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Abstract

Nitrene transfer (NT) is a convenient strategy to directly transform C—H bonds into more
valuable C—-N bonds. Intramolecular NT reactions offer access to various N-heterocycles which
are common in drugs and natural products. Many of these heterocycles can also be transformed
into useful building blocks such as amino alcohols or diamines. However, the high reactivity of
nitrenes often results in reactions that are primarily controlled by substrate identity, rendering
these reactions less useful. This work will describe our attempts to use silver catalysts to control
reactions with challenging selectivity problems such as asymmetric reactions and
dearomatization reactions.

Chapter 1 features a broad look at the history of transition metal catalyzed NT, followed
by a more in-depth discussion of intramolecular asymmetric NT variants. Chapter 2 describes the
use of silver salts ligated to an unusual, quaternary-centered bis(oxazoline) (BOX) ligand, readily
accessible through a modular synthetic approach, which enables site- and enantioselective
nitrene transfers into benzylic, allylic and unactivated C-H bonds of carbamate esters. The
resulting 1,3-aminoalcohol building blocks are delivered in good yields and moderate-to-
excellent enantioselectivities. Computational models were employed to rationalize the observed
stereochemical outcomes and set the stage for the predictive design of second-generation Ag-
BOX catalysts. Chapter 3 presents a combination of silver-catalysts that are able to preferentially
undergo either a dearomatization event to form bicyclic azepine structures or an insertion event
into the benzylic C(sp®)-H bond. This chemoselective reaction requires the use of carbamimidate
precursors featuring a large sulfamate protecting group, which allows the reaction to be

controlled by a combination of ligand sterics and electronics.
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1.1.  Introduction

The presence and importance of nitrogen in natural products, bioactive molecules,
pharmaceuticals, polymers, and catalyst ligands has stimulated the development of a diverse
array of methods to introduce C-N bonds into readily available starting materials. One attractive
strategy is nitrene transfer (NT), which involves the addition of a reactive, electron-deficient
nitrogen species, typically supported by a transition metal, to an alkene (aziridination) or into a
C—H bond (C—H amination). This class of reactions has been of intense interest in recent years,
given that the ability to transform C—H bonds directly into new C-N bonds can streamline the
syntheses of many useful compounds and synthetic building blocks.! From an academic
perspective, the diversity of transition metals that support reactive nitrene species makes the
study of NT a rich opportunity to better understand the fundamental details of how electronic
structure coupled with ligand design impacts reactivity and selectivity.

Current strategies for NT can be divided into two main approaches: biocatalysis and
chemocatalysis. The former takes advantage of specialized enzymes that are capable of
selectively oxidizing a specific C-H bond from amongst many candidates. Several research
groups, most notably the Arnold group, have developed ways manipulate enzymes to catalyze C—
H functionalization reactions beyond the scope of their original purpose, including the direct
amination of C—H bonds.? Despite the high selectivities and turnover numbers associated with
biocatalysis, not all laboratories have the infrastructure or expertise to carry out directed
evolution. Substrate scope can also be limited, due to the need to utilize solvent systems
compatible with enzymes. Additionally, enzymes are often co-factor dependent and may be
inactivated by higher temperatures, extreme pH, high salt concentrations, and polar organic

solvents.®



While biocatalysis is an excellent choice for optimizing manufacturing routes to
commercial drugs and agrochemicals, the early-stage exploration and late-stage functionalization
of complex molecules benefit from chemocatalyzed NT. Several broadly accessible and highly
modular catalyst systems have been developed to enable expedient reaction screening; in fact,
over 10 different transition metals are known to promote NT reactions, with Rh, Ru, Ir, Fe, Mn,
Co, Cu, and Ag among the more extensively researched (Figure 1.1).* NT transfer reactions are
surprisingly robust, despite the intermediacy of a highly reactive nitrene species, and are often

insensitive to atmospheric air and water.

|
—Rh Ar ~
Q ~—~Rh—-0 i
Me | o _— _-Ire ci—Mn
T - N
Me 0.0 <A ci Ar ~ N
“Meoc - =
Me N
Ar
Me R R
Rhy(esp), [Cp*Ir] [Co(Por)] [Mn(Pc)]

Figure 1.1 — Representative examples of efficient transition metal catalysts for NT.

1.2.  Brief summary of chemocatalyzed nitrene transfer

The chemistry of metallonitrenes has a long history, going back to Kwart and Khan’s first
description of the copper-catalyzed decomposition of benzosulfonyl azides in 1967.° In that
report, Kwart and Khan proposed the intermediacy of a copper-nitrene species capable of
promoting either an alkene aziridination or a C—H insertion process. However, it was not until
several years later that Breslow employed catalytic Mn(I11)(TPP), Fe(I11)(TPP), and Rh2(OAC)a,
in combination with an iminoiodinane nitrogen source, to promote intramolecular C-H
amination. Importantly, this work led to a model system for analogous transformations of C—H to

C-O bonds performed by the cytochrome P-450 class of enzymes.® In the early 1990's, Evans’



and Jacobsen® expanded on Breslow’s initial findings and reported a series of Cu catalysts,
supported by bis(oxazoline) (BOX) and salen-type ligands, to promote asymmetric aziridination,
albeit with limited scope.

Over the past 20 years, the development of improved NT catalysts has continued
unabated. For example, Breslow’s initial reports inspired the design of more efficient dinuclear
Rh(Il) catalysts. Beginning in early 2000's, Du Bois reported a series of RhoL, complexes,
commonly referred to as “paddle-wheel” complexes, supported by carboxylate bridging ligands
that achieved efficient NT with excellent functional group tolerance.® Du Bois' Rhz(esp)2 (Figure
1.1)% catalyst is particularly powerful for intra- and intermolecular NT with various nitrene
precursors and displays excellent utility for the late-stage functionalization of complex
molecules.®” The Dauban group has described the use of chiral sulfonimidamide nitrene
precursors with Rh catalysts to achieve diastereoselective intermolecular C—H amination.'° Other
less expensive precious metals such as Ru and Os have also been well reported as NT catalysts,
with Ru in particular showcasing a wide array of available ligand structures ranging from
porphyrins and paddle-wheels to PyBOXs and half-sandwiches.!* NT catalysts based on the first-
row transition metals Co, Fe and Mn, are typically supported by ligands that include modified
porphyrins, phthalocyanines and other porphyrin mimics,'?> while Cu is utilized with a wide
variety of supporting ligand such as bis(oxazolines), diimines, and scorpionates.*® Of particular
note are Co catalysts developed by Zhang, which include several asymmetric versions with chiral
extensions off the porphyrin scaffold to enable enantioselective NT.14

Recently, the Chang group described a series of Ir catalysts that harness non-covalent
interactions to direct both racemic and enantioselective syntheses of y-lactams from

dioxazolones. This innovative strategy circumvents the detrimental Curtius rearrangement that



typically precludes the use of amide derivatives as suitable nitrene precursors.’® A waterfall of
subsequent reports on this relatively new nitrene precursor have resulted in a great expansion of
the types of products that NT reactions can easily access.’ In fact, there are as many nitrene
precursors as there are different metals that are able to catalyze reactions, the combinations of

which each of which come with specific benefits and challenges (Figure 1.2).

...............................................................................................................................
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Figure 1.2 — Examples and features of common intramolecular NT precursors.

1.3.  Challenges in reactivity and selectivity in nitrene transfer reactions

The relative strength of the C—H bond, compared to other common functional groups,
renders it inert to many traditional organic transformations. While extensive research over the
past decade has yielded several strategies for C—H bond functionalization, NT remains one of the
most efficient methods to directly transform unactivated C—H bonds into new C-N bonds. NT
employs a neutral, six-electron nitrogen species (nitrene) that can exist in either a singlet (where
the four valence electrons are paired) or triplet (where there are two unpaired electrons) form.

Free nitrenes are generated via thermolysis or photolysis of various precursors, typically



azides;” however, the extreme reactivity of the free nitrene, coupled with the harsh conditions
under which these species are generated, often lead to poorly selective reactions and mixtures of
products.

The generation of metal-supported nitrenes offers an attractive alternative method to
generate electron deficient nitrenes for C—H functionalization. Along with more controlled
reactivity, these species are generated from accessible nitrogen precursors such as carbamates,
sulfamates, and sulfonamides. The precursor is treated with a hypervalent iodine oxidant to
generate an intermediate imidoiodinane, which is transferred to the metal to form the reactive
aminating species (Scheme 1.1). Pre-oxidized nitrenes have also been exploited to generate the
metal nitrene species without the need for a hypervalent iodine oxidant.'® While metal-stabilized
nitrenes have been successfully used to limit side reactions and decomposition pathways, the

amination of strong secondary and primary aliphatic C—H bonds sites remain challenging.*®

)
n i
R 0" NH, ~ R)\|/\O’ *N=IPh 0
2 H,0 R)\) R
H  iminoiodinane H X=C, SO
formation '
ML,

metallonitrene

h rapid radical
formation

concerted rebound

C-H insertion

Scheme 1.1 — General catalytic cycle for chemocatalyzed NT.

In addition to meeting the reactivity challenge for C—H bond amination, achieving
predictable control over selectivity with broad substrate scope remains the predominant

challenge in NT. While certain types of selectivity can be accomplished using particular



catalyst/substrate combinations, the use of one metal to achieve tunable nitrene transfer by
altering the ligand is rare, especially when it is desirable to override substrate control.

An exciting opportunity in NT involves identifying strategies to achieve the ultimate goal
of tunable catalyst control over chemo-, site-, and stereoselectivity when multiple potential
reactive sites are present. Often, site-selectivity is accomplished through substrate control, where
potential C—H bonds are differentiated in terms of their reactivity. Substrate parameters that
control reactivity include BDE, type of bond (1°, allylic, 2°, benzylic, etc.), and the surrounding
steric environment. For example, intramolecular C—H amination of carbamates will typically
prefer formation of the 5-membered oxazolidinone ring when the strength of the two competing
C—H bonds are the same (Scheme 1.2).2° However, selectivity is significantly reduced when the
C—H bond at the typically unfavored position becomes activated. When the catalyst cannot
control the inherent preferences of the substrate, the application of said catalyst is much more
limited. On the other hand, catalyst-controlled nitrene transfer, where the metal and its
supporting ligands bear primary responsibility for dictating the specific site of amination, is a far
more versatile strategy. Ideally, it permits flexible installation of new C-N bonds at diverse C-H
bonds in a readily tunable manner. Catalyst features that can control selectivity include the metal,

the steric or electronic features of the ligands, the counter anion, and the metal-to-ligand ratio.

Q o]
j\ 5 mol% Rhy(tpa), HN)L . A
NN > 0
Me 07 “NH, >~ o
1.4 eq. Phl(OAc), Me Me
2.3 eq. MgO
CHCl, ratio 1 >20

5 mol% Rhy(tpa), O

0

©/\/\OJ\NH2 - HNJ\O + |-|N’4O
1.4 eq. Phi(OA

€q (OAc), Ph)\) ph\)\/

2.3 eq. MgO
CHCl, ratio 1 1.4

Scheme 1.2 — Example of the influence of substrate-controlled NT on selectivity.



1.4.  History of silver-catalyzed nitrene transfer

Two unique features of silver coordination complexes stand out when compared to
typical NT catalysts: the diversity of simple N-dentate ligands able to support Ag(l) complexes
and their dynamic behavior in solution. Both of these features correspond to excellent
opportunities to control the NT event using catalyst control. The former characteristic is
exemplified by the early reports of silver-catalyzed nitrene transfer published by the He group in
2003.2! AgNOs supported by a tBustpy (4,4°,4” -tri-tert-butyl-2,2°:6° 2 -terpyridine) ligand was
proposed to form a dinuclear silver (I) complex that catalyzed intermolecular alkene aziridination

(Figure 1.3). A later publication from the same group employed a silver catalyst supported by

bathophenanthroline to achieve intramolecular aminations of tertiary and benzylic C—H bonds.??

©
Z ) oTf
N
..... IS
;D A TN S
NS

tpaAg

tBu

tBu [(PysMe,)Agl,
[Aga(tBustpy),]

Figure 1.3 — Examples of the varied ligand scaffolds supported by silver salts.

Notably, in both reports, characterization of the silver complex was made through
elucidation of the crystal structure. However, efforts made by our group to understand Ag(l)
complexes in both the solid- and solution-state have shown that silver complexes in solution

often times are under equilibrium, illustrating the second characteristic of Ag(l) complexes. For



example, with (0-Me)stpaAgOTT, the solid-state structure is a dicationic dimer with a five-
coordinate geometry at each of the two silver atoms; however, further investigation revealed an
equilibrium between monomeric and dimeric structures, as well as rapid exchange of ligands on

and off the metal center (Scheme 1.3).%

\ @
OTf
monomer Me

\\\\ )] 270Tf // ore
N iﬁ\
(oMe)stpaAgOTF q / |

/ /\ Me N
L)
N Me dimer
N ~

Scheme 1.3 — Solution-state behavior of (0-Me)stpaAgOTH.

Our group has focused on developing and understanding Ag-complexes that achieve
catalyst-controlled selectivity for many different types of selectivity challenges. Beginning in
2013, the group has shown that by simply modifying the ligand-to-metal ratio, we can alter the
chemoselectivity from aziridine formation at a 1:1 ratio to C—H insertion at a 2:1 ratio (Scheme
1.4a).2* This difference in ratio leads to an alteration in coordination environment, where the less
sterically hindered coordination geometry promotes aziridination and the more sterically
demanding coordination environment promotes C-H insertion. The group went on to design a
system that could select for either the tertiary aliphatic site or the benzylic site in a molecule.
This selectivity is governed by favorable n-n interactions between one of pyridine rings on the
ligand and the aryl group on the substrate (Scheme 1.4b).»® When those n-m interactions are

lacking, the selectivity flips to favor tertiary amination. More recently, the group has shown that
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by changing the steric environment of the catalyst, we can also change the selectivity for either

the B or the y C-H bond (Scheme 1.4c).?°

a o) O
N )j\o (phen)AgOTf \/Y\ )j\ (phen),AgOTf HNJ(O
R—<]
':,,) R/\)\/
b
0y 2 HoN~dZ QL

H O>>NH (‘Bubpy)AgOTF H & H (tpa)AgOTf NS0

--— —_——
]
Ar/'\)\/l\ R Ar/'\)\/FW /'\)\/I\

R? R2

0 o]
H
[(PysMe;)AgCIO L, NJLO g1 (dmbox)AgCIO, 0" 'NH ,
, - 2 R2 R R
R H R!
RZH H

Scheme 1.4 — Tunable, Ag-catalyzed NT. (a) Chemoselective NT controlled by metal-to-ligand
ratio. (b) Site-selective NT controlled by NCls. (c) Site-selective NT controlled by ligand sterics.
Other groups have also published the area of silver-catalyzed NT, with a focus on
intermolecular applications. In 2013, Peréz reported sulfonimidamide nitrene precursors and
Ag(l) supported by trispyrazolylborate (Tp) scorpionate ligands for intermolecular aminations of
benzylic and alkyl C—H bonds.?® Peréz later published a mechanistic study investigating this
catalyst scaffold in aziridination; the concerted mechanism was deemed unlikely, due to a
computationally predicted lower energy pathway involving a triplet silver nitrene intermediate.?’
More recently, the Bach group designed an asymmetric nitrene transfer method that relies on
hydrogen bonding interactions between a chiral phenanthroline-based silver catalyst and a

pyridone directing group built into the substrate.?®

1.5. Intramolecular asymmetric C—H bond amination via nitrene transfer
The past few decades have seen tremendous interest and growth in the development of

catalysts for asymmetric C—H bond amination via NT. Progress has been driven by the desire to
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efficiently upgrade hydrocarbons to valuable amine building blocks, as well as apply these
methods to tunable, late-stage functionalizations of complex molecules. This section will focus

on intramolecular examples of asymmetric C—H amination using transition metal catalysts.

1.5.1. Rhodium-catalyzed intramolecular asymmetric NT

The first account of enantioinduction in C—H amination using a dirhodium(ll) catalyst
featured an axially chiral binaphthyl phosphate ligand instead of a carboxylate ligand;?® however,
the more modular synthesis of the latter scaffold has yielded the most relevant advances. The
chiral tetracarboxylate and tetracarboxamidate ligands used in Rh-catalyzed NT generally follow
similar structural patterns, with a bulky chiral center adjacent to the carboxylate or
carboxamidate group.

The high reactivity of Rh catalysts has resulted in a significant focus on challenging
asymmetric intermolecular NT reactions. However, there are scattered examples of asymmetric
intramolecular C-H amination reactions. Du Bois reported a chiral dirhodium
tetracarboxamidate Rh2(S-NAP)s complex was an effective catalyst for intramolecular C—H
insertion employing aryl sulfamate precursors (Scheme 1.5a).3° The donating nature of the
carboxamide group was proposed to more effectively stabilize the nitrene-catalyst complex as
compared to carboxylate groups, while installation of the proximal sulfonamide group curtailed
competing Rh oxidation. This chemistry is compatible with benzylic C-H bonds and furnishes
benzylic amines with ee values up to 99%, but the catalyst also shows improved
chemoselectivity for insertion over aziridination in homoallyl sulfamates. Enantioselectivities for
insertions into allylic C—H bonds are generally modest, but it is notable that the ee for cis alkenes

is significantly higher than for trans- or mono-substituted substrates (Scheme 1.5b).
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a o Rh!' catalyst (2 mol %) Qéf,o
o~ N PhIO (1.2 eq), 3 A MS HN"ZY0  Rhy(S-PTTl), 22%, 54% ee
Ph 0" "NH > -
2 CH,Cly 1t Ph)@\) Rhy(S-NAP),  85%, 92% ee s EP‘ Th
S S Oun' O+rn
Rh' catalyst (4 mol %) O\\SIP 2R Q ©
R 0.0 catalys ol % R' HN"NO R N‘S/’=O
J\/\/\ NG PhIO (1.2 eq), 3A MS J\)\) + \
RZS 0" "NH, CHCh t R P )
baded I A Rhy(S-PTTI),
Rh' catalyst R’ R? /A yield | eel
Rhy(S-NAP), Me H >20:1 70% 82%
Rhy(OACc), 1:1 i ;\l Rh
- . 0, 0, \
Rhy(S-NAP), H Me >20:1 51% 54% Ts-N. O-FRh
Rhy(OAc), 2:1 H
Rhy(S-NAP), H H >20:1 43% 13% 4
Rhy(OAc), 1:1 Rh,(S-NAP),

Scheme 1.5 - (a) Intramolecular NT catalyzed by rhodium tetracarboxamidates. (b)
Chemoselectivity of carboamidate catalysts.
Reddy and Davies also reported a dirhodium tetracarboxylate, Rh2(S-TCPTAD)4 complex
capable of both intra- and intermolecular asymmetric C—H amination.! The catalyst shows
moderate ee for benzylic, allylic, and unactivated C—H bonds when N-tosyloxycarbamates are

employed as precursors in intramolecular NT (Table 1.1).

OTs

HN™ Rhy(S-TCPTAD), (2 mol %) Ji’
o X K,CO3 (3 equiv) -~ |‘3‘\/O
H CH,Cly, 1t R
R
Product yield ee
o _ _
HNJ{Q 72% 82% H TR
Ph/‘\/ o) (| |
N  O-FRh
/[2) cl o
HN
0 75% 78% o -
Ad L ¢ Ja
0 Rhy(S-TCPTAD),
HNJ{@ 62% 79%
Ph7 TS

Table 1.1 — Scope of intramolecular C—H amination with N-tosyloxycarbamates.
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1.5.2. Cobalt-catalyzed intramolecular asymmetric NT

The majority of cobalt NT catalysts have been developed by Zhang and coworkers. In
particular, they have specialized in a family of D2-symmetric chiral porphyrin ligands that are
highly effective at controlling the reactivity and enantioselectivity of NT. The radical nature of
Co(Il) enables the formation of reactive metal-nitrene intermediates from organic azides via
homolytic activation, accompanied by the elimination of dinitrogen.'? Thus, the use of external
oxidants and the generation of toxic byproducts associated with many common nitrene
precursors are circumvented. In addition, the steric and electronic properties of the chiral ligands
are highly tunable without interfering with the primary coordination sphere, owing to the
modularity of porphyrin substituents.

The first example of cobalt-catalyzed enantioselective C—H amination was reported in
2018.1% Starting from sulfamoyl azides, an intramolecular, radical-based amination process
afforded six-membered cyclic sulfamides via 1,6-C—H activation (Table 1.2). Catalyst screening
revealed that both the chiral amide arms and the achiral aryl substituents of the D2-symmetric
porphyrin ligand had remarkable effects on reactivity and enantioselectivity. The optimal catalyst
[Co(P1.1)] containing bulky substituents on the cyclopropane units, led to high yields and ee of
various sulfamoyl azides. Intramolecular allylic and propargylic C-H activation furnished the
desired sulfamides without chemoselectivity issues potentially arising from radical additions to
the C=C and C=C bonds. In addition, this Co-based catalytic platform proved highly efficient
and selective in aminating nonactivated and electron-deficient C—H bonds adjacent to carbonyl

functionalities, which are typically less reactive towards NT with other metal catalysts.
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O O O\\//O ,é\ %,
Y Co(P1.1) 2mol %) \~S~N-B"
R/\/\l}l’ SN,

4 AMS R
Bn MTBE, rt
0,0 0.0 0, 0
\ \ \
(Sey B S8 -Bn 8. _Bn
Br HN Me HN"""N
/'\) /]\/k/l _N o
MeO .
90% yield 72% vyield O 92% yield Co(P1.1) 1

93% ee 94% ee 91% ee Me R R = Ph R Me

Ar = 2,6-di-OMe-CgHs

Table 1.2 — Enantioselective intramolecular C—H amination with [Co(Por*)].

In a subsequent publication, Zhang reported asymmetric 1,5-C—H amination reactions
that afford five-membered cyclic sulfonamides from aryl- and alkylsulfonyl azides (Scheme
1.6).1%¢ The reaction with arylsulfonyl azides in chloroform was catalyzed by [Co(P1.2)], whose
chiral amide arms were rigidified by intramolecular hydrogen bonding upon replacing the usual
cyclopropane rings with tetrahydrofuran units. Benzofused sulfonamides bearing diverse
electron-donating and electron-withdrawing substituents could be obtained in up to 99% vyield
and 93% ee. For alkylsulfonyl azides, [Co(P1.3)] proved to be an excellent catalyst that
efficiently gave the corresponding 5-membered cyclic sulfonamide in high ee (92% vyield, 94%
ee). The 1,5-amination products were still obtained as major regioisomers in the presence of

competitive 1,6- and 1,7-pathways, albeit in diminished yields and ee.
\\// (0] o

@; P12 4 mos) O ANy s &
0, ¢ N ! S ¥ (o]
CHCls, 50°C Y N W

Co(P1.3) (2 mol %)
—_——

CoP13) £
R=4-Me-CeHy M
Ar = 2,6-di-OMe-CgHs

% CHCls, 40°C
92% vyield, 94% ee Co(P1.2) Ar=2,4-di-OMe-CgH3

Scheme 1.6 — Enantioselective intramolecular C—H amination of sulfonamides.
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Prior to his forays into enantioselective C—H amination, Zhang had introduced another
class of cobalt-porphyrin complexes that featured an alkyl chain bridging two opposite
cyclopropanecarboxamide arms on each face of porphyrin.3? This catalyst design resulted in a
cavity whose steric environment could be modulated by varying the bridge length and the aryl
substituents of porphyrin to dictate both the sense and level of enantioselectivity of C—H
amination. As a result, the enantiodivergent formation of several five-membered cyclic
sulfamides could be achieved without the need for opposite enantiomers of the chiral catalyst. 4"
Instead, subjecting sulfamoyl azides to 1,5-amination with [Co(P1.4)] and [Co(P1.5)] yielded

(R)-products (up to 98% ee) and (S)-products (up to 92% ee), respectively (Scheme 1.7).

QP ; Y
R2 3 Co(P1.4) (2 mol %) S« _R!
< [}j N » HN~ N~
HH R 4 AMS RZ)"—_/ (R)-products
MTBE, rt H Up to 98% ee
0.0
Co(P1.5) (2 mol %) Y,
» HNN-R(S)-products
4AMS Up to 92% ee
2.\—/
MTBE, rt R

Co(P1.4) n=3 Ar=3,5di-Bu-CgHs
Co(P1.5) n=2 Ar=2,4-di-OMe-CgHj

Scheme 1.7 — Enantiodivergent, intramolecular C—-H amination with [Co(Por*)].

A major challenge in NT is the stereoselective amination of tertiary C-H bonds, as
ablation of the original stereochemical information at such C—H bonds remains elusive. This is
largely due to the tendency of NT to proceed through either a concerted mechanism, which
retains the stereochemistry, or a stepwise process where the enantiodetermining HAA is followed
by barrierless radical recombination to result in either complete or partial stereoretention.®® The

asymmetric installation of a quaternary nitrogen-containing center via catalyst control requires a
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pathway for racemization of the starting material to furnish a long-lived, planar carbon radical
(Scheme 1.8a). Recently, Zhang explored this new mode of stereoinduction with existing
[Co(Por)] designs and discovered a surprising temperature-enantioselectivity relationship
dictating the racemization and enantioconvergence of the Co(lll)-alkyl radical intermediate.®*
Experiments revealed an optimal temperature of 50 °C, an intermediate point that balanced the
requirement for facile interconversion between the two prochiral faces of the radical intermediate
and the need for high enantiodifferentiation in the subsequent RS. Starting from racemic

mixtures of chiral alkyl sulfamoyl azides, the optimal conditions using catalyst [Co(P1.1)]

strongly favored the formation of one enantiomer of cyclic sulfamide products in up to 86% ee.

a

R R R ) - 0
N H-atom abstraction N Facile N Radical substitution o\\ISI—NH
RS“/'[s/\' 50 ——m> T RL ‘350 ES RSH‘s\:—O - Rg—\ sRL
o\ N / ~ 4 ‘"
R H N O Rs' HN"O RO HN O Rs
[Co(Por)*] [Co(Por)*] [Co(Por)*]
b
o R Me R, Me
R? 0,2 Co(P1.1) (2 mol 9 ! 1
R1!\/\ \// o(P1.1) (2 mol %) HNZSSNT n
H l}l’ N RZ'J\)
Bn 4AMS R
CeHe, 50°C
0.0 o 0 o, 0
\// \// \//
.S.. .B .S\, .B .S\, .B
HNZSSN " HNZSN! HNZSSNE! o
Ph--}Q) Ph--)Q) A o £
MeO,C H(O)C
-, Co(P1.1) o
93% yield 89% yield 93% yield Me R R = Ph R Me
86% ee 76% ee 48% ee

Ar = 2,6-di-OMe-CgHj

Scheme 1.8 — Enantioconvergent, intramolecular C—H amination of sulfonyl azides. (a)
Proposed mechanistic design. (b) Select scope with [Co(Por*)].

1.5.3. Ruthenium, iridium and osmium-catalyzed intramolecular asymmetric NT

Ruthenium, iridium, and osmium complexes are highly valued for their resistance
towards oxidative degradation, as well as their ability to support diverse ligands that promote

nitrene transfer reactions. In addition, ruthenium and osmium are much less expensive when
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compared to noble metals such as Rh and Ir. These attractive features have stimulated extensive
efforts to explore the use of Ru, Ir and Os as potential chiral catalysts for nitrene transfer.

The Che group has extensively studied Ru catalysts supported by chiral porphyrin-
based ligands to carry out asymmetric C—H bond amination (Table 1.3). Specifically, a series of
sulfamate esters underwent intramolecular nitrene transfer using Phl(OAc)2 in the presence of

Ru(L1.1) to furnish the cyclic sulfamidates in ee in up to 82%.2

) /O
H [ Xe) 10 mol % Ru(L1. 1) /

\//
Ar - O/S\NH 1.4 equiv Phl(OAc), M
2

. 2.5 equiv Al,O3
1 equiv C6H6 80 °C

yield ee
43% 82%
40% 80%
53%, 81% ee Br 46% 78% 63%, 79% ee L=CO;L"'=EtOH

@]

;U ;
O

m I X

Table 1.3 — Porphyrin-supported ruthenium catalysts for enantioselective C—H amination.

In 2019, the Yu group reported Ru-catalyzed enantioselective cyclizations of 1,4,2-
dioxazol-5-ones to deliver y-lactams in up to 97% vyield and 98% ee (Table 1.4). Chiral
diphenylethylene diamine (dpen) ligands with electron-withdrawing arylsulfonyl groups gave
highly chemo- and enantioselective nitrene transfer into a variety of C—H bonds, while

suppressing undesirable Curtius-type rearrangement.>

o Ru(L1.2) (10 mol %), AgSbFe (10mol %) R_ H
RN »=0 > tN):O

N-g DCE, 40 °C,5h

SIS = =

(R,R)-dpen Ru(L1.2)

92%, 94% ee 80%, 77% ee 90%, 41% ee 77%, 20% ee

Table 1.4 — Selected scope for enantioselective C-H amination by a ruthenium-dpen catalyst.
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Dinuclear metal complexes supported by bridging carboxylate or carboxamidate ligands,
have been explored in a variety of transformations. For asymmetric NT, rhodium-based
paddlewheel complexes are the most well-studied, due to their stability and high reactivity. In
2011, Du Bois and coworkers showed that achiral tetracarboxylate- and tetraamidate-supported
diruthenium(l1,111) catalysts are also suitable nitrene transfer catalysts, due to their high oxidation
potentials.®® However, Du Bois did not investigate the use of chiral ligands to promote
asymmetric NT. The Matsunaga group later built on these initial findings and reported a unique
diruthenium paddle-wheel complex that successfully promoted asymmetric NT of sulfamates at

benzylic C-H bonds in yields ranging from 72-84% and in high ee of 91-95% (Table 1.5).%

Ru(L1.3) (2.5 mol %) 0,0

\// \//

80 PhI(0,CCF3),, MgO hd
NS PMIOCCFa) MaO . y-Syg _ -

R/\) MS 3A, PhCF; R)*\)

tBu O-
0°C, 20-24 h o. ||
N 0

Cl o |*

P

/S\
O HN”"NO 0. 0
\\S//
HN”T~0
NS

82%, 95% ee 77%, 93% ee 72%, 92% ee

Cl Cl
Cl

Ru(L1.3): [Ruy((S-TCPTTL),)]BArF

Table 1.5 — Select scope for enantioselective C-H amination with a diruthenium paddle-wheel.

Caz-symmetric bis(oxazoline) (BOX) ligands are one of the most widely utilized chiral
ligand classes in the field of metal-catalyzed asymmetric synthesis for their ease of synthesis,
modularity, and demonstrated ability to induce high levels of enantioselectivity in diverse
transformations. In 2008, Blakey reported that a Ru catalyst supported by a pyBOX ligand could
transform a variety of sulfamate nitrene precursors to benzylic amines in yields ranging from 42-
71% and in good ee of 75-92% (Table 1.6).1¢ They proposed that the selectivity of this reaction

arose from unfavorable steric interactions between the phenyl group and the pyBOX ligand.
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O\\SIP Ru(L1.4) (5 mo 1%), AGOT (5 mol %), QL
H,N"T~0 > HN’ N
/\) PhI(CO,tBu), (1.1 eq), MgO (2.3 eq),
CeHg, 22 °C, 24
| N
Z
c') ° Br, N © .
S—O ’ 4| \ 7]
\\O N—Ru—N—/
l Br “
68%, 90% ee 60%, 88% ee Ru(L1.4)
? e
]
S=0 .S=0
i\ AN N7
Ko H O
BocN
58%, 92% ee 60%, 89% ee

Table 1.6 — Selected scope for enantioselective C-H amination by Ru(L1.4).

In 2018, the Meggers group expanded upon Blakey’s work with a new catalyst that gave
both higher yields and ee using sulfonylazides (99% yield, 90% ee)!® and sulfamoyl azides (55-
94% yields, 90-96% ee) as nitrene precursors (Table 1.7).%” In addition to alternating the identity
of the ‘arms’ of the PyBOX ligand, Meggers utilized an additional NHC-type ligand to control
the electronics of the Ru metal center. Increasing the sterics of the catalyst arms off of the BOX

ligand from H to isopropyl to phenyl groups increased yields and ee.

Bn Q\ )
[ o, %
R/\/N\S/N3 Ru(L1.5) (5 mol %) > HN/S‘N_Bn

I DCE (0.4 M), 55 °C, 48h R«I\/

R group yield ee
Me
+ -
/©/ 99% 95% ee I|I 1 PR
% No—_.Ph
7 S
S\ =N, [\N"Ph Cl

< 93% 96% ee o

% N
Ph’l\g A ﬂ /
Ph N
. =z 98% 68% ee
E/O 76% 77% ee

Table 1.7 — Selected scope for enantioselective C-H amination with Ru(L1.5).
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Typical design strategies for chiral catalysts employ a chiral supporting ligand for the
metal to achieve enantioselective transformations. Recently, a new class of “chiral-at-metal”
catalysts have been introduced by Meggers and his colleagues. These catalysts contain either Ru
and Os as the central metal and utilize achiral N-heterocyclic carbene (NHC) and pyridine-
derived ligands to furnish either an absolute A or A stereogenic center (Figure 1.4).*f This
unusual approach towards the preparation of asymmetric catalysts opens up new strategies for
carrying out enantioselective C—H aminations through nitrene transfer.

Meggers demonstrated that this ‘chiral-at-metal’ strategy can induce enantioselective
benzylic C-H aminations to furnish pyrrolidines (76-99% ee),*® 2-imidazolidinones (up to 95%

ee),® and 4-imidazolidinones (up to 99% ee). The first of their catalysts to show promise were
Ru(L1.6) and Ru(L1.7), where the R group at the 3-position of the pyridine was varied to
optimize the sterics of the catalyst for optimal ee and good yields in NT. A similar osmium
catalyst (Os(L1.1)) showed improved reactivity over a ruthenium variant with sulfonyl azides
and azidoformates as nitrene precursors.¢

R |PFe. G

N
N IN/
7
(\J, | Nz
MesN "'-Ru»'“
MesN\( I SN =
=
~"Me
Q\,N N
L,
R =4-CF;-CgH; Ru(L1.6)
R=TMS Ru(L1.7)

Figure 1.4 — Chiral-at-metal ruthenium and osmium metal complexes.

After developing ruthenium-salen catalysts for intermolecular C—H amination, Katsuki
and coworkers went on to employ similar ligands with iridium to explore how the metal identity

impacts the reactivity of the metallonitrene. A new Ir'"'-salen complex Ir(L1.1) was developed
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for the efficient synthesis of benzosultams via a regio- and enantioselective benzylic C—H bond

amination (Table 1.8).“° Selective activation of 2-ethylbenzenesulfonyl azides at the benzylic

position gave 5-membered sultams in high ee. However, when the length of the pendant alkyl

chain was extended to be longer than an ethyl group, 6-membered sultams could be formed

preferentially.

(@]
\\/, Ry ‘é’/o
\Cg/\ (x mol% NH
Rs toluene, 25 °C, 24 hr . éz
R3
Substrate X yield a/f ee
N/
MeO\@ES;\l3 5 1% only a 93%
N/
Br\@fl\h 5 63% only o 85%
nPr. “Sfl a 10%
~ o, . o
Ng 3 93% 1:>20 B 99%
\\S/P
~ o . a 5%
@(/N\s 3 40% 1:2 8 9%
Ph

aagtara
C SO0

L= 4-Me-CsH4
Ar = 4-TBDPS-CgH,

Table 1.8 — Substrate scope for enantioselective allyl amination by Ir(S1).

Similar to how azide substrates are typically used in conjunction with porphyrin metal

complexes, metal half sandwich catalysts are most well-studied with 3-substituted-1,2,4-

dioxazol-5-ones. The Chang group pioneered and developed amination methods utilizing this

unique nitrene precursor, introducing 3-substituted-1,2,4-dioxazol-5-ones as an alternative to

amides for generating acyl nitrenes.®® The latter precursor is not used in NT chemistry, due to its

proclivity to undergo Curtius rearrangement rather than a productive NT event. Chang and his

group met this challenge by utilizing dioxazolones alongside a highly electron-donating
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bidentate ligand to generate the iridium complex. However, the initial report only featured
racemic C—N bond formation.

The Chang group quickly followed this report with two examples of ligand scaffolds for
the asymmetric variant of this reaction. In the first, they designed a catalyst featuring a chiral
diamine scaffold (Ir(L1.2) that can engage in H-bonding with the ketone oxygen of the
substrate,** which is the proposed origin for the enantioselectivity. Interestingly, the follow-up to
this work also features a catalyst that can engage in attractive non-covalent interactions
(Ir(L1.3).% They propose that this ligand scaffold creates an enzyme-like chiral hydrophobic
pocket. This allows the substrate to engage in multiple types of NCls, including n-n stacking and
C—H/x interactions that control the enantioselectivity of the reaction. As a pair, these two NT
reactions accommodated diverse substrates, including a variety of benzylic, allylic, propargylic,
alkyl and methylene C—H bonds with moderate to high yield and excellent ee (Table 1.9).

[A]: 5 mol % Ir(S3), 5 mol % NaBAr",
TCE, 35°C, 24 h 0

o~ [B]: 2.5 mol % 1r(S4) < ﬁ_
0 HFIP/H,0 (1:2), 20 °C, 1-12 h '

[CI: 2.5 mo 1% Ir(S4) c”\N
HFIP, 20 °C, 1-12 h AN
Product yield ee : Product yield ee ﬁ

O
]

HN

[Al: 96%  99% ! HN [Al: 67%  72% (83)
[Bl:96%  98% ! _ [Bl: 41%  96%
1 74
. Ph
? E o ﬁ
' Ar
HN [A: 80%  94% ! HN [Al: 79%  94% ] 0
[Bl:95%  99% ! [Cl:45%  94% o TN Ar
: Na NPhth
l
: 0
[A]: 90% 94% E HN [A]: 86% 92% Ar = 4-OMe-CgH,
[B:95% 8% i [Cl: 44%  76% (S4)

Table 1.9 — Substrate scope for enantioselective amination by iridium half-sandwich catalysts.
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1.5.4. Silver-catalyzed intramolecular asymmetric NT

In terms of the noble metals, silver is by far the least expensive; thus, it is somewhat
surprising that its utility in asymmetric nitrene transfer has only recently begun to be explored.
Following earlier work showing that bis(oxazoline) (BOX) ligands could support asymmetric
silver-catalyzed aziridination,*® the Schomaker group designed a new Min-BOX ligand scaffold
(Scheme 1.9) that shows good-to-excellent ee in intramolecular aminations of a variety of
propargylic and benzylic C—H bonds.** Interestingly, installation of a chiral quaternary center on
the ligand was key to improved enantioselectivity. DFT and variable temperatureNMR studies
revealed that the presence of the methyl group at the chiral center resulted in a greater barrier to

rotation of the adjacent phenyl group, rigidifying the transition state and resulting in higher ee.

)j\ AgCIO, (5 mol%) )J\

HNT YO (S,S)-Min-BOX (2.5 mol%) HN™ "0

— PhIO, 4 A MS /\)
/\) CH,Cl,, -10 °C, 48 h Z

R

19 examples
R = silyl group, Ar, alkyl up to 99% ee

Scheme 1.9 — Asymmetric silver-catalyzed C—H bond aminations.

1.6. Conclusion

Despite the significant progress, many aspects of NT transfer remain challenging. The
intramolecular activation of electron-deficient C—H bonds is rare and requires more reactive
nitrene species that can display lowered selectivity. Intramolecular asymmetric NT into
unactivated and diverse types of allylic C—H bonds that yield non-amide products with broad
scope are also lacking. In terms of intermolecular C—H bond amination, the site- and
stereoselective activation of tertiary C—H bonds has yet to be achieved. In addition, many

intermolecular strategies that do not use pre-oxidized nitrogen sources require a large excess of
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substrate, though significant advances have been made towards this end. While remarkable

enantioselectivities have been achieved for intramolecular NT involving select nitrene precursors,

these products are limited to lactams, pyrrolidines, and a few scattered examples of amino

alcohols. Stereoselective intermolecular NT reactions are even more scarce and are mainly

reliant on substrate control. Ultimately, a suite of NT catalysts capable of predictable and tunable

chemo-, site- and enantioselective transformations of C—H and C=C bond, either in an intra- or

intermolecular manner, would revolutionize the way in which chemists approach the synthesis of

valuable amines and late-stage functionalization of natural products and pharmaceuticals to

prepare useful analogues.
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transfer
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2.1.  Introduction

Enantioselective transformations of targeted C—H bonds into new C-N bonds is a
powerful method for the synthesis of valuable amine building blocks that occur frequently in
nitrogen-containing natural products and pharmaceuticals.>? Transition metal-catalyzed nitrene
transfer (NT) is a popular strategy to streamline access to these important compounds by
facilitating direct C—-H to C-N bond amination. However, achieving predictable control over the
chemo-, site- and enantioselectivity of an NT event can be challenging. This is particularly true
for the preparation of diverse aminoalcohol building blocks that employ inexpensive transition

metals supported by modular ligands.®

(0] OH
o
©i \/\N SO,NH, Y©/ TO(\)LH A !

OFEt Xemilofiban precursor

Flomax/Tamsulosin (prostate) (antiplatelet agent)

NMe, ‘ Dapoxetine m CB1 inverse agonists

N ~y ”Y\” J\ |
Q\H/ NH OH o
[ : |Pr
H-N Lopinavir
Capivasertib ™12 (HIV-protease inhibitor)

Figure 2.1 — Amino alcohol-containing bioactive molecules.

Enantioselective aminations of benzylic, allylic and unactivated C-H bonds with a
variety of nitrene precursors have been reported to form nitrogen-containing heterocycles and
acyclic derivatives that include y-lactams,*® sulfamides,®® sulfamates,’*'? diamines,5 and
amino alcohols.**121415 v Aminoarylpropanols and B-aminoarylethanols, which are accessible
via ring-opening of cyclic sulfamates or carbamates following the NT event, are particularly

attractive targets, as they are found in diverse bioactive molecules, including dapoxetine,*® the
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anti-cancer candidate capivasertib,’’ and CB1 inverse agonists for the potential treatment of
obesity (Figure 2.1), among others.!® In addition, the alcohol handle can be easily elaborated to
furnish other useful enantioenriched amine scaffolds. Despite the utility of enantioenriched 1,2-
and 1,3-aminoalcohols, asymmetric NT methods for their formation with broad scope are scarce.

Previous reports of asymmetric C—H bond amination utilize sulfamates and pre-oxidized
carbamates as nitrene precursors (Scheme 2.1) and precious metal catalysts. Du Bois found that
the electronics of the aryl group impacted the ee of asymmetric benzylic C-H aminations
catalyzed by dinuclear Rh complexes; the alkene geometry also played a role in the ee of the
allylic amination. Blakey’s Ru(pyBOX) catalyst was less sensitive to arene electronics in terms
of ee, but in contrast to Rh2(S-NAP)4, the (Z)-alkene gave lower ee than the E isomer. Davies and
Meggers employed pre-oxidized carbamate-derived nitrene precursors with asymmetric Rh and
Ru catalysts, but these were also limited in scope.'*'2% While progress continues to be made in
predicting the origins of substrate effects on ee, in general, they are still not well understood
prior to obtaining experimental results. Thus, it is challenging to rationally design catalysts with

high enantioselectivities for different substrate classes without extensive experimental screening.

Du Bois cat. Rhy(S-NAP), P  Davies
¥ Q _NH o8 N-Rh H o-4Rh
Y-NH2_ Phio, 3 AMS HN”T 0 ( | ' cat. Rh,(S-TCPTAD), 0 o. ¥ |1
R/\/\o N —_— y \ : B H
o CHoCly, 1t R)(\) TooN, OTRN | Ph/\/o\n,N\OTS KoCO; . N OtR
R) . —_— > o |ci o)
R=Ph  85%, 92% ee o Eao 4 0 CH,Cly, rt -
p-OMePh 89%, 83% ee = (E)-MeCH=CH 51%, 54% ee Rhy(S-NAP), ! B cl cl
p-CF 50%, 56% ee = (Z)-MeCH=CH 70%, 82% ee E 72%, 82% ee el B

Rhy(S-TCPTAD),

E Meggers

Blakey cat. Ru(PyBOX) ’ Br,
R o cat. AGOT \w N_Ru_N N Lo F 0
“-NH: Ph|(OPIV MgO HN/ ~o . Oo__N chiral-at-metal Ru catalyst
Vk/\o s RN Y o S Hr;l’l(o
S T Chert R 5 ; g K2COs, 1,2-Cl,CoHs P,
R=Ph  84%,84% ee u(PyBOX) : F R™B

p-OMePh 68%, 90% ee R = (E)-MeCH=CH 60%, 89% ee

H = 9 9 - = 0 0, 0, [y
p-CFs 56% 80% oo R = ( )MeCH =CH 42%, 50% ee ; R =Ph 99%, 90% ee (E)-CH=CHPh 88%, 63% ee C4Hg 53%, 80% ee

Scheme 2.1 — Prior asymmetric C—H amination via NT to furnish amino alcohols.

We recently developed a new bis(oxazoline) ligand ((S,S)-Min-BOX, Scheme 2.2, R =

Me, R! = 3,5-di-t-Bu, R? = Me) for silver-catalyzed propargylic C-H bond amination in high
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ee.’® Key features of the ligand include a fully substituted stereocenter on the oxazoline ring and
significant steric bulk in the form of 3,5-'Bu groups on the aryl ring. Initial attempts to expand
the scope to encompass asymmetric aminations of benzylic, allylic and unactivated methylene
C—H bonds were not promising, and the limited modularity of our initial ligand synthesis further
hampered efforts to identify key interactions between substrate and catalyst that could be tuned
to improve scope. In light of these challenges, and to gain a thorough understanding of the
factors responsible for high chemo-, site- and enantioselectivity within different substrate classes,
we turned to computations to inform choices of substrate and catalyst that would furnish high ee.
Herein, we report combined experimental and computational explorations of AgCIO4/(S,S)-Min-
BOX and related catalysts that provide key insights into the mechanism and stereochemical
models to enable future predictive catalyst designs for silver-catalyzed asymmetric

intramolecular NT.

Ji§ AgCIO,/ligand* )OJ\ »
RYMN07 ONH,  PhlO,4AMS HN” Yo 32
ho oo /\MJ N 0H
- R
R = Ar, vinyl, alkyl CHaCl, -10°C o d "
R? R?
o) ® silver as an inexpensive metal
,\l N‘ e modular, tunable ligand platform
ES —R R"' N ® |ess sensitivity to substrate electronics
\/ ! ,\ ® computational insights for new ligand designs
tunable ligand 1
R scaffold R?" e expanded substrate scope

Scheme 2.2 - Silver-catalyzed asymmetric C—H amination with BOX ligands.

2.2. Results and discussion

2.2.1. Benchmarking (S,S)-Min-BOX for asymmetric amination of non-propargylic C—H bonds

Studies to explore site- and enantioselective NT with (S,S)-Min-BOX were initiated using
three simple carbamates 2.la-c, bearing a benzylic, allylic and unactivated C-H bond,

respectively (Table 2.1).1° Treatment of 2.1a with 2 equivalents of PhlO, 5 mol % AgClO4 and
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2.5 mol % (S,S)-Min-BOX at -10 °C for 48 h resulted in a moderate 60% vyield of 2.2a in a

promising 95:5 er (entry 1). The site-selectivity was excellent, and no 5-membered ring product

was observed. The role of the excess AgCIlOs is to serve as a Lewis acid to break down the

polymeric PhIO and increase the overall rate and conversion of the reaction. Control experiments

show minimal background reaction promoted by unligated AgCIOa4. Reducing the temperature in

the reaction to -20 °C (entry 2) required increased catalyst loading and time; however, the er was

similar, suggesting no benefit to temperatures lower than -10 °C. Carrying out the reaction at

room temperature reduced the er to 91:9 (entry 3), but gave complete conversion to 2.2a in 99%

yield. In cases where the product er can be easily increased through a simple recrystallization,

this minimal reduction in er may be readily compensated for by the higher conversions and

yields observed at rt. Ultimately, increasing the catalyst loading to 10 mol % AgCIO4 and 5 mol %

(S,S)-Min-BOX and running the reaction at -10 °C gave a good balance between conversion and

er (entry 4); these conditions were adopted for studies of the substrate scope.

W0 0 0 X0
x mol % AgCIO, | |
RJ\/\OJ\NHZ y mol % (S,S)-MinBOX HNJ\O —N - N+, 'Bu
21a R=Ph 2.0 equiv PhlO, 4 A MS -
R
2.1b R = CH=CH, CHCl,
_ 2.2a-c Bu [
24c R=Et (S,S)-MinBOX
entry substrate mol% Ag mol% MinBOX T (°C) t(h) yield 2.2 (er)
1 2.1a 5 25 -10 48 60% 2.2a (95:5)
2 2.1a 20 10 20 72 75%2 2.2a (96:4)
3 2.1a 20 10 rt 12 99%7 2.2a (91:9)
4 2.1a 10 5 -10 48 90%? 2.2a (95:5)
5 2.1b 10 5 -10 48 79%% 2.2b (77:23)°
6 2.1c 10 5 -10 24 26%7 2.2¢ (69:31)°

Yields determined by 'H NMR with mesitylene and trimethylphenylsilane internal standards.
alsolated yields. Per was determined after benzylation. °5% of the 5-membered ring.

Table 2.1 — Initial exploration of asymmetric amination of benzylic, allylic, and unactivated

C(sp*)—H bonds.
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Substrate 2.1b, bearing a sterically unhindered allylic C—H bond, showed a significant
decrease in er to 77:23 when using (S,S)-Min-BOX (entry 5). Both chemo- and site-selectivity
were excellent, with no competing formation of the aziridine or the 5-membered ring. Substrate
2.1c, which displays an unactivated C(sp®)—H bond (entry 6), showed both poor conversion and
low er using (S,S)-MinBOX as the ligand. In addition, small amounts of the 5-membered ring
were formed. These more challenging substrates (2.1b and 2.1c) merited further investigations

into how ligand modifications could impact enantioselectivity (vida infra).

