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ABSTRACT OF THE DISSERTATION

Stereoselective Strategies for the Construction of Cyclic Peptides, Depsipeptides,
Sugars, and Alkenes
By
Diane Nguyen Le
Doctor of Philosophy in Chemistry
University of California, Irvine, 2017

Professor Vy M. Dong, Chair

Cyclic peptides have attracted attention due to their promising metabolic stability,
conformational rigidity, and potential to mimic protein—protein interactions. We describe
a method to access cyclic peptides using dehydrophenylalanine as a traceless turn
inducer in the total synthesis of dichotomin E. The enamide facilitates ring-closing at high
concentrations, and Rh-catalyzed hydrogenation of the unsaturated cyclic peptide results
in selective formation of the natural product or its epimer, depending on our choice of
phosphine ligand.

In addition, we demonstrate how a simple amino acid sequence can be recognized
by a Rh-catalyst in a process which initiates the sequential reduction of cyclic
dehydropeptides. Molecular recognition of amino acid sequences plays a key role in
enzyme-substrate specificity, the regulation of genes, and the treatment of diseases.
While critical in biological processes, molecular recognition of amino acids using a

transition metal catalyst also holds great promise in organic synthesis. We report

XV



experimental and theoretical evidence to support the unidirectional hydrogenation toward
the synthesis of cyclic peptides.

Like their peptide counterparts, depsipeptides are valuable therapeutic drug
targets. These peptides are characterized by a combination of ester and amide linkages.
To this end, we report the first enantioselective, intermolecular ketone hydroacylation of
a-ketoamides with simple aldehydes for the construction of a-acyloxyamides in high
yields and enantioselectivities.

Carbohydrates find importance in cellular communication, structural recognition,
and cancer treatment. Although many of these oligosaccharides are generated through
chemical synthesis, the presence of multiple hydroxyl sites in the carbohydrate presents
a synthetic challenge. Toward a solution to this challenge, we have achieved a Cu-
catalyzed regioselective functionalization of monosaccharides.

Constructing stereodefined alkenes is a longstanding challenge in organic
synthesis. While methods to di- and trisubstituted alkenes have been reported, general
protocols toward the synthesis of tetrasubstituted alkenes are underdeveloped. We
describe a method toward the synthesis of stereodefined all-carbon tetrasubstituted
alkenes from readily accessible ketones, first by a stereoselective enol tosylation followed

by a Pd-catalyzed Suzuki-Miyaura cross coupling.
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CHAPTER 1 — Construction of Cyclic Peptides using
Dehydrophenylalanine as a Traceless Turn Inducer

1.1 Application of Dehydrophenylalanine as a Turn Inducer in the Synthesis
of Dichotomin E*

1.1.1 Introduction

Naturally occurring cyclic peptides have inspired the invention of strategies®® for
organic synthesis and therapeutics for use as antibiotics®-® and immunosuppressants.® In
comparison to their linear counterparts, these cyclic structures show enhanced metabolic
stability,’® conformational rigidity,!* and potential to mimic protein-protein interactions
(Figure 1.1).12 While significant progress has been made in the construction of relatively
large cyclic peptides, the construction of smaller peptides (i.e., those containing five or
fewer amino acids) remains a challenge.**’ In addition, cyclizing peptides at high
concentrations on an industrial scale is important,'® thus a turn-inducer is desirable to
ensure an efficient and economically feasible process.'%29 Specific amino acids (e.g.,

proline, pseudoprolines, D-amino acids, and N-methylated amino acids) have been

NH,
HNANH
Me
OH
Me Me O -
(0} 6} Me I
H Me ™ N
N
. Nﬁuﬁo Mev QLN
o} HN %
o 0 Me~ Me
s |
s \k N 0 NH )K‘/
HoN
2 \\ me Me o
Integrllm Cyclosporme A
-Isolated from Sistrurus miliarius barbouri -Isolated from Tolypocladium inflatum
-Anti-platelet drug ‘Immunosuppressant
-7 amino acids 11 amino acids

Figure 1.1 Cyclic peptide therapeutics

* Reproduced in part with permission from Le, D. N.*; Riedel, J.*; Kozlyuk, N.; Martin, R. W.; Dong, V. M.
Org. Lett. 2017, 19, 114. Copyright 2017 American Chemical Society
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identified as turn-inducers that can be incorporated into a linear precursor to facilitate
macrocyclizations.?1-23

For example, Mutter has used pseudoproline as a turn inducer in the synthesis of
cyclic tripeptides (Figure 1.2). Pseudoprolines are masked threonine- or serine-type
residues, which can be unveiled after macrocyclization upon treatment with acid. In
addition to using two proline residues in the linear peptide sequence, macrocyclization
occurred at various concentrations (0.001 — 0.1 M) using PyBOP in up to 85% vyield.?*
Furthermore, Grubbs has used olefin metathesis to generate cyclic peptides mimicking
the glutaredoxin active site. Using a proline turn inducer, ring-closing metathesis occurred
to afford the desired cyclic peptide in 70% yield at 0.004 M concentration.! Despite these
advances, the ring-closing of small peptides without such turn-inducers requires dilute
concentrations due to competitive dimerization and epimerization.?>2¢ Towards a more
general solution to this challenge, we proposed the use of dehydroamino acids as

traceless turn-inducers.

Mutter (1999):

o PyBOP o
b5 i-ProEtN M\ 0
N Q Me 2 N
. 0.001-0.1 M \——Me
N >

)<0 80-85% yields
Me

OH
. OH
Grubbs (1996): CysP
o | \Cl o)
Ru:\
c” |l ‘pn N o)
N H (o) PCy; N H
5 mol% O--y-N
BocHN\/go HN 0] ( ) - " : o

Y /\\( DCM, 0.004 M BocHN ™ —

w HN 70% yield HN)\
O\>\OMe o} OMe

Figure 1.2 Proline as turn inducer in cyclic peptide synthesis



Dehydroamino acids modulate backbone conformations and produce folded

structures.?”-*0 The impact of dehydrophenylalanine on the conformation of small peptides

has been studied extensively
over the last decade.?'"3* For
example, Singh has shown
that dehydrophenylalanines
can induce B-turns in a linear
tetrapeptide on the basis of X-
ray crystallography studies
(Figure 1.3a).3° The ability of
dehydroamino acids to impart
folded conformations has yet
to be exploited for achieving
efficient ring-closings to gain
various

access to cyclic

a) Singh's study: Dehydrophenylalanine induces B-turns

e SAALA
{‘ (\ <)

Ot-Bu
_( , 2N
A ’,h Me
~
& )
NN
\
b) Retrosynthesis: Exploiting dehydrophenylalanine as a traceless turn-inducer
0 Me
H/kfo asymmetric H
HO OT\NH HN Ph hydrogenatlon NH
NH HN’{J NH HN,g//
o % 0
O Me 0" Me
dichotomin E (1.1) 1.2
macrocyclization ,U,
Ph Ph
/ ; /) i*2
Mo 0 M’e” HN
peptide
H,N O HN Me couplmg O N
o-H I
i+
O

1.4

+

Howo oo \©\I
NH 1.5 )\/NHz

NHB:
o oc

Figure 1.3 a) Crystal structure of tetrapeptide containing dehydrophenylalanine. b)
Proposed strategy using dehydrophenylalanine as a traceless turn inducer

peptides. We envisioned that this unsaturated moiety, which has been studied extensively

in asymmetric hydrogenation, could serve as a versatile functional handle for further

elaboration in the late-stage preparation of natural product derivatives.®® Moreover, these

unsaturated derivatives could serve as analogs in structure-activity relationship (SAR)

studies or serve as potential epitope mimetics.3:38

1.1.2 Retrosynthetic Analysis of Dichotomin E

We report the first use of dehydrophenylalanine as a traceless turn inducer via

application in the synthesis of dichotomin E. Isolated from the chickweed plant, Stellaria



dichotoma, dichotomin E (1.1) is a cyclic peptide containing five amino acids with cell
growth inhibitory activity against leukemia cells.®® Our retrosynthetic analysis for
construction of this small cyclic peptide is summarized in Figure 1.3b. First, we imagined
that the natural product could be obtained from cyclic peptide 1.2, containing a (Z)-
dehydrophenylalanine,*® by catalytic hydrogenation. In contrast to the incorporation of
other turn-inducers, the dehydrophenylalanine can be easily unveiled to the L- or D- amino
acid. Next, we chose to disconnect the glycine-alanine peptide bond to reveal the linear
and unsaturated peptide 1.3. We chose this disconnection to help favor an effective
macrocyclization by placing the dehydrophenylalanine at the i+2 position, where it was
previously reported to induce a S-turn.*! A similar disconnection was used in the previous
synthesis of dichotomin E by Tam.*? In general, the macrocyclizations are more favorable
using glycine because it is a relatively unhindered nucleophile.*3

1.1.3 Synthesis of Cyclic Dehydropeptides
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Figure 1.4 Synthesis of unsaturated pentapeptide 1.3
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With this retrosynthetic analysis in mind, we prepared unsaturated pentapeptide
1.3 (Figure 1.4). Boc-L-alanine 1.6 was coupled to DL-(3-OH)-Phe—OMe 1.7 to afford
dipeptide 1.8 in 76% yield. Treatment of dipeptide 1.8 with Boc-anhydride and
tetramethylguanidine afforded unsaturated dipeptide 1.9 in 91% yield.** Subjecting
dipeptide 1.9 to hydrolysis, peptide coupling, and TFA deprotection, resulted in tripeptide
1.4 in 63% vyield over two steps. Tripeptide 1.4 was then coupled to dipeptide 1.5 in 61%
yield to afford pentapeptide 1.10. After hydrolysis and Boc deprotection of pentapeptide
1.10, unsaturated pentapeptide 1.3 was afforded in 97% yield over two steps. For
comparison, we also prepared saturated linear peptide 1.11 in 64% yield using solid
phase peptide synthesis (SPPS).
1.1.4 Macrocyclization to Form Cyclic Dehydropeptides

When saturated linear pentapeptide 1.11 was subjected to macrocyclization at 0.1
M, only 15% yield of dichotomin E (1.1) was obtained, with a 1.5:1 selectivity for the
desired monomer over cyclodimer (Figure 1.5a). In stark contrast, treatment of
unsaturated pentapeptide 1.3 under the same conditions resulted in formation of cyclic
pentapeptide 1.2 in 74% vyield, improved the selectivity to 39:1. Subsequently, cyclic
pentapeptide 1.2 was isolated in 81% vyield at 0.05 M (Figure 1.5b). In comparison to
Tam’s method, where a silver ion-assisted orthogonal cyclization at 0.001 M concentration
afforded the macrolactam in 87% yield, our approach circumvents the need for high
dilution by using one-hundred times less solvent in the macrocyclization.

Next, we prepared pentapeptide 1.12 bearing two-dehydroamino acids and
subjected this linear precursor to ring-closing. Under the same cyclization conditions at

0.1 M concentration, cyclic pentapeptide 1.13 was isolated in 84% yield with 26:1



selectivity for the monomer over cyclodimer (cf Figure 1.5b and 1.5c). Together, these
results demonstrate that dehydrophenylalanines act as turn-inducers that greatly favor

macrocyclization even at high concentrations.
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Figure 1.5 Effect of dehydroamino acid on macrocyclization. (n = number of dehydroamino
acid residues)
1.1.5 Hydrogenation of Cyclic Dehydropeptides
With the unsaturated cyclic peptides 1.2 and 1.13 in hand, we applied

hydrogenation to install the final stereocenters. Hydrogenation of cyclic peptide 1.2 using

Rh(cod)2BF4 and achiral dppp ligand resulted in formation of an 8:1 mixture favoring



epimer 1.1’ of dichotomin E (eq 1). To overcome inherent substrate bias, we turned to
asymmetric hydrogenation, which is commonly used in the synthesis of medicines in
industry.*> Zhang and coworkers previously reported the asymmetric hydrogenation of
enamides using Rh(l)-catalyst and Duanphos ligand to afford the corresponding amide in
99% ee.*® By using 5 mol% Rh(cod)2BFs and 5 mol % (S,S’,R,R’)-Duanphos in THF
under 30 atm of hydrogen, we were able to hydrogenate peptide 1.2 and obtain
dichotomin E (1.1) in 96% yield and >95:5 dr (Figure 1.6). Of note, reduction of cyclic
peptide 1.2 using (R,R’,S,S’)-Duanphos affords epimer 1.1’ in 82% yield and >95:5 dr.
Cyclic peptide 1.13, bearing two enamides, can also be transformed to dichotomin E by

tandem asymmetric reduction followed by debenzylation.
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Figure 1.6 Asymmetric hydrogenation affords dichotomin E#?
1.1.6 Mechanistic Studies of Dehydrophenylalanine
To better understand the mechanism of macrocyclization, Jan Riedel performed

CD spectroscopy experiments for pentapeptides 1.11, 1.3, and 1.2 in MeOH (298 K) to



investigate the presence of secondary structure (Figure 1.7).#” Uncyclized
dehydropeptide 1.3 showed absorption patterns consistent with a cyclized structure,
similar to cyclic dehydropeptide 1.2. In contrast, uncyclized, saturated pentapeptide 1.11
showed no absorption patterns indicative of any secondary structural motif. The CD
spectrum supports that the presence of dehydrophenylalanine has a pronounced effect
on the secondary structure of uncyclized dehydropeptide 1.3, which helps to facilitate

macrocyclization.
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Figure 1.7 CD spectra of pentapeptides 1.11, 1.3, and 1.2

In collaboration with Jan Riedel, Natalia Kozlyuk, and Professor Rachel Martin at
UC Irvine, solution-state NMR and molecular modeling were used to elucidate the
structure of unsaturated pentapeptide 1.3. The 3J-couplings for Tyr and two Ala residues
were obtained from 2D 'H J-resolved NMR spectra.®® These couplings were used to
calculate HvHa ¢ dihedral angles via the Karplus relation.*® Using these dihedral angle
and 2D NOESY restraints, we performed molecular modeling studies with Maestro to
obtain 20 low-energy conformations that were consistent with our experimental
observations. These calculations support lowest energy structure 1.15 containing a left-

handed alpha-turn, which is preorganized towards macrocyclization (Figure 1.8).



Figure 1.8 Energy minimized conformation 1.15 of unsaturated peptide 1.3 consistent with
NMR analysis

We also investigated intramolecular H-bonding using the temperature coefficients
of the N-H chemical shifts (A&/AT), which can be used as an indicator of intramolecular
H-bonding as opposed to H-bonds to solvent.>® A value of -0.0039 ppm/K was obtained
for the internal alanine N—H in dehydropeptide 1.3, in contrast to the value of -0.0052
ppm/K observed for saturated pentapeptide 1.11. This difference suggests that there is
dynamic intramolecular hydrogen bonding in dehydropeptide 1.3 but not in saturated
pentapeptide 1.11, consistent with the ensemble of structures predicted by the molecular
modeling (Figure 1.9). Together, these results demonstrate that a single

dehydrophenylalanine residue can induce a left-handed alpha turn.
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Figure 1.9 Temperature coefficients (A&/AT) of unsaturated pentapeptide 1.3 and
saturated pentapeptide 1.11

When we replaced the phenyl substituent with a cyclohexyl substituent in 1.3,
cyclic monomer formation was observed in a promising, yet less efficient 54% yield by 'H
NMR. This result suggests that the steric impact of the substituent influences cyclization.
Given the higher yielding macrocyclizations we observed in Figure 1.5, conjugation
between the phenyl substituent and helps promote ring-closing by increasing the steric
impact of the phenyl group. Weiss and Lawrence et al. used dehydrophenylalanine as a
p-breaker to study insulin and showed that extended conjugation of the aromatic =#-
electrons with the neighboring C=C and C=0 electrons enforces a near-planarity.! The
near-planar conformation of dehydrophenylalanine will result in a greater steric interaction
between the phenyl group and the adjacent amide group, as shown in 1.15, which
ultimately restricts the g-angle of the dehydroamino acid.3! This restriction, through the
increased A1,3-strain, biases the N and the C termini towards cyclization. Interestingly, a
peptide containing three consecutive dehydroalanine units has been shown to adopt an

extended conformation, where all the amide groups show near-planarity.? This example
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suggests that the steric interactions of the group at the B-carbon of the dehydroamino
acid correlates to its ability to induce a turn.
1.1.7 Conclusion

In conclusion, we have demonstrated dehydrophenylalanine as an effective and
traceless turn-inducer in the synthesis of dichotomin E. NMR analysis reveals that
unsaturated pentapeptide 1.3 adopts a cyclic, preorganized structure. The enamide
serves as a turn-inducer to facilitate ring-closing, without the need for high dilution.
Moreover, it is a convenient functional handle for the late-stage construction of natural
products and their derivatives. In SPPS, the overall yield is typically exceptional because
each step in this linear approach is driven by exploiting excess reagents.>3 Combined with
the need for dilute solvent conditions, the amount of waste generated in this traditional
approach to cyclic peptide construction is significant. Our approach aims for a more
efficient synthesis of cyclic peptides, especially on a large scale, while SPPS enables a
rapid synthesis of peptide libraries on a small scale. Future studies in our laboratory are
focused on better understanding (1) the scope and limitations of dehydroamino acids as
turn-inducers for macrocyclization and (2) the mechanism of tandem hydrogenations in
cyclic enamides. We expect that our simple, yet effective, strategy for ring-closing will be
of use to chemists interested in accessing cyclic pentapeptides for use as biological

probes and therapeutics.

11



1.2 Molecular Recognition of Peptides in Rh-Catalyzed Hydrogenation:
Evidence for a Unidirectional Reduction

1.2.1 Introduction

Through the art of synthesis, chemists build simplified models to understand our
world at the molecular level. Emulating the ribosome, a catalyst key to the central dogma
of biology, represents an important and challenging endeavor.5*%¢ The ribosome
recognizes a specific start codon in the mRNA strand and catalyzes the sequential
synthesis of a peptide in the N to C direction (Figure 1.10a). This flow of sequence-specific
information is encoded by sets of nucleic acids.®” In a pioneering study, Leigh and
coworkers synthesized an artificial small-molecule machine that mimics certain aspects
of the ribosome.%® Leigh’s machine features a stoichiometric amount of thiol that moves
along the rotaxane to construct a hexapeptide in the C to N direction (Figure 1.10b).
Through the elegant design of the mechanically-strained molecular machine, the peptide
sequence is governed by the order of pre-installed amino acid building blocks on the
rotaxane. Yet, an intriguing challenge in designing a chemical model for ribosomal peptide
synthesis is the demonstration of a synthetic catalyst to identify an initial site for a
sequential functionalization. Herein, we describe that catalytic amounts of a rhodium-salt
can recognize information encoded in a macrocycle containing a sequence of prochiral
units to create a cyclic peptide via hydrogenation with high levels of stereocontrol (Figure
1.10c). On the basis of combined experimental and theoretical studies, we provide
evidence for a uniqgue mechanism that involves unidirectional reduction to set four
stereocenters around a macrocyclic ring. Thus, our ribosome-mimic builds a saturated
peptide in the C to N direction. Our study provides a blueprint for using cascade catalysis
59 in building cyclic peptides.
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a) Ribosomal recognition of mMRNA (in Nature)
N to C direction

AWLG LG G U WA)ICAC UL TC

ribosome

b) Synthetic rotaxane enables directional peptide synthesis (Leigh, 2013)

C to N direction

tBu tBu oligopeptide

c) Molecular recognition of dehydrophenylalanine enables unidirectional cascade reduction (this work)

Catalyst
recognition

Cto ;\I ;irection cyclic peptide

Figure 1.10 Mimicking features of the ribosome with a simplified model system

Cyclic peptides have attracted attention due to their enhanced metabolic stability,
10 conformational rigidity,®® and potential to mimic protein—protein interactions.®* As a
result, these circular structures continue to inspire the invention of synthetic tools and
strategies.> The classic approach relies on coupling chiral, enantiopure amino acid
building blocks to generate a linear peptide prior to ring-closing.6? However, valuable
enantiopure linear peptides are often affected at the macrocyclization step, suffering from
C terminal epimerization and competing oligomerization.®® In contrast, we imagined first
constructing a dehydropeptide using achiral building blocks. On the basis of previous
studies, this linear dehydropeptide should readily ring-close to generate a macrocycle
more efficiently than its saturated counterpart.®* In addition to the advantage of efficient
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ring-closing, a transition metal catalyst could be used to achieve a unidirectional cascade
hydrogenation to furnish the requisite stereogenic centers in a single step.

1.2.2 Synthesis of Cyclic Dehydropeptides
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Figure 1.11 a) Solid phase peptide synthesis. b) Modified version Bergmann's peptide synthesis

In accordance with this blueprint, we prepared the linear pentapeptide 1.19
containing four dehydrophenylalanines (APhe) from oxazolone 1.18 using a modified
version of Bergmann’s peptide synthesis.®® In contrast to conventional solid phase
peptide synthesis (Figure 1.11a), which uses excess of reagents and produces abundant
waste byproducts, acetic acid is produced as the only byproduct in his approach (Figure
1.11b). The two-step peptide elongation involves an isolable oxazolone intermediate as
an activated form of carboxylic acid, which could ring-open in the presence of an amine
nucleophile such as racemic B-phenylserine 1.16. Then, the resulting peptide 1.17 is
activated with sodium acetate and acetic anhydride to afford an elongated oxazolone.
Following these iterations, we obtained the linear pentapeptide 1.19 in 53% yield over six

steps (Figure 1.12). After deprotection of linear precursor 1.19 using TFA, DMAP was
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added as a nucleophilic catalyst to facilitate aminolysis to afford the corresponding cyclic
dehydropeptide 1.20 in 81% yield with no dimerization observed, despite the relatively

high concentration (0.1 M) (eq 2).
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Figure 1.12 Synthesis of linear pentapeptide 1.19
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1.2.3 Diastereoselective Hydrogenation of Cyclic Dehydropeptides

To provide a more convenient handle for NMR analysis, we also prepared
fluorinated analogue 1.21. Considering that there are four dehydroamino acid residues in
1.21, full reduction could generate a total of sixteen possible stereoisomers. Surprisingly,
when a combination of [Rh(cod)2]BF4 and an achiral ligand (1,3-

bis(diphenylphosphino)propane, dppp) was used as a catalyst, one diastereomer was
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formed in 88% yield and with excellent diastereocontrol (20:2:1:1:1 dr) (Figure 1.13, top
right).®® Through independent synthesis from D- and L-phenylalanine, we confirmed that
this isomer was (+) cyclic D,L-a-peptide 1.25. Of note, cyclic D,L-a-peptides have been
used as therapeutic agents against gram negative and gram positive bacteria.®”-¢ In stark
contrast, Pd/C produced a racemic mixture of all eight possible diastereomers, which

were detected by °F-NMR spectroscopy and LC-MS analysis (Figure 1.13, left).®°

[Rh(cod),]BF4 (5 mol%) 0 Ph
dppp (5 mol%)
H, (7 atm) HL j\f
MeOH/DMF (4:1)

NH HN
40°C,48h o "
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Ph Q]
0
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N 0 H, (7 atm) o NH T HN ph )-1.25

o NH T HN PP MeOH/DMF f
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o Fh via "9F-NMR [Rh(cod),]BF (5 mol%) RLN/\,&O
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X = H (1.20) rt, 48 h NH HN’%
X=F(1.21) 86%, 99% ee D =
Ph 0" “—pn
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Figure 1.13 Hydrogenation of cyclic dehydropeptides
The essentially complete diastereoselectivity observed in the presence of a simple,

achiral ligand (i.e. dppp) suggests that this reduction is proceeding in a specific order
about the macrocyclic ring and is controlled by the sequence of the substrate. This in turn
implies that the hydrogenation is initiated by recognition of the Rh-catalyst to a specific
dehydrophenylalanine. To understand the intriguing finding, we performed further
experimental and theoretical studies to elucidate the mechanism of the diastereoselective

reduction.
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1.2.4 Mechanistic Support for a Unidirectional Reduction

h Ph
(0] z
HL [Rh(dppp)(cod)]BF 4 HLN:‘.\fO
(5 mol%) N o Ph
HZ 7 atm (0] f
]
/ NH HN MeOH/DMF(4 1) NH _HN

time, 40 °C }—2‘ 0

(0] —Ph
[Rh(1)] 1.21 (+)-1.25
H, ! L
1.21 t=0 min
[Rh(N)]
T Ha
oPh A OPD 1.21 122 t=7 min
P i & R\
NH 'H  HN © /lé—"—“"*/\““*—“““‘“:—“
fo'ﬁ i prh 1.24 1.23
Pl 50 /, M.
H'R’h/ R 7 t=16h
H 1.25 1.24
‘__3//. O 0 |
\ 1.25 t=48h HLH 4 (0]
— J\ ) . NH HN
Ph o<, 3
o )y @ 77
HL J\f anso 1250 ?? tess 117.05 117.25 NH HN o
N2 o) 1 (ppm) >_6
H Ph Ph 0 “—Ph

o= Hiﬁ 0 J\f
: HL
1 -1.24
N2\ -0 (+)-1.
NH HNTY H oh

F
NH HN
Omph \ o : f /
(+)-1.22 NH AN o) [Rh(1)]
[Rh(] }—2‘
F H, 0 “—Ph Ha
(+)-1.23

F
Figure 1.14 Mechanistic support for unidirectional reduction

First, we tested the hypothesis of a strictly sequential reduction.

If the

hydrogenation proceeds in one direction around the ring starting with a specific

dehydrophenylalanine (highlighted in green, Figure 1.14), three intermediate macrocycles

would arise (such as 1.22, 1.23, and 1.24). By stopping the reduction of cyclic peptide

1.21 at various time points, three distinct intermediates were observed by °F-NMR

spectroscopy. Next, we independently prepared and characterized cyclic peptides 1.22,

1.23, and 1.24. The spectroscopic data for these three structures matched the structure

of the aforementioned intermediates by °F-NMR (Figure 1.14). Moreover, when

intermediate 1.22 was subjected to the Rh-catalyzed hydrogenation conditions, the
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corresponding cyclic peptide 1.25 was obtained in 76% yield and 20:<1:<1:<1:<1 dr
(Table 1.1). Similarly, when we subjected cyclic peptide 1.23 to hydrogenation, we also
observed cyclic peptide 1.25 in 99% vyield and 20:<1:<1:<1:<1 dr. Finally, hydrogenating
cyclic peptide 1.24 gave the desired peptide in 99% vyield and 20:<1:<1:<1:<1 dr.
Together, these experiments support the proposed intermediates that arise during a

sequential reduction that occurs with high anti diastereoselectivity.

Table 1.1 Subjecting synthesized intermediates to hydrogenation conditions
Ph

o / o N
HL 4 o [Rh dppp)(cod)]BF 4 HLN/\/&O
5mo|% H Ph
NH HN Hp (7atm) o N0 BN
1 —>
NH HN MeOH/DMF (4:1) NH HN

0 48 h, 40 °C — o}
m O “—Ph

1.22-1.24 1.25
F F

entry cyclic peptide yield dr

1 L-(4-F)Phe APhe,APhesAPhey (1.22)  76%  20:<1:<1:<1:<1
28 L-(4-F)Phe D-Phe,APhesAPhe, (1.23)  99%  20:<1:<1:<1:<1

3b L-(4-F)Phe D-PhesL-PheszAPhey (1.24)  99%  20:<1:<1:<1:<1

2 at 60 °C, 20 atm H,. © in THF solvent at 80 °C, 40 atm H,

Next, we studied the structural origin of the experimentally observed anti selectivity
through theoretical studies in collaboration with Eric Hansen and Professor Olaf Wiest at
the University of Notre Dame. Given the complexity of cyclic dehydropeptide 1.20, even
a minimal conformational analysis of the transition state is not feasible. We therefore used
the transition state force field (TSFF) for the Rh-catalyzed hydrogenation of enamides,”
which we developed previously using the quantum guided molecular mechanics (Q2MM)
method.”* This method was previously shown to allow the rapid exploration of the

conformational space at the transition state using Monte Carlo sampling, and by
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Boltzmann averaging of the relative energies of the conformational ensembles of the
diastereomeric transition structures, to accurately predict the stereochemistry of the

hydrogenation.’?

r__ APhe == ‘f _;\
ﬁ
Phel\j | 7
/7 1 [ R iR - » 8 7
J i . APhe>—-s/ b 5 °
‘- / Gly \ (_ 4: \ :
%) = Gly
1.264% ] 1.264t
C  Predicted selectivities tor sequential D Predicted selectivities for the
hydrogenation of 1.20 2nd reduction of 1.20 at various positions
Reduction  Position anti:syn Position anti: syn
2nd APhe, 77.8:1 APhe, 77.8:1
3rd APhe, 713:1 APhe, 12.0:1
4th APhe, 29.7:1 APhe, 0.2:1

Figure 1.15 Transition structures 1.26,* for anti (left) and 1.26* for syn (right)
hydrogenation at site APhez. Non-reacting hydrogens have been hidden and
phenyls on the ligand are shown transparent for clarity

Figure 1.15 summarizes the results of these simulations for the cyclic
dehydropeptide 1.20 using [Rh(dppp)]*. Figure 1.15a and 1.15b shows the lowest energy
transition structures 1.26a* and 1.26s* for the second reduction of cyclic dehydropeptide
1.20 leading to the anti (left) and syn (right) diastereoselectivity, respectively. The
accessible conformational space of the cyclic dehydropeptide is complex, and no single
conformation or interaction is solely responsible for the calculated and experimentally
observed preference. Nevertheless, analysis of the conformations of 1.26a* and 1.26s%
shows that in order to position the side chains at Pheix and APhez in a pseudo-equatorial
position to minimize steric repulsion with the dppp ligand, the backbone of the cyclic

dehydropeptide is distorted into a strained conformation. As a result, one amide bond in
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1.26st is forced into an energetically unfavorable cis”® conformation (highlighted in green,
Figure 1.15b), favoring the transition structure leading to the observed anti selective
hydrogenation. Clustering of the low-energy transition structures also shows that the
transition structures for the hydrogenations at APhes and APhes leading to the
experimentally observed product are stabilized by more intramolecular hydrogen bonds

(Figure 1.16 and Figure 1.17).

Figure 1.16 Hydrogen bonding in pro-anti 1R2S3R™ (left) and pro-syn 1R2S3S™
(right)

Figure 1.17 Hydrogen bonding in pro-syn 1R2S3R4R™ (left) and pro-anti 1R2S3R4S™ (right).

Moreover, after the first hydrogenation at APhez1 in cyclic dehydropeptide 1.20, the
subsequent reductions occur anti with predicted selectivities ranging from 30:1 to 78:1 dr

20



(Figure 1.15c), in good agreement with the experimentally observed diastereoselectivity
of 20:<1:<1:<1:<1 (cf Table 1.1). It is noteworthy that the final hydrogenation at APhea is
the least selective one, suggesting that the diastereoselectivity is related to the increased
flexibility of the cyclic dehydropeptide.

The computational studies also allow us to probe the basic hypothesis of a
sequential, unidirectional hydrogenation controlled by the interplay between the substrate
and Rh-catalyst. Figure 1.15d shows the results for the expected diastereoselectivity for
the second hydrogenation at the three possible centers. Only the simulations for the
sequential hydrogenation at APhe:2 leads to the experimentally observed result, while
reaction at APhes or APhes would lead to significantly different or even opposing
diastereoselectivities. Together, the experimental and computational results demonstrate
that the Rh-catalyst preferentially binds to APhei for the initial reduction of cyclic
dehydropeptide 1.20. We hypothesize that the adjacent glycine residue, containing a sp3-
hybridized a-carbon, enables the flexibility for the Rh-catalyst to bind in a reactive
conformation to initiate the sequential reduction.3® As the hydrogenation proceeds in the
C to N direction, the next APhe in the sequence becomes more flexible and is
hydrogenated in the next step.

Finally, we studied the question of whether an appropriate chiral ligand can
override the diastereoselectivity observed when using the Rh-dppp catalyst. Among the
thousands of chiral phosphine ligands developed for asymmetric hydrogenation,”
Duanphos is the best for reduction of a-(acetamido)acrylate derivatives %6. We previously
used Duanphos to access cyclic peptides by overriding substrate bias in the synthesis of

the chickweed natural product, dichotomin E.®* With 5 mol% [Rh(cod)z2]BFs, (R,R’,S,S’)-
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Duanphos gave cyclic peptide 1.27 in 86% isolated yield and 99% ee (Figure 1.13, bottom
right).
1.2.5 Conclusion

Molecular recognition between transition metal catalysts and amino acid
sequences is a powerful strategy in organic synthesis.”> Through our combined
experimental and theoretical study, we have demonstrated the first example of a
unidirectional hydrogenation controlled by a small synthetic peptide. This catalyst-
substrate recognition has further implications in the construction of cyclic peptides using

tandem hydrogenation and the study of molecular recognition in synthetic systems.
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1.3 Experimental Data

1.3.1 Experimental Details for Application of Dehydrophenylalanine as a Turn Inducer in
the Synthesis of Dichotomin E

The data shown Figure 1.7 and Figure 1.8 were obtained by J.R. and N.K., and
the reader is directed to the Supporting Information of the published manuscript®* for the
details of those experiments. This experimental section will focus on my contributions to

the project.

Typical procedures for synthesis of linear pentapeptides
i) Synthesis of Gly-Tyr-Ala-APhe-Ala 1.3

o o EDCIsHCI Ph OH 1) Boc,O, DMAP
BocHN\)k HoN HOBt-H,0 o} L{ MeCN
Y OH + OMe Et3N, DCM BocHN\)LN OMe 2) NH
HO” “Ph (76%) me 10 Me~y~y-Me
Me Me
1.8

0,
) LIOH, THF/H,0 (99%) (o1 /o 2 steps)

BocHN\)k jﬁ(OMe 2) L-Ala-OMe TFA. \)k jﬁf \)kOMe

EDCI-HCI
HOBtH,O
i-PryEtN, DCM (64%)
3) TFA, DCM, TIPS
quantltatlve

HATU
HOAt
2,4,6-collidine 0
DMF
BocHN\)k OHTBOCHN \)k jﬁ( \)kOMe
0
O
1 10

1) LiOH, THF/H,0

Ph
2)TFA, DCM, TIPS~ TFA: H @] w9
1.10 _ > H.N N N
\ Qk AR,
O Me O Me

(97%, 2 steps)

1.9 1.4

Figure 1.4 Synthesis of unsaturated pentapeptide 1.3

Representative peptide coupling with EDCI (Method A): To a round bottom flask
equipped with a stir bar was added Boc-L-alanine 1.6 (5.00 g, 26.4 mmol), DL-(3-OH)—

Phe-OMe 1.7 (6.13 g, 26.4 mmol), HOBt'H20 (4.29 g, 31.7 mmol), and DCM (100 mL).
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The mixture was cooled to 0 °C and EtsN (9.16 mL, 66.1 mmol) was subsequently added.
EDCI'HCI (6.08 g, 31.7 mmol) was added in portions and the reaction gradually warmed
to rt and stirred for 22 h. The reaction mixture was transferred to a separatory funnel and
was washed with 100 mL sat. NaHCOs (aq), 100 mL 10% KHSO4 (aq), and 100 mL brine.
The organic phase was dried over Na2SOa, filtered, and concentrated under reduced
pressure. The unpurified reaction mixture was then purified by column chromatography

(eluting with 20:1 DCM/MeOH) to afford dipeptide 1.8 as a white solid (7.4 g, 76%).

Representative elimination to form dehydroamino acid (Method B): The procedure
was adapted from Suarez.** To a round bottom flask equipped with a stir bar was added
dipeptide 1.8 (7.40 g, 20.2 mmol), DMAP (244 mg, 2.00 mmol) and MeCN (60 mL). The
mixture was cooled to 0 °C and Boc20 (4.63 g, 21.2 mmol) was quickly added. After
disappearance of starting material analyzed via LC-MS, tetramethylguanidine (0.77 mL,
6.1 mmol) was added. After 12 h, the reaction mixture was concentrated under reduced
pressure and then purified by column chromatography (eluting with 20:1 DCM/MeOH) to

afford the unsaturated dipeptide 1.9 as a white solid (6.4 g, 91%, 2 steps).

Representative hydrolysis procedure (Method C): To a round bottom flask equipped
with a stir bar was added methyl ester 1.9 (6.40 g, 18.4 mmol), THF (90 mL), and H20
(90 mL). The mixture was cooled to 0 °C and 1M LIiOH (aqg) (19 mL, 19 mmol) was
subsequently added. The reaction gradually warmed to rt and stirred for 14 h. The
reaction mixture was acidified with 10% KHSOa4 (aq), and the THF was concentrated
under reduced pressure. The reaction mixture was transferred to a separatory funnel

where it was extracted with ethyl acetate (3 x 100 mL). The organic layer was washed
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with 100 mL brine, dried over Na2SO4, filtered, and concentrated under reduced pressure

to afford carboxylic acid S1 as a colorless oil (6.1 g, 99%).

Representative Boc-deprotection (Method D): To a round bottom flask equipped with
a stir bar was added Boc-protected amine S2 (638 mg, 1.52 mmol), triisopropylsilane
(0.33 mL, 1.6 mmol), and DCM (15 mL). The reaction mixture was cooled to 0 °C and
TFA (1.17 mL, 15.2 mmol) was slowly added. The reaction slowly warmed to rt and stirred
for 24 h. The DCM was concentrated under reduced pressure and to the mixture was
added toluene to form a TFA azeotrope, which was subsequently concentrated under
reduced pressure. The reaction mixture was further dried on the high vacuum and
subsequently triturated with Et20 to afford amine 1.4 in quantitative yield which was used

without further purification.

Preparation of DL-(B-OH)-Phe—-OMe 1.7 (Method E):

0 0
v L NaOH, H,0 "N\ OH SOCly, MeOH Ph._OH
H 2 OH HCl OH 0-570°C OMe
T HN = "HN
(95%) (81%) 5
1.16 1.7

To a stirring solution of NaOH (60 g, 1.5 mol) in water (250 mL) at rt was added glycine
(75 g, 1.0 mol). The solution was stirred for 10 min and benzaldehyde (215 mL, 2.1 mol)
was added and the solution was stirred for 20 min. The solution became a beige emulsion
and the solid was broken apart. Concentrated HCI (aq) (130 mL) was added slowly and
the mixture stirred until the beige solid was consumed to give a clear yellow solution.

Shortly, beige precipitates were observed and the mixture was cooled to 0 °C. The beige
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solid was collected via vacuum filtration and the solid was washed with Et20. The solid
was dried in vacuo to give 1.16 an off-white solid (172 g, 95%). Characterization data was
consistent with those previously reported.”®

To a round bottom flask equipped with a stir bar was added 1.16 (25 g, 138 mmol) and
anhydrous MeOH (190 mL) under N2 and the mixture was cooled to 0 °C. Thionyl chloride
(22.5 mL, 310 mmol) was subsequently added dropwise and the reaction stirred overnight
for 16 h at 70 °C. The reaction mixture was concentrated under reduced pressure,
redissolved in DCM, and subsequently concentrated again (2x). The resulting white solid
was washed with Et20 to afford DL-(B-OH)—-Phe—OMe 1.7 was an off-white solid (26.0 g,

81%). Characterization data was consistent with those previously reported.’’

Methyl 2-((S)-2-((tert-butoxycarbonyl)amino)propanamido)-3-hydroxy-3-
phenylpropanoate (1.8)

JM;(H o The product was prepared by method A using Boc alanine 1.6 (5.00
o Oph:Ei:OMe g, 26.4 mmol) and purified by column chromatography (eluting with
90:10 DCM/MeOH) to afford a white solid (7.4 g, 61%, 1:1 dr). *H NMR (499 MHz, DMSO)
57.89 (d, J = 9.1 Hz, 1H), 7.76 (d, J = 8.9 Hz, 1H), 7.45 — 7.32 (m, 4H), 7.31 — 7.24 (m,
4H), 7.25 — 7.19 (m, 2H), 7.00 (d, J = 8.0 Hz, 1H), 6.86 (d, J = 8.0 Hz, 1H), 5.92 (d, J =
4.8 Hz, 2H), 5.14 (dd, J = 4.9, 3.2 Hz, 1H), 5.12 — 5.06 (m, 1H), 4.55 (ddd, J = 12.7, 9.0,
3.2 Hz, 2H), 4.10 — 3.84 (m, 2H), 3.65 (s, 3H), 3.61 (s, 3H), 1.39 (s, 9H), 1.38 (s, 9H),
1.02 (d, J = 7.2 Hz, 3H), 0.94 (d, J = 7.2 Hz, 3H). 13C NMR (126 MHz, DMSO) & 172.96,
172.91,170.61, 154.88, 154.82, 141.57, 141.47,127.76, 127.73, 127.25, 127.16, 126.38,

126.14, 109.52, 78.15, 77.97, 72.22, 72.11, 58.05, 52.02, 51.99, 49.78, 49.29, 28.21,

26



18.30, 17.96. IR (ATR): 3337, 3013, 2978, 1660, 1498, 1365, 1168 cmt. HRMS (ESI-

TOF) m/z calc’d for C1sH26N20sNa [M+Na]*: 389.1689, found: 389.1687.

Methyl (S,Z2)-2-(2-((tert-butoxycarbonyl)amino)propanamido)-3-phenylacrylate
(1.9)
o The product was prepared by method B using methyl ester 1.8 (7.40

Me H
N
BocHN/Hf | OMe
O
Ph

93:7 DCM/MeOH) to afford the product as a white solid (6.4 g, 91%, 2 steps). 'H NMR

g, 20.2 mmol) and purified by column chromatography (eluting with

(400 MHz, DMSO) & 9.56 (s, 1H), 7.77 — 7.64 (m, 2H), 7.43 — 7.30 (m, 3H), 7.26 (s, 1H),
7.03 (d, J = 7.2 Hz, 1H), 4.21 — 4.05 (m, 1H), 3.70 (d, J = 1.4 Hz, 3H), 1.41 (s, 9H), 1.26
(d, J = 7.2 Hz, 3H). 3C NMR (126 MHz, DMSO) & 173.13, 165.41, 155.23, 133.31,
132.11, 130.23, 129.47, 128.49, 125.92, 78.05, 52.16, 49.82, 28.24, 17.40. IR (ATR):
3291, 3005, 2979, 1673, 1490, 1249, 1162 cm™. HRMS (ESI-TOF) m/z calc'd for

C18H24N20sNa [M+Na]*: 371.1583, found: 371.1588. [a]?*p +66 (c = 0.46, MeOH).

