IA 4.6 mm x 250 mm, hexanes:-PrOH = 95:5, 1.0
mL/min, 230 nm, tgz = 23.2 min (major) and 19.3 min (minor). The absolute configuration was
assigned based on optical rotation comparison with literature report (lwao et al. Tetrahedron,
2005, 61, 3289)

Enantioselective diacyloxylation

(S)-(2-(4-chlorophenyl)-5-oxotetrahydrofuran-2-yl)methyl (13) and benzoate(R)-5-benzyl-5-
(4-chlorophenyl)dihydrofuran-2(3H)-one (14) (Scheme 7) An oven-dried Fisher Scientific
20x150 mm re-sealable test tube equipped with a Teflon-coated magnetic stir bar was charged
with tetrakis(acetonitrile)copper(l) hexafluorophosphate (18.7 mg, 0.05 mmol, 0.10 equiv), 2,2'-
isopropylidenebis[(4 S)-4-tert-butyl-2-oxazoline] (14.7 mg, 0.05 mmol, 0.10 equiv), dibenzoyl
peroxide (75%) (244 mg, 0.75 mmol, 1.5 equiv), manganese powder (55 mg, 1.0 mmol, 2.0
equiv) and 2¢ (105 mg, 0.50 mmol, 1.0 equiv). The tube was then sealed with a Teflon screw-
cap septum (10/90, Teflon/SIL, National Scientific) and connected to a Schilenk line. The vessel
was briefly evacuated and backfilled with argon (this sequence was repeated a total of three
times). Anhydrous EtOAc (8 mL) was added to the tube via syringe and the argon pressure was
removed. The reaction mixture was stirred at room temperature (25 °C) for 16 h. The reaction
mixture was carefully diluted with saturated aqueous sodium bicarbonate solution (8 mL) and
EtOAc (4 mL). Internal standard (phenanthrene) was added. The aqueous layer was separated
and extracted with EtOAc (8 mLx3). The combined organic layers were concentrated in vacuo.
The residue was analyzed by 'H NMR spectroscopy ("H NMR yield; 13: 29%; 14: 40%). The

residue was then purified by silica gel flash column chromatography (hexanes: ethyl acetate =
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10:1 to 4:1 to toluene: ethyl acetate = 4:1) to afford 13 (42.5 mg, 26% yield, 65% ee) and 14
(50.8 mg, 35% yield, 66% ee).

al 'H NMR (400 MHz, CDCl3) & 7.97 (m, 2 H), 7.59 (m, 1 H), 7.47-7.41 (m, 6 H),

4.64 (d, J=12.4 Hz, 1 H), 4.45 (d, J =12.4 Hz, 1 H), 2.82-2.71 (m, 2 H), 2.63-

O@L\osz 2.45 (m, 2 H); ®C NMR (100 MHz, CDCl3) d 175.7, 166.0, 138.7., 134.8,
133.73, 129.8, 129.3, 129.2, 128.8, 126.6, 86.6, 69.9, 31.5, 28.9; IR (film) Vmax

1779, 1720, 1264, 1111, 1093, 1012, 910 cm™'; Ri(toluene: ethyl acetate = 5:1)= 0.4; [M+H]"
Caled. For CigH:6ClO,4: 331.0732; Found: 331.0750. [a]p®* = -16.4 (c= 0.4, CHCly). The
enantiomeric excess was determined by chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250

mm, hexanes:i-PrOH = 90:10, 1.0 mL/min, 230 nm, tg = 16.8 min (major) and 31.9 min (minor).

al '"H NMR (400 MHz, CDCl;) 5 7.33-7.23 (m, 7 H), 7.08 (m, 2 H), 3.22 (d, J=14.0

@ Hz, 1 H), 3.10 (d, J=14.0 Hz, 1 H), 2.57 (ddd, J=12.8, 10.4, 7.2 Hz, 1 H), 2.44-
Oﬁojf—\ph 2.28 (m, 2 H), 2.11 (m, 1 H); "*C NMR (100 MHz, CDCl3) & 176.2i 142.1., 134.8,
133.8, 130.8, 128.7, 128.5, 127.4, 126.4, 88.6, 48.8, 33.2, 28.8; IR (film) vmax

1772, 1492, 1163, 1003, 926, 808, 701 cm™; Ri(toluene: ethyl acetate = 5:1)= 0.6; [M+NH,]"
Calcd. For Cy7H;sCINO,: 304.1099; Found: 304.1105. [a]p®* = +4.1 (c= 1, CHCly). The
enantiomeric excess was determined by chiral HPLC analysis: Chiralcel OD-H 4.6 mm x 250

mm, hexanes:i-PrOH = 95:5, 1.0 mL/min, 230 nm, tg = 19.5 min (major) and 18.2 min (minor).
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3.6 Spectra and HPLC traces

165



4a 'H NMR (400 MHz. CDCl»)
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HPLC traces for 4a:

Sample Name: RZ-4-1€6-RAC

Acg. Operator : RZ Seqg. Line : 2 O 0
Acqg. Instrument : Instrument 1 Location : Vial 17
Injection Date : 7/22/2014 8:52:16 AM Inj : 1
Inj Volume : 1 nl N3
Different Inj Volume from Sequence ! Rctual Inj Volume : 4 pl (:I:)'4
Acq. Method o C:\CHEM32\I\DATA\RONG\NAOYUKI_LC 2014-07-22 08-08-53\RZ-5IPA-1ML-2013-.M a
DAD1 C, Sig=210.8 Ref=360,100 (C\CHEM32\1\DATARONGWNAQYUKI_LC 2014-07-22 08-08-53\RZ-4-166-RAC.D)
mAU 2
160 g
140
120
100
804
60
40_
204
0 L ; . s
-—r 7T T
10 15 20 25 30 35 mir
Signal 3: DADl1 C, Sig=210,8 Ref=360,100
Peak RetTime Type Width Rrea Height Rrea
# [min] [min] [mAU*s] [mAU] %
s et it [rrmemmmnaa | | === |
1 20.893 BB 0.7269 8601.23047 175.76074 50.1902
2 26.266 BB 0.7623 8536.0351€ 137.86€84 49.8098
Totals : 1.71373e4 313.62758
Sample Name: RZ-4-166
OO
Acq. Operator : RZ Seq. Line 1 ﬁﬁ
Acq. Instrument : Instrument 1 Location Vial 1€ N3
Injection Date : 7/22/2014 8:11:08 AM Inj 1 4a
Inj Volume 1 ul
Different Inj Volume from Sequence ! Actual Inj Volume 4 nl

Acg. Method

: C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-07-22 08-08-53\RZ-5IPA-1ML-2013-.M

DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM321\DATAIRONG\NAOYUKI_LC 2014-07-22 08-08-53\RZ-4-166.D)

mAU =
700
600 3
5004
400
m_
200 &
100 <
03— ' T . —
r—r—r—T T T T = LT T T T 3
10 15 20 25 30 35 mir
Signal 3: DAD1 C, Sig=210,8 Ref=360,100
Peak RetTime Type Width Area Height Area
L] [min] [min] {mAU*s] [mAU] %
e L B e B L =z
1 20.631 BV 0.7812 4.02596e4 773.55682 94.3599%
2 26.250 v 0.7156 2406.40234 40.01611  5.6401
Totals : 4.26660e4 013.57293
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RZ-4-182-H

|
| .

4b "H NMR (400 MHz. CDCl1)
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RZ-4-182-C

 SatCar Shahaiit Seotiagne Dalchery SRty Sy Biicagkon Faihaar DL |
85 80 75 70 65 60 55 S50 45 40

4b "*C NMR (100 MHz, CDCls)

—mn

—2

e

— 12285
T

o
— 5088

168



HPLC traces for 4b:

Br
Sample Name: RZ-4-182-RAC
= === () ()
Acqg. Operator : RZ Seq. Line : 1
Acqg. Instrument : Instrument 1 Location : Vial 16
Injection Date : 8/6/2014 5:46:23 PM Ing 2 1 N3
Inj Volume : 1 pl (:I:)-4b
Different Inj Volume from Sequence ! Actual Inj Volume : 5 pl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-06 17-43-53\RZ-5IPA-1ML-2013-.M
DAD1 A, Sig=230.4 Ref=360,100 (C\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-06 17-43-53\RZ-4-182-RAC.D)
mAU b o
120 &
100 b4
804
m_
40,
20
0 T T
E | T T ) P A (P T L
5 10 15 20 25 30 35 mir
Signal 1: DADl1 A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
| el Sttt s frrss simabiinuisns R e |
1 24.793 BB 0.6001 5160.43164 133.17227 49,9961
2 31.251 BB 0.7904 5161.24463  99.30509 50.0039
Totals : 1.03217e4 232.47736
Br
Sample Name: RZ-4-182
Acq. Operator : RZ Seq. Line : 1 (@) O ’é
Acg. Instrument : Instrument 1 Location : Vial 16 i)j
Injection Date : 8/1/2014 7:17:52 AM Inj : 1 N
Inj Volume : 1 pl 3
Different Inj Veolume from Sequence ! Actual Inj Volume : 3 pl 4b
Acg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-01 07-15-31\RZ-5IPA-1ML-2013-.M
DAD1 A, Sig=230,4 Ref=360,100 (C \CHEM32A\DATA\RONGINAOYUKI_LC 2014-08-01 07-15-31\RZ-4-182 D)
mAU ]
100+
801
60
40_
st 2
] 5
04 o I I
0 5 T s 2 % 30 35 mir
Signal 1: DAD1 A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

el R === e — R [
1 24.588 BB 0.5745 4195.15039 110.60049 94.5795
2 31.432 BB 0.5531 240.42851 5.16516 5.4205
4435.57890

Totals : 115.76566
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4c "H NMR (400 MHz. CDCl»)
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HPLC traces for 4c: Cl

