UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title

Enantioselective Construction of C-N and C-C Bonds via Chiral Anion Phase-Transfer
Catalysis

Permalink
https://escholarship.org/uc/item/9zk456m4g
Author

Patel, Jigar

Publication Date
2016

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9zk456ms
https://escholarship.org
http://www.cdlib.org/

Enantioselective Construction of C-N and C-C Bonds via

Chiral Anion Phase-Transfer Catalysis

By Jigar Patel

A dissertation submitted in partial satisfaction of

requirements for the degree of

Doctor of Philosophy

Chemistry

in the

Graduate Division

of the

University of California, Berkeley

Committee in charge:

Professor F. Dean Toste, Chair
Professor John Hartwig
Professor Joseph Napoli

Spring 2016






Abstract

Enantioselective Construction of C-N and C-C Bonds via Chiral Anion Phase-Transfer Catalysis

by

Jigar Patel

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor F. Dean Toste, Chair

The ability to control absolute stereochemistry is a powerful tool in organic synthesis. Given the
utility of enantiopure molecules in a number of industries, the pharmaceutical perhaps most
prominent, many research efforts have focused on asymmetric catalysis. Recently, the Toste Group
has developed and implemented a chiral anion phase-transfer strategy to achieve high
enantioselectivity in a number of transformations. This thesis describes new reactivity discovered
within this manifold and also discusses the design and synthesis of new phase-transfer catalysts to
improve enantioinduction.

Chapter 1 details an asymmetric aminocyclization reaction of tryptamine derivatives enabled by
chiral anion phase-transfer of aryldiazonium salts. The immediate products, C3-diazenated
pyrroloindolines, can be converted directly to cyclotryptamine natural product derivatives,
providing an efficient entryway into a complex scaffold that has been previously accessed by much
longer synthetic sequences.

Chapter 2 is a natural extension of the work presented in Chapter 1 and describes an
enantioselective a-amination of activated ketone derivatives, again employing aryldiazonium salts
as aminating reagents. Obtaining high enantioselectivity initially proves to be very difficult, as use
of our traditional library of BINOL-derived chiral phosphoric acids leads to poor enantioinduction.
Eventually, we overcome this challenge through the design and synthesis of a new library of chiral
phosphoric acids, specifically those derived from a 1,1’-binaphthyl-2,2"-diamine (BINAM)
backbone. Chapter 2 also presents potential advantages of our methodology over more commonly
used a-amination reactions that utilize dialkyl azodicarboxylates.

Chapter 3 discusses the use of aryldiazonium salts in a more traditional role as cross coupling
electrophiles. By merging chiral anion phase-transfer and palladium catalysis, we report an
enantioselective Heck-Matsuda arylation of cyclic olefins. Through the process of reaction
optimization, we observe counterion dependent reactivity and are ultimately able to avoid the
formation of undesired olefin isomers by judicious choice of phosphate. While chiral anions have
almost exclusively been used to optimize enantioselectivity, this result indicates that counterions
can also be used to modulate chemical reactivity in transitional metal catalyzed processes.
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Chapter 1. Enantioselective Synthesis of C3-Diazenated Pyrroloindolines via Chiral lon
Phase-Transfer of Aryl Diazonium Cations

We report a catalytic, asymmetric pyrroloindolinization reaction of tryptamine derivatives and
aryldiazonium  tetrafluoroborate salts. This transformation affords C3-diazenated
pyrroloindolines that may subsequently be converted to cyclotryptamine natural product
derivatives. High yields (up to 99%) and enantioselectivities (up to 96%) are achieved using a
SPINOL-derived phosphoric acid catalyst. Control experiments indicate that a phase-transfer
mechanism is operative. The air- and water-tolerant reaction conditions allow for substitution of
the tryptamine core and the aryldiazonium salt with a variety of functional groups at multiple
positions.

Portions of this chapter are based on work done in collaboration with Hosea Nelson, Hunter
Shunatona, and Solomon Reisberg and appear in: Angew. Chem. Int. Ed. 2014, 53, 5600. H.N. was
responsible for initial discovery, and H.S. and S.R. contributed to reaction optimization and
determination of substrate scope.

o 5 mol% cat "N
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90% yield
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cat:
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Introduction

Chiral ion phase-transfer catalysis has emerged as a powerful tool in enantioselective
methodology.! This strategy relies on phase-separation of reactive components and a chiral catalyst
that brings one reactant into bulk organic phase where the desired reaction occurs. Traditionally,
chiral lipophilic cations have been used to solubilize anionic nucleophiles. In the seminal report
by the Merck research group, a cinchona alkaloid-derived ammonium salt was used to catalyze
alkylations of enolates (Scheme 1).2 The chiral cation was presumed to extract a water-soluble
enolate into organic solution via ion exchange at the interface of the organic and aqueous phase.®
High enantioselectivities were achieved in solvents with low dielectric constants, where the
catalyst and substrate were hypothesized to exist as a contact ion pair, thus maximizing
enantioinduction.?

|
ARl
cl o 10 mol% CF, Cl o
cl cl
Me
MeO toluene/50% aq. NaOH (5:1) MeO Ph

20 °C, 18h 95%, 92% ee

Y

Scheme 1. First highly enantioselective phase-transfer catalyzed alkylation (ref. 2).

Similar cinchona alkaloid-derived catalysts were later employed in a variety of alkylation
reactions. The groups of O’Donnel®, Corey®, and Lygo® developed enantioselective alkylations of
glycine derivatives and found that enantioinduction was highly dependent on catalyst structure
(Scheme 2).

e
B V-
N~ Ri Q
Q Ph N
10 mol%
Ph N - ~ * OtBu
\(/ \)J\OtBu /\/BI' B \Fg]
Ph ~ |
base, solvent, temp
Ref R4 R, X | % yield | % ee
Ph H Br 75 66
9-anthracenyl | allyl Br 89 97
9-anthracenyl H Cl 62 88

Scheme 2. Enantioselective allylation of glycine derivatives catalyzed by various cinchona
alkaloid-derived ammonium salts (ref. 4-6).



Subsequent to the early contributions described herein, a variety of ammonium and phosphonium
phase-transfer salts were developed for enantioselective catalysis. For instance, Maruoka and co-
workers developed a catalytic asymmetric amination of indanone-derived S-keto esters using a
tetraalkyl phosphonium bromide salt (Scheme 3).’

3 mol % cat.
0 tBuO,CN=NCO,tBu 0 rTIHCOztBu
(0] K2HP04 . N/COQtBU
toluene "//(O
OtBu -20 °C, 14h

OtBu
99%, 91% ee

3,5-(CF3),CgH3
OO + Bu Br

. PZ
cat: Bu

3,5-(CF3),CeH3

Scheme 3. Enantioselective amination of B-keto esters catalyzed by a tetraalkyl phosphonium
salt (ref. 7).

While phase-transfer of anionic reactants with chiral cations has been well studied, the analogous
charge-inverted process, chiral anion phase-transfer, had not been extensively investigated until
contributions from our group. In an early precedent published in 2003, Nelson and co-workers
reported some enantioselectivity (<15%) using chiral borate anions in the ring-opening of prochiral
aziridinium intermediates.® Using the same reaction manifold, we became interested in developing
chiral anion phase-transfer catalysis, ultimately reporting its first precedent in 2008 (Scheme 4).°
A binapthol-derived chiral phosphate anion (TRIP),}%! generated in situ via deprotonation by
Ag2COs, serves as a phase-transfer catalyst for Ag* (as Ag2CQs is insoluble in nonpolar organic
solvents). The resultant soluble Ag* source abstracts chloride from the trans-p-chloroamine
substrate (precipitating AgCl), a process that forms a meso-aziridinium ion paired to a chiral
phosphate. This chiral phosphate then directs an enantioselective ring opening via attack of an
alcohol, affording an enantioenriched B-alkoxyamine.



15 mol% TRIP
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4 equiv. ROH
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Scheme 4. Enantioselective ring opening of meso-aziridinium ions via chiral ion phase-
transfer of Ag™ (ref. 9).

In the example above, phase-transfer occurs by acid-base reaction between insoluble silver
carbonate and a chiral phosphoric acid. Analogously, our group proposed phase-transfer of other
reactive electrophiles via anion exchange with chiral lipophilic phosphates (Scheme 5). Reaction
with a substrate in the organic phase would occur only when the reactive cation was paired to a
solubilizing chiral anion, thereby inhibiting an unselective background reaction.

+ prochiral
M @ + @X -MX - @ @ substrate  enantioenriched
- —_—
f duct
nonpolar organic . pro
. . insoluble cationic solvent solyb le cl_nral
chiral anion reagent ion pair

Scheme 5. Chiral anion phase-transfer strategy.

Using this strategy, our group has applied chiral anion phase-transfer catalysis to other cationic
electrophiles, including Selectfluor,'?> an analogously designed brominating reagent,* and
oxopiperidinium salts** (Scheme 6). Using a variety of chiral phosphates, we have achieved
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excellent levels of enantioselectivity in a number of transformations, such as halocyclizations
(Scheme 6a-b) and oxidative couplings (Scheme 6c¢).

-\\F
F o —\ R
NH Chiral anion N
o

phase-transfer catalysis 9 examples

79-97% ee, >20:1 d.r.

(BF4)3
R2 Ar + / \ + / \ +
| N"L-N-Br-N"L-N—_ R
_/ _/ Ar Br R
X R4
(b) |/ P - | 0
NH Chiral anion
Rs &I\ phase-transfer catalysis R/3 = N/)\ R4
0~ Ry
21 examples
87-99% ee
+ BFy
AcHN N=0
N N
H - *
(C) e N . . g - N
Ri R, Chiral anion R1 R
o) phase-transfer catalysis 0
18 examples
73-94% ee

Scheme 6. Chiral anion phase-transfer of cationic oxidants (ref. 12-14).

By extension, we envisioned aryldiazonium salts as viable cationic electrophiles within this
manifold, and were encouraged by reports of azo-coupling reactions that utilized aryldiazonium
salts under phase-transfer conditions.*>® When exploring additional reactivity, we noted a Japp-
Klingemann-type!’ reaction between ketene silyl acetals and phenyldiazonium tetrafluoroborate
reported by Tanaka (Scheme 7). The a-azo ester intermediates were subsequently hydrogenated
to the corresponding a-amino esters. Notably, this was one of the first reports that utilized
diazonium salts as electrophilic aminating reagents.®



Me

NzBF4 MG+COZMG
OMe ©/ M
N H,, Pd/C Me. | .CO,Me

\%\OS'MG > N >
| 3 e o
pyridine, 0 °C @ MeOH, rt NH,

Scheme 7. Electrophilic amination of silyl ketene acetals using phenyldiazonium
tetrafluoroborate (ref. 18).

In light of this mode of reactivity, we became interested in the enantioselective synthesis of azo
compounds via chiral anion phase-transfer. We drew additional inspiration from recent work by
Movassaghi and coworkers detailing the synthesis of C3-diazenated pyrroloindolines as precursors
to a variety of cyclotryptamine natural products and natural product derivatives.?%?! Photolysis of
these diazenes, which were ultimately prepared in 7 or more steps from tryptophan, afforded the
desired carbon-carbon bond with loss of dinitrogen (Scheme 8).

0 R,

OMe N R CO,Me
7 steps N CO,Me hv g
NHCO,Me > > N\CO M
2 — N P -Me
N\ = \COZMe tBuOH, rt N\
N N\ H -N2 COzMe
H CO,Me

Scheme 8. Synthesis and photolysis of C-3 diazenated pyrroloindolines (ref. 20, 21).

By exploiting the n-electrophilicity of aryldiazonium salts (as initially described by Tanaka), we
envisioned accessing a similar class of compounds enantioselectively in a single step via
pyrroloindolization. We hypothesized that a tryptamine derivative would undergo enantioselective
C-3 diazenation upon treatment with an aryldiazonium chiral ion pair. The subsequent iminium
intermediate could then be quenched by attack of a pendant nucleophile, furnishing the desired
pyrroloindoline (Scheme 9).

. @_ @O\P/O>* Ph\N
NHPG Ph—N=N 2P<5 y
A\ _ g
> N
N _ _ > PG
PG Ph. N H
N PG

N/
- < NHPG"
via: / ‘/
N® o

PG Opc2).
0" o

Scheme 9. Proposed enantioselective pyrroloindolization.



Results and Discussion

We began our investigation with 1.1a, a benzamide-protected tryptamine derivative. We chose
1.1a as a model substrate as the presence of a benzamide was crucial for high enantioselectivity in
many of our previously developed phase-transfer reactions.!?'* We were pleased to find that
treatment of 1.1a with phenyldiazonium tetrafluoroborate, 5 mol% (R)-TRIP (1.3a), 3 equivalents
of NasPOs in hexane solvent led to the formation of the desired cyclized product 1.2a in
quantitative yield and in 63% ee (Scheme 10). The structure and absolute configuration of 1.2a
was confirmed by X-ray crystallographic analysis.

\
N
0 5 mol% 1.3a ,\]:
N\ HN 3 equiv. NazgPO, :
N PhN,BF, _ ~N 0 1.3a:
Bn hexanes, rt, 12 h E H
n
1.1a Bu 1.2a
quantitative g,

63% ee

Scheme 10. Enantioselective pyrroloindolization of 1.1a.

The proposed mechanism begins with deprotonation of the chiral phosphoric acid precatalyst to
form the active phosphate. The lipophilic phosphate then undergoes anion metathesis (with
precipitation of NaBF4), to bring the aryldiazonium cation into organic solution. The resulting
chiral ion pair reacts with the substrate which undergoes enantioselective pyrroloindolization,
presumably via an iminium intermediate. This process regenerates the phase-transfer catalyst in
the protonated form (Scheme 11).

CO\ /O
O ® ©
NaZHPO4 Na Ar—N=N BF4
Na3PO4 NaBF4
\ /O o

@ 0o. .0
Ar—N=N ~-P< *

0O O
L E _
N
’/\j
. O
- HN
@(C B
N®

Ar @)
NC) HN
@CY S e sl
Bn

Bn

Scheme 11. Proposed mechanism of enantioselective pyrroloindolization.
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Having observed the desired reactivity, we sought to optimize reaction conditions to improve
enantioselectivity (Table 1), and started by investigating our library of chiral phosphoric acids.
Initial work focusing on BINOL-derived catalysts revealed that 1.3a gave the highest ee (entries
1-3). We next examined catalysts with different backbones, specifically 1.3d derived from Hs-
BINOL and 1.3e derived from SPINOL, and found that use of 1.3e increased enantioselectivity up
to 81% (entry 5). A further increase to 91% ee was achieved by using methyl tert-butyl ether as
solvent (entry 7). Notably, employing similar conditions in acetone solvent led to significant
decomposition of starting material along with erosion of enantioselectivity (entry 8). Presumably
the lack of a phase-separation between the substrate and aryldiazonium salt (which is soluble in
acetone), results in a significant background reaction that produces racemic product. When
exploring various bases, we found that use of most inorganic bases produced similar conversions
and enantioselectivities (entries 9-10). Use of triethylamine led to no reaction, likely due to
decomposition of the diazonium salt as evidenced by a strong color change (entry 11). Lastly,
minimal conversion was observed in the absence of phase-transfer catalyst or base (entries 12-13).
These results, along with reduced enantioselectivity under homogeneous conditions (entry 8),
support a phase-transfer mechanism. Full conversion was seen under catalytic conditions (2-8
hours) with isolated yields up to 97% (entry 7).



5 mol% cat.

N HN o 3 equiv. base
1 equiv. PhN,BF4 0
N >
Bn solvent, rt, 2-8 h
1.1a ‘Bu 1.2a
tBu
Entry Cat. Solvent Base Conv. (%) ee (%)
1 1.3a hexanes NazPO4 > 95 62
2 1.3b hexanes NaszPO4 > 95 35
3 1.3¢c hexanes NaszPO, > 95 4
4 1.3d hexanes NazPOy4 > 95 44
5 1.3e hexanes NaszPO4 > 95 81
6 1.3e pentane NaszPO4 > 95 82
7 1.3e MTBE NaszPO4 9728 91
8 1.3e acetone NazPO, > 95 (21°) 51
9 1.3e MTBE K,CO4 > 05 90
10 1.3e MTBE K3POy4 > 05 91
11 1.3e MTBE NEt; <10 -
12 - MTBE NazPO, <5 ]
13 1.3e MTBE - <5 -

bisolated yield

Ar Ar
: P\ : P\

1.3a, Ar = 2,4,6- (/Pr)3CGH2 1.3d, Ar = 2,4,6-(iPr)3CgH, 1.3, Ar = 2,4,6-(iPr)3CeH,
1.3b, Ar = 2,4,6-(Cy)3CgH,
1.3c, Ar = 3,5-(CF3),CgH3

Table 1. Reaction optimization.

With an optimized set of reaction conditions established, we next examined the scope of the
aryldiazonium salt (Figure 1). We found that substitution at the ortho-, meta-, and para-positions
was well tolerated with both electron-donating (1.2b-1.2f) and electron-withdrawing (1.2g-1.2m)
substituents. Di-substitution of the aryldiazonium salt was also tolerated (1.2k). Yields ranged
from 52-95%, with enantioselectivities up to 94%.
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Figure 1. Aryldiazonium scope.
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We next examined various derivatives of tryptamine 1.1a. Substitution of the indole backbone at
the 5-, 6- and 7-positions with both electron-donating (1.2g-1.2r) and electron-withdrawing groups



(1.2n-1.2p) led to product formation in high yield and enantioselectivity. Substrates with bromine
substitution displayed diminished reactivity, thus requiring the use of more reactive electron-poor
diazonium salts (1.2n, 1.20). Replacement of the benzyl protecting group with a more labile p-
methoxybenzyl (PMB) group did not negatively impact yield or ee (1.2s), nor did removal of the
tert-butyl group from the benzamide moiety (1.2t). As with previously developed chiral phosphate
phase-transfer reactions, the presence of a benzamide protecting group was crucial for high
enantioinduction. Replacement of the benzamide with a carbamate led to a sharp decrease in ee
(1.2v), as did replacement of indole-N benzyl group with an allyl group (1.2u).

CO,Me CO,Me

P 9.0, ®© ¢

1.2n 1.20 1.2p 1.2q 1.2r
39% yield 52% yield 80% vyield 67% yield 99% vyield
80% ee 92% ee 86% ee 88% ee 96% ee

@f %6 8h of i
e o § ’ ﬁ )<o

1.2s 1.2t 1.2u 1.2v
58% yield 85% yield 98% yield 85% yield
90% ee 89% ee 69% ee 73% ee

Figure 2. Indole and protecting group scope.

Lastly, we subjected diazene 1.2a to photolytic conditions and were able to isolate the
corresponding arylated product 1.3a in modest yield and with complete retention of
enantioenrichment (Scheme 13). Optimal conditions included use of a UVA light source (>300
nm) and cyclohexane as solvent.
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. Bu 42% yield
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Scheme 13. Photolysis of 1.2a.
Conclusions

Aryldiazonium salts have been utilized as insoluble electrophiles in chiral anion phase-transfer
chemistry. By exploiting the r-electrophilicity of aryldiazonium salts and the specific reactivity of
tryptamine derivatives, we have developed a highly enantioselective pyrroloindolization reaction.
Reactions can be performed at room temperature and are tolerant to a variety of aryldiazonium
salts and substituted tryptamine substrates. Control experiments indicate that a phase-transfer
mechanism is operative. Photolysis of diazenated products affords the corresponding C-3 arylated
compounds with complete retention of enantioselectivity.

Experimental details

General. Unless otherwise noted, all reagents were purchased from commercial suppliers and used
without further purification. Chiral anion phase-transfer (CAPT) pyrroloindolization reactions
were performed in 2-dram (15 X 60 mm) vials equipped with a screw cap and stirred using a
magnetic Teflon stir bar (1/2” X 5/16”) on the surface of a magnetic stir plate. Due to the
heterogeneous nature of these reactions, fast and efficient stirring was maintained over the course
of the reaction for optimal and reproducible results. Methyl tert-butyl ether (MTBE) was used as
purchased from Fischer Scientific. Thin-layer chromatography (TLC) analysis of reaction
mixtures was performed using Merck silica gel 60 F254 TLC plates, and visualized under UV or
by staining with ceric ammonium molybdate or KMnO4. Column chromatography was performed
on Merck Silica Gel 60 A, 230 X 400 mesh. Nuclear magnetic resonance (NMR) spectra were
recorded using Bruker AV-600, AV-500, DRX-500, AVQ-400, AVB-400 and AV-300
spectrometers. *H and *3C chemical shifts are reported in ppm downfield of tetramethylsilane and
referenced to residual solvent peak (CHCls, 6H = 7.26 ppm and 6C = 77.0 ppm; DMSO, 6H = 2.50
and 5C = 39.5 ppm; CH2Cl,, $H = 5.32 and 5C = 53.8 ppm).?2 Multiplicities are reported using the
following abbreviations: s = singlet, d = doublet, t = triplet, g = quartet, app t = apparent triplet, m
= multiplet, br = broad resonance. Solvent abbreviations are reported as follows: MTBE = Methyl
tert-butyl ether, EtOAc = ethyl acetate, hex = hexanes, DCM = dichloromethane, Et>O = diethyl
ether, MeOH = methanol, iPrOH = isopropanol, THF = tetrahydrofuran, DMF = N,N-
dimethylformamide, EtsN = triethylamine. Mass spectral data were obtained from the Micro-
Mass/Analytical Facility operated by the College of Chemistry, University of California, Berkeley
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or by usage of an Agilent Time of Flight (Q-TOF) mass spectrometer in ESI mode. Enantiomeric
excesses were measured on a Shimadzu VP Series Chiral HPLC using Chiralpak IA, IB, or IC
columns.

The syntheses of TRIP (1.3a),22 TCYP (1.3b),?* H8-TRIP (1.3d),?® and STRIP (1.3e)? have been
previously reported. Racemic CAPT pyrroloindolinization products were synthesized utilizing
racemic TRIP or under homogeneous conditions in the absence of phase-transfer catalyst with
acetone as a solvent.

Substrate synthesis

General procedure for synthesis of tryptamine derivatives S1.1-S1.15

NO,

NH,
=0
X
L N\ 1.POCI;, DMF R{/\E\g MeNO, N\ MeNO, | NN
= u 2. NaOH (aq.) = H NH,OAc Z~N NH,OAc Z~N
H H

The synthesis of substituted tryptamines was adapted from the procedure of Dixon, et al.?” To an
oven-dried 250-mL round bottom flask was added dry DMF (20 mL) and a stir bar. The flask was
cooled to 0 °C and POCI3 (2.80 mL, 30 mmol, 1.5 equiv.) was added dropwise. The solution was
stirred for 15 min at this temperature before the addition of the substituted indole (2.70 g, 20 mmol,
1.0 equiv.) dissolved DMF (20 mL). The solution was subsequently heated at 38 °C for 1 hour,
then cooled to rt at which point ice water (40 mL) was carefully added, followed by aqueous 1 N
NaOH (20 mL), with vigorous stirring. Additional 1 N NaOH was added until the reaction mixture
maintained a yellow color. The reaction was then heated at 170 °C and refluxed for 5 minutes
before being allowed to cool to rt and stirred overnight. The mixture was then extracted with
EtOAc (3 x 50 mL), and the combined organic layers were washed with water (2 x 75 mL), brine
(2 x 70 mL), dried over MgSOs, filtered, and concentrated to yield the aldehyde as a solid which
required no further purification.

To an oven-dried 250-mL round bottom flask was added the crude aldehyde (14.6 mmol, 1.0
equiv.), nitromethane (50 mL), and ammonium acetate (3.38 g, 43.9 mmol, 3.0 equiv.). The
reaction was then refluxed for 90 min with vigorous stirring. After this time, the reaction was
concentrated to dryness via rotary evaporation and subsequently dissolved in EtOAc (60 mL). The
organic layer was washed with water (50 mL), brine (50 mL), dried over MgSOs., filtered and
concentrated. The crude material was purified by flash column chromatography (1:1 EtOAc/hex)
to afford the nitro alkene.

To an oven-dried 1-L round bottom flask containing a stir-bar was added solid LAH pellets (3.33
g, 87.84 mmol, 6.0 equiv.) followed by dry THF (145 mL). The mixture was stirred in an ice bath
to cool to 0 °C. The nitro alkene (14.6 mmol, 1.0 equiv.) was dissolved in THF (145 mL) and
transferred to the cool LAH mixture via cannula over a period of 20 min. The mixture was allowed
to slowly warm to rt and stir for 40 h. After this time, the reaction was cooled back to 0 °C before
the slow addition of water (15 mL) until the cessation of bubbles. Then the mixture was diluted
with Et2O (150 mL) followed by addition of saturated Rochelle’s salt solution (200 mL). This
mixture was then vigorously stirred for 24 hours. The layers were then separated and the aqueous
layer was extracted with EtoO (1 x 100 mL) and the collected organic layers extracted with 2 N
HCI (3 x 75 mL). The aqueous layer was then cooled in an ice bath and basified with 3M KOH
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until pH ~ 10. This basic mixture was then extracted with Et,O (3 x 75 mL), dried over MgSOa,
filtered, and concentrated to afford the pure tryptamine derivatives.

Br —0
©\/\§
N
H

S1.1. Following the first step of the general procedure for the synthesis of tryptamine derivatives,
compound S1.1 was isolated as a pale yellow solid (52% vyield). Spectral data are in accordance
with literature.?®

/O
MeO
A\
N
H

S1.2. Following the first step of the general procedure for the synthesis of tryptamine derivatives,
compound S1.2 was isolated as a pale yellow solid (79% vyield). Spectral data are in accordance
with literature.?

=0
F
\(j\/\g
N
H

S1.3. Following the first step of the general procedure for the synthesis of tryptamine derivatives,
compound S1.3 was isolated as a pale yellow solid (73% vyield). Spectral data are in accordance
with literature.?’

/O
@(\5
Br ”

S1.4. Following the first step of the general procedure for the synthesis of tryptamine derivatives,
compound S1.4 was isolated as a pale brown solid (82% yield). Spectral data are in accordance
with literature.®

=0
©\/\§
N
H

OMe
S1.5. Following the first step of the general procedure for the synthesis of tryptamine derivatives
(20 minute reflux), compound S1.5 was isolated as a pale yellow powder (88% yield). Spectral
data are in accordance with literature 3!

14



Oz

N
Br —
A\
N
H

S1.6. Following the second step of the general procedure for the synthesis of tryptamine
derivatives, compound S1.6 was isolated as a brown oil (47% vyield). Spectral data are in
accordance with literature.?®

NO,
MeO
A\
N
H

S1.7. Following the second step of the general procedure for the synthesis of tryptamine
derivatives, compound S1.7 was isolated as a solid (98% vyield). Spectral data are in accordance
with literature.?

NO,
_
F
A\
N
H

S1.8. Following the second step of the general procedure for the synthesis of tryptamine
derivatives, compound S1.8 was isolated as a solid (71% vyield). Spectral data are in accordance
with literature.?’

NO,
/(jj\C
Br N

S1.9. Following the second step of the general procedure for the synthesis of tryptamine
derivatives, compound S1.9 was isolated as a solid (95% yield). Spectral data are in accordance
with literature.®

NO,
—_—
A\
N
H

OMe
S1.10. Following the second step of the general procedure for the synthesis of tryptamine
derivatives, compound S1.10 was isolated as a solid (88% yield). Spectral data are in accordance
with literature.®
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Br
A\
N
H

S1.11. Following the third step of the general procedure for the synthesis of tryptamine derivatives,
compound S.11 was isolated as a brown oil (54% vyield). Spectral data are in accordance with
literature.?®

NH,
MeO
N\
N
H

S1.12. Following the third step of the general procedure for the synthesis of tryptamine derivatives,
compound S1.12 was isolated as a brown oil (73% yield). Spectral data are in accordance with
literature.?®

NH,
F

A\

N

H

S1.13. Following the third step of the general procedure for the synthesis of tryptamine derivatives,
compound S1.13 was isolated as a brown oil (92% yield). Spectral data are in accordance with
literature.?’

NH»
J@VC
Br ”

S1.14. Following the third step of the general procedure for the synthesis of tryptamine derivatives,
compound S1.14 was isolated as a brown oil (77% yield). Spectral data are in accordance with
literature.>°

NH,
Q\/\C
N
H
OMe
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S1.15. Following the third step of the general procedure for the synthesis of tryptamine derivatives,
compound S1.15 was isolated as a brown oil (73% yield). Spectral data are in accordance with
literature.3!