(S,2)-2-(2-((tert-butoxycarbonyl)amino)propanamido)-3-phenylacrylic acid (S1)
Me ., O The product was prepared by method C using unsaturated dipeptide

N
o Ophj)kOH 1.9 (6.40 g, 18.4 mmol) and obtained as a white solid (6.0 g, 99%). ‘H
NMR (500 MHz, DMSO) & 12.68 (s, 1H), 9.39 (s, 1H), 7.76 — 7.55 (m, 2H), 7.42 — 7.32
(m, 3H), 7.28 (s, 1H), 7.02 (d, J = 7.3 Hz, 1H), 4.21 — 4.05 (m, 1H), 1.40 (s, 9H), 1.25 (d,
J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCIz) 5 172.66, 166.30, 155.21, 133.68, 131.83,
130.14, 129.19, 128.39, 126.52, 78.03, 49.83, 28.25, 17.52. IR (ATR): 3281, 2980, 1685,
1539, 1162 cmt HRMS (ESI-TOF) m/z calc’d for Ci7H22N20sNa [M+Na]*: 357.1426,

found: 357.1419. [a]?°p +70 (c = 0.25, MeOH).
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Methyl ((2)-2-((S)-2-((tert-butoxycarbonyl)amino)propanamido)-3-phenylacryloyl)-
L-alaninate (S2)

Me H (o] Me
BocHNJ}(N ‘ N/H(OMe
o) H oo
Ph

mmol), and i-Pr2EtN (7.90 mL, 45.6 mmol) and purified by column chromatography

The product was prepared by method A using carboxylic acid

S1 (3.80 g, 11.4 mmol), L-alanine methyl ester (1.60 g, 11.4

(eluting with 85:15 DCM/acetone) to afford the product as a white solid (3.0 g, 64%). H
NMR (499 MHz, DMSO) 6 9.57 (s, 1H), 7.93 (d, J = 6.8 Hz, 1H), 7.65 — 7.49 (m, 2H), 7.42
—7.31(m, 3H), 7.25 (s, 1H), 7.21 (m, 1H), 4.44 — 4.34 (m, 1H), 4.08 — 3.99 (m, 1H), 3.64
(s, 3H), 1.39 (s, 9H), 1.34 (d, J = 7.2 Hz, 3H), 1.23 (d, J = 7.1 Hz, 3H). 3C NMR (126
MHz, DMSO) 5 172.75, 172.71, 164.34, 155.71, 133.83, 130.04, 129.58, 128.84, 128.47,
128.39, 78.35, 51.86, 50.06, 48.23, 28.19, 16.93, 16.71. IR (ATR): 3291, 3017, 2981,
1751, 1685, 1530, 1163 cm™. HRMS (ESI-TOF) m/z calc’d for C21H20N3OeNa [M+Na]*:

442.1954, found: 442.1946. [a]*°p —41 (c = 0.25, MeOH).

Methyl ((2)-2-((S)-2-aminopropanamido)-3-phenylacryloyl)-L-alaninate (1.4)

Me H O Me
TFA N OM
Sy Aoy o
(¢] (¢]
Ph

quantitative yield. *H NMR (499 MHz, DMSO) & 9.95 (s, 1H), 8.46 (d, J = 7.1 Hz, 1H),

The product was prepared by method D using tripeptide S2

(5.60 g, 13.3 mmol) and obtained as a white solid in

8.22 — 8.14 (m, 2H), 7.60 — 7.52 (m, 2H), 7.49 — 7.39 (m, 2H), 7.38 — 7.33 (m, 1H), 7.16
(s, 1H), 4.41 (p, J = 7.2 Hz, 1H), 4.11 — 4.01 (m, 1H), 3.65 (s, 3H), 1.44 (d, J = 7.0 Hz,
3H), 1.35 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO) & 172.95, 169.08, 164.31,

133.67, 129.40, 129.08, 128.91, 128.55, 128.34, 51.91, 48.47, 48.12, 16.87, 16.42. IR
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(ATR): 2996, 1740, 1660, 1519, 1137 cm™*. HRMS (ESI-TOF) m/z calc’d for C16H21N304H

[M+H]*: 320.1610, found: 320.1620. [a]2%5 +90 (c = 0.31, MeOH).

Methyl (tert-butoxycarbonyl)glycyl-L-tyrosinate (S3)
HO Dipeptide S3 was prepared according to method A using Boc-Gly-
o OH (7.10 g, 40.6 mmol), and L-Tyr-OMe (7.20 g, 36.9 mmol) and
BocHN\)kN OMe
H

o purified by column chromatography to afford the product as a white

solid (11.8 g, 82% yield). The characterization data was in agreement with literature.”®

(tert-butoxycarbonyl)glycyl-L-tyrosine (1.5)

HO Dipeptide carboxylic acid 1.5 was prepared according to method C
5 using methyl ester S3 (11.8 g, 33.4 mmol) to afford the product as a
BocHN\)LH OH

S white solid (10.9 g, 96%). The characterization data was in agreement

with literature.”®

Methyl ((2)-2-((S)-2-((S)-2-(2-((tert-butoxycarbonyl)amino)acetamido)-3-(4-
hydroxyphenyl)propanamido)propanamido)-3-phenylacryloyl)-L-alaninate (1.10)

O u To a round botton flask equipped with a stir bar was added
NH HJ\fO pn  Carboxylic acid 1.5 (4.10 g, 12.2 mmol), amine 1.4 (4.80 g, 11.1

HO Oj/ H
OMepnN

BocHN

mmol), HATU (5.00 g, 13.3 mmol), HOAt (0.452 g, 3.32 mmol)
o Me

and DMF (42 mL). The reaction mixture was cooled to 0 °C and

2,4,6-collidine (3.70 mL, 27.7 mmol) was added. The reaction warmed to rt and stirred for

24 h. The solvent was removed under reduced pressure and the product was purified by

column chromatography (eluting with 90:10 DCM/MeOH, increasing in 0.5% increments)
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to afford the product as a white solid (4.32 g, 61%). *H NMR (500 MHz, DMSOQ) & 9.66
(s, 1H), 9.16 (s, 1H), 8.47 (d, J = 5.1 Hz, 1H), 8.00 (d, J = 6.3 Hz, 1H), 7.65 (d, J = 8.2
Hz, 1H), 7.61 — 7.53 (m, 2H), 7.44 — 7.37 (m, 2H), 7.38 — 7.32 (m, 1H), 7.27 (s, 1H), 6.98
(d, J=8.2 Hz, 2H), 6.94 (t, J = 6.2 Hz, 1H), 6.60 (d, J = 8.4 Hz, 2H), 4.48 (td, J = 8.4, 4.3
Hz, 1H), 4.40 — 4.18 (m, 2H), 3.64 (s, 3H), 3.54 (dd, J = 16.8, 6.1 Hz, 1H), 3.43 (dd, J =
16.8, 6.0 Hz, 1H), 2.88 (dd, J = 14.1, 4.3 Hz, 1H), 2.67 (dd, J =14.1, 8.6 Hz, 1H), 1.36 (s,
9H), 1.31 (d, J = 7.1 Hz, 3H), 1.26 (d, J = 7.3 Hz, 3H). 13C NMR (126 MHz, DMSO) 5
173.10,172.16, 171.74, 169.06, 164.27, 155.84, 155.80, 133.82, 130.25, 130.22, 129.58,
128.94, 128.51, 128.40, 127.33, 114.84, 78.15, 53.39, 51.86, 49.24, 48.52, 43.26, 36.74,
28.17, 16.66, 16.49. IR (ATR): 3305, 2974, 1656, 1514, 1160 cm™. HRMS (ESI-TOF) m/z
calc’d for Cs2Hs1NsOgNa [M+Na]*: 662.2802, found: 662.2817. [a]*®p —82 (c = 0.25,

MeOH).

((2)-2-((S)-2-((S)-2-(2-aminoacetamido)-3-(4-

hydroxyphenyl)propanamido)propanamido)-3-phenylacryloyl)-L-alanine (1.3)

O Me To a round bottom flask equipped with a stir bar was added
N o
HOQZ;NiLH HN_ Ph methyl ester 1.10 (4.20 g, 6.60 mmol), THF (30 mL), and H20
OH
TFﬂzN OHMNe o) (30 mL). The mixture was cooled to 0 °C and 1M LiOH (aq) (7.26

mL, 7.26 mmol) was subsequently added. The reaction was allowed to gradually warm to
rt and stirred for 48 h. The reaction mixture was acidified with 10% KHSO4 (aqg) and the
THF was concentrated under reduced pressure. The reaction mixture was transferred to
a separatory funnel where it was extracted with ethyl acetate (3 x 100 mL). The organic

layer was washed with 100 mL brine, dried over Na2SOu, filtered, and concentrated under
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reduced pressure to afford carboxylic acid S4 which was used in the next step without
further purification.

To a round bottom flask equipped with a stir bar was added carboxylic acid S4 (6.60
mmol), and DCM (60 mL). The reaction mixture was cooled to 0 °C and TFA (5.1 mL, 66
mmol) was slowly added. The reaction slowly warmed to rt and stirred for 14 h. The DCM
was concentrated under reduced pressure and to the mixture was added toluene to form
a TFA azeotrope, which was subsequently concentrated under reduced pressure. The
reaction mixture was further dried on the high vacuum and subsequently triturated with
Et20 to afford unsaturated peptide 1.3 (4.0 g, 97% 2 steps). *H NMR (500 MHz, DMSO)
0 9.62 (s, 1H), 9.22 (s, 1H), 8.56 (d, J = 5.7 Hz, 1H, N-Haiaerm)), 8.52 (d, J = 8.4 Hz, 1H,
N—Hryr), 7.91 (d, J = 6.9 Hz, 3H, N—Haiagny+ay), 7.57 (d, J = 7.7 Hz, 2H), 7.42 — 7.30 (m,
3H), 7.22 (s, 1H), 7.04 (d, J = 8.1 Hz, 2H), 6.64 (d, J = 8.0 Hz, 2H), 4.56 (td, J = 9.2, 3.7
Hz, 1H), 4.39 — 4.22 (m, 2H), 3.55 (d, J = 16.2 Hz, 1H), 3.43 (d, J = 16.2 Hz, 1H), 2.93
(dd, J =14.2, 3.8 Hz, 1H), 2.59 (dd, J = 14.1, 10.1 Hz, 1H), 1.36 (d, J = 7.3 Hz, 3H), 1.31
(d, J=7.1Hz, 3H).2*C NMR (126 MHz, DMSO) 6 174.22, 172.30, 171.59, 165.91, 164.30,
156.09, 134.02, 130.22, 129.90, 129.71, 129.02, 128.81, 128.64, 127.69, 115.13, 54.36,
49.29, 48.38, 40.19, 36.94, 17.25, 16.84. IR (ATR): 3270, 1656, 1515, 1172 cm™t. HRMS
(ESI-TOF) m/z calc’d for C26H31NsO7H [M+H]*: 526.2302, found: 526.2303. [a]?%0 —20 (c

= 0.23, MeOH).
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i) Synthesis of Gly-Tyr-Ala-Phe-Ala 1.11
Glycyl-L-tyrosyl-L-alanyl-L-phenylalanyl-L-alanine (1.11)

Linear pentapeptide 1.11 was manually synthesized via Fmoc
Q/\NdkHJH\fO e SOlid phase peptide synthesis (SPPS) using 2-chlorotrityl
chloride (CTC) resin (substitution 1.1 mmol/g). The resin (0.360
g, 0.400 mmol) was swelled in anhydrous DCM (20 mL) for 45
min. The beads were washed once with DMF (peptide grade). DMF (10 mL), Fmoc-Ala-
OH (500 mg, 1.60 mmol) and i-Pr2EtN (2.5 mL) were added and allowed to mix under N2
for 15 minutes. The coupling with Fmoc-Ala-OH was repeated again. After the double
coupling, the beads were washed with DMF and the Fmoc group was deprotected with
20% 4-methylpiperidine in DMF (20 mL) for 15 minutes. This deprotection was repeated
again. The resin was washed three times with DMF (15 mL) and a Kaiser test was
performed to determine presence of deprotected amine. The beads were washed once
with N-methyl-2-pyrrolidone (15 mL). To begin the next coupling, NMP (10 mL), Fmoc-
Phe-OH (620 mg, 1.6 mmol), HBTU (610 mg, 1.6 mmol), and i-Pr2EtN (2.5 mL) were
added and the resin bubbled under N2 for 30 min. The completion of the coupling was
monitored by the Kaiser test. If incomplete, the coupling step was repeated again. The
resin was washed three times with DMF (15 mL). The deprotection of the Fmoc group
was repeated as above two times. To elongate the peptide, the coupling and deprotection
steps were performed with Fmoc-Ala-OH, Fmoc-Tyr-OH, and Fmoc-Gly-OH. After the last
amino acid was deprotected, the beads were washed three times with DMF. To the resin
was added 40 mL cleavage solution (95% TFA, 2.5% H20, 2.5% TIPS), and the resin

bubbled under N2 for 3 h. A new receiving flask was replaced on the peptide synthesizer
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and the TFA was drained into the new flask. The TFA solution was separated into 4
conical vials and cold ether (—20 °C) was added to precipitate the peptide. The vials were
centrifuged (3000 rpm, 0—4 °C) for 20 minutes. The remaining TFA and ether solution
was decanted from the conical vials and the peptide precipitate was concentrated. The
peptide was dissolved in 18 mL (10% MeCN/H20), filtered through a 0.20 micron filter,
and purified by RP-HPLC on a Cis column (eluting with MeCN and H20 containing 0.1%
TFA, linear gradient 10-35% MeCN over 30 min). The pure fractions were combined,
concentrated under reduced pressure, and then lyophilized to afford the product as a
white powder (136 mg, 64%). *H NMR (400 MHz, DMSO) 6 9.19 (s, 1H), 8.51 (d, J=8.4
Hz, 1H, N=Hry), 8.29 (d, J = 2.3 Hz, 1H N—Haiagny), 8.27 (d, J = 2.2 Hz, 1H, N—Halaerm)),
7.86 (d, J = 8.2 Hz, 1H, N—Hphe), 7.28 — 7.12 (m, 5H), 7.01 (d, J = 8.5 Hz, 2H), 6.63 (d, J
= 8.5 Hz, 2H), 4.52 (td, J = 8.8, 4.4 Hz, 2H), 4.31 — 4.09 (m, 2H), 3.50 (d, J = 16.3 Hz,
1H), 3.36 (d, J = 16.2 Hz, 2H), 3.05 (dd, J = 14.0, 4.2 Hz, 1H), 2.83 (ddd, J = 16.4, 12.6,
6.2 Hz, 2H), 2.56 (dd, J = 14.1, 10.3 Hz, 1H), 1.28 (d, J = 7.3 Hz, 3H), 1.16 (d, J = 7.1 Hz,
3H). 3C NMR (126 MHz, CDClz) & 174.03, 171.78, 170.58, 165.72, 157.78, 155.87,
137.62, 130.13, 129.32, 128.00, 127.59, 126.24, 114.93, 54.16, 53.40, 48.26, 47.59,
40.08, 37.44, 37.04, 18.23, 17.29. IR (ATR): 3284, 3040, 2928, 1676, 1654, 1636, 1500
cm . HRMS (ESI-TOF) m/z calc’d for C26H33NsO7Na [M+Na]*: 550.2278 found: 550.2266.

[a]?"D —35 (c = 0.26, MeOH).
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iii) Synthesis of Gly-ATyr-Ala-APhe-Ala 1.12

BnO,

HCle O 1) EDCIeHCI BnO
BocHN\)kOH . HN ome . HOBsH,0 S 3) LiOH
i-PryEtN, DCM, S7 (69%) \ H,O/THF
- . BocHN\)kN OMe > o
HO 2) Boc,0, DMAP G M (99%) BocHN\)kN‘ oH
H o

oBn then NH

Me )k .Me
S6 N N S8
Me Me

(82%, 2 steps)

1) EDCleHCI
14 + S9 HOBt.Hzo
Et;N, MeCN, $10 (60%) 3) TFA, DCM, TIPS TFAe \)k
- HoN
2) LIOH, THF/H,0, S11 (99%) " (quantitative) OH

Figure 1.18. Synthesis of linear precursor 1.12

(0]
(0]
KOH, EtOH SOCl,, MeOH
HoN
ﬁH t \)kOH HCI 0%60 °c
BnO 60 °C (61%)

Methyl 2-amino-3-(4-(benzyloxy)phenyl)-3-hydroxypropanoate hydrochloride (S6)

o To a round bottom flask equipped with a stir bar was added glycine (3.0
OHOM g, 40 mmol), KOH (4.5 g, 80 mmol), and EtOH (100 mL). The reaction

e

o 0 mixture stirred for 10 min and changed from a cloudy to clear solution. 4-

Benzoxybenzylaldehyde (17 g, 80 mmol) was added followed by additional portion of

EtOH (40 mL). The reaction mixture stirred for another 30 min at rt before it was heated

to 60 °C and stirred overnight. The resulting solution became vicious. The EtOH was

concentrated under reduced pressure and then H20 (40 mL) followed by concentrated

HCI (8 mL) was added. The cloudy mixture was filtered using vacuum filtration and the
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solid was washed with DCM and Et20 to afford S5 as a light tan solid which was used in
the next step without further purification.
To a round bottom flask equipped with a stir bar under N2 was added S5 (7.90 g, 24.4
mmol) and 49 mL anhydrous MeOH. The reaction mixture was cooled to 0 °C and SOCI2
(3.54 mL, 48.8 mmol, 2 equiv) was added dropwise. The reaction mixture stirred for 30
min at O °C and then at 60 °C for 24 h. The MeOH was concentrated under reduced
pressure. DCM was added to redissolve the compound and then concentrated under
reduced pressure. This process was repeated once more with DCM. The solid was then
triturated with Et20 to afford the product as a light tan solid (8.3 g, 61%, 2 steps). *H NMR
(500 MHz, DMSO) 6 8.43 (s, 2H), 7.44 (d, J = 7.2 Hz, 2H), 7.39 (t, J = 7.5 Hz, 2H), 7.33
(d, J =7.2 Hz, 1H), 7.30 (d, J = 8.6 Hz, 2H), 7.01 (d, J = 8.7 Hz, 2H), 6.46 (d, J = 4.3 Hz,
1H), 5.11 (s, 2H), 5.04 — 4.93 (m, 1H), 4.11 (d, J = 5.6 Hz, 1H), 3.60 (s, 3H). 13C NMR
(126 MHz, CDCl3) & 167.96, 158.16, 137.05, 131.56, 128.45, 127.84, 127.74, 127.64,
114.64, 70.71, 69.16, 58.61, 52.62. IR (ATR): 3243, 3013, 2955, 2933, 1753, 1504, 1244
cmt. HRMS (ESI-TOF) m/z calc’d for C17H19NOsNa [M+Na]*: 324.1212, found: 324.1214.
Methyl 3-(4-(benzyloxy)phenyl)-2-(2-((tert-butoxycarbonyl)amino)acetamido)-3-
hydroxypropanoate (S7)

BnO The product was prepared by method A using Boc-Gly-OH (3.00 g,

%H 17.1 mmol) and S6 (6.37 g, 18.8 mmol) and purified by column

poert N I o chromatography (eluting with 4:1 DCM/acetone) to afford the product
as a white solid (5.4 g, 69%). *H NMR (400 MHz, CDCI3) & 7.44 —7.30 (m, 5H), 7.26 (d,
2H), 6.93 (dd, J = 10.8, 4.0 Hz, 2H), 5.20 (d, J = 3.4 Hz, 1H), 5.13 (s 1H), 5.04 (s, 2H),

4.81 (dd, J = 8.8, 3.4 Hz, 1H), 3.84 — 3.73 (m, 2H), 3.72 (s, 3H), 1.45 (s, 9H). 13C NMR
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(126 MHz, CDCls) & 170.92, 169.84, 158.82, 156.13, 136.95, 131.93, 128.73, 128.15,
127.66, 127.26, 114.96, 80.50, 73.54, 70.11, 58.19, 52.83, 44.26, 28.42. IR (ATR): 3356,
3014, 2978, 1735, 1672, 1509, 1253, 1167 cm. HRMS (ESI-TOF) m/z calc'd for

C24H30N207Na [M+Na]*: 481.1951, found: 481.1958.

Methyl (Z2)-3-(4-(benzyloxy)phenyl)-2-(2-((tert-
butoxycarbonyl)amino)acetamido)acrylate (S8)
BnO The product was prepared by method B using dipeptide S7 (4.70 g,
%( 10.3 mmol) and purified by column chromatography (eluting with 7:3
BOCHNJ&M | I ome hexanes/ethyl acetate) to afford the product as a white solid (3.7 g,
82%, 2 steps). *H NMR (400 MHz, CDCls) d 7.61 (s, 1H), 7.50-7.31 (m, 7H), 6.96 (d, J =
8.8 Hz, 2H), 5.24 (s, 1H), 5.07 (s, 2H), 3.94 (s, 1H), 3.82 (s, 3H), 1.45 (s, 9H). 13C NMR
(126 MHz, CDCIs) & 168.54, 165.85, 160.07, 156.34, 136.59, 133.89, 132.04, 128.80,
128.29, 127.64, 126.33, 121.33, 115.14, 80.68, 70.14, 52.76, 44.99, 28.45. IR (ATR):
3370, 3248, 3009, 2978, 1757, 1667, 1595, 1504, 1248 cm™. HRMS (ESI-TOF) m/z calc’'d

for C24H28N20sNa [M+Na]*: 463.1845, found: 463.1850.

(2)-3-(4-(benzyloxy)phenyl)-2-(2-((tert-butoxycarbonyl)amino)acetamido)acrylic
acid (S9)
BnO The product prepared by method C using methyl ester S8 (3.70 g, 8.40
5 mmol) and was obtained as a white solid (3.5 g, 99%). *H NMR (500
BocHN\)L ‘ OH
N I MHz, DMSO) & 9.28 (s, 1H), 7.57 (d, J = 8.4 Hz, 2H), 7.44 (m, 2H),

7.39 (m, 2H), 7.33 (M, 1H), 7.22 (s, 1H), 7.08 (t, J = 5.6 Hz, 1H), 6.98 (d, J = 8.7 Hz, 2H),
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5.14 (s, 2H), 3.67 (d, J = 5.8 Hz, 2H), 1.39 (s, 9H). **C NMR (126 MHz, DMSO) & 168.83,
166.58, 158.82, 155.89, 136.86, 131.78, 128.79, 128.72, 128.49,127.91, 127.67, 126.74,
114.67,78.07, 69.21, 43.45, 28.23. IR (ATR): 3256, 3005, 2977, 2927, 1691, 1662, 1506,
1182 cm™. HRMS (ESI-TOF) m/z calc’d for C23H26N20eNa [M+Na]*: 449.1689, found:

449.1691.

Methyl ((2)-2-((S)-2-((2)-3-(4-(benzyloxy)phenyl)-2-(2-((tert-
butoxycarbonyl)amino)acetamido)acrylamido)propanamido)-3-phenylacryloyl)-L-
alaninate (S10)

O Me The product was obtained using method A using carboxylic acid

N N o
H

NH " wn Ph S9 (3.0 g, 7.0 mmol), amine 1.4 (3.0 g, 7.0 mmol), EtsN (2.90

BnO Oj
BocHN (}“A\GQN’QJ

e 0 mL, 21.1 mmol), and MeCN (70 mL) as solvent and purified via
column chromatography (eluting with 90:10 DCM/MeOH) to afford the product as a light
yellow solid (3.04 g, 60%). *H NMR (500 MHz, DMSO) 5 9.58 (s, 1H), 9.53 (d, J = 11.6
Hz, 1H), 8.18 (d, J = 4.9 Hz, 1H), 8.04 (d, J = 6.5 Hz, 1H), 7.58 (d, J = 6.3 Hz, 2H), 7.55
(d, J=8.7 Hz, 2H), 7.44 (d, J = 7.2 Hz, 2H), 7.39 (t, J = 7.3 Hz, 4H), 7.37 — 7.30 (m, 3H),
7.19 — 7.13 (m, 2H), 7.01 (d, J = 9.1 Hz, 2H), 5.15 (s, 2H), 4.36 (p, J = 7.1 Hz, 1H), 4.32
— 4.24 (m, 1H), 3.76 — 3.66 (m, 2H), 3.65 (s, 3H), 1.39 (s, 9H), 1.38 — 1.33 (m, 6H). 13C
NMR (126 MHz, DMSO) & 172.98, 172.35, 169.86, 165.90, 164.08, 158.85, 156.25,
136.82,133.72, 131.56, 130.74, 129.65, 129.52, 128.98, 128.51, 128.48, 128.20, 127.91,
127.65, 126.39, 126.05, 114.89, 78.38, 69.22, 51.90, 50.15, 48.39, 43.91, 28.21, 16.82,

16.18. IR (ATR): 3261, 3018, 2982, 2942, 1739, 1716, 1654, 1618, 1600, 1505, 1163 cm"
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1. HRMS (ESI-TOF) m/z calc’d for C3oHasNsOoNa [M+Na]*: 750.3115, found: 750.3097.

[a]255 —32 (c = 0.30, MeOH).

((2)-2-((S)-2-((2)-3-(4-(benzyloxy)phenyl)-2-(2-((tert-
butoxycarbonyl)amino)acetamido)acrylamido)propanamido)-3-phenylacryloyl)-L-

alanine (S11)

0 Me The product was obtained using method C from methyl ester
N N (0]
BRO o NH T pn S10 (2.92 g, 4.01 mmol) as a light yellow solid in quantitative
BocHN Ho}"{“ o yield. *H NMR (400 MHz, DMSO) & 9.58 (s, 1H), 9.55 (s, 1H),
O  Me

8.14 (d, J=5.3 Hz, 1H), 7.88 (d, J = 6.7 Hz, 1H), 7.58 (d, J = 7.3 Hz, 2H), 7.55 (d, J = 8.8
Hz, 2H), 7.44 (d, J = 6.9 Hz, 2H), 7.43 — 7.36 (m, 4H), 7.34 (dd, J = 7.1, 1.8 Hz, 2H), 7.30
(s, 1H), 7.21 (t, J = 5.3 Hz, 1H), 7.18 (s, 1H), 7.01 (d, J = 8.9 Hz, 2H), 5.14 (s, 2H), 4.40
— 4.28 (m, 1H), 4.25 — 4.14 (m, 1H), 3.79 — 3.63 (m, 2H), 1.39 (s, 9H), 1.37 — 1.29 (m,
6H). C NMR (101 MHz, DMSO) d 174.02, 172.29, 169.94, 165.67, 163.74, 158.85,
156.28, 136.86, 133.84, 131.59, 130.33, 129.66, 129.52, 128.88, 128.59, 128.51, 128.44,
127.93, 127.67, 126.50, 126.12, 114.89, 78.37, 69.25, 49.96, 48.69, 43.95, 28.23, 17.37,
16.41. IR (ATR): 3266, 3018, 2982, 2928, 1685, 1654, 1600, 1514, 1244, 1181 cm™.
HRMS (ESI-TOF) m/z calc’d for CssHasNsOgNa [M+Na]*: 736.2958, found: 736.2947.

[a]?’p +18 (c = 0.25, MeOH).
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((2)-2-((S)-2-((2)-2-(2-aminoacetamido)-3-(4-
(benzyloxy)phenyl)acrylamido)propanamido)-3-phenylacryloyl)-L-alanine (1.12)

O Me

= ”/kfo The product was obtained using method D using carboxylic acid

BnO oM BN PR

HO S11 (2.85 g, 3.99 mmol) as a yellow solid in quantitative yield.
TFAH2N HN

o We 'H NMR (400 MHz, DMSO) & 9.63 (s, 1H), 8.39 (d, J = 5.2 Hz,
1H), 7.96 (d, J = 6.9 Hz, 1H), 7.59 (d, J = 7.3 Hz, 2H), 7.54 (d, J = 8.8 Hz, 2H), 7.48 —
7.31 (m, 8H), 7.29 (s, 1H), 7.20 (s, 1H), 7.04 (d, J = 8.7 Hz, 2H), 5.16 (s, 2H), 4.44 — 4.16
(m, 2H), 3.80 (dd, J = 34.5, 16.3 Hz, 2H), 1.43 —1.27 (m, 6H). 13C NMR (126 MHz, DMSO)
o 174.00, 172.31, 166.19, 165.23, 164.00, 158.95, 136.77, 133.83, 131.47, 130.10,
129.77,129.58, 129.50, 128.87, 128.53, 128.48, 127.93, 127.64, 126.11, 125.47, 115.00,
69.26, 50.02, 48.22, 40.71, 17.00, 16.33. IR (ATR): 3261, 3023, 2973, 1689, 1645, 1600,
1509, 1167 cm™. HRMS (ESI-TOF) m/z calc’d for CssH3sNsO7Na [M+Na]*: 636.2434,
found: 636.2422. [a]**p +39 (c = 0.26, MeOH).

iv) Synthesis of Gly-ATyr-Ala-Phe-Ala S14

EDCIeHCI,

0oHN_“on + H2 OMe i-Pr,EtN, DCM BocHN\)k OMe
= z —_—
Me \Ph (91%)

1.6

1) L-Ala-OMe,
EDCIleHCI,

HOBteH,0, TFAe
BocHN\)L jﬁrOH i-ProEtN, DCM $12 (71%) HzN\)k H \)kOMe

) TFA, DCM, TIPS

(quantitative)

O
2) HATU, HOAt, BocHN %( \)k j\ﬂ/ \)kOMe
i-PryEtN,

s9 + s13 DCM/DMF (9:1), (40%)

Figure 1.19 Synthesis of linear precursor S14.
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Methyl (tert-butoxycarbonyl)-L-alanyl-L-phenylalaninate
o Boc-L-Ala-L-Phe-OMe was prepared according to method A using
BocHN\)LN)ﬁ(OMe
e HO G Boc-Ala-OH (3.00 g, 15.9 mmol), and L-phenylalanine methyl ester
(3.76 g, 17.4 mmol) and purified by column chromatography (eluting with 2:1
hexanes/ethyl acetate) to afford the product as a white solid (5.1 g, 91% vyield). The

characterization data was in agreement with literature.”®

(tert-butoxycarbonyl)-L-alanyl-L-phenylalanine
R Boc-L-Ala-L-Phe-OH was prepared according to method C using Boc-
BocHN\)kN)ﬁ(OH
Me 7 0

L-Ala-L-Phe-OMe (5.00 g, 14.3 mmol) to afford the product as a white

solid (4.2 g, 88%). The characterization data was in agreement with literature.8°

Methyl (tert-butoxycarbonyl)-L-alanyl-L-phenylalanyl-L-alaninate (S12)
o L0 Tripeptide S12 was prepared according to method A using Boc-
BOCHN\)LNHN\)kOMe ]
e B0 e L-Ala-L-Phe-OH (4.10 g, 12.5 mmol), and L-Alanine methyl ester
(.90 g, 13.7 mmol) and purified by column chromatography (eluting with 1:1
hexanes/ethyl acetate) to afford the product as a white solid (3.7 g, 71%). The

characterization data was in agreement with literature.

Methyl L-alanyl-L-phenylalanyl-L-alaninate (S13)

TEAe Me O Me The product was prepared by method D using tripeptide S12
Py ove
Opn” o (.00 g, 2.37 mmol) and obtained as a white solid in

quantitative yield. *H NMR (400 MHz, DMSO) & 8.64 — 8.54 (m, 2H), 7.99 (d, J = 3.0 Hz,

2H), 7.32 — 7.25 (m, 4H), 7.25 — 7.16 (m, 1H), 4.58 (td, J = 9.8, 4.2 Hz, 1H), 4.29 (p, J =
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7.2 Hz, 1H), 3.83 = 3.71 (m, 1H), 3.62 (s, 3H), 3.05 (dd, J = 14.0, 4.2 Hz, 1H), 2.79 (dd, J
= 14.0, 10.0 Hz, 1H), 1.32 (d, J = 7.1 Hz, 3H), 1.30 (d, J = 7.3 Hz, 3H). 13C NMR (126
MHz, DMSO) & 172.86, 170.73, 169.56, 137.56, 129.20, 128.18, 126.46, 54.07, 51.94,
47.95, 47.64, 37.29, 17.23, 16.90. IR (ATR): 3727, 3066, 2947, 1652, 1539, 1200, 1136
cm. HRMS (ESI-TOF) m/z calc’d for C16H23N304sH [M+H]*: 322.1767, found: 322.1766.

[a]?*p -9 (c = 0.18, MeOH).

Methyl ((Z2)-3-(4-(benzyloxy)phenyl)-2-(2-((tert-

0 Mo butoxycarbonyl)amino)acetamido)acryloyl)-L-alanyl-L-

A N

(0]
B0 N Pl en phenylalanyl-L-alaninate (S14)

BocHN °>“"ij 5 To a round botton flask equipped with a stir bar was added
oo carboxylic acid S9 (500 mg, 1.17 mmol), amine S13 (562 mg,

1.29 mmol), HOAt (0.452 g, 3.32 mmol), DCM (13.5 mL) and DMF (1.5 mL). The reaction
mixture was cooled to 0 °C and iPr2EtN (0.611 mL, 3.51 mmol) was added. HATU (532
mg, 1.40 mmol) was added in portions and the reaction warmed to rt and stirred for 24 h.
The solvent was removed under reduced pressure and the product was purified by
column chromatography (eluting with 20:1 DCM/MeOH) to afford the product as a white
solid (337 mg, 40%). H NMR (500 MHz, DMSO0) & 9.73 (s, 1H), 8.06 (d, J = 6.5 Hz, 1H),
8.01 (d, J = 6.7 Hz, 1H), 7.82 (d, J = 8.6 Hz, 1H), 7.57 (d, J = 8.7 Hz, 2H), 7.45(d, J = 7.1
Hz, 2H), 7.40 (t, J = 7.4 Hz, 2H), 7.33 (t, J = 7.2 Hz, 1H), 7.28 — 7.21 (m, 4H), 7.21 — 7.12
(m, 2H), 7.02 (d, J = 9.1 Hz, 3H), 5.16 (s, 2H), 4.42 (td, J = 9.8, 4.3 Hz, 1H), 4.23 (m, 1H),
4.16 (m, 1H), 3.76 (qd, J = 16.7, 5.7 Hz, 2H), 3.60 (s, 3H), 3.10 (dd, J = 13.8, 4.1 Hz, 1H),

2.84 (dd, J = 13.8, 10.3 Hz, 1H), 1.37 (s, 9H), 1.27 (d, J = 7.3 Hz, 3H), 1.15 (d, J = 7.2
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Hz, 3H). 3C NMR (126 MHz, CDCl3)  172.79, 171.91, 170.77, 170.41, 165.47, 158.73,
156.21,137.96, 136.86, 131.52, 129.24, 128.49, 128.05, 128.01, 127.92, 127.67, 126.72,
126.43, 126.18, 114.89, 78.35, 69.22, 53.78, 51.84, 49.60, 47.71, 43.84, 36.98, 28.18,
17.12, 16.79. IR (ATR): 3272, 3081, 2984, 1640, 1539, 1515, 1455, 1228, 1173 cm™.
HRMS (ESI-TOF) m/z calc’d for CssHa7NsOgNa [M+Na]™: 752.3271, found: 752.3300.
[a]?%p —42 (c = 0.17, MeOH).

Typical procedures for macrocyclization
i) Cyclization to GIy-Tyr-AIa—APhe-AIa 1.2

HATU (1.2 equiv),

HOAt (1.2 equiv),
/ ProEtN (2.5 equiv), NH
DMF 0°C—rt HO

HN 30 min, 0.1M NH HN
0 )~ ©
(0] Me o Me
1.3 1.2
. selectivity .
concentration (M) (monomer:dimer) yield
0.1 20:1 74%
0.05 39:1 81%

(3S,9S5,12S)-6-((2)-benzylidene)-12-(4-hydroxybenzyl)-3,9-dimethyl-1,4,7,10,13-
pentaazacyclopentadecane-2,5,8,11,14-pentaone (1.2)

To a round bottom flask equipped with a stir bar was added

0 Me
M NJ\fO . peptide 1.3 (50 mg, 0.078 mmol), HOAt (13 mg, 0.094 mmol) and
HO o] HN
N);QN DMF (0.780 mL) and the mixture was stirred until homogenous.
o
o Me

The reaction mixture was cooled to 0 °C and iPr2EtN (0.034 mL,
0.195 mmol) was added dropwise followed by the addition of HATU (36 mg, 0.094 mmol)
and it was subsequently warmed to rt and stirred for 30 min. DMF was then removed
under reduced pressure and the product was purified by column chromatography (eluting

with 93:7 ethyl acetate/MeOH) to afford the product as a white solid (29.4 mg, 74%) in
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20:1 selectivity of monomer over cyclodimer. When the reaction was run on 0.05 M
concentration from 1.3 (0.100 g, 0.156 mmol), the product was isolated as a white solid
(63.7 mg, 81%) in 39:1 selectivity of monomer over cyclodimer. The selectivity was
determined by LC-MS analysis of the unpurified reaction mixture. *H NMR (500 MHz,
DMSO) 6 9.38 (s, 1H), 9.25 (s, 1H), 8.34 (d, J = 8.1 Hz, 1H), 8.19 (dd, J = 7.6, 3.3 Hz,
1H), 7.95 (t, J = 11.0 Hz, 1H), 7.64 (d, J = 8.7 Hz, 1H), 7.47 (d, J = 7.5 Hz, 2H), 7.37 (t, J
= 7.5 Hz, 2H), 7.30 (t, J = 7.3 Hz, 1H), 7.10 (s, 1H), 6.99 (d, J = 8.4 Hz, 2H), 6.66 (d, J =
8.4 Hz, 2H), 4.48 — 4.34 (m, 3H), 4.15 (dd, J = 15.0, 7.7 Hz, 1H), 3.30 (dd, J = 15.1, 3.4
Hz, 1H), 2.81 (m, 2H), 1.27 (d, J = 7.0 Hz, 3H), 1.19 (d, J = 6.9 Hz, 3H). 13C NMR (126
MHz, DMSO) & 171.50, 170.88, 169.78, 169.03, 165.27, 156.01, 134.25, 130.05, 129.29,
128.93,128.71,128.48, 127.71,127.03, 115.07, 56.04, 48.44, 48.27, 43.40, 37.45, 16.88,
16.87. IR (ATR): 3257, 3052, 2978, 1635, 1508, 1440, 1240 cm. HRMS (ESI-TOF) m/z
calc’d for Ca2sH20NsOeNa [M+Na]*: 530.2015, found: 530.2001. [a]*®p —76 (c = 0.30,
MeOH).

i) Cyclization to Gly-Tyr-Ala-Phe-Ala 1.1
Preparation of authentic material of dichotomin E

0 Me o Me
N HATU (1.2 equiv)
L, H O HOAt (1.2 equiv) N o
HO o HN_ PP iPrEtN (5 equiv) Ho oot BN Ph
o ‘KJ DMF, 0 °C>t iNH
HoN HN o 3h,0.001 M HN 5
0 Me (49%) 0 Me

1.1 11

To a round bottom flask equipped with a stir bar was added peptide 1.11 (100 mg, 0.190
mmol), HOAt (31 mg, 0.228 mmol) and DMF (190 mL) and the mixture was stirred until
homogenous. The reaction mixture was cooled to 0 °C and i-Pr2EtN (0.166 mL, 0.950

mmol) was added dropwise followed by the addition of HATU (87 mg, 0.228 mmol) and it
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was subsequently warmed to rt and stirred for 30 min. DMF was then removed under
reduced pressure. The peptide was dissolved in 10 mL 38% MeCN/Hz0, filtered through
a 0.20 micron filter, and purified by RP-HPLC on a Cis column (eluting with MeCN and
H20 containing 0.1% TFA, linear gradient 20-70% MeCN over 45 min). The pure fractions
were combined, and concentrated under reduced pressure to afford dichotomin E 1.1 as
a colorless powder (47 mg, 50%). *H NMR (400 MHz, Pyr, 303 K) 6 9.73 (brt, J = 5.6 Hz,
1H), 9.34 (d, J = 7.1 Hz, 1H), 9.10 (d, J = 8.2 Hz, 1H), 9.06 (d, J = 8.0 Hz, 1H), 8.77 (s,
1H), 7.40 (d, J = 7.4 Hz, 2H), 7.28 (m, 2H), 7.29 (d, J = 8.0 Hz, 2H), 7.23 (m, 1H), 7.09
(d, J = 8.2 Hz, 2H), 5.15 (td, J = 8.4, 6.8 Hz, 1H), 4.93 — 4.85 (m, 1H), 4.84 — 4.77 (m,
1H), 4.58 (dd, J = 14.6, 6.8 Hz, 1H), 4.51 — 4.42 (m, 1H), 3.73 (dd, J = 14.4, 4.9 Hz, 1H),
3.54 (m, 2H), 3.40 (dd, J = 13.7, 6.8 Hz, 1H), 3.16 (dd, J = 13.9, 8.8 Hz, 1H), 1.62 (d, J =
6.8 Hz, 3H), 1.58 (d, J = 7.1 Hz, 3H). *H NMR (500 MHz, DMSO, 298 K) 8 9.21 (s, 1H),
8.55 (brt, J = 5.7 Hz, 1H), 8.08 (d, J = 7.4 Hz, 1H), 8.07 (d, J = 7.6 Hz, 1H), 8.04 (d, J =
8.4 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.28 (m, 2H), 7.21 (t, J = 7.5 Hz, 3H), 7.01 (d, J =
8.4 Hz, 2H), 6.65 (d, J = 8.4 Hz, 2H), 4.26 — 4.23 (m, 1H), 4.23 — 4.18 (m, 1H), 4.13 —
4.09 (m, 1H), 4.07 — 4.03 (m, 1H), 3.92 (dd, J = 14.4, 6.3 Hz, 1H), 3.28 (dd, J = 14.4, 5.2
Hz, 1H), 3.11 (dd, J = 13.4, 9.6 Hz, 1H), 3.04 (dd, J = 13.2, 5.1 Hz, 1H), 2.93 (dd, J =
14.0, 5.3 Hz, 1H), 2.71 (dd, J = 13.9, 9.5 Hz, 1H), 1.23 (d, J = 6.7 Hz, 3H), 1.21 (d, J =
6.8 Hz, 3H). 13C NMR (126 MHz, Pyr, 303 K) 5 174.15, 173.67, 173.20, 172.55, 171.43,
158.14, 138.96, 131.21, 130.17, 129.25, 128.73, 127.45, 116.69, 58.33, 57.13, 52.32,
50.38, 45.04, 37.96, 37.86, 17.81, 17.44. 13C NMR (126 MHz, DMSO, 298 K) 5 172.52,
171.66,170.81, 170.47, 169.24, 155.88, 137.73, 129.90, 129.12, 128.24, 127.66, 126.47,

115.03, 56.92, 55.72, 49.60, 48.30, 43.33, 36.07, 22.53, 17.46, 17.09. IR (ATR): 3281,
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1648, 1512, 1442, 1207, 1160 cm™. IR (ATR): 3281, 1648, 1512, 1442, 1207, 1160 cm"
1. HRMS (ESI-TOF) m/z calc’d for C26H31NsOeNa [M+Na]*: 532.2172 found: 532.2169.
[a]?°p +67 (c = 0.24, MeOH). For detailed analysis, see table 1.2 on page 49.