Sample Name: RZ-4-172-RAC

Acgq. Operator : RZ Seq. Line : 5
Acq. Instrument : Instrument 1 Location : Vial 18 N3
Injection Date : 7/22/2014 10:50:36 AM Inj : 1 ('-‘t)‘4c
Inj Volume : 1 pl
Acg. Method ¢ C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-07-22 08-08-53\RZ-5IPA-1ML-2013-.M
DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATAIRONGI\NAOYUKI_LC 2014-07-22 08-08-53\RZ-4-172-RAC.D)
mAU = E
3 3
30
25
20
15
10
5
0 - N
I L B T T 1 T 7 I
5 10 15 20 25 30 35 mir
Signal 1: DAD1l A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min]) [min] [mAU*s] [mAU] %
o e s i e o [t stnas frommmmmism. e misnisios [
1 19.977 BB 0.6513 1820.84253  40.13295 50.0045
2 24.279 BB 0.7439 1820.51843  31.80194 49.9955
Totals : 36e41.36096 71.93489
Cl
Sample Name: RZ-4-172
o
Acq. Operator : RZ Seq. Line : 4 (@] O -
Acqg. Instrument : Instrument 1 Location : Vial 17
Injection Date : 7/22/2014 10:09:30 AM Inj : 1 N3
Inj Volume : 1 pl 4c
Different Inj Volume from Sequence ! Actual Inj Volume : 2 pl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-07-22 08-08-53\RZ-5IPA-1ML-2013-.M
DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-07-22 08-08-53\RZ-4-172.D)
mAU
w-
60-]
40-]
=
20 2
&
0 ! T
—r—r—T 7T T T T T T T T T T ———T— T
10 15 20 30 35 mir

Signal 1: DADl1 A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s) [mAU] ¥
s ]iomstere e Jmmmmeseene [mmmme—em—— [=r=—m—ms |
20.026 BB 0.7173 4562.40234 96.20024 94.4555
2 24.587 BB 0.6477 267.80951 4.91480 5.5445

Totals : 4830.21185 101.11505
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Il

4d '"H NMR (400 MHz, CDCl)
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HPLC traces for 4d:

CN
Sample Name: RZ-4-190-RAC
0.0
Acqg. Operator : RZ Seq. Line : 1
Acq. Instrument : Instrument 1 Location : Vvial 17
Injection Date : 8/20/2014 1:43:52 PM Inj : 1 NS
Inj Volume : 1 pl (:t)'4d
Different Inj Volume from Sequence ! Actual Inj Volume : € pl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-20 13-41-32\RZ-15IPA-2014.M
DAD1 A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONGINAOYUKI_LC 2014-08-20 13-41-32\RZ-4-190-RAC.D)
mAU o
& &
250 N e N
& &
200
1504
100
503 J/\
0;______}‘_-.4/\1-——1-4_—_
I T AL . T TR T T TR A T T
0 5 10 15 20 25 30 35 40 mir
Signal 1: DAD1 A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min]) [min] [mAU*s] [mAU) %
=== mm————— e e iinion == | === | === |
1 30.366 MM 1.0648 1.94853e4 304.99750 49.9484
2 33.230 MM 1.3457 1.95255e4 241.82451 50.0516
Totals : 3.90108e4 546.82201
CN
Sample Name: RZ-4-190
Acqg. Operator : RZ Seq. Line : 2 (@) O ol
Acg. Instrument : Instrument 1 Location : Vial 1¢ ﬁ‘
Injection Date : 8/20/2014 2:30:02 PM Inj 2k N:3
Inj Volume : 1 nl
Different Inj Volume from Sequence ! Actual Inj Volume : 6 nl ad
Acg. Method : C:\CHEM32Z\1\DATA\RONG\NAOYUKI_LC 2014-08-20 13-41-32\RZ-15IPA-2014.M
DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATAIRONG\INAOYUKI_LC 2014-08-20 13-41-32\RZ-4-190.0)
mAU
80 -
w_
40
20
00—
— T T T T T —r——
0 é 1|0 1I5 20 25 mir
Signal 1: DADl A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] {min] [mAU*s] [mAU] %
ol bt et i fmmEs s [Eamssear= | === |-—==——- |
1 30.587 MM 1.0066 5841.70020 96.71944 94.8775
2 34.303 MM 0.9822 315.39474 5.35182 5.1225
Totals : 6157.09494 102.07127
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4e 'H NMR (400 MHz. CDCl»)
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4e "oF NMR (376 MHz, CDCl5)
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HPLC traces for 4e: CF,

Sample Name: RZ-4-186-RAC

00
Acq. Operator t RZ Seq. Line : ik
Acqg. Instrument : Instrument 1 Location : Vial 17 pqa
Injection Date : 8/19/2014 8:53:02 AM Inj : 1 ( ) 4
Inj Volume : 1 pl x)-4e
Different Inj Volume from Sequence ! Actual Inj Volume : 3 pl
Acq. Method ¢ C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-19 08-50-48\RZ-5IPA-1ML-2013-.M
DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM321\DATAIRONGINAOYUKI_LC 2014-08-19 08-50-48\RZ-4-186-RAC D)
mAU 2
g
100 3
80
60
40
20
0 PR SSSCIE T SEE—
I T T T T T T T T T T T T T T T T T T
5 10 15 20 25 30 mir
Signal 3: DADl C, Sig=210,8 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
S B i Ry R [t [eremsm: |
1 19.468 VB 0.4645 3856.93750 122,78101 50.3897
2 24.534 BB 0.6219 3797.28760 84.88390 49.6103
Totals : 7654.22510 207.66491
CF3
Sample Name: RZ-4-186
== o (o) o
Acq. Operator : RZ Seq. Line : % ~
Acq. Instrument : Instrument 1 Location : Vial lé
Injection Date : 8/19/2014 2:53:19 PM Inj : 1 NS
Inj Volume : 1 pl de
Different Inj Volume from Sequence ! Actual Inj Volume : 12 ul
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-19 14-50-59\RZ-5IPA-1ML-2013-.M
DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM32\\DATARONGINAOYUKI_LC 2014-08-19 14-50-50\RZ4-186.0)
mAU o
140 ’
120 'éﬁ
100
804
604 o+
40 g &
20 G
43— L — —_— e
5 R e % T

Signal 3: DADl C, Sig=210,8 Ref=360,100

Peak RetTime Type Width Area Height Area
# (min] [min] [mAU*s] [mAU] %
| S I=s==la=nisr [Ssssmasns [t [E=s=zans I
1 19.774 MM 0.5860 5388.30957 153.24788 94.7703
2 25.563 MM 0.7042 297.34396 7.03758  5.2297

Totals : 5685.65353 160.28546
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4f "H NMR (400 MHz. CDClx)

| S| YN
T T T T T T T T T T T T T T T T T |
85 80 75 70 65 60 55 50 45 40 30 25 20 15 1.0 05 ppm

44 GHe e

4f "*C NMR (100 MHz, CDCl3)

RZ-4-164-C
E 8 Se f : HH 4
| | ') ] | | il
OMe
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HPLC traces for 4f:

OMe
Sample Name: RZ-4-164-RAC
non. Ooerator . - e . - o
cq. Operator : RZ Seq. Line : 2 O
Acq. Instrument : Instrument 1 Location : Vial 17
Injection Date : 7/28/2014 9:53:18 AM Inj : 1 rqa
Inj Volume : 1 pl (i)-4f
Different Inj Volume from Sequence ! Actual Inj Volume : 8 pl
Acg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-07-28 09-09-46\RZ-5IPA-1ML-2013-.M
DAD1 A, Sig=230,4 Ref=360,100 (CA\CHEM32\1\DATAIRONG\NAOYUKI_LC 2014-07-28 09-09-46\RZ-4-164-RAC D)
MU o @
&
200 &
150
100
50
0_ ﬁf\_JL_/\ — —
0 5 10 15 2 2% % 3 mir
Signal 1: DAD1l A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %
mmme| e——— frmmmn | [rmomm———— Jmmeme peem e
22.892 BB 0.8382 1.31085e4 233.07202 50.1893
2 26.958 BB 0.9848 1.30096e4 187.66890 49.8107
Totals : 2.61181e4 420.74092
OMe
Sample Name: RZ-4-164
OO\
Acqg. Operator : RZ Seq. Line : 1 2
Acg. Instrument : Instrument 1 Location : Vial 16
Injection Date : 7/28/2014 9:12:06 AM Inj : =5 F43
Inj Volume : 1 pl 4f
Different Inj Volume from Sequence ! Actual Inj Volume : 5 nl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-07-28 09-09-46\RZ-5IPA-1ML-2013-.M
DAD1 A, Sig=230 4 Ref=360,100 (C\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-07-28 09-09-46\RZ-4-164.D)
mAU 2
120
100
w-
60
40 g
20 &
0 ¥ N . T
0 5 10 15 20 2 0 35 mir
Signal 1: DADl1 A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [(min] [min] [mAU*s] [mAU] %
e B R R I e |
1 23.239 BB 0.8258 8031.23877 145.08575 87.2371
2 27.621 BB 0.7676 1174.97656  18.23970 12.7629
Totals : 9206.21533 163.32545
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4g "H NMR (400 MHz, CDCl3 )

[ I
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T ey L |
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4g ">C NMR (100 MHz, CDCl;)
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HPLC traces for 4g:

Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-10-09 07-45-20\R2-4-218A-RAC.D il
Sample Name: RZ-4-21BA-RAC —
0=0
Acq. Operator : RZ Seq. Line : 3 N3
Acg. Instrument : Instrument 1 Location : Vial 19
Injection Date : 10/9/2014 11:09:11 AM Inj : 1 (+)-4g
Inj Volume : 1 pl
Different Inj Volume from Sequence ! Actual Inj Volume : 8 nl
Acqg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-10-09 07-45-20\RZ-5IPA-1ML-2013-.M
DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATAIRONG\NAOYUKI_LC 2014-10-09 07-45-20\RZ-4-218A-RAC D)
mAU b=t 5
150 R
125
100
75
50
25
0 .
5 W Tk N R o wir

