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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-0 bond is formed via the copper-mediated enantioselective
trapping of a prochiral alkyl radical intermediate derived from the initial trifluoromethyl 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-0 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-O, C-Cary/aIkyI/C-O or C-O/C-O 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 1 a, 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,4 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 c). While a

variety of redox catalysts based on different transition metals are capable of mediating step a, a

catalyst delivering effective enantioselectivity in step c is still unknown.5
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Scheme 1. Background of the Cu-catalyzed enantioselective radical alkene difunctionalization.

a) Elementary steps in atom transfer radical addition

R Gp
R1-X R - WW R2 R1,L R

initiation propagation termination 2

A

b) Atom transfer radical addition catalyzed by a chiral transition metal complex

Gp

[MnL*] -R 1-X

c termination initiation a

,&R R 1 .../[Mn+lL*-X -a R1
B

R( propagation

b

c) Cu-Catalyzed enantioselective radical difunctionalization

.R2

0 R1 [CuIL*] R 1-X

Enantioselective
c-o bond formation

HO [CuIIL*] X~

*Rj

* R2 HO 1
R1 R2

C

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-0 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-0 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
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1.1 Introduction

The incorporation of fluoroalkyl groups and particularly the trifluoromethyl (CF 3) 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 CF3-

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 fluorination3 and trifluoromethylation4 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 CF3-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).4d 5 During the

course of our studies, we proposed that this transformation might involve an a-CF3 -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 CF3-containing building blocks in a step-

economical fashion.

Scheme 1. Copper-Catalyzed Trifluoromethylation of Unactivated Alkenes.

Cu-Catalyzed Ally/ic Trifluoromethylation:

0 Possibly via:
Cu(MeCN) 4PF6 (15 mol%)

R + y R C F3
+ I MeOH, 0 0C to RT
CF 3  A

Interception of the Intermediate A:

-- NuH 1 ,,-NuH -1e ,.-NuH ,'Nu

cat. Cu(I)/L , ,CF CF3 - CF
B

A
This work: Nu = 0

oxytrifluoromethylation
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We envisioned that the oxidative difunctionalization of unactivated alkenes involving

tandem C-CF 3 and C-Nu bond formation could be achieved based on this strategy. '7 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.8 The success of

this strategy lies in the identification of a catalyst system that is efficient for both the C-CF3 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-pentenoic acid (2a) in the

presence of Togni's reagent 1 9 and a catalytic amount of Cu(MeCN) 4PF6 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 (Li),

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

Table 1. Ligand effect. a

Cu(MecN) 4PF6 (10 mol%) L
Ligand (20 mol%) 0 C 0

HO1  N' Solvent, 55 ac - 9 CF3 + HO K sCFNF3
2a 3a 4a

L2

Yield (%)b
Entry Solvent Ligand 34

1 MeOH - < 5 46

2 MeCN - < 5 < 5 N N

3 MeCN Li 10 18 0

4 MeCN L2 12 11 L4

5 MeCN L3 11 <5

6 MeCN L4 86 5

7 MeCN L5 89 < 5 L5

8c MeCN L5 <5 < 5

[a] Reaction conditions: Cu(MeCN) 4PF6 (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 19F NMR spectroscopy using PhCF 3 as an
internal standard. [c] Without Cu(MeCN) 4PF6 .
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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'-biquinoline (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. a

,-OH

2a-m

1 (1.1 equiv.)
Cu(MeCN) 4PF6 (10 mol%)

L5 (20 mol%)

MeCN (4 mL), 55 *C, 16 h
'''JCF3

3a-m

Ebtr Sbeiae

0

1 HO
2a

0
2 HO

Ph
2b

o Ph

3 HO
Me

2C

0

4 HOA r

NHBz
2d

0

5c&

20

0

2f

0

29

PrOdUat

0: CF3

3a

0Ph CFh

3b

Me

Ph
3c

BzHN
3d

0

CF
3

3.
0

11J%%CF3
3f

0

39

Eylkid (%)a

76

81

94
(dr 2.2:1)

74
(dr 2.8:1)

My Substr

0

8C HOA
2h

9 HO

21

lod

24

OH
110~r 

Ph

2k

12
64

71

OH

n-heptyl

21

Br OH

13c0

0-/

2m77

Produat

0 CF3

3h

CF 3

31

CF3

31

Ph(L CF3

3k

n-heptyl XL-CF3

31

Br

CF3

0-

3m

15

yildd (%)b

420

736

35

50
(dr 10:1)

70
(dr 4:1)

64
(dr >20:1)



[a] Reaction conditions: Cu(MeCN) 4PF6 (10 Mol %), 2,2'-biquinoline (20 mol %), 2 (0.50 mmol, 1.0 equiv),
1 (1.1 equiv), MeCN (4 mL), 55 0C, 16 h. [b] Isolated yields, average of two runs. Diastereomeric ratio
determined by 19F NMR and 1H NMR spectroscopic analysis. Structures of the major diastereomers are
shown. [c] Cu(MeCN) 4PF6 (20 mol %) and 2,2'-biquinoline (30 mol %) were used. [d] Cu(MeCN) 4PF6 (20
mol %) and di-2-pyridyl ketone (30 mol %) were used. [e] Determined by 1 9F NMR spectroscopy using
PhCF3 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. Illustrative 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.'0 Alkyl and aryl substituents on the

carbon-carbon double bond were well-tolerated. In terms of the size of the ring formed, 6-, y-,

and even pi-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 CF3-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).

OH standard conditions
standard Ph' cF3  1

50%
(R)-2k (2S,3S)-3k

94% ee 94% ee

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 CF3 -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 transfer-type radical addition pathway.8b, 2  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. 3

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

Br N3 Br
a b

C F62%/ OH CF3

0 Br a-i0

5 CF3

Br S 3m Br F

SCF3 d y CF3
OH 92% 79% OH

P P0 0
0_ 7 O_ 8

[a] Reaction conditions: (a) NaN3 (3 equiv), NH 4CI (2 equiv), H 20/MeOH, 80 'C, 3 h; (b) Allylmagnesium bromide (3
equiv), Et2O, RT, 2 h; (c) p-CIC6H 4SH (2 equiv), NaOH (2 equiv), dioxane/H20, 65 'C, 2 h; (d) BF3-Et2O (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, #i-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 CF3-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
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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.4 d 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 '9F

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 4 solution and heat as developing agents. Flash silica gel chromatography was

performed using Silicycle SiliaFlashP60 (230-400 mesh) silica gel. 'H and 13C NMR spectra

were recorded on a Bruker AMX 400 spectrometer and were calibrated using residual solvent as

an internal reference (CDC1 3 : 7.26 ppm for 'H NMR and 77.16 ppm for 13C NMR; CD3CN: 1.94

ppm for 'H NMR and 1.32 ppm for 13C NMR). 19F NMR spectra were recorded on a varian 300

MHz spectrometer and were calibrated using CFCI 3 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. 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),14 4-methyl-3-phenylpent-4-enoic acid (2c),1 5 2-vinylbenzoic acid (2e),1 6 2-allylbenzoic acid

(2g),'17 were prepared according to literature procedures.

(*)-N-benzoyl-allylglycine (2d) Adapted from a previously reported procedure.' 8 In a 50 mL

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

18



0 BzCI, NaOH 0 mg, 2.0 mmol) was dissolved in 0.2 M aqueous
HO H2B, Nat RT HO sodium hydroxide solution (20 mL, 4.0 mmol) at 0

NH 2  NHBz

2d 0C. 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 Na2SO4, and concentrated in vacuo.

Recrystallization of the residue from ethyl ether afforded racemic N-benzoyl-allylglycine (211

mg, 48 %) as a colorless crystalline solid.

1H NMR (400 MHz, CDC13) 6 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); 13C NMR

(100 MHz, CDC13) 6 175.3, 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-1 ; Anal. Calcd. For C 12 H 13NO3 : C, 65.74;

H, 5.98. Found: C, 65.71; H, 6.04. m. p. 103-105 C.

( )-1-(5-bromobenzo[d[1,3]dioxol-4-yl)prop-2-en-1-ol (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 Schlenk 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

Br 0 Br OH was diluted with ethyl ether (5 mL) and saturated

' MgcI aqueous ammonium chloride solution (5 mL). The

HF, o ctoRT I o aqueous layer was separated and extracted with ethyl
o-J -

acetate (5 mLx3), and the combined organic layers
2m

were dried over Na2SO4 , 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, CDC13) 6 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); 13C NMR (100 MHz, CDC13 ) 6 147.4, 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 C10H 9BrO3: 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 Schlenk 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 OC oil bath. After stirring at the same temperature for 16 h the mixture was allowed to

cool to room temperature and a,a,a-trifluorotoluene (internal standard, 14.6 mg, 0.10 mmol, 1.0

equiv.) was added. The crude reaction mixture was then analyzed by 19F 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 0C 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 Na2SO4,

and concentrated in vacuo. The residue was purified by silica gel flash column chromatography

(EtOAc/hexane or Et20/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]

00 ( )-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one (3a) Following general

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. 1H NMR (400 MHz, CDC13) 6 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); 1C NMR (100 MHz, CDC13) 6 176.0, 125.1 (q, JCF = 275 Hz), 73.9 (q, JCF = 3 Hz),

39.6 (q, JCF = 28 Hz), 28.3; 1 9F NMR (282 MHz, CDC13) 6 -64.2 (at, J = 10.3 Hz); IR (film) vmax

2922, 1776, 1364, 1255, 1131, 1113, 1025, 919 cm~'; Anal. Calcd. For C6H7F30 2 : C, 42.87; H,

4.20. Found: C, 43.03; H, 4.14.

Ph (t)-5-phenyl-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one (3b) Following

O ~ CF3 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, CDC1 3) 6 7.40-7.32 (m, 5 H), 2.87 (dq, J =15.6

Hz, 10.4 Hz, 1 H), 2.80 (dq, 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, CDC13 ) 6 175.4, 141.1, 128.9, 128.5, 124.7, 124.7 (q, JCF = 276 Hz), 84.3 (q,

JCF = 2 Hz), 45.2 (q, JCF = 27 Hz), 34.3, 28.0; 1 9F NMR (282 MHz, CDC13 ) 6 -60.7 (at, J = 10.4

Hz); IR (film) Vmax 1775, 1382, 1248, 1198, 1121, 1077, 1046, 928 cm~'; Rf(hexanes: ethyl
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acetate = 3:1)= 0.38; Anal. Calcd. For C 12H11F302: C, 59.02; H, 4.54. Found: C, 58.97; H, 4.45.

m. p. 64-65 *C.

Me Me ( )-5-methyl-4-phenyl-5-(2,2,2-trifluoroethyl)
0: CF3 + O-.NCF3 dihydrofuran-2(3H)-one (3c) Following general procedure

Ph Ph B, the title compound was synthesized from 4-methyl-3-
30 3c2

Major Minor phenyl-4-pentenoic acid (2c) (95.1 mg, 0.50 mmol).

d.r.(3c1:3c2) = 2.2:1 as determined by 19F 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 30 and 3c2 (125.8 mg, 96 %) as a

colorless oil. The relative stereochemistry of 30 and 3c2 was assigned by 2D-NOESY

experiment (Figure 1). 'H NMR (400 MHz, CDC13 ) 30: 6 7.41-7.18 (m, 5 H), 3.70 (dd, J =9.4

Hz, 9.2 Hz, 1 H), 3.01 (dd, J=1 7.8 Hz, 9.9 Hz, 1 H), 2.92 (dd, J=1 7.8 Hz, 8.5 Hz, 1 H), 2.64 (aq,
J=10.6 Hz, 2 H), 1.15 (s, 3 H); 3c2: 6 7.41-7.18 (m, 5 H), 3.58 (dd, J=8.2 Hz, 8.2 Hz, 1 H), 3.02

(dd, J=1 7.8 Hz, 8.3 Hz, 1 H), 2.92 (dd, J=17.8 Hz, 8.5 Hz, 1 H), 2.24 (dq, J=1 5.6 Hz, 10.8 Hz,

1 H), 1.87 (dq, J =15.6 Hz, 10.7 Hz, 1 H), 1.71 (s, 3 H); 13C NMR (100 MHz, CDC13 ) 30: 6
174.4, 135.6, 129.3, 129.1, 128.1, 125.1 (q, JCF = 277 Hz), 84.6 (q, JCF = 2 Hz), 49.4, 43.1 (q,

JCF = 28 Hz), 33.5, 21.5; 3c2: 6 174.7, 136.3, 128.5, 128.4, 127.8, 125.5 (q, JCF = 276 Hz), 84.3

(q, JCF = 2 Hz), 52.1, 40.0 (q, JCF = 28 Hz), 34.3, 25.1; 19F NMR (282 MHz, CDC13) 30: 6 -60.2

(at, J = 10.8 Hz); 3c2: 6 -59.9 (at, J = 10.7 Hz); IR (film) vmax 1776, 1377, 1264, 1229, 1197,

1123, 1101, 967, 928 cm-1 ; Rf(hexanes: ethyl acetate = 3:1)= 0.43; Anal. Calcd. For C 13H13F302:

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

0 0

0 0
CF3  cF 3

H ( HH Me HH e H .eH

30 3c2

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

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

+ 0 0 0 cF3 procedure B, the title compound was synthesized from
}J CF3 + 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 19F NMR spectroscopic analysis of the crude reaction

mixture. Relative stereochemistry was assigned based on comparison with literature

compounds.19 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. 1H NMR (400 MHz, CD 3CN) cis-3d: 6 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); 1C NMR (100

MHz, CD 3CN) cis-3d: 6 174.9, 167.7, 134.4, 132.9, 129.6, 128.1, 126.8 (q, JCF = 274 Hz), 71.7

(q, JCF = 3 Hz), 50.4, 39.7 (q, JCF = 28 Hz), 34.4; 19F NMR (282 MHz, CD 3CN) cis-3d: 6 -64.2 (at,

J = 10.7 Hz); trans-3d: 6 -64.1 (at, J = 10.7 Hz); IR (film) Vmax 3411, 1768, 1659, 1525, 1427,

1364, 1254, 1128, 1074, 1000 cm-1; Rf(hexanes: ethyl acetate = 1:1)= 0.33; Anal. Calcd. For

C 13H 12NF 303 : C, 54.36; H, 4.21. Found: C, 54.22; H, 4.28. m. p. 211-213 C.

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

| C 0 modified general procedure B, the title compound was synthesized from 2-

CF3 vinylbenzoic acid (2e) (74.1 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-(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 = 12:1 to 3:1) to afford 3e (70.3 mg, 65 %) as a white

solid. 1H NMR (400 MHz, CDC13) 6 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); 13C NMR (100 MHz, CDC1 3) 6 169.5, 147.6, 134.7, 130.2, 126.2, 125.8, 125.1 (q, JCF =

276 Hz), 122.1, 74.5 (q, JCF = 3 Hz), 39.5 (q, JCF = 29 Hz); 19F NMR (282 MHz, CDC13 ) 6 -63.8

(at, J = 10.4 Hz); IR (film) Vmax 1768, 1599, 1395, 1327, 1267, 1249, 1136, 1121, 1048 cm 1;

Rf(hexanes: ethyl acetate = 3:1)= 0.46; Anal. Calcd. For C10H7F302: 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

o procedure B, the title compound was synthesized from 5-hexenoic acid (2f) (57.0
3 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. 1H NMR (400 MHz, CDC13 )

23



6 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, CDC1 3) 6 170.4, 125.2 (q, JCF = 275 Hz), 74.0 (q, JCF = 3 Hz), 40.0 (q, JCF =28

Hz), 29.1, 27.8, 18.3; 19F NMR (282 MHz, CDC13 ) 6 -63.6 (at, J= 10.4 Hz); IR (film) Vmax 1732,

1239, 1174, 1140, 1122, 1079, 1056, 1037 cm-1 ; Anal. Calcd. For C7 HqF 30 2 : C, 46.16; H, 4.98.

Found: C, 45.89; H, 5.09.

0 ( )-3-(2,2,2-trifluoroethyl)isochroman-1 -one (3g) Following general

0 F3 procedure B, the title compound was synthesized from 2-allylbenzoic acid

(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. 1H NMR (400 MHz, CDC13 ) 6 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); 13C NMR (100 MHz, CDCI 3) 6 164.3, 137.9, 134.2, 130.5, 128.2, 127.6,

125.2 (q, JCF = 275 Hz), 124.7, 72.3 (q, JCF = 3 Hz), 39.3 (q, JCF = 28 Hz), 33.0; 19F NMR (282

MHz, CDC 3) 6 -63.5 (at, J= 10.4 Hz); IR (film) Vmax 1718, 1606, 1462, 1412, 1289, 1250, 1154,

1111, 1066, 1032 cm-'; Rf(hexanes: ethyl acetate = 3:1)= 0.41; Anal. Calcd. For C 11H9 F302 : C,

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

( )-4-(2,2,2-trifluoroethyl)oxetan-2-one (3h) Following a slightly modified

Ot CF3 general procedure B, the title compound was synthesized from vinylacetic acid

(2h) (43.0 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-(1H)-one 1 (Togni's reagent, 174 mg, 0.55

mmol, 1.1 equiv). The yield of 3h was 43 % as determined by 19F NMR spectroscopic analysis

of the crude reaction mixture using a,a,a-trifluorotoluene as an internal standard. 1H NMR (400

MHz, CDC13 ) 6 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); 19F NMR (282 MHz, CD3CN) 6 -64.6 (at, J = 10.7

Hz).

O CF3 ( )-2-(2,2,2-trifIuoroethyI)tetrahydrofuran (3i) Following general procedure B,

the title compound was synthesized from 4-penten-1-ol (2i) (43.0 mg, 0.50 mmol).

The yield of 3i was 71 % as determined by 19F NMR spectroscopic analysis of the crude

reaction mixture using a,a,a-trifluorotoluene as an internal standard. 1H NMR (400 MHz, CD3CN)
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6 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); 13C NMR (100 MHz,

CD 3CN) 5 127.6 (q, JCF = 274 Hz), 73.5 (q, JCF = 3 Hz), 68.5, 39.8 (q, JCF = 27 Hz), 32.4, 26.0;

' 9F NMR (282 MHz, CD3CN) 6 -64.0 (at, J= 11.4 Hz).

SN 0 CF3 ( )-2-(2,2,2-trifluoroethyl)-2,3-di hydrobenzofuran (3j) Following a slightly

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. 1H NMR (400 MHz, CDC13 ) 6

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); 13C NMR (100 MHz, CDC 3 ) 6 158.9,

128.5, 125.8, 125.7 (q, JCF= 275 Hz), 125.1, 121.1, 109.8, 76.5 (q, JCF= 3 Hz), 40.1 (q, JCF= 27

Hz), 35.9; 19F NMR (282 MHz, CDC13 ) 6 -64.0 (at, J= 10.6 Hz); IR (film) Vmax 1597, 1481, 1423,

1399, 1256, 1233, 1110, 1074, 872 cm-1; Rf(hexanes: ethyl acetate = 10:1)= 0.50; m. p. 39-41

0C.

o ( )-2-phenyl-3-(2,2,2-trifluoroethyl)oxirane (3k) Following a slightly modified
Ph<"I4 cF 3 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-(JH)-one 1 (Togni's reagent, 174 mg, 0.55 mmol, 1.1 equiv.).

trans:cis = 10:1 as determined by 19F NMR and 1H 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. 1H NMR (400 MHz,

CDC13 ) trans-diastereomer: 6 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); 13C NMR (100 MHz, CDC13 ) trans-diastereomer: 6

136.1, 128.8, 128.8, 125.7, 125.7 (q, JCF = 275 Hz), 57.6, 55.5 (q, JCF = 4 Hz), 37.6 (q, JCF = 29

Hz); 1 9F NMR (282 MHz, CDC13) cis-diastereomer: 6 -64.4 (at, J= 10.4 Hz); trans-diastereomer:

6 -64.6 (at, J = 10.3 Hz); IR (film) Vmax 1375, 1276, 1250, 1145, 1076, 1036, 887 cm-'; Rf
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(hexanes: ethyl acetate = 10:1)= 0.50; Anal. Calcd. For C10H 9F30: 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: i-PrOH = 99.5:0.5, 1.0

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

( )-2-heptyl-3-(2,2,2-trifluoroethyl)oxirane (31) Following general

Me ' <& CF3 procedure B, the title compound was synthesized from 1-decen-3-ol

(21) (78.1 mg, 0.50 mmol). trans:cis = 4:1 as determined by '9F 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 31 (80.9 mg, 72 %) as a

colorless oil. 'H NMR (400 MHz, CDC13) trans-diastereomer: 6 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); 13C NMR (100 MHz, CDC13) trans-diastereomer: 6 125.9 (q, JCF = 275 Hz), 58.0,

51.4 (q, JCF = 4 Hz), 37.5 (q, JCF = 28 Hz), 31.9, 31.7, 29.4, 29.3, 25.9, 22.7, 14.2; 1 9F NMR (282

MHz, CDC13 ) cis-diastereomer: 6 -64.7 (at, J = 10.7 Hz); trans-diastereomer: 6 -64.8 (at, J =

10.7 Hz); IR (film) Vmax 2927, 2857, 1466, 1344, 1277, 1250, 1148, 1075 cm-1; Rf(pentane: ethyl

ether = 10:1)= 0.63; Anal. Calcd. For C,H19 F30: C, 58.91; H, 8.54. Found: C, 58.64; H, 8.41.

Br 0 ( )-5-bromo-4-(3-(2,2,2-trifluoroethyl)oxiran-2-yl)benzo[d][1,3] dioxole

CF3 (3m) Following general procedure B, the title compound was synthesized

P from 1-(5-bromobenzo[][1,3jdioxol-4-yl)prop-2-en-1-ol (2m) (128.5 mg,

0.50 mmol). trans:cis > 20:1 as determined by 19F 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, CDC13 ) 6 7.03 (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); 1C NMR (100 MHz, CDC13 ) 6 147.7, 146.7,

125.7 (q, JCF = 275 Hz), 125.6, 117.4, 115.1, 109.7, 102.1, 55.3, 52.3 (q, JCF = 4 Hz), 37.5 (q,

JCF = 29 Hz); 1 9F NMR (282 MHz, CDC13 ) 6 -64.6 (at, J = 10.4 Hz); IR (film) Vmax 1447, 1417,

1368, 1321, 1251, 1235, 1138, 1108, 1065, 1048 cm-1; Rf(hexanes: ethyl acetate = 3:1)= 0.67;

Anal. Calcd. For C1,H8 BrF303: C, 40.64; H, 2.48. Found: C, 40.59; H, 2.26. m. p. 49-50 0C
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Product 3m (Scheme 2)

Br N3  (i)-(1 S,2R)-1 -azido-1 -(5-bromobenzo[d][1,3]dioxol-4-yl)-4,4,4-

CF 3 trifluorobutan-2-ol (5) A mixture of epoxide 3m (32.5 mg, 0.10 mmol, 1.0
OH

o 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/v=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, CDC13 ) 6 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); 13C NMR (100 MHz, CDC13 ) 6 147.9, 146.7, 126.7, 126.4 (q, JCF = 276 Hz),

116.9, 115.7, 110.5, 102.3, 67.2 (q, JCF = 3 Hz), 66.4, 37.7 (q, JCF = 28 Hz); 1 9F NMR (282 MHz,

CDC13) 6 -63.3 (at, J = 10.7 Hz); IR (film) Vmax 2105, 1453, 1237, 1123, 1051, 934 cm-1.

Rf(hexanes: ethyl acetate = 3:1)= 0.52.

Br ( )-(3R,4S)-4-(5-bromobenzo[d][1,3]dioxol-4-yI)-1,1,1-trifluorohept-6-en-

3-ol (6) An oven-dried 13x100 mm Fisher Scientific re-sealable test tube test

o tube equipped with a Teflon-coated magnetic stir bar was charged with 3m (45
O--J

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, CDC13 ) 6 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=1 7.0 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); 13C NMR (100 MHz, CDC13 ) 6 147.2, 146.0, 135.4, 126.6, 126.6 (q,

JCF = 276 Hz), 122.0, 117.8, 117.2, 109.7, 101.3, 68.1, 48.9, 39.5 (q, JCF = 27 Hz), 33.6; 19F

NMR (282 MHz, CDC1 3) 6 -63.5 (at, J = 10.4 Hz); IR (film) vmax 1734, 1445, 1362, 1236, 1123,

1050, 938 cm'. Rf(hexanes: ethyl acetate = 3:1)= 0.58;

cl ( )-(1S,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,

CF3  1.0 equiv.), sodium hydroxide (11 mg, 0.28 mmol, 2.0 equiv.) and 4-
.- OH

o0 chlorothiophenol (40 mg, 0.28 mmol, 2.0 equiv.) in dioxane/water (v/v=10:1, 1
O-J

mL) was stirred at 65 0C for 2 h before cooling to room temperature and

diluted with 3 mL diethyl ether. The mixture was washed with 1 N 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. 1H NMR (400 MHz, CDC13 ) 6 7.24 (s, 4 H), 7.10

(d, J=8.3 Hz, 1 H), 6.64 (d, J=8.3 Hz, 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); 13C NMR (100 MHz, CDC13 ) 6 147.3, 147.3, 136.3, 135.3,

129.2, 129.2, 126.6, 126.5 (q, JCF = 276 Hz), 119.9, 119.9, 109.4, 101.7, 67.4, 56.7, 39.1 (q, JCF

= 27 Hz); 19F NMR (282 MHz, CDC13) 6 -63.5 (at, J = 10.4 Hz); IR (film) Vmax 1475, 1448, 1266,

1236, 1140, 1112, 1092, 1012, 989 cm 1. Rf(hexanes: ethyl acetate = 3:1)= 0.56; Anal. Calcd.