2.2.2. Scope of asymmetric benzylic C—H bond amination

With optimized conditions in hand, the scope of the enantioselective C—H amination was
explored (Table 2.2). In general, the high ee of the reaction was maintained across a variety of
carbamates containing benzylic C-H bonds. Changing the electronics of the arene though the
addition of electron-withdrawing or electron-donating groups in the para-position (2.2a, 2.3a-
2.7a) did not significantly impact er. Precursor 2.4, bearing a p-OMe group gave 2.4a in 95:5 er,
while 2.7, bearing a p-CFs group, gave 2.7a in a similar er of 94:6. Interestingly, this is in
contrast to results observed with both the Du Bois Rh2(S-NAP)4 and the Blakey Ru(pyBOX)
catalysts,*? although steric effects cannot be completely ruled out in these examples. As
expected, more electron-poor C-H bonds typically underwent amination at slower rates under
the standard conditions, resulting in only ~50% conversion for substrates 2.4a-2.6a. However,
increasing the amount of the silver salt to 20 mol % improved the conversion of the nitrene
transfer with little impact on the er. Substitution at the a-position of the carbamate tether in 2.8
enhanced the reactivity to furnish 2.8a in excellent yield and er, even at reduced catalyst

loadings. Interestingly, addition of a Me group at the meta position of 2.9 resulted in a
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maintained er of 2.9a at 95:5, while moving the Me group to the ortho position in 2.10 resulted
in an er of 90:10 for 2.10a. Electron-rich heterocycles were also tested in the asymmetric nitrene
transfer; furan 2.11a was obtained in good er, with the lower yield attributed to competing
oxidative degradation of the sterically accessible furan ring. Finally, the indole derivative 2.12

was poorly reactive at -10 °C but gave moderate yield and er of 2.12a at room temperature.

i o X0
10 mol % AgClO,4 I |
H j’\ 5 mol % (S,S)-Min-BOX HNJ\O By N N‘f By
R)\Mﬁ\o NH, > /\(*’H : ©/
PhIO, 4 A M R
© y (S,5)-Min-BOX
Bu Bu

n

21a,2.3-2.18 CH,Cl,, -10 °C, 48 h 2.2a,2.3a - 2.18a '
aryl substitution R o) ji j)\
H 2.2a, 90%, 96:4 er
JO]\ Me  2.3a 73%, 964 er HNJ\O HN" 0 HN™ 0
HN” YO OMe  2.4a, 57%, 95:5 er (82%, 94:6 er) : - '
3 Br 2.5a, 53%, 94:6 er (74%, 93:7 er)
CO;Me  2.6a, 51%, 95:5 er (84%, 93:7 er) Me
CF3  2.7a,70%, 94:6 er
R 2.8a, 97%, 94:6 er Me 2.9a, 89% 2.10a, 60%
86%,% 94:6 er 95:5 er 90:10 er
(0]
heterocycles o] )]\ diastereoselectivity o tertiary C-H o
J HN” O Py
HN” O P M J
i HN™ "0 HN” SO0 Me"”;‘>\)0
S : - 3
/
2.11a, 53% BoC  2.12a, 73%" 2.13a, 80% 2.14a,91% 2.15a, 49%
92:8 er 86:14 er 5.7:1dr >20:1 dr 74:26 er
P-aminoalcohol desymmetrization
: % i
2.17a, 87% (8:1 dr) 2.18a, 74% (8:1 dr)
o/ C )
an4 2162,83% HN™ ™0 96:4 er HN” S0 97:3 er
P 67:33 er A i
Ph Ph Ph PR N"N"ph

Yields and er values in parenthesis were run with 20 mol % AgCIO,. 25 mol % AgCIO,, 2.5 mol % (S,S)-Min-BOX. ? 20 mol % AgClO,4, 10 mol %
(S,S)-Min-BOX, room temp. ° 18-20 h at room temperature.

Table 2.2 — Scope for asymmetric silver-catalyzed amination of benzylic C—H bonds.

Substrates containing a stereogenic carbon were also investigated to probe how the nature
of the catalyst impacts the diastereoselectivity of the silver-catalyzed amination. Carbamates 2.13
and 2.14 were prepared in enantioenriched form from the corresponding secondary alcohols and
individually subjected to the reaction conditions. Utilizing (S,S)-Min-BOX with the (R)

enantiomer 2.14 increased the dr for the syn diastereomer 2.14a to >20:1, compared to the 3.4:1
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syn:anti ratio observed when the same reaction was run with an achiral bis(oxazoline) ligand (see
S| for details). Subjecting the (S) enantiomer 2.13 to standard reaction conditions resulted in the
catalyst selecting for the typically disfavored anti-diastereomer 2.13a in a 5.7:1 dr. This is
particularly noteworthy, as enantioenriched trans-1,3-aminoalcohols are not accessible using
other reported catalyst systems, which overwhelmingly favor the syn diastereomer.

To further challenge our asymmetric amination chemistry, a carbamate 2.15 bearing a
tertiary benzylic C—H bond was investigated. With a typical racemic catalyst, NT likely occurs
via a concerted C—H amination or by H-atom abstraction, followed by rapid radical rebound.
However, we were curious whether a mismatch between (S,S)-Min-BOX and the stereochemistry
at a racemic tertiary C—H bond could lead to a longer-lived radical intermediate, where the initial
stereochemistry could be ablated and reset by the catalyst. Running the amination of 2.15 under
the standard reaction conditions resulted in 49% yield of the product 2.15a and 49% recovery of
the starting material 2.15. However, the er of both compounds were 74:26. This suggests a
scenario involving moderate Kkinetic resolution by (S,S)-Min-BOX, influenced by the small
difference between the two activation barriers for C-H amination of (R)-2.15 vs. (S)-2.15.
However, (S,S)-Min-BOXAgCIO4 did prove capable of desymmetrizing benzylic C—H bonds in
good er. Subjecting the achiral carbamates 2.17 and 2.18 to the standard reaction conditions
resulted in an effective desymmetrization of both compounds to provide the corresponding
benzylic amines 2.17a and 2.18a in excellent yield, dr and er.

We were also curious if the (S,S)-Min-BOX ligand would be capable of furnishing good
ee in the silver-catalyzed amination of homobenzylic carbamates that bear one less carbon in the
tether to deliver enantioenriched 1,2-aminoalcohols. Reaction of 2.16 at room temperature gave a

good yield of 2.16a, albeit in a low 67:33 er. Additionally, the er was not improved by lowering
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the temperature. Nonetheless, this result, when combined with results showing the impact of the
sterics of arene substitution on the er (Table 2.2, 2.9a-2.10a), provided valuable information to
inspire our computational investigations on factors affecting catalyst—substrate interactions and

the effectiveness of enantioinduction in the selectivity-determining transition states (vide infra).
The utility of the asymmetric nitrene transfer was demonstrated in a short synthesis of the
drug Dapoxetine (Scheme 2.3). Scale-up of the silver reaction to gram-scale and reaction with
the (R,R)-MinBOX ligand enabled efficient preparation of the desired (S)-enantiomer of 2.2a.
After recrystallization of (S)-2.2a to improve the ee to 99%, the carbamate ring was hydrolyzed
with NaOH. The free amino alcohol product was carried forward without purification and
subjected to Eschweiler-Clarke reaction conditions. Finally, Dapoxetine was synthesized in 48%
overall yield and 90% ee via a SnAr reaction of the methylated amino alcohol with 1-

fluoronaphthalene.
(0]
S el T
o ptn g:lzg,l:r_ﬁ:(l)\/losé PTS)-Z.Za 2) NaH, DMF, 1-fluoronapthalene  Ph o

>99% ee after
recrystallization

Dapoxetine

48%, 90% ee
over 3 steps

Scheme 2.3 — Short synthesis of Dapoxetine.

2.2.3. Computational explorations of asymmetric silver-catalyzed C—H amination

Density functional theory (DFT) calculations®® were performed to investigate the origin
of enantioselectivity in the Ag-catalyzed benzylic C—H amination and to better understand why
the Min-BOX ligand leads to high ee with benzylic and heterobenzylic precursors but is less
effective with substrates containing sterically unhindered allylic (Table 2.1, 2.1b) or unactivated
methylene C—H bonds (2.1c). DFT and local coupled cluster theory [PNO-LCCSD(T)-F12]*

calculations indicated that the singlet Ag nitrene C—H insertion pathway is more favorable than
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the competing triplet pathway.?? This singlet pathway involves concerted C—H bond cleavage and
C—N bond formation without the formation of an alkyl radical intermediate; therefore, the
enantioselectivity is determined in this concerted C—H insertion transition state (TS). The most
stable C—H insertion TS isomers with the benzylic substrate 2.1a (Figure 2.2) involve a four-
coordinate square-planar Ag nitrene complex, where the carbamate carbonyl coordinates to the
Lewis acidic Ag center. Several alternative TS isomers were also considered, including a trigonal
planar Ag nitrene lacking the carbamate carbonyl-Ag coordination, a TS with a partially
dissociated monodentate Min-BOX ligand having only one oxazoline nitrogen bound to the Ag,
and finally, a TS having an N,O-bidentate binding mode for (S,S)-Min-BOX (Figures S2 and S3).
All of these alternative TS isomers are higher in energy than those involving the four-coordinate
square-planar Ag nitrene complex where the carbamate carbonyl group is coordinated to Ag.
This C—H insertion mechanism involving a singlet square-planar Ag nitrene is consistent with
our recent computational study of nitrene transfer using an achiral 2,2"-isopropylidenebis(4,4 -
dimethyl-2-oxazoline)-supported (dmBOX) Ag catalyst.

Next, we analyzed the origins of enantioselectivity in the benzylic amination of 2.1a.
Two ring-flipped conformers of the seven-membered cyclic C—H insertion TS were located for
the activation of each prochiral benzylic C—H bond (Figure 2). The computed enantioselectivity
is consistent with the experimental results, where the most favorable C-H insertion transition
state TS2.1 (AG* = 6.6 kcal/mol with respect to the Ag nitrene intermediate) leads to the
observed major enantiomeric product, (R)-2.2a. The two transition state conformers (TS2.2 and
TS2.4) that lead to the S enantiomer of the product (S)-2.2a are both 3.9 kcal/mol higher in
energy than TS2.1. The enantioselectivity is attributed to steric repulsions between the Ph

substituent on the benzylic substrate and the C2-symmetric (S,S)-Min-BOX ligand that lead to
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greater distortion of the disfavored transition states. In all four C—H insertion transition states
(TS2.1-TS2.4), the nitrene moiety in the four-coordinate Ag complex is slightly distorted from
the preferred square planar geometry due to steric repulsions with the Ar group on the (S,S)-Min-
BOX ligand located in quadrant 1V. This sterically induced distortion is more profound in TS2.2
and TS2.4, where the Ph group of the substrate would be placed in a quadrant (IV) occupied by
the bulky Ar group if the nitrene was not distorted. In the optimized structures of TS2.2 and
TS2.4, the Ph group is placed in the less occupied quadrant I, resulting in a more distorted
square-planar geometry. Such distortion weakens the Ag—carbamate carbonyl coordination and

@®——— TS conformersleading to the favored product (R)-2.2a ——g

C—H--1 interaction
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Figure 2.2 — C—H insertion TS structures of the asymmetric NT of benzylic substrate 2.1a.



46

leads to longer Ag---O(carbonyl) distances in TS2.2 and TS2.4 (2.22 and 2.20 A, respectively)
than those in TS2.1 and TS2.3 (both are 2.18 A). In TS2.1 and TS2.3, the Ph group is placed in
the unoccupied quadrant I, and thus such ligand—substrate steric repulsions are diminished. In
addition, TS2.1 is stabilized by a C—H/= interaction between the Ph group on the substrate and
the t-Bu group on the ligand. The ring-flipped TS conformer TS2.3 is 2.2 kcal/mol less stable
than TS2.1 because the Ph group is in a pseudoaxial position, rather than the pseudoequatorial
position as in TS2.1.

Next, we investigated substrate effects on enantioselectivity by comparing the C-H
insertion TS with the sterically unhindered allylic substrate (2.1b) and a benzylic substrate with a
shorter tether (2.16) (Figure 2.3). The computed enantioselectivities for 2.1b and 2.16 are both
lower than that of 2.1a (AAG* = 0.7 and 2.5 kcal/mol for 2.1b and 2.16, respectively, compared
to AAG* of 3.9 kcal/mol for 2.1a), which is consistent with the lower er observed experimentally.
In the allylic C—H insertion transition state (TS2.6) leading to the minor product (S)-2.2b, the
smaller alkenyl group in 2.1b compared to the Ph group in 2.1a diminishes the steric repulsion
with the (S,5)-Min-BOX ligand. This means that the alkenyl group can be placed in the occupied
quadrant IV without distorting the square planar geometry of the Ag nitrene. Moreover, in TS2.5
leading to the major product (R)-2.2b, the stabilizing non-covalent interactions between the
ligand and the smaller alkenyl group are weaker than the C—H/xn interaction observed in TS2.1
with the benzylic substrate 2.1a. Therefore, both factors lead to diminished enantioselectivity
with the allylic substrate. Similarly, in the C—H insertion with 2.16, the ligand—substrate steric
repulsion in TS2.8 leading to the minor product (S)-2.16a is also diminished, because the six-
membered cyclic TS is sterically less encumbered than the seven-membered TS with 2.1a. The

greater ligand—substrate distance allows the Ph group on the substrate to be placed in the
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occupied quadrant (IV) without distorting the Ag nitrene in order to maintain the preferred
square planar geometry. TS2.7 that leads to the major enantiomeric product contains a ligand—
substrate C—H/xt interaction similar to TS2.1; however, due to the smaller ring size, a greater

substrate distortion is required to orient the Ph group towards the Ar group in quadrant I1. This
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Figure 2.3 — Origins of diminished enantioselectivity in the C—H amination of allylic substrate
2.1b and benzylic substrate 2.16 with a shorter tether.
distortion leads to a longer Ag---O(carbonyl) distance of 2.22 A in TS2.7, compared to 2.20 A in
TS2.8. Taken together, the computed C—H insertion transition states with substrates 2.1a, 2.1b,

and 2.16 revealed two concurrent factors affecting enantioselectivity: ligand—substrate steric
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repulsions that destabilize the TS leading to the minor enantiomeric product, and C-H/n
interactions between the t-Bu group on the Min-BOX ligand and the Ph group on the benzylic
substrate in the TS leading to the major enantiomeric product. The lower er observed with less
sterically demanding substrates (e.g., 2.1b) and substrates with a shorter tether (e.g., 2.16) is
because one or both of these interactions are diminished.

We surmised that the enantioselectivities of challenging substrates, such as 2.1b, might be
enhanced by tuning the substituents on the Min-BOX ligand or substrate steric properties to
enhance the stabilizing non-covalent interactions in the favored TS, as well as the steric
repulsions and substrate distortions in the disfavored TS. To test this hypothesis, transition states
with substituted alkenes such as alkene 2.19 were computed (Figure 2.4).

©— lowest-energy TS conformers of amination of 2.19 with Min-BOX ligand —@

P %
Ph/WOJ\NHg =0T N,
2.19 .2.1b )
AAGpert = 2.2 keal/mol AAGpe+= 0.7 keal/mol
€€ = 83 €6y, = 35

C—H--m interaction

I d(C—H--m)=2.99 A Lol |
) ligand-substrate

repulsion
\

d N\
9 substrate

4
[« .y distortion - Ny

11! v [\
N/“‘\N Nﬂ

AN Ts2.9 g T52.10
NS AAG! = 0.0 B \H AAGE=22
0~§_,.N.'_H/1, 17 kcalVmol NN H AN Ay, kealmal
o"/k‘]/“‘\v PR eading to the 0 leading to the

major product(R)-2.19a minor product (S)-2.19a

Figure 2.4 — Substrate effects on enantioselectivity.

Gratifyingly, the computed transition states of styrenyl substrate 2.19 with (S,S)-Min-

BOX ligand led to increased er (92:8, Table 2.3) compared to the allylic substrate 2.1b with the
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same ligand (AAG* = 2.2 and 0.7 kcal/mol for 2.19 and 2.1b, respectively). The newly
introduced Ph group on 2.19 enables stabilizing C—H/x interactions with the tert-Bu group on the
(S,5)-Min-BOX ligand (quadrant I1) in TS2.9 leading to the major enantiomeric product. In
addition, replacing the vinyl group with the larger styrenyl moiety increases ligand—substrate
steric repulsion in the TS2.10 that gives the minor enantiomeric product, leading to the same
substrate distortion observed in other disfavored TS isomers. Therefore, the higher er with 2.19
indicates that the alkenyl substituent on the substrate also affects non-covalent ligand—substrate
interactions and substrate distortion, and ultimately, the er of the amination product. This
prompted us to experimentally explore the scope of diverse allylic substitution patterns to further

understand these effects on reactivity and er.

2.2.4. Asymmetric amination of allylic and unactivated C—H bonds

The trends in conversion and yield with substituted alkenes 2.19-2.26 using (S,S)-Min-
BOX proved puzzling (Table 2.3). Unsubstituted, cis- or 2,2’-disubstituted alkenes (2.1b, 2.20,
2.21) gave poor conversions to the desired 2.2b, 2.20a and 2.21a, with er values varying from
66:34 to 90:10. Interestingly, the presence of a trans-substituent on the alkene, whether aryl (2.19,
2.22-2.24) or alkyl/heteroalkyl (2.25, 2.26), significantly improved the yield of the reaction and
resulted in good-to-excellent er. For example, an aryl group could be accommodated at the
internal alkene carbon of 2.22 to give 2.22a in 85% yield and 88:12 er, while moving the phenyl
to the terminal carbon of 2.23 improved the yield and er to 90% and >99:1, respectively. We
hypothesize that the low conversion and er for 2.1b and 2.20-2.21 may result from competing
binding of the silver center to the alkene, as alkenes are well-known to serve as ligands for silver.

Certain alkene substitution patterns may favor binding to the metal as a hemi-labile ligand that
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impedes reactivity and/or promotes background reaction.?® Decreasing the size of the group cis
to the group undergoing amination from Ph in 2.23 to a Me in 2.24 resulted in a decreased in er
of 2.24a to 89:11. A bulky TBS group in 2.25 gave 2.25a in excellent er, suggesting that steric
bulk in the trans position is important to achieve high er. Replacing the trans H group of 2.1b
with a cyclohexyl group in 2.26 improved the er of the allylic amine products from 73:27 in 2.2b

t0 93:7 in 2.26a.

10 mol % AgClO, 0
(o] 5 mol % (S, S)-Min-BOX P

H
R/*)\Mf\OJLNHZ PhIO,4AMS \\/N
R n

2.1b, 2.19 - 2.26 CH,Clp, -10°C, 48 h

2.2b, 2.19a - 2.26a

o) o) 0 0
HUJ\O HUJ\o Ph HNJJ\O HNJ\O
W Phw w
2.20a, 38% Ph  2.21a, 26%
2.2b, 79%° 2.19a, 89% . '
' 9% 928 oF (62% 2.20) (57% 2.21)
77:23 er 66:34 er 90:10 er
0 o)
X A RR
HN™ ™0 R" HN” SO pn ph  2.23a, 90%, 99:1 er

Phw RZM Me Ph 2.24a, 78%, 89:11 er

Ph  2.22a 85% H TBS 2.25a, 93%, 97:3 er
88:12 er H CeH11 2.26a, 54%, 93:7 er

@ Reaction was run for 24 h. ? er was determined after benzylation.

Table 2.3 — Scope of asymmetric silver-catalyzed amination of allylic C—H bonds.

Chemocatalyzed asymmetric aminations of unactivated prochiral C-H bonds to form
enantioenriched 1,3-aminoalcohols remain a challenge in the field of NT. We explored a series of
alkyl-substituted carbamates (Table 2.4) using (S,S)-Min-BOX. A small alkyl group proximal to
the v site for C—H insertion, such as the ethyl chain in 2.1c, gave a 69:31 er. Increasing the length
of the alkyl group in 2.27 improved the er of 2.27a to 79:21. Similar results were obtained with
2.28, though the slightly increased steric bulk of the alkyl chain increase the amount of
competitng 5-membered ring product. Moving the steric bulk closer to the y C—H bond gave

83:17 er for 2.29a in excellent yield, but too much additional bulk in 2.30a again decreased the
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site- and enantioselectivity. Carbamates 2.31 and 2.32 were tested to assess whether a pendant
aryl group might engage in productive non-covalent interactions with the ligand to improve the
ee; however, 2.31a and 2.32a showed a surprising reduction in er to 68:32 and 72:28,
respectively. These informative results highlight the challenges associated with the asymmetric

amination of unactivated C—H bonds when both site- and enantioselectivity must be controlled.

o}

0
10 mol % AgCIO,
H
Q 5 mol % (S,S)-Min-BOX HNJ\O HN"{
R)\M/\OJ\NH > A RAL
n 2 PhIO, 4 A MS R
21¢,2.27-232  CHCl -10°C. 48N 53¢ 2275-232a \ 2.27b-2.32b
i i Y
HNJ\O HNJ\O )\;N\)O
Et/\) H11CS/\)
2.2¢c, 26%° 2.27a, 74% (20% 2.27b)@P 2.28a, 53% (25% 2.28b)*P
69:31 er 79:21 er 77:23 er
o)
L )O]\ )Ol\ o
HN” SO
: HN” SO0 HN” YO Hr_l)j\o
W Ph/\/\) Ph\/\)
2.29a, 88% 2.30a, 60% 2.31a,67% 2.32a, 70%
(10% 2.29b)? (17% 2.30b)2? (22% 2.31b) (18% 2.32b)
83:17 er 76:24 er 68:32 er 72:28 er

a18-20 h at rt.  ee was determined after benzylation.

Table 2.4 — Scope of asymmetric silver-catalyzed amination of unactivated C(sp*)-H bonds.

2.2.5. Modular route to new bis(oxazoline) (BOX) ligands for asymmetric nitrene transfer

With computational and experimental studies in hand to help determine how changing the
features of the (S,S)-Min-BOX ligand and/or the substrate might impact the er and expand the
scope of silver-catalyzed asymmetric amination, a more modular route to Min-BOX and
analogues needed to be developed. Our first-generation synthesis suffered from several
drawbacks,*® including an initial asymmetric Rh-catalyzed hydroformylation that requires the
use of bis[(S,S,S)-DiazaPhos-SPE], a complex and commercially unavailable ligand. We had no

access to the enantiomer of this ligand; thus only the (S,S)-Min-BOX enantiomer could be
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prepared using our original route. Finally, the use of hydroformylation as a key step limits the
modularity of the synthesis to the installation of a Me group at the fully substituted sp® carbon of

the bis(oxazoline).?

2 o [Rh(coe),Cll, (1.5 mol%) (‘)é”o
coe),Cll, (1.5 mol% N Me Me
"é//o ligand (3.3 mol%) . o Me_ NH, X H Bu
)N|\/‘o ArB(OH), (2 equiv) Me LAH (3 equiv)  'Bu L_OH NC”CN $*
- > — )
S,S)-Min-BOX
Me’ aqueous KF (1.5 M) THF, reflux Zn(OTf), (5:5) ©
2.33 PhMe, 80°C,24h By 99% I 235 PhMe, reflux ligand
0, H ]
73% yield 234 Bu Bu 50%
b w>\r j>\r
Me Me
(0]
'Bu |
(S, S) MlnBOX or enantlomer (R, R) -WenBOX (ent- Ilgand (R,R)-p-OMe-MinBOX (ent-ligand)
36% vyield from 2.33 49% from 2.33 50% yield from 2.33

Scheme 2.4 — New modular synthetic route to (S,S)- and (R,R)-Min-BOX and analogues
informed by computational studies.

To address these issues and provide a reliable and versatile approach to analogues of both
(S,5)-Min-BOX and (R,R)-Min-BOX, a new route to this class of ligands was developed
(Scheme 2.4a). An asymmetric Rh-catalyzed boronic ester addition to imine 2.33 gave 2.34,%°
which was further elaborated to (S,S)-Min-BOX using standard procedures. Employing the
enantiomer of the tert-butylsulfinamide ligand gave facile access to (R,R)-Min-BOX, which was
not available through our previous route.’® In addition, this new strategy enables easy
manipulation of three diverse sites in the ligand, as highlighted in red. Based on guidance from
computational studies, additional ligands were synthesized (Scheme 2.4b). The (R,R)-Wen-BOX
ligand was targeted based on computational insight (Figure 2.2) where the tert-butyl groups of
(5,5)-Min-BOX are implicated in key interactions in the transition state. Switching these to aryl
groups is may to lead to a larger AAG' between the TS leading to the major and minor

enantiomers. The idea behind the design of (R,R)-p-OMe-Min-BOX is to restrict rotation around
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the Ar—C(sp®) bond of the 3,5-di-tert-butyl groups and provide additional rigidity to the catalyst.

Computations also suggested that increasing the electron-donor ability of the aryl group could

improve selectivity-determining C—H/z interactions (see Figure 2.3, vide supra).

2.2.6. Comparing MinBOX with other quaternary-centered BOX ligands

We began by comparing these newly synthesized ligands with the initial set of substrates
2.1a-c. For the amination of 2.1a, (R,R)-Wen-BOX performed slightly worse than (S,S)-Min-
BOX in both conversion and enantioselectivity. In particular, the reaction was much slower, and
required the use of more catalyst and higher temperature in order to get to full conversion. This
indicated that (R,R)-Wen-BOX may have a more sterically hindered chiral pocket, which we
hoped could improve enantioselectivity in the smaller substrates 2.1b and 2.1c. Gratifyingly,
though the results for 2.1b were very similar for both ligands, 2.1c showed improved
enantioselectivity when using (R,R)-Wen-BOX. However, (R,R)-Wen-BOX also promoted
increased amination at the competing f-position up to 24%, again indicating a more sterically
hindered transition state. Unfortunately, attempts to utilize (R,R)-Wen-BOX to improve the er of
larger substituted substrates such as 2.19 and 2.27 reduced the er. This highlights the impact of
small changes in the ligand that lead to larger and more varied energetic interactions in the
enantiodetermining TS. The greater steric pressure exerted by the (R,R)-Wen-BOX ligand was
also supported by the observation that reaction of 2.27 resulted in reduced reactivity even at rt,
and also furnished 28% of the five-membered ring byproduct.

Interestingly, (R,R)-p-OMe-Min-BOX showed small, but noticeable improvements across
each of the substrates that were tested. For substrates that performed well with (S,S)-Min-BOX

such as 2.1a or 2.19, the increase was very minor and it could be said that the two ligands
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performed similarly for those substrates. Happily, for the substrates that still required
improvement in er, such as 2.1b, 2.1c, and 2.27, the enhanced enantioselectivity was more
significant. For example, the er of 2.2b was increased from 77:23 up to 83:17. More
impressively, for the unactivated substrates where avoiding 5-membered ring formation also is a
key challenge, (R,R)-p-OMe-Min-BOX was able to improve enantioselectivity without
negatively impacting the site-selectivity of the reaction. This suggests that while the sterics of the
chiral pocket has not changed significantly, another factor such as improving the selectivity-
determining C—H/=n interactions is contributing to increased er. In substrate 2.1c, (R,R)-p-OMe-
Min-BOX catalyzed 5% formation of the 5-membered ring, the same as (S,S)-Min-BOX, while
improving er up to 73:27. Similar results were also observed for 2.27, with improved

enantioselectivity (83:17 relative to 79:21) while maintaining good site-selectivity.

., 10 mol % AgCIO, JOL
0 . ,
5 mol % L L = [A]: (S,S)-MinBOX
> HNT O B1: (R Ay
R)\/\OJ\NHZ 0. A A NS N [B]: (R.R)-WenBOX

CH.Cl,. —10°C. 48 h R [C]: (R,R)-p-OMe-MinBOX
2%12, ’

X i i
H A H B
©/\) 22a 2.2b 2.2¢
[A]: 90%, 96:4 er [A]: 79%C, 77:23 er [AL: 26%*":'3, 69:31 er
[B: 86%2, 93:7 er [B]: 80%C, 79:21 er [B]: 38%°, 75:25 er
[C]: 85%, 96:4 er [C]: 63%°, 83:17 er [C]: 51%%9, 73:27 er
X i
HN” O HNJ\O
Ph/wz.wa Can/\) 2.27a

[Al: 89%, 92:8 er [A]: 74% (20% 2.27b)%4, 79:21 er

[B]: 62%, 86:14 er [B]: 48% (28% 2.27b)%, 76:24 er

[C]: 86%, 93:7 er [Cl: 72% (18% 2.27b)°<, 83:17 er

320 mol % [Ag], 10 mol % L, room temp, 20 hrs. PReaction run for 24 hours. ‘ee was determined after
benzylation. 9Reaction run for 18-21 hours at room temp.® 5% of the 5-membered ring. 224% of the 5-
membered ring in 56:44 er. 96% of the 5-membered ring.

Table 2.5 — Effects of changing the ligand identity on enantioselectivity for each substrate class.
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The response of substituents of varying steric bulk to changing the ligand from (S,S)-
Min-BOX to (R,R)-Wen-BOX or (R,R)-p-OMe-Min-BOX, combined with computational
insights into the major interactions in the transition states that control for site- and
enantioselectivity, provides valuable insight for the design of second-generation ligands moving

forward.

2.3.  Conclusions

In conclusion, we report an enantioselective silver-catalyzed amination of diverse C-H
bonds that proceeds via a nitrene transfer pathway. The designer bis(oxazoline) ligands Min-
BOX and Wen-BOX are key to furnishing good ee for benzylic amination of both electron-rich
and electron-poor aromatic rings bearing a variety of functional groups. Other attractive features
include high diastereo- and enantioselectivity in the desymmetrization of benzylic C—H bonds,
the ability of (S,S)-Min-BOX to override inherent substrate control to access enantioenriched
1,3-anti-aminoalcohols. Computational studies showed that a combination of two key features
promote high er, including substrate distortion from a square-planar geometry at silver and
stabilizing C—H/x interactions between the chiral ligand and the substrate. Computed transition
state structures with substrates that furnished lower er showed weaker dispersion interactions
that diminished stabilizing effects in TS, as well as smaller steric-induced silver nitrene
distortion that led to ineffective enantiodiscrimination. These insights were employed to identify
other substrates that ultimately gave high er for amination of allylic C—H bonds and moderate er
for amination of unactivated alkyl C(sp®)-H bonds. Computations also shed insight into an
improved ligand design (p-OMe-Min-BOX), while highlighting the feasibility of using computed

TS structures to rationally design more selective catalysts by fine-tuning catalyst—substrate steric
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and non-covalent interactions to improve enantioinduction with challenging substrates that lack
sufficient enantioselectivity control with the previous generation catalyst, Min-BOX. Finally, the
utility of silver-catalyzed asymmetric benzylic amination was demonstrated in a short synthesis
of the drug Dapoxetine. Ultimately, the melding of experimental and detailed computational
studies revealed the importance of subtle effects on er and sets the stage for the predictive design

of second-generation silver catalysts.
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Experimental Details

.1 General information

glassware was either oven-dried overnight at 130 °C or flame-dried using a Bunsen burner.

glassware was then allowed to cool to room temperature in a desiccator filled with Drierite™
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as a desiccant or under a stream of dry nitrogen prior to use. Unless otherwise specified, reagents
were used as obtained from Sigma-Aldrich, Oakwood Products, Alfa Aesar, Tokyo Chemical
Industry, Combi-Blocks, Acros Organics or Cayman Chemicals and directly used without further
purification. Diethyl ether (Et20), tetrahydrofuran (THF), dichloromethane (CH2Cl.), acetonitrile
(CH3CN), and toluene were passed through an alumina column before use. All other solvents
were purified using accepted procedures from the sixth edition of “Purification of Laboratory
Chemicals”.? Air- and moisture-sensitive reactions were performed using standard Schlenk
techniques under a nitrogen atmosphere. Analytical thin layer chromatography (TLC) was
performed utilizing pre-coated silica gel 60 F24 plates containing a fluorescent indicator, while
preparative chromatography was performed using SilicaFlash P60 silica gel (230-400 mesh) via
Still’s method.? Column chromatography was typically run using a gradient method employing
mixtures of hexanes and ethyl acetate (EtOAc). Various stains were used to visualize reaction
products, including p-anisaldenyde, KMnOs, ceric ammonium molybdate (CAM stain) and
iodine powder. *H NMR and *C NMR spectra were obtained using Bruker Avance-400 (400 and
100 MHz) and Bruker Avance-500 (500 and 125 MHz) spectrometers. Chemical shifts were
reported with reference to residual protiated solvent peaks (note: CDClsreferenced at & 7.26 and
77.16 ppm, respectively). High-performance liquid chromatography (HPLC) analyses were
performed using Shimadzu LC-20AB. A CHIRALPAK® AD-H (0.46 cm diameter x 25 cm),
CHIRALCEL® 0J-H column (0.46 cm diameter x 25 cm), CHIRALCEL® OD-H column (0.46
cm diameter x 25 cm), or CHIRALPAK® IC (0.46 cm diameter x 25 cm) was employed,
maintained at a temperature of 40 °C, using 'PrOH/hexane or 0.1% HCO2H/H,O/MeCN mobile
phase. Accurate mass measurements were acquired at the University of Wisconsin-Madison

using a Micromass LCT (electrospray ionization, time-of-flight analyzer or electron impact
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methods). The following instrumentation in the Paul Bender Chemistry Instrumentation Center
was supported by: Thermo Q Exactive™ Plus by NIH 1S10 OD020022-1; Bruker Avance-500
by a generous gift from Paul J. and Margaret M. Bender; Bruker Avance-400 by NSF CHE-

1048642 and the University of Wisconsin-Madison.

2.5.2. Synthesis and characterization of carbamate ester substrates

o)
ClgCJLNCO o 0 K,CO3 0
R-OH r. L U — > g
CH,Cl, 0" N CCls MeOH, rt 0~ “NH,
0 °Cthenrt

General procedure A. Trichloroacetyl isocyanate (1.43 mL, 12 mmol, 1.2 equiv) was slowly
added dropwise to a solution of alcohol (10 mmol, 1.0 equiv) in 20 mL of dry CH2Cl;at 0 °C.
The reaction was warmed to ambient temperature and stirred until TLC indicated complete
consumption of the starting alcohol (1-6 h). The solvent was then removed under reduced
pressure and the crude reaction mixture was dissolved in 17 mL of MeOH. K>CO3(0.14 g, 1
mmol, 0.1 equiv) was added and the mixture was stirred overnight. The mixture was diluted with
CH2Cl2 (10 mL) and quenched by careful addition of saturated aqueous NH4CI (15 mL). The
aqueous layer was extracted with CH2Cl> (3 x 15 mL). The combined organic layers were
washed with brine, dried over MgSOs, filtered, and concentrated under reduced pressure.
IMPORTANT NOTE: The trichloroacetamide contaminant must be removed in order to achieve
reproducibility in silver-catalyzed nitrene transfer reactions. This was accomplished by re-
dissolving the crude mixture in CH2Cl, (150 mL) and stirring vigorously with a 1 M aqueous
NaOH solution (75 mL) for 30 min. The phases were separated, and the aqueous layer was

extracted with CH2Cl> (3 x 50 mL). The combined organic layers were washed with brine, dried
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over NaxSOq, filtered, and concentrated under reduced pressure. The crude product was purified

by silica gel column chromatography.

0
N/’\NJLN/\\ 0
\—/ |§/N )]\ aq. NH3 0
R-OH R. QA r.
0" N"™y 0~ “NH
toluene/THF, rt l—/ o 2

General procedure B for CDI-mediated carbamate synthesis. To a solution of alcohol (10
mmol, 1.0 equiv) in 60 mL of dry toluene was added carbonyl-diimidazole (CDI, 1.96 g, 12.0
mmol, 1.2 equiv) at room temperature. Upon complete consumption of starting alcohol as
indicated by TLC (3-5 h), the solvent was evaporated under reduced pressure. The residue was
dissolved in 25 mL of dry THF, and the resulting solution was stirred for 1 h before the addition
of agqueous NH4OH (28-30%, 1.2 mL). Stirring was continued overnight, then the mixture was
diluted with EtOAc (50 mL). The organic layer was washed with brine, dried over Na;SOsg,
filtered, and concentrated under reduced pressure. The crude product was purified by silica gel

column chromatography.

©/\/\O)LNH2

Compound 2.1a. Carbamate ester 2.1a was prepared from 3-phenyl-1-propanol according to
general procedure A on a 3.0 mmol scale. No additional purification of the white solid was

necessary (538 mg, 99.9 %). The spectral data were in agreement with literature values.®
0

WO)LNHz

Compound 2.1b. Carbamate ester 2.1b was prepared from 4-penten-1-ol according to general

procedure A on a 3.0 mmol scale. No additional purification was necessary, and a white solid

was obtained (0.36 g, 92%). The spectral data were in agreement with literature values.®
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\/\/\O)LNH

2
Compound 2.1c. Carbamate ester 2.1c was prepared from 1-pentanol according to general
procedure A on a 5.0 mmol scale. Purification was carried out by silica gel column

chromatography (0—30% EtOAc/hexanes) to yield a white solid (0.60 g, 91%); Rs = 0.23 (30%

EtOAc/hexanes). The spectral data were in agreement with literature values.

o
Me

Compound 2.3. Carbamate ester 2.3 was prepared from 4-methylbenzenepropanol according to
general procedure A on a 10 mmol scale. No additional purification was necessary, and the
product was obtained as a white solid (1.35 g, 70%). The spectral data were in agreement with

literature values.®

0]

jongas
MeQO

Compound 2.4. Carbamate ester 2.4 was prepared from 4-methoxybenzenepropanol according
to general procedure A on a 1.5 mmol scale. No additional purification was necessary, and the
product was obtained as a white solid (0.185 g, 59%). The spectral data were in agreement with

literature values.®

o
Br

Compound 2.5. Carbamate ester 2.5 was prepared from 3-(4-bromophenyl)-1-propanol

according to general procedure A on a 2.6 mmol scale. Purification was carried out by silica gel
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column chromatography (0—30% EtOAc/hexanes) to yield a white solid (0.60 g, 89%); Rf =
0.24 (30% EtOAc/hexanes); *H NMR (500 MHz, CDCl3) § 7.42 — 7.38 (m, 2H), 7.08 — 7.04 (m,
2H), 4.56 (s, 2H), 4.08 (t, J = 6.5 Hz, 2H), 2.65 (dd, J = 8.7, 6.8 Hz, 2H), 1.98 — 1.85 (m, 2H);
13C NMR (126 MHz, CDCls) § 156.8, 140.3, 131.6, 130.3, 119.9, 64.4, 31.7, 30.5; HRMS (ESI)

m/z calcd. for C1o0H12BrNO> [M+H]" : 258.1024, found: 258.1022.

0]

J@AAOJLNHZ
MeOzC

Compound 2.6. Carbamate ester 2.6 was prepared from ethyl 4-(3-hydroxypropyl)benzoate
according to general procedure A on a 2.5 mmol scale. No additional purification was necessary
and a white solid was obtained (432 mg, 73%); *H NMR (500 MHz, CDCl3z) & 7.96 (d, J = 8.5
Hz, 2H), 7.26 (d, J = 8.3 Hz, 2H), 4.58 (s, 2H), 4.09 (t, J = 6.5 Hz, 2H), 3.90 (s, 3H), 2.75 (dd, J
= 8.7, 6.7 Hz, 2H), 2.02 — 1.92 (m, 2H); 3C NMR (126 MHz, CDCl3) & 167.2, 156.8, 146.9,
129.9, 128.5, 128.2, 64.4, 52.1, 32.3, 30.3.; HRMS (ESI) m/z calcd. for C12H1sNO4 [M+Na]" :

260.0893, found: 260.0888.

o
CF

3
Compound 2.7. Carbamate ester 2.7 was prepared from 4-(trifluoromethyl)benzenepropanol
according to general procedure A on a 10 mmol scale. No additional purification was necessary
and the product was obtained as a white solid (1.88 g, 76%). The spectral data were in agreement

with literature values.?
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©/\><O)LNH2

Compound 2.8. Carbamate ester 2.8 was prepared from o,a-dimethylbenzenepropanol according
to general procedure A on a 5.0 mmol scale. No additional purification was necessary and a
white solid was obtained (1.02 g, 98%). The spectral data were in agreement with literature

values.?

0
Q/\/\OJ\NHZ
Me
Compound 2.9. Carbamate ester 2.9 was prepared from 3-methylbenzenepropanol according to
general procedure A on a 8.7 mmol scale. Purification was carried out by silica gel column
chromatography (0—35% EtOAc/hexanes) to yield a white solid (1.30 g, 78%); R¢ = 0.20 (30%

EtOAc/hexanes). The spectral data were in agreement with literature values.®

0

SORa.
Me

Compound 2.10. Carbamate ester 2.10 was prepared from 2-methylbenzenepropanol according
to general procedure A on a 0.34 mmol scale. No additional purification was necessary and a
white solid was obtained (58.8 mg, 89%); *H NMR (500 MHz, CDCls) & 7.17 — 7.06 (m, 4H),
4.63 (s, 2H), 4.12 (t, J = 6.5 Hz, 2H), 2.71 — 2.64 (m, 2H), 2.31 (s, 3H), 1.96 — 1.87 (m, 2H); 13C
NMR (126 MHz, CDCl3) 6 157.0, 139.6, 136.0, 130.4, 128.9, 126.2, 126.1, 64.9, 29.5, 29.5, 19.3;

HRMS (ESI) m/z calcd. for C11H1sNO2 [M+Na]* : 216.0995, found: 216.0995.
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@)/\/\OJ\NHZ

Compound 2.11. Carbamate ester 2.11 was prepared from 3-(2-furyl)-1-propanol according to
general procedure A on a 5.3 mmol scale. No additional purification was necessary and a white
solid was obtained (0.87 g, 97%); *H NMR (500 MHz, CDCls) § 7.30 (dd, J = 1.9, 0.8 Hz, 1H),
6.28 (dd, J = 3.2, 1.8 Hz, 1H), 6.01 (dt, J = 3.2, 1.0 Hz, 1H), 4.60 (s, 2H), 4.11 (t, J = 6.4 Hz, 2H),
2.72 (t, J = 7.6 Hz, 2H), 1.98 (tt, J = 7.4, 6.5 Hz, 2H); 3C NMR (126 MHz, CDCls) 5 156.9,
155.1, 141.1, 110.2, 105.3, 64.5, 27.5, 24.6; HRMS (ESI) m/z calcd. for CsH11NO3z [M+Na]" :

192.0631, found: 192.0633.

0]

= O)LNHZ
NBoc

Compound 2.12. Carbamate ester 2.12 was prepared from N-Boc-3-(3-hydroxypropyl)indole
according to general procedure A on a 1.9 mmol scale. No additional purification was necessary
and a white solid was obtained (0.57 g, 93%); *H NMR (500 MHz, CDCls) & 8.12 (s, 1H), 7.51
(dt, J = 7.7, 1.0 Hz, 1H), 7.37 (s, 1H), 7.31 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 7.23 (td, J = 7.5, 1.1
Hz, 1H), 4.63 (s, 2H), 4.16 (t, J = 6.5 Hz, 2H), 2.77 (ddd, J = 8.8, 6.7, 1.2 Hz, 2H), 2.05 (ddt, J =
8.6, 7.6, 6.5 Hz, 2H), 1.67 (s, 9H); 13C NMR (126 MHz, CDCls) § 153.8, 149.5, 136.2, 127.4,
125.2,123.4, 123.0, 120.8, 118.7, 115.9, 84.4, 65.0, 48.3, 28.3, 28.1; HRMS (ESI) m/z calcd. for

C17H22N204 [M+Na]* : 341.1472, found: 341.1471.

Compound 2.13. Carbamate ester 2.13 was prepared from (S)-4-phenylbutan-2-ol according to

general procedure A on a 1.0 mmol scale. No additional purification was necessary and a white
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solid was obtained (193 mg, 99.9%); *H NMR (500 MHz, CDCl3) § 7.31 — 7.24 (m, 2H), 7.21 —
7.15 (m, 3H), 4.84 (dqd, J = 7.7, 6.2, 4.9 Hz, 1H), 4.56 (s, 2H), 2.74 — 2.57 (m, 2H), 1.92 (dddd,
J=13.6, 10.0, 7.8, 5.7 Hz, 1H), 1.80 (dddd, J = 13.8, 10.1, 6.3, 5.0 Hz, 1H), 1.27 (d, J = 6.2 Hz,
3H); 3C NMR (126 MHz, CDCls) & 156.8, 141.8, 128.5, 128.5, 126.3, 71.6, 38.0, 31.9, 20.4;

HRMS (ESI) m/z calcd. for C11H1sNO2 [M+Na]" : 216.0995, found: 216.0994.

(0]
©A/LOJLNHZ

Compound 2.14. Carbamate ester 2.14 was prepared from (R)-4-phenylbutan-2-ol according to
general procedure A on a 2.0 mmol scale. No additional purification was necessary and a white
solid was obtained (369 mg, 95%); *H NMR (500 MHz, CDClz) § 7.31 — 7.24 (m, 2H), 7.21 —
7.15 (m, 3H), 4.84 (dqd, J = 7.7, 6.2, 4.9 Hz, 1H), 4.56 (s, 2H), 2.74 — 2.57 (m, 2H), 1.92 (dddd,
J=13.6,10.0, 7.8, 5.7 Hz, 1H), 1.80 (dddd, J = 13.8, 10.1, 6.3, 5.0 Hz, 1H), 1.27 (d, J = 6.2 Hz,
3H); *C NMR (126 MHz, CDCls) § 156.8, 141.8, 128.5, 128.5, 126.0, 71.6, 38.0, 31.9, 20.4;

HRMS (ESI) m/z calcd. for C11H1sNO2 [M+Na]" : 216.0995, found: 216.0994.

O
©)\AOJLNHZ

Compound 2.15. Carbamate ester 2.15 was prepared from 3-phenyl-1-butanol according to
general procedure A on a 1.7 mmol scale. No additional purification was necessary and a white
solid was obtained (0.33 g, 99%); *H NMR (500 MHz, CDCl3) § 7.32 — 7.27 (m, 2H), 7.22 —

7.16 (M, 3H), 4.50 (s, 2H), 4.04 — 3.92 (m, 2H), 2.84 (h, J = 7.1 Hz, 1H), 1.91 (q, J = 6.9 Hz, 2H),
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1.29 (d, J = 7.0 Hz, 3H); 3C NMR (126 MHz, CDCl3) § 156.9, 146.5, 128.6, 127.1, 126.3, 63.9,

37.3, 36.7, 22.4; HRMS (ESI) m/z calcd. for C11H1sNOs [M+H]" : 194.1176, found: 194.1174.

AL,

Compound 2.16. Carbamate ester 2.16 was prepared from phenylethanol according to general
procedure B on a 25 mmol scale. Purification was carried out by silica gel column
chromatography (0—50% EtOAc/hexanes) to yield a white solid (3.70 g, 90%); R = 0.30 (30%
EtOAc/hexanes); *H NMR (500 MHz, CDCls) § 7.34 — 7.28 (m, 2H), 7.23 (td, J = 6.3, 1.7 Hz,
3H), 4.58 (s, 2H), 4.29 (t, J = 7.0 Hz, 2H), 2.95 (t, J = 7.0 Hz, 2H); 3C NMR (126 MHz, CDCls)
5 156.8, 138.0, 129.0, 128.6, 126.7, 65.7, 35.5; HRMS (ESI) m/z calcd. for CoH11NO, [M+Na]* :

188.0682, found: 188.0681.

]

H,N" 0

Ph Ph

Compound 2.17. Carbamate ester 2.17 was prepared from 3-methyl-1,5-diphenylpentan-3-ol
according to general procedure A on a 2.0 mmol scale. No additional purification was necessary
and a white solid was obtained (523 mg, 88%); *H NMR (500 MHz, CDCls) § 7.32 — 7.23 (m,
4H), 7.23 — 7.15 (m, 6H), 4.41 (s, 2H), 2.67 (dd, J = 9.5, 7.7 Hz, 4H), 2.25 (ddd, J = 13.9, 9.5,
7.7 Hz, 2H), 2.10 (ddd, J = 13.9, 9.6, 7.7 Hz, 2H), 1.56 (s, 3H); 3C NMR (126 MHz, CDCls) &
155.9, 142.3, 128.6, 128.6, 126.0, 83.5, 40.8, 30.4, 24.1; HRMS (ESI) m/z calcd. for C19H23NO>

[M+Na]" : 320.1621, found: 320.1619.
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Compound 2.18. Carbamate ester 2.18 was prepared from 1,5-diphenylpentan-3-ol according to
general procedure A on a 1.0 mmol scale. No additional purification was necessary and a white
solid was obtained (259 mg, 91%); *H NMR (500 MHz, CDCl3) & 7.28 (td, J = 5.6, 2.8 Hz, 4H),
7.18 (td, J = 6.3, 1.6 Hz, 6H), 4.93 — 4.83 (m, 1H), 4.55 (s, 2H), 2.67 (qdd, J = 13.8, 9.7, 6.2 Hz,
4H), 2.01 — 1.81 (m, 4H); *C NMR (126 MHz, CDCl3) § 156.7, 141.7, 128.3, 125.9, 74.5, 36.2,

31.7; HRMS (ESI) m/z calcd. for C1gH21NO2 [M+H]" : 284.1645, found: 284.1644.

0
F>h/\/\/\o)J\NH2

Compound 2.19. Carbamate ester 2.19 was prepared from (E)-5-phenyl-4-penten-1-ol according
to general procedure A on a 0.3 mmol scale. No additional purification was necessary and a
white solid was obtained (54.1 mg, 86%); *H NMR (500 MHz, CDCls) & 7.42 — 7.38 (m, 2H),
7.08 — 7.04 (m, 2H), 4.56 (s, 2H), 4.08 (t, J = 6.5 Hz, 2H), 2.65 (dd, J = 8.7, 6.8 Hz, 2H), 1.98 —
1.85 (M, 2H); 6 7.36 — 7.32 (m, 2H), 7.29 (dd, J = 8.5, 6.9 Hz, 2H), 7.23 — 7.17 (m, 1H), 6.42 (dl,
J =156, 1.6 Hz, 1H), 6.21 (dt, J = 15.7, 6.9 Hz, 1H), 4.56 (s, 2H), 4.13 (t, J = 6.6 Hz, 2H), 2.34
—2.25 (m, 2H), 1.82 (dg, J = 8.4, 6.7 Hz, 2H); 3C NMR (126 MHz, CDCl3) & 137.6, 130.6,
129.4, 128.5, 127.0, 126.0, 64.7, 29.3, 28.6; HRMS (ESI) m/z calcd. for C12H1sNO; [M+H]* :

206.1176, found: 206.1174.
Ph 0]
Compound 2.20. Carbamate ester 2.20 was prepared from (Z)-5-phenyl-4-penten-1-ol according

to general procedure A on a 1.8 mmol scale. No additional purification was necessary and a
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white solid was obtained (330 mg, 91%); *H NMR (500 MHz, CDClz) § 7.33 (t, J = 7.6 Hz, 2H),
7.28 — 7.20 (m, 3H), 6.46 (dt, J = 11.6, 1.9 Hz, 1H), 5.65 (dt, J = 11.6, 7.3 Hz, 1H), 4.59 (s, 2H),
4.08 (t, J = 6.6 Hz, 2H), 2.41 (qd, J = 7.4, 1.8 Hz, 2H), 1.83 — 1.74 (m, 2H); 3C NMR (126 MHz,
CDCls) 6 157.0, 137.6, 131.5, 129.9, 128.9, 128.3, 126.7, 64.7, 29.3, 25.0; HRMS (ESI) m/z

calcd. for C1oH15sNO2 [M+H]" : 206.1176, found: 206.1174.