Signal 1: DADl A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] (mAU] %
e e s Jrerssmm e [=m=mm {mmnommease I====rsrs
1 28.881 BB 0.6575 8484.71289 189.09726 50.0582
2 36.433 BB 0.7776 8464.98535 151.09933 49.9%418

Totals : 1.69497e4 340.19659

Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-10-09 07-45-20\RZ-4-218A.D

Sample Name: RZ-4-218A CS
O ONS
Acq. Operator : R2Z Seq. Line : 4 m
Acq. Instrument : Instrument 1 Location : Vial 17

Injection Date : 10/9/2014 9:36:43 AM Inj : 1 Ng
Inj Volume : 1 pl 49

Different Inj Volume from Sequence ! Actual Inj Volume : 12 nl

Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-10-09 07-45-20\R2-5IPA-1ML-2013~-.M

DAD1 A, Sig=230,4 Ref=360,100 (C \CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-10-09 07-45-200RZ-4-218A.D)
mAU 3 ~

36.921

Signal 1: DAD1 A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 28.987 BB 0.6492 6429.18652 143.35242 91.1065
2 36.921 BB 0.6312 627.59711 11.86257 8.8935

Totals : 7056.78363 155.21498
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4h "H NMR (400 MHz. CDCl=)

RZ-4-180-H

|l L
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4h "*C NMR (100 MHz, CDCl3)
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HPLC traces for 4h:

Sample Name: RZ-4-180-RAC

00
Acq. Operator : RZ Seq. Line : 1
Acq. Inatrument : Instrument 1 Location : Vial 16
Injection Date : 9/1/2014 1:01:22 PM Inj : 1 I“S
Inj Volume : 1 pl (;t)- 4h
Different Inj Volume from Sequence ! Actual Inj Volume : 5 nl
Acq. Method ¢ C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-09-01 12-58-58\RZ-SHUTDOWN.M
DAD1 A, Sig=230,4 Ref=360,100 (CA\CHEM32\1\DATA\RONG\WWAOYUKI_LC 2014-09-01 12-58-58\RZ-4-180-RAC D)
mAU o~ @
m_
ﬁ]_
404
w_
204
104
04 A
0 T8 N T I 25 0 35 mir
Signal 1: DADl1 A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
#+  [min) (min]  [mAU*s] [rmAU] %
e e s s s [t it e | e fpmmmmee
1 17.812 BB 0.4240 21€8.58911 76.19683 50.0957
2 19.649 BB 0.4531 2160.30054 70.98513 49.9043
Totals : 4328.88965 147.18196
Sample Name: RZ-4-180
OO\
Acqg. Operator : RZ Seq. Line : 1 i?‘\
Acqg. Instrument : Instrument 1 Location : Vial 16 pqs
Injection Date : 7/29/2014 6:01:45 PM Inj : 1 4h
Inj Volume : 1 pl
Acg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-07-29 17-59-26\RZ-SHUTDOWN.M
DAD1 A, Sig=230 4 Ref=360,100 (C\CHEM32\1\DATAIRONG\NAQYUKI_LC 2014-07-29 17-59-26\RZ-4-180-1A D)
mAU 1
100
80
60
40
20
i S S, (.
T T T Lo | L S LR S I IR L
0 5 10 15 25 30 35 mir

Signal 1: DADl1 A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] (mAU*s] [mAU] %

e e e IE==Slamnasss lmesmstshes | S e S |
1 18.680 BB 0.3%21 219.16219 7.26251 4.7844
2 20.504 MM 0.5649 4361.62939 128.67712 95.2156

Totals : 4580.79158 135.93964
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4i '"H NMR (400 MHz, CDCl=)
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4i '*C NMR (100 MHz, CDCl3)
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HPLC traces for 4i:

Sample Name: RZ-4-158-rac 0
Acqg. Operator : RZ Seq. Line : 1 Ph
Acq. Instrument : Instrument 1 Location : Vial 17
Injection Date : 6/6/2014 4:34:38 PM Inj : 1 N3
Inj Volume : 1 pul (£)- 4i
Different Inj Volume from Sequence ! Actual Inj Volume : 3 pl
Acq. Method : C:\CHEMSE\l\DATA\ROHG\NAOYUKIﬁLC 2014-06-06 16-33-29\RZ-5IPA-1ML-2013-.M
DAD1 C, Sig=210.8 Ref=360,100 (CA\CHEM32\. ATAIRONG\NAOYUKI_LC 2014-06-06 16-33-20\RZ-4-158(0D-H)-RAC.D)
mAU -
3 &
50 &
w:
304
m,
10
A B
—— T —— ———— —— ]
5 1b 1% ﬁ) 25 30 mir

Signal 3: DADl1 C, Sig=210,8 Ref=3€0,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
mmme | ————— | [rrmaemmes l==rrmrnme ls==mmms
1 19.877 VB 0.5830 2242.23364 52.84458 50.1395
2 26.877 BB 0.6945 2229.76001 38.56628 49.8605

Totals : 4471.99365 91.41086

Sample Name: RZ-4-158

Acg. Operator : RZ Seq. Line : 3
Acq. Instrument : Instrument 1 Location : Vial 16
Injection Date : 6/6/2014 5:45:50 PM Inj 1
Inj Volume : 1 pl
Different Inj Volume from Sequence ! Actual Inj Volume : 0.8 nl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-06-0€ 16-33-29\RZ-5IPA-1ML-2013-.M

DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM32\1\DATA\RONGWNAOYUKI_LC 2014-06-06 16-33-20:RZ-4-158-(0OD-H).D)

mAU ]

100

80

60 &

AUE §#§§?

o] I A

— " ————— T
10 15 20 25 30 mir

Signal 3: DAD1 C, Sig=210,8 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 19.534 MM 0.7066 5116.65674 120.68810 94.3405
2 26.546 MM 0.8724 306.94647 5.86426 5.6595

Totals : 5423.60321 126.55235
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4j 'H NMR (400 MHz, CDCl3)

RZ-4-208
O
@]
Mer+: . Ph
Me N3
4j
L w4
" s 80 1'.5.110 65 60 55 50 45 40 s:s‘ 20 21.5_ 20 15 fn_ots
5 L L RE
4j '*C NMR (100 MHz, CDCl3)
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| | VI \ i/
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Mes:: .mPh
Me N3
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HPLC traces for 4j: o]

Sample Name: RZ-4-208-RAC o
Acqg. Operator : RZ Seq. Line : 1 Me N3
Acq. Instrument : Instrument 1 Location : Vial 1é (i)-4ﬂ
Injection Date : 9/16/2014 3:33:43 PM Inj : 1
Inj Volume : 1 pl
Different Inj Volume from Sequence ! Actual Inj Volume : 4 pl
Acqg. Method : C:\CHEM32\1\DATA\RONG\ZY 2014-09-16 15-31-25\RZ-5IPA-1ML-2013-.M

DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM32\1\DATAARONGIZY 2014-09-16 15-31-25\RZ-4-208-RAC.D)

mAU 8

E
200
150]
100
50

o N A\ :
0 ' % 1I0 1l5 2|0 2|5 mir
Signal 3: DAD1 C, Sig=210,8 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

o | mmmmmmn [====l==mmmm- R |=mmmmmmmmm |- [
1 13.174 Vv 0.3313 5349.82373 248.41367 50.0666
2 15.100 VW 0.4024 5335.59473 199.26160 49.9334

Totals : 1.06854e4 447.€7526

Sample Name: RZ-4-208

Acqg. Operator : RZ Seq. Line : 2
Acq. Instrument : Instrument 1 Location : Vial 17
Injection Date : 9/16/2014 4:05:01 PM Inj : 1
Inj Volume : 1 pl
Different Inj Volume from Sequence ! Actual Inj Volume : 3 nl
Acq. Method : C:\CHEM32\1\DATA\RONG\2Y 2014-09-16 15-31-25\RZ-5IPA-1ML-2013-.M

DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM321\DATA\RRONG\ZY 2014-09-16 15-31-25RZ-4-208 D)

8
1
15036

u_
3
8
R
3

Signal 3: DAD1 C, Sig=210,8 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e [ pamnas |ttt | e
1 13.009 VB 0.3308 1.19998e4 558.26044 95.8692
2 15.036 BV 0.3174 517.04474 20.01099 4.1308

Totals : 1.25169%e4 578.27143
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4k "H NMR (400 MHz. CDCl»)
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4k 3C NMR (100 MHz, CDCl3)
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HPLC traces for 4k:

Sample Name: RZ-4-188-RAC

' P
Acqg. Operator : RZ Seq. Line : 2
Acq. Instrument : Instrument 1 Location : Vial 16 N
Injection Date : 8/25/2014 4:07:52 BM Inj : 1 3
Inj Volume : 1 pl (i)'4k
Different Inj Volume from Seguence ! Actual Inj Volume : 16 pl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-25 15-24-07\RZ-5IPA-1ML-2013-.M
DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-25 15-24-07M\RZ-4-188-RAC- D)
mAU 2 I 2
703 S
60-] g
3 &
50
40
w_
20_
10
04 :
¥ —T T T T T B ¥
10 15 20 25 30 35 mir
Signal 1: DADl A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
4  [min] [min]  [mAU*s] [mAU] %
i ey |====l==—— | === === | === |
1 17.083 BB 0.4547 2134.21069  71.40211 50.3162
2 19.742 MM 0.4543 2107.38574 77.31142 49.6838
Totals : 4241.59644 148.71352
Sample Name: RZ-4-188 Ph
0. a/
Acq. Operator : RZ Seq. Line : 1 O O
Acq. Instrument : Instrument 1 Location : Vial 16
Injection Date : 8/22/2014 3:24:11 PM Inj : 1 NS
Inj Volume : 1 pl ak
Different Inj Volume from Sequence ! Actual Inj Volume : 4 pl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-22 15-21-53\RZ-5IPA-1ML-2013-.M
DAD1 A, Sig=230 4 Ref=360,100 (C\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-22 15-21-53\RZ-4-188.D)
mAU ]
200
150
100
] o
] &
Ei e
¥ A LA\,
) 15 S T 3 mir