Me

(0] Me (0]
HATU (1.2 equiv)
HO 0 HN.  PMiprENN (2.5 equiv) HO oM BN Ph
o ’t DMF, 0 °C>rt 1
HzN HN 30 min, 0.1 M NH BN
o) e )/\( 0

0 Me (15%) 0" Ve
1.11 1.4

To a round bottom flask equipped with a stir bar was added peptide 1.11 (50 mg, 0.095
mmol), HOAt (15 mg, 0.11 mmol) and DMF (0.950 mL) and the mixture was stirred until
homogenous. The reaction mixture was cooled to 0 °C and i-Prz2EtN (0.042 mL, 0.238
mmol) was added dropwise followed by the addition of HATU (36 mg, 0.094 mmol) and it
was subsequently warmed to rt and stirred for 30 min. DMF was then removed under
reduced pressure. The peptide was dissolved in 10 mL 20% MeCN/Hz0, filtered through
a 0.20 micron filter, and purified by RP-HPLC on a Cis column (eluting with MeCN and
H20 containing 0.1% TFA, linear gradient 15-60% MeCN over 45 min). The pure fractions
were combined, and concentrated under reduced pressure to afford dichotomin E 1.1 as
an off-white solid (7.2 mg, 15%). The cyclic dimer was also obtained as ~2:1 mixture of
diastereomers (5.0 mg, 10%). MS (ESI) m/z calc’d for Cs2He2N10012H [M+H]*: 1019.5

found: 1019.5.
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iii) Cyclization to Gly-ATyr-Ala-APhe-Ala 1.13

O Me HATU (1.2 equiv) O Me

AN N o ' HOAt (1.2 equiv.) SN N o
NH H i-PryEtN (2.5 equiv) NH H
BnO Oj/ HN P DMF 0°cort  gno 01 HN_ Ph
TFA 30 min, 0.1 M
e HO}Q““ZOJ “}H\QN’\ZOJ
(0] Me o Me

selectivity .
1.12 (monomer:dimer) yield 1.13

26:1 84%

(35,99)-6-((2)-benzylidene)-12-((2)-4-(benzyloxy)benzylidene)-3,9-dimethyl-
1,4,7,10,13-pentaazacyclopentadecane-2,5,8,11,14-pentaone (1.13)
To a round bottom flask equipped with a stir bar was added
. o\ H/kao o peptide 1.12 (1.00 g, 1.37 mmol), HOAt (225 mg, 1.65 mmol)
Bn
NH HN S and DMF (13.7 mL) and the mixture was stirred until
homogenous. The reaction mixture was cooled to 0 °C and i-
Pr2EtN (0.596 mL, 3.43 mmol) was added dropwise followed by the addition of HATU
(627 mg, 1.65 mmol). The reaction mixture was subsequently warmed to rt and stirred for
30 min. DMF was then removed via vacuum distillation and the product was purified by
column chromatography (eluting with 93:7 DCM/MeOH) to afford cyclic peptide 1.13 as a
light yellow solid (684 mg, 84%) in 26:1 selectivity for the monomer over cyclodimer. The
selectivity was determined by LC-MS analysis of the unpurified reaction mixture. 'H NMR
(500 MHz, DMSO) 5 9.47 (s, 1H), 9.31 (s, 1H), 8.20 (d, J = 7.5 Hz, 1H), 8.13 (s, 1H), 8.02
(d, J=8.3 Hz, 1H), 7.51 (t, J = 7.4 Hz, 4H), 7.46 (d, J = 7.0 Hz, 2H), 7.43 — 7.37 (m, 4H),
7.33(dt, J=10.1, 7.2 Hz, 2H), 7.14 (s, 1H), 7.07 — 6.99 (m, 3H), 5.15 (s, 2H), 4.61 — 4.48
(m, 1H), 4.44 — 4.34 (m, 1H), 4.06 (dd, J = 15.6, 6.2 Hz, 1H), 3.84 (dd, J = 15.3, 4.2 Hz,
1H), 1.28 (d, J = 6.8 Hz, 6H).2*C NMR (126 MHz, DMSO) 5 172.04, 170.40, 167.97,

165.96, 165.19, 158.76, 136.85, 134.24, 131.41, 129.32, 129.08, 128.68, 128.49, 128.20,
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128.11, 127.93, 127.73, 127.66, 126.71, 125.57, 114.76, 69.23, 49.31, 48.80, 43.37,
17.29, 17.10. IR (ATR): 3023, 2969, 2910, 1680, 1644, 1631, 1613, 1500, 1174 cm™.
HRMS (ESI-TOF) m/z calc’d for CssHssNsOsNa [M+Na]™: 618.2328, found: 618.2327.
[a]*®p +123 (c = 0.30, MeOH).
General procedure for hydrogenation
i) Hydrogenation of Gly-Tyr-Ala-APhe-Ala 1.2
[Rh(cod),BF,]
O Me (5 mol%) O  Me
MH/KFO L* (5 mol%) /@/\)LH/S?O
NH PhH,, 30°C, 36 h NH
&

o Me
1.2

NH HN

0 Me
11
96% vyield, >95:5 dr

L*=(S,S'R,R')-
Duanphos

Dichotomin E (1)

In a N2-filled glovebox, [Rh(cod)2BF4] (0.40 mg, 0.0010 mmol, 5 mol%) and (S,S’,R,R))-
Duanphos (0.40 mg, 0.0010 mmol, 5 mol%) were added to a % dr vial equipped with a
stir bar containing pentapeptide 1.2 (10 mg, 0.020 mmol). MeOH (394 uL) was added and
the vial was capped with a screwcap with a slitted rubber septum and taken outside of
the glovebox. The vial was sonicated to ensure all contents were dissolved and then
placed in the HEL CATalyst block and the head was screwed into place. The block was
filled then purged three times with hydrogen, and then pressurized with hydrogen to 30
atm. The reaction stirred at 30 °C and was stopped after 36 h. The solvent was
concentrated under reduced pressure and the reaction mixture was triturated with DCM
to afford dichotomin E as an off-white solid (9.6 mg, 96%). *H NMR (400 MHz, Pyr-ds,

303 K) 5 9.73 (brt, J = 5.6 Hz, 1H), 9.34 (d, J = 7.1 Hz, 1H), 9.10 (d, J = 8.2 Hz, 1H), 9.06
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(d, 3 = 8.0 Hz, 1H), 8.77 (s, 1H), 7.40 (d, J = 7.4 Hz, 2H), 7.28 (m, 2H), 7.29 (d, J = 8.0
Hz, 2H), 7.23 (m, 1H), 7.09 (d, J = 8.2 Hz, 2H), 5.15 (td, J = 8.4, 6.8 Hz, 1H), 4.93 — 4.85
(m, 1H), 4.84 — 4.77 (m, 1H), 4.58 (dd, J = 14.6, 6.8 Hz, 1H), 4.51 — 4.42 (m, 1H), 3.73
(dd, J = 14.4, 4.9 Hz, 1H), 3.54 (m, 2H), 3.40 (dd, J = 13.7, 6.8 Hz, 1H), 3.16 (dd, J =
13.9, 8.8 Hz, 1H), 1.62 (d, J = 6.8 Hz, 3H), 1.58 (d, J = 7.1 Hz, 3H). *H NMR (500 MHz,
DMSO, 298 K) & 9.21 (s, 1H), 8.55 (br t, J = 5.7 Hz, 1H), 8.08 (d, J = 7.4 Hz, 1H), 8.07
(d, J = 7.6 Hz, 1H), 8.04 (d, J = 8.4 Hz, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.28 (m, 2H), 7.21
(t, J = 7.5 Hz, 3H), 7.01 (d, J = 8.4 Hz, 2H), 6.65 (d, J = 8.4 Hz, 2H), 4.26 — 4.23 (m, 1H),
4.23 - 4.18 (m, 1H), 4.13 — 4.09 (m, 1H), 4.07 — 4.03 (m, 1H), 3.92 (dd, J = 14.4, 6.3 Hz,
1H), 3.28 (dd, J = 14.4, 5.2 Hz, 1H), 3.11 (dd, J = 13.4, 9.6 Hz, 1H), 3.04 (dd, J = 13.2,
5.1 Hz, 1H), 2.93 (dd, J = 14.0, 5.3 Hz, 1H), 2.71 (dd, J = 13.9, 9.5 Hz, 1H), 1.23 (d, J =
6.7 Hz, 3H), 1.21 (d, J = 6.8 Hz, 3H). 13C NMR (126 MHz, Pyr, 303 K) & 174.15, 173.67,
173.20,172.55,171.43, 158.14, 138.96, 131.21, 130.17, 129.25, 128.73, 127.45, 116.69,
58.33, 57.13, 52.32, 50.38, 45.04, 37.96, 37.86, 17.81, 17.44. 13C NMR (126 MHz,
DMSO, 298 K) & 172.52, 171.66, 170.81, 170.47, 169.24, 155.88, 137.73, 129.90,
129.12, 128.24, 127.66, 126.47, 115.03, 56.92, 55.72, 49.60, 48.30, 43.33, 36.07, 22.53,
17.46, 17.09. IR (ATR): 3281, 1648, 1512, 1442, 1207, 1160 cm™. IR (ATR): 3281, 1648,
1512, 1442, 1207, 1160 cm*. HRMS (ESI-TOF) m/z calc’d for C26H31NsOeNa [M+Na]*:
532.2172 found: 532.2169. [a]?°p +67 (c = 0.24, MeOH).

'H NMR comparison of literature,*? authentic material synthesized via SPPS, and
synthetic material after hydrogenation is given below (Table 1.2). (Note: due to rapid
proton exchange and other dynamic effects, the 'H NMR spectrum of the synthetic
sample of dichotomin E obtained via SPPS in pyridine—ds varies slightly with literature
values. Therefore, characterization data was also obtained in DMSO-ds. Dichotomin E

has previously been synthesized by Tam,*? however, no spectral data was reported and
characterization of the natural product was confirmed by MALDI-MS).
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Table 1.2 'H NMR data for dichotomin E, cyclo(Gly-Tyr-Alai-Phe-Alaz)

1H NMR & (multiplicity, J (Hz), integration)

Proton Literature Report Synthetic Sample Synthetic Sample Synthetic Sample
(pyridine—ds)? at via SPPS via SPPS (DMSO- via Hydrogenation
303K (pyridine—ds)® at ds)° at (DMSO-ds)
303K 298 K at 298 K
CHz (Gly) 4.49 (dd,J=145  458(dd,J=14.6, 3.92(dd,J=14.4, 3.91(dd,J =147,
6.5 Hz, 1H) 6.8 Hz, 1H) 6.3 Hz, 1H) 6.2 Hz, 1H)
3.82(dd,J =145,  3.73(dd,J=14.4, 3.28(dd,J=14.4, 3.28(dd,J=14.4,
5.1, 1H) 4.9 Hz, 1H) 5.3 Hz, 1H) 5.5 Hz, 1H)
N—H (Gly) 9.74 (br t, 1H) 9.73(brt,J=56  8.55(brt,J=5.8 8.54 (brt,J=5.7
Hz, 1H) Hz, 1H) Hz, 1H)
Ce—H (Tyr)  5.15(dt, J=8.6,6.6 5.15 (td, J = 8.4, 4.24 (m, 1H) 4.24 (m, 1H)
Hz, 1H) 6.8 Hz, 1H)
CH2 (Tyr) 3.23 (dd, J = 14.0, 3.16 (dd, J=13.9, 2.71(dd,J=13.9, 2.72 (dd, J = 13.6,
8.6 Hz, 1H) 8.8 Hz, 1H) 9.5 Hz, 1H) 9.3 Hz, 1H)
3.43(dd, J=14.0, 3.40(dd,J=13.7, 2.93(dd,J=14.0, 2.92(dd,J=137,
6.6 Hz, 1H) 6.8 Hz, 1H) 5.3 Hz, 1H) 4.9 Hz, 1H)

CspZ—H (Tyr)

7.28(d, J = 8.4 Hz,
2H)

7.07 (d, J= 8.4 Hz,
2H)

7.29 (d, J = 8.0 Hz,
1H)

7.09 (d, J = 8.2 Hz,
2H)

7.01(d, J = 8.4 Hz,
2H)

6.65 (d, J = 8.4 Hz,
2H)

7.01(d, J =85 Hz,
2H)

6.65 (d, J = 8.5 Hz,
2H)

N-H (Tyr) 9.01(d, J=8.6Hz, 8.76 (1H) 8.04(d, J=8.4Hz, 8.04(d,J=8.6Hz
1H) 1H) 1H)
Co-H (Ala)) 458 (brt,J=7.0 4.48 (m, 1H) 4.05 (m, 1H) 4.06 (M, 1H)
Hz, 1H)
CHs (Alaz) 157(,J=71Hz, 158(d,J=7.1Hz, 1.21(d,J=6.8Hz, 1.21(d, J=7.1Hz
3H) 1H) 3H) 3H)
N-H (Ala;)  9.47(d,J=81Hz, 9.34(d,J=7.1Hz, 7.84(d,J=82Hz, 7.89 (brs, 1H)
1H) 1H) 1H)
Co-H (Phe)  4.87 (m, 1H) 4.82 (m, 1H) 4.10 (m, 1H) 4.11 (m, 1H)
CHz (Phe) 3.53 (M, 2H) 3.54 (m, 2H) 3.11(dd,J=13.4, 3.11(dd,J =134,
9.6 Hz, 1H) 9.9 Hz, 1H)
3.04 (dd, J=13.2,  3.04(dd,J =135,
5.1 Hz, 1H) 5.4 Hz, 1H)
Csp2—H 7.39(d,J=7.3Hz, 7.40(d,J=7.4Hz, 7.28(m,2H) 7.28 (m, 2H)
(Phe) 2H) 2H) 7.21 (m, 3H) 7.20 (m, 3H)
7.28(t, J=7.3Hz, 7-28(m,2H)
2H) 7.23 (m, 1H)
7.23 (m, 1H)
N-H (Phe)  9.30 (brs, 1H) 9.10(d,J=8.2Hz, 8.08(d,J=7.4Hz, 8.11(brs, 1H)
1H) 1H)
Co-H (Alaz)  4.89 (m, 1H) 4.89 (m, 1H) 4.21 (m, 1H) 4.21 (m, 1H)
CHs (Alaz) 161(d,J =6.9Hz, 1.62(d, J=6.8Hz, 1.23(d,J=6.7Hz, 1.22(d,J=7.0Hz,
3H) 1H) 3H) 3H)
N-H (Alaz)  9.30 (brs, 1H) 9.06 (d,J=8.0Hz, 8.07(d,J=7.6Hz, 8.09 (brs, 1H)

1H)

1H)

a Data reported by Shiro and recorded on a Bruker AM400 or AM500 spectrometer (not specified). Concentration
was 15 mg/0.5 mL pyridine—ds P Data recorded on a Bruker DRX400 spectrometer. Concentration was 15 mg/0.5 mL
pyridine—ds ¢ Data recorded on a Bruker DRX500 with TCI (three channel inverse) cryoprobe. ¢ Data recorded on a
Bruker DRX400 spectrometer

49



Table 1.3 3C NMR data for dichotomin E, cyclo(Gly-Tyr-Alai-Phe-Alaz)

BCNMR &
Carbon Literature Report Synthetic Sample
(pyridine—ds)? at via SPPS
303K (pyridine—ds)® at
303 K
CHz (Gly) 44,51 45.04
C=0 (Gly) 171.02 171.43
Co—H (Tyr) 56.83 57.13
Ce—H (Tyr) 37.36 37.86
Cy-H (Tyr) 128.30 128.73
Ce-H (Tyr) 130.73 131.21
o gyg 116.21 116.69
ey 157.57 158.14
C=0 (Tyr) 172.65 172.55
Co—H (Alay) 51.75 52.32
CHs (Alaz) 17.34 17.81
C=0 (Ala) 173.23 173.20
Ca—H (Phe) 57.76 58.33
Cg—H (Phe) 37.63 37.96
Cy-H (Phe) 138.42 138.96
Cs-H (Phe) 129.71 130.17
Ce-H (Phe) 128.76 129.25
C¢-H (Phe) 126.95 127.45
C=0 (Phe) 173.92 174.15
Co—H (Alaz) 50.16 50.38
CHs (Alaz) 17.34 17.44
Cc=0 173.92 173.67

a Data reported by Shiro and recorded on a Bruker AM400 or
AM500 spectrometer (not specified). Concentration was 15
mg/0.5 mL pyridine—ds. ® Data recorded on a Bruker DRX500
with TCI (three channel inverse) cryoprobe. Concentration
was 15 mg/0.5 mL pyridine—ds.
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Figure 1.20. 'H NMR (DMSO-ds, 298 K) of synthetic sample of dichotomin E made via SPPS

Figure 1.21. 'H NMR (DMSO-ds, 298 K) of synthetic sample of dichotomin E made via hydrogenation
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[Rh(cod),BF ]

O Me (5 mol%) O  Me
/@/\)Lm/k]?o L* (5 mol%) MN/ka
o H
HO o NH HN B PhH,, 30°C, 36 h o o NH HN /Ph

1NH N MeoH M iNH
”\ZJ HN’{)

H 0 O .P”‘t—Bu

O WMe H “H 0 Me
1.2 O P~t-Bu 82% yield, >95:5 dr
L*= (RR'"S,S")-
Duanphos
Dichotomin epimer (1.1°)
0 Me In a N2-filled glovebox, [Rh(cod)2BF4] (0.40 mg, 0.0010 mmol, 5

N o}
Homi: W Phomol%) and (R,R’,S,S’)-Duanphos (0.40 mg, 0.0010 mmol, 5

NH
N mol%) were added to a Y dr vial equipped with a stir bar

o Me
containing pentapeptide 1.2 (10 mg, 0.020 mmol). MeOH (394 pL) was added and the
vial was capped with a screwcap with a slitted rubber septum and taken outside of the
glovebox. The vial was then placed in the HEL CATalyst block and the head was screwed
into place. The block was filled then purged three times with hydrogen, and then
pressurized with hydrogen to 30 atm. The reaction stirred at 30 °C. The reaction was
stopped after 36 h and the solvent was concentrated under reduced pressure. The
reaction mixture was triturated with DCM to afford the product as an off-white solid (8.2
mg, 82%). *H NMR (500 MHz, DMSO) 5 9.22 (s, 1H), 8.60 (d, J = 7.7 Hz, 1H), 8.35 (d, J
= 7.5 Hz, 1H), 8.09 (d, J = 8.4 Hz, 1H), 7.98 (t, J = 5.5 Hz, 1H), 7.50 (d, J = 7.7 Hz, 1H),
7.25 (dt, J = 13.9, 7.1 Hz, 4H), 7.19 (t, J = 7.0 Hz, 1H), 7.01 (d, J = 8.4 Hz, 2H), 6.65 (d,
J = 8.4 Hz, 2H), 4.40 (dd, J = 14.9, 7.8 Hz, 1H), 4.34 — 4.21 (m, 2H), 4.09 (ddd, J = 9.9,
7.5, 5.1 Hz, 1H), 3.73 (dd, J = 14.4, 4.9 Hz, 1H), 3.53 (dd, J = 14.3, 6.3 Hz, 1H), 2.98 (dd,
J =13.7, 6.6 Hz, 1H), 2.88 (dd, J = 14.0, 4.9 Hz, 1H), 2.75 (ddd, J = 24.1, 13.9, 9.2 Hz,

2H), 1.14 (d, J = 7.2 Hz, 3H), 1.06 (d, J = 6.7 Hz, 3H). 13C NMR (126 MHz, DMSO) &
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172.47,171.99, 170.97, 170.84, 169.38, 155.94, 137.81, 129.89, 129.13, 128.12, 127.62,
126.31, 115.04, 56.99, 54.43, 47.91, 47.79, 42.76, 35.85, 35.39, 18.02, 17.16. IR (ATR):
3271, 3086, 2984, 1638, 1539, 1443, 1372, 1233 cm™t. HRMS (ESI-TOF) m/z calc’d for

C26H31NsOsNa [M+Na]*: 532.2172, found: 532.2151. [a]26p —14 (c = 0.39, MeOH).

i) Hydrogenation of Gly-ATyr-Ala-APhe-Ala 1.13

[Rh(cod);BF]
O Me (5 mol%) O  Me
X H/kfo L* (5 mol%) /@/\)LN/%O
NH ° H
RO o HN_  PhH230°C.36h o NH T Ph
= THF *L
NH HN NH HN
0
0 Me o} Me
90% yield, >20:1:1:1 dr
113 1.14
L*=(S,S'R.R)-
Duanphos

(3S,6S,9S,12S)-6-benzyl-12-(4-(benzyloxy)benzyl)-3,9-dimethyl-1,4,7,10,13-

pentaazacyclopentadecane-2,5,8,11,14-pentaone (1.14)

0 Me In a N2-filled glovebox, [Rh(cod)2BF4] (2 mg, 0.005 mmol, 5
N (0]
Bnom HJH\f en mol%) and (S,S’,R,R)-Duanphos (0.8 mg, 0.002 mmol, 5 mol%)
NH HN

were added to a ¥z dr vial equipped with a stir bar containing
o e

pentapeptide 1“.A13 (24 mg, 0.040 mmol). THF (0.8 mL) was added and the vial was

capped with a screwcap with a slitted rubber septum and taken outside of the glovebox.

The vial was sonicated to ensure all contents were dissolved and then placed in the HEL

CATalyst block and the head was screwed into place. The block was filled then purged

three times with hydrogen, and then pressurized with hydrogen to 30 atm. The reaction

was stopped after 24 h and the solvent was removed under reduced pressure. The

compound was then triturated with DCM to afford the product as a light tan solid (21.6
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mg, 90%). *H NMR (400 MHz, DMSO) & 8.56 (t, J = 5.7 Hz, 1H), 8.12 — 8.03 (m, 3H),
7.85(d, J = 8.1 Hz, 1H), 7.44 (d, J = 7.0 Hz, 2H), 7.39 (t, J = 7.2 Hz, 2H), 7.35 — 7.30 (m,
1H), 7.28 (d, J = 6.9 Hz, 2H), 7.21 (t, J = 7.1 Hz, 3H), 7.14 (d, J = 8.6 Hz, 2H), 6.91 (d, J
= 8.6 Hz, 2H), 5.06 (s, 2H), 4.31 — 4.17 (m, 2H), 4.14 — 4.02 (m, 2H), 3.92 (dd, J = 14.3,
6.4 Hz, 1H), 3.29 — 3.24 (m, 1H), 3.13 (dd, J = 13.3, 9.4 Hz, 1H), 3.04 (dd, J = 13.7, 5.5
Hz, 1H), 2.99 (dd, J = 14.3, 4.7 Hz, 1H), 2.77 (dd, J = 13.6, 9.3 Hz, 1H), 1.22 (dd, J = 7.0,
4.0 Hz, 6H). 3C NMR (126 MHz, DMSO) & 172.58, 171.65, 170.83, 170.39, 169.27,
156.99, 137.73, 137.19, 130.00, 129.79, 129.11, 128.43, 128.24, 127.80, 127.70, 126.46,
114.51, 69.11, 56.98, 55.61, 49.57, 48.28, 43.34, 36.02, 35.98, 17.52, 17.08. IR (ATR):
3077, 3014, 2978, 1672, 1658, 1645, 1500, 1239 cm't. HRMS (ESI-TOF) m/z calc'd for

Cs3H37NsOsNa [M+Na]*: 622.2642, found: 622.2639. [a]?’p +114 (c = 0.19, DMF).

0 Me

o Me
H/K/éo _PdiC (20 mol%) /@/\)LN/S&O
BnO os N RN PR MeOHIDCM (10:1), oo LT
XNH %J H, (5 atm), 30 °C, 28 h i ,\Z/
HN S (99%) N)/'.L?N

O  Me o Me
1.14 1.1

To a % dr vial equipped with a stir bar was added cyclic pentapeptide 1.14 (5 mg, 0.008
mmol) and 10% Pd/C (1.7 mg, 0.0016 mmol, 20 mol%). The contents were dissolved in
MeOH (0.600 mL) and DCM (0.060 mL) and the vial was capped with a screwcap with a
slitted rubber septum. The vial was sonicated to ensure all contents were dissolved and
then placed in the HEL CATalyst block and the head was screwed into place. The block
was filled then purged three times with hydrogen, and then pressurized with hydrogen to
5 atm. The reaction was warmed to 30 °C. After 28 h and the reaction mixture was filtered

through a plug of celite to afford dichotomin E 1.1 as an off-white solid (4.1 mg, 99%). *H
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NMR of the product after debenzylation showed variation in chemical shift values. The
product obtained after debenzylation was then spiked with authentic synthetic sample
obtained via SPPS (Table 1.2) to afford the *H NMR spectrum of dichotomin E (Figure

1.21).

I Iy i LM blow |
— IS} i NS N 4 i S

od*

11

T T T T T T T T T T T T T T T
11,5 110 105 100 9.5 9.0 8.5 8.0 7.5 7.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0

65 6.0
f1 (ppm)

Figure 1.22. H NMR spectrum (Pyr—d®, 298 K) of synthetic sample of dichotomin E after debenzylation
spiked with authentic material.

NMR analysis - Variable temperature NMR experiment

'H-NMR variable temperature experiments® were performed on a 500 MHz Bruker
DRX500 spectrometer with a TCI cryoprobe. For each experiment, the temperature was
increased by 5 K with 10 minute equilibration time between experiments. 8 scans were
collected for each data point. The experiments were conducted in DMSO solvent. After
obtaining the spectra, the & (ppm) was plotted vs. T(K), and the Ad/ AT was obtained for

each N-H bond.
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Table 1.4 Variable temperature data for unsaturated pentapeptide 1.3

T(K) | 8(ppm) | & (ppm) 5 (ppm) 5 (ppm)
Tyr N- Ala N-H APhe N-H | Ala N-H
H (internal) (terminal)
293 8.5345 7.9371 9.6430 8.5933
298 8.5144 7.9170 9.6164 8.5649
303 8.4947 7.8974 9.5897 8.5364
308 8.4753 7.8782 9.5633 8.5076
313 8.4562 7.8593 9.5385 8.4780

Table 1.5 Variable temperature data for saturated pentapeptide 1.11

T(K) | 8(ppm) | & (ppm) 5 (ppm) 5 (ppm)
Tyr N- Ala N-H Phe N-H Ala N-H
H (internal) (terminal)
293 8.5562 8.3481 7.8956 8.3254
298 8.5355 8.3086 7.8792 8.2886
303 8.5186 — 7.8458 —
308 8.4997 8.2645 7.8222 8.2436
313 8.4809 8.2390 7.7995 8.2133
8.58 -
8.56 -
8.54 1 y = -0.0037x + 9.6478
T 852 - R?=0.9993
2
o 8.5 - @ Tyr (3)
W Tyr (11)
8.48 - y = -0.0039x + 9.681
8.46 1 R? =0.9999
8.44 T T T T 1
290 295 300 305 310 315
T (K)

Figure 1.23 Variable temperature data comparing tyrosine N—H for unsaturated peptide 1.3 and saturated
peptide 1.11
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8.4 - y =-0.0052x + 9.8796
R?=0.9867

8.3 -

8.2 -
E
S g1 -
o @ Ala (internal, 3)

8 - y =-0.0039x + 9.0759 HAla (internal’ 11)
R?=0.9999
7.9 - ‘\‘\0\‘\‘
7.8 T T T T 1
290 295 300 305 310 315
T(K)

Figure 1.24 Variable temperature data comparing internal alanine N—H for unsaturated peptide 1.3 and
saturated peptide 1.11

10 - y =-0.0052x +11.179
—— o, =098
9.5 -
— 9 -
€
s
2 @ Phe (3
w g5 - )
y =-0.005x + 9.3586 M Phe (11)
R?=0.9919
8 a5 5 0 o
7.5 T T T T 1
290 295 300 305 310 315

T(K)

Figure 1.25 Variable temperature data comparing phenylalanine N—H for unsaturated peptide 1.3 and
saturated peptide 1.11
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8.65 -
36 - y =-0.0058x + 10.281
) R2=0.9999
8.55 A
8.5 A
— 8.45 -
£
S g4
by y =-0.0054x + 9.8991 @ Ala (terminal, 3)
8.35 1 R? = 0.9919 .
M Ala (terminal,11)
8.3 -
8.25 A
8.2 -
8-15 T T T T 1
290 295 300 305 310 315
T (K)

Figure 1.26. Variable temperature data comparing terminal alanine N—H for unsaturated peptide 1.3 and
saturated peptide 1.11

1.3.2 Experimental Details for Molecular Recognition of Peptides in Rh-Catalyzed
Hydrogenation: Evidence for a Unidirectional Reduction

The computational data shown Figure 1.15, Figure 1.16, and Figure 1.17 was

obtained by E.H. This experimental section will focus on my contributions to the project.

Typical procedures for synthesis of cyclic pentapeptides

i) Synthesis of pentapeptide 1.20

1)EDCIHCI
HCl HOBtH,0
Ho,N_ _CO,Me . 2 o N~ -OH EtOAc
I terEN.DOM L ——c< o
OCl —
Ph” “OH 2) LIOH (1M), N"cooH BocHN. A= o,
H,O/THF

NaOAc, Ac,0 o

O
BocHN\)kOH +

tert-butyl (2)-((4-benzylidene-5-0x0-4,5-dihydrooxazol-2-yl)methyl)carbamate
(1.18)
To a round bottom flask equipped with a stir bar was added Boc-Gly-OH

6]
BocHNvﬁ’:g:\ (20 g, 114 mmol) and DL-(B-OH)-Phe—-OMe 1.7 (29 g, 125 mmol) and
N Ph
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HOBt'H20 (24 g, 125 mmol) and DCM (400 mL). The mixture was cooled to 0°C and i-
Pr2EtN (50 mL, 285 mmol) was subsequently added. EDCI'HCI (24 g, 125 mmol) was
added in portions and the reaction gradually warmed to rt and stirred for 16 h. The
reaction mixture was transferred to a separatory funnel and washed with sat. NaHCO3
(aq), 10% KHSOa4 (aq), H20, and brine. The organic phase was dried over Na2SOa,
filtered, and concentrated under reduced pressure. The crude reaction mixture was
purified by column chromatography (eluting with 30:70 hexanes/EtOAc) and obtained as
a white solid (21 g, 53% yield). Characterization data was consistent with those previously
reported.®!

To a round bottom flask equipped with a stir bar was added the corresponding methyl
ester (17.2 g, 48.8 mmol), THF (244 mL), and H20 (185 mL). The mixture was cooled to
0°C and 1M LIOH (aq) (58.6 mL, 1.2 equiv) was subsequently added. The reaction
gradually warmed to rt and stirred for 16 h. The reaction mixture was quenched with 10%
KHSO4 (aq) and the THF was concentrated under reduced pressure. The reaction mixture
was transferred to a separatory funnel where it was extracted with EtOAc three times.
The organic layer was washed with brine, dried over Na2SOa, filtered, and concentrated
under reduced pressure to afford the desired carboxylic acid, which was used without
further purification.

To a round bottom flask equipped with a stir bar was added carboxylic acid (48.8 mmol)
and EtOAc (98 mL). To this solution was added acetic anhydride (46 mL, 488 mmol) and
sodium acetate (7.9 g, 96.7 mmol) and the mixture was stirred at rt for 16 h. Sat. NaHCOs3
(aq) was added to quench excess acetic anhydride and acetic acid until the reaction

mixture stopped bubbling. The mixture was extracted 3x with EtOAc and the combined
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organic layer was washed with brine and dried over anhydrous Na2SOa4. The solution was
filtered and solvent was evaporated under reduced pressure to afford the product as a

light yellow solid (11.5 g, 79% over two steps) Characterization data was consistent with

OH THF/H,0

NaOAc, Ac,0 oPh
Jg:\ _ EtN BocHN\)L jﬁf COOH__EtOAc BocHN\)kNj\FN Ph
BocHN\/& pp, HaN COOH I H o{:/
(e]

those previously reported.®?

tert-butyl(2-(((2)-1-(4-((2)-benzylidene)-5-0x0-4,5-dihydrooxazol-2-yl)-2-
phenylvinyl)amino)-2-oxoethyl)carbamate (S15)
To a solution of (+)-1.16 (7.41 g, 40.88 mmol) in THF/H20 (1:1,
B°°”N\)(1Hj\fN Ph 0.1 M) was added triethylamine (5.7 mL, 40.88 mmol) and the
’ mixture was sonicated until homogeneous. The mixture was
added to a solution of oxazolone 1.18 (10.3 g, 34.07 mmol) in THF (340 mL). The reaction
was stirred at rt for 15 h. The mixture was acidified with 10% KHSO4 (aq), extracted with
3x with EtOAc, and the organic layer was washed with brine. The organic layer was dried
over anhydrous Na2SOa4 and concentrated under reduced pressure to afford the desired
carboxylic acid which was used without further purification.
To a round bottom flask equipped with a stir bar was added the carboxylic acid (34.07
mmol) and EtOAc (68 mL). To this solution was added acetic anhydride (32 mL, 340.7
mmol) and sodium acetate (5.60 g, 68.14 mmol) and the mixture was stirred at rt for 24
h. Sat. NaHCOs (aq) was added to quench excess acetic anhydride and acetic acid until
the reaction mixture stopped bubbling. The mixture was extracted 3x with EtOAc and the
combined organic layer was washed with brine and dried over anhydrous Na2SOa4. The
solution was filtered and solvent was evaporated under reduced pressure. The oil was
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dissolved in a minimal amount of DCM and hexanes was added to precipitate the
oxazolone S15. The solvent was decanted and the solid was washed 2x with hexanes to
afford the product as a yellow solid (12.5 g, 82% over two steps). *H NMR (500 MHz,
CDCl3) 8 8.10 (d, J = 7.4 Hz, 2H), 7.98 (br s, 1H), 7.57 (br s, 2H), 7.50 (s, 1H), 7.34-7.48
(m, 6H), 7.19 (s, 1H), 5.35 (br s, 1H), 4.04 (d, J = 3.68 Hz, 2H), 1.46 (s, 9H). 13C NMR
(125 MHz, CDCI3) 6 169.0, 167.1, 162.1, 156.5, 135.3, 133.5, 133.4, 133.0, 132.7, 132.5,
131.5, 130.4, 129.1, 128.9, 119.7, 110.1, 80.9, 45.2, 28.4. IR (ATR): 3268, 1784, 1689,
1650 cmt. HRMS (ESI-TOF) m/z calc’'d for C2sH26N3Os [M+H]*: 448.1866, found

448.1851.

2 COOH

Ph
o)
Ph Ph. _OH
BOCHN\)LNj\fN Ph Ph.__OH THEFt/|"\|120 \)OL jﬁ(H (e} I
H + I — —8%% ~ BocHN N
o{:/ N N T j)LH COOH
o) Ph

NaOAc, Ac,0

Ph P
EtOAc N OJg\\
_ EtOAc _
BocHN\)kNjﬁ(N e
Ho§ |
Ph

tert-butyl (2-(((2)-3-(((2)-1-(4-((2)-benzylidene)-5-0x0-4,5-dihydrooxazol-2-yl)-2-
phenylvinyl)amino)-3-oxo-1-phenylprop-1-en-2-yl)amino)-2-oxoethyl)carbamate
(S16)
o To a solution of (+)-1.16 (6.0 g, 33.25 mmol) in THF/H20 (1:1,
B°°HNJ{:3}(HJ/CL§§% 0.1 M) was added triethylamine (4.6 mL, 33.25 mmol) and the
" %n | mixture was sonicated until homogeneous. The mixture was
added to a solution of oxazolone S15 (12.4 g, 27.7 mmol) in THF (270 mL). The reaction

was stirred at rt for 21 h. The mixture was acidified with 10% KHSOu (aq), extracted with
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3x with EtOAc, and the organic layer was washed with brine. The organic layer was dried
over anhydrous Na2SOa4 and concentrated under reduced pressure to afford the desired
carboxylic acid which was used without further purification.

To a round bottom flask equipped with a stir bar was added the carboxylic acid (27.7
mmol) and EtOAc (55 mL). To this solution was added acetic anhydride (26 mL, 277
mmol) and sodium acetate (4.5 g, 55.4 mmol) and the mixture was stirred at rt for 16 h.
Sat. NaHCOs (aq) was added to quench excess acetic anhydride and acetic acid until the
reaction mixture stopped bubbling. The mixture was extracted 3x with EtOAc and the
combined organic layer was washed with brine and dried over anhydrous Na2SOa4. The
solution was filtered and solvent was evaporated under reduced pressure. The oil was
dissolved in a minimal amount of DCM and hexanes was added to precipitate the
oxazolone. The solvent was decanted and the solid was washed 2x with hexanes to afford
the product as a yellow solid (12.0 g, 73% over two steps). *H NMR (499 MHz, DMSO) &
9.85 (s, 1H), 9.80 (s, 1H), 8.28 (d, J = 7.0 Hz, 2H), 7.92 (d, J = 5.0 Hz, 2H), 7.69 (d, J =
7.4 Hz, 2H), 7.58 (s, 1H), 7.53 — 7.36 (m, 9H), 7.35 (s, 1H), 7.27 (s, 1H), 7.11 (t, J = 5.7
Hz, 1H), 3.80 (d, J = 5.8 Hz, 2H), 1.38 (s, 9H). *C NMR (126 MHz, DMSO) 5 169.9,
166.7,165.5, 162.4, 156.1, 135.0, 133.7, 133.3, 133.3, 133.0, 132.5, 131.3, 131.0, 130.9,
130.2, 129.9, 129.4, 129.3, 129.1, 128.9, 128.7, 128.6, 128.3, 121.9, 78.2, 43.6, 28.2.

IR (ATR): 3372, 3237, 2989, 1806, 1778, 1686, 1660 cm™*. HRMS (ESI-TOF) m/z calc’d

for C3aH33N4Os [M+H]*: 593.2394, found 593.2368.
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Ph
o o
BocHN._JL LK \Jg:\ PhOH  THEALO OPh\ H oPh\ H
N NI S I —EtN_ pocun L N N._COOH
H | N N
O, H,N~ ~COOH Ho b \ Ho b
Ph Ph”  OH

NaOAc, Ac,0
EtOAc
—_—

oPh - oPh ‘
BocHN\)LN NJ)LN N fh
H | H —
h O\\iJ

tert-butyl  (2-(((2)-3-(((2)-3-(((2)-1-(4-((2)-benzylidene)-5-0x0-4,5-dihydrooxazol-2-
yl)-2-phenylvinyl)amino)-3-oxo-1-phenylprop-1-en-2-yl)amino)-3-oxo-1-
phenylprop-1-en-2-yl)amino)-2-oxoethyl)carbamate (1.19)

o o To a solution of (+)-1.16 (114 mg, 0.628 mmol) in
BocHN\)OLHjﬁ(H;’)OLHj\(/iz_ﬁPh THF/H20 (1:1, 0.1 M) was added triethylamine (88 pL,

o ’ o 0.628 mmol) and the mixture was sonicated until

homogeneous. The mixture was added to a solution of oxazolone S16 (310 mg, 0.523
mmol) in THF (10 mL). The reaction was stirred at rt for 15 h. The mixture was acidified
with 10% KHSO4 (aq), extracted with 3x with EtOAc, and the organic layer was washed
with brine. The organic layer was dried over anhydrous Na2SO4 and concentrated under
reduced pressure to afford the desired carboxylic acid which was used without further
purification.
To a round bottom flask equipped with a stir bar was added the carboxylic acid (0.523
mmol) and EtOAc (1 mL). To this solution was added acetic anhydride (0.5 mL, 5.23
mmol) and sodium acetate (86 mg, 1.05 mmol) and the mixture was stirred at rt for 26 h.

Sat. NaHCOs (aq) was added to quench excess acetic anhydride and acetic acid until the
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reaction mixture stopped bubbling. The mixture was extracted 3x with EtOAc and the
combined organic layer was washed with brine and dried over anhydrous Na2SOa4. The
solution was filtered and solvent was evaporated under reduced pressure. The oil was
dissolved in a minimal amount of DCM and hexanes was added to precipitate the
oxazolone. The solvent was decanted and the solid was washed 2x with hexanes to afford
the product as a yellow solid (343 mg, 89% over two steps). *H NMR (600 MHz, DMF-d~)
0 10.09 (s, 1H), 9.89 (s, 1H), 9.68 (s, 1H), 8.39-8.40 (m, 2H), 8.05 (d, J = 7.4 Hz, 1H),
7.77 (d, J = 7.5 Hz, 1H), 7.74 (d, J = 7.4 Hz, 1H), 7.68 (s, 1H), 7.49-7.56 (m, 4H), 7.39-
7.48 (m, 9H), 7.35 (s, 1H), 6.93 (br, 1H), 3.96 (d, J = 5.4 Hz, 1H), 1.35 (s, 9H). 13C NMR
(125 MHz, CDCI3) 6 170.8, 167.8, 164.9, 164.5, 162.6, 156.9, 135.1, 134.6, 133.7, 133.6,
133.1,132.8,131.7,131.2,131.1, 130.3, 130.1, 129.9, 129.7, 129.6, 129.5, 129.2, 129.0,
128.8, 128.7, 128.6, 127.7, 127.3, 120.7, 81.6, 45.2, 28.3. IR (ATR): 3253, 1779, 1670,
1640 cmt. HRMS (ESI-TOF) m/z calc’d for Ca3H4oNsO7 [M+H]*: 738.2922, found

738.2886.