WOJ\NHZ

Ph

Compound 2.21. Carbamate ester 2.21 was prepared from 4-phenylpent-4-en-1-ol according to
general procedure A on a 1.0 mmol scale. No additional purification was necessary and a white
solid was obtained (130 mg, 63%); *H NMR (500 MHz, CDCls) § 7.43 — 7.36 (m, 2H), 7.37 —
7.30 (m, 2H), 7.30 — 7.26 (m, 1H), 5.31 (d, J = 1.4 Hz, 1H), 5.09 (g, J = 1.3 Hz, 1H), 4.57 (s, 2H),
4.09 (t, J = 6.6 Hz, 2H), 2.59 (td, J = 7.6, 1.3 Hz, 2H), 1.80 (ddt, J = 8.8, 7.6, 6.5 Hz, 2H); 13C
NMR (126 MHz, CDCl3) 6 157.0, 147.5, 141.1, 128.5, 127.6, 126.2, 113.0, 64.8, 31.7, 27.6;

HRMS (ESI) m/z calcd. for C12H1sNO, [M+Na]* : 228.0995, found: 228.0992.

0

Ph/Y\/\OJ\NHQ

Ph
Compound 2.22. Carbamate ester 2.22 was prepared from (Z)-4,5-diphenylpent-4-en-1-ol
according to general procedure A on a 2.5 mmol scale. No additional purification was necessary
and a white solid was obtained (660 mg, 93%); *H NMR (500 MHz, CDClz) § 7.30 (ddt, J = 8.1,
6.5, 1.3 Hz, 2H), 7.18 — 7.12 (m, 2H), 7.12 — 7.01 (m, 3H), 6.94 — 6.88 (m, 2H), 6.46 (s, 1H),

4.54 (s, 2H), 4.10 (t, J = 6.6 Hz, 2H), 2.57 (ddd, J = 7.6, 6.9, 1.3 Hz, 2H), 1.78 — 1.68 (m, 2H);
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13C NMR (126 MHz, CDCls) & 141.9, 140.8, 137.2, 129.0, 128.6, 128.6, 127.84, 127.0, 126.9,
126.3, 64.7, 36.8, 27.2; HRMS (ESI) m/z calcd. for C1gH1sNO2 [M+H]" : 282.1489, found:

282.1487.

Ph 0
F>h)\/\/\o)J\NH2
Compound 2.23. Carbamate ester 2.23 was prepared from 5,5-diphenylpent-4-en-1-ol according
to general procedure A on a 1.8 mmol scale. No additional purification was necessary and a
white solid was obtained (341 mg, 69%); *H NMR (500 MHz, CDCl3) & 7.43 — 7.06 (m, 11H),
6.06 (t, J = 7.5 Hz, 1H), 4.74 (s, 2H), 4.03 (t, J = 6.6 Hz, 2H), 2.19 (q, J = 7.5 Hz, 2H), 1.82 —
1.70 (m, 2H); 3C NMR (126 MHz, CDCl3) & 142.6, 142.5, 140.0, 129.9, 128.4, 128.2, 128.1,
127.2,127.0, 64.6, 29.1, 26.1; HRMS (ESI) m/z calcd. for C1sH1sNO2 [M+H]* : 282.1489, found:

282.1486.

0
Phj\/\/\OJ\NH2

Compound 2.24. Carbamate ester 2.24 was prepared from (E)-5-phenylhex-4-en-1-ol according
to general procedure A on a 0.8 mmol scale. No additional purification was necessary and a
white solid was obtained (134 mg, 82%); *H NMR (500 MHz, CDCls) § 7.40 — 7.34 (m, 2H),
7.30 (dd, J = 8.5, 6.8 Hz, 2H), 7.24 — 7.19 (m, 1H), 5.75 (tq, J = 7.5, 1.5 Hz, 1H), 4.60 (s, 2H),
4.12 (t, J = 6.6 Hz, 2H), 2.28 (q, J = 7.4 Hz, 2H), 2.04 (d, J = 1.4 Hz, 3H), 1.84 — 1.74 (m, 2H);
13C NMR (126 MHz, CDCl3) § 156.9, 143.8, 135.7, 128.2, 127.0, 126.6, 125.6, 64.8, 28.8, 25.1,

15.8; HRMS (ESI) m/z calcd. for C13H17NO2 [M+NH4]" : 237.1598, found: 237.1592.
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X
BS”X""07 SNH,

Compound 2.25. Carbamate ester 2.25 was prepared from (E)-5-t-butyldimethylsilyl-4-penten-
1-ol according to general procedure A on a 2.1 mmol scale. No additional purification was
necessary and a colorless oil was obtained (226 mg, 44%); *H NMR (500 MHz, CDCls) § 6.02
(dt, J = 18.6, 6.2 Hz, 1H), 5.66 (dt, J = 18.6, 1.5 Hz, 1H), 4.58 (s, 2H), 4.07 (t, J = 6.7 Hz, 2H),
2.19 (tdd, J = 7.7, 6.2, 1.5 Hz, 2H), 1.74 (dg, J = 8.4, 6.8 Hz, 2H), 0.86 (s, 9H), 0.00 (s, 6H); 3C
NMR (126 MHz, CDCls) & 156.9, 146.8, 127.9, 64.7, 32.9, 28.0, 26.4, 16.4, -6.1; HRMS (ESI)

m/z calcd. for C1oH2sNO2Si [M+H]* : 244.1727, found: 244.1725.

O/\/\/\O)LNHZ

Compound 2.26. Carbamate ester 2.26 was prepared from (E)-5-cyclohexylpent-4-en-1-ol
according to general procedure A on a 1.8 mmol scale. No additional purification was necessary
and a white solid was obtained (327 mg, 86%); 'H NMR (500 MHz, CDCls) § 5.43 — 5.28 (m,
2H), 4.55 (s, 2H), 4.06 (t, J = 6.7 Hz, 2H), 2.08 — 2.00 (m, 2H), 1.89 (tdd, J = 11.0, 6.6, 3.2 Hz,
1H), 1.75 — 1.59 (m, 7H), 1.25 (dddd, J = 16.7, 13.5, 9.9, 3.5 Hz, 2H), 1.14 (qt, J = 12.6, 3.1 Hz,
1H), 1.09 — 0.98 (m, 2H); 3C NMR (126 MHz, CDCl3) § 156.9, 137.5, 126.1, 64.7, 40.6, 33.2,
28.8, 28.8, 26.2, 26.1; HRMS (ESI) m/z calcd. for C12H21NO2 [M+H]* : 212.1645, found:

212.1644.

X
CsHi” "0 ONH,

Compound 2.27. Carbamate ester 2.27 was prepared from 1-ocatanol according to general

procedure A on a 3.0 mmol scale. No additional purification was necessary and a white solid was
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obtained (441 mg, 85%): *H NMR (500 MHz, CDCl3) & 4.53 (s, 2H), 4.06 (t, J = 6.8 Hz, 2H),
1.67 — 1.55 (m, 2H), 1.40 — 1.20 (m, 10H), 0.88 (t, J = 6.9 Hz, 3H); 3C NMR (126 MHz, CDCls)
5 156.9, 65.4, 31.8, 29.2, 29.2, 28.9, 25.8, 22.6, 14.1; HRMS (ESI) m/z calcd. for CoHeNO;

[M+H]" : 174.1489, found: 174.1486.

)\/\/\OJOI\NH2

Compound 2.28. Carbamate ester 2.28 was prepared from 5-methyl-1-hexanol according to
general procedure A on a 2.0 mmol scale. No additional purification was necessary and a white
solid was obtained (259 mg, 81%); *H NMR (500 MHz, CDCls) & 4.57 (s, 2H), 4.06 (t, J = 6.8
Hz, 2H), 1.63 — 1.57 (m, 2H), 1.54 (dt, J = 13.3, 6.6 Hz, 1H), 1.38 — 1.30 (m, 2H), 1.22 — 1.15
(m, 2H), 0.87 (d, J = 6.6 Hz, 6H); 3C NMR (126 MHz, CDCIs$ 157.0, 65.4, 38.5, 29.1, 27.9,

23.6, 22.5; HRMS (ESI) m/z calcd. for CgH17NO> [M+H]" : 160.1332, found: 160.1331.

0O

O/\/\OJ\NHQ

Compound 2.29. Carbamate ester 2.29 was prepared from 3-cyclohexylpropan-1-olaccording to
general procedure A on a 2.1 mmol scale. No additional purification was necessary and a white
solid was obtained (337.6mg, 97%); *H NMR (500 MHz, CDCls) § 4.54 (s, 2H), 4.04 (t, J = 6.8
Hz, 2H), 1.74 — 1.58 (m, 4H), 1.55 (dd, J = 2.7, 1.1 Hz, 1H), 1.28 — 1.07 (m, 5H), 0.90 (dd, J =
11.3, 3.1 Hz, 1H), 0.87 (s, 1H); *C NMR (126 MHz, CDCl3) 6 157.0, 65.7, 37.4, 33.4, 33.3, 26.7,

26.4, 26.3.; HRMS (ESI) m/z calcd. for C10H19NO2 [M+H]" : 186.1489, found: 186.1488.



74

>|/\/\O)LNH2

Compound 2.30. Carbamate ester 2.30 was prepared from 4,4-dimethyl-1-pentanol according to
general procedure A on a 0.6 mmol scale. No additional purification was necessary and a white
solid was obtained (78 mg, 78%); *H NMR (500 MHz, CDCls) § 4.59 (s, 2H), 4.04 (t, J = 6.8 Hz,
2H), 1.65 — 1.52 (m, 2H), 1.26 — 1.14 (m, 2H), 0.89 (s, 9H); 3C NMR (126 MHz, CDCl3) &
157.0, 66.1, 39.9, 30.0, 29.3, 24.3; HRMS (ESI) m/z calcd. for CgH17NO2 [M+Na]* : 182.1152,

found: 182.1149.

©/\/\/\OJ\NH2

Compound 2.31. Carbamate ester 2.31 was prepared from 5-phenylpentan-1-ol according to
general procedure A on a 10.0 mmol scale. No additional purification was necessary and a white
solid was obtained (1.72 g, 84%); *H NMR (500 MHz, CDClz) § 7.31 — 7.24 (m, 2H), 7.18 (ddd,
J=176,5.9, 1.6 Hz, 3H), 4.56 (s, 2H), 4.05 (t, J = 6.7 Hz, 2H), 2.65 — 2.58 (m, 2H), 1.70 — 1.60
(m, 4H), 1.45 — 1.35 (m, 2H); 3C NMR (126 MHz, CDCl3) § 157.0, 142.4, 128.4, 128.3, 125.7,
65.2, 35.8, 31.1, 28.8, 25.5; HRMS (ESI) m/z calcd. for C12H17NO2 [M+H]* : 208.1332, found:

208.1331.

SO

Compound 2.32. Carbamate ester 2.32 was prepared from 4-phenylbutan-1-ol according to

general procedure A on a 5.1 mmol scale. No additional purification was necessary and a white
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solid was obtained (819 mg, 84%); *H NMR (500 MHz, CDCIls) *H NMR (500 MHz, CDCls) §
7.28 (dd, J = 8.6, 6.8 Hz, 2H), 7.22 — 7.15 (m, 3H), 4.55 (s, 2H), 4.08 (t, J = 6.1 Hz, 2H), 2.64 (t,
J=7.1Hz, 2H), 1.68 (tdg, J = 9.1, 4.7, 2.8 Hz, 4H); 13C NMR (126 MHz, CDCI3) § 156.9, 142.1,
128.4, 128.3, 125.8, 65.1, 35.5, 28.5, 27.6.HRMS (ESI) m/z calcd. for C11HisNO2 [M+H]* :

194.1176, found: 194.1175.

2.5.3. Asymmetric amination of activated C—H bonds

General procedure C for Ag-catalyzed asymmetric C—H amination. A pre-dried 16 x 100 mm
glass test tube equipped with a magnetic stir bar was charged with AgCIO4 (4.2 mg, 20 pmol, 10
mol %), (S,S)-Min-BOX ligand (5.9 mg, 10 pmol, 5 mol %), and dry CH2Cl> (4 mL). The test
tube was capped with a rubber septum and the reaction mixture was stirred vigorously for 15 min
at room temperature. Powdered 4 A molecular sieves (200 mg, 1 g of sieves/mmol of substrate)
were added, followed by carbamate ester substrate (0.2 mmol, 1.0 equiv). After adjusting the
reaction temperature to —10 °C using a chiller, iodosobenzene (88 mg, 0.4 mmol, 2.0 equiv) was
added in one portion and the reaction mixture was stirred at —10 °C for 48 h. The mixture was
filtered through a pad of Celite® rinsing with EtOAc, and the filtrate concentrated under reduced

pressure. The crude C—H amination product was purified by silica gel column chromatography.

General procedure D for benzylation of C-H amination product. To a solution of
oxazinanone (1.0 equiv) in anhydrous THF (0.05 M) were added KO'Bu (2.0 equiv) and BnBr
(1.5 equiv). The reaction mixture was stirred at room temperature overnight and diluted with
EtOAc and washed with saturated aqueous NH4Cl. The aqueous layer was extracted with EtOAc

three times. The combined organic layer was washed with brine, dried over Na>SOQa, filtered, and
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concentrated under reduced pressure. The crude material was purified by silica gel column

chromatography.

Compound 2.2a. The title compound was obtained from carbamate ester 2.1a following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.2a as a white solid (31.9 mg, 90% yield); Rs = 0.24 (80% EtOAc/hexanes); 'H
NMR (500 MHz, CDCls) & 7.45 — 7.37 (m, 2H), 7.37 — 7.29 (m, 3H), 5.27 (s, 1H), 4.71 — 4.62
(m, 1H), 4.37 — 4.27 (m, 2H), 2.32 — 2.21 (m, 1H), 2.05 — 1.95 (m, 1H); 3C NMR (126 MHz,
CDCI3) 6 153.8, 141.2, 129.2, 128.6, 126.1, 65.2, 55.3, 30.7; HRMS (ESI) m/z calcd. for
C10H1:NO2 [M+Na]* : 200.0682, found: 200.0681.

The ee value (91%) was determined by chiral HPLC analysis of oxazinanone 2a in comparison
with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35% iPrOH/hexane

gradient over 22 min, 0.7 mL/min, 210 nm): tr = 19.3 min (major), 20.1 min (minor).

Compound 2.2b. The title compound was obtained from carbamate ester 2.1b following the
general procedure C and run for 48 h. Silica gel column chromatography (0—100%
EtOAc/hexanes) afforded oxazinanone 2.2b as a white solid (79% vyield); Rs = 0.25 (80%
EtOAc/hexanes); *H NMR (500 MHz, CDCls) § 5.79 (ddd, J = 16.7, 10.2, 6.1 Hz, 1H), 5.47 (s,

1H), 5.32 (dt, J = 17.1, 1.1 Hz, 1H), 5.25 (dt, J = 10.3, 1.0 Hz, 1H), 4.30 (ddd, J = 11.1, 6.5, 3.6
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Hz, 1H), 4.23 (ddd, J = 11.2, 8.2, 3.2 Hz, 1H), 4.06 (dtd, J = 7.2, 5.8, 1.5 Hz, 1H), 2.10 (dtd, J =
14.6, 6.0, 3.2 Hz, 1H), 1.80 (dddd, J = 14.1, 8.3, 7.2, 3.7 Hz, 1H); 3C NMR (126 MHz, CDCls)
8 153.9, 137.6, 117.5, 64.7, 53.1, 27.4; HRMS (ESI) m/z caled. for CsHgNO2 [M+H]" : 128.07086,
found: 128.0705.

The ee value (54%) was determined by chiral HPLC analysis of 2.2d obtained by benzylation of
oxazinanone 2.2b in comparison with an authentic sample of racemic material (CHIRALPAK®
OJ-H, 5—35% iPrOH/hexane gradient over 22 min, 0.7 mL/min, 220 nm): tr = 16.6 min (major),

17.4 min (minor). Use of (R,R)-Wen-BOX gave 80% yield and 58% ee of ent-2b.

Compound 2.2c. The title compound was obtained from carbamate ester 2.1c following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.2c as a white solid (6.7 mg, 26% yield); Rf = 0.25 (80% EtOAc/hexanes); *H
NMR (500 MHz, CDCls) & 5.53 (s, 1H), 4.33 (dt, J = 11.1, 4.1 Hz, 1H), 4.21 (td, J = 10.8, 2.9
Hz, 1H), 3.39 (dg, J = 11.8, 6.3 Hz, 1H), 2.05 — 1.96 (m, 1H), 1.69 (tdd, J = 13.8, 9.2, 4.0 Hz,
1H), 1.64 — 1.47 (m, 2H), 0.96 (t, J = 7.5 Hz, 3H); 3C NMR (126 MHz, CDCls) & 154.4, 65.7,
52.5, 29.4, 27.0, 9.6; HRMS (ESI) m/z calcd. for CeH11NO2 [M+H]* : 130.0863, found: 130.0682.
The ee value (40%) was determined by chiral HPLC analysis of compound 2.2e obtained by
benzylation of oxazinanone 2.2c in comparison with an authentic sample of racemic material
(CHIRALPAK® 0J-H, 5—35% iPrOH/hexane gradient over 22 min, 0.7 mL/min, 220 nm): tgr =

16.3 min (major), 16.7 min (minor).
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Compound 2.3a. The title compound was obtained from carbamate ester 2.3 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.3a as a white solid (29.2 mg, 76% yield); Rf= 0.22 (80% EtOAc/hexanes); *H
NMR (500 MHz, CDCl3) § 7.23 — 7.16 (m, 4H), 5.54 (s, 1H), 4.62 (ddd, J = 8.3, 5.1, 1.6 Hz, 1H),
4.33 —4.22 (m, 2H), 2.23 (dg, J = 14.0, 4.7 Hz, 1H), 2.02 — 1.91 (m, 1H); 13C NMR (126 MHz,
CDCIs) 6 154.1, 138.2, 138.1, 129.7, 125.9, 65.0, 54.8, 30.5, 21.1; HRMS (ESI) m/z calcd. for
C11H13NO2 [M+Na]* : 214.0839, found: 214.0836.

The ee value (91%) was determined by chiral HPLC analysis of oxazinanone 2.3a in comparison
with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35% iPrOH/hexane

gradient over 22 min, 0.7 mL/min, 210 nm): tr = 17.6 min (major), 18.3 min (minor).

Compound 2.4a. The title compound was obtained from carbamate ester 2.4 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.4a as a white solid (23.7 mg, 57% yield); Rf= 0.22 (80% EtOAc/hexanes); 'H
NMR (500 MHz, CDCl3) § 7.25 — 7.19 (m, 2H), 6.94 — 6.87 (m, 2H), 5.49 (s, 1H), 4.63 — 4.56

(m, 1H), 4.30 (dt, J = 8.7, 3.8 Hz, 2H), 3.81 (s, 3H), 2.25 — 2.15 (m, 1H), 2.02 — 1.91 (m, 1H);
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13C NMR (126 MHz, CDCl3) & 159.7, 154.0, 133.1, 127.4, 114.5, 65.2, 55.5, 54.7, 30.7; HRMS
(ESI) m/z calcd. for C11H13NO3 [M+H]* : 208.0968, found: 208.0966.

The ee value (90%) was determined by chiral HPLC analysis of oxazinanone 2.4a in comparison
with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—28% iPrOH/hexane

gradient over 22 min, 0.7 mL/min, 210 nm): tr = 27.6 min (major), 28.7 min (minor).

Compound 2.5a. The title compound was obtained from carbamate ester 2.5 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.5a as a white solid (27.1 mg, 53% yield); Rf= 0.18 (80% EtOAc/hexanes); H
NMR (500 MHz, CDCls) § 7.53 (d, J = 8.5 Hz, 2H), 7.21 (d, J = 8.6 Hz, 2H), 5.29 (s, 1H), 4.64
(t, J = 6.6 Hz, 1H), 4.31 (dd, J = 6.4, 4.4 Hz, 2H), 2.26 (dq, J = 13.4, 4.0 Hz, 1H), 1.96 (dq, J =
14.0, 6.9 Hz, 1H); 3C NMR (126 MHz, CDClg) § 153.5, 140.1, 132.3, 127.7, 122.4, 64.9, 54.7,
30.4; HRMS (ESI) m/z calcd. for C10H10BrNO2 [M+H]" : 255.9968, found: 255.9963.

The ee value (88%) was determined by chiral HPLC analysis of oxazinanone 2.5a in comparison
with an authentic sample of racemic material (CHIRALCEL® IC, 5—80% H2O/acetonitrile (0.1%
formic acid) gradient over 20 min, 0.7 mL/min, 210 nm): tr = 24.4 min (major), 24.7 min

(minor).
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Compound 2.6a. The title compound was obtained from carbamate ester 2.6 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.6a as a white solid (24.1 mg, 51% vyield); Rf= 0.17 (80% EtOAc/hexanes); *H
NMR (400 MHz, CDCls) & 8.05 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 6.26 (s, 1H), 4.74
(t, J = 6.3 Hz, 1H), 4.33 — 4.19 (m, 2H), 3.92 (s, 3H), 2.29 (dtd, J = 13.8, 7.1, 4.2 Hz, 1H), 1.96
(dtd, J = 13.4, 7.8, 3.7 Hz, 1H); 3C NMR (101 MHz, CDCls) § 166.5, 154.2, 146.1, 130.3, 130.2,
126.1, 64.7, 54.5, 52.3, 30.1; HRMS (ESI) m/z calcd. for C12H13NO4[M+H]" : 236.0917, found:
236.0913.

The ee value (91%) was determined by chiral HPLC analysis of oxazinanone 2.6a in comparison
with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—38% iPrOH/hexane

gradient over 22 min, 0.7 mL/min, 210 nm): tr = 27.6 min (major), 28.7 min (minor).

%

CF3
Compound 2.7a. The title compound was obtained from carbamate ester 2.7 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.7a as a colorless oil (34.2 mg, 70% yield); R¢= 0.15 (80% EtOAc/hexanes); 'H
NMR (500 MHz, CDCls) 6 7.67 (d, J = 8.1 Hz, 2H), 7.47 (d, J = 8.1 Hz, 2H), 5.43 (s, 1H), 4.76

(td, J = 6.6, 6.1, 3.0 Hz, 1H), 4.37 — 4.26 (m, 2H), 2.32 (dtdd, J = 14.2, 5.2, 3.7, 0.9 Hz, 1H),
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1.99 (dtd, J = 14.2, 7.9, 4.8 Hz, 1H); 2*C NMR (126 MHz, CDCls) 5 153.6, 145.2, 5 131.0 (q, J =
32.6 Hz), 126.6, 126.3 (g, J = 3.7 Hz), 124.0 (g, J = 271.8 Hz), 64.9, 54.9, 30.5; 1%F NMR (377
MHz, CDCls) & -62.66; HRMS (ESI) m/z calcd. for C11H10F3NO2 [M+H]* : 246.0736, found:
246.0734.

The ee value (86%) was determined by chiral HPLC analysis of oxazinanone 2.7a in comparison
with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35% iPrOH/hexane

gradient over 22 min, 0.7 mL/min, 220 nm): tr = 19.2 min (minor), 20.3 min (major).

Compound 2.8a. The title compound was obtained from carbamate ester 2.8 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.8a as a white solid (39.9 mg, 97% vyield); Rf= 0.42 (80% EtOAc/hexanes); *H
NMR (500 MHz, CDCl3) & 7.41 — 7.29 (m, 5H), 5.85 (s, 1H), 4.61 (dd, J = 11.8, 4.8 Hz, 1H),
2.01 (ddd, J = 14.0, 4.8, 1.6 Hz, 1H), 1.82 (dd, J = 13.9, 11.8 Hz, 1H), 1.51 (s, 3H), 1.42 (s, 3H);
13C NMR (126 MHz, CDCls) 154.0, 141.0, 129.2, 128.6, 126.3, 78.7, 53.2, 42.2, 29.6, 25.4;
HRMS (ESI) m/z calcd. for C12H1sNO2 [M+Na]* : 228.0995, found: 228.0993.

The ee value (86%) was determined by chiral HPLC analysis of oxazinanone 2.8a in comparison
with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35% iPrOH/hexane

gradient over 22 min, 0.7 mL/min, 210 nm): tr = 13.6 min (major), 14.9 min (minor).
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Compound 2.9a. The title compound was obtained from carbamate ester 2.9 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.9a as a white solid (34.0 mg, 89% vyield); Rf= 0.21 (80% EtOAc/hexanes); *H
NMR (500 MHz, CDCl3) § 7.27 (m, J = 7.7 Hz, 1H), 7.13 (m, J = 7.2 Hz, 3H), 5.60 (s, 1H), 4.62
(ddd, J=7.2, 5.2, 1.5 Hz, 1H), 4.37 — 4.24 (m, 2H), 2.37 (s, 3H), 2.25 (dq, J = 14.0, 4.9 Hz, 1H),
1.98 (dp, J = 13.6, 4.5, 3.8 Hz, 1H); 3C NMR (126 MHz, CDCl3) 5 154.1, 141.2, 139.0, 129.2,
129.0, 126.7, 123.2, 65.1, 55.1, 55.1, 30.5, 21.5; HRMS (ESI) m/z calcd. for C11H13NO2 [M+H]" :
192.1019, found: 192.1017.

The ee value (90%) was determined by chiral HPLC analysis of oxazinanone 2.9a in comparison
with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35% iPrOH/hexane

gradient over 22 min, 0.7 mL/min, 210 nm): tr = 17.9 min (major), 18.6 min (minor).

HN™ O

Compound 2.10a. The title compound was obtained from carbamate ester 2.10 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.10a as a white solid (23.0 mg, 60% yield); R¢= 0.22 (80% EtOAc/hexanes); *H
NMR (500 MHz, CDCls) 6 7.41 (d, J = 7.6 Hz, 1H), 7.27 (t, = 7.5 Hz, 1H), 7.23 (t, J = 7.3 Hz,

2H), 7.18 (d, J = 7.6 Hz, 1H), 5.46 (s, 1H), 4.90 (ddd, J = 7.3, 5.3, 1.8 Hz, 1H), 4.37 — 4.24 (m,
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2H), 2.34 (s, 3H), 2.28 (dtd, J = 14.7, 5.7, 3.5 Hz, 1H), 1.89 (dtd, J = 14.6, 7.3, 4.0 Hz, 1H); 1*C
NMR (126 MHz, CDCl3) 6 154.3, 139.1, 134.5, 131.2, 128.2, 126.9, 125.6, 64.8, 51.6, 28.5, 19.0;
HRMS (ESI) m/z calcd. for C11H1sNO2 [M+Na]* : 214.0839, found: 214.0836.

The ee value (72%) was determined by chiral HPLC analysis of oxazinanone 2.10a in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35%
iPrOH/hexane gradient over 22 min, 0.7 mL/min, 220 nm): tr = 18.0 min (major), 19.4 min

(minor).

Compound 2.11a. The title compound was obtained from carbamate ester 2.11 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.11a as a yellowish solid (17.7 mg, 53% yield); R¢= 0.21 (80% EtOAc/hexanes);
IH NMR (500 MHz, CDCl3) & 7.39 (dd, J = 1.8, 0.8 Hz, 1H), 6.36 (dd, J = 3.3, 1.8 Hz, 1H), 6.30
(dt, J = 3.3, 0.9 Hz, 1H), 5.46 (s, 1H), 4.76 — 4.69 (m, 1H), 4.41 — 4.26 (m, 2H), 2.35 — 2.24 (m,
1H), 2.24 — 2.14 (m, 1H); 3C NMR (126 MHz, CDCl3) & 153.3, 153.3, 142.9, 110.6, 107.1, 64.8,
48.8, 26.4; HRMS (ESI) m/z calcd. for CsHgNO3z [M+H]" : 168.0655, found: 168.0654.

The ee value (84%) was determined by chiral HPLC analysis of oxazinanone 2.1la in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35%
iPrOH/hexane gradient over 22 min, 0.7 mL/min, 210 nm): tr = 18.0 min (major), 19.1 min

(minor).
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Compound 2.12a. The title compound was obtained from carbamate ester 2.12 following the
general procedure C (2x higher catalyst loading) on a 0.1 mmol scale. Silica gel column
chromatography (0—100% EtOAc/hexanes) afforded oxazinanone 2.12a as a yellow oil (21.0
mg, 66% yield); Re= 0.22 (80% EtOAc/hexanes); *H NMR (500 MHz, CDCl3) § 8.19 (d, J = 8.4
Hz, 1H), 7.59 (s, 1H), 7.51 (d, J = 7.8 Hz, 1H), 7.36 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H), 7.29 — 7.23
(m, 1H), 5.69 (s, 1H), 5.00 — 4.93 (m, 1H), 4.42 — 4.28 (m, 2H), 2.35 (dtd, J = 14.8, 6.0, 3.4 Hz,
1H), 2.21 (dtd, J = 14.2, 7.5, 3.6 Hz, 1H), 1.68 (s, 9H); 1*C NMR (126 MHz, CDCls) & 153.9,
1495, 136.3, 127.5, 125.3, 123.4, 123.1, 120.8, 118.7, 115.9, 84.5, 65.0, 48.3, 28.3, 28.1; HRMS
(ESI) m/z calcd. for C17H20N202 [M+H]* : 317.1496, found: 317.1493.

The ee value (72%) was determined by chiral HPLC analysis of oxazinanone 2.12a in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35%
iPrOH/hexane gradient over 22 min, 1 mL/min, 210 nm): tr = 19.8 min (major), 21.0 min

(minor).

Compound 2.13a. The title compound was obtained from carbamate ester 2.13 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.13a as a white solid mixture of diastereomers (30.5 mg, 80% vyield, 5.7:1

anti:syn); oxazinanone 2.13a-anti: Rf= 0.29 (80% EtOAc/hexanes); *H NMR (500 MHz, CDCls)
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§7.41 —7.27 (m, 5H), 6.31 (s, 1H), 4.73 (dt, J = 6.4, 3.5 Hz, 1H), 4.34 (dqt, J = 8.8, 6.1, 2.6 Hz,
1H), 2.10 (ddd, J = 14.0, 9.8, 5.9 Hz, 1H), 1.96 (dt, J = 14.0, 3.3 Hz, 1H), 1.31 (d, J = 6.4 Hz,
3H): 3C NMR (126 MHz, CDCls) 5 154.8, 142.2, 128.9, 127.9, 126.0, 70.0, 52.6, 36.0, 20.6;

HRMS (ESI) m/z calcd. for C11H13NO2 [M+H]" : 192.1019, found: 192.1017.

Compound 2.14a. The title compound was obtained from carbamate ester 2.14 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.14a as a white solid mixture of diastereomers (34.9 mg, 91% vyield, >20:1
syn:anti); oxazinanone 2.14a-syn: R¢= 0.33 (80% EtOAc/hexanes); *H NMR (500 MHz, CDCls)
§7.42 — 7.27 (m, 5H), 5.64 (s, 1H), 4.57 (dd, J = 11.6, 4.7 Hz, 1H), 4.51 (dtd, J = 12.6, 6.3, 1.9
Hz, 1H), 2.14 (ddt, J = 13.9, 4.1, 1.9 Hz, 1H), 1.71 (dt, J = 14.0, 11.6 Hz, 1H), 1.38 (d, J = 6.3
Hz, 3H); 1*C NMR (126 MHz, CDCl3) § 154.5, 140.9, 129.2, 128.6, 126.1, 73.7, 55.6, 38.6, 21.0;

HRMS (ESI) m/z calcd. for C11H13NO2 [M+H]* : 192.1019, found: 192.1018.

Compound 2.15a. The title compound was obtained from carbamate ester 2.15 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.15a as a white solid (18.6 mg, 49% vyield); R¢= 0.29 (80% EtOAc/hexanes); *H
NMR (500 MHz, CDCls) & 7.38 (dd, J = 4.1, 1.3 Hz, 4H), 7.29 (hept, J = 3.8 Hz, 1H), 6.10 (s,

1H), 4.19 (dt, J = 11.3, 3.9 Hz, 1H), 3.90 (td, J = 11.0, 3.5 Hz, 1H), 2.25 — 2.11 (m, 2H), 1.66 (s,
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3H); 1*C NMR (126 MHz, CDClg) § 154.2, 145.3, 128.9, 127.6, 127.6, 125.2, 64.04 57.4, 36.2,
30.9; HRMS (ESI) m/z calcd. for C13H17NO2 [M+H]* : 192.1019, found: 192.1016.

The ee value (48%) was determined by chiral HPLC analysis of oxazinanone 2.15a in
comparison with an authentic sample of racemic material (CHIRALCEL® AD-H, 5—60%
iPrOH/hexane gradient over 22 min, 0.7 mL/min, 210 nm): tr = 12.9 min (major), 13.8 min

(minor).

0O

HNJ<
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Compound 2.16a. The title compound was obtained from carbamate ester 2.16 following the
general procedure C on a 0.10 mmol scale for 18 hours at room temperature. Silica gel column
chromatography (0—100% EtOAc/hexanes) afforded oxazinanone 2.16a as a white solid (13.6
mg, 83% yield); Rf= 0.54 (80% EtOAc/hexanes); *H NMR (500 MHz, CDClz) § 7.46 — 7.31 (m,
5H), 5.65 (s, 1H), 4.99 — 4.91 (t, J = 8.0 Hz, 1H), 4.74 (t, J = 8.7 Hz, 1H), 4.20 (dd, J = 8.6, 6.9
Hz, 1H); 3C NMR (126 MHz, CDCls) § 159.4, 139.4, 129.3, 128.9, 126.1, 72.5, 56.4; HRMS
(ESI) m/z calcd. for CoHgNO2 [M+Na]*: 186.0526, found: 186.0524.
The ee value (34%) was determined by chiral HPLC analysis of oxazinanone 2.16a in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35%
iPrOH/hexane gradient over 22 min, 0.7 mL/min, 210 nm): tr = 17.4 min (minor), 18.2 min

(major).
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Compound 2.17a. The title compound was obtained from carbamate ester 2.17 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.17a as a white solid mixture of diastereomers (51.1 mg, 87% yield, 8:1 syn:anti).
Oxazinanone 2.17a-syn: Ri= 0.50 (80% EtOAc/hexanes); *H NMR (500 MHz, CDCls) § 7.43 —
7.33 (m, 5H), 7.30 — 7.24 (m, 2H), 7.21 — 7.14 (m, 3H), 5.26 (s, 1H), 4.67 (dd, J = 11.6, 4.8 Hz,
1H), 2.83 — 2.70 (m, 2H), 2.05 — 1.88 (m, 4H), 1.57 (s, 3H); 3C NMR (126 MHz, CDCl3) &
153.7,141.4, 140.9, 129.2, 128.7, 128.5, 128.3, 126.2, 126.1, 80.3, 53.0, 44.1, 40.2, 29.5, 23.7.
Oxazinanone 2.17a-anti: Rf= 0.55 (80% EtOAc/hexanes); *H NMR (500 MHz, CDCl3) & 7.40 —
7.31 (m, 5H), 7.28 — 7.21 (m, 5H), 5.24 (s, 1H), 4.55 (dd, J = 11.8, 4.7 Hz, 1H), 2.87 (ddd, J =
13.7, 11.7, 4.9 Hz, 1H), 2.79 — 2.65 (m, 1H), 2.22 (ddd, J = 13.9, 11.6, 4.9 Hz, 1H), 2.12 (ddd, J
=14.2,4.7,1.6 Hz, 1H), 2.08 — 1.96 (m, 1H), 1.84 (dd, J = 14.2, 11.8 Hz, 1H), 1.49 (s, 3H); 1*C
NMR (126 MHz, CDCls) 6 153.5, 141.3, 140.8, 129.2, 128.7, 128.6, 128.4, 126.3, 126.1, 80.6,
52.8,41.1, 39.8, 30.2, 26.3.

HRMS (ESI) m/z calcd. for C19H21NO2 [M+Na]* : 318.1465, found: 318.1460.

The ee value (91%) was determined by chiral HPLC analysis of oxazinanone 2.17a in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35%
iPrOH/hexane gradient over 22 min, 0.7 mL/min, 210 nm): tr = 20.1 min (major), 28.1 min

(minor).
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Compound 2.18a. The title compound was obtained from carbamate ester 2.18 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.18a as a white solid as a mixture of diastereomers (42.2 mg, 74% vyield, 8:1
syn:anti).

Oxazinanone 2.18a-syn: R¢= 0.35 (80% EtOAc/hexanes); *H NMR (500 MHz, CDCls) § 7.43 —
7.32 (m, 3H), 7.30 (ddd, J = 9.7, 8.3, 6.7 Hz, 4H), 7.25 — 7.17 (m, 3H), 5.51 (s, 1H), 4.55 (dd, J
=11.5, 4.6 Hz, 1H), 4.36 (dddd, J = 11.8, 8.2, 4.3, 2.0 Hz, 1H), 2.92 — 2.75 (m, 2H), 2.18 — 2.00
(m, 2H), 1.95 — 1.84 (m, 1H), 1.77 (dt, J = 13.9, 11.6 Hz, 1H); 3C NMR (126 MHz, CDCls) &
154.3, 140.9, 140.8, 129.2, 128.6, 128.6, 128.5, 126.2, 126.0, 76.1, 55.6, 36.9, 36.8, 30.8.

HRMS (ESI) m/z calcd. for C1gH1aNO2 [M+H]" : 282.1489, found: 282.1487.

Oxazinanone 2.18a-anti: R¢= 0.55 (80% EtOAc/hexanes); *H NMR (500 MHz, CDCl3) & 7.43 —
7.36 (m, 2H), 7.39 — 7.29 (m, 1H), 7.33 — 7.26 (m, 2H), 7.26 — 7.20 (M, 2H), 7.20 — 7.14 (m, 1H),
7.17 —7.09 (m, 2H), 5.30 (s, 1H), 4.74 (dt, J = 6.4, 3.6 Hz, 1H), 4.30 — 4.22 (m, 1H), 2.86 (ddd, J
=13.6, 10.1, 5.5 Hz, 1H), 2.68 (ddd, J = 13.8, 9.8, 6.3 Hz, 1H), 2.23 — 2.13 (m, 1H), 2.06 (dddd,
J=13.8,9.8, 8.2, 5.6 Hz, 1H), 1.98 (dddd, J = 13.9, 3.9, 2.7, 1.1 Hz, 1H), 1.87 — 1.77 (m, 1H);
13C NMR (126 MHz, CDCls) & 129.0, 128.5, 128.4, 128.1, 126.1, 125.9, 73.0, 52.8, 36.4, 34.5,
31.2.

HRMS (ESI) m/z calcd. for C1sH1sNO, [M+H]" : 282.1489, found: 282.1487.

The ee value (94%) was determined by chiral HPLC analysis of oxazinanone 2.18a-syn in

comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—30%
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iPrOH/hexane gradient over 22 min, 0.7 mL/min, 210 nm): tr = 15.9 min (major), 18.7 min
(minor).

The ee value (72%) was determined by chiral HPLC analysis of oxazinanone 2.18a-anti in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35%
iPrOH/hexane gradient over 22 min, 0.7 mL/min, 220 nm): tr = 24.7 min (major), 22.6 min

(minor).
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Compound 2.19a. The title compound was obtained from carbamate ester 2.19a following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.19a as a white solid (36.2 mg, 89% vyield); R¢= 0.15 (80% EtOAc/hexanes); *H
NMR (500 MHz, CDCl3) § 7.40 — 7.33 (m, 2H), 7.33 — 7.27 (m, 1H), 7.22 — 7.15 (m, 2H), 6.67
(d, J = 11.4 Hz, 1H), 5.59 (dd, J = 11.4, 9.5 Hz, 1H), 5.54 (s, 1H), 4.47 (td, J = 9.3, 5.0 Hz, 1H),
4.36 (dt, J = 11.2, 4.1 Hz, 1H), 4.23 (td, J = 10.9, 2.8 Hz, 1H), 2.10 — 2.02 (m, 1H), 1.96 — 1.85
(m, 1H); 3C NMR (126 MHz, CDCls) & 153.7, 135.6, 133.2, 130.6, 128.6, 128.4, 127.8, 65.5,
48.6, 28.1; HRMS (ESI) m/z calcd. for C1,H13NO, [M+H]* : 204.1019, found: 204.1018.

The ee value (83%) was determined by chiral HPLC analysis of oxazinanone 2.19a in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35%
iPrOH/hexane gradient over 27 min, 0.7 mL/min, 210 nm): tr = 30.9 min (major), 33.8 min

(minor).
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Compound 2.20a. The title compound was obtained from carbamate ester 2.20 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.20a as a white solid (15.3 mg, 38% yield); R¢= 0.27 (80% EtOAc/hexanes); 'H
NMR (500 MHz, CDCls) § 7.37 (dd, J = 8.1, 6.7 Hz, 2H), 7.34 — 7.28 (m, 1H), 7.19 (dd, J = 7.2,
1.8 Hz, 2H), 6.68 (d, J = 11.4 Hz, 1H), 5.60 (dd, J = 11.4, 9.4 Hz, 1H), 5.22 (s, 1H), 4.49 (td, J =
9.3, 5.0 Hz, 1H), 4.37 (dt, J = 11.2, 4.1 Hz, 1H), 4.24 (td, J = 11.0, 2.7 Hz, 1H), 2.13 — 2.03 (m,
1H), 1.92 (dtd, J = 14.0, 10.2, 4.0 Hz, 1H); 3C NMR (126 MHz, CDCls) & 153.4, 135.6, 133.3,
130.6, 128.6, 128.4, 127.9, 65.5, 48.7, 28.1; HRMS (ESI) m/z calcd. for C12H13NO, [M+H]* :
204.1019, found: 204.1020.

The ee value (31%) was determined by chiral HPLC analysis of oxazinanone 2.20a in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35%
iPrOH/hexane gradient over 27 min, 0.7 mL/min, 210 nm): tr = 27.2 min (major), 29.3 min

(minor).

Compound 2.21a. The title compound was obtained from carbamate ester 2.21 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.21a as a white solid (10.5 mg, 26% yield); R¢= 0.26 (80% EtOAc/hexanes); *H
NMR (500 MHz, CDCls) & 7.40 — 7.30 (m, 5H), 5.48 (s, 1H), 5.40 (d, J = 1.4 Hz, 2H), 4.65 —

4.57 (m, 1H), 4.29 (ddd, J = 11.3, 8.0, 3.2 Hz, 1H), 4.21 (ddd, J = 10.9, 6.9, 3.5 Hz, 1H), 2.13
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(dddd, J = 13.8, 8.8, 5.6, 3.4 Hz, 1H), 1.76 (dtd, J = 13.6, 6.3, 3.2 Hz, 1H); *C NMR (126 MHz,
CDCls) 6 153.8, 148.5, 138.5, 128.8, 128.4, 126.6, 114.5, 64.2, 53.4, 26.1; HRMS (ESI) m/z
calcd. for C12H13NO2 [M+H]" : 204.1019, found: 204.1019.

The ee value (80%) was determined by chiral HPLC analysis of oxazinanone 2.21a in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35%
iPrOH/hexane gradient over 22 min, 0.7 mL/min, 210 nm): tr = 18.3 min (minor), 19.5 min

(major).

Compound 2.22a. The title compound was obtained from carbamate ester 2.22 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.22a as a white solid (46.7 mg, 85% yield); R¢= 0.24 (80% EtOAc/hexanes); 'H
NMR (500 MHz, CDCl3) & 7.43 — 7.32 (m, 3H), 7.21 — 7.07 (m, 5H), 6.96 — 6.88 (m, 2H), 6.69
(d, J=1.3 Hz, 1H), 5.25 (s, 1H), 4.48 — 4.41 (m, 1H), 4.33 (ddd, J = 10.9, 7.3, 3.4 Hz, 1H), 4.23
(ddd, J = 11.0, 7.7, 3.2 Hz, 1H), 2.12 — 2.02 (m, 1H), 1.84 (dtd, J = 14.1, 7.2, 3.4 Hz, 1H); 13C
NMR (126 MHz, CDCls) 8 154.0, 141.2, 137.7, 135.6, 129.3, 129.2, 129.0, 128.2, 128.1, 128.0,
127.3, 64.5, 57.0, 25.8.; HRMS (ESI) m/z calcd. for C1gH17NO2 [M+H]" : 280.1332, found:
280.1330.

The ee value (76%) was determined by chiral HPLC analysis of oxazinanone 2.22a in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35%
iPrOH/hexane gradient over 22 min, 0.7 mL/min, 220 nm): tr = 21.3 min (major), 33.7 min

(minor).
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Compound 2.23a. The title compound was obtained from carbamate ester 2.23 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.23a as a white solid (35.2 mg, 63% vyield); R¢= 0.24 (80% EtOAc/hexanes); *H
NMR (500 MHz, CDCl3) & 7.45 — 7.36 (m, 4H), 7.30 (dd, J = 4.9, 2.1 Hz, 3H), 7.23 — 7.20 (m,
2H), 7.17 — 7.11 (m, 2H), 5.96 (d, J = 9.4 Hz, 1H), 4.98 (s, 1H), 4.35 (dt, J = 11.2, 4.1 Hz, 1H),
4.21 — 4.03 (m, 3H), 2.04 — 1.86 (m, 2H); *3C NMR (126 MHz, CDCls) § 153.7, 145.8, 140.7,
138.5, 129.3, 128.7, 128.4, 128.2, 128.0, 127.4, 127.0, 65.4, 50.2, 28.2.; HRMS (ESI) m/z calcd.
for C1sH17NO2 [M+H]" : 280.1332, found: 280.1331.

The ee value (99%) was determined by chiral HPLC analysis of oxazinanone 2.23a in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35%
iPrOH/hexane gradient over 45 min, 0.7 mL/min, 220 nm): tr = 30.1 min (major), 36.4 min

(minor).

Compound 2.24a. The title compound was obtained from carbamate ester 2.24 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.24a as a white solid (34.0 mg, 78% vyield); R¢= 0.15 (80% EtOAc/hexanes); *H
NMR (500 MHz, CDCls) 6 7.42 — 7.27 (m, 5H), 5.67 (dg, J = 8.9, 1.5 Hz, 1H), 5.22 (s, 1H), 4.50
— 4.42 (m, 1H), 4.39 (dt, J = 11.2, 4.1 Hz, 1H), 4.31 (td, J = 10.8, 2.8 Hz, 1H), 2.11 (d, J = 1.4

Hz, 4H), 1.89 (dtd, J = 13.9, 9.7, 4.0 Hz, 1H); 3C NMR (126 MHz, CDClz) § 153.6, 142.0,
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139.4, 128.4, 127.8, 126.80, 125.8, 65.6, 49.6, 27.9, 16.3; HRMS (ESI) m/z calcd. for
C13H1sNO2 [M+H]* : 218.1176, found: 218.1172.

The ee value (77%) was determined by chiral HPLC analysis of oxazinanone 2.24a in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—35%
iPrOH/hexane gradient over 27 min, 0.7 mL/min, 220 nm): tr = 31.9 min (major), 34.0 min

(minor).
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Compound 2.25a. The title compound was obtained from carbamate ester 2.25 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.25a as a white solid (44.8 mg, 93% yield); R¢= 0.32 (80% EtOAc/hexanes); 'H
NMR (500 MHz, CDCls) & 5.94 (apparent d, J = 3.2 Hz, 2H), 5.29 (s, 1H), 4.29 — 4.18 (m, 2H),
4.10 — 4.02 (m, 1H), 2.16 — 2.07 (m, 1H), 1.78 (dtd, J = 14.3, 7.3, 3.9 Hz, 1H), 0.86 (s, 9H), 0.03
(s, 6H); 1*C NMR (126 MHz, CDCls) & 153.7, 145.6, 130.1, 64.5, 54.6, 27.1, 26.3, 16.4, -6.2;
HRMS (ESI) m/z calcd. for C12H2sNO3Si [M+H]" : 242.1571, found: 242.1569.

The ee value (94%) was determined by chiral HPLC analysis of oxazinanone 2.25a in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—20%
iPrOH/hexane gradient over 12 min, 0.7 mL/min, 210 nm): tr = 9.2 min (major), 10.4 min

(minor).
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Compound 2.26a. The title compound was obtained from carbamate ester 2.26 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.26a as a white solid (22.5 mg, 54% yield); R¢= 0.29 (80% EtOAc/hexanes); 'H
NMR (500 MHz, CDCl3) § 5.66 (dd, J = 15.4, 6.7 Hz, 1H), 5.32 (ddd, J = 15.4, 6.9, 1.4 Hz, 1H),
5.06 (s, 1H), 4.30 (ddd, J = 11.2, 5.7, 3.8 Hz, 1H), 4.21 (ddd, J = 11.5, 9.1, 3.0 Hz, 1H), 4.02 —
3.90 (m, 1H), 2.09 — 2.00 (m, 1H), 1.96 (tdd, J = 10.6, 6.8, 3.2 Hz, 1H), 1.82 — 1.60 (m, 6H),
1.32 - 1.19 (m, 2H), 1.15 (dtd, J = 12.5, 9.2, 3.2 Hz, 1H), 1.05 (qd, J = 12.6, 11.9, 3.7 Hz, 2H);
13C NMR (126 MHz, CDCls) § 153.6, 140.1, 126.9, 64.9, 53.0, 40.1, 32.7, 32.7, 28.0, 26.0, 25.9;
HRMS (ESI) m/z calcd. for C1oH1sNO2 [M+H]* : 210.1489, found: 210.1487.

The ee value (85%) was determined by chiral HPLC analysis of compound 2.26b obtained by
benzylation of oxazinanone 2.26a in comparison with an authentic sample of racemic material
(CHIRALCEL® 0J-H, 5—20% iPrOH/hexane gradient over 22 min, 0.7 mL/min, 220 nm): tr =

13.7 min (major), 14.3 min (minor).

0
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Compound 2.27a. The title compound was obtained from carbamate ester 2.27 following the
general procedure C on a 0.10 mmol scale for 20 hours at room temperature. Silica gel column

chromatography (0—100% EtOAc/hexanes) afforded oxazinanone 2.27a as a colorless oil (12.6

mg, 74% yield); Rf= 0.24 (80% EtOAc/hexanes); 'H NMR (500 MHz, CDClz) & 5.51 (s, 1H),
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4.33 (dt, J = 11.1, 4.2 Hz, 1H), 4.21 (td, J = 10.8, 2.8 Hz, 1H), 3.56 — 3.38 (m, 1H), 2.00 (dtdd, J
=13.6, 4.4, 3.6, 2.8, 1.2 Hz, 1H), 1.76 — 1.56 (m, 1H), 1.56 — 1.44 (m, 2H), 1.39 — 1.16 (m, 7H),
0.91 — 0.84 (m, 3H); 3C NMR (126 MHz, CDCls) § 154.2, 65.6, 51.0, 36.4, 31.5, 27.3, 24.7,
22.5, 13.9; HRMS (ESI) m/z calcd. for CgH17NO2 [M+H]* : 172.1332, found: 172.1332.

The ee value (58%) was determined by chiral HPLC analysis of compound 2.27b obtained by
benzylation of oxazinanone 2.27a in comparison with an authentic sample of racemic material
(CHIRALCEL® OD-H, 5—12% iPrOH/hexane gradient over 22 min, 0.7 mL/min, 210 nm): tr

= 19.6 min (major), 20.3 min (minor).

w

Compound 2.28a. The title compound was obtained from carbamate ester 2.28 following the
general procedure C on a 0.10 mmol scale for 20 hours at room temperature. Silica gel column
chromatography (0—100% EtOAc/hexanes) afforded 95xazinanones 2.28a as a white solid (8.4
mg, 53% yield); Rf= 0.21 (80% EtOAc/hexanes); 'H NMR (500 MHz, CDClz) & 5.35 (s, 1H),
4.34 (dt, J = 11.1, 4.2 Hz, 1H), 4.22 (td, J = 10.8, 2.8 Hz, 1H), 3.54 (dddd, J =12.2,8.9,5.5,1.1
Hz, 1H), 2.00 (dtdd, J = 13.6, 4.5, 2.8, 1.3 Hz, 1H), 1.72 — 1.62 (m, 2H), 1.46 — 1.31 (m, 2H),
0.94 (d, J = 6.6 Hz, 6H); 3C NMR (126 MHz, CDCl3) § 154.1, 65.6, 49.0, 45.6, 27.8, 24.2, 22.7,
22.3; HRMS (ESI) m/z calcd. For CgHisNO2 [M+H]* : 158.1176, found: 158.1175.