Signal 1: DAD1 A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min]) [min] [mAU*s] [mAU) %
i o i i [ ommsiizain Jemstssicnsiinmin fosnissainsiion |
1 16.944 VB 0.406% 5986.67236 230.57608 B85.8726
2 19.660 BB 0.4423 984.89868 32.43007 14.1274
Totals : 6971.57104 263.00615
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41 'H NMR (400 MHz. CDCla)
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HPLC traces for compound 4k derived from 4l:

Ph
Sample Name: RZ-4-188-RAC //
e _— 0=©
Acqg. Operator : RZ Seq. Line : 2
Acq. Instrument : Instrument 1 Location : Vial 16 N
Injection Date : 8/25/2014 4:07:52 PM Inj = 1 3
Inj Volume : 1 pl (:I:)‘4k
Different Inj Volume from Sequence ! Actual Inj Volume : 16 pl
Acq. Method ¢ C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-25 15-24-07\RZ-5IPA-1ML-2013-.M
DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATAIRONG\NAOYUKI_LC 2014-08-25 15-24-0N\RZ-4-188-RAC- D)
mAU
70
60
504
40
w-
204
E N
T T | . | T T T L
10 15 20 25 30 35 mir
Signal 1: DAD1 A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] (mAU] %
fotre i K |=mrrlrrmmr | mrmrmm - | ——— Jimmem e
1 17.083 BB 0.4547 2134.21069  71.40211 50.3162
2 19.742 MM 0.4543 2107.38574 77.31142 49.6838
Totals : 4241.59644 148.71352
Ph
Sample Name: RZ-4-195 //
O™
Acq. Operator : RZ Seq. Line : 2 NS
Acq. Instrument : Instrument 1 Location : Vial 16 4k
Injection Date : 9/2/2014 6:38:01 PM Inj : 1

Inj Volume : 1 pl

Different Inj Volume from Sequence ! Actual Inj Volume : 4 pl

(derived from 4l)

Acq. Method ¢ C:\CHEM32\1\DATA\RONG\ZY 2014-09-02 17-54-08\RZ-5IPA-1ML-2013-.M

DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATA\RONG\ZY 2014-09-02 17-54-08\RZ-4-195- D)

2

M FETE FETE FETE U TE FUTE FURE PUTY FUTY

-

o RB28E8H

Signal 1: DAD1 A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
s | R | s [ | Jrrestsicta. |
1 16.999 MM 0.4347 3871.66455 148.43346 91.1778
2 19.725 MM 0.4853 374.61334 12.86601 8.8222

Totals : 4246.27789 161.29947
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4m+4n "H NMR (400 MHz, CDCl»)

RZ-4-202-H
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HPLC traces for 4m and 4n:

Sample Name: RZ-4-198

Acq. Operator t RZ Seq. Line 3 1
Acq. Instrument : Instrument 1 location : Vial 1§
Injection Date 1 9/5/2014 2142156 MM Inj 1 1
Inj Volume 1 1 ul
Different Inj Voelume from Sequence ! Actual Inj Volume : 10 ul
Acg. Method 1 C3\CHEM3I2\1\DATA\RONG\ZY 2014-09-05 14-40-24\RZ-3-IPA-0OBML-ETOH.M

DAD1 C. Sag=210.8 Ra=360, 100 (C \CHEMI2 MOATARONGIZY 2014-00-06 14-40-24RZ-4-108-{0D-HHETOM D)

Lt Signal 34 DADI
200
150 .
100 !0
" &
o T o
T T T T T T T
s 0 © Q25 “» as ma
Sample Name: RI-4-202A
Acq. Operator 3 RZ Seq. Line 3 4
Acq. Instrument : Inastrument [ Location 3 Vial 1€
Injecticn Date : 9/5/2014 3:39:2¢ PM Iny 3 i
Iny Volume 3 1 wil
Differeat Inj Volume from Sequence ! Actual In) Volume 1 14 ul
Acq. Mathod t CI\CHEMIZ\I\DATA\RONG\ZY 2014-0%-05 14=40-24\RZ=3-1PR-0BML-ETCH.M

DAD1 C. Sig=210.8 R =360, 100 (C 'CHEMI2. TARONGZY 2014.08.05 1440 20RZ 4 202A. 20D-H) ETOH.PENT D)

7

a as - s e Totals @

Sample Namei RZI-4-202B

‘,g_ i Sigral )i DADL
2503 ] Fesd RetTine Type
200 ¢ mnj
L L

150 4 i

3 s
- 4 2 o"' ) s
L A 'v FRRTRICE
= T T T o

s » s

(2)-4n
(minar)

. S1g=210,8 Raf=1363,100

Foak RetTims Typs MWidth Acea Height Arsa

519=710.5 Rer=)80, 1t

Width Area e ight Area
ain]  (mAU*s! ) N

I.7eeRked  €34.10%40

Acq. Operator t RZ Seq. Line : 3
Acqg, Instrument : Instrument i Location i Vial 17
Injection Date : 9/5/2014 4:34:11 PM Iny : i
In) Volume 1
Different Inj Volume from Sequence ! Actual Inj Volume :
Acq. Method : C:\CHEM32\1\DATA\RONG\ZY 2014-09-05 14-40-24\RZ-3-IPA-0BML-ETOH.M
dr.=10:1
DADI C. Sag=2108 Raf=360 100 (C 'CHEMIZ. TARONGUZY 2014.08.05 144024742028 400-H) ETOH PENT D)
mAU ‘
175 b S1gnal 33 DADL €, $1g=210,5 Ref=3€0,100
- Peak RatTime Typs Width Area Beight Area
12 ¢ (min] min)  (mAU*3) =AU .
0o feaciecs assiafuarenenass] Sy §
s E N L 33,374 BB 1 37, 04641 6,835
I 5.4l e
= 8 0’ 3 37.468 B 0.€005 €89).37041
=1 }/\ g 4 46,560 0 G.693) 8331160
o
s ) s » Vs o as I3 as me Totals 18667084
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2d '"H NMR (400 MHz, CDCl»)

RZ-4-84-H
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RZ-4-B4-C
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2k 'H NMR (400 MHz. CDCl»)
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2l '"H NMR (400 MHz. CDCls)
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5 "H NMR (400 MHz. CD20OD )

RZ-4-174~H (methancl-d4)
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HPLC traces for 5:

O

Sample Name: RZ-4-174-RAC NH

Acq. Operator : RZ Seq. Line : 1

Acq. Instrument : Instrument 1 Location : Vial 16 Ph OH

Injection Date : 7/30/2014 1:08:06 PM Inj : L

Inj Volume : 1 pl (£)-5
Different Inj Volume from Sequence ! Actual Inj Volume : 4 pl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-07-30 13-05-43\RZ-5IPA-2014-70MIN.M

DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM32\1\DATA\RONGINAOYUKI_LC 2014-07-30 13-05-43\RZ-4-174-RAC.D)

120
100

5888

Signal 3: DAD1l C, Sig=210,8 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU) %
e Ity lFr=sle=mrs e === l=mm=mmmn |
1 64.933 MM 3.1716 2.59173e4 136.19344 50.1438
2 72.272 MM 3.5883 2.57686e4 119.68867 49.8562

Totals : 5.1685%e4 255.88211

Sample Name: RZ-4-174 NH
Acg. Operator : RZ Seq. Line : 3 ’
Acq. Instrument : Instrument 1 Location : Vial 16 Ph "OH
Injection Date : 7/22/2014 9:31:20 PM Inj : 1

Inj Volume : 1 pl 5

Different Inj Volume from Sequence ! Actual Inj Volume : 8 pl
Acg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-07-22 18-26-42\RZ-5IPA-2014-70MIN.M

DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM32\1\DATAIRONGINAOYUKI_LC 2014-07-22 18-26-42\RZ-4-174-1A- D)

2

883828

Signal 3: DAD1 C, Sig=210,8 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
Bt |==== === | === | === | === |
1 €7.532 MM 3.8921 1.58979%e4 €8.07827 94.6059
2 80.106 MM 3.7487 906.45111 4.03003 5.3941

Totals : 1.68044e4 72.10830
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6 '"H NMR (400 MHz. CDClx)

RZ-4-220-H
NHBoc
6

" e YR SR

T T T T T

T L] T T T T T T T T T T T 1
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HPLC traces for 6:

Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-10-14 08-32-32\RZ-4-220-RAC-.D
Sample Name: RZ-4-220-RAC

00 Ph
Acq. Operator : R2 Seq. Line : 2 %f\
Acq. Instrument : Instrument 1 Location : Vial 16 NHBoc
Injection Date : 10/14/2014 B:56:28 AM Inj : 1 (d:) 6
Inj Volume : 1 pl
Different Inj Volume from Sequence ! Actual Inj Volume : 3 pl
Acg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-10-14 08-32-32\RZ-SHUTDOWN.M
DAD1 C, Sig=210,8 Ref=360,100 (C:\CHEM3211\DATAIRONG\NAOYUKI_LC 2014-10-14 08-32-32\RZ-4-220-RAC- D)
mAU ]
500
400
0
200
100
0
T T T T T N T T T T T T T T T T N T T T i
0 2 4 6 12 14 16 18 mir
Signal 3: DADl C, Sig=210,8 Ref=360,100
Peak RetTime Type Width Area Height Area
4 [min] [min] [mAU*s] [mAU] %
m———mm e |-===]====-=- |- |- e |
1 7.229 MM 0.3042 1.14757e4 628.67841 49.8381
2 8.148 MM 0.3413 1.15502e4 564.09924 50.1619
Totals : 2.3025% 4 1192.77765
Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-10-14 10-04-05\RZ-4-220-.D
Sample Name: RZ-4-220 Oﬁ%:h
Acg. Operator : RZ Seq. Line : 1 NHBoc
Acqg. Instrument : Instrument 1 Location : Vial 17 6
Injection Date : 10/14/2014 10:06:08 AM Inj : 1
Inj Volume : 1 pnl
Different Inj Volume from Sequence ! Actual Inj Volume : 0.2 pl
Acg. Method ¢ C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-10-14 10-04-05\RZ-SHUTDOWN.M
DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM321\DATAIRONGINAOYUKI_LC 2014-10-14 10-04-05\RZ-4-220- D)
mAU
60
50
40
304
204
103
0_
-1043
T T Y T ¥ ¥ T ¥ ¥ 1 ¥ X T T T H
0 2 4 6 12 14 16 18 mir

Signal 3: DADl C, 5ig=210,8 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min]) [min] [mAU*s] [mAU] %
S R e [ it i [ e frareeenmae |
1 7.331 MM 0.2658 105.14742 6.59191 5.6983
2 8.228 MM 0.3391 1740.08972 85.52530 94.3017

Totals : 1845.23714 92.11721
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7 "H NMR (400 MHz. CDCl»)

RZ-4-184-H

.N
N~ Ph
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85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 ppm
Nat’ S\l AR,
8 )& s dag g

7 *C NMR (100 MHz, CDCl3 )

RZ-4-184~C
¢ § aaREassas : i 4
|\ ! '
No_ph

200



HPLC traces for 7:

Sample Name:

RZ-4-184-RAC

Acq. Operator
Acqg.
Injection Date

Instrument

Different Inj Volume from Sequence !

