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ABSTRACT: HIV-1 protease inhibitors (PIs), which include atazanavir (ATV, 1), remain important medicines to treat HIV-1
infection. However, they are characterized by poor oral bioavailability and a need for boosting with a pharmacokinetic enhancer,
which results in additional drug−drug interactions that are sometimes difficult to manage. We investigated a chemo-activated,
acyl migration-based prodrug design approach to improve the pharmacokinetic profile of 1 but failed to obtain improved oral
bioavailability over dosing the parent drug in rats. This strategy was refined by conjugating the amine with a promoiety designed
to undergo bio-activation, as a means of modulating the subsequent chemo-activation. This culminated in a lead prodrug that (1)
yielded substantially better oral drug delivery of 1 when compared to the parent itself, the simple acyl migration-based prodrug,
and the corresponding simple L-Val prodrug, (2) acted as a depot which resulted in a sustained release of the parent drug in vivo,
and (3) offered the benefit of mitigating the pH-dependent absorption associated with 1, thereby potentially reducing the risk of
decreased bioavailability with concurrent use of stomach-acid-reducing drugs.

■ INTRODUCTION

Combination antiretroviral therapy (cART), which is presently
the most effective treatment for AIDS, has made it possible for
HIV-1-infected patients to enjoy a high quality of life with a
significant extension of life expectancy.1,2 HIV-1 protease
inhibitors (PIs) enabled cART and became a key component of
drug combinations because of their robust efficacy, durability in
treatment-naiv̈e patients, and high genetic barrier to resistance
development.3,4 As a class, PIs are known for sub-optimal
physicochemical and ADME properties, which contribute to
poor oral bioavailability. This frequently demands high doses of
the active drug and in most cases requires co-dosing with a
pharmacokinetic (PK) enhancer in order to effectively deliver
PIs. The resultant drug−drug interactions and related toxicities
contribute to reduced patient compliance and limit the

potential for the development of fixed-dose drug combinations
(Figure 1).
Atazanavir (ATV, 1), an azapeptide-based PI, was the first

once-daily PI to be approved and has been included in the
WHO’s list of essential medicines.5,6 1 is marketed alone or in
combination with the PK enhancers ritonavir or cobicistat.7 1 is
characterized by sub-optimal oral bioavailability, which can be
attributed to poor solubility at higher pH, high efflux,8 and
extensive first-pass metabolism. As a consequence of the
solubility limitation, co-administration of 1 + ritonavir with the
proton pump inhibitor (PPI) omeprazole leads to a 75%
reduction in the exposure of 1, indicative of pH-dependent
absorption.9,10 1 requires clinical co-administration with a PK
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enhancer that inhibits CYP3A metabolism, affording higher oral
bioavailability, a longer plasma t1/2, and a higher Ctrough than
that of unboosted 1.
Attempts have been made to develop next-generation PIs

that would exhibit improved pharmacokinetic, resistance, and/
or safety profiles.3,4 As an example, a deuterated version of 1,
D24-ATV, has been investigated in an effort to enhance
metabolic stability by taking advantage of the kinetic isotope
effect to slow metabolism.12 However, D24-ATV exhibited only
a modest improvement in plasma exposure in rats compared to
1. Moreover, this approach does not address the pH-dependent
absorption observed with 1. There has been a growing interest
in the exploration of prodrugs across all therapeutic classes, and
a well-designed prodrug of 1 has the potential to address both
its pharmaceutical and pharmacokinetic limitations.13,14 Differ-
ent prodrug approaches have been investigated in the literature
to improve the ADME properties of the PIs, although none
have been applied to 1.11,15,16 Phosphate prodrugs of the PIs
lopinavir, ritonavir, and amprenavir