The ee value (54%) was determined by chiral HPLC analysis of compound 2.28b obtained by
benzylation of oxazinanone 2.28a in comparison with an authentic sample of racemic material
(CHIRALCEL® OJ-H, 5—20% iPrOH/hexane gradient over 22 min, 0.7 mL/min, 210 nm): tr =

16.5 min (major), 17.7 min (minor).
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Compound 2.29a. The title compound was obtained from carbamate ester 2.29 following the
general procedure C. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.29a as a white solid (32.3 mg, 88% yield); R¢= 0.24 (80% EtOAc/hexanes); 'H
NMR (500 MHz, CDCl3) & 5.15 (s, 1H), 4.42 — 4.27 (m, 1H), 4.18 (t, J = 10.7 Hz, 1H), 3.24 (dt,
J=11.2, 6.0 Hz, 1H), 1.92 (d, J = 13.1 Hz, 1H), 1.85 — 1.65 (m, 7H), 1.49 — 0.90 (m, 5H); 13C
NMR (126 MHz, CDClz) 6 154.3, 79.4, 65.7, 56.0, 42.5, 28.6, 28.3, 26.2, 25.8, 25.8, 24.6;
HRMS (ESI) m/z calcd. for C10H17NO2 [M+H]" : 184.1332, found: 184.1332.

The ee value (65%) was determined by chiral HPLC analysis compound 2.29b obtained by
benzylation of oxazinanone 2.29a in comparison with an authentic sample of racemic material
(CHIRALCEL® IC, 35—70% H2O/acetonitrile (0.1% formic acid) gradient over 15 min, 0.7

mL/min, 210 nm): tr = 10.9 min (major), 10.4 min (minor).

Compound 2.30a. The title compound was obtained from carbamate ester 2.30 following the
general procedure C on a 0.10 mmol scale for 20 hours at room temperature. Silica gel column
chromatography (0—100% EtOAc/hexanes) afforded oxazinanone 2.30a as a white solid (9.5
mg, 60% yield); Rf= 0.21 (80% EtOAc/hexanes); *H NMR (500 MHz, CDClz) & 5.12 (s, 1H),
4.35 (ddd, J = 11.0, 4.3, 2.6 Hz, 1H), 4.17 (ddd, J = 12.0, 11.0, 2.5 Hz, 1H), 3.21 (dd, J = 10.9,

5.0 Hz, 1H), 1.92 — 1.84 (m, 1H), 1.78 (dddd, J = 13.8, 12.0, 10.9, 4.3 Hz, 1H), 0.94 (s, 9H); °C
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NMR (126 MHz, CDClz) & 154.7, 65.9, 60.4, 33.6, 25.3, 22.9; HRMS (ESI) m/z calcd. for
CgH1sNO2 [M+H]" : 158.1176, found: 158.1173.

The ee value (52%) was determined by chiral HPLC analysis of compound 2.30b obtained by
benzylation of oxazinanone 2.30a in comparison with an authentic sample of racemic material
(CHIRALCEL® 0J-H, 5—20% iPrOH/hexane gradient over 22 min, 0.7 mL/min, 210 nm): tr =

16.4 min (minor), 18.6 min (major).

Compound 2.31a. The title compound was obtained from carbamate ester 2.31 following the
general procedure D. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.31a as a white solid (27.5 mg, 67% yield); R¢= 0.24 (80% EtOAc/hexanes); 'H
NMR (500 MHz, CDCl3) § 7.32 — 7.25 (m, 2H), 7.24 — 7.15 (m, 3H), 6.32 (s, OH), 4.32 (ddd, J =
10.9, 5.4, 3.6 Hz, 1H), 4.24 — 4.15 (m, 1H), 3.47 (dt, J = 12.1, 6.0 Hz, 1H), 2.77 — 2.63 (m, 2H),
2.08 — 1.97 (m, 1H), 2.00 — 1.67 (m, 3H).; 3C NMR (126 MHz, CDCI3) 5 154.6, 140.6, 128.6,
128.3, 126.3, 65.5, 50.2, 37.9, 31.4, 27.2; HRMS (ESI) m/z calcd. for C12H1sNO; [M+H]" :
206.1176 found: 206.1177.

The ee value (35%) was determined by chiral HPLC analysis of oxazinanone 2.31a in
comparison with an authentic sample of racemic material (CHIRALCEL® OJ-H, 5—15%
iPrOH/hexane gradient over 33 min, 0.7 mL/min, 220 nm): tr = 28.4 min (major), 31.1 min

(minor).
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Compound 2.32a. The title compound was obtained from carbamate ester 2.32 following the
general procedure D. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded
oxazinanone 2.32a as a white solid (26.8 mg, 70% yield); R¢= 0.23 (80% EtOAc/hexanes); 'H
NMR (500 MHz, CDCls) 6 7.33 (dd, J = 8.1, 6.6 Hz, 2H), 7.30 — 7.23 (m, 1H), 7.21 — 7.15 (m,
2H), 5.61 (d, J = 17.1 Hz, 1H), 4.34 (dt, J = 11.3, 4.2 Hz, 1H), 4.20 (td, J = 10.9, 2.8 Hz, 1H),
3.76 — 3.67 (m, 1H), 2.85 (dd, J = 13.5, 6.4 Hz, 1H), 2.76 (ddd, J = 13.5, 7.8, 1.8 Hz, 1H), 2.08 —
1.95 (m, 1H), 1.78 (tdd, J = 13.8, 9.2, 4.0 Hz, 1H).13C NMR (126 MHz, CDCI3) § 154.1, 136.1,
129.2, 129.0, 127.2, 65.5, 52.1, 42.7, 27.3.; HRMS (ESI) m/z calcd. for C11H13NO; [M+H]* :
192.1019, found: 192.1020.

The ee value (43%) was determined by chiral HPLC analysis of oxazinanone 2.32a in
comparison with an authentic sample of racemic material (CHIRALCEL® IC, 35—70%
H2O/acetonitrile (0.1% formic acid) gradient over 15 min, 0.7 mL/min, 210 nm): tr = 10.4 min

(major), 10.9 min (minor).

2.5.4. Racemic amination of chiral carbamate 13

20 mol % AgCIO,
JJ\ 10 mol % dmBOX
H,N (0] >

iy
HN” SO
/\/H\ PhiO, 4 AMS M
Ph (® CH.Cly, rt, 18h  Ph ©

A pre-dried 1.5 dram vial equipped with a magnetic stir bar was charged with AgCIO4 (4.2 mg,
20 pmol, 20 mol %), dmBOX (2.4 mg, 10 umol, 10 mol %), and dry CH2Cl> (2 mL). The

reaction mixture was stirred vigorously for 15 min at room temperature. Powdered 4 A
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molecular sieves (100 mg, 1 g of sieves/mmol of substrate) were added, followed by carbamate
ester substrate 13 (19.3 mg, 0.1 mmol, 1.0 equiv). lodosobenzene (44 mg, 0.2 mmol, 2.0 equiv)
was added in one portion and the reaction mixture was stirred at room temperature for 18 hours.
The mixture was filtered through a pad of Celite® rinsing with EtOAc, and the filtrate
concentrated under reduced pressure. The yield and diastereoselectivity was determined by *H

NMR, using trimethylphenyl silane as the internal standard (74%, 3.4:1 syn:anti).

2.5.5. Large scale reaction set-up

A flame-dried 250 mL round bottom flask equipped with a magnetic stir bar was charged with
AgCIO4 (82.9 mg, 0.4 mmol, 10 mol %), (R,R)-Min-BOX ligand (117 mg, 0.2 mmol, 5 mol %),
and dry CHxCl> (25 mL). The flask was capped with a rubber septum and the reaction mixture
was stirred vigorously for 15 min at room temperature. Powdered 4 A molecular sieves (2.0 g,
0.5 g of sievess/mmol of substrate) were added, followed by carbamate ester 1a (717 mg, 4.0
mmol, 1.0 equiv), rinsing with dry CH2Cl> (15 mL). After adjusting the reaction temperature to —
10 °C using a chiller, iodosobenzene (1.32 g, 6.0 mmol, 1.5 equiv) was added in one portion and
the reaction mixture was stirred at —10 °C for 4 days. (NOTE: The rate of the reaction and
overall conversion can be increased by increasing the catalyst loading). The mixture was filtered
through a pad of Celite® rinsing with EtOAc, and the filtrate concentrated under reduced
pressure. Silica gel column chromatography (0—100% EtOAc/hexanes) afforded the (S)-
enantiomer of oxazinanone 2a as a yellowish solid (497 mg, 70% yield, 88% ee); Rf = 0.24 (80%
EtOAc/hexanes). The product was further purified by recrystallization from MeOH to afford the
(S)-enantiomer of oxazinanone 2a as a white solid with improved enantioselectivity (209 mg, 30%

yield, >99% ee).
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2.5.6. Synthesis of Dapoxetine

1) NaOH NaH, then O
H o EtOH/H,0, A NMe, 1-fluoronaphthalene NMe, O

0]
N
Ph/k) 2) formic acid Ph/'\/\OH DMF, 100°C Ph/k/\o

formaldehyde, A .
(S)-2a (S)-Dapoxetine

Ring opening: To a round-bottom flask containing the (S)-enantiomer of oxazinanone 2.2a (177
mg, 1.00 mmol, 1 equiv) were added EtOH (7 mL), H2O (3.5 mL), and NaOH (160 mg, 4.00
mmol, 4 equiv). The resulting mixture was refluxed at 80 °C until TLC indicated the reaction
was complete (~18 h). After cooling to room temperature, EtOH was evaporated under reduced
pressure and the residue was extracted with EtOAc three times. The total combined organic
phase was dried over Na>SO4 and concentrated under reduced pressure and used directly in the
next step without further purification.

Eschweiler-Clarke methylation: A mixture of (S)-3-amino-3-phenyl-1-propanol (151 mg, 1.00
mmol, 1 equiv), 37 wt.% formaldehyde in H.O (0.30 mL, 4.00 mmol, 4 equiv), and formic acid
(75.4 pL, 2.00 mmol, 2 equiv) in H20 (2 mL) was stirred at 100 °C overnight. After cooling to
room temperature, the reaction was basified with 1M NaOH. The mixture was extracted with
CH2Cl; three times and washed with brine. The organic layer was dried with MgSO4 and
concentrated in vacuo. Silica gel chromatography (0-10% MeOH/EtOAc) afforded the amino
alcohol (129 mg, 72%); 'H NMR (500 MHz, CDCls) § 7.38 — 7.32 (m, 2H), 7.32 — 7.27 (m, 1H),
7.20 — 7.16 (m, 2H), 5.26 (s, 1H), 3.90 — 3.82 (m, 2H), 3.76 (dd, J = 10.5, 3.7 Hz, 1H), 2.41
(dddd, J = 14.5, 10.5, 9.1, 5.4 Hz, 1H), 2.18 (s, 6H), 1.67 (dg, J = 14.5, 3.6 Hz, 1H); 3C NMR
(126 MHz, CDCls) 6 136.3, 129.0, 128.1, 127.7, 70.3, 63.6, 41.2, 32.3; HRMS (ESI) m/z calcd.

for C11H17NO [M+H]": 180.1383, found: 180.1381.
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SNAr: A mixture of 3-(dimethylamino)-3-phenylpropan-1-ol (129 mg, 0.72 mmol, 1 equiv)
dissolved in 5 ml of DMF was cooled to 0 °C and 60 wt.% NaH in mineral oil (58 mg, 1.44
mmol, 2 equiv) was added. The mixture was heated for an hour at 60 °C and 1-fluoronaphthalene
(92.9 pL, 0.72 mmol, 1 equiv) was added to the reaction mixture. The mixture was then stirred
overnight at about 100 °C under a nitrogen atmosphere. The reaction mixture was cooled to room
temperature and poured into approximately 10 mL of cold water and extracted with EtOAc three
times. The combined organics were washed with water twice and then brine. The organic layer
was dried with NaxSOs and concentrated in vacuo. Silica gel chromatography (0-10%
MeOH/EtOAC) afforded (S)-Dapoxetine (173 mg, 79%). *H NMR (500 MHz, CDCls; & 8.27 —
8.21 (m, 1H), 7.82 — 7.76 (m, 1H), 7.51 — 7.42 (m, 2H), 7.38 (d, J = 8.2 Hz, 1H), 7.35 — 7.27 (m,
6H), 6.65 (dd, J = 7.6, 0.9 Hz, 1H), 4.08 (ddd, J = 9.2, 6.7, 5.2 Hz, 1H), 3.91 (ddd, J = 9.3, 7.6,
6.2 Hz, 1H), 3.60 (dd, J = 9.2, 5.5 Hz, 1H), 2.68 — 2.58 (m, 1H), 2.33 — 2.26 (m, 1H), 2.25 (s,
6H); *C NMR (126 MHz, CDCls) & 154.8, 139.8, 134.6, 128.7, 128.4, 127.6, 127.5, 126.4,
126.0, 125.8, 125.2, 122.2, 120.2, 104.7, 67.8, 65.8, 43.0, 33.2; HRMS (ESI) m/z calcd. for
C21H2sNO [M+H]*: 306.1852, found: 306.1850.

The ee value (90%) was determined by chiral HPLC analysis of (S)-Dapoxetine in comparison
with an authentic sample of racemic material (CHIRALCEL® OD-H, 0.2—1.6% iPrOH/hexane

gradient over 12 min, 1.0 mL/min, 210 nm): tr = 14.2 min (minor), 14.5 min (major).
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2.5.7. Synthesis of (R,R)-MinBOX, (R,R)-WenBOX, and (R,R)-pOMe-MinBOX

ArB(OH), (2 equiv)

CISO,NH, (1.5 equiv) [Rh(coe),Cl], (1.5 mol%)
o Pyridine (1.5 equiv) (‘3‘ L (3.3 mol%)
)J\/O MeCN, 0 °C to rt N,s\zo aq. KF (1.5 M, 1 equiv) 2.34R'=By, R2=H
Me : P P - - $2.1R'=Ph,RZ=H
en TsOH-H Me Tol, 80°C $2.3 R = 'Bu, R2 = OMe
reflux, Dean-Stark 233 73%
76% '
NH, Me Me .
Me. 0.5 equiv
Rl el " on N CXCN (0.5 equiv) 1
. . R -
LiAIH, (3 equiv) R2 Zn(OTf), (0.75 equiv)
—» ;
THF, reflux R? Tol, reflux R?
quant. . ) 50% R
2.35R =By, R2 =H Min-BOX R=Bu, R?2=H
S22R=Ph,R”=H H Wen-BOX R=Ph, RZ=H

- 2 _ t
$2.4R ='Bu, R? = OMe N.g-Bu p-OMe-Min-BOX R = 'Bu, R2 = OMe

ArBH(OH),

Compound 2.33. a-Hydroxyacetone (90%, 2.47 g, 30 mmol) in a 100 mL flame-dried round
bottom flask was dissolved in MeCN (30 mL) under N2, followed by pyridine (3.7 mL, 45 mmol,
1.5 equiv), cooled to 0 °C. Sulfamoyl chloride (5.2 g, 45 mmol, 1.5 equiv) in MeCN (20 mL)
was added dropwise, then the mixture gradually warmed to rt overnight. The solution was
filtered through a short pad of silica and washed with EtOAc. The solvent was removed under
vacuo, then p-toluenesulfonic acid (571 mg, 3 mmol, 10 mol%) and toluene (50 mL) were added,
and the reaction mixture was heated at reflux for 2 h with azeotropic removal of H2O. The
solvent was evaporated, and the residue was purified by silica gel chromatography
(hexanes/EtOAc = 1/1 to 1/2) to afford the desired product as a light brown solid (3.1 g, 76%);
IH NMR (500 MHz, CDCl3) & 5.08 (s, 2H), 2.42 (s, 3H); 13C NMR (126 MHz, CDCls) & 181.5,

77.1,17.9.
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Compound 2.34. A 100 mL 2-neck round bottom flask equipped with a stir bar and a condenser
was charged with 2.33 (811 mg, 6 mmol), 3,5-ditBu-phenylboronic acid (2.81 g, 12 mmol, 2
equiv) and L (60 mg, 0.2 mmol, 3.3 mol%). [Rh(coe)2Cl] (65 mg, 0.09 mmol, 1.5 mol%) was
added to the mixture in a glovebox, then toluene (60 mL) was added under N2. The mixture was
stirred at rt for 30 min, followed by addition of aqueous KF (1.5 M, 4 mL, 6 mmol, 1 equiv),
then stirred at 80 °C for 24 h. The reaction was cooled to rt, extracted with EtOAc, washed with
brine, dried over Na,SOg, filtered and concentrated. The crude product was purified by silica gel
chromatography (hexanes/EtOAc = 3/1 to 2/1) to afford the desired product as a white solid
(1.43 g, 73%); 'H NMR (500 MHz, CDCl3) § 7.42 (t, J = 1.7 Hz, 1H), 7.21 (d, J = 1.7 Hz, 2H),
4.65 (s, 1H), 4.65 (dd, J = 22.5, 8.5 Hz, 2H), 1.85 (s, 3H), 1.33 (s, 18H); 3C NMR (126 MHz,
CDCl3) § 152.0, 140.4, 122.87, 119.0, 80.8, 65.9, 35.2, 31.6, 27.8; HRMS (ESL m/z) [M+Na]*
calcd for [C17H27NO3S]*: 348.1604; found: 348.1597.

The ee value (99%) was determined by chiral HPLC analysis of compound 2.34 in comparison
with an authentic sample of racemic material (CHIRALCEL® AD-H, 5% iPrOH/hexane, 0.7

mL/min, 210 nm): tr = 10.1 min (major), 11.4 min (minor).

Compound 2.35. A flame-dried 15 mL 2-neck round bottom flask equipped with a stir bar and a
condenser under N2 was charged with LiAlIH4 (40.6 mg, 1.07 mmol, 3 equiv) followed by dry
THF (2.5 mL). A solution of 2.34 (116.1 mg, 0.357 mmol, 1 equiv) in THF (1.5 mL, then 1 mL
to rinse vial containing sulfamate) was added dropwise to the stirred grey suspension at rt, then
the mixture was refluxed for 5 hours. The reaction mixture was first cooled to rt, then 0 °C in an
ice-water bath and quenched by the dropwise addition of 0.5 mL water. The mixture was filtered

through a short pad of Celite, washed with EtOAc, dried over Na>SQOas, and filtered. The resulting
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solution was concentrated carefully to result in 2.35 as a flakey white solid (93 mg, 99%). NMR
analysis determined the product was of high purity. *H NMR (500 MHz, CDClz) § 7.34 (t, J =
1.8 Hz, 1H), 7.29 (d, J = 1.8 Hz, 2H), 3.64 (d, J = 10.6 Hz, 1H), 3.59 (d, J = 10.6 Hz, 1H), 1.64
(br, 3H, NH2 + OH) 1.48 (s, 3H), 1.34 (s, 18H); *C NMR (126 MHz, CDCls3) & 150.7, 145.5,
121.0, 119.3, 71.9, 56.6, 35.0, 31.5, 27.2; HRMS (ESI, m/z) [M+H]* calcd for [C17H3NO]J*:

264.2322; found: 264.2317.

(R,R)-MinBOX. A flame-dried 15 mL 2-neck round bottom flask equipped with a stir bar and a
condenser was charged with Zn(OTf)2 (96.3 mg, 0.265 mmol, 0.75 equiv). The apparatus was
placed in a pre-heated 120°C oil bath and heated under vacuum for 2 h. The reaction vessel was
allowed to cool to room temperature under vacuum, then carefully placed under N2. A portion of
2,2-dicyanopropane (16.4 mg, 0.174 mmol, 0.5 equiv) was added, followed by toluene (2 mL).
The resulting reaction mixture was allowed to stir for 5 min, after which the amino alcohol S3
(93.0 mg, 0.353 mmol, 1 equiv) was added. The vial containing the amino alcohol was rinsed
with toluene (1.5 mL) and the solution was added to the reaction flask. The reaction was stirred
at reflux for 72 h. After cooling to rt, the yellow reaction mixture was transferred to a separatory
funnel. Brine was added and the mixture extracted with EtOAc, dried over Na2SQOs, and filtered.
Silica gel chromatography (Hexanes/EtOAC = 9/1 to 2/1) gave (R,R)-Min-BOX as a white solid
(51.3 mg, 50%). 'H NMR (500 MHz, CDCl3) § 7.29 (t, J = 1.8 Hz, 2H), 7.22 (d, J = 1.8 Hz, 4H),
4.29 (d, J = 7.9 Hz, 2H), 4.26 (d, J = 8.2 Hz, 2H), 1.67 (d, J = 5.9 Hz, 12H), 1.31 (s, 36H); 3C
NMR (126 MHz, CDCl3) 6 168.4, 150.6, 146.0, 121.0, 119.8, 81.6, 72.7, 38.8, 35.1, 31.6, 28.5,

24.8; HRMS (ESI, m/z) [M+H]" calcd for [CsgHsoN202]": 587.4571; found: 587.4571.
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Compound S2.1: The title compound was synthesized on a 3.7 mmol scale using an analogous
to procedure as in compound 2.34 with 3,5-diphenylphenylboronic acid. Silica gel
chromatography (hexanes/EtOAc = 3/1 to 2/1) afforded the desired product as a white solid
(0.81g, 61%). *H NMR (500 MHz, CDCl3) & 7.78 (t, J = 1.6 Hz, 1H), 7.66 — 7.59 (m, 6H), 7.52 —
7.45 (m, 4H), 7.44 — 7.37 (m, 2H), 4.78 (d, J = 8.7 Hz, 1H), 4.68 (d, J = 8.7 Hz, 1H), 4.61 (s, 1H),
1.94 (s, 3H); 3C NMR (126 MHz, CDCl3) & 143.0, 142.3, 140.4, 129.0, 128.0, 127.3, 126.5,
122.7, 80.3, 65.4, 27.8; HRMS (ESI, m/z) [M+NH4]* calcd for [C21H19NO3S]*: 383.1424; found:

383.1422.

Compound S2.2: The title compound was synthesized on a 3.6 mmol scale using an analogous
to procedure as in compound 2.35. The product was obtained as a white solid (1.13 g, 99.9%). H
NMR (500 MHz, CDCls) § 7.69 (t, J = 1.7 Hz, 1H), 7.68 — 7.61 (m, 5H), 7.47 (dd, J = 8.4, 6.9
Hz, 4H), 7.41 — 7.34 (m, 2H), 3.76 (d, J = 10.6 Hz, 1H), 3.69 (d, J = 10.6 Hz, 1H), 1.69 (broad s,
3H), 1.57 (s, 3H); 13C NMR (126 MHz, CDCl3) 5 147.6, 142.1, 141.3, 128.8, 127.5, 127.4, 124.9,
123.4, 71.9, 56.6, 27.4; HRMS (ESI, m/z) [M+H]" calcd for [C21H21NO]": 304.1696; found:

304.1695.

(R,R)-WenBOX: The title compound was synthesized on a 3.5 mmol scale using an analogous
to procedure as in (R,R)-Min-BOX. Silica gel chromatography (Hexanes/EtOAC = 4/1 to 2/1)
gave (R,R)-Wen-BOX as a white solid (1.17 g, 71%). *H NMR (500 MHz, CDCl3) & 7.67 (t, J =
1.7 Hz, 2H), 7.65 — 7.60 (m, 8H), 7.58 (d, J = 1.7 Hz, 4H), 7.46 — 7.40 (m, 8H), 7.37 — 7.32 (m,

4H), 4.31 (s, 4H), 1.74 (s, 6H), 1.73 (s, 6H); 3C NMR (126 MHz, CDCls) & 168.7, 147.7, 141.9,
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141.3, 128.7, 127.4, 127.3, 124.8, 123.4, 81.1, 72.5, 38.8, 28.4, 24.5; HRMS (ESI, m/z) [M+H]"

calcd for [Ca7H42N202]": 667.3319; found: 667.3314.

Compound S2.3: The title compound was synthesized on a 2.5 mmol scale using an analogous
to procedure as in compound 2.34 with 3,5-di'Bu-4-OMe-phenylboronic acid. Silica gel
chromatography (hexanes/EtOAc = 3/1 to 2/1) afforded the desired product as a white solid (553
mg, 62%). *H NMR (500 MHz, CDCls) & 7.25 (s, 2H), 4.64 (d, J = 8.6 Hz, 1H), 4.58 (d, J = 8.6
Hz, 1H), 4.47 (s, 1H), 3.69 (s, 3H), 1.83 (s, 3H), 1.43 (s, 18H); 13C NMR (126 MHz, CDCl3) &
159.6, 144.6, 134.7, 123.0, 80.6, 65.4, 64.3, 36.0, 32.0, 27.4; HRMS (ESI, m/z) [M+NHa]* calcd

for [C1sH20NO4S]*: 373.2156; found: 373.2153.

Compound S2.4: The title compound was synthesized on a 1.6 mmol scale using an analogous
to procedure as in compound 2.35. The product was obtained as a white solid (424 mg, 93%). H
NMR (500 MHz, CDCls) & 7.30 (s, 2H), 3.69 (s, 3H), 3.64 — 3.51 (m, 2H), 1.63 (broad s, 3H),
1.43 (s, 18H); 13C NMR (126 MHz, CDCls) & 158.1, 143.2, 139.8, 123.4, 71.9, 64.0, 56.2, 35.9,

32.1, 27.1; HRMS (ESI, m/z) [M+H]" calcd for [C1sH31NO2]": 294.2428; found: 294.2424.

(R,R)-p-OMe-Min-BOX: The title compound was synthesized on a 0.5 mmol scale using an
analogous to procedure as in (R,R)-Min-BOX. Silica gel chromatography (Hexanes/EtOAC =
4/1 to 2/1) gave (R,R)-p-OMe-Min-BOX as a white solid (281 mg, 87%). *H NMR (500 MHz,
CDCl3) § 7.22 (s, 4H), 4.29 — 4.19 (m, 4H), 3.66 (s, 6H), 1.67 (s, 6H), 1.64 (s, 6H), 1.41 (s, 36H);
13C NMR (126 MHz, CDCls) & 168.3, 158.2, 143.1, 140.2, 123.8, 81.7, 72.1, 64.1, 38.6, 35.9,

32.1, 27.8, 24.6; HRMS (ESI, m/z) [M+H]* calcd for [CaiHe2N2O4]*: 647.4782; found: 647.4782.



107

2.5.8. DFT calculations

Density functional theory (DFT) calculations, including geometry optimization and single-point
energy calculations, were performed with the Gaussian 16 software package.* Geometries were
optimized in the gas phase using the ®B97X-D°® functional and a mixed basis set of def2-TZVPP
for Ag and def2-SVP for other atoms. Single-point energies were calculated using ®B97X-D and
the def2-TZVPP basis set for all atoms in dichloromethane (DCM) using the CPCM solvation
model.® Conformers of each ground state and transition state structure were studied by manual
conformational search and automated conformational sampling using CREST’ and GFN2-xTB.®
Low-energy conformers from the CREST/XTB conformational sampling were then re-optimized
using DFT at the aforementioned level of theory. Gibbs free energies were calculated at the
standard conditions (298 K, 1 M solution). Quasiharmonic approximation from Grimme® was
applied for vibrational entropy calculations using 100 cm™ as the frequency cut-off.
Quasiharmonic approximations and “free-volume” theory translational entropy calculations were
computed using GoodVibes.!® The 3D images of optimized structures were prepared using
CYLView.!! PNO-LCCSD(T)-F12 benchmark calculations were performed using Molpro

2020.2.12:14

Benchmark of DFT methods for spin state energies of silver nitrene complexes
[(dmbox)Ag*=NCO:2R] and C—H insertion transition states

Using a similar approach described in our previous benchmark study,® we computed both singlet
and triplet states of the Ag nitrene intermediate and the C—H insertion transition state using
different levels of theory,'® including several DFT methods [(U)B3LYP*’-D3,'® (U)BP86,'° and

(U)@B97X-D], and explicitly correlated local coupled cluster [PNO-LCCSD(T)-F12]. The open-
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shell PNO-RCCSD(T)-F12 method was used for triplet complexes. In the local coupled-cluster
theory calculations, the ECP28MDF effective core potential and the AWCVTZ basis set were
used for Ag, VDZ was used for H, and VDZ-F12 was used for other atoms. The aug-cc-pVTZ-
PP/JKFIT (Ag), VTZ/JKFIT (H), and AVTZ/JKFIT (other atoms) fitting auxiliary basis sets were
used to compute the Fock matrix and as the RI basis set. For the density fitting of all other two-
electron integrals, the aug-cc-pVTZ-PP/MP2FIT (Ag), VDZ/MP2FIT (H), and AVDZ/MP2FIT
(other atoms) basis sets were used. These basis sets are similar to those used by Werner et al. in
recent computational studies. T1/D1 diagnostic values were calculated for all structures in the
PNO-LCCSD(T)-F12 benchmark study and compared with the criteria recommended by Wilson
et al. for 4d transition metals (T1 < 0.045 and D1 < 0.12).2° The computed T1 values were all
smaller than 0.045 and the DI values were in the range of 0.09—0.26, suggesting small or
moderate multireference character. All PNO-LCCSD(T)-F12 were performed in the gas phase
using the DFT-optimized geometries.

The singlet Ag nitrene favors a four-coordinate square planar geometry (*2.34) with strong
coordination of the carbonyl oxygen to the Ag center. In contrast, the triplet Ag nitrene favors a
three-coordinate trigonal planar geometry (32.35), in which the carbonyl of the carbamate does
not bind to the Ag (Figure S2.1). The PNO-LCCSD(T)-F12 calculations predicted that the singlet
Ag nitrene (12.34) and the C—H insertion transition states (*TS2.1-1TS2.4) are significantly more
stable than the triplet structures (335 and 3TS2.11-3TS2.14). DFT calculations with three different
functionals (0B97X-D, B3LYP-D3, and BP86-D3) also predicted that the singlet pathway is
more favorable, albeit to a lesser extent. For example, PNO-LCCSD(T)-F12 predicted the singlet
Ag nitrene 12.34 is 20.0 kcal/mol more stable than the triplet 32.35, but ®B97X-D, B3LYP-D3,

and BP86-D3 predicted the singlet nitrene is 1.6, 2.2, and 8.6 kcal/mol more stable, respectively.
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Energy values in the most favorable pathways leading to the (R)- (TS2.1) and (S)- (TS2.2 or TS2.4) amination products are in bold.
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Figure S2.1 — Benchmark of DFT methods for spin state energies of silver nitrene complexes
[(dmbox)Ag*=NCOR] and C—H insertion transition states. All energies are with respect to 12.34.

A possible source of error of the DFT calculations is the underestimation of the binding energy

of the carbonyl oxygen to the Ag center, which has also been observed in other systems.?1:22
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Among the tested DFT methods, ®B97X-D provided the best agreement for activation energy
(AEqrsy = 6.6 kcal/mol) compared with the PNO-LCCSD(T)-F12 results (AEsy* = 8.6
kcal/mol) while all three DFT methods predicted essentially the same enantioselectivity (AAE* =
2.6, 2.7, and 2.7 kcal/mol, respectively) compared with PNO-LCCSD(T)-F12 (AAE* = 2.8
kcal/mol). Therefore, we used ®B97X-D for geometry optimizations and single point energy

calculations in the present study.

A higher-energy C-H insertion TS isomer lacking carbamate carbonyl-Ag coordination

While the majority of the C—H insertion transition states with singlet Ag nitrene have relatively
strong coordination of the carbamate carbonyl oxygen and the Ag center, we have located a
higher energy singlet C-H insertion TS isomer where such coordination is absent (1TS2.3’,
Figure S2.2). 1TS2.3’ is 3.3 kcal/mol less stable than 1TS2.3, although these two TS isomers
have the same seven-membered ring conformation. Here, 1TS2.3°, which has a trigonal planar
geometry with a long distance between the carbamate carbonyl oxygen and the Ag center (3.23 A,

compared with 2.18 A in 1TS2.3), is destabilized due to the lack of carbonyl-Ag coordination.

1.19
QU 1.44 . i,
—_—t— )
/2.1 P
1 %
%
] v 1]
A+ Ag
Py Ph \ Ph
Ox “N--H- Oy _N--H-
s H V. H
o o
1Ts2.3 1Ts2.3’
8.8 (7.6) 12.1(11.1)

Figure S2.2 — An alternative TS isomer (*TS2.3°) that lacks the carbamate carbonyl-Ag
coordination. Gibbs free energies and enthalpies (in parentheses) are in kcal/mol with respect to
the singlet Ag nitrene 12.34.
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Effects of ligand binding mode on C—H insertion transition state energy

We have compared three possible ligand binding modes (i.e., N,N-bidentate, N-monodentate, and
N,O-bidentate) by computing the corresponding isomers of an example C—H insertion transition
state (Figure S3). In 1TS2.15, both N atoms of the oxazoline rings of the Min-BOX ligand bind
to the Ag. 1TS2.16 has an N,O-bidentate binding mode, in which one of the oxazoline rings
coordinates to the Ag via its oxygen atom, rather than nitrogen. In 1TS2.17, one of the oxazoline
rings is dissociated, leaving only one oxazoline nitrogen bound to the Ag in a monodentate
binding mode. Both 1TS2.16 and 1TS2.17 are significantly less stable than 1TS2.15 by more than
10 kcal/mol [(AAG(s16-Ts15)* = 10.1 keal/mol, (AAG(ts17-Ts15)* = 13.8 kcal/mol], indicating that
these alternatively binding modes to the singlet Ag nitrene are not likely involved. Therefore, all

computed transition states in the present study involve the N,N-bidentate binding mode.

| Il |
A
4 A a
, NS e
4 143 : A1
“55.' [ oy 1.76°5
* /

/ 226 T s

226 326

1l IV I v 11 N v
N.ON N, o N
Ag* Ag* Ag*
0 P s
Ox N. H Ox N._ H Ox N. H
A - H Y H
o Ph o Ph o Ph
1T82.15 1TS2.16 1782.17
AAG? = 0.0 keal/mol AAGT = 10.1 keal/mol AAGt = 13.8 keal/mol

Figure S2.3 — Alternative TS isomers with different ligand binding modes. Gibbs free energies
are in kcal/mol with respect to 1TS2.15.

2.5.9. Cartesian Coordinates (A) and Energies of Optimized Structures

2.34

®B97X-D SCF energy: -2518.42593683 a.u.
®B97X-D enthalpy:  -2517.261989 a.u.

®B97X-D free energy: -2517.417459 a.u.
®B97X-D SCF energy in solution:  -2521.01743212 a.u.
®B97X-D enthalpy in solution: -2519.853484 a.u.
®B97X-D free energy in solution: -2520.008954 a.u.



Cartesian coordinates
ATOM X

OO0O0O0O0O0OO0OOIIIIIITIOOOOO0ONOZPIIIIIIIIIIOOOOOZOO000Z00

0.751245
0.472109
1.498925
2.128545
1.806134
3.252231
3.034150
2.185750
2.408973
3.741973
3.903983
3.428648
4.537693
-0.107393
1.115465
3.720077
4.607367
4.270923
2.524269
3.630851
5.394927
4.432354
4.732655
0.994581
0.133942
-0.232565
-0.861239
-1.085253
-2.456180
-2.661445
0.099798
-0.277391
-0.992523
-3.226317
-2.591013
-2.557395
-1.855576
-0.890445
-3.205646
-1.140706
-1.831019
-3.014210
-2.285485

Y Z

-5.240433
-3.908409
-3.016095
-3.652172
-4.921215
-3.123603
-1.688049
-0.811670
0.457288
0.137423
-1.280831
-4.003790
-3.146007
-5.605144
-6.037208
0.358058
0.631821
-3.635118
-3.997966
-5.038558
-2.808758
-2.496414
-4.172159
-0.925513
0.866122
0.708769
1.567042
2.896010
3.033509
2.168762
-0.432571
3.139263
3.549319
2.803322
4.096381
1.103994
2.374797
-3.298009
-1.943244
-2.970045
-2.964645
-2.289705
-2.273640

0.289446
1.043388
0.442470
-0.470689
-0.638412
-1.332445
-1.771110
-1.368751
-2.124603
-2.845349
-2.678123
-2.583377
-0.466269
-0.287771
0.951340
-3.919248
-2.382935
-3.179958
-3.208045
-2.282919
-1.063720
0.414641
-0.125009
0.407228
0.458225
1.696709
2.447748
1.934389
1.300438
0.053968
2.206184
1.225830
2.811088
2.054544
1.038994
0.319912
-0.668402
0.698148
-0.013980
-0.643607
1.663431
1.323093
-1.020959

TOIIITOIIITOIIIOIOIOOOOIITIOIIIOOOOOIIIIOOOOOOIIIXT

-0.410049
-1.637694
-4.101238
2.546103
2.589051
1.940122
3.230992
3.230129
1.961225
1.409662
3.723221
2.584872
-2.548851
-4.009969
1.312841
3.841983
0.738297
0.643405
1.756793
0.030781
1.256961
0.306236
1.186931
1.415147
-4.002412
-5.168964
-4.113282
-6.411668
-5.101948
-5.355392
-3.211733
-6.507738
-7.310000
-5.422829
-7.480234
2.720308
1.949949
3.129136
2.228737
4.488740
4.914530
3.751994
5.307546
4.915234
5.720777

-3.248786
-3.198183
-1.387930
1.620082
3.581929
2.845829
1.405373
2.358980
3.859364
3.023464
0.446287
4.337995
-1.844236
-1.869441
5.217132
2.095432
-4.031087
-3.054336
-4.408723
-4.731932
0.614195
0.740805
-0.276312
1.483430
2.373764
1.892448
3.034490
2.054118
1.382338
3.200408
3.416622
2.707575
1.668690
3.716379
2.834469
2.167263
1.403693
1.991117
3.151247
0.706990
0.559168
-0.096866
0.586128
3.155725
3.126593

-1.404489
2.708212
-0.293822
-1.148273
0.807808
-1.375675
0.053959
1.065723
-0.405107
-2.310094
0.218861
1.592554
-2.468909
2.413575
-0.714336
2447214
2.539203
3.033147
2.707848
3.004768
-3.113420
-2.577845
-3.754844
-3.766187
-0.603310
0.003813
-1.829944
-0.604551
0.969010
-2.442754
-2.317208
-1.833571
-0.117264
-3.402982
-2.313393
3.501334
3.312272
4.508201
3.511410
2.536332
3.539511
2.373897
1.810111
2.750531
2.001150
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2.35

4497271
5.362075
-0.113693
-0.573443
-0.131685
-0.753883
2.172648
3.199578
2.228822
1.745698
1.227792
0.647059
2.222101
0.728330
-4.087525
-4.863784
-4.345378
-3.146663
-3.516710

4.172925
2.976753
5.023169
6.000301
4.447044
4.502304
5.927548
6.081030
5.342075
6.912023
6.111821
5.636861
6.366284
7.057772
-2.924916
-2.642711
-3.916158
-3.014547
-0.537043

®B97X-D SCF energy:

®B97X-D enthalpy:

©B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:
®B97X-D free energy in solution:

Cartesian coordinates
ATOM X

ITIITTOOO0OOOZO0000Z00

2.289308
1.673097
0.573207
0.559703
1.479467
-0.318437
-1.668499
-1.866346
-3.334252
-3.883079
-2.741048
0.398262
-0.483059
3.327559
2.221653
-4.662392

Y
3.431436
2.001713
2.215944
3.446191
4.232291
4.102197
3.413647
2.187943
1.958935
3.275328
4.152262
3.890024
5.599736
3.484824
3.858319
3.739362

2.755952
3.740478
-1.261016
-1.472564
-2.197574
-0.534061
-1.776988
-1.412646
-2.707260
-2.023620
0.528865
1.335357
0.924533
0.273314
3.529492
4.256054
3.126141
4.091479
3.007419

ITITOIIITOIITIITOIITITOIITT

-2518.42699329 a.u.

-2517.263699 a.u.

-2517.419648 a.u.
-2521.013757 a.u.
-2519.889257 a.u.
-2520.045206 a.u.

Z

1.879261
1.785327
0.816617
0.468811
1.004398
-0.581482
-0.641847
-0.951965
-1.022474
-0.414143
-0.399860
-1.936919
-0.289254
1.528387
2.888650
-1.030105

TOOOOOOZPIITIIIIT

-2.510245
-3.463176
-4.199142
-5.424202
-5.784012
-6.123441
-5.480343
-3.843160
-3.761391
-4.711648
-4.049850
-1.398203
-0.444703
-1.270433
-1.604626
-2.700546
-3.582168
-1.819023
-2.818510

-4.250729
-0.187016
0.524395
1.387819
-0.958352
0.498162
-1.110258

-0.619055 0.542986

-0.329150
0.377085
1.035691
1.027966
2.081392
1.860136
0.334658
0.023091

-0.637288

0.241712
-0.187106
-1.681426
-2.597979
-1.437709
-0.859814
-2.506840
-3.604145
-2.218118
-2.202372
-2.245398
-1.797623
-3.337793
-1.891607
-0.313176

0.029470

0.180681

0.037455

3.181416
4.347060
2.820203
4.367407
5.772952
6.088314
6.062162

-1.361224
-2.099096
-3.161570
-3.505522
-2.744964
-2.906317
-1.751846
-3.327271

3.440139
2.232142
3.797901
1.843433
1.351245
2.656941
1.115419
-2.972872
-2.947469
-2.363149
-4.010430
-3.400377
-3.079619
-3.451795
-4.421223
-2.508908
-1.949128
-2.070293
-3.545821

0.615998
-2.747127
-2.153137
-1.912618

0.684842
-0.290294
-1.061865

-0.075080

0.543597

1.484471

1.075425
-0.319184
-1.103488
-2.607771

2.643362
-0.730406
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ITTOIOIOOOOIIITIOIIITIOOOOOIIIOOOOOOIIIOOOOOOIIIITIT

1.215492
2.052299
3.082517
1.768872
2.756023
2.668548
4.628132
3.170081
3.146527
4.142243
4.164664
2.796689
2.753178
5.418811
-3.628091
-3.807887
-3.498311
-3.865525
-3.948910
-3.601507
-3.303624
-3.960053
-3.867139
4.799840
4.751871
-3.516347
-4.110701
1.087491
0.621241
0.327371
1.870086
-3.727135
-3.165087
-3.504433
-4.802479
0.649948
0.526899
-0.361072
-0.569127
1.315240
-1.458049
-0.283351
-1.563612
-0.644028
-2.227419
-2.409602

-4.586633
-1.677310
-3.098891
-3.975326
-2.551974
1.005604
-0.634310
1.249085
-0.083468
-0.920710
0.444878
2.109208
-0.279063
-1.265977
0.694776
-1.652275
0.717162
-0.526605
-1.717224
-0.450254
1.663976
-0.556029
-2.575867
0.751255
-2.067134
-0.363110
-3.073808
1.570160
0.579680
2.295149
1.530425
1.865765
1.075063
2.816886
1.659964
-2.163289
-0.776257
-2.832988
-0.084124
-0.226047
-2.144154
-3.912714
-0.767754
0.997237
-2.687214
-0.226851

-0.340239
-0.826735
-0.824605
-2.858051
-3.137705
1.191768
0.116833
-0.091853
1.916212
1.395437
-0.649207
-0.649679
2.910431
-0.294722
-0.215087
1.263232
1.175433
-0.853014
-0.129525
1.942903
1.684603
-1.935433
1.835970
-2.013775
2.218390
3.472505
-0.829042
3.124686
3.054681
3.448976
3.895727
-2.495894
-3.003973
-3.001679
-2.599325
-3.126239
-2.945840
-3.820311
-3.459236
-2.419949
-4.337994
-3.971874
-4.161394
-3.322450
-4.890726
-4.590959

IO I I IO IIIOIIIOIIIOIIIOIIIOIIIOIIIOIIIOIIIOIIITO

-5.076386
-6.060053
-5.223133
-4.698049
-4.648400
-5.612764
-3.943554
-4.805349
-2.718425
-2.027854
-2.297327
-2.774818
-2.212188
-2.143519
-2.149681
-1.343245
-3.529309
-2.680414
-3.447040
-4.462671
-4.728213
-5.672899
-4.705715
-4.736125
4.048065
4.492435
4.164361
2.973284
4.642140
3.588210
5.116620
5.144295
6.235853
6.807961
6.342565
6.698792
6.297898
6.828566
6.777326
6.441390
4.159485
4.291211
4.632232
3.082594
4.634414
3.572021

-3.982727
-3.504512
-4.928045
-4.243041
-2.919677
-2.389058
-2.381922
-3.912584
-3.729396
-3.098315
-3.871605
-4.715862
0.342861
1.361710
0.428030
-0.232892
-1.748227
-2.364113
-1.639108
-2.294231
0.438906
-0.044138
0.508937
1.464535
-2.241896
-3.091595
-1.355186
-2.448025
-3.397427
-3.684900
-3.349416
-4.198271
-1.740692
-1.673130
-0.781958
-2.525529
1.042144
0.174512
1.295488
1.888111
1.971359
2.888542
2.144697
1.822728
-0.452091
-0.617135

-0.050010
0.071735
-0.593551
0.948768
-2.258869
-2.273201
-2.909546
-2.705560
-0.895591
-1.477064
0.112370
-1.382606
3.878268
3.467245
4.973959
3.530645
4.130823
3.796636
5.222105
3.927212
3.982421
3.690156
5.080838
3.582725
3.571013
4.109806
4.212653
3.452113
1.454142
1.329063
0.461991
2.017754
2.473332
1.535838
3.003277
3.091122
-1.803617
-1.385203
-2.761657
-1.114454
-2.689180
-2.094814
-3.666958
-2.868803
-2.955832
-3.188962
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5.159409

2.1b_Ag_complex
®B97X-D SCF energy:

®B97X-D enthalpy:

©B97X-D free energy:

®B97X-D SCF energy in solution:
©B97X-D enthalpy in solution:
®B97X-D free energy in solution:

Cartesian coordinates
ATOM X

ITIITTOOOOO0OOZ>PIIIIIIIIIIOOOCOOZOOO0OOZOO0O

4.321747
3.295299
2.067514
2.328169
3.555433
1.360297
0.362940
0.065553
-1.084040
-1.320217
-0.351315
2.122346
0.544756
5.126447
4.754972
-1.131315
-2.317080
2.814590
1.412800
2.704949
1.228785
-0.156213
-0.018245
0.627776
-0.457580
-0.147651
-0.546696
-1.597773
-2.694425
-3.333265
0.631994
-1.148635
-1.974032
-3.458189

5.040690 -1.378351 -2.522925

-0.270868 -3.906064 H
-2364.92163067 a.u.
-2363.808779 a.u.
-2363.960492 a.u.

-2367.35561484 a.u.

-2366.242763 a.u.

-2366.394476 a.u.