Acq. Method

RZ
Instrument 1
8/7/2014 9:24:47 AM

Seq. Line :

Location
Inj
Inj Volume

Actual Inj Volume

1
vial 19
i
1 pl
5 pl

-N
N™ Ph
ol

(x)-7

: C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-07 09-22-20\RZ-15IPA-2014.M

DAD1 C, Sig=210,8 Ref=360,100 (CA\CHEM32\1\DATAIRONG\NAOYUKI_LC 2014-08-07 09-22-20\RZ4-184-RAC.D)

A
700 s
6003
wj_
400
Sm_
200
1003 ‘ J )

0}

N
N* N—Ph
ph NI

O~

0—"l"'I""i""l""l""l
0 5 10 15 20 25 30
Signal 3: DAD1 C, Sig=210,8 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
| i e R | amssse |psmmmans |
1 21.032 vB 0.6184 3.28333e4 761.09888 49.6663
2 28.194 VB 0.8013 3.32746e4 618.87622 50.3337
Totals : 6.61078e4 1399.97510
Sample Name: RZ-4-184
Acg. Operator : RZ Seq. Line : 2
Acq. Instrument : Instrument 1 Location : Vial 16
Injection Date : 8/19/2014 11:13:39 AM Inj : 1
Inj Volume : 1 pl
2

Different Inj Volume from Sequence !
Acq. Method ]

Actual Inj Volume : pl

DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM32\1\DATAIRONGINAOYUKI_LC 2014-08-19 10-30-200RZ-4-184- D)

7

C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-08-19 10-30-20\RZ-15IPA-2014.M

rnAU_‘
1204
100
w..
604
404
20_
0 —
SRS S S W B e T ¥ T T r T L T T T
0 5 10 15 20 25 30 35 mir
Signal 3: DAD1 C, Sig=210,8 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
sesssnen Lo e et T B | T =) R i
1 20.479 MM 0.6195 421.91553 11.35162 5.3494
2 27.149 MM 0.8317 7465.23828 149.60146 94.6506
Totals : 7887.15381 160.95307
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7b "H NMR (400 MHz, CDCl» )

RZ-4-197-H B
N.
Br
_..__ul.___ ree e e e dh A m (E—— e
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05  ppm
LEEE e a8
7b *C NMR (100 MHz, CDCl5)
RZ-4-197-C
: 3 EdNEadans H -
| | NN\ [ [

G 7b

Zsz

O.s
N.
;\ [l
Br
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HPLC traces for 7b:

Br
Sample Name: RZ-4-197-RAC
Acq. Operator : RZ Seq. Line : 3 O O
Acq. Instrument : Instrument 1 Location : Vial 17 (1)'7b
Injection Date : 9/18/2014 8:27:14 AM Inj : 1 N
Inj Volume : 1 pl *N
Different Inj Volume from Sequence ! Actual Inj Volume : 20 pl \ KI
Acq. Methed : C:\CHEM32\1\DATA\RONG\ZY 2014-09-18 08-24-42\RZ-20IPA-2014.M
DAD1 B, Sig=254,16 Ref=360,100 (C \CHEM32\\DATA\RONG\ZY 2014-09-18 08-24-42\RZ-4-197-RAC.D)
mAU
7 Br
40
30_
20_
10
0
SRS T T T T Ti e ) T T e T I
5 10 15 20 2 30 35 40 45 50 mir
Signal 2: DADl B, Sig=254,16 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s ] [mAU] %
SRR (s s i s s e sttt {issisin I
1 21.116 MM 0.7375 2749.44751 62.13118 50.0031
2 36.332 MM 1.1271 2749.10229  40.65299 49.9969
Totals : 5498.54980 102.78416 Br
Sample Name: RZ-4-197
0 o =7
Acg. Operator : RZ Seq. Line : 2 m 7b
Acq. Instrument : Instrument 1 Location : Vial 16 N
-~
Injection Date : 9/17/2014 5:41:02 PM Inj : 1 'N
Inj Volume : 1 nl \ ’\'I
Different Inj Volume from Sequence ! Actual Inj Volume : 8 pl
Acg. Method : C:\CHEM32\1\DATA\RONG\ZY 2014-09%-17 16-47-04\RZ-20IPA-2014.M
DAD1 B, Sig=254,16 Ref=360,100 (C \CHEM32\1\DATA\RONG\ZY 2014-09-17 16-47-04\RZ-4-197.D)
mAU ]
— Br
150+
100
50 2
CI 8
LIS S I S . T L P B TR T A T | B T | g B T ) LR O
5 10 15 20 25 30 35 40 45 50 mir

Peak RetTime Type Width Area Height Area
# [min]) [min] [mAU*s] [mAU] %

1 21.649 BB 0.5420 202.84988 4.48220 1.1461
2 37.033 MM 1.1893 1.74961e4 245.18356 98.8539

Totals : 1.76989%e4 249.66576
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Sli-Table 1. Crystal data and structure refinement for compound 7b.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

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

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

X14147
C19 HI5 Br2 N3 02

477.16

100(2) K

0.71073 A

Orthorhombic

P 212121

a=7.1816(11) A a=90°,
b=11.0851(15) A B =90°.
c=21.848(3) A y=90°.
1739.3(4) A3

4

1.822 Mg/m?

4.681 mm™!

944

0.110 x 0.065 x 0.015 mm3

1.864 to 30.032°.

-10<=h<=10, -13<=k<=14, -30<=1<=30
37176

4912 [R(int) = 0.0502]

98.3 %

Semi-empirical from equivalents
0.5645 and 0.4825

Full-matrix least-squares on F2

4912 /387 /235

1.028

R1 =0.0326, wR2 = 0.0653
R1=0.0428, wR2 = 0.0683

-0.004(4)

n/a

0.709 and -0.727 e.A"3
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4
Si-Table 2. Atomic coordinates ( x 10 ) and equivalent isotropic displacement parameters

2 3 i
(A x 10') for compound 7b. U(eq) is defined as one third of the trace of the orthogonalized u’

tensor.

X y z Ufeq)
Br(1) 6633(1) 3221(1) 6294(1) 25(DH
Br(2) 3532(1) 3581(1) -1120(1) 21(1)
o 3070(4) 5450(3) 1809(1) 19(1)
O2) 1516(5) 6548(3) 2496(1) 26(1)
N(1) 5840(5) 4282(3) 2562(2) 19(1)
N(2) 6068(5) 5455(4) 2731(2) 23(1)
N(3) 6239(5) 5470(3) 3326(2) 21(1)
C() 3546(6) 4187(4) 1698(2) 18(1)
C(2) 2072(6) 3470(4) 2061(2) 22(1)
C(3) 1444(7) 4348(4) 2556(2) 22(1)
C(4) 1948(6) 5565(4) 2307(2) 19(1)
C(5) 5561(6) 3982(4) 1919(2) 19(1)
C(6) 5890(6) 3557(4) 3056(2) 20(1)
C(7) 6148(5) 4324(4) 3542(2) 17(1)
C(8) 6304(6) 4042(4) 4198(2) 18(1)
C(9) 7070(5) 2967(4) 4406(2) 19(1)
C(10) 7208(6) 2726(4) 5029(2) 20(1)
C(11) 6522(6) 3566(4) 5446(2) 19(1)
C(12) 5762(6) 4647(4) 5251(2) 20(1)
C(13) 5660(6) 4886(4) 4629(2) 19(1)
C(14) 3539(6) 4001(4) 1009(2) 17(1)
C(15) 2885(6) 2952(4) 744(2) 19(1)
C(16) 2884(6) 2812(4) 105(2) 19(1)
C(17) 3586(6) 3731(4) -255(2) 16(1)
C(18) 4325(6) 4768(4) 0(2) 19(1)
C(19) 4289(6) 4905(4) 633(2) 18(1)

Sl-Table 3. Bond lengths [A] and angles [°] for compound 7b.