General amidation and benzylation procedures for the synthesis of substrates

o)
NH, j\ HN—
Ar” Cl Ar
1. Et;N, DCM
R-L TN A\
L 2.NaH, BnBr R—~
N ~N
H THF N

To an oven-dried 250 mL round bottom flask was added a stir-bar and the appropriate tryptamine
(4.6 mmol, 1.0 equiv.), EtaN (1.3 mL, 9.2 mmol, 2.0 equiv.), and dry DCM (20 mL). The solution
was cooled to 0 °C before the dropwise addition of the 4-tbutylbenzoyl chloride (0.99 mL, 5.06
mmol, 1.1 equiv.). The reaction was then stirred at room temperature for 3 h or until TLC showed
complete consumption of starting material. The reaction was then concentrated via rotary
evaporation and the crude material was purified by flash column chromatography (1:1
EtOAc:hex). This material was then taken directly into the next step. The protected tryptamine
(3.41 mmol, 1.0 equiv.) was transferred to an oven-dried flask, dissolved in dry DMF (10 mL),
and cooled to 0 °C. Sodium hydride (60 % dispersion in oil, 164 mg, 4.9 mmol, 1.2 equiv.) was
added slowly to the stirred solution. The reaction was then stirred at rt for 15 min before cooling
back down to 0 °C, followed by dropwise addition of benzyl bromide (0.43 mL, 3.58 mmol, 1.05
equiv.). The reaction was stirred cold for 5 minutes, before removal from the ice bath and then
stirred at rt for 16 h. The reaction was quenched at 0 °C by the addition of aqgueous ammonium
chloride (10 mL) and water (10 mL). The mixture was extracted with EtOAc (3 x 25 mL) and the
combined organic layers were washed with water (30 mL) and brine (30 mL), dried over MgSOs,
filtered, and concentrated. The crude reside was purified by flash column chromatography (1:4 to
1:1 EtOACc:hex) to afford the corresponding amide.

O
HN

A\
N tBu

Bn

1.1a. Following the general procedure for amidation and benzylation, compound 1.1a was isolated
as a white solid (73% yield over two steps). *H NMR (500 MHz, CDCls) § 7.67 (d, J = 7.9 Hz,
1H), 7.60 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.4 Hz, 2H), 7.32-7.20 (m, 5H), 7.15-7.09 (m, 3H), 7.00
(s, 1H), 6.29 (s, 1H), 5.27 (s, 2H), 3.79 (q, J = 6.3 Hz, 2H), 3.09 (t, J = 6.6 Hz, 2H), 1.33 (s, 9H);
13C NMR (126 MHz, CDClg) & 167.3, 154.8, 137.7, 136.9, 131.9, 128.9, 128.0, 127.7, 126.9,
126.76, 126.3, 125.5, 122.1, 119.4, 119.1, 112.4, 109.9, 50.0, 40.2, 35.0, 31.3, 25.4 ppm; HRMS
(+ESI) calcd. for [C2sH31N20] ([M+H™]): 411.2431, found: 411.2425.

17



HN

A\

N
Bn

S1.16. Following the general procedure for amidation (using benzoyl chloride) and benzylation,
compound S1.16 was isolated as a white solid (70 % yield over two steps). *H NMR (500 MHz,
CDCl3) 6 7.67-7.64 (m, 3H), 7.48-7.44 (m, 1H), 7.37-7.34 (m, 2H), 7.30 (d, J = 8.2 Hz, 1H), 7.28-
7.25 (m, 3H), 7.21 (td, J = 7.6, 1.0 Hz, 1H), 7.15-7.09 (m, 3H), 6.99 (s, 1H), 6.30 (s, 1H), 5.27 (s,
2H), 3.79 (q, J = 6.3 Hz, 2H), 3.10 (t, J = 6.7 Hz, 2H); 3C NMR (126 MHz, CDCls) § 167.5,
137.6, 136.9, 134.8, 131.4, 128.9, 128.6, 128.0, 127.7, 127.2, 126.9, 126.3, 122.2, 119.4, 119.1,
112.3, 109.9, 50.0, 40.3, 25.4; HRMS (+ESI) calcd. for [C24H23N20] ([M+H]): 355.1805, found:
355.1811.

HN
Br

A\
N tBu

Bn

S1.17. Following the general procedure for amidation and benzylation, compound S1.17 was
isolated as a white solid (54% yield over two steps). *H NMR (400 MHz, CD2Cl,) & 7.73-7.62 (m,
2H), 7.55-7.41 (m, 2H), 7.32 (m, 5H), 7.21-7.10 (m, 3H), 7.06 (t, J = 7.9 Hz, 1H), 5.27(s, 2H),
3.83(dg, J=21.9, 6.5 Hz, 2H), 3.39 (t, J = 6.8 Hz, 2H), 1.39 (s, 9H); 13*C NMR (101 MHz, CD-Cl,)
0 167.4,155.2, 138.6, 137.7, 132.6, 129.3, 128.2, 127.3, 127.3, 127.1, 126.5, 125.9, 124.2, 123.1,
114.8,113.5, 109.8, 50.6, 41.7, 35.3, 31.5, 26.5; HRMS (+ESI) calcd. for [C24H23N20] ([M+H*]):
489.1536, found: 489.1542.

(0]
HN
MeO
A\
N Bu
Bn

S1.18. Following the general procedure for amidation) and benzylation, compound S1.18 was
isolated as a white solid (70% yield over two steps). *H NMR (500 MHz, CD.Cly) § 7.66 — 7.53
(m, 2H), 7.46 — 7.35 (m, 2H), 7.34 - 7.21 (m, 3H), 7.16 (d, J = 8.9 Hz, 1H), 7.14 — 7.08 (m, 2H),
7.06 (d, J = 2.4 Hz, 1H), 7.03 (s, 1H), 6.80 (dd, J = 8.9, 2.4 Hz, 1H), 6.27 (t, J = 5.6 Hz, 1H), 5.25
(s, 2H), 3.74 (d, J = 14.3 Hz, 5H), 3.03 (t, J = 6.7 Hz, 2H), 1.32 (s, 9H). 3C NMR (126 MHz,
CD2Cl2) 6 167.3,155.2,154.5,138.5,132.5,129.2, 128.9, 128.0, 128.0, 127.5, 127.3, 127.0, 125.9,
1125, 112.4, 111.1, 101.1, 56.1, 50.6, 40.6, 35.3, 31.4, 25.8; HRMS (+ESI) calcd. for
[C29H32N205] ([M+H*]): 441.2537, found: 441.2540.

18



O
HN
F
N\
N Bu
Bn

S1.19. Following the general procedure for amidation and benzylation compound, S1.19 was
isolated as an off-white solid (60% yield over two steps). *H NMR (500 MHz, CDCls3) § 7.70 —
7.48 (m, 2H), 7.45 —7.33 (m, 2H), 7.33 — 7.22 (m, 5H), 7.17 (dd, J = 9.0, 4.3 Hz, 1H), 7.06 (dd, J
= 6.4, 2.9 Hz, 2H), 6.23 (t, J = 5.6 Hz, 1H), 5.24 (s, 2H), 3.75 (g, J = 6.5 Hz, 2H), 3.02 (t, J = 6.8
Hz, 2H), 1.31 (s, 9H); 3C NMR (126 MHz, CDCl3) § 167.7, 159.0, 157.2, 155.2, 137.6, 132.1,
128.3, 127.1, 127.0, 125.8, 112.5, 112.5, 110.9, 110.9, 110.7, 104.4, 104.2, 50.6, 40.3, 35.3, 31.5,
25.7; HRMS (+ESI) calcd. for [C2sH30N20F] ([M+H™]): 429.2337, found: 429.2338.

0O
HN
)@C\C
tBu
N
Br Bn

S1.20. Following the general procedure for amidation and benzylation, compound S1.20 was
isolated as a white solid (63% yield over two steps). *H NMR (500 MHz, CDCls) § 7.58 (d, J =
8.1 Hz, 2H), 7.50 (d, J = 8.4 Hz, 1H), 7.44 (d, J = 1.7 Hz, 1H), 7.37 (d, J = 8.2 Hz, 2H), 7.33 —
7.24 (m, 3H), 7.21 (dd, J = 8.5, 1.7 Hz, 1H), 7.06 (dd, J = 6.6, 3.0 Hz, 2H), 6.95 (s, 1H), 6.28 —
6.12 (m, 1H), 5.21 (s, 2H), 3.75 (q, J = 6.5 Hz, 2H), 3.04 (t, J = 6.8 Hz, 2H), 1.32 (s, 9H); °C
NMR (126 MHz, CDCls) 5 167.4, 154.9, 137.7, 137.1, 131.8, 129.0, 127.9, 126.9, 126.9, 126.8,
126.7, 125.6, 122.7, 120.5, 115.9, 112.9, 112.8, 50.0, 40.2, 35.0, 31.3, 25.4; HRMS (+ESI) calcd.
for [C2sH30N20Br] ([M+H*]): 489.1536, found: 489.1535.

0]
HN

A\
N tBu

Bn
OMe

S1.21. Following the general procedure for amidation and benzylation compound, S1.21 was
isolated as an off-white solid (44% vyield over two steps) and was further purified by
recrystallization from hot EtOAc. *H NMR (500 MHz, CDCls) § 7.66 —7.49 (m, 2H), 7.46 — 7.33
(m, 2H), 7.33-7.20 (m, 4H), 7.12 (dd, J = 7.2, 2.2 Hz, 2H), 7.06 (t, J = 7.8 Hz, 1H), 6.92 (s, 1H),
6.69 (d, J = 7.7 Hz, 1H), 6.21 (t, J = 5.3 Hz, 1H), 5.62 (s, 2H), 3.88 (s, 3H), 3.78 (q, J = 6.3 Hz,
2H), 3.06 (t, J = 6.6 Hz, 2H), 1.35 (s, 9H); 13C NMR (126 MHz, CDCls) § 167.3, 154.7, 147.8,
139.8, 131.9, 130.2, 128.6, 127.3, 127.2, 126.8, 126.7, 126.6, 125.5, 119.9, 112.6, 111.9, 103.2,
55.5, 52.4, 40.0, 35.0, 31.3, 25.4; HRMS (+ESI) calcd. for [C29H32N202] ([M+H™]): 441.2537,
found: 441.2541.
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Synthesis of S1.22

@) O

L HN™ “ome HN™ Nome
MeO Cl NaH, BnBr
—_— —_—
N 1 N NaOH N\ N\
N
H N N
H Bn

S1.22. The Moc-tryptamine intermediate was prepared in 90% vyield following the procedure
described by Skylar and Heathcock.®? This carbamate was subsequently subjected to the general
benzylation conditions and purified by flash chromatography (1:2 EtOAc:hex) to afford S1.22 as
a colorless oil (83% yield). *H NMR (500 MHz, CDCls) § 7.63 (d, J = 7.9 Hz, 1H), 7.34 — 7.27
(m, 4H), 7.20 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.17 — 7.08 (m, 3H), 6.97 (s, 1H), 5.29 (s, 2H), 4.79
(s, 1H), 3.67 (s, 3H), 3.53 (g, J = 6.6 Hz, 2H), 2.99 (t, J = 6.9 Hz, 2H); 3C NMR (126 MHz,
CDCls) 5 164.6,157.1,137.6,128.9, 127.7,126.3, 119.3,112.2,109.9, 77.4,77.4,77.2,76.9,52.1,
50.0, 41.5, 25.9; HRMS (+ESI) calcd. for [C19H20N202] ([M+H*]): 309.1958, found: 309.1961.

Synthesis of S1.24

0]
O HN
HN
KOtBu, 18-crown-6 o
allyl bromide, Et,0 D
N

S1.24. Tryptamine S1.23 (1.0 g, 3.8 mmol) was added to a mixture of 18-crown-6 (0.1 mg, 0.38
mmol), KOtBu (508 mg, 4,5 mmol) in Et2O (7.5 mL). The reaction mixture was cooled to 0 °C, at
which time the allyl bromide (400 uL, 4.5 mmol) was added dropwise. The reaction was stirred at
room temperature for 3 h, quenched with water, extracted in Et.O and purified by flash
chromatography (1:1 EtOAc:hex) to yield an orange powder. *H NMR (400 MHz, CD2Cl) & 7.77
—7.67 (m, 2H), 7.65 (dt, J = 8.0, 1.0 Hz, 1H), 7.54 — 7.45 (m, 1H), 7.40 (it, J = 6.6, 1.6 Hz, 2H),
7.36 —7.28 (m, 1H), 7.21 (ddd, J =8.3, 6.9, 1.3 Hz, 1H), 7.10 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H), 7.00
(s, 1H), 6.46 (s, 1H), 6.00 (ddt, J = 17.1, 10.5, 5.4 Hz, 1H), 5.18 (dq, J = 10.2, 1.5 Hz, 1H), 5.06
(dg, J=17.1, 1.6 Hz, 1H), 4.70 (dt, J = 5.4, 1.7 Hz, 2H), 3.75 (td, J = 6.9, 5.6 Hz, 2H), 3.08 (t, J
= 6.9 Hz, 2H); 13C NMR (101 MHz, CD:Cl,) § 167.5, 137.1, 135.5, 134.3, 131.7, 128.9, 128.5,
127.3, 126.4, 122.2, 119.5, 119.4, 117.3, 112.5, 110.2, 49.1, 40.9, 25.8; HRMS (+ESI) calcd. for
[C20H20N20] ([M+H™]): 305.1648, found: 305.1653.

IZ/
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Synthesis of S1.25

HN

HN

Y

pMBCI, KOH
DMSO N

IZ/

MeO

S1.25. Tryptamine S1.23 (1.0 g, 3.8 mmol) and KOH (420 mg, 7.54 mmol) were stirred in DMSO
(15 mL) for 1 hour. To the reaction mixture, pMBCI (1 mL, 7.54 mmol) was added dropwise. The
reaction was stirred at rt overnight, quenched with water, extracted in EtOAc and purified by flash
chromatography (1:1 EtOAc:hex) to yield an orange powder. *H NMR (400 MHz, CD2Cl) & 7.77
—7.57 (m, 3H), 7.55 —7.44 (m, 1H), 7.44 —7.35 (m, 2H), 7.35 — 7.27 (m, 1H), 7.19 (ddd, J = 8.3,
6.9, 1.3 Hz, 1H), 7.15 - 7.05 (m, 3H), 7.03 (s, 1H), 6.85 - 6.73 (m, 2H), 6.45 (s, 1H), 5.20 (s, 2H),
3.75 (d, J = 2.8 Hz, 5H), 3.08 (t, J = 6.8 Hz, 2H); **C NMR (101 MHz, CD,Cl>) § 167.5, 159.6,
137.2, 135.4, 131.7, 130.3, 128.9, 128.8, 128.7, 127.3, 126.7, 122.3, 119.5, 119.5, 114.5, 112.6,
110.3, 55.7, 49.9, 40.8, 25.8. HRMS (+ESI) calcd. for [C25H24N202] ([M+H™]): 385.1911, found:
385.1897.

Synthesis of aryldiazonium salts

| N NH> 4 HBF, (aq) O/NzBH
| F 2. NaNO, (aq) |G

R R

The aniline (10 mmol) was dissolved in a mixture of 50% (V/V) fluoroboric acid (3.5 mL) and
water (4.0 mL). After cooling to 0° C, an aqueous solution of sodium nitrite (700 mg, 10.1 mmol,
in 1.5 mL H20) was added in 0.25 mL portions. The mixture was stirred for 30 min and the thick
precipitate was collected and dissolved in acetone. The diazonium tetrafluoroborate was then
precipitated by the addition of Et2O. The product was dried under high vacuum for several hours.
Utilization of this procedure provided diazonium salts and yields comparable to those previously
reported, and all spectral data that matched the data found in the literature; see the references
below.

1. 4-Bromobenzenediazonium tetrafluoroborate, 4-fluorobenzenediazonium
tetrafluoroborate, 4-tert-butylbenzenediazonium tetrafluoroborate, and 4-
methoxycarbonylbenzenediazonium tetrafluoroborate.

2. Benzenediazonium tetrafluoroborate, 4-methylcarbonylbenzenediazonium
tetrafluoroborate, 4-methoxybenzenediazonium tetrafluoroborate, naphthalen-1-yl-
diazonium tetrafluoroborate.3*

3. 2-Chlorobenzenediazonium tetrafluoroborate.®®
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4. 2-Methylbenzenediazonium tetrafluoroborate, 3-methylbenzenediazonium
tetrafluoroborate.3®

5. 4-Trifluoromethylbenzenediazonium tetrafluoroborate.®’
6.  3-Fluorobenzenediazonium tetrafluoroborate.®

7. 3-Bromo-4-methylbenzenediazonium tetrafluoroborate.

General procedure for phase-transfer diazenation

A suspension of the tryptamine (0.05 mmol), NasPOa4 (24 mg, 0.15 mmol, 3 equiv.), and (R)-STRIP
(1.8 mg, 0.0025 mmol, 5 mol%) in MTBE (0.5 mL) was stirred vigorously at rt for 15 minutes. To
this suspension the aryldiazonium salt (0.05 mmol, 1 equiv.) was added rapidly in one portion.
The reactions were stirred until TLC analysis indicated completion (1-12 h). The bright yellow
reaction mixtures were filtered through cotton wool and the volatiles were removed by rotary
evaporation. The crude product was dissolved in benzene and loaded onto a 1 cm column and
eluted in 5:95 EtOAc:hex to yield yellow foams. The products were stable for several months at -
20 °C neat, in protic solvents, or in pyridine. However, decomposition of some of the products
occurred in halogenated solvents or aprotic polar solvents.