Y Z

-2.198337 -1.777994 H  -2.281222
-1.031211 -1.824155 H  -3.772473
-1.704939 -1.321273 H  -2.534627
-2.934657 -1.085697 C 3.616057
-3.341185 -1.350421 C 3.820847
-3.995017 -0.612798 C 3.582652
-3.476109 0.404808 C 3.792306
-2.272543 0.740991 C 3.901786
-2.295170 1.687193 C 3.653657
-3.825106 1.838820 H 3.457475
-4.430297 0.968089 H 3.799275
-5.187661 -0.007759 H 3.870769
-4.444716 -1.853367 C  -2.280401
-2.041421 -1.048257 C  -4.371985
-2.429296 -2.759455 C  -3.209578
-4.188316 2.857861 C  -2.435627
-4.143925 1.510586 C  -3.449277
-5.601014 -0.750513 C  -4.282878
-5.967798 0.290763 H  -3.096707
-4.884852 0.873681 H -1.723713
-4.836661 -2.618755 H  -5.180106
-5.241018 -1.570403 C 3.475160
-3.603741 -2.283620 C 4.033829
-0.493732 -0.273351 C  -5.290549
0.851452 0.717205 C -3472311
1.784625 -0.136601 C 3.033203
3.024876 -0.122340 H 3.936584
3.398383 0.792550 H 2.223845
4.090229 0.009883 H 2.740493
3.188343 -1.049283 C  -0.654558
1.397469 -1.090597 H 0.263041
4.061760 1.544243 H  -1.429731
2.495931 1.298553 H  -0.469494
4432636 0.727341 C  -2.137657

4.996494
2.298964
2.820800
0.096070
2.109337
-0.206593
1.415234
2.446768
0.793304
-1.244544
1.657709
2.909400
-1.604525
-0.274575
-0.887462
-1.671331
-0.975586
-0.229823
-0.819736
-2.245092
0.259363
0.503603
3.920776
0.535784
-0.971389
-0.558836
-0.108534
0.183934
-1.412369
-1.657873
-2.139125
-1.790617
-0.584278
-0.388792

-0.462613
-0.568839
-1.718196
-0.840590
1.049953
0.526773
-1.243240
-0.302669
1.495783
0.838252
-2.302878
1.791346
1.032227
-0.228172
1.779288
-0.351852
-1.011340
1.167401
2.861335
-0.947951
-0.722372
2.990777
-0.708330
2.038302
-2.545567
-3.250530
-3.685766
-3.271840
-3.878930
3.005672
3.373108
3.772914
2.869565
-3.053224
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-1.277094
-2.139451
-1.966845
-3.639176
-3.646349
-2.820728
-4.585300
-4.612879
-4.523864
-4.592551
-5.598708
-5.889089
-6.630190
-6.394225
-5.123546
-6.440418
-7.152298
-6.082963
-6.995546
-4.566199
-4.172324
-5.262159
-3.726415
5.319120

6.208684

5.426169

5.314170

2.16_Ag_complex
®B97X-D SCF energy:

®B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:
®B97X-D free energy in solution:

Cartesian coordinates

ATOM X

C 5.383716
C 4.132339
N 3.109747
C 3.627019
@) 4.909195
C 2.960731
C 1.488227
N 0.717321

-1.014841 -2.765644 C 4.096062
-0.320770 -4.151877 H 4.957346
0.620911 -2.649478 H 3.177982
-2.411003 -3.063325 H 4.204605
-2.424808 -4.164111 C 2.805327
-3.067101 -2.728380 H 2.858315
-2.848510 -2.710847 H 1.872685
-0.112815 -3.104617 H 2.746625
0.940353 -2.798688 C 4.716796
-0.137238 -4.204124 H 4.590922
-0.484790 -2.786896 H 5.618694
-0.421986 3.084912 H 4.894676
0.105581 3.704556 C 3.265142
-1.269729 2.597693 H 4.135032
-0.827898 3.762533 H 3.116083
1.126691 1.214005 H 2.374130
1.634355 1.881202 C 2.226813
1.876632 0.493029 H 2.024027
0.350570 0.665792 H 2.356220
1.694313 2.748307 H 1.341816
2412201 2.012710 C  -4.362405
2.236972 3.406296 H -4.017774
1.342576 3.366353 C  -5.628217
4.505139 -0.095235 H  -6.320046
3.966733 -0.456180 H  -6.023637
5.565031 -0.372517
4.449409 1.003415
-2479.14873306 a.u.
-2478.014470 a.u.
-2478.166656 a.u.
-2481.69767289 a.u.
-2480.563410 a.u.
-2480.715596 a.u.
Y Z
-0.919581 -0.032662 C  -0.644547
-0.451942 -0.827664 C  -0.489789
-1.431170 -0.364622 @) 0.925402
-2.184555 0.530909 C 3.661888
-2.001569 0.790072 C 3.083728
-3.309791 1.289052 H 5.795999
-3.070668 1.558482 H 6.178567
-2.105902 1.207575 H  -0.826108

4.097731
3.571786
3.740963
5.164672
4.688321
5.745000
4.260453
4.664367
0.973713
0.782562
0.441751
2.051526
-0.991802
-1.592079
-1.158548
-1.375869
1.262898
1.029018
2.352365
0.990564
3.899293
4.808994
3.515753
4.083296
2.616005

-2.340783
-3.785656
-4.034673
-3.523022
-4.578132
-0.147617
-1.312102
-3.901055

-2.230520
-2.670530
-2.722026
-2.474418
-0.182643
-0.487252
-0.580421
0.915961
3.767403
4.844242
3.428609
3.640636
3.261188
2.952812
4.338257
2.739437
3.481257
4.537998
3.402735
2.884499
-1.877669
-2.385666
-2.041107
-2.667625
-1.559371

1.770962
2.311089
2.264442
2.646025
0.408046
0.628928
-0.680603
3.348528
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-0.983651
3.193646
3.593210
4.722061
2.667561
2.550707
4.143490

1.088240

-0.575760

-0.364427

-1.152381

-2.383367

-2.184136
0.723992

-2.773115

-3.074356

-1.268693

-2.036578
3.623757
2.331877
3.192348
3.436133
2.790378
2.517548
3.359243
3.750433
1.799831

-1.700809

-3.504973

-2.974544

-1.366774

-2.239066

-3.914274

-3.246036

-0.386787

-4.208866
1.925873
2.578245

-5.352595

-1.846870
4.318112
3.385629
4.607937
5.108421

-0.852160

-0.882188

-4.532784
-4.361197
-2.624243
-3.751097
-5.443656
-4.449924
-4.774590
-0.679143
0.397932
0.896363
1.717937
2.040542
3.143986
0.495565
1.125402
2.345187
2.927249
4.109260
0.929016
3.248601
1.079125
1.974331
3.160065
2.219242
0.265990
1.865953
4.145247
-2.255023
-1.931823
-1.752611
-2.655819
-2.452802
-1.614800
-1.449961
-3.095747
-1.780987
2.351256
4.276737
-1.135462
-2.754026
-0.604477
-0.373512
-1.637664
0.066487
-1.331193
-0.310974

1.674993
3.175344
3.275816
2.485672
0.939375
-0.545141
0.195074
-0.330677
-0.254111
-1.439009
-2.077341
-1.406777
-0.370569
-2.003749
-0.934704
-2.202227
0.199553
-0.878224
-0.398213
0.415248
0.931914
-1.289229
-0.896358
1.353315
1.639562
-2.326712
0.731056
0.672246
-1.402220
0.925054
-0.623394
-1.692605
-0.103578
1.933734
-0.809436
-2.223425
2.761535
-1.926891
0.148711
-3.144958
-2.332479
-2.865592
-2.570774
-2.698185
2.898675
2.493192
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-0.029862
-1.790100
-1.985405
-1.329490
-1.704035
-3.016955
-0.395380
-0.151768
0.316085
-0.226975
-2.776482
-2.694312
-3.830173
-2.513412
-5.649361
-6.692825
-5.517288
-5.014172
-6.332299
-6.232564
-6.168071
-7.370219
-5.579619
-4.952406
-5.358505
-6.628967
3.950641
3.823544
4.566527
4511712
1.745071
2.241112
0.760870
1.586054
1.836355
2.389811
1.710569
0.831255
2.561484
3.648527
2.390500
2.130206
2.163396
1.713498
3.235385
1.701318

-1.403069
-1.526651
-1.465056
-0.670547
-1.655501
-1.083950
-3.238153
-3.426827
-2.481106
-4.179061
-3.843246
-4.772781
-3.528215
-4.070194
-0.968933
-0.648571
-1.913157
-0.197395
-2.178265
-2.289193
-3.166228
-1.875310
0.220602
1.003362
0.174279
0.533947
4.753742
5.560816
5.140379
3.944265
3.730676
2.889866
3.376831
4.521440
5.478935
5.932714
6.254325
5.204042
3.551747
3.417227
4.491684
3.667218
1.089022
0.200809
0.895615
1.208106

3.625691
3.435438
-3.977084
-3.590142
-5.024158
-3.977730
-3.262151
-4.317915
-2.893192
-2.715387
-3.709195
-3.125473
-3.692111
-4.753842
1.643969
1.779993
2.194751
2.102570
-0.422158
-1.511735
0.034507
-0.216109
-0.542875
-0.091565
-1.620312
-0.431113
-2.436549
-3.174165
-1.610315
-2.926996
-3.101378
-3.607804
-2.760897
-3.850585
-1.330014
-0.493842
-2.099753
-0.974263
3.483009
3.589766
2.938195
4.489293
3.600706
3.129084
3.760543
4.591783
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0.405064

0.162381
-0.043493
-0.073557
-3.361215
-3.334277
-4.523647
-4.440878

TS2.1
®B97X-D SCF energy:

©B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

Cartesian coordinates
ATOM X

C
C
N
C
0
C
C
N
C
C
0
C
C
H
H
H
H
H
H
H
H
H
H
Ag
N
C

1.874006

1.488810

0.275144
-0.071624

0.722893
-1.267419
-2.201167
-1.918628
-3.172923
-4.194118
-3.463533
-0.747400
-2.035255

2.732199

2.059580
-4.526701
-5.068258
-0.112679
-1.598646
-0.165990
-2.882076
-2.424013
-1.366362

2.559931 2.628649 H -2.432435
3.515162 2.140009 C -5.636867
1.754535 2.025772 H -4,559180
2.570171 3.620172 C -5.598393
3.196441 0.570857 H -4.401030
2.469632 1.766930 H -6.537367
3.898060 0.236185 H -6.467337
2452121 2.613293
-2518.41748372 a.u.
-2517.258291 a.u.
-2517.410701 a.u.
-2521.00438091 a.u.
-2519.845188 a.u.
-2519.997598 a.u.
-282.8408 cm-1
Y Z
-2.600767 -2.968679 0] 1.014983
-1.372613 -2.101425 C 1.853124
-1.878804 -1.410552 C 1.670380
-2.989350 -1.944616 0] -0.240523
-3.453976 -2.901485 H 0.962959
-3.885458 -1.683972 H 2.677824
-3.373580 -0.609422 H 1.175450
-2.663002 0.413395 H 2.637733
-2.367642 1.155167 C 2.585155
-3.261393 0.399840 C 4.526428
-3.765448 -0.731126 C 2.703890
-5.263938 -1.209208 C 3.485183
-4.028904 -3.015520 C 4.482807
-3.154835 -2.563587 C 3.652911
-2.350360 -4.020487 H 2.023572
-4.121517 0.997246 H 3.409555
-2.714197 0.026717 H 5.289741
-5.712607 -1.984044 C -3.420840
-5.932767 -1.022251 C -3.560147
-5.166716 -0.280996 C -3.556688
-4,712898 -2.886438 C -3.372142
-3.057784 -3.355700 C -3.431650
-4,429820 -3.786291 C -3.622845
-0.453821 -1.028839 0.485296 H -3.579550
0.604115 0.732736 0.592118 H -3.247233
0.475890 0.839081 1.900652 H -3.601218

1.912198
3.871812
4.474300
3.148167
1.893049
4.424639
3.132751

1.748394
3.558579
2.980050
-0.061531
4.103432
4.290065
1.917493
2.691320
-1.033754
-0.426360
-1.789611
0.011548
0.318188
-1.484268
-2.628843
0.595664
-0.182008
-0.866743
1.856903
-0.394121
0.049661
1.425523
0.970973
-1.107098
-0.308798
2.927681

2.033223
1.075333
-0.692549
2.266143
3.550877
0.800041
2.926994

2.677202
1.244888
-0.143536
2.425500
1.591811
1.237523
-0.008794
-0.578590
-1.094300
0.796223
0.068008
-1.319201
-0.392319
1.050714
0.230373
-2.233695
1.534550
0.955224
0.439519
-0.353037
2.006288
1.764959
-0.639070
-1.180552
3.024550
0.242518
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TS2.2

3.693870
5.548154
-3.640791
-3.357606
1.063521
0.724519
0.237068
1.890409
-3.009267
-3.928782
-2.180041
-2.789503
0.814426
1.109229
-0.319711
0.305598
1.991089
-1.115778
-0.588835
-0.809988
0.557538
-1.982240
-1.437244
4.771369
4.599025
4.759108
5.780825
2.328358
2.081054
1.509897
2.337491
3.994670
4.962221
4.036497
3.221417
5.546665
5.712843

®B97X-D SCF energy:

©B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

-2.313218 2.341684 H 6.347647
1.396582 -0.647986 H 4.593917
1.449557 -2.096365 C 2.179387
2.459271 2.897799 H 2.928623

-0.182736 -2.961097 H 2.552209
0.650503 -2.330325 C 6.926356

-0.475591 -3.624694 H 7.714993
0.165199 -3.595301 H 7.176476
-2.785466 2.610953 H 6.951039
-2.587146 3.180145 C 5.323273
-2.241816 3.084075 H 6.105107
-3.860752 2.669144 H 5.372266
3.679577 -1.141785 H 4.354141
3.552746 -2.508265 C  -3.010699
4417602 -0.772942 H  -2.050060
4.149894 -3.475241 H  -2.926630
2.982851 -2.813549 H  -3.789552
5.028122 -1.738370 C -2.270192
4521153 0.279544 H  -2.487847
4.893866 -3.092481 H  -2.203368
4.044667 -4.532428 H  -1.284372
5.617315 -1.430438 C -4.723610
5.372579 -3.846967 H  -4.995339

-1.816262 3.313106 H  -5.519086

-0.771904 3.615745 H  -4.704787

-2.428775 4.226525 C  -4.114353

-1.890999 2.881386 H  -4.158731

-2.218914 3.047113 H  -5.118369

-1.178897 3.306326 H  -3.425388

-2.609047 2.421985 C  -4.569633

-2.805927 3.978243 H  -5.594466

-3.781319 1.988262 H  -4.610038

-3.872260 1.471814 H  -4.224599

-4.394014 2.901883 C -2.197293

-4.213510 1.335051 H  -1.512085
2.433406 0.489536 H  -1.838808
1.972677 1.474305 H  -2.134640

-2518.41443861 a.u.
-2517.254361 a.u.
-2517.406382 a.u.
-2520.99915312 a.u.
-2519.839076 a.u.
-2519.991097 a.u.

-221.5875 cm-1

3.171588
2.982667
2.485319
1.772470
2.927169
0.709282
1.448702
0.211650
-0.050419
2.136994
2.898052
1.457913
2.659907
1.811292
1.275689
2.587862
1.108121
3.503170
4.060427
4.237579
3.025029
3.160021
3.676123
2.434126
3.909157
2.903489
3.195482
3.037109
3.601078
0.573973
0.568002
0.964338
-0.468529
1.341178
1.967278
0.301275
1.668128

0.332743
0.525219
2.271064
1.887408
3.201927
-0.708421
-0.916430
0.239970
-1.504178
-1.972692
-2.110194
-2.837098
-1.997708
4.244344
4.197266
5.018807
4.576057
2.581510
1.658507
3.398729
2.476769
3.014069
2.080766
3.240763
3.820821
-2.215899
-3.275722
-1.784891
-1.721408
-2.954401
-2.553187
-3.982371
-3.023082
-2.623699
-2.030640
-2.564420
-3.673791
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Cartesian coordinates
ATOM X
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4.129534
3.155085
1.844105
2.051778
3.309571
1.064176
-0.312783
-0.624035
-2.107299
-2.532049
-1.310845
1.567878
0.991292
4.942874
4.549879
-2.941242
-3.235562
2.538922
0.848110
1.674781
0.335220
0.598019
1.996149
0.379057
-0.388000
-0.030934
-0.135136
-0.067608
-1.317285
-1.366147
0.447023
0.087310
0.830887
-1.309396
-2.196478
-0.565131
-1.022517
3.370565
3.500249
3.173912
3.674027
3.756599
3.209286

Y
2.725693
2.024777
2.237283
2.762392
3.065499
3.107830
2.527615
1.422759
1.313837
2.530776
3.248346
2.521076
4.647163
2.077474
3.655381
2.231251
3.205662
2.958908
2.755979
1.428450
4.953672
5.072998
5.051171
0.582995
-1.337179
-1.509536
-2.608560
-3.919985
-4.313644
-3.653751
-0.472009
-4.578398
-3.966860
-5.409507
-4.072262
-4.045116
-2.544258
0.506346
-2.268716
-0.236463
-0.165363
-1.558948
-1.634835

Z

-0.771093
0.216295
-0.448989
-1.595772
-1.897898
-2.688286
-2.448530
-1.884972
-1.843493
-2.710869
-2.944191
-4.027441
-2.766286
-1.119770
-0.362606
-3.685923
-2.208317
-4.290315
-4.823531
-3.963598
-3.589625
-1.831904
-2.943501
-0.078913
0.053266
1.311190
2.022048
1.440979
0.669331
-0.692761
1.847441
2.303171
0.803121
0.551565
1.283689
-1.339024
-0.533772
0.275522
0.317014
-0.892287
1.460344
1.499190
-0.892448
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2.970952

3.824725

3.546605
-2.502848
-2.930527
-1.980569
-3.250550
-3.488341
-2.153885
-1.394452
-3.629540
-3.079866
2.940814
4.122585
-1.478662
-4.251406
3.140123

2.891633

4.122370

2.387872
-2.537865
-3.633429
-2.141236
-2.154787
-2.649219
-3.889962
-2.610030
-5.050859
-3.961252
-3.768888
-1.651328
-4.994846
-6.008333
-3.716734
-5.906530
-4.646402
-3.769168
-5.266959
-5.230434
-5.533274
-6.198164
-5.322632
-6.083210

0.282792
0.402914
3.357224
1.479064
1.769018
2.582538
0.538167
0.675834
2.731913
3.323481
-0.340869
1.873241
-2.394549
-2.322790
3.856064
-0.424882
2.700372
3.764933
2.627034
2.239997
-0.008549
-0.097498
-0.852109
-0.085474
-3.547234
-3.393961
-3.505096
-3.193920
-3.429010
-3.308082
-3.624422
-3.145541
-3.081941
-3.285335
-2.993302
-0.001226
0.181202
0.907840
-0.802126
-0.801643
0.068737
-1.191730
-1.582957

-1.832233
2.374537
0.347621

-0.372809
2.356232
0.321572
0.320513
1.699222
1.692287

-0.221660
-0.201121
3.430443

-2.199332
2.779890
2.486687
2.447315
1.581698
1.467715
2.069983
2.236803

-2.460804
-2.493507
-1.883925
-3.488037

-1.447231

-0.812126

-2.849692

-1.556041
0.276041

-3.594359
-3.361783

-2.948708
-1.042714
-4.684809
-3.529820
3.867598
4.505668
3.861779
4.344721
1.684378
1.576946
0.678360
2.231252
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-3.316373
-3.829488
-2.972696
-2.423009
-0.610108

0.185474
-1.205202
-0.126274
-0.565938
-1.135750

0.169442
-0.021669
-2.549218
-3.210000
-3.177609
-2.076263
5.464531

5.405938

6.263473

5.759477

TS2.3
®B97X-D SCF energy:

®B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

Cartesian coordinates

ATOM X

C  -4.409488
C  -3.43535%4
N  -2.113853
C -2.297127
O  -3.554012
C  -1.264759
C 0.072875
N 0.412915
C 1.800465
C 2.238397
@) 1.008414
C -1.774684
C -1.068668
H  -5.099688

-1.644254 2.535176 C 4.265262
-2.503409 2.997174 H 5.072620
-1.939975 1.533566 H 3.329654
-1.415270 3.135285 H 4.514138
4.749845 1.590593 C 3.027060
4172257 1.092193 H 3.279384
5.263412 0.819439 H 2.054803
5.527114 2.200415 H 2.920118
3.217633 3.551157 C 4.088778
2.625317 4.281382 H 4.165418
2.545537 3.082030 H 5.054680
3.996274 4.107726 H 3.926883
4.726667 3.166592 C 1.605786
5.192824 2.420025 H 1.396103
4139620 3.852383 H 0.774926
5.529113 3.753494 H 1.615855
-3.044165 2.554057 C 2.853815
-3.767209 1.726649 H 2.053784
-2.325235 2.317127 H 2.629061
-3.595962 3.459914 H 3.798175
-2518.41476454 a.u.
-2517.255413 a.u.
-2517.408242 a.u.
-2521.00076036 a.u.
-2519.841409 a.u.
-2519.994238 a.u.
-379.0289 cm-1
Y Z
-2.924394 -0.360476 H  -4.980826
-2.179428 0.596457 H 2.719946
-2.544718 0.027088 H 2.884698
-3.252481 -1.019881 H  -1.033192
-3.544043 -1.333215 H  -1.945611
-3.867527 -1.936385 H  -2.719070
-3.157715 -1.923255 H -0.376061
-2.036140 -1.409672 H  -0.664716
-1.723531 -1.834557 H  -2.034471
-3.076745 -2.450239 Ag -0.562676
-3.796025 -2.618054 N
-3.825142 -3.394538 C
-5.330216 -1.474715 @)
-2.254903 -0.889312 C

-1.388118
-0.653393
-0.846828
-1.976352
-3.354027
-3.896522
-2.860228
-4.105104
-2.106291
-1.032431
-2.431052
-2.640659
-1.926392
-2.482214
-2.084296
-0.856442
-3.908986
-4.166961
-4.416111
-4.327584

-3.715203
-2.975650
-3.659103
-4.287954
-2.789432
-4.375996
-5.847661
-5.369663
-5.852820

3.987630
3.847348
4.196068
4.882989
3.103453
4.027334
3.247874
2.306038
-3.183869
-3.413183
-2.768752
-4.132863
-2.809813
-3.736749
-2.107781
-3.066667
-1.974361
-1.262204
-2.924242
-1.596400

0.144065
-3.430575
-1.778382
-4.057593
-3.723744
-3.477477
-2.150155
-0.452819
-1.492071

-0.973461 0.272587
0.497500 0.814627 0.456114
0.076794 1.033746 1.686215
0.328409 2.083883 2.434203
1.930756 3.525577 1.251630
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2.112821
-0.637460
2.132741
2.655775
1.460997
3.110941
-3.552065
-3.485771
-3.845383
-3.258901
-3.202965
-3.821008
-4.066137
-3.046580
-3.450723
2.663686
4.142051
3.720598
2.390356
3.090762
4.497864
3.951942
1.597382
4721473
-4.125153
-2.801578
5.739708
2.742775
-3.517096
-3.348662
-4.506983
-2.753115
1.697409
2.677208
1.285513
1.030944
1.701123
2.201135
0.803305
1.806482
2.917970
0.410560
0.407136
0.902330
2.213120
-0.285408

2.785023
0.106621
4.600383
3.161929
1.795743
2.336834
-0.653975
2.112297
0.151567
-0.048128
1.343368
1.543813
-0.310764
-0.673736
3.198623
-1.342441
-0.632708
-0.441381
-1.917596
-1.543552
-0.091035
-0.006701
-2.661204
-0.351694
2.459325
1.951358
0.808508
-2.085309
-2.712545
-3.798793
-2.519361
-2.243883
-0.624258
-0.398306
0.292780
-0.948031
3.432483
2.915610
4507124
3.436914
2.092247
5.035863
4.956454
4.498386
3.020922
5.876697

-0.057587
2.162355
1.116207
1.995318
0.013776

-0.146282
0.495400
0.260104
1.596574

-0.729506

-0.869551
1.497113
2.555152
-1.600982
0.181972

-0.635166
1.600311

-0.749530
0.608730
1.755041
0.362524

-1.720068
0.685137
2.481734
2.691169

-2.220274
0.252692
3.147644
2.022620
2.023018
2.460132
2.658368

-2.891336

-3.334241

-2.449383

-3.704566

-1.336802

-2.542564

-1.402305

-3.769871

-2.508548

-2.630155

-0.489586

-3.818179

-4.693989

-2.657937

IO I I IO IIIOIIIOIIIOIIIOIIIOIIOIIIOIIIOIIIOIIIOI

0.593363
-5.339448
-5.580387
-5.151924
-6.226069
-4.441492
-5.328936
-3.594374
-4.652889
-2.897900
-2.648464
-3.096295
-2.019372
-1.367067
-1.292782
-1.034518
-0.663223

0.540101

0.394766
-0.252773
-3.769546
-3.496688
-3.748984
-4.804611
-2.833682
-3.839852
-2.127355
-2.536095

3.941484

3.712718

4.185953

4.841139

2.429248

3.282960

1.566724

2.183625

1.514196

0.620626

1.678431

1.290899
5.873616

5.007936

6.765128

5.993584
6.981594

7.900825

4.914934
3.342790
4.003444
3.980956
2.727260
1.663675
1.024716
1.031799
2.357105
3.345241
3.985494
4.008652
2.7127626
1.501953
0.406316
1.941035
1.820583
3.375735
4.072918
3.549179
1.465046
1.902123
0.370619
1.760815
3.483435
3.868001
3.891361
3.879016
-2.881297
-3.280184
-3.728648
-2.254664
-0.902875
-0.216747
-0.327119
-1.271495
-3.004186
-2.474248
-3.896950
-3.354536
1.452129
2.086038
2.095489
0.701096
-0.069204
0.531563

-4.778873
2.351016
3.198020
1.474679
2.135853
3.963540
3.838134
4.271289
4.790724
2.974050
2.113836
3.829964
3.213998

-2.555849

-2.645847

-3.509283

-1.772446
1.852350
2.685908
1.107145

-3.313342

-4.286169

-3.427173

-3.084713

-2.191630

-1.965766

-1.453329

-3.173951
3.694816
4.695055
3.036172
3.784651
4.083604
4.182924
3.716091
5.091371
3.118743
2.751416
2.495641
4.137119

-1.133818

-1.383080

-1.159709

-1.928995
0.504234
0.424251
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H 6.959311 -0.520834 1.507146 H
H 7.040876 -0.885837 -0.231137 H
C 5.695087 1.933487 1.302354 H

6.595342 2.561030 1.221285
4.820953 2.585994 1.156922
5.660242 1.546459 2.330572

TS2.3°

©B97X-D SCF energy:
®B97X-D enthalpy:
©B97X-D free energy:

-2518.40809960 a.u.
-2517.246583 a.u.
-2517.398874 a.u.

®B97X-D SCF energy in solution:  -2520.99726150 a.u.
®B97X-D enthalpy in solution: -2519.835745 a.u.
®B97X-D free energy in solution: -2519.988036 a.u.

Imaginary frequency:

Cartesian coordinates
ATOM X

TOOOOOZPIIIIIIIIIIOOOOOZOOOOZOO

3.834998
3.104780
1.687113
1.630749
2.786975
0.415724
-0.820810
-0.991801
-2.371756
-3.004472
-1.877317
0.716013
0.118604
4.303965
4.575026
-3.554448
-3.649429
-0.155485
0.950903
1.574859
-0.722518
-0.129597
1.002151

Y
3.414631
2.302899
2.581708
3.712959
4.326978
4521149
3.690581
2.423787
2.110062
3.524136
4.409781
5.322569
5.481000
3.047747
3.960369
3.732356
3.725783
5.931760
4.652856
5.983356
6.138064
4.918881
6.102244

0.198394 0.937497

0.528700
1.074023
1.024709
-0.700543
-1.399859
1.651781
-0.826491

-0.796824
-1.212748
-2.461741
-3.835306
-2.871045
-0.330071
-4.874295

-190.3396 cm-1

Z

-0.166022
0.629698
0.274718

-0.319152
-0.534507

-0.719749
-0.977225
-0.915534

-1.362358
-1.403211
-1.334313

-2.004157
0.459007

-1.089966
0.431368
-2.329032
-0.536219
-2.272530

-2.844319

-1.839156
0.203284
1.371080
0.658231

0.152675
0.983954
2.117031

2.529947
1.457245
0.511877

2.744746
1.115230

TOIITITOOOOOIIITOOOOOOIIITOOOOOOIITIT

-1.160457
-0.984061
-2.460640
3.471231
3.916164
4.165801
3.046407
3.231209
4.415178
4.494256
2.531656
4.083077
-3.063523
-4.229554
-4.074386
-2.682609
-3.235563
-4.678294
-4.386156
-1.948247
-4.678771
5.204852
2.665301
-5.780160
-2.787136
3.252692
2.914700
4.304718
2.655439
-2.261402
-3.251491

-3.788140
-1.846327
-2.754113
0.902242
-1.691169
-0.002422
0.499194
-0.810275
-1.305242
0.304498
1.217435
-2.716085
1.197411
-0.512975
0.320356
1.237450
0.366498
-0.548284
0.294535
1.975218
-1.197726
-2.312658
-1.212252
-1.538049
0.349156
2.509228
3.520716
2.415456
1.770151
1.491547
1.329184

2.455754
0.693296
0.785352
0.150818
-0.733002
0.953971
-1.114532
-1.570373
0.520809
1.943071
-1.758273
-1.064402
-0.352372
1.495915
-0.744273
0.993378
1.935895
0.172119
-1.786333
1.316927
2.218153
1.369546
-2.937874
-0.233155
3.403190
2.135999
2.406471
2.440433
2.684694
-2.758405
-3.205585
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TS2.4

-1.733413
-1.702039
-1.296870
-2.040139
-0.500891
-2.005851
-2.662405
-0.458990
0.091276
-1.212052
-2.604075
0.165406
-1.183780
6.434824
7.031371
6.151445
7.079513
5.685142
6.358955
4.842199
6.244553
4.308686
3.920063
4877921
3.457290
1.159076
0.962307
0.719479
0.625874
0.784316
1.301395
1.271516

®B97X-D SCF energy:

®B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

Cartesian coordinates
ATOM X

C
C

0.527823 -2.714157 C 3.389031
2.166659 -3.422702 H 2.995145
-3.138112 -0.968782 H 3.256975
-2.326868 -1.839088 H 4.469129
-4.143517 -1.526820 C 2.841987
-2.521934 -3.215563 H 3.903203
-1.537294 -1.415164 H 2.339773
-4.338543 -2.908853 H 2.393298
-4.803306 -0.889628 C  -3.978957
-3.533082 -3.758346 H  -3.683120
-1.883713 -3.870503 H  -4.338385
-5.133682 -3.321430 H  -4.823569
-3.694198 -4.837767 C -2.310185
-2.782906 0.571386 H  -3.107091
-3.488303 1.170116 H  -1.464128
-3.295509 -0.359817 H  -1.974320
-1.931657 0.304900 C  -1.631467
-1.700608 2.691604 H  -0.732045
-0.846045 2.526627 H -1.9127/82
-1.367242 3.316004 H  -1.345478
-2.453361 3.266333 C -6.102617
-3.518040 1.703678 H  -5.227692
-4.008169 0.797889 H  -6.892703
-4.271616 2.269449 H  -6.470158
-3.201301 2.323967 C  -7.058207
-0.893153 -2.970665 H  -7.868969
0.184941 -2.853968 H  -6.902465
-1.203423 -3.930472 H  -7.397390
-1.429841 -2.170754 C  -5.323251
-3.551829 1.620909 H  -6.114988
-4.401239 2.083189 H  -4.424028
-3.322394 0.658714 H  -5.101299
-2518.41364918 a.u.
-2517.254527 a.u.
-2517.406566 a.u.
-2520.99810990 a.u.
-2519.838988 a.u.
-2519.991027 a.u.
-413.4387 cm-1
Y Z

4.155953 -3.102975 0.109531 N 1.886453
-2.305787 -0.756749 C 2.169960

3.143289

-0.416277
-0.686319

0.669102
-0.626623
-2.709237
-2.997219
-3.323523
-2.962794

0.741802

0.732596

1.752561

0.046862
-1.068544
-1.817854
-1.372616
-1.101756

1.322623

1.071879

2.366159

1.271735
-1.463308
-1.713657
-2.188084
-0.468242
-1.210681
-1.900573
-1.303548
-0.183972
-2.974251
-3.691359
-3.240563
-3.110923

-2.482898

-3.034284

-4.038571
-5.030736
-3.911230
-4.030937
-3.215936
-3.256694
-2.453325
-4.187939
4.295474
5.355662
4.049571
4.178613
3.768096
3.651763
3.135065
4.815386
3.671354
3.086076
3.461403
4.731889
-1.731009
-2.351309
-1.975418
-2.024888
0.561074
0.281243
1.646067
0.355817
0.085594
-0.179226
-0.491425
1.154511

0.017144
1.134013
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3.430932
1.243912
0.018005
-0.209248
-1.586941
-1.991676
-0.937078
1.990451
0.800673
5.048546
4.458416
-2.026487
-2.937497
2.350340
2.852624
1.311841
1.688181
0.182204
0.221289
0.555484
-0.156377
-0.272498
-0.772177
-1.684494
-0.971872
-0.382096
0.130102
-2.398166
-2.219727
-0.182440
-1.692877
0.640542
-0.181185
3.410538
3.553464
3.460178
3.465241
3.509359
3.539989
3.404758
3.431543
3.596620
-2.444140
-3.934809
-2.203649
-3.471531

-3.414099
-3.363453
-2.475001
-1.347181
-0.916647
-1.981740
-2.951642
-3.199669
-4.831668
-2.528904
-4.049982
-1.568657
-2.488800
-2.168466
-3.876414
-3.443004
-5.476252
-5.157033
-4.947606
-0.720910
1.203444
1.110365
2.033184
3.008631
4.145950
3.742517
0.025356
2.492876
3.378496
4.524853
4.968693
4.119859
2.568780
-0.792803
1.977804
-0.024920
-0.146452
1.245926
1.369444
-0.517852
-0.739476
3.065301
-1.026951
-1.293754
-2.073423
-0.120514

1.310304
2.282990
2.348721
1.790670
2.129935
3.188913
3.139467
3.624681
2.085891
0.386386
-0.359064
4.207350
2.963406
3.754865
3.662440
4.452419
2.028859
2.931241
1.158376
-0.212339
-0.456078
-1.771256
-2.562889
-2.045439
-1.325431
0.015221
-2.262561
-1.382493
-2.927970
-1.990627
-1.194211
0.155738
-0.038406
-0.751711
-0.595684
-1.917801
0.486168
0.591045
-1.858502
-2.885134
1.403614
-0.545578
0.863042
-1.469084
-0.025510
0.577753

TIOIIIOIIIOIIIOIIIOIIIOOIOOIOOOOIIIOIIIOOOOOOIIIOO

-4.251900
-2.916207
-1.430352
-3.665652
-4.520802

3.613281

3.428416
-2.548620
-5.462005

2.971154

2.157909

2.717640

3.896556
-1.551300
-2.530364
-1.270310
-0.816886
-1.193972
-2.595131
-0.544932
-3.323652
-3.133569
-1.270015

0.545649
-2.663244
-4.414798
-0.745359
-3.234157
-5.646457
-4.769458
-6.516713
-5.823320
-5.295584
-4.400695
-5.202554
-6.168554
-6.728996
-7.620071
-6.684125
-6.865508
-1.055141
-0.402756
-0.783804
-0.828406
-3.367966
-3.209080

-0.260196
-2.210965
-2.808847
0.699439
-1.386789
2.243268
1.889891
-3.348131
0.637919
-2.901665
-2.398752
-3.967999
-2.807819
0.487160
0.772221
1.223947
0.529046
3.898065
3.853003
4.009933
3.896644
3.790251
4.055203
4.062412
3.990281
3.862574
4.148832
4.028339
1.732534
2.393002
2.355043
1.312597
1.312162
1.951566
0.580064
1.944520
-0.239278
0.377907
-1.013375
-0.743904
-3.239843
-3.365563
-4.024704
-2.260439
-3.291179
-2.345642

-0.572865
-1.222542
0.202069
1.267406
-2.382850
-3.118841
1.980641
-2.184802
-0.872650
-2.147425
-2.688757
-2.067459
-2.733672
2.722366
3.132659
1.959583
3.538909
1.255242
1.242365
2.494389
2.427937
0.294899
3.681216
2.525402
3.653033
2.393769
4.634218
4.582899
0.184066
0.240766
-0.070829
1.185854
-2.245984
-2.267709
-3.060846
-2.468917
-0.883752
-1.076677
-1.663638
0.084695
-2.550963
-1.672127
-3.273946
-2.998625
-3.479498
-4.019961
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-3.064673
-4.445691
-2.815443
-2.557151
-2.217967
-3.876260
2.092142
1.966734
1.241379
2.029022
4.601438
5.566379
4.547995
4.594448
3.475277
2.641444

TS2.5
®B97X-D SCF energy:

®B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

Cartesian coordinates
ATOM X

ITIITIITITOOO0OOOZO0000Z00

-4.445072
-3.393036
-2.126209
-2.404342
-3.684890
-1.460205
-0.136261
0.250538
1.583531
1.955315
0.721769
-2.117469
-1.195696
-5.208631
-4.933750
2.313984
2.683578
-1.441192

-4.110081 -4.148291 H 3.401827 3.845108
-3.406794 -3.289273 H 4.415444 3.782400
-4.697367 -1.492590 C 2.516078 3.322987
-5.530539 -2.164363 H 2.581265 3.961400
-4.812272 -0.574927 H 1.515277 2.867377
-4.797319 -1.217236 H 2.612054 3.981208
1.470188 2.624133 C 3.416661 1.422308
1.948881 3.608227 H 3.444085 2.087873
1.758458 1.988680 H 4212747 0.674826
0.381393 2.772071 H 2.444642 0.905365
1.406274 2.850722 C 4997791 2.916294
1.685149 2.401445 H 5.089120 3.544793
1.859271 3.852670 H 5.167416 3.558639
0.313738 2.981939 H 5.800333 2.163726
3.420396 1.909421
3.828057 1.317630
-2364.91358170 a.u.
-2363.805851 a.u.
-2363.955729 a.u.

-2367.34187539 a.u.

-2366.234145 a.u.

-2366.384023 a.u.

-273.8516 cm-1
Y Z

2.499588 -0.936943 H  -2.336972 3.695813
1.469780 -1.436053 H  -3.057115 5.055331
2.074276 -0.946738 H  -0.688462 4.897878
3.106692 -0.247989 H  -2.150366 5.700126
3.448583 -0.171526 H  -0.569096 5.982450
4.043908 0.471417 Ag -0.575206 0.583059
3.416679 0.859601 N 0.566762 -1.037948
2.197506 0.819390 C 0.406123 -1.686258
2.098641 1.466806 @) 0.946833 -2.829318
3.597434 1.614126 C 1.984207 -3.792209
4.289663 1.375005 C 1.900070 -2.652202
4537027 1.780191 O  -0.355282 -1.101811
5.232948 -0.481488 H 1.084575 -4.427198
2.064032 -0.280462 H 2.838275 -4.443228
3.040007 -1.759021 H 1.264397 -1.801073
3.861811 2.616463 H 2.865893 -2.139692
3.930002 0.861075 C  -3.503780 0.108829
5.232235 2.292760 C  -3.357284 -2.305700

2.921752

1.467097
-3.075559
-3.969913
-3.061612
-2.198867
-4.399445
-5.274629
-4.536032
-4.402752
-3.164976
-4.064291
-2.287651
-3.191479

2.454357
1.555554
-1.397673
-0.758387
0.017921
-0.441340
0.141138
-0.997529
-1.345227
0.669477
1.661950
-1.819439
0.714562
0.919613
1.137726
1.786285
-0.737770
0.625746
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TS2.6

-3.566967
-3.398506
-3.302373
-3.496001
-3.633815
-3.354583
-3.283117
2.573278
4.287230
3.598988
2.447181
3.269430
4.492149
3.707748
1.669259
4.961068
-3.540499
-3.070249
5.689113
3.089793
-3.349019
-3.205988
-4.287122
-2.516410
1.379354
2.299922
1.071953
0.597584
-2.278989
-2.302011
-1.368077
-2.203082
-4.795441
-5.709878
-4.855067
-4.787692
-3.590864
-2.708028
-3.607660
-4.495796
-1.725326
-1.500496

-1.097275
0.080294
-1.122051
-2.321733
-1.083931
1.021994
-3.258286
1.356379
-0.049704
0.582899
1.449079
0.716362
-0.113447
0.517029
2.087218
-0.604753
-3.667002
-1.082726
-0.900341
0.725330
1.386105
2.389680
0.973267
0.750838
1.427504
1.455464
0.380643
1.955119
-4.482222
-5.449965
-3.949798
-4.696211
-4.438345
-3.870908
-5.407267
-4.639593
-3.487553
-2.946463
-4.472884
-2.949687
-0.377373
-0.345321

®B97X-D SCF energy:

®B97X-D enthalpy:

-1.437534
0.655108
1.362356

-0.768942
-2.522293
1.209369
1.149211
0.572393

-1.091763
1.112509

-0.815644

-1.672253

0.289554
2.192869

-1.234647

-1.748058

-1.506825
2.878170
0.847469

-3.196223

-2.956909

-3.381726

-3.354816

-3.289158
2.826193
3.425256
2.698628
3.391985

-1.164880

-1.689211

-1.475937

-0.088129

-1.058151

-1.288717

-1.577480
0.023565

-3.029131

-3.402715

-3.517607

-3.350689
3.135789
4.213527

ITOIOIIIOIIIOIIIOIIIOIIIOIIIOIIIOIIIOIIIOIXI

-2364.91231213 a.u.

-2363.804695 a.u.

-0.905592
-1.726218
2.167503
2.916966
2.475506
-4.209695
-4.050440
-4.274744
-5.181313
-3.002290
-2.837790
-3.936348
-2.172221
1.856092
0.932033
1.935717
1.750622
4.338877
4.490147
5.249132
4.232616
2.907780
3.775563
2.011401
2.785636
6.982516
7.027399
7.865956
7.053483
5.653946
4.767631
5.646466
6.541738
5.709888
4.808116
6.575529
5.799554
1.224398
0.347034
1.592823
2.464359
1.046533

-0.911562
0.659072
-3.305193
-2.498699
-4.123112
-0.306909
-0.272228
0.732167
-0.788352
-2.487155
-2.413581
-3.047479
-3.075211
1.530464
1.116498
2.592151
1.490078
1.347752
2.381215
0.776989
1.366827
-0.720790
-1.353526
-1.181575
-0.732727
-0.224614
0.824559
-0.746611
-0.236132
-2.357180
-2.885771
-2.425526
-2.901246
-0.918160
-1.390856
-1.497293
0.093759
-2.905744
-3.562983
-2.357927
-1.699122
-2.559879

2.631562
2.763037
-0.759180
-0.816551
-1.419940
3.561388
4.650120
3.204773
3.374293
3.489271
4.574500
3.333225
3.069086
-3.625536
-3.190905
-3.345406
-4.719537
-3.846109
-3.498933
-3.609462
-4.941667
-3.694352
-3.456031
-3.252744
-4.788160
0.352340
0.681243
0.751158
-0.745275
0.352110
0.734613
-0.745607
0.708248
2.381400
2.802320
2.734528
2.804012
2.953972
2.926319
4.116763
4.185639
5.040713
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®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

Cartesian coordinates
ATOM X

OIIITIITOOOO0O0OZPIIIIIIIIIIOOO0OOOZOOOOZOO

4.632647
3.808929
2.428279
2.478882
3.685013
1.278257
0.552322
0.164389
-0.635110
-0.386454
0.235086
1.710392
0.307270
5.472193
4.995032
0.314581
-1.305074
0.828380
2.377792
2.240770
-0.602354
0.019243
0.783467
0.752116
-0.637977
-0.237648
-0.683337
-1.968806
-2.047880
-2.218068
0.702902
-2.735117
-2.092672
-1.135567
-2.889322
-1.707414
-1.540887
3.836693

Y
-1.734811
-0.436585
-0.974279
-2.237259
-2.783675
-3.141112
-2.655655
-1.458383
-1.450352
-2.894149
-3.571541
-4.603660
-2.987518
-1.829575
-1.874328
-2.926243
-3.432505
-5.240983
-4.745631
-4.926663
-3.576162
-1.939511
-3.359930

0.304132
1.743257
2.643350
3.862373
4.291382

4.355680
2.994725
2.243623

3.617149
5.284152
4.844808
5.012567
2.898083
2.228287
0.150513

-2363.950758 a.u.
-2367.34291781 a.u.
-2366.235301 a.u.
-2366.381364 a.u.
-459.6175 cm-1

Z

-2.089420
-1.939884
-2.078674
-1.893514
-1.814126
-1.685174
-0.435412
-0.198797
1.041562
1.565364
0.460805
-1.534572
-2.877740
-1.392357
-3.118230
2.411602
1.823841
-1.396611
-0.675775
-2.439417
-2.693495
-3.038366
-3.794981
-1.377745
-0.726917
-1.612594
-1.776089
-1.307887
0.211563
0.845642
-2.356559
-1.722575
-1.754414
0.584084
0.485120
1.815676
0.195085
-0.520317

TOIITITOIOOIIITOIIITOOOOOIITITOOOOOOIIITIOOOOO

3.519656
4.061463
3.455373
3.282207
3.919115
4.341854
3.280139
3.389105
-2.116523
-4.826695
-3.047402
-2.567275
-3.928748
-4.411898
-2.693003
-1.847805
-5.891260
4217797
2.816339
-5.461824
-4.353002
4.114596
5.111368
3.374100
4.082501
-0.094839
-0.571649
-0.295311
0.993209
-3.550161
-4.681489
-4.741740
-3.924768
-4.391888
-4.228539
-2.833533
-5.868903
-6.229049

1.107310
-0.678427
1.480903
1.976043
-0.216347
-1.721765
2.136909
1.487454
-1.228819
-0.893493
-1.286054
-0.998324
-0.811587
-1.129321
-1.468436
-0.959066
-0.765142
-1.167583
3.412827
-1.198567
-0.519829
0.570096
1.010795
1.380404
0.077786
-0.381873
-0.459171
0.619008
-0.489821
2.351521
2.836613
3.812079
-1.691896
-2.632555
-1.505430
-1.835590
-0.332817
0.512348

2.072801
0.576716
-0.296613
0.997321
1.891799
0.420853
-1.147089
3.085348
0.727106
0.215519
1.774863
-0.563582
-0.844269
1.538385
2.790613
-1.379367
0.021781
3.060108
1.272657
2.656313
-2.289645
-3.041196
-2.897139
-3.057749
-4.023009
1.993884
2.981430
1.589612
2.115780
0.861720
0.338235
-0.152866
-3.191656
-2.862581
-4.233219
-3.186281
-2.420879
-1.814525



I TITOIIIOIIIOIIIOIITIIOII

-6.129602
-6.421282
-3.661581
-2.564560
-3.942303
-3.961384
-6.415685
-6.941461
-5.866134
-7.177954
-6.259605
-7.008887
-5.597991
-6.799160
-4.825295
-4.270238
-4.141387
-5.610210
3.792015
4.809748
3.474395
3.838736

TS2.7
®B97X-D SCF energy:

®B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

©B97X-D free energy in solution:
Imaginary frequency:

Cartesian coordinates

ATOM X

C 4.618656
C 3.650752
N 2.328754
C 2.507894
@) 3.760689
C 1.468667
C 0.176817
N  -0.154538
C  -1.490624
C  -1.933646
O -0.729736
C 2.034929

-0.121134 -3.468345 C 2.739394
-1.235660 -2.119669 H 2.407809
0.774061 -2.759854 H 3.720926
0.695121 -2.714266 H 2.027912
1.004835 -3.799025 C 1.411816
1.619528 -2.121713 H 1.411502
-2.374296 2.374979 H 1.040501
-2.255651 1.416136 H 0.708581
-3.327371 2.342124 C 3.299518
-2.446643 3.165963 H 3.538386
0.118487 2.688979 H 2.245930
0.091270 3.494812 H 3.400675
0.979905 2.870288 C 3.992465
0.296042 1.746750 H 4.653293
-1.408423 4.035740 H 2.950673
-2.357347 4.092662 H 4.209587
-0.587335 4.301525 C 5.689127
-1.443711 4.805328 H 5.896829
4103631 2.242175 H 6.364906
4127795 1.824509 H 5.938909
5.141730 2.423820 H  -5.609187
3.599927 3.218468 H  -3.578391
-2479.13519112 a.u.
-2478.006292 a.u.
-2478.158765 a.u.
-2481.68052406 a.u.
-2480.551625 a.u.
-2480.704098 a.u.
-569.5116 cm-1
Y Z
-3.046415 0.571327 C 1.150910
-2.396542 -0.457936 H 5.329647
-2.648715 0.169492 H 5.166678
-3.234369 1.290058 H -2.321013
-3.527629 1.618226 H  -2.663910
-3.712575 2.280279 H 2.284390
-2.919570 2.261043 H 2.945923
-1.876647 1.597359 H 1.293035
-1.422003 2.060388 H 2.076603
-2.630988 2.925443 H 0.448433
-3.387371 3.112179 H 0.709629
-3.620718 3.714260 C 3.802225

4.252327
5.272350
4.334115
3.841509
3.350044
2.786709
4.364843
2.857641
-2.400477
-3.114077
-2.104812
-2.934249
-0.499439
0.368161
-0.166075
-1.215699
-1.614354
-2.163686
-0.746864
-2.279183
2.264364
1.366834

-5.183417
-2.336018
-3.904223
-2.344548
-3.273356
-2.581799
-4.225037
-3.995799
-5.774425
-5.605622
-5.255368
-0.874220

-0.008705
0.235486
-0.499772
-0.739186
1.901744
2.847324
2.116928
1.213036
2.973215
3.776426
3.091035
2.016007
4.421905
4.566809
4.548823
5.227917
2.972400
2.042021
3.010123
3.813439
0.407864
1.339346

1.919300
1.011940
0.159077
3.910928
2.413495
3.975971
3.795527
4.429475
1.939969
2.649044
0.914788
-0.547042
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3.762325
4.024317
3.592326
3.556834
4.004862
4177187
3.425408
3.724895
-2.433360
-4.077625
-2.321209
-3.412674
-4.266114
-3.114484
-1.574508
-3.516845
-4.727692
4.204577
3.227981
-2.895125
-5.434405
3.694528
2.921036
3.514809
4.676078
-1.276389
-2.207745
-0.908586
-0.534087
-5.400206
-4.467430
-6.233311
-5.508261
-5.423339
-4.537009
-5.443091
-6.308541
-6.745334
-7.614596
-6.851977
-6.777984
-1.436758
-0.716696
-1.260653
-1.201141
-3.818238

1.901324
-0.208081
-0.124758

1.273606

1.186558
-0.782546
-0.641852

2.989178
-1.201299
-0.801583
-2.012952
-0.204286
-0.003245
-1.810136
-2.810391

0.422664
-0.643368

1.949109

2.041245
-2.690475

0.995522
-3.104663
-2.709846
-4.180351
-2.978833
-0.167548

0.142959

0.658564
-0.368437

1.875525

2.457924

2.592978

1.285149

1.919587

2.572022

1.361380

2.573113

0.184238

0.857090
-0.421051
-0.498333
-2.542896
-2.866147
-3.161220
-1.500012
-2.296561

-0.637516
-1.752590
0.613807
0.591870
-1.818248
-2.662554
1.562917
-0.687324
0.880375
-1.321760
-0.244047
0.903936
-0.183007
-1.379138
-0.252888
1.786733
-2.181822
-3.134986
1.879041
-2.616892
-0.138616
-1.807349
-2.480557
-1.669297
-2.286343
2.908718
3.401630
2.285336
3.695078
1.117791
1.189979
1.092285
2.039784
-1.369021
-1.375083
-2.315951
-1.357967
-0.129437
-0.067511
-1.041790
0.733122
-3.089983
-2.321729
-3.983507
-3.348883
-3.776261

OO0O0O0O0O0OIIOIOIOO0OO0OZPIIIOIIIOIIIOIIIOIIIOIIIOIIIOIIT

-3.653416
-3.619384
-4.880633
-3.174033
-3.028036
-2.501241
-4.209067
1.767592
1.477690
1.085805
1.618134
4.166688
5.219003
3.943454
4.060329
3.370163
2.666829
3.148332
4.391848
2.962959
3.073950
2.055003
2.816965
4.393335
4.528343
5.285256
3.516378
5.451344
5.613013
5.352726
6.351123
0.819992
-0.366145
0.815644
-0.574215
-1.758947
-1.930644
-1.626413
-1.179465
-0.041714
-2.593104
-2.612023
-0.743101
-0.906158
0.264909
-0.099295

-1.255729
-2.941082
-2.416505
-4.158610
-4.808942
-4.516491
-4.286704
1.730236
2.270026
2.031172
0.653841
1.597595
1.781699
2.160485
0.528640
3.555999
3.944687
4.067006
3.835868
2.819291
3.356660
2.199522
3.572056
1.003982
1.591663
0.369223
0.355349
2.844237
3.403096
3.577629
2.241781
-1.064072
0.624920
-0.084134
1.621017
2.265428
3.115308
2.692042
1.703521
0.736886
1.553481
2.754243
3.831502
4.456859
4.294507
5.527320

-4.094787
-4.644995
-3.515603
-2.246343
-3.122490
-1.452210
-1.894989
2.256150
3.171532
1.445228
2.437994
3.014482
2.750369
3.933703
3.252969
1.697600
0.948004
2.646427
1.398518
-3.404422
-4.358893
-3.461236
-2.615738
-4.327803
-5.247717
-4.212722
-4.475503
-3.014479
-3.949189
-2.200216
-2.817494
-0.212350
-0.510882
-2.202760
-2.611081
-2.144746
-2.818624
-0.696046
-0.181589
-1.789669
-2.243282
-0.212750
-0.337294
0.909000
-1.196675
1.279775
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H -1.686181
C 1.065035
H 0.425751
C 0.884780
TS2.8

4.104721
5.373195
3.814698
5.993684

®B97X-D SCF energy:

©B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

©B97X-D free energy in solution:
Imaginary frequency:

Cartesian coordinates
ATOM X

O0COO0OZPIIIIIIIIIIOOOO0OOOZOOOOHZOO

4.142274
3.498648
2.072658
1.927143
3.020363
0.612265
-0.252758
-0.331446
-1.494330
-1.848588
-1.117716
0.858896
-0.184159
4.717590
4767474
-1.499414
-2.913510
-0.097021
1.398133
1.460904
-1.160224
-0.341606
0.371613
0.830361
-0.123901
0.708949
0.744969
-1.389276
1.506834
3.986669

Y
-3.144427
-1.759260
-2.034068
-3.289899
-4.035545
-4.019709
-3.389096
-2.163306
-2.023109
-3.510936
-4.228774
-5.502458
-3.877819
-3.175551
-3.506840
-3.857989
-3.740289
-6.033596
-5.629709
-5.954834
-4.373033
-2.820293
-4.356214

-0.471630
1.184271
2.050676
3.336082
3.079003
1.566801
-0.661182

1.589823
-0.828455
-2.163524

0.407295

H
H
H

-2479.12903518 a.u.