For C17H 13BrCIF 303S: C, 43.47; H, 2.79. Found: C, 43.21; H, 2.84.

Br F ( )-(1R,2R)-1-(5-bromobenzo[d][1,3]dioxol-4-yI)-1,4,4,4-tetra fluorobutan-

OCF3 2-ol (8) Adapted from a previously reported procedure, the title compound

oH was synthesized from 3m (23.3 mg, 0.07 mmol). The product was purified by
O-J

silica gel flash column chromatography (hexanes: ethyl acetate = 10:1 to 3:1)

to afford 3a (19.5 mg, 79 %) as a sticky oil. 1H NMR (400 MHz, CDC13) 6 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); 13C NMR (100 MHz, CDCl 3) 6 148.0 (d, JCF = 2 Hz), 147.3(d, JCF = 2 Hz), 126.2, 126.0

(q, JCF= 274 Hz), 116.9 (d, JCF= 21 Hz), 113.5 (d, JCF= 6 Hz), 110.8 (d, JCF = 1 Hz), 102.3, 94.3

(d, JCF = 175 Hz), 67.3 (dq, JCF = 24 Hz, 3 Hz), 36.7 (qd, JCF = 28 Hz, 6 Hz); 19F NMR (282
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MHz, CDC13 ) 5 -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-'; Rf(hexanes: ethyl acetate = 3:1)= 0.48;

Anal. Calcd. For C, 1 H9BrF 403: 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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HPLC traces for starting material and product in eq 1

110 CS'21O,8R360 fM](Ci 1 ATASDM3OBD)

OH

5PhK I~
Racemic-2k

5 I

5 ______

20 22 24 24 a4 34

DAD,SF21,83d-3M,12(CtO 10ATAR VlA81JtLC2012.0-IO 1H4aM2-6S&WR)D)

OH

Ph";
e. (R)-2k

94% ee

S2
24 3 24 24r4 2

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

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

|---I---- --- I-------I--------------------I-------
1 23.590 BB 0.7384 9638.32813 195.08264 50.3036

2 28.340 BB 0.8997 9521.98926 157.87106 49.6964

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

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

---- I-------I----I------- I----------

1 23.791 MM 0.8517 2420.80908
2 28.195 BB 0.9469 6.65413e4

Height

[mAU]
----------

47.37288
999.30890

Area

3.5103
96.4897

DADI C, Sig=210,8 Ref=360,100 (C:CHEM3210DATA\RONG\NAOYUKILC 2012-06-10 09-20-2MR-2-76-RACEMIC.D)
0

Ph-<1CF3-

Racemic-3k (transdcs = 10:1)
cis-diastereomer b\

10

Signal 3: DAD1 C, Sig=210,8 Ref=360,100
0 0

Ph<Z CF3 Ph' CF 3

Peak RetTime Type Width Area Height Area

# [min) (min] [mAU*s] [mAU) %

---I--- -I -- I------- I---------- I-----------I--------
1 8.937 MM 0.5602 2389.37280 71.08680 8.3504

2 14.532 MM 0.6181 1.31495e4 354.54828 45.9548

3 19.170 MM 0.7680 1.30750e4 283.73843 45.6948

DADI C, Sig=210,8 Ref=360,100 (C:\CHEM32\1DATA\RONG\NAOYUKiLC 2012-05-10 09-20-2UIRZ-2-76(R).D)

..0
Ph"' CF 3

3k (trans:cis = 10:1)
94% ee (Major diast.)

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

Peak RetTime Type Width

# [min} [min]
---I- -- -I---- I- --

1 8.608 BB 0.2735

2 14.477 MM 0.4614

3 18.997 BB 0.7227

Area Height

[mAU*s] [mAU]

------I ----------
922.68469 50.42570

403.30606 14.56898

1.42873e4 301.59232
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RZ-2-67-H1 3m 1H NMR (400 MHz, CDCI 3)
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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.1 ,2 One of the most synthetically important transformations of this class is the radical

addition of alkenes catalyzed by a transition metal redox system.3 In a typical catalytic cycle

(Scheme 1 a), a metal-generated radical adds across the alkene to give nascent carbon radical

intermediate I. Subsequent functionalization of I gives rise to II while regenerating the metal

catalyst. Depending on the nature of the functional group used for trapping, a C-X (X =

halogen), C-0, C-N or C-C bond can be incorporated.4 In contrast to numerous reports on

reactions that afford racemic products, catalyst-controlled enantioselective functionalizations of

1, 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.5 Our interest in developing a

transition metal-catalyzed asymmetric radical addition reaction via the enantioselective trapping

of I originated from our recent study on the copper-catalyzed ligand-assisted

oxytrifluoromethylation of alkenes.6 This method provides efficient access to a variety of CF 3-

containing building blocks such as lactones, cyclic ethers and epoxides. A redox radical addition

mechanism was proposed for this transformation, in which a C-0 bond was formed via the

copper-mediated trapping of an a-CF3-alkyl radical species Ill derived from the addition of CF 3

radical (Scheme 1 b).7

During the course of our study, the use of a bidentate pyridine-based ligand was found

to facilitate the C-0 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 11. This strategy represents a mechanistically unique

approach to enantioselective C-0 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

R2 R1 M R1-X * broad scope

trapping initiation * versatility

* simple starting material
Mn+1 X .R1 * valuable products

addition R2 enantioselective transformation: rarely explored

(b) Previous work:
0

cat. Cu(MeCN)4PF6
, - H cat. 2,2'-biquinoline ,'''''OH

MeCN, 55 - -

1 CF3

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

0-
0 0 OY Ar

HO + Ar 3CF3

ArCF F3C enantioenriched
1 3 IV CF 3-containing lactones

Y = [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)8 in the presence of a catalytic amount of Cu(MeCN) 4PF6 combined with a

series of chiral ligands. The combination of Cu(MeCN) 4PF6 and (S,S)-tBuBox (L1) in methyl

tert-butyl ether (MTBE) at room temperature furnished the oxytrifluoromethylation product 3a in

85% yield 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).9

The reaction could not be catalyzed by a cationic copper(II) salt (entry 10).1 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.

OH

0" 
Ph

2a

1.0 equiv 1
7.5% Cu(MeCN) 4PF6

7.5% (S, S)-tBuBox (L1)

MTBE, RT, 16 h

standard conditions

Ph
0 F

-0 Oj7 CF,

3a

Entry change from standard conditions Yi ee

none

L2 instead of Li

L3 instead of Li

EtOAc instead of MTBE

CH 2C 2 instead of MTBE

MeOH instead of MTBE
MeCN instead of MTBE

Cul instead of Cu(MeCN) 4PF6

CuCl instead of Cu(MeCN) 4PF6

Cu(OTf) 2 instead of Cu(MeCN) 4PF6

Zn(OTf)2 instead of Cu(MeCN) 4PF6

Sc(OTf)3 instead of Cu(MeCN) 4PF6

[a] Determined by '9F NMR spectroscopy using
HPLC analysis using a chiral stationary phase.

85

< 2

< 2

82

84

57

80

< 2

66

< 2

< 2

< 2

81

n.d.

n.d.

71

62

36

4

n.d.

-21

n.d.

n.d.

n.d.

Me Me

N N

tBu tBu
L1

N tBu

L2

N- 1 0

tBu U 'fBu

PhCF3 as an internal standard. [b] Determined by

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 6-lactones (3j and 3k) were accessible under the standard conditions.12

Table 2. Cu-Catalyzed enantioselective oxytrifluoromethylation.a

OH R1

2a-k

1.0 equiv 1
7.5% Cu(MeCN) 4PF6

7.5% (S, S)-tBuBox (Li)

MTBE, RT, 16 h

3a-k

R

CF3

3a

3b

3c

3d

3e

CF3
3h

87% yield, 74% ee

R =H

R = Br

R = CI

R =F

R = CF 3

Yield %

88

78

81

80

74

ee %

82

83

81

75

81

MM CF3

3i

70% yield, 80% ee

Ac

CF3
3f

78% yield, 83% ee
(70% yield 98% ee[b])

CF3

3j
85% yield, 81% ee

CF 3

3g
44% yield, 81% ee

o 0 Ph

CF 3

Me Me

3k

85% yield, 83% ee

[a] Reaction conditions: Cu(MeCN) 4PF6 (7.5 mol %), Li (7.5 mol %), 1 (1.0 equiv), 2 (0.50 mmol, 1.0 equiv) in 10 mL
MTBE at 25 0C 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 CF3 -

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 9.13 These observations are consistent with a

mechanism involving an a-CF3 -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).14

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

(a) Reactions with radical clocks:

Ck2H

Ph

I

Eto2C
EtO2C

7

2.0 equiv 1
40 mol% Cu(MeCN) 4PF640 mol% Li

MTBE, RT

40% conv.

1.5 equiv 1
25 mol% Cu(MeCN) 4PF625 mol% Li

MTBE, RT

35% conv.

0

Ph'''.cX

CF 3

5

<2%

F3C

Eto2C CF3 +

Eto 2C
8

10%

0

Ph

CO 2H

CF 3
6

20%

F 3C

Eto 2C
Eto2C

9

4%

(b) Trapping with TEMPO:

Me N Me
M jNMe

0

1 equiv 1
1 equiv Cu(MeCN) 4PF6

1 equiv Li

MTBE, RT
MeJN Me

M e Me
0,CF3

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, almost 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-0 bond formation process.15 Next, from these results we
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were able to calculate the ratio of the four stereoisomers 31 : ent-31 : 3m : ent-3m to be

36:1:50:13. In terms of the CF3-bearing stereogenic center (C2'), the ratio between the products

with a 2'R configuration (3m and ent-31) 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-CF 3 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)
0

Me

Ph OH 2' CF3
(E)-21 Ph

E:Z> 20:1 Me
31

0

+ - CF3
PI1 i

Me
3m

Me

Ph OH
(Z)-21

Z:E= 14:1

31 3m ratio of stereoisomers
substrate yield ee yield ee d.r.[b]

[%][b] [%][C [%][b] [/ 0][C] 31 : ent-31: 3m : ent-3m

(E)-21 28 93 47 58 1 :1.7 36.3 :1.3 : 49.3:13.1

(Z)-21 24 92 40 59 1 :1.7 35.7 :1.5 : 49.8: 13.0

[a] Reaction conidtions: 1.2 equiv 1, 10 mol% Cu(MeCN) 4PF6 , 10 mol% Li, MTBE, RT, 22 h. [b]
Determined by 19F NMR analysis of the crude reaction mixture. [c] Determined by HPLC analysis.

(b)

either - CF3
(E)-21 or (Z)-21 [CuL*] a

Ph

PZO , CF3

Me
V -

V : VI - 1: 1

YPh 
1

P 2 .0 CF3

Me
VI

mismatched

matched

Y = [CuL*]

0

0
CF3  31

Ph 36%
o Me

CF3 ent-3m
13%

Ph Me

CF 3 3m
P: C 50%
Ph :0 Me

ent-31
CF3 1%

Ph:
Me
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As shown in Scheme 3b, in the first radical addition step, either (E)- or (2)-21 reacts with

a trifluoromethyl radical to form a C-CF 3 bond in a non-stereoselective fashion, furnishing a pair

of enantiomeric a-CF3 -alkyl radicals V and VI in a ratio close to 1:1. In the C-0 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 31. For its

enantiomer VI, the catalyst-controlled selectivity (6R over 6S) is reinforced by the substrate-

controlled selectivity (6R, 2'R over 6S, 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(I) catalyst generates a CF3 radical

and a Cu(II) complex. The CF 3 radical then adds across the alkene to give IV, which undergoes

enantioselective C-0 bond formation mediated by the Cu(II) species, affording the lactone

product while regenerating the Cu(l) catalyst.16

Scheme 4. Mechanistic proposal.

[Cu']

Cu-mediated initiation CF3
enantioselective C-O

bond formation 
[

[Cu"] CF 3 + 0

Ar addition HO
F3C Ar

IV

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 CF3-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-0 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[(4S)-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-( 1H)-one (Togni trifluoromethylating reagent,

1) was prepared according to the literature procedure. 13 Yields refer to chromatographically and

spectroscopically (1H 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 19F 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. 1H and 13C NMR spectra were recorded on a Bruker AMX 400

spectrometer and were calibrated using residual solvent as an internal reference (CDC1 3 : 7.26

ppm for 1H NMR and 77.16 ppm for 13C NMR). 19F NMR spectra were recorded on a Varian 300

MHz spectrometer or a Bruker AMX 400 spectrometer and were calibrated using CFCI 3 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), 17 4-(4-chlorophenyl)pent-4-enoic acid (2c), 17 4-(4-fluorophenyl)pent-4-enoic acid (2d),1 7 4-

(4-trifuorophenyl)pent-4-enoic acid (2e),1 7 4-(1-naphthalenyl)pent-4-enoic acid (2g),1 8 5-

phenylhex-5-enoic acid (2j),18  3,3-dimethyl-5-phenylhex-5-enoic acid (2k),18  4-(4-

bromophenyl)pent-4-enoic acid (2b),19 2,2-dimethyl-4-phenylpent-4-enoic acid (2i),2 0 4-(3-

thienyl)pent-4-enoic acid (2h),21 4-(3-acetylphenyl)pent-4-enoic acid (2f),22 (Z)-5-phenylhept-5-

enoic acid ((Z)-21, Z:E = 14:1 as determined by 'H NMR analysis),2 3 were prepared according to

literature procedures.

1) 1% precatalyst A
1.5 equiv. ZnBr(CH 2)3CO2Et Me
THF, r.t., 10 h 0

Ph Me2) KOH, MeOH/H 20, r.t. 3 h Ph OH
then r p (E)-21 E:Z> 0158% over 2 steps ()2 :>2:

OMs I ~ PCYK d-L Pr

N NH2  L=IPr . Pr

Precatalyst A Pr

Synthesis of (E)-5-phenylhept-5-enoic acid ((E)-21): 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 Schlenk line. The vessel was briefly evacuated and backfilled with argon (this

sequence was repeated a total of three times). (Z)-(1-iodoprop-1-en-1-yl)benzene (0.8 mmol,

195 mg, Z:E > 20:1)24 was added to the tube followed by anhydrous THF (1 mL) via syringe.

The zinc reagent25 (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 aqueous 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)-21,

E:Z> 20:1) as a colorless oil (94 mg, 58% yield over 2 steps).
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'H NMR (400 MHz, CDC13) E:Z> 20:1. 6 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); 13C NMR (100

MHz, CDC13 ) 6 180.2, 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; Rf(hexanes: ethyl acetate = 2:1)= 0.4; Anal.

Calcd. For C 13H 160 2: 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 -trifluoroinethyl-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 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 (0.5 mL) was added to the tube via syringe. The

reaction mixture was stirred at room temperature (25 0C) for 16 h. a, 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 19F 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 mL X 3). 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 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 OC) for 16 h. 26 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 20/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

0 0general procedure B, 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: 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, CDC13 ) 6 7.40-7.32 (m, 5 H),

2.87 (dq, J =15.6 Hz, 10.4 Hz, 1 H), 2.80 (dq, J =15.6 Hz, 10.4 Hz, 1 H), 2.67-2.57 (m, 3 H),

2.44 (m, 1 H); 1C NMR (100 MHz, CDC13) 6 175.4, 141.1, 128.9, 128.5, 124.7, 124.7 (q, JCF

277 Hz), 84.3 (q, JCF = 2 Hz), 45.2 (q, JCF = 27 Hz), 34.3, 28.0; 19F NMR (376 MHz, CDC 3 ) 6 -

61.0 (at, J = 10.4 Hz); IR (film) vmax 1775, 1382, 1248, 1198, 1122, 1077, 1046, 929 cm 1 ;

Rf(hexanes: ethyl acetate = 2:1)= 0.40; Anal. Calcd. For C 12H11F302 : C, 59.02; H, 4.54. Found:

C, 58.74; H, 4.66. [U]D2 = -53.0 (c= 1, CHC1 3). 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, tR = 26.3 min (major) and 32.2 min (minor).

Br (R)-5-(4-bromophenyl)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one (3b)b Following general procedure B, the title compound was synthesized from 4-(4-

o= 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, CDC13 ) 6 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); 1C NMR (100 MHz, CDC1 3) 6 174.9, 140.2, 132.1, 126.6, 124.5 (q,

JCF = 277 Hz), 122.8, 83.9, 45.2 (q, JCF = 27 Hz), 34.4, 27.9; ' 9F NMR (376 MHz, CDC13 ) 6 -60.9

(at, J = 10.2 Hz); IR (film) Vmax 1786, 1486, 1377, 1259, 1180, 1106, 1046, 1009, 922 cm-1;

Rf(hexanes: ethyl acetate = 1.5:1)= 0.5; Anal. Calcd. For C1 2H10 BrF30 2: C, 44.61; H, 3.12.

Found: C, 44.77; H, 3.02. m. p. 48-49 0C. [a]D 24 = -36.9 (c= 0.6, CHC 3). 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, tR = 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.

Br

0 _

CF
3

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

atoms are omitted for clarity.)

ci (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-

0 0 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 3c (114.6 mg, 82% yield, 82% ee) as a pale yellow solid. 'H NMR (400

MHz, CDC13 ) 6 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); 13C NMR (100 MHz, CDC1 3) 6 174.9, 139.6, 134.7, 129.1, 126.3,

124.6 (q, JCF = 277 Hz), 83.9, 45.3 (q, JCF = 27 Hz), 34.4, 28.0; 1 9F NMR (282 MHz, CDC13 ) 6 -

61.0 (at, J = 10.3 Hz); IR (film) Vmax 1767, 1492, 1393, 1262, 1247, 1118, 1047, 924 cm-';

Rf(hexanes: ethyl acetate = 2:1)= 0.25; Anal. Calcd. For C1 2HOC1F302: C, 51.72; H, 3.62. Found:

C, 51.59; H, 3.72. m. p. 59-60 C. ["]D2 4 = -37.6 (c= 0.5, CHC1 3). 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, tR = 30.2 min (major) and 37.1 min (minor).
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F (R)-5-(4-fluorophenyl)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one (3d)

6 Following general procedure B, the title compound was synthesized from 4-(4-

0 0fluorophenyl)pent-4-enoic acid (2d) (97 mg, 0.50 mmol). The 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% yield, 75% ee) as a colorless oil. 1H NMR (400 MHz,

CDC13) 6 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); 13C NMR (100 MHz, CDC13) 6 175.1, 162.6 (d, JCF = 246 Hz), 136.8, 126.8 (d, JCF = 8 Hz),

124.6 (q, JCF = 277 Hz), 115.9 (d, JCF = 22 Hz), 84.0, 45.4 (q, JCF = 27 Hz), 34.4, 28.0; 19F NMR

(376 MHz, CDC13 ) 6 -61.0 (at, J= 10.2 Hz, 3 F), -113.9 (m, 1 F); IR (film) Vmax 1779, 1606, 1511,

1379, 1229, 1119, 1036, 925 cm-1 ; Rf (hexanes: ethyl acetate = 2:1)= 0.33; Anal. Calcd. For

C 12H 1OF40 2 : C, 54.97; H, 3.84. Found: C, 55.19; H, 4.16. [a]D 2 4 = -39.8 (c= 1, CHC 3). 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, tR = 27.2 min (major) and 32.5 min (minor).

CF3  (R)-5-(4-trifluoromethylphenyl)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-

O3 one (3e) Following slightly modified general procedure B in which the combined

CF3 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. 1H NMR (400 MHz, CDC13 ) 6 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); 13C NMR (100 MHz,

CDC13) 6 174.8, 145.2, 131.0 (q, JCF = 32 Hz), 126.1, 125.4, 124.5 (q, JCF = 277 Hz), 123.8 (q,

JCF = 271 Hz), 83.8, 45.2 (q, JCF = 28 Hz), 34.5, 27.9; 19F NMR (376 MHz, CDC13 ) 6 -61.0 (at, J

= 10.2 Hz, 3 F), -63.3 (s, 3 F); IR (film) Vmax 1788, 1380, 1324, 1251, 1109, 1069, 926 cm-1 ;

Rf(hexanes: ethyl acetate = 2:1)= 0.33; Anal. Calcd. For C 13H1OF60 2: 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, tR = 27.5 min (major)

and 37.1 min (minor).
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0 (R)-5-(3-acetylphenyl)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one (3f)

0 me Following general procedure B, the title compound was synthesized from 4-

CF3 (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, CDCI 3) 67.97

(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); 13C NMR (100 MHz, CDCI 3) 6 197.6, 175.0,

142.0, 137.6, 129.4, 129.33, 128.7, 124.6 (q, JCF = 276 Hz), 124.3, 84.0 (q, JCF = 2 Hz), 45.2 (q,

JCF = 27 Hz), 34.5, 27.9, 26.8; 19F NMR (376 MHz, CDC13 ) 6 -60.9 (at, J= 10.2 Hz); IR (film) vmax

1768, 1674, 1389, 1296, 1243, 1119, 1050, 929 cm-1; Rf(hexanes: ethyl acetate = 2:1)= 0.15;

Anal. Calcd. For C1 4H1 3F303: C, 58.74; H, 4.58. Found: C, 58.70; H, 4.59. The enantiomeric

excess was determined by chiral HPLC analysis: Chiralcel IA 4.6 mm x 250 mm, hexanes:i-

PrOH = 90:10, 0.8 mL/min, 210 nm, tR= 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[(4S)-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

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 0C) 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 2SO4, 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 0C afforded 3f (99.8 mg, 70%, 98% ee)

as colorless needle-like crystals. m. p. 105-106 0C. RX]D 24 = -62.6 (c= 1, CHC 3).

(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

O cF3 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, 810% ee) as a sticky colorless oil. 1H

NMR (400 MHz, CDC13 ) 6 7.95-7.86 (m, 3 H), 7.78 (d, J =7.2 Hz, 1 H), 7.59 (td, 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 (dq, J=1 6.0 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); 13C NMR (100 MHz, CDC13 )

6 175.2, 137.0, 134.9, 130.2, 130.1, 128.6, 126.8, 125.8, 125.3, 125.2 (q, JCF = 277 Hz), 123.7,

123.4, 85.0 (q, JCF = 2 Hz), 43.9 (q, JCF = 28 Hz), 32.9, 28.2; 19F NMR (376 MHz, CDC13 ) 6 -

61.2 (at, J= 10.5 Hz); IR (film) vmax 1779, 1376, 1260, 1193, 1121, 1058, 930 cm-1 ; Rf(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, tR = 12.8 min

(minor) and 15.4 min (major).

(R)-5-(3-thiophenyl)-5-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one (3h)

0 F Following general procedure B, the title compound was synthesized from 4-(3-

thiophenyl)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. 1H NMR (400 MHz, CDCI 3) 6 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); 13C NMR (100 MHz, CDC13 ) 6 175.3, 142.0, 127.5, 124.8, 124.6 (q, JCF =

277 Hz), 123.2, 83.0 (q, JCF = 2 Hz), 44.8 (q, JCF = 27 Hz), 34.0, 28.2; ' 9F NMR (376 MHz,

CDC13 ) 5 -61.2 (at, J = 10.3 Hz); IR (film) Vmax 1776, 1374, 1248, 1191, 1116, 1040, 924 cm 1 ;

Rf(hexanes: ethyl acetate = 2:1)= 0.41; Anal. Calcd. For C 10H 9F302S: C, 48.00; H, 3.63. Found:

C, 48.17; H, 3.77. [a]D2 = -24.2 (c= 1, CHCI3). 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, tR = 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 title compound was synthesized from 2,2-dimethyl-4-phenylpent-4-

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

yield, 80% ee) as a pale yellow solid. 1H NMR (400 MHz, CDC13 ) 6 7.40 (m, 4

0M CF H), 7.31 (m, 1 H), 2.82 (dq, J=15.6 Hz, 10.4 Hz, 1 H), 2.76 (dq, J=1 5.6 Hz, 10.4
Me Me Hz, 1 H), 2.67 (d, J =13.2 Hz, 1 H), 2.57 (d, J =1 3.2 Hz, 1 H), 1.32 (s, 1 H), 0.90

(s, 1 H); 13C NMR (100 MHz, CDC13 ) 6 180.8, 142.4, 128.9, 128.4, 124.8, 124.6 (q, JCF = 277

Hz), 81.1, 48.6, 46.8 (q, JCF = 27 Hz), 40.1, 26.4, 25.8; 19F NMR (376 MHz, CDC13) 6 -60.6 (at, J

= 10.2 Hz); IR (film) vmax 1766, 1379, 1261, 1236, 1131, 1091, 1035, 928 cm 1 ; Rf(hexanes: ethyl

acetate = 3:1)= 0.50; Anal. Calcd. For C 14H 15F302 : C, 61.76; H, 5.55. Found: C, 61.60; H, 5.48.

m. p. 61-62 OC. [a]D2 4 = -19.7 (c= 1, CHC1 3). 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, tR

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

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

OO general procedure B, the title compound was synthesized from 5-phenylhex-5-

K CF 3 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. 1H NMR (400 MHz, CDC13) 6 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); 13C

NMR (100 MHz, CDC13) 6 170.2, 141.4, 129.1, 128.3, 125.0, 124.8 (q, JCF = 277 Hz), 83.5, 46.8

(q, JCF = 27 Hz), 31.2, 29.0, 16.1; 19F NMR (282 MHz, CDC13 ) 6 -60.3 (at, J= 10.3 Hz); IR (film)

Vmax 1732, 1446, 1384, 1236, 1045, 912 cm 1 ; Rf(hexanes: ethyl acetate = 2:1) = 0.50; Anal.