A

tBu

1.2a. Following the general procedure for phase-transfer diazenation, compound 1.2a was isolated
as a yellow solid (99% vyield). *H NMR (500 MHz; CD,Cl,) § 7.69 (dd, J = 7.5, 1.8 Hz, 2H), 7.45
(d, J=5.9Hz, 3H), 7.37 (t, J=9.4 Hz, 4H), 7.31 (d, ) =8.3 Hz, 2H), 7.27 (t, J = 7.3 Hz, 2H), 7.21
(t, J = 7.0 Hz, 2H), 7.10 (t, J = 7.5 Hz, 1H), 6.81 (s, 1H), 6.67 (t, J = 7.2 Hz, 1H), 6.37 (d, J = 7.8
Hz, 1H), 4.83 (s, 2H), 3.79 (t, J = 8.9 Hz, 1H), 3.58 (td, J = 11.5, 5.5 Hz, 1H), 2.59-2.47 (m, 2H),
1.30 (s, 9H); °C NMR (126 MHz, CD,Cl,) & 170.1, 153.8, 151.8, 151.5, 139.5, 133.0, 131.1,
130.2,129.1,128.4,127.5,127.3,127.0, 126.8, 125.12 125.1, 122.5, 117.5, 106.3, 88.7, 80.9, 49.9,
48.7, 36.6, 34.8, 31.0 ppm; HRMS (+ESI) calcd. for [C3sH3sN40] ([M+H™]): 515.2805, found:
515.2797; HPLC (ChiralPak IB column) 98:02 (hex/iPrOH) 1mL/min; tmajor (21.2 mMin), tminor (26.7
min); 91% ee.
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1.2b. Following the general procedure for phase-transfer diazenation, compound 1.2b was isolated
as a yellow solid (66% yield). 'H NMR (300 MHz; CD,Cl,) § 7.63 (d, J = 8.4 Hz, 2H), 7.43-7.23
(m, 11H), 7.12 (t, J = 7.3 Hz, 2H), 6.83 (s, 1H), 6.70 (t, J = 7.3 Hz, 1H), 6.39 (d, J = 7.8 Hz, 1H),
4.86 (s, 2H), 3.85-3.77 (m, 1H), 3.66-3.59 (m, 1H), 2.58-2.51 (m, 2H), 2.41 (s, 3H), 1.33 (s, 9H);
13C NMR (126 MHz, CD2Clz) & 170.0, 164.6, 153.7, 151.4, 149.8, 141.7, 139.4, 133.0, 130.1,
129.6, 128.3, 127.3, 127.0, 126.9, 126.7, 125.0, 122.5, 117.4, 106.2, 88.3, 80.9, 49.8, 48.7, 36.6,
34.7, 30.9, 21.2 ppm; HRMS (+ESI) calcd. for [C3ssH37N4O] ([M+H™]): 529.2962, found:
529.2980; HPLC (ChiralPak 1B column) 98:02 (hex/iPrOH) 1mL/min; tmajor (11.7 min), tminor (14.5
min); 90% ee.
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1.2c. Following the general procedure for phase-transfer diazenation, compound 1.2c was isolated
as a yellow solid (91% yield). *H NMR (500 MHz; CD.Cl) § 7.51-7.50 (m, 2H), 7.40-7.32 (m,
7H), 7.28 (t, J = 7.4 Hz, 3H), 7.22 (d, J = 7.4 Hz, 2H), 7.12 (t, J = 7.8 Hz, 1H), 6.81 (s, 1H), 6.69
(t,J=7.4Hz, 1H), 6.39 (d, J = 7.9 Hz, 1H), 4.84 (s, 2H), 3.81 (dd, J = 10.5, 7.9 Hz, 1H), 3.60 (td,
J=11.4,5.5 Hz, 1H), 2.60-2.49 (m, 2H), 2.41 (s, 3H), 1.31 (s, 9H); *C NMR (126 MHz, CD,Cl,)
0 170.5, 154.2, 152.3, 151.9, 139.9, 139.7, 133.5, 132.3, 130.7, 129.3, 128.9, 127.8, 127.4, 127.2,
125.6, 125.6, 123.2, 120.5, 117.9, 106.8, 89.1, 81.4, 50.3, 49.2, 37.0, 35.3, 31.5, 21.6 ppm; HRMS
(+ESI) calcd. for [CssH37NsO] ([M+H']): 529.2967, found: 529.2979; HPLC (ChiralPak 1B
column) 98:02 (hex/iPrOH) 1mL/min; tmajor (11.0 min), tminor (14.1 min); 93% ee.
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1.2d. Following the general procedure for phase-transfer diazenation, compound 1.2d was isolated
as a yellow solid (87% yield). 'H NMR (500 MHz; CD,Cly) §; 7.41-7.28 (m, 11H), 7.22-7.19 (m,
2H), 7.12 (t, J = 7.8 Hz, 2H), 6.84 (s, 1H), 6.70 (t, J = 7.5 Hz, 1H), 6.39 (d, J = 8.0 Hz, 1H), 4.88-
4.81 (m, 2H), 3.82 (dd, J = 9.9, 7.9 Hz, 1H), 3.62 (td, J = 11.3, 5.8 Hz, 1H), 2.57-2.49 (m, 5H),
1.32 (s, 9H); 3C NMR (126 MHz, CD,Cl,) & 170.6, 154.2, 151.9, 150.3, 140.0, 137.9, 131.6,
131.4, 130.6, 128.9, 127.8, 127.7, 127.4, 127.3, 127.2, 126.8, 125.6, 118.3, 116.1, 107.0, 89.8,
82.0,50.4,48.7,37.1, 35.3, 31.4, 30.1, 18.0 ppm; HRMS (+ESI) calcd. for [C3sH37N4O] ([M+H™]):
529.2962, found: 529.2980; HPLC (ChiralPak IB column) 98:02 (hex/iPrOH) 1mL/min; tmajor
(21.2 min), tminor (26.7 min); 91% ee.
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1.2e. Following the general procedure for phase-transfer diazenation, compound 1.2e was isolated
as a yellow solid (53% yield). *H NMR (500 MHz; C¢D¢) & 7.96 (d, J = 8.3 Hz, 2H), 7.66 (d, J =
6.9 Hz, 2H), 7.60 (d, J = 7.5 Hz, 2H), 7.53 (d, J = 6.2 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 7.38-7.32
(m, 4H), 7.25 (t, J = 7.3 Hz, 2H), 6.92 (t, J = 7.4 Hz, 1H), 6.57 (d, J = 7.7 Hz, 1H), 5.16 (q, J =
21.3 Hz, 2H), 3.62-3.59 (m, 1H), 3.47-3.42 (m, 1H), 2.54-2.51 (m, 1H), 2.41 (g, J = 10.2 Hz, 1H),
1.36 (s, 9H), 1.35 (s, 9H); °C NMR (126 MHz, CD,Cl,) § 170.0, 154.7, 153.7, 151.4, 149.6, 139.5,
133.0, 130.1, 128.3, 127.3, 127.0, 126.9, 126.7, 126.0, 125.1, 125.0, 122.2, 117.4, 106.2, 88.4,
80.9, 49.8, 48.7, 36.6, 34.9, 34.8, 31.0, 31.0; HRMS (+ESI) calcd. for [C3sH3N4O] ([M+H™]):
571.3437, found: 571.3448; HPLC (ChiralPak IB column) 99:01 (hex/iPrOH) 1mL/min; tmajor
(13.6 min), tminor (23.0 min); 93% ee.
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1.2f. Following the general procedure for phase-transfer diazenation, compound 1.2f was isolated
as a yellow solid (63% yield). 'H NMR (500 MHz; CD,Cl,) § 7.72 (d, J = 8.9 Hz, 2H), 7.41-7.37
(m, 3H), 7.34-7.28 (m, 3H), 7.23 (d, J = 7.0 Hz, 4H), 7.11 (t, J = 7.7 Hz, 1H), 6.97 (d, J = 8.7 Hz,
2H), 6.80 (s, 1H), 6.69 (t, J = 7.3 Hz, 1H), 6.38 (d, J = 7.8 Hz, 1H), 4.85 (s, 2H), 3.86 (s, 3H),
3.82-3.79 (m, 1H), 3.60 (td, J = 11.4, 5.4 Hz, 1H), 2.59-2.48 (m, 2H), 1.32 (s, 9H); 3C NMR (126
MHz, CD2Cl,) 6 170.5, 162.6, 154.2, 151.9, 146.4, 140.0, 133.5, 130.5, 128.8, 127.8, 127.4, 127.2,
125.6, 125.5, 124.9, 117.9, 114.5, 106.7, 88.5, 81.5, 56.1, 50.3, 49.2, 37.2, 35.3, 31.5, 30.3 ppm;
HRMS (+ESI) calcd. for [C3sH37N4O2] ([M+H™]): 545.2911, found: 545.2928; HPLC (ChiralPak
IB column) 97:03 (hex/iPrOH) ImL/min; tmajor (18.3 min), tminor (16.9 min); 94% ee.
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1.2g. Following the general procedure for phase-transfer diazenation, compound 1.2g was isolated
as a yellow solid (82% yield). *H NMR (500 MHz; CD.Cly) § 7.63-7.59 (m, 4H), 7.42-7.33 (m,
6H), 7.29 (t, J = 7.4 Hz, 2H), 7.23 (d, J = 7.2 Hz, 2H), 7.15-7.12 (m, 1H), 6.82 (s, 1H), 6.71 (d, J
=7.2Hz, 1H), 6.41 (d, J = 7.9 Hz, 1H), 4.85 (s, 2H), 3.82 (dd, J = 10.6, 8.3 Hz, 1H), 3.61 (td, J =
11.5,5.2 Hz, 1H), 2.60 (dd, J = 12.4, 5.1 Hz, 1H), 2.51 (td, J = 12.2, 7.8 Hz, 1H), 1.32 (s, 9H); 1°C
NMR (126 MHz, CDCl,) 6 170.1, 153.8, 151.5, 150.5, 139.4, 132.9, 132.3, 130.3, 128.4, 127.3,
127.0, 126.8, 126.5, 125.4, 125.2, 125.1, 124.2, 117.5, 106.4, 88.8, 80.7, 49.8, 48.7, 36.6, 34.8,
31.0 ppm; HRMS (+ESI) calcd. for [C3sH34N4OBr] ([M+H]): 593.1910, found: 593.1903; HPLC
(ChiralPak 1B column) 98:02 (hex/iPrOH) 1mL/min; tmajor (12.1 min), tminor (14.5 min); 88% ee.
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1.2h. Following the general procedure for phase-transfer diazenation, compound 1.2h was isolated
as a yellow solid (87% yield). *H NMR (500 MHz; CD,Cl,) § 7.53 (d, J = 8.0 Hz, 1H), 7.43-7.13
(m, 13H), 6.88 (s, 1H), 6.70 (t, J = 7.4 Hz, 1H), 6.40 (d, J = 7.9 Hz, 1H), 5.32 (s, 1H), 4.85 (s, 2H),
3.87 — 3.79 (m, 1H), 3.63 (td, J = 11.2, 6.0 Hz, 1H), 2.61-2.51 (m, 2H), 1.32 (s, 9H); °C NMR
(126 MHz, CDCI3) 6 170.8, 165.3, 154.5, 152.2, 140.1, 134.9, 133.6, 132.5, 131.2, 129.1, 128.1,
128.0, 127.6, 127.5, 127.4, 126.9, 126.0, 125.9, 118.6, 118.3, 107.1, 90.2, 82.1, 50.6, 49.5, 37.3,
35.5, 31.7; HRMS (+ESI) calcd. For [C3sH33sFN4O] ([M+H*]): 549.2416, found: 549.2421; HPLC
(ChiralPak 1B column) 99:01 (hex/iPrOH) 1mL/min; tmajor (22.3 Min), tminor (52.3 min); 91% ee.
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1.2i. Following the general procedure for phase-transfer diazenation, compound 1.2i was isolated
as a yellow solid (79% yield). *H NMR (500 MHz; CD2Cly) § 7.83-7.75 (m, 2H), 7.48-7.12 (m,
13H), 6.86 (s, 1H), 6.74 (t, J = 7.4 Hz, 1H), 6.45 (d, J = 8.0 Hz, 1H), 4.89 (s, 2H), 3.86 (dd, J =
11.1, 7.7 Hz, 1H), 3.65 (td, J = 11.6, 5.5 Hz, 1H), 2.60 (ddd, J = 36.1, 12.4, 6.6 Hz, 2H), 1.37 (s,
9H); 3C NMR (126 MHz, CD,Cl2) 5 170.5, 165.9, 163.9, 154.2, 151.9, 148.8, 139.9, 133.4, 130.7,
128.9, 127.8, 127.4, 127.3, 125.5, 125.2, 125.1, 118.0, 116.4, 106.8, 89.0, 81.3, 50.3, 49.2, 37.1,
35.3, 31.5; HRMS (+ESI) calcd. for [C34H33sFN4O] ([M+H™]): 533.2711, found: 533.2714; HPLC
(ChiralPak 1B column) 99:01 (hex/iPrOH) 1mL/min; tmajor (16.6 min), tminor (25.9 min); 93% ee.
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1.2j. Following the general procedure for phase-transfer diazenation, compound 1.2j was isolated
as a yellow solid (95% yield). *H NMR (500 MHz; CD,Cly) § 7.59 (dt, J = 8.0, 1.3 Hz, 1H), 7.52—
7.11 (m, 14H), 6.84 (s, 1H), 6.71 (t, J = 7.4 Hz, 1H), 6.42 (d, J = 7.9 Hz, 1H), 4.86 (s, 2H), 3.83
(dd, J =11.2, 7.5 Hz, 1H), 3.62 (td, J = 11.6, 5.4 Hz, 1H), 2.62 (dd, J = 12.5, 5.4 Hz, 1H), 2.52
(td, J = 12.3, 7.7 Hz, 1H), 1.33 (s, 9H); *C NMR (126 MHz, CD,Cl) & 170.5, 164.6, 162.7,
154.3, 153.7, 153.7, 151.9, 139.8, 133.4, 130.9, 128.9, 127.8, 127.5, 127.3, 127.0, 125.6, 120.7,
118.4, 118.2, 108.5, 106.9, 89.3, 81.1, 50.3, 49.1, 37.0, 35.3, 31.5; HRMS (+ESI) calcd. for
[Ca4H33sFN4O] ([M+H™]): 533.2711, found: 533.2713; HPLC (ChiralPak IB column) 99:01
(hex/iPrOH) 1mL/min; tmajor (16.7 min), tminor (23.1 min); 91% ee.
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1.2k. Following the general procedure for phase-transfer diazenation, compound 1.2k was isolated
as a yellow solid (93% yield). *H NMR (500 MHz; CD,Cl,) & 7.88 (d, J = 2.1 Hz, 1H), 7.61 (dd,
J=8.1,1.9 Hz, 1H), 7.43 -7.08 (m, 12H), 6.79 (s, 1H), 6.70 (t, J = 7.4 Hz, 1H), 6.41 (d, J = 8.0
Hz, 1H), 4.84 (s, 2H), 3.82 (dd, J = 11.1, 7.6 Hz, 1H), 3.60 (td, J = 11.5, 5.4 Hz, 1H), 2.55 (ddd, J
=36.2, 12.4, 6.6 Hz, 2H), 2.45 (s, 3H), 1.32 (s, 9H); **C NMR (126 MHz, CDCls3) § 170.5, 154.2,
151.9, 151.1, 141.6, 139.9, 133.4, 131.6, 130.7, 128.8, 127.8, 127.5, 127.1, 125.9, 125.7, 125.6,
125.6, 123.0, 118.0, 106.9, 100.5, 89.1, 81.2, 50.3, 49.2, 37.0, 35.3, 31.5, 23.2; HRMS (+ESI)
calcd. for [C3oH27Ns0] ([M+H™]): 607.2067, found: 607.2071; HPLC (ChiralPak IB column)
99:01 (hex/iPrOH) 1mL/min; tmajor (17.8 Min), tminor (27.8 min); 90% ee.
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1.2l. Following the general procedure for phase-transfer diazenation, compound 1.21 was isolated
as a yellow solid (88% yield). *H NMR (400 MHz; pyridine-ds) § 10.18 (s, 1H), 9.24 (s, 4H), 9.05-
9.03 (m, 2H), 8.94 (t, J = 8.9 Hz, 3H), 8.80-8.66 (m, 6H), 8.34 (t, J = 7.3 Hz, 1H), 8.07 (d,J=7.9
Hz, 1H), 6.55 (s, 2H), 5.30 (t, J = 8.9 Hz, 1H), 5.10 (td, J = 11.0, 4.7 Hz, 1H), 4.14 (dd, J = 12.3,
5.2 Hz, 1H), 4.02 (td, J = 12.0, 8.0 Hz, 1H), 2.73 (s, 9H); *C NMR (126 MHz, pyridine-ds) &
171.2,154.8,152.8, 151.2, 140.7, 136.7, 134.6, 133.0 (g, J = 32.1 Hz), 131.9, 129.8, 129.1, 128.5,
128.2,127.8, 127.6, 126.6, 126.5, 124.7, 119.2, 108.2, 90.7, 81.9, 51.1, 49.8, 37.6, 35.8, 32.1; 1°F
NMR (376 MHz, pyridine-ds) & -59.7 ppm; HRMS (+ESI) calcd. for [C3sH3aNsOF3] ([M+H™]):
583.2679, found: 583.2668; HPLC (ChiralPak IB column) 98:02 (hex/iPrOH) 1mL/min; tmajor
(10.2 min), tminor (13.3 min); 89% ee.
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1.2m. Following the general procedure for phase-transfer diazenation, compound 1.2m was
isolated as a yellow solid (77% yield). *tH NMR (500 MHz; CD,Cl,) & 8.16 (d, J = 7.8 Hz, 2H),
7.78 (d, J = 7.8 Hz, 2H), 7.45-7.26 (m, 10H), 7.17 (g, J = 6.5 Hz, 1H), 6.87 (s, 1H), 6.74 (t, J =
5.0 Hz, 1H), 6.45 (d, J = 7.8 Hz, 1H), 4.88 (s, 2H), 3.96 (s, 3H), 3.87 (t, J = 7.8 Hz, 1H), 3.68-3.63
(m, 1H), 2.67-2.53 (m, 2H), 1.35 (s, 9H); C NMR (126 MHz, CD,Cl,) & 170.0, 166.2, 164.6,
154.2, 153.7, 151.4, 139.3, 132.8, 132.1, 130.4, 130.3, 128.3, 127.3, 126.9, 126.8, 125.1, 122.4,
117.5, 106.4, 89.2, 80.6, 52.2, 49.8, 48.6, 36.5, 34.8, 30.9; HRMS (+ESI) calcd. for [C3sH37N403]
([M+H™]): 573.2866, found: 573.2870; HPLC (ChiralPak IB column) 98:02 (hex/iPrOH)
ImL/min; tmajor (23.8 min), tminor (27.3 min); 87% ee.
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1.2n. Following the general procedure for phase-transfer diazenation, compound 1.2n was isolated
as a yellow solid (39% yield). tH NMR (500 MHz; CD2Cl,) § 8.13 (d, J = 8.4 Hz, 2H), 7.72 (d, J
= 8.5 Hz, 2H) 7.50-7.09 (m, 9H), 7.01 (t, J = 8.1 Hz, 1H), 6.82 (d, J = 7.9 Hz, 1H), 6.48 (s, 1H),
6.38 (d, J = 8.1 Hz, 1H), 4.81 (s, 2H), 3.91 (app. s, 4H), 3.69 (m, 1H), 3.09 (dd, J = 13.0, 5.2 Hz,
1H), 2.91(td, J = 12.7, 8.4 Hz, 1H), 1.31 (s, 9H); C NMR (126 MHz, CD:Cl,) & 170.2, 166.5,
154.6, 154.2, 153.8, 138.9, 132.9, 132.5, 132.0, 130.8, 130.7, 128.7, 127.6, 127.1, 125.8, 125.5,
122.7,121.6, 105.7, 90.1, 81.5, 52.6, 49.9, 49.3, 35.1, 34.7, 31.2, 30.0; HRMS (+ESI) calcd. for
[C36H3sN4O3Br] ([M+H™]): 651.1971, found: 651.1974; HPLC (ChiralPak IB column) 99:01
(hex/iPrOH) 1mL/min; tmajor (23.3 Min), tminor (27.9 min); 89% ee.
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1.20. Following the general procedure for phase-transfer diazenation, compound 1.20 was isolated
as a yellow solid (52% yield). *H NMR (500 MHz; CD,Cl) § 8.16 (d, J = 8.1 Hz, 2H), 7.84 - 7.70
(m, 2H), 7.51 — 7.23 (m, 9H), 7.14 (d, J = 7.8 Hz, 1H), 6.87 (s, 2H), 6.65 — 6.49 (m, 1H), 5.09 (s,
2H), 4.84 (d, J = 5.7 Hz, 1H), 4.07 — 3.78 (m, 4H), 3.66 (s, 1H), 2.57 (ddd, J = 24.4, 12.4, 7.0 Hz,
1H), 1.35 (s, 9H); 3C NMR (126 MHz, CDCl,) & 168.40, 166.15, 164.54, 130.43, 128.42, 127.26,
126.75, 122.36, 80.72, 53.89, 53.68, 53.46, 53.25, 53.03, 52.25, 49.47, 48.64, 34.75, 30.89; HRMS
(+ESI) calcd. for [C3sHasBrN4Os] ([M+H*]): 459.2179, found: 459.2187; HPLC (ChiralPak IB
column) 98:02 (hex/iPrOH) ImL/min; tmajor (36.1 min), tminor (46.8 min); 92% ee.
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1.2p. Following the general procedure for phase-transfer diazenation, compound 1.2p was isolated
as a yellow solid (80% yield). *H NMR (500 MHz, CD,Cl,) § 7.72 (dd, J = 6.5, 3.0 Hz, 2H), 7.52
—7.08 (m, 12H), 7.01 (d, J = 7.9 Hz, 1H), 6.90 — 6.72 (m, 2H), 6.28 (dd, J = 8.7, 4.0 Hz, 1H), 4.82
(s, 2H), 3.84 (t, J = 9.7 Hz, 1H), 3.63 (dt, J = 17.5, 7.8 Hz, 1H), 2.54 (dt, J = 13.1, 5.6 Hz, 2H),
1.32 (d, J = 2.7 Hz, 9H); ¥*C NMR (126 MHz, CDCl3) § 170.5, 165.1, 152.1, 148.3, 139.7, 131.7,
129.6, 128.7, 127.5, 127.3, 126.7, 125.7, 123.1, 117.2, 116.7, 116.5, 113.1, 112.9, 107.1, 88.7,
82.1, 51.0, 49.2, 37.2, 35.3, 31.5; HRMS (+ESI) calcd. for [C3sH33FN4O] ([M+H™]): 533.2711,
found: 533.2716; HPLC (ChiralPak IB column) 99:01 (hex/iPrOH) 1mL/min; tmejor (46.4 min),
tminor (56.0 min); 86% ee.
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1.2q. Following the general procedure for phase-transfer diazenation, compound 1.2q was isolated
as a yellow solid (67% yield). *H NMR (500 MHz, Pyridine-ds) & 8.92 (d, J = 7.9 Hz, 1H), 8.00
(dd, J = 23.6, 8.0 Hz, 3H), 7.73 (m, 5H), 7.56 — 7.47 (m, 4H), 7.42 (s, 1H), 7.37 (s, 1H), 7.31 (q, J
=6.7,5.9 Hz, 3H), 6.94 (d, J = 8.8 Hz, 1H), 6.58 (d, J = 8.6 Hz, 1H), 5.22 (s, 2H), 3.91 (t, J = 9.4
Hz, 1H), 3.72 (m, 4H), 2.87 — 2.74 (m, 1H), 2.68 (d, J = 9.9 Hz, 1H), 1.28 (s, 9H);'°C NMR (126
MHz, Pyridine-ds) 6 171.1, 154.5, 154.3, 147.7, 147.0, 140.8, 136.8, 135.8, 135.3, 134.6, 132.5,
131.8, 130.1, 129.7, 129.5, 129.4, 129.4, 129.1, 127.9, 127.7, 126.7, 126.4, 116.7, 113.5, 113.3,
108.7, 90.7, 83.1, 51.9, 49.8, 37.8, 35.6, 32.8, 30.3; HRMS (+ESI) calcd. for [CasH3sN4O2]
([M+H*]): 595.3068, found: 595.3059; HPLC (ChiralPak IB column) 99:01 (hex/iPrOH)
ImL/min; tmajor (35.3 Min), tminor (53.6 Min); 88% ee.
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1.2r. Following the general procedure for phase-transfer diazenation, compound 1.2r was isolated
as a yellow solid (99% vyield). 'H NMR (500 MHz, pyridine-ds) § 8.26 (d, J = 8.2 Hz, 2H), 7.80
(d, J=8.0 Hz, 2H), 7.71 (d, J = 7.6 Hz, 2H), 7.57 — 7.47 (m, 4H), 7.29 (m, 6H), 7.04 (d, J = 8.6
Hz, 1H), 6.92 (s, 1H), 5.08 (s, 2H) 3.84 (d, J = 2.4 Hz, 5H), 2.65 (s, 2H), 1.28 (d, J = 2.8 Hz, 9H);
13C NMR (126 MHz, Pyridine-ds) § 171.0, 166.9, 155.0, 154.7, 153.8, 139.8, 134.2, 133.4, 131.6,
129.6, 128.8, 128.1, 128.1, 127.9, 126.9, 126.3, 123.6, 121.4, 110.6, 89.8, 81.8, 50.4, 49.6, 37.4,
35.6, 31.8, 30.7; HRMS (+ESI) calcd. for [C3sH3sN4O2] ([M+H™]): 545.2911, found: 545.2922;
HPLC (ChiralPak 1B column) 98:02 (hex/iPrOH) 1mL/min; tmajor (88.1 Min), tminor (114.9 min);
96% ee.
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1.2s. Following the general procedure for phase-transfer diazenation, compound 1.2s was isolated
as a yellow solid (58% yield). *H NMR (500 MHz; CD,Cl,) § 7.87 — 7.62 (m, 2H), 7.62 — 7.09 (m,
12H), 6.89 — 6.80 (m, 3H), 6.73 (t, J = 7.4 Hz, 1H), 6.50 (d, J = 7.9 Hz, 1H), 4.82 (d, J = 4.1 Hz,
2H), 3.78 (s, 4H), 3.61 (td, J = 11.5, 5.2 Hz, 1H), 2.71 — 2.46 (m, 2H); °C NMR (126 MHz,
CD2Cl2) 6 170.4,165.1,159.2,152.2,151.9, 136.5,131.8, 131.5, 130.7, 129.5, 128.8, 127.9, 127.3,
125.6, 123.0, 118.0, 114.2, 107.0, 89.1, 81.1, 55.7, 49.8, 49.1, 37.1, 30.2; HRMS (+ESI) calcd. for
[C31H28N40O2] ([M+H™]): 489.2285, found: 489.2287; HPLC (ChiralPak IB column) 98:02
(hex/iPrOH) 1mL/min; tmajor (22.0 min), tminor (18.2 min); 90% ee.
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1.2t. Following the general procedure for phase-transfer diazenation, compound 1.2t was isolated
as a yellow solid (85% yield). *H NMR (500 MHz; CD-Cl,) § 7.71 (d, J = 5.7 Hz, 2H), 7.50-7.30
(m, 10H), 7.29 (t, J = 7.1 Hz, 2H), 7.23 (t, J = 6.9 Hz, 2H), 7.13 (t, J = 7.0 Hz, 1H), 6.83 (s, 1H),
6.70 (t, J=7.0 Hz, 1H), 6.41 (d, J = 7.5 Hz, 1H), 4.86-4.84 (m, 2H), 3.77-3.73 (m, 1H), 3.62-3.56
(m, 1H), 2.62-2.50 (m, 2H); **C NMR (126 MHz, CD,Cl,) & 170.4, 165.1, 152.3, 151.9, 140.0,
136.5, 131.6, 130.7, 129.6, 129.5, 128.9, 128.7, 127.8, 127.4, 127.3, 125.6, 123.0, 118.0, 106.8,
89.1, 81.3, 50.3, 49.1, 37.1; HRMS (+ESI) calcd. for [CaoH27N4O] ([M+H*]): 459.2179, found:
459.2187; HPLC (ChiralPak 1B column) 98:02 (hex/iPrOH) 1mL/min; tmajor (20.0 min), tminor (17.3
min); 89% ee.

¢
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N N
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1.2u. Following the general procedure for phase-transfer diazenation, compound 1.2u was isolated
as a yellow film (98% yield). *H NMR (500 MHz; CD,Cl,) § 7.73 (dd, J = 7.2, 2.4 Hz, 2H), 7.45
(ddt, J = 34.2, 13.5, 6.1 Hz, 8H), 7.18 (ddd, J = 20.0, 11.9, 7.3 Hz, 2H), 6.73 (s, 1H), 6.70 (t, J =
7.4 Hz, 1H), 6.50 (d, J = 7.9 Hz, 1H), 6.05 — 5.89 (m, 1H), 5.28 (dd, J = 17.2, 2.2 Hz, 1H), 5.14
(d, J = 10.2 Hz, 1H), 4.37 — 4.15 (m, 2H), 3.81 — 3.67 (m, 1H), 3.55 (td, J = 11.3, 6.1 Hz, 1H),
2.54 (qd, J = 11.7, 6.5 Hz, 2H); 1*C NMR (126 MHz, CD,Cl») § 170.4, 165.1, 152.3, 136.6, 130.8,
129.5, 128.8, 128.5, 127.9, 127.8, 125.4, 123.0, 117.9, 115.9, 107.1, 89.0, 81.3, 66.2, 49.2, 42.2,
36.9, 30.2; HRMS (+ESI) calcd. for [C30H27N4Q] ([M+H*]): 409.2023, found: 409.2027; HPLC
(ChiralPak IB column) 99:01 (hex/iPrOH) 1mL/min; tmajor (13.2 Min), tminor (14.9 min); 69% ee.
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1.2v. Following the general procedure for the diazenation, compound 1.2v was isolated as a yellow
solid (85% yield). 'H NMR (500 MHz; CD,Cly): & 7.72 (dd, J = 6.5, 3.0 Hz, 2H), 7.66-7.11 (m,
15H), 7.01 (d, J = 7.9 Hz, 1H), 6.92-6.77 (m, 2H), 6.41 (d, J = 7.5 Hz, 1H), 4.86-4.84 (m, 2H),
3.77-3.73 (m, 1H), 3.62-3.56 (m, 1H), 2.62-2.50 (m, 2H); 1*C NMR (126 MHz, CD,Cl,): & 170.4,
165.1, 152.3, 151.9, 140.0, 136.5, 131.6, 130.7, 129.6, 128.9, 128.71, 127.8, 127.4, 127.3, 125.6,
123.0, 118.0, 106.8, 89.1, 81.3, 50.3, 49.1, 37.1 ppm; HRMS (+ESI) calcd. for [C25H24N4O7]
([M+H™]): 413.1972, found: 413.1976; HPLC (ChiralPak IB column) 99:01 (hexane/iPrOH)
ImL/min; tmajor (9.0 Min), tminor (8.0 min); 73% ee.

Procedure for photolysis reaction

’/N <
N/ ‘.
' UVA hv ~N._O
= N O -N N H
H 2 Bn
E‘n cyclohexane
1.2a 1.3a tBu

tBu

1.3a. 1.2a (93% ee) (10 mg, 0.02 mmol) was dissolved cyclohexane (5 mL) in a 20 mL pyrex
round-bottom flask, and sparged with nitrogen for 1 hour. The solvent was removed by rotary
evaporation at elevated temperature (ca. 35 °C) to avoid freezing the cyclohexane. It is imperative
that rapid rotation is maintained, as a widely-distributed, thin film is desired. The flask was
backfilled with nitrogen and placed in a Rayonet photobox equiped with UVB spectrum bulbs for
12 h. NMR analysis using Toluene as an internal standard in CD.Cl; indicated 78% conversion of
starting material and 42% vyield of the product. The product (1.3a) was difficult to separate from
the starting diazene in good yield. Extension of the reaction times, followed by preparatory TLC,
allowed for isolation of the product in 36% yield. *H NMR (400 MHz, CD:Cly) & 7.49 — 7.24 (m,
14H), 7.09 (td, J = 7.6, 1.3 Hz, 1H), 7.06 — 6.99 (d, 1H), 6.69 (t, J = 7.4 Hz, 1H), 6.50 — 6.37 (m,
2H), 5.00 — 4.63 (m, 2H), 3.90 — 3.73 (m, 1H), 3.59 — 3.37 (m, 1H), 2.69 — 2.52 (m, 2H), 1.36 (s,
9H); C NMR (101 MHz, CD:Cl,) § 170.09, 153.72, 150.12, 145.05, 139.38, 133.08, 132.96,
129.47, 128.59, 128.51, 128.33, 127.37, 127.00, 126.75, 125.61, 125.04, 123.85, 117.61, 115.20,
106.39, 85.35, 59.42, 49.43, 38.40, 34.72, 30.91; HRMS (+ESI) calcd. for [C32H34N20] ([M+H™]):
487.2744, found: 287.2750; HPLC (ChiralPak IB column) 99.5:0.05 (hex/iPrOH) 0.5mL/min;
tmajor (90 min), tminor (80 mln), 93% ee.
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HPLC traces
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Chapter 2. Enantioselective alpha-Amination Enabled by a BINAM-derived Phase-Transfer
Catalyst

Chiral amines have notable applications as bioactive compounds, catalysts and ligands,! making
their enantioselective synthesis a target for synthetic chemists. In this chapter, we report the
asymmetric amination of ketone derivatives via chiral anion phase-transfer of aryldiazonium salts.
These reactions provide high yields and enantioselectivities of the corresponding a-diazene
compounds, which are easily reduced to afford enantioenriched -hydroxy amino acid derivatives.
Key to obtaining high levels of enantioinduction is the application of a new class of phase-transfer
catalysts derived from /7,7 -binaphthalene-2,2-diamine (BINAM). These catalysts were superior
to our traditional library of BINOL-derived phosphoric acids. The scope of this transformation
includes a variety of indanone-derived -keto esters, benzosuberone-derived [-keto esters and f5-
keto amides.

Portions of this chapter are based on work done in collaboration with Hosea Nelson and Hunter
Shunatona and appear in: Chem. Sci. 2014, 6, 170. H.N. made key intellectual contributions and
assisted with initial optimization experiments. H.S. contributed to substrate synthesis.

10 mol% cat O o
o 6 equiv. Na,HPO,
(0] PthBF4 ‘, OtBu
cyclohexane - N:N
Yy X
otB
Bu 90% yield
90% ee

ilN,0

cat: Sps
~OH

SEAG

CF3

88



Introduction

Many synthetic efforts have focused on the enantioselective construction of C-N bonds,
particularly towards the synthesis of enantiopure a-amino acids, which are prominently
represented in pharmaceuticals, natural products, and agrochemicals.?® The a-amination of ketone
derivatives, typically employing dialkyl azodicarboxylates, is a commonly utilized method to
access this scaffold.* This mode of reactivity was first discovered in 1954, when Huisgen and
coworkers found that treatment of cyclohexanone with DEAD and catalytic amounts of potassium
acetate or sulfuric acid afforded the corresponding a-hydrazinyl product (Scheme 1).°

O _CO,Et O COEt

+ .E KOAc or H,SO4 N. _CO,Et
EtO,C” H

DEAD

Scheme 1. Electrophilic a-amination of cyclohexanone using DEAD (ref. 5).

In recent years, asymmetric variants of this reaction have been developed. These methods
primarily employ chiral organometallic complexes or organocatalysts to achieve enantioinduction.
In an early precedent, the Evans group reported a highly enantioselective a-amination of N-acyl
oxazolidinones using a magnesium bis(sulfonamide) complex and catalytic acid (Scheme 2).°

Ph Ph

0,5 NyN~so,

Me g Me
o o 0.C Me Me O o
tBu N
J A pne N 10 mol% - oJ\NJV.Ph
0" °N N o N
~ 20 mol% p-TosNHMe _N. _CO,B
\/ CO,tBu op {BuO,C H 2lbu

92%, 99% ee

Scheme 2. Enantioselective a-amination of N-acyl oxazolidinones using a chiral magnesium
bis(sulfonamide) complex (ref. 6).

The groups of Jargensen’ and List® have reported enantioselective organocatalytic aminations of
aldehydes using proline and dialkyl azodicarboxylates. These transformations afford the
corresponding N-amino oxazolidinones (Scheme 3a, after basic reduction) and a-amino alcohols

(Scheme 3b), respectively.
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0]

BnO,C. H
© YN 10 mol% L-Proline )J\ N
a) )J\/,-pr + N > O "N °COzBn
H “co,Bn NaBHa, 0.5 N NaOH \_/,,//
iPr

70%, 91% ee

o) BnOZC\N OH C|3028n

o i .
b) J\/iPr . ,\'l' 10 mol% (S) Prol|ne= N\N/COQBn
H \COZBn NaBH4, EtOH %Pr H

99%, 96% ee

Scheme 3. Enantioselective organocatalytic a-aminations of aldehydes (ref. 7, 8).

In 2002, Jargensen and coworkers expanded the same reactivity to ketone substrates (Scheme 4).
The o-hydrazino ketone products were subsequently deprotected through a 3-step sequence.®

)J\/ . l\lll 10 mol% L-Proline N\N/COzEt
Bn N - -
Me \Coan MeCN Bn H
92%, 94% ee
j\ COEt 1) TMsI j\

1) NaBH, - 0 [\l’NH 2)Acetone NH
2) 0.5 N NaOH )j 3) Zn/AcOH )j

Me Bn Me Bn

Scheme 4. Enantioselective organocatalytic a-aminations of ketones using dialkyl
azodicarboxylates and subsequent deprotection sequence (ref. 9).

Although enantioselective a-amination reactions using azodicarboxylates have been fairly well
developed, the a-hydrazinyl compounds they afford require multiple deprotection steps to obtain
the free amine. Furthermore, deprotection conditions often involve the stoichiometric use of metal
reductants and strong acids, leading to poor functional group tolerance.*

Given these limitations, we became interested in 0-azo0 compounds as more viable precursors to
a-amino derivatives, as they can be directly hydrogenated to the primary amines in a single step
(Chapter 1, Scheme 8). More importantly, we believed that such compounds could be accessed
enantioselectivity using a chiral anion phase-transfer strategy. As we had already demonstrated
that diazonium salts could be employed as chiral aminating reagents,’® application of this
methodology to activated ketone compounds would allow us to develop an asymmetric a-
amination reaction (Scheme 5).
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Op2)-
ArN NO/\

R )K(RS . R1)J\<< Rs reduction - )J\(R3
! chiral anion phase-transfer R >N=N 1 S
\

R, Ar R5> NH,

activated ketone
Scheme 5. Enantioselective a-amination via chiral anion phase-transfer of diazonium salts.

The proposed transformation would not only provide o-azo compounds that could be easily
reduced to primary amines, but would also furnish nitrogen containing quaternary stereocenters.
This motif is found in a number of bioactive compounds, such as ketamine and tiletamine, both of
which display anesthetic properties (Figure 1).

Cl

0 ST\
NS
NHMe
(S)-ketamine Tiletamine

Figure 1. Bioactive compounds with nitrogen-containing quaternary stereocenters.

Results and Discussion

As an initial experiment, indanone-derived silyl enol ether 2.1a was subjected to phase-transfer
amination conditions: 1.2 equivalents of phenyldiazonium tetrafluoroborate, 10 mol% (R)-TRIP,
3 equivalents of NasPO4, TBAT as a fluoride source, and hexane solvent. The desired diazenated
product 2.2a was isolated in 40% vyield, but no enantioselectivity was observed (0% ee).

10 mol% (R)-TRIP 0

OTMS 3 equiv. Na3PO4 Me
TBAT, 1.2 equiv. PhN,BF, N
- :N
Me hexanes, 12 h
O

21a

\

40% vyield, 0% ee

(R)-TRIP
2.3a

Scheme 6. Phase-transfer diazenation of 2.1a.

In an effort to achieve favorable substrate-catalyst interactions (and higher ee), we chose to
examine [-keto esters, a class of compounds that can serve as hydrogen bond donors (in enol
form). Cyclopentatone derived B-keto ester 2.4a and indanone-derived B-keto ester 2.6a were
subjected to phase-transfer amination conditions which led to formation of the desired products
2.5a and 2.7a respectively (Scheme 7). However, only 2.7a was isolated in good yield (90%) and
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with any enantioenrichment (7% ee). Given our diverse library of chiral phosphoric acids, we saw
the potential to optimize enantioselectivity and chose 2.6a as a model substrate.

10 mol% TRIP (@]
: i o,
.Z equlv. ‘Y
d i N=p 45% yield, 0% ee
CO,;Me hexanes, 12 h
2.5a
2.4a

10 mol% TRIP O

O 3 eqUiV. Na3PO4 COQtBU
1.2 equiv. PhN,BF,
CO,tBu NSN  90% yield, 7% ee

Y

hexanes, 12 h

2.6a 2.7a

Scheme 7. Phase-transfer diazenation of B-keto esters 2.4a and 2.6a.

Unfortunately, initial examination of various phase-transfer catalysts led to minimal improvements
in ee (Table 1). Use of BINOL-derived phosphoric acids (entries 1-2), Hs-BINOL-derived
phosphoric acids (entries 3-4), and a SPINOL-derived phosphoric acid (entry 5) all led to poor
enantioinduction (<10% ee), though the desired reactivity was observed in all cases (>95%
conversion of 2.6a).
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10 mol% cat e
3 equiv. base
0] CO,B
1.2 equiv. PhN,BF, ©:Z§/ ,tBu
N=
CO,tBu solvent, rt, 2-24 h N
2.6a 2.7a @

Entry Cat. Solvent Base Conv. (%) ee (%)
1 2.3a hexanes NaszPOy4 > 95 5
2 2.3b hexanes NazPO, > 95 9
3 2.3¢c hexanes NazPO, > 95 4
4 2.3d hexanes NaszPO, > 95 7
5 2.3e hexanes NaszPO, > 95 4

Ar Ar
P\ F’\

2.3a, Ar = 2,4,6-(iPr)3CH,  2.3¢, Ar = 2,4,6-(iPr)sCeH,  2.3€, Ar = 2,4,6-(iPr)3CgH,
2. 3b, Ar = 2,4,6 (Cy)3C6H2 23d, Ar = 2,4,6 ( )3CGH2

Table 1. Survey of phase-transfer catalysts.