-2477.999965 a.u.

-2478.150622 a.u.
-2481.67757453 a.u.
-2480.548504 a.u.
-2480.699161 a.u.
-617.1651 cm-1

Z

-1.309390
-1.588507
-1.279742
-1.098680
-1.169986
-0.911324
0.168428
0.538490
1.447733
1.714904
0.714385
-0.595204
-2.234339
-0.373919
-2.134541
2.699074
1.597199
-0.526862
0.353155
-1.392261
-2.139204
-2.487029
-3.052891
-0.313866
0.609188
0.044527
0.340036
1.445156
-0.794596
-0.645494

OITITIOIIITOOOOOIITOOOOOOIIITIOOOOON

-0.244918 6.008627 2.248736
1.834505 5.733571 -1.514671
1.512797 6.839926 0.692355

4.583107
4.543376
3.759824
4.041008
4.846939
4.710246
3.330113
4.804234
-2.651493
-4.831966
-3.851018
-2.575464
-3.652714
-4.962524
-3.921535
-1.658847
-5.689938
5.398226
3.717739
-6.319076
-3.473608
3.587250
3.184872
4.630440
3.004304
-1.087924
-1.929492
-0.771338
-0.256809
6.741620

1.387747
0.530594
-0.817365
0.206732
1.573614
0.664369
-1.754438
2.205694
-1.311855
-0.124725
-1.111140
-0.914466
-0.292632
-0.538689
-1.439938
-1.090321
0.334969
2.921715
0.004752
-0.407739
0.166528
-1.393455
-2.214397
-1.223310
-0.486844
-1.303932
-1.266031
-0.277942
-1.831765
3.205283

1.128491
-1.110485
0.722355
1.634431
-0.234819
-2.176235
1.088698
1.813317
0.738156
-0.515359
1.437155
-0.587827
-1.234930
0.821943
2.474694
-1.148951
-1.004913
-0.716810
3.120315
1.531554
-2.687348
-3.068490
-3.680012
-3.370598
-3.281309
2.732095
3.437449
2.508508
3.220063
-0.020819
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TS2.9

7.147546
6.638376
7.480998
5.623442
6.346678
4.685088
6.028405
4.380062
4.232187
4.733239
3.401134
2.220923
1.961372
1.941120
1.599176
-0.021533
-0.075017
0.524659
4.558255
4.336788
4.352773
5.633522
4.012608
5.077540
3.423993
3.753960
-4.733708
-4.560488
-5.596772
-4.998475
-2.310703
-2.506620

®B97X-D SCF energy:

®B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

4172410 -0.355188 H  -1.356767
3.251031 1.073409 H  -2.175472
2.424998 -0.257534 C  -3.150043
2.945319 -2.233661 H  -2.220548
2.179375 -2.553532 H  -3.961266
2.795206 -2.789164 H  -3.020165
3.923358 -2.532452 C  -6.231358
4.022350 -0.361982 H  -5.515093
4107376 0.725126 H  -7.214869
4.999767 -0.725760 H  -5.939607
3.812377 -0.817902 Cc -7.311099
-0.325133 3.255678 H  -8.297669
-1.259811 2.735701 H  -7.445348
-0.446708 4.313949 H  -6.956870
0.475077 2.823317 C  -6.851329
3.728370 1.476296 H  -7.820044
4.824683 1.448164 H  -6.160376
3.426601 2.383450 H -7.013683
-1.160648 3.672006 H  -1.120615
-1.325292 4.737958 C  -2.373407
-2.101684 3.139701 C  -3.696433
-0.948077 3.575903 C  -2.025533
1.257459 3.953741 C  -4.652322
1.531346 3.920368 H  -3.974124
2.123405 3.612989 C  -2.986608
1.073467 5.007086 H  -0.998633
0.843172 -3.238707 C -4.301910
1.163078 -4.276868 H -5.677978
0.160217 -3.244109 H  -2.704253
1.737978 -2.656820 H  -5.054588
1.174863 -2.746996 H  -1.827240
2.037477 -2.094386
-2595.73722716 a.u.
-2594.541497 a.u.
-2594.702019 a.u.
-2598.40770823 a.u.

Cartesian coordinates

ATOM X
C 2.229001
C

Y
-0.559165

Z

-3.666598

1.741504 -0.047077 -2.286152

-2597.211978 a.u.
-2597.372500 a.u.
-237.7762 cm-1

N
C

0.725503
1.545191
-1.051829
-1.550632
-1.794698
-0.741056
-0.766483
-0.123051
-0.631491
-1.816066
-1.371218
-1.313926
-1.129405
-2.411139
1.031239
1.119107
1.752557
1.330253
1.921774
3.520670
3.060750
4.374517
3.468438
2.370026
4.784544
4.725768
4.337265
3.107856
5.457463
4.662619
2.995437

-2.428735
-3.774936
-3.571042
-3.257332
-3.532428
-4.619135
3.020529
3.555139
3.493940
3.176464
0.852034
1.337593
-0.212850
0.918697
1.417836
1.932457
1.881167
0.372067
1.202445
0.424424
0.514103
-0.634688
-0.408134
1.314534
-1.555140
-0.748723
-1.442513
-0.317190
-2.366874
-2.163329
2.450395

0.521893 -0.874404 -2.090170
0.251831 -1.477339 -3.186918
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1.112113
-0.929014
-1.887057
-1.661225
-2.926450
-3.885703
-3.111101
-0.401681
-1.677993

3.083729

2.465988
-4.184637
-4.779609

0.248639
-1.248420

0.167447
-2.513798
-2.078236
-0.991640

-0.315537

0.626004

0.348585

0.709812

1.500033

1.586180
-0.344607

0.497911

2.208256

1.244633

2.627320

2.762993

4.523182

2.857821

3.602957

4514171

3.709585

2.227452

3.544996

5.212922
-3.308695
-3.705442
-3.328903
-3.523649
-3.730191
-3.506872
-3.173122

-1.298373
-2.343737
-2.634856
-2.642884
-2.954632
-3.259728
-2.968564
-3.706782
-1.600641
-1.245498
0.247235
-4.315974
-2.624025
-3.556778
-4.339789
-4.225749
-2.212040
-0.639737
-1.409094
-1.280507
0.137883
-0.467752
-0.103883
2.228345
2.484106
-1.522301
2.470006
2.876856
1.496669
2.565616
-0.327283
-0.880098
-1.612225
0.673507
0.408710
-1.908106
-2.404002
1.676547
-1.088832
-1.682639
0.729028
-0.472818
-1.663407
-0.459238
0.750601
-0.478824

-4.181392
-3.575484
-2.442544
-1.185229
-0.470576
-1.655054
-2.829842
-4.082669
-4.704642
-3.588266
-4.371356
-1.699131
-1.669256
-4.953612
-4.380273
-3.297854
-5.064368
-4.348553
-5.538416
-0.109596
1.030908
2.165645
3.371635
3.248693
1.755228
2.030978
3.638463
3.789674
1.238174
1.411221
-1.187426
0.886281
-0.661588
-0.692637
0.331428
0.408325
-1.073157
-1.110101
1.703817
0.294764
1.620437
-0.410610
1.668466
2.354881
0.234171
-1.492810
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-3.497092
-3.843563
3.715239
5.526426
-3.424022
-3.941379
1.296362
0.893022
0.513475
2.134838
-2.707824
-1.947770
-2.364155
-3.641457
4.648490
5.695828
4.352889
4.610170
2.290214
1.575513
2.279621
1.912059
4.187809
4.204471
3.523358
5.202911
6.944748
7.699880
7.156710
7.071813
1.817221
2.685897
2.021898
5.354274
6.096506
5.508095
4.359705
5.382684
4.398914
5.506778
6.147694
-4.160206
-3.289029
-5.047934
-4.314915
-5.181771

-2.594455
1.671920
-3.325675
1.452707
2.049388
-0.486836
1.413799
1.739013
1.538169
2.069463
-4.171482
-3.962459
-5.021277
-4.462937
-3.443629
-3.235147
-2.760721
-4.467165
-3.695791
-3.698774
-4.705073
-2.993389
-4.314851
-5.340620
-4.310719
-4.066193
0.933713
1.668854
-0.010716
0.757887
0.782376
0.411520
0.670817
2.810772
3.522999
2.738800
3.248633
1.660843
2.083320
0.723589
2.364521
0.916436
1.568937
1.406098
0.847288
-1.341365

2.233668
2.143617
0.996371
0.830469
-0.579001
3.875087
-2.348610
-1.380249
-3.110957
-2.621917
0.420211
1.185846
-0.186399
0.922193
2.207445
1.942024
3.018793
2.608209
1.449303
0.611053
1.888557
2.206825
-0.084773
0.314668
-0.962281
-0.429441
0.521912
0.840247
1.044183
-0.556955
3.602979
3.033037
4.673662
0.137558
0.526435
-0.949618
0.316809
2.348865
2.602738
2.910865
2.710442
4.454320
4.288561
4.025766
5.541117
4.195105

133



I TOIIIOIIIOIIIOIIIT

-6.080866
-5.063923
-5.358010
-2.699064
-1.797906
-2.838970
-2.503696
-4.478686
-4.423520
-4.330187
-5.494546
-2.015050
-1.809287
-1.898393
-1.245020
-3.662750
-4.656222
-2.903270

TS2.10
®B97X-D SCF energy:

®B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

Cartesian coordinates
ATOM X

ITIITTOOO0OOOZO0000Z00

4.725210
3.806991
2.463730
2.581464
3.813652
1.510568
0.113400
-0.261632
-1.741410
-2.110315
-0.845455
1.763037
1.609797
5.382952
5.323932
-2.641450

-0.928482 3.712710 H  -3.599682
-2.381565 3.856932 C 0.714700
-1.365986 5.281459 H  -0.266727
-1.099059 4.548188 C 1.005410
-0.505371 4.335397 H 1.976396
-1.133987 5.639786 C 0.109446
-2.124762 4.203412 C  -0.990155
2.031716 -1.699375 C 0.328221
2.960339 -2.288087 C  -1.857245
1.191156 -2.394190 H  -1.163452
1.949700 -1.284207 C  -0.544295
2.149497 -1.192471 H 1.191451
1.313507 -1.879893 C  -1.644244
3.088508 -1.756404 H  -2.703855
2.129249 -0.405569 H  -0.361120
3.290173 0.288377 H  -2.325853
3.274588 0.761535
3.387513 1.079456
-2595.73491820 a.u.
-2594.539670 a.u.
-2594.699631 a.u.

-2598.40375638 a.u.

-2597.208508 a.u.

-2597.368469 a.u.

-228.6781 cm-1
Y Z

2.126486 -1.233110 H  -2.684290
1.518276 -0.136525 H 0.981123
1.959873 -0.589527 H 1.746917
2.499955 -1.741413 H 2.738429
2.627381 -2.221349 H 0.900311
3.049296 -2.655963 H 1.386144
2.606062 -2.281920 H 2.626680
1.553563 -1.659304 A 0.815110
1.586934 -1.514605 N  -0.242268
2.836270 -2.361648 C 0.379007
3.411647 -2.720987 @) 0.285141
2.547470 -4.096604 C 0.080879
4589071 -2.594345 C  -1.367059
1.391189 -1.712374 C  -1.809703
2.970773 -0.862965 @) 1.132611
2.577640 -3.288189 H 0.424451

4.193647
3.517961
3.660656
4.161974
3.963032
5.052672
5.693383
5.235665
6.466230
5.597977
6.001506
4.759345
6.615581
6.963522
6.126648
7.223715

3.588726
2.937232
1.448538
2.900368
5.042819
4.959415
4.900056
0.573378
-1.191689
-1.464412
-2.574620
-3.844928
-4.097283
-3.287270
-0.536588
-4.574210

-0.334594
1.159963
1.627410
0.016964
-0.453275
-0.732077
-0.140816
-2.106161
-0.906207
0.933163
-2.875111
-2.578910
-2.277663
-0.428057
-3.944289
-2.875665

-1.807170
-4.762150
-4.140624
-4.453451
-3.296590
-1.583225
-2.866618
0.008360
0.310147
1.438806
2.135632
1.495040
1.113625
-0.090617
1.851198
2.237653
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0.747602
-1.476993
-2.001703
-1.375687
-1.277909

3.798031

3.530623

3.271540
4.229229
4.115019
3.103491

2.962166

4.637421

3.421734
-2.020777
-2.246430
-1.366042
-2.804662
-2.938059
-1.441496
-0.745727
-3.291181
-2.322895
2.466060
4.602220
-0.589140
-3.733741
4.090323

3.975299

5.115877

3.389227
-2.331202
-3.429810
-1.963012
-2.034003
-3.253537
-3.851567
-3.240757
-5.049470
-5.681325
-4.888189
-5.616979
-2.853720
-1.925168
-3.387194
-2.568501

-3.900581
-5.173813
-3.882054
-3.673536
-2.244887
-0.016362
-2.781807
-0.658714
-0.789272
-2.180436
-2.046900
-0.065814
-0.298860
-3.866293
1.789161
2.125639
2.840757
0.917031
1.078167
3.015153
3.527563
0.074215
2.241603
-2.683179
-3.057710
4.102591
0.049814
2.106043
3.198601
1.878174
1.706534
0.309359
0.318701
-0.564126
0.206477
-2.993598
-2.708649
-2.746359
-0.304433
0.586944
-0.747324
-1.036285
-1.207423
-0.989075
-2.011112
-1.576758

0.618096
0.903844
1.987505
-1.026951
-0.000562
-0.165431
-0.228259
-1.288538
0.913658
0.896604
-1.335197
-2.152427
1.793569
-0.237176
-0.023167
2.726476
0.625603
0.725928
2.111260
2.007025
0.044287
0.234792
3.804788
-2.578698
2.058601
2.674174
2.926533
1.240456
1.208669
1.564176
1.986055
-2.094256
-2.041183
-1.543582
-3.147833
-0.222064
-1.392279
-2.302630
2.213691
2.081743
1.220917
2.809247
3.051254
3.600423
3.584301
2.056938
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-4.075547
-4.699499
-3.178856
-4.637690
0.893979
1.116309
1.158022
1.549133
-0.853901
-1.906869
-0.595644
-0.238066
-0.886014
-0.655215
-1.945936
-0.278565
5.727940
6.572864
6.101724
5.382124
5.144615
6.014209
4.375342
5.474347
3.434381
3.044028
3.769036
2.609284
3.378722
3.511627
4375477
2.946957
1.084011
0.609807
0.424530
1.147369
2.273932
1.621289
1.800904
3.230119
-3.827358
-5.245364
-6.227096
-5.613915
-7.523405
-5.981536

0.558498
-0.182918
0.712648
1.504045
3.737790
2.748721
3.701397
4.478912
4.202350
4.440643
3.270809
5.004051
5.471507
5.489388
5.741133
6.254907
-3.975808
-3.385544
-4.613456
-4.637316
-2.222186
-1.616317
-1.552912
-2.888783
-3.910455
-4.591632
-4.532393
-3.270678
-2.432795
-1.357865
-2.870902
-2.885676
-2.049137
-2.504836
-2.191656
-0.965091
-4.195728
-4.433786
-4.611687
-4.721080
-2.935713
-2.292635
-2.408603
-1.734149
-1.958618
-2.870497

4.333553
4.854349
4.951484
4.296385
2.460430
2.891574
1.391621
2.944708
4.181308
4.394972
4.706927
4.614970
2.037222
0.961311
2.159092
2.515773
1.547165
1.161119
2.363076
0.738785
3.224870
2.927969
3.639620
4.035175
2.585354
1.814011
3.429662
2.932440
-3.793003
-3.988947
-3.633777
-4.698945
-2.828739
-3.711828
-1.960567
-3.010510
-2.415821
-1.560945
-3.317556
-2.274813
0.709098
-1.592311
-0.593746
-2.826641
-0.817161
0.364641
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C  -6.911688 -1.281178 -3.050107 H
H  -4.867483 -1.653890 -3.621762 H
C  -7.869810 -1.388596 -2.043779 H

-8.274338 -2.060636 -0.031148
-7.178383 -0.848763 -4.016606
-8.889562 -1.039191 -2.216905

TS2.11

®B97X-D SCF energy:
©B97X-D enthalpy:
®B97X-D free energy:

-2518.40809706 a.u.
-2517.251215 a.u.
-2517.406273 a.u.

©B97X-D SCF energy in solution: ~ -2520.99386854 a.u.
®B97X-D enthalpy in solution: -2519.836986 a.u.
®B97X-D free energy in solution: -2519.992044 a.u.

Imaginary frequency: -1088.8897 cm-1

Cartesian coordinates
ATOM X Y Z

C  -4.005446 3.165588 -0.987918 H 0.949136 -4.053082 -2.138981
C  -3.003719 2.084487 -1.488602 H 2.547807 -4.075225 -1.384015
N  -1.727126 2.581594 -0.923646 H 0.513892 -1.800844 -0.901547
C  -1.966878 3.586451 -0.176993 H 1.963373 -2.058544 0.004983
O  -3.229654 4.000846 -0.112562 C -3.257321 0.710420 -0.858340
C  -0.959640 4.429080 0.581326 C  -3.584597 -1.741744 0.417289
C 0.142902 3.609797 1.224795 C -3.378610 0.637621 0.533029
N 0.390635 2.357422 1.143407 C  -3.307907 -0.467909 -1.600666
C 1.531945 2.049154 2.041986 C  -3.480016 -1.711879 -0.975989
C 2.058366 3.471793 2.358405 C  -3.543257 -0.578175 1.195244
@) 0.972782 4.328572 1.978219 H  -3.336267 1.558837 1.120736
C -1.661808 5.235574 1.691110 H  -3.201586 -0.427131 -2.684504
C  -0.305039 5.383979 -0.445981 H -3.707122 -2.700332 0.914948
H  -4.848766 2.758231 -0.416921 C 2.553580 1.190498 1.299103
H  -4.387367 3.794859 -1.803843 C 4.385047 -0.327765 -0.140875
H 2.272883 3.632344 3.421745 C 2.957828 1.582559 0.023828
H 2.939308 3.748323 1.761035 C 3.091371 0.022701 1.849682
H  -0.930408 5.865910 2.210709 C 4.023869 -0.747069 1.149062
H  -2.140501 4.571697 2.425162 C 3.872015 0.832035 -0.725781
H  -2.437097 5.875405 1.253634 H 2.551762 2.504572 -0.401128
H 0.223122 4.817028 -1.226050 H 2.792456 -0.284734 2.849217
H  -1.080909 5.997115 -0.925263 H 5.115926 -0.919494 -0.692287
H 0.404761 6.051794 0.059876 C  -3.655084 -0.593796 2.725893
A -0.124764 1.028391 -0.577212 C  -3.547960 -2.986665 -1.830476
N 0.396008 -0.604422 -1.692133 C 4295762 1.330764 -2.115244
C 0.329269 -0.945839 -3.039142 C 4705097 -1.978818 1.768069
@) 1.178418 -1.849308 -3.505944 C  -2.905699 2.058602 -3.009048
C 1.712180 -3.413871 -1.669002 H  -2.109397 1.378516 -3.341228
C 1.190117 -2.706735 -0.438678 H -2.677603 3.066591 -3.383698
O  -0.504678 -0.430617 -3.743304 H  -3.856872 1.732015 -3.454407
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0.970291

0.214515

1.761385

0.488781

0.412874
-0.221837

0.299993
-0.935269
-0.154621
-0.410124

0.794995
-1.032261
-1.416098
-0.480066
-1.588240
-3.928839
-3.123079
-4.003483
-4.876699
-2.324669
-1.498578
-2.091675
-2.357762
-4.802866
-4.635704
-5.760116
-4.902575
-4.680181
-5.650702
-4.517638
-4.746001
2.223099

2.810473

TS2.12
®B97X-D SCF energy:

®B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

1.385815 3.298321 H 2.861606
2.038113 3.759245 C  -2.205523
1.208950 4.040453 H  -1.378024
0.429890 3.054383 H -2.201334
-3.407671 0.601052 H  -2.010908
-4.640922 0.386705 C  -3.818005
-2.804886 1.868385 H  -3.869580
-5.256709 1.412036 H  -3.020279
-5.133542 -0.584926 H  -4.776062
-3.420973 2.890644 C 4.146507
-1.844791 2.041476 H 4.318451
-4.651103 2.664402 H 3.067622
-6.220305 1.232874 H 4.648739
-2.945666 3.871196 C 4.514784
-5.139536 3.467078 H 4.844782
-1.999944  3.272723 H 5.103892
-2.702976 3.016711 H 3.461078
-1.964340 4.369960 C 6.209501
-2.407041 2.889425 H 6.373476
-0.088930 3.311405 H 6.729159
-0.743396 2.994507 H 6.683122
0.932080 2.972411 C 5.305587
-0.081004 4.412478 H 4.895892
0.329482 3.172762 H 5.572155
1.375344 2.874962 H 6.236146
0.003687 2.738668 C 4.951369
0.311651 4.269007 H 5.294510
-2.850860 -2.864801 H 4.250592
-2.704610 -2.367018 H 5.821814
-2.003968 -3.547257 C 3.061648
-3.761632 -3.479713 H 2.279811
-2.425123 -2.709156 H 3.344195
-1.622510 -2.231386 H 2.619196
-2518.40712604 a.u.
-2517.249952 a.u.
-2517.405213 a.u.
-2520.99333826 a.u.

Cartesian coordinates
ATOM X

C

1.689317

Y
-4.139748

-1.595992

-2519.836164 a.u.
-2519.991425 a.u.
-1065.3944 cm-1

C

-2.927442
-3.171179
-3.208125
-4.113281
-2.354318
-4.236576
-5.120684
-4.413360
-4.167450
-2.313963
-1.501123
-2.532434
-3.209612
-3.215923
-3.038973
-4.058784
-3.532385
-1.673319
-0.777390
-2.517877
-1.499897
0.390968
-0.620684
0.779569
0.306207
2.716765
3.086370
3.460979
2.668625
1.445017
2.090646
1.869308
0.456583

-3.444366
-2.560621
-1.833907
-3.130856
-3.269333
-0.983943
-1.636810
-0.247826
-0.446801
3.157021
3.878618
3.123098
3.550834
0.871878
-0.162973
1.263639
0.854305
1.905827
2.523446
2.383755
0.928164
-2.785412
-2.930469
-3.779026
-2.204581
-1.963738
-2.942037
-1.556634
-1.292280
-3.028716
-2.600286
-4.003833
-3.219383

1.469835 -2.596773 -1.624261
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0.154294
-0.319581
0.442707
-1.708790
-2.172064
-1.636646
-2.575371
-3.700315
-3.343283
-1.773305
-2.671430
2.479302
1.888026
-3.727953
-4.700267
-1.084557
-1.497504
-2.793053
-3.693113
-2.663658
-2.359023
-0.661791
-0.413515
-0.983886
-0.765218
0.063205
1.545805
1.931638
-1.676642
-0.267131
-0.139983
1.758396
2.142421
2.691207
0.938486
2.516981
4.399942
2.430425
3.568695
4.525750
3.360961
1.611602
3.641703
5.137788
-3.014385
-3.583810

-2.481892
-3.647851
-4.672215
-3.991976
-3.085736
-2.011295
-1.380963
-2.447787
-3.430286
-5.454665
-3.755841
-4.447455
-4.567268
-2.944817
-2.065698
-5.637306
-6.125228
-5.692374
-4.041950
-2.700505
-4.374891
-0.597807
1.072964
1.036096
2.039170
3.162037
2.791564
2.105511
0.093064
3.599240
3.881170
2.138148
3.704216
1.317166
1.454507
-1.853963
-0.560369
-1.901791
-1.145758
-0.489740
-1.249719
-2.458582
-1.103182
-0.044425
-0.074851
2.213459

-0.969939
-0.758427
-1.118925
-0.259410
0.863850
1.309282
2.276052
2.368421
1.384733
0.211292
-1.452765
-0.897874
-2.587111
3.347547
2.129691
1.048121
-0.611271
0.536718
-1.170127
-1.763160
-2.305330
-0.107109
-1.231505
-2.495276
-3.333259
-3.005444
-2.964302
-1.669719
-2.816349
-2.049838
-3.806911
-3.823838
-3.122523
-1.773006
-1.398881
-0.795286
0.788251
0.594650
-1.385360
-0.606841
1.412699
1.054956
-2.470262
1.401286
1.604446
0.144156
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-2.523869
-3.800538
-4.110126
-2.792032
-1.910638
-4.172404
-3.803491
3.196731
5.700131
-2.229920
-5.051785
1.336087
1.144125
0.494176
2.246794
-1.886938
-0.997696
-1.562946
-2.574032
2.114410
2.130595
2.230933
2.269697
2.042395
2.358825
2.221210
2.378508
2.289935
2.444649
2.480868
-4.715715
-4.878368
-3.676003
-5.370569
-4.974217
-5.335245
-5.615139
-3.945096
-6.485383
-6.768359
-6.580070
-7.206020
-1.348209
-1.921662
-0.915712
-0.518253

1.165434
-0.144616
0.995669
2.327200
1.226475
-1.114234
3.116317
-1.314912
0.286797
3.696828
0.922428
-2.069108
-0.987181
-2.562496
-2.263668
-1.189616
-0.554569
-2.161988
-0.726426
2.911846
4.312107
2.227320
5.008624
4.877839
2.921551
1.133836
4.318346
6.100193
2.374201
4.865156
1.999901
3.018806
1.915098
1.881727
-0.447521
-1.264908
-0.445819
-0.666926
1.150859
0.382340
2.133709
1.109589
4.224528
4.355268
5.201314
3.529010

2.021248
0.448864
-0.298859
1.292350
2.916764
0.112408
-0.425872
2.936503
-1.220638
1.695531
-1.509189
-3.052456
-3.050719
-3.557915
-3.636013
3.621780
3.529990
4.018868
4.344868
-0.430919
-0.415236
0.791380
0.784826
-1.344525
1.987767
0.791205
1.989070
0.776076
2.929300
2.928349
-2.553074
-2.172850
-2.901641
-3.428909
-2.202197
-1.559697
-3.096123
-2.522492
-0.991445
-0.255703
-0.505103
-1.823020
0.550005
-0.380639
0.815851
0.352665
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-1.365122
-0.493809
-0.979147
-1.937976
-3.393346
-3.006405
-4.020195
-4.039952
7.010743
7.874616
7.152413
7.019109
5.609623
4.686564
6.456557
5.652915

TS2.13
®B97X-D SCF energy:

®B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

Cartesian coordinates
ATOM X

ITIITIITITOOO0OOOZO0000Z00

3.716422
2.961251
1.558576
1.514676
2.674086
0.312911
-0.974393
-1.163907
-2.594602
-3.198575
-2.057664
0.575215
0.140814
4277164
4.385710
-3.891347
-3.687412
-0.283349

3.619080 2.959709 C 5.721540
2.961315 2.816440 H 4.795349
4.619562 3.205014 H 5.838438
3.265039 3.830461 H 6.565585
4.670436 1.955087 C 4194121
5.658901 2.246885 H 4.096006
4809785 1.062059 H 4.015175
4303881 2.766718 H 5.235009
-0.428088 -0.841129 C 3.420667
0.100397 -1.272839 H 2.697849
-0.465040 0.249151 H 4.431682
-1.462213 -1.217759 H 3.308348
0.358086 -2.750376 C 1.769333
0.858053 -3.085395 H 1.561084
0.937990 -3.145037 H 1.008202
-0.638306 -3.215555 H 1.635985
-2518.41066846 a.u.
-2517.254321 a.u.
-2517.410171 a.u.
-2520.99322825 a.u.
-2519.836881 a.u.
-2519.992731 a.u.
-1220.2468 cm-1
Y Z
3.525829 0.028541 H 0.732481
2.379437 0.757990 H 1.469066
2.646069 0.365523 H -0.677332
3.767418 -0.236658 H  -0.084431
4.401655 -0.422107 H 1.068420
4.546405 -0.722512 Ag  0.112912
3.750495 -0.775899 N 0.431338
2.485469 -0.802473 C 1.183565
2.237826 -1.106144 @) 1.534799
3.646594 -0.892702 C  -0.270519
4512834 -0.919826 C  -1.159579
5.041462 -2.164305 @) 1.448470
5.746868 0.235181 H  -0.386919
3.179297 -0.851199 H  -0.563234
4.092047 0.688476 H  -0.581022
3.954044 -1.685530 H  -2.130091
3.753356 0.086664 C 3.371387
5.626992 -2.518241 C 3.949708

1.726130
2.266083
1.755198
2.282503
-0.405867
0.644195
-0.448275
-0.718451
-2.766351
-3.455879
-3.110651
-2.844624
-0.874814
0.148937
-1.538653
-0.893037

4.194625
5.676932
6.391354
5.405764
6.333081
0.845442
-1.078322
-1.448561
-2.715211
-4.095618
-3.100497
-0.611933
-5.103451
-4.177732
-2.025709
-2.907782
0.997411

-1.552881

-0.672778
-0.920219
0.420032
-1.108017
3.664321
3.348567
4.748841
3.493936
3.399237
2.937034
3.134674
4.491743
3.311399
2.960631
2.875725
4.404180

-2.848709
-2.183146
-0.108306
1.256133
0.257759
0.017668
0.749959
1.860739
2.001193
1.071173
0.352669
2.691876
0.641005
2.128296
0.564826
0.833664
0.250306
-0.694500
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4.110304
2.969066
3.215790
4.437826
4.430827
2.434718
4.183095
-3.179575
-4.141243
-4.177041
-2.700679
-3.156702
-4.675415
-4.559403
-1.960038
-4.515182
5.362018
2.704725
-5.756539
-2.618828
3.047785
2.662166
4.088316
2.452457
-2.663749
-3.702038
-2.138261
-2.182642
-1.245797
-2.072130
-0.513601
-2.183825
-2.634312
-0.625512
0.136329
-1.461082
-2.841971
-0.058302
-1.550369
6.688617
7.398658
6.537798
7.152920
5.656659
6.205675

S2.14

0.106071
0.602387
-0.687829
-1.169115
0.408289
1.315159
-2.553375
1.204863
-0.714125
0.316544
1.141355
0.172246
-0.659892
0.364665
1.870437
-1.474386
-2.112865
-1.079854
-1.667175
0.055198
2.518727
3.503071
2.445365
1.736084
1.810041
1.701561
0.855072
2.570777
-3.128755
-2.185801
-4.019674
-2.151627
-1.477034
-3.984275
-4.769864
-3.054002
-1.419925
-4.694297
-3.033272
-2.222407
-2.865893
-2.655445
-1.232757
-1.586567
-0.633167

1.031102
-1.025195
-1.509698

0.563977

2.024616
-1.658265
-1.058194
-0.146490

1.613907
-0.547617

1.167153

2.064273

0.323848
-1.564803

1.496137

2.302755

1.349372
-2.902715
-0.094368

3.496552

2.277393

2.580705

2.624290

2.767288
-2.574324
-2.916684
-2.719176
-3.206594
-1.127116
-1.764809
-1.927949
-3.149129
-1.154326
-3.316166
-1.473541
-3.931953
-3.623356
-3.921123
-5.019825

0.572696

1.115013
-0.427755

0.444887

2.760170

2.739703
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4.732203
6.285099
4.734905
4.484653
5.442779
3.822904
1.203068
0.993459
0.824020
0.620855
1.208378
1.845003
1.514099
3.484997
3.143135
3.345802
4.563203
2.892510
3.953719
2.371516
2.471591
-3.769179
-3.407001
-4.186778
-4.588538
-2.062479
-2.838967
-1.260950
-1.637910
-1.495207
-0.630293
-1.843747
-1.133306
-6.146964
-5.288301
-6.913262
-6.571795
-7.008770
-7.804679
-6.797680
-7.396129
-5.234746
-6.004547
-4.341654
-4.978259

-1.446388
-2.309396
-3.509963
-3.959244
-4.189677
-3.460931
-0.760234

0.314516
-1.057446
-1.308683
-3.710895
-4.561887
-3.353304
-0.275460
-0.535822

0.808187
-0.486077
-2.575629
-2.864836
-3.195348
-2.825090

0.312500

0.231181

1.321322
-0.410740
-1.364587
-2.135880
-1.581780
-1.463503

1.061381

0.913624

2.100989

0.933456
-1.517188
-1.685428
-2.262645
-0.525164
-1.437676
-2.143960
-1.582449
-0.415984
-3.101170
-3.831982
-3.292524
-3.298448

3.341431
3.300923
1.491476
0.518514
1.989552
2.102529
-3.018609
-2.900448
-4.007916
-2.261998
1.023076
1.290144
0.025101
-3.958545
-4.972398
-3.825226
-3.896058
-3.183733
-3.197756
-2.437187
-4.169078
4.487269
5.523568
4.349734
4.361918
3.711360
3.599275
2.990138
4.721496
3.776924
3.112100
3.680321
4.807458
-1.570154
-2.239046
-1.828012
-1.786249
0.771936
0.489896
1.841864
0.640507
0.117633
-0.173267
-0.497497
1.169107
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®B97X-D SCF energy: -2518.40439098 a.u.
©B97X-D enthalpy:  -2517.247637 a.u.
®B97X-D free energy: -2517.404075 a.u.

®B97X-D SCF energy in solution:  -2520.98890621 a.u.
®B97X-D enthalpy in solution: -2519.832152 a.u.
©B97X-D free energy in solution: -2519.988590 a.u.

Imaginary frequency: -1131.7234 cm-1

Cartesian coordinates
ATOM X Y Z

C 2.720967 2.894103 2.395048 H 0.189979 -2.374265 0.524316
C 2.217007 1.512795 1.880631 C 2.807512 1.153532 0.516676
N 0.770792 1.770160 1.693469 C 3.762617 0.573118 -2.025330
C 0.522931 2.983120 2.003228 C 2.525354 1.995169 -0.561195
@) 1.545422 3.716849 2.430619 C 3.586247 0.014873 0.302577
C -0.827663 3.669159 2.045849 C 4.089608 -0.283332 -0.968961
C -1.732744 3.276596 0.896359 C 2.975517 1.712234 -1.851938
N  -1.526777 2.457015 -0.061768 H 1.920065 2.890284 -0.394996
C  -2.754433 2.381538 -0.895050 H 3.800428 -0.652719 1.135616
C  -3.690898 3.398094 -0.181454 H 4.118363 0.328446 -3.023057
O -2921773 3.872407 0.931335 C  -8.253762 0.939163 -0.795501
C  -0.658283 5.200411 2.019167 C  -3.947066 -1.728886 -0.459849
C  -1509778 3.224316 3.362253 C  -3.552775 0.435480 0.480470
H 3.450693 3.368190 1.726268 C  -3.333116 0.092080 -1.891875
H 3.134305 2.845997 3.411547 C  -3.688408 -1.260443 -1.746050
H  -3.940657 4.259348 -0.815557 C  -3.898293 -0.896588 0.672926
H  -4.616908 2.951857 0.203075 H  -3.498086 1.107407 1.338563
H  -0.158076 5.529572 1.097300 H  -3.115360 0.475744 -2.888250
H  -0.051499 5.526253 2.872234 H  -4.219635 -2.775100 -0.321565
H  -1.642423 5.680846 2.077231 C 2.559009 2.624823 -3.011329
H  -2473747 3.736251 3.479238 C 4897781 -1.563327 -1.228314
H  -1.676127 2.137399 3.367142 C  -4.204307 -1.474061 2.060975
H  -0.868487 3.484768 4.215806 C  -3.821682 -2.139815 -2.997839
Ag -0.299428 0.573901 0.080554 C 2.386710 0.422832 2.931823
N  -0.112956 -1.395175 -0.467913 H 1.950630 -0.525442 2.589461
C 0.468238 -1.756816 -1.676731 H 1.879222 0.716633 3.861821
@) 0.507779 -3.033625 -2.032074 H 3.448540 0.252783 3.160034
C  -0.142639 -4.068922 -1.285800 C  -2432727 2.826863 -2.316268
C 0.606759 -4.427687 -0.009751 H  -1.684407 2.170671 -2.778031
C 0.308265 -3.449877 1.110171 H  -2.024418 3.847297 -2.305382
@) 0.925714 -0.891651 -2.388395 H  -3.339581 2.823315 -2.938505
H  -0.167924 -4.917343 -1.979038 C 1.244247 -3.255204 2.240874
H  -1.182805 -3.767890 -1.071129 C 0.733288 -2.899454 3.502259
H 0.303193 -5.441018 0.301121 C 2.636517 -3.376950 2.098634
H 1.679247 -4.483924 -0.245908 C 1.580903 -2.680397 4.583229
H  -0.729090 -3.558106 1.457715 H  -0.347295 -2.807978 3.635717
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3.484649

3.068236
2.961409

1.162456

4.563782

3.628791
-4.965754
-5.913343
-4.757831
-5.106267
-2.510576
-2.208227
-1.682600
-2.624703
-4.149125
-4.214967
-3.370707
-5.113787
-5.597925
-5.666335
-5.830331
-6.375128
-4.176629
-4.917167
-4.416392
-3.183129
-3.132888

TS2.15
®B97X-D SCF energy:

®B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

Cartesian coordinates
ATOM X

O0O0o00OzZz00

4.417807
3.384367
2.102024
2.357680
3.635894
1.369006
0.126890

-3.154977 3.179512 H -3.307129
-3.652654 1.135087 H -3.130846
-2.805427 4.425033 H -2.135060
-2.417296 5.556690 C 5.921332
-3.264289 3.051624 H 6.540164
-2.639321 5.272951 H 5.443993
-1.578761 -3.864385 H 6.590824
-1.566041 -3.304974 C 5.665605
-0.551984 -4.200254 H 6.341183
-2.200377 -4.761986 H 4.995859
-2.118630 -3.803139 H 6.274958
-1.101594 -4.091314 C 3.901195
-2.564014 -3.233405 H 3.356850
-2.701615 -4.729639 H 4.418383
-3.597315 -2.650824 H 3.150952
-4.192646 -3.573231 C 3.095631
-4,054666 -2.019884 H 2.707450
-3.692153 -2.130221 H 4,194588
-2.127011 2.057336 H 2.798350
-2.952819 1.334506 C 1.020830
-2.538094 3.051649 H 0.628871
-1.391055 1.802254 H 0.580104
-0.398666 3.154589 H 0.677698
0.394004 2.969024 C 3.089616
-0.851673 4.127741 H 4.189593
0.067736 3.246906 H 2.712546
-2.525059 2.397731 H 2.759100
-2479.13005601 a.u.
-2478.000653 a.u.
-2478.153515 a.u.

-2481.67474965 a.u.

-2480.545347 a.u.

-2480.698209 a.u.

-374.9467 cm-1

Y
-2.972867 0.309384 N -0.157749
-2.295871 -0.634167 C -1.515892
-2.643733 0.029272 C -1.906615
-3.214859 1.143085 0] -0.786727
-3.445322 1.418423 C 2.025461
-3.735903 2.163146 C 0.941514
-2.875832 2.293371 H 5.179794

-2.956066
-3.353229
-2.059079
-1.365770
-2.269410
-1.192718
-0.518032
-2.008580
-1.216335
-2.281034
-2.895722
-2.663075
-2.389714
-3.620264
-2.814433
4.046090
4.476217
4.046875
4.716002
2.649841
1.629278
3.064425
3.270481
2.124830
2.099995
1.118181
2.800482

-1.750531
-1.341488
-2.505208
-3.398785
-3.816112
-5.144472
-2.284706

3.396047

1.672432

2.390224
-2.358683
-2.463695
-3.333430
-2.148069

0.025709

0.382937

0.852917
-0.202791
-1.637424
-2.553238
-1.811501
-0.846387
-2.765543
-1.829634
-2.706305
-3.587248
-3.075010
-3.206913
-2.155312
-3.917798
-4.359940
-4.384003
-4.595431
-5.162789

1.756961
2.187706
3.146776
3.102546
3.556233
1.684885
0.695428

142



TITOIIITIOOOOOIIIOOOOOOOOIIIOOOOOOOOIIONOOOZ>»IIIIIIIIT

4.908440
-2.038489
-2.798102

2.357337

2.898441

1.303093

1.830993

0.269077

0.428177

0.600079
-0.151523
-0.144699
-0.516550
-0.424156

0.248698

0.585332
-0.220052
3.476666
3.413443
3.551393
3.384836
3.334901
3.526155

3.609517

3.326299

3.393284
-2.427500
-3.988406
-2.236277
-3.455423
-4.267689
-2.989302
-1.476645
-3.629290
-4.592409
3.660789
3.152843
-2.704487
-5.444099
3.400706

2.578686

3.275117

4.352233
-1.422239
-2.380462
-1.143350

-3.840540
-2.173442
-3.056064
-2.824826
-4.478798
-4.214387
-5.780456
-5.603676
-5.091480

-1.028954 -0.226406

0.888056
0.945620
2.005757
3.324559
-0.094391
3.718004
2.246424
-0.762258
2.012125
0.003046
-0.109121
1.285061
1.399897
-0.496149
-0.701393
3.099942
-1.287448
-1.196088
-2.206960
-0.346721
-0.303069
-2.164141
-2.983921
0.357033
-1.140616
2.261186
1.943539
-3.184999
0.676126
-2.899390
-2.497334
-3.989308
-2.689898
-0.007884
0.250329
0.797398

-0.152969
4.185816
2.821254
3.897354
3.523903
4.279286
1.576596
2.420425
0.713920

-0.343472
-1.668592
-2.357855
-0.332728
-2.248354
-0.523415
0.102221
-0.614780
-0.476398
-1.780868
0.618759
0.712343
-1.731726
-2.744696
1.536261
-0.431237
0.959675
-1.337805
-0.069501
0.843833
-0.290892
-1.249728
0.037724
1.655493
-2.242689
-2.996047
2.086471
-2.359707
-0.429166
-2.033103
-2.641384
-1.969229
-2.542533
2.924784
3.397214
2.232776
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-0.662618
-1.157732
-2.381400
-0.624131
-3.064250
-2.7187262
-1.310840
0.332116
-2.531283
-4.015997
-0.890434
-3.067409
-5.725623
-4.881251
-6.594526
-5.954266
-5.126964
-4.257078
-4.906583
-5.979273
-6.717673
-7.577944
-6.628015
-6.944654
-1.209893
-0.563685
-1.005915
-0.907129
-3.521130
-3.302870
-3.271939
-4.603747
-3.072136
-2.881187
-2.481260
-4.136479
1.800067
1.645636
0.972420
1.729980
4.294547
5.272895
4.182358
4.307120
3.151157
2.321601

-0.070528
4.063889
3.572370
5.227681
4.240998
2.643348
5.899684
5.616079
5.409297
3.850041
6.811944
5.935843
1.433008
2.069856
2.093701
0.745936
1.700282
2.315802
1.212558
2.379735

-0.105701
0.578081

-0.606207

-0.873323

-3.145827

-3.438421

-3.850522

-2.138925

-2.898020

-1.898657

-3.634374

-2.971221

-4.588408

-5.345307

-4.863785

-4.641904
1.495350
1.929606
1.823250
0.400473
1.508896
1.801547
1.983383
0.420031
3.474496
3.846177

3.716666
0.729302
1.210085
1.296940
2.220090
0.799137
2.305974
0.937457
2.768105
2.586631
2.733499
3.560054
0.875290
1.176691
0.740926
1.704153
-1.533035
-1.256355
-2.494150
-1.686650
-0.803955
-0.864875
-1.778519
-0.048742
-2.732010
-1.888551
-3.552720
-3.055068
-3.625584
-4.032015
-4.403685
-3.442926
-1.842821
-2.619253
-0.955456
-1.568078
2.668930
3.668872
2.023241
2.759133
3.022358
2.612374
4.009269
3.180381
1.999367
1.378156
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3.022316
4.094919
2.634441
2.732945
1.607638
2.781973
3.432477
3.473577
4.206085

TS2.16
®B97X-D SCF energy:

®B97X-D enthalpy:

©B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

Cartesian coordinates
ATOM X

ZP>PIIIIIIIIIIOOOOOOZOOO0OOZ0O0O

2.831688
3.397420
2.602049
1.801718
1.860460
0.815733
-0.251869
-1.492931
-2.185829
-1.016858
0.168835
0.145255
1.582195
2.321737
3.593995
-1.005761
-0.976399
-0.422070
0.903986
-0.551742
2.346446
0.881567
2.077698
2.146705

3.903930 3.003755 H 2.446909
3.864822 1.589777 C 5.084512
3.408332 -2.985346 H 5.228827
4.005939 -3.904021 H 5.274798
3.016510 -2.946517 H 5.840720
4.097390 -2.140316 C -1.165013
1.439182 -4.271973 H  -1.184185
2.098862 -5.151014 H  -2.201209
0.669707 -4.413568
-2479.10806505 a.u.
-2477.978316 a.u.
-2478.129260 a.u.
-2481.65969063 a.u.
-2480.529942 a.u.
-2480.680886 a.u.
-221.3889 cm-1
Y Z
-3.772801 1.407832 C 2.723338
-2.549695 0.631458 @) 2.971163
-2.601487 -0.622307 C 0.676624
-3.601579 -0.570655 @) 3.651824
-4.349309 0.517211 H 0.942715
-4.004288 -1.654057 H 0.519679
-2.935299 -1.809994 C 3.074340
-3.111891 -1.716235 C 2.325861
-1.874867 -2.092868 C 4.026907
-0.893871 -2.412168 C 1.742660
-1.683610 -2.191513 C 1.344467
-5.336726 -1.305111 C 3.669482
-4.118782 -2.990474 H 5.062933
-3.507364 2.342790 H 0.989208
-4.534704 1.615460 H 2.037898
-0.557106 -3.457876 C  -3.065441
-0.024797 -1.743803 C  -4.665362
-5.268656 -0.369278 C  -3.392876
-6.123345 -1.200775 C  -3.564976
-5.613930 -2.104992 C  -4.362504
-4.904788 -2.916305 C  -4.204039
-4.392852 -3.791418 H  -3.006525
-3.177817 -3.262787 H  -3.310738
-0.623615 -1.415837 H  -5.287122
1.527895 1.324838 -1.513371 C 4.727582

0.948453
2.848846
3.469677
3.479000
2.049337
3.043780
3.920078
2.730125

1.888428
3.169962
3.569286
1.046170
3.456378
2.479138
-1.203120
1.303973
-0.194578
-0.935587
0.316890
1.077433
-0.388764
-1.719691
2.286405
-1.373218
-0.416493
-2.194115
-0.066151
0.437300
-1.730112
-3.213797
0.568279
-0.030896
2.173180

-4.262863
-3.021255
-3.919119
-2.139029
-3.033384
-1.626339
-2.287077
-1.429806

-1.552429
-1.486464
-0.788005
-1.652774
0.273600
-1.146135
1.289945
2.227061
1.443251
1.628676
2.103900
1.904978
1.175678
1.505817
2.595123
-0.953344
1.096114
0.116344
-1.002188
0.021873
1.163991
0.125095
-1.853268
1.903585
2.098705
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-0.132839
-4.574710
-4.882010

4.871152

5.217776

5.017668

5.493193
-3.038434
-3.549608
-3.799766
-2.412300
-0.592095
-1.118365
-1.269363
-2.273381
-0.624294
-2.424960
-0.877957
-2.924719
-2.670114
-2.934559
-3.828738
-4.496598
-4.896486
-4.908911
-3.404669
-6.416825
-6.872190
-6.759626
-6.804441
-4.270954
-4.642526
-4.526488
-3.173425
-5.449563
-4.917182
-5.740608

TS2.17
®B97X-D SCF energy:

©B97X-D enthalpy:

®B97X-D free energy:

®B97X-D SCF energy in solution:
®B97X-D enthalpy in solution:

®B97X-D free energy in solution:
Imaginary frequency:

0.561328 2.429017 H  -6.367922
-2.684189 2.308101 C  -5.356213
1.881415 0.032253 H -6.317084
-2.735504  0.285231 H  -5.580017
-1.951582 -0.401996 H  -4.780534
-3.706437 -0.208663 C  -3.298230
-2.710643 1.191629 H  -3.557966
-2.161228 -3.334055 H -2.711804
-1.246510 -3.668152 H  -2.652867
-2.915967 -3.096419 C  -0.957825
-2.537881 -4.157327 H  -2.030895
4.335787 -0.971955 H -0.674884
4566817 -2.252725 H  -0.822175
4.854290 0.139902 C -0.596141
5.324613 -2.416807 H  -0.011915
4.147221 -3.133054 H  -1.657583
5.613855 -0.025124 H  -0.496983
4675771 1.144289 C  -0.389843
5.856162 -1.303079 H  -0.106085
5.500407 -3.418421 H  -1.462615
6.021427 0.849922 H 0.157089
6.454322 -1.432997 C 4.120945
2.642101 -1.241469 H 4.913221
2.157778 -2.145559 H 3.650208
3.660935 -1.203353 H 3.377202
2.741208 -1.348315 C 5.875625
1.876079 0.148563 H 6.568576
1.336694 -0.695742 H 6.468760
1.397684 1.077409 H 5.499039
2.906646 0.145065 C 5.284219
2.622834 1.236085 H 6.053347
3.658845 1.276640 H 4.487758
2137777 2.190165 H 5.742400
2.662414 1.153940 C 1.866954
-3.815059 1.735101 H 2.229761
-4.386712 0.960250 H 1.621177
-4.517480 2.531675
-2479.09238974 a.u.
-2477.961841 a.u.
-2478.118340 a.u.
-2481.65085668 a.u.
-2480.520308 a.u.
-2480.676807 a.u.