Br(1)-C(11) 1.895(4) C(2)-C(3) 1.524(6)
Br(2)-C(17) 1.898(4) C(2)-H(2A) 0.9900
0O(1)-C(4) 1.360(5) C(2)-H(2B) 0.9900
0(1)-C(1) 1.461(5) C(3)-C(4) 1.498(6)
0(2)-C(4) 1.206(5) C(3)-H(3A) 0.9900
N(1)-C(6) 1.346(6) C(3)-H(3B) 0.9900
N(1)-N(2) 1.361(5) C(5)-H(5A) 0.9900
N(1)-C(5) 1.457(5) C(5)-H(5B) 0.9900
N(2)-N(3) 1.306(5) C(6)-C(7) 1.372(6)
N(3)-C(7) 1.357(6) C(6)-H(6) 0.9500
C(1)-C(14) 1.518(6) C(7)-C(8) 1.471(6)
C(1)-C(5) 1.543(6) C(8)-C(9) 1.389(6)
C(1)-C(2) 1.543(6) C(8)-C(13) 1.406(6)
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C(9)-C(10) 1.390(6) N(1)-C(5)-H(5A) 108.9

C(9)-H(9) 0.9500 C(1)-C(5)-H(5A) 108.9
C(10)-C(11) 1.394(6) N(1)-C(5)-H(5B) 108.9
C(10)-H(10) 0.9500 C(1)-C(5)-H(5B) 108.9
C(11)-C(12) ‘ 1.383(6) H(5A)-C(5)-H(5B) 107.7
C(12)-C(13) 1.387(6) N(1)-C(6)-C(7) 104.7(4)
C(12)-H(12) 0.9500 N(1)-C(6)-H(6) 1277
C(13)-H(13) 0.9500 C(7)-C(6)-H(6) 1277
C(14)-C(15) 1.382(6) N(3)-C(7)-C(6) 108.6(4)
C(14)-C(19) 1.404(6) N(3)-C(7)-C(8) 122.3(4)
C(15)-C(16) 1.404(6) C(6)-C(T)-C(8) 129.2(4)
C(15)-H(15) 0.9500 C(9)-C(8)-C(13) 118.8(4)
C(16)-C(17) 1.381(6) C(9)-C(8)-C(7) 122.1(4)
C(16)-H(16) 0.9500 C(13)-C(8)-C(T) 119.1(4)
C(17)-C(18) 1.383(6) C(8)-C(9)-C(10) 120.9(4)
C(18)-C(19) 1.391(6) C(8)-C(9)-H(9) 119.5
C(18)-H(18) 0.9500 C(10)-C(9)-H(9) 119.5
C(19)-H(19) 0.9500 C(9)-C(10)-C(1 1) 119.1(4)
C(9)-C(10)-H(10) 120.4
C(4)-0(1)-C(1) 111.2(3) C(11)-C(10)-H(10) 1204
C(6)-N(1)-N(2) 110.5(4) C(12)-C(11)-C(10) 121.1(4)
C(6)-N(1)-C(5) 129.8(4) C(12)-C(11)-Br(1) 119.6(3)
N(2)-N(1)-C(5) 119.7(4) C(10)-C(11)-Br(1) 119.3(3)
N(3)-N(2)-N(1) 107.0(4) C(11)-C(12)-C(13) 119.3(4)
N(2)-N(3)-C(7) 109.2(4) C(11)-C(12)-H(12) 1204
O(1)-C(1)-C(14) 107.1(3) C(13)-C(12)-H(12) 120.4
O(1)-C(1)-C(5) 108.0(3) C(12)-C(13)-C(8) 120.8(4)
C(14)-C(1)-C(5) 107.1(4) C(12)-C(13)-H(13) 119.6
O(1)-C(1)-C(2) 104.3(3) C(8)-C(13)-H(13) 1196
C(14)-C(1)-C(2) 115.9(4) C(15)-C(14)-C(19) 119.0(4)
C(5)-C(1)-C(2) 114.0(3) C(15)-C(14)-C(1) 122.1(4)
C(3)-C(2)-C(1) 103.8(4) C(19)-C(14)-C(1) 118.9(4)
C(3)-C(2)-H(2A) 111.0 C(14)-C(15)-C(16) 120.7(4)
C(1)-C(2)-H(2A) 111.0 C(14)-C(15)-H(15) 1196
C(3)-C(2)-H(2B) 111.0 C(16)-C(15)-H(15) 119.6
C(1)-C(2)-H(2B) 111.0 CUIT)-C(16)-C(15) 118.9(4)
H(2A)-C(2)-H(2B) 109.0 C(17)-C(16)-H(16) 120.5
C(4)-C(3)-C(2) 104.2(3) C(15)-C(16)-H(16) 120.5
C(4)-C(3)-H(3A) 1109 C(16)-C(17)-C(18) 121.6(4)
C(2)-C(3)-H(3A) 110.9 C(16)-C(17)-Br(2) 119.6(3)
C(4)-C(3)-H(3B) 110.9 C(18)-C(17)-Br(2) 118.8(3)
C(2)-C(3)-H(3B) 110.9 C(17)-C(18)-C(19) 118.9(4)
H(3A)-C(3)-H(3B) 108.9 C(17)-C(18)-H(18) 120.5
0(2)-C(4)-0(1) 120.7(4) C(19)-C(18)-H(18) 1205
0(2)-C(4)-C(3) 128.8(4) C(18)-C(19)-C(14) 120.8(4)
O(1)-C(4)-C(3) 110.5(4) C(18)-C(19)-H(19) 119.6
N(1)-C(5)-C(1) 113.4(3) C(14)-C(19)-H(19) 119.6

2 3
SI-Table 4. Anisotropic displacement parameters (A x 10) for compound 7b. The

2 2 2 1 12
anisotropic displacement factor exponent takes the form: -2p [h a*U +.. +2hka*b*U ]

Ull U22 U33 U23 U13 U]Z
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Br(1)
Br(2)
o)
0(2)
N()
N@)
N@3)
G
C@2
C3)
G
C()
C(6)
C
C(8)
C©)
C(10)
C(l)
C(12)
c(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)

27(1)
22(1)
20(2)
31(2)
18(2)
23(2)
22(2)
21(2)
25(2)
22(2)
18(2)
20(2)
19(2)
12(2)
13(2)
15(2)
13(2)
17(2)
17Q2)
16(2)
16(2)
18(2)
22(2)
14(2)
18(2)
19(2)

30(1)
26(1)
17(2)
24(2)
19(2)
23(2)
21(2)
15(2)
22(2)
24(2)
24(2)
22(2)
20(2)
17(2)
21(2)
19(2)
20(2)
22(2)
20(2)
19(2)
16(2)
17(2)
15(2)
15(2)
18(2)
16(2)

19(1)
16(1)
18(1)
22(1)
19(2)
24(2)
21(2)
19Q2)
18(2)
21(2)
16(2)
17(2)
21(2)
212)
19Q2)
22(2)
27(2)
17(2)
21(2)
22(2)
18(2)
21(2)
21(2)
19(2)
20(2)
19(2)

A1)
STE))
21
2(1
o(1)
-2(2)
3(H
0l
1(2)
-1(2)
-1(2)
-1(2)
0(2)
01
2(1)
5(2)
1(2)
2(2)
-4(2)
0(2)
0(1)
1(2)
2(2)
0(1)
1(2)
0(2)

-2(1)
-1(D)
4(1)
5(1)
-1(D
-3(D)
-4(1)
1(2)
42)
4(2)
1(2)
1(2)
2(2)
-1(D
-1(2)
-1
-4(2)
-1(2)
4(2)
-1(2)
-1(2)
1(2)
02)
1(2)
2(2)
-1(2)

-3(D
3(1)
o)
4(2)
0(1)
-5(D)
6(1)
2(2)
-4(2)
3(2)
12)
2(2)
-1(2)
1(1)
2(2)
-1(1)
12)
2(2)
1(2)
2(2)
2(2)
-1(2)
-2(2)
2(2)
-1(2)
-3(2)




Sl-Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 10
3
) for compound 7b.

X y z U(eq)
H(2A) 1016 3236 1795 26
H(2B) 2621 2734 2243 26
H(3A) 85 4286 2626 27
H(3B) 2101 4190 2946 27
H(5A) 5895 3125 1855 23
H(5B) 6413 4479 1668 23
H(6) 5772 2704 3066 24
H(9) 7506 2389 4119 23
H(10) 7763 1998 5168 24
H(12) 5316 5218 5540 23
H(13) 5148 5629 4492 23
H(15) 2432 2319 996 22
H(16) 2407 2098 =77 23
H(18) 4848 5376 -253 23
H(19) 4779 5618 812 21




8a '"H NMR (400 MHz. CDCl»)
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HPLC traces for 8a:

Data File C:\CHEM32\1\DATA\MTP1\NAOYUKI_LC 2014-12-05 10-43-13\RZ-4-234-RAC-.D

Sample Name: RZ-4-234-RAC

Acq. Operator : SANDRA
Acqg. Instrument : Instrument 1
Injection Date : 12/5/2014 12:12:25 PM

Different Inj Volume from Sequence !
Acqg. Method

o3 B 8

Seq.

Line

Location

Inj

Inj Volume

DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\\DATAMTP1\NAOYUKI_LC 2014-12-05 1
=]

Actual Inj Volume
: C:\CHEM3Z\1\DATA\MTP1\NAOYUKI_ LC 2014-12-05 10-43-13\RZ-SHUTDOWN.M

: 3

1 vial 17
= I

i Lijal

: B8 ul

racemic

0-43-13\RZ-4-234-RAC- D)

2

A
3
a°

Signal 1: DADl A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height
# [min] [min] [mAU*s] [mAU]
o it e e [Hesmmmnses, ot |
1 34.880 MM 0.9182 3838.79614 69.67712
2 37.988 MM 1.1363 3871.97144 56.78994
Totals : 7710.76758 126.46707

Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-13 14-59-43\RZ-4-234.D

Sample Name: RZ-4-234

49.7849
50.2151

Acg. Operator : RZ
Acq. Instrument :
Injection Date :

Instrument 1
12/13/2014 3:02:05 PM

Different Inj Volume from Sequence !