We next investigated the relationship between ee and identity of base (Table 2). We found that use
of a weaker bases, such as NaHPO4 (entry 2) and NaHCO3 (entry 3), improved enantioselectivities
slightly. Presumably, weaker bases do not deprotonate the substrate, a process that would lead to
an unselective background reaction between the enolate of 2.6a and phenyldiazonium cation. Use
of organic bases such as triethylamine (entry 5) and benzylamine (entry 6) led to minimal
conversion, likely due to a direct reaction with the diazonium salt as evidenced by strong color
change.
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10 mol% 2.3b 0
3 equiv. base
O CO,tB
1.2 equiv. PhN,BF, ©:/§/ ,tBu
L /N:
CO,tBu hexanes, rt, 2-24 h N

Entry Base Conv. (%) ee (%)

\

1 NaszPO, > 95 9
2 NayHPO, > 95 34
3 NaHCO; > 05 21
4 NaOAc > 95 -7
5 Et;N <30 0
6 BnNH, <20 -

Table 2. Optimization of base.

Though enantioselectivities had improved slightly through the use of NaHPO4, we were still far
removed from our desired levels of enantioinduction (>90% ee). We believed this goal would
ultimately require the design and implementation of a new class of chiral phosphates. Much of our
previously developed phase-transfer chemistry had relied on substrate design. In particular, the
incorporation of a hydrogen bonding benzamide moiety proved crucial for obtaining high ee.!'12
While this particular substrate-phosphate combination was exploited in the development of a
number of asymmetric transformations, a major drawback was substrate specificity and lack of
scope. This limitation became increasingly apparent in our diazenation of B-keto esters.

Thus, we hypothesized that changing the electronic properties of the catalyst, rather the structure
of the substrate, could provide a powerful solution. Specifically, we became interested in BINAM-
derived chiral phosphoric acids, first described by Ishihara and coworkers (Figure 2).** As nitrogen
is less inductively withdrawing and more n-donating than oxygen, the corresponding conjugate
base should have greater anionic character, potentially leading to improved ion-pairing with the
aryldiazonium salt and improved hydrogen bonding with the substrate.
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BINOL-phosphate BINAM-phosphate
iPr

O
~AH7 H iri NAr
/I?\O@ ion pairing ArN\P,\ © ion pairing
H-bond © 0PN 6 %@ pn
-bonda: | N H-bond NG
o NP o-H_ N
0 C
(0 O
OR OR

Figure 2. BINAM-derived phosphate versus BINOL-derived phosphate.

The parent compound (Ar = Ph) had been prepared previously,®® and a similar procedure was
adapted to synthesize a variety of BINAM-derived phosphoric acids (Scheme 8). The first step in
the sequence, a Buchwald-Hartwig coupling of (R)-BINAM and various aryl bromides, introduced
the element of steric and electronic diversity. The bis-arylated diamine was then phosphorylated
with POCIs, and the acid chloride intermediate subsequently hydrolyzed with LiOH.

Ar-Br

szdba3
OO rac-BINAP OO
NH, DBU, NaOtBu NHAr POCI;

-

L

l O NH,  toluene, 90 °C OO NHAT byridine, 115 °C
Ar OO A
DOV o

/P\ [
N,°Cl THF/H,0, 90 °C N
LT "

Scheme 8. Synthesis of BINAM-derived phosphoric acids.

~

Using this sequence, a library of new catalysts was generated (Figure 3). A variety of substituents
were installed at the 3- and 4-positions of the N-aryl group. Substitution at the 2-position was
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challenging with respect to both the initial cross-coupling reaction and the subsequent
phosphorylation (low yields in both cases).

POV
N

\
99k
Ar =
@ }{©Me}{©mu}{©% }{Qw
}{©/Mes }{©/Ad }{©/F }{@/C% X©/OM8

Me tBu Ph F OMe
X©\Me X©\ﬂ3u X©\ph X©\F X©\0Me

Figure 3. Library of BINAM-derived phosphoric acids.

We next examined this catalyst scaffold in the a-amination of 2.6a (Table 3). While most of the
newly synthesized catalysts performed poorly (entries 2-4, 6), use of catalyst 2.3i resulted in
formation of our desired product 2.7a in 87% ee (entry 5), with absolute stereochemical
configuration determined by X-ray crystallographic analysis. Somewhat surprisingly, electron
poor 2.3i gave a drastic improvement in enantioinduction, calling into question our initial
hypothesis of the relationship between catalyst electronics and ion-pairing and hydrogen bonding
interactions. Nonetheless, we attributed the increased ee associated with 2.3i to an electronic effect,
as use of sterically similar 2.3j provided product in only 5% ee. It is possible that the conjugate
base of 2.3i falls within a narrow, optimal pKy window, with a delicate balance between hydrogen
bonding with the substrate and ion-pairing with the aryldiazonium cation. Catalysts with weaker
conjugate bases, such as 2.3g, may ion-pair strongly to the aryldiazonium cation and exhibit
minimal interactions with the substrate, leading to poor enantioinduction (entry 3).
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10 mol% cat e}
o DA D0
©:1§7002”3U hexanes, rt, 2-24 h g NEN
5 6a 2.7a @

Entry Cat. Conv. (%) ee (%)

1 23b  >095 34
2 23f  >05 7
3 23g >095
4 23h  >05 5
5 23i  >05 87
6 23] >095 5
/Ar
o N 20
Osp? N, OH
T ™
N

Ar
2.3f, Ar = 3,5-(Me),CgH3

2.3b, Ar=2,4,6-(Cy)sCet2 239 Ar = 3,5-(OMe),CeHs
23h, Ar = 3,5-(Ph)2C6H3
2.3, Ar = 4-CF3-CgH,
23], Ar = 4—Me—CGH4

Table 3. Evaluation of BINAM-derived phosphoric acids.

With optimal catalyst 2.3i, we aimed to further increase ee through judicious choice of solvent
(Table 4). Ultimately, use of cyclohexane resulted in product formation in 90% isolated yield and
90% ee, our best result (entry 2). Use of more polar solvents significantly reduced
enantioselectivity (entries 3-5), likely due to an increased background reaction. For example, in 2-
methyl THF, full conversion to the desired product was seen in 24 hours in the absence of any
phase-transfer catalyst (entry 5). Conversely, in cyclohexane solvent, only 25% conversion was
observed with omitted catalyst (entry 6).
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10 mol% 2.3i o)
0 ) @fy
©i/§7002”3u solvent, rt, 2-24 h NN
2 6a 2.7a @

Entry  Solvent  Conv. (%)? ee (%)

\

1 hexanes > 95 87
2  cyclohexane  90° 90
3 MTBE > 95 78
4 1,4-dioxane > 95 10
5¢ 2-MeTHF > 95 10
6° cyclohexane 25 0

bisolated yield
°No catalyst

Table 4. Solvent optimization.

With an optimized set of reaction conditions established, we evaluated the scope of indanone-
derived B-keto esters (Figure 4). We found that substitution at the 4-, 5- and 6-positions was well
tolerated with both electron-withdrawing (2.7b-2.7d) and electron-donating groups (2.7e-2.79g),
affording the corresponding diazene compounds in high yield and enantioselectivity.

0
Br CO,tBu
Cl N+
2.7b 2.7¢ 2.7d
88% yield 91% yield 89% yield
89% ee 81% ee 92% ee
0
Me CO,tBu
MeO N\\N
2.7e 2.7f 2.7¢g
89% yield 90% vyield 89% vyield
77% ee 92% ee 81% ee

Figure 4. Scope of indanone-derived B-keto esters.
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Substitution at the 7-position (substrate 2.8a) dramatically decreased ee (Table 5). Low
enantioselectivities were observed using both BINOL-derived phosphoric acids (entries 1,2) and
BINAM-derived phosphoric acids (entries 3-4). A substituent at the 7-position may sterically clash
with the catalyst, one rationale for the observed low ee. Alternatively, the presence of an amide
may draw the catalyst away from the site of nucleophilic attack through competitive hydrogen
bonding.

10 mol% cat NHAc o
NHA i
co 6 equy. Na,HPO,4 CO,tBu
1.2 equiv. PhN,BF,4 7
o N=
COztBu solvent, rt, 2-24 h N
2.9a
2.8a
Entry Cat. Solvent  Conv. (%) ee (%)
1 2.3a toluene > 95 35
2 2.3b toluene > 95 40
3 2.3i cyclohexane ~50 1
4 2.3i MTBE > 95 12
Ar
® DOV
-0 N
O=p? o
) OH N OH
99 SOk,

2.3a, Ar = 2,4,6-(Pr)sCeH,  2.3i, Ar = 4-CF5-CgH,
23b, Ar = 2,4,6-(Cy)3C6H2

Table 5. Diazenation of 2.8a.

Installation of basic functional groups into the indanone backbone (substrate 2.10a) also resulted
in low enantioselectivity, in addition to poor yield (Table 6). Direct deprotonation of the
phosphoric acid precatalyst by 2.10a, rather than by the inorganic base, likely reduces the amount
of active phosphate in solution, leading to both low ee and conversion. The tertiary amine
substituent may also react directly with the aryldiazonium cation, resulting in decomposition of
both reactants.
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10 mol% cat O
o) 6 equiv. Na,HPO, BnyN CO,tBu
BnyN 1.2 equiv. PhN,BF, -,
CO,tBu | oar N=N
solvent, rt, 2- 2.11a
2.10a

Entry Cat. Solvent  Conv. (%) ee (%)

2.3b toluene <50 5
2 2.3i toluene <50 23

Ar
O DOW
o. .0 N

Z <20
Pl

-
P

O~ OH N, OH
¢! L™

Ar
2.3b, Ar = 2,4,6-(Cy)3CgH> 2.3i, Ar = 4-CF3-CgH,4

Table 6. Diazenation of 2.10a.

In addition to B-keto esters derived from indanone, we also investigated other ring systems. When
subjected to similar conditions, tetralone-derived B-keto ester 2.12a was fully converted to the
desired product, but in extremely low levels of enantioselectivity (Table 7). Use of both BINOL
(entry 1) and BINAM (entry 2) phosphates resulted in poor enantioinduction.

10 mol% cat 0)
o) 6 equiv. Na,HPO, CO,tBu
CO,Bu 1.2 equiv. PhN,BF, '/N:N

solvent, rt, 2-24 h
2.13a
2.12a

Entry Cat. Solvent  Conv. (%) ee (%)

2.3b hexanes > 95 8
2 2.3i hexanes > 95 6

Ar
e DOV

O
~pZ
P~ /P\OH

2.3b, Ar = 2,4,6-(Cy)sCgHo  2.3i, Ar = 4-CF3-CgH,

Table 7. Diazenation of tetralone-derived p-keto ester 2.12a.
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Use of benzosuberone-derived B-keto esters proved more fruitful. Phase-transfer diazenation of
2.14a and methoxy-substituted 2.16a afforded the corresponding a-azo compounds in excellent
ee, though re-optimization of reaction conditions was required (Scheme 9).

10 mol% 2.3b

Q  co,mu 6 equiv. Na,HPO, O  CO,Bu
1.2 equiv. PhN,BF, QN
> N
toluene, rt, 12 h Ph
2.14a 2.15a
78% vyield
96% ee
10 mol% 2.3b
Q COztBU 6 equiV. NazHPO4 0] COZtBU
1.2 equiv. PhN,BF, 'S
o ~Ph
MeO toluene, rt, 12 h MeO
2.16a 2.17a
82% vyield
86% ee

Scheme 9. Diazenation of benzosuberone-derived -keto esters 2.14a and 2.16a.

At this juncture, we had only employed cyclic substrates and were interested in expanding the
scope to acyclic starting materials. Unfortunately, when (3-keto ester 2.18a was subjected to phase-
transfer amination conditions, no desired product was observed (Scheme 10). Crude *H NMR
analysis indicated return of starting material. The absence of any reactivity may be explained by
the decreased nucleophilicity and lower enolic character of 2.18a relative to its cyclic counterparts.

O O 10 mol% 2.3b

O (0]
6 equiv. Na,HPO
/\ 2 4
O 0 1.2 equiv. PhN,BF, X o0
O cyclohexane, rt, 12 h Eu Bn
no reaction

2.18a @

Scheme 10. Failed diazenation of 2.18a.

Having determined a set of B-keto esters that displayed sufficient reactivity and the desired
enantioselectivity, we next looked at the scope of the aryldiazonium salt. We found that diazonium
salts with ortho-, meta-, and para-substituents were well tolerated (Figure 5). Specifically,
diazonium salts with electron-donating groups (2.7h, 2.7m-0) and electron-withdrawing groups
(2.7i-1) afforded their corresponding diazene products in high yields and high enantioselectivities.
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) 0O 0 0

wCOZtBu ©:l§/002t8u ©:/§/C02t8u ©:l§/C02tBu
’/N :N ’/N :N z/N - z/N =

N N
2.7h 2.7i 2.7 2.7k
80% yield 98% yield 87% yield 93% yield
90% ee Me 88% ee CFs3 87% ee F 94% ee Br
0 0 o) o)
N:N N:N N:N N:N
2.7m 2.7 2.70
2.71 n " e@
91% yield 90% yield 89% yield 86% yield
93% ee F 85% ee OMe 83% ee {Bu 83% ee

Figure 5. Aryldiazonium scope.

To investigate potential applications of our chemistry, we aimed to expand substrate scope beyond
B-keto esters. In an effort to also maintain sufficient nucleophilicity, we synthesized -keto amides
2.19a and 2.21a and subjected them to phase-transfer amination conditions (Table 8). While
optimization efforts were not successful with respect to 2.19a (<25% ee, entries 1-4), moderate
levels of enantioinduction were observed using sterically bulkier 2.21a (entries 4-9). As 2.19a and
2.21a were both minimally soluble in hexanes, MTBE and toluene were used as solvents.
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10 mol% cat

Q o 6 equiv. NayHPO, P o
©:/§_/< 1.2 equiv. PhNBF; S ONHR
NHR solvent, rt, 2-24 h =N
2.19a,R = Ph 2.20a, R =Ph @
2.21a, R =Bu 2.22a, R = tBu
Entry SM  Cat. Solvent Conv. (%) ee (%)
219a 2.3a MTBE > 95 4
2 219a 2.3b MTBE >95 22
3% 219a 23b MTBE > 95 25
219a 2.3i MTBE >95 4
2.21b 2.3a MTBE > 95 33
6 221b 2.3b MTBE >95 43
72 2.21b 2.3b MTBE > 95 53
84 221b 23b toluene > 95 69
9 2.21b 2.3i MTBE > 95 3

86 equiv. NazPO, used as base

o4
/O
O\P\/

2.3a, Ar = 2,4,6-(iPr);CgH,
2.3b, Ar = 2,4,6-(Cy)3CgH,

23|, Ar = 4-CF3-CSH4

Table 8. Diazenation of 3-keto amides 2.19a and 2.21a.

With modest ee achieved for 2.19a (entry 8), we looked at the dependence of enantioinduction on
the use of different aryldiazonium salts (Table 9). We were pleased to find that halogen substitution
at the 4-position afforded the desired diazene compounds in good enantioselectivity (entries 1-2),
a marked improvement over use of phenyldiazonium tetrafluoroborate. The sensitivity of ee to
subtle electronic changes was not particularly surprising, as we had observed a similar

phenomenon during our initial optimization experiments (Table 3).
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10 mol% 2.3b
o) O o

o 6 equiv. NazPOy,
©i/§_< 1.2 equiv. ArN,BF, ~ “NHBu
NH{Bu NN

toluene, rt, 2-24 h

2.21a 2.22b-e 7\
_\R
Entry R= Conv. (%) ee (%)
1 4-Br 914 90
2 4F 85° 85
3 3Me >95 60
4 4-CF; >095 76

8isolated yield

Table 9. Effect of aryldiazonium salt on diazenation of 2.21a.

As a last examination of scope, we chose to pursue enecarbamates, a class of substrates that our
group had previously employed in a chiral anion phase-transfer fluorination reaction.* Of these
compounds, 2.23a showed the desired reactivity, affording desired a-azo imine 2.24a in good
yield. Subsequent work focused on improving ee (Table 10), which we found to be sensitive to
solvent (entries 1-4) and base (entries 7-11). While moderate ee was observed with BINAM-
derived catalyst 2.2j (entry 6), use of BINOL-derived 2.2b in Et2O solvent with Cs,COs was
optimal (entry 11).
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NCbz
10 mol% 2.3b

NHCbz 6 equiv. base Me

Me 1.2 equiv. p-F-PhN,BF; ’N\\N
solvent, rt, 2-24 h
2.23a 2.24a
F
Entry Cat. Solvent Base Conv. (%) ee (%)
1 2.3a hexanes Na,CO3 <20 20
2 2.3a MTBE Na,COg4 > 95 72
3 2.3b hexanes Na,CO3 <20 10
4 2.3b MTBE Na,CO5 > 95 80
5 2.3i MTBE Na,CO5 > 95 3
6 2.3j MTBE Na,CO; > 95 59
7 2.3b Et,O Na,COg4 > 95 80
8 2.3b Et,O NaszPOy4 > 95 67
9 2.3b Et,O K,CO3 > 95 80
10 2.3b Et,O Nas,HPO, > 95 56
11 2.3b Et,O Cs,CO3 > 95 81
Ar
O DOW
0~ "OH N_" ~OH
99 L™
Ar
2.3a, Ar = 2,4,6-(/Pr)3CGH2 23|, Ar = 4-CF3-C6H4
23b, Ar = 2,4,6-(Cy)306H2 23], Ar = 4-Me-C6H4

Table 10. Diazenation of enecarbamate 2.23a.

Since the utility of our transformation was dependent on the ability to unmask the free amine, we
next aimed to develop deprotection conditions. Attempts to convert 2.7a directly to an amide via
Zn%AcOH mediated reduction and in situ protection failed. Unexpectedly, the reaction afforded
B-keto ester 2.6a (Scheme 11). Similar results were obtained using stoichiometric Fe®.
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O
O
CO2tBu  zn or Fe, Ac,0, AcOH CO.fBu
) - 2
N:N = g

DCM “NHAc
= O o
major product : ©:/§7002t8u

2.6a

Scheme 11. Failed attempt to reduce 2.7a with Zn or Fe.

Milder reductants such as NaBHa did not afford the desired product, and instead resulted in retro-
aldol chemistry (Scheme 12). Retro-aldol products were evidenced by the formation of achiral
species in the crude *H NMR.

O
CO,tB ?
u
2 NaBH, CO,tBu
N:N - “,
MeOH NH,
2.7a
major product: retro-aldol species

Scheme 12. Attempts to reduce 2.7a with NaBHa.

High pressure hydrogenations of 2.7a and 2.14a did afford trans-amino alcohols 2.25a and 2.26a
respectively, with hydrogenation predominantly occurring on the opposite face of the ester
(Scheme 13). High pressures were needed to avoid isolation of the partially reduced hydrazinyl
intermediates. Enantioenrichment was retained in both cases.

0
CO,Bu 10 mol% Pd/C OH
H2 (400 PSI) CO,tBu
N=y - 4
MeOH/AcOH NH,
2.7a 2.25a
90% e.e. 78% yield, 90% ee, >25:1 d.r.
O CO,Bu 10 mol% Pd/C HO  co,tBu
"'N\ H2 (400 PSl) --|NH2
N -
N~pp MeOH/AcOH
2.14a 2.26a
96% e.e. 90% vyield, 95% ee, >25:1d.r.

Scheme 13. High pressure hydrogenations of 2.7a and 2.14a.

When examining the structure of amino alcohol 2.25a, we noticed a similarity to conformationally
constrained tyrosine analogues (CCTAS) such as Hai, which is currently being investigated for
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their properties as 6-opioid agonists (Figure 6). These compounds have been previously prepared
in 12 steps via classical resolution.'® We envision that reduction and deprotection of 2.7g (Figure
4) may provide an efficient entry towards this scaffold.

HO NH3
Hai

Figure 6. Structure of CCTA Hai.

Furthermore, ®N-labeling of p-hydroxy amino acid derivatives may be a notable application of
our methodology, as similarly prepared analogues could be used for mass spectrometric or NMR
studies. Towards this end, isotopically enriched 2.25b was synthesized in a 3 step sequence starting
from Na®NO; (Scheme 14).

OH

Nal5NO 1) PhNH;, HBF4 (aq.) /©§/C02t8u
2 /
O ,/
2) MeO 15NH,
CO,tBu 2.25b
MeO 55% yield (3 steps)

5 mol% CF3-BINAM, Na,HPO, 90% ee
hexanes

3) 10 mol% Pd/C, H, (400 PSI)
MeOH/AcOH

Y

Scheme 14. Synthesis of °N-labeled 2.25b.

Lastly, we attempted photolysis of 2.7a in hopes of generated the corresponding o-arylated
product. Unfortunately, a variety of conditions (including multiple sources of UV light) either led
to no reaction or decomposition of starting material (Scheme 15).

o]

(@]
©§(002t8u UVA or UVB light CO,tBu
N:N - .
2.7a @ no conversion/ @

decomposition
90% e.e.

Scheme 15. Attempted photolysis of 2.7a.
Conclusions

We have developed an asymmetric a-amination of activated ketone derivatives via chiral anion
phase-transfer of aryldiazonium salts. Key to obtaining high levels of enantioselectivity was the
design and synthesis of a new catalyst scaffold, specifically a library of catalysts derived from
BINAM. Reaction conditions were tolerant to a variety of substitution patterns on both the 3-keto
ester and aryldiazonium salt. Reductions of the resultant diazene compounds vyielded
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enantioenriched B-hydroxy amino acid derivatives in high diastereoselectivity and with complete
retention of enantioenrichment.

Experimental details

General. Unless otherwise noted, reagents were obtained from commercial sources and used
without further purification. Dry and degassed THF, diethyl ether, dichloromethane, toluene,
triethylamine, and dimethylformamide were obtained by passage through activated alumina under
argon. All diazonium tetrafluoroborates were stored at 0°C and warmed to room temperature
before use. Phase-transfer diazenation reactions were run in 1 dram (15 mm x 45 mm) vials fitted
with a screw cap and stirred using an 8 mm magnetic stirrer bar. Vigorous stirring was maintained
over the course of the reaction to obtain optimal and reproducible results. TLC analysis was
performed on Merck silica gel 60 F254 TLC plates and visualized by UV, I,, or p-anisaldehyde
staining. Flash chromatography was carried out with ICN SiliTech 32-63 D 60 A silica gel. H,
13¢, 3P and *°F NMR spectra were recorded with Bruker AV-300, AVQ-400, AVB-400, AV-500,
DRX-500, and AV-600 spectrometers and were referenced to *H and **C residual signals of the
deuterated solvents.'® Solvent abbreviations are reported as follows: MTBE = Methyl tert-butyl
ether, EtOAc = ethyl acetate, hex = hexanes, DCM = dichloromethane, Et,O = diethyl ether,
MeOH = methanol, iPrOH = isopropanol, THF = tetrahydrofuran, DMF = N,N-
dimethylformamide, EtsN = triethylamine. Mass spectral data were obtained from the Micro-
Mass/Analytical Facility operated by the College of Chemistry, University of California, Berkeley.
Enantiomeric excesses were determined on a Shimadzu VP Series Chiral HPLC using IA, IB, IC
and AD columns. Racemic products were obtained by vigorous stirring of all reaction components
without any phase-transfer catalyst.

General procedure for synthesis of substrates

All B-keto esters were prepared according to literature procedure.!’ Trans-esterification to afford
tert-butyl esters was achieved via known procedure.

o) o) o]
| SN NaH, (OMe),CO A Bu,SnO, tBUOH _ X
> THF, 80 °C |/ P CO,Me toluene I/ P CO,tBu
n n n
R R R

For the following compounds, spectral data was in accordance with literature:

R=H,n=1%
R=5-Cl,n=1%

R =5-OMe, n = 1%
R =6-Me, n = 1%
R =6-Br,n=1%
R=H,n=2%
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B-keto amide 2.21a was prepared according to literature procedure?*:

0]

o)
. )<NC0 NaH o (0]

THF /%
N
H

COztBU

OTBS

$2.1. 'H NMR (600 MHz, CDCls) (ketone form) & 7.37 (d, J = 7.5 Hz, 1H), 7.30 — 7.22 (m, 1H),
7.01 (d, J = 7.8 Hz, 1H), 3.59 (dd, J = 8.1, 3.8 Hz, 1H), 3.34 (d, J = 3.8 Hz, 1H), 3.27 — 3.20 (m,
1H), 1.49 (s, 9H), 1.03 (s, 9H), 0.26 (d, J = 5.9 Hz, 6H). (enol form) & 10.61 (s, 1H), 7.30 — 7.22
(m, 2H), 7.01 (d, J = 7.8 Hz, 1H), 6.86 — 6.83 (m, 1H), 3.37 (s, 2H), 1.58 (s, 9H), 1.03 (s, 9H),
0.23 (s, 6H). *C NMR (151 MHz, CDCls) (keto and enol) § 200.06, 168.32, 153.25, 151.67,
144,59, 139.11, 137.33, 132.93, 128.96, 128.22, 124.32, 119.72, 117.07, 113.94, 81.93, 54.30,
28.47, 28.00, 27.48, 25.65, 25.59, 18.15, -4.18, -4.27, -4.28. HRMS (ESI) Calcd. for [M+Na]*
C20H3004NaSi: 385.1806; found: 385.1808.

0

CO,Bu

CF3

$2.2. 'H NMR (400 MHz, CDCl3) (60% keto ester form) & 7.95 (d, J = 7.7 Hz, 1H), 7.89 (d, J =
7.6 Hz, 1H), 7.52 (m, 1H), 3.69 (m, 2H), 3.53 (dd, J = 18.6, 9.0 Hz, 1H), 1.50 (s, 9H). (40 % enol
form). & 10.49 (s, 1H), 7.79 (d, J = 7.6 Hz, 1H), 7.65 (d, J = 7.7 Hz, 1H), 7.52 (m, 1H), 3.66 (s,
2H), 1.59 (s, 9H). *C NMR (151 MHz, CDCls) (keto and enol) & 198.52, 167.48, 150.81 (q, Jc-r
= 2.1 Hz), 140.09 (q, Jcr = 2.3 Hz), 138.87, 136.90, 131.73 (q, Jc-r = 4.6 Hz), 128.54, 128.32,
128.12,127.94,127.27, 126.83, 126.62, 125.45 (q, Jc-r = 4.5 Hz), 125.00, 124.52, 123.73, 123.19,
122.71, 104.82, 82.45, 81.52, 53.93, 32.11, 29.19, 28.37, 27.92. *F NMR (376 MHz, CDCls)
(enol) & -61.23. (ketone) -61.53. HRMS (ESI) Calcd. for [M+Na]* CisH1503FsNa: 323.0866;
found: 323.0868.

0]

CO,tBu
MeO

2.16a. 'H NMR (500 MHz, CD,Cly) (1:1 keto : enol) § 12.89 (s, 1H), 7.80 (d, J = 8.6 Hz, 1H),
7.57 (d, J = 8.5 Hz, 1H), 6.90 — 6.86 (m, 2H), 6.82 (d, J = 2.6 Hz, 1H), 6.77 (d, J = 2.5 Hz, 1H),
3.88 (s, 3H), 3.87 (s, 3H), 3.72 — 3.69 (m, 1H), 3.06 — 2.87 (m, 2H), 2.65 (t, J = 6.6 Hz, 2H), 2.24
—1.96 (m, 7H), 1.94 — 1.78 (m, 1H), 1.60 (s, 9H), 1.49 (s, 9H). 13C NMR (126 MHz, CDCl,) &
246.68, 233.53 199.04, 173.09, 169.88, 169.75, 162.78, 160.78, 144.35, 143.22, 131.48, 130.90,
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128.50, 114.91, 114.29, 111.87, 111.39, 100.83, 81.03, 80.98, 57.32, 55.39, 55.23, 53.87, 33.37,
33.05, 32.18, 28.09, 27.71, 24.83, 24.23, 22.45. HRMS (ESI) Calcd. for [M+Na]" C17H2204Na:
313.1410; found: 313.1413.

$2.3. 'H NMR (600 MHz,CDCl3) § 7.51 — 7.30 (m, 6H), 7.24 (d, J = 7.4 Hz, 1H), 7.19 (d, J = 7.7
Hz, 1H), 7.15 (t, J = 7.3 Hz, 1H), 6.20 (s, 1H), 5.22 (s, 2H), 3.33 (s, 2H), 2.06 (s, 3H). 1*C NMR
(151 MHz, CDCl3) § 142.49, 140.85, 136.17, 131.05, 128.54, 128.27, 128.24, 128.11, 126.17,
124.90, 124.40, 123.45, 117.68, 67.26, 40.67, 13.81. HRMS (ESI) Calcd. for [M+Na]*
Ci1sH1702NNa: 302.1152; found: 302.1151.