Ph Ph
(@) (@] N (@]
| H \ 1) TFA, DCM, rt Hj\f
Ph
BocHNﬁN]\WN dn CoW
Ho I 2) DMAP (10 mol%), K,CO3,
Ph \

DCM ;\NH 5
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3,6,9,12-tetra((2)-benzylidene)-1,4,7,10,13-pentaazacyclopentadecane-2,5,8,11,14-

pentaone (1.20)
;L:h/ o To a round bottom flask equipped with a stir bar under N2 was added

o="" " ”’iaph Boc-protected amine 1.19 (346 mg, 0.469 mmol) and anhydrous DCM

/NH HN

bh Ompho (5.9 mL). The reaction mixture was cooled to 0 °C and TFA (0.897 mL,
11.7 mmol) was slowly added. The reaction slowly warmed to rt and stirred for 2 h. The
DCM was concentrated under reduced pressure and to the mixture was added toluene to
form a TFA azeotrope, which was subsequently concentrated under reduced pressure.
The crude reaction mixture was further dried on the high vacuum and subsequently
triturated with Et20 to afford TFA'amine salt and was immediately used in the next
reaction without further purification.

The amine (0.469 mmol) was then dissolved in anhydrous DCM (4.69 mL, 0.1M) and to
this yellow solution was added anhydrous EtsN (0.131 mL, 0.938 mmol) and DMAP (5.7
mg, 0.0469 mmol). The reaction mixture was stirred at rt for 30 min. The solution was
then diluted by addition of 150 mL of DCM. The organic phase was washed four times
with 10 mL 1M HCI. The organic phase was then dried with Na2SO4 and concentrated
under reduced pressure to afford a light yellow solid. This solid was then triturated with
Et20 to afford cyclic pentapeptide 1.20 as a light yellow solid (243 mg, 81%). *H NMR
(499 MHz, DMSO, 373K, d1=5s) 6 9.63 (s, 1H), 9.38 (s, 1H), 9.34 (s, 1H), 9.23 (s, 1H),
8.05 (t, J = 4.4 Hz, 1H), 7.63 — 7.52 (m, 8H), 7.46 — 7.32 (m, 12H), 7.28 (s, 1H), 7.20 (s,
1H), 7.16 (s, 1H), 7.08 (s, 1H), 4.00 (d, J = 5.4 Hz, 2H). 13C NMR (126 MHz, DMSO, d1=5
s) 6 169.0, 165.3, 165.2, 164.8, 163.9, 133.9, 133.8, 133.5, 133.3, 131.7, 129.5, 129.3,

129.1,129.0,128.7,128.7,128.4,128.4,128.3, 128.2, 128.1, 128.1, 127.9, 127.9, 127.8,
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127.8, 127.7, 127.6, 127.4, 43.3. IR (ATR): 3272, 3050, 2927, 1634, 1500, 1490, 1447,
1363, 1256, 1203, 1075, 1029, 1001, 929 cm™l. HRMS (ESI-TOF) m/z calc'd for

CssH31Ns05 [M+H]™: 638.2397, found 638.2379.

i) Synthesis of pentapeptide 1.21

o
\)1 KOH, EtOH - 0
HoN H — )
OH *+ then 12 M HCI (aq)/@/\l\)LOH
F OH
F ()

2-amino-3-(4-fluorophenyl)-3-hydroxypropanoic acid (S17)
o To a 250 mL Erlenmeyer flask equipped with a stir bar was added EtOH

H,N

on (200 mL) and KOH (5.6 g, 100 mmol) and this mixture was stirred at rt until
F complete dissolution of the KOH was observed. Glycine (3.75 g, 50 mmol)
was then added, and this mixture was again stirred untii homogeneous. 4-
fluorobenzaldehyde (10.7 mL, 100 mmol) was then added with stirring. After 2-4 h of
stirring at rt, precipitate formed until the entire reaction mixture became a white solid. This
solid was then broken up mechanically and 9 mL of 12M HCI (aq.) was added with stirring.
Any remaining large clumps were crushed using a glass rod. The precipitate was filtered
off, and the filtrate was concentrated under reduced pressure. To the crude concentrate
was added 50 mL of DCM and 80 mL of H20. The phases were separated and the
aqueous phase was washed twice more with dichloromethane (2 x 50 mL) then
concentrated under reduced pressure. The crude solid was then triturated with Et20 to

afford (+) fluoroserine S17 derivative as a white solid (1.5 g, 17%). *H NMR (600 MHz,

DMSO) & 7.40 (dd, J = 8.6, 5.7 Hz, 2H), 7.13 (t, J = 8.9 Hz, 2H), 5.04 (d, J = 4.3 Hz, 1H),
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3.39 (d, J = 4.4 Hz, 1H). 13C NMR (151 MHz, DMSO) & 168.7, 161.5 (d, J = 242.1 Hz),
138.4 (d, J = 2.8 Hz), 128.5 (d, J = 8.2 Hz), 114.7 (d, J = 21.2 Hz), 70.3, 59.3. 19F NMR
(376 MHz, DMSO) & -116.36. IR (ATR): 3133, 2915, 1635, 1596, 1506, 1484, 1221 cm™.,

HRMS (ESI-TOF) m/z calc’d for CoH10FNOsNa [M+Na]": 222.0542, found: 222.0542.

o
Ph o
0w Ojg\\ HoN THF/H,0 o o

BocHN._JL. N A/ OH "t N | H | H

N N Ph * ——=3" » BocHN N N._COOH

H o ‘ OH N | N

Ph 0 H
F

F
o)
NaOAc, Ac,O Ph Ph /

EtOAc 0 H 0 1) TFA, DCM HL N 0
BocHN\)L | N | N )4> H Ph

N TN T )= 2) DMAP (10 mol%), o NH HN
Oy 0 Et;N, DCM /b

o /NH HN

6,9,12-tri((Z)-benzylidene)-3-((2)-4-fluorobenzylidene)-1,4,7,10,13-
pentaazacyclopentadecane-2,5,8,11,14-pentaone (1.21)

To a solution of fluoroserine S17 (806 mg, 4.05 mmol) in THF/H20
Nj\fo (2:1, 0.1 M) was added triethylamine (564 uL, 4.05 mmol) and the
o= Hk mixture was sonicated until homogeneous. The mixture was added
0 Ph to a solution of oxazolone S16 (2.00 g, 3.37 mmol) in THF (34 mL).
F The reaction was stirred at rt for 15 h. The mixture was acidified with
10% KHSO4 (aq), extracted with 3x with EtOAc, and the organic layer was washed with
brine. The organic layer was dried over anhydrous Na2SO4 and concentrated under
reduced pressure to afford the desired carboxylic acid which was used without further

purification.
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To a round bottom flask equipped with a stir bar was added the carboxylic acid (3.37
mmol) and EtOAc (6.7 mL). To this solution was added acetic anhydride (3.18 mL, 33.7
mmol) and sodium acetate (552 mg, 6.74 mmol) and the mixture was stirred at rt for 26
h. Sat. NaHCOs (aq) was added to quench excess acetic anhydride and acetic acid until
the reaction mixture stopped bubbling. The mixture was extracted 3x with EtOAc and the
combined organic layer was washed with brine and dried over anhydrous Na2SOa4. The
solution was filtered and solvent was evaporated under reduced pressure. The oil was
dissolved in a minimal amount of DCM and hexanes was added to precipitate the
oxazolone. The solvent was decanted and the solid was washed 2x with hexanes to afford
the desired oxazolone which was used in the next step without further purification.

To a round bottom flask equipped with a stir bar under N2 was added the resulting
oxazolone (3.37 mmol) and anhydrous DCM (34 mL). The reaction mixture was cooled
to 0 °C and TFA (5.20 mL, 67.4 mmol) was slowly added. The reaction slowly warmed to
rt and stirred for 2 h. The DCM was concentrated under reduced pressure and to the
mixture was added toluene to form a TFA azeotrope, which was subsequently
concentrated under reduced pressure. The crude reaction mixture was further dried on
the high vacuum and subsequently triturated with Et20 to afford TFA-amine salt and was
immediately used in the next reaction without further purification.

TFA'amine salt (3.37 mmol) was dissolved in anhydrous DCM (67 mL, 0.05 M) and to this
solution was added anhydrous EtsN (0.94 mL, 6.74 mmol) and DMAP (41 mg, 0.34 mmol).
The reaction mixture was stirred at rt for 3 h and subsequently concentrated under
reduced pressure. The crude reaction mixture was then purified via column

chromatography (eluting with 25% DCM/acetone) to afford cyclic pentapeptide 1 as a light
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yellow solid (235 mg, 12% yield over 4 steps). *H NMR (499 MHz, DMSO, 373 K, d1=25
s) 8 9.65 (s, 1H), 9.40 (s, 1H), 9.35 (s, 1H), 9.22 (s, 1H), 8.09 (s, 1H), 7.71 — 7.53 (m, 7H),
7.49 — 7.31 (m, 10H), 7.27 (s, 1H), 7.25 — 7.15 (m, 4H), 7.09 (s, 1H), 4.00 (d, J = 5.4 Hz,
2H). 3C NMR (151 MHz, DMSO, 373 K, d1=25 s) d 169.1, 165.3, 165.3, 164.8, 163.9,
161.6 (d, J = 247.5 Hz), 133.8, 133.5, 133.3, 131.2 (d, J = 8.3 Hz), 130.5 (d, J = 3.1 Hz),
129.5, 129.4, 129.4, 129.3, 129.2, 129.1, 128.7, 128.5, 128.4, 128.4, 128.4, 128.3,
127.99, 127.97, 127.8, 127.4, 127.4, 114.7 (d, J = 21.6 Hz), 43.4. 1°F NMR (376 MHz,
DMSO0) 6-112.20. IR (ATR): 3050, 1633, 1601, 1509, 1233, 1203 cm™. HRMS (ESI-TOF)
m/z calc’d for CssH3oFNsOsNa [M+Na]*: 678.2129, found: 678.2134.

iii) Synthesis of pentapeptide 1.22

o) o oFh oFh
Ph
o o \ H \ H
| w _ HZN\)kOH THF/H20 BocHN\/K N N._ COOH
BocHN N S H EtaN N N -
N N Ph * z =3 5 H ‘ H z
H 5 | n o
Ph
F
0
1) TFA, DCM 2\ N O
B ———
jﬁf N._-COOH 2) HATU, HOAt NH  HN
iPr,EtN, DCM
NH HN

4 i

F

it j\m jA

(S)-6,9,12-tri((Z2)-benzylidene)-3-(4-fluorobenzyl)-1,4,7,10,13-
pentaazacyclopentadecane-2,5,8,11,14-pentaone (1.22)
HLNj\fo To a solution of L-Phe(4-F)-OH (0.602 g, 3.29 mmol) in THF/H20 (1:1,
o="" Hiza 0.1 M) was added EtsN (459 pL, 3.29 mmol) and the mixture was

0 Ph sonicated until homogeneous. The mixture was added to a solution of
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oxazolone S16 (1.50 g, 2.53 mmol) in THF (25 mL). The reaction was stirred at rt for 11
h. The mixture was acidified with 10% KHSO4 (aq), extracted with 3x with EtOAc, and the
organic layer was washed with brine. The organic layer was dried over anhydrous Na2SOa4
and concentrated under reduced pressure to afford the desired carboxylic acid which was
used in the next step without further purification.

To a round bottom flask equipped with a stir bar under N2 was added the carboxylic acid
(2.53 mmol) and anhydrous DCM (32 mL). The reaction mixture was cooled to 0 °C and
TFA (2.9 mL, 38.0 mmol) was slowly added. The reaction slowly warmed to rt and stirred
for 22 h. The DCM was concentrated under reduced pressure and to the mixture was
added toluene to form a TFA azeotrope, which was subsequently concentrated under
reduced pressure. The crude reaction mixture was further dried on the high vacuum and
subsequently triturated with Et20 to afford TFA-amine salt and was immediately used in
the next reaction without further purification.
To a round botton flask equipped with a stir bar was added the TFA'amine salt (2.53
mmol), HOAt (0.688 g, 5.06 mmol), and anhydrous DCM (51 mL, 0.05 M). The reaction
mixture was cooled to 0 °C and i-Prz2EtN (2.2 mL, 12.7 mmol) was added. HATU (2.40 g,
6.33 mmol) was added in portions and the reaction warmed to rt and stirred for 4 h. The
solvent was removed under reduced pressure and the product was purified by column
chromatography (eluting with hexanes/EtOAc) to afford the product as a yellow solid (365
mg, 22% over 3 steps). *H NMR (499 MHz, DMSO, 368 K) & 9.56 (s, 1H), 9.35 (s, 1H),
9.25 (s, 1H), 8.05 (s, 1H), 7.83 (d, J = 8.1 Hz, 1H), 7.63 — 7.52 (m, 5H), 7.47 — 7.29 (m,
12H), 7.20 (s, 1H), 7.18 (s, 1H), 7.15 (s, 1H), 7.07 (t, J = 8.8 Hz, 2H), 4.71 — 4.63 (m, 1H),

4.20 (dd, J =14.9, 7.1 Hz, 1H), 3.59 (dd, J = 14.9, 4.5 Hz, 1H), 3.21 (dd, J = 13.9, 7.2 Hz,
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1H), 3.00 — 2.96 (m, 1H). 3C NMR (126 MHz, DMSO, 368 K, d1=10 s) d 171.0, 169.2,
165.0, 164.9, 163.6, 160.6 (d, J = 242.0 Hz), 133.8, 133.6 (d, J = 3.6 Hz), 133.6, 133.4,
130.3 (d, J = 7.9 Hz), 129.2, 129.1, 129.06, 129.01, 128.9, 128.4, 128.3, 128.1, 128.0,
127.9, 127.9, 127.9, 127.8, 127.7, 127.4, 114.2 (d, J = 21.1 Hz), 54.8, 43.1, 35.5. 19F
NMR (376 MHz, DMSO) 6 -117.00. IR (ATR): 3055, 3027, 2910, 1652, 1640, 1501, 1221
cml. HRMS (ESI-TOF) m/z calc’'d for CssH32FNsOsNa [M+Na]*: 680.2285, found:

680.2289. [a]?b +175 (C = 0.25, CHCls).

iv) Synthesis of pentapeptide 1.23
methyl (S)-2-((R)-2-((tert-butoxycarbonyl)amino)-3-phenylpropanamido)-3-(4-
fluorophenyl)propanoate (S18)

OMe To a round bottom flask equipped with a stir bar was added Boc-p-Phe-

o

N;__/I\IHBOC OH (2.00 g, 7.50 mmol), 4-fluoro-L.-Phe-OMe (1.90 g, 8.25 mmol),

S HOBt'H20 (1.50 g, 9.00 mmol), and DCM (94 mL). The mixture was
coFoIed to 0 °C and i-Pr2EtN (4.00 mL, 22.5 mmol) was subsequently added. EDCI'HCI
(2.73 g, 9.00 mmol) was added in portions and the reaction gradually warmed to rt and
stirred for 22 h. The reaction mixture was transferred to a separatory funnel and was
washed with sat. NaHCOs (aq), 10% KHSOa4 (aq), and brine. The organic phase was dried
over Na2SOg, filtered, and concentrated under reduced pressure. The unpurified reaction
mixture was then purified by column chromatography (eluting with 7:3 hexanes/EtOAc)
to afford dipeptide S18 as a white solid (3.1 g, 94%). *H NMR (600 MHz, CDCIz) & 7.30
(t, J = 7.3 Hz, 2H), 7.25 — 7.23 (m, 1H), 7.20 — 7.17 (m, 2H), 6.97 — 6.83 (m, 4H), 6.39 (br

s, 1H), 4.89 (br s, 1H), 4.86 — 4.76 (m, 1H), 4.36 (br s, 1H), 3.67 (s, 3H), 3.08 (dd, J =
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13.8, 7.1 Hz, 1H), 3.00 (dd, J = 14.0, 5.5 Hz, 2H), 2.92 (dd, J = 14.0, 5.8 Hz, 1H), 1.38 (s,
9H). 13C NMR (126 MHz, CDCls) & 171.5, 171.0, 162.1 (d, J = 245.3 Hz), 155.5, 136.7,
131.4 (d, J = 2.9 Hz), 130.8 (d, J = 7.6 Hz), 129.5, 128.9, 127.2, 115.6 (d, J = 21.2 Hz),
80.5, 55.9, 53.2, 52.5, 38.3, 37.2, 28.4. °F NMR (376 MHz, CDCls) & -116.04. IR (ATR):
3044, 2972, 1741, 1674, 1657, 1517, 1232, 1160 cmt. HRMS (ESI-TOF) m/z calc'd for

C24H20FN20sNa [M+Na]*: 467.1958, found: 467.1953. [a]26> —13 (c = 0.24, CHCl3).

(S)-2-((R)-2-amino-3-phenylpropanamido)-3-(4-fluorophenyl)propanoic acid (S19)

oH To a round bottom flask equipped with a stir bar was added methyl ester

0 TFA
N;J_NHz S18 (1.5 g, 3.4 mmol), THF (16 mL), and H20 (13 mL). The mixture was
o *—ph

cooled to 0 °C and 1M LIiOH (aq) (6.1 mL, 6.1 mmol) was subsequently

added. The reaction gradually warmed to rt and stirred for 23 h. The
reaction mixture was acidified with 10% KHSOa4 (aq), and the THF was concentrated
under reduced pressure. The reaction mixture was transferred to a separatory funnel
where it was extracted with EtOAc (3 x 100 mL). The organic layer was washed with 100
mL brine, dried over Na2SOa, filtered, and concentrated under reduced pressure to afford
the desired carboxylic acid which was used in the next step without further purification.
To a round bottom flask equipped with a stir bar was added the resulting carboxylic acid
(3.4 mmol), triisopropylsilane (0.70 mL, 3.4 mmol), and DCM (42 mL). The reaction
mixture was cooled to 0 °C and TFA (3.8 mL, 5.1 mmol) was slowly added. The reaction
slowly warmed to rt and stirred for 24 h. The DCM was concentrated under reduced
pressure and to the mixture was added toluene to form a TFA azeotrope, which was

subsequently concentrated under reduced pressure. The reaction mixture was further
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dried on the high vacuum and subsequently triturated with Et20 to afford amine S19 as a
white solid (1.5 g, 99%). *H NMR (400 MHz, DMSO) 5 8.92 (d, J = 7.7 Hz, 1H), 8.14 (br
s, 2H), 7.33 = 7.17 (m, 5H), 7.10 (t, J = 8.9 Hz, 2H), 7.04 — 6.98 (m, 2H), 4.54 (td, J = 9.1,
4.8 Hz, 1H), 4.12 — 3.98 (m, 1H), 3.06 (dd, J = 13.8, 4.7 Hz, 1H), 2.90 (dd, J = 14.0, 5.0
Hz, 1H), 2.82 (dd, J = 13.8, 9.6 Hz, 1H), 2.69 (dd, J = 13.9, 7.9 Hz, 1H). 13C NMR (126
MHz, DMSO) 6 172.3, 167.9, 161.2 (d, J = 242.3 Hz), 134.6, 133.3 (d, J = 2.8 Hz), 131.2
(d, J = 8.0 Hz), 129.5, 128.5, 127.2, 115.0 (d, J = 21.1 Hz), 53.6, 53.2, 37.0, 36.3. °F
NMR (376 MHz, CDCls) 5 -116.84. IR (ATR): 3055, 2949, 1730, 1685, 1506, 1199, 1182,
1148 cmt. HRMS (ESI-TOF) m/z calc’d for CisHio FN2OsNa [M+Na]*: 353.1277, found:

353.1268. [a]%5p +3 (¢ = 0.29, MeOH).

J&\\ N\)k THF/H,0 %
BocHN/}( j/L + H2N/ﬁf OH jsN_, BocHNW ))k
o)
N Lo
TFA, DCM j}( % HATU, HOAt U i
HzN/ﬁ( j)k i-Pr,EtN, DCM /t

(3S,6R)-6-benzyl-9,12-di((Z)-benzylidene)-3-(4-fluorobenzyl)-1,4,7,10,13-
pentaazacyclopentadecane-2,5,8,11,14-pentaone (1.23)

;LNj\fo To a solution of dipeptide S19 (764 mg, 1.72 mmol) in THF/H20 (1:1,

pd

H Ph
" HNJ\% 0.1 M) was added EtsN (240 uL, 4.05 mmol) and the mixture was
r=, ° sonicated until homogeneous. The mixture was added to a solution of

oxazolone S15 (700 mg, 1.56 mmol) in THF (16 mL). The reaction was
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stirred at rt for 15 h. The mixture was acidified with 10% KHSO4 (aq), extracted with 3x
with EtOAc, and the organic layer was washed with brine. The organic layer was dried
over anhydrous Na2SOa4 and concentrated under reduced pressure to afford the desired
carboxylic acid which was used in the next step without further purification.

To a round bottom flask equipped with a stir bar under N2 was added the resulting
carboxylic acid (1.56 mmol) and anhydrous DCM (20 mL). The reaction mixture was
cooled to 0 °C and TFA (1.8 mL, 23.4 mmol) was slowly added. The reaction slowly
warmed to rt and stirred for 2 h. The DCM was concentrated under reduced pressure and
to the mixture was added toluene to form a TFA azeotrope, which was subsequently
concentrated under reduced pressure. The crude reaction mixture was further dried on
the high vacuum and subsequently triturated with Et2O to afford TFA'amine salt and was
immediately used in the next reaction without further purification.
To a round botton flask equipped with a stir bar was added the corresponding TFAamine
salt (1.56 mmol), HOAt (0.212 g, 1.56 mmol), and DMF (31 mL, 0.05 M). The reaction
mixture was cooled to 0 °C and i-Pr2EtN (0.679 mL, 3.90 mmol) was added. HATU (711
mg, 1.87 mmol) was added in portions and the reaction warmed to rt and stirred for 24 h.
The solvent was removed under reduced pressure and the product was purified by
column chromatography (eluting with 1:4 hexanes/EtOAc) to afford the product as a white
solid (167 mg, 16% over 3 steps). *H NMR (400 MHz, DMSO, 330 K) 5 9.85 (s, 1H), 9.44
(s, 1H), 8.33 (d, J = 6.9 Hz, 1H), 7.84 (d, J = 5.5 Hz, 1H), 7.82 — 7.74 (m, 1H), 7.65 — 7.50
(m, 4H), 7.47 = 7.27 (m, 7H), 7.25 — 7.06 (m, J = 22.5, 6.2 Hz, 8H), 7.01 (t, J = 8.8 Hz,
2H), 6.86 (s, 1H), 4.62 — 4.47 (m, 2H), 4.19 (dd, J = 16.7, 6.4 Hz, 1H), 3.75 (dd, J = 16.2,

4.5 Hz, 1H), 3.12 — 3.06 (m, 1H), 3.01 (dd, J = 14.1, 5.6 Hz, 1H), 2.86 (dd, J = 13.5, 5.0
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Hz, 1H), 2.79 (dd, J = 14.3, 9.1 Hz, 1H). 13C NMR (151 MHz, DMSO, 368 K, d1=10s) &
171.4, 170.2, 169.6, 164.4, 163.9, 160.5, (d, J = 242.1 Hz), 137.6, 133.9, 1335 (d, J =
2.9 Hz), 133.3, 130.1 (d, J = 7.9 Hz), 130.0, 129.04, 128.94, 128.84, 128.4, 128.20,
128.18, 128.0, 127.8, 127.7, 127.5, 126.4, 125.5, 114.2 (d, J = 21.1 Hz), 54.7, 54.2, 42.1,
36.4, 34.2. 1°F NMR (376 MHz, DMSO) & -117.19. IR (ATR): 3050, 2910, 1657, 1646,
1545, 1506, 1221 cm™. HRMS (ESI-TOF) m/z calc’d for CazgHziaNsOsNa [M+Na]*:

682.2441, found: 682.2449. [a]26p +202 (c = 0.25, DMF).

V) Synthesis of pentapeptide 1.24

EDCI-HCI

Q P oH HOBt-H,O
tHy
BocHN\)kOH Hel, Nj;fOMe —_— BocHN\)L Lf
2

o}

Boc,0, DMAP (10 mol%),

MeCN, then
BocHN\V/M\ :l\W/OMe ————+» BocHN\v/ﬂ\ jl\W/OH
NH

Me . .Me
%‘)LN
Me Me

methyl (2)-2-(2-((tert-butoxycarbonyl)amino)acetamido)-3-phenylacrylate (S20)

To a round bottom flask equipped with a stir bar was added Boc-Gly-
soum. . j\m"”e OH (3.00 g, 17.1 mmol), DL-(B-OH)-Phe-OMe 1.7 (4.20 g, 18.0
mmol), HOBt'H20 (3.50 g, 20.5 mmol), and DCM (214 mL). The mixture was cooled to 0
°C and i-Pr2EtN (8.90 mL, 51.3 mmol) was subsequently added. EDCI'HCI (3.93 g, 20.5
mmol) was added in portions and the reaction gradually warmed to rt and stirred for 22 h.
The reaction mixture was transferred to a separatory funnel and was washed with sat.

NaHCOs (aq), 10% KHSO4 (aq), and brine. The organic phase was dried over Na2SOs,
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filtered, and concentrated under reduced pressure to afford the corresponding dipeptide
which was used in the next step without further purification.

The procedure was adapted from Suérez.** To a round bottom flask equipped with a stir
bar was added the corresponding dipeptide (17.1 mmol), DMAP (209 mg, 1.71 mmol)
and MeCN (52 mL). The mixture was cooled to 0 °C and Boc20 (3.91 g, 18.0 mmol) was
quickly added. After disappearance of starting material analyzed via LC-MS,
tetramethylguanidine (2.1 mL, 17.1 mmol) was added. After 12 h, the reaction mixture
was concentrated under reduced pressure and then purified by column chromatography
(eluting with 3:2 hexanes/EtOAc) to afford the unsaturated dipeptide S20 as a white solid

(1.83 g, 32%, 2 steps).

(2)-2-(2-((tert-butoxycarbonyl)amino)acetamido)-3-phenylacrylic acid (S21)
oPh To a round bottom flask equipped with a stir bar was added methyl
BocHN\)kNjﬁ(OH
Ho g ester S20 (1.82 g, 5.44 mmol), THF (26 mL), and H20 (21 mL). The
mixture was cooled to 0 °C and 1M LiOH (aq) (8.2 mL, 8.2 mmol) was subsequently
added. The reaction gradually warmed to rt and stirred for 13 h. The reaction mixture was
acidified with 10% KHSOa4 (aq), and the THF was concentrated under reduced pressure.
The reaction mixture was transferred to a separatory funnel where it was extracted with
EtOAc (3 x 100 mL). The organic layer was washed with 100 mL brine, dried over Na2SOa4,
filtered, and concentrated under reduced pressure to afford carboxylic acid S21 as a pale
yellow oil (1.6 g, 92%). *H NMR (400 MHz, DMSO) & 12.70 (s, 1H), 9.42 (s, 1H), 7.71 —
7.53 (m, 2H), 7.42 - 7.34 (m, 3H), 7.27 (s, 1H), 7.06 (brt, J =5.8 Hz, 1H), 3.69 (d, J = 6.0

Hz, 2H), 1.40 (s, 9H). 13C NMR (126 MHz, DMSO) & 169.3, 166.3, 155.9, 133.6, 131.7,
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130.1, 129.2, 128.5, 126.5, 78.1, 43.3, 28.2. IR (ATR): 3256, 3021, 2982, 1705, 1666,
1634, 1510, 1403, 1271, 1263, 1153 cm™t. HRMS (ESI-TOF) m/z calc’d for C16H20N20sNa

[M+NaJ*: 343.1270, found: 343.1277

OMe TFA

0 1) TFA, TIPS, DCM g OMEB“H TFA, TIPS _ OMe  HoN
2) HATUEDCT DCM
NH NHBoc M,
it NH HN NH HN/&J
O “—Ph 3
o “—ph

F
F

Methyl (6S,9R,12S)-6,9-dibenzyl-12-(4-fluorobenzyl)-2,2-dimethyl-4,7,10-trioxo-3-
oxa-5,8,11-triazatridecan-13-oate (S22)

sn 10 @ round bottom flask equipped with a stir bar was added the Boc-
OMe BocHN

;\NH HN protected dipeptide S18 (3.5 g, 7.9 mmol), triisopropylsilane (1.62 mL,

7.9 mmol), and DCM (98 mL). The reaction mixture was cooled to 0 °C

and TFA (7.7 mL, 101 mmol) was slowly added. The reaction slowly
warmed to rt and stirred for 24 h. The DCM was concentrated under reduced pressure
and to the mixture was added toluene to form a TFA azeotrope, which was subsequently
concentrated under reduced pressure to afford the TFA-amine salt which was used in the
next step without further purification.
To a round bottom flask equipped with a stir bar was added the TFA'amine salt (7.9
mmol), Boc-.-Phe-OH (2.1 g, 7.9 mmol), HOBt'H20 (1.6 g, 9.5 mmol), and DCM (100 mL).
The mixture was cooled to 0 °C and i-Pr2EtN (10.3 mL, 59.3 mmol) was subsequently
added. EDCI'HCI (1.8 g, 9.5 mmol) was added in portions and the reaction gradually
warmed to rt and stirred for 17 h. The reaction mixture was transferred to a separatory

funnel and was washed with sat. NaHCOs (aq), 10% KHSOa4 (aq), and brine. The organic
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phase was dried over Na2SOu, filtered, and concentrated under reduced pressure. The
crude reaction mixture was purified via column chromatography (eluting with 55:45
hexanes/EtOAc) to afford tripeptide S22 as a white solid (4.8 g, >99%). 'H NMR (400
MHz, CDCls) & 7.37 — 7.20 (m, 7H), 7.16 — 7.11 (m, 2H), 7.02 — 6.82 (m, 6H), 6.64 (s,
1H), 6.24 (s, 1H), 5.03 — 4.95 (m, 1H), 4.79 — 4.66 (m, 1H), 4.67 — 4.55 (m, 1H), 4.21 —
4.12 (m, 1H), 3.63 (s, 3H), 3.05 — 2.86 (m, 5H), 2.83 — 2.71 (m, 1H), 1.38 (s, 9H). 13C
NMR (126 MHz, CDCls) 6 171.4, 171.3, 170.2, 6 162.1 (d, J = 245.5 Hz), 155.59, 155.57,
136.6, 136.2, 131.6 (d, J = 1.7 Hz), 130.9 (d, J = 7.9 Hz), 129.6, 129.4, 128.89, 128.83,
127.3,115.5 (d, J = 21.3 Hz), 80.6, 56.7, 54.0, 53.6, 52.4, 38.3, 37.4, 37.2, 28.4. °F NMR
(376 MHz, CDCl3) 5 -116.04. IR (ATR): 3033, 2915, 1758, 1724, 1629, 1489, 1221, 1160
cm?., HRMS (ESI-TOF) m/z calc’d for CasHssFN3OeNa [M+Na]*: 614.2642, found:

614.2623. [a]®o +38 (C = 0.29, CHCl3).

Methyl (S)-2-((R)-2-((S)-2-amino-3-phenylpropanamido)-3-phenylpropanamido)-3-
(4-fluorophenyl)propanoate (S23)

A To a round bottom flask equipped with a stir bar was added tripeptide

OMe  H,N
© NHHN S22 (3.0 g, 5.1 mmol), triisopropylsilane (1.0 mL, 5.1 mmol), and DCM
r—. ° o
o —Ph (98 mL). The reaction mixture was cooled to 0 °C and TFA (5.7 mL,
F 76.5 mmol) was slowly added. The reaction slowly warmed to rt and

stirred for 42 h. The DCM was concentrated under reduced pressure and to the mixture
was added toluene to form a TFA azeotrope, which was subsequently concentrated under
reduced pressure and triturated with Et20 to afford tripeptide S23 as a pale yellow solid

(3.3g, >99%). 'H NMR (600 MHz, DMSO) & 8.89 — 8.86 (d, J = 8.3 Hz, 1H), 8.84 (d, J =
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8.8 Hz, 1H), 8.00 (br s, 2H), 7.34 — 7.28 (m, 2H), 7.25 — 7.19 (m, 5H), 7.19 — 7.14 (m,
1H), 7.14 — 7.07 (m, 4H), 6.95 — 6.87 (M, 2H), 4.71 (m, 1H), 4.54 (m, 1H), 4.00 (br s, 1H),
3.64 (s, 3H), 3.09 (dd, J = 13.8, 5.0 Hz, 1H), 2.85 (dd, J = 13.7, 10.1 Hz, 1H), 2.78 (dd, J
=14.1, 4.5 Hz, 1H), 2.69 (dd, J = 13.5, 4.0 Hz, 1H), 2.53 (d, J = 14.4, 8.2 Hz, 1H), 2.46
(dd, J =13.6, 10.4 Hz, 1H). *3C NMR (151 MHz, DMSO) 5 171.8, 170.7, 167.7, 161.2 (d,
J = 242.3 Hz), 137.3, 134.6, 133.2 (d, J = 2.9 Hz), 131.2 (d, J = 8.1 Hz), 129.5, 129.4,
128.4,128.1,127.1,126.6,115.0 (d, J = 21.1 Hz), 53.8, 53.4, 53.2, 52.1, 38.4, 36.9, 36.2.
19F NMR (376 MHz, DMSO) & -116.62. IR (ATR): 3061, 2932, 1741, 1652, 1512, 1143
cm. HRMS (ESI-TOF) m/z calc’'d for C2sHz0FN3O4sH [M+H]*: 492.2299, found: 492.2282.

[a]?®b +3 (c = 0.35, MeOH).

[0}
|
Me HzN BocHN\)LNj\fO
H
HATU Ph
OMe HN
i-ProEtN NH HN
DCM ot S
O “—Ph

o]
TFA | |
i H
1) LiOH, H,O/THF o OH un P HATU o NH uny Ph
2) TFA, TIPS /&J HOAt /&J
DCM NH HN o i-PryEtN NH HN

DMF . °
o g
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Methyl (12S,15R,18S)-12,15-dibenzyl-9-((2)-benzylidene)-18-(4-fluorobenzyl)-2,2-
dimethyl-4,7,10,13,16-pentaox0-3-0xa-5,8,11,14,17-pentaazanonadecan-19-oate

(S24)

o "*P“ HOAt (681 mg, 5.0 mmol), and DCM (63 mL). The reaction mixture

F was cooled to 0 °C and i-Pr2EtN (4.4 mL, 25 mmol) was added. HATU
(2.3 g, 6.0 mmol) was added in portions and the reaction warmed to rt and stirred for 14
h. The reaction mixture was transferred to a separatory funnel and was washed with sat.
NaHCOs (aq), 10% KHSO4 (aq), and brine. The organic phase was dried over Na2SOs,
filtered, and concentrated under reduced pressure. The crude reaction mixture was
purified via column chromatography (eluting with 1:1 hexanes/EtOAc) to afford
pentapeptide S24 as a pale yellow solid (3.3 g, 83%). *H NMR (400 MHz, DMSO) & 9.59
(s, 1H), 8.58 (d, J = 8.1 Hz, 1H), 8.20 (d, J = 8.7 Hz, 1H), 7.97 (d, J = 8.1 Hz, 1H), 7.52
(d, J = 7.3 Hz, 2H), 7.40 — 7.03 (m, 17H), 7.01 (brt, J = 5.8 Hz, 1H), 6.87 (s, 1H), 4.60 —
4.49 (m, 2H), 4.49 — 4.38 (m, 1H), 3.81 — 3.67 (m, J = 5.2 Hz, 2H), 3.33 (s, 3H), 3.07 (dd,
J =13.7, 5.1 Hz, 1H), 2.90 (dd, J = 13.7, 9.7 Hz, 1H), 2.86 — 2.57 (m, 4H), 1.36 (s, 9H).
13C NMR (126 MHz, DMSO) & 171.8, 171.2,170.5, 169.8, 164.9, 161.1 (d, J = 242.2 Hz),
156.0, 138.0, 137.8, 133.8, 133.2 (d, J = 2.8 Hz), 131.2 (d, J = 8.0 Hz), 129.6, 129.3,
129.2,128.9, 128.7, 128.5, 128.0, 127.8, 126.3, 126.1, 114.9 (d, J = 21.1 Hz), 78.2, 54.6,
54.0, 53.5, 52.0, 43.6, 37.9, 36.9, 36.1, 28.2. 1°F NMR (376 MHz, DMSOQ) & -116.89. IR
(ATR): 3055, 2966, 1663, 1506, 1216, 1165 cm™. HRMS (ESI-TOF) m/z calc'd for

CaaH4sFNsOsgNa [M+Na]*: 816.3384, found: 816.3364. [a]**p +98 (c = 0.19, CHCI3).
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(2S,5R,8S)-14-amino-5,8-dibenzyl-11-((Z)-benzylidene)-2-(4-fluorobenzyl)-
4,7,10,13-tetraoxo-3,6,9,12-tetraazatetradecanoic acid (S25)

To a round bottom flask equipped with a stir bar was added

TFA ©
/
HzN\)LH 0 o pentapeptide S24 (710 mg, 0.93 mmol), THF (4.4 mL), and H20 (3.6
OH HN
o
NH N mL). The mixture was cooled to 0 °C and 1M LiOH (aq) (1.9 mL, 1.9
o “—h mmol) was subsequently added. The reaction gradually warmed to rt
F and stirred for 39 h. The reaction mixture was acidified with 10%

KHSOs4 (aq), and the THF was concentrated under reduced pressure. The reaction
mixture was transferred to a separatory funnel where it was extracted with DCM (3 x 30
mL). The organic layer was washed with 50 mL brine, dried over Na2SOs4, filtered, and
concentrated under reduced pressure to afford the desired carboxylic acid which was
then used in the next step without further purification.

To a round bottom flask equipped with a stir bar was added the pentapeptide carboxylic
acid (670 mg, 0.86 mmol), triisopropylsilane (0.18 mL, 0.86 mmol), and DCM (11 mL).
The reaction mixture was cooled to 0 °C and TFA (1.0 mL, 12.9 mmol) was slowly added.
The reaction slowly warmed to rt and stirred for 49 h. The DCM was concentrated under
reduced pressure and to the mixture was added toluene to form a TFA azeotrope, which
was subsequently concentrated under reduced pressure and triturated with Et20 to afford
pentapeptide S25 as white solid (839 mg, >99%). *H NMR (600 MHz, DMSO) & 9.47 (br
s, 2H), 8.50 (d, J = 7.6 Hz, 1H), 8.20 (d, J = 8.6 Hz, 1H), 8.15 (d, J = 8.2 Hz, 1H), 7.50 (d,
J=7.4Hz, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.36 — 7.31 (m, 1H), 7.30 — 7.02 (m, 15H), 6.90

(s, 1H), 4.63 — 4.57 (m, 1H), 4.57 — 4.49 (m, 1H), 4.49 — 4.41 (m, 1H), 3.84 — 3.72 (m,
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2H), 3.11 (dd, J = 13.6, 4.1 Hz, 1H), 2.85 (dd, J = 13.5, 9.8 Hz, 1H), 2.81 (dd, J = 13.5,
3.0 Hz, 1H), 2.77 — 2.71 (m, 1H), 2.62 (dd, J = 13.4, 10.5 Hz, 1H), 2.57 (dd, J = 12.8, 11.4
Hz, 1H). 3C NMR (151 MHz, DMSO) & 173.0, 171.0, 170.5, 166.5, 164.4, 161.1 (d, J =
241.8 Hz), 138.1, 137.8, 133.9 (d, J = 2.4 Hz), 133.6, 131.2 (d, J = 8.0 Hz), 129.6, 129.3,
129.2, 128.9, 128.7, 128.2, 128.2, 128.00, 127.98, 126.3, 126.2, 114.8 (d, J = 21.0 Hz),
54.4,53.8, 53.7, 40.7, 38.0, 37.1, 36.5. 1%F NMR (376 MHz, DMSO) & -116.99. IR (ATR):
3027, 2932, 1668, 1624, 1534, 1523, 1199, 1132 cmL. HRMS (ESI-TOF) m/z calc’d for

CssH3sFNsOsNa [M+Na]*: 702.2704, found: 702.2684. [a]?%p +114 (c = 0.47, MeOH).

(3S,6R,95)-6,9-dibenzyl-12-((Z2)-benzylidene)-3-(4-fluorobenzyl)-1,4,7,10,13-

pentaazacyclopentadecane-2,5,8,11,14-pentaone (1.24)

Ph
0}

HLNJ\fo To a round botton flask equipped with a stir bar was added pentapeptide
Ph

H

o /\ZJ S25 (1 g, 1.26 mmol), HOAt (343 mg, 2.52 mmol), and DMF (252 mL).