Calcd. For C13H13F302 : C, 60.46; H, 5.07. Found: C, 60.23; H, 5.04. m. p. 61-62 C. []D 2 4 = -

20.8 (c= 1.3, CHC1 3). 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, tp = 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

oo (3k) Following general procedure B, the title compound was synthesized from

.J CF 3 3,3-dimethyl-5-phenylhex-5-enoic acid (2k) (109 mg, 0.50 mmol). The product
M Me

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 oil. 1H NMR (400 MHz,

CDC13 ) 6 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); 13C NMR (100 MHz, CDCI,) 6 170.9, 142.0, 128.9, 128.3,

125.1, 124.6 (q, JCF = 277 Hz), 82.5, 48.5 (q, JCF = 27 Hz), 44.0, 43.5, 32.5, 30.6, 29.5; 19F NMR

(282 MHz, CDC13 ) 6 -60.1 (at, J = 10.4 Hz); IR (film) vmax 1741, 1378, 1245, 1115, 1023, 932

cm ; Rf(hexanes: ethyl acetate = 3:1)= 0.50; Anal. Calcd. For C 15H 17F302 : C, 62.93; H, 5.99.

Found: C, 62.80; H, 6.07. [(X]D 2 4 = -29.6 (c= 1, CHCI 3 ). 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, t, = 8.4 min (major) and 10.5 min (minor).

Radical Clock and TEMPO Trapping Experiments (Scheme 2)

Synthesis of radical clock 4:

(1) COC 2, DCM, cat. DMF

(2) BrZn 11 rOEt

0.5% Precatalyst A

C02H THF CO2H
(3) MePPh3+Br, KOtBu, THF
(4) KOH, MeOH/H 20; HCI 4

44%

(t)-5-((1 S,2S)-2-phenylcyclopropyl)hex-5-enoic acid (4) An oven-dried 5 mL vial equipped

with a Teflon-coated magnetic stir bar was charged with ( )-(1 S,2S)-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 0C 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 reagent25 (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 mL X 3), and the combined organic layers were

dried over Na2 SO4, filtered though a short silica gel plug and concentrated in vacuo. The crude

product was used for next step without further purification.

77

oms
Pd-L PCY 2

AH 2  L-iPr /Pr

IPrPrecatalyst A



At 0 0C to a slurry of methyltriphenylphosphonium bromide (464 mg, 1.3 mmol) in anhydrous

THF (2 mL) was added KOtBu (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 aqueous 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 (t)-5-((1 S,2S)-2-

phenylcyclopropyl)hex-5-enoic acid 4 (105 mg, 44% from ( )-(1 S,2S)-2-phenylcyclo

propanecarboxylic acid) as a pale yellow oil.

'H NMR (400 MHz, CDC13 ) 6 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); 13C NMR (100 MHz, CDC1 3) 6 180.3, 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) vmax 2938, 1703,

1641, 1604, 1411, 1246, 906, 732, 695 cm- Rf(hexanes: ethyl acetate = 2:1)= 0.6.

0 I
2.0 equiv 1

40 mol% Cu(MeCN) 4PF6
C02H 40 mol% Li , 0 Ph

_ Ph +
MTBE, RT C Co 2H

Z Ph 40% conv. F3 cF3
()4 5 6

< 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[(4S)-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 0C) 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 mLX 3). The

combined organic layers were concentrated in vacuo. The residue was redissolved in CDCI 3

(a, a, a-trifluorotoluene (internal standard, 1 equiv) was added), and analyzed by 1H NMR, 19F

NMR and LC-MS.

Less than 2% oxytrifluoromethylation product 5 was formed. The reaction produced a complex

mixture of CF3-containing cyclopropane-opening products in ca. 40% yield in total. The major

product was identified to be 6 (ca. 20% yield by '9F NMR, 1.4:1 mixture of alkene geometric

isomers). However, this compound was inseparable from some other unidentified CF3-

containing products and 2-iodobenzoic acid (derived from 1). Therefore 19F NMR yield was

given for 6. 1H NMR (400 MHz, CDC13 ) 6 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); 19F NMR (376 MHz, CDC13) 6 -64.2 (major isomer,

at, J = 10.9 Hz), -65.1 (minor isomer, at, J = 10.9 Hz); ESI/APCI-MS (m/z, relative intensity):

569.0 ([M+Na]+, 100), 570.0 (24.6), 571.0 (4.2).

1.5 equiv 1
25 mol% Cu(MeCN) 4PF6  F3C F3C F3 C 1

25 mol% L1

Eto 2C MTBE(0.25 M), RT EtC + Eto 2C EtO 2C *
Eto2C 35% conv. EtO2C EtO2 C Eto2C

7 8 9B

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[(4S)-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 OC) 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 CDC13

(a, a, a -trifluorotoluene (internal standard, 1 equiv) was added), and analyzed by 1H NMR, 19F

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.13

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% yield. Instead, 11 was formed, presumably via a similar C-0 bond

formation process as in the oxytrifluoromethylation reaction.

1.5 equiv 1
25 mol% Cu(MeCN)4PF6  F3C F3C

25 mol% Li

EtO2C DCM (0.25 M), RT EtO 2C CF 3 + Eto2C
EtO2 C 40% conv. EtO 2C Et02C

7 8 9

14% 4%

1.5 equiv 1
25 mol% Cu(MeCN) 4PF6  F3C F3C F3C

25 mol% L0

EtO2C MTBE (0.06 M), RT EtO2C CF 3 + EtO2C EtO2C 7
EtO 2C 15% conv. EtO 2C EtO2C EtO 2C

7 8 9 11

<2% 5% 5%

TEMPO trapping experiment: An oven-dried 13x1 00 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[(4S)-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 0C) for 1 h. a, a, a -Trifluorotoluene (internal

standard, 1 equiv) was added and the reaction mixture was then diluted with ethyl ether (1 mL)

and analyzed by 1 9F NMR and GC-MS. 10 was observed in 45% yield.'2

1 equiv 1
1 equiv Cu(MeCN) 4PF6

Me N Me 1 equiv Li A Me N Me
Me Me MTBE, RT Me Me

0 0
- CF3

10
45%

Trisubstituted Alkene Substrates as Mechanistic Probes (Scheme 3) 27

0 0
Me Me

0 0I 
0Ph OH 2 CF3  CF 3  Ph OH

(E -2 Ph Ph E (Z)-21
E:Z> 20:1 Me Me ZE= 14:1

31 3m

31 3m ratio of stereoisomers

substrate yield ee yield ee d.r.[b 3
[%][b] [ 0][C [o/0 ][b] [O/[0 ] 31: ent-31: 3m : ent-3m

(E)-21 28 93 47 58 1 :1.7 36.3 :1.3 : 49.3: 13.1

(2)-21 24 92 40 59 1 :1.7 35.7:1.5: 49.8: 13.0

Reaction with (Z)-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[(4S)-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 (Z)-21

(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 0C) for 16 h. a, 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 '9F
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NMR spectroscopy. The '9F 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 (Rf = 0.64 (EtOAc/hexanes = 1:2), 45.6 mg, 34% isolate yield, 58.6% ee) and

minor diastereomer 31 (Rf = 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: (31 +

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, CDC13) 6 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); 13C NMR (100 MHz, CDC13) 6 170.6, 141.7, 129.1, 128.2, 127.0 (q, JCF = 280 Hz),

125.6, 86.4, 48.7 (q, JCF = 24 Hz), 30.2 (q, JCF = 3 Hz), 29.3, 16.3, 9.2 (q, JCF = 3 Hz); 19F NMR

(376 MHz, CDC13 ) 6 -64.5 (ad, J = 9.0 Hz); IR (film) vmax 1738, 1447, 1264, 1204, 1169, 1120,

1027, 985, 760, 702 cm-'; Rf(hexanes: ethyl acetate = 2:1)= 0.64; Anal. Calcd. For C 14H 15F302:

C, 61.76; H, 5.55. Found: C, 61.83; H, 5.70. [aID 2 4 = -14.0 (c= 0.9, CHC 3). The enantiomeric

excess was determined by chiral HPLC analysis: Chiralcel IA 4.6 mm x 250 mm, hexanes:i-

PrOH = 99:1, 0.8 mL/min, 210 nm, tR= 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 (31): colorless oil.
1H NMR (400 MHz, CDC13 ) 6 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 (td, 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); 13C NMR (100 MHz, CDC13 ) 5 170.4, 139.6, 128.8, 128.4, 126.7 (q, JCF

= 280 Hz), 126.5, 86.4, 49.1 (q, JCF = 25 Hz), 29.0, 28.3, 16.3, 10.0 (q, JCF = 3 Hz); '9F NMR

(376 MHz, CDC13 ) 6 -65.0 (ad, J = 9.0 Hz); IR (film) vmax 1739, 1448, 1264, 1205, 1169, 1120,

1028, 760, 703 cm~1; Rf(hexanes: ethyl acetate = 2:1)= 0.60; Anal. Calcd. For C 14 H 15F302 : 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 IA 4.6 mm x 250 mm, hexanes:i-PrOH = 99:1, 0.8 mL/min, 210 nm, tR

= 18.3 min (minor) and 20.7 min (major). The relative stereochemistry of 3m and 31 were

assigned based on comparison with known compounds.8 The absolute stereochemistry were

assigned based on analogy to 3b.

Reaction with (E)-21: Following the same procedure for the reaction with (Z)-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(I)

hexafluorophosphate (18.6 mg, 0.05 mmol, 0.10 equiv), 2,2'-isopropylidenebis[(4S)-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)-21

(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 0C) for 16 h. a, a, u-Trifluorotoluene (internal standard, 61 mL, 1 equiv) was

added to the reaction mixture via syringe, and the crude reaction mixture was analyzed by 19F

NMR spectroscopy. The '9F NMR yields for diastereomers 31 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 mLX 3).

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 31 (93.1% ee).

Stereoisomer ratio calculated: (31 + ent-3m):(3m + ent-31) = 51:49.
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0 0 0 0 0

0 0 0 0 0R 0 R
Br Br CF3  Br CF 3

PhPh Ph Ph Ph

characteristic 1H NMR Me Et Me Et Me

signals / chemical shift (ppm) i ii 31 iii 3m

Hi 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 2.31 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

H1 H 93H 5 H
H6

AA
Hll H2 H3 H4 HS H6

.... 1

A3 _ A3 1.
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2.6 Spectra and HPLC traces
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RZ-3-96-H
3a 'H NMR (400 MHz, CDC13 )

S00

CF3
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P; Uw,0,. 00!
222
L-i-j

3a '9F NMR (376 MHz. CDCIA

10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
fl (ppm)

-120 -140 -160 -180 -200

HPLC tram for compound 3a

DADI C, Sig=210,8 Rd3W0,100 (RONG\ELUOT.S2 201346-15 18&-17R3-96_RAC D)

10 20 40

Signal 3: DAD1 C, Sigq210,B Ret-360,100

Peak RetTime Type Width Area Height Area

4 [min) [min) (MAU's) ImAUJ 4
- I- --- I -- I ----I --- -- -- I ----I ---- -

1 26.298 B 0.9243 1.28534e4 204.77682 50.0201
2 32.063 BB 1.0662 1.28431e4 167.18340 49.9799

Totals : 2.5696604 371.96022

50 G0

O C3
(:O-3a

DADI C. S49z210,8 Raf=360,100 (RONGELLDT-S2 2013406.15 184)3-17WR-.96-D)

10 20 36 40

Signal 3: DAD1 C, Sig-210,8 H*f-360,100

Peak RetTime Type Width Area Height Area

4 [min) (mini (mAU'sJ [mAU) %

----------.----- I -- I----------I------------------
1 26.324 HN 1.0425 8179.05859 130.76067 90.3963

2 32.224 HN 1.1810 868.94000 12.26262 9.6037

Totals : 9047.99860 143.02349

50 0 
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RZ-3-83-H 3 1H NMR (400 MHz, CDCI 3 )

Br

6
OH

0 CF3

f . . I ' 'I I I I II

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

3b 13C NMR (100 MHz, CDC13 )

RZ-3-83-C
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RZ-3-83-F

Br

O CF3

3b '9F NMR (376 MHz, CDC6)

10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
ft (ppm)

-120 -140 -160 -180 -200

HPLC traces for compound 3b

AD1 D, Sqg=230 16 REf=360.100 (RONGELLJOT-S2 20105-2 17-12 2MPRZ-3-1O7BRAC D)PC
10

Signal 4. DAD1 D, Sig-230,146 Rt-360,100

Peak RetTISa Typ Width Area Height Area
t (ini iin) iNAU'aI (MAUI 4

---- I ---- I---- ---- I ------- I---

1 32.816 L84 1.6638 6293.73926 63.04526 49.7111
2 40.35a W 2.1021 6366.73535 50.47818 50.2883

Totals : 1.26605.4 113.5:344

40

6

(* -3b
DADI A. Sg=2304 RP=390. 100 (CAO IM32IOATARONGAOYVIWLC 2013-06-26 l0.474-MZ-343 D)

If

10 20 36

Signal 1: DAD1 A, Sig-230.4 Re*-360,100

Peak RetTiae Type Width Area Height Area
( [min) lain) ikAU*a] (MAU) %

- - -- - -- - - - - --I - - - - -I - - - -

1 30.715 MR4 1.9425 6983.85840 59.9:274 91.7007
2 38.179 70 2.2312 632.07:39 4.72152 8.2993

Totals : 7615.93079 64.64426
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RZ-3-91-H 3c'H NMR (400 MHz, CDC13 )
Ci

6
O 9 CF

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

3c 13C NMR (100 MHz. CDC1.
RZ-3-91-C
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RZ-3-91-F

C1

0O:, CF3

3c '9F NMR (282 MHz, CDC 3 )

100 80 60 40 20 0 -20 -40 -60 -80
ft (ppn

-100 -130 -160 -190 -220

HPLC traces for compound 3c
DAD D. Sig230.16 R40360. 100 (RONGEWUOT-S2 201305-15 18.0*3-ARZ3-91lRACD)

10 20 30 40

Signal 4: DAD1 0, Sig-230,16 Reot360, 100

Peak RetTime Type Width Area Height Area
* lain) [min) ImAU's] [MAU) k

- - ------- I---------I----------I

1 29.773 89 1.0518 3180.40503 45.Z6018 50.057
2 36.329 88 1.2432 3154.34155 36.46455 49.7943

Totals : 6334.74658 81.72473

60

60)-3c

60

DADI D, Sig=230, 16 R=30.100 (RONGELLIOT-S2 2013-0.16 16-0 IRZ-3-01 0)

.9

25
20]

16.

10-

5
6]-

Signal 4: DADI 0, Sig-230,16 Ref-360,100

Peak PetTime Type Width Area Height Area
# [min) (lin) laAU*3i IVAUI t

--- -- -I--I -----I ------- I------ I--

1 30.195 144 1.2283 2341.30225 31.16820 90.4511
2 3'1.088 144 1.2190 247.17065 3.21925 9.5409

Total3 : 2588.47290 34.98745
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RZ-3-99-H 3d 'H NMR (400 MHz, CDC13 )

F

0 F
a. "CF 3

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

RZ-3-99-c

F

0'

3d 3C NMR (100 MHz, CDC13 )
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RZ-3-99-F

F

O '2CF3

3d '9F NMR (376 MHz, CDC)

10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
fl (ppm)

-120 -140 -160 -180 -200

HPLC tracs for compound 3d

DAD1 C S=210.8 Ret=360.00 (RONGELJOT-$2 201306-16 1S4-3.17)RZ--9ORAC D)

4',

0 10 k

Signal 3: DADI C, Sigq-10,O Ret3640,100

Peak RetTime Type Width Area
# [min) IAin) (UAU's)

---I----I-- I ---- .----- I

1 :7.300 1N 1.1151 8801.79395
2 32.481 101 1.3331 8794.49219

Totals t

Height Area
luAU) %

131.55710 50.0207
109.95344 49.9793

1.75963e4 241.5)054

F
F6

(-3d

DADI C. Sq=210,8 Ret=36010 (RONGEWT-S2 2013-06-15 184-17RZ-3-0 D)

10 20

Signal 3: DADI C, sig-210,8 Ref-360,100

Peak RetTime Type Width Area Height Area
4 lain) loin) (RAU's] ImAUI 6

---- I---I---- I--------I-----------I----------I --

1 27.195 HM 1.1291 1.288i4e4 190.14659 87.5566
2 32.527 HIM 1.2081 1830.68152 25.25463 12.4434

Totals : 1.47121.4 '15.40122
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RZ-3-104A-H 3e1H NMR (400 MHz, CDCI 3 )

CF3

O 9( CF3

Al
8.5 8.0 7.5 7.0
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CF3
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0:*ON%F

3
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WM~I1,4

3e 13 C NMR (100 MHz, CDC1 3)
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RZ-3-104A-F

CF3

0 F
OJ' CF3

10 0 -10 -20 -30 -40 -50 -60 -70 -80

3e 9F NMR (376 MHz, CDCI 3 )

-90 -100
fl (ppm)

-120 -140 -160 -180 -200

HPLC traces for compound 3e

DM3] C, SIg210,8 R=360,10 (C CHEM3MIOATAIRONGOA0YUIJLC 2013-4-12 15-4.36R2-3-92-RAC D)
frAU -1

C!

80
60_

40

20

07

20 30

Signal 3: DADI C, Sig-210,8 Ref-360,100

Peak RetTime Type Width Area Height Area
# (min) (min) (mAU'si [mAU) s

----- I--------+-------I-- I
1 27.185 BB 1.2249 9620.12891 99.42204 50.3609
2 37.02: 88 1.5402 9482.25098 72.48448 49.6391

1.91024*4 171.90652

CF3

0 F3

(W-3.

50 "Ir

DADI C, SWg210,8 R*30,100 (CCHEM32Z1%ATAWRONG4AOYUKLLC 20134-O12 15-4&36RZ-104A 0)

Signal 3: DADI C, Sig-210,8 Ref-360,100

Peak RetTime Type Width Area Height Area
f (mini (min) (mAUi's] (MAUI l

-.-----I ---- I --- I---------- I-----------I--------
1 '21.537 88 1.4283 3.97673*4 385.:5488 90.5038
2 37.143 10 2.1067 4172.6425a 33.01132 9.49*2

Totals : 4.39400*4 41G.266:0

98
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mAU
360
300-;
250
200-:
160
100

50.
0-

40

CF3

0F

3.

I

6010 20b



31 'H NMR (400 MHz, CDCI 3 )

I

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

RZ-3-112-C

O=KjF"CF3

31 13C NMR (100 MHz, CDC13 )
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14i

3f '9F NMR (376 MHz, ODOIS

10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
ft (ppm)

-120 -140 -160 -180

HPLC traces for compound 3f
DAID C, 

8
V'

2
O.U R.%3 SSO IC C CEM3IIDATAIUCtGSNAOYUKI _LC 201)-W0 1?-We3eVftl3-112_AC D)

60)-3f

10

DADI C. Siga21,8 Rsf380100 (C CNEM328OATA4ONGftAOYk0LC 2013-06-2 I7-5 36tRZ-3-112D)

I
V
II52~ 3f

signal 3: DADI C, Sig-210,8 Ref-360,100

Peak RetTime Type Width Area Weight Area
# Imin) Inin) (MAU's] (mAU) I
---- ---- I------- -------------------- i-----

16.096 8s 0.3890 659.92334 298.86264 50.0167
2 18.304 8s 0.4250 7654.79344 273.10046 49.9033

Trtals t 1.!114714 571.96310

Signal 3: DADI C, Sig-'210,8 Rf-360,100

Peak RetTloe Type Widthi Area Height Area
# lain) laIni IMAUal (mAU) %

---I----I -- I ----- I---------- I--------------
1 16.250 xx 0.4377 246.11610 9.37206 8.6956
2 18.374 504 0.4727 2584.22192 91.1140e 91.3044

10 I' 2

DADI C 1q2108 CC ZI3* 19*4-b-ti

RAU

3f
from

recystallization

50

0O

TotalI 2830.33803 100.40614

Siqnal 3: DADI C, Sig-210,8 Aef-360,100

Pak PetTla. Type Width Area Height Area
* lain] (min) (mAU16, (AU 4
----- -- ---------------------------- I--------

16.291 HK 0.3536 1v5.0859e 4.95301 1.3332
16.207 H04 0.4716 7717.3090e 274.02693 98.6668

TOtaIs : 7882.39506 219.77995
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3g 'H NMR (400 MHz, CDCIs)

. ~-.--.--I--.----,---,-----.---1----.--- I I I I I I I~

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

RZ-3-105-C

0e
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3g 13C NMR (100 MHz, CDCI 3 )
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RZ-3-105-F

3g '9F NMR (376 MHz, CDCI 3 )

0 -20 -40 -80 -80 -100 -120 -140 -160 -180 -200 ppm

HPLC traces for compound 3g

DAD1 C. SOgV210,8 REft3600 (CACHEM32Z1IOATAROG94AOVUKLC 201OS-30 1543-51V2-3-105_RAC D)
rVAU
300-

250-

200

150

50

0 -
10 30

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

Peak RetTime Type Width Area Height Area
I Iminl (min) (MAU*ls (mAU] %

---- I---I----I ---- I ----------- i----------i--------
1 1:.816 VV 0.3525 7923.94033 334.39627 50.7680
- 15.455 VO 0.4041 7694.10449 287.23532 49.2320

Total& : 1.56079e4 621.63159

DADI C, Sig-210.8 Ret=36100 (C CEM321OATARONGNA JK_LC 201305-30 15-43-SlRZ-3-105D)

AV
10 2 ,

Signal 3: DADI C, Sig-:10,8 Pef360,100
30

Peak RetTime Type Width Area Height Area
( [minI (min) frAu[s' (AU) %

------------------ I----------I------------------
1 12.796 Be 0.3031 3795.40283 188.32103 9.3836
: 15.399 HN 0.4145 3.66518.4 1473.60706 90.6164

Totals : 4.04472.4 1661.92809 3g
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3h 'H NMR (400 MHz, CDC13 )

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

3h '3C NMR (100 MHz, CDCI 3 )
RZ-3-94-C

so
0

O 9~CF3
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0O F3
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RZ-3-94-F

3h "F NMR (376 MHz, CDC6)
O0 )"CF 3

10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
fi (ppm)

-120 -140 -160 -180 -200

HPLC traces for compound 3h

DADI D, Sig-230,16 Re=360,100 (RONGELOT-S2 2013-05-15 18-0-17\R-3-94 RAC D)
mAU

40 -
36
30
25
20
16
10

-
0 - __

10 20 30 40 50

signal 4: DAD1 D. Sig-230,16 Ref-360,1CO

Peak RetTioe Type Width Area
[ [min] [min) ImAUs]

------I - -- - -

1 32.803 104 1.2874 3Z74.74146
2 40.382 M 1.6127 3318.96899

Tota15 : 6593.71045

Height Area
I&AUl I

42.39560 49.6646
34.30114 50.3354

76.69675

0
O j]"'CF3

(l)-3h

DADI 0. Sig230.16 R=360 ,100(RON4GiEUJOT -S22013-06-16 184-07\RZ-3.94 D)

Signal 4: DADI D, Sig-230,16 Ref-360,100

Peak RetTime Type
* [min)

----- +
1 32.622 M10
2 40.429 HK4

Totals :

Width Area
[min) (mAU*s

-I----------
1.3294 6023.88574
1.5247 926.37915

Height Area
(MAU) 4

--- I--------
75.52219 96.6713
10.12656 13.3287

6950.26489 85.64876
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31'H NMR (400 MHz, CDC 3 )

0

M e CF3
MeA

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

31'9C NMR (100 MHz, CDC13 )
RZ-3-95-C
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012F CF3
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S3'9F NMR (376 MHz, CDCI3 )

OM CF3
me

10 0 -10 -20 -30-40-50 -60 -70 -80 -o -10 -120 -140 -160 -180 -200
fi (ppm)

HPLC traces for compound 31

DADI C, Se=210.8 Rer=360,100 (CXCHEM32kOATARONGWAOYULG LC 201304-25 16W 39AZ-880-RAC D)

70
60

40
30
20

10
0_ -

0 to 15 20 26 30 35 40 mu

Signal 3: DADI C, Sig-210,8 Ref-360,100

Peak RetTime Type Width Area Height Area

S (mmin) [min] (mAU's) mAUt I
S -- ----- ---------- ~-~-~- F3

1 21.690 BB 0.4011 2229.55005 86.97044 49.8795
26.771 BB 0.4747 2240.31958 74.10431 50.1105 M

Totals : 4469.86963 161.07475 ( )3

DADI C Sag210,8 Ref30,100 (C CHEM32m0ATASHPWAOYUKILC 201346-13 14-0&21\RZ 3-960)

mu

300-
250
200-

150

10D

50
0

0 5 10 15 20 25 30 36 40 46 mn

Signal 3: DAD1 C, Sig-2i0,8 Ref-360,100

Peak RetTime Type Width Area Height Area
I [min] (min) (mAU1SI [mAU] t Q

-- F CF
3- ---- -- -- ------------ ---- ---

1 22.854 10- 0.4478 1430.36121 53.24110 9.8805 MO

2 29.105 MM 0.5810 1.30462o4 374.21735 90.1195 MO

Totals : 1.44766e4 427.45845 31

106
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RZ-3-89-H

0

31 H NMR (400 MHz, CDCI 3 )

8. 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4. 4.0 3.5 3.0 2.5 2.0 1.5 1.0Irr ~I

3j 13C NMR (100 MHz, CDC13 )

3

'I

107

AL
ppm

RZ-3-89-C

0

0C 'F 3

mv/

200 180 150 140 120 100 80 60 40 20 0 ppm

W

I

I qr-l W 1!1 li 14"1



31 "F NMR (282 MHz, CDCIS)

10 80 60 40 20 0 -2 -. -6 -80 .......