Catalyst synthesis

Catalysts were synthesized analogously to literature reports?3:
Pd,(dba); (5 mol%)
rac-BINAP (7.5 mol%) OO

NF B Br NaOt-Bu, DBU NHAr
NH

2 S toluene, 90 °C NHAr

R
) )~
POCI; (1.5 equiv.) N. O . N. O

1 N LiOH aq.

v

Y

v /P /P
pyridine, 115 °C N'“Cl CHaCN, 80 °C NC' “oH
Ar + Ar
H™ workup

Note: To afford the desired acid as a fine powder, the crude product of the hydrolysis was sonicated
in acetonitrile and collected via vacuum filtration (column chromatography was not used).

Me

selon
N._.O

Np~
~P<

N OH
@ Oy
Me
2.3f. H NMR (600 MHz, DMSO-ds) & 8.01 (dd, J = 8.4, 5.7 Hz, 4H), 7.51 (t, J = 7.4 Hz, 2H),

7.39 (t, J = 7.7 Hz, 2H), 7.32 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 8.7 Hz, 2H), 6.58 — 6.56 (m, 6H),
2.01 (s, 12H). 3P NMR (243 MHz, DMSO-ds) 5 8.37. *C NMR (151 MHz, DMSO-ds) & 144.61
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(d, Jop = 7.5 Hz), 141.03, 137.89, 132.29, 131.90, 130.79, 130.49, 128.83, 127.18, 127.11, 126.87,
126.27, 125.53, 122.25 (d, Jep = 3.0 Hz), 21.27. HRMS (ESI) Calcd. for [M]~ CasH3002N2P:
553.2050; found: 553.2050.

MeO

Seloan
N. O

N/P\OH
Sepate
MeO
2.3g. 'H NMR (600 MHz, DMSO-ds) & 8.04 (dd, J = 16.8, 8.4 Hz, 4H), 7.51 (t, J = 7.4 Hz, 2H),
7.43 —7.26 (m, 6H), 6.17 — 6.00 (m, 6H), 3.46 (s, 12H). 3P NMR (243 MHz, DMSO-ds) & 7.40.
13C NMR (151 MHz, DMSO-dg) & 160.56, 146.32 (d, Jc-» = 9.1 Hz), 140.43, 132.23, 132.12,

131.01, 130.67, 128.94, 127.36, 127.23, 126.79, 126.45, 102.72 (d, Jcp = 7.5 Hz), 95.96, 55.39.
HRMS (ESI) Calcd. for [M]~ CasH300sN2P: 617.1847; found: 617.1830.

2.3h. *H NMR (600 MHz, DMSO-ds) & 8.11 (d, J = 8.7 Hz, 2H), 8.07 (d, J = 8.1 Hz, 2H), 7.60 {(t,
J=7.3Hz, 2H), 7.55 (d, J = 8.7 Hz, 2H), 7.51 — 7.45 (m, 6H), 7.40 — 7.36 (m, 16H), 7.32 — 7.30
(m, 4H), 7.18 (s, 4H). **C NMR (151 MHz, DMSO-ds) & 145.74 (d, Jc-r = 7.6 Hz), 141.69, 140.41,
139.94, 132.38, 132.33, 131.82, 131.15, 129.30, 129.14, 128.17, 127.65, 127.54, 127.08, 126.87,
126.70, 121.40, 120.75. 3P NMR (243 MHz, DMSO-ds) & 7.23. HRMS (ESI) Calcd. for [M] -
CseH3302N2P: 801.2676; found: 801.2657.
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CF3

I | N._.O

SNp~©
~P<

] O N OH
CF3

2.3i was prepared according to the general procedure described above, with Cs2COs (2 equiv.) in
place of NaOt-Bu and DBU.

2.3i. 'TH NMR (400 MHz, DMSO-ds) & 8.08 (d, J = 8.7 Hz, 2H), 8.03 (d, J = 8.2 Hz, 2H), 7.53 (m,
2H), 7.48 — 7.41 (m, 4H), 7.39 (m, 2H), 7.34 (m, 4H), 7.13 (d, J = 8.5 Hz, 4H). 1*C NMR (151
MHz, DMSO) & 148.68, 138.73, 134.40, 130.87, 129.32, 128.57, 126.74, 126.19, 126.00, 125.52,
124.59, 124.40, 123.83, 122.82, 118.60 (q, Jc-r = 32.1 Hz), 115.37. 3P NMR (162 MHz, DMSO-
de) 5 6.58. °F NMR (376 MHz, DMSO-ds) & -59.60. HRMS (ESI) Calcd. for [M]~ CssaH2002N2F¢P:
633.1172; found: 633.1158.

Me

N\P//O

I I N~ "OH
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2.3j. 'H NMR (600 MHz, DMSO-ds) § 8.01 — 8.79 (m, 4H), 7.50 — 7.47 (m, 2H), 7.37 — 7.34 (m,
2H), 7.29 — 7.25 (m, 4H), 6.94 — 6.92 (m, 4H), 6.84 — 6.82 (m, 4H), 2.12 (d, J = 3.4 Hz, 6H). *C
NMR (151 MHz, DMSO) 6 142.24 (d, Jc-p = 7.3 Hz), 141.13, 133.23, 132.29, 131.83, 130.59,
130.44,129.49, 128.81, 127.26, 126.96, 126.93, 126.23, 124.39 (d, Jc-r = 3.8 Hz), 20.65. *'P NMR
(243 MHz, DMSO) & 8.56. HRMS (ESI) m/z [M] calc’d for CasH2sN202P 525.1737, found
527.1732.

General procedure for phase-transfer diazenation

A one-dram vial was charged with catalyst (10 mol %), appropriate nucleophile (1 equiv.), and
base (6 equiv.). Bench-top grade solvent was added (0.025 M) and the mixture was stirred for 10
minutes. The corresponding diazonium tetrafluoroborate (1.2 equiv.) was then added and the
mixture was stirred vigorously at room temperature until completion, as monitored by TLC. The
crude mixture was diluted with diethyl ether (1 mL) and filtered over cotton to remove precipitates.
The crude product was concentrated and purified by flash chromatography on silica gel (pentanes:
Et,0O) to afford the desired product.
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Conditions A: cyclohexane solvent, catalyst 2.3h
Conditions B: MTBE solvent, catalyst 2.3h
Conditions C: toluene solvent, catalyst 2.3b

Note: All reactions were run using conditions A unless otherwise noted.
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2.7a. Isolated as a yellow oil (16.0 mg, 95%). *H NMR (300 MHz, CD:Cl,) § 7.78 (d, J = 7.7 Hz,
1H), 7.74 — 7.62 (m, 3H), 7.56 (d, J = 7.7 Hz, 1H), 7.51 — 7.40 (m, 4H), 3.94 (d, J = 17.6 Hz, 1H),
3.77 (d, J = 17.6 Hz, 1H), 1.47 (s, 10H). **C NMR (126 MHz, CD,Cly) § 196.78, 167.28, 152.29,
151.56, 135.61, 134.68, 131.46, 129.05, 127.98, 126.51, 124.68, 122.51, 87.90, 83.02, 36.01,
27.66. HRMS (ESI) Calcd. for [M+Na]" C20H2003sN2Na: 359.1366; found: 359.1366. HPLC
(ChiralPak IA column) 98:02 (hexane/iPrOH) 1mL/min; Tmajor (13.9 min), Tminor (21.3 min); 90%
ee.

O

Cl N=N

2.7b. Isolated as a yellow oil (8.1 mg, 88%). *H NMR (500 MHz, CD,Cl,) & 7.74 (t, J = 7.3 Hz,
3H), 7.59 (s, 1H), 7.51 (s, 3H), 7.46 (d, J = 8.1 Hz, 1H), 3.95 (d, J = 17.7 Hz, 1H), 3.78 (d, J =
17.8 Hz, 1H), 1.50 (s, 9H). 3C NMR (126 MHz, CD,Cly) & 195.41, 166.91, 153.75, 151.47,
141.99, 133.15, 131.60, 129.08, 128.79, 126.71, 125.86, 122.56, 87.91, 83.29, 35.58, 27.65. HPLC
(ChiralPak IA column) 97:03 (hexane/iPrOH) 1ImL/min; Tmajor (11.2 Min), Tminor (20.2 min); 88%
ee. HRMS (ESI) Calcd. for [M+Na]* C20H1903N2CINa: 393.0976; found: 393.0975.

2.7c. Isolated as a yellow oil (9.0 mg, 89%). *H NMR (600 MHz, CD2Cl2) & 7.99 (d, J = 7.6 Hz,
1H), 7.95 (d, J = 7.5 Hz, 1H), 7.72 (d, J = 7.4 Hz, 2H), 7.61 (t, J = 7.6 Hz, 1H), 7.53 — 7.49 (m,
3H), 4.11 (d, J = 18.2 Hz, 1H), 3.94 (d, J = 18.1 Hz, 1H), 1.48 (s, 9H). 1°C NMR (151 MHz,
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CD2Cly) 6 195.41, 166.47, 151.39, 149.33, 136.08, 132.11 (q, Jcr = 3.0 Hz), 131.63, 129.02,
128.52,128.23, 127.98, 124.61, 122.54, 87.35, 83.47, 34.77, 27.56. °F NMR (376 MHz, CDCl,)
5 -61.74. HRMS (ESI) Calcd. for [M+Na]" C21H1903N2FsNa: 427.1240; found: 427.1239. HPLC
(ChiralPak IB column) 99:01 (hexane/iPrOH) 1mL/min; Tmajor (12.3 Min), Tminor (13.0 min); 81%
ee.

o)

Br\©il§/002t8u
N:N

2.7d. Isolated as a yellow oil (9.2 mg, 89%). *H NMR (600 MHz, CD,Cl,) § 7.91 (d, J = 1.9 Hz,
1H), 7.78 (dd, J = 8.1, 2.0 Hz, 1H), 7.73 - 7.69 (m, 2H), 7.51 — 7.45 (m, 4H), 3.87 (d, J = 17.6 Hz,
1H), 3.73 (d, J = 17.7 Hz, 1H), 1.47 (s, 9H). *C NMR (151 MHz, CDCl,) § 195.52, 166.74,
151.46, 150.79, 138.19, 136.46, 131.53, 129.00, 128.06, 127.39, 122.48, 121.87, 88.05, 83.27,
35.59, 27.59. HRMS (ESI) Calcd. for [M+Na]* C20H1903N2Na: 437.0471; found: 437.0471. HPLC
(ChiralPak 1A column) 98:02 (hexane/iPrOH) 1mL/min; Tmajor (11.3 min), Tminor (16.1 min); 81%
ee.

2.7e. Isolated as a yellow oil (15.7 mg, 89%). *H NMR (300 MHz, CD:Cl,) § 7.74 — 7.65 (m, 2H),
7.57 (s, 1H), 7.54 — 7.39 (m, 5H), 3.87 (d, J = 17.4 Hz, 1H), 3.71 (d, J = 17.5 Hz, 1H), 2.42 (s,
3H), 1.46 (s, 9H). 1*C NMR (151 MHz, CD,Cl2) & 196.74, 167.34, 151.59, 149.57, 138.17, 136.81,
134.82, 131.32, 128.96, 126.06, 124.47, 122.43, 88.22, 82.86, 35.69, 27.61, 20.72. HRMS (ESI)
Calcd. for [M+Na]* C21H2003sN2Na: 373.1523; found: 373.1522. HPLC (ChiralPak 1A column)
98:02 (hexane/iPrOH) 1mL/min; Tmajor (13.6 Min), Tminor (19.3 min); 77% ee.

e,

2.7f. Isolated as a yellow oil (10.2 mg, 90%). *H NMR (600 MHz, CD2Cl,) § 7.73 — 7.69 (m, 2H),
7.51-7.46 (m, 3H), 7.40 (dd, J = 7.6, 1.1 Hz, 1H), 7.34 (t, J = 7.7 Hz, 1H), 7.11 (dd, J = 7.9, 1.1
Hz, 1H), 3.81 (d, J = 17.7 Hz, 1H), 3.64 (d, J = 17.7 Hz, 1H), 1.48 (s, 9H), 1.06 (s, 9H), 0.29 (d, J
= 1.9 Hz, 6H). *3C NMR (151 MHz, CD,Cly) § 196.72, 167.26, 153.23, 151.57, 143.10, 136.40,
131.35, 129.33, 128.96, 125.12, 122.45, 117.26, 87.78, 82.91, 33.31, 27.61, 25.35, 18.06, -4.56.
HRMS (ESI) Calcd. for [M+Na]" C2sH3404N2NaSi: 489.2180; found: 489.2177. HPLC (ChiralPak
WHELK column) 99:01 (hexane/iPrOH) 0.5mL/min; Tmajor (14.9 mMin), Tminor (18.9 min); 92% ee.
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2.7g. Isolated a yellow oil (16.3 mg, 89%) using conditions B. *H NMR (600 MHz, CD2Cl,) § 7.71
(dd, J = 6.9, 3.3 Hz, 3H), 7.51 — 7.45 (m, 3H), 7.00 (d, J = 2.1 Hz, 1H), 6.97 (dd, J = 8.7, 2.1 Hz,
1H), 3.92 (s, 3H), 3.89 (d, J = 17.5 Hz, 1H), 3.71 (d, J = 17.5 Hz, 1H), 1.48 (s, 9H). *C NMR (151
MHz, CD2Cl) 4 194.48, 167.45, 166.02, 155.35, 151.60, 131.28, 128.96, 127.68, 126.38, 122.43,
115.98, 109.55, 88.21, 82.78, 55.79, 35.79, 27.62. HRMS (ESI) Calcd. for [M+Na]*
C21H2204N2Na: 389.1472; found: 389.1472. HPLC (ChiralPak IA column) 98:02 (hexane/iPrOH)
ImL/min; Tmajor (16.9 min), Tminor (35.1); 93% ee.
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2.7h. Isolated as a yellow oil (13.9 mg, 80%). *H NMR (600 MHz, CD2Cl) & 7.78 (d, J = 7.7 Hz,
1H), 7.68 (t, J=7.5Hz, 1H), 7.57 (d, J=7.7 Hz, 1H), 7.51 (d, J = 8.6 Hz, 2H), 7.45 (t, J = 7.5 Hz,
1H), 7.36 (t, J = 7.6 Hz, 1H), 7.31 (d, J = 7.5 Hz, 1H), 3.94 (d, J = 17.5 Hz, 1H), 3.77 (d, J = 17.5
Hz, 1H), 2.41 (s, 3H), 1.47 (s, 9H). 3C NMR (151 MHz, CD,CI2) & 196.76, 167.24, 152.22,
151.61, 139.16, 135.49, 134.67, 132.11, 128.73, 127.89, 126.42, 124.60, 122.48, 120.06, 87.81,
82.92, 35.92, 27.61, 20.90. HRMS (ESI) Calcd. for [M+Na]™ C21H220sN2Na: 373.1523; found:
373.1522. HPLC (ChiralPak 1A column) 98:02 (hexane/iPrOH) 1mL/min; Tmajor (12.5 min), Tminor
(14.1 min); 90% ee.
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2.7i. Isolated as a yellow oil (19.8 mg, 98%). *H NMR (600 MHz, CD,Cl,) § 7.83 — 7.79 (m, 3H),
7.76 (d, J=8.3 Hz, 2H), 7.70 (t, J= 7.5 Hz, 1H), 7.58 (d, J = 7.7 Hz, 1H), 7.46 (t, J = 7.5 Hz, 1H),
3.96 (d, J = 17.5 Hz, 1H), 3.81 (d, J = 17.5 Hz, 1H), 1.47 (s, 9H). *C NMR (151 MHz, CD,Cl>) &
196.09, 166.85, 153.45, 152.06, 135.67, 134.48, 132.54, 132.33, 128.03, 126.45, 126.23 (¢, Jc-F =
3.8 Hz), 124.73, 122.77, 88.41, 83.25, 35.95, 27.58. °F NMR (376 MHz, CD,CI2) § -62.22.
HRMS (ESI) Calcd. for [M+Na]*™ C21H1903N2FsNa: 472.1240; found: 472.1237. HPLC (ChiralPak
IA column) 98:02 (hexane/iPrOH) ImL/min; Tmajor (14.7 mMin), Tminor (20.4 min); 88% ee.
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2.7j. Isolated as a yellow oil (15.2 mg, 87%). *H NMR (600 MHz, CD,Cl,) § 7.79 (d, J = 7.7 Hz,
1H), 7.69 (t, J = 7.4 Hz, 1H), 7.57 (d, J = 7.8 Hz, 2H), 7.50 — 7.45 (m, 2H), 7.41 (d, J = 9.6 Hz,
1H), 7.24 — 7.17 (m, 1H), 3.93 (d, J = 17.5 Hz, 1H), 3.80 (d, J = 17.5 Hz, 1H), 1.47 (s, 9H). 13C
NMR (151 MHz, CD2Cl,) 8 196.28, 166.97, 163.05 (d, Jc.r = 247.5 HZz), 152.93 (d, Jc-r = 7.0 Hz),
152.09, 135.61, 134.55, 130.30, 127.98, 126.44, 124.68, 119.94 (d, J c.-r = 2.9 HZz), 118.10 (d, Jc-r
=21.9 Hz), 107.98 (d, Jcr = 23.2 Hz), 88.04, 83.13, 36.00, 27.59. °F NMR (376 MHz, CD-Cl,)
6 -111.77 — -111.85 (m). HRMS (ESI) Calcd. for [M+Na]* C2H1903N2FNa: 377.1272; found:
377.1270. HPLC (ChiralPak 1A column) 98:02 (hexane/iPrOH) 1mL/min; Tmajor (11.5 min), Tminor
(13.9 min); 87% ee.
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2.7k. Isolated as a yellow oil (19.4 mg, 94%). *H NMR (600 MHz, CD2Cl2) & 7.82 — 7.73 (m, 3H),
7.68 (td, J = 7.4, 1.3 Hz, 1H), 7.57 (d, J = 7.7, 1H), 7.50 — 7.38 (m, 1H), 7.21 — 7.13 (m, 2H), 3.93
(d, J =17.5 Hz, 1H), 3.78 (d, J = 17.5 Hz, 1H), 1.47 (s, 9H). 3C NMR (151 MHz, CD,CI12) §
196.38, 167.01, 152.13, 150.29, 135.59, 134.56, 132.24, 127.97, 126.43, 125.78, 124.66, 124.05,
88.00, 83.09, 35.97, 27.59. HRMS (ESI) Calcd. for [M+Na]" C20H1903N2BrNa: 437.0471; found:
437.0471. HPLC (ChiralPak IA column) 98:02 (hexane/iPrOH) 1mL/min; Tmajor (14.6 min), Tminor
(21.6 min); 93% ee.
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2.71. Isolated as a yellow oil (16.2 mg, 91%). 'H NMR (600 MHz, CD,Cl) § 7.78 (d, J = 7.7 Hz,
1H), 7.69 (td, J = 7.5, 1.3 Hz, 1H), 7.65 — 7.59 (m, 4H), 7.57 (d,J =7.7 Hz, 1H), 7.45 (t, J=7.4
Hz, 1H), 3.93 (d, J = 17.5 Hz, 1H), 3.78 (d, J = 17.5 Hz, 1H), 1.47 (s, 9H). 3C NMR (151 MHz,
CD2Cl2) 6 196.58, 167.15, 164.57 (d, Jc-r = 251.7 Hz), 152.16, 148.10 (d, J c.r = 3.1 Hz), 135.54,
134.63,127.93, 126.42, 124.70, 124.63 (d, Jcr = 1.3 Hz), 115.88 (d, Jc-r= 23.1 Hz), 87.74, 83.00,
35.99, 27.59. F NMR (376 MHz, CDCl,) § -108.63 — -108.70 (m). HRMS (ESI) Calcd. for
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[M+Na]* C20H1903N2FNa: 377.1272; found: 377.1272. HPLC (ChiralPak IA column) 98:02
(hexane/iPrOH) 1mL/min; Tmajor (17.5 mMin), Tminor (25.2 min); 94 % ee.
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2.7m. Isolated as a yellow oil (16.5 mg, 90%). 'H NMR (500 MHz, CD-Cl) § 7.80 (d, J = 7.6 Hz,
1H), 7.77 - 7.72 (m, 2H), 7.70 (td, J = 7.5, 1.2 Hz, 1H), 7.58 (d, J = 7.7 Hz, 1H), 7.46 (t, J = 7.5
Hz, 1H), 7.02 — 6.95 (m, 2H), 3.94 (d, J = 17.5 Hz, 1H), 3.88 (s, 3H), 3.78 (d, J = 17.5 Hz, 1H),
1.49 (s, 9H). 3C NMR (126 MHz, CD2Cly) & 197.21, 167.56, 162.45, 152.39, 145.72, 135.51,
134.78, 127.90, 126.48, 124.61, 124.48, 114.04, 87.31, 82.83, 55.58, 36.13, 27.65. HRMS (ESI)
Calcd. for [M+Na]* C21H2004N2Na: 389.1472; found: 389.1472. HPLC (ChiralPak 1A column)
98:02 (hexane/iPrOH) 1mL/min; Tmajor (15.7 mMin), Tminor (26.1 min); 85% ee.

0]

N:N

tBu

2.7n. Isolated as a yellow oil (17.5 mg, 89%). *H NMR (500 MHz, CD.Cl) & 7.80 (d, J = 7.7 Hz,
1H), 7.74 — 7.64 (m, 3H), 7.59 (d, J = 7.8 Hz, 1H), 7.52 (d, J = 8.5 Hz, 2H), 7.47 (t, J = 7.5 Hz,
1H), 3.96 (d, J = 17.5 Hz, 1H), 3.79 (d, J = 17.6 Hz, 1H), 1.49 (s, 9H), 1.37 (s, 9H). 1°C NMR (126
MHz, CD2Cl2) 6 196.95, 167.40, 155.21, 152.32, 149.43, 135.54, 134.74, 127.93, 126.49, 125.98,
124.64, 122.23, 87.72, 82.90, 36.04, 34.89, 30.92, 27.66. HRMS (ESI) Calcd. for [M+Na]"
C24H2803N2Na: 415.1992; found: 415.1991. HPLC (ChiralPak IA column) 98:02 (hexane/iPrOH)
ImL/min; Tmajor (13.7 Min), Tminor (22.5 min); 83% ee.
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2.70. Isolated as a yellow oil (7.5 mg, 86%). *H NMR (500 MHz, CD2Cl) § 7.80 (d, J = 7.6 Hz,
1H), 7.70 (t, J = 7.2 Hz, 1H), 7.58 (d, J = 7.7 Hz, 1H), 7.46 (t, J = 7.0 Hz, 1H), 7.41 — 7.34 (m,
2H), 7.31(d,J=7.4 Hz, 1H), 7.23 (t, J = 7.7 Hz, 1H), 3.92 (d, J = 17.6 Hz, 1H), 3.81 (d, J = 17.6
Hz, 1H), 2.47 (s, 3H), 1.54 — 1.47 (s, 9H). 3C NMR (126 MHz, CD,Cl) § 196.94, 167.41, 152.14,
149.79, 137.41, 135.50, 134.63, 131.21, 131.05, 127.93, 126.45, 126.33, 124.59, 115.62, 88.42,
82.93, 36.20, 27.66, 16.85. HRMS (ESI) Calcd. for [M+Na]" C21H220sN2Na: 373.1523; found:
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373.1523. HPLC (ChiralPak IA column) 98:02 (hexane/iPrOH) 1mL/min; Tmajor (10.9 min), Tminor
(12.7 min); 83% ee.

o COztBU

CO

2.15a. Isolated as a yellow oil (88%) using conditions C. *H NMR (300 MHz, CD,Cl,) § 7.74 —
7.62 (m, 2H), 7.57 (dd, J = 7.6, 1.5 Hz, 1H), 7.53 — 7.47 (m, 3H), 7.43 (td, J = 7.5, 1.6 Hz, 1H),
7.33(td, J=7.5,1.3 Hz, 1H), 7.24 - 7.17 (m, 1H), 3.03 (ddd, J = 15.8, 8.5, 3.8 Hz, 1H), 2.87 (ddd,
J=1538, 8.3, 3.8 Hz, 1H), 2.51 (t, J = 6.5 Hz, 2H), 2.19 — 1.91 (m, 2H), 1.30 (s, 9H). 3C NMR
(126 MHz, CD2Cl») & 200.61, 167.05, 151.55, 139.76, 139.21, 131.52, 131.35, 129.56, 129.46,
129.06, 126.35, 122.35, 90.03, 82.53, 33.42, 32.36, 27.38, 23.36. HRMS (ESI) Calcd. for [M+Na]"
C22H2403N2Na: 387.1679; found: 387.1677. HPLC (ChiralPak IA column) 97:03 (hexane/iPrOH)
ImL/Min; Tmajor (8.6 Min), Tminor (9.7 Min); 97% ee.
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2.17a. Isolated as a yellow oil (8.1 mg, 82%) using conditions C. *H NMR (600 MHz, CDCl.) §
7.73-7.66 (m, 2H), 7.62 (d, J = 8.6 Hz, 1H), 7.51 — 7.49 (m, 3H), 6.86 (dd, J = 8.6, 2.6 Hz, 1H),
6.71 (d, J = 2.4 Hz, 1H), 3.86 (s, 3H), 2.99 (ddd, J = 15.8, 9.1, 3.8 Hz, 1H), 2.82 (ddd, J = 15.7,
8.2, 3.8 Hz, 1H), 2.59 — 2.45 (m, 2H), 2.15 — 2.05 (m, 1H), 2.05 — 1.93 (m, 1H), 1.34 (s, 9H). *C
NMR (151 MHz, CD.Cly) 6 198.62, 167.25, 162.37, 151.55, 142.52, 132.04, 131.71, 131.18,
128.98, 122.28, 114.38, 111.86, 89.81, 82.31, 55.32, 33.46, 31.60, 27.41, 23.06. HRMS (ESI)
Calcd. for [M+Na]* C23H2604N2Na: 417.1785; found: 417.1788. HPLC (ChiralPak 1A column)
96:04 (hexane/iPrOH) 1ImL/min; Tmajor (23.3 min), Tminor (24.5 min); 86% ee.
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2.22Db. Isolated as a yellow oil (8.8 mg, 91%) using conditions C. *H NMR (600 MHz, CD:Cl,) &
7.74 —-7.66 (m, 2H), 7.66 — 7.62 (m, 2H), 7.61 — 7.56 (m, 3H), 7.45 - 7.38 (m, 1H), 7.31 (s, 1H),
4.01(d,J=17.5Hz, 1H), 3.78 (d, J = 17.4 Hz, 1H), 1.43 (s, 9H). *C NMR (151 MHz, CD:Cl,) &
198.25, 164.84, 153.95, 150.03, 135.89, 133.50, 132.36, 127.73, 126.41, 126.07, 124.74, 124.02,
89.80, 51.61, 33.51, 28.37. HRMS (ESI) Calcd. for [M+Na]™ C20H2002N3Na: 436.0631; found:
436.0637. HPLC (ChiralPak IC column) 90:10 (hexane/iPrOH) 1mL/min; Tminor (9.6 Min), Tmajor
(11.1 min); 90% ee.
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2.22c. Isolated as a yellow oil (6.9 mg, 85%) using conditions C. *H NMR (600 MHz, CD,Cl,) &
7.76 — 7.67 (m, 4H), 7.59 (d, J = 7.8 Hz, 1H), 7.44 — 7.38 (m, 1H), 7.33 (s, 1H), 7.21 — 7.15 (m,
2H), 4.01 (d, J = 17.4 Hz, 1H), 3.77 (d, J = 17.5 Hz, 1H), 1.43 (s, 9H). *C NMR (151 MHz,
CD2ClI2) 6 198.47,165.07, 164.68 (d, J c-r = 252.2 Hz), 153.99, 147.83 (d, J c.r = 3.0 Hz), 135.83,
133.59, 127.70, 126.40, 124.70, 116.03 (d, J c.r = 23.0 Hz), 89.40, 51.58, 33.61, 28.37. *one
resonance missing. °F NMR (376 MHz, CD,Cly) & -108.08 — -108.15 (m). HRMS (ESI) Calcd.
for [M+Na]" CooH2002N3Na: 376.1432; found: 376.1435. HPLC (ChiralPak IC column) 90:10
(hexane/iPrOH) 1mL/min; Tminor (9.5 Min), Tmajor (11.5 min); 85% ee.
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2.24a. lsolated as a yellow oil (11.8 mg, 59%) using conditions C. *H NMR (400 MHz, CDCl,)
8 7.80 — 7.62 (m, 2H), 7.57 — 7.53 (t, J = 7.7 Hz, 2H), 7.44 (d, J = 7.8 Hz, 1H), 7.43 — 7.22 (m,
6H), 7.12 (t, J=8.5Hz, 2H), 5.24 (d, J = 11.9 Hz, 1H), 5.14 (d, J = 12.6 Hz, 1H), 3.72 (d, J = 17.1
Hz, 1H), 3.11 (d, J = 17.1 Hz, 1H), 1.72 (s, 3H). 3C NMR (151 MHz, CD:Cl,) & 175.06, 164.26
(d, Je-Fr = 252.2 Hz), 161.89, 148.70, 148.24 (d, Jc-r = 3.0 Hz), 135.46, 133.87, 128.58, 128.43,
128.32,127.58, 126.19, 124.76, 124.53 (d, Jc-r = 9.1 Hz), 115.79 (d, Jc-r = 24.2 Hz), 68.09, 40.73,
29.64, 8.34. (one resonance missing). 1°F NMR (376 MHz, CD,Cl.) § -109.63. HRMS (ESI) Calcd.
for [M+H]" C24H2102N3F: 402.1612; found: 402.1613. HPLC (ChiralPak IC column) 95:05
(hexane/iPrOH) 1mL/min; Tmajor (15.2 Min), Tminor (14.0 min); 80% ee.