NH HN

d afph The reaction mixture was cooled to 0 °C and i-Pr2EtN (1.1 mL, 6.3 mmol)

L was added. HATU (1.2 g, 3.15 mmol) was added in portions and the
reaction warmed to rt and stirred for 25 h. The solvent was removed under reduced
pressure and the product was filtered and triturated with methanol and DCM to afford the
product as a white solid (398 mg, 48%). *H NMR (499 MHz, DMSO) & 9.97 (s, 1H), 8.70
(d, J = 7.4 Hz, 1H), 8.29 (d, J = 8.8 Hz, 1H), 8.20 (t, J = 5.0 Hz, 1H), 7.57 (d, J = 7.4 Hz,
2H), 7.46 — 7.30 (m, 4H), 7.25 - 7.13 (m, J = 21.7, 12.0, 4.6 Hz, 8H), 7.11 — 7.02 (m, 4H),
7.01 — 6.95 (m, 3H), 4.57 (dd, J = 13.5, 7.0 Hz, 1H), 4.51 (td, J = 9.7, 4.4 Hz, 1H), 4.39
(dd, J = 14.6, 7.5 Hz, 1H), 3.90 (dd, J = 15.2, 6.6 Hz, 1H), 3.83 (dd, J = 15.2, 3.8 Hz, 1H),

3.00 (m, 2H), 2.88 — 2.72 (m, 3H), 2.67 (dd, J = 14.1, 8.3 Hz, 1H). 13C NMR (126 MHz,
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DMSO, d1=5s)5171.9,171.2,170.9, 169.2, 165.0, 160.9 (d, J = 241.6 Hz), 137.5, 137.3,
134.0 (d, J = 3.0 Hz), 133.6, 130.7 (d, J = 8.0 Hz), 129.6, 129.2, 128.9, 128.8, 128.7,
128.6, 128.1, 128.1, 128.0, 126.2, 126.1, 114.8 (d, J = 21.0 Hz), 54.4, 54.3, 54.2, 42.4,
37.8, 35.9, 35.0. 1F NMR (376 MHz, DMSO) d -117.17. IR (ATR): 3089, 2954, 1634,
1551, 1506, 1210 cm™*. HRMS (ESI-TOF) m/z calc’'d for CssHzsFNsOsNa [M+Na]*:
684.2598, found: 684.2586. [a]*°p +154 (c = 0.27, DMF).

vi) Synthesis of pentapeptide 1.25

TFA

HATU BocHN \)L N /\770

Me  H)N \
? HOAL, i-ProEtN
NH HN/zJ + BOCHN\)LNW _DCM/DMF /&J
NH HN

o N
TFA :
H,N HLN o)
2 \)LN HATU H/\f Bh
)L|OH HOAL, i-PrEtN NH HN
2) TFA, TIPS ,t DMF ’t
NH HN NH HN
DCM ) /O
o *—pn
F F
(tert-butoxycarbonyl)glycyl-D-phenylalanine (S26)

jh\ To a round bottom flask equipped with a stir bar was added the Boc-
BocHN
N

H

0 Gly-OH (2 g, 11.4 mmol), Boc-D-Phe-OH (2.7 g, 7.9 mmol), HOBt':H20
(2.3 g, 13.7 mmol), and DCM (143 mL). The mixture was cooled to 0 °C and i-PrzEtN (6
mL, 34.2 mmol) was subsequently added. EDCI'HCI (2.6 g, 13.7 mmol) was added in
portions and the reaction gradually warmed to rt and stirred for 6 h. The reaction mixture

was transferred to a separatory funnel and was washed with sat. NaHCOs (aq), 10%
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KHSO4 (aq), and brine. The organic phase was dried over Na2SOa, filtered, and
concentrated under reduced pressure. The crude reaction mixture was purified via
column chromatography (eluting with 2:3 hexanes/EtOAc) to afford the dipeptide as a
colorless oil (3.5 g, 92%). Characterization data was consistent with those previously
reported.®

To a round bottom flask equipped with a stir bar was added Boc-Gly-Phe-OMe (3.5 g,
10.4 mmol), THF (49 mL), and H20 (40 mL). The mixture was cooled to 0 °C and 1M
LiOH (aq) (18.7 mL, 18.7 mmol) was subsequently added. The reaction gradually warmed
to rt and stirred for 31 h. The reaction mixture was acidified with 10% KHSOu4 (aq), and
the THF was concentrated under reduced pressure. The reaction mixture was transferred
to a separatory funnel where it was extracted with DCM (3 x 100 mL). The organic layer
was washed with 100 mL brine, dried over Na2SOs, filtered, and concentrated under
reduced pressure to afford the title compound as a white solid (3.5 g, >99%).

Characterization data was consistent with those previously reported.8

Methyl (9R,12S,15R,18S)-9,12,15-tribenzyl-18-(4-fluorobenzyl)-2,2-dimethyl-
4,7,10,13,16-pentaoxo-3-0xa-5,8,11,14,17-pentaazanonadecan-19-oate (S27)

To a round botton flask equipped with a stir bar was added the dipeptide S26 (536 mg,
1.65 mmol), tripeptide S23 (1 g, 1.65 mmol), DCM (10 mL), and DMF (2.5 mL). The
reaction mixture was cooled to 0 °C and i-Pr2EtN (2.0 mL, 11.6 mmol) was added. HATU
(743 mg, 1.98 mmol) was added in portions and the reaction warmed to rt and stirred for
12 h. The reaction mixture was washed with sat. NaHCOs (aq), 10% KHSOa4 (aq), and

brine. The organic phase was dried over Na2SOs, filtered, and concentrated under
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Ph. reduced pressure. The crude reaction mixture was dried further on
B°°HN\)LN/\/¢0 o the high vacuum and was purified via column chromatography
NH HN,\Z) (eluting with 20:1 DCM/MeOH) to afford a white solid. The solid was
further triturated with Et20 to give pentapeptide S27 as a white solid

F (669 mg, 51%). *H NMR (600 MHz, DMSO) & 8.69 (d, J = 8.2 Hz,
1H), 8.43 (d, J = 8.8 Hz, 1H), 8.32 (d, J = 8.7 Hz, 1H), 7.65 (d, J = 8.3 Hz, 1H), 7.32 —
7.05 (m, 17H), 6.91 — 6.78 (m, 2H), 4.66 — 4.58 (m, 1H), 4.57 — 4.51 (m, 1H), 4.51 — 4.45
(m, 1H), 3.64 (s, 3H), 3.47 (dd, J = 16.8, 5.7 Hz, 1H), 3.39 (dd, J = 16.9, 6.1 Hz, 1H), 3.07
(dd, J = 13.7, 4.9 Hz, 1H), 2.85 (dd, J = 13.6, 10.1 Hz, 1H), 2.70 (dd, J = 13.1, 3.1 Hz,
1H), 2.59 — 2.52 (m, 1H), 2.40 — 2.27 (m, 1H), 1.33 (s, 9H). 13C NMR (151 MHz, DMSO)
5171.8,171.1,170.8, 170.4, 168.8, 161.1 (d, J = 242.2 Hz), 155.6, 137.9, 137.6, 137.4,
133.2 (d, J = 2.8 Hz), 131.2 (d, J = 8.0 Hz), 129.37, 129.35, 129.2, 127.91, 127.89, 127.8,
126.3, 126.2, 126.0, 114.9 (d, J = 21.1 Hz), 78.0, 53.8, 53.5, 53.34, 53.27, 52.0, 43.0,
38.3, 38.04, 37.99, 36.2, 28.1. °F NMR (376 MHz, DMSO) & -116.67. IR (ATR): 3083,

3027, 2927, 1629, 1534, 1495, 1227, 1154 cm™. HRMS (ESI-TOF) m/z calc'd for

CasHsoFNsOgNa [M+Na]*: 818.3541, found: 818.3521. [a]%p +18 (c = 0.28, CHCla).

(2S,5R,8S,11R)-14-amino-5,8,11-tribenzyl-2-(4-fluorobenzyl)-4,7,10,13-tetraoxo-
3,6,9,12-tetraazatetradecanoic acid (S28)

o N To a round bottom flask equipped with a stir bar was added

H N\)LN/\,&

OH

ph  pentapeptide S27 (550 mg, 0.69 mmol), THF (7 mL), and H20 (5 mL).

(6]
NH HNTY The mixture was cooled to 0 °C and 1M LiOH (aq) (2.3 mL, 2.3 mmol)

o *—pn
was subsequently added. The reaction gradually warmed to rt and
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stirred for 35 h. The reaction mixture was acidified with 10% KHSOa4 (aq), and the THF
was concentrated under reduced pressure. The reaction mixture was transferred to a
separatory funnel where it was extracted with DCM (3 x 100 mL). The organic layer was
washed with 100 mL brine, dried over Na2SOs, filtered, and concentrated under reduced
pressure to afford the desired carboxylic acid which was then used in the next step without
further purification.

To a round bottom flask equipped with a stir bar was added the pentapeptide carboxylic
acid (0.69 mmol), triisopropylsilane (0.2 mL, 0.79 mmol), and DCM (9.6 mL). The reaction
mixture was cooled to 0 °C and TFA (0.900 mL, 11.9 mmol) was slowly added. The
reaction slowly warmed to rt and stirred for 12 h. The DCM was concentrated under
reduced pressure and to the mixture was added toluene to form a TFA azeotrope, which
was subsequently concentrated under reduced pressure and triturated with Et20 to afford
pentapeptide S28 as a white solid (621 mg, >99%). *H NMR (600 MHz, DMSO, 330 K) &
8.37 — 8.19 (m, 4H), 7.27 — 6.96 (m, 19H), 4.66 — 4.53 (m, 3H), 4.50 — 4.41 (m, 1H), 3.44
(d, J = 16.1 Hz, 1H), 3.31 (d, J = 16.1 Hz, 1H), 3.09 (dd, J = 13.8, 4.7 Hz, 1H), 2.85 (dd,
J=13.7,9.3 Hz, 1H), 2.78 (dd, J = 13.7, 4.1 Hz, 1H), 2.68 — 2.59 (m, 1H), 2.53 (dd, J =
13.5, 10.6 Hz, 1H), 2.44 — 2.37 (m, 2H). 3C NMR (151 MHz, DMSO, 330 K) 5 173.1,
171.3,171.1, 170.6, 166.3, 161.6 (d, J = 241.9 Hz), 138.23, 138.17, 137.9, 134.2 (d, J =
3.1 Hz), 131.6 (d, J = 7.9 Hz), 129.78, 129.76, 129.6, 128.4, 128.34, 128.29, 126.69,
126.65, 126.63, 115.2 (d, J=21.2 Hz), 54.2,54.2,54.1, 54.0, 40.8, 38.7, 38.6, 38.5, 37.0.
9F NMR (376 MHz, DMSO) 5 -117.01. IR (ATR): 3061, 3016, 2910, 1640, 1545, 1501,
1221 cm*. HRMS (ESI-TOF) m/z calc’'d for CssH40oFNsOsNa [M+Na]*: 704.2860, found:

704.2859. [a]2%p +7 (c = 0.52, MeOH).
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(3S,6R,9S,12R)-6,9,12-tribenzyl-3-(4-fluorobenzyl)-1,4,7,10,13-
pentaazacyclopentadecane-2,5,8,11,14-pentaone (1.25)

N To a round botton flask equipped with a stir bar was added pentapeptide
ﬁu/ko o S28 (200 mg, 0.250 mmol), HOAt (85.1 mg, 0.625 mmol), and DMF (250
NH HN§ mL). The reaction mixture was cooled to 0 °C and i-Pr2EtN (0.22 mL,
O)J 1.25 mmol) was added. HATU (238 mg, 0.625 mmol) was added in
F portions and the reaction warmed to rt and stirred for 12 h. The solvent
was removed under reduced pressure and then purified by column chromatography
(eluting with 4:1 DCM/EtOH) to afford a solid. This solid was further triturated with MeOH
and Et20 to give the title compound as a white solid (20 mg, 12%). *H NMR (400 MHz,
DMSO0) 5 8.75 (d, J = 6.8 Hz, 1H), 8.54 (d, J = 8.3 Hz, 1H), 8.38 (t, J = 6 Hz, 1H), 7.85 (d,
J=8.5Hz, 1H), 7.64 (d, J = 7.2 Hz, 1H), 7.28 — 6.96 (m, 19H), 4.65 — 4.55 (m, 1H), 4.54
— 4.43 (m, 2H), 4.40 — 4.32 (m, 1H), 4.26 — 4.16 (m, 1H), 3.71 (dd, J = 16.2, 6.4 Hz, 1H),
3.47 (dd, J =16.0, 5.2 Hz, 1H), 3.00 — 2.57 (m, 8H). 13C NMR (151 MHz, DMSO) 5 171.3,
170.9, 170.7, 170.1, 168.4, 160.8 (d, J = 242.0 Hz), 137.51, 137.50, 136.9, 133.4 (d, J =
3.1 Hz), 130.5 (d, J=8.0 Hz), 128.7, 128.43, 128.42, 127.8, 127.8, 127.7, 126.0, 125.80,
125.76, 114.6 (d, J = 21.1 Hz), 55.1, 54.0, 53.3, 53.0, 42.9, 37.4, 36.1, 35.0, 34.8. °F
NMR (376 MHz, DMSO) & -116.93. IR (ATR): 3055, 2927, 1646, 1540, 1204 cm. HRMS
(ESI-TOF) m/z calc’'d for CsgH3sFNsOsNa [M+Na]*: 686.2755, found: 686.2742. [a]*’p +6

(c = 0.18, DMF).
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vii) SPPS Syntheses
(3S,6S,9S,12S)-6,9,12-tribenzyl-3-(4-fluorobenzyl)-1,4,7,10,13-
pentaazacyclopentadecane-2,5,8,11,14-pentaone (S29)
The corresponding linear pentapeptide was manually synthesized via
;L 0 Fmoc solid phase peptide synthesis (SPPS) using 2-chlorotrityl
?NHNH H:N chloride (CTC) resin (substitution 1.1 mmol/g). The resin (0.360 g,
© Ph 0.400 mmol) was swelled in anhydrous DCM (20 mL) for 45 min. The
beads were washed once with DMF (peptide grade). DMF (10 mL), Fmoc-Phe-OH (620
mg, 1.60 mmol) and i-Prz2EtN (2.5 mL) were added and allowed to mix under N2 for 15
minutes. The coupling with Fmoc-Phe-OH was repeated again. After the double coupling,
the beads were washed with DMF and the Fmoc group was deprotected with 20% 4-
methylpiperidine in DMF (20 mL) for 15 minutes. This deprotection was repeated again.
The resin was washed three times with DMF (15 mL) and a Kaiser test was performed to
determine presence of deprotected amine. The beads were washed once with N-methyl-
2-pyrrolidone (15 mL). To begin the next coupling, NMP (10 mL), Fmoc-Phe-OH (620 mg,
1.6 mmol), HBTU (610 mg, 1.6 mmol), and i-Pr2EtN (2.5 mL) were added and the resin
bubbled under N2 for 30 min. The completion of the coupling was monitored by the Kaiser
test. If incomplete, the coupling step was repeated again. The resin was washed three
times with DMF (15 mL). The deprotection of the Fmoc group was repeated as above two
times. To elongate the peptide, the coupling and deprotection steps were performed with
Fmoc-Phe-OH, Fmoc-Phe-OH, and Fmoc-Gly-OH. After the last amino acid was
deprotected, the beads were washed three times with DMF. To the resin was added 40

mL cleavage solution (95% TFA, 2.5% H20, 2.5% triisopropylsilane), and the resin
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bubbled under N2 for 3 h. A new receiving flask was replaced on the peptide synthesizer
and the TFA was drained into the new flask. The TFA solution was separated into 4
conical vials and cold ether (—20 °C) was added to precipitate the peptide. The vials were
centrifuged (3000 rpm, 0—4 °C) for 20 minutes. The remaining TFA and ether solution
was decanted from the conical vials and the peptide precipitate was concentrated. Then
to a round botton flask equipped with a stir bar was added the linear pentapeptide (0.400
mmol), HOAt (136 mg, 1.00 mmol), and DMF (400 mL). The reaction mixture was cooled
to 0 °C and i-Pr2EtN (0.348 mL, 2.00 mmol) was added. HATU (380 mg, 1.00 mmol) was
added in portions and the reaction warmed to rt and stirred for 12 h. The solvent was
concentrated under reduced pressure and a white solid formed. This solid was then
filtered and triturated with DCM, MeOH, and Et20 to afford the title compound as a white
solid (92 mg, 36% overall). The 'H-NMR spectrum was consistent with the cyclic
pentapeptide 1.27 obtained after asymmetric hydrogenation (Figure 1.28 and 1.29).
(3S,6S,9S,12S)-6,9,12-tribenzyl-3-(4-fluorobenzyl)-1,4,7,10,13-
Ph pentaazacyclopentadecane-2,5,8,11,14-pentaone (S30)

0O

HL N © o The corresponding linear pentapeptide was manually synthesized via
NH HN

o
NH HN/\ZJ Fmoc solid phase peptide synthesis (SPPS) using 2-chlorotrityl
(6]

° P chloride (CTC) resin (substitution 1.1 mmol/g). The resin (0.360 g,

F 0.400 mmol) was swelled in anhydrous DCM (20 mL) for 45 min. The
beads were washed once with DMF (peptide grade). DMF (10 mL), Fmoc-4-fluoro-Phe-
OH (649 mg, 1.60 mmol) and i-Pr2EtN (2.5 mL) were added and allowed to mix under N2
for 15 minutes. The coupling with Fmoc-4-fluoro-Phe-OH was repeated again. After the

double coupling, the beads were washed with DMF and the Fmoc group was deprotected
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with 20% 4-methylpiperidine in DMF (20 mL) for 15 minutes. This deprotection was
repeated again. The resin was washed three times with DMF (15 mL) and a Kaiser test
was performed to determine presence of deprotected amine. The beads were washed
once with N-methyl-2-pyrrolidone (15 mL). To begin the next coupling, NMP (10 mL),
Fmoc-Phe-OH (620 mg, 1.6 mmol), HBTU (610 mg, 1.6 mmol), and i-Pr2EtN (2.5 mL)
were added and the resin bubbled under N2 for 30 min. The completion of the coupling
was monitored by the Kaiser test. If incomplete, the coupling step was repeated again.
The resin was washed three times with DMF (15 mL). The deprotection of the Fmoc group
was repeated as above two times. To elongate the peptide, the coupling and deprotection
steps were performed with Fmoc-Phe-OH, Fmoc-Phe-OH, and Fmoc-Gly-OH. After the
last amino acid was deprotected, the beads were washed three times with DMF. To the
resin was added 40 mL cleavage solution (95% TFA, 2.5% H20, 2.5% triisopropylsilane),
and the resin bubbled under N2 for 3 h. A new receiving flask was replaced on the peptide
synthesizer and the TFA was drained into the new flask. The TFA solution was separated
into 4 conical vials and cold ether (—20 °C) was added to precipitate the peptide. The vials
were centrifuged (3000 rpm, 0—4 °C) for 20 minutes. The remaining TFA and ether
solution was decanted from the conical vials and the peptide precipitate was
concentrated. Then to a round botton flask equipped with a stir bar was added the linear
pentapeptide (0.400 mmol), HOAt (136 mg, 1.00 mmol), and DMF (400 mL). The reaction
mixture was cooled to 0 °C and i-Pr2EtN (0.348 mL, 2.00 mmol) was added. HATU (380
mg, 1.00 mmol) was added in portions and the reaction warmed to rt and stirred for 12 h.
The solvent was concentrated under reduced pressure and a white solid formed. This

solid was then filtered and triturated with DCM, MeOH, and Et2O to afford the title
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compound as a white solid (61 mg, 23% overall). *H NMR (600 MHz, DMSO) & 8.52 (br
t, J = 5.2 Hz, 1H), 8.35 (d, J = 7.5 Hz, 1H), 8.32 (d, J = 8.1 Hz, 1H), 8.25 (d, J = 7.8 Hz,
1H), 7.95 (d, J = 8.3 Hz, 1H), 7.32 — 6.98 (m, 19H), 4.37 — 4.29 (m, 1H), 4.29 — 4.19 (m,
2H), 4.08 — 3.97 (m, 1H), 3.92 (dd, J = 14.4, 5.8 Hz, 1H), 3.29 (dd, J = 14.3, 4.8 Hz, 1H),
3.12 — 2.84 (m, 7H), 2.80 — 2.69 (m, 1H). 13C NMR (151 MHz, DMSO) d 171.4, 171.1,
170.7, 170.6, 169.2, 161.0 (d, J = 241.6 Hz), 137.7, 137.5, 137.4, 134.2 (d, J = 2.8 Hz),
130.9 (d, J = 8.0 Hz), 129.2, 129.1, 129.0, 128.9, 128.3, 128.2, 126.39, 126.37, 126.35,
114.9 (d, J = 21.0 Hz), 57.4, 55.9, 55.8, 54.6, 43.3, 36.9, 36.5, 35.7, 30.7. 1°F NMR (376
MHz, DMSO) 5 -117.17. IR (ATR): 3083, 3022, 2932, 1640, 1495, 1216 cm1. HRMS (ESI-
TOF) m/z calc’d for CssH3ssFNsOs [M+Na]*: 686.2755, found: 686.2736. [a]?’p —97 (c =

0.22, DMF).

General procedures for hydrogenation
Representative examples:

Method A — Hydrogenation using Schlenk tube

o N (3R,6R,9R,12R)-3,6,9,12-tetrabenzyl-1,4,7,10,13-
N

O{H wN_ f" pentaazacyclopentadecane-2,5,8,11,14-pentaone (1.27)

N N;J_N o Ina nitrogen-filled glove box, to a Schlenk vial equipped with a stir bar
Ph 0" “—pn

was added (R,R’,S,S’)-DuanPhos (3 mg, 0.0079 mmol) and [Rh(cod)2]BF4 (3 mg, 0.0075
mmol) in dry and degassed MeOH (2 mL). This mixture was stirred at rt for 5 min, then
cyclic peptide 1.20 (128 mg, 0.2 mmol) in MeOH (4 mL) was added to this mixture. The
Schlenk tube was sealed, removed from the nitrogen box, and then connected to a
Schlenk line (vacuum gas manifold). The pre-catalyst solution was degassed via three

cycles of freeze-pump-thaw’. On the last ‘thaw’ cycle, the Schlenk tube was backfilled
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with H2 gas and subsequently sealed while the reaction mixture was still frozen. The
Schlenk tube was allowed to thaw to pressurize the vial and the reaction mixture was
stirred at rt for 48 h, over which an off-white solid precipitated from the solution. The
heterogeneous mixture was then collected into a scintillation vial and concentrated under
reduced pressure. The resulting crude solid was triturated in DCM and MeOH and then
filtered to afford an off-white solid (108 mg, 86%, 99% ee). *H NMR (300 MHz, DMSO) &
8.53 (t, J = 5.4 Hz, 1H), 8.34 (d, J = 7.4 Hz, 1H), 8.33 (d, J = 8.0 Hz, 1H), 8.23 (d, J = 8.0
Hz, 1H), 7.98 (d, J = 8.4 Hz, 1H), 7.31 — 7.10 (m, 18H), 7.09 - 7.02 (m, 2H), 4.35 (m, 1H),
4.24 (m, 2H), 4.04 (g, J = 7.8 Hz, 1H), 3.92 (dd, J = 14.5, 6.0 Hz, 1H), 3.28 (dd, J = 14.5,
5.1 Hz, 1H), 3.17 (d, J = 5.3 Hz, 1H), 3.11 (dd, J = 13.8, 5.5 Hz, 1H), 3.02 - 2.85 (m, 6H),
2.74 (dd, J = 14.1, 9.2 Hz, 1H). *3C NMR (100 MHz, DMSO) & 171.5, 171.1, 170.7, 170.6,
169.1, 138.0, 137.7, 137.5, 137.4, 129.1, 129.1, 129.0, 128.8, 128.19, 128.17, 126.3, 57.4,
56.0, 55.8, 54.6, 43.3, 36.9, 36.8, 36.6, 36.5. IR (ATR): 3295, 3028, 2926, 1615, 1528,
1496, 1454, 837 cm™. HRMS (ESI-TOF) m/z calc’d for C3gH3aNsOs [M+H]*: 646.3020,

found 646.3023.

(3R,6R,9R,12R)-3,6,9,12-tetrabenzyl-1,4,7,10,13-pentaazacyclopentadecane-

Ph
o N
: 2,5,8,11,14-pentaone (1.28)
B

Ph
o{ "™/ In a nitrogen-filled glove box, to a Schlenk vial equipped with a stir bar
< NH HN’%O

I

@Oﬂ,% was added (R,R’S,S’)-DuanPhos (0.29 mg, 0.00076 mmol) and
L [Rh(cod)2]BF4 (0.31 mg, 0.00076 mmol) in dry and degassed MeOH
(0.350 mL). This mixture was stirred at rt for 5 min, then cyclic peptide 1.21 (10 mg, 0.015
mmol) in MeOH (0.300 mL) was added to this mixture. The Schlenk tube was sealed,

removed from the nitrogen box, and then connected to a Schlenk line (vacuum gas
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manifold). The pre-catalyst solution was degassed via three cycles of ‘freeze-pump-thaw’.
On the last ‘thaw’ cycle, the Schlenk tube was backfilled with H2 gas and subsequently
sealed while the reaction mixture was still frozen. The Schlenk tube was allowed to thaw
to pressurize the vial and the reaction mixture was stirred at 50 °C for 48 h, over which
an off-white solid precipitated from the solution. The heterogeneous mixture was then
collected into a scintillation vial and concentrated under reduced pressure. The resulting
crude solid was triturated in DCM and MeOH and then filtered to afford an off-white solid
(7.2 mg, 72%, 20:<1 dr). The diastereoselectivity was determined by °F-NMR analysis
of the unpurified reaction mixture The *H-NMR spectrum of 1.28 was consistent with an
authentic sample synthesized via SPPS (page 89). H NMR (400 MHz, DMSO) & 8.52 (br
t, J = 5.4 Hz, 1H), 8.36 (d, J = 7.8 Hz, 1H), 8.33 (d, J = 7.8 Hz, 1H), 8.25 (d, J = 8.1 Hz,
1H), 7.96 (d, J = 5.3 Hz, 1H), 7.32 — 6.96 (m, 19H), 4.38 — 4.29 (m, 1H), 4.29 — 4.19 (m,
2H), 4.07 —3.99 (m, 1H), 3.92 (dd, J = 14.1, 5.7 Hz, 1H), 3.30 — 3.24 (m, 1H), 3.14 — 2.81

(m, 7H), 2.81 — 2.63 (m, 1H).

Method B — Hydrogenation using Hel Reactor
(3S,6R,9S,12R)-6,9,12-tribenzyl-3-(4-fluorobenzyl)-1,4,7,10,13-
pentaazacyclopentadecane-2,5,8,11,14-pentaone (+)-1.25
o Ph\? In a No-filled glovebox, [Rh(cod)2]BF4 (0.31 mg, 0.00076 mmol, 5
HLH/YO Ph mol%) and dppp (0.32 mg, 0.00076 mmol, 5 mol%) in MeOH/DMF (4:1,

NH  HN
o /ZTJ
NH HN

y— O 306 pL, 0.05 M) were added to a % dr vial equipped with a stir bar
O “—Ph

containing pentapeptide 1.21 (10 mg, 0.0153 mmol). The vial was

capped with a screwcap with a slitted rubber septum and taken outside
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of the glovebox. The vial was sonicated to ensure all contents were dissolved and then
placed in the HEL CATalyst block and the head was screwed into place. The block was
filled then purged three times with hydrogen, and then pressurized with hydrogen to 7
atm. The reaction stirred at 40 °C and was stopped after 48 h. The solvent was
concentrated under reduced pressure and the reaction mixture was triturated with DCM
to afford the title compound as an off-white solid (8.9 mg, 88%, 20:2:1:1:1 dr). The
diastereoselectivity was determined by °F-NMR analysis of the unpurified reaction
mixture. *H NMR (400 MHz, DMSO) & 8.75 (d, J = 6.8 Hz, 1H), 8.54 (d, J = 8.3 Hz, 1H),
8.38 (t, J = 6 Hz, 1H), 7.85 (d, J = 8.5 Hz, 1H), 7.64 (d, J = 7.2 Hz, 1H), 7.28 — 6.96 (m,
19H), 4.65 — 4.55 (m, 1H), 4.54 — 4.43 (m, 2H), 4.40 — 4.32 (m, 1H), 4.26 — 4.16 (m, 1H),
3.71 (dd, J = 16.2, 6.4 Hz, 1H), 3.47 (dd, J = 16.0, 5.2 Hz, 1H), 3.00 — 2.57 (m, 8H). 13C
NMR (151 MHz, DMSO) & 171.3, 170.9, 170.7, 170.1, 168.4, 160.8 (d, J = 242.0 Hz),
137.5, 137.5, 136.9, 133.4 (d, J = 3.1 Hz), 130.5 (d, J = 8.0 Hz), 128.7, 128.43, 128.42,
127.81, 127.75, 127.7, 126.0, 125.8, 125.7, 114.6 (d, J = 21.1 Hz), 55.1, 54.0, 53.3, 53.0,
42.9,37.4,36.1, 35.0, 34.8. 2%F NMR (376 MHz, DMSO) 5 -116.93. IR (ATR): 3055, 2927,
1646, 1540, 1204 cm™t. HRMS (ESI-TOF) m/z calc’'d for CagH3zsFNsOsNa [M+Na]*:

686.2755, found: 686.2742.

Table 1.1, entry 1: 1.25 was prepared according to method B using [Rh(cod)2]BF4 (0.31
mg, 0.00076 mmol, 5 mol%) and dppp (0.32 mg, 0.00076 mmol, 5 mol%) in MeOH/DMF
(4:1, 306 pL, 0.05 M), and pentapeptide 1.22 (10 mg, 0.0153 mmol). The
diastereoselectivity was determined by °F-NMR analysis of the unpurified reaction

mixture. The product was isolated as an off white solid (7.7 mg, 76%, 20:<1:<1:<1:<1 dr).
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Table 1.1, entry 2: 1.25 was prepared according to method B using [Rh(cod)2]BF4 (0.15
mg, 0.00038 mmol, 5 mol%) and dppp (0.16 mg, 0.00038 mmol, 5 mol%) in MeOH/DMF
(4:1, 304 pL, 0.025 M), and pentapeptide 1.23 (5 mg, 0.0076 mmol) stirring at 60 °C and
H2 (20 atm). The diastereoselectivity was determined by °F-NMR analysis of the
unpurified reaction mixture. The product was isolated as an off white solid (5.0 mg, 99%,

20:<1:<1:<1:<1 dr).

Table 1.1, entry 3: 1.25 was prepared according to method B using [Rh(cod)z]BF4 (0.31
mg, 0.00076 mmol, 10 mol%) and dppp (0.31 mg, 0.00076 mmol, 10 mol%) in THF (500
pL, 0.015 M), and pentapeptide 1.24 (5 mg, 0.0076 mmol) stirring at 80 °C and H2 (40
atm). The diastereoselectivity was determined by °F-NMR analysis of the unpurified
reaction mixture. The product was isolated as an off white solid (5.0 mg, 99%,

20:<1:<1:<1:<1 dr).

o] ] o} \5
Pd/C (10 mol%),
HLH © Ph Hy (7 atm), 2\”/\770 Ph
o NH T HN MeOH/DMF NH  HN_
/z) (4:1), 48 h j\ /zﬂ
~ NH HN o —>f . _ NH HN 5
OmPh 8 diastereomers o —Ph
via "9F-NMR
F F
To a %2 dr vial equipped with a stir bar was added cyclic pentapeptide 1.21 (10 mg, 0.0153
mmol) and 10% Pd/C (1.6 mg, 0.00153 mmol, 10 mol%). The contents were dissolved in
MeOH/DMF (4:1, 306 pL, 0.05 M) and the vial was capped with a screwcap with a slitted

rubber septum. The vial was sonicated to ensure all contents were dissolved and then
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placed in the HEL CATalyst block and the head was screwed into place. The block was
filled then purged three times with hydrogen, and then pressurized with hydrogen to 7
atm. After 48 h and the reaction mixture was filtered through a plug of celite, eluted with
MeOH, concentrated under reduced pressure and then analyzed by °F-NMR and LC-MS

analysis, which showed the presence of 8 diastereomers (Figure 1.27).

—-116.93
117.07]
-117.11]
117.14
—-117.18|
—-117.19|
-117.22]
117.32]

T T T T T T T T T T T T
-116.92 -116.98 -117.04 -117.10 -117.1

T T
-117.22 -117.28 -117.34 -117.40 -117.46
ppm)

Figure 1.27 1°F-NMR after Pd/C hydrogenation
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Ligand evaluation

MeOH/DMF (4:1)

[Rh(cod),]BF4 (5 mol%) o Ph
ligand (5 mol%)
H, (7 atm), HJ\H (0]
N Ph
40°C,48h O\V\\

o] Ph o} \
[Rh(cod),]BF 4 (5 mol%) HX\N/\/&O
ligand (5 mol%) N Ph
E 1.21 . LN
H, (3 atm), MeOH/DMF (4:1) oi
50 °C, 48 h NH HN
2 /0
O “—Ph
1.28
Table 1.6 Ligand evaluation F

chiral ligands (yield of 9)

: P~ :
é"’ R P thP/\/'\Pth
OMe

L1 L2 L3 L4
0% 0% 13%, drn.d 72%32, 20:<1 dr

achiral ligands (yield of 5)

&S—ppn
! ! ; )
N PPh, | : PPh
PhP” “PPhy  ppyp T2 PR PN PP, | ppp S NP2 e ppn
! : o PP
L5 L6 5 L7 f L8 L9
0% 0% f 88%2, 20:2:1:1:1 dr f 50%, 20:<1:<1:<1:<1 dr 0%

@ |solated yield
For the ligand evaluation of cyclic pentapeptide 1.21 to form 1.28, method A was used
for the hydrogenation (Table 1.6). For the reaction of cyclic peptide 1.21 to form (+)-
1.25, method B was used for the hydrogenation. Yields and diastereoselectivity were

determined by °F-NMR spectroscopy analysis of the unpurified reaction mixture.
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NMR time trace

Five independent hydrogenations were set up using general hydrogenation procedure
method B. The reaction was quenched at incomplete conversion at t=0 min, 7 min, 1 h,
16 h, and 48 h by opening the reaction to air. *°F-NMR time points in Figure 3 were
performed on a 400 MHz Bruker DRX400 spectrometer at 298 K, 8 scans, and 30 s

relaxation delay. The NMR spectra was taken in DMSO-ds solvent.

Determination of absolute stereochemistry via SFC analysis
Column: IC, 40% MeOH isocratic, thermostat set to 44 °C, sample prepared in 1:1
DCM/MeOH

1. Cyclo(Gly-L-Phe-L-Phe-L-Phe-L-Phe) (S29) made from authentic (L-Phe)s-OH and 1.27

DADA B, $ig=220,16 Ref=260,100 (HIKHANMHK_HKBKMIX2 [)

mAU |

w S29 & 1.27

2. S29 made from hydrogenation of pentapeptide 1.20 with (S,S’,R,R’)-DuanPhos as the ligand

DAD1 B, Sig=220,15 Ref=360,100 (HKHANIHK_SCRF.D)

mal
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3. 1.27 made from hydrogenation of 1.20 using (R,R’,S,S’)-Duanphos

‘ DADA B, Sig=220,16 Ref=360,100 (HKHANWHK_RCSP D)

&

204

[ / Phy / .

S SS /

55 5.0 45
f1 (ppm)

Figure 1.29 *H-NMR of cyclic pentapeptide S29 made via SPPS

99




The absolute stereochemistry of 1.27 when using Rh(cod)2BF4 and (R,R’,S,S)—

Duanphos gives the D-amino acid configuration.

e} \

S

NH HN o/

Oi
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1.3.3 NMR Spectra
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CHAPTER 2 — Enantioselective, Rh(l)-Catalyzed Intermolecular
Hydroacylation of a-Ketoamides

2.1 Rh(l)-Catalyzed Intermolecular Hydroacylation of a-Ketoamides®
2.1.1 Introduction
Catalytic hydroacylation is an atom-economical approach to construction of C-O

and C—C bonds by adding an aldehyde across an unsaturated bond (i.e., ketone, alkene)

(eq ).

Hydroacylation:

o R’ cat. [Rh]

(0] R'
Bt H (1)
A ke

While the alkene hydroacylation has been widely studied,?® ketone
hydroacylation remains underdeveloped. In 1990, Bosnich reported the first
intramolecular ketone hydroacylation where 1,4-ketoaldehyde 1 reacts with 5 mol% Rh to
form lactone 1a in 59% yield (eq 2).8” However, ketone 1b is formed in 40% yield as an

undesired byproduct resulting from decarbonylation.

First report of intramolecular ketone hydroacylation (Bosnich, 1990)

H
* (5 mol @
o [Rh(dppp)(acetone),]” (5 mol%) O + H (@)
O)\/\f 18 h, reflux @H \/Y

Ph
1 1a 1b
59% 40%

This undesired decarbonylation pathway is one of the challenges associated with
transition-metal catalyzed hydroacylation. When aldehyde 2 reacts with the Rh metal, it

undergoes C-H activation to form Rh-acyl hydride intermediate | (Figure 2.1). The Rh

* Reproduced in part with permission from Kou, K. G. M.; Le, D. N.; Dong, V. M. J. Am. Chem. Soc. 2014,
136, 9471. Copyright 2017 American Chemical Society
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metal is coordinatively unsaturated, so it can undergo deinsertion to form Rh-carbonyl
species I, which can then undergo reductive elimination to furnish inactive Rh catalyst

2a and the corresponding alkane 2b.

Challenges: competing decarbonylation

e} o}
Rh

c
R” “H R” [Rh]—H R—[Hleh]
2 I n H

— [Rh]—/C=0 +R-H
inactive
2a 2b

Figure 2.1 Undesired decarbonylation pathway for hydroacylation
Efforts to suppress decarbonylation include studies on the use of a heteroatom
directing group to coordinatively saturate the metal center. We reported the use of
oxygen and nitrogen directing groups to facilitate the first enantioselective, Rh(l)-
catalyzed intramolecular ketone hydroacylations to afford medium-sized lactones in 84-
99% yields and up to 99% ee (Figure 2.2).88.8 While there has been much development
in intramolecular ketone hydroacylation, intermolecular ketone hydroacylation warrants

further study.

tBu
0 OMe
i Son | GLo
©\)LH [Rh(L*)]BF 4 (5 mol%) do H ¢ 0 P tBu/2
O  DCM,90°C, 24 h fR o) P tBu
i <1
o]

R

R = alkyl, aryl 85-98%, 99% ee I OMe>2
‘ u

o | OMe i

0] ; OMe | |

o] ! :

©\)LH [Rh(L*)]BF 4 (5 mol%) d HR ; O ‘

' 2.

A0 DCM, 830 h N,())L MeO P OMe/=

b ] n ‘MeO P. OMe ;

Me R Me ‘ O ‘

n=1,L* = (R)-3,4,5-OMe-BIPHEP 84-99%, 88-99% ee | OMe | !
n=2,L* = (R)-DTBM-SEGPHOS : OMe 2

Figure 2.2 Ketone hydroacylation affords medium-sized lactones

Intermolecular ketone hydroacylation using NHC- and organocatalysis has been
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reported. Scheidt and coworkers reported an NHC-catalyzed hydroacylation of a-
ketoesters and aldehydes, forming esters in 78% vyield (eq 3).°° Moreover, Connon and
coworkers uncovered a bio-inspired hydroacylation via thiolate catalysis (eq 4).°* While
these represent the first examples of intermolecular hydroacylation, no asymmetric or

transition metal-catalyzed hydroacylations have been reported.

NHC-catalyzed intermolecular ketone hydroacylation (Scheidt, 2006)

Me _+
N= N-M (6]
“Me .
~. |
o o LN Ph)ko
10 mol % (3)
OMe + P Ph/HrOMe
Ph Ph™ "H DBU, DCM H o
o 78% vyield
Bio-inspired Tishchenko reaction via thiolate catalysis (Connon, 2010)
/@\(10 mol%)
F,C SH o CF (4)
i O PhMgBr (10 mol%) 3
. el

Ph" “CF3  Ph” "H  THF 65°C,24h  Ph” "O7p"Ph
96% yield

We wondered if the placement of a directing group on ketone coupling partner 3’
would generate fully saturated Rh intermediate Il and thus disfavor decarbonylation
(Figure 2.3a). Hydride insertion to form intermediate IV and subsequent reductive
elimination would afford ester 4’ and regenerate the Rh(l)-catalyst. We envisioned
hydroacylation of a-ketoamide 3 with simple aldehyde 2 would afford 4, an a-
acyloxyamide containing an ester-amide linkage (Figure 2.3b). These bonds are found in

depsipeptides, which are valuable drug therapeutics like their peptide counterparts.®3
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a DG DG
) )OL ) i R i iH
R™ 'H 0 R R” 07 R
2 3' 4
+ +
R_O | o]
DG .\ﬁ\\\P —_— \f
oxidative - Rh ~ > . . DG, h reductive
addition H ‘ P Insertion H / \ elimination
0 o) P
R'
R m v

NR2

R)vLH ! )k

deps:peptlde linkage
Figure 2.3 Design of a transition metal-catalyzed intermolecular ketone hydroacylation

2.1.2 Development of Rh(l)-Catalyzed Intermolecular Hydroacylation

After evaluating various ligands, Rh(l)-Josiphos catalysts were found to be most
promising. Commercially available ligand L1 provides modest yield and 13% ee.
Changing to ligand L2, which contains a diphenylphosphine and a dialkylphosphine,
results in a small improvement in enantioselectivity (21% ee). Josiphos L3 containing a
more mr-accepting difurylphosphine and a o-donating di-tert-butylphosphine affords the
desired a-acyloxyamide in 46% yield and 73% ee. We reason that this C1l-symmetric
ligand may facilitate the product-determining hydride delivery via the trans effect; the
hydride trans to the electron-rich dialkylphosphine becomes more hydridic, while the
ketone trans to the m-acceptor becomes more prone to insertion (Table 2.1). Inspired by
L3, we created new Josiphos ligands to study the steric influence of the phosphine

substituents. Ligand L4 bears bulkier adamantyl groups and shows inferior performance.
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In contrast, L5, with bulkier m-accepting dibenzofurylphosphines, affords better results

than L3 (65% yield, 87% ee).

Table 2.1 New Josiphos ligand enables high reactivity and enantioselectivity
Me
10 mol% [Rh(cod),]BF4 \

Me
o OsN.
Pu . I Ph 10 mol% ligand Pu i‘H a
H

0”7 >Ph DCE, rt, 24 h 0" Ph
commercial ligands 7
e ve o) = e
Cy,P" Fe \''H Pho,P” Fe \''H P Fe {"H
&> P(iBu), S PBu, o~ & P
XN
L1, 32%, 13% ee L2, 47%, 21% ee L3, 46%, 73% ee

‘new ligands o~
- acceptor Q Qj

; Me |

' M

(. Ar2P©\( Q\( N

' Fe

: H—’Rh/PR2 @ P(ada), @ P(tBu)2
; R

' G- donor ;

react/wty enhanced | . . . .
by trans effect ; L4, 29%, 39% ee L5, 65%, 87% ee

2.1.3 Substrate Scope Evaluation

The substrate scope was investigated on a number of a-ketoamides 3 and
nonchelating aliphatic aldehydes 2 to afford enantioenriched esters 4 (Table 2.2). In
these select examples, the catalyst loading was optimized to as low as 3.5 mol% Rh.
Interestingly, enhanced reactivity is observed as the steric bulk on the aryl ketone is
increased; 2-methylphenyl ketone 3b and mesityl ketone 3c are coupled to
hydrocinnamaldehyde (2a) using 5 mol% Rh in 88% and 82% yield and 95% and 96%
ee, respectively. More sterically demanding 1-naphthyl ketone 3d undergoes
hydroacylation with hydrocinnamaldehyde (2a) and 5 mol% Rh to afford a-acyloxyamide
4d in 86% yield and 95% ee. Additionally, 2,5-difluorophenyl ketone 3e, which is sterically
similar to phenyl ketone 3a, is coupled to hydrocinnamaldehyde 2a using 10 mol% Rh to

generate a-acyloxyamide 4e in 67% yield and 88% ee. Ketones containing diarylamides
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promote hydroacylation less effectively, requiring extended reaction times (3 d) and 10

mol% Rh to achieve a-acyloxyamide 4f in 46% yield with 81% ee.