100 80 60 40 20 0 -20 -4Q -e 1
ft (ppm)

HPLC traces for compound 3j

MAU
120-

100-

60-

40-

20-
0 :

-100 -130 -160 -190 -220

DAV1 C. SWg210.8 RefZ3SQ. (C CHEM2NIAATAXW0N*AOYUULC 2134W30 160 ?'87Z-3-81IHAC Dj

CqNI

15 2i

Signal 3: DADI C, Sig-210,8 Ret-360, 100

Peak RetTime Type Width Area Height Area

4 (min) [min) (mAU*3} (MAU) %

---- I---I--- I ------ I-------I-------+-I-------
I 13.442 M@t 0.3592 2831.11816 131.36601 50.1083
2 14.921 M14 0.3939 2818.88452 119.28081 49.8917

Totals :

25 30

CF300

5650.00269 250.64682

DADI C SWg0210.8 Rat-350 100 (C ICHEAWIVATA*RONG*IAOY9UIQLC 20110C.30 6)07-71tZ44-9 0)

5 'o

4

15 20

Signal 3: DAD! C, Sig-210.0 Ref-360,100

Peak RetTime Type Width Area Height Area

# [min] (min] (MAU1sl ImAUI %
---- I- ---- I ----------------- I---------- I-

1 13.559 m 0.3478 3483.15918 166.91127 90.6374

2 15.091 mm 0.3607 359.8000e 16.62308 9.3626

Totals : 3842.95926 183.53435

25 36

F3
0

3j

108

RZ-3-89-F

F3

6 35 flr

140

120too
80

80
40
20i

A

0 v 1 0 1 0 1 0
. I I I 1 0 1 1

;0



RZ-3-90-H

0

M6CF3

Me Me

3k'H NMR (400 MHz, CDC13 )

. I I . .
8.5 8.0 7.5 7.0

RZ-3-90-C

0
M M Oe

me Me

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

3k 13C NMR (100 MHz, CDCI 3 )

S\ al

109

ppm

20 A 4 0 0 I I ml 40 2 -ppf

200 180 160 140 120 100 80 60 40 20 0 ppm

ViR;i



RZ-3-90-F

0
0 0

CF 3

Mq Me

3k '9F NMR (282 MHz, CDCI)

100 80 60 40 20 0 -20 -40 -60 -80
fl (ppm)

-100 -130 -160 -190 -220

HPLC traces for compound 3k:

DADI C, Sig=210,8 Reft360.100 (C:CNEM3\1ZATAVRONWW AOYUI0JLC 201304-30 16.7M7'OO2 (201 0)

;nAU

300

1007

10 12 14 16 18 Mir

Peak RetTime Type Width Area Height Area

* (min) [mini [mAU*s) [mAU] t

--- , -- -.----I --- I----------- ---------- I---
1 8.837 BB 0.1706 5531.95752 501.89572 50.7018

2 10.575 BB 0.2509 5378.82129 321.92737 49.2982

1.09108e4 823.82309

0 0.C

mi Me (:0-3k

DADi C. SV210.8 R0-360100 (C HEMNDATAWRONG*4AOYfML C 20134"-3 16-7 .00B-0301JD)

.1k

210 12 14 16 18

Peak RetTime Type Width Area Height Area

# (min) (min] (mAU*s (MAU) S

S- - -- I- - -- I---------- I-- ------- - I---- -
1 8.390 )K 0.2333 6455.49316 461.21140 91.3156

2 10.475 HK 0.2581 613.93805 39.64419 8.6844

7069.43121 500.85558

0
0 0C

Mi Me Ak

110

Totals :

MAU:

400-

300-

200

100-

Totals :

11 - -

i i i

. I

Mir



(2)-21 'H NMR (400 MHz, CDCI 3 )

Me 0

Phl OH

(Z)-21
ZE= 14:1

L1F.J
8.5 8.0 7.5 7.0 6.5 6.0 5.5

WW
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5

()-21 '3C NMR (100 MHz, CDCI 3 )
RZ-3-124r3

ii

Me

Ph> & OH

(Z)-21
Z.E= 14:1

L
.~. -; 2$. irrr1,. ;.~,j. ii. -I~ Iq!~u.~NqpI~IumI

ppm

111

RZ-3-124r3

1.0
p

PPM

200 180 1 140 120 100 6 40 20 0

.......... ...............

1- -i

4-1--V---A



RZ-3-120r2-H

Me

Pho OH

(E)-21
E:Z> 20:1

(E)-21 'H NMR (400 MHz, CDC13 )

& ~I -I-__

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

(!11 ( i ii

(E)-21 1C NMR (100 MHz, CDC13 )
RZ-3-120r2-C

Me 0

PhQ OH
(E)-21

E:Z> 20:1

as4

112

ppm

200 180 160 140 120 100 80 60 40 20 0 ppm

... . .. ...... ...... .. .....

L

;RJR



3m H NMR (400 MHz, CDC13 )

0

0
CF3

PM

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

3m 13C NMR (100 MHz, CDC13 )
RZ-3-129-MajorDiastereomer

0

0

CF3
PIh i

Me

ppm

2 p t 'R I S

40Ai~ v R

200 180 160 140 120 100 80 60 40 20 0 ppm

113
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RZ-3-129-MajorDiastereomer

t" --i



0

CF3

Ph

m 'F

3m "9F NMR (376 MHz, CDCU~

10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
f> (ppm)

-120 -140 -160 -180 -200

HPLC braces for compound 3m

Signal 3: DADI C, Sig-Z10,e Re-360,100

a-

3- (-3m
-i

Peak RetTime Type Width Area
* (ainj Isini ImAU-SI

---- ------ I ---- i --- I----------I

1 16.388 BV 0.3503 1.30560.4
2 17-524 VB 0.3e30 1.33750e4

Height Area

(MUI %
-------- ----
563.56586 49.3965
525-45898 50.6035

Totals : 2.64311*4 1089.02484

3m from ( Peak RetTime Type Width Area Height Area{V (min (m)-2 , ADISi (DAU] lb
1 15.747 M 0.3440 3120.94092 151.19560 20.6759

-- 2 16.704 NN 0.3958 1.19736e4 504.16827 79.3241

TotaIs : 1.5094604 655.36388

-*1' t4 ia CseMusur1hae4omi'1 ati It IW4I W D

I
3m from (E)-21

e at a a .

Signal 3: DAD1 C. Sig-210, Ret-360,100

Peak ftetTime Type Width Area Height Area
#* in) (min) (MAUSI tumAU 9

--- ---- I-- t ---- ----- I-----------I-------- I

1 15.712 BV 0.3480 5173.37012 225.23352 20.9105
: 16.630 VS 0.3985 1.95671.4 739.92780 79.0695

Z.47405e4 965.16132

114
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RZ-3-129-MinorDiastereomer

0

: 0 CF3

Ph
Me

31 H NMR (400 MHz, CDCI 3 )

AM~A1A AR

8.5 8.0 7.5 7.0
I I I I I I 4 3 3 1 1

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

31 l3C NMR (100 MHz, CDCI 3 )
RZ-3-129-MinorDiastereomer

0

0
CF3

Ph
Me

ppm

S

V V

A

IV

0 ppm200 180 160 140 120 100 80 60 40 20

115

......................... - .%6LL

01 . -- - W 0 is . W -1 -1 -100 OWN 11111 11 qpI I



0

y 0 CF3

Ph
Me

9

31 "F NMR (376 MHz, CDCis)

10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
ft (ppm)

-120 -140 -160 -180 -200

HPLC traces for compound 31

DADI C S~2I08 R~200 IC04C~Cl*U~ TA9K*4GWilW~MIAC 20*3O74A&-3~ 12B-RAt P20)

_______ -i
(~)-3I

Signal : DADi C, Sig.710,8 Bt-60,10Q

PeAk RetTiime Type Width Area *01ght Area
B IBI f(MfinI IaAUISl mAUl 4b

i 17.621 VB 0.371% 140 t7I 217.0975 5O.S319
S-).07t BA 0.4148 7325.3391 264.73019 49.4481

Totals : L.4408:e4 541.42999

IB 10 I' 20 216 -

DA01 C 1gr2IO, etRDIS.O IUC C)* GWA0tTAiR(*B34A0flUO.LC 20,2-mI? IW4 ?tJaan0,
MV #SignAl 3: DADI C. Stg-1(vl P?3(.I,

Peak RetTlNw Type Width Axea Bevpht Area
f Uini ROinj IAwSI foJIs 4

.54 MB 0.38.1 3:1.771:7 .? 4. 49

0 - -

S10 to20 Z5 )a

DADI C Sigr3)OSBE rI00IC42PMJtOAA C*M204AnB0 tC20U--II Il-VM ?41t-302 -Wgn

1ea8

TC-ta1l

1 3; Ai C, 5i14-:rK) fetiO. I'O

RetTIme Type Width Area "tight Area
minI IasnI ImAU'ri InAuI I

B.348 1W &.3721 290.91943 13.32949 3.4594
2.927 1W 3.4944 8118.70752 :74.35566 94.5406

l409.42495 292.38035

14 8 i5 i0 as

116

mAU

250 -

100

0

fmAU
2Mg-

200-

50-

0-

0 10

Mwi

a :



4'H NMR (400 MHz, CDCI 3 )RZ-3-133r4

C02H

Ph
()

I I IW X
12 11 10 9 6 7 6 5 4 3 2 1 ppm

4 13C NMR (100 MHz, CDCI 3 )
RZ-3-133r4

2

\i\\ll

'' CO2 H

Ph

(*)

117

I ' I .1 -. I I
200 180 160 140 120 100 80 60 40 20 0 ppm

\V



X-Ray crystallography information (compound 3b)

r1

10

2~ 
5

20 1

Br

0 0

CF 3
3b

CryetM data snd structure refinemnt 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 = 25.2420
Absorption correction
Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [l>2sigma(l)]
R indices (all data)
Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

x1 3071
C12 H10 Br 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

3
1198.86(6) A
4

A= 90*.
3= 107.5980(10).
Y = 90 '.

1.790 Mg/m

3.458 mm-1
640

3
0.250 x 0.150 x 0.100 mm
1.514 to 30.5060.
-20<=h<=19, -8<=k<=8, -21<=I<=22
56400
7213 [R(int) = 0.0288]
99.9 %
Semi-empirical from equivalents

2
Full-matrix least-squares on F
7213 /1 /325

1.053
R1 = 0.0177, wR2 = 0.0430
R1 = 0.0189, wR2 = 0.0432
0.0159(19)
n/a

0.307 and -0.265 e.A-

141)

x y z U(eq)

-800(1)
4346(1)

4920(1)
11753(2)

748(1)
1403(1)

19(1)
21(1)

118

Br(1)
F(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)
0(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)

Bo lnd~gibtt [Aland angh6 [*1for x3071.

Br(1)-C(1 0) 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(1 0) 1.385(3)
F(3)-C(6) 1.332(2) C(9)-H(9) 0.9500
0(1)-C(4) 1.376(2) C(1 0)-C(1 1) 1.384(3)
0(1)-C(1) 1.451(2) C(11 )-C(1 2) 1.394(3)
0(2)-C(4) 1.195(2) C(11 )-H(1 1) 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(1 2) 1.398(2) C(22)-H(22B) 0.9900

119



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)-H(28)
C(29)-C(30)
C(29)-H(29)
C(30)-C(31)
C(31)-C(32)
C(31)-H(31)
C(32)-H(32)

C(4)-O(1)-C(1)
0(1)-C(1)-C(7)
0(1)-C(1)-C(5)
C(7)-C(1)-C(5)
0(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)
C(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)
0(1)-C(4)-C(3)
C(6)-C(5)-C(1)
C(6)-C(5)-H(5A)
C(1)-C(5)-H(5A)
C(6)-C(5)-H(5B)
C(1)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
F(3)-C(6)-F(1)
F(3)-C(6)-F(2)
F(1)-C(6)-F(2)
F(3)-C(6)-C(5)
F(1)-C(6)-C(5)
F(2)-C(6)-C(5)
C(8)-C(7)-C(1 2)
C(8)-C(7)-C(1)
C(1 2)-C(7)-C(1)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(1 0)
C(8)-C(9)-H(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(13)
110.34(14)
107.64(14)
114.17(13)
104.29(13)
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
111.2
109.1
120.49(17)
129.93(16)
109.56(15)
117.49(15)
107.9
107.9
107.9
107.9
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

C(1 0)-C(9)-H(9)
C(1 1)-C(10)-C(9)
C(11 )-C(1 0)-Br(1)
C(9)-C(10)-Br(1)
C(10)-C(11)-C(12)
C(1 0)-C(11l)-H(1 1)
C(1 2)-C(11l)-H(1 1)
C(11 )-C(1 2)-C(7)
C(11 )-C(1 2)-H(1 2)
C(7)-C(12)-H(12)
C(24)-O(3)-C(21)
O(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)
0(4)-C(24)-0(3)
0(4)-C(24)-C(23)
O(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(25)-H(25B)
F(6)-C(26)-F(5)
F(6)-C(26)-F(4)
F(5)-C(26)-F(4)
F(6)-C(26)-C(25)
F(5)-C(26)-C(25)
F(4)-C(26)-C(25)
C(28)-C(27)-C(32)
C(28)-C(27)-C(21)
C(32)-C(27)-C(21)
C(27)-C(28)-C(29)
C(27)-C(28)-H(28)
C(29)-C(28)-H(28)
C(30)-C(29)-C(28)
C(30)-C(29)-H(29)
C(28)-C(29)-H(29)
C(29)-C(30)-C(31)
C(29)-C(30)-Br(2)
C(31)-C(30)-Br(2)
C(32)-C(31)-C(30)
C(32)-C(31)-H(31)
C(30)-C(31)-H(31)

120

120.5
121.12(18)
121.24(15)
117.64(14)
119.17(18)
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
111.2
109.1
119.74(17)
130.79(17)
109.47(15)
116.23(15)
108.2
108.2
108.2
108.2
107.4
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)
C(31)-C(32)-H(32)
C(27)-C(32)-H(32)

121.25(17)
119.4
119.4

Symmetry transformations used to generate
equivalent atoms:

U1U2U 33 U23 U1 3 u12

17(1)
26(1)
21(1)
23(1)
11(1)
15(1)
12(1)
13(1)
12(1)
12(1)
14(1)
15(1)
10(1)
20(1)
18(1)
11(1)
19(1)
15(1)
24(1)
14(1)
34(1)
48(1)
15(1)
20(1)
14(1)
18(1)
15(1)
12(1)
13(1)
15(1)
12(1)
18(1)
18(1)
17(1)
19(1)
17(1)

0(1)
0(1)
2(1)
10(1)
-2(1)
-6(1)
-1(1)
2(1)
2(1)
-1(1)
-1(1)
-1(1)
0(1)
-6(1)
-5(1)
2(1)
-1(1)
-2(1)
-1(1)
1(1)
-9(1)
-28(1)
2(1)
6(1)
1(1)
2(1)
1(1)
2(1)
2(1)

-1(1)
0(1)
4(1)
4(1)
-1(1)
2(1)
4(1)

2(1)
9(1)
15(1)
0(1)
2(1)
2(1)
2(1)
2(1)
2(1)
1(1)
4(1)
4(1)
2(1)
4(1)
3(1)
2(1)
6(1)
4(1)
3(1)
13(1)
33(1)
6(1)
7(1)
7(1)
5(1)
9(1)
8(1)
1(1)
4(1)
6(1)
4(1)
6(1)
4(1)
4(1)
7(1)
5(1)

-4(1)
-3(1)
2(1)
2(1)
1(1)
1(1)
1(1)
4(1)
1(1)
0(1)
3(1)
1(1)
1(1)
2(1)
-2(1)
-2(1)
3(1)
2(1)
0(1)
13(1)
-14(1)
16(1)
0(1)
0(1)
1(1)
4(1)
4(1)
3(1)
3(1)
1(1)
1(1)
1(1)
4(1)
1(1)
-3(1)
1(1)

x y z U(eq)

4285
5628
6360
6442
7786

2952
3186
3997
4500
2013

17
17
18
18
16

121

Br(1)
F(1)
F(2)
F(3)
0(1)
0(2)
C(1)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
Br(2)
F(4)
F(5)
F(6)
0(3)
0(4)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)

13(1)
23(1)
30(1)
14(1)
15(1)
15(1)
12(1)
16(1)
15(1)
7(1)
13(1)
14(1)
12(1)
15(1)
18(1)
12(1)
12(1)
15(1)
11(1)
59(1)
80(1)
26(1)
14(1)
15(1)
12(1)
16(1)
19(1)
8(1)
16(1)
23(1)
12(1)
17(1)
16(1)
10(1)
18(1)
18(1)

26(1)
14(1)
29(1)
27(1)
10(1)
20(1)
9(1)
12(1)
17(1)
18(1)
13(1)
17(1)
12(1)
16(1)
16(1)
19(1)
18(1)
13(1)
28(1)
34(1)
19(1)
58(1)
12(1)
24(1)
10(1)
13(1)
17(1)
19(1)
15(1)
19(1)
13(1)
14(1)
16(1)
21(1)
18(1)
14(1)

H(2A)
H(2B)
H(3A)
H(3B)
H(5A)

3781
4831
3274
4456
4945



H(5B)
H(8)
H(9)
H(11)
H(12)
H(22A)
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
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Chapter 3.

General Cu-Catalyzed Enantioselective
Alkene Oxyfunctionalization via Radical Intermediates
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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.2 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,3

enantioselective functionalization remains challenging.4 Pioneering work by Porter5 a and Sibi5b

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.6'7 These approaches are mainly limited to C-C or C-H

bond formation from alkyl radicals derived from highly electronically activated alkenes such as

a,/3-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 c). While a variety of redox catalysts based on different transition metals

are capable of mediating step a,8 a catalyst delivering effective enantioselectivity in step c

remains elusive. The only efforts to develop such catalysts were reported by Sonoda,a

Kamigata,9b and Brunner,9c who used chiral ruthenium, rhodium and copper complexes to

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.
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Scheme 1. Mechanistic hypothesis and development of a copper-catalyzed enantioselective

difunctionalization.

a) Alkene radical addition catalyzed by a chiral transition metal complex redox system

Gp R1 [MfL*] R 1-X

B c termination initiation a

R2,& R1 . [Mn+L*]-X R1
A

AR( propagation

b

b) Previous work: Cu-catalyzed enantioselective oxytrifluoromethylation via a radical intermediate

0 0
0 ~cat. [Cu] rO

H+ cat. [L*] A F3 ArHO +l K_-" C
Ar \.F

3C
CF 3  C

Y = [CuL*]
c) General enantioselective radical oxyfunctionalization based on Cu-redox catalysis

This work:
R1--0 RI*

(4JZ * K LUU L 11-S3

Enantioselective X
C-O bond formationI

[CuIIL*]O [CuIIL*] . R

? 0f 0

N 3- Oxyazidation

ArSO2- Oxysulfonylation

Ar- Oxyarylation

RC 2- Diacyloxylation

R2 HO R2 = aryl, alkynyl, H

R 2n=1,2
D 2

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).10 During the

course of our investigation, we found this transformation likely proceeds by a radical addition

mechanism involving a copper-mediated enantioselective C-0 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-0 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 1 = N),

oxysulfonylation (R 1 = ArSO2 -), oxyarylation (R 1 = Ar), and diacyloxylation (R 1 = RC0 2-).

3.2 Results and Discussion

We began our investigation by applying this general strategy to the catalytic

enantioselective alkene oxyazidation reaction (R 1  = N3), 11,12 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.13 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) 4PF6 and (SS)-'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(Ill) reagents did not yield detectable amount of desired

product.15

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 aryl halides (4b,

4c), nitriles (4d), ketones (4h), and 3-thiophenyl 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) 4PF6 , 5% L
2.5 equiv Phl(OAc)22.4 equiv TMSN 3

Et20, -10 -C
S R

Sn N3

Me Me

t N N

tBu 'tBu
L

Entry Substrate Product Yield [%]b s [/.C

HO . R

R =H

R = Br

R = CI

R = CN

R = CF 3

6 R = OMe

2a

2b

2c
2d

2e

2f

HO

2g

HO Ac

2h

o -- Ph

O H

2i

O me me Ph

HO A

2j

O Ph

HO

2k

O TMS

HO

21

R

N
3

4a

4b

4c

4d

4e

4f

0

N,

4g

QkAc

N

4h

4F N3

4i

N3
M4 Me

4j

Ph

0

N3

4k

TMS

0

N
3

41

aReaction conditions: Cu(MeCN) 4PF6 (5 mol%), L (5 mol%), 2 (0.50 mmol, 1.0 equiv), Phl(OAc) 2 (2.5
equiv), TMSN 3 (2.4 equiv), in 30 mL Et20 at -10 0C for 16 h. 1Yields of isolated products are an average of
two runs. cDetermined by HPLC analysis using a chiral stationary phase. dAdditional 2,6-di-tert-
butylpyridine (1.1 equiv) was added. eCu(MeCN) 4PF6 (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 21).

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, 41). 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.a

0 0 Ph

6 NHBoc

ph a 0 0 'Ph 89% ee

HO'NHN 3 C N NN.~ Ph
5 4a o 0 J P

89% ee 89% ee

7
89% ee

aReaction conditions: (a) Pd/C, H 2 (balloon), MeOH, RT; then DMAP (10 mol%), RT, 78%; (b) Pd/C, H 2 (balloon),
Boc 2O, THF, RT, 88%; (c) Sodium ascorbate (0.8 equiv), CuSO 4*5H 20 (0.4 equiv), phenylacetylene (1.1 equiv),
tBuOH/H 20, 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 (Z)-2m) were synthesized and subjected to

the standard reaction conditions. It was found that, regardless of the alkene geometry of the

substrate (E or Z), 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-0 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 (6S, 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. 16

Scheme 3. Cu-Catalyzed oxyazidation of trisubstituted alkenes.a

a)00

Me Me
0 0

Ph C +OH 80%N3 3 60% Ph ' s OH

(E)-2m Ph Me Ph Me (2)-2m
E:Z> 20:1 4m 4n ZE = 14:1

substrate d.r.b 4m 4n ratio of stereoisomers
ee [%]b ee [%]b 4m : ent-4m 4n ent-4n

(E)-2m 10 :1 12 93 51.1 : 40.0 :8.6 :0.3

(2)-2m 10: 1 11 93 50.6 :40.3 : 8.8 : 0.3

b) 0

0
N3  4m

s 51%
Ph PhY

0 oy 6 'matched i P Me

SMe ent-4n
E E Mes Na0.3%

either -N 3  hM
(E)-2m E[:CF- 1 : 1 PMe

or (2)-2m

[ oy N 8.7%Ph .
N 3 mismatched 0 Me

F Me)N ent-4m
N3 40%

Y = [CuL*] Ph Me

radical addition Cu-mediated C-O bond formation
non-stereoselective stereoselective
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aReaction conditions: Cu(MeCN) 4PF6 (10 mol%), L (10 mol%), 2m (0.10 mmol, 1.0 equiv), Phl(OAc)2 (2.5 equiv),
b

TMSN 3 (2.4 equiv), in 6 mL Et20 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 P-hydroxy sulfone derivatives, which are found in many biologically

relevant molecules. 17 Molecules containing this structure are also frequently used as

intermediates in the synthesis of a variety of natural products.18 Traditional synthesis of chiral fi-

hydroxyl sulfones typically involves the asymmetric reduction of f-ketosulfones,19 which does

not provide access to /-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.a

Me
M 10% Cu(MecN) 4PF 6  PhMe10% L 0 hj%:\

HO + additive, solvent MJ

Ph S2C RT, 16h 00
2a sci8a

Entry Base Solvent Yield ee
[%Jlbl [%JcCJ

1 - EtOAc 12 28

2 NaOAc (1.1 equiv) EtOAc 37 18

3 AgOAc (1.1 equiv) EtOAc 62 74

4 Ag 2CO3 (0.55 equiv) EtOAc 95 74

5 Ag2CO3 (0.55 equiv) MTBE 31 66

6 Ag 2CO3 (0.55 equiv) Et20 48 38

aReaction conditions: Cu(MeCN) 4PF6 (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. bYields were determined by 1H NMR spectroscopic analysis using a
internal standard. cEnantiomeric 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(I) 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.a

Ci Me

0

Ph Me oYBr CF3

0,10 0 0 0

Ba 8b 8c

92% yield, 74% ee 95% yield, 77% ee 68% yield, 80% ee

'Reaction conditions: Cu(MeCN) 4PF6 (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 arylsulfonyl 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 a-aryl

substituents.20 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 (9c). In addition, a 6-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.a.

0

2

0
CN

9a

74% yield, 73% ee

12% Cu(MeCN) 4PF6 , 10% L
2.0 equiv DTBP o 0 R

+ Ar-N2+BF4- EtOAc, RT )Do

9

CN

Co 2Et

9b

77% yield, 71% ee

CF 3

CN

9c

53% yield,76% ee

Ph

OT-~ CF3

CF 3

9d

84% yield, 56% ee

aReaction conditions: Cu(MeCN) 4PF6 (12 mol%), L (10 mol%), 2 (0.50 mmol, 1.0 equiv), aryl diazonium
tetrafluoroborate (2.0 equiv), 2,6-di-tBupyridine (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.a

" &cl

10
1.0 equiv

0
15% Cu(MeCN) 4PF6 , 15% L

COOH 2.0 equiv DTBP 0

N 2 BF4 . EtOAc, RT ' C4

11 12

2.0 equiv 19% yield, 46% ee

COOH

L G C i
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aReaction conditions: Cu(MeCN) 4PF6 (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-0 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-0 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.a

Cl Cl

cl 10% Cu(MecN) 4PF6, 10% L I +
I (BzO)2 (1.5 equiv)

HO Mn (2.0 equiv) O Ok Ph + O Ph
EtOAc, RT

2c 13 14

29% yield, 65% ee 40% yield, 67% ee

aReaction conditions: Cu(MeCN) 4PF6 (10 mol%), L (10 mol%), 2c (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 1H 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 2c with dibenzoyl peroxide in

the presence of the chiral catalyst afforded two products: the desired diacyloxylation product 13

(29% yield, 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-0 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(II) 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(Ill) complex 1, which undergoes reductive elimination to form the C-0 bond. Currently

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

Scheme 8. Possible pathways for the enantioselective C-O bond forming process.