General procedure for hydrogenation of diazene compounds

A one dram vial was charged with diazene (1 equiv), Pd/C (10 wt %, 10 mol %), and a magnetic
stir bar. MeOH and AcOH (10:1, 0.05M) were then added and the vial was placed in a Parr bomb.
The bomb was purged with H> and pressurized to 800 psi. After 24 h, Na.COs (20 equiv.) and
celite were added and the mixture was stirred for 30 min. The mixture was filtered and
concentrated. The crude product was purified by column chromatography on EtzN treated silica
gel (100 % EtOAC) to afford the corresponding amino alcohol.
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NH,
2.25a. Isolated as a white solid (78%). 'H NMR (600 MHz, CDCls) § 7.40 (d, J = 6.3 Hz, 1H),
7.28 —7.24 (m, 2H), 7.21 (d, J = 6.6 Hz, 1H), 4.91 (s, 1H), 3.60 (d, J = 16.1 Hz, 1H), 2.83 (d, J =
16.1 Hz, 1H), 2.40 (s, 3H), 1.44 (s, 9H). 1*C NMR (151 MHz, CDCls) & 174.02, 142.24, 140.63,
128.75,127.20, 124.83, 124.83, 84.29, 82.05, 69.57, 42.07, 27.93. HRMS (ESI) Calcd. for [M+H]*
C14H2003N: 250.1438; found: 250.1437. HPLC (ChiralPak AD-H column) 98:02 (hexane/iPrOH)
ImL/min; Tmajor (39.6 Min), Tminor (43.1 min); 90% ee. The relative stereochemistry agrees with
reported NMR spectra of the same compound.?

OH
o
WO%
MeO

°NH,

2.25b was prepared in a 3-step sequence starting with *°N-labeled NaNOs..

2.25b. 'H NMR (500 MHz, CD2Clz) & 7.31 (d, J = 8.1 Hz, 1H), 6.80 — 6.82 (m, 2H), 4.77 (d, J =
2.4 Hz, 1H), 3.82 (s, 3H), 3.64 (dd, J = 16.2, 3.3 Hz, 1H), 2.73 (dd, J = 16.4, 2.9 Hz, 1H), 2.41 (br
s, 3H), 1.50 (s, 9H). *C NMR (126 MHz, CD:Cl,) § 174.05, 160.50, 143.38, 134.66, 125.98,
112.91, 110.05, 83.58 (d, Jc-n = 4.4 Hz), 81.60, 69.80 (d, Jc-n = 3.9 Hz), 55.35, 41.72, 27.74.
HRMS (ESI) Calcd. for [M+Na]* C1sH2104°NNa: 303.1333; found: 303.1334. HPLC (ChiralPak
AD-H column) 98:02 (hexane/iPrOH) 1mL/min; Tmajor (41.9 mMin), Tminor (46.7 min); 90% ee.

o)
HO )<
0

NH,

2.26a. Isolated as a white solid (90%). *H NMR (300 MHz, CD:Cl) § 7.37 —7.34 (m, 1H), 7.21
~7.13 (m, 2H), 7.13 — 7.04 (m, 1H), 4.71 (s, 1H), 3.11 — 3.03 (m, 1H), 2.74 — 2.33 (m, 5H), 1.84
—1.69 (m, 3H), 1.31 (s, 9H). *C NMR (H-Cl salt, 151 MHz, MeOD) & 167.42, 139.03, 138.27,
128.38, 127.61, 125.90, 83.44, 65.44, 64.18, 34.26, 32.97, 26.38, 22.33, 13.98. HRMS (ESI)
Calcd. for [M+H]" C16H2403N: 278.1751; found: 278.1750.
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(1) Nugent, T. C. Chiral Amine Synthesis: Methods, Developments and Applications; John
Wiley & Sons, 2011.

(2) Reetz, M. T. Angew. Chem. Int. Ed. Engl. 1991, 30 (12), 1531.

(3) Najera, C.; Sansano, J. M. Chem. Rev. 2007, 107 (11), 4584.

(4) Nair, V.; Biju, A. T.; Mathew, S. C.; Babu, B. P. Chem. — Asian J. 2008, 3 (5), 810.
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Chapter 3. Enantioselective Heck-Matsuda Arylations via Phase-Transfer of Aryl
Diazonium Cations

Aryldiazonium salts are extensively employed in cross coupling reactions, yet enantioselective
variants of these transformations are rare. This challenge is primarily associated with the
incompatibility of diazonium salts and most chiral phosphine ligands, which tend to react directly.
To overcome this problem, we utilize a chiral anion phase-transfer strategy in combination with
Pd° catalysis to achieve an enantioselective Heck-Matsuda reaction. Key to obtaining high yields
and enantioselectivities is the design and application of new phase-transfer phosphates, which we
believe serve as counterions to cationic Pd'" intermediates. In addition to controlling
enantioselectivity, chiral anions are used to modulate chemical reactivity, indicating a potentially
larger role of chiral anions in transition metal-mediated processes.

Portions of this chapter are based on work done in collaboration with Carolina Avila, Hosea
Nelson, Hunter Shunatona, Yernaidu Reddi, and Raghavan Sunoj. H.N. and C.A. made significant
intellectual contributions and performed optimization experiments. C.A. also assisted with
determination of substrate scope. H.S. contributed to catalyst synthesis. Y.R. and R.S. performed
computational experiments.
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Introduction

Chapters 1 and 2 detail asymmetric amination reactions enabled by chiral anion phase-transfer of
aryldiazonium salts. While high enantioselectivity can be obtained, these transformations require
substrates with “built-in” reactivity, such as -keto esters and tryptamine derivatives, primarily
because aryldiazonium salts are weak m-electrophiles. Achieving broad substrate scope presented
a difficult, yet intriguing challenge, as the ability to start with unactivated starting materials would
be a significant advance in our methodology.

Given literature precedent and recent work in our group, we were interested in the possibility of
combining phase-transfer catalysis with transition metal catalysis to develop an enantioselective
cross coupling reaction using aryldiazonium salts, a reaction that would allow us to functionalize
simple olefins. Furthermore, substitution of the diazonium salt would be incorporated into the
product, providing stark contrast to much of our previously reported phase-transfer chemistry that
has been limited to the addition of single atoms such as fluorine and bromine.

Additionally, enantioselective cross coupling reactions using diazonium salts (Heck-Matsuda
reactions) are extremely rare in literature, proving us an opportunity to directly address a synthetic
problem. This challenge is largely due to the incompatibility of commonly used chiral phosphine
ligands and diazonium salts. Generally, reactions between these species result in dediazoniation
and the formation of the corresponding phosphine oxide (Scheme 1).1? We proposed that the use
of chiral phosphate anions to achieve enantioinduction could provide a solution, especially given
the compatibility of chiral phosphates and diazonium cations that we had already demonstrated
(Chapters 1 and 2).

R /— R /—
Q RN + R4P=0
QNZBF4 * RSP alcohol solvent \ 7 3

Scheme 1. Decomposition of aryldiazonium salts via reduction by phosphines (ref. 1).

While the scarcity of viable chiral ligands has limited the development of enantioselective Heck-
Matsuda reactions, a few examples have been reported by the Correia®>*and Sigman® groups who
have utilized chiral bisoxazoline and pyridine oxazoline ligands respectively. Correia and co-
workers have developed arylative desymmetrizations of cyclic and acyclic olefins (Scheme 2a),
while the Sigman Group has developed enantio- and regioselective arylations of acyclic alkenyl
alcohols via a redox-relay process (Scheme 2b).
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ArN,BF 4 MeO,C_ CO,Me
MeO,C_ CO,Me PO

(a) é o o .
]

Y

/>_<\ ' Ar
N N "/l up to 84% ee
Ph Ph
AerpFe
OH Pd° O R

Y

(b)
R1)\/AR R1MAr

2 — 0]
i )
3C‘<\jN>_<\N up to 98% ee

"By
Scheme 2. Previously developed enantioselective Heck-Matsuda arylations (ref. 3, 5).

As a complementary approach, we sought to achieve enantioinduction via ion-pairing. We
hypothesized that the chiral anion used to solubilize the aryldiazonium salt could function as a
counterion to a cationic Pd" intermediate formed after oxidative addition (Scheme 3).

®q o]
®0
o N2 O;F(O)* Pd° O/Pd"“ g;p:SD* L/) o /=~ R
DA » S,
R/ R

Scheme 3. Chiral ion-pairing with cationic Pd".

Similar oxidative additions to generate chiral ion-paired cationic Pd" intermediates have been
proposed. In 2007, List and coworkers reported an asymmetric allylation of aldehydes catalyzed
by Pd° and TRIP (Scheme 4).® Notably, the authors proposed an oxidative addition of Pd° to an
enaminium ion pair. The resultant cationic Pd"-allyl intermediate is paired to a chiral phosphate
counterion that subsequently directs an enantioselective allylation.
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1.5 mol% TRIP

R Rs
3 3.0 mol% Pd(PPhs),
R on P MS 5A, MTBE, 40 °C, 8-24 h /
)\ + > Ry
Ry~ “CHO Ph)\N then 2N HCI, Et,0 >\
H rt, 30 min Ry CHO
12 examples
up to 97% ee
)
00
\P/
H 7N\
R I © @]
NG > Rs PO R o
3 ' H_ _R
Ri s @O\P/OD* de CN
R 0 "0 AN~
2 oxidative addition . H
R,

Scheme 4. Oxidative addition of Pd° to a chiral ion pair (ref 5).

Recently, our group reported an enantioselective 1,1-arylborylation of alkenes using
aryldiazonium salts and a similar catalytic system of Pd° and chiral phosphate (Scheme 5).” In the
proposed mechanism, Pd® undergoes oxidative addition to a chiral ion-paired aryldiazonium salt.
The intermediate cationic Pd" species then undergoes an enantiodetermining migratory insertion,
with asymmetry induced by the chiral counteranion.

PhNQBF4, szin2
5 mol% Pd,dbas ]
/\/O\H/OMe 10 mol% (R)-TCYP B(p'“)YVOYOMe
o Na;PO, Ph o)
Et;,0 93% ee

(R)-TCYP

Scheme 5. Enantioselective 1,1-arylborylation of alkenes using Pd and chiral anion phase-
transfer catalysis (ref. 6).

In light of literature precedent, we proposed the following mechanism for an enantioselective
Heck-Matsuda reaction via palladium and chiral anion phase-transfer catalysis (Figure 1).
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Na,HPO,

Co AI"N2BF4
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Na3PO4 Na
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CO
@ \
PdL, ® 95 P\o
Ar—PdL,
, . . i 2
migratory insertion o
/

Figure 1. Proposed mechanism for Heck-Matsuda arylation.

The insoluble aryl diazonium salt is first brought into solution via chiral anion metathesis, forming
ion pair 1. Oxidative addition of Pd’ forms cationic Pd" intermediate 2. The chiral counterion
associated to 2 subsequently directs an enantiodetermining migratory insertion of a cyclic olefin
to generate intermediate 3. Intermediate 3 then undergoes a stereospecific B-hydride elimination
to generate desired product 4 and Pd-hydride 5. 5 then undergoes formal reductive elimination via
deprotonation, either by the counterion or inorganic base, to regenerate Pd’ and the chiral
phosphate phase-transfer catalyst.

Results and Discussion

To test this hypothesis, we examined 2,3-dihydrofuran (3.1a) as a model substrate. Treatment of
3.1a with 5 mol% Pd>dbas, 10 mol% (R)-TRIP (3.3a), 0.5 equivalents of p-MePhN,BF4, and 3
equivalents of NazPO4 in hexanes led to the formation of desired product 3.2a in moderate yield
and 30% ee (Scheme 6).

0.5 equiv. 4-Me-PhN,BF,
5 mol% Pdy(dba);

o 10mol% (R)-TRIP, NasPO Me
) o (R) 3 o) 52% yield, 30% ee
hexanes, rt, 24 h —
3.1a 3.2a
1 equiv.

Scheme 6. Phase-transfer Heck-Matsuda arylation of 3.1a — initial hit.

While enantioselectivity was modest, this promising result showed that some levels of
enantioinduction could be achieved using a fairly unbiased substrate. To improve ee, we next
examined different phase-transfer catalysts (Table 1).
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0.5 eqUiV. 4—Me—PthBF4 Entry Cat. ee (%)
5 mol% Pd,(dba)s
o 10 mol% cat., NasPO, o Me 1 3.3a 30
< /7 > 2 3.3b 30
hexanes, rt, 24 h _ 3 3.3¢c -5
3.1a 3.2a 4 3.3d 5
1 equiv. 5 3.3e 0
6 3.3f 33
Ri Ar 7 33 0
e M e
/ . -15
o. .0 N\P//O :
~p? oP< 9 3.3i 20
o~ “OH N_~ OH
99 )
Ry Ar
3.3a, Ry = H, Ar = 2,4,6-(iPr)3CgH> 3.3e, Ar=Ph

3.3b, Ry = CgH47, Ar = 2,4,6-(iPr);CgH,
3.3¢, Ry = H, Ar = 2,4,6-(Cy)3CgH,
3.3d, Ry = CgH47, Ar = 2,4,6-(Cy)3CgH

33f, Ar = 3,5-Me-CGH3
339, Ar = 3,5-tBU-C6H3
33h, Ar = 3,5-OMG-C6H3

3.3i, Ar = 2-Napthyl

Table 1. Catalyst optimization.

Screening a subset of BINOL- and BINAM-derived chiral phosphoric acids did not result in any
significant improvement in enantioselectivity (entries 1-9). Long alkyl chains on the backbone of
the catalyst (entries 2, 4), which could increase solubilizing potential, did not make a major impact.
As catalysts 3.3a, 3.3b, and 3.3f provided similar ee values, all three phosphoric acids were taken
forward and evaluated with various inorganic bases (Table 2).

0.5 equiv. 4-Me-PhN,BF,
5 mol% Pd,(dba);

(o) 10 mol% cat., base o o Me
@ hexanes, rt, 24 h —
3.1a 3.2a
1 equiv.
Entry Cat. Base ee (%)
1 3.3a Nas;PO,4 30
2 3.3a NazHPO4 30
3 3.3b N33PO4 30
4 3.3b Nay,HPO, 33
5 3.3f NaszPO, 33
6 3.3f K3POy4 36
7 3.3f NaHCOj; 48
8 3.3f Na,HPO, 49
9 3.3f NaOAc 20
10 3.3f LioCO4 38

Table 2. Base optimization.
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Enantioselectivities were improved up to 49% with judicious choice of base. Specifically, a
combination of catalyst 3.3f and Na,HPOj4 gave the best results (entry 8). Notably, the identity of
the inorganic base only had an impact when 3.3f was used as a phase-transfer catalyst (entries 5-
10). When BINOL-derived phosphoric acids were employed, base identity had little impact on ee
(entries 1-4).

Next, concentration of 3.1a, phase-transfer catalyst loading, and palladium loading were
investigated (Table 3). Increasing the loading of 3.3f did not increase ee (entry 3), indicating a
minimal background reaction. At a 0.30 M concentration of 3.1a we observed our highest levels

of enantioselectivity (entry 5), with higher concentrations eventually leading to a decrease (entry
6).

0.5 equiv. 4-Me-PhN,BF,
x mol% Pd,(dba),

(o) x mol% 3f, Na,HPO, o Me
Q hexanes, rt, 24 h _
3.1a 3.2a

entry furan [M] mol% Pdydbaj mol% 3f ee (%)

1 0.15 5 5 41
2 0.15 10 10 45
3 0.15 5 20 47
4 0.15 5 10 328
5 0.30 5 10 56
6 0.50 5 10 52

@ with mol sieves

Table 3. Further optimization using catalyst 3.3f.

While optimization experiments had been somewhat fruitful, we had exhausted variations of most
of our reaction parameters. Furthermore, we were concerned that further reaction optimization
would be increasingly substrate specific and would not necessarily translate across a wide array of
cyclic olefins and aryldiazonium salts. To get a sense for scope, we examined different diazonium
salts under our optimized reaction conditions (Table 4).
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0.5 equiv. ArN,BF,4

5 mol% Pd,(dba); R
o) 10 mol% 3.3f, Na,HPO, o ///
J g \
hexanes, rt, 24 h __
3.1a 3.2a

entry R= ee (%)
1 H 47
2 2-Me 22
3 3-Me 51
4 4-OMe 24
52  4-CF, -
62 4-CO,Me -

@no product observed

Table 4. Aryldiazonium scope.

Only modest levels of enantioselectivity were observed for most aryldiazonium salts (entries 1-4).
Electron-withdrawing substituents were not well tolerated, leading to minimal product formation
(entries 5-6). Given these limitations (poor scope and low ee) we chose to pursue other substrate
classes.

We next examined cyclopentene derivative 3.3a which had been previously employed by the
Correia group.® An initial screen of phase-transfer catalysts revealed use of H8-TCYP (3.3j) to be
optimal. Further solvent and temperature optimization experiments were then conducted (Table 5).
Generally, yields were good (up to 80%) while enantioselectivities remained modest (<60% ee,
entries 1-5). Notably, we found a significant increase in enantioselectivity by using MTBE solvent,
decreasing the reaction temperature to 0 °C, and using K»CO3 as base (entry 6).

PhN,BF,

Ar
5 mol% Pd,(dba)s MeO,C._CO,Me ‘O
MeOZCi fCOzMe 10 mol% 3.3j Q o o

d

base, solvent ‘O 0" “OH
3.3a O 3.4a

Ar

3.3

Entry  Solvent Base Temp ee (%) vyield (%)

1 toluene Na,COj3 r.t. 49 76
2 benzene Na,COj3 r.t. 57 80
3 m-xylene Na,COj3 r.t. 50 76
4 nBu,O Na,COj5 r.t. 48 45
5 MTBE Na,COj r.t. 59 68
6 MTBE KoCO3  0°C 70 75

Table 6. Arylation of 3.3a - initial optimizations.
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To further improve ee, we examined mixed solvent systems and additional bases (Table 7).
Ultimately, we obtained our best results by using benzene/MTBE co-solvents (3:2) and K,COs at
10 °C (entry 5).

PhN,BF,
MeO,C_ CO,M
5 mol% Pd,(dba)s &2 2\e
Me0O,C_ CO,Me 10 Mol% 3.3 Q
base, solvent
O 3.4a
3.3a
Entry Solvent Base Temp ee (%) vyield (%)
1 benzene/MTBE 1:1  NayCOj r.t. 66 72
2 benzene/MTBE 3:2  NayCO; r.t. 68 86
3 benzene/MTBE 3:2 NaHCO; r.t. 58 52
4 benzene/MTBE 3:2 K,CO4 r.t. 70 97
5 benzene/MTBE 3:2 K,COg 10 °C 85 80
6 benzene/MTBE 3:2 NazPO, r.t. 64 63

Table 7. Solvent and base optimization.

Using these optimized conditions, we re-evaluated our library of phase-transfer catalysts to ensure
that we did not miss an optimal result through pure linear screening (Table §). Control experiments
omitting phase-transfer catalyst (entry 6) and inorganic base (entry 7) resulted in both low yield
and low ee, supporting the proposed phase-transfer hypothesis.

PhN,BF,
MeO,C
5 mol% Pda(dba)s e02C, CO-Me
MeO,C_ CO,;Me 10 mol% cat. Q
base - .
benzene/MTBE (3:2) O Entry Cat. ee (%) vyield (%)
3.3a 3.4a 1 33a 63 61
2 33b 43 88
3 33 40 94
R1 Ar Ar ¢
OO ‘O 4 33d 36 82
00 0., 5 33k 45 85
o Pon o ™oH 6 - ; 9
OO ‘O 78 33] 40 7
% Ar Ar @no base added
3.3a, Ry = H, Ar = 2,4,6-(iPr)sCgHs 3.3j, Ar = 2,4,6-(Cy)3CcHs

3.3b, Ry = CgHy7, Ar = 2,4,6-(iPr)3CgH, 3.3k, Ar = 2,4,6-(iPr)3;CgH,
3.3¢c, Ry = H, Ar = 2,4,6-(Cy)3CgH,
3.3d, Ry = CgH47, Ar = 2,4,6-(Cy)3CgH,

Table 8. Phase-transfer catalyst screen.
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Having reached the upper limit of enantioselectivity that could be achieved through reagent
optimization, we explored aryldiazonium scope (Table 9). In addition to phenyldiazonium
tetrafluoroborate (entry 1), aryldiazonium salts with electron withdrawing groups (entries 2-3) and
electron donating groups (entries 4-8) were well tolerated, affording the corresponding arylated
products in good yield and acceptable enantioselectivity. A disubstituted aryldiazonium salt was
also amenable (entry 9). Generally, meta- and para-substitution was tolerated, with ortho-
substitution leading to poor conversion and low ee.

MeO,C_ CO,Me
MeO,C_ CO,Me N,BF4 5 mol% Pd,(dba)s

10 mol% 3.3j, K,CO4

+ | N
+3s R// benzzr;eHI}A;I'OB!EC(&Z)

entry R= yield (%) ee (%)
1 H (3.4a) 82 85
2 3-CF; (3.4b) 70 84
3 4-F (3.4c) 81 85
4 3-OMe (3.4d) 81 79
5 4-OMe (3.4e) 73 82
6 3,5-Me (3.4f) 79 82
7 4-tBu (3.49) 82 87
8 4-Ph (3.4h) 66 85
9 4-OMe,3-Cl (3.4i) 80 80

Table 9. Aryldiazonium scope.

Reactions using 2,3-dihydrofuran (3.1a) and cyclopentene di-ester 3.3a substrates were fairly
clean, with crude NMR spectra predominantly showing the desired product in addition to smaller
peaks corresponding to phase-transfer catalyst and free dba ligand. When employing spirocyclic
cyclopentene substrates, we were surprised to see additional NMR peaks in the alkene region that
did not correspond to arylated product. We were later able to assign these peaks to olefin isomers
(Scheme 7). For example, subjection of 3.5a, 3.7a, and 3.9a to phase-transfer arylation conditions
afforded significant amounts of olefin isomers 3.5b, 3.7b, and 3.9b in addition to desired products.
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5 mol % Pd,(dba);
2 equiv Cs,CO3
10 mol % 3.3d

> 0] @)
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3.5b
5 mol % Pd,(dba)s MeXMe
2 equiv Cs,CO3 o O
10 mol % 3.3d
> (0] (@]
toluene, 24 hr
3.7b
(0]
Me . )J\ -Me 0
N N
5 mol % Pda(dba)s Me. J_ Mme
N N~

2 equiv Cs,CO3
10 mol % 3.3d

(0] (@]

> ‘ + (@) (@]

toluene, 24 hr
O 3.10a 3.9b

F (3:2)

Scheme 7. Olefin isomerization of spirocyclic substrates.

To understand the mechanism of olefin isomerization, we performed a few control experiments
(Scheme 8). Treatment of 3.9a with Pd>dbas did not result in isomerization, nor did treatment with
chiral phosphoric acid (TRIP). A combination of both Pd>dbas and TRIP, which could potentially
form a palladium hydride species, did not result in substrate isomerization either. Finally, adding
base to the mixture produced the same result. These controls indicated that the aryldiazonium salt
was necessary for isomerization, presumably through formation of a palladium hydride species (5,

Figure 1).
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0]
Me\NJ\N,Me

) @)
X
Me. .M
eN Ne
) @)
X
Me. .M
eN Ne
) @)
X
Me. .M
eN Ne
) @)

5 mol% Pd,(dba)s

Y

No isomerization

toluene, rt, 24 h

10 mol% TRIP

Y

No isomerization

toluene, rt, 24 h

5 mol% Pd,(dba)s
10 mol% TRIP

Y

No isomerization

toluene, rt, 24 h

5 mol% Pd,(dba);
10 mol% TRIP, Cs,CO3

Y

No isomerization

toluene, rt, 24 h

Scheme 8. Control experiments for the isomerization of 3.9a

We thus hypothesized that olefin isomerization requires a palladium hydride species that can only
be accessed after arylation and B-hydride elimination. Substrate coordination to this palladium
hydride and subsequent insertion and B-hydride elimination (Scheme 9) affords the olefin isomer.
For spirocyclic substrates, the isomerization pathway and the desired reductive elimination
pathway are likely to be kinetically competitive, resulting in a mixture of products.

)
RE M
0.0
0" 00® )
HPdL,, ®©
H PdL,
desired pathway
- Pd°

0. .0
~PZ
<o “OH

@)
0]

@ O\\P/OD*
+ HPALZO™ O

N
s

:\P:SD*

Scheme 9. Proposed mechanism of isomerization.

191



Furthermore, we hypothesized that limiting the lifetime of a palladium hydride species by
accelerating reductive elimination could lead to higher product selectivity. To favor the productive
reductive elimination pathway, which we believed was occurring via deprotonation, we proposed
utilizing more basic chiral counterions, specifically BINAM-derived phosphates developed
previously (Scheme 10, k1 > k2).

fxr
. ,o
( k4 N.ozO  verses ,( O~520 ka 0.,-0
HPdLn — o > "\Nn""oH o™0%@ T o - *LoPon
. - Pd \ HPdL,  ~
r

Scheme 10. Relative rates of reductive elimination with different counterions.

To test this proposal, we subjected substrate 3.9a to two sets of reaction conditions, one with
BINOL-derived phosphate 3.3d and the other with BINAM-derived phosphate 3.31 (Table 10).

0
Me.- M
o 4-F-PhN,BF, © N)J\N ©
5 mol% Pd,(dba)s
Me .M Me. _Me
© NJ\N ® 10 mol% cat, Na,CO4 o o )J\
') o toluene, rt, 24 h
3.9a i 3.10a

F

Entry Cat. 3.10a:3.9b conv. (%) ee (%)

1 3.3d 3:2 50 40
2 3.31 > 20:1 78 55
C8H17 Ar
e DOV
0 N. -0
O>p? >pZ
0] OH N\ OH
99 LT
C8H17 Ar
3.3d, Ar = (2,4,6)-(Cy)sCeHa 3.31, Ar = 4-Me-CgH,

Table 10. Increased product selectivity with 3.31.

While use of BINOL phosphate 3.3d resulted in a 3:2 mixture of desired product 3.10a and olefin
isomer 3.9b (entry 1), use of BINAM phosphate 3.31 led to exclusive arylation and no
isomerization as observed by crude 'H NMR (entry 2). Notably, the desired product was formed
in excellent conversion and moderate enantioselectivity.

With a new optimal catalyst scaffold for the arylation of spirocycle 3.9a, we next aimed to increase
ee. A screen of our library of BINAM-derived phosphates indicated that higher enantioselectivities
were correlated with increasing steric bulk at the 4-position of the N-aryl group, as well as with
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use of weaker inorganic bases (Table 11). Using catalyst 3.3p, which has a #-butyl group at the 4-
position, we were able to increase ee up to 74% (entry 8). In all cases, no isomerization of 3.9a
was observed.

o 4-F-PhN,BF, N" N
5 mol% Pd,(dba)
Me . J\ .Me 2 3
N N 10 mol% cat., base © Q ©
1) ) toluene, 24 h, r.t.
3.9a 3.10a
F
Entry Cat. Base  conv. (%) ee (%) OO A
,
1 33f  NaHPO, 67 0 N O
2 33h  NaHPO, 87 0 N OH
3 3.3l Na,COs 78 55 OO Ar
4 33l Na,HPO, 95 57
5 33m  Na,CO, 64 35 3.3, Ar = 3,5-Me-CgH3
X 3.3h, Ar = 3,5-OMe-CgHs
6 33n  NaHPO, 75 -36 3,31, Ar = 4-Me-CyH,
7 3.30 Na,HPO,4 90 67 3.3m, Ar = 3,5-Ph-CgHj3
8 3.3p Na,HPO, 96 74 3.3n, Ar = 4-CF3-CgHy4

3.30, Ar = 4-F-06H4
3.3p, Ar= 4-tBU-C6H4

Table 11. Screen of BINAM-derived phosphoric acids.

Given the trend in Table 11, we synthesized catalysts with sterically larger groups, specifically
mesityl-substituted 3.3q and adamantyl-substituted 3.3r (Table 12). Use of the latter in MTBE
solvent gave the highest enantioselectivity (entry 3).
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Me .
4-F-PhN,BF,

0]
5 mol% Pd,(dba)
Me.. L _Me 2 3
N N 10 mol% cat., base ©

o]
N)J\N,Me
ok

1) o) toluene, 24 h, r.t.
3.9a 3.10a
F
Entry Cat. solvent Base conv. (%) ee (%)
3.3q tol/MTBE 1:1 Na,HPO, 50 82
2 3.3r tol/MTBE 1:1 Na,HPO, 95 82
3.3r MTBE Na,HPO, 95 87
DOV
N+ pz0

N’ OH
LT

3.3q, Ar = 4-Mes-CgHg,
3.3r, Ar = 4-Ad-CgH4

Table 12. Rational design of catalysts 3.3q and 3.3r.