Table 2.2 Substrate scope of hydroacylation of non-chelating aldehydes with a-ketoamides?

Ry R
o o N‘R [Rh(cod),]BF 4 (5 mol%) 0O N\R | 7 ;'V'e
A N j: 2 L5 (5 mol%) i[ 2 0
R)ko

A P Fe \'H

R™H IAr

0~ "Ar DCE, 23°C, 24 h ¥ 0o\ PBu)
2 3 4

R=CgHy (2b)  Ar=2-MeCgHy, Ry = Me, R, = Ph (3b) s

R = i-PrCH, (2c) Ar=Mes, R;=Me, R, =Ph (3¢c)

R = t-BuCH, (2d) Ar = 1-Naphthyl, Ry = Me, R, = Ph (3d)
Ar = 3,5-F,-CgH3, Ry = Me, R, = Ph (3e)
Ar = Ph, Ry = Bn, R, = Bn (3f)

I\(Ie
N N.
*Ph i Ph
k)k N
Q >
Me F
4a: 65%, 87% ee?9 4b: 88%, 95% ee? 4c: 82%, 96% eeY 4d: 86%, 95% ee? 4e: 67%, 88% ee”9
Me
O N.
o Ph
Ph 0° , Me
: C5H11 /Q
Me
. 5. f,9
4F: 46% 81%eeb o9 4g: 76%, 96% ee _ i 91%. 94% eed 4j: 91% 93% ee
84%, 94% ee? 4h: 73%, 96% ee 4i: 91%, 94% ee 92%, 87% eede

2 |solated yield ® 10 mol% [Rh] € 72 h. 960 °C © 3.5 mol% [Rh] f 1mmol scale ¢ synthesized by Kevin Kou
Moreover, the scope of the aldehyde coupling partner was investigated. Using 5

mol% Rh, hexanal (2b) is coupled to mesityl ketone 3c and 1-naphthyl ketone 3d to give
4g and 4h in 76% and 73% yields, respectively, and 96% ee. When the temperature is
increased to 60 °C, the yield of a-acyloxyamide 49 is increased to 84% vyield (94% ee).
Isovaleryl aldehyde (2c) and 3,3-dimethylbutanal (2d) are coupled to 1-naphthyl ketone
3d using 5 mol% Rh to afford 4i and 4j in 91% vyields, and 94% and 93% ee’s,
respectively. | showed that the reaction was scalable by performing the reaction on a 1.0
mmol scale with 3,3-dimethyl-butanal (2d) and 1-naphthyl ketone 3d as substrates. At
60 'C and 3.5 mol% catalyst loading, a-acyloxyamide 4j is obtained in 92% yield and

87% ee.

166



Next, the substrate scope was expanded by coupling non-chelating aliphatic
aldehydes with a-ketomorpholine amides, which can be used as a handle for further
chemical transformations (Table 2.3).%? These morpholine amides are effective directing
groups, affording a-acyloxyamides in good yields and high enantioselectivities. Similar
to the hydroacylation of N,N -alkyl-aryl-ketoamides as described above (Table 2.2), the
a-ketomorpholine amides exhibit higher reactivity and stereoselectivity when the aryl
group is bulky. 1-Naphthyl ketone 5a is coupled to a number of different aliphatic
aldehydes in good to high yields (6a-d, 71-90% vyield) and high enantioselectivities
(92-94%). Notably, 1-naphthyl ketone 5a also couples to a-branched aldehyde (i.e.,
cyclohexanecarboxaldehyde (2e)) to afford a-acyloxyamide 6d in 59% vyield, and 92%
ee, although slightly elevated temperatures (50 °C) and longer reaction times (72 h) are
needed. Mesityl ketone 5b also requires higher catalyst loadings (10 mol%) to generate
a-acyloxyamide 6e and 6f in 84% (93% ee) and 94% (95% ee) yields, respectively. This
new methodology tolerates a wide range of aliphatic aldehydes; however, we are unable
to employ benzaldehyde as a coupling partner, possibly due to a high barrier to C-H

activation for these particular aryl aldehydes in the absence of a directing group.®3
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Table 2.3 Substrate scope of hydroacylation of non-chelating aldehydes with a-ketomorpholine amides?

)OL . OIN\) cat. [Rh(cod),BF ] 0° N\)
R H cat. Josiphos I\Ar
o~ "Ar DCE, rt, 48 h R)ko H
2 5
R =Cy(2e) Ar=1-naphthyl (5a) 6
Ar = Mes (5b)
o
(0] N\) (0]
L e U
” t-Bu N
oo P

6a: 5 mol% [Rh], 71%, 95% ee  6b: 5 mol% [Rh], 75%, 92% ee  6¢: 5 mol% [Rh], 90%, 94% ee

% 9 %

o]
o]

el ks RS e:
Cy (o) " CSHﬂ)'LO H"’ t'BU\)'LO Hll/
Me Me

Me Me

6d: 10 mol% [Rh], 59%, 92% ee® 6e: 10 mol% [Rh], 84%, 93% ee  6f: 10 mol% [Rh], 94%, 95% ee

2 |solated yield. ® 50 °C, 72 h

2.1.4 Mechanistic Investigation of Intermolecular Hydroacylation

After expanding the substrate scope, the mechanism of the Rh(l)-catalyzed
intermolecular ketone hydroacylation was studied. The coupling of 3,3-dimethyl-butanal
(2d) and naphthyl ketone 3d was investigated, which was monitored by *H NMR (eq 5).
The concentrations of 3,3-dimethyl-butanal (2d), naphthyl ketone 3d, and rhodium
catalyst were varied and the initial rates were measured. These experiments reveal a first
order dependence on the rate of both ketone 3d (Figure 2.4a) and aldehyde 2d (Figure
2.4b). Surprisingly, a second order dependence on Rh catalyst was observed (Figure

2.5), suggesting that there are two Rh metals in the turnover-limiting step.

I\(Ie Me
Os_N_ ‘
(o} Ph  cat. [Rh(Josiphos)]BF, o O N\Ph
oy su L ©)
H (0] Ar DCE-dy, 25°C t-Bu o \"Ar
Ar = 1-naphthyl H
2 3d 4h
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2=0.9824
R?=0.9968

Kope / 104 Mifnin-
O FRL N W M 01 OO N 0O ©
Kops / 10-4 Memin-
w

[3d] /M [2d] /M

Figure 2.4 a) Plot of initial rates (kobs) with respect to [a-ketoamide 3d] showing first order
dependence. b) Plot of initial rates (kobs) with respect to [aldehyde 2d] showing first order
dependence.

2.5 1

R2=0.9914

Kops / 10 Memin-

[Catalyst]2 / 10-° M2
Figure 2.5 Plot of initial rates (kobs) with respect to
[catalyst] showing second order dependence.
Subsequently, to gain further insight into the mechanism, a kinetic isotope effect
(KIE) experiment was run. Two independent, side-by-side experiments were run using
protio-2a and deuterated 2a-D (Figure 2.6).%* A KIE of 2.6 was observed, which supports

C-H activation to be turnover-limiting. Although ketone insertion was previously found to

be turnover-limiting in intramolecular ketone acylation (KIE = 1.79 + 0.06),% the absence
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of a directing group on the aldehyde likely increases the barrier to oxidative addition

significantly.®3

Me
o o \ 5 mol%

N
. Ph [RN(LS)BF, _ Hk j
H o "DCE-dj, 25°C H
Bn ]
2a 3d '
4d

=

Me Me

(0] o) N 5 mol% O N\
N 0 Ph K
HLD . Ph  [Rn(L5)IBF, Hk j ‘o]
—_— N\
Bn o O DCE-di. 25°C [ o b O
2a-D 3d O O
4d-D

Figure 2.6 Kinetic isotope effect study using method of initial rates

After investigating the kinetic profile of the Rh(l)-catalyzed intermolecular ketone
hydroacylation, we propose a mechanism invoking homobimetallic activation®6-°7 of the
aldehyde where one rhodium catalyst acts as a Lewis acid by coordinating the oxygen
atom of the aldehyde, and a second rhodium catalyst participates in the oxidative addition
of the formyl C-H bond, producing acyl-Rh(lll)-hydride V (Figure 2.7). Cationic Rh*
complexes have previously been used as Lewis acid catalysts.®® Moreover, Lewis acid
additives (i.e., ZnBr2, ZnCl2) have also enhanced reactivity in intermolecular alkene
hydroacylations, although their role is unclear.®® Lastly, after oxidative addition, ketone
insertion affords acyl-Rh(lll)-alkoxide VI, which then undergoes reductive elimination to

furnish a-acyloxyamide 4.
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)k """ Ar > turnover-limiting
R™ O h s’ \P \Q oxidative addition

S = solvent, substrates — -

reductive F’/\ ¥

elimination _P
h
>/O /\
/
H R | ~*rRh—7P
Ar——0, | P J
R, OW
RN SO P

2 vi Ar

(BF4)2
R
insertion\ T /
\g;// \P

RNy

‘ Rate = k[catalyst]z[aldehyde]1[ketone]1‘

Figure 2.7 Proposed catalytic cycle

2.1.5 Conclusion

In conclusion, we have demonstrated the first enantioselective Rh(l)-catalyzed
intermolecular ketone hydroacylation. Non-chelating aliphatic aldehydes are coupled to
a-ketoamides to afford enantioenriched a-acyloxyamides in good to high yields (46-98%)
and high enantioselectivities (74-96%) with 3.5-10 mol% catalyst loadings. Mechanistic
studies reveal a second order dependence of the rate on Rh and support oxidative

addition to be turnover-limiting.
2.2 Experimental Data
2.2.1 Experimental Details
The data shown Table 2.1 and certain substrates in Table 2.2 were obtained by
K.G.M.K, and the reader is directed to the Supporting Information of the published

manuscript'° for the details of those experiments. This experimental section will focus on

my contributions to the project.
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Preparation of a-Ketoamides

cat. DMF

0 0 0O Me
OEt 2MNaOH(aq) OH (COCl), N
Ar — > Ar — > Ar Ph
0 0 then PhNH(Me) o)

2-Mesityl-N-methyl-2-oxo-N-phenylacetamide (3c)
Ve 6 Me Mesityl glyoxylic acid (1.0 g, 5.2 mmol) was dissolved in DCM (5.2

I N\© mL) under a N2 atmosphere at rt. Oxalyl chloride (0.47 mL, 5.5
r“rq?nol) wg: added in one portion. To the resulting mixture was added anhydrous DMF (2
drops), at which gentle bubbling was observed. The mixture was allowed to stir at rt until
gas evolution ceased (12 h). The reaction mixture was then cooled to 0 “C in an ice/water
bath and successively added EtsN (0.73 mL, 5.2 mmol) and N-methylaniline (0.85 mL,
7.8 mmol). The resulting mixture was stirred at 0 °C for an additional 20 min, then warmed
to rt. The mixture was maintained at rt for 16 h, then quenched with dH20 (20 mL). The
organic layer was separated, and the aqueous layer was extracted with DCM (2 x 20 mL).
The combined organic extract was washed with brine, dried with anhydrous Na2SOa,
filtered, and concentrated in vacuo. Purification of the resulting residue by silica gel
chromatography eluting with 4:1 hexanes:EtOAc gave the title product as a pale yellow
solid (4:1 mixture of rotamers, 993 mg, 68%, 2 steps). *H NMR (500 MHz, CDCls, major
rotamer) & 7.16—7.25 (m, 3H), 7.05 (d, J = 7.0 Hz, 2H), 6.69 (s, 2H), 3.37 (s, 3H), 2.21 (s,
3H), 2.18 (s, 6H); ¥*C NMR (126 MHz, CDCls, major) d 184.4, 157.0, 131.6, 131.4, 127.8,
123.1, 119.7, 119.5, 118.2, 117.1, 27.9, 11.3, 10.8. *H NMR (500 MHz, CDCls, minor)
7.43 (t, J = 7.5 Hz, 2H), 7.37 (d, J = 7.7 Hz, 2H), 7.30 (t, J = 7.1 Hz, 1H), 6.90 (s, 2H),
3.52 (s, 3H), 2.43 (s, 6H), 2.30 (s, 3H); 3C NMR (126 MHz, CDCls, minor) & 184.5, 156.7,

132.1, 131.8, 127.9, 123.1, 120.0, 119.4, 117.3, 115.5, 28.7, 11.4, 10.6. IR(ATR): 3065,
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2920, 1672, 1659, 1648, 1606, 1594, 1495, 1375, 1220, 856, 799, 771, 703, 651 cm™.
HRMS (ESI-TOF) m/z calc’d for Ci1sH1o9NO2Na [M+Na]*: 304.1313, found: 304.1316.
1-Mesityl-2-morpholinoethane-1,2-dione (5b)

ve o o Mesityl glyoxylic acid (2.0 g, 10.4 mmol) was dissolved in DCM (48

N
/@\/N\g mL) under a N2 atmosphere at rt. Oxalyl chloride (0.93 mL, 11 mmol)

Me Me
was added in one portion. To the resulting mixture was added anhydrous DMF (2 drops),

at which gentle bubbling was observed. The mixture was allowed to stir at rt until gas
evolution ceased (16 h). The reaction mixture was then cooled to 0 °C in an ice/water
bath and successively added EtsN (2.2 mL, 15.8 mmol) and morpholine (1.0 mL, 11.6
mmol). The resulting mixture was gradually warmed to rt over 6 h, then quenched with
dH20 (40 mL). The organic layer was separated, and the aqueous layer was extracted
with DCM (2 x 15 mL). The combined organic extract was washed with brine, dried with
anhydrous Na2SOs, filtered, and concentrated in vacuo. The crude material was
recrystallized in hot EtOAc/hexanes to give white needles (2.27 g, 84%, 2 steps). *H NMR
(500 MHz, CDCls) 5 6.87 (s, 2H), 3.78 (broad s, 4H), 3.70 (dt, J = 14.6, 4.2 Hz, 4H), 2.32
(s, 6H), 2.29 (s, 3H); 3C NMR (126 MHz, CDClI3) d 194.5, 165.6, 141.6, 137.3, 133.5,
129.8, 66.8, 66.7, 46.5, 42.3, 21.4, 20.4. IR (ATR): 2971, 2927, 2856, 1678, 1629, 1604,
1442,1425,1267, 1218, 1113, 980, 834, 781, 655, 618, 580. HRMS (ESI-TOF) m/z calc’d
for C1sH19NOsNa [M+Na]*: 284.1263, found: 284.1252.

Enantioselective Ketone Hydroacylation

i) Standard Procedure

In a N2-filled glovebox, Josiphos L5 (3.1 mg, 0.005 mmol, 5 mol %) was dissolved in DCM

(0.3 mL) and added to a vial containing [Rh(cod)2]BF4 (2.0 mg, 0.005 mmol, 5 mol %).
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The resulting solution was transferred to a 25 mL Schlenk tube. An additional 0.3 mL
DCM was used to rinse the vial containing the ligand, and this liquid was also added to
the Schlenk tube. The Schlenk tube was then connected to a Schlenk line (vacuum gas
manifold), and the pre-catalyst solution was degassed via two cycles of ‘freeze-pump-
thaw’. The Schlenk tube was backfilled with H2 gas and the solution was stirred at rt under
a gentle flow of H2 for 45-60 min. The DCM solvent was subsequently removed under
reduced pressure to give the rhodium-catalyst as a dark red oil/film. To the catalyst
residue was added a solution of a-ketoamide 3 (0.10 mmol) in DCE (0.4 mL), followed by
aldehyde 2 (0.11 mmol). The reaction was stirred at rt (23 °C) for 24 h. The crude reaction
mixture was purified by silica gel chromatography. To demonstrate practicality, a 1.0
mmol scale reaction was performed (product 4j). In this case, the product was purified by
column chromatography.

For the racemic assay/reaction, an achiral catalyst derived from [Rh(cod)2]BF4 and 1,3-

bis(dicyclohexyl)phosphinopropane was used.

i) Product Characterization
(S)-Mesityl-2-(methyl(phenyl)amino)-2-oxoethyl hexanoate (4Q)

Me The product was purified by preparative tlc (eluting with 4:1
i Oj/N\ .\:e hexanes:EtOAc, 2 elutions) as a colorless oil (29.1 mg, 76%). *H

Me o -
Me NMR (500 MHz, CDCls) & 7.05-7.26 (m, 3H), 6.70-7.05 (br. s,
Me
2H), 6.64 (s, 2H), 6.42 (s, 1H), 3.23 (s, 3H), 2.45 (ddd, J = 15.3, 8.1, 7.1 Hz, 1H), 2.40—
2.29 (m, 1H), 2.21 (s, 3H), 1.75-2.12 (br. s, 5H), 1.61-1.75 (m, 3H), 1.23-1.37 (m, 4H),

0.87 (t, J = 7.1 Hz, 3H). 3C NMR (125 MHz, CDCls) 5 173.7, 169.3, 142.3, 138.8, 138.5,
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129.6 (br. s), 129.0, 128.0 (br. s), 70.4, 38.9, 34.1, 31.4, 24.6, 22.4, 21.0, 19.8, 14.0. IR
(ATR): 2956, 2928, 2861, 1736, 1677, 1595, 1495, 1377, 1163, 994, 851, 731, 698 cm™_.
HRMS (ESI-TOF) m/z calc’'d for C24H31NOsNa [M+Na]*: 404.2202, found: 404.2211. SFC
analysis: 96% ee, 150 mm CHIRALCEL OD-H, 6% iPrOH, 3.0 mL/min, 220 nm, 44 °C,
nozzle pressure = 200 bar COz2, tr1 (major) = 1.54 min, trz (minor) = 2.05 min; [a]*°p +188
(c = 1.0, CHCI3). The reaction was also performed at 60°C using 0.24 mmol aldehyde 2b

and 0.20 mmol ketone 3c, in 0.4 mL DCE (64.3 mg, 84%, 94% ee).

(S)-2-(Methyl(phenyl)amino)-1-(naphthalen-1-yl)-2-oxoethyl hexanoate (4h)
. Me The product was purified by preparative tlc (eluting with 4:1
Me/\/\)?\ojf'" hexanes:EtOAc) as a colorless oil (28.6 mg, 73%). *H NMR (500
’ ‘ MHz, CDClz) & 7.72-7.87 (m, 2H), 7.52 (d, J = 7.8 Hz, 1H) 7.41
(t, J = 7.3 Hz, 1H), 7.35 (s, 2H), 7.29 (t, J = 7.4 Hz, 1H), 7.05-7.22 (m, 3H), 6.91 (br. s,
2H), 6.66 (s, 1H), 3.27 (s, 3H), 2.47 (dt, J = 15.5, 7.5 Hz, 1H), 2.31-2.42 (m, 1H), 1.59—
1.75 (m, 2H), 1.23-1.36 (m, 4H), 0.78-0.92 (m, 3H); 13C NMR (125 MHz, CDCls) 5 173.9,
168.6, 142.4, 133.8,131.3, 130.1, 129.9, 129.7, 128.6, 128.2, 128.1, 128.0, 126.6, 125.8,
125.2,123.2,71.0, 38.1, 34.1, 31.4, 24.6, 22.4, 14.0. IR (ATR): 3062, 2955, 2930, 2870,
1733, 1673, 1595, 1512, 1382, 1238, 1162, 1110, 798, 733, 698, 566 cm™. HRMS (ESI-
TOF) m/z calc’d for C2sH27NOsNa [M+Na]*: 412.1889, found: 412.1891. SFC analysis:
96% ee, 150 mm CHIRALCEL OJ-H, 5% iPrOH, 2.5 mL/min, 220 nm, 44 °C, nozzle
pressure = 200 bar COz2, tr1 (major) = 1.15 min, trz (Minor) = 1.77 min; [a]?%p +202 (c =

1.4, CHCls).
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(S)-2-(methyl(phenyl)amino)-1-(naphthalen-1-yl)-2-oxoethyl 3,3-dimethylbutanoate
(4))

Me To demonstrate scalability, this reaction was performed on 1.0 mmol
(0] N

Me O “Ph
Me 0 _ - . .
Mej\/lk;(,,,' scale, 5% Rh-catalyst loading, 3 mL DCE, 36 h reaction time. The

H
product was purified by flash column chromatography (eluting with

0-45% EtOAc in hexanes) to give a pale yellow liquid (353.4 mg, 91%). *H NMR (500
MHz, CDCls) & 7.79 (t, J = 7.0 Hz, 2H), 7.51 (d, J = 7.5 Hz, 1H), 7.40 (t, J = 7.3 Hz, 1H),
7.34(d, J = 4.7 Hz, 2H), 7.28 (t, J = 4.5 Hz, 1H), 7.02-7.19 (m, 3H), 6.70=7.05 (br. s, 2H),
6.65 (s, 1H), 3.27 (s, 3H), 2.33 (d, J = 13.5 Hz, 1H), 2.27 (d, J = 13.5 Hz, 1H), 1.06 (s,
9H); 13C NMR (125 MHz, CDCI3) 5 172.4, 168.5, 142.4, 133.8, 131.3, 130.2, 129.8, 129.7,
128.6, 128.15, 128.10, 128.0, 126.5, 125.8, 125.2, 123.2, 70.9, 47.8, 38.2, 31.1, 29.7.
IR(ATR): 3061, 2955, 2869,1729, 1673, 1595, 1496, 1384, 1225, 1124, 994, 798, 774,
730, 698 cmt. HRMS (ESI-TOF) m/z calc’d for C2sH27NOsNa [M+Na]*: 412.1889, found:
412.1890. SFC analysis: 93% ee, 150 mm CHIRALCEL OD-H, 5% iPrOH, 2.0 mL/min,
220 nm, 44 °C, nozzle pressure = 200 bar COz, tr1 (major) = 4.11 min, trz (Minor) = 4.96
min; [a]?’p +180 (c = 1.2, CHCIs).

Also on 1.0 mmol scale, we demonstrate that the catalyst loading can be further reduced
to 3.5 mol % by heating the reaction to 60°C for 24 h in 2 mL DCE (359 mg, 92%, 87%
ee).

2-morpholino-1-(naphthalen-1-yl)-2-oxoethyl hexanoate (6a)

o The product was purified by preparative TLC (eluting with 3:2

(@)
Me O

N
MZMOT "® hexanes:EtOAc) and isolated as a colorless oil (26.2 mg, 71%). H
H

Me

ve NMR (500 MHz, CDCls) & 8.03 (d, J = 8.4 Hz, 1H), 7.92 (d, J = 8.1
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Hz, 2H), 7.63 — 7.54 (m, 3H), 7.52 — 7.45 (m, 1H), 6.96 (s, 1H), 3.87 — 3.55 (m, 4H), 3.45
(broad s, 1H), 3.31 (broad s, 1H), 3.16 — 2.97 (m, 2H), 2.44 (dtd, J = 31.1, 15.6, 7.6 Hz,
2H), 1.79 — 1.56 (m, 2H), 1.37 — 1.18 (m, 4H), 0.91 — 0.75 (m, 3H); 13C NMR (126 MHz,
CDCls) & 173.82, 167.02, 134.17, 131.19, 130.59, 129.62, 129.28, 127.57, 127.48,
126.47, 125.47, 122.66, 70.05, 66.86, 66.04, 45.82, 42.74, 34.13, 31.37, 24.63, 22.39,
14.02. IR(ATR): 3049, 2959, 2923, 2853, 1733, 1658, 1459, 1427, 1231, 1157, 1118,
1000, 801, 777, 730 cm™. HRMS (ESI-TOF) m/z calc’'d for C22H27NOsNa [M+Na]*:
392.1838, found: 392.1833. SFC analysis: 95% ee, 150 mm CHIRALCEL OD-H, 10%
iPrOH, 4.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar CO2, tr1 (major) = 1.34

min, tr2 (Minor) = 2.10 min. [a]?°p +132 (c = 1.4, CHCIg).

2-morpholino-1-(naphthalen-1-yl)-2-oxoethyl 3,3-dimethylbutanoate (6b)
o The product was purified by preparative TLC (eluting with 3:2
mZMZ?{N hexanes:EtOAc) and isolated as a colorless oil (27.7 mg, 75%). H
NMR (500 MHz, CDCls) & 8.04 (d, J = 8.5 Hz, 1H), 7.94 — 7.90 (m,
1H), 7.62 — 7.52 (m, 3H), 7.49 (dd, J = 8.2, 7.1 Hz, 1H), 6.96 (s, 1H), 3.89 — 3.52 (m, 4H),
3.45 (broad s, 1H), 3.31 (broad s, 1H), 3.13 — 2.94 (m, 2H), 2.39 — 2.25 (m, 2H), 1.05 (s,
9H); 3C NMR (126 MHz, CDClz) & 172.23, 166.99, 134.16, 131.12, 130.54, 129.75,
129.28,127.61, 127.43, 126.45, 125.49, 122.65, 69.88, 66.84, 66.02, 47.65, 45.82,42.73,

31.06, 29.70. IR(ATR): 3064, 2955, 2853, 1725, 1662, 1455, 1431, 1224, 1118, 1004,
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801, 773, 726 cm. HRMS (ESI-TOF) m/z calc’'d for C22H27NOsNa [M+Na]*: 392.1838,
found: 392.1842. SFC analysis: 92% ee, 150 mm CHIRALPAK AD-H, 10% iPrOH, 3.0
mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar COg, tr1 (minor) = 1.60 min, tr2 (Major)

= 1.92 min. [a]®p +124 (c = 1.5, CHCla).

2-morpholino-1-(naphthalen-1-yl)-2-oxoethyl 3-phenylpropanoate (6c¢)

o The product was purified by preparative TLC (eluting with 50:40:10
Ph/\)okZ:\lI;/N hexanes:EtOAc:Et20) and isolated as a colorless oil (36.3 mg, 90%).

1H NMR (500 MHz, CDCls) 5 8.03 — 7.85 (m, 3H), 7.62 — 7.53 (m, 3H),

7.50 (dd, J = 8.2, 7.1 Hz, 1H), 7.29 — 7.20 (m, 2H), 7.17 (td, J = 6.9, 6.5, 1.6 Hz, 3H), 6.97
(s, 1H), 3.92 — 3.50 (m, 4H), 3.45 (broad s, 1H), 3.30 (broad s, 1H), 3.14 — 2.96 (m, 4H),
2.88 — 2.72 (m, 2H); 3C NMR (126 MHz, CDCls) & 172.83, 166.92, 140.37, 134.14,
131.15, 130.65, 129.42, 129.26, 128.54, 128.36, 127.58, 127.55, 126.47, 126.30, 125.44,
122.60, 70.30, 66.83, 66.01, 45.79, 42.74, 35.60, 30.84. IR(ATR): 3068, 3025, 2966,
2919, 2861, 1733, 1662, 1451, 1435, 1271, 1228, 1145, 997, 906, 797, 773, 730 cm™.
HRMS (ESI-TOF) m/z calc’'d for C2sH2sNOsNa [M+Na]*: 426.1681, found: 426.1687. SFC
analysis: 94% ee, 250 mm CHIRALPAK IA, 10% iPrOH, 5.0 mL/min, 220 nm, 44 °C,
nozzle pressure = 200 bar COz2, tr1 (minor) = 5.69 min, trz (major) = 6.42 min. [0a]*®p +98
(c = 1.7, CHCls).
2-morpholino-1-(naphthalen-1-yl)-2-oxoethyl cyclohexanecarboxylate (6d)

o The product was purified by preparative TLC (eluting with 4:1
O)CLZ:IN hexanes:acetone) and isolated as a colorless oil (22.4 mg, 59%). H

O NMR (500 MHz, CDCl3) & 8.02 (d, J = 8.5, 1.2 Hz, 1H), 7.96 — 7.88 (m,
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2H), 7.62 — 7.52 (m, 3H), 7.51 — 7.44 (m, 1H), 6.94 (s, 1H), 3.84 — 3.52 (m, 4H), 3.46
(broad s, 1H), 3.31 (broad s, 1H), 3.07 (d, J =26.3 Hz, 2H), 2.45 (it, J =11.3, 3.6 Hz, 1H),
2.09 — 2.02 (m, 1H), 1.95 — 1.87 (m, 1H), 1.80 — 1.65 (m, 2H), 1.63 — 1.56 (m, 1H), 1.56
—1.44 (m, 2H), 1.35-1.12 (m, 3H); **C NMR (126 MHz, CDCl3) d 176.02, 167.04, 134.19,
131.28, 130.55, 129.75, 129.26, 127.52, 127.46, 126.46, 125.46, 122.76, 69.95, 66.88,
66.07,45.84,43.01,42.74, 29.12, 28.98, 25.82, 25.46, 25.44. IR(ATR): 3005, 2927, 2857,
1729, 1658, 1439, 1247, 1224, 1161, 1114, 1000, 805, 781, 742 cm™. HRMS (ESI-TOF)
m/z calc’d for C2sH27NOsNa [M+Na]*: 404.1838, found: 404.1831. SFC analysis: 92% ee,
150 mm CHIRALCEL OD-H, 10% iPrOH, 3.0 mL/min, 220 nm, 44 °C, nozzle pressure =

200 bar CO3, tr1 (major) = 2.80 min, tr2 (minor) = 3.46 min. [a]®o +96 (c = 1.0, CHCl3).

1-mesityl-2-morpholino-2-oxoethyl hexanoate (6e)
o The product was purified by preparative TLC (eluting with 4:1
e /\/\)OQ:\'{:N Me  hexanes:acetone) and isolated as a colorless oil (30.3 mg, 84%).
Me s ‘H NMR (500 MHz, CDCl3) & 6.88 (s, 2H), 6.51 (s, 1H), 3.73
(broad s, 2H), 3.49 (broad s, 3H), 3.34 — 2.77 (m, 3H), 2.56 — 2.35 (m, 2H), 2.33 (s, 6H),
2.27 (s, 3H), 1.75 - 1.63 (m, 2H), 1.41 — 1.27 (m, 4H), 0.91 — 0.81 (m, 3H); 13C NMR (126
MHz, CDCls) & 173.54, 167.65, 139.19, 137.87, 130.47, 129.15, 69.91, 66.90, 66.10,
45.52,43.03, 34.25,31.42,24.68, 22.42,21.07, 20.32, 14.04. IR(ATR): 2958, 2923, 2857,
1732, 1662, 1451, 1431, 1271, 1231, 1161, 1110, 1004, 856, 820, 734 cm. HRMS (ESI-
TOF) m/z calc’d for C21H31NOsNa [M+Na]*: 384.2151, found: 384.2147. SFC analysis:

96% ee, 150 mm CHIRALCEL OD-H, 5% iPrOH, 3.0 mL/min, 220 nm, 44 °C, nozzle
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pressure = 200 bar COz2, tr1 (major) = 1.55 min, trz (Minor) = 2.51 min. [a]*®p +220 (c =

0.75, CHCI3).

1-mesityl-2-morpholino-2-oxoethyl 3,3-dimethylbutanoate (6f)
o The product was purified by preparative TLC (eluting with 4:1

O N

Me
MGMOI "¢ hexanes:acetone) and isolated as a colorless oil (33.9 mg, 94%). H
H

Me’
Me

ve NMR (500 MHz, CDCls) & 6.87 (s, 2H), 6.50 (s, 1H), 3.73 (broad s,
2H), 3.47 (broad s, 3H), 3.29 — 2.85 (m, 3H), 2.36 (d, J = 13.5 Hz, 1H), 2.32 (s, 6H), 2.29
(d, J = 13.6 Hz, 1H), 2.27 (s, 3H), 1.07 (s, 9H); 13C NMR (126 MHz, CDCls) & 171.89,
167.63, 139.10, 137.81, 130.45, 129.33, 69.80, 66.81, 66.17, 47.93, 45.49, 43.09, 30.98,
29.74, 21.06, 20.31. IR(ATR): 2959, 2922, 2856, 1728, 1668, 1455, 1425, 1226, 1116,
1000, 863, 820, 726 cm™. HRMS (ESI-TOF) m/z calc'd for C21H3:NOsNa [M+Na]*:
384.2151, found: 384.2140. SFC analysis: 95% ee, 150 mm CHIRALCEL OD-H, 5%
iPrOH, 3.0 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar COz2, tr1 (major) = 1.35

min, tr2 (minor) = 1.83 min. [a]?"p +204 (c = 1.3, CHClg).

(S)-(Methyl(phenyl)amino)-1-(naphthalen-1-yl)-2-oxoethyl 3-phenylpropanoate
(4d)

Me The product was purified by preparative tlc (eluting with 4:1

)

0] “Ph
Ph/\)LOj/ hexanes/EtOAc) as a colorless oil (36.6 mg, 86%).*H NMR (499 MHz,

H
CDCls) & 7.72-7.87 (m, 2H), 7.49 (d, J = 7.8 Hz, 1H), 7.40 (t, J = 7.3
Hz, 1H), 7.35 (s, 2H), 7.28 (t, J = 7.5 Hz, 1H), 7.18-7.26 (m, 2H), 7.04—7.18 (m, 6H), 6.90

(br. s, 2H), 6.68 (s, 1H), 3.28 (s, 3H), 2.92-3.07 (m, 2H), 2.81 (dt, J = 15.9, 8.0 Hz, 1H),
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2.64-2.75 (m, 1H); 3C NMR (126 MHz, CDCIlz) & 172.9, 168.5, 142.3, 140.5, 133.8,
131.3,130.0, 129.7,128.6, 128.5, 128.3, 128.2, 128.1, 127.9, 126.6, 126.3, 125.9, 125.2,
123.2,71.2,38.1, 35.6, 30.9. IR (ATR): 3061, 3028, 2929, 1733, 1671, 1595, 1495, 1411,
1237, 1149, 985, 799, 774, 697 cm™*. HRMS (ESI-TOF) m/z calc’'d for C2sH2sNO3Na
[M+Na]*: 446.1732, found: 446.1716. SFC analysis: 95% ee, 150 mm CHIRALCEL OD-
H, 10% iPrOH, 2.5 mL/min, 220 nm, 44 °C, nozzle pressure = 200 bar COz2, tr1 (major) =

3.97 min, trz (minor) = 5.25 min; [a]?®p +90 (c = 0.7, CHCIs).

(S)-2-(methyl(phenyl)amino)-1-(naphthalen-1-yl)-2-oxoethyl-1-d 3-
phenylpropanoate (4d-D)
Me  The product was purified by preparative TLC (eluting with 4:1

N.

O

Ph/\)(io;'i, N hexanes:EtOAc). *H NMR (499 MHz, CDCl3) & 7.84 — 7.78 (m, 2H),

7.49 (d, J = 8.6 Hz, 1H), 7.42 (t, J = 7.5 Hz, 1H), 7.39 — 7.34 (m, 2H),
7.29 (t, J = 7.7 Hz, 1H), 7.25 — 7.19 (m, 2H), 7.19 — 7.06 (m, 6H), 6.91 (s, 2H), 3.29 (s,
3H), 3.07 — 2.94 (m, 2H), 2.82 (ddd, J = 15.9, 8.9, 6.9 Hz, 1H), 2.71 (ddd, J = 16.3, 9.5,
6.8 Hz, 1H); *C NMR (126 MHz, CDCI3) & 172.93, 168.48, 142.27, 140.49, 133.80,
131.30,129.97, 129.93, 129.74, 128.60, 128.55, 128.35, 128.20, 128.12, 127.94, 126.63,
126.27, 125.86, 125.23, 123.18, 38.13, 35.65, 30.88. IR (ATR): 3064, 3021, 2919, 1737,
1662, 1600, 1486, 1368, 1298, 1153, 1083, 899, 801, 765, 726, 691 cmt. HRMS (ESI-

TOF) m/z calc’d for C2gH22DNO3sNa [M+Na]*: 447.1795, found: 447.1791.
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Mechanistic Studies

i) Kinetic Experiments

O O-N- 0 OxNpp
Hk . Ph " cat. [Rh(L5)|BF, Hk j
H —_— Ay

o L ore 0 O

2d O 3d 4 O

The kinetic profile of the reaction was studied by probing the initial rates of the reactions
and varying the concentrations of 2d, 3d and Rh-catalyst. No products of decomposition
were observed with this system. The rates were monitored by 'H NMR using durene as

an internal standard.

Representative procedure:

The catalyst was first prepared by mixing (Se,R)-Josiphos (3.1 mg, 0.005 mmol) and
[Rh(cod)2]BF4 (2.0 mg, 0.005 mmol) in protio-DCE (0.5 mL) in a N2z-filled glovebox and
transferring the solution to a J-Young NMR tube. The J-Young NMR tube was connected
to a Schlenk/gas line and degassed via ‘freeze-pump-thaw’. Hydrogen gas was
introduced into the J-Young NMR tube, and the content was thoroughly mixed by
continuously inverting the tube (~20 min). Upon hydrogenation, the catalyst solution turns
from dark red to a very dark brown color. The DCE solvent was then carefully removed
under reduced pressure, leaving behind a brown residue. In a separate 1-dram vial, a-
ketoamide 3d (28.9 mg, 0.100 mmol) was dissolved in 0.1 mL DCE-d4 and transferred to

the J-Young NMR tube containing catalyst (in a N2-filled glovebox). The 1-dram vial was
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rinsed with DCE-d4 (5 x 0.1 mL), and this liquid was also transferred to the J-Young NMR

tube (for a total of 0.6 mL solvent). Aldehyde 2d (15.0 pyL, 0.12 mmol) was subsequently

added via microsyringe. The J-Young tube was sealed, thoroughly mixed by inverting the

sample at least 10 times, and immediately subjected to 'H NMR analysis (T = 298K).

Time points were taken every 5 minutes.

18
16 +
14 +

12 +

[Product] /103 M

10 +

[2d] Initial rates (Kqps)
©0.10M (0.87 + 0.06) x 104
©0.20M (2.41 +0.02) x 104

0.30M (3.03 +0.06) x 104
©0.40 M (4.41 +0.06) x 104

©0.60M (6.0+0.1)x10*

15 20 25 30
Time (min)

Figure 2.8 Plot of initial rates with various aldehyde concentrations.

183



25

[Product] /103 M

[3d] Initial rates (Kqps)
0l ° 0.083M  (0.80+0.02) x 10
©(0.17M (2.41 +0.02) x 104
15 I ® 0.25 M (3.92 +0.07) x 104
| e0.42M (6.3 +0.2) x 104
10 1 0.50 M (7.7 +0.4) x 10
5 -
0 ; f f — f f i
0 5 10 15 20 25 30 35

Time (min)

Figure 2.9 Plot of initial rates with various ketone concentrations.
(An induction period is observed when a large excess of ketone 3d was used (orange line, Figure
2.9). This data was not used in determination of the kinetic order)

184



[RN] Initial rates (K,ps)
2
;| ©0.0021 M (0.099 + 0.002) x 10*
| ©0.0042M (0.49 + 0.01) x 10 .
6 &
- ©0.0048 M (0.91 + 0.03) x 10
S 5 [ ©0.0068M (1.69 +0.04) x 10 ¢
S - ©0.0072M (1.91 + 0.09) x 10
— 4 _: ®
= | ©0.0083M (2.41 +0.02) x 104
E [
s 3
o
2 .
1 .
0 — —
0 5 10 15 20 25 30 35

Time (min)

Figure 2.10 Plot of initial rates with various catalyst concentrations.

Second-order dependence of the rate on catalyst order is observed in the regime

between 1.25 mol % and 5 mol % [Rh(Josiphos)]|BFa.

Based on this study, the following rate law is obtained:

rate = k[aldehyde] [a-ketoamide]}[catalyst]?
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i) KIE experiment

=

Os_N
o 0 - 5 mol% o) Ph
. Ph [Rh(L1)]BF, Hk .
—_— iy
H o DCE-d,, 25°C S O H
Bn Bn ]
2a 3d O
4d

l\(le

(6] fo) N 5 mol%
N k
HL Ph  [Rh(L1)] _ [RA(L1)BF, j o]
D +
Bn 0 O DCE-d,, 25°C n D
2a-D 3d O O
4d-D

The KIE was obtained by measuring the initial rates of two independent experiments.
Hydrocinnamaldehyde 2a and 2a-D was chosen for this study because the larger
molecular weight of 2a-D'%! relative to all other aldehydes in this study renders it more

convenient to prepare and isolate (via distillation). The catalyst was prepared as

described in the standard procedure and the reaction was monitored by *H NMR (T

298K). The following initial rates were measured: ku = (4.6 = 0.1) x 10* M1-min; ko

(1.78 £ 0.05) x 104 Mt:min-t.
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2.2.2 NMR Spectra
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CHAPTER 3 — Regioselective Functionalization of Carbohydrates

3.1 Cu(ll)-Catalyzed Regioselective Functionalization of Monosaccharides®
3.1.1 Introduction

As an abundant natural resource, monosaccharides appear to be ideal feedstocks
for constructing medicines,%? fuels,'%® and polymers.1%4 In particular, they find importance
in cellular communication,% structural recognition,'°® and cancer treatment.l%” The
majority of these oligosaccharides are generated through chemical synthesis.'% These
sugars are generally difficult to derivatize, however, due to their many reactive hydroxyl
sites. Organotin-based methods can be used to achieve selective transformation of
various sugarst® en route to valuable oligosaccharides, including anti-cancer
vaccines.198110 To replace these toxic stoichiometric reagents, catalytic strategies have
emerged, featuring Lewis acid-catalysis (e.g., Matsumura's organotin chloride and
Taylor's borinic acids)*t11? (Figure 3.1) and organocatalysis (e.g., Kawabata's chiral
DMAP, Miller's peptides, Tan's scaffolding imidazole, and Nagorny's phosphoric acid).1*
116 Designing catalytic methods for site-selective transformations with carbohydrates

represents a valuable goal that promises to streamline access to oligosaccharides.

Organotin-catalysis (Onomura, 2008)

OH Me,SnCl, (0.5 mol%) OH
HO o ‘BzCI (1.2 equw)l HO
HO i-PrEtN(1.2 equiv) HO

HO gy, THF, 22°C BzO g,

82%

Borinic acid-catalyzed acylation (Taylor, 2011)

Ph_ O
]
Ph" N7(10 mol%)

OCHj4 Hy
BzCl (1.2 equiv) M o
—_—
Me/ O/ oH iPrEIN(T2equiv) V€ OH
HoeH MeCN, 22 °C OBz
92%

Figure 3.1 Catalytic advances to functionalize carbohydrate derivatives

* Adapted from Chen, |.-H.; Kou, K. G. M.; Le, D. N.; Rathbun C. M.; Dong, V. M. Chem. Eur. J. 2014, 20,
5013 with permission from John Wiley & Sons.
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Herein, we report that chiral copper complexes are versatile catalysts for the
regioselective functionalization of monosaccharides. Our findings complement and
corroborate Allen and Miller's independent report.'” In comparison to current strategies,
copper-catalysis allows easy tailoring of the catalyst to (a) transform a wide range of

sugars and (b) control site-selectivity by ligand choice.