0 ,CuIL nucleophilic
SET O trapping

+ 30-0n
SR2

0 ,u11L R1

radical 1 reductive
combination R 'R 2  elimination

I 0 i

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-0

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-, C-CarylaIky/C-0 or C-0/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 species22 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[(4S)-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

(CDC1 3 : 7.26 ppm for 'H NMR and 77.16 ppm for 13C NMR). 19F NMR spectra were recorded on

a Varian 300 MHz spectrometer or a Bruker AMX 400 spectrometer and were calibrated using

CFC13 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 OC. 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). Test b

Synthesis and Characterization of non-Commercial Substrates
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4-Phenylpent-4-enoic acid (2a),1oa 4-(4-bromophenyl)pent-4-enoic acid (2b), 1 a 4_(4-

chlorophenyl)pent-4-enoic acid (2c), 1oa 4-(4-trifluoromethylphenyl)pent-4-enoic acid (2e), 1oa 4

(4-methoxyphenyl)pent-4-enoic acid (2f), 23 4-(3-thienyl)pent-4-enoic acid (2g), Oa 4-(3-

acetylphenyl)pent-4-enoic acid (2h), 10a 5-phenylhex-5-enoic acid (2i), 1oa 3,3-dimethyl-5-

phenylhex-5-enoic acid (2j), 1oa (Z)-5-phenylhept-5-enoic acid ((Z)-2m, Z:E = 14:1 as determined

by 1H NMR analysis), 10a (E)-5-phenylhept-5-enoic acid ((E)-2m, Z:E< 1:20 as determined by 1H

NMR analysis), loa were prepared according to literature procedures.

1) 1.5 equiv p-CN-C6 H 4B(OH) 22% precatalyst CI
2 equiv K3PO4 PCY2

Br OtBu THF, H 2 0, RT OH d-L L= ,Pr Pr

2) TFA, DCM O
O0 'C to RT NC2d

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 ethyl 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 0C 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% yield) as a pale yellow solid.
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'H NMR (400 MHz, CDC13 ) 6 7.65 (d, J= 8.8 Hz, 2 H), 7.51 (d, J= 8.8 Hz, 2 H), 5.42 (s,

1 H), 5.25 (s, 1 H), 2.84 (t, J= 7.6 Hz, 2 H), 2.53 (t, J= 7.6 Hz, 2 H); 13C NMR (100 MHz, CDC13 )

6 178.9, 145.2, 145.2, 132.4, 126.9, 118.9, 116.0, 111.4, 32.8, 29.7; IR (film) vma 2970, 2232,

1739, 1699, 1627, 1365, 1217, 905, 839 cm-1; Rf(hexanes: ethyl acetate = 1:1)= 0.25; m. p. 101

C. HRMS: [M+NH 4]' Calcd. For C 12H15N202 : 219.1128; Found: 219.1128.

1) Ph -~~ TMS

0 AIC13 , CH 2C 2, 0 -C to RT HO

2) NaOtBu, PPh 3Me+Br, THF, RT
2k

4-Methylene-6-phenylhex-5-ynoic acid (2k): Adapted from a previously reported

procedure:2" Powered anhydrous AIC13 (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 2CI 2. The mixture

was stirred at 0 0C for 2 h and then at room temperature for 16 h. The dark brown mixture was

carefully quenched with 1 N HCI at 0 OC. The organic layer was separated and the aqueous

layer was extracted with CH 2CI 2 (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 0C 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 0C, 4-oxo-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 CH2Cl 2 (30 mL x 3). The aqueous layer was cooled

to 0 'C, acidified (pH < 2), and extracted with Et2O (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, CDC13) 6 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); 13C NMR (100 MHz, CDC13) 6

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-1 ; Rf(hexanes: ethyl acetate = 2:1)=

0.50; m. p. 74 C. Anal. Calcd. For C 13H 120 2: C, 77.98; H, 6.04. Found: C, 77.81; H, 6.05.

0 TMS nBuLi, PPh 3Me+Br- 0 TMS

HO -78 C to O C HO
0

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

Schlenk 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 0C 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 OC bath and stirred at the

same temperature for 0.5 h before being cooled to -78 'C. At -78 OC, a solution of 4-oxo-6-

(trimethylsilyl)hex-5-ynoic acid26 (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 0C for 0.5 h,

then 0 0C for 2 h, and finally warmed to room temperature and stirred overnight. The reaction

mixture was quenched at 0 0C by the addition of 70 mL 1 M HCI, 50 mL saturated aqueous

NH 4CI and 50 mL brine. The aqueous layer was separated and extracted with ethyl ether. The

combined organic layers were dried over Na2SO4 and concentrated in vacuo. The residue was

purified by silica gel flash column chromatography to afford 21 as a colorless oil. (1.34 g, 42%

yield)

1H NMR (400 MHz, CDC13 ) 6 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); 13C NMR (100 MHz, CDC13 ) 6 179.3, 129.6,

138



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'; Rf(hexanes: ethyl acetate = 2:1)= 0.70; HRMS: [M-H]- Calcd. For C10H15O2Si:

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 0C. 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 0C 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.

CJ (S)-5-(azidomethyl)-5-phenyldihydrofuran-2(3H)-one (4a) Following general

procedure A, the title compound was synthesized from 4-phenyl-4-pentenoic
N3

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 to 0:8:1) to

afford 4a (66.9 mg, 62% yield, 89% ee) as a pale yellow sticky oil. 1H NMR (400 MHz, CDC13 ) 6

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); 13C NMR (100 MHz, CDC13) 6 175.7, 140.6, 128.9, 128.6, 124.7, 87.7, 60.0,

31.4, 28.7; IR (film) vmax 2096, 1772, 1739, 1448, 1365, 1196, 1062, 935 cm 1 ; Rf(toluene: ethyl

acetate = 4:1)= 0.6; Anal. Calcd. For C11H 1 1N 30 2 : C, 60.82; H, 5.10. Found: C, 61.11; H, 5.18.

[ct]D
2 4 = -28.1 (c= 0.8, CHCI 3). 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, tR =

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

Br (S)-5-(azidomethyl)-5-(4-bromophenyl)dihydrofuran-2(3H)-one (4b)

Following general procedure A, the title compound was synthesized from 4-(4-
0~ bromophenyl)pent-4-enoic acid (2b) (127.5 mg, 0.50 mmol). The product was

N 3

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% yield, 89% ee) as a

colorless oil. 1H NMR (400 MHz, CDC13) 6 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), ; 13C NMR (100 MHz, CDC13 ) 6 175.3, 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 ; Rf(hexanes: toluene: ethyl acetate =

2:2:1)= 0.4; Anal. Calcd. For C 11H 1ON 3O 2Br: C, 44.62; H, 3.40. Found: C, 44.90; H, 3.54. [a]D
2 4 

=

+ 4.8 (c= 1, CHC13). 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 = 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 CuSO 4 ,
0.5 equiv Na-ascorbate Ar

0 ,Ar tBuOH/H 20, RT 
0NI -

N3  (2) recrystalization N'N

4b 88% 5>
89% ee Ar

7b
Br = Ar 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 20/'BuOH (1 mL/1 mL) was added

CuSO 405H 2O (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 mLX 3). The combined organic layers were dried over Na2 SO4, filtered through a

short silica gel plug, and concentrated in vacuo. The residue was triturated with hexanes, and

then recrystallized in CH2CI2/EtOAc to afford 7b as a colorless crystalline solid (35.4 mg, 88%

yield, 98% ee). 'H NMR (400 MHz, CDCI3,) 6 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); 13C NMR (100 MHz, CDC13 ) 6 174.9, 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-1; Rf( hexanes : ethyl acetate = 1:1) =

0.5; Anal. Calcd. For C 19 H15N30 2 Br2: C, 47.83; H, 3.17. Found: C, 47.78; H, 3.09. [a]D2 4 = +51.0

(c= 0.5, CH 2 CI 2 ). m. p. 235-236 *C. The enantiomeric excess was determined by chiral HPLC

analysis: Chiralcel IA 4.6 mm x 250 mm, hexanes:i-PrOH = 80:20, 1.0 mL/min, 254 nm, tR =

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)
Ci

Following general procedure A, the title compound was synthesized from 4-(4-
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chlorophenyl)pent-4-enoic acid (2c) (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 4c (65.7 mg, 52% yield, 89% ee) as a pale yellow oil. 1H NMR (400 MHz,

CDC13 ) 6 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), ; 13C NMR (100 MHz, CDC 3) 6

175.4, 139.2, 134.7, 129.2, 126.2, 87.2, 59.9, 31.5, 28.7; IR (film) Vmax 2097, 1774, 1492, 1277,

1175, 1068, 1011, 935 cm 1 ; Rf(toluene: ethyl acetate = 4:1)= 0.3; Anal. Calcd. For

C1 1 H 1ON 30 2C: C, 52.50; H, 4.01. Found: C, 52.35; H, 4.11. [aCID 2 4 = +1.3 (c= 0.9, CHC 3). 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 = 20.0 min (major) and 24.6 min (minor).

CN (S)-5-(azidomethyl)-5-(4-cyanophenyl)dihydrofuran-2(3H)-one (4d)

0 Following a slightly modified general procedure A in which the combined

N3  organic layers after ethyl ether extraction was briefly washed with Na2CO3

aqueous solution (0.02 M, 10 mLX2) before concentrating in vacuo, the title 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, CDC13 ) 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), ; 13C NMR

(100 MHz, CDC13) 6 174.9, 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 1 ; Rf(toluene: ethyl acetate = 3:1)= 0.4;

Anal. Calcd. For C 12 H10N 402 : C, 59.50; H, 4.16. Found: C, 59.57; H, 4.42. [olD 2 4 = + 10.8 (c=

0.5, CHC 3). 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, tR = 30.6 min (major) and

34.3 min (minor).

CF3 (S)-5-(azidomethyl)-5-(4-trifluoromethylphenyl)dihydro furan-2(3H)-one

(4e) Following a slightly modified general procedure A in which (1)
tetrakis(acetonitrile)copper(l) hexafluorophosphate (14.9 mg, 0.04 mmol, 0.08

N 3  equiv) and 2,2'-isopropylidenebis[(4S)-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 Na2CO3 aqueous solution (0.02 M, 10 mL X 2) 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. 1H NMR (400 MHz, CDC13 ) 6 7.68 (d, J= 8.4 Hz, 2 H), 7.53 (d,

J= 8.4 Hz, 1 H), 3.68 (d, J= 13.2 Hz, 1 H), 3.57 (d, J= 13.2 Hz, 1 H), 2.84-2.70 (m, 2 H), 2.54

(m, 1 H), 2.43 (m, 1 H); 13C NMR (100 MHz, CDC13 ) 6 175.2, 144.7, 131.1 (q, JCF = 32 Hz),

126.1 (q, JCF = 4 Hz), 125.4, 123.9 (q, JCF = 270 Hz), 87.1, 59.9, 31.6, 28.6; 19F NMR (376 MHz,

CDC13) 6 -62.8 (s); IR (film) Vmax 2102, 1738, 1365, 1229, 1217, 1115, 1077cm-1; Rf (toluene:

ethyl acetate = 6:1)= 0.2; HRMS: [M+NH 4]' Calcd. For C12 H 14 N4 F302 : 303.1063; Found:

303.1050. [a]D2 4 = -11.6 (c = 0.4, CHC 3). 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,

tR = 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-

0O ' methoxyphenyl)pent-4-enoic acid (2f) (103 mg, 0.50 mmol). The product was
N3  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 4f (79.6 mg, 65% yield, 75% ee) as a pale

yellow oil. 1H NMR (400 MHz, CDC13 ) 6 7.29 (d, J=8.8 Hz, 1 H), 6.91 (d, J=8.8 Hz, 1 H), 3.80

(s, 3 H), 3.64 (d, J= 13.2 Hz, 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); 13C NMR (100 MHz, CDC13 ) 6 175.8, 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-1; Rf(toluene: ethyl

acetate = 4:1)= 0.5; Anal. Calcd. For C 12H 13N303 : C, 58.29; H, 5.30. Found: C, 58.44; H, 5.49.

[aXD2 4 = +1.6 (c= 0.6, CHC1 3). 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 = 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,

1.1 equiv,) was added via syringe after the addition of trimethylsilyl azide, the

0 title compound was synthesized from 4-(3-thiophenyl)pent-4-enoic acid (2g) (91

N3
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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. 1H NMR (400 MHz, CDC13) 6 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); 13C NMR (100 MHz, CDC13 ) 6 175.7, 141.7, 127.6, 124.7,

121.9, 86.4, 59.3, 31.3, 28.8; IR (film) Vmax 2102, 1775, 1181, 1070, 1040, 942, 847 cm';

Rf(toluene: ethyl acetate = 4:1)= 0.6; Anal. Calcd. For C9HqN 302S: C, 48.42; H, 4.06. Found: C,

48.34; H, 3.97. [a1D24 = -9.0 (c= 0.5, CHC 3). 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).

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

o Following a slightly 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[(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. 1H NMR (400 MHz, CDC13 ) 6 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); 13C NMR (100 MHz, CDC13 ) 6 197.6, 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 1 ; Rf(toluene: ethyl acetate = 4:1)= 0.3; Anal. Calcd. For C 13H 13N303: C, 60.22; H, 5.05.

Found: C, 60.38; H, 5.12. [a]D 2 4 = -12.8 (c= 0.5, CHCI 3 ). m. p. 80-81 OC. 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, tR= 20.5 min (major) and 18.7 min (minor).

o (S)-6-(azidomethyl)-6-phenyltetrahydro-2H-pyran-2-one (4i) Following

0 general procedure A, the title compound was synthesized from 5-phenylhex-5-

N3 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. 1H NMR (400 MHz, CDC13 ) 6 7.43-
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7.32 (m, 5 H), 3.61 (d, J = 12.8 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); 13C NMR (100 MHz, CDC13) 6 170.5, 140.4, 129.2, 128.5, 125.3, 86.9, 60.8, 29.3,

29.1, 16.2; IR (film) vmax 2096, 1736, 1447, 1232, 1187, 1048, 934 cm 1 ; Rf(toluene: ethyl

acetate = 4:1) = 0.6; Anal. Calcd. For C 12H 13N 30 2: C, 62.33; H, 5.67. Found: C, 62.51; H, 5.78.

[C]D 2 4 = +24.9 (c= 0.5, CHC 3). 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, tR =

19.5 min (major) and 26.5 min (minor).

0 (S)-6-(azidomethyl)-4,4-dimethyl-6-phenyltetrahydro-2H-pyran-2-one (4j)
0

Me, .- Ph Following general procedure A, the title compound was synthesized from 3,3-
Me N3 dimethyl-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.
1H NMR (400 MHz, CDC13) 6 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); 13C NMR (100 MHz, CDC13 ) 6 171.0, 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 1 ; Rf(toluene: ethyl acetate = 5:1) = 0.7; HRMS: [M+Na]'

Calcd. For C14H 17N302Na: 282.1213; Found: 282.1205. [X]D 2 4 = +35.9 (c= 0.8, CHC 3). 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, tR= 13.0 min (major) and 15.0 min (minor).

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

o > a slightly modified general procedure A in which tetrakis(acetonitrile)copper(l)

N 3  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-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. 1H NMR (400 MHz, CDC13) 6 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); 13C NMR (100 MHz, CDC13) 6 175.2,
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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) vm,) 2990, 2099, 1738,

1365, 1228, 1217, 918, 756 cm-1; Rf(hexanes: ethyl acetate = 2:1) = 0.5; HRMS: [M+NH 4]

Calcd. For C13H 15N40 2: 259.1190; Found: 259.1183. []o24 = +35.7 (c= 1, CHCI 3). 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= 17.0 min (major) and 19.7 min (minor).

TMS (S)-5-(azidomethyl)-5-((trimethylsilyl)ethynyl)dihydrofuran-2(3H)-one (41)

o 0 Following a slightly modified general procedure A in which

N 3  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-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. 1H NMR (400 MHz, CDC13 ) 6 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); 13C NMR (100 MHz, CDC13 )

6 175.1, 101.2, 94.0, 79.4, 57.7, 32.1, 28.6, -0.4; IR (film) vmax 2103, 1784, 1739, 1365, 1249,

1174, 1056, 841 cm~'; Rf(toluene: ethyl acetate = 10:1) = 0.6; HRMS: [M+NH 4]+ Calcd. For

C 10H 1 9N 402 Si: 255.1272; Found: 255.1275. [a]D 24 = +28.6 (c= 1, CHCI 3).

Ms TBAF [ Pd(PPh 3)2C 2  0 Ph

THF L OJ Phl, TEA, Cul, THF

N3  N 3  40% over 2 steps N 3

41 4k

Enantiomeric excess determination of 41 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 cC. The yellow mixture was stirred at the same temperature for 0.5 h before

diluted with saturated aqueous NH4 CI (1 mL). The aqueous layer was separated and extracted

with ethyl ether (1 mL X 2). The combined organic layers was dried over Na2 SO4 , 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, PdC 2(PPh 3)2 (3.5 mg), iodobenzene (24 mg), and

triethylamine (20 mg) in anhydrous THF (1 mL) was stirred at room temperature (25 0C) 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 0C for 2 h before diluted with ethyl ether (2
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mL), saturated aqueous NH4CI (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:i-PrOH = 95:5, 1.0

mL/min, 230 nm, tR = 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
NH equiv, 89% ee) and 5% Pd/C (6 mg) in methanol (1 mL) was stirred at room

Ph OH temperature (25 0C) under H 2 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. 1H NMR (400 MHz, CD 3OD) 6 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); 13C NMR (100 MHz, CD 3OD) 6 174.6, 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 1 ;

Rf(methanol: ethyl acetate = 5:1)= 0.40; HRMS: [M+H]' Calcd. For C11 H 1 4 NO2 : 192.1019; Found:

192.1026. [U]D2 4 = -2.2 (c= 0.9, MeOH). m. p. 198-199 C. The enantiomeric excess was

determined by chiral HPLC analysis: Chiralcel IA 4.6 mm x 250 mm, hexanes:i-PrOH = 95:5, 1.0

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

o Ph (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 mg) in THF (1.5 mL) was stirred at

room temperature (25 0C) under H 2 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% yield, 89% ee) as a colorless

sticky oil. 1H NMR (400 MHz, CDC13 ) 6 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); 13C NMR (100
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MHz, CDC13 ) 6 176.5, 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';

Rf(hexanes: ethyl acetate = 2:1)= 0.2; Anal. Calcd. For C 16H 21NO4: C, 65.96; H, 7.27. Found: C,

65.84; H, 7.31. [X]D24 = -36.1 (c= 1, CHC13). 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, tR= 8.2 min (major) and 7.3 min (minor).

o Ph (S)-5-phenyl-5-((4-phenyl-lH-1,2,3-triazol-1-yl)methyl)dihydrofuran-2(3H)-
i'N one (7) To a mixture of 4a (1.0 equiv, 22 mg, 0.1 mmol), phenyl acetylene (1.1

equiv, 11 mg, 0.11 mmol) in H20/'BuOH (1 mL/1 mL) was added CuSO 4-5H 20
Ph

(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 mLX 3). The combined organic layers were dried over Na 2SO4, 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% yield, 89% ee). 1H NMR (400 MHz, CDC[ 3,) 6

7.85 (s, 1 H), 7.81 (d, J= 7.2 Hz, 1 H), 7.45-7.32 (m, 8 H), 4.88 (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); 13C NMR (100

MHz, CDC13 ) 6 175.3, 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) Vmax 1777, 1738, 1449, 1365, 1228, 1217, 1147, 931, 764, 697

cm 1 ; Rf(hexanes: ethyl acetate = 2:1)= 0.1; HRMS: [M+H]* Calcd. For C1 9H18N302: 320.1394;

Found: 320.1373. [U]D2 4 = -0.6 (c= 0.5, CHC 3 ). 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, tR= 27.1 min (major) and 20.5 min (minor).
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Trisubstituted Alkene Substrates as Mechanistic Probes (Scheme 3)31

0 0
Me 0Me

Ph OH 80%N 3  N3 60% Ph s' OH
(E)-2m Ph M Ph(2)-2m

E:Z> 20:1 4m 4n ZE = 14:1

substrate d.r.b 4m 4n ratio of stereoisomers

ee [%]b ee [%]b 4m : ent-4m : 4n : ent-4n

(E)-2m 10:1 12

(Z)-2m 10 :1 11

93

93

51.1 : 40.0: 8.6: 0.3

50.6 : 40.3 : 8.8 : 0.3

Reaction with (Z)-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[(4S)-4-tert-butyl-2-oxazoline] (3.0 mg, 0.01 mmol, 0.1 equiv) and (Z)-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 0C. At the same

temperature, without stirring, anhydrous diethyl ether (6 mL) was added to the tube via syringe

followed by trimethylsilyl azide (32 pL, 0.24 mmol, 2.4 equiv). After cooled at -78 0C for 2 min,

argon pressure was removed and the reaction mixture was moved to a -10 0C 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 (Rf (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): tR= 35.5 min (major) and 37.6 min (minor). 4n (93% ee): tR =

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) vmax 2094, 1739, 1447, 1365, 1230, 1217, 1033,

760, 702 cm-1; HRMS: [M+NH4]* Calcd. For C1 3H19N 402 : 263.1503; Found: 263.1507. [a]D2 4

+1.2 (c= 0.8, CHC 3).

Major diastereomer:(S)-6-((S)-1-azidoethyl)-6-phenyltetrahydro-2H-pyran-2-one (4m) 'H

NMR (400 MHz, CDC13 ) 6 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); 13C NMR (100 MHz, CDC13 ) 6 170.6, 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, CDCI 3 ): 6 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); 13C NMR (100 MHz, CDC13) 6 170.8, 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. 27

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] (3.0 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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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 0C. At the same temperature, without stirring, anhydrous

diethyl ether (6 mL) was added to the tube via syringe followed by trimethylsilyl azide (32 PL,

0.24 mmol, 2.4 equiv). After cooled at -78 0C for 2 min, argon pressure was removed and the

reaction mixture was moved to a -10 0C 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 1H NMR spectroscopy. The total yield of 4m and 4n was 80% as determined

by 1H 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 (Rf (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) 4PF 6  N 3(I 50% (S,S)-tBuBox 0

.) co2H + Ph .- CO2H
(a) 2.5 equiv PhI(OAc) 2  N 3

Ph 2.4 equiv TMSN 3  N 316 Et20, -10 C Ph (E:Z~ 1:1)

17 18
not detected ca. 40%

(a) Radical clock substrate 16 was treated with Phl(OAc) 2 and TMSN3 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 1H NMR

analysis of the crude reaction mixture.

8-azido-5-(azidomethyl)-8-phenyloct-5-enoic acid (18) 1H NMR (400 MHz, CDCI 3): 6 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 C 15H 17N 60 2: 313.1418; Found: 313.1420.

10% Cu(MeCN) 4PF6  ikely via:
0 Ph 10% (S, S)-tBuBox 0  Ph Ph

(b) 30 0 + N3,., I O P hNHO(b)0 2.5 equiv Phl(OAc)2  L2X-CuI 3
2.4 equiv TMSN 3  N3  O

19 Et20, -10 -C 20 2111
not detected 20-30%

(b) 3-Phenylbut-3-enoic acid (19) was treated with Phl(OAc)2 and TMSN 3 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)28 was detected by 1H NMR analysis of the crude reaction mixture. It is likely that

21 was formed via the copper-mediated decarboxylative elimination of the P-radical-carboxylate

intermediate 29 derived from the azidyl radical addition of 19.

8% Cu(MeCN) 4PF6  CF 3
8% (S S)-tBuBox

(c) F C OH 2.5 equiv PhI(OAc)2  O + F 0 OEt
Fc0 2.4 equiv TMSN3  F3 0 Me

2e Et20, -10 *C 4e 22
46% ca. 10%

Likely via:

H OEt - N3 0 OEt -1 e 0 OEt

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, CDC 3 ): 6 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. 0

Enantioselective Oxysulfonylation:

General procedure B for optimization (Table 2): An oven-dried Fisher Scientific 13x1 00 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 mmol, 0.10 equiv), 2,2'-

isopropylidenebis[(4S)-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 Schlenk 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
1H 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[(4S)-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 extracted 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 20/Hexanes or EtOAc/Hexanes) to afford the oxysulfonylation

product 8.

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

general procedure C, the title compound was synthesized from 4-

0 0 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

(Et20/hexanes = 1:1 to 3:1) to afford 8a (149.8 mg, 91% yield, 74% ee).1 H NMR (400 MHz,

CDC13 ) 6 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=1 2.8 Hz, 10.0 Hz, 8.0 Hz, 1 H), 2.84 (ddd, J=1 7.6 Hz, 10.0 Hz, 4.8 Hz, 1

H), 2.63 (ddd, J=1 2.8 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); 13C NMR (100 MHz, CDC 3 ) 6 175.4, 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 1 ; Rf(hexanes: ethyl ether = 1:2)= 0.3; HRMS: [M+NH 4]* Calcd. For C1 8H 22NO 4S: 348.1264;

Found: 348.1248. [X]D 2 4 = -3.2 (c = 1.5, CHC 3). 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, tR = 34.5 min (minor) and 36.9 min (major).