Seq. Line
Location

Inj

Inj Volume

Actual Inj Volume

Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12

: 1
: Vial 16
H 1

:1pl

: 4 pl

-13 14-59-43\RZ-SHUTDOWN.M

DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATAIRONGINAOYUKI_LC 2014-12-13 14-59-43\RZ4-234 D)

o 8
i

mir

10 20

Signal 1: DADl A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height
# [min] [min) [mAU*s] [mAU]
L e e e === |======—
1 34.547 MM 0.8546 3139.91797 61.23563
2 36.943 MM 1.1830 2.11040ed4  297.32425
Totals : 2.4243%e4 358.55988

12.9514
87.0486
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8b 'H NMR (400 MHz. CDCl»)
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HPLC traces for 8b:

Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-09 09-03-14\RZ-4-240A-RAC.D

Sample Name: RZ-4-240A-RAC

Acq. Operator : RZ Seq. Line
Acqg. Instrument : Instrument 1 Locaticn
Injection Date : 12/9/2014 12:57:27 PM Inj

Inj Volume

Different Inj Volume from Segquence ! Actual Inj Volume
Acg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12

. racemic

Vial
1

1 pl

12 pl

20

-09 09-03-14\RZ-15IPA-2014.M

DAD1 A, Sig=230.4 Ref=360,100 (C\CHEM32\1\DATA\RONG\NAQYUKI_LC 2014-12-09 09-03-14\RZ-4-240A-RAC D)

50 60 70 mir
Signal 1: DAD1 A, S$ig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e [l e o bininss [ simmmsiaiacs Jesrne sty fiaicaes I C
1 33.986 MM 0.9849 353.79236 5.98674 50.6726
2 ©68.888 MM 2.1221 344.40015 2.70483 49.3274
Totals : 698.19250 8.69158
Br
Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-09 17-16-57\RZ-4-240A.D
Sample Name: RZ-4-240A
Acq. Operator : RZ Seq. Line : 1
Acg. Instrument : Instrument 1 Location : Vial 28 Bb
Injection Date : 12/%/2014 5:19:13 PM Inj : 1,
Inj Volume : 1 pl
Different Inj Volume from Seguence ! Actual Inj Volume : 10 pl
Acg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-09 17-16-57\RZ-15IPA-2014.M
DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32A1\DATAIRONG\NAOYUKI_LC 2014-12-09 17-16-57\RZ-4-240A D)
mAU
353
30
o
254 - €91
204 e
154 5
10
5]
04 Ny
Tt I & £ % I & v % _Joor 051 L TN S | S FR
20 30 40 50 60 70 80 mir
Signal 1: DADl1 A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
e e e e [ == |=====-= |
1 34.999 MM 1.0348 B88B1.74060 14.20121 11.1369
2 68.413 MM 2.9414 7035.52930 39.86550 88.8631
Totals : 7917.26990 54.06671
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RZ-4-240B-H

M
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8¢ "°F NMR (376 MHz. CDCl»)

RZ-4-240B-F
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o 20 40 60 80 100 -120 140 160 -180  -200 ppm
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HPLC traces for 8c:

Data File C:\CHEM3Z\l\DAT}\\RONG\NAOYUKI_LC 2014-12-13 14-59-43\RZ-4-240B-RAC.D
Sample Name: RZ-4-240B-RAC

Acq. Operator : RZ Seq. Line : 5 H
Acqg. Instrument : Instrument 1 Location : Vial 19 racemic
Injection Date : 12/13/2014 9:06:58 PM Ing. = 1
Inj Volume : 1 pl
Different Inj Volume from Sequence ! Actual Inj Volume : 8 pl
Acg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-13 14-59-43\RZ-SHUTDOWN.M
DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATA\RONGINAOYUKI_LC 2014-12-13 14-58.43\RZ4-240B-RAC.D)
mAU
°§ -\“P
20 FE P
2 2
15
10
5
0
I LI R U R R S T R VR B A ST R T | L ER R T {
10 20 30 40 50 60 70 mir
Signal 1: DAD1l A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
—mre{remm || e m——— e e Jrreem st e
1 50.566 MM 1.6244 2360.01953 24.21427 49.8479
2 55.265 MM 1.9716 2374.42505 20.07225 50.1521
Totals : 4734.44458  44.28651 Me
Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-13 14-59-43\RZ-4-240B.D ()
Sample Name: RZ-4-240B
: CFs
- o ON;
Acg. Operator : R2 Seq. Line : 3 m‘s\
Acq. Instrument : Instrument 1 Location : Vial 17 (@) \()
Injection Date : 12/13/2014 6:04:25 PM Inj : 1
Inj Volume : 1 nl 8c
Different Inj Volume from Sequence ! Actual Inj Volume : 4 pl
Acqg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-13 14-59-43\RZ-SHUTDOWN.M
DAD1 A, Sig=2304 Ref=360,100 (C\CHEM32A 1\DATA\RONG\NAOYUKI_LC 2014-12-13 14-59-43\RZ-4-240B.D)
mAU
254
204
15
10
5
04— .
10 20 ERE S T Tmi

Signal 1: DAD1 A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
S | | et e [ s [Femmamns
1 51.597 MM 1.5154 350.94086 3.85978 9.5121
2 55.487 MM 1.9667 3338.47388  28.29182 90.4879

Totals : 3689.41473 32.15160
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RZ-4-242A-H 9a 1H NMR (400 MHz. CDCls)
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HPLC traces for 9a:

Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-11-24 14-06-46\RZ-4-232B-RAC.D
Sample Name: RZ-4-232B-RAC

Acg. Operator : RZ Seq. Line : 7
Acq. Instrument : Instrument 1 Location : Vial 27 racemic
Injection Date : 11/24/2014 6:26:06 PM Inj : ]
Inj Volume : 1 pl
Different Inj Volume from Sequence ! Actual Inj Volume : 8 pl

Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-11-24 14-06-46\RZ-SHUTDOWN.M

DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\ \DATAIRONGINAOYUKI_LC 2014-11-24 14-06-46\RZ-4-232B-RAC D)

mAU
25..
20
15
10
5
D___,_f\«\/__f )
L e e e T e e e L B B S e e S e e e L S e e B
10 15 20 25 30 35 40 45 mir
Signal 1: DADl A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min) [mAU*s] [mAU] %
e L el S |t o s fimm s Jiemesinaas [
1 34.077 MM 1.1550 1952.64087 28.17696 50.1990
2 38.7717 MM 1.2941 1937.16296  24.94%06 49.8010
Totals : 3889.80383 53.12602 Cl
Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-10 12-18-53\RZ-4-242A.D
Sample Name: RZ-4-242A
OO\
Acg. Operator : R2 Seq. Line : 1
Acqg. Instrument : Instrument 1 Location : Vial 18
Injection Date : 12/10/2014 12:21:12 PM Inj : 1
Inj Volume 1 pl
Different Inj Volume from Sequence ! Actual Inj Volume : B nl
Acqg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-10 12-18-53\RZ-SHUTDOWN.M CN
DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-10 12-18-53\RZ-4-242A D) ga
mAU
50
40
304
20_
10
0 L
—r T T T T | T T T T | T T T T
10 15 20 25 30 35 40 45 mir
Signal 1: DADl A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s) [mAU] %

e |====]==—==-- | === e |
1 34.524 MM 1.2181 4243.34570 58.05779 B86.4013
2 39.469 MM .2756 667.85956 8.72598 13.5987
Totals :

4911.20526 66.78376
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9b 'H NMR (400 MHz. CDCl»)
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HPLC traces for 9b:

Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-10 17-59-20\RZ-4-242C-RAC.D
Sample Name: RZ-4-242C-RAC

Acqg. Operator : RZ Seq. Line : 2

Acqg. Instrument : Instrument 1 Location : Vial 19

Injection Date : 12/10/2014 6:53:21 PM Inj : 1 racemic
Inj Volume : 1 pl

Different Inj Volume from Sequence ! Actual Inj Volume : 20 nl

Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-10 17-59-20\RZ-15IPA-2014.M

DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32 \DATARONG\NAOYUKI_LC 2014-12-10 17-58-20RZ4-242C-RAC.D)

B 8 3

Signal 1: DAD1 A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# (min] {min] [mAU*s] [mAU] %
i S L frtemmncaiaie =rssatmam= e |
1 20.284 BB 0.5581 2026.92505 52.77429% 50.8526

2 29.073 BB 0.6995 1958.96021  33.73444 49.1474 CN
Totals : 3985,88525  86.50873
O &
Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-10 17-59-20\RZ-4-242C.D O D

Sample Name: RZ-4-242C

Acg. Operator : RZ Seq. Line : 1
Acqg. Instrument : Instrument 1 Location : Vial 17
Injection Date : 12/10/2014 6:01:47 PM Inj : 1
Inj Volume : 1 pl CozEt
Different Inj Volume from Segquence ! Actual Inj Volume : 10 pl
Acqg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-10 17-59-20\RZ-15IPA-2014.M Qb

DAD1 A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATAIRONG\WNAOYUKI_LC 2014-12-10 17-59-20\RZ4-242C D)

mAU 1
200
150
100 é‘@
g -
50 -
] &
o A, . ,
—_—— — e e
5 10 15 25 30 mir

Signal 1: DAD1 A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 20.264 MM 0.6281 9169.38184 243,29703 85.5586
2 29.083 MM 0.9316 1547.69482 27.68975 14.4414

Totals : 1.07171e4 270.98678
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9¢ 'H NMR (400 MHz. CDCl=)
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9¢ "°F NMR (376 MHz. CDCl»)
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HPLC traces for 9c:

Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-11-24 14-06-46\RZ-4-232A-RAC-.D
Sample Name: RZ-4-232A-RAC

Acg. Operator : RZ Seq. Line : 10

Acqg. Instrument : Instrument 1 Location : Vial 26

Injection Date : 11/24/2014 8:59:39 PM Inj : 1 racemic
Inj Volume : 1 pl

Different Inj Volume from Sequence ! Actual Inj Velume : 15 pl

Acg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-11-24 14-06-46\RZ-SHUTDOWN.M

DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-11-24 14-06-46\RZ-4-232A-RAC- D)
mAU ] o~ @

wm

%

>
o
=1
N
g
]
B
a
E

signal 1: DADl A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e e |=-===]==-- [e=msassas [=mmmmm |-=======
1 30.552 BB 0.7657 1511.29687 23.27001 49.9620
2 37.459 BB 0.9065 1513.59387 19.768445 50.0380

CF3

Totals : 3024.89075 43.0544¢6
Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-12 20-03-53\RZ-4-242E.D O O ._-‘
Sample Name: RZ-4-242E