Moving forward with catalyst 3.3r, we investigated a series of aryldiazonium salts (Table 13). We
found that mildly electron donating (entries 1-3) and electron withdrawing (entries 4-6)
substituents were tolerated at the mefa- and para-positions of the aryl group, with
enantioselectivities as high as 92% (entry 2).
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(0]
Me\NJ\N,Me

Me. J\ -Me N,BF, 5 mol% Pdy(dba); o o)
10 mol% 3.3r, Nay,HPO, _
@ @ MTBE, 24 h,rt.
\ y / 3.10af
R
entry R= yield (%) ee (%)
1 Ph(3.10a) 70 86
2 4-tBu (3.10b) 92 92
3 4-Me (3.10c) 67 90
4 4-F (3.10d) 79 85
5 3-F (3.10e) 92 84
6 3-CF3 (3.10f) 94 90

Table 13. Aryldiazonium scope.

To gain further mechanistic insight, we collaborated with the Sunoj Group, who carried out density
functional theory computations (B3LYP-D3) on the reductive elimination and isomerization steps
with both BINOL- and BINAM-derived phosphate counterions (Figure 2a). The Gibbs free energy
of activation for the reductive elimination step was calculated to be 2.2 kcal/mol lower with a
BINAM-phosphate than with a BINOL-phosphate, affirming our initial hypothesis. Presumably,
the presence of less inductively withdrawing and more n-donating N-aryl substituents results in a
more basic phosphate and consequently, a more favorable reductive elimination.

When examining the isomerization of spirocyclic olefin 3.9a, cationic (dba)Pd-hydride
(intermediate 5, Figure 1) and the chiral phosphate were both found to be involved in the transition
state. The optimized geometry indicates that the olefinic carbon accepts the hydride from the
palladium while the phosphate oxygen simultaneously abstracts a methylene proton (Figure 2b).
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(a) Reductive elimination step with BINAM derived phosphate

Figure 2. Optimized transition state geometries for (a) reductive elimination and (b) isomerization
of 3.9a in the presence of chiral phosphates at the SMD(toluene)/B3LYP-D3/6-31G**,
LANL2DZ(Pd) level of theory. The distances are in A. Only selected hydrogen atoms are shown
for improved clarity. C=black, O=red, H=gray, N=cyan, P=blue and Pd=green.

To further probe the divergent reactivity observed when using different phosphates, the Sunoj
Group calculated Gibbs free energies of activation for the isomerization of 3.9a. When comparing
BINOL- and BINAM-phosphates, they found these barriers to be higher by 2.5 and 5.5 kcal/mol
compared to reductive elimination respectively. This is in agreement with our experimental
observations, as we see a competitive isomerization process with the use BINOL-phosphates and
no isomerization with the use of BINAM-phosphates.

Given our results for disubstituted and spirocyclic cyclopentene derivatives, we became interested
in pursuing monosubstituted cyclopentene substrates, with the immediate goal of achieving both
high diastereo- and enantioselectivity. We believed that high diastereoselectivity could be achieved
in either of two scenarios (Scheme 11). If R is a directing group, the cationic palladium aryl
intermediate would reside on the same face on the olefin, affording the cis product. Alternatively,
if R 1s sterically large, the palladium would reside on the opposite face of the olefin, resulting in
the trans product.

R Phase-transfer

Heck arylation high diastereoselectivity if
- R = directing group or sterically large

*

Ar

Scheme 11. Diastereoselective Phase-transfer Heck arylation of monosubstituted cyclopentene
substrates.
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We thus prepared a series of cyclopentene derivatives with different functional groups.
Unfortunately, we failed to see both the desired reactivity and high diastereoselectivity in a
majority of cases (Figure 3).

NHTs NHBz OBz
@ poor poor poor
reactivity reactivity  diastereoselectivity
poor
reactivity

Figure 3. Monosubstituted olefins — failed substrates.

It was not until we examined N-tosyl carbamate 3.11a that we observed full conversion to a single
diastereomer (3.12a, Table 14). After slight modification of previously employed reaction
conditions, namely use of Cs>COs3 as inorganic base and Pd>(4-OMe-dba); as the palladium source,
we were able to obtain the desired product in high enantioselectivity. As we only observed the
trans-diastereomer (confirmed by X-ray crystallographic analysis), the large tertiary amine likely
blocks one face of the olefin, resulting in arylation on the opposite face. A small array of
aryldiazonium salts were examined, with both electron rich and electron poor diazonium salts
affording the desired product in good yield and high optical purity (entries 1-4).

Ar-N,BF, NTsBoc R= yield? ee’
Pd,(4-OMe-dba); A

NTsBoc . )
10 mol% 3.3j 4-F (3.12a) 86 90

Cs,C0;, toluene 3,5-Me (3.12b) 62 86

24 h, rt. 4-Ph (3.12c) 53 84

3.11a R 342ad 5 oMe (3.42d) 70 83

Table 14. Diastereo- and enantioselective arylation of 3.11a.

As an application of this method, hydantoin derivative 3.13a, an amino acid precursor, was
synthesized and subjected to phase-transfer arylation conditions (Table 15). After catalyst, solvent,
and base optimization, we were able to isolate the desired product 3.14a as a single diastereomer
in high yield and good enantioselectivity (entry 5). Furthermore, 3.14a could be isolated in
excellent optical purity after a single recrystallization (97% ee). The absolute structure of 3.14a
was determined by X-ray crystallography.
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0 PhN,BF,4 YNBOC
Y—NBoc 5 mol% Pd,(dba)s
BocN =0
BocN o _10mol% cat, base _ N
solvent, 24 h, rt. single diastereomer
. observed in all cases
3.13a PR 3.14a
Entry Cat.  solvent Base conv. (%) ee (%) OO
Ar
1 3.3s  toluene K,CO3 80 40 N. _O
2  33p toluene  K,COs 30 67 N-TOH
\

3 3.3p MTBE K,CO3 18 51 OO Ar
4 3.3p benzene K,COj3 21 54
5 3.3p toluene Na,HPO, 89 81 3.3p, Ar = 4-tBu-CgH,4
6 3.3p toluene NasPO, 76 80 3.3r, Ar = 4-Ad-CeH,
. 33 | o 63 29 3.3s, Ar = 4-Ph-CgHy4

3p m-xylene NayHPO, 3.3t, Ar = 4-Cy-CgH,
8 3.3p m-xylene NazPO, 66 76
9 3.3t toluene  Na,HPO, 66 66
10 3.3t toluene NazPO, 75 66
11 3.3r toluene  Na,HPO, 80 17

Table 15. Enantioselective arylation of 3.13a.

Deprotection of 3.14a was accomplished using KOH in refluxing THF and afforded arylated amino
acid derivative 3.15a in 66% yield (Scheme 12). Conformationally constrained amino acids similar
in structure to 3.15a are known S1P; receptor agonists,® and have been previously prepared from
optically active starting materials in 3 or more steps.” Thus, our methodology may provide an
efficient entryway into this bioactive scaffold.

o
NBoc N -
HaN .CO,
BocN_ &g  2M KOH 5
—_—
@ THF, A \
& PH
Ph 3.14a 3.15a
73%, 81% ee 66%

Scheme 12. Deprotection of 3.14a to yield amino acid derivative 3.15a.
Conclusions

We have developed an asymmetric Heck-Matsuda arylation of cyclopentene derivatives by
combining chiral anion phase-transfer catalysis with traditional palladium cross-coupling
catalysis. Undesired olefin isomerization of spirocyclic substrates was circumvented by the
synthesis and application of BINAM-derived phosphates, a rare instance in which chiral anions
can be used to optimize both enantioselectivity and chemical reactivity. Mechanistic insights into
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an undesired isomerization pathway were gained through DFT computations in collaboration with
the Sunoj Group and provided additional rationale for experimental observations. Lastly, an
asymmetric synthesis of arylated amino acid 3.15a was developed.

Experimental details

General. Unless otherwise noted, all chemical reagents were purchased from commercial
suppliers and used without further purification. Phase-transfer reactions were performed in 1-dram
(0.5 x 1.75”) vials equipped with a screw cap and were vigorously stirred using a magnetic Teflon
stir bar (1/2” x 5/16”). Fast and efficient stirring was maintained over the course of the reaction in
order to obtain optimal and reproducibile results. Thin-layer chromatography (TLC) analysis of
reaction mixtures was performed using Merck silica gel 60 F254 TLC plates, and visualized under
UV or by staining with ceric ammonium molybdate, KMnOa, p-anisaldehyde, or vanillin. Column
chromatography was performed on Merck Silica Gel 60 A, 230 X 400 mesh. Nuclear magnetic
resonance (NMR) spectra were recorded using Bruker AV-600, AV-500, DRX-500, AVQ-400,
AVB-400 and AV-300 spectrometers. H and 3C chemical shifts are reported in ppm and
referenced to residual solvent peak (CHClIz, 6H = 7.27 ppm and 8C = 77.00 ppm; DMSO, 6H =
2.50 and 8C = 39.5 ppm; MeOH &H =3.31 ppm and 3C = 49 ppm).® 19F spectra are referenced to
CFClz (0.00 ppm, external). Multiplicities are reported using the following abbreviations: s =
singlet, d = doublet, t = triplet, g = quartet, app t = apparent triplet, m = multiplet, br = broad
resonance. Mass spectral data were obtained in the QB3/Chemistry Mass Spectrometry Facility,
University of California, Berkeley. Enantiomeric excesses were measured on a Shimadzu VP
Series Chiral HPLC.

The syntheses of chiral phosphoric acids TRIP (3.3a),'° C8-TRIP (3.3b),* TCYP (3.3c),*? C8-
TCYP (3.3d)™ and H8-TRIP (3.3k)'* have been previously reported. Olefins 3.3a and 3.9a were
prepared according to a published procedures.'® Aryldiazonium salts were prepared according to
published procedures.’® Racemic traces were obtained by substituting Pd(OAc), in place of
Pd2dbaz and using methanol as solvent. A racemic trace of 3.14a was obtained using ()-TRIP
(3.a) as the phase-transfer catalyst.

Synthesis of (R)-H8-TCYP (3.3))

1. Pt20, H2 |
Co, Bk, OO
2. |,, morpholine
OH DCM, rt. OMe
OH > OMe
CO™ e, OO
THF, 0 °C - r.t. |
(R)-BINOL S3.1

S3.1 was prepared from (R)-BINOL according to published procedurest’*81° (65%, 3 steps). *H
NMR (400 MHz, CDCls) & 7.57 (s, 2H), 3.51 (s, 6H), 2.76 (t, J = 6.3 Hz, 4H), 2.28 (dt, J = 17.3,
6.2 Hz, 2H), 2.09 (dt, J = 17.2, 6.3 Hz, 2H), 1.78 — 1.69 (m, 4H), 1.64 (dd, J = 11.7, 6.0 Hz, 5H).
Spectral data are in accordance with literature,t718:19
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994
2.4.6-CysCeH,MgBr
OMe y3LghoMg
OMe  NiCly(PhsP),, THF
‘O 0°C - 50 °C
|

S3.1

S3.2

S3.2. (2,4,6-Tricyclohexylphenyl)magnesium bromide were prepared according to published
procedures.*? To a stirred suspension of S3.1 (1.60 g, 2.78 mmol) and NiClz(PhsP). (0.182 g, 0.28
mmol) in anhydrous and degassed THF (15 mL), was added the Grignard solution (18.6 mmol,
0.37 M) over 5 min at 0 °C. The resultant brown suspension was stirred for 24 h at 50 °C under N
atmosphere. During this time, the formation of large amount of precipitate was observed. The
reaction was quenched by dropwise addition of cold satd. NH4Cl (30 mL) at 0 °C. After stirring
for 15 min the layers were separated, and the aqueous phase extracted with EtOAc (3 x 50 mL).
The combined organic phases were dried over MgSOa, filtered and concentrated under reduced
pressure. The crude product was purified by column chromatography (hex/DCM/MeOH 92:07:01
to 90:09:01) to afford S3.2 as a white foam (1.5 g, 56%). *H NMR (600 MHz, CDCls) § 7.00 —
6.93 (m, 4H), 6.73 (s, 2H), 3.09 (s, 6H), 2.73 (d, J = 6.4 Hz, 4H), 2.59 — 2.46 (m, 4H), 2.43 — 2.32
(m, 4H), 2.21 (dd, J = 14.8, 9.0 Hz, 2H), 1.94 (d, J = 12.2 Hz, 4H), 1.88 — 1.72 (m, 21H), 1.69 —
1.62 (m, 8H), 1.51 — 1.36 (m, 14H), 1.32 — 1.13 (m, 14H), 1.06 (ddt, J = 16.4, 12.7, 3.3 Hz, 4H),
0.97 — 0.90 (m, 2H). C NMR (101 MHz, CDClz) & 152.15, 146.32, 145.86, 145.44, 135.36,
134.48, 133.79, 133.60, 131.29, 131.16, 130.40, 129.73, 128.66, 128.48, 128.41, 121.67, 121.56,
58.87, 44.67, 41.47, 41.43, 35.76, 35.24, 34.57, 33.53, 33.40, 29.43, 27.24, 27.08, 26.93, 26.43,
26.32, 26.26, 23.31, 23.23. HRMS (ESI) m/z [M+Na]" calc’d for C7oHg402Na 989.7146, found
989.71109.

BBr3

Y

y
S§3.2 S3.3

To asolution of S3.2 (0.885 g; 0.91 mmol) in anhydrous DCM (20 mL) under N2 atmosphere, was
added BBr3 (3.7 mL, 1M solution in DCM) at 0 °C. The orange solution was stirred at r.t. for 3 h
after which an NMR aliquot indicated full conversion. The reaction was quenched by addition of
cold satd. NaHCOs3 (20 mL) at 0 °C and was stirred for 30 min at r.t. The layers were separated,
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and the aqueous phase extracted with DCM (3 x 50 mL). The combined organic phases were dried
over MgSOsq, filtered and concentrated under reduced pressure. The crude product was purified by
column chromatography (hex/DCM/MeOH 90:09:01) to afford S3.3 as a white foam (0.700 g,
81%). 'H NMR (400 MHz, CDCls) § 7.09 (d, J = 1.7 Hz, 2H), 7.06 (d, J = 1.7 Hz, 2H), 6.84 (s,
2H), 4.47 (s, 2H), 2.79 (s, 4H), 2.56 (tt, J = 11.8, 3.4 Hz, 2H), 2.47 — 2.41 (m, 2H), 2.42 — 2.35 (m,
2H), 2.29 (ddt, J = 15.1, 12.0, 3.5 Hz, 2H), 2.00 (d, J = 11.4 Hz, 4H), 1.93 — 1.88 (m, 4H), 1.84 —
1.68 (m, 24H), 1.57 (dt, J = 8.2, 4.1 Hz, 4H), 1.52 — 1.43 (m, 8H), 1.46 — 1.29 (m, 14H), 1.28 —
1.06 (m, 10H), 0.93 (dt, J = 9.2, 3.1 Hz, 2H). *C NMR (151 MHz, CDCls) & 148.50, 147.186,
146.67, 146.28, 135.45, 132.00, 131.23, 129.14, 124.19, 122.00, 121.95, 119.99, 44.80, 41.77,
41.45, 34.75, 34.53, 34.47, 34.46, 34.30, 33.94, 29.70, 29.21, 27.07, 27.03, 26.99, 26.94, 26.81,
26.30, 26.16, 23.26, 23.24. HRMS (ESI) m/z [M+Na]" calc’d for CegHooO2Na 961.6809, found
961.6833.

Py, 70 °C

Y

S3.3 S3.4

S3.4. To a stirred solution of S3.3 (0.700 g, 0.74 mmol) and DMAP (0.023 g, 0.19 mmol) in
anhydrous pyridine was added fleshly distilled phosphoryl chloride (0.17 mL, 1.83 mmol)
dropwise over 3 min. The yellow solution was then stirred for 24 h at 70 °C. The reaction was
allowed to cool to r.t. and DCM (50 mL) was added. The reaction mixture was washed with water
(3 x 50 mL), dried over MgSOsa, filtered and concentrated under reduced pressure. The residual
pyridine was removed by co-evaporation with n-heptane. The crude white solid was purified by
column chromatography (hex/DCM 90:10 to DCM) to afford S3.4 as white solid (0.555 g, 73%).
'H NMR (400 MHz, CDCls3) § 7.04 (d, J = 5.9 Hz, 2H), 7.00 (d, J = 3.1 Hz, 2H), 6.95 (d, J = 2.8
Hz, 2H), 2.98 — 2.65 (m, 6H), 2.56 — 2.10 (m, 8H), 2.09 — 1.54 (m, 40H), 1.50 — 1.37 (m, 12H),
1.35—1.16 (m, 10H), 1.12 — 1.00 (m, 4H), 0.93 (tdd, J = 16.5, 11.1, 6.8 Hz, 2H). *C NMR (101
MHz, CDCl3) 6 147.23, 147.07, 146.59, 145.99, 145.24, 145.19, 144.15, 144.04, 143.75, 143.64,
136.83, 136.71, 135.01, 134.64, 133.14, 132.89, 131.18, 130.64, 129.97, 128.93, 126.09, 126.04,
122.50, 122.31, 121.31,44.71, 44.60, 42.44,42.07,41.98, 37.81, 36.89, 35.20, 34.77, 34.52, 34.44,
34.36, 34.28, 33.78, 33.56, 32.83, 29.09, 28.97, 27.76, 27.72, 27.54, 27.40, 27.18, 27.03, 26.93,
26.80, 26.68, 26.43, 26.29, 22.75, 22.64, 22.57. 3'P NMR (162 MHz, CDCls) § 5.55. HRMS (ESI)
m/z [M+Na]" calc’d for CesHgsO3CINaP 1041.6052, found 1041.6077.
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K>,COs,
THF:Py:H,O
100 °C

Y

S3.4 (R)-H8-TCYP (3.3j)

3.3j. To a stirred solution of S3.4 (0.555 g, 0.54 mmol) in THF:pyridine:H20 (2:1:1, 48 mL) was
added K>CO3 (0.301 g, 2.18 mmol). The reaction mixture was stirred for 48 h at 90 °C, after which
a >'P NMR aliquot indicated total consumption of the starting material (*:P NMR shows a singlet
at 6 3.21 ppm). HCI (12M, 10 mL) was added dropwise and the reaction was allowed to cool to
r.t. The layers were separated, and the aqueous phase extracted with DCM (3 x 50 mL). The
combined organic phases were washed once with HCI (12M, 100 mL), dried over MgSQOyg, filtered
and concentrated under reduced pressure. The crude solid was triturated 3 times with MeCN and
filtered in vacuo to afford 3.3j as a white solid (0.350 g, 64%). *H NMR (500 MHz, CDCls) § 6.89
—6.81 (m, 6H), 2.77 (dtd, J = 34.7, 17.7, 17.2, 10.1 Hz, 6H), 2.43 (d, J = 10.4 Hz, 2H), 2.32 (d, J
= 15.8 Hz, 2H), 2.15 (t, J = 12.2 Hz, 4H), 1.92 — 1.71 (m, 20H), 1.62 (t, J = 15.7 Hz, 12H), 1.44
(dt, J =32.4, 8.2 Hz, 12H), 1.32 — 1.09 (m, 16H), 0.93 (tt, J = 26.2, 15.0 Hz, 8H). °C NMR (151
MHz, CDCl3) 6 146.38, 145.75, 144.78, 144.72, 136.05, 133.19, 132.13, 129.42, 126.63, 122.15,
121.33, 44.67, 41.82, 41.63, 37.04, 34.90, 34.60, 34.18, 33.42, 32.71, 29.00, 27.86, 27.39, 27.19,
27.15, 27.13, 26.83, 26.68, 26.43, 26.38, 26.24, 22.94, 22.82. 3P NMR (162 MHz, CDCls) § -
1.10. Spectral data are in accordance with literature.*®

Synthesis of BINAM-derived phosphoric acids

BINAM-derived phosphoric acids were synthesized analogously to literature reports.?

DOV

N~
OH

Me

99 @
Me

IH NMR (600 MHz, DMSO-ds) 5 8.01 — 8.79 (m, 4H), 7.50 — 7.47 (m, 2H), 7.37 — 7.34 (m, 2H),

7.29 - 7.25 (m, 4H), 6.94 — 6.92 (M, 4H), 6.84 — 6.82 (M, 4H), 2.12 (d, J = 3.4 Hz, 6H). °C NMR

(151 MHz, DMSO-ds) 6 142.24 (d, Jc-p = 7.3 HZz), 141.13, 133.23, 132.29, 131.83, 130.59, 130.44,
129.49, 128.81, 127.26, 126.96, 126.93, 126.23, 124.39 (d, Jc-r = 3.8 Hz), 20.65. 3'P NMR (243
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MHz, DMSO-ds) & 8.56. HRMS (ESI) m/z [M]" calc’d for CasHasN202P 525.1737, found
527.1732.

tBu
‘ ‘ N\P/,O
SSpS!

tBu
'H NMR (600 MHz, DMSO-ds) & 8.03 (dd, J = 8.5, 5.7 Hz, 4H), 7.53 (t, J = 7.5 Hz, 2H), 7.41 (t,
J=7.7Hz, 2H), 7.31 (dd, J = 15.7, 8.7 Hz, 4H), 7.14 (d, J = 8.4 Hz, 4H), 6.86 (d, J = 8.4 Hz, 4H),
1.15 (s, 18H). 3C NMR (126 MHz, DMSO-ds) & 145.91, 141.81 (d, Jc-p = 7.6 Hz), 140.61, 131.88,
131.52, 130.41, 130.16, 128.46, 126.94, 126.80, 126.54, 125.91, 125.63, 125.39, 123.45 (d, J c-p
= 3.8 Hz), 118.71, 33.96, 31.11. 3P NMR (162 MHz, DMSO-ds) & 7.99. HRMS (ESI) m/z [M]~
calc’d for C40H3sN202P 609.2676, found 609.2673.

Me

IH NMR (600 MHz, DMSO-ds) & 8.08 (dd, J = 8.8, 3.8 Hz, 2H), 8.01 (dd, J = 8.6, 3.8 Hz, 2H),
7.50 (dd, J=8.9, 5.1 Hz, 2H), 7.42 — 7.24 (m, 6H), 7.08 — 6.98 (m, 4H), 6.92 — 6.85 (m, 4H), 6.82
(d, J = 3.8 Hz, 4H), 2.18 (d, J = 3.8 Hz, 6H), 1.81 (d, J = 3.9 Hz, 12H). 13C NMR (151 MHz,
DMSO-dg) 6 143.25 (d, Jc-p = 7.1 Hz), 141.02, 138.26, 136.16, 136.00, 135.56, 132.32, 131.93,
130.78, 130.72, 129.76, 128.83, 128.26, 127.35, 126.97, 126.93, 126.35, 123.98 (d, Jcr = 4.1 H2),
20.89, 1.56. 13C NMR (151 MHz, DMSO-ds) 6 3p NMR (243 MHz, DMSO-ds) 6 8.58. HRMS
(ESI) m/z [M]" calc’d for CsoH42N20,P 733.2989, found 733.2979.
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LS

P oH

99 Q
Ad

IH NMR (400 MHz, DMSO-ds) & 8.03 (dd, J = 8.6, 3.7 Hz, 4H), 7.53 (t, J = 7.4 Hz, 2H), 7.40 (t,

J=7.7Hz, 2H), 7.31 (dd, J = 13.2, 8.6 Hz, 4H), 7.12 (d, J = 8.3 Hz, 4H), 6.88 (d, J = 8.3 Hz, 4H),

1.99 — 1.96 (m, 6H), 1.82 — 1.55 (m, 24H). *C NMR (126 MHz, DMSO-ds)  146.66, 142.25,

142.20, 141.01, 132.30, 131.94, 130.79, 130.59, 128.89, 127.37, 127.20, 126.99, 126.34, 125.38,

123.95, 42.95, 36.55, 35.73, 28.69. 3P NMR (162 MHz, DMSO-dg) § 8.09. HRMS (ESI) m/z [M]
calc’d for Cs2HsoN202P 765.3615, found 765.3597.

General procedure for Heck-Matsuda arylation of 3.1a.

4-Me-PhN,BF,
5 mol% Pd,(dba)s

@) 10 mol% cat., base o Me
Q solvent, rt, 24 h _

A one-dram vial was charged with 3.1a (1 equiv.), catalyst (0.10 equiv.), and base (2 equiv.).
Solvent was added, and the suspension was stirred vigorously for 10 minutes at room temperature.
Aryldiazonium tetrafluoroborate (1.4 equiv.) and Pd2dbas (0.05 equiv.) were then added, and the
mixture was stirred vigorously for 24 hours at r.t. The crude reaction mixture was then diluted with
diethyl ether (1 mL) and filtered to remove solid precipitates. The mixture was concentrated in
vacuo and purified by preparatory TLC. NMR spectra of arylated products match those reported
in literature.?°

General procedure for Heck-Matsuda arylation of 3.3a.

AerBF4
5 mol% Pd,(dba); MeO,C. CO-Me
2
MeO,C, COzMe 10 mol% 3.3j, K,CO;4 ?
é benzene:MTBE (3:2)
10°C, 24 h Ar

A one-dram vial was charged with 3.3a (1 equiv., 0.054 mmol), 3.3 (0.10 equiv.), and K>CO3 (2
equiv.). Benzene:MTBE (3:2; 0.03M, 1.6 mL) was added, and the suspension was stirred
vigorously for 10 minutes at room temperature. Aryldiazonium tetrafluoroborate (1.4 equiv.) and
Pd2dbas (0.05 equiv.) were then added, and the mixture was stirred vigorously for 24 hours at 10
°C. The crude reaction mixture was then diluted with diethyl ether (1 mL) and filtered to remove
solid precipitates. The mixture was concentrated in vacuo and purified by flash column
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chromatography using a 1.0 x 20 cm column (hex:EtOAc 98:02 to 95:05) to afford the desired
product.

M802C COzMe

)
Y,

3.4a. Isolated as a colorless oil (82% yield). *H NMR (600 MHz, CDCls3) & 7.32 (t, J = 7.6 Hz,
2H), 7.23 (t, J =7.4 Hz, 1H), 7.21 - 7.17 (m, 2H), 6.03 (s, 2H), 4.13 (t, J = 7.9 Hz, 1H), 3.77 (d, J
= 6.9 Hz, 6H), 3.15 (dd, J = 13.8, 8.3 Hz, 1H), 2.20 (dd, J = 13.8, 7.5 Hz, 1H). *C NMR (151
MHz, CDCI3) 6 170.41, 169.98, 142.58, 137.85, 128.48, 127.39, 126.12, 125.46, 65.47, 51.65,
51.52, 49.40, 40.44. HRMS (E1) m/z [M]* calc’d for C1sH1604 260.1049, found 260.1053. HPLC
(CHIRALPAK AD-H column) 99:01 (hexane/iPrOH) 0.5 mL/min; Tmajor (17.7 min), Tminor (20.2
min); 85% ee.

MeOZC COzMe

)
o

3.4Db. Isolated as a yellow oil (70% yield).>*H NMR (600 MHz, CDCl3) § 7.48 (d, J = 7.8 Hz, 1H),
7.46 —7.39 (m, 2H), 7.37 (d, J = 7.8 Hz, 1H), 6.08 (dd, J = 5.6, 2.6 Hz, 1H), 6.00 (dd, J = 5.6, 2.0
Hz, 1H), 4.23 — 4.12 (m, 1H), 3.76 (d, J = 6.7 Hz, 6H), 3.16 (dd, J = 13.8, 8.4 Hz, 1H), 2.18 (dd,
J =13.8, 7.2 Hz, 1H). 3C NMR (151 MHz, CDCls) § 171.31, 170.90, 144.69, 137.95, 130.78,
130.74, 130.73, 130.67, 129.04, 124.04 (q, J c-+= 3.6 Hz), 123.55 (q, J c-r = 3.8 Hz), 66.67, 52.95,
52.83, 50.37, 41.45. *F NMR (376 MHz, CDCls) 6 -61.80. HPLC (CHIRALPAK AD-H column)
99:01 (hexane/iPrOH) 0.5 mL/min; Tmajor (15.6 mMin), Tminor (16.5 min); 84% ee.