(S)-5-(((4-bromophenyl)sulfonyl)methyl)-5-(4-chlorophenyl)dihydrofuran-2(3)-one (8b)

Following general procedure C, the title compound was synthesized from 4-(4-chlorophenyl)

CI pent-4-enoic acid (2c) (0.50 mmol, 105 mg) and 4-

bromobenzenesulfonyl chloride (0.55 mmol, 140.5 mg). The product

0 Br was purified by silica gel flash column chromatography (Et 20/hexanes =

00 / 3:1 to 7:1 to EtOAc/hexanes = 1:1) to afford 8b (204.8 mg, 95% yield,

78% ee).1 H NMR (400 MHz, CDC13) 6 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=1 7.6 Hz, 8.4 Hz, 9.6 Hz,
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1 H); 1 3C NMR (100 MHz, CDC13) 6 174.9, 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 1 ; Rf(hexanes:

ethyl acetate = 1:1)= 0.2; HRMS: [M+NH4]+ Calcd. For C 17H18CIBrNO 4S: 447.9808; Found:

447.9827. [C]D2 4 = +12.9 (c = 1, CHC 3 ). 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, tR

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

(S)-5-(3-acetylphenyl)-5-(((4-(trifluoromethyl)phenyl)sulfonyl)methyl)dihydrofuran-2(3H)-

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'-

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

o i CF3 0.10 equiv), silver carbonate (82.8 mg, 0.60 mmol, 1.2 equiv) and 2h

o (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 Schlenk line. The

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 20/hexanes = 3:1 to EtOAc/hexanes = 1:1) to afford 8c (142.2 mg,

67% yield, 80% ee).'H NMR (400 MHz, CDC13 ) 6 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=1 5.2 Hz, 1

H), 3.28 (ddd, J=1 2.8 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=1 2.8 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);
13C NMR (100 MHz, CDC13) 6 197.3, 174.8, 143.7, 142.1, 137.7, 135.6 (q, JCF = 33 Hz), 129.5,

129.3, 128.9, 128.8, 126.5 (q, JCF = 4 Hz), 124.3, 123.1 (q, JCF = 272 Hz), 84.1, 64.9, 33.4,

28.0, 26.8; '9F NMR (376 MHz, CDC13) 6 -63.3 (s); IR (film) vmax 1782, 1683, 1403, 1320, 1167,

1132, 1061, 914, 844 cm-1; Rf(hexanes: ethyl acetate = 1:1)= 0.2; HRMS: [M+NH 4]' Calcd. For

C 20H 2 1 F3NO5 S: 444.1087; Found: 444.1090. [X]D 24 = -0.8 (c = 0.9, CHC 3). 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, tR= 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 20x1 50 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 LtL, 2.0 equiv). The argon pressure was removed and

the reaction mixture was stirred at room temperature (25 0C) 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 20/Hexanes or EtOAc/Hexanes) to afford the oxyarylation product 9.

ci (R)-4-((2-(4-chlorophenyl)-5-oxotetrahydrofuran-2-yl)methyl)benzonitrile

0 (9a) Following general procedure D, the title compound was synthesized from

4-(4-chlorophenyl)pent-4-enoic acid (2c) (105 mg, 0.50 mmol) and 4-

cyanophenyldiazonium tetrafluoroborate (217 mg). The product was purified by
CN silica gel flash column chromatography (Et20/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,

CDC13 ) 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); 13C NMR (100 MHz, CDC13) 6 175.5, 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-1;

Rf(hexanes: ethyl acetate = 1:1)= 0.3; HRMS: [M+NH 4]+ Calcd. For C 18H1 8CIN 20 2 : 329.1051;

Found: 329.1071. [a]D2 4 = +48.8 (c = 1.1, CHC 3). 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, tR= 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

tetrafluoroborate (264 mg). The product was purified by silica gel flash

column chromatography (Et 20/hexanes = 2:1 to EtOAc/hexanes = 1:1) to

\ afford 9b (132.0 mg, 76% yield, 71% ee) as a pale yellow oil. 1H NMR (400

CO2Et MHz, CDC1 3) 6 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 (q, 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); 13C NMR (100 MHz, CDC1 3) 6 175.3, 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 1 ; Rf(hexanes: ethyl acetate =

1:1)= 0.1; HRMS: [M+NH 4]+ Calcd. For C 21H23N204 : 367.1652; Found: 367.1665. [C]D2 4 = +11.3

(c = 1, CHC 3). 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, tR = 20.3 min (major) and

29.1 min (minor).

(R)-4-((5-oxo-2-(4-(trifluoromethyl)phenyl)tetrahydrofuran-2-yl)methyl)benzonitrile (9c)

CF3 Following general procedure D, the title compound was synthesized from 4-(4-

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

S0.0 cyanophenyldiazonium tetrafluoroborate (217 mg). The product was purified

\ by silica gel flash column chromatography (Et 20/hexanes = 2:1 to

CN EtOAc/hexanes = 1:1) to afford 9c (90.4 mg, 52% yield, 76% ee) as a pale

yellow oil. 1H NMR (400 MHz, CDC13 ) 6 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); 13C NMR (100 MHz, CDC1 3) 6 175.3, 146.2, 140.0,

132.2, 131.4, 130.6 (q, JCF = 32 Hz), 125.8 (q, JCF = 3 Hz), 125.4, 123.9 (q, JCF = 270 Hz),

118.7, 111.5, 87.8, 48.5, 34.2, 28.4; 19F NMR (376 MHz, CDC13 ) 6 -62.7 (s); IR (film) vmax 1738,

1434, 1365, 1229, 1217, 1163 cm-'; Rf(toluene: ethyl acetate = 5:1)= 0.3; HRMS: [M+NH 4]+
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Calcd. For C 19H 18F3N202: 363.1315; Found: 363.1332. [U]D 2 4 = +8.0 (c = 0.9, CHC 3). 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, tR= 30.3 min (major) and 37.6 min (minor).

Ph (R)-6-(3,5-bis(trifluoromethyl)benzyl)-6-phenyltetrahydro-2H-pyran-
2-one (9d) Following general procedure D, the title compound was

CF 3  synthesized from 5-phenylhex-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. 1H NMR (400 MHz, CDCI 3 ) 6 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, 4.8 Hz, 1 H), 1.80 (m, 1 H), 1.63 (m, 1 H); 13C NMR (100

MHz, CDC13 ) 6 170.8, 141.3, 137.7, 131.1 (q, JCF = 33 Hz), 130.9, 129.0, 128.2, 125.3, 123.3 (q,

JCF = 271 Hz), 120.9 (m), 86.7, 49.9, 31.7, 29.1, 16.2; 19F NMR (376 MHz, CDC13 ) 5 -62.9 (s); IR

(film) Vmax 1736, 1378, 1275, 1235, 1167, 1125, 1044, 894 cm 1 ; Rf(toluene: ethyl acetate =

5:1)= 0.6; [M+NH 4]' Calcd. For C 20H 20F6NO2 : 420.1393; Found: 420.1370. [a]D 2 4 = +2.3 (c= 0.7,

CHC 3). 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, tR= 7.1 min (major) and 10.6 min

(minor).

(S)-3-(4-chlorophenyl)isochroman-1-one (12) (Scheme 6) An oven-dried Fisher Scientific

20x1 50 mm re-sealable test tube equipped with a Teflon-coated magnetic stir bar was charged

o with tetrakis(acetonitrile)copper(l) hexafluorophosphate (28.0 mg, 0.075

1 0mmol, 0.15 equiv), 2,2-isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline]

1 (22.1 mg, 0.075 mmol, 0.15 equiv), 2-carboxybenzenediazonium
c, 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

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 1iL, 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 0C) 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% yield, 46% ee). 1H NMR (400 MHz,

CDC13) 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); 13C NMR (100 MHz, CDC1 3) 6 165.2, 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 (film) vmax 1722, 1602, 1492, 1459, 1268, 1224,

1082, 816, 741 cm 1 ; Rf(toluene: ethyl acetate = 5:1)= 0.5; [M+H]' Calcd. For C15H12CI0 2:

259.0520; Found: 259.0538. [U]D 24 = -51.9 (c= 0.6, CHC1 3). The enantiomeric excess was

determined by chiral HPLC analysis: Chiralcel IA 4.6 mm x 250 mm, hexanes:i-PrOH = 95:5, 1.0

mL/min, 230 nm, tR = 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)methy (13) and benzoate(R)-5-benzyl-5-

(4-chlorophenyl)dihydrofuran-2(3H)-one (14) (Scheme 7) An oven-dried Fisher Scientific

20x1 50 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[(4S)-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 2c (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 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 and the argon pressure was

removed. The reaction mixture was stirred at room temperature (25 0C) 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 1H NMR spectroscopy (1H 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).

CI 'H NMR (400 MHz, CDC13 ) 6 7.97 (m, 2 H), 7.59 (m, 1 H), 7.47-7.41 (m, 6 H),O 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 2.45 (m, 2 H); 13C NMR (100 MHz, CDC13) 6 175.7, 166.0, 138.7, 134.8,

::QF OBz 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-1; Rf(toluene: ethyl acetate = 5:1)= 0.4; [M+H]'

Calcd. For C1 8 H16 CI0 4 : 331.0732; Found: 331.0750. [C]D2 4 = -16.4 (c= 0.4, CHC 3). 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, tR= 16.8 min (major) and 31.9 min (minor).

ci 'H NMR (400 MHz, CDC13 ) 6 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-

o 2.28 (m, 2 H), 2.11 (m, 1 H); 1C NMR (100 MHz, CDC13 ) 6 176.2, 142.1, 134.8,

Ph 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-1; Rf(toluene: ethyl acetate = 5:1)= 0.6; [M+NH 4]+

Calcd. For C17 H 19CIN0 2: 304.1099; Found: 304.1105. [U]D 24 = +4.1 (c= 1, CHC 3). 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 = 19.5 min (major) and 18.2 min (minor).
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3.6 Spectra and HPLC traces
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4a 1H NMR (400 MHz. CDCk )

N 3
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4a 13C NMR (100 MHz, CDd3a)
RZ-4- 166-C

N33
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HPLC traces for 4a:

Sample Name: RZ-4-166-RAC

Acq. Operator : RZ Seq. Line 2
Acq. Instrument Instrument 1 Location : Vial 17
Injection Date : 7/22/2014 8:52:16 AM Inj 1

Inj Volume : 1 pl
Different Inj Volume from Sequence Actual Inj Volume 4 pl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAoYUKILC 2014-07-22 08-08-53\RZ-5IPA-lML-2013-.M

MAU-
160-
140-
120-
100-

80-
60-
40-
20-

0-

DADI C, SIg=210.8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKJLC 2014-07-22 08-08-53RZ-4-166-RAC.D)

10 15 20 25 30

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

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

---- I---i---- I ---- I ---------- I-----------I---------
1 20.893 BB 0.7269 8601.23047 175.76074 50.1902
2 26.266 BB 0.7623 8536.03516 137.86684 49.8098

Totals : 1.71373e4 313.62758

Sample Name: RZ-4-166

Acq. Operator
Acq. Instrument

RZ

Instrument 1
Seq. Line : 1
Location : Vial 16

Injection Date : 7/22/2014 8:11:08 AM Inj : 1 4
Inj Volume : 1 pil

Different Inj Volume from Sequence Actual Inj Volume : 4 pl
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-07-22 08-08-53\RZ-5IPA-lML-2013-.M

DADI C, Sig=-210,8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-07-22 08-08-53\RZ-4-166.D)

10 15 2 25 35

N 3

nir

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

Peak RetTime Type
# [min)

-- -----I-- --I-I-
1 20.631 BV
2 16.250 VB

Totala :

Width Area Height Area
[min) [mAU*s] [mAU] %

I ---- ------ ----- ----
0.7812 4.02596.4 773.55682 94.3599

0.7156 2406.40234 40.01611 5.6401

4.26660e4 813.57293
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4b 'H NMR (400 MHz. CDCk)

RZ-4- 182-i

Br

N 3
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HPLC traces for 4b:

Sample Name: RZ-4-182-RAC

Acq. Operator : RZ Seq. Line : 1
Acq. Instrument : Instrument 1 Location : Vial 16
Injection Date : 8/6/2014 5:46:23 PM Inj : 1

Inj Volume : I pl ( )-b4
Different Inj Volume from Sequence Actual Inj Volume : 5 pl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-08-06 17-43-53\RZ-5IPA-lML-2013-.M

DAD1 A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-08-06 17-43-53\RZ-4-182-RAC.D)

mAU
120

100
80

60

40-

20

0-

5 10 15 20 25 30O

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

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

---- I ---- I---- I ---- I-----------
1 24.793 BB 0.6001 5160.43164
2 31.251 BB 0.7904 5161.24463

Totals :

Height Area

[mAU] %
------------------- I ---------1
133.17227 49.9961
99.30509 50.0039

1.03217e4 232.47736

Sample Name: RZ-4-182

Acq. Operator : RZ Seq. Line : 1 0
Acq. Instrument : Instrument 1 Location : Vial 16

Injection Date : 8/1/2014 7:17:52 AM Inj : 1
Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 3 pl 4b
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-08-01 07-15-31\RZ-5IPA-lML-2013-.M

DAD1 A, Sig-230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-08-01 07-15-31\RZ-4-182.D)

30

mfAU
100
80-

60:

40

20-

N3

ir20

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

Peak RetTime Type Width Area Height Area

# (min) [min] [mAU*s] [mAU] %

--- -I----I-------I----------I---------- I---------
1 24.588 BB 0.5745 4195.15039 110.60049 94.5795

2 31.432 BB 0.5531 240.42851 5.16516 5.4205

Totals : 4435.57890 115.76566
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4c 'H NMR (400 MHz. CDCkA)
RZ-4-172-H

CI
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HPLC traces for 4c:

Sample Name: RZ-4-172-RAC

CI

Acq. Operator : RZ Seq. Line : 5
Acq. Instrument : Instrument 1 Location : Vial 18
Injection Date : 7/22/2014 10:50:36 AM Inj : 1 4C

Inj Volume : 1 pl
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKI_LC 2014-07-22 08-08-53\RZ-5IPA-lML-2013-.M

DAD1 A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-07-22 08-08-53\RZ4-172-RAC.D)

-4

10 15 20 25 30 35 irr

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

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

---- I ---- I---- I --- I---------- I----------I---
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 : 3641.36096 71.93489

Sample Name: RZ-4-172

Acq. Operator
Acq. Instrument

Injection Date

RZ
Instrument 1
7/22/2014 10:09:30 AM

Different Inj Volume from Sequence ! Actual

Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKI

Seq. Line : 4
Location : Vial 17

Inj : 1
Inj Volume : 1 pl
Inj Volume : 2 pl

_LC 2014-07-22 08-08-53\RZ-5IPA

C1

0 0-.

N3
4c

-1ML-2013- .M

mAU -

80-

60-

40-

20-

DAD1 A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-07-22 08-08-53\RZ-4-172-D)

10 15 20 25 30 35

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

Peak RetTime Type Width Area Height Area

# [min] (min] [mAU*s] [mAU1 %

--- ---- I----I --- I---------- I---------- I---------
1 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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4d H NMR (400 MHz. CDCk)
RZ-4-190-H

CN

N 3

IL
6.5 6.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 2.0 1.5 1.0 0.5 ppm

4d 13C NMR (100 MHz, CDC1 3 )
RZ-4-190-C

CN

N3

-. - -

u i so is0 io e0 100 0 S * 20 0 ppm
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HPLC traces for 4d:

Sample Name: RZ-4-190-RAC

Acq. Operator : RZ Seq. Line : 1
Acq. Instrument : Instrument 1 Location : Vial 17
Injection Date : 8/20/2014 1:43:52 PM Inj : 1

Inj Volume : 1 pl
Different Inj Volume from Sequence Actual Inj Volume : 6 pl

Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-08-20 13-41-32\RZ-15IPA-2014.M

mAU

250

200-

150

100

507

0

CN

0OZe
N3

Id

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-08-20 13-41-32\RZ-4-190-RAC.D)

0 5 10 15 20 25 30 35 40 mir

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

Peak RetTime Type Width

# [min] [min]
Area

[mAU* ]
Height

[mAU)
Area

---- I--------I----I --- I---------- I----------I ---------
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

Sample Name: RZ-4-190

Acq. Operator : RZ Seq. Line : 2
Acq. Instrument : Instrument 1 Location : Vial 16
Injection Date : 8/20/2014 2:30:02 PM Inj : I

Inj Volume : 1 pl
Different Inj Volume from Sequence Actual Inj Volume : 6 pl 4
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-08-20 13-41-32\RZ-15IPA-2014.M

CN

N 3
d

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-08-20 13-41-32\RZ-4-190.D)

mAU

80-

60-

40-

20-

0-
1 . . . . . . I . > . . . . . . . . . . .
0 5 10 15 20 25 30 35 40 ir

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %

---- I --- I---- I --------i----------I ---------- I---------
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. CDCIk)

RZ-4-186-H

CF3

N3
4e

5. 7. 7.0 6 6 5. 4. 4. 3.51 1 0 p

4e 13C NMR (100 MHz, CDCI 3 )
RZ-4-186-C

CF 3

N3
4e

2s O iso i40 13 100 00 0 40 0 0 ppm
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4e 19F NMR (376 MHz, CDCI 3 )

RZ-4-186-F

CF3

00
N3

4e

10 0 -10 -20 -30 -40 -io -0 -7o -,0 40 -100 -1,0
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HPLC traces for 4e:

Sample Name: RZ-4-186-RAC

Acq. Operator : RZ Seq. Line : 1
Acq. Instrument : Instrument 1 Location : Vial 17
Injection Date : 8/19/2014 8:53:02 AM Inj : 1

Inj Volume : 1 pl
Different Inj Volume from Sequence Actual Inj Volume : 3 pl
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-08-19 08-50-48\RZ-5IPA-lML-2013-.M

MAU

100-

80-

60-

40-

20-

0-

CF3

0

N 3

DADI C, Sig=210,8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUK_LC 2014-08-19 08-50-48\RZ-4-186-RAC-D)

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 ---- I---- I --- I---------- I---------- I---------

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

Sample Name: RZ-4-186

Acq. Operator RZ
Acq. Instrument : Instrument 1
Injection Date 8/19/2014 2:53:19 PM

Different Inj Volume from Sequence Actual
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKI_

MAU
140

120
100

80
60
40

20

0

CF 3

Seq. Line : 1
Location : Vial 16

Inj : 1 N 3
Inj Volume : 1 pl 4e
Inj Volume : 12 pl
LC 2014-08-19 14-50-59\RZ-5IPA-lML-2013-.M

DAD1 C, Sig=210,8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-08-19 14-50-59\RZ-4-186.D)

4tI-!

10 25 3b3 mir

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*si [mAU %
---- I --- I--I------- I----------I ----------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. CDCk)

RZ-4-164-H

OMe

N 3
4f

fLI
5.5 .0 75 7.0 .5 5.0 S L.0 4.5 4.05.5 .0 2.5 2.0

4f "C NMR (100 MHz, CDC1 3 )

1.5 1.0 0.5 ppm

RZ-4-164-C

s

II| II|
OMe

N 3
4f

m 1m 160 140 120 100 s0 60 40 20 0 ppm
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HPLC traces for 4f:

Sample Name: RZ-4-164-RAC

Acq. Operator : RZ Seq. Line : 2

Acq. Instrument : Instrument 1 Location : Vial 17

Injection Date : 7/28/2014 9:53:18 AM Inj : 1 N
Inj Volume :I plM

Different Inj Volume from Sequence Actual Inj Volume : 8 pl
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-07-28 09-09-46\RZ-5IPA-lML-2013-.M

MAU

200-

150-

100-

50-

0-

DAD1 A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-07-28 09-0946\RZ-4-164-RAC.D)
N $o

0 10 15 20 25 30 355

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %
---- I ---- I---- I ---- I----------I ---------- I ---------

1 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

Sample Name: RZ-4-164

Acq. Operator : RZ
Acq. Instrument : Instrument 1

Seq. Line : 1
Location : Vial 16

Injection Date : 7/28/2014 9:12:06 AM Inj : 1 N
Inj Volume : 1 pl M

Different Inj Volume from Sequence Actual Inj Volume : 5 pl
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-07-28 09-09-46\RZ-5IPA-lML-2013-.M

mUAU_

120-

100-

80-

60-

40-

20-

0

DADI A, Sig-=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-07-28 09-09-46\RZ-4-164.D)

10 15 20 25 305

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

Peak RetTime Type
# [min]

Width
[min]

Area
[mAU*s]

Height
(mAU]

Area

87.2371
12.7629

---- I --- I---- I --- I----------I ----------
1 23.239 BB 0.8258 8031.23877 145.08575
2 27.621 BB 0.7676 1174.97656 18.23970

Totals : 9206.21533 163.32545
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4g H NMR (400 MHz, CDC13 )

RZ-4-218A-H

0 S

N 3

4g

liii
6. 6&0 7.5 7.0 6. 6.0 5.5 5.0 4.5 4A0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

4g 130C NMR (100 MHz, ODC13)

RZ-4-218A-C

R! K F

N 3

4g

I
6

179
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HPLC traces for 4g:

Data File C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-10-09 07-45-20\RZ-4-218A-RAC.D
Sample Name: RZ-4-218A-RAC

Acq. Operator
Acq. Instrument

: RZ

: Instrument 1
Seq. Line : 6
Location : Vial 19

Injection Date : 10/9/2014 11:09:11 AM Inj : 1
Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 8 pl

Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-10-09 07-45-20\RZ-5IPA-lML-2013-.M

DADI A, Sig=230,4 Ref=360,100 (CXCHEM32\1\DATA\RONG\NAOYUKILC 2014-10-09 07-45-2\RZ-4-218A-RAC.D)

15 20 25 30 35

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

Peak RetTime Type Width Area Height Area

# (min] [min] [mAU*s] [mAU] %
---I----I ---- I --- I-----------I ----------- I---

1 28.881 BB 0.6575 8484.71289 189.09726 50.0582

2 36.433 BB 0.7776 8464.98535 151.09933 49.9418

Totals ; 1.69497e4 340.19659

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

Sample Name: RZ-4-218A

0 0
Acq. Operator : RZ Seq. Line 4

Acq. Instrument Instrument 1 Location Vial 17

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

Different Inj Volume from Sequence Actual Inj Volume 12 pl

Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-10-09 07-45-20\RZ-5IPA-lML-2013-.M

mAU

120-

100-

80-

60-

40

20-
0i~

5

DADi A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-10-09 07-45-20\RZ-4-218A.D)

,J

10 25 35 40

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*si [mAU) %
------------ I ---- I---I-----------I-----------I--------

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. CDCk)
RZ-4-180-H

. Ac

N3
4h

"LI AL
5.5 5.0 7.5 7.0 6.5

6.0 5.5 5.0 4.5 40 5
3.0 2.5 2.0 1.5 10 0.5 ppm

4h 13C NMR (100 MHz, CDC1 3 )
RZ-4-180-C

S
"WI

Q-Ac

N3
4h

~
p gum.

\U

2O 180 16O 140 120 100 O 60 40 20 o ppm
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HPLC traces for 4h:

Sample Name: RZ-4-180-RAC

Acq. Operator : RZ Seq. Line : 1

Acq. Instrument : Instrument 1 Location : Vial 16

Injection Date : 9/1/2014 1:01:22 PM Inj : 1

Inj Volume : 1 pl
Different Inj Volume from Sequence Actual Inj Volume : 5 pl
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-09-01 12-58-58\RZ-SHUTDOWN.M

DAD1 A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-09-01 12-58-58\RZ-4-18-RAC.D)

mAU

60-
50-

40-

30

20-

10-:
0

0 5 10 15 20

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %
---I----I ----- I --------I-----------I ---------- I-------

1 17.812 BB 0.4240 2168.58911 76.19683 50.0957

2 19.649 BB 0.4531 2160.30054 70.98513 49.9043

Totals : 4328.88965 147.18196

le Name: RZ-4-180 / \
.... Ac

Acq. Operator :RZ Seq. Line : 1

Acq. Instrument : Instrument 1 Location : Vial 16 N 3Injection Date : 7/29/2014 6:01:45 PM Inj : 1
Inj Volume : 1 pl

Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-07-29 17-59-26\RZ-SHUTDOWN.M

mAU

100-

80-
60-
40-

20-

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-07-29 17-59-26\RZ-4-180-[A.D)

0 10 15 20 25 30 35 mir5

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

Peak RetTime Type Width

# [min] [min)

Area
[mAU*s

1 18.680 BB 0.3921 219.16
2 20.504 MM 0.5649 4361.62

Totals :

Height Area
[mAUl %

---------- I---------
219 7.26251 4.7844

939 128.67712 95.2156

4580.79158 135.93964
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4i 'H NMR (400 MHz. CDCk)

RZ-4-158-H

0

N 3
4i

I
6.5 6.0 7.5 7.0 6.5 6.0 5.5 5.0 4. 4.0 U.5 2. 2.0 1.5 1.0 0.5

4i 13C NMR (100 MHz, CDCI 3 )

RZ-4-158-C

p

U
json

0

N3
4i

Lo

-1.

20011 10 160 140 120 100 0 60 40 20 0D m
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HPLC traces for 4i:

Sample Name: RZ-4-158-rac

Acq. Operator : RZ Seq. Line
Acq. Instrument : Instrument 1 Location
Injection Date : 6/6/2014 4:34:38 PM Inj

Inj Volume
Different Inj Volume from Sequence Actual Inj Volume
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-06.