Acq. Operator : RZ Seq. Line : 2

Acqg. Instrument : Instrument 1 Location : Vial 17

Injection Date : 12/12/2014 9:07:15 PM Inj : 1

Inj Volume : 1 pl CN
Different Inj Volume from Sequence ! Actual Inj Volume : 3 pl
Acg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-12 20-03-53\RZ-SHUTDOWN.M gc

DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32AT\DATA\RONG\NAOYUKI_LC 2014-12-12 20-03-53\RZ-4-242E D)

37641

10 15 20 25

Signal 1: DAD1 A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
|- [orrenms frommssmonions [ |mrmmmemes l=m=mmne-
1 30.285 MM 1.1201 9369.51172 139.41949 87.8881
2 37.641 BB 0.9050 1291.21948 16.83233 12.1119

Totals : 1.06607e4 156.25183
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9d 'H NMR (400 MHz, CDCl)
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RZ-4-242B-F 9d "F NMR (376 MHz. CDClx)
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HPLC traces for 9d:

Data File C:\CHEM32\1\DATA\RONG\NAOYUKI LC 2014-12-14 08-09-11\RZ-4-242B-RAC.D

Sample Name: RZ-4-242B-RAC

Acg. Operator : RZ Seq. Line : 1
Acqg. Instrument : Instrument 1 Location : Vial 16
Injection Date : 12/14/2014 8:11:37 AM Ini 2 1
Inj Volume : 1 pl -
Different Inj Volume from Sequence ! Actual Inj Volume : 3 nl racemic
Acqg. Method i C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-14 08-09-11\RZ-SHUTDOWN.M
DAD1 C, Sig=210,8 Ref=360,100 (C\CHEM32\1\DATAIRONGINAOYUKI_LC 2014-12-14 08-09-11\RZ-4-242B-RAC.D)
mAU ‘19
&
250 g &
200 s
150
100
0
04— — i T T -
10 12 14 16 18 it
Signal 3: DAD1 C, Sig=210,8 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
et e e e |t | |t |
1 7.103 MM 0.2288 4155.41895 302.69006 49.8508
2 10.723 MM 0.3872 4180.28613 179.91805 50.1492
Totals : 8335.70508 482.60811
Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-10 09-18-36\RZ-4-242B.D
Sample Name: RZ-4-242B Ph
Acq. Operator : R2Z Seq. Line : i
Acg. Instrument : Instrument 1 Location : Vial 16
Injection Date 12/10/2014 9:20:55 AM Inj : 1
Inj Volume : 1 nl
Different Inj Volume from Sequence ! Actual Inj Volume : 8 nl

Acg. Method

¢ C:\CHEM3Z\1\DATA\RONG\NAOYUKI_ LC 2014-12-10 09-18-36\RZ-SHUTDOWN.M

DAD1 C, Sig=210,8 Ref=360,100 (C:\CHEM3Z\1\DATA\RONGINAOYUKI_LC 2014-12-10 09-18-36\RZ-4-2428B D) gd
mAU ]
00
400
300
1 o
200 - P
0 v
e —— o B
6 8 10 12 14 16 18 mir
Signal 3: DADl C, Sig=210,8 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
i Ea i e e | s e | i |
1 7.054 VB 0.2347 8238.34180 543.82831 78.0320
2 10.599 MM 0.3910 2319.30396 98.86506 21.9680
Totals : 1.05576ed 642.69337
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12 "H NMR (400 MHz. CDCl»)
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HPLC traces for 12:

Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-10 19-31-52\RZ-4-243B-RAC.D

Sample Name: RZ-4-243B-RAC

RZ
Instrument 1
12/10/2014 9:16:42 PM

Acqg. Operator
Acqg.
Injection Date :

Instrument

Different Inj Volume from Sequence !
Acqg. Method

Seq. Line
Location

Inj

Inj Volume

Actual Inj Velume

3
Vial 27

1 racemic
1 pl
10 nl

: C:\CHEM32\1\DATA\RONG\NAOYUKI LC 2014-12-10 19-31-52\RZ-5IPA-1ML-2013-.M

DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATAIRONGINAOYUKI_LC 2014-12-10 19-31-52\RZ-4-243B-RAC.D)

M T T T

L] 10 15 20 25 30 35 40 mir
Signal 1: DAD1l A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
L s s e [lrsm s S [ |
1 19.097 BB 0.4188 1.14534e4 403.96323 49.826€8
2 22.964 BB 0.4947 1.15330e4 346.15372 50.1732
Totals : 2.29864e4 750.11694
Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-10 19-31-52\RZ-4-243B.D
Sample Name: RZ-4-243B
"y
Acq. Operator t RZ Seq. Line : 2 (n
Acqg. Instrument : Instrument 1 Location : Vial 26 "
Injection Date : 12/10/2014 8:25:27 PM Inj : 1
Inj Volume : 1 pl
Different Inj Volume from Sequence ! Actual Inj Velume : B8 pl
Acq. Method ¢ C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-10 19-31-52\RZ-5IPA-1ML-2013-.M
DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\\DATA\RONGINAOYUKI_LC 2014-12-10 19-31-52\RZ4-243B.D)
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Signal 1: DAD1l A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
¥ [min] [min] [mAU*s] [mAU] %
s=mrlimsssca || e e | e | m——— |
1 19.286 MM 0.4577 1252.69153 45.61325 26.8914

2 23.154 MM 0.5373 3405.64307 105.63242 73.1086

Totals : 4658.33459 151.24567
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13 "H NMR (400 MHz. CDClx)

RZ-4-235P1-H
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13 "*C NMR (100 MHz, CDCl3)
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HPLC traces for 13:

Data File C:\CHEM32\1\DATA\RONG\NAOYUKI LC 2014-12-08 10-35-33\RZ-4-235-P1-RAC.D
Sample Name: RZ-4-235-P1-RAC

Acq. Operator : RZ Seq. Line : 2
Acq. Instrument : Instrument 1 Location : Vial 18
Injection Date : 12/8/2014 11:29:03 AM Inj : 1
Inj Volume : 1 pl racemic
Different Inj Volume from Sequence ! Actual Inj Volume : 10 ul
Acqg. Method : C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-08 10-35-33\RZ-SHUTDOWN.M

DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-08 10-35-33\RZ-4-235-P1-RAC.D)

b
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Signal 1: DAD1 A, Sig=230,4 Ref=360,100

Peak RetTime Type Width Area Height Area

¥ [min] [min] [mAU*s] [mAU] %
et e e e e femmsmsstnn |
1 17.213 BB 0.5263 5178.36182 145.83827 49.9535

2 32.749 BB 0.8232 5187.99316 88.32819 50.0465 Cl
Totals : 1.03664ed 234.16647
Data File C:\CHEM32\1\DATA\RONG\NROYUKI_LC 2014-12-11 12-26-18\RZ-4-235P1-.D = O
Sample Name: RZ-4-235P1 0.}
o) 5
Ph
Acg. Operator : RZ Seq. Line : 3
Acg. Instrument : Instrument 1 Location : Vial 1lé
Injection Date : 12/11/2014 2:10:58 PM Inj : 1 13
Inj Volume : 1 pl
Different Inj Volume from Sequence ! Actual Inj Volume : 8 pl
Acg. Method t C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-11 12-26-18\RZ-SHUTDOWN.M

DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-11 12-26-18\RZ4-235P1- D)
o
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Signal 1: DAD1 A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e | R |-—=—=——— |-=—=———- === |
1 16.776 MM 0.5730 6496.78809 188.96053 82.4137
2 31.612 BB 0.6725 1386.35205 24.48735 17.5863

Totals : 76883.14014 213.44787
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14 '"H NMR (400 MHz. CDCl»)
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14 >C NMR (100 MHz, CDCl3)
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HPLC traces for 14:

Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-08 10-35-33\RZ-4-235-P2-RAC.D
Sample Name: RZ-4-235-P2-RAC

Acg. Operator : RZ Seq. Line : 4
Acqg. Instrument : Instrument 1 Location : Vial 19
Injection Date : 12/8/2014 12:33:32 PM Inj : 1

Inj Volume : 1 nl
Different Inj Volume from Sequence ! Actual Inj Volume : 10 pl

Acq. Method

DAD1 A, Sig=230,4 Ref=360,100 (C\CHEM32\1\DATAIRONG\WAOYUKI_LC 2014-12-08 10-35-33\RZ4-235-P2-RAC D)

racemic

: C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-08 10-35-33\RZ-5IPA-1ML-2013-.M
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Signal 1: DADl A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
$# [min) [min]  [mAU*s] [mAU] %
e vt e e e [ m——— s I
1 18.834 BV 0.4962 2589,89990 76.26014 50.2433
2 20.257 VB 0.5213 2564.81323 70.02714 49,7567 Cl
Totals : 5154.71313 146.28728
Data File C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-11 12-26-18\RZ-4-235P2.D
Sample Name: RZ-4-235P2 O H
0 :
Ph
Acq. Operator : RZ Seq. Line : 5
Acqg. Instrument : Instrument 1 Location : Vial 17
Injection Date : 12/11/2014 3:54:28 BM Inj : 1 14
Inj Volume : 1 pl
Different Inj Volume from Sequence ! Actual Inj Volume : 8 nl

Acqg. Method

C:\CHEM32\1\DATA\RONG\NAOYUKI_LC 2014-12-11 12-26-18\RZ-5IPA-1ML-2013-.M

DAD1 A, Sig=230 4 Ref=360,100 (C\CHEM32\\DATA\RONG\NAOYUKI_LC 2014-12-11 12-26-18\RZ-4-235P2 D)

mAU 2
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Signal 1: DAD1 A, Sig=230,4 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min]) [min] [mAU*s] [mAU] %
il Bttt it b [ ety J e |
1 18.241 MM 0.5151 939.22388 30.39110 16.8078
2 19.491 MM 0.5848 4648.78662 132.48862 83,1922
Totals : 5588.01050 162.87972
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