Asn309
o e HN\ NH

-abundant

Asp30 . 7AI . -low toxicity
-wide scope
,’ \\ Glu285 /, \ _tunable

oH
Figure 3.2 Inspiration from lectin

Our study draws inspiration from lectins, proteins that recognize sugars with high
specificity through diol coordination to a metal center (e.g., Ca, Mn, and Cu).118120 By
analogy to these natural metallopeptides, we reasoned that synthetic metal complexes
bearing a chiral ligand, would similarly bind and possibly activate sugars for selective
functionalization (Figure 3.2). We chose to investigate copper on the basis of reports
where stoichiometric salts (e.g., Cu(acac)2 and Cu(TFA)2) were used to promote acylation
of sugars.'2%122 As summarized in Figure 3.3, we imagined that the appropriate ligands
(L") on copper would allow selective activation of hydroxyl groups in a wide range of
sugars, including both pyranosides and furanosides.'?? Besides enhancing regiocontrol,
the ligand should promote catalysis. Indeed, Onomura has reported chiral copper(ll)
catalysts for desymmetrization of meso-1,2-vicinal diols.*?* While widely applied in
enantioselective catalysis, the use of chiral copper complexes for site-selective

transformations warrants study.

210



HO OR

.0 OR
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Oor

Recogniti
and [(L)Cu]
Activation
Ligand Sugar
K-% < K—z
OR OR
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Figure 3.3 Proposed ligand-controlled site-selective binding with
Cu(ll) complexes

3.1.2 Development of Cu(ll)-Catalyzed Regioselective Functionalization

Inspired by solution studies,!® that demonstrate copper complexes are capable of
coordinating to sugars, we studied the benzoylation of a-glucopyranoside 1la (Table 3.1).
The silyl group protects the primary alcohol leaving three secondary hydroxyl groups for
possible functionalization. A control experiment in the absence of copper salts displayed
no reactivity. In the absence of ligand, no catalyst turnover is observed: use of 10 mol%
copper(ll) triflate yields less than 10% benzoylation after 16 hours. Nitrogen-based
ligands known to coordinate well to copper(ll) (e.g., bipyridine, terpyridine and 1,10-
phenanthroline) do not promote catalysis. The privileged chiral bisoxazoline (Box, L1-L3)
and pyridine bisoxazoline (PyBox, L4 and L5) structures, however, enable catalyst
turnover (33 to 90% yields).1?51%6 In all cases, the 2-O-acylated isomer 2aa is formed as
the major product with regiocontrol (3:1 to >20:1, Table 3.1). The minor products include

4-O-acylated 2aa’ and dibenzoylated 3a. The absolute configuration of the ligand impacts
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selectivity. For example, (R,R)-Ph-PyBox L4 yields benzoylation with 7:1 selectivity in

favor of 2-O-benzoylated 2aa, while its enantiomer (L5) gives >20:1 selectivity.

Table 3.1 Selective acylation of a-glucopyranosides

OTBS  Cu(OTf), (10 mol %)

H 0,
HO o Ligand (10 mc.>l %)
HO BzCl (1 equiv)
HO iProNEt (1.5 equiv)

OMe

1a THF, rt, 16 h
oTBS oTBS oTBS
HO 0 BzO 0 0
Hg&' + Hg&, * Bzﬂo)éﬁ 1)
BZOOMe HOOMe BzOOMe
2aa 2aa’ 3a
L1: Me Me L2: Me Me
SO NENG S
. O D
PhH Ph Ph Ph
2aa: <10% 2aa: 54% 2aa: 33%
-- 2-0:4-0=8:1 2-0:4-0=3:1
[3a: 14%] [3a: 21%]
L3 o o L4 N L5 XN :
m ® ® ;
Ph Ph <_/N \) 3
PR Ph | Ph e P
2aa: 35% 2aa: 60% : 2aa: 90%
2-0:4-0=3:1 2-0:4-0=7:1 1 20:40=>20:1
[3a: 11%] [3a : 4%] Lo [Ba:s%l !

[a] Yields for 2aa and 3a determined by 'H NMR spectroscopy. [b] The
selectivity between 2aa and 2aa' was determined by 'H NMR. The 3-O
acylated product was not observed by "H NMR. [c] DCM used instead of
THF; In THF, 87% yield and 16:1 selectivity is obtained.

With copper-L5 catalyst in hand, we found that a-glucopyranosides undergo
acylation with a wide range of electrophiles (Table 3.2). Both aromatic and aliphatic acid
chlorides are effective electrophiles (74—-84% vyields, entries 1-4). Commonly used
protecting groups such as Cbz and Fmoc can be incorporated (83% and 71% yields,
entries 5-6). Glucose derivative 1b containing a 4,6-O-benzylidene acetal undergoes

acylation to provide 2-O-benzoylated 2b in 83% yield and >20:1 regioselectivity.
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Table 3.2 Substrate scope evaluation for selective
acylation of a-glucopyranosides [@l]

TBSO TBSO
HO o) Cu(OTf), (10 mol%) HO o)
Ho . 0 Ho
(S,S)-Ph-PyBox (10 mol%)
HO RCOO

1a OMe RCOCI (1 equiv) OMe
or iPrNEt (1.5 equiv) or

0 0
Ph/T? o} DCM, rt, 16 h Ph/% o}
o) HO

HO 2 RCO

1b OMe Oome
Entry  Substrate Acyl Chloride Product Yield(%) 2-O:4-O
1 la BzClI 2aa 84 >20:1
2 la 2NO- 2ab 80 >20:1
CeH4,COCI
3 la iPrCOCI 2ac 82 9:1
4 la Piv—-ClI 2ad 74 >20:1
5 la Cbz-ClI 2ae 83 15:1
6 la Fmoc-CI 2af 71 7:1
7 1b BzCl 2b 83 >20:1

[a] Isolated yields. [b] Selectivity ratios determined by *H NMR
spectroscopy.

The site-selective benzoylation of pyranoside derivatives containing cis-diol motifs
was also examined. In particular, subjecting a-mannopyranoside 2 and a-
rhamnopyranoside 3 to catalytic amounts (10 mol%) of Cu(OTf)2 and (S,S)-Ph-PyBox or
(S,S)-PhBox to benzoylate gives 3-O acylated 2a and 3a in high yields (74% to 94%) and

regioselectivity (9:1 to >20:1) (eq 1 and 2).
TBSO Cu(OTf), (10 mol %) TBSO

B
OH _Ph. o OH
o H - (S.5)-Ph-PyBox (10 mol %) 5 0
HO BzCl (1 equiv) BzO
iProNEt (1.5 equiv)

OMe
OMe THF, 20°C, 16 h 2a
2
2-0:3:0=9:1
74% yield
OMe  cy(0Tf), (10 mol %) OMe
ng (S,S)-BF’f::-:B(c;x (10' n)wol %) Hhélcm# @)
HO z equiv 82G
OH Pr,NEt (1.5 equiv) 2 0oH
3 MeCN, -5 °C, 16 h 3a
2-0:3:0 = >20:1
94% yield

Although glucopyranosides do not contain a cis-diol, this transformation occurs
presumably through copper activation at the anomeric ether and the adjacent 2-hydroxyl

group to form a five-membered metallacycle, analogous to previously proposed organotin
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complexes.'?’ This binding renders the 2-hydroxyl group more acidic and thus more prone

to deprotonation. The activated 2-hydroxyl group reacts with benzoyl chloride to form the

2-O-acylated product.
In the cases where 3-O acylated 2a and 3a (CulL. OMe
TBSO /' O Me 0
. , HO -0 Hoﬁ\#
are formed, the copper also coordinates to the cis- © 1 Q0
e CulL,
- | 2 o
diol motif to form five-membered meta”acyC|eS Figure 3.4 Copper(ll) activation of

cis-diol motifs
(Figure 3.4). We hypothesize that the equatorial

hydroxyl group of the copper metallacycle to be the most sterically accessible and
therefore undergoes nucleophilic attack to provide the major regioisomer, which is in
agreement with previous work by Evtushenko using stoichiometric Cu(TFA)2 salts.!??
3.1.3 Expansion of Methodology to Furanosides

Subsequently, this copper(ll)-catalyzed methodology was extended to the site-
selective functionalization of furanosides. Model substrate 3-ribofuranoside 5 is obtained
in 20% vyield over two steps from D-ribose 4 (eq 3). The primary alcohol is protected with
a trityl group to aid solubility in organic solvents.

Synthesis of B-ribofuranosides

HO o DOWEX-50 |HO el TO OMe
MeOH, 0 °C O~sOMe| 4y 120 °C
20% ©)
HO OH HO OH .

over 2 steps HOSOH

4 4a

Initial experiments were performed with benzoyl chloride as the electrophile (Table
3.3). In the presence of Cu(OTf)2 and (S,S)-Ph-PyBox, low regioselectivies are observed
between the 3-O-acylated 5a and 2-O-acylated 5a’ (entry 1). In the absence of Cu(OTf)2
and ligand, background reactivity gave 66% conversion to a 1:1 regiomeric mixture of

acylated product (entry 2).
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Table 3.3 Benzoylation of B-ribofuranoside 5

TrO OMe BzClI (1.5 equiv) TrO OMe TrO OMe
(0] Cu(OTf), (10 mol%) (0] o
(S,S)-Ph-PyBox (10 mol%,
HO OH PrEtN (1.5 equiv), DCM, it  BzO OH HO OBz
5 16 h 5a 53"
Entry Catalyst/ligand Temperature(°C) % conversion? 3-0:2-02
1 Cu(OTf),/(S,S)-Ph-PyBox -30 100 21
2 [ -30 66 1:1

a Conversions and regiomeric ratios determined by !H-
NMR analysis of the unpurified reaction mixture

The use of tosyl chloride as the electrophile was subsequently investigated for this
transformation (Table 3.4). Under the conditions of catalytic Cu(OTf)2 and (S,S)-Ph-
PyBox (10 mol%), at =18 "C, >20:1 regioselectivity is observed and 3-O-tosylated 5b is
isolated in 75% yield (entry 1). At 0 °C, tosylation occurs to give 3-O-tosylated 5b as the
major regioisomer (18:1 regioselectivity and 67% yield, entry 2). When the temperature
is increased to 22 ‘C and 40 °C, the regioselectivity decreases to 15:1 and 10:1,
respectively (entries 3 and 4). Notably, the background reaction proceeds with low
conversion (16%) at =10 °C and a 1:1 regiomeric mixture is obtained in the absence of
Cu-Ph-PyBox catalyst.

Table 3.4 Copper(ll)-catalyzed regioselective tosylation of B-ribofuranoside 5

Cu(OTf), (10 mol%)

TON o OMe(s,s)-Ph-PyBox (10 molw) O~ OMe TON  Ome
TsCI (1.5 equiv) *
HO OH Pr £ (LS 2quiv) TsO OH HO OTs
5 ! 5b 5b'
Entry Temperature (°C) Yield (%)@ 3-0:2-0b¢
1 -18 75 >20:1
2 0 67 18:1
3 22 75 15:1
4 40 68 10:1

a |solated yield of 5b. P Ratios determined by *H-NMR
analysis of the unpurified reaction mixture. ¢ In the
absence of Cu(OTf)2 and (S,S)-Ph-PyBox, 1:1
regiomeric mixture observed.
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With the optimized reaction conditions, preliminary studies were carried out on the
scope of the sulfonylation (Table 3.5). When the electrophile is switched to 2-
nitrobenzenesulfonyl chloride, 3-O-tosylated 5c is formed in >20:1 regioselectivity and
49% yield (entry 1). Pentafluorobenzene sulfonyl chloride also furnishes 3-O-tosylated 5d
in 5:1 selectivity and 65% vyield (entry 2). However, when methanesulfonyl chloride or
trifylsulfonyl chloride are used, no product formation occurs and decomposition of the
starting material to a mixture of products that were not identified is observed (entries 3
and 4).

Table 3.5 Copper(ll)-catalyzed tosylation of B-ribofuranoside 5 using various

sulfonyl chloride

R-SO.CI (1.5 equiv)
TON o M cuoTh, (tomoe) 0N o QMe TON | OMe

(S,S)-Ph-PyBox (10 mol%)

HO OH iProEtN (1.5 equiv) RSO,0 OH HO OSO,R
5 DCM, tt, 16 h z 5¢-5d 2
Entry R= Product Yield (%) 3-0:2-Ob
NO,

1 5c 49% >20:1

F
3 §—CH3 — — —
4 $cry, — 09— —

a |solated yield of 3-O tosylated product.  Ratios
determined by !H-NMR analysis of the unpurified
reaction mixture.

Next, the effect of the chiral ligand on regioselectivity was investigated. We were
particularly interested in studying a-ribofuranoside 6 because it contains two cis-dioxygen
motifs, both of which can bind copper. This renders the system potentially amenable to a
ligand-controlled switch in regioselectivity. Various reaction conditions were examined
and a variety of nitrogen-based ligands were surveyed to test the hypothesis of reversing

regioselectivity (Table 3.6). When (S,S)-Ph-PyBox L6 is used as ligand, 1:3.8
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regioselectivity is observed in favor of the 3-O-acylated 6b in DCM, while (R,R)-Ph-PyBox
L5 affords 2-O-acylated 6a as the major regioisomer with 5.5:1 regioselectivity in THF
(86% vyield). Moreover, the choice of solvent (either DCM or THF) is important to achieve
the desired regioselectivity. The use of (S,S)-Ph-Box L2 gives 3-O-acylated 6b in
increased 6:1 regioselectivity and 69% yield when DCM is used as solvent.

However, no reversal of regioselectivity is observed when enantiomeric (R,R)-
PhBox L1 is used, and 3-O-acylated 6b is obtained as the major regioisomer in a modest
3.2:1 regioselectivity. Moreover, a switch in regioselectivity is also observed for the
benzoylation process using (S,S)-Ph-EtPyBox L7 to afford 3-O acylated 6b in 3.2:1

regioselectivity and (R,R)-Ph-EtPyBox L8 to give 2-O acylated 6a in 3:1 regioselectivity.

Table 3.6 Ligand-controlled switch in regioselectivity using copper(ll) catalysis 2P

Cu(OTf), (10 mol%) TBSO
(R,R)-Ph-PyBox (L5) (10 mol%) \K_?\
TBSO -Pr,EtN, THF OMe
kf)_?\ 25°C, 16 h HO OBz
OMe BzClI 6a: 86%7
HO OH
6 Cu(OTf), (10 mol%) TBSO
(S,S)-Ph-Box (L2) (10 mol%)
i-Pr,EtN, DCM
-25°C, 16 h
BzO OH
BzCl 6b: 69%?
L1: L5:

Me_ Me ‘ o
o%ro \Rﬁr 0 A_o
Ch T J N
N N N N
Ph Ph Ph

6a:6b=1: 6c 6a:6b=55: 1d

o 0O
3/:\‘ N ’\}\) N N S N
Ph Ph ( >

6a:6b=1:3.8° Ph Ph PH
6a:6b=1:3.2° 6a:6b=3:1

a |solated yield. P Ratios determined by 'H-NMR analysis of the
unpurified reaction mixture. ¢ DCM used instead of THF ¢ Isolated as
a mixture of isomers
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Next, a switch in regioselectivity was observed when Ca(OTf)2 was used in place
of Cu(OTf)2. The reaction proceeds to furnish 2-O-tosylated 5b’ in moderate conversion
(38%) and regioselectivity (2.3:1) in THF solvent (Table 3.7, entry 1). Furthermore, using
2-nitrobenzene sulfonyl chloride gives the 2-O-tosylated 5¢’ in 44% and 2:1
regioselectivity (entry 2), while pentafluorobenzene sulfonyl chloride gives 2-O-tosylated

5d’ in 56% conversion and 5.5:1 regioselectivity (entry 3).

Table 3.7 Switch in regioselectivity using Ca(OTf)2

Tr0 R-SO,CI(1.5 equiv) TrO OMe TrO OMe
™ oM caoT), (10 mol%) o o
(5,S)-Ph-PyBox (10 mol%)
HO OH jprEtN (1.5 equiv), THF
5 f, 16 h

RSO,0 OH HO OSO.R

Entry R Product % conversion?  3-0:2-02

1 O/I 5b’ 38 1:2.3
HaC

F
3 5d' 56 15.5
F F

a Conversions and ratios were determined by 'H-
NMR analysis of the unpurified reaction mixture.

Overall, site-selective transformation of furanosides via copper(ll)-catalysis forms
functionalized sugars in high yields and regioselectivities. Although there have been
extensive conformational studies on furanosides,'?® there has been little development in
the study of their overall reactivity and selectivity. Furanosides exist in a puckered form,

where they can interconvert between two

reactive reactive

different conformations: C2 and C3 endo Meo$:r ‘,’Ewe
[Cu0 Culd
C2 endo C3 endo

(Figure 3.5). Because of this equilibrium,
Figure 3.5 Interconversion between C2 and C3 endo

we speculate that the observed
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regioselectivity is due to a combination of metal, ligand, and solvent effects, which will
influence the favorability of one conformation over the other. This hypothesis is consistent
with the observed switch in regioselectivity when a calcium(ll) salt is used instead of
copper(ll). In addition, the electrophile has a significant effect on regioselectivity. When
more reactive electrophiles such as benzoyl chloride are employed, low regioselectivity
is observed (2:1, Table 3.3, entry 1). In contrast, the use of weaker electrophiles such as
sulfonyl chloride derivatives furnishes tosylated sugars in high regioselectivity (>20:1,
table 3.4, entry 1). Similar to our explanation for achieving regioselectivity in the
pyranoside examples, we believe that the 2-O and 3-O regioselectivity of the furanosides
arises from copper activation of the more accessible equatorial hydroxyl group in either
the C2 or C3 endo conformations to furnish the functionalized product.
3.1.4 Expansion of Methodology to Regioselective Alkylation

Alkyl ethers, such as benzyl- or 4-methoxybenzyl ethers are extensively used as
protecting groups for carbohydrates. However, alkyl halides are less electrophilic than
acyl chlorides and tosyl chlorides, thereby rendering site-selective alkylations
considerably more difficult. Nonselective- and/or over-alkylation occur under harsh
conditions. Although organotin-mediated alkylations'?® have been developed to address
this problem, alternative strategies that do not rely on the use of stochiometric amounts
of toxic dibutyltin oxide are needed. In addition to derivatizing sugar building blocks, these
new catalysts would be applicable to site-selective alkylation or phosphorylation of
complex nucleotide derivatives and natural products. Thus, we envision that alkylating

monosaccharides in a site-selective fashion will be especially impactful.
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In accordance with our goal, rhamnopyranoside 7 was treated with various metal
catalysts to afford a site selective benzylation of cis-1,2-dioxy motifs. When 20 mol%
Ca(OTf)2 was used with NaHMDS in THF solvent, the desired benzylated sugar 7a was
obtained in 39% yield (Figure 3.6). Alternatively, SrBr2 also afforded the desired product
in 44% vyield. The key to this reaction was the use of NaHMDS as base. When organic
bases such as iPr:EtN, DBU, or EtsN were used, no reaction was observed. In the

absence of metal catalyst, the desired product was only observed in only 14% vyield.

metal (20 mol%)
NaHMDS (2.5 equiv) OMe

OMe Ty BnBr (1.2 equiv)
el i werog
HOHG HOHG
OH

OBn

7 7a
Ca(OTf), - 39% vyield
SrBr, - 44% vyield
Figure 3.6 Site selective alkylation of carbohydrate derivatives

We also looked at developing a site-selective benzylation using Cu or Ni catalysis
in combination with chiral ligands (Figure 3.7). Currently, when pyranoside 8 is submitted
to 10 mol% NiClz2 and 10 mol% (R,R)-DACH ligand, the 2-O isomer 8a is observed in 17%
yield and >20:1 selectivity for the desired isomer. Current efforts are focused on improving
the conversion and exploring the conditions to obtain a switch in regioselectivity toward a
site-selective benzylation.

NiCl, (10 mol%)

e} 2

P”/‘B 0 NaHMDS (1.5 equiv) PW/‘BO o}
HO THF, 24 h HO

HO Ome BnBr (1 equiv) BnO ome

8 NH, 8a
[::jf 17% yield
“NH,

(10 mol%)

Figure 3.7 Application of Sr-catalyzed benzylation and efforts towards building
block synthesis
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3.1.5 Conclusion

In summary, we have demonstrated a site-selective, copper(ll)-catalyzed
regioselective acylation and tosylation of monosaccharides. Using this new method,
various pyranosides and furanoside derivatives were functionalized in good yields and
regioselectivities (up to >20:1). Moreover, the site of acylation can be controlled by
choosing the proper ligand. Extension of this methodology to site-selective alkylation

using earth-abundant catalysts is currently underway.

3.2 Experimental Data

3.2.1 Experimental Details

The data shown in Table 3.1 and certain substrates in Table 3.2 were obtained by
I-H.C and K.G.M.K, and the reader is directed to the Supporting Information of the
published manuscript'3° for the details of those experiments. This experimental section
will focus on my contributions to the project.
Copper Catalyzed Acylation of Pyranoside Derivatives
i) General Procedure for the Copper Catalyzed Acylation of Pyranoside Derivatives

A 1-dram vial fitted with a septum cap was charged with copper(ll)
trifluoromethanesulfonate (3.6 mg, 0.01 mmol, 0.1 equiv), (S,S)-Ph-PyBox (3.7 mg, 0.01
mmol 0.1 equiv), pyranoside 2 or 3 (0.1 mmol, 1 equiv), and dichloromethane (0.5 mL) in
a No-filled glovebox. To the resulting mixture was added diisopropylethylamine (26 pL,
0.15 mmol, 1.5 equiv) and this mixture was stirred at ambient temperature for 5 minutes
and subsequently taken outside of the glovebox. Benzoyl chloride (12 uL, 0.100 mmol, 1

equiv) was then added via syringe and the reaction mixture was maintained at rt for 16 h.
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The reaction mixture quenched with 100 pL saturated sodium bicarbonate solution. After
eluting the crude through a plug of silica with ethyl acetate, the resulting solution was
concentrated in vacuo. The regioselectivity for the transformation was measured by
performing a *H NMR analysis of the unpurified reaction mixture. The resulting residue
was purified by preparative thin layer chromatography (eluting with hexanes:EtOAc = 2:1)
to give the acylated products 2a-3a. The assignment of the regioisomers was determined

by COSY NMR spectroscopy.

Methyl 6-(tert-butyldimethylsilyloxy)-3-O-(benzoyl)-a-D-mannopyranoside (2a)

(0]
V4

TBSO%OQ Mannopyranoside 2a was synthesized according to general procedure for
(0]
oM acylation. Colorless oil, 59.4 mg, 72% vyield, 9:1 regioselectivity.

Spectroscopic data was consistent with reported literature.*?

Methyl-3-O-(benzoyl)-a-L-rhamnopyranoside (3a)

on Rhamnopyranoside 3a was synthesized according to general procedure for
e

Me

Hoﬁ acylation. Colorless oil, 26.5 mg, 94% vyield, >20:1 regioselectivity.

Spectroscopic data was consistent with reported literature.*?

Copper Catalyzed Tosylation of Ribofuranoside Derivatives

i) Synthesis of Methyl 5-(trityl)-B-D-ribofuranoside (5)

HO DOWEX-50 |HO Tcr O, _OMe
09" MeoH.0°C | 0 mOMe| py 120 KO
—_—
20%
HO OH HO OH over 2 steps HO OH
4 4a 5
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To a flame-dried 250-mL round bottom flask was added D-ribose 4 (10 g, 66.6
mmol, 1 equiv), Dowex-50 (H*, 10 g, 10-20% w/w), and 150 mL anhydrous MeOH at O
°C. The reaction mixture was stirred at 4 °C for 16 h. The mixture was quenched with
Naz2COg, filtered, and concentrated in vacuo to give methoxy ribose 4a as colorless oil in
guantitative yield. Methoxy 4a was used without further purification. Subsequently, to a
flame-dried 100-mL round bottom flask under N2 was added methoxy ribose 4a (6.8 g,
41.4 mmol, 1 equiv), trityl chloride (13.4 g, 48.1 mmol, 1.16 equiv), and 33mL dry pyridine
at 120 °C for 4 h. The pyridine was concentrated in vacuo and the resultant oil was
dissolved in chloroform. The oil was washed with water and 0.5 M HCI, dried over Na2SOa4
and concentrated in vacuo. Column chromatography was performed (0-5% MeOH:
CHCIs) to give B-ribofuranoside 5 as a white solid in 20% vyield (3.4 g, 8.35 mmol).

Spectroscopic data was consistent with reported literature. 31132

i) General Procedure for the Copper Catalyzed Tosylation of Ribofuranoside Derivatives

A 1-dram vial fitted with a septum cap was charged with copper(ll)
trifluoromethanesulfonate (3.6 mg, 0.01 mmol), (S,S)-Ph-PyBox (3.7 mg, 0.01 mmol), B-
ribofuranoside 5 (40.6 mg, 0.1 mmol), and dichloromethane (0.5 mL) in a N2-filled
glovebox. To the resulting mixture was added diisopropylethylamine (26 uL, 0.15 mmol)
and this mixture was stirred at ambient temperature for 5 minutes. Tosyl chloride (28.6
mg, 0.150 mmol) in 0.5mL dichloromethane was then added and the reaction mixture was
maintained at rt for 16 h. The reaction mixture was quenched with 100 uL saturated
sodium bicarbonate solution. This mixture was filtered through a plug of silica gel (eluting

with ethyl acetate), then the filtrate was concentrated in vacuo. The regioselectivity for the
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transformation was measured by 'H NMR analysis of the unpurified reaction mixture. The
resulting residue was purified by preparative thin layer chromatography (eluting with
hexanes:EtOAc) to give the tosylated products 5b-6b. The assignment of the

regioisomers was determined by COSY NMR spectroscopy.

Methyl 5-(trityl)-3-O-(p-toluenesulfonyl)-B-D-ribofuranoside (5b)
0. ,ome Colorless oil, 20.9 mg, 75% yield, >20:1 regioselectivity. 'H NMR (500 MHz,
O OH  CDCl3) 8 7.69 (d, J = 8.1 Hz, 2H), 7.44-7.32 (m, 6H), 7.25 (m, 9H), 7.16 (d, J
= 8.1 Hz, 2H), 4.91 (s, 1H), 4.87 (dd, J = 6.8, 4.4 Hz, 1H), 4.30 (d, J = 4.4 Hz, 1H), 4.26
(dt, J = 7.3, 4.3 Hz, 1H), 3.33 (s, 3H), 3.19 (dd, J = 10.3, 3.8 Hz, 1H), 2.95 (dd, J = 10.3,
4.5 Hz, 1H), 2.63 (s, 1H), 2.35 (s, 3H); 13C NMR (126 MHz, CDCls) & 145.55, 143.85,
132.08, 130.10, 128.74, 128.20, 127.88, 127.13, 107.98, 86.64, 79.63, 79.25, 74.24,
63.32, 55.55, 21.77. IR (ATR, neat): 3475, 3061, 3027, 2923, 2848, 1596, 1488, 1439,
1367, 1220, 1193, 1177, 1113, 1017, 969, 902 cml. HRMS (ESI*) calcd for

[Ca2H3207S+Na]*: 583.1766; found: 583.1757. [a]%p = —1.8° (¢ 1.39, CHCl3).

Methyl 5-(trityl)-2-O-(p-toluenesulfonyl)-B-D-ribofuranoside (5b’)

T ,ome Colorless oil, 1.6 mg, 6% yield. *H NMR (400 MHz, CDCls) & 7.83 (d, J = 8.3
HO Ot Hz, 2H), 7.48 — 7.43 (m, 6H), 7.36 (d, J = 8.1 Hz, 2H), 7.32 — 7.20 (m, 9H),

4.91 (d, J = 0.8 Hz, 1H), 4.75 (dd, J = 4.6, 0.9 Hz, 1H), 4.40 (td, J = 7.3, 4.7 Hz, 1H), 4.05

(dt, J = 7.0, 4.4 Hz, 1H), 3.33 (dd, J = 10.2, 3.6 Hz, 1H), 3.30 (s, 3H), 3.17 (dd, J = 10.2,

4.8 Hz, 1H), 2.46 (s, 3H), 2.06 (d, J = 7.9 Hz, 1H).23C NMR (126 MHz, CDCls) & 145.6,

143.9, 133.0, 130.2, 128.8, 128.2, 128.0, 127.2, 105.4, 86.8, 82.6, 82.3, 71.0, 64.1, 55.7,
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21.9. IR (ATR, neat): 3521, 3057, 3025, 2928, 2853, 1598, 1496, 1372, 1212, 1193, 1181,
1093, 1049, 965, 906 cmt. HRMS (ESI*) calc’d for [C32H3207S+Na]*: 583.1766; found:

583.1758. [a]2%5 = +11.6° (c 1.61, CHCl3).

Methyl 5-(trityl)-3-O-(o-nitrobenzenesulfonyl)-B-D-ribofuranoside (5c¢)
5 o3 Colorless oil, 28.2 mg, 48% vyield, >20:1 regioselectivity. *H NMR (600

Q.0 oH

@\S\\o MHz, CDCls) 5 8.07 (d, J = 8.0 Hz, 1H), 7.79 — 7.75 (m, 2H), 7.68 — 7.63

"2 (m, 1H), 7.43 (d, J = 7.7 Hz, 6H), 7.26 (ddd, J = 21.7, 14.8, 7.3 Hz, 9H),
5.25 — 5.17 (m, 1H), 4.93 (s, 1H), 4.40 (dd, J = 9.9, 4.1 Hz, 1H), 4.22 (t, J = 3.4 Hz, 1H),
3.38 (s, 3H), 3.37 (dd, J = 10.2, 4.2 Hz, 1H), 3.17 (dd, J = 10.3, 4.3 Hz, 1H), 2.65 (d, J =
4.3 Hz, 1H). 3C NMR (126 MHz, CDCls) & 143.8, 135.5, 132.6, 131.8, 128.9, 128.82,
128.79, 128.0, 127.2, 125.3, 107.9, 86.8, 81.3, 79.5, 74.3, 63.1, 55.9. IR (ATR, neat):
3534, 3070, 2934, 1542, 1491, 1449, 1374, 1195 cm®. HRMS (ESI*) calc'd for

[C31H20NO9S+Na]*: 614.1461; found: 614.1458. [0]?°p = —1.1° (c 1.1, CHClg).

Methyl 5-(trityl)-3-O-(pentafluorobenzenesulfonyl)-B-D-ribofuranoside (5d)
mo, _owe Colorless oil, 20.7 mg, 65% yield, 5:1 regioselectivity. 'H NMR (500 MHz,
i i Q‘s\go O CDCI3) 5 7.41 (m, 6H), 7.27 (m, 9H), 5.20 (t, J = 5.1 Hz, 1H), 4.93 (s,
FﬁF 1H), 4.35 (d, J = 5.2 Hz, 2H), 3.41 (s, 3H), 3.35 (dd, J = 10.4, 4.0 Hz,
1H), 3.13 (dd, J = 10.4, 4.3 Hz, 1H), 2.27 (d, J = 5.2 Hz, 1H). 13C NMR (126 MHz, CDCl5)
0 146.2, 144 .1, 143.6, 139.1, 137.0, 128.7, 128.0, 127.3, 108.1, 87.0, 82.4, 79.4, 74.4,

63.2, 56.1. IR (ATR, neat): 3533, 3061, 2928, 1523, 1501, 1450, 1401, 1316, 1193, 1098,
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1003 cmt. HRMS (ESI*) calc’d for [C31H25Fs07S+Na]*: 659.1139; found: 659.1138. [a]*°p

=+11.6° (c 0.98, CHCls).

Methyl 5-(tert-butyldimethylsilyloxy)-3-O-(benzoyl)-a-D-ribofuranoside (6b)
TBSO. & Colorless oail, 26.3 mg, 69% yield, 6:1 regioselectivity. *H NMR (500 MHz,
820 OH CDCIl3) 8 8.05 (d, J = 8.0 Hz, 2H), 7.57 (t, J= 7.5 Hz, 1H), 7.45 (t, J = 7.8
Hz, 2H), 5.34 (dd, J = 6.6, 2.1 Hz, 1H), 4.98 (d, J = 4.8 Hz, 1H), 4.36 (ddd, J = 11.4, 6.6,
4.7 Hz, 1H), 4.22 (q, J = 2.3 Hz, 1H), 3.92 (dd, J = 11.2, 2.6 Hz, 1H), 3.78 (dd, J = 11.2,
2.6 Hz, 1H), 3.52 (s, 3H), 2.71 (d, J = 11.3 Hz, 1H), 0.90 (s, 9H), 0.08 (d, J = 8.2 Hz, 6H).
13C NMR (126 MHz, CDCIlz) d 166.19, 133.33, 130.03, 129.88, 128.55, 102.78, 84.01,
72.68, 72.07, 63.47, 55.68, 26.02, 18.44, -5.22, -5.35. IR (ATR, neat): 3536, 2954, 2927,
2859, 1730, 1266, 1115, 1098, 1064, 1036, 824 cm=*. HRMS (ESI*) calcd

[C19H3006Si+Na]*: 405.1709; found 405.1699. [a]25p = +30.8° (c 1.1, CHCla).

Methyl 5-(tert-butyldimethylsilyloxy)-2-O-(benzoyl)-a-D-ribofuranoside + Methyl 5-
(tert-butyldimethylsilyloxy)-3-O-(benzoyl)-a-D-ribofuranoside (6a major) + (6b
minor)

™SOS § 6a: Colorless oil, 33.0 mg, 86% combined yield, 3.5:1 regioselectivity. TLC:

OMe
HO OBz 45:50:5 dichloromethane:hexanes:acetone, R =0.3 (visualized with

anisaldehyde stain). *H NMR (400 MHz, CDCI3) & 8.12-8.10 (m, 2H), 7.59-7.55 (m, 1H),
7.47-7.43 (m, 2H), 5.24 (d, J = 4.1 Hz, 2H), 5.05 (dd, J = 5.9, 4.1 Hz, 1H), 4.35 (m, 1H),

4.23-4.22 (m, 1H), 3.82 (dd, J = 11.3, 2.9 Hz, 1H), 3.74 (dd, J = 11.2, 3.3 Hz, 1H), 3.44
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(s, 1H), 2.94 (s, 1H), 0.91 (s, 9H), 0.08 (d, J = 5.2 Hz, 6H). HRMS (ESI*) calc’'d

[C19H3006Si+Na]*: 405.1709; found 405.1697.

Site-Selective Alkylation of Pyranoside Derivatives
i) Procedure for the Sr- or Ca-Catalyzed Alkylation of Pyranoside Derivatives
ove A l-dram vial fitted with a septum cap was charged with SrBr2 (0.02 mmol),

ngm@in pyranoside 7 (29.2 mg, 0.1 mmol), and NaHMDS (45.9 mg, 0.250 mmol)
and THF (1 mL) in a Nz-filled glovebox. This mixture was stirred at ambient temperature
for 5 minutes. Benzyl bromide (15 pL, 0.126 mmol) was then added and the reaction
mixture was maintained at rt for 16 h. The reaction mixture was quenched with 100 uL
saturated sodium bicarbonate solution. This mixture was filtered through a plug of silica
gel (eluting with ethyl acetate), then the filtrate was concentrated in vacuo. The resulting
residue was purified by preparative thin layer chromatography (eluting with
hexanes:EtOAc) to give the benzylated product 7a as a colorless oil (11.8 mg, 44%).
When Ca(OTf)2 was used instead of SrBr2, 7a was isolated as a colorless oil (10.4 mg,
39%). Spectroscopic data was consistent with reported literature.33
i) Procedure for the Ni-Catalyzed Alkylation of Pyranoside Derivatives
g %% A 1-dram vial fitted with a septum cap was charged with NiCl> (0.01

S ove Mmol), (R,R)-DACH (0.01 mmol), and THF (1 mL) in a N2-filled glovebox.
This mixture was stirred at ambient temperature for 5 minutes. Then NaHMDS (13.8 mg,
0.075 mmol) followed by pyranoside 8 (14.1 mg, 0.05 mmol) was added. This mixture
was stirred at ambient temperature for 5 minutes. Benzyl bromide (6 pL, 0.100 mmol)

was then added and the reaction mixture was maintained at rt for 24 h. The reaction
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mixture was quenched with 100 pyL saturated ammonium chloride solution. This mixture
was then extracted with EtOAc (2 x 5 mL). The organic layers were combined and then
washed with brine. The organic layer was then dried with Na2SOa, filtered, and
concentrated in vacuo. The regioselectivity for the transformation was measured by *H
NMR analysis of the unpurified reaction mixture. Pyranoside 8a was observed in 17%
NMR vyield and >20:1 regioselectivity for the 2-O isomer. Spectroscopic data was

consistent with reported literature.'3*
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3.2.2 NMR Spectra
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CHAPTER 4 — Approach to Stereodefined All-Carbon Tetrasubstituted
Alkenes Mediated by Lithium Hexamethyldisilazide?

4.1 Synthesis of All-Carbon Tetrasubstituted Alkenes Mediated by Lithium
Hexamethyldisilazide®

4.1.1 Introduction

Alkenes are valuable feedstocks commonly found in natural products,3®
medicines,'*® and petrochemicals®’ in chemical industry. Because they are versatile
functional groups,® the synthesis of alkenes represents an important endeavor in
organic synthesis. While methods to synthesize di- and trisubstituted alkenes have been
reported,’3® methods toward synthesis of all-carbon tetrasubstituted alkenes are
underdeveloped. The synthesis of all-carbon tetrasubstituted alkenes is most challenging
due to issues with regio- and stereoselectivity. For example, one way to synthesize
tetrasubstituted alkenes is through an alkyne functionalization (Figure 4.1a). However, in
this approach, regioselectivity becomes an issue due to unselective alkyne
carbometallation plus unselective trapping of the resulting metal-vinyl species. Moreover,
there are classical approaches to all-carbon tetrasubstituted alkenes via Julia,4°
Peterson,’*! Horner-Wadsworth-Emmons,#? Wittig,’4®> and McMurry reactions.#*
However, these reactions often result in poor stereoselectivities. To circumvent these
selectivity issues, directing groups have been employed (Figure 4.1b).1* However, this
method limits the scope of alkynes that can be used and is often undesirable due to the

additional synthetic manipulations required to install and remove the directing group.

a As a part of continued training in pursuit of my doctoral studies at UC Irvine, this work was completed
during a summer internship with Genentech in the Small Molecule Process Chemistry Department from
June 2016-August 2016.

* Reproduced in part with permission from Li, B. X.; Le, D. N.; Mack, K. A.; McClory, A.; Lim, N.-K.;
Cravillion, T.; Savage, S.; Han, C.; Collum, D. B.; Zhang, H.; Gosselin, F. J. Am. Chem. Soc. 2017, 139,
10777. Copyright 2017 American Chemical Society
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Considering these challenges, developing a general protocol toward the synthesis of all-

carbon tetrasubstituted alkenes warrants further study.

Ry Ru!
s e e
] " LR M "

R
| A — X
A 1 B ‘
! L. R R,
2 M_ Ry M Ry
T
Ry Ry Ry R
c D

*Poor regio- and stereoselective controls

b) Directing groups

MeO OMe MeO OMe
1) n-BuyCuli, Et,0, -78 °C
T Me%M
2) Mel, HMPT e
Me n-Bu
87% yield

Figure 4.1 Synthesizing tetrasubstituted alkenes

Tetrasubstituted alkenes are found in important pharmaceuticals such as
Tamoxifen,46 Afimoxifene,**® and Etacstil (Figure 4.2).}4” These drugs are selective
estrogen receptor modulators (SERM) with activity against breast cancer. Seragon

Pharmaceuticals previously identified a

t Q)
new drug, GDC-0810, a selective |
Me
estrogen receptor down regulator & O O O/\/N\Me
i L. i R = H, Tamoxifen
(SERD), with robust activity against R = OH, Afimoxifene

Tamoxifen-resistant breast cancer cell Me O

lines.1%® In Seragon’s approach, they O O "
. . R 7 CO,H | CO;H
were able synthesize GDC-0810 in 20%

Etacstil GDC-0810

overall yleld (Figure 4 3) However Figure 4.2 Drug therapeutics containing all-carbon tetrasubstituted alkenes

there were still limitations associated with this route. One of the problems was in the
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Suzuki reaction, where there were issues of low alkene chemoselectivity (4:1) in the
cross-coupling of the vinyl diboronate. In addition, there was only one isolation in the

entire process during the final step, thereby decreasing the overall yield in the reaction.

|
e Me BPin \©\ Me BPin

| CHO |

BoPing, PA(PPhg)s| /7 BPIN | pg(pphy),Cly N O O

N —_— N CHO
@ KsPOy (aq) @

AN

(@]
z
Z N

HCI (aq)

_—

cl F
:©/ \ (Et0),0P.__CO,Et
! VI O
CHO

KOH, EtOH

1) NaOH (aq)

—

2) HCI (aq)

GDC-0810

Figure 4.3 Synthetic route toward GDC-0810
To circumvent issues presented in the Suzuki cross-coupling of the vinyl

diboronate, an alternative approach to access all-carbon tetrasubstituted alkenes was
investigated involving the stereoselective formation of a lithium enolate. Thus, a
collaboration with Professor David Collum (Cornell University) was initiated. Collum
originally reported the stereoselective formation of lithium enolates using lithium
hexamethyldisilazide (LIHMDS), where an additive effect was observed upon adding
triethylamine (EtsN) to the reaction mixture.148149 A 3000-fold increase in the rate was
observed (Figure 4.4). The formation of a dimeric 8-membered transition state was

proposed. Subsequently in 2008, this LIHMDS/EtsN effect was also noted in the case of
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acyclic ketones.'0 After the lithium enolate was formed, it was trapped with TMS-CI to

afford the E-silyl enol ether in 110:1 selectivity.