: 1

Vial 17
1

:1 p1 i
3 pl

-06 16-33-29\RZ-5IPA-lML-2013-.M

DADI C, Sig=210,8 Ref=360,100 (C:\CHEM32\. ATA\RONG\NAOYUKILC 2014-06-06 16-33-29\RZ4-158(OD-H)-RAC.D)

r.,

10 15 20 25

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

Peak RetTime Type Width

# (min) [min]

Area
[mAU*s]

Height

[mAU]

Area

---- I ---- I---- I--------I ----------- I ---------- I ---------
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

Acq. 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 pl

Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-06-06 16-33-29\RZ-5IPA-lML-2013-.M

mAU-

100-

80-
60-

407

20-

5

Ph
_N3

4i

DADI C, Sig=210.8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-06-06 16-33-29\RZ4-158-(OD-H).D)

0 1b

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---I ---- I ---- I ----------- I ---------- I---
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, CDC13 )

RZ-4-208-H

0

Me3-- -'. Ph

Me N3

4j

Al-

6U 6&0 7.5 7.0 U. 6.0 5. 5.0 4.5 4.0 3.5 5.0

I1144
2.5

4j 13C NMR (100 MHz, CDC13 )

RZ-4-208-C

a

0

Me,-- -.)Ph
Me N 3

4j

..1

8ll7

-- III

6

T i; 1RU

\W \I/

2m i mo 1..IG 140 120 101) s0 80 40 20 0
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HPLC traces for 4j:

Sample Name: RZ-4-208-RAC

Me
Acq. Operator RZ Seq. Line : 1 
Acq. Instrument Instrument 1 Location : Vial 16
Injection Date : 9/16/2014 3:33:43 PM Inj : 1

Inj Volume : 1 p1l
Different Inj Volume from Sequence Actual Inj Volume : 4 pl
Acq. Method : C:\CHEM32\1\DATA\RONG\ZY 2014-09-16 15-31-25\RZ-5IPA-lML-2013-.M

0

40
Ph

e N3
i41

mAU -

200-

150-

100-

50-

07

DADI C. Sig=210,8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\ZY 2014-09-16 15-31-25\RZ4-208-RACD)

S

0 5 15

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

Peak RetTime Type Width

# [min] [min]
---- I ---- I---- I--

1 13.174 VV 0.331

2 15.100 VV 0.402

Totals :

Area

[mAU*s]
Height
[mAU]

Area

-1 ---------- I ---------- I---
3 5349.82373 248.41367 50.0666

4 5335.59473 199.26160 49.9334

1.06854e4 447.67526

Sample Name: RZ-4-208

Acq. Operator : RZ Seq. Line : 2

Acq. Instrument : Instrument 1 Location : Vial 17 Me
Injection Date : 9/16/2014 4:05:01 PM Inj : 1

Inj Volume : 1 pl

Different Inj Volume from Sequence ! Actual Inj Volume : 3 pl

Acq. Method : C:\CHEM32\1\DATA\RONG\ZY 2014-09-16 15-31-25\RZ-5IPA-lML-2013-.M

0

0
,...$%Ph

e N3

DADI C, Sig=210,8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\ZY 2014-09-16 15-31-25\RZ-4-208.D)

MAU

500-

400-

300-

200-

100-

10 152 min

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %
---- I ---- I---- I --- I-----------I ----------- I ---------

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 : 1.25169e4 578.27143
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4k 'H NMR (400 MHz. CDClk)

R2-4-18 B-H

Ph

0/

N3
4k

_AL JkL
65 60 7. 7.0 6 6.0 5. 5.0 4.5 0 .5 3.0 2.5 2.0

4k 13C NMR (100 MHz, CDC13 )

- A ---

RZ-4-188-C

\/ I 33 2

Il I I
R1

II
Ph

N3
4k

i m - I' N

187
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HPLC traces for 4k:

Sample Name: RZ-4-188-RAC

Acq. Operator : RZ Seq. Line : 2
Acq. Instrument : Instrument 1 Location Vial 16
Injection Date : 8/25/2014 4:07:52 PM Inj : 1

Inj Volume : 1 P4 ()-4k
Different Inj Volume from Sequence Actual Inj Volume : 16 pl
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-08-25 15-24-07\RZ-SIPA-lML-2013-.M

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-08-25 15-24-07\RZ-4188-RAC-D)
mAU -

70-

60-
50-

40-

30-
20-

10-
0-

Cr) " A.

5 15 25

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

Peak RetTime Type Width

# [min] [min]

Area

[mAU*s]

Height

[mAU

Area

---I----I ---- I --- I----------I ---------- I---
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

Acq. Operator : RZ Seq. Line : 1
Acq. Instrument : Instrument 1 Location : Vial 16

Injection Date : 8/22/2014 3:24:11 PM Inj : 1
Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 4 pl

Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-08-22 15-21-53\RZ-5IPA-lML-2013-.M

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-08-22 15-21-53\RZ-4-188.D)

mAU

200-

150-

100-

50-

0-

103

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

Peak RetTime Type Width

# [min] [min]

Area

[mAU* g]

Height Area

[mAU) %

---- I---I---- ---- I----------I ---------- I---
1 16.944 VB 0.4069 5986.67236 230.57608 85.8726

2 19.660 BB 0.4423 984.89868 32.43007 14.1274

Totals : 6971.57104 263.00615

188

Ph

0 0 /

N3

mir

Ph

N3

mir

=-" -, -- - - A -- i a . . , - -;,- - - -- , I - - - - - - 1644 -- , -

10 35

2'5 35



41 1H NMR (400 MHz. CDCI.

RZ-4-194-H

TMS

07N

:" N 3

11- -Aki ---- --

7.5 7.06.56.0 5.55.0454.03.5 3.0 2.5 2.0 1. 1.00.5 0.0 ppm

41 13C NMR (100 MHz, CDC1 3 )

RZ-4-194-C

fix

TMS

N 3

IT7~2~>j71y~R~ 7

200 160 160 140 12o 100 so i 40 20 0 pPM

189

i"



HPLC traces for compound 4k derived from 41:

Sample Name: RZ-4-188-RAC

Acq. Operator : RZ Seq. Line

Acq. Instrument : Instrument 1 Location

Injection Date : 8/25/2014 4:07:52 PM Inj

Inj Volume
Different Inj Volume from Sequence Actual Inj Volume

Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKI_LC 2014-08-

2
Vial 16

1

1 p11
16 pl

-25 15-24-07\RZ-

Ph

S0

N 3
()-4k

-51PA-lML-2013-.M

mAU -
70-

60-

50-

40-

30-

20-

10-
0-

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-08-25 15-24-07\RZ-4-188-RAC-.D)
Cn (. ,

~0 1

t a i i ; i i i i i a i i i i i i ..IA

5 10 15 25

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %
---- I---I ---- I --- I----------I ---------- I---------

1 17.083 BB 0.4547 2134.21069 71.40211 50.3162

2 19.742 MM 0.4543 2107.38574 77.31142 49.6838

4241.59644 148.71352

Sample Name: RZ-4-195

Acq. Operator : RZ

Acq. Instrument : Instrument 1

Seq. Line : 2

Location : Vial 16

Injection Date : 9/2/2014 6:38:01 PM Inj : 1

Inj Volume : 1 pl (C
Different Inj Volume from Sequence Actual Inj Volume : 4 pl

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

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

Ph

N3

erived from 41)

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

Peak RetTime Type

# [min]

---I- - - -I ----
1 16.999 MM

2 19.725 MM

Totals :

Width Area Height

(min] [mAU*s] [mAU]

----- I----------I ----------
0.4347 3871.66455 148.43346

0.4853 374.61334 12.86601

Area

91.1778

8.8222

4246.27789 161.29947

Totals :

ir

0

mAU

120-

100-

80-

60-

40-

20-

5 20 25 30 35

190

35

10 lb. )
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4m+4n 1H NMR (400 MHz. CDCI3 )

RZ-4-202-H

0

0
N3

Ph
Me

4m

0

+ . N 3
Phl

Me
4n

.5 .0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 .5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

4m+4n 13C NMR (100 MHz, CDCI 3 )
RZ_4-202-'

V

0

N 3

Ph
Me

4m

V

0

+ . N3
Phl

Me

4n 1

1 s
V NW \/

I -~ I I

2;0 1i0 1m 140 1;0 to o U0 40 20 0 ppm

191

A
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I



HPLC traces for 4m and 4n:

Sample Name: R-4-198

-.. --------------------------- -------
Acq. Operator : RZ Seq. Line I .
Acq. Instrument : instrument Location : Vial 15
Inyection Date 1 9/5/:014 :12:156 PM n I I

In) Volum I I pl

Diferenrt Inj Volume from Sequence Actual In) Volume : 10 pl

Acq. Method C:\CEM3:2\DATA\PONG\ZY 2014-09-05 i4-40-:4\RZ-3-IPA-08KL-ETO.M

DADI C. I IOtAnieoU tC'OEM TA0AWEOYD4III l4-43E+4-lIO44TOHO)

U0 AN
2 3 325 is 3s5 46 665 45 41S

Sample XAme: RZ-4-'02A

Acq. Operator RZ S.q. Line 2

Acq. Inatrument instrument Locati.. VIA; i6

Injection Date : 9/512014 3:39::6 PH In)
Inj Volume ; I ul

Different In) Volume from Sequence Actual In) V lume 1 14 pl
Acq. Method : C:\CEM32\1\DATA\R0OG\ZY 2014-09-05 14-40-A4\RZ-3-IPA-08tL-ETOH.M

DAD1 C, .2I41",W3UI (CCM32r TA450WY 2014.04M5 ,4.0" 442MW& D.JITOePENT DI

0

N 3
P h

Me
(*)-4m
(major)

0

Na
Ph

Me

(*)-4n
(minor)

1 - 3 4 ,Si 210 Ma F W 40D

14>4.4 ,, , _>.

from (E)-2m

0 0

0 
+

N 3  N3

Ph Ph
Me Me

4m
d.r. = 10: 1

4n

1, 2.4" "': 1 5i;4 : . A:

'99*

45 -

Sample Name: RZ-4-2D

Acq. Operator : RZ Seq. Line :

Acq. Instrument instrument I Location : Via i7
Injection Date : 9/5/2014 4:34:11 PM Ini

In) Volume I I1 w
Different in) Volum from Sequence Actual Inj Volume : 5 .l

Acq. Method : C:\CAEM3:\i\DATA\AO4G\ZY :014-09-05 14-4G-24\RZ-3-IPA-0WNL-ETOH.M

awl1 C *.I0zMAeoUD IU4CWefn V A>VM ivsis 1440,5425.SIDhET4.ENTD)
NI

116.j

5101
4251

I
$1

,i "et'l T y$- W14th A1* 4-I' A-
1 1 AO " V

4 44.p' pm 1 ,4 111 .:

from (Z)-2m

0 0

0 0
N 3  : N3

Ph MPhMe Me
4m

d.r. = 10: 1
4n

5A,;AA. ~ ~ ~ 1 )Inl- $ gI";" -IP..k P* t to Typ. With At.. K 1,itlt At..

11. 14 hi 0.4: .5>:.04n11 n10. 3 s

2 1.441 hi .400 64 .0 2 1 .1.401 $.2 70

I 01.461 hi 2..011 li9. 441 11. PA 40.

4 44.Ota "M 1.0131 :.11>12.1 9 .

2 is 315w ais 46 isn 4

192

250-

2w_
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'AS'' ' i 3i is, , 3A c .'4i, 4 47



2d 'H NMR (400 MHz, CDCk)

RZ-4 -84-H

OH

NC 0NO 2d

it .I -i-l
.5 5.0 7.5 7.0 6.5 6.0 5.5 5.0

2d 13C NMR (100 MHz, CDCI 3 )
RZ-4-84-C

a

V I I 19 1

OH

NC 2d

*6** A

200 1o0 160 140 120 100 so so 40 20 0 ppm

193

2.0 1.5 1.0 0.5 ppm

ZV

I
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2k 1H NMR (400 MHz. CDCk)
RZ-4-162r2-H

0 Ph

HO

2k

__ __L ___ I __

11 10 9 a 7 6 5 4 3 2 1 ppm

2k 13C NMR (100 MHz, CDC1 3 )
RZ-4-:62r2-C

\\V k/
;

0 Ph

HO

2k

us li 160

q- - - -now

140 120 100 so 60 40 20 0 ppm

194

V

............

I



21'H NMR (400 MHz. CDC~k)
RZ-4- 35-H

0 TMS

HO

21

Ii

13 12 11 10 3 T 7 6 5 4 3 2

2k 13C NMR (100 MHz, CDC1 3 )RZ-4-135-C

0 TMS

HO

21

200 18 160 140 120 100 6 60 40 20 0 ppm

195

1 4pp

*A Io S
2;

In 1111111.10 --- d-0-00"



5 'H NMR (400 MHz. CDiOD)
RZ-4-174-H (methanol-d4)

0

NH

Ph OH

5

liL
6.5 5.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0) L)n I

5 13C NMR (100 MHz. CD.OD)
RZ-4-174-C (CD30D)

IN

I
0

NH

Ph 'OH

5

r2;I a
S

196

1.5 1.0 0.5 ppm

x

I I

m0 1m 10 140 1D 1s 0 46 s 0 9s 0 ppm

8*
|



HPLC traces for 5:

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 : 1

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\RONG\NAOYUKLC 2014-07-30 13-05-43\RZ-4-174-RAC.D)

#AU [mn4mii [Abs m

120-

100-
80-
60-
40-.

20:
0 - -.. ..

-20-.

0 10 20 30 40 50 070 8 i

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %

Acq Insrmn ---- Intumn 1-- Loato ---- Via 16---- Ph---- OH---

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 :5.16859e4 255.88211

0
Sample Name: RZ-4-174 N

Acq. Operator : RZ Seq. Line : 3
Acq. Instrument : Instrument 1 Location :Vial 16Ph H
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

Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-07-22 18-
2

6-42\RZ-5IPA-2014-70MIN.M

DADI C, Sig=210,8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-07-22 18-26-42RZ-4-174-IA-.D)

mAU

50-
40-

30-

10-

10 20. . 3b 4 . . 56 66 70 80 mir

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

Peak RetTime Type Width Area Height Area

# [min] (min] [mAU*s] [mAU] %

---I--- I--I------- I---------- I----------I ---------
1 67.532 MM 3.8921 1.58979e4 68.07827 94.6059

2 80.106 MM 3.7487 906.45111 4.03003 5.3941

Totals : 1.68044e4 72.10830

197



RZ-4-220-H

0 Ph

NHBoc
6

6 'H NMR (400 MHz. CDCk)

.5 6.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 5.5 5.0 2.5 2.0 1.5

6130 NMR (100 MHz, CD~lk)
RZ-4-220-C

I
I

U

\ \ \

0 Ph

NHBoc
6

I ]

198

.j

1.0 0.5 ppm

200 1s0 160 '140 12 10 60 O 40 0 0 ppm

\V

i



HPLC traces for 6:

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

Acq. Operator : RZ
Acq. Instrument : Instrument 1

Seq. Line : 2
Location : Vial 16

Injection Date : 10/14/2014 8:56:28 AM Inj : 1
Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 3 pl
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-10-14 08-32-32\RZ-SHUTDOWN.M

rmAU:

500

400-

300 -

200

100-

DAD1 C, Sig=210,8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-10-14 08-32-32\RZ-4-220-RAC- D)

4C

eJ e

0 2 4 6 8 10 12 14 16 18 -ir

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

Peak RetTime Type Width

# [min] [min]
Area

[mAU*5]
Height
[mAU]

Area

---- I --- I---- I --- I----------I -----------
1 7.229 MM 0.3042 1.14757e4 628.67841 49.8
2 8.148 MM 0.3413 1.15502e4 564.09924 50.1

Totals : 2.30259e4 1192.77765

381
619

Data File C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-10-14 10-04-05\RZ-4-220-.D
Sample Name: RZ-4-220 Q 0 Ph

Acq. Operator : RZ Seq. Line : 1 NHBoc
Acq. Instrument : Instrument 1 Location : Vial 17 6
Injection Date : 10/14/2014 10:06:08 AM Inj : 1

Inj Volume : 1 pl
Different Inj Volume from Sequence Actual Inj Volume : 0.2 pl
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-10-14 10-04-05\RZ-SHUTDOWN.M

DADI C, Sig=210,8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYJKILC 2014-10-14 10-04-05\RZ-4-220-.D)
MAU -

607
50:
40-
30-
207
10-
0-

-10:

0 2 4 6 8 10 12 14 16 18 ir

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

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

---- I ---- I---- I-------I----------I -----------I---------
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

199

0 o Ph

' NHBoc

-..' ---- - . - -- - - - - -- -- - - - I : ........... = .......... -Mm----MNL - - I- - . . ... . .. ...... . ........ ..... -



7 lH NMR (400 MHz. CDC[)
RZ-4-184-H

N
ON Phea ?h kN'

7

Ai _

8.5 ~ ~ ~ ~ ~ ~ ~ ~ ~~" -I ---.-. 0 65 60 . . 45 40 5. . . 2.0- 15 1.0 0.

7 13C NMR (100 MHz, CDC13 )
RZ-4-184-C

I U

,NN 0 NPh

0 j'h P

7

1;0 1;0 140 120 10

~'~LL~1
U o 60 40 20 0 "pm

200

I f

2;0

IN IN 1111mil I

as
AN
I I



HPLC traces for 7:

Sample Name: RZ-4-184-RAC ,NPh
Ph ' P

0 N
Acq. Operator RZ Seq. Line : 1

Acq. Instrument Instrument 1 Location : Vial 19
Injection Date : 8/7/2014 9:24:47 AM Inj : 1 W 7

Inj Volume : 1 pl
Different Inj Volume from Sequence Actual Inj Volume : 5 pl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-08-07 09-22-20\RZ-15IPA-2014.M

rmAU

700-
600-.
500

400
300

200
100

0

DADI C, Sig=210,8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-08-07 09-22-20\RZ4-184-RAC-D)

I 10 15 2

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

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

---- I ---- I---- I --- I----------
1 21.032 VB 0.6184 3.28333e4
2 28.194 VB 0.8013 3.32746e4

Totals :

Height Area

[mAU %

------I ---------
781.09888 49.6663
618.87622 50.3337

6.61078e4 1399.97510

Sample Name: RZ-4-184

N N Ph
Ph

Acq. 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 7
Different Inj Volume from Sequence Actual Inj Volume : 2 pl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-08-19 10-30-20\RZ-15IPA-2014.M

I

DAD1 C, Sig=210,8 Ref-360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-08-19 10-30-20\RZ-4-184-D)

fmAU

120-

100
80-
60-
40
20

0

0

V
--F

5 10 15 20 25 30 35 fir

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

Peak RetTime Type Width
# [min) [min]

1 20.479 MM
2 27.149 MM

Area
[mAU*s]

0.6195 421.91553
0.8317 7465.23828

Height Area

[mAU] %
-----------I---------

11.35162 5.3494
149.60146 94.6506

7887.15381 160.95307

CM,

35 fmir

Totals :

201

11



7b 'H NMR (400 MHz. CDCIk)
RZ-4-197-H

Br

0 
7b

N.N

Br

.5.07.5 7.0 6.56.05.5504.54.03.53.02.52.01.51.00.5 ppm

7b "C NMR (100 MHz, CDC13 )

RZ-4-197-C

\A W

Br

N

II
UN

\B /

Br

202

sO io 1U 140 120 100 30 60 40 20 0 ppm



HPLC traces for 7b:

Sample Name: RZ-4-197-RAC

Acq. Operator : RZ Seq. Line : 1 U
Acq. Instrument : Instrument 1 Location : Vial 17

Injection Date : 9/18/2014 8:27:14 AM Inj : 1

Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 20 pl

Acq. Method : C:\CHEM32\l\DATA\RONG\ZY 2014-09-18 08-24-42\RZ-20IPA-2014.M

DADI B, Sig=254,16 Ref-360,100 (C:\CHEM32\1\DATA\RONG\ZY 2014-918 08-24-42\RZ-4-197-RAC.D)

mAU -

50-

40-

30-

20-

10-

0-

'8"

Ilk. ',, B

5 152010 15 350

Signal 2: DAD1 B, Sig=254,16 Ref=360,100

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*si [mAU1 %
---I----I----I --- I----------I ---------- 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

5498.54980 102.78416

Sample Name: RZ-4-197

C
Acq. Operator : RZ

Acq. Instrument : Instrument 1
Seq. Line : 2

Location : Vial 16

Injection Date : 9/17/2014 5:41:02 PM Inj : 1
Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 8 pl

Acq. Method : C:\CHEM32\1\DATA\RONG\ZY 2014-09-17 16-47-04\RZ-20IPA-2014.M

DADI B, Sig=254,16 Ref=360,100 (C:\CHEM32\1\DATA\RONG\ZY 2014-09-17 16-47-04\RZ-4-197.D)

&
0~

Br

N N

BN

Br

5 10 15 20 25 30 35 40 45 50

Signal 2: DAD1 B, Sig=254,16 Ref=360,100

Peak RetTime Type Width

# [min] [min]

Area

[mAU*s]

Height

[mAU]

---- I ---- I---- I ---- I---------- I----------
1 21.649 BB 0.5420 202.84988 4.48220

2 37.033 MM 1.1893 1.74961e4 245.18356

Totals : 1.76989e4 249.66576

Area

1.1461

98.8539

203

Br

N N

N

r

( )-7b

Totals :

mir

7b

MAU-

200-

150-

100-

507

mir

-- -- -- -- - ----- - - -- -- - --



12

13

03

9

7

16

SI-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(I)]

R indices (all data)
Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

X 14147
C19 H15 Br2 N3 02

477.16

100(2) K
0.71073 A
Orthorhombic
P 2121 21
a = 7.1816(11) A
b = 11.0851(15) A
c = 21.848(3) A
1739.3(4) A3
4

a = 90*.

1p= 900.

y= 900.

1.822 Mg/m3

4.681 mm 1

944
0.110 x 0.065 x 0.015 mm3

1.864 to 30.0320.
-10<=h<=10, -13<=k<=14, -30<=l<=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
RI = 0.0326, wR2 = 0.0653
RI = 0.0428, wR2 = 0.0683
-0.004(4)

n/a

0.709 and -0.727 e.A-3

204



SI-Table 2. Atomic coordinates ( x 10 ) and equivalent isotropic displacement parameters
2 3 '

(A x 10 ) for compound 7b. U(eq) is defined as one third of the trace of the orthogonalized Ui

tensor.

x y z U(eq)

Br(l)

Br(2)

0(1)
0(2)

N( 1)
N(2)
N(3)
C(1)
C(2)
C(3)
C(4)

C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(1 1)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)

6633(1)
3532(1)
3070(4)

1516(5)
5840(5)
6068(5)
6239(5)
3546(6)
2072(6)
1444(7)

1948(6)
556 1(6)
5890(6)
6148(5)
6304(6)
7070(5)

7208(6)
6522(6)
5762(6)
5660(6)
3539(6)
2885(6)
2884(6)
3586(6)
4325(6)
4289(6)

3221(1)
3581(1)
5450(3)
6548(3)

4282(3)

5455(4)
5470(3)
4187(4)

3470(4)
4348(4)

5565(4)
3982(4)

3557(4)
4324(4)

4042(4)
2967(4)
2726(4)

3566(4)
4647(4)

4886(4)

4001(4)

2952(4)

2812(4)

3731(4)
4768(4)

4905(4)

6294(1)
-1120(1)

1809(1)
2496(1)

2562(2)
2731(2)
3326(2)
1698(2)
2061(2)
2556(2)
2307(2)
1919(2)
3056(2)
3542(2)

4198(2)

4406(2)

5029(2)
5446(2)

5251(2)
4629(2)

1009(2)
744(2)

105(2)
-255(2)

0(2)

633(2)

25(1)
21(1)

19(1)
26(1)
19(1)
23( 1 )
21(1)

18(1)
22(1)
22(1)

19(1)
19(1)
20(1)

17(1)
18(1)
19(1)
20(1)

19(1)
20(1)

19(1)
17(1)
19(1)
19(1)
16(1)
19(1)
18(1)

SI-Table 3. Bond lengths [A] and angles [*] for compound 7b.