MeOgC COQMG
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3.4c. Isolated as a yellow oil (81% yield). *H NMR (600 MHz, CDCl3) § 7.13 (dd, J = 8.5, 5.3 Hz,
2H), 6.98 (t, J = 8.5 Hz, 2H), 6.02 (dd, J = 5.6, 2.5 Hz, 1H), 5.97 (dd, J = 5.6, 1.9 Hz, 1H), 4.14 —
4.04 (m, 1H), 3.76 (d, J = 4.7 Hz, 6H), 3.12 (dd, J = 13.8, 8.3 Hz, 1H), 2.14 (dd, J = 13.8, 7.3 Hz,
1H). 3C NMR (151 MHz, CDCls) § 171.54, 171.09, 162.50, 160.88, 139.49, 138.82, 129.87,
128.79, 115.42, 115.28, 66.62, 52.88, 52.77, 49.87, 41.70. *°F NMR (376 MHz, CDCl3) & -115.58
— -115.66 (m). HRMS (El) m/z [M]" calc’d for C1sH1504F 279.0988, found 279.0989. HPLC
(CHIRALPAK AD-H column) 99:01 (hexane/iPrOH) 0.5 mL/min; Tmajor (19.9 min), Tminor (22.5
min); 85% ee.
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3.4d. Isolated as a yellow oil (81% yield). *H NMR (600 MHz, CDCls) § 7.22 (t, J = 7.9 Hz, 1H),
6.80 — 6.74 (m, 2H), 6.73 (t, J = 2.1 Hz, 1H), 6.01 (s, 2H), 4.09 (t, J = 7.8 Hz, 1H), 3.79 (s, 3H),
3.76 (d, J = 6.7 Hz, 6H), 3.12 (dd, J = 13.8, 8.3 Hz, 1H), 2.19 (dd, J = 13.8, 7.4 Hz, 1H). °C NMR
(151 MHz, CDCls) 6 171.58, 171.18, 159.85, 145.45, 138.91, 129.75, 129.57, 119.67, 113.00,
112.06, 66.65, 55.18, 52.86, 52.73, 50.62, 41.50. HRMS (El) m/z [M]" calc’d for C1sH180s
291.1188, found 291.1191. HPLC (CHIRALPAK AD-H column) 99:01 (hexane/iPrOH) 0.5
mL/min; Tmajor (27.3 mMin), Tminor (32.2 min); 79% ee.

MeO,C_ CO,Me

)
{ )

MeO

3.4e. Isolated as a colorless oil (73% yield).>*H NMR (600 MHz, CDCl3) & 7.11 (d, J = 8.6 Hz,
2H), 6.90 — 6.78 (m, 2H), 6.00 (s, 2H), 4.08 (t, J = 7.8 Hz, 1H), 3.80 (s, 3H), 3.77 (d, J = 3.9 Hz,
6H), 3.11 (dd, J =13.8, 8.2 Hz, 1H), 2.16 (dd, J = 13.7, 7.4 Hz, 1H). *C NMR (151 MHz, CDCls)
6 171.70, 171.25, 158.39, 139.40, 135.91, 129.34, 128.29, 113.99, 66.62, 55.27, 52.83, 52.72,
49.84, 41.79. HPLC (CHIRALPAK AD-H column) 99:01 (hexane/iPrOH) 0.5 mL/min; Tmajor
(31.4 min), Tminor (33.5 min); 82% ee.

MeO,C_ CO,Me

)
oS

Me
3.4f. Isolated as a yellow oil (79% yield). *tH NMR (600 MHz, CDCls) § 6.88 (s, 1H), 6.81 (s, 2H),
6.02 (s, 2H), 4.05 (t, J = 7.9 Hz, 1H), 3.77 (d, J = 1.4 Hz, 6H), 3.12 (dd, J = 13.7, 8.2 Hz, 1H),
2.30 (s, 6H), 2.16 (dd, J = 13.7, 7.8 Hz, 1H). *C NMR (151 MHz, CDCl3) & 171.69, 171.21,
143.68, 139.35, 138.13, 129.43, 128.30, 125.12, 66.63, 52.83, 52.68, 50.43, 41.74, 21.24. HRMS
(El) m/z [M]" calc’d for Ci7H2004 288.1362, found 288.1364. HPLC (CHIRALPAK AD-H
column) 99:01 (hexane/iPrOH) 0.5 mL/min; Tmajor (13.1 min), Tminor (15.3 min); 82% ee.
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3.4g. Isolated as a yellow solid (82% yield). *H NMR (400 MHz, CDClz) § 7.39 — 7.30 (m, 2H),
7.18 —7.08 (m, 2H), 6.06 — 5.97 (m, 2H), 4.11 (t, J = 7.9 Hz, 1H), 3.80 — 3.73 (m, 6H), 3.13 (dd,
J=13.8,8.2 Hz, 1H), 2.19 (dd, J = 13.8, 7.6 Hz, 1H), 1.32 (s, 9H). *C NMR (151 MHz, CDCls)
0 171.69, 171.26, 149.54, 140.74, 139.33, 129.41, 126.98, 125.48, 66.66, 52.85, 52.71, 50.12,
41.63, 34.41, 31.35. HRMS (EI) m/z [M]" calc’d for C19H2404 316.1675, found 316.1679. HPLC
(CHIRALPAK OD-H column) 99:01 (hexane/iPrOH) 0.5 mL/min; Tminor (18.3 mMin), Tmajor (20.4
min); -87% ee.

MeO,C_ CO,Me

)

§
Y,

3.4h. Isolated as a yellow solid (66% yield).® *H NMR (600 MHz, CDCls3) § 7.60 — 7.56 (m, 2H),
7.56 — 7.51 (m, 2H), 7.43 (t, J = 7.5 Hz, 2H), 7.34 (t, J = 7.5 Hz, 1H), 7.29 — 7.22 (m, 2H), 6.05
(s, 2H), 4.17 (t, J = 7.8 Hz, 1H), 3.78 (dd, J = 5.3, 1.3 Hz, 6H), 3.17 (dd, J = 13.8, 8.2 Hz, 1H),
2.24 (dd, J = 13.7, 7.4 Hz, 1H). °C NMR (151 MHz, CDCl3) § 171.62, 171.19, 142.88, 140.88,
139.71,139.00, 129.81, 128.73, 127.76, 127.36, 127.16, 127.02, 66.71, 52.88, 52.76, 50.28, 41.62.
HPLC (CHIRALPAK AD-H column) 99:01 (hexane/iPrOH) 0.5 mL/min; Tmajor (34.8 min), Tminor
(38.2 min); 85% ee.

MeOzC COQMB

)
-~

MeO

3.4i. Isolated as a colorless oil (80% vyield).® *H NMR (600 MHz, CDCls) § 7.18 (t, J = 2.0 Hz,
1H), 7.04 (dt, J = 8.5, 2.1 Hz, 1H), 6.86 (dd, J = 8.5, 1.8 Hz, 1H), 6.02 (dt, J = 5.6, 2.2 Hz, 1H),
5.96 (dt, J = 5.5, 1.9 Hz, 1H), 4.09 — 4.00 (m, 1H), 3.88 (d, J = 1.8 Hz, 3H), 3.77 (d, J = 1.8 Hz,
6H), 3.10 (ddd, J = 13.8, 8.3, 1.9 Hz, 1H), 2.14 (ddd, J = 13.7, 7.3, 1.9 Hz, 1H).23C NMR (151
MHz, CDCls) & 171.49, 171.07, 153.79, 138.61, 137.02, 130.00, 129.09, 126.52, 122.51, 112.21,
66.59, 56.20, 52.88, 52.78, 49.57, 41.60. HPLC (CHIRALPAK AD-H column) 99:01
(hexane/iPrOH) 0.5 mL/min; Tmajor (33.7 Min), Tminor (35.8 min); 80% ee.
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General procedure for Heck-Matsuda arylation of 3.9a

o ArN,BF, y j\ y
Me. J_ Me 5 mol% Pdy(dba); SN NV
N 10 mol% 3.3r, Na,HPO,
ogé§o MTBE, 24 h - O ©
Ar

A one-dram vial was charged with 3.9a (1 equiv. 0.025 mmol), 3.3r (0.10 equiv.), and NaoHPO4
(2 equiv.). MTBE (0.05M) was added, and the suspension was stirred for 10 minutes.
Aryldiazonium tetrafluoroborate (1.5 equiv.) and Pdzdbas (0.05 equiv.) were then added, and the
mixture was stirred vigorously for 24 hours. The crude reaction mixture was then diluted with
diethyl ether (1 mL) and filtered to remove solid precipitates. The mixture was concentrated in
vacuo and purified by flash column chromatography using a pipette column (ether/hex) to afford
the desired product.

O
Me. .M
o L e
O ' O

3.10a. Isolated as a white solid (70% yield). *H NMR (300 MHz, CDCl3) & 7.41 — 7.19 (m, 5H),
6.14 (dd, J = 5.3, 2.0 Hz, 1H), 5.66 (dd, J = 5.3, 2.5 Hz, 1H), 4.41 — 4.34 (m, 1H), 3.34 (d, J = 4.6
Hz, 5H), 2.97 (dd, J = 13.3, 8.5 Hz, 1H), 2.57 (dd, J = 13.3, 7.6 Hz, 1H). 3C NMR (151 MHz,
CDCIs) 6 170.76, 170.67, 151.35, 143.30, 141.85, 129.15, 128.66, 127.69, 126.90, 64.92, 51.85,
42.41, 29.18, 29.06. HRMS (EI) m/z [M]" calc’d for C16H1sN203 284.1161, found 284.1165.
HPLC (CHIRALPAK AD-H column) 90:10 (hexane/iPrOH) 1mL/min; Tminor (9.5 Min), Tmajor
(16.7 min); 86% ee.

0]

tBu

3.10b. Isolated as a white solid (92% vyield). *H NMR (600 MHz, CDCls) & 7.36 (d, J = 7.7 Hz,
2H), 7.28 — 7.20 (m, 2H), 6.15 — 6.14 (m, 1H), 5.66 — 5.64 (m, 1H), 4.42 — 4.28 (m, 1H), 3.34 (d,
J=9.9,6H), 3.02 - 2.83 (m, 1H), 2.59 — 2.55 (m, 1H), 1.31 (s, 9H). 1*C NMR (151 MHz, CDCls)
6 170.83, 170.72, 151.38, 149.79, 142.07, 140.24, 128.91, 127.34, 125.55, 64.91, 51.37, 42.45,
34.42, 31.32, 29.17, 29.05. HRMS (EI) m/z [M]* calc’d for CzoH24N203 340.1787, found
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340.1791. HPLC (CHIRALPAK AD-H column) 90:10 (hexane/iPrOH) mL/min; Tminor (7.2 mMin),
Tmajor (15.8 min); 92% ee.

0]

Me J\ .Me

N~ 'N
@) ' @]

Me

3.10c. Isolated as a white solid (67% yield). *H NMR (300 MHz, CDCls) § 7.19 (d, J = 8.1 Hz,
2H), 7.14 (d, J = 8.1 Hz, 2H), 6.12 (dd, J = 5.3, 2.0 Hz, 1H), 5.64 (dd, J = 5.3, 2.6 Hz, 1H), 4.37 —
4.30 (M, 1H), 3.34 (d, J = 4.9 Hz, 6H), 2.94 (dd, J = 13.2, 8.5 Hz, 1H), 2.54 (dd, J = 13.2, 7.7 Hz,
1H), 2.33 (s, 3H). 3C NMR (151 MHz, CDCls) § 170.79, 170.71, 151.37, 142.07, 140.27, 136.51,
129.32, 128.92, 127.57, 64.90, 51.45, 42.52, 29.16, 29.04, 20.99. HRMS (EI) m/z [M]" calc’d for
C17H1sN2O3  298.1317, found 298.1322. HPLC (CHIRALPAK AD-H column) 90:10
(hexane/iPrOH) 1mL/min; Tminor (9.1 Min), Tmajor (13.6 min); 90% ee.

0]
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3.10d. Isolated as a white solid (79% yield). *H NMR (300 MHz, CDCls) § 7.46 — 7.18 (m, 2H),
7.10 - 6.79 (m, 2H), 6.09 (dd, J = 5.3, 2.0 Hz, 1H), 5.66 (dd, J = 5.3, 2.6 Hz, 1H), 4.50 — 4.13 (m,
1H), 3.34 (d, J = 5.1 Hz, 6H), 2.97 (dd, J = 13.3, 8.6 Hz, 1H), 2.51 (dd, J = 13.3, 7.5 Hz, 1H). 1*C
NMR (151 MHz, CDCIls) 6 170.66, 170.63, 161.84 (d, Jc-r = 245.1 Hz), 151.28, 141.57, 139.04
(d, Jc.F=3.1Hz),129.31, 129.17 (d, Jc-r = 8.0 Hz), 115.43 (d, Jc-r = 21.3 Hz), 64.90, 51.13, 42.31,
29.19, 29.07. 1%F NMR (376 MHz, CDCl3) § -115.20 — -115.27 (m). HRMS (EI) m/z [M]* calc’d
for CisH1sFN2Os 302.1067, found 302.1072. HPLC (CHIRALPAK AD-H column) 90:10
(hexane/iPrOH) 1mL/min; Tminor (9.6 Min), Tmajor (18.2 min); 85% ee.
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3.10e. Isolated as a white solid (94% yield). *H NMR (300 MHz, CDCls) & 7.34 — 7.26 (m, 1H),
7.10—7.06 (m, 1H), 7.05—7.00 (m, 1H), 6.97 —6.90 (m, 1H), 6.11 (dd, J = 5.3, 2.0 Hz, 1H), 5.68
(dd, J = 5.3, 2.6 Hz, 1H), 4.40 — 4.33 (m, 1H), 3.34 (d, J = 5.4 Hz, 6H), 2.97 (dd, J = 13.4, 8.6 Hz,
1H), 2.55 (dd, J = 13.3, 7.5 Hz, 1H). 3C NMR (151 MHz, CDCls) 5 170.58, 170.45, 163.02 (d,
JoF = 246.1 Hz), 151.27, 145.91 (d, J cr = 6.8 Hz), 141.07, 130.08 (d, J c.r = 8.3 Hz), 129.73,
123.29 (d, J c-F = 2.9 Hz), 114.61 (d, J c.r = 21.5 Hz), 113.81 (d, J c-r = 21.1 Hz), 64.90, 51.52,
41.92, 29.21, 29.08. °F NMR (376 MHz, CDCl3) & -111.96 — -112.02 (m). (EI) m/z [M]* calc’d
for CisHisFN2Os 302.1067, found 302.1072. HPLC (CHIRALPAK AD-H column) 90:10
(hexane/iPrOH) 1mL/min; Tminor (10.5 min), Tmajor (16.4 min); 84% ee.

Me . Me
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3.10f. Isolated as a clear film (94% yield). *H NMR (300 MHz, CDCls) § 7.62 — 7.36 (m, 4H),
6.12 (dd, J=5.3, 2.0 Hz, 1H), 5.71 (dd, J =5.3, 2.6 Hz, 1H), 4.47 — 4.44 (m, 1H), 3.34 (d,J=5.1
Hz, 6H), 3.09 — 2.90 (m, 1H), 2.56 (dd, J = 13.3, 7.5 Hz, 1H). 3C NMR (151 MHz, CDCls) 5
170.48,170.37, 151.24, 144.31, 140.77, 131.08, 130.15, 129.18, 124.95, 124.53 (9, JcFr = 3.7 Hz),
123.82 (g, Jc-r = 3.6 Hz), 123.15, 64.94, 51.61, 41.88, 29.23, 29.11. *F NMR (376 MHz, CDCls)
§ -61.74. HRMS (EI) m/z [M]* calc’d for Ci7H1sF3N2O3 352.1035, found 352.1038. HPLC
(CHIRALPAK AD-H column) 90:10 (hexane/iPrOH) 1mL/min; Tminor (8.5 Min), Tmajor (8.9 min);
90% ee.

Synthesis of 3.11a

NHTsBoc

OH
DIAD, PPhj
O e

0°Ctort,12h

NTsBoc

3.11a. To a solution of 3-cyclopentene-1-ol (200 mg, 2.38 mmol), triphenylphosphine (809 mg,
3.09 mmol), and NHTsBoc (838 mg, 3.09 mmol) in THF (15 mL) was added DIAD (608 uL, 3.09

210



mmol) at 0 °C. The reaction was warmed to room temperature and stirred for 12 hours. The crude
reaction mixture was concentrated and loaded directly onto a column and purified by flash
chromatography (EtOAc/hex) to afford the desired product as a white solid (550 mg, 69%). *H
NMR (600 MHz, CDClz) 6 7.76 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 5.68 (s, 2H), 5.36 —
5.22 (m, 1H), 2.73 — 2.70 (m, 4H), 2.44 (s, 3H), 1.32 (s, 9H). *C NMR (151 MHz, CDCl3) &
150.46, 143.85, 137.72, 129.25, 128.74, 127.52, 84.15, 55.66, 37.67, 27.91, 21.56. HRMS (ESI)
m/z [M+Na]" calc’d for C17H23NOsSNa 360.1240, found 360.1237.

General procedure for Heck-Matsuda arylation of 3.11a
ArN,BF,
5 mol% Pdy(4-OMe-dba); NTsBoc
10 mol% 3.3j, Cs,CO4

toluene, 24 h

NTsBoc

v

Ar

A one-dram vial was charged with 3.11a (1 equiv.), 3.3j (0.10 equiv.), and Cs,COs (2 equiv.).
Toluene (0.05M) was added, and the suspension was stirred for 10 minutes. Aryldiazonium
tetrafluoroborate (1.5 equiv.) and Pd2(4-OMe-dba)s (0.05 equiv.) were then added, and the mixture
was stirred vigorously for 24 hours at r.t. The crude reaction mixture was then diluted with diethyl
ether (1 mL) and filtered to remove solid precipitates. The mixture was concentrated in vacuo and
purified by flash column chromatography using a pipette column (Et2O/hex) to afford the desired
product.

Me
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3.12a. Isolated as a clear film (86% yield). *H NMR (600 MHz, CDCls) § 7.78 (d, J = 8.3 Hz, 2H),
7.31(d, J=8.1Hz, 2H), 7.13-7.11 (m, 2H), 6.98 (t, J = 8.7 Hz, 2H), 5.97 — 5.91 (m, 1H), 5.89 —
5.79 (m, 2H), 4.24 — 4.22 (m, 1H), 2.63 (ddd, J = 14.9, 9.5, 5.2 Hz, 1H), 2.44 (s, 3H), 2.25 (ddd, J
=15.3, 7.8, 2.9 Hz, 2H), 1.35 (s, 9H). °F NMR (376 MHz, CDCls3) § -116.18. 3C NMR (151
MHz, CDCls) 6 161.47 (d, Jc-r = 244.4 Hz), 150.44, 143.93, 140.60 (d, J cr = 3.2 Hz), 137.81,
136.97,130.51, 128.52 (d, Jcr = 7.8 Hz), 129.25, 127.57, 115.28 (d, Jcr = 21.1 Hz), 84.29, 64.22,
50.21, 38.75, 27.86, 21.55 (one extra resonance). HRMS (ESI) m/z [M+Na]® calc’d for
Ca3H26FNO4sSNa 454.1459, found 454.1454. HPLC (CHIRALPAK AD-H column) 99:01
(hexane/iPrOH) 1mL/min; Tmajor (32.2 Min), Tminor (26.7 min); 90% ee.
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3.12b. 'H NMR (400 MHz, CDCl3) § 7.80 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.1 Hz, 2H), 6.86 (s,
1H), 6.79 (s, 2H), 5.95 — 5.92 (m, 1H), 5.91 — 5.84 (m, 1H), 5.84 — 5.77 (m, 1H), 4.21 — 4.13 (m,
1H), 2.60 (ddd, J = 14.7, 9.5, 6.0 Hz, 1H), 2.45 (s, 3H), 2.31 (m, 7H), 1.36 (s, 9H). 3C NMR (151
MHz, CDCls) 6 150.50, 144.91, 143.86, 138.10, 137.84, 137.28, 130.14, 129.23, 127.97, 127.60,
124.97, 84.17, 64.49, 50.86, 38.53, 27.87, 21.55, 21.26. HRMS (ESI) m/z [M+Na]* calc’d for
C23H3:NOsSNa 464.1866, found 464.1859. HPLC (CHIRALPAK AD-H column) 99:01
(hexane/iPrOH) 1mL/min; Tmajor (15.6 min), Tminor (13.4 min); 86% ee.

Me
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3.12c. Isolated as a clear film (53% yield). *H NMR (400 MHz, CDCl3) § 7.88 — 7.81 (m, 2H),
7.66 — 7.61 (m, 2H), 7.61 — 7.55 (m, 2H), 7.53 — 7.43 (m, 2H), 7.42 — 7.33 (m, 3H), 7.32 — 7.26
(m, 2H), 6.06 — 6.03 (m, 1H), 6.01 — 5.92 (m, 1H), 5.91 — 5.89 (m, 1H), 4.42 — 4.22 (m, 1H), 2.71
(ddd, J = 13.7, 9.7, 5.4 Hz, 1H), 2.49 (s, 3H), 2.40 (ddd, J = 13.7, 9.5, 4.0 Hz, 1H), 1.41 (s, 9H).
13C NMR (151 MHz, CDCls) § 150.49, 144.06, 143.90, 140.93, 139.36, 137.83, 137.01, 130.49,
129.25, 128.68, 127.60, 127.59, 127.33, 127.06, 126.99, 84.25, 64.39, 50.63, 38.62, 27.88, 21.56.
HRMS (ESI) m/z [M+Na]* calc’d for CaH31NOsSNa 512.1866, found 512.1851. HPLC
(CHIRALPAK AD-H column) 99:01 (hexane/iPrOH) 1mL/min; Tmajor (61.9 min), Tminor (42.0
min); 84% ee.
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3.12d. Isolated as a clear film (70% yield). *H NMR (400 MHz, CDCls) & 7.86 — 7.76 (m, 2H),
7.41-7.32 (m, 2H), 7.27 (t, J = 7.9 Hz, 1H), 6.83 — 6.79 (m, 2H), 6.76 (t, J = 2.1 Hz, 1H), 6.01 —
5.99 (m, 1H), 5.95 — 5.77 (m, 2H), 4.29 — 4.24 (m, 1H), 3.85 (s, 3H), 2.66 (ddd, J = 13.6, 9.6, 5.4
Hz, 1H), 2.48 (s, 3H), 2.35 (ddd, J = 13.6, 9.5, 4.0 Hz, 1H), 1.39 (s, 9H). 1*C NMR (151 MHz,
CDCIs) 6 159.81, 150.47, 146.65, 143.88, 137.82, 136.93, 130.48, 129.55, 129.24, 127.59, 119.54,
112.99, 111.52, 84.22, 64.35, 55.15, 50.99, 38.54, 27.87, 21.55. HRMS (ESI) m/z [M+Na]" calc’d
for CosH290NOsSNa 466.1659, found 466.1647. HPLC (CHIRALPAK AD-H column) 99:01
(hexane/iPrOH) 1mL/min; Tmajor (38.7 mMin), Tminor (36.5 min); 83% ee.

Synthesis of 3.13a
O] o) O

YNBOC yNBoc YNBOC
HN o Boc,O, DMAP ~  BocN o Grubbs 11 . BocN o
CH3CN, r.t. DCM, reflux
15 h 14 h
7 N\ 7\
3.5 $3.6 3.13a

3.13a. To a well stirred solution of Boc20 (0.935 g, 4.3 mmol) and DMAP (0.024 g, 0.19 mmol)
in anhydrous CHsCN (10 mL) was added a solution of S3.5%%%2 (0.55 g, 1.9 mmol) in CHsCN (10
ml) at r.t. The orange solution was stirred for 15 h. The crude reaction mixture was concentrated
and loaded directly onto a column and purified by flash column chromatography (hex:EtOAc 95:5
to 9:1) to afford S3.6 as a colorless oil (0.50 g, 68%). *H NMR (400 MHz, CDCls) & 5.60 — 5.43
(m, 2H), 5.19 — 5.04 (m, 4H), 2.99 — 2.83 (m, 2H), 2.66 — 2.53 (m, 2H), 1.52 (s, 3H), 1.51 (s, 3H).
13C NMR (101 MHz, CDCls) & 169.61, 148.28, 147.60, 144.81, 129.35, 121.34, 86.31, 84.34,
69.10, 58.03, 39.08, 27.80, 27.53, 18.11. HRMS (ESI) m/z [M+Na]" calc’d for C29H280sN2Na
403.1840, found 403.1841.

Toasolution of S3.6 (0.55 g, 1.4 mmol) in anhydrous DCM (145 mL) was added Grubbs |1 catalyst
(0.061 g, 0.07 mmol) at 40 °C. The solution was stirred and refluxed for 14 h. The solvent was
removed and the crude residue was purified by flash chromatography (hex:EtOAc 90:10 to 70:30)
to afforded 3.13a (0.41 g, 80%) as a white solid. *H NMR (400 MHz, CDCls) § 5.73 (s, 2H), 3.03
—2.87 (m, 4H), 1.59 (s, 9H), 1.53 (s, 9H). 3C NMR (151 MHz, CDCls) § 172.06, 147.94, 147.48,
145.11, 127.82, 86.62, 84.89, 67.41, 43.94, 27.99, 27.68. HRMS (ESI) m/z [M+Na]* calc’d for
C17H2406N2Na 375.1527, found 375.1528.
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Procedure for Heck-Matsuda arylation of 3.13?2

o -
PhN,BF, NBoc (““
o
§\~NBoc 5 mol% Pdy(dba), BocN y ; .
10 mol % 3.3p, NasPO,
BocN o >
toluene, 24 h

o %

A 20 mL vial was charged with 3.13a (40.0 mg, 0.11 mmol), 3.3p (6.9 mg, 0.01 mmol), and
NazPOs (36.0 mg, 0.22 mmol). Toluene (2.3 mL) was added, and the suspension was stirred for
10 minutes. Aryldiazonium tetrafluoroborate (29.0 mg, 0.15 mmol) and Pd.dbas (0.05 equiv.) were
then added, and the mixture was stirred vigorously for 24 hours. The crude reaction mixture was
then filtered thought a small plug of silica. The mixture was concentrated in vacuo and purified by
flash column chromatography (n-pentane:EtOAc 95:05 to 90:10) to afford the desired product as
a white solid (35.5 mg, 73%). *H NMR (600 MHz, CDCls3) § 7.38 (d, J = 7.5 Hz, 2H), 7.33 (t, J =
7.5 Hz, 2H), 7.25 (dd, J = 14.4, 7.1 Hz, 1H), 6.24 (dd, J = 5.4, 2.1 Hz, 1H), 5.57 (dd, J = 5.4, 2.6
Hz, 1H), 4.39 (tt, J = 6.1, 2.7 Hz, 1H), 2.83 (dd, J = 14.5, 9.0 Hz, 1H), 2.46 (dd, J = 14.5, 5.6 Hz,
1H), 1.60 (s, 9H), 1.58 (s, 9H). *C NMR (151 MHz, CDCl3) & 170.36, 148.38, 147.42, 145.39,
144.85, 143.14, 128.84, 128.05, 127.04, 126.17, 86.89, 84.91, 52.21, 42.88, 28.18, 27.87. HRMS
(ESI) m/z [M+Na]* calc’d for Ca1H260sNsNa 451.1826, found 451.1830. HPLC (CHIRALPAK
IA column) (hexane/iPrOH 98:02) 0.5 mL/min; Tmajor (30.0 min), Tminor (27.2 min), 81% ee.

Synthesis of 3.15a

%N Boc ® o

H .CO

BocN ‘\\\\QO 3 B 2
@ 2MKOH

R THF, reflux N
o O

3.15a. A 15 mL round-bottomed flask equipped with a magnetic stirbar was charged with a
suspension of the hydantoin 3.14a (50 mg, 0.16 mmol) in THF (3 mL), and potassium hydroxide
(2.0M, 3 mL). The reaction was stirred and refluxed for 24 h. This reaction mixture was cooled at
0 °C, and the pH was adjusted to 7.0 via slow addition of 2.0M HCI. The mixture was evaporated
to dryness, and the residue was washed 3 times with Et2O. The solid was solubilized in
DCM:MeOH (9:1) and filtered to remove the potassium chloride. The solvent was removed in
vacuo to afford 3.15a as a white solid (16 mg, 66%).'H NMR (600 MHz, CDsOD) § 7.42 — 7.15
(m, 5H), 6.42 — 6.27 (m, 1H), 5.94 (dd, J = 5.4, 2.6 Hz, 1H), 4.33 (t, J = 7.7 Hz, 1H), 2.69 (dd, J
= 14.8, 8.1 Hz, 1H), 2.51 (dd, J = 14.8, 6.9 Hz, 1H). *°C NMR (126 MHz, MeOD) § 173.13,
146.00, 144.00, 129.82, 129.00, 128.49, 128.12, 71.58, 51.86, 43.89. HRMS (ESI) m/z [M]* calc’d
for C12H1402N 204.1019, found 204.1016.
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Computational Methods

Computations were performed using Gaussian09 suite of quantum chemical program.? The
geometries optimization of all stationary points such as transition states, intermediates, substrates
and catalysts were carried out in the solvent phase by using the B3LYP-D3 density functional
theory?* using Pople’s 6-31G** basis set for all atoms except Pd. The LANL2DZ basis set
consisting of an effective core potential (ECP) for 28 core electrons and a double- quality valence
basis set for 18 valence electrons was used for palladium.?® The solvent effects were incorporated
using the Cramer—Truhlar continuum solvation model, designated as SMD, that employs quantum
mechanical charge density of solutes.?® Since the reaction was performed in toluene, a continuum
solvent dielectric of &= 2.3741 was employed. All the stationary points were characterized, as
minima or a first-order saddle point (transition states) by evaluating the corresponding Hessian
indices. The transition states were verified as possessing a unique imaginary frequency in
accordance with the anticipated reaction coordinate. The IRC calculations were performed to
further authenticate that the transition states on the energy profiles connect to the desired minima
on either side of the first order saddle point.?” These geometries were further optimized by using
“opt = calcfc” as implemented in Gaussian09 program. Single point energies were calculated for
all stationary points at the SMD (roluene), B3LYP-D3/6-31G**, SDD(Pd) level of theory. The Gibbs
free energies were computed by using the thermal and entropic corrections obtained at the
SMDolueney/B3LYP-D3/6-31G**, LANL2DZ(Pd) level of theory.
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