Lithium hexamethyldisilazide + triethylamine-mediated ketone enolization (Collum, 2003)

OLi

0]
LiIHMDS (2 equiv ja: T™S
Me $ Me via TMS. [ _Li. /TMS
cosolvent (6 equiv) N N-TMS
toluene, -78 °C H Li—-NEt;
/
-0
cosolvent:  None THF Et;N
Kre: 1.0 20 3000 Me

Acceleration with acyclic ketones (Collum, 2008)

0 E:-,\'l-"?"l"DS oTMS OTMS
3N, toluene
Me\')K’ 78 °C Mew/&’ + Mew/&/Me
_—
Me Me 5 TMs-Cl, EtN Me Me Me

110 : 1

Figure 4.4 Lithium enolates using LIHMDS and trialkylamine additives
Thus, we wondered if we could use a similar approach to stereoselectively access
the analogous enol tosylate from readily accessible ketones (Figure 4.5). We reasoned if
we could obtain the enol tosylates, we could then perform a stereospecific Suzuki-

Miyaura cross coupling to afford a variety of all-carbon tetrasubstituted alkenes.

] OTs Ar

1) LIHMDS, R3N cat. Pd
R)K(R3 ,,,,,,,, - R&& 777777777 - R/S/Rz
! it 2) Ts,0 1 Ar-BPin 1

2 2 R3

Figure 4.5 Proposed route to all-carbon tetrasubstituted alkenes

4.1.2 Development of Stereoselective Enolate Formation and Tosylation

To test out the model system, aryl ketone 1la was subjected to two equivalents of
LIHMDS and an excess of dimethylethylamine (DMEA) additive for 30 min. Then, a
solution of tosyl anhydride (Ts20) in toluene was added to the enolate. After 30 min,

desired enol tosylate 2a was observed in 62% conversion and >95:5 E/Z (eq 1).
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Me LiHMDS (0.6 M in toluene, 2 equiv) Me
Me,EtN (4 M in toluene, 22 equiv), 1
toluene (3.9 mL), rt U

o O then Ts,O (1.4 equiv, 0.4 Min  TsO O
toluene), rt
F ) F

62% conversion >95:5 E/Z
1a 2a

With these promising results in hand, different conditions were evaluated to
improve the conversion in the reaction (Table 4.1). First, a reverse addition of the enolate
to the Ts20 solution was examined. However, this resulted in a decrease in reactivity
(entry 1). Then, the Ts20 solution was changed from toluene to DCM and an increase to
73% conversion was observed (entry 2). By using two equivalents of Ts20, the conversion
increased to 87% and >95:5 E/Z (entry 4). Switching the amine additive resulted in an

overall decrease in reactivity and selectivity (entries 5 and 6).

Table 4.1 Reaction optimization

Me Me
LiIHMDS (0.6 M in toluene, 2 equiv)

amine (neat, 22 equiv), rt ‘

o) then Ts,O (1.4 equiv, 0.4 M in y) TsO
rt
F F

1a 2a
Entry y (solvent) amine C?:\ée(r;oi())n E/z9
1@ toluene Me,EtN 29 >95:5
2 DCM Me,EtN 73 >95:5
3b DCM Me,EtN 77 >95:5
4°¢ DCM Me,EtN 87 >95:5
5 DCM Et3N 25 89:11
6 DCM iProEtN 79 87:13

@ Reverse addition of enolate into Ts,0. ? New batch of Ts,0. ¢ Increase to
2 equiv Ts,0 9 E/Z ratio determined by HPLC of unpurified reaction mixture.
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After titrating the bottle of LIHMDS, full conversion for desired enol tosylate 2a was
observed with >95:5 E/Z (Table 4.2, entry 1). With this result in hand, the next thing to do
was to optimize the base equivalence in the reaction. The reaction was optimized down
to as low as two equivalents of base (entry 7) to afford the desired product in 78% isolated
yield and >95:5 E/Z. The 1:1 ratio of LIHMDS:DMEA was also important, because when
less than two equivalents were evaluated, there was more side product formation in the
reaction profile. Thus, the conditions noted in entry 7 were used to evaluate the substrate

scope.

Table 4.2 Optimizing base equivalence

Me Me
LIHMDS (x M, 2 equiv)

DMEA (y equiv), rt ‘

o then Ts,0 (2 equiv) TsO
rt
F F

1a 2a

Entry  x (mol/L) y (equiv) Conversionto 2 (%) E/z9
12 0.42 22 full >95:5
2 0.82 22 full >95:5
3 0.82 10 full >95:5
4 0.82 5 full >95:5
5 0.82 4 full >95:5
6 0.82 3 full >95:5
7 0.82 2 full (73)b >95:5
8 0.82 1 full® nd
9 0.82 0 full nd

@0.5 M ketone  Isolated yield on 2 mmol scale. ¢ More side product
formation in reaction profile. ¢ E/Z ratio determined by HPLC of
unpurified reaction mixture.

4.1.3 Substrate Scope Evaluation
With the optimized conditions in hand, the substrate scope was evaluated with

variation in R1 in aryl ketone 1 to form the desired enol tosylates 2 (Table 4.3). Electron
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withdrawing groups (e.g., 4-F, 4-Cl, 4-CF3s, 3-OMe, 4-CO2Et, and 4-CO2tBu) are tolerated
in up to >99:1 E/Z and up to 87% yield. Moreover, electron donating groups such as 4-
Me and 4-OMe are tolerated in 82% and 66% yields, respectively and 98:2 E/Z selectivity.
When the aryl group is substituted with 2-Me, there is a decrease in selectivity (82:18
E/Z). When a substrate containing thiophene was evaluated, there was no desired

product formation and decomposition of the starting material is observed.

Table 4.3 Substrate scope evaluation with variation at R4

2

LiIHMDS (2 equiv)
DMEA (2 equiv), toluene

rt, 25 min ‘
0 then Ts,0 (2 equiv) TsO
2 mmol R1 rt, 20 min R4
1a-1k
3 t0 €O
TsO O TsO O TsO O
, F Cl ) CFy yield, >95:5
2a - 78% yield, >99:1 E/Z 2b - 74% yield, >99:1 E/Z 2¢ - 80% yield, 96:4 E/Z £z OMe
Me
Q0 Lt w0
TsO Te ‘
2, 0, O T
Me E
OMe CO,Et CO,tBu

2e - 82% yield, 98:2 E/Z

2f - 66% vyield, 98:2 E/Z

29 - 87% yield, >95:5 £/Z

2h - 74% yield, 95:5 E/Z

Me © Me
\ \

TsO TsO

2j - 87% yield, >99:1 E/Z

Me Me
| |
A
T80 \ TsO N
N~ |
S

Me
2i - 73% yield, 82:18 E/Z 2k - full conv., >95:5 E/Z 0% yield

Next, different substrates were evaluated with variation at Rz (Table 4.4). Various
electron withdrawing (e.g., 4-F, 4-Cl, 4-CFs, 3-OMe) are tolerated in up to 87% yield and
>99:1 E/Z. Electron donating groups (e.g., 4-OMe and 4-Me) also work well in 75% and
84% vyields, respectively and >95:5 E/Z selectivity. A substrate containing an indole also

is tolerated to afford the desired product in 65% yield and 93:7 E/Z selectivity.

241



Subsequently, a crystal structure of 2r was obtained to confirm the E-selectivity observed

in the reaction.

Table 4.4 Substrate scope evaluation with variation at R,

Me LiIHMDS (2 equiv) Me R
Rz DMEA (2 equiv), toluene 2

rt, 25 min ‘
0O then Ts,0 (2 equiv) TsO
2 mmol rt, 20 min
1l-1s 21-2s

CFs

TsO

<
)

ﬁ

F O Cl Me
Me ‘
O TsO

21 -76% yield, >99:1 E/Z 2m - 80% vyield, >99:1 E/Z 2n - 87% vyield, 97:3 E/Z 20 - 50% yield, >95:5 E/Z

2p - 78% yield, >95:5 E/Z 2q - 75% yield, >95:5 E/Z 2r - 65% yield, 93:7 E/Z 2s - 84% yleld, >95:5 E/Z

)

TsO

5 Oy
O/O

Finally, the pendant ethyl group was changed to different alkyl substituents. There
was a steric effect on the reactivity and selectivity of the reaction (Table 4.5). When Rs =
H, only 44% yield for enol tosylate 2t is observed with a 67:33 E/Z mixture of isomers. As
the steric bulk was increased (Rs = Me), there is a slight increase in yield and selectivity.
Thus, we found when Rs = Et, high reactivity and selectivity is achieved. Accordingly, R3
was varied with allyl or cyclopropyl substituents to afford the desired products in 81% and
82% yields, respectively, with >95:5 E/Z selectivity. When Rs = iPr or tBu, no reaction is

observed and only starting material remains.
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Table 4.5 Substrate scope evaluation with variation at R3

LiIHMDS (2 equiv)
Rj DMEA (2 equiv), toluene Rs

rt, 25 min ‘
0O then Ts,0 (2 equiv) TsO
2 mmol rt, 20 min
1t-1w 2t-2w
Me Me
H Me
\ \ \ \
TsO O TsO O TsO O TsO O
F
2t - 44% yield, 67:33 E/Z  2u - 56% vyield, 83:17 E/Z 2] - 87% yield, >99:1 E/Z  2a - 78% yield, >99:1 E/Z

M
A O V4 Me O e Me O
‘ Me ‘ Me ‘
TsO O TsO | O TsO O TsO O
2v - 81% yield, >95:5 E/Z 2w - 82% yield, >95:5 E/Z no reaction no reaction

4.1.4 Stereospecific Suzuki-Miyaura Cross-Coupling

Next, the Suzuki—-Miyaura coupling of enol tosylate 2 and 4-fluorophenyl pinacol
boronic ester was examined. High-throughput screening led to the optimal conditions
using 1.0 equiv of enol tosylate 2, 1.1 equiv of boronic ester, 1 mol% of Pd(OAc)2, 2 mol%
of RuPhos, and 1.5 equiv of KsPO4*H20 in PhMe/H20 (0.5 M, 3:1) at 70 °C (Table 4.6).
In select examples, enol tosylates with electron donating (4-Me) or withdrawing groups
(4-F, 4-CFs3) are all tolerated in high yields (up to 96%) and selectivities (up to >99:1 E/Z).
A 2-pyridyl group is also tolerated to afford the all-carbon tetrasubstituted alkene in 65%

yield and 96:4 E/Z.
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Table 4.6 Stereospecific Suzuki-Miyaura Cross Coupling

Ph-BPin (1.1 equiv) Me
Me O R, Pd(OAc), (1 mol%) O Ry
RuPhos (2 mol%) ‘
\ KsPO4H,0 (1.5 equiv)
TsO O ~. _ PhMe/H,0 (3:1), 70 °C Ph O R,
.

2 3a-d

Select scope

t t t C
\ \ \ |
Ph O Ph O Ph O Ph™ S
N~
F Me CF3

3a - 93% yield, 98:2 E/Z  3b - 96% vyield, 96:4 E/Z 3c - 96% yield, >99:1 E/Z  3d - 65% yield, 96:4

4.1.5 Conclusion

In conclusion, we developed a new route to all-carbon tetrasubstituted alkenes via
a stereoselective enol tosylation followed by a Suzuki-Miyaura cross coupling. By using
LIHMDS and a DMEA additive, we could access stereodefined enol tosylates in high
yields (up to 95%) and selectivities (up to >99:1 E/Z). Using high throughput screening,
we found optimized conditions to perform a stereospecific Suzuki-Miyaura cross coupling
with the enol tosylates to afford the all-carbon tetrasubstituted alkene with high yields (up

to 99%) and stereochemical fidelity (up to >99:1 E/Z).

4.2 Experimental Data

4.2.1 Experimental Details

The data shown Table 4.6 and certain substrates in Tables 4.1-4.5 were obtained
by B.X.L and coworkers, and the reader is directed to the Supporting Information of the
published manuscript'®* for the details of those experiments. This experimental section

will focus on my contributions to the project.
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Enol tosylate formation via LIHMDS (representative example):
(0] OTs
R1)S/R31)LiHMDS, DMEAR1/ﬂ§/R3
R, 2) Ts,0 R,
1-(4-fluorophenyl)-2-phenylbut-1-en-1-yl 4-methylbenzenesulfonate (2a)

Me O To a flame dried round bottom flask equipped with a stir bar under N2 was

| added LiIHMDS (1 M in toluene, 4 mmol, 2 equiv) and DMEA (0.434 mL, 4

TsO

F'mmol, 2 equiv). The reaction mixture was placed in a rt water bath and a

solution of 1-(4-fluorophenyl)-2-phenyl-butan-1-one (1a, 484.6 mg in 2 mL toluene, 2.0
mmol, 1 equiv) was added and the reaction stirred at rt. After 20 min, the reaction mixture
was placed in a rt water bath and Ts20 (1.31 g in 10 mL DCM, 4 mmol, 2 equiv) was
added dropwise over 1 min. The reaction mixture then stirred at rt for 20 min. An aliquot
was taken and via HPLC analysis, the reaction went to full conversion and the E/Z ratio
was determined to be >99:1. MTBE (10 mL) and NaOH (0.25 M aq, 4 mL) was added to
guench the reaction and the mixture then transferred to a separatory funnel. The organic
layer was separated from the aqueous layer (pH = 13), washed with brine, dried over
NazSO04, filtered, and concentrated under reduced pressure. The crude reaction mixture
was then purified by silica gel column chromatography using heptane/isopropyl acetate
and compound 2a was obtained as a white solid (617 mg, 78%). *H NMR (400 MHz,
CDCls) & 7.53 — 7.41 (m, 2H), 7.20 — 7.09 (m, 5H), 7.04 — 6.94 (m, 2H), 6.89 — 6.79 (m,
2H), 6.64 — 6.49 (m, 2H), 2.67 (q, J = 7.5 Hz, 2H), 2.37 (s, 3H), 0.91 (t, J = 7.5 Hz, 3H).
13C NMR (101 MHz, CDClz) & 161.89 (d, J = 248.6 Hz), 144.58, 141.54, 138.07, 137.13,
134.35, 131.68 (d, J = 8.4 Hz), 130.09 (d, J = 3.6 Hz), 129.31, 129.28, 128.22, 127.96,

127.16, 114.39 (d, J = 21.9 Hz), 26.10, 21.55, 11.89; °F NMR (376 MHz, CDCls) & -
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113.10; mp 71 °C; IR (ATR) 3045, 2988, 2924, 1598, 1506, 1368, 1163 cm™; HRMS

(ESI-) m/z calculated for C23H21FO3S ([M—H]7), 395.1117; found, 395.1154.

(E)-1-(4-chlorophenyl)-2-phenylbut-1-en-1-yl 4-methylbenzenesulfonate (2b)
) 1-(4-chlorophenyl)-2-phenyl-butan-1-one (1b, 517 mg, 2.0 mmol) was
| O employed. The E/Z ratio before workup via HPLC was determined to be
° O o >99:1. After silica gel column chromatography, compound 2b was obtained
as a white solid (611.5 mg, 74%). *H NMR (400 MHz, CDCI3) 6 7.48 (d, J = 8.4 Hz, 2H),
7.18 (dd, J = 5.1, 1.9 Hz, 3H), 7.12 (dt, J = 7.8, 0.7 Hz, 2H), 7.05 — 6.96 (m, 2H), 6.85 (d,
J=8.7 Hz, 2H), 6.78 (d, J = 8.6 Hz, 2H), 2.67 (q, J = 7.5 Hz, 2H), 2.39 (s, 3H), 0.91 (t, J
= 7.5 Hz, 3H); 13C NMR (101 MHz, CDCls) & 144.74, 141.35, 137.91, 137.70, 134.22,
133.51, 132.48, 131.08, 129.31, 129.27, 128.29, 127.99, 127.59, 127.29, 26.16, 21.57,
11.85; mp 75 °C; IR (ATR) 3050, 2987, 2923, 2874, 1598, 1487, 1347, 1177 cm™'; HRMS

(ESI-) m/z calculated for C23H21CIO3S ([M-H]"), 411.0822; found, 411.0853.

(E)-1-(3-methoxyphenyl)-2-phenylbut-1-en-1-yl 4-methylbenzenesulfonate (2d)
Me O 1-(3-methoxyphenyl)-2-phenyl-butan-1-one (1d, 509 mg, 2.0 mmol) was
o | employed. The E/Z ratio before workup was determined via HPLC to be
>95:5. After silica gel column chromatography, compound 2d was obtained
as a white solid (711.5 mg, 87%). *H NMR (400 MHz, CDClz) & 7.52 — 7.42 (m, 2H), 7.23
— 7.12 (m, 3H), 7.12 — 6.99 (M, 4H), 6.79 (t, J = 7.9 Hz, 1H), 6.58 — 6.44 (m, 2H), 6.34

(dd, J = 2.6, 1.6 Hz, 1H), 3.42 (s, 3H), 2.70 (g, J = 7.5 Hz, 2H), 2.35 (s, 3H), 0.93 (t, J =
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7.5 Hz, 3H); 3C NMR (101 MHz, CDCls) & 158.46, 144.32, 142.42, 138.41, 137.02,
134.92, 134.40, 129.29, 129.13, 128.28, 128.15, 128.01, 127.06, 122.54, 114.38, 114.31,
54.80, 26.20, 21.52, 11.91; mp 105 °C; IR (ATR) 3075, 2980, 2932, 2872, 2836, 1598,
1577, 1487, 1362, 1174 cm™'; HRMS (ESI-) m/z calculated for C22H21NO3sS ([M—H]"),

407.1317; found, 407.1317.

(E)-2-phenyl-1-(p-tolyl)but-1-en-1-yl 4-methylbenzenesulfonate (2e)
N O 2-phenyl-1-(p-tolyl)butan-1-one (1e, 477 mg, 2.0 mmol) was employed.
50 | O The E/Z ratio before workup was determined via HPLC to be 98:2. After
silica gel cohlﬂljmn chromatography, compound 2e was obtained as a white solid (645 mg,
82%). H NMR (400 MHz, CDCls) & 7.53 — 7.43 (m, 2H), 7.16 (dd, J = 6.0, 1.5 Hz, 3H),
7.08 (d, J = 8.1 Hz, 2H), 7.05 — 6.98 (m, 2H), 6.76 (d, J = 8.2 Hz, 2H), 6.69 (d, J = 8.0 Hz,
2H), 2.65 (g, J = 7.5 Hz, 2H), 2.36 (s, 3H), 2.16 (s, 3H), 0.90 (t, J = 7.5 Hz, 3H). 13C NMR
(101 MHz, CDCls) d 144.20, 142.76, 138.47, 137.44, 136.12, 134.45, 130.98, 129.73,
129.38,129.12, 128.08, 128.02, 126.91, 26.10, 21.55, 21.15, 11.95; mp 86 °C; IR (ATR)
2972, 2924, 2872, 2855, 1595, 1363, 1189 cm™'; HRMS (ESI-) m/z calculated for

C24H2403S ([M—H]"), 391.1368; found, 391.1368.

(E)-1-(4-methoxyphenyl)-2-phenylbut-1-en-1-yl 4-methylbenzenesulfonate (2f)
1-(4-methoxyphenyl)-2-phenyl-butan-1-one (1f, 509 mg, 2.0 mmol) was
| employed. The E/Z ratio before workup was determined via HPLC to be
ome 98:2. After silica gel column chromatography, compound 2f was obtained

as a white solid (542 mg, 66%). *H NMR (400 MHz, CDCI3) 8 7.52 — 7.45 (m, 2H), 7.20 —

7.12 (m, 3H), 7.10 (d, J = 8.2 Hz, 2H), 7.08 — 6.98 (M, 2H), 6.84 — 6.75 (M, 2H), 6.47 —
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6.36 (M, 2H), 3.66 (s, 3H), 2.66 (q, J = 7.5 Hz, 2H), 2.36 (s, 3H), 0.91 (t, J = 7.5 Hz, 3H);
13C NMR (101 MHz, CDCls) & 158.87, 144.14, 142.56, 138.50, 135.60, 134.52, 131.19,
129.38, 129.14, 128.09, 127.99, 126.85, 126.30, 112.76, 55.04, 26.04, 21.53, 11.97; mp
89 °C; IR (ATR) 3016, 2960, 2932, 1608, 1492, 1363, 1172 cm™'; HRMS (ESI-) m/z

calculated for C24H2404S ([M—H]?), 407.1317; found, 407.1327.

Ethyl (E)-4-(2-phenyl-1-(tosyloxy)but-1-en-1-yl)benzoate (29)
Me O ethyl 4-(2-phenylbutanoyl)benzoate (1g, 593 mg, 2.0 mmol) was

\ . . :
50 O employed. The E/Z ratio before workup was determined via HPLC to

oo be >95:5. After silica gel column chromatography, compound 2g was
obtained as a white solid (780 mg, 87%). *H NMR (400 MHz, CDClz) 6 7.59 — 7.54 (m,
2H), 7.52 — 7.45 (m, 2H), 7.17 (ddt, J = 5.5, 4.0, 2.4 Hz, 3H), 7.09 (d, J = 8.1 Hz, 2H),
7.05 — 6.97 (m, 2H), 6.97 — 6.87 (m, 2H), 4.31 (g, J = 7.1 Hz, 2H), 2.68 (q, J = 7.5 Hz,
2H), 2.35 (s, 3H), 1.34 (t, J = 7.1 Hz, 3H), 0.91 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz,
CDCl3) 6 166.21, 144.93, 141.56, 138.99, 138.65, 137.94, 134.20, 129.79, 129.48,
129.41, 129.34, 128.67, 128.47, 128.17, 127.58, 61.08, 26.44, 21.67, 14.45, 11.96; mp
84 °C; IR (ATR) 3054, 2980, 2923, 1713, 1362, 1275, 1191 cm™'; HRMS (ESI-) m/z

calculated for C26H260sS ([M—H]7), 449.1423; found, 449.1461.

tert-butyl (E)-4-(1-phenyl-1-(tosyloxy)but-1-en-2-yl)benzoate (2h)
O tert-butyl 4-(2-phenylbutanoyl)benzoate (1h, 649 mg, 2.0 mmol) was
Ts0 O employed. The E/Z ratio before workup was determined via HPLC to

CO,tBu
be >95:5. After silica gel column chromatography, compound 2h was obtained as a white
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solid (710 mg, 74%). *H NMR (400 MHz, CDCls) & 7.49 (dd, J = 8.2, 1.7 Hz, 4H), 7.23 -
7.13 (m, 3H), 7.08 (d, J = 8.1 Hz, 2H), 7.00 (dd, J = 6.6, 3.0 Hz, 2H), 6.97 — 6.81 (m, 2H),
2.68 (g, J = 7.5 Hz, 2H), 2.35 (s, 3H), 1.54 (s, 9H), 0.91 (t, J = 7.5 Hz, 3H); 13C NMR (101
MHz, CDCls) & 165.17, 144.70, 141.55, 138.55, 138.07, 137.84, 134.04, 130.73, 129.54,
129.31, 129.27, 128.41, 128.32, 128.03, 127.38, 80.98, 28.14, 26.25, 21.53, 11.82; mp

110 °C; IR (ATR) 3066, 2965, 2932, 2874, 1711, 1606, 1371, 1294, 1188, 1111 cm™.

(E)-2-phenyl-1-(o-tolyl)but-1-en-1-yl 4-methylbenzenesulfonate (2i) 1-(o-tolyl)-2-
Me O phenyl-butan-1-one (1i, 477 mg, 2.0 mmol) was employed. The E/Z ratio

\ : . .
Ts0 O before workup was determined via HPLC to be 82:18. After silica gel column

e chromatography, compound 2i was obtained as a white solid (480 mg, 61%).
'H NMR (400 MHz, CDCI3) 8 7.34 (d, J = 8.4 Hz, 2H), 7.13 — 7.07 (m, 3H), 7.03 — 6.99
(m, 2H), 6.99 — 6.89 (m, 4H), 6.81 — 6.74 (m, 2H), 2.88 (dg, J = 14.9, 7.5 Hz, 1H), 2.69
(dg, J = 14.8, 7.5 Hz, 1H), 2.32 (s, 3H), 2.01 (s, 3H), 1.00 (t, J = 7.5 Hz, 3H); 13C NMR
(101 MHz, CDCls) d 144.10, 142.74, 138.21, 137.74, 137.67, 134.58, 133.07, 132.33,
129.68, 129.14, 129.07, 128.47, 127.98, 127.72, 127.08, 125.02, 25.67, 21.66, 19.91,
12.66; mp 97 °C; IR (ATR) 3055, 2976, 2922, 2863, 1596, 1442, 1356, 1158 cm™'; HRMS

(ESI-) m/z calculated for C24H2403S ([M—H]"), 391.1368; found, 391.1408.

(2)-2-phenyl-1-(o-tolyl)but-1-en-1-yl 4-methylbenzenesulfonate (2i’)
O 1-(o-tolyl)-2-phenyl-butan-1-one (1i, 477 mg, 2.0 mmol) was employed.
Me
TsO | O Compound 2i’ was obtained as a white solid (90 mg, 12%). 'H NMR (400
" MHz, CDCI3) & 7.41 (dd, J = 7.3, 1.7 Hz, 1H), 7.37 — 7.27 (m, 5H), 7.23 —

7.16 (M, 2H), 7.16 — 7.12 (m, 2H), 7.06 — 7.02 (m, 1H), 6.94 (d, J = 8.1 Hz, 2H), 2.31 (s,
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3H), 2.30 — 2.24 (m, 1H), 2.23 (s, 3H), 2.21 — 2.15 (m, 1H), 0.78 (t, J = 7.4 Hz, 3H); 13C
NMR (101 MHz, CDCls) & 143.66, 140.98, 137.85, 137.21, 135.85, 134.27, 132.82,
131.44, 129.97, 129.08, 128.88, 128.77, 128.05, 127.47, 127.18, 125.27, 26.48, 21.49,

19.57, 12.52; mp 115 °C; FTIR (ATR) 3068, 2970, 2930, 2872, 1597, 1361, 1173 cm™".

(E)-2-(4-fluorophenyl)-1-phenylbut-1-en-1-yl 4-methylbenzenesulfonate (2I)
2-(4-fluorophenyl)-1-phenyl-butan-1-one (1, 485 mg, 2.0 mmol) was
| employed. The E/Z ratio before workup was determined via HPLC to be
° O >99:1. After silica gel column chromatography, compound 2| was obtained
as a white solid (600 mg, 76%). *H NMR (400 MHz, CDCI3) 6 7.49 — 7.42 (m, 2H), 7.10 —
7.04 (m, 2H), 7.03 — 6.95 (m, 3H), 6.93 — 6.82 (m, 6H), 2.68 (g, J = 7.5 Hz, 2H), 2.35 (s,
3H), 0.92 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz, CDCls) & 161.80 (d, J = 246.4 Hz),
144.35, 142.83, 135.90, 134.32, 134.14 (d, J = 3.6 Hz), 133.70, 131.03 (d, J = 8.0 Hz),
129.87,129.20, 127.96, 127.68, 127.44, 115.16 (d, J = 21.3 Hz), 26.11, 21.55, 11.91; °F
NMR (376 MHz, CDCls) & -114.93; mp 121 °C; IR (ATR) 3041, 2973, 2939, 2876, 1598,
1507, 1446, 1347, 1173 cm™'; HRMS (ESI-) m/z calculated for C23H21FOsS ([M=H]),

395.1117; found, 395.1202.

(E)-2-(4-chlorophenyl)-1-phenylbut-1-en-1-yl 4-methylbenzenesulfonate (2m):

Me O : 2-(4-chlorophenyl)-1-phenyl-butan-1-one (1m, 517 mg, 2.0 mmol) was
TsO | O employed. The E/Z ratio before workup was determined via HPLC to be
>99:1. After silica gel column chromatography, compound 2m was obtained as a white

solid (600 mg, 80%). 'H NMR (400 MHz, CDCls) & 7.50 — 7.39 (m, 2H), 7.17 — 7.10 (m,

2H), 7.07 (d, J = 8.1 Hz, 2H), 7.04 — 6.82 (m, 7H), 2.68 (q, J = 7.5 Hz, 2H), 2.35 (s, 3H),
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0.91 (t, J = 7.5 Hz, 3H). *C NMR (101 MHz, CDCI3) d 144.38, 142.98, 136.79, 135.73,
134.29,133.54, 132.94, 130.77, 129.88, 129.22, 129.20, 128.40, 127.95, 127.81, 127.51,
25.98, 21.55, 11.93; mp 125 °C; IR (ATR) 2975, 2961, 2932, 1596, 1487, 1444, 1347,
1172 cm™"; HRMS (ESI-) m/z calculated for C23H21ClOsS ([M—H]"), 411.0822; found,

411.0883.

(E)-1-phenyl-2-(4-(trifluoromethyl)phenyl)but-1-en-1-yl 4-methylbenzenesulfonate

(2n)
" O cr, 1-phenyl-2-[4-(trifluoromethyl)phenyl]butan-1-one (1n, 585 mg, 2.0 mmol)
| was employed. The E/Z ratio before workup was determined via HPLC to
TsO
O be 97:3. After silica gel column chromatography, compound 2n was

obtained as a white solid (790 mg, 88%). *H NMR (400 MHz, CDCI3) 5 7.43 (dd, J = 11.5,
8.3 Hz, 4H), 7.19 — 6.98 (m, 5H), 6.96 — 6.83 (M, 4H), 2.73 (g, J = 7.5 Hz, 2H), 2.35 (s,
3H), 0.92 (t, J = 7.5 Hz, 3H); ¥3C NMR (101 MHz, DMSO) d 145.03, 142.97, 142.14,
134.95, 133.06, 132.92, 130.02, 129.72, 129.55, 128.27, 127.62, 127.55, 127.65 (q, J =
31.2 Hz), 125.09 (g, J = 3.8 Hz), 124.03 (q, J = 271.7 Hz), 25.13, 21.04, 11.62; °F NMR
(376 MHz, CDCI3) 6 -62.61; mp 94 °C; IR (ATR) 3061, 2996, 2969, 2937, 1597, 1324,
1171 cm™"; HRMS (ESI-) m/z calculated for C24H21F303S ([M-H]"), 445.1085; found,

445.1114.

(E)-1-phenyl-2-(o-tolyl)but-1-en-1-yl 4-methylbenzenesulfonate (20)

e O 2-(o-tolyl)-1-phenyl-butan-1-one (10, 477 mg, 2.0 mmol) was employed. The

\
TsO O E/Z ratio before workup was determined via HPLC to be >95:5. After silica

M
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gel column chromatography, compound 20 was obtained as a white solid (390 mg, 50%).
IH NMR (400 MHz, CDCl3) 8 7.52 (d, J = 8.3 Hz, 2H), 7.18 — 6.79 (m, 11H), 2.82 — 2.59
(m, 1H), 2.59 — 2.44 (m, 1H), 2.35 (s, 3H), 2.05 (s, 3H), 0.91 (t, J = 7.5 Hz, 3H); 13C NMR
(101 MHz, CDCls) & 144.38, 142.33, 137.43, 136.17, 135.89, 134.17, 134.05, 130.10,
129.65, 129.22, 128.79, 128.10, 127.48, 127.28, 127.21, 125.48, 26.20, 21.54, 19.36,
11.39; mp 89 °C; IR (ATR) 3023, 2973, 2933, 1597, 1492, 1443, 1360, 1174 cm; HRMS

(ESI-) m/z calculated for C24H2403S ([M—H]"), 391.1368; found, 391.1441.

(E)-2-(1-methyl-1H-indol-3-yl)-1-phenylbut-1-en-1-yl 4-methylbenzenesulfonate (2r)
O 2-(1-methylindol-3-yl)-1-phenyl-butan-1-one (1r, 555 mg, 2.0 mmol)
~""Me was employed. The E/Z ratio before workup was determined via HPLC
10 O to be 93:7. After silica gel column chromatography, compound 2r was
obtained as a light yellow solid (560 mg, 65%). *H NMR (400 MHz, CDCl3) 5 7.51 (d, J =
8.3 Hz, 2H), 7.26 — 7.05 (m, 5H), 7.00 — 6.89 (m, 4H), 6.82 (t, J = 7.6 Hz, 2H), 6.66 (s,
1H), 3.65 (s, 3H), 2.71 (g, J = 7.5 Hz, 2H), 2.36 (s, 3H), 0.93 (t, J = 7.5 Hz, 3H); 13C NMR
(101 MHz, CDCls) d 144.19, 142.53, 136.80, 134.73, 134.42, 130.28, 129.22, 129.15,
128.29, 128.10, 127.21, 127.15, 121.52, 120.09, 119.24, 111.96, 109.08, 32.75, 26.22,
21.55, 12.41; mp 135 °C; IR (ATR) 3024, 2969, 2922, 2855, 1612, 1597, 1530, 1446
1362, 1176 cm™.
(E)-2-(3-methoxyphenyl)-1-phenylbut-1-en-1-yl 4-methylbenzenesulfonate (2p)
OMe  2-(3-methoxyphenyl)-1-phenyl-butan-1-one (1p, 509 mg, 2.0 mmol) was
Me "y O employed. The E/Z ratio before workup was determined via HPLC to be
0 O >95:5. After silica gel column chromatography, compound 2p was obtained

as a white solid (640 mg, 78%). *H NMR (400 MHz, CDClz) & 7.53 — 7.42 (m, 2H), 7.07
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(dd, J=8.1, 5.9 Hz, 3H), 7.03 — 6.96 (m, 1H), 6.90 (d, J = 4.4 Hz, 4H), 6.69 (ddd, J = 8.3,
2.7, 0.9 Hz, 1H), 6.60 (dd, J = 7.7, 1.3 Hz, 1H), 6.55 (dd, J = 2.6, 1.5 Hz, 1H), 3.63 (s,
3H), 2.67 (g, J = 7.5 Hz, 2H), 2.35 (s, 3H), 0.93 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz,
CDCls) & 159.26, 144.30, 142.60, 139.63, 136.74, 134.33, 133.93, 129.75, 129.19,
129.09, 128.00, 127.59, 127.34, 121.91, 114.90, 112.81, 55.10, 26.06, 21.55, 11.98; mp
86 °C: IR (ATR) 3054, 2977, 2933, 2874, 1712, 1594, 1366, 1173 cm™'; HRMS (ESI-)

m/z calculated for C24H2404S ([M—H]7), 407.1317; found, 407.1200.

(E)-2-(4-methoxyphenyl)-1-phenylbut-1-en-1-yl 4-methylbenzenesulfonate (2q)

O OMe
Me ‘

TsO
O to be >99:1. After silica gel column chromatography, compound 2q was

2-(4-methoxyphenyl)-1-phenyl-butan-1-one (1g, 509 mg, 2.0 mmol)

was employed. The E/Z ratio before workup was determined via HPLC

obtained as a light yellow solid (610 mg, 75%); *H NMR (400 MHz, CDClIz) 5 7.46 (d, J =
8.4 Hz, 2H), 7.07 (d, J = 8.1 Hz, 2H), 7.02 — 6.85 (m, 7H), 6.77 — 6.66 (m, 2H), 3.74 (s,
3H), 2.66 (g, J = 7.5 Hz, 2H), 2.35 (s, 3H), 0.91 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz,
CDCl3) 6 158.56, 144.22, 142.28, 136.44, 134.42, 134.10, 130.53, 130.35, 129.87,
129.17,127.97, 127.39, 127.35, 113.57,55.11, 26.12, 21.54, 11.99; mp 105 °C; IR (ATR)
2995, 2967, 2922, 1606, 1508, 1346, 1172 cm™'; HRMS (ESI-) m/z calculated for
C22H21NOsS ([M—H]"), 407.1317; found, 407.1284.

(E)-1-phenyl-2-(p-tolyl)but-1-en-1-yl 4-methylbenzenesulfonate (2s)

<98
Me |
TsO O

1-phenyl-2-(p-tolyl)butan-1-one (1s, 477 mg, 2.0 mmol) was employed.
The E/Z ratio before workup was determined via HPLC to be >95:5. After

silica gel column chromatography, compound 2s was obtained as a light
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yellow solid (660 mg, 84%); *H NMR (400 MHz, CDCl3) & 7.49 — 7.44 (m, 2H), 7.07 (d, J
= 8.1 Hz, 2H), 7.02 — 6.94 (m, 3H), 6.93 — 6.83 (M, 6H), 2.66 (g, J = 7.5 Hz, 2H), 2.35 (s,
3H), 2.26 (s, 3H), 0.91 (t, J = 7.5 Hz, 3H); 3C NMR (101 MHz, CDCls) 5 144.22, 142.35,
136.81, 136.68, 135.17,134.41, 134.06, 129.87,129.24, 129.17,128.82, 127.98, 127.43,
127.30, 26.14, 21.54, 21.14, 11.96; mp 117 °C; IR (ATR) 3046, 2970, 2931, 2895, 1595,
1365, 1175 cm™'; HRMS (ESI-) m/z calculated for C24H2403S ([M-H]"), 391.1368; found,
391.1388.

1,2-diphenylvinyl 4-methylbenzenesulfonate (2t)

H

@ 1,2-diphenylethanone (1t, 392 mg, 2.0 mmol) was employed. The E/Z ratio
TSOIQ before workup was determined via HPLC to be 67:33. After silica gel column

chromatography, compound 2t was obtained as a white solid as an
inseparable 1.2:1 mixture (310 mg, 44%); *H NMR (400 MHz, CDCl3) & 7.75 — 7.59 (m,
2H), 7.55 — 7.40 (m, 6H), 7.32 — 7.25 (m, 5H), 7.22 — 7.11 (m, 12H), 7.07 — 6.97 (m, 4H),

6.57 (s, 1H), 6.48 (s, 1H), 2.40 (s, 3H), 2.32 (s, 3H).

(E)-1,2-diphenylprop-1-en-1-yl 4-methylbenzenesulfonate (2u):

Ve O 1,2-diphenylpropan-1-one (1u, 421 mg, 2.0 mmol) was employed. The E/Z
TsO | O ratio before workup was determined via HPLC to be 83:17. After silica gel
column chromatography, compound 2u was obtained as a white solid (341 mg, 47%). 'H
NMR (400 MHz, CDCl3) & 7.55 — 7.45 (m, 2H), 7.20 — 6.85 (m, 11H), 2.35 (s, 3H), 2.20
(s, 3H); 3C NMR (101 MHz, CDCls) & 144.35, 143.33, 139.97, 134.36, 133.95, 130.97,

129.82, 129.23, 128.75, 128.15, 128.00, 127.66, 127.43, 127.09, 21.55, 19.92; mp 92 °C;
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IR (ATR) 3060, 3029, 2919, 2870, 1650, 1597, 1372, 1172 cm™"; HRMS (ESI-) m/z

calculated for C22H2003S ([M—H]7), 363.1055; found, 363.1112.

(2)-1,2-diphenylprop-1-en-1-yl 4-methylbenzenesulfonate (2u’)

O . 1,2-diphenylpropan-1-one (1u, 421 mg, 2.0 mmol) was employed.

750 | O Compound 2u was obtained as a white solid (70 mg, 10%). 'H NMR (400
MHz, CDClz) & 7.44 — 7.36 (m, 2H), 7.32 = 7.27 (m, 6H), 7.25 — 7.21 (m, 1H),

7.21 = 7.15 (m, 2H), 6.96 (d, J = 8.1 Hz, 2H), 2.33 (s, 3H), 2.02 (s, 3H); 3C NMR (101

MHz, CDClz) 6 143.83, 141.49, 139.31, 134.10, 133.99, 129.77, 128.98, 128.54, 128.17,

127.99, 127.92, 127.70, 127.13, 21.51, 20.57; mp 103 °C; IR (ATR) 3060, 2983, 2921,

1598, 1491, 1444, 1365, 1172 cm™.

(E)-1,2-diphenylpenta-1,4-dien-1-yl 4-methylbenzenesulfonate (2v)
X O 1,2-diphenylpent-4-en-1-one (1v, 473 mg, 2.0 mmol) was employed. The E/Z
0 | O ratio before workup was determined via HPLC to be >95:5. After silica gel
column chromatography, compound 2v was obtained as a white solid (630
mg, 81%). *H NMR (400 MHz, CDCl3) 8 7.55 — 7.43 (m, 2H), 7.20 — 7.11 (m, 3H), 7.11 —
7.05 (m, 2H), 7.05 — 6.97 (m, 3H), 6.89 (d, J = 4.4 Hz, 4H), 5.70 (ddt, J = 16.8, 10.0, 6.7
Hz, 1H), 5.03 (dg, J = 17.1, 1.6 Hz, 1H), 4.97 (dq, J = 10.0, 1.5 Hz, 1H), 3.44 (dt, J = 6.7,
1.5 Hz, 2H), 2.35 (s, 3H); 13C NMR (101 MHz, CDCIlz) d 144.38, 143.67, 138.21, 134.34,
134.05, 133.66, 132.91, 129.92, 129.49, 129.23, 128.05, 127.98, 127.75, 127.37, 127.11,
116.84, 37.53, 21.55; mp 73 °C; IR (ATR) 3057, 2982, 2893, 1641, 1597, 1347, 1171

cm™'; HRMS (ESI-) m/z calculated for C24H2203S ([M—H]"), 389.1212; found, 389.1254.
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(E)-3-cyclopropyl-1,2-diphenylprop-1-en-1-yl 4-methylbenzenesulfonate (2w)

V. 3-cyclopropyl-1,2-diphenyl-propan-1-one (1w, 501 mg, 2.0 mmol) was
| employed. The E/Z ratio before workup was determined via HPLC to be >95:5.
h O After silica gel column chromatography, compound 2w was obtained as a
white solid (660 mg, 82%). *H NMR (400 MHz, CDCls) 8 7.51 = 7.42 (m, 2H), 7.22 — 7.12
(m, 3H), 7.12 — 7.03 (m, 4H), 7.03 — 6.93 (m, 1H), 6.88 (d, J = 4.4 Hz, 4H), 2.57 (d, J =
7.0 Hz, 2H), 2.35 (s, 3H), 0.71 — 0.55 (m, 1H), 0.40 — 0.27 (m, 2H), 0.13 — 0.03 (M, 2H);
13C NMR (101 MHz, CDCI3) & 144.29, 142.81, 138.87, 135.49, 134.33, 133.85, 129.88,
129.45, 129.18, 128.00, 127.53, 127.29, 126.93, 37.53, 21.55, 9.30, 4.58; mp 113 °C; IR
(ATR) 3066, 2981, 2920, 1597, 1362, 1167 cm™'; HRMS (ESI-) m/z calculated for

C25H2403S ([M—H]"), 403.1368; found, 403.1414.
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4.2.2 NMR Spectra
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