-298.5943 cm-1

-3.410111
-1.976916
-1.579104
-2.689717
-1.147386
-3.284261
-3.971749
-3.855642
-2.494038
0.365943
0.479971
1.105680
-0.638089
-0.444335
-0.335699
-0.278379
-1.484211
1.976781
2.744249
2.104820
2.175884
3.574597
4.333852
3.675661
3.817578
2.022708
2.871569
1.112665
1.999306
2.043995
2.809997
2.170710
1.055912
4.073785
5.035610
4.196204

1.283676
3.422125
3.062826
4.229548
3.861771
2.924088
3.743712
2.189386
3.334872
1.147996
1.353948
0.382337
0.719117
3.497276
4.423430
3.738092
3.152962
2.957733
2.221755
3.164523
3.891569
1.917681
1.991181
0.927919
2.690502
1.086728
1.181368
1.258727
0.052889
3.529299
3.713957
4.278427
3.687665
-1.583583
-1.199564
-2.649348
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ATOM X
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2.632008
2.930816
1.560234
0.716834
1.213221
-0.776321
-1.194331
-1.716342
-2.137969
-1.296448
-1.008891
-1.529288
-1.063659
2.856284
3.139239
-0.336256
-1.806295
-1.305853
-1.254925
-2.610541
-0.717137
-2.144431
-0.568379
1.372948
2.041629
3.234036
3.607189
1.354858
3.934404
1.601111
1.019453
3.567962
4.647461
4.778582
2.891077
3.424711
5.342951
5.304457
1.931900
5.091078
-3.635206
-6.336095
-4.437685

Y
-3.767073
-2.934282
-2.695365
-3.320186
-4.002780
-3.346320
-1.929578
-1.510410
-0.120232

0.230366
-1.045506
-3.816583
-4.269089
-3.231933
-4.739958

0.700682

0.854662
-3.180749
-4.851394
-3.775218
-5.288018
-4.298660
-3.910296

-1.114369

0.591352
1.129572

2.261655
2.540791
0.267249
1.956551

1.796356
-1.575775
0.908869
-1.179605
-0.697139
0.552001
0.070905
-1.852980
-1.004020

1.869430
-0.081403

0.047786
-1.204849

Z

1.715945
0.435011
-0.076900
0.660380
1.671843
0.429985
0.121352
-0.957449
-0.703922
0.546114

1.121973
1.685632
-0.764332
2.647825
1.723651
0.267514
1.288014
2.551464
1.928136
1.493529
-0.540962
-0.955313
-1.675960
-1.483232
-2.538073
-2.407380
-1.915903
-0.980944
-2.951956
-0.080897
-1.764113
0.742303
1.341466
0.177699
1.599322
1.926462
0.466712
-0.494936
2.021843
1.602204
-0.380133
0.232840
-0.514621

ITOIIIOIIIOIIIOIIIOIOOIOOOOIIIIOIIITIOOOOOZIITOOO

-4.203139
-5.557445
-5.806191
-3.985956
-3.565477
-7.395193

6.724978

2.769929
-6.648064
-6.220468

3.696599

3.803937

3.154686

4.699519
-1.837730
-2.062313
-2.448398
-0.779098
0.188302
-0.382975
-0.378609
-1.494081

0.026386
-1.491089

0.054115
-2.050931
-1.932443
-1.921245
-2.923470
-5.225479
-4.787333
-5.739526
-4.404452
-7.351327
-6.960539
-8.130435
-7.834260
-6.799167
-7.275687
-7.560191
-6.007413
-6.643260
-5.625591

1.125339
1.211091
-1.163400
-2.129303
2.007565
0.104323
0.473156
1.465534
-2.437398
2.510738
-3.764238
-3.222807
-4.699863
-4.021240
0.762133
1.816857
0.440725
0.680454
3.458369
4.158401
3.587223
4.972464
4.048274
4.402154
3.047460
5.095565
5.508582
4.498308
5.732320
3.676053
3.884159
4.588923
3.478629
2.891650
3.038701
2.117180
3.827737
2.296665
3.220262
1.502916
2.015817
-2.862722
-3.070800

0.051930
0.363144
-0.203011
-0.874470
0.143263
0.482808
-0.070015
2.973506
-0.359087
0.840608
-0.593063
-1.544083
-0.792039
-0.223707
-1.911318
-1.698747
-2.765303
-2.204154
-0.749868
-1.821349
0.523425
-1.622505
-2.829457
0.722946
1.367792
-0.348869
-2.466206
1.721686
-0.191699
0.897437
-0.090821
1.234073
1.604374
-0.132665
-1.151174
-0.180648
0.188307
2.251244
2.615249
2.265610
2.962776
-1.839057
-2.202210
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H  -7.241833 -3.776546 -1.977966 H 2414542 3.138622 1.591737
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HPLC analysis for compound 2.2a (CHIRALPAK® 0J-H, 5—35% iPrOH/hexane gradient over

22 min, 0.7 mL/min, 210 nm): tr = 19.3 min (major), 20.1 min (minor); 92% ee

Race

mic 2.2a:

1000

[ChZ (Z10nm)

Peak # | Retention Time | Area Area %
1 19.157 18942329 | 50.0
2 19.729 18973358 | 50.0

Enantioenriched 2.2a:

20004

15004

10004

5004

-500

-1000

Ch2 (210nm)

Peak # | Retention Time | Area Area %
1 19.327 44336366 | 96.1
2 20.144 1809345 | 3.9
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HPLC analysis for compound 2.2d (CHIRALPAK® 0OJ-H, 5—35% iPrOH/hexane gradient over

22 min, 0.7 mL/min, 220 nm): tr = 16.6 min (major), 17.4 min (minor); 46% ee

Racemic 2.2d:
(Cht (220nm)
1000+
] n
Q [e]
(6] [}
5004 2 2
n 0]
(0] )
(}
AN . LIS A
-
15.0 155 16.0 16.5 17.0 175 18.0 185 19.0 195 20.0min

Peak # | Retention Time | Area Area %
1 17.025 6508603 | 49.6
2 17.817 6603805 | 50.4

Enantioenriched 2.2d:

(Ch1 (220nm) 2
1000+ §

500

— T T T T T T 7T 1 T T T T [ T T T T [ T T T T T T T [ T T T T T T T T T
150 155 16.0 165 17.0 175 18.0 185 19.0 19.5 20.0min

Peak # | Retention Time | Area Area %
1 16.611 23943658 | 73.2
2 17.438 8784294 | 26.8




153

HPLC analysis for compound 2.2e (CHIRALPAK® OJ-H, 5—35% iPrOH/hexane gradient over

22 min, 0.7 mL/min, 220 nm): tr = 16.3 min (major), 16.7 min (minor); 39% ee

Racemic 2.2e:

Ch1 (220nm)

250

-250H

5001

B B e e Bty B B
14,50 14.75 15.00 1625 15.50 16.75 16.00 16.25 16.50 16.75 17.00 17.25 17.50 17.75 18.00 18.25 min

Peak # | Retention Time | Area Area %
1 16.315 8641558 | 49.2
2 16.690 8910184 | 50.8

Enantioenriched 2.2e:

Ch1 (220nm)

250

-25(H

5001

B A e e e e
14.50 14.75 15.00 15.25 15.50 15.75 16.00 16.25 16.50 16.75 17.00 17.25 17.50 17.75 18.00 18.25 min

Peak # | Retention Time | Area Area %
1 16.311 9025146 | 69.3
2 16.716 3997284 | 30.7
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HPLC analysis for compound 2.3a (CHIRALPAK® 0OJ-H, 5—35% iPrOH/hexane gradient over

22 min, 0.7 mL/min, 210 nm): tr = 17.6 min (major), 18.3 min (minor); 91% ee

Racemic 2.3a:
{Ch2 (Z10nm)
] o b4
0 & 8
_25(yf 8 8
500 W
7501 :
-1000
| [ [ [ T T [ [ [
15.0 16.0 17.0 18.0 19.0 200 min

Peak # | Retention Time | Area Area %
1 17.569 6910292 | 50.3
2 18.122 6819573 | 49.7

Enantioenriched 2.3a:

Ch2 (210nm)

1500+
1000
500

0

-500%
-10005
15‘ 0 lé 0 17‘ 0 lé.O lé 0 26 0 | min
Peak # | Retention Time | Area Area %
1 17.641 32388200 | 95.5
2 18.261 138169 45
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HPLC analysis for compound 2.4a (CHIRALPAK® 0OJ-H, 5—28% iPrOH/hexane gradient over

22 min, 0.7 mL/min, 210 nm): tr = 27.6 min (major), 28.7 min (minor); 90% ee

Racemic 2.4a:

Ch2 (210nm)

1500
1000

500

723.0‘ o ‘24.0‘ o ‘25.0‘ o ‘26.0‘ o ‘27.0‘ - ‘28.0‘ o ‘29.0‘ - r"nin
Peak # | Retention Time | Area Area %

1 27.236 11026174 | 51.1

2 28.044 10564910 | 48.9

Enantioenriched 2.4a:

1Ch2 (210nm)

3000

2000-

1000

23.0 24.0 25.0 26.0 27.0 28.0 29.0 min

Peak # | Retention Time | Area Area %
1 27.617 40176302 | 95.0
2 28.665 2113078 | 5.0
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HPLC analysis for compound 2.5a (CHIRALPAK® IC, 5—80% H>O/acetonitrile (0.1% formic

acid) over 22 min, 0.7 mL/min, 235 nm): tr = 24.4 min (major), 24.7 min (minor); 88% ee

Racemic 2.5a:

:Ch2(235nm)

1000

500~

0]

‘221.0‘ - ‘23“.0‘ - ‘241.0‘ - ‘25‘.0‘ - ‘26‘.0‘ - ‘27‘.0‘ ‘m‘in

Peak # | Retention Time | Area Area %
1 24.325 6859349 | 51.2
2 24.703 6526366 | 48.8

Enantioenriched 5a;:

1Ch2 (235nm)
1500+
: 3
1000+ g
500
0
‘22‘.0‘ - ‘23‘.0‘ - ‘24‘.0‘ - ‘25‘.0‘ - ‘26‘.0‘ - ‘27‘.0‘ ‘m‘in
Peak # | Retention Time | Area Area %
1 24.362 9030948 | 94.3
2 24.732 550894 | 5.7
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HPLC analysis for compound 2.6a (CHIRALPAK® OJ-H, 5—38% iPrOH/hexane gradient over

22 min, 0.7 mL/min, 210 nm): tr = 28.1 min (minor), 29.1 min (major); 91% ee

Racemic 2.6a:

1Ch2 (210nm)
1500

10806289
10086962

1000

500

25.0 26.0 27.0 28.0 29.0 30.0 31.0 min

Peak # | Retention Time | Area Area %
1 27.601 10806289 | 50.6
2 28.790 10086962 | 49.4

Enantioenriched 2.6a:

Ch2 (210nm)
1500 o
] 5
S
1000- “
500{ %
O E—
‘25‘.0‘ o ‘26‘.0‘ o ‘27‘.0‘ o ‘28‘.0‘ o ‘29‘.0‘ o ‘30‘.0‘ o ‘31‘..0‘ - r‘nin
Peak # | Retention Time | Area Area %
1 28.080 1029293 | 4.6
2 29.061 21494760 | 95.4
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HPLC analysis for compound 2.7a (CHIRALPAK® 0OJ-H, 5—35% iPrOH/hexane gradient over

22 min, 0.7 mL/min, 220 nm): tr = 19.2 min (minor), 20.3 min (major); 88% ee

Racemic 2.7a:

(Ch1 (220nm)

20001

15004

10004

5004

-5004

Peak # | Retention Time | Area Area %
1 18.965 24247893 | 49.4
2 20.163 24837092 | 50.6

Enantioenriched 2.7a:

(Ch1 (220nm)

1872

10004

7504

5004

2504

0,

-5

Peak # | Retention Time | Area Area %
1 19.214 1588891 | 6.2
2 20.266 24011872 | 93.8
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HPLC analysis for compound 2.8a (CHIRALPAK® OJ-H, 5—35% iPrOH/hexane gradient over

22 min, 0.7 mL/min, 220 nm): tr = 13.9 min (major), 15.4 min (minor); 88% ee

Racemic 2.8a:

Cht (220nm)

17.0 175 18.0 min
Peak # | Retention Time | Area Area %
1 13.692 5016577 | 49.5
2 15.030 5122829 | 50.5
Enantioenriched 2.8a:
3
75
500]
)
2501 8
0 , s |
] f ] i ]
li 5 lé 0 lé 5 1?1 0 1?1 5 14‘ 0 141 5 15‘.0 15‘ 5 1é 0 lé 5 17‘ 0 17‘ 5 lé 0 ‘ min

Peak # | Retention Time | Area Area %
1 13.939 13836993 | 94.0
2 15.411 883265 6.0
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HPLC analysis for compound 2.9a (CHIRALPAK® OJ-H, 5—35% iPrOH/hexane gradient over
22 min, 0.7 mL/min, 210 nm): tr = 17.9 min (major), 18.6 min (minor); 90% ee

Racemic 2.9a:

(Ch2 (210nm)
2000

15871064

1000

15562467

-10004

Peak # | Retention Time | Area Area %
1 17.599 15562467 | 49.5
2 18.007 15871064 | 50.5

Enantioenriched 2.9a:

3000 /Ch2 (210nm)

2000+

29030410

10004

1504722

145 150 155 16.0 16.5 170 175 18.0 185 19.0 195 20.0 min
Peak # | Retention Time | Area Area %

1 17.918 29030410 | 95.1

2 18.617 1504722 | 4.9
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HPLC analysis for compound 2.10a (CHIRALPAK® OJ-H, 5—35% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 220 nm): tr = 18.7 min (major), 20.2 min (minor); 80% ee

Racemic 2.10a:

) 007Ch1 (220nm)
™ 3 g
50] 5 §
25 . .
0 [ i}
‘16l 0 1é 5 17‘ 0 17‘ 5 1é 0 18‘.5‘ o ‘19‘.0 19‘ 5 20‘ 0 26 5 21‘ 0 21‘ 5 22‘ 0 o ‘22‘.5‘ min
Peak # | Retention Time | Area Area %
1 18.917 427622 | 49.3
2 20.167 439201 | 50.7
Enantioenriched 2.10a:
Cht (220nm) N
8
1000 )
<
500 //\ §
o . LS 1
1é 0 lé 5 17‘ 0 17‘ 5 1§ 0 1é 5 B ‘19‘.0 19‘ 5 26 0 26 5 21‘ 0 2]‘. 5 22‘ 0 B ‘22‘,5 min
Peak # | Retention Time | Area Area %
1 18.691 14925624 | 90.2
2 20.127 1627915 | 9.8
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HPLC analysis for compound 2.11a (CHIRALPAK® OJ-H, 5—35% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 210 nm): tr = 18.0 min (major), 19.1 min (minor); 84% ee

Racemic 2.11a:

{Ch2 (210nm)
1000+

7756535
8113617

500-]

-500
1§0 1éO 17‘0 1§0 o ‘19‘.0 260 21‘0 22‘0 min
Peak # | Retention Time | Area Area %
1 18.084 17756535 | 49.5
2 19.086 18113617 | 50.5

Enantioenriched 2.11a:

1Ch2 (210nm)

20001

27707432

1000

lé 0 lé 0 17‘ 0 1é 0 - ‘19‘.0‘ 26 0 Zi 0 22‘ 0 min
Peak # | Retention Time | Area Area %
1 18.032 27707432 | 92.3
2 19.135 2308086 | 7.7
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HPLC analysis for compound 2.12a (CHIRALPAK® OJ-H, 5—35% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 210 nm): tr = 19.8 min (major), 21.0 min (minor); 72% ee

Racemic 2.12a:

3000
2000

1000

1Ch2 (210nm)

| 15‘.0 | 17‘.5 26.0 22‘.5 m‘in
Peak # | Retention Time | Area Area %
1 19.779 6869018 | 49.9
2 20.902 6899308 | 50.1
Enantioenriched 2.12a:
1Ch2 (210nm)
3000
200(}: §
] 3
1oocyf & 3
il <
/—/—/—/—/_Aﬁ\%ml/
0 )
-1000-— ‘ \ ‘ ‘ ‘ ‘ \ ‘ ‘ ‘ ‘ \ ‘ ‘ ‘ ‘ \ ‘ ‘ ‘ ‘ T,
15.0 17.5 20.0 22.5 min
Peak # | Retention Time | Area Area %
1 19.832 31850026 | 85.9
2 21.005 257561 14.1
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HPLC analysis for compound 2.15a (CHIRALPAK® AD-H, 5—60% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 210 nm): tr = 12.9 min (major), 13.8 min (minor); 48% ee

Racemic 2.15a:

oICh2 (210nm)

-500—?
-100(}?
-150(}?
-200(%:‘““‘““““““““““
12‘.0 1§.0 1A‘,.O 15‘.0 1é.0 17‘.0 min
Peak # | Retention Time | Area Area %
1 12.987 4475612 | 49.6
2 13.876 4554085 | 50.4

Enantioenriched 2.15a:

I1Ch2 (210nm)

12.0 13.0 14.0 15.0 16.0 17.0 min

Peak # | Retention Time | Area Area %
1 12.940 4094341 | 72.8
2 13.840 1528654 | 27.2
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HPLC analysis for compound 2.16a (CHIRALPAK® 0OJ-H, 5—35% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 210 nm): tr = 17.6 min (minor), 18.3 min (major); 34% ee

Racemic 2.16a:

iCh2 (210nm) 5 3
] S &
1000+ g 5
5oo§
-5ooé
140 150 160 170 180 190 200 210 220  min
Peak # | Retention Time | Area Area %
1 17.645 16611467 | 49.7
2 18.315 16778868 | 50.3

Enantioenriched 16a:

1Ch2 (210nm) @ ©
10001 §
] 3
500
-500%
140 180 160 170 180 190 200 210 220  min
Peak # | Retention Time | Area Area %
1 17.647 14930758 | 34.3
2 18.283 28576615 | 65.7
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HPLC analysis for compound 2.17a (CHIRALCEL® 0OJ-H, 5—35% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 210 nm): tr = 20.1 min (major), 28.1 min (minor); 91% ee

Racemic 2.17a:

1500 1Ch2 (210nm)

216

1000

500

| 26.0 | | | | 22.5 | | | | 25.0 | | | | 2%.5 | | | ‘nﬂn
Peak # | Retention Time | Area Area %
1 20.139 31297178 | 50.1
2 28.048 31211216 | 49.9

Enantioenriched 2.17a:

JCh2 (210nm) <

\2463887

-500+
| 2&0 | | | | 2£5 | | | | 2%0 | | | | 2%5 | | | ‘mm
Peak # | Retention Time | Area Area %
1 20.087 58279344 | 95.9
2 28.088 2463887 | 4.1
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HPLC analysis for compound 2.18a (CHIRALCEL® AD-H, 5—30% iPrOH/hexane gradient

over 12 min, 0.7 mL/min, 220 nm): tr = 15.9 min (major), 18.7 min (minor); 94% ee

Racemic 2.18a:

(Ch1 (220nm)

750+

500+

2504

0

lJ12.5‘ ‘13‘,0‘ ‘13‘,5‘ ‘14‘.0‘ ‘14“5‘ ‘15‘,0‘ - ‘15‘.5‘ ‘16‘.0‘ ‘16‘,5‘ ‘17‘.0‘ ‘17‘,5‘ ‘18‘.0‘ ‘18‘.5‘ ‘19‘,0‘ ‘ ‘19‘.5‘ mln
Peak # | Retention Time | Area Area %
1 15.861 7598248 | 49.9
2 18.733 7632927 | 50.1

Enantioenriched 2.18a:

(Cht (220nm)

3004

2004

1001

T
195 min

Peak # | Retention Time | Area Area %
1 15.940 54294 3.1
2 18.706 1673543 | 96.9
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HPLC analysis for compound 2.18a-anti (CHIRALCEL® OJH, 5—35% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 210 nm): tr = 24.7 min (major), 22.7 min (minor); 72% ee

Racemic 2.18a:

[Ch2 (210nm)

300

200+

Peak # | Retention Time | Area Area %
1 22.6 1859776 | 50.7
2 24.7 1806328 | 49.3
Enantioenriched 2.18a:
JCh2 (210nm) ©

500:

2505 §

0 M NA

T T

‘ ‘19‘.0‘ o ‘20‘.0‘ o ‘21‘.0‘ o ‘22‘.0‘ o ‘231.0‘ o ‘24‘0 ‘ ‘25‘.0 26‘0 ‘ ‘27‘.0‘ o ‘28‘.0‘ m‘in
Peak # | Retention Time | Area Area %
1 22.7 511646 | 13.9
2 24.7 3165079 | 86.1
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HPLC analysis for compound 2.19a (CHIRALCEL® OJ-H, 5—35% iPrOH/hexane gradient

over 27 min, 0.7 mL/min, 210 nm): tr = 30.9 min (major), 33.8 min (minor); 83% ee

Racemic 2.19a:

10001Ch2 (210nm) 0
o
7504 B
5004
2504
0 1

Peak # | Retention Time | Area Area %
1 30.526 12955358 | 49.5
2 33.114 13231079 | 50.5

Enantioenriched 2.19a:

2000<Ch2 (210nm)

9495089

1500

1000

5004

2969761

|
H T — T

25 B0 285 00 N5 N0 N5 30 WS R0 N5 BV RS M0 U5 mn

Peak # | Retention Time | Area Area %
1 30.919 32949508 | 91.7
2 33.795 2969761 | 8.3




170

0]

N

Ph HN” O
P

HPLC analysis for compound 2.20a (CHIRALCEL® OJ-H, 5—35% iPrOH/hexane gradient

over 27 min, 0.7 mL/min, 210 nm): tr = 27.2 min (major), 29.3 min (minor); 31% ee

Racemic 2.20a:

Ch2 (210nm) ! S
o
!
250+
H T .

Peak # | Retention Time | Area Area %
1 26.349 9951264 | 49.8
2 28.358 10023346 | 50.2

Enantioenriched 2.20a:

Ch2 (210nm)
5004

250

85 240 45 B0 BS 60 65 270 275 280 285 200 205 300 05 30 3Lomin

Peak # | Retention Time | Area Area %
1 27.163 10765047 | 65.8
2 29.301 5305301 | 34.2
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HPLC analysis for compound 2.21a (CHIRALCEL® 0OJ-H, 5—35% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 220 nm): tr = 18.3 min (minor), 19.5 min (major); 80% ee

Racemic 2.21a:

(Ch1 (220nm)

5004

5993838

2504

19.5 20.0 205 21.0 215 220 225 230 min

Peak # | Retention Time | Area Area %
1 18.248 6012549 | 50.1
2 19.600 5993838 | 49.9

Enantioenriched 2.21a:

ChE (220mm) R
1000] g
n
500- g
n
[9)
g
150 155 160 165 170 175 180 185 180 195 20 205 20 25 20 25 20 md
Peak # | Retention Time | Area Area %
1 18.318 1895155 | 10.1

2 19.541 16885129 | 89.9
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HPLC analysis for compound 2.22a (CHIRALCEL® OJ-H, 5—35% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 210 nm): tr = 21.3 min (major), 33.7 min (minor); 76% ee

Racemic 2.22a:

mv(x100)
(Ch1 (220nm)

B L e B B B e e ey B By e ey L B
00 25 ab ia 0o 125 L1 15 20 25 20 Zh E.L 25 B0 mn

Peak # | Retention Time | Area Area %
1 21.2 5745359 | 49.1
2 33.7 5958249 | 50.9

Enantioenriched 2.22a:

Ch2 (210nm) ]
15001 S
1000—? e
soo—f %
07:““\‘“‘\‘“‘\““\““\““\‘j}‘\\v T i
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 min
Peak # | Retention Time | Area Area %
1 21.1 30074231 | 87.9
2 34.0 4139139 | 12.1
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HPLC analysis for compound 2.23a (CHIRALCEL® 0OJ-H, 5—35% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 220 nm): tr = 30.1 min (major), 36.4 min (minor); 99% ee

Racemic 2.23a:

iCh1 (220nm)

Peak # | Retention Time | Area Area %
1 30.0 4472435 | 49.8
2 36.4 4510473 | 50.2

Enantioenriched 2.23a:

{Ch2 (210nm)
500

250

O—f L - v
a ‘29‘ 0‘ a ‘30‘ 0‘ a ‘311 0‘ a 32‘ 0 a ‘33‘ O‘ a ‘34‘.0‘ a ‘35‘ O‘ a ‘36‘ 0 37‘ 0 ‘38‘ 0 ‘ min
Peak # | Retention Time | Area Area %
1 30.1 15784332 | 99.6
2 36.8 63877 0.4
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HPLC analysis for compound 2.24a (CHIRALCEL® 0OJ-H, 5—35% iPrOH/hexane gradient

over 27 min, 0.7 mL/min, 220 nm): tr = 31.9 min (major), 34.0 min (minor); 77% ee

Racemic 2.24a:

(ChL (220nm)
500 0
250 b )
[1y)
0— y SR R —— ~
27‘.5‘ B ‘28‘.0‘ ‘28‘.5‘ ‘29‘.0‘ ‘29‘.5‘ ‘36.0‘ B ‘30‘.5‘ ‘31‘.0‘ B ‘31‘.5‘ ‘32‘.0 ‘32‘.5‘ ‘33‘».0‘ ‘33‘.5‘ 34‘.0 34‘.5‘ ‘ ‘mln‘
Peak # | Retention Time | Area Area %
1 31.841 5657616 | 50.5
2 33.770 5552005 | 49.5
Enantioenriched 2.24a:
Cht (220nm) 8
o]
500- o
250 é
0] ‘/7\7_1\
27‘.5‘ B ‘28‘.0‘ ‘28‘.5‘ ‘29‘.0 ‘25;.5‘ ‘36.0‘ B ‘36.5‘ ‘31‘.0‘ B ‘31‘.5‘ ‘32‘.0‘ ‘32‘.5‘ ‘33‘.0‘ ‘33‘..5‘ B ‘34‘.0‘ - ‘34‘.5‘ ‘ m|n‘
Peak # | Retention Time | Area Area %
1 31.908 11943853 | 88.4
2 34.051 1564050 | 11.6




175

R

HN™ "O

TBSW

HPLC analysis for compound 2.25a (CHIRALCEL® 0OJ-H, 5—20% iPrOH/hexane gradient

over 12 min, 0.7 mL/min, 210 nm): tr = 9.2 min (major), 10.4 min (minor); 94% ee

Racemic 2.25a:

(Ch2 (210nm) 4 2

[0
750+
5004
250+

0 ; !
0 T T T ‘ T ‘ [ ‘ T T T ‘ T T ‘ T ‘ T T T T
9.0 95 100 105 110 115 12.

L L B B B O
6.5 70 15 8.0 85

Peak # | Retention Time | Area Area %
1 9.292 9674511 | 49.8
2 10.312 9733983 | 50.2

Enantioenriched 2.25a:

Ch2 (210nm) o
750]
500]
v]
0] o
(0]
0 o\ B
65 70 15 80 85 ‘95‘ o5 om0 w5 10 s 1m0 15 80 mn
Peak # | Retention Time | Area Area %
1 9.245 10646154 | 97.2
2 10.356 308433 2.8
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HPLC analysis for compound 2.26b (CHIRALCEL® OJ-H, 5—20% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 220 nm): tr = 13.7 min (major), 14.3 min (minor); 85% ee

Racemic 2.26b:

Ch2 (210nm)
1000

7504
5004

2504

0,
150 155 16.0 min

Peak # | Retention Time | Area Area %
1 13.679 10353509 | 49.9
2 14.258 10398301 | 50.1

Enantioenriched 2.26b:

Ch2 (210nm)
1000
7504
5004
250+
Oi‘ ! \ \ T
115 12.0 125 15.0 15.5 16.0 min
Peak # | Retention Time | Area Area %
1 13.713 14075614 | 92.4
2 14.334 1160271 | 7.6
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HPLC analysis for compound 2.27b (CHIRALCEL® OD-H, 5—12% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 210 nm): tr = 19.6 min (major), 20.3 min (minor); 58% ee

Racemic 2.27b:
Cha (210nm) 0 g
:
7501 § E
5001
2501
‘17‘.0‘ - ‘17‘.5‘ - ‘18‘.0‘ - ‘18‘.5‘ - ‘19‘.0‘ - ‘19‘.5‘ - ‘20‘.0‘ - ‘26.5‘ - ‘21‘.0‘ - ‘21‘.5‘ - ‘22‘.0‘ - ‘22‘.5r;1in
Peak # | Retention Time | Area Area %
1 19.441 10567560 | 49.5
2 20.102 10788000 | 50.5

Enantioenriched 2.27b:

Ch2 (210nm)
201
1501
1001
501 f L
T 17“0 [ 17‘.5 [ 18‘0 T T T 18“5 T T 19“0 [ 19‘]5 T T T 20“0 [ 20‘]5 [ ZJIO T T T 2]‘-‘5 [ 22‘][) [ 22“5 r\mn
Peak # | Retention Time | Area Area %
1 19.609 4141041 | 79.1
2 20.329 1097376 | 20.9
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HPLC analysis for compound 2.28b (CHIRALCEL® OJ-H, 5—20% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 210 nm): tr = 16.5 min (major), 17.7 min (minor); 54% ee

Racemic 2.28b:

(Ch2 (210nm) 2 o
5004

] ]
250+
0,

N i !
T T T ‘ T T T T ‘ T h T T ‘ T T T T ‘ T T T q\ T ‘ T T T T ‘ T T T T
155 16.0 16.5 170 175 18.0

‘14‘.5‘ - ‘15‘.0‘ - 18‘.5‘ - ‘19‘.0‘ - ‘19‘.5‘ m‘in
Peak # | Retention Time | Area Area %
1 16.538 9196663 | 50.0
2 17.695 9221331 | 50.0
Enantioenriched 2.28b:
Ch (210nm) o
<
5001
n
5
o
2501 o
U U
0] T T
T T T 14"5 T T T T 15‘0 T T T T 15‘5 T T T T 16‘0 T T T T 16‘5 T T T T 17‘0 T T T T 17‘5 T T T T 18‘0 T T T T 18‘5 T T T T 19‘0 T T T T 19‘5 T m\ln

Peak # | Retention Time | Area Area %
1 16.540 7696463 | 77.0
2 17.733 2293475 | 23.0




179

(0]

N

BnN” O

HPLC analysis for compound 2.29b (CHIRALCEL® IC, 35—70% H2O/acetonitrile (0.1%
formic acid) gradient over 15 min, 0.7 mL/min, 210 nm): tr = 10.4 min (major), 10.9 min

(minor); 65% ee

Racemic 2.29a;:

[CRI (220nm)
1000

169184
17415331

500

Oé N T~ L
Peak # | Retention Time | Area Area %
1 27.1 16934465 | 49.3
2 28.0 17436179 | 50.7

Enantioenriched 2.29a:

ICh1 (210nm)
1000

256682

5385455

500

0 N L

Peak # | Retention Time | Area Area %
1 27.3 5385455 | 17.3
2 28.2 25668292 | 82.7
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HPLC analysis for compound 2.30b (CHIRALCEL® OJ-H, 5—20% iPrOH/hexane gradient

over 22 min, 0.7 mL/min, 210 nm): tr = 16.4 min (minor), 18.6 min (major); 52% ee

Racemic 2.30b:

750*Ch2 (210nm)

50

P

L \ v
0\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

ﬂo ﬁs ﬁﬂ 65 ﬁo ﬁs ﬁﬂ ﬁs ﬁo ﬁs @o ﬁs ﬁﬂ 55 ‘mm
Peak # | Retention Time | Area Area %
1 16.442 9541279 | 49.9
2 18.689 9577269 | 50.1

Enantioenriched 30b:

5001 N
g
5
250+ N
A_L il
0\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
Mo ﬁs ﬁo 55 ﬁo ﬁs ﬁo ﬁ5 ﬁo £5 ﬁn ﬁs ﬁo ﬁ5 ‘mm
Peak # | Retention Time | Area Area %
1 16.414 2401427 | 24.0
2 18.622 7599279 | 76.0




HPLC analysis for compound 2.31a (CHIRALCEL® OD-H, 5—15% iPrOH/hexane gradient

over 33 min, 0.7 mL/min, 220 nm): tr = 28.4 min (major), 31.1 min (minor); 35% ee

Racemic 2.31a:

250

ChI (220nm)

4912679

4916202

7501
5004

250

04

Peak # | Retention Time | Area Area %
1 28.4 4912679 | 50.0
2 31.1 4916202 | 50.0
Enantioenriched 2.31a:
JCh1 (220nm)
$/\ N i
Peak # | Retention Time | Area Area %
1 28.3 8661235 | 67.5
2 31.1 4164208 | 32.5
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HPLC analysis for compound 2.32a (CHIRALCEL® IC, 35—70% H>O/acetonitrile (0.1%
formic acid) gradient over 15 min, 0.7 mL/min, 210 nm): tr = 10.4 min (major), 10.9 min

(minor); 43% ee

Racemic 2.32a:

1250

10004
750
500
250

o]

1000

Ch1 (210nm)

O

=
]
=
)
@
]

18209837|

500

o

Peak # | Retention Time | Area Area %
1 10.4 18657717 | 50.6
2 10.9 18209837 | 49.4
Enantioenriched 2.32a:
{Ch1 (210nm) 2 -
iy L
Peak # | Retention Time | Area Area %
1 10.4 22437718 | 71.3
2 10.9 9016348 | 28.7
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HPLC analysis for compound 2.34 (CHIRALCEL® AD-H, 5% iPrOH/hexane, 0.7 mL/min, 210

nm): tr = 10.1 min (major), 11.4 min (minor); 99% ee

Racemic 2.34:

1250 P (210} 8 :
1000 g §
750
500
250+
01 I
Peak # | Retention Time | Area Area %
1 10.098 13868466 | 50.0
2 11.683 13868898 | 50.0
Enantioenriched 2.34:
12507Ch1 (210nm) 8
1000
750
500
250+ g
0] I g
Peak # | Retention Time | Area Area %
1 10.119 14760105 | 99.6
2 11.689 624846 0.4
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HPLC analysis for compound (S)-Dapoxetine (CHIRALCEL® OD-H, 0.2—1.6% iPrOH/hexane

NM92

Ph O

gradient over 12 min, 1.0 mL/min, 210 nm): tr = tr = 14.2 min (mino), 14.5 min (major); 90% ee

Racemic Dapoxetine:

Ch2 (210nm) g 0
g
100]
500
o . S~
120 15 130 135 149 145 150 155 160 %5 mn
Peak # | Retention Time | Area Area %
1 14.001 14444721 | 49.4
2 14.476 14814090 | 50.6
Enantioenriched (S)-Dapoxetine:
Ch2 (210nm) 5
2000]
1000] §
0 T 7 .
120 15 130 135 140 145 150 155 160 15 i
Peak # | Retention Time | Area Area %
1 14.169 1477327 | 4.8
2 14.513 29505501 | 95.2
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Chapter 3. Chemoselective silver-catalyzed nitrene transfer for

the synthesis of azepine and cyclic carbamimidate derivatives
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3.1.  Introduction

N-heterocycles are common motifs in natural products and drugs; around 60% of FDA
approved small-molecule drugs contain a of nitrogen-containing heterocycle.! Of this group of
compounds, the majority is composed of a diverse set of five- and six-membered rings which are
often much easier to synthesize than their four-, seven-, or eight-membered counterparts. Still,
substituted seven-membered ring structures such as substituted azepanes and azepines are
prevalent in natural products? and have shown potential as treatment for heart disease,® anti-
diabetics,* anticancer agents,® anti-bacterials,® and anti-virals (Figure 3.1).” Thus, the
development of divergent methodologies for the synthesis of these seven-membered heterocycles

is highly desirable.

H

=
OH
HO — ':" N
0”7 O H
Balanol Norsecurinine
protein kinase inhibitor anti-fungal

Tolvaptan
hyponatremia and polycystic Pivmecillinam
kidney disease treatment UTI anti-bacterial
7 \
< g : N’N ;
\)< 3\6

Tolazamide

anti-diabetic
H3C

Figure 3.1 — Azepane and azepine derivitives in drugs and natural products.

Common methods for the synthesis of azepanes and related derivatives include [4+3] or
[5+2] cycloadditions, ring expansion reactions, as well as various cyclization reactions such as
aza-Prins cyclizations or ring closing metathesis reactions.® These de novo syntheses of the ring
structure benefit from allowing functional groups to be intentionally installed in locations on the

ring, however the synthesis of the necessary precursors can require multiple synthetic steps,
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rendering the synthesis of compound libraries lengthy and challenging. An alternative and more
modular synthetic approach would be to utilize prevalent aromatic rings as precursors and
subsequently insert an atom into the ring to form the seven-membered heterocycle (Scheme 3.1).
While many efforts have been expended towards utilizing skeletal editing to synthesize five- and
six-membered rings,® the synthesis of medium-sized heterocycles is still limited. A common
method of ring expansion is the Buichner reaction, which has often been utilized for the synthesis
of medium-sized carbocycles.!® More recently, the Biichner reaction has been used for the

synthesis of azepines starting from pyridines and quinolines using carbene insertion strategies.!

_ o
X R? ( X R2

ll\H\/\/ A ED —> j:\(\\\OH
\ R' Zhe R

ring closmg R' PG PG

ring expansion

fuctionalization
post-ring formation

D = 0O
\ N ring expansion

PG readily available
feedstock

Scheme 3.1 — Potential synthetic approaches of substituted seven-membered heterocycles.

We envisioned an analogous approach, using nitrenes and phenyl rings together for an
aza-Buchner-type ring expansion mechanism. This type of dearomatization reaction is
precedented in the nitrene literature, however historical examples are limited by poor
chemoselectivity and harsh, forcing conditions (Scheme 3.2a).1? Transition metal catalysis allows
for better control of highly reactive nitrene intermediates under much more mild conditions.
However, a recent report using Rhoesp, for this challenging dearomatization reaction still

required high temperatures and catalyst loadings (Scheme 3.2b).1* Additionally, though the
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rhodium catalyst did impart selectivity for azepine formation over competing C(sp?)-H insertion,

selectivity of dearomatization versus C(sp®)—H insertion was not shown.

a o)

155-160 °C N\ _o Q.0
O\\IP 42 atm I N=SC ’\é//
S< —_— = + N
2 hr
excess 20% 13%
O O
Oy e oy L b
—_—
o]
] \ p /@/‘\/
R R

R= OMe 61% 10%

Me 54% 29%

Br 20% 18%

b H
RO I
)J\ 7 mol % Rhy(esp), MeN O=<
Ng Rllle > )\ ¥ '\NA
’ o e
1,4-dioxane/DMSO (2:1) 07 NTTS

130 °C, 24 h \ 7/ O

80% 9%

Scheme 3.2 — Precedent for chemodivergent reactivity. (a) Examples of uncontrolled selectivity
from thermally generated nitrenes. (b) Example of transition metal catalyzed selectivity.

Our group has shown that silver can effectively control chemoselectivity, site-selectivity
and enantioselectivity in nitrene transfer reactions by simply changing the ligand.'* In particular,
the group has shown that silver catalysts with a single bidentate ligand such as [Ag(dmbox)] are
uniquely suited to controlling the site-selectivity of carbamates for the formation of six-
membered rings.}*® Additionally, we recently reported an asymmetric intramolecular
aziridination using Tces-protected carbamimidates (Tces = trichloroethylsulfamate) as the nitrene
precursor (Scheme 3.3a).1° Carbamimidates were first reported as nitrene precursors by the
Dauban group for use in C—H amination.’® During the course of our investigations into
intramolecular reactions with these precursors, we observed formation of a [3,7]-bicyclic

aziridine which we had heretofore not observed with reactions of corresponding carbamates
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(Scheme 3.3b). Therefore, we hypothesized that Tces-carbamimidates in combination with silver
complexes may be able to access other previously unprecedented products of carbamates. Herein,
we report a chemoselective method for synthesis of either azepines or cyclic carbamimidates

using silver-catalyzed nitrene transfer (Scheme 3.3c).

NTces 10 mol % AgNTY, NTceS

10 mol % IndaneBOX

M
=z O~ 'NH .
/(\/\ 2 2 equiv. PhlO / <l )

" A MOS, CHzCla, > 25 examples IndaneBox
-10°C, 24 hr up to 92% yield
up to 99% ee

10 mol% AgNTf, TcesN
MeQ oM
)'\ILTCQS 10 mol% di-OMe-phen Yo ° °
> N 74 \
RN )
Ph 0™ 'NH, 2 equiv. PhlO /Q ) _ _
Ph g N N
4A MS, CH,CI, .
. di-OMe-phen
45% NMR yield
11% rsm
no insertion
¢ NT
TcesN 5 mol % AgNTf, 20 mol % AgNTf, ces
5 mol % dmb 9 HN
_ N)LO mol % dmbox o\n’NHZ 10 mol % bathophen; o
\ y 2 eq. PhlO NTces 2 eq. PhlO
CH,Cly CH,Cl
j><r Ph Ph
7\ \
=N N=
dmbox bathophen

Scheme 3.3 — Reactivity of carbamimidates with silver complexes. (a) Asymmetric aziridination
with IndaneBOX. (b) Unexpected reactivity of carbamimidate precursors with activated alkenes.
(c) Chemodivergent nitrene reactivity controlled by ligand identity.

3.2. Results and discussion

3.2.1. Ligand effects on chemoselectivity

We began our investigation by subjecting carbamimidate 3.1 to nitrene transfer
conditions with different types of bidentate silver complexes (Figure 3.2). Testing different
ligand classes revealed interesting connections between the steric and electronic properties of the

ligand and chemoselectivity. In general, ligands that enforce greater steric pressure on the



190

reaction site more strongly prefer formation of azepine 3.1b, with all others preferring C-H
insertion product 3.1a. Neocuproine ligands (L3.6-L3.8) and dmbox ligand L3.10 all favored
formation of 3.1b in moderate yields (60-65%). This strong steric influence does not apply to
any of the previous chemoselective systems the group has developed, suggesting this effect is
unique to the reaction with Tces-protected carbamimidates. However, computational insights
from the group’s previous work in asymmetric aziridination could explain this distinctive
reactive and selectivity. In particular, computations indicate that the most stable transition state
geometry at silver is a square-planar geometry, with the N of the imidate coordinating to silver.'®
This would put the sterically bulky Tces group in close proximity to any ligand substitution that
is projecting in towards the silver center. We hypothesize that this negative steric interaction is

key in disfavoring C—H insertion and instead allowing azepine formation to occur.

NTces
20 mol % AgNTf,
@\/\ )"j‘\TceS 10 mol % ligand o =N O
> +
0" 'NHz 5 g equiv PhIO, 4 A MS HN‘{\
3.1 CH,Cly, rt 3.1a NTces 3.1b

86% 86%

Figure 3.2 — Effect of bidentate ligand identity on chemoselectivity.

Nevertheless, sterics are not the only factor controlling selectivity in this reaction. For
example, chemoselectivity for formation of 3.1b was best when more electron-poor ligands L3.8

and L3.10 were used. Interestingly, this electronic effect extended to reactions that favored
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formation of 3.1a as well. In particular, ligands L3.5 and L3.9 both demonstrate that azepine
formation can occur without steric influence provided that the accompanying ligand is electron-
poor. More subtly, ligands that are more electron rich such as L3.2 and L3.3 generally perform
slightly worse than their electron-neutral counterparts L3.1 and L3.4 (around 86% yield for the
former pair and about 78% yield for the latter) which indicates that the nitrene formed from the

carbamimidate is quite sensitive to small changes in the electronics of the ligand.

3.2.2. Scope of C—H insertion of carbamimidates

Efforts to improve the yields of the insertion reaction above 86% for carbamimidate 3.1

proved unfruitful so we proceeded with examining the scope (Table 3.1).

20 mol % AgNT#, NTCES
10 mol % L3.2 or L3.4 \_}—( ?j
. - 7\
NTCES 2 eq. PhlO, 0.05M CH,Cl,

3.1-3.10 rt, 2-4 hours 3.1a-3.10a
NTces NTces NTces NTces NTces
HN/( HNJ{ HNJ( HNJ<
O O O O
©/‘::a 3.2a 3.3a 3.4a /©/‘\::5a
86%° Me 79%0 77%P 78%¢4 Br 68%"
NTces NTces NTces NTces NTces
HNJ( HN’( HN’( HNJ( HNJ<
O O O
3.9a 3.10a
3.6a 3.7a 3.8a
FsC FsCO Br OMe 36020 not observedP?

61%P 799 79%P
% %° % (32% 3.9b) (81% 3.10b)

aYields determined by "H NMR using trimethylphenyl silane as an internal standard. "Me,phen was utilized. ®bathophen was utilized. 93% of 3.4b observed.

Table 3.1 — Scope of chemoselective silver-catalyzed amination of benzylic C(sp3)-H bonds.

In general, substrates with simple para-substitution on the arene (3.2a-3.3a, 3.5a-3.7a)
proceeded in good to excellent yields, with no azepine products observed. However, substrates

that had an electron-donating group in the para-position underwent primarily degradation and
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by-product formation, with small amounts of azepine formation. The problem of oxidative
degradation is not present for reactions with carbamates, again highlighting the differences
between that and the seemingly similar carbamimidate. Substrate 3.4 with an additional Me
group in the benzylic position afforded 3.4a in 78% yield with just a small reduction in
chemoselectivity (3% of 3.4b was observed). Disubstituted arene 3.8 yielded only 79% of C-H
insertion product 3.8a. Though electron-rich substitution was not tolerated at the para- and meta-
positions, ortho-OMe substituted arene 3.9 afforded a mixture of about 1:1 3.9a to 3.9b, with
minimal degradation of the starting material. Interestingly, C—H insertion was never observed
with carbamimidate 3.10, and many different ligands were able to efficiently catalyze the
formation of 3.10b instead. It is likely that the combination of increased sterics near the benzylic
position and increased electron-density of the arene ring hinder C-H insertion and favor

dearomatization into the ring regardless of ligand identity.

3.3.3. Scope of dearomatization via NT

With the initial scope of the C—H insertion laid out, we set out to do the same with the
azepine formation reaction. A brief optimization study revealed that yields could be improved
from 60% up to 87% by reducing the concentration of the reaction from 0.05M to 0.025M and
also lowering the catalyst loading from 20 mol % AgNTf; and 10 mol % L3.10 down to 5 mol %
for both. Presumably, this modification avoids over oxidation and degradation of the product
while the reaction is running.

With the optimized conditions in hand, the reaction scope was explored (Table 3.2). In
the majority of cases, the azepine product was formed exclusively. For electron-neutral substrates

3.2-3.4, the reaction proceeded in excellent yields (>94%) to yield a stable, bright yellow solid.
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Even though the slightly more electron-poor substrate 3.5 is slightly less efficient in terms of
yield (69%), 3.5b is the only product that is observed. Unfortunately, para-CFs substrate 3.6 is
too electron-poor to undergo dearomatization under the reaction conditions. Instead, 25% of 3.6a
is recovered. On the other hand, substrate 3.7 provides azepine 3.7b in 89% yield and excellent
selectivity. Remarkably, carbamimidate 3.8 does not react when subjected to the reaction
conditions. Presumably, the substrate itself is too electron-poor to allow for azepine formation,
while the sterics of the substrate and the ligand inhibit C—H insertion.

5 mol % AgNTf, TcesN
5 mol % L3.10

©/\/O\H/NH2 o . F N)LO w><(
NTces 2 eq. PhlO \ sv 7z

0.025 M CH,Cl,

L3.10
3.1-3.11 rt, 2-4 hr 3.1b - 3.11b
TcesN TcesN TcesN TcesN
PSP o o o
N\ 7/ N\ 7/ Ph—\_/ N\ 7/
3.1b 3.2b 3.3b 3.4°b
87% 98% 98% 94%
TcesN TcesN TcesN TcesN
Br.
o P o o
Br™\ / FsCN\_/ FsCO™N\_ / N\ 7/
3.5b 3.6b 3.7b Cl 3'8b.
c not observed 89% no reaction

0,
69% (25% 3.6a)

TcesN /Tces TcesN
= N )\o = N)Lo
\ / 3.9b Meo’Q\)
Me  63% 3.10b 3.11b
(88%") 90% 67%

3Yields determined by 'H NMR using trimethylpheny! silane as an internal standard. ®26% remaining starting material

Table 3.2 — Scope of chemoselective silver-catalyzed dearomatization of arenes.

In contrast to the C—H insertion reaction, electron-rich arenes are well tolerated in the

dearomatization reaction (3.9b-3.11b). As expected, carbamimidate 3.10 is easily converted to

the corresponding azepine. Surprisingly, though most of the azepine products are very stable,
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azepine 3.9b showed signs of degradation and reduced yields between crude NMT analysis and

isolation. Carbamimidate 3.11 can also be transformed into azepine 3.11b in a 67% vyield.

3.3.4. Diversification of bicyclic azepine products

After developing a mild and efficient method for the synthesis of these bicyclic azepine
scaffolds, we were interested in seeing what types of further functionalized products could be
made from these precursors. As expected, azepine 3.1b could be completely hydrogenated under
standard conditions to form 3.12, which could subsequently be hydrolyzed to form amino
alcohol 3.13. Other known chemistry such as the deprotection of the sulfamate protecting group

also proceeded smoothly to form 3.14 in quantitative yield.!’

H, (L OH
4 equiv. KOH
Pd NT
/C -~ N ces NH
1:1 MeOH/THF 1:1 EtOH/H,0
3.12 3.13
39% 41%
(]
Cu/zZn
1:1 MeOH/ACOH N#NH
- 7
(¢}
= NI 314
SN NTces quant.
Y, o
3.1b 370 nm Kessil Lamp
> 4 N/&NTces
degassed CHCl3
10 mM 315
o 90%
'HJ<NPh 0
N =
NTces
\\< INJ?O
° > 7 E\K(
CH,Cly, rt N. _NPh
overnight

d 3.6
72%

Scheme 3.4 — Successful diversification reactions of azepine 3.1b.

Conjugated systems such as the one in azepine 3.1b are also known for undergoing

various cycloaddition reactions. In our case, a photoinduced [2+2] cyclization reaction resulted
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in quick and clean formation of tricycle 3.15 in 90% vyield.'® Notably, similar bicyclic
pyrrolidines have been proposed as potential bio isosteres for piperidines.'® Finally, compound
3.1b can also be converted into a complex bridging tricycle via a hetero-Diels-Alder [4+2]

cycloaddition.?

3.3.  Conclusions

In conclusion, we have developed a highly chemoselective reaction capable of selecting
for either C—H insertion or for dearomatization by simply changing the ligand identity. We have
demonstrated that bidentate ligands with steric bulking pointing into the reaction site prefer to
undergo dearomatization, while unhindered ligands allow for facile C—H insertion. Electronic
factors play a part in selectivity, but they are not the key to controlling it. The reaction is
applicable to a wide range of substrates, however, substrates that are strongly electron-
withdrawing or electron-donating are resistant to catalyst control and often undergo undesired
reactivity. Still, interesting azepine products have been shown being brought forward to
synthesize amino alcohol derivatives, along with bridging and fused tricycles.