Br(l)-C(1 1)
Br(2)-C(17)
0(1)-C(4)
0(1)-C(1)
0(2)-C(4)
N(1)-C(6)
N(1)-N(2)
N(1)-C(5)
N(2)-N(3)
N(3)-C(7)
C(I)-C(14)
C(l)-C(5)
C(I)-C(2)

1.895(4)
1.898(4)
1.360(5)
1.461(5)
1.206(5)
1.346(6)
1.361(5)
1.457(5)
1.306(5)
1.357(6)
1.518(6)
1.543(6)
1.543(6)

C(2)-C(3)
C(2)-H(2A)
C(2)-H(2B)
C(3)-C(4)
C(3)-H(3A)
C(3)-H(3B)
C(5)-H(5A)
C(5)-H(5B)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(8)-C(9)
C(8)-C( 13)

1.524(6)
0.9900
0.9900
1.498(6)
0.9900
0.9900
0.9900
0.9900
1.372(6)
0.9500
1.471(6)
1.389(6)
1.406(6)
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C(9)-C( 10)
C(9)-H(9)
C(10)-C(1 1)
C(10)-H( 10)
C(1 1)-C(12)
C(12)-C(13)
C(12)-H(12)
C(13)-H(1 3)
C(14)-C(15)
C(I 14)-C(19)
C(I15)-C(16)
C(15)-H( 15)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(18)-C(19)
C(18)-H(18)
C(19)-H(I19)

C(4)-O(1)-C( 1)
C(6)-N(I)-N(2)
C(6)-N(1)-C(5)
N(2)-N(1)-C(5)
N(3)-N(2)-N( 1)
N(2)-N(3)-C(7)
0(1)-C(I)-C(14)
0(1)-C(1)-C(5)
C(14)-C(1)-C(5)
0(1)-C(1)-C(2)
C(14)-C(1)-C(2)
C(5)-C(l)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2A)
C(I)-C(2)-H(2A)
C(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)-O( 1)
0(2)-C(4)-C(3)
0(1)-C(4)-C(3)
N(1)-C(5)-C(1)

1.390(6)
0.9500
1.394(6)
0.9500
1.383(6)
1.387(6)
0.9500
0.9500
1.382(6)
1.404(6)
1.404(6)
0.9500
1.381(6)
0.9500
1.383(6)
1.391(6)
0.9500
0.9500

111.2(3)
110.5(4)
129.8(4)
119.7(4)
107.0(4)
109.2(4)
107.1(3)
108.0(3)
107.1(4)
104.3(3)
115.9(4)
114.0(3)
103.8(4)
111.0
111.0
11 1.0

SI .0
109.0
104.2(3)
110.9
110.9
110.9
110.9
108.9
120.7(4)
128.8(4)
110.5(4)
113.4(3)

N(l)-C(5)-H(5A)
C(I)-C(5)-H(5A)
N(I)-C(5)-H(5B)
C(1)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
N( l )-C(6)-C(7)
N(l)-C(6)-H(6)
C(7)-C(6)-H(6)
N(3)-C(7)-C(6)
N(3)-C(7)-C(8)
C(6)-C(7)-C(8)
C(9)-C(8)-C(i 3)
C(9)-C(8)-C(7)
C(1 3)-C(8)-C(7)
C(8)-C(9)-C( 10)
C(8)-C(9)-H(9)
C( 0)-C(9)-H(9)
C(9)-C(10)-C(l 1)
C(9)-C(10)-H(I0)
C(1 1)-C(10)-H(10)
C(I 2)-C( 1 I)-C( 10)
C(12)-C( 11)-Br(l)
C(10)-C(I 1)-Br(1)
C(1 I)-C(1 2)-C(1 3)
C(1 1)-C(12)-H(12)
C(13)-C(12)-H( 12)
C(12)-C( 13)-C(8)
C(12)-C(13)-H(13)
C(8)-C( 13)-H(13)
C(15)-C(14)-C(19)
C(15)-C(14)-C(1)
C(19)-C(14)-C(1)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C( 16)-C( 5)-H(I5)
C(17)-C(16)-C(1 5)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(18)
C(I 6)-C(I 17)-Br(2)
C(18)-C(17)-Br(2)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(1I8)-H(18)
C(18)-C(19)-C(14)
C(1 8)-C(I 9)-H( 19)
C(14)-C(19)-H(19)

SI-Table 4. Anisotropic displacement parameters (A x 103) for
2 2 2 11

anisotropic displacement factor exponent takes the form: -2p [ h a* U +

compound 7b. The
12+2hka*b*U
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108.9
108.9
108.9
108.9
107.7
104.7(4)
127.7
127.7
108.6(4)
122.3(4)
129.2(4)
118.8(4)
122.1(4)
119.1(4)
120.9(4)
119.5
119.5
119.1(4)
120.4
120.4
121.1(4)
119.6(3)
119.3(3)
119.3(4)
120.4
120.4
120.8(4)
119.6
119.6
119.0(4)
122.1(4)
118.9(4)
120.7(4)
119.6
119.6
118.9(4)
120.5
120.5
121.6(4)
119.6(3)
118.8(3)
118.9(4)
120.5
120.5
120.8(4)
119.6
119.6

U"II U22 U 33 U 23 U 13 U12



Br(l)

Br(2)

0(1)
0(2)

N( 1)
N(2)
N(3)

C(1)
C(2)
C(3)
C(4)

C(5)
C(6)
C(7)
C(8)
C(9)
C(10)

C( 11)
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)
17(2)
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)

19(2)
18(2)
21(2)

16(2)
17(2)
21(2)

21(2)

19(2)
22(2)
27(2)
17(2)
21(2)

22(2)

18(2)
2 1(2)
21(2)
19(2)
20(2)
19(2)

4(1)
-1(1)
-2(1)
-2(1)

0(1)
-2(2)
3(1)
0(1)

1(2)
-1(2)
-1(2)

-1(2)
0(2)
0(1)
-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(1)
4(1)
5(l)
-1(1)
-3(1)
-4(1)
1(2)

4(2)

4(2)
1(2)

1(2)

-2(2)
-1(1)
-1(2)

-1(1)
-4(2)
-1(2)

4(2)

-1(2)

-1(2)

1(2)

0(2)
1(2)
2(2)

-1(2)

-3(1)
3(1)
0(1)
4(2)
0(1)
-5(1)
-6(1)
2(2)
-4(2)

-3(2)
1(2)

2(2)
-1(2)

1(2)

-2(2)
-1(1)

1(2)

1(2)
2(2)
2(2)
-1(2)

-2(2)
2(2)
-1(2)

-3(2)
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4 2
SI-Table 5. Hydrogen coordinates ( x 10) and isotropic displacement parameters (A x 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
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8a 1H NMR (400 MHz. CDCkA)

RZ-4-234-H

Ph Me

00

8a

_t_-
.5 6.0 7. 7. 6.5 60 55 5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 OS

8a 13C NMR (100 MHz, CDC13 )

Ph Me

00

8a

.~I P*I p.
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HPLC traces for 8a:

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

Sample Name: RZ-4-234-RAC

Acq. Operator : SANDRA Seq. Line : 3
Acq. Instrument : Instrument 1 Location Vial 17 racemic
Injection Date : 12/5/2014 12:12:25 PM Inj : 1

Inj Volume 1 pl
Different Inj Volume from Sequence Actual Inj Volume 8 pl

Acq. Method : C:\CHEM32\1\DATA\MTPl\NAOYUKILC 2014-12-05 10-43-13\RZ-SHUTDOWN.M

DAD1 A, Sig=230,4 Ref=360,100 (C:\CHE321\DATA\MTP1\NAOYUKLC 2014-12-05 10-43-13\RZ-4-234-RAC-.D)

mAU

60 A

40-

30-

20-

10

0
10 20 30 40 50 mir

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

Peak RetTime Type Width Area Height Area

# [min) (min] [mAU*s] [mAU] %
---- I---I ---- I ---- I-----------I ---------- ----

1 34.880 MM 0.9182 3838.79614 69.67712 49.7849 Ph Me
2 37.988 MM 1.1363 3871.97144 56.78994 50.2151 

0  
u 1

Totals : 7710.76758 126.46707
00

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

Sample Name: RZ-4-234 8a

Acq. Operator : RZ Seq. Line : 1

Acq. Instrument : Instrument 1 Location : Vial 16

Injection Date : 12/13/2014 3:02:05 PM Inj : 1

Inj Volume : 1 pl
Different Inj Volume from Sequence Actual Inj Volume : 4 pl

Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-13 14-59-43\RZ-SHUTDOWN.M

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONGWAOYUKLC 2014-12-13 14-59-43\RZ-4-234.D)

mAU

2507

200-E

150 -

100-

50-

10 20 30 40 50 mr

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

Peak RetTime Type Width Area Height Area

# [min] (min] [mAU*s] [mAU %
---- I -- I---- ----- I -----------I----------I ---------

1 34.547 MM 0.8546 3139.91797 61.23563 12.9514
2 36.943 MM 1.1830 2.11040e4 297.32425 87.0486

Totals : 2.42439e4 358.55988
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8b 'H NMR (400 MHz. CDCk)

RZ-4-240A-H

Cl

c5 ~ Br

00

Ib

5.5 6.0 7. 7. 6.5 6.0 5.5 5.0 4.5 4. 3.5 3. 2.5 2.0 1.5 1.0 0.5 ppm

8b 13C NMR (100 MHz, CDCI 3)

RZ-4-240A-C

0 Jf..Br
00

C1,1

8b

200 I~ 16 0 1 0 140 1 0 100 60 6 4 0 20 0 Ppm
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HPLC traces for 8b:

Data File C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-09 09-03-14\RZ-4-240A-RAC.D
Sample Name: RZ-4-240A-RAC

---- ---- ---- ---- racemic
Acq. Operator RZ Seq. Line : 6

Acq. Instrument Instrument 1 Location : Vial 20
Injection Date 12/9/2014 12:57:27 PM Inj : 1

Inj Volume : 1 pl
Different Inj Volume from Sequence Actual Inj Volume : 12 l
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-09 09-03-14\RZ-15IPA-2014.M

mAU-

4-

3-

2-

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

30 40 50 60 7020

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

Peak RetTime Type Width Area Height Area

[min) [min] [mAU*sl [mAUJ %
------------ I----------------I----------I-------I

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

Data File C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-09 17-16-57\RZ-4-240A.D

Sample Name: RZ-4-240A

C1

Br

0 0
Acq. Operator : RZ Seq. Line : 1
Acq. Instrument : Instrument 1 Location : Vial 28

Injection Date : 12/9/2014 5:19:13 PM Inj : 1
Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 10 pl

Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-09 17-16-57\RZ-15IPA-2014.M

mAkm

357

30-:
25

20
15

10-

5-'

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUK_LC 2014-12-09 17-16-57\RZ-4-240A.D)

20 30 40 50 60 70 80

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

Peak RetTime Type Width Area Height Area

# [min) [min) [mAU*s] [mAU] %
---- I ---- I-----I------- I---------- I---------- I--------I

1 34.999 MM 1.0348 881.74060 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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8c 1H NMR (400 MHz. CDCIk)
RZ-4-24OB-H

Me

o fCF3
0 0 0

8c

5 1.0 0.5 PPM

8c 13C NMR (100 MHz, CDC13 )
RZ-4-24OB-C

Me

q Ir CF 3

00

8c

2- 1;0 160 0 120 100 6 60 Iipp
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8c 9F NMR (376 MHz. CDCk)
RZ-4-240B-F

Me

0

CF3
00

8c

0 -W -40 -40 -00 -100 -120 -140 -160 -180 -200 ppm
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HPLC traces for 8c:

Data File C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-13 14-59-43\RZ-4-240B-RAC.D
Sample Name: RZ-4-240B-RAC

Acq. Operator : RZ

Acq. Instrument : Instrument 1

Seq. Line : 5
Location : Vial 19

Injection Date : 12/13/2014 9:06:58 PM Inj : 1
Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 8 pl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-13 14-59-43\RZ-SHUTDOWN.M

DAD1 A, Sig=230,4 Ref-360,100 (C:\CHEM32\1\DATA\RONG\NAOYUVJLC 2014-12-13 14-59-43\RZ-4-240 -RAC.D)

AU 
l

20-

15

10-

5-

0--

10 20 30 40 50 60 70

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

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

---- I ---- I---- I ---- I---------- I---------- I---------
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

Data File C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-13 14-59-43\RZ-4-240B.D
Sample Name: RZ-4-240B

Acq. Operator :RZ
Acq. Instrument : Instrument 1
Injection Date : 12/13/2014 6:04:25 PM

Different Inj Volume from Sequence !

Seq. Line:
Location :

Inj :
Inj Volume :

Actual Inj Volume :

3
Vial 17

1

1 p1
4 p1

Me

CF3

8C
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-13 14-59-43\RZ-SHUTDOWN.M

DADI A, Sig=230,4 Ret=360,100 (CACHEM32\1\DATA\RONG\NAOYUKLC 2014-12-13 14-59-43\RZ-4-240B.D)

I
20 30 40

4 % tA

60

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU %
--I---- I ---- I ---- I----------I -----------I---------
1 51.597 MM 1.5154 350.94086 3.85978 9.5121
2 55.487 MM 1.9667 3338.47388 28.29182 90.4879

3689.41473 32.15160

mn

racemic

mir

MAU:
25-

20-

15

10-

0-

10 70

Totals :

ir
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RZ-4-242A-H 9a 1H NMR (400 MHz. CDCIA)

CI

CN

9a

ii5
6.0 55 50 4.5 4. . . 25 20 15 . . p

9a 13C NMR (100 MHz, CDC1 3 )

RZ-4-242A-C

\0\V//0I I
a V am

II

Cl

00

CN

9a

200 160 160

N I P~ FJ.

140 120 100 60 U 40 20 0 ppm

216



HPLC traces for 9a:

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

Acq. Operator : RZ Seq. Line : 7

Acq. Instrument : Instrument 1 Location : Vial 27 racemic
Injection Date : 11/24/2014 6:26:06 PM Inj : 1

Inj Volume : 1 pl
Different Inj Volume from Sequence Actual Inj Volume : 8 pl
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-11-24 14-06-46\RZ-SHUTDOWN.M

MAU

25

15-

10-

DAD1 A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-11-24 14-06-46\RZ-4-232B-RAC.D)

15s 20 25 30 35 40 4510

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %

---- I---I ---- I --- I----------I ----------- I---------
1 34.077 MM 1.1550 1952.64087 28.17696 50.1990

2 38.777 MM 1.2941 1937.16296 24.94906 49.8010

Totals : 3889.80383 53.12602

Data File C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-10 12-18-53\RZ-4-242A.D

Sample Name: RZ-4-242A 
00

Acq. Operator : RZ Seq. Line : 1

Acq. 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 I Actual Inj Volume : 8 pl

Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-10 12-18-53\RZ-SHUTDOWN.M

DAD1 A, Sig=230,4 Ref-360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-10 12-18-53\RZ-4-242A.D)
MAU

50

40-

30-

20

10

0

10

98

IN
25 4b 45302b

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

Peak RetTime Type Width

# [min] [min]

Area

[mAU*s]

Height

[mAUi

---- I---I ---- I ---- I----------I ----------
1 34.524 MM 1.2181 4243.34570 58.05779

2 39.469 MM 1.2756 667.85956 8.72598

Totals : 4911.20526 66.78376

CI

/

CN

mir

Area

86.4013
13.5987
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9b 1H NMR (400 MHz. CDClA)
RZ-4-242C-H

CN

CO 2Et

9b

0 7 70 65 60 5 5 4 40 2. 2 1. 1.0 0.

RZ-4-242C-C

I I
CN

oo z

CO 2Et

9b

9b 13C NMR (100 MHz, CDCI 3)

I% /I I I I II

i1~,-; r: -NjI- mm- IpsA-h- && iml duLk --.ma- JA

20 100 100 140 120 100 Uo - - 40 20 0 ppm
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HPLC traces for 9b:

Data File C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-10 17-59-20\RZ-4-242C-RAC.D

Sample Name: RZ-4-242C-RAC

Acq. Operator : RZ

Acq. Instrument Instrument 1
Seq. Line : 2
Location : Vial 19

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

Different Inj Volume from Sequence Actual Inj Volume : 20 pl

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

DAD1 A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-12-10 17-59-20\RZ-4-242C-RAC.D)

mfAU

40

30--

20-

10

01

5 10 15 30

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAUi %
---- I---I ---- I ---- I---------- I---------- I---------

1 20.284 BB 0.5581 2026.92505 52.77429 50.8526

2 29.073 BB 0.6995 1958.96021 33.73444 49.1474

Totals : 3985.88525 86.50873

C)
Data File C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-10 17-59-20\RZ-4-242C.D U
Sample Name: RZ-4-242C

Acq. Operator : RZ Seq. Line 1
Acq. Instrument : Instrument 1 Location Vial 17

Injection Date : 12/10/2014 6:01:47 PM Inj : 1

Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 10 pl

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

DAD1 A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUK_LC 2014-12-10 17-59-20\RZ-4-242C.D)

4p

fN~

10 15 20 25 30

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %

---- I ---- I---- I ---- I-----------I-----------I---
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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9c 1H NMR (400 MHz. CDC.A)
RZ-4-242E-H

CF 3

0 .

CN

9c

4.5 4.0 3.5 3.0 2.5

9C 13C NMR (100 MHz, CDC1 3 )
RZ-4-242E-C

CF 3

CN

9c

2; 10 1 14 10 1i0 so o 4 4 0 pPM
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9c 19F NMR (376 MHz. CDCIA)
RZ-4-242E-F

a

0 -20 -40 -40 -60 -100 -120 -140 -160 -160 -200 ppm
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HPLC traces for 9c:

Data File C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-11-24 14-06-46\RZ-4-232A-RAC-.D

Sample Name: RZ-4-232A-RAC

Acq. Operator RZ Seq. Line : 10

Acq. Instrument Instrument 1 Location : Vial 26

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

Different Inj Volume from Sequence Actual Inj Volume : 15 pl

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

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATAXRONG\NAOYUKLC 2014-11-24 14-06-46\RZ-4-232A-RAC-.D)

mAU

20

15-

10-

5-

0-

10

14 M

15 2b 25 30 35 40 45

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

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAUl %
---- I ---- I---- I ---- I----------I ---------- I ---------

1 30.552 BB 0.7657 1511.29687 23.27001 49.9620
2 37.459 BB 0.9065 1513.59387 19.78445 50.0380

Totals : 3024.89075 43.05446

Data File C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-12 20-03-53\RZ-4-242E.D 0
Sample Name: RZ-4-242E

Acq. Operator : RZ Seq. Line : 2

Acq. Instrument : Instrument 1 Location : Vial 17

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

Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 3 pl

Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-12 20-03-53\RZ-SHUTDOWN.M

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-12 20-03-53\RZ-4-242E.D)

mAU

120-

100-

807

60-

40-

20

0-
10

on/b4

15 40 45320

Signal 1: DAD1 A, Sig=230,4 Ref=360,l00

Peak RetTime Type Width
# [min] [min]

Area

[mAU*s]

Height

[mAUl

Area

---- I---I---- I------- I-----------I ----------- I---
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. CDCk )
RZ-4-242B-H

Ph
0 0 CF3

CF 3

9d

6.5 6.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.53.0 2.5 2.01.51.00.5 ppm

9d 13C NMR (100 MHz, CDC13)
RZ-4-242B-C

Ph
0 0-- CF3

CF 3

9d

:No 1 160 140 12i 100 so 0 40 20 0 ppm
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9d 19F NMR (376 MHz. CDCk)

Ph
0 CF3

CF 3

9d

0 -2 -40 -60 -80 -100 -120 -140 -180 -160 -200 ppm
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HPLC traces for 9d:

Data File C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-14 08-09-1l\RZ-4-242B-RAC.D
Sample Name: RZ-4-242B-RAC

Acq. Operator : RZ Seq. Line : 1
Acq. Instrument Instrument 1 Location : Vial 16

Injection Date : 12/14/2014 8:11:37 AM Inj : 1
Inj Volume : 1 pl

Different Inj Volume from Sequence 5 Actual Inj Volume : 3 pl
Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-14 08-09-11\RZ-SHUTDOWN.M

mAU

250-:

2007

150

100-

50-

DADI C, Sig=210,8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-12-14 08-09-11\RZ-4-242B-RAC.D)

6 10 12 14 16 18

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

Peak RetTime Type Width

# [min] [min]
Area

[mAU*s]
Height
[mAU1

Area

---- I---I ---- I --- I-----------I---------- I---------
1 7.103 MM 0.2188 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\NAOYUKILC 2014-12-10 09-18-36\RZ-4-242B.D
Sample Name: RZ-4-242B S 0 Ph CF3

Acq. Operator : RZ

Acq. Instrument : Instrument 1
Seq. Line : 1
Location : Vial 16

Injection Date : 12/10/2014 9:20:55 AM Inj : 1
Inj Volume : 1 pl

Different Inj Volume from Sequence S Actual Inj Volume : 8 pl
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-10 09-18-36\RZ-SHUTDOWN.M

DAD1 C, Sig=210,8 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-12-10 09-18-36\RZ-4-242B.D)
MAU -

500-

400-

300

200

100

6 18 10 12 14 16 18

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

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
--I---- I ---- I ---- I-----------I----------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 : 1.05576e4 642.69337
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12 'H NMR (400 MHz. CDClk)
RZ-4-243B-H

C6

-- Li L _

7.0 6.5 6.0 5.5 5.0 4. 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5

fI

12 13C NMR (100 MHz, CDCI 3)
RZ-4-243B-C

12
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HPLC traces for 12:

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

Sample Name: RZ-4-243B-RAC

Acq. Operator

Acq. Instrument

RZ

Instrument 1
Seq. Line : 3

Location : Vial 27

Injection Date : 12/10/2014 9:16:42 PM Inj : 1 rac
Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 10 pl

Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-10 19-31-52\RZ-5IPA-lML-2013-.M

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-10 19-31-52\RZ4-243B-RAC.D)

mAU

350-
300
250-
200-
150
100

50
0

5 10

k
15 20

k
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] %

---- I---I ---- I --- I---------- I---------- I---------
1 19.097 BB 0.4188 1.14534e4 403.96323 49.8268

2 22.964 BB 0.4947 1.15330e4 346.15372 50.1732

Totals : 2.29864e4 750.11694

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

Sample Name: RZ-4-243B

Acq. Operator : RZ

Acq. Instrument : Instrument 1

Seq. Line : 2
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 Volume : 8 pl

Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-10 19-31-52\RZ-5IPA-lML-2013-.M

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKLC 2014-12-10 19-31-52\RZ-4-243B.D)

MAU

80-

60-

40-

20-

5 10 15

b R0(N.
20 25 30 35 40 mr

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

Peak RetTime Type

# [min]

Width

[min]
Area

[mAU*s]

Height

[mAU]
Area

---- I---I ---- I --- I---------- I---------- I---------
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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RZ-4-235PI-H

Cl

10

0:- O'Ph

13

j9iL

13 'H NMR (400 MHz. CDC-i)

AK_~AM~
5.5 .0 7.5 7.0 6.5 0 06. 55 5. 45 4. 35 3.0 5 2. . 1.0 0.5 p

13 13C NMR (100 MHz, CDC13 )

RZ-4-235Pt-C

6

CI

60

O :O'KPh

13

4It

3
S

6
S

vi

II

2;0 160 160 140 126 100 86 so 40 20 ppm
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HPLC traces for 13:

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

Acq. Operator : RZ Seq. Line

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 pl

Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-08 10-35-33\RZ-SHUTDOWN.M

MAU

120 -

100-

80-

607

40-
20-

DADI A, Sig=230,4 Ref=360,100 (C:\CHEM32\X1\DATA\RONG\NAOYUKILC 2014-12-08 10-35-33\RZ4-235-P1-RAC.D)

5 10

I
15 20 25 30 35 40 mR

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

Peak RetTime Type Width Area Height Area

# (min] (min] [mAU*s] [mAU] %
---I----I -- I------- I---------- I----------I --------I

1 17.213 BB 0.5263 5178.36182 145.83827 49.9535
2 32.749 BB 0.8232 5187.99316 88.32819 50.0465

Totals : 1.03664e4 234.16647

Data File C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-11 12-26-18\RZ-4-235P1-.D
Sample Name: RZ-4-235P1 0

Acq. Operator : RZ Seq. Line : 3
Acq. Instrument : Instrument 1 Location : Vial 16
Injection Date : 12/11/2014 2:10:58 PM Inj : 1

Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 8 pl
Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-11 12-26-18\RZ-SHUTDOWN.M

DAD1 A, Sig=230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUK1_LC 2014-12-11 12-26-18\RZ-4-235P1--D)

(mAU

150

125-

100-:
757

50-

25-

C|

0

Ph

13

ID

vD

JN

5 10 15 25 30 35 40

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

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

---- I ---- I--I------- I-----------I -----------I ---------
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 : 7883.14014 213.44787
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RZ-4-235P2-H

Cl

O f Ph

14

14 'H NMR (400 MHz. CDCIk)

1U'
.5.0 7.5 7.0 6.5 .05.55.04.5 4.0 3.5 3.022. 01.5 1.0 0.5 ppm

14 13C NMR (100 MHz, CDCI 3 )
RZ-4-235P2-C

U

CI

0 Ph

14

A ii

U
\ Ii

2;0 16 160lli 140 120 10 30 60 40 20 0 pm
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HPLC traces for 14:

Data File C:\CHEM32\l\DATA\RONG\NAOYUKILC 2014-12-08 10-35-33\RZ-4-235-P2-RAC.D

Sample Name: RZ-4-235-P2-RAC

Acq. Operator : RZ Seq. Line : 4

Acq. Instrument : Instrument 1 Location : Vial 19

Injection Date : 12/8/2014 12:33:32 PM Inj : 1 racerr
Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 10 pl

Acq. Method : C:\CHEM32\l\DATA\RONG\NAOYUKI_LC 2014-12-08 10-35-33\RZ-5IPA-lML-2013-.M

DAD1 A, Sig=230,4 Ref=360,100 (C:\CHEM32X1\DATA\RONG\NAOYUKILC 2014-12-08 10-35-33\RZ-4-235-P2-RAC.D)

mAi

60-

50
40

30

20

10

0 
4 

.1.

10 15 20 255

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

Width
[min]

Area
[mAU*s]

Height
[mAU]

AreaPeak RetTime Type
# [min]

---- I ---- I---- I ---- I---------I --------- I ------- I
76.26014 50.2433
70.02714 49.7567

1 18.834 BV 0.4962 2589.89990

2 20.257 VB 0.5213 2564.81323

5154.71313 146.28728

Data File C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-11 12-26-18\RZ-4-235P2.D

Sample Name: RZ-4-235P2

Acq. Operator : RZ Seq. Line : 5

Acq. Instrument : Instrument 1 Location : Vial 17

Injection Date : 12/11/2014 3:54:28 PM Inj : 1 14
Inj Volume : 1 pl

Different Inj Volume from Sequence Actual Inj Volume : 8 pl

Acq. Method : C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-11 12-26-18\RZ-5IPA-lML-2013-.M

DAD1 A, Sig-230,4 Ref=360,100 (C:\CHEM32\1\DATA\RONG\NAOYUKILC 2014-12-11 12-26-18\RZ-4-235P2.D)

- #b

10 30 35
01

5

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

Peak RetTime Type Width Area Height Area

f [min] [min] [mAU*s] [mAU] %
---- I ---- I---- I ---- I---------I --------- I --------

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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