Much work is left to be done on this project. From investigating bicyclic and
heteroaromatic substrates, the true limits of this reaction have yet to be tested. Additionally,
further work needs to be done to diversify these interesting products, including further
investigations into manipulating individual alkenes in the unsaturated ring such as semi-
reductions and alkene functionalizations. Ultimately, once we have completed these last
experiments, we will have shown that N-dentate silver complexes are mild and highly selective
catalyst for challenging selectivity problems such as dearomative aziridination versus C(sp3)-H

insertion.
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Experimental Details

.1. General information
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All glassware was either oven-dried overnight at 130 °C or flame-dried using a Bunsen
burner. All glassware was then allowed to cool to room temperature in a desiccator filled with
Drierite™ as a desiccant or under a stream of dry nitrogen prior to use. Unless otherwise
specified, reagents were used as obtained from Sigma-Aldrich, Oakwood Products, Alfa Aesar,
Tokyo Chemical Industry, Combi-Blocks, or Acros Organics and directly used without further
purification. Tetrahydrofuran (THF) and dichloromethane (CH.Cl;)were passed through an
alumina column before use. All other solvents were purified using accepted procedures from the
sixth edition of “Purification of Laboratory Chemicals™.! Air- and moisture-sensitive reactions
were performed using standard Schlenk techniques under a nitrogen atmosphere. Analytical thin
layer chromatography (TLC) was performed utilizing pre-coated silica gel 60 F.s plates
containing a fluorescent indicator, while preparative chromatography was performed using
SilicaFlash P60 silica gel (230-400 mesh) via Still’s method.? Column chromatography was
typically run using a gradient method employing mixtures of hexanes and ethyl acetate. Various
stains were used to visualize reaction products, including p-anisaldehyde, KMnQOa, and ceric
ammonium molybdate (CAM stain).. *H NMR and *C NMR spectra were obtained using Bruker
Avance-400 (400 and 100 MHz) and Bruker Avance-500 (500 and 125 MHz) spectrometers.
Chemical shifts were reported with reference to residual protiated solvent peaks (note: CDCls
referenced at 6 7.26 and 77.16 ppm, respectively). Accurate mass measurements were acquired at
the University of Wisconsin-Madison using a Micromass LCT (electrospray ionization, time-of-
flight analyzer or electron impact methods). The following instrumentation in the Paul Bender
Chemistry Instrumentation Center was supported by: Thermo Q Exactive™ Plus by NIH 1510
0D020022-1; Bruker Avance-500 by a generous gift from Paul J. and Margaret M. Bender;

Bruker Avance-400 by NSF CHE-1048642 and the University of Wisconsin-Madison.
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3.5.2. Synthesis and characterization of carbamimidate substrates

2,2,2-trichloroethyl carbamoylsulfamate was synthesized using known methods.?

QL0 j\ PPh,, DEAD NTces

AN S
ClaC” 0" N” TNH, THE R 0" “NH,

General procedure A. To a solution of alcohol (1.5 mmol, 1.0 equiv) in 8 mL dry THF was
added triphenylphosphane (472.1 mg, 1.8 mmol, 1.2 equiv) and 2,2,2-trichloroethyl
carbamoylsulfamate (488.7 mg, 1.8 mmol, 1.2 equiv). The mixture was cooled to 0 °C, and
diethyl (E)-diazene-1,2-dicarboxylate (783.7 mg, 708.6 uL, 40 wt.%, 1.8 mmol, 1.2 equiv) was
added. The reaction was warmed to room temp and stirred until complete by TLC (3-4 hours).
Upon completion, the reaction was concentrated in vacuo. The combined organic layers were
washed with brine, dried over MgSOs, filtered, and concentrated under reduced pressure. The

crude product was purified by silica gel column chromatography.

Compound 3.1. Carbamimidate 3.1 was prepared from 2-phenylethanol according to general
procedure A on a 1.5 mmol scale. Purification was carried out by silica gel column
chromatography (0—30% EtOAc/hexanes) to yield a white solid (393 mg, 70%); R = 0.45 (30%
EtOAc/hexanes); *H NMR (500 MHz, CDCl3) § 7.35 — 7.29 (m, 2H), 7.28 — 7.24 (m, 1H), 7.23
—7.18 (M, 2H), 7.02 (s, 1H), 5.47 (s, 1H), 4.64 (s, 2H), 4.48 (t, J = 6.9 Hz, 2H), 3.00 (t, J = 6.9
Hz, 2H); 3C NMR (126 MHz, CDCls) § 160.2, 136.7, 128.8, 128.7, 127.0, 93.7, 78.5, 69.4, 34.8;

HRMS (ESI) m/z calcd. for C11H13CIsN204S [M+Na]" : 396.9554, found: 396.9546.
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Compound 3.2. Carbamimidate 3.2 was prepared from 2-(4-methyl)ethanol according to general
procedure A on a 4.0 mmol scale. Purification was carried out by silica gel column
chromatography (0—30% EtOAc/hexanes) to yield a white solid (362 mg, 23%); Rf = 0.48 (30%
EtOAc/hexanes); 'H NMR (500 MHz, CDCls) § 7.13 (d, J = 7.8 Hz, 2H), 7.09 (d, J = 8.2 Hz,
2H), 7.02 (s, 1H), 5.42 (s, 1H), 4.64 (s, 2H), 4.46 (t, J = 6.9 Hz, 2H), 2.96 (t, J = 6.9 Hz, 2H),
2.33 (s, 3H); *C NMR (126 MHz, CDCls) § 160.2, 136.6, 133.6, 129.4, 128.7, 93.7, 78.5, 69.6,

34.4, 21.0; HRMS (ESI) m/z calcd. for C12H15CIsN204S [M+Na]* : 410.9710, found: 410.9701.

e
0~ “NH,

Compound 3.3. Carbamimidate 3.3 was prepared from 2-(biphenyl-4-yl)ethanol according to
general procedure A on a 1.0 mmol scale. Purification was carried out by silica gel column
chromatography (0—30% EtOAc/hexanes) to yield a white solid (183 mg, 40%); R = 0.42 (30%
EtOAc/hexanes); *H NMR (500 MHz, CDCls) § 7.64 — 7.50 (m, 4H), 7.44 (dd, J = 8.4, 6.9 Hz,
2H), 7.38 — 7.31 (m, 1H), 7.30 — 7.26 (m, 2H), 7.05 (s, 1H), 5.46 (s, 1H), 4.67 (s, 2H), 4.52 (t, J
= 6.9 Hz, 2H), 3.05 (t, J = 6.9 Hz, 2H); 3C NMR (126 MHz, CDCl3) & 160.2, 140.7, 140.0,
135.7, 129.2, 128.8, 127.4, 127.3, 127.0, 93.7, 78.5, 69.4, 34.4; HRMS (ESI) m/z calcd. for

C17H17CI3N204S [M+Na]" : 472.9867, found: 472.9861.
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NTces
O/U\NHZ

Compound 3.4. Carbamimidate 3.4 was prepared from 2-phenylpropa-1-nol according to
general procedure A on a 2.0 mmol scale. Purification was carried out by silica gel column
chromatography (0—30% EtOAc/hexanes) to yield a white solid (201 mg, 26%); Rs = 0.40 (30%
EtOAc/hexanes); H NMR (500 MHz, CDCl3) § 7.36 — 7.31 (m, 2H), 7.28 — 7.24 (m, 2H), 7.23
—7.19 (m, 2H), 7.00 (s, 1H), 5.42 (s, 1H), 4.64 (s, 2H), 4.40 — 4.29 (m, 2H), 3.16 (h, J = 7.1 Hz,
1H), 1.32 (d, J = 7.0 Hz, 3H); 3C NMR (126 MHz, CDCls) § 160.3, 142.1, 128.7, 127.2, 127.1,
93.7, 78.5, 73.7, 38.8, 17.9; HRMS (ESI) m/z calcd. For C12H15CIsN204S [M+H]" : 388.9891,

found: 388.9892.
Br\@\/\ NTces
OJ\NHZ
Compound 3.5. Carbamimidate 3.5 was prepared from 2-(4-bromophenyl)ethanol according to
general procedure A on a 1.5 mmol scale. Purification was carried out by silica gel column
chromatography (0—30% EtOAc/hexanes) to yield a white solid (192 mg, 28%); *H NMR (500
MHz, CDCls) 6 7.49 — 7.41 (m, 2H), 7.12 — 7.06 (m, 2H), 7.02 (s, 1H), 5.47 (s, 1H), 4.64 (s, 2H),
4.45 (t, J = 6.8 Hz, 2H), 2.96 (t, J = 6.8 Hz, 2H); 3C NMR (126 MHz, CDCl3) & 160.1, 135.7,

131.8, 130.5, 120.9, 93.6, 78.5, 69.0, 34.2; HRMS (ESI) m/z calcd. For Ci1H12BrClsN204S

[M+H]* : 452.8840, found: 452.8836.

FsC
\©\/\ NTces
OJ\NHZ

Compound 3.6. Carbamimidate 3.6 was prepared from 2-(4-(trifluoromethyl)phenyl)ethanol

according to general procedure A on a 1.5 mmol scale. Purification was carried out by silica gel
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column chromatography (0—30% EtOAc/hexanes) to yield a white solid (291 mg, 44%); Rs =
0.34 (30% EtOAc/hexanes); *H NMR (500 MHz, CDCl3) 6 7.59 (d, J = 8.1 Hz, 2H), 7.33 (d, J =
8.0 Hz, 2H), 7.04 (s, 1H), 5.46 (s, 1H), 4.66 (s, 2H), 4.50 (t, J = 6.7 Hz, 2H), 3.07 (t, J = 6.7 Hz,
2H); 13C NMR (126 MHz, CDCls) § 160.1, 140.9, 129.41 (q, J = 32.6 Hz), 129.1, 125.65 (q, J =
3.8 Hz), 124.07 (g, J = 272.0 Hz), 93.6, 78.5, 68.8, 34.6; °F NMR (377 MHz, CDCls) & -62.5;

HRMS (ESI) m/z calcd. For C12H12ClsF3N204S [M+Na]" : 464.9428, found: 464.9430.

FsCO
0~ “NH,

Compound 3.7. Carbamimidate 3.7 was prepared from 2-(4-(trifluoromethoxy)phenyl)ethanol
according to general procedure A on a 2.0 mmol scale. Purification was carried out by silica gel
column chromatography (0—30% EtOAc/hexanes) to yield a white solid (144 g, 16%); Rf=0.39
(30% EtOAc/hexanes); *H NMR (500 MHz, CDCls) § 7.25 — 7.20 (m, 2H), 7.20 — 7.14 (m, 2H),
7.05 (s, 1H), 5.44 (s, 1H), 4.66 (s, 2H), 4.47 (t, J = 6.8 Hz, 2H), 3.01 (t, J = 6.8 Hz, 2H); 3C
NMR (126 MHz, CDCl3) & 160.1, 148.22 (q, J = 2.0 Hz), 135.5, 130.1, 120.44 (q, J = 255.2 Hz),
121.3, 93.6, 78.5, 69.1, 34.1; *F NMR (377 MHz, CDCls) & -57.9; HRMS (ESI) m/z calcd. For

C12H12CI3F3N20sS [M+Na]* : 480.9377, found: 480.9368.

Br
/@/\ NTces
cl O)LNHZ
Compound 3.8. Carbamimidate 3.8 was prepared from 2-(2-bromo-5-chlorophenyl)ethanol
according to general procedure A on a 1.2 mmol scale. Purification was carried out by silica gel

column chromatography (0—30% EtOAc/hexanes) to yield a white solid. *H NMR (500 MHz,

CDCl3) 5 7.50 (d, J = 8.5 Hz, 1H), 7.22 (d, J = 2.5 Hz, 1H), 7.13 (dd, J = 8.5, 2.6 Hz, 1H), 7.09
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(s, 1H), 5.50 (s, 1H), 4.67 (s, 2H), 4.49 (t, J = 6.7 Hz, 2H), 3.12 (t, J = 6.7 Hz, 2H); 3C NMR
(126 MHz, CDCls) § 160.0, 138.0, 134.1, 133.6, 130.9, 128.9, 122.4, 93.6, 78.5, 67.4, 35.0;

HRMS (ESI) m/z calcd. For C11H11BrCIlsN204S [M+H]" : 486.8450, found: 486.8447.

@(O/Me\ NTces

O)J\NHZ

Compound 3.9. Carbamimidate 3.9 was prepared from 2-(2-methoxyphenyl)ethanol according
to general procedure A on a 2.0 mmol scale. Purification was carried out by silica gel column
chromatography (0—30% EtOAc/hexanes) to yield a white solid (288 mg, 36%); Rs = 0.42 (30%
EtOAc/hexanes); H NMR (500 MHz, CDCl3) § 7.27 — 7.22 (m, 1H), 7.13 (dd, J = 7.3, 1.7 Hz,
1H), 6.99 (s, 1H), 6.92 — 6.84 (m, 2H), 5.50 (s, 1H), 4.64 (s, 2H), 4.45 (t, J = 6.9 Hz, 2H), 3.84 (s,
3H), 3.01 (t, J = 6.9 Hz, 2H); 3C NMR (126 MHz, CDCl3) § 160.4, 157.6, 130.7, 128.4, 124.9,
120.5, 110.4, 93.7, 78.5, 68.5, 55.3, 29.9; HRMS (ESI) m/z calcd. For Ci2H15CIsN2OsS

[M+Na]* : 426.9659, found: 426.9651.

NTces
OJ\NHZ

Compound 3.10. Carbamimidate 3.10 was prepared from 2-mesitylethanol according to general
procedure A on a 1.5 mmol scale. Purification was carried out by silica gel column
chromatography (0—30% EtOAc/hexanes) to yield a white solid (224 mg, 36%); Rf = 0.40 (30%
EtOAc/hexanes); *H NMR (500 MHz, CDCls) & 7.06 (s, 1H), 6.86 (s, 2H), 5.44 (s, 1H), 4.64 (s,
2H), 4.36 — 4.24 (m, 2H), 3.10 — 2.99 (m, 2H), 2.32 (s, 6H), 2.25 (s, 3H); 3C NMR (126 MHz,
CDCI3) 6 160.2, 136.8, 136.4, 129.5, 129.2, 93.7, 78.4, 67.5, 28.4, 20.8, 19.9; HRMS (ESI) m/z

calcd. For C14H19CI3sN204S [M+Na]™ : 439.0023, found: 439.0025.



207

Meo\@\/\ NTces
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Compound 3.11. Carbamimidate 3.11 was prepared from 2-(4-methoxyphenyl)ethanol
according to general procedure A on a 3.0 mmol scale. Purification was carried out by silica gel
column chromatography (0—30% EtOAc/hexanes) to yield a white solid (544 mg, 45%); ‘H
NMR (500 MHz, CDCls) & 7.18 — 7.05 (m, 2H), 6.99 (s, 1H), 6.90 — 6.81 (m, 2H), 5.44 (s, 1H),
4.64 (s, 2H), 4.44 (t, J = 6.9 Hz, 2H), 3.80 (s, 3H), 2.94 (t, J = 6.9 Hz, 2H); 13C NMR (126 MHz,
CDCl3) 6 160.2, 158.6, 129.8, 128.6, 114.1, 93.7, 78.5, 69.7, 55.3, 33.9; HRMS (ESI) m/z calcd.

For C12H15CIsN20sS [M+H]" : 404.9840, found: 404.9837.

3.5.3. Complete ligand screen

An example procedure for ligand optimization studies follows. An oven-dried vial equipped with
a magnetic stir bar was charged with AgNTf, (7.8 mg, 20 umol, 20 mol %), bathophen ligand
(3.3 mg, 10 umol, 10 mol %), and dry CH2Cl> (2 mL). The reaction mixture was stirred
vigorously for 15 min at room temperature. Powdered 4 A molecular sieves (100 mg, 1 g of
sieves/mmol of substrate) were added, followed by carbamimidate substrate (0.1 mmol, 1.0
equiv). lodosobenzene (44 mg, 0.2 mmol, 2.0 equiv) was added in one portion and the reaction
mixture was stirred at room temperature for 2 h. The mixture was filtered through a pad of silica
rinsing with EtOAc, and the filtrate concentrated under reduced pressure. The yield of 3.1a or
3.1b was obtained by *H NMR spectroscopic analysis of the crude reaction mixture (relative to
trimethylphenyl silane internal standard. For certain ligands, crude product was purified by silica

gel column chromatography.
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20 mol % AgNTf, NTces TcesN
O. _NH 10 mol % ligand HN% = o
\n/ 2 » 0 + N
NTces 2.0 equiv PhlO, 4 A MS %
3.1 CH,Cly, rt 3.1a 3.1b
By OMe
°7><(° Oj><(o A\ I\
1 \
}N N\K oD By ~ 3 B MeOs A~ 3 ApOMe
~-N I\~ N N =
60% 78%, 3% 66% Z 60%
MeO OMe Ph Ph cl cl
m % \Q \S AW {/ \Q \5
=N N= =N N= =N N= =N N=
79%?2 78% 86%?2 58%, 16%
Ph Ph cl cl
</ Q \> / \ 2B\ \ 7\ \
=N N= =N N= =N N= =N N=
86% 1%, 65% 3%, 63% 62%
OMe
N7\ | \, M OMe
o P N 4 v ﬁ
Z . 2 N |
B 7SN
16%, 39% 37% 52% MeO” 2 329 6%

Yields determined by 'H NMR using trimethylphenyl silane as internal standard. ®Isolated yields.

Table S3.1 — N-dentate ligands screened for chemoselectivity with carbamimidates.

3.5.4. Selective C—H insertion of carbamimidates

Ph Ph
/ \ NTces
2 —_ —
R N N HN
O NH: AgNT o
| = \ﬂ/ Sl > | N R2
(F NTces 4A MS, PhIO L
R CH,Cl, R

General procedure B for Ag-catalyzed C-H amination. An oven-dried vial equipped with a
magnetic stir bar was charged with AgNTf (7.8 mg, 20 umol, 20 mol %), bathophen ligand (3.3
mg, 10 umol, 10 mol %), and dry CH2Cl, (2 mL). The reaction mixture was stirred vigorously
for 15 min at room temperature. Powdered 4 A molecular sieves (100 mg, 1 g of sieves/mmol of
substrate) were added, followed by carbamimidate substrate (0.1 mmol, 1.0 equiv).

lodosobenzene (44 mg, 0.2 mmol, 2.0 equiv) was added in one portion and the reaction mixture
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was stirred at room temperature for 2 h. The mixture was filtered through a pad of silica rinsing
with EtOAc, and the filtrate concentrated under reduced pressure. The crude C—H amination

product was purified by silica gel column chromatography.

NTces
HN

Compound 3.1a. The title compound was obtained from carbamimidate 3.1 following the
general procedure B. Purification was carried out by silica gel column chromatography (0—50%
EtOAc/hexanes) to yield a white solid (32.2 mg, 86%); *H NMR (500 MHz, CDCl3) § 7.63 (s,
1H), 7.50 — 7.39 (m, 3H), 7.35 — 7.29 (m, 2H), 5.20 (dd, J = 9.1, 7.1 Hz, 1H), 4.94 (t, J = 9.1 Hz,
1H), 4.76 — 4.67 (m, 2H), 4.43 (dd, J = 9.0, 7.1 Hz, 1H); 3C NMR (126 MHz, CDCl3) § 162.9,
136.8, 129.7, 129.6, 126.2, 93.7, 78.7, 74.5, 58.8; HRMS (ESI) m/z calcd. for C11H11CIsN204S

[M+H]" : 372.9578, found: 372.9575.

NTces

Compound 3.2a. The title compound was obtained from carbamimidate 3.2 following the
general procedure B, except Mesphen was used instead of bathophen. Purification was carried
out by silica gel column chromatography (0—50% EtOAc/hexanes) to yield a white solid (30.6
mg, 79%); *H NMR (500 MHz, CDCl3) § 7.61 (s, 1H), 7.25 — 7.16 (m, 4H), 5.17 (dd, J = 9.1, 7.2
Hz, 1H), 4.91 (t, J = 9.1 Hz, 1H), 4.77 — 4.65 (m, 2H), 4.40 (dd, J = 9.0, 7.1 Hz, 1H), 2.37 (s,
3H); 13C NMR (126 MHz, CDCls) § 162.9, 139.8, 133.8, 130.2, 126.1, 93.7, 78.6, 74.6, 58.6,

21.2; HRMS (ESI) m/z calcd. for C12H13CIsN204S [M+H]* : 386.9734, found: 386.9730.
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Compound 3.3a. The title compound was obtained from carbamimidate 3.3 following the
general procedure B. Purification was carried out by silica gel column chromatography (0—50%
EtOAc/hexanes) to yield a off-white solid (34.6 mg, 77%); *H NMR (500 MHz, CDCl3) & 7.70 —
7.63 (m, 3H), 7.60 — 7.56 (m, 2H), 7.49 — 7.44 (m, 2H), 7.42 — 7.36 (m, 3H), 5.25 (dd, J = 9.1,
7.1 Hz, 1H), 4.96 (t, J = 9.1 Hz, 1H), 4.78 — 4.66 (m, 2H), 4.47 (dd, J = 9.0, 7.1 Hz, 1H); 3C
NMR (126 MHz, CDCls) 6 162.9, 142.8, 139.8, 135.6, 129.0, 128.3, 127.9, 127.1, 126.7, 93.7,

78.7, 74,5, 58.6; HRMS (ESI) m/z calcd. for C17H15CIsN204S [M+H]* : 448.9891, found:

448.9889.

NTces
HN

Compound 3.4a. The title compound was obtained from carbamimidate 3.4 following the
general procedure B. Purification was carried out by silica gel column chromatography (0—50%
EtOAc/hexanes) to yield a white solid (30.2 mg, 78%); *H NMR (500 MHz, CDCls) & 7.79 (s,
1H), 7.47 — 7.40 (m, 2H), 7.40 — 7.31 (m, 3H), 4.75 — 4.67 (m, 2H), 4.55 (s, 2H), 1.86 (s, 3H);
13C NMR (126 MHz, CDCl3) § 162.2, 141.2, 129.4, 128.8, 124.5, 93.7, 80.3, 78.6, 63.9, 26.9;

HRMS (ESI) m/z calcd. for C12H13CIsN204S [M+H]" : 386.9734, found: 386.9731.
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Compound 3.5a. The title compound was obtained from carbamimidate 3.5 following the
general procedure B, except Mesphen was used instead of bathophen. Purification was carried
out by silica gel column chromatography (0—50% EtOAc/hexanes) to yield a white solid (31.2
mg, 69%); *H NMR (500 MHz, CDCls) & 7.63 (s, 1H), 7.60 — 7.54 (m, 2H), 7.23 — 7.17 (m, 2H),
5.17 (dd, J = 9.1, 7.0 Hz, 1H), 4.93 (t, J = 9.1 Hz, 1H), 4.77 — 4.71 (m, 2H), 4.37 (dd, J = 9.1, 7.0
Hz, 1H); *C NMR (126 MHz, CDCl3) § 162.9, 135.8, 132.8, 127.8, 123.9, 99.3, 78.7, 74.2, 58.2;

HRMS (ESI) m/z calcd. for C11H10BrClsN204S [M+H]* 450.8683, found: 450.8682.

NTces
HN

o
Compound 3.6a. The title compound was obtained from carbamimidate 3.6 following the
general procedure B, except Mesphen was used instead of bathophen. Purification was carried
out by silica gel column chromatography (0—50% EtOAc/hexanes) to yield a white solid (27.0
mg, 61%); H NMR (500 MHz, CDCls) & 7.79 (s, 1H), 7.71 (d, J = 7.2 Hz, 2H), 7.47 (d, J = 8.1
Hz, 2H), 5.35 — 5.24 (m, 1H), 4.98 (t, J = 9.1 Hz, 1H), 4.76 — 4.60 (m, 2H), 4.40 (dd, J = 9.1, 6.8
Hz, 1H); 13C NMR (126 MHz, CDCl3) § 162.9, 141.0, 131.95 (g, J = 33.2 Hz), 126.6, 123.55 (q,
J = 272.5 Hz), 93.6, 78.7, 74.3, 58.2; 1%F NMR (377 MHz, CDCls) § -62.9; HRMS (ESI) m/z

calcd. for C12H10Cl3F3N204S [M+H]" : 440.9452, found: 440.9450.
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Compound 3.7a. The title compound was obtained from carbamimidate 3.7 following the
general procedure B. Purification was carried out by silica gel column chromatography (0—50%
EtOAc/hexanes) to yield a white solid (36.0 mg, 79%); *H NMR (500 MHz, CDCls) & 7.73 (s,
1H), 7.41 — 7.35 (m, 2H), 7.33 — 7.27 (m, 2H), 5.32 — 5.18 (m, 1H), 4.95 (t, J = 9.1 Hz, 1H), 4.76
— 4.62 (m, 2H), 4.40 (dd, J = 9.1, 7.0 Hz, 1H); 3C NMR (126 MHz, CDCl3) & 162.8, 150.0,
135.6, 127.9, 122.0, 120.3 (g, J = 258.2 Hz), 93.6, 78.7, 74.4, 58.1; °F NMR (377 MHz, CDCl5)

d -57.9; HRMS (ESI) m/z calcd. for C12H10Cl3F3N20sS [M+H]" : 456.9401, found: 456.9399.

NTces
HN

O
Cl\d\/
Br

Compound 3.8a. The title compound was obtained from carbamimidate 3.8 following the
general procedure B, except Mesphen was used instead of bathophen. Purification was carried
out by silica gel column chromatography (0—50% EtOAc/hexanes) to yield a white solid (38.5
mg, 79%); 'H NMR (500 MHz, CDCls) § 7.71 (s, 1H), 7.56 (d, J = 8.5 Hz, 1H), 7.38 (d, J = 2.4
Hz, 1H), 7.28 (dd, J = 8.5, 2.4 Hz, 1H), 5.55 (dd, J = 9.3, 6.2 Hz, 1H), 5.08 (t, J = 9.2 Hz, 1H),
4.81 — 4.68 (m, 2H), 4.36 (dd, J = 9.2, 6.2 Hz, 1H); 3C NMR (126 MHz, CDCls) 6 163.3, 138.4,
135.1, 134.7, 131.0, 126.6, 119.5, 93.6, 78.8, 73.3, 57.5; HRMS (ESI) m/z calcd. for

C11H9BrClaN204S [M+H]" : 484.8293, found: 484.8294.
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3.5.5. Selective dearomative aziridination of carbamimidates

0 X0
NN
R? Jlches
| > (/ =
AP NTces 4A MS, PhIO R

R CH,Cl, R2

General procedure C for Ag-catalyzed dearomatization. An oven-dried vial equipped with a
magnetic stir bar was charged with AgNTf2 (1.9 mg, 5.0 umol, 5 mol %), dmbox ligand (1.2 mg,
5.0 umol, 5 mol %), and dry CH2Cl> (4 mL). The reaction mixture was stirred vigorously for 15
min at room temperature. Powdered 4 A molecular sieves (100 mg, 1 g of sieves/mmol of
substrate) were added, followed by carbamimidate substrate (0.1 mmol, 1.0 equiv).
lodosobenzene (44 mg, 0.2 mmol, 2.0 equiv) was added in one portion and the reaction mixture
was stirred at room temperature for 2 h. The mixture was filtered through a pad of silica rinsing
with EtOAc, and the filtrate concentrated under reduced pressure. The crude azepine product was

purified by silica gel column chromatography.

TcesN
=~N" ©
N\ /

Compound 3.1b. The title compound was obtained from carbamimidate 3.1 following the
general procedure C. Purification was carried out by silica gel column chromatography (0—50%
EtOAc/hexanes) to yield a bright yellow solid (32.5 mg, 87%); *H NMR (500 MHz, CDCls) §
6.07 (dd, J = 11.1, 5.7 Hz, 1H), 6.01 (dd, J = 11.3, 6.1 Hz, 1H), 5.84 (dd, J = 7.9, 1.0 Hz, 1H),
5.64 (dd, J = 8.1, 5.8 Hz, 1H), 5.52 (d, J = 6.1 Hz, 1H), 4.69 (s, 2H), 4.62 (t, J = 6.0 Hz, 2H),
2.59 (t, J = 5.9 Hz, 2H); *C NMR (126 MHz, CDCls) § 151.7, 136.4, 130.2, 129.6, 127.8, 120.8,
117.2, 94.0, 78.7, 70.0, 28.6; HRMS (ESI) m/z calcd. for C11H13CIzN204S [M+H]" : 372.9578,

found: 372.9574.
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Compound 3.2b. The title compound was obtained from carbamimidate 3.2 following the
general procedure C. Purification was carried out by silica gel column chromatography (0—50%
EtOAc/hexanes) to yield a bright yellow solid (38.5 mg, 98%); *H NMR (500 MHz, CDCls) §
5.86 (d, J = 8.1 Hz, 1H), 5.78 (dg, J = 6.6, 1.4 Hz, 1H), 5.50 (dd, J = 8.2, 1.2 Hz, 1H), 5.42 (d, J
= 6.4 Hz, 1H), 4.70 — 4.68 (m, 2H), 4.61 (t, J = 5.9 Hz, 2H), 2.57 (t, J = 5.9 Hz, 2H), 1.86 (d, J =
1.5 Hz, 3H); *C NMR (126 MHz, CDCls) § 151.7, 139.6, 133.8, 126.2, 125.4, 123.9, 117.0, 94.0,
78.7, 70.2, 28.3, 23.6; HRMS (ESI) m/z calcd. for C12H13CIsN204S [M+H]" : 386.9734, found:

386.9731.

TcesN

= N)LO
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Compound 3.3b. The title compound was obtained from carbamimidate 3.3 following the
general procedure C. Purification was carried out by silica gel column chromatography (0—50%
EtOAc/hexanes) to yield a bright yellow solid (43.9 mg, 98%); *H NMR (500 MHz, CDCls) §
7.42 —7.30 (m, 5H), 6.30 (dt, J = 6.7, 1.1 Hz, 1H), 6.05 (dd, J = 8.3, 0.9 Hz, 1H), 5.92 (dd, J =
8.3, 1.2 Hz, 1H), 5.63 (d, J = 6.7 Hz, 1H), 4.72 (s, 2H), 4.65 (t, J = 5.9 Hz, 2H), 2.64 (t, J = 5.9
Hz, 2H); 3C NMR (126 MHz, CDCls) & 151.7, 141.9, 139.4, 135.7, 128.7, 128.5, 127.9, 125.8,
122.1, 116.9, 78.7, 69.9, 28.5; HRMS (ESI) m/z calcd. for C17H15CIsN204S [M+H]* : 448.9891,

found: 448.9888.
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Compound 3.4b. The title compound was obtained from carbamimidate 3.4 following the
general procedure C. Purification was carried out by silica gel column chromatography (0—50%
EtOAc/hexanes) to yield a bright yellow solid (36.6 mg, 94%); *H NMR (500 MHz, CDCls) §
6.09 (qd, J = 11.1, 5.7 Hz, 2H), 5.84 (dd, J = 7.9, 0.9 Hz, 1H), 5.68 (dd, J = 8.1, 5.7 Hz, 1H),
5.55 (d, J = 5.9 Hz, 1H), 4.74 — 4.64 (m, 2H), 4.60 (dd, J = 10.4, 4.9 Hz, 1H), 4.18 (dd, J = 10.5,
8.2 Hz, 1H), 2.68 (dddd, J = 8.3, 6.4, 5.1, 1.2 Hz, 1H), 1.22 (d, J = 6.7 Hz, 3H); 13C NMR (126
MHz, CDCI3) & 151.9, 141.5, 130.2, 129.6, 127.8, 121.1, 114.7, 94.0, 78.7, 74.8, 32.1, 13.5;

HRMS (ESI) m/z calcd. for C12H13CIsN204S [M+H]" : 386.9734, found: 386.9732.

TcesN
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Compound 3.5b. The title compound was obtained from carbamimidate 3.5 following the
general procedure C. Purification was carried out by silica gel column chromatography (0—50%
EtOAc/hexanes) to yield a bright yellow solid (30.5 mg, 67%); *H NMR (500 MHz, CDCls) §
6.40 (d, J = 6.7 Hz, 1H), 5.83 (d, J = 8.1 Hz, 1H), 5.74 (dd, J = 8.1, 1.1 Hz, 1H), 5.37 (d, J = 6.8
Hz, 1H), 4.69 (s, 2H), 4.62 (t, J = 5.9 Hz, 2H), 2.57 (t, J = 5.9 Hz, 2H); 3C NMR (126 MHz,
CDCIs) 6 151.8, 136.6, 131.3, 128.5, 123.9, 123.5, 116.1, 93.9, 78.8, 69.9, 28.5; HRMS (ESI)

m/z calcd. for C11H10BrCIzsN204S [M+H]" : 450.8683, found: 450.8682.
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Compound 3.7b. The title compound was obtained from carbamimidate 3.7 following the
general procedure C. Purification was carried out by silica gel column chromatography (0—50%
EtOAc/hexanes) to yield a bright yellow solid (40.5 mg, 89%); *H NMR (500 MHz, CDCls) §
6.01 (dd, J = 8.4, 3.2 Hz, 1H), 5.97 — 5.91 (m, 1H), 5.63 — 5.56 (m, 1H), 5.47 (dd, J = 7.3, 3.0 Hz,
1H), 4.71 — 4.66 (m, 2H), 4.64 (t, J = 5.9 Hz, 2H), 2.63 (t, J = 6.0 Hz, 2H); 3C NMR (126 MHz,
CDCl3) & 151.7, 148.0, 136.5, 129.8, 120.2 (g, J = 259.1 Hz), 118.4, 117.4, 113.5, 93.8, 78.8,
69.9, 28.5; F NMR (377 MHz, CDCls) § -57.6; HRMS (ESI) m/z calcd. for C12H10ClsF3N204S

[M+H]" : 456.9401, found: 956.9400.

TcesN
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Compound 3.9b. The title compound was obtained from carbamimidate 3.9 following the
general procedure C. Purification was carried out by silica gel column chromatography (0—50%
EtOAc/hexanes) to yield a bright yellow solid (25.3 mg, 63%); *H NMR (500 MHz, CDCls) §
6.19 (dd, J = 11.1, 6.1 Hz, 1H), 5.99 (dd, J = 11.1, 6.0 Hz, 1H), 5.78 (dd, J = 6.1, 1.3 Hz, 1H),
5.16 (d, J = 6.1 Hz, 1H), 4.84 (ddd, J = 10.6, 6.8, 1.5 Hz, 1H), 4.68 (d, J = 1.7 Hz, 2H), 4.52
(ddd, J = 12.2, 10.6, 5.4 Hz, 1H), 3.71 (s, 3H), 2.76 (ddd, J = 13.8, 5.4, 1.5 Hz, 1H), 2.68 (td, J =
13.0, 6.7 Hz, 1H); 3C NMR (126 MHz, CDCl3) § 151.9, 142.6, 132.7, 128.4, 124.0, 118.6, 95.4,
94.0, 78.7, 71.0, 57.3, 28.9; HRMS (ESI) m/z calcd. for C12H13ClsN20sS [M+H]* : 402.9684,

found: 402.9680.
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Compound 3.10b. The title compound was obtained from carbamimidate 3.10 following the
general procedure C. Purification was carried out by silica gel column chromatography (0—50%
EtOAc/hexanes) to yield a light yellow solid (37.5 mg, 90%); *H NMR (500 MHz, CDCls) §
5.90 (s, 1H), 5.69 (s, 1H), 4.79 (ddd, J = 10.5, 6.7, 1.4 Hz, 1H), 4.71 — 4.61 (m, 2H), 4.42 (ddd, J
=125, 10.5, 5.2 Hz, 1H), 2.96 (ddd, J = 14.1, 5.2, 1.4 Hz, 1H), 2.40 (td, J = 13.3, 6.7 Hz, 1H),
2.12 (s, 3H), 1.90 (s, 3H), 1.81 (s, 3H); *C NMR (126 MHz, CDCls) § 152.4, 137.9, 132.9,
129.9, 126.4, 126.3, 125.9, 94.2, 78.5, 70.7, 26.7, 23.6, 19.3, 17.7; HRMS (ESI) m/z calcd. for

C14H17C13N204S [M+H]* : 415.0047, found: 415.0048.

TcesN

= N)LO

Compound 3.11b. The title compound was obtained from carbamimidate 3.11 following the
general procedure C. The yield was determined by *H NMR using trimethylphenyl silane as the
internal standard: (67%); *H NMR (500 MHz, CDCls) & 6.06 (d, J = 8.5 Hz, 1H), 5.52 (dd, J =
8.5, 2.0 Hz, 1H), 5.44 (d, J = 7.2 Hz, 1H), 5.08 (dd, J = 7.3, 2.0 Hz, 1H), 4.69 (s, 2H), 4.61 (t, J =
5.9 Hz, 2H), 3.59 (s, 3H), 2.58 (t, J = 5.9 Hz, 2H); 3C NMR (126 MHz, CDCls) & 158.4, 151.7,
129.4, 128.4, 118.9, 115.6, 99.0, 94.0, 78.7, 70.5, 54.9, 28.3; HRMS (ESI) m/z calcd. for

C12H13CI3N20sS [M+H]" : 402.9684, found: 402.9682.



3.5.6. Other results from challenging substrates
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2 eq. PhiO
CH,Cl, MeO 12%
(11% rsm)
NTces
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NTces >
2 eq. PhlO /ljj\)

CH,Cl, o) 41%, 5% insertion
(27% rsm)

o
MeO \ Y

67%

2 eq. PhIO
CH,Cl,

Scheme S3.1 — Example substrates that were not amenable to optimization.

Various substrates that were tested under the optimized reaction conditions did not produce the
desired products (Scheme S3.1). Significant efforts were made to achieve desired reactivity,
including changing the ligand identity, temperature, reaction time, amount of oxidant, and
oxidant identity. None of the attempted optimizations were successful in manipulating the
reaction to produce the desired product. The majority of substrates that were unsuccessful in
achieving C—H insertion suffered from oxidative degradation. In many cases, this was
exemplified by poor mass balance and a messy crude NMR. Sometimes other oxidative by-
products could be observed in appreciable amounts, though these were often unstable under the
reaction conditions. Another interesting result was detected while attempting to form the azepine
product using 2-naphthylethanol-derived carbamimidate. With this substrate, all reactions with

ligands that would typically produce azepine instead led to the C(sp?)—H insertion product. Other
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problematic substrates can be found in Figure S3.1. These substrates either failed at the starting

material synthesis step or the nitrene transfer step. The explanations for each substrate can be

seen below.
O._NH,
S
O\n/NHZ \ﬂ/ N O\n/NHz
NH NTces |
NTces ~-N NTces
could not synthesize via indole NH promotes degradation NT reaction conditions produces
standard Mitsunobu under NT reaction conditions only N=N dimer

Figure S3.1 — Other substrates which produced undesired results.

3.5.7. Procedures for diversification of compound 3.1b

(0] H (0]
2
P N)QNTces Pd/C . N)§NTces

S / 1:1 MeOH/THF
3.1b 3.12

Compound 3.12. To a flame-dried round-bottom flask equipped with a magnetic stir bar was
charged with 3.1b (56.0 mg, 0.15 mmol, 1 equiv.), palladium on carbon (10 wt %, 16 mg, 0.15
mmol, 1 equiv) and 1:1 mixture of methanol/THF (1 mL). The reaction mixture was stirred at
room temperature under balloon pressure of hydrogen for 2 hours. The catalyst was removed by
filtration over celite, and the filter bed was washed with ethyl acetate. Purification was carried
out by silica gel column chromatography (0—50% EtOAc/hexanes) to yield a white solid (22.4
mg, 39%); 'H NMR (500 MHz, CDCl3) & 4.72 — 4.57 (m, 2H), 4.45 (dddd, J = 40.2, 11.3, 7.4,
3.8 Hz, 2H), 4.16 (ddd, J = 14.0, 5.0, 3.8 Hz, 1H), 3.69 (dg, J = 7.4, 5.4 Hz, 1H), 3.05 (ddd, J =
13.8, 10.8, 2.8 Hz, 1H), 2.21 — 1.49 (m, 10H); 3C NMR (126 MHz, CDCls) § 156.2, 94.4, 78.5,
65.7, 55.0, 49.6, 34.9, 27.6, 27.5, 26.2, 23.6; HRMS (ESI) m/z calcd. for C11H17CI3N204S

[M+H]* : 379.0047, found: 379.0044.



220

Q OH
JNTees 4 equiv. KOH
N — > NH
1:1 EtOH/H,0
3.12 3.13

Compound 3.13. To a flame-dried round-bottom flask equipped with a magnetic stir bar was
charged with 3.1b (37.4 mg, 0.1 mmol, 1 equiv.), potassium hydroxide (22.4 mg, 0.4 mmol, 4
equiv.) in 1:1 mixture of ethanol/water (2 mL). The reaction mixture was refluxed overnight.
After cooling to room temperature, the reaction mixture was extracted three times with
dichloromethane, and the combined organic layer was washed with brine, dried over magnesium
sulfate, filtered, and concentrated under reduced pressure. Purification was carried out by silica
gel column chromatography (0—50% EtOAc/hexanes) to yield white solid (8.6 mg, 41%); 'H
NMR (500 MHz, CDCl3) & 4.28 (ddd, J = 10.5, 6.4, 3.8 Hz, 1H), 4.20 (ddd, J = 11.2, 8.3, 3.4 Hz,
1H), 4.06 (dt, J = 14.1, 4.4 Hz, 1H), 3.63 (dq, J = 7.8, 5.4 Hz, 1H), 2.90 (ddd, J = 13.9, 10.9, 2.7
Hz, 1H), 1.99 — 1.47 (m, 12H); 1*C NMR (126 MHz, CDCl3) & 64.2, 55.2, 47.6, 35.4, 28.8, 28.1,

27.4,23.7.

0
Cu/Zn
)§NTces 1:1 MeOH/AcOH N)§NH
7N -
W, %
3.1b 3.14

Compound 3.14. To a flame-dried round-bottom flask equipped with a magnetic stir bar was
charged with 3.1b (37.4 mg, 0.1 mmol, 1 equiv.) and zinc-copper couple (80.5 mg, 0.5 mmol, 5
equiv.) in 1:1 mixture of methanol/acetic acid (4 mL). The reaction mixture was stirred at room
temperature overnight, filtered over celite, and washed thoroughly with methanol. The acetic
acid was removed by azeotrope with toluene, and the crude product was purified by silica gel

column chromatography (0—10% methanol/dichloromethane) to yield white solid (16.2 mg,
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99.9%); 'H NMR (500 MHz, Methanol-da) 8 5.95 (dd, J = 3.8, 2.6 Hz, 2H), 5.78 (d, J = 7.9 Hz,
1H), 5.51 — 5.39 (M, 2H), 4.43 (t, J = 6.0 Hz, 2H), 2.53 (t, J = 6.0 Hz, 2H); *C NMR (126 MHz,
MeOD) § 151.6, 140.8, 131.3, 130.6, 130.4, 120.3, 116.4, 70.3, 49.8, 29.7; HRMS (ESI) m/z

calcd. for CgH1oN20 [M+H]" : 163.0866, found: 163.0865.

) ?
NTces 370 nm Kessil Lamp
7N > 4 N/&NTces
/ degassed CHCl3
A\ 10 mM
3.1b 3.15

Compound 3.15. To an oven-dried Schlenk tube equipped with a magnetic stir bar was charged
with 3.1b (14.9 mg, 0.04 mmol, 1 equiv.) and degassed chloroform (10 mM, 4 mL). The reaction
mixture was irradiated with 370 nm Kessel lamp at room temperature for 15 minutes. The crude
product was concentrated under reduced pressure and purified by silica gel column
chromatography (0—50% EtOAc/hexanes) to yield white solid (13.5 mg, 90%); *H NMR (500
MHz, CDCls) § 6.43 (t, J = 2.2 Hz, 1H), 6.16 (d, J = 1.7 Hz, 1H), 5.30 (dt, J = 3.0, 1.6 Hz, 1H),
5.08 (dd, J = 3.8, 1.8 Hz, 1H), 4.73 — 4.64 (m, 2H), 4.54 (dt, J = 10.9, 4.8 Hz, 1H), 4.37 (ddd, J =
10.9, 8.9, 4.8 Hz, 1H), 3.90 (ddd, J = 4.0, 2.8, 1.4 Hz, 1H), 2.84 — 2.67 (m, 2H); 3C NMR (126
MHz, CDCl3) 6 153.1, 145.8, 135.2, 134.3, 110.8, 94.1, 78.7, 66.8, 62.3, 50.1, 23.3; HRMS (ESI)

m/z calcd. for C11H11CIsN204S [M+H]" : 372.9578, found: 372.9574.

O
’}ll NPh (o)
(o]
N\« =
—— _NTces
N)§NTces o JLNJ/O
74 > 7 5\1
N / CHzcl'z,rt N NPh
overnight
3.1b o 3.16

Compound 3.16. To an oven-dried vial equipped with a magnetic stir bar was charged with 3.1b

(24.0 mg, 0.064 mmol, 1 equiv.), 4-phenyl-1,2,4-triazole-3,5-dione (12.0 mg, 0.71 mmol, 1.1
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equiv.) and anhydrous dichloromethane (0.17 mM, 0.38 mL). The reaction mixture was stirred at
room temperature overnight. The crude product was concentrated under reduced pressure and
purified by silica gel column chromatography (0—50% EtOAc/hexanes) to yield white solid
(25.5 mg, 72%); 'H NMR (500 MHz, CDCls) & 7.54 — 7.35 (m, 5H), 7.12 (d, J = 9.6 Hz, 1H),
6.81 (dd, J = 8.9, 7.1 Hz, 1H), 6.01 (dd, J = 8.9, 1.1 Hz, 1H), 5.50 (dd, J = 9.7, 7.4 Hz, 1H), 5.04
—4.97 (m, 1H), 4.95 (ddd, J = 11.7, 5.8, 3.8 Hz, 1H), 4.68 (s, 2H), 4.62 (ddd, J = 12.0, 9.5, 2.8
Hz, 1H), 3.93 (ddd, J = 15.0, 9.5, 3.8 Hz, 1H), 2.52 (ddd, J = 15.0, 5.7, 2.9 Hz, 1H); **C NMR
(126 MHz, CDCl3) 6 154.9, 152.2, 150.4, 131.7, 130.5, 129.3, 128.9, 128.7, 125.6, 123.9, 106.9,
93.7, 78.9, 71.8, 64.9, 48.6, 31.6; HRMS (ESI) m/z calcd. for C19H16CIsNsOsS [M+Na]* :

569.9779, found: 569.9773.
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Appendix 1. NMR Spectra.
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I3) for compound 2.11.
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'H NMR (500 MHz, Chloroform-d)
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126 MHz, CDCl3) for compound 2.13.
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Cls3) for compound 2.15.
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126 MHz, CDCl3) for compound 2.16.
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3) for compound 2.17.
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Chloroform-d) and *3C NMR (126 MHz, CDCls) for compound 2.24.
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'H NMR (500 MHz, Chloroform-d) and *C NMR (126 MHz, CDClIs) for compound 2.26.
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'H NMR (500 MHz, Chloroform-d) and *C NMR (126 MHz, CDClIs) for compound 2.28.
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'H NMR (500 MHz, Chloroform-d) and *C NMR (126 MHz, CDClIs) for compound 2.2a.
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for compound 2.2c.
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hloroform-d) and 3C NMR (126 MHz, CDCls) for compound 2.9a.
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I3) for compound 2.10a.
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'H NMR (500 MHz, Chloroform-d) and **C NMR (126 MHz, CDClIs) for compound 2.12a.
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I3) for compound 2.13a.
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13C NMR (126 MHz, CDCls) for compound 2.14a.
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(126 MHz, CDCIs) for compound 2.16a.
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'H NMR (500 MHz, Chloroform-d) and **C NMR (126 MHz, CDCls) for compound 2.19a.
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'H NMR (500 MHz, Chloroform-d) and **C NMR (126 MHz, CDClIs) for compound 2.26a.
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'H NMR (500 MHz, Chloroform-d) and **C NMR (126 MHz, CDClIs) for compound 2.27a.
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'H NMR (500 MHz, Chloroform-d) and **C NMR (126 MHz, CDClIs) for compound 2.30a.
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H NMR (500 MHz, Chloroform-d) and *3C NMR (126 MHz, CDCls) for compound 2.35.
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'H NMR (500 MHz, Chloroform-d) and **C NMR (126 MHz, CDClIs) for compound S2.4.
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IH NMR (500 MHz, CDCls) and *C NMR (126 MHz, CDCls) for (R,R)-p-OMe-MinBOX.
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'H NMR (500 MHz, CDClIs) and **C NMR (126 MHz, CDCls) for compound 3.1.
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'H NMR (500 MHz, CDClIs) and **C NMR (126 MHz, CDCls) for compound 3.2.
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'H NMR (500 MHz, CDClIs) and **C NMR (126 MHz, CDCls) for compound 3.5.
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'H NMR (500 MHz, CDCls), *3C NMR (126 MHz, CDCls3), and *°F NMR (377 MHz, CDCls) for
compound 3.6.
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IH NMR (500 MHz, CDCls), 3C NMR (126 MHz, CDCls), and °F NMR (377 MHz, CDCls) for

compound 3.7.
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'H NMR (500 MHz, CDClIs) and **C NMR (126 MHz, CDCls) for compound 3.8.
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'H NMR (500 MHz, CDClIs) and **C NMR (126 MHz, CDCls) for compound 3.11.
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'H NMR (500 MHz, CDClIs) and **C NMR (126 MHz, CDCls) for compound 3.1a.

344
144
(244
1444

V8%
mZ\W
€LYy
sLv
26V
vm.w\
S6'%
6L'S
0z's
0z's
zT’s

€10a0 92°L

02
gL
1e°2
[
2e'L
2e' L
£/
Ly L
Ly LA

1L

v LA
2vL
ev'L
ev'L
ev'L
vz
'L
L]

——

NTces

HN’«

20T
Feot

1 (ppm)

18'86 —

SvL—

99'8L —

69€6 —

91'9Z1L ~
29’621
2621 >

08'9€L —

€629 —

|

T
-2C

-10

1 (ppm)



309

'H NMR (500 MHz, CDCIs) and **C NMR (126 MHz, CDCls) for compound 3.2a.
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'H NMR (500 MHz, CDCIs) and **C NMR (126 MHz, CDCls) for compound 3.3a.
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IH NMR (500 MHz, CDCls), *C NMR (126 MHz, CDCls), and °F NMR (377 MHz, CDCls)for

compound 3.6a.
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IH NMR (500 MHz, CDCls), *C NMR (126 MHz, CDCls), and °F NMR (377 MHz, CDCls)for

compound 3.7a.
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'H NMR (500 MHz, CDCIs) and **C NMR (126 MHz, CDCls) for compound 3.8a.
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CDCls3) and **C NMR (126 MHz, CDClIs) for compound 3.1b.
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'H NMR (500 MHz, CDCls) and **C NMR (126 MHz, CDCls) for compound 3.2b.
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'H NMR (500 MHz, CDCls) and **C NMR (126 MHz, CDCls) for compound 3.3b.
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'H NMR (500 MHz, CDCls) and **C NMR (126 MHz, CDCls) for compound 3.4b.
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'H NMR (500 MHz, CDCls) and **C NMR (126 MHz, CDCls) for compound 3.5b.
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IH NMR (500 MHz, CDCls), *C NMR (126 MHz, CDCls), and °F NMR (377 MHz, CDCls)for

compound 3.7b.
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'H NMR (500 MHz, CDClIs) and **C NMR (126 MHz, CDCls) for compound 3.10b.
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'H NMR (500 MHz, CDClIs) and **C NMR (126 MHz, CDCls) for compound 3.11b.
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'H NMR (500 MHz, CDCIs) and **C NMR (126 MHz, CDCls) for compound 3.12.
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'H NMR (500 MHz, CDCIs) and **C NMR (126 MHz, CDCls) for compound 3.13.
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'H NMR (500 MHz, MeOD) and **C NMR (126 MHz, MeOD) for compound 3.14.
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'H NMR (500 MHz, CDCIs) and **C NMR (126 MHz, CDCls) for compound 3.15.
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'H NMR (500 MHz, CDCIs) and **C NMR (126 MHz, CDCls) for compound 3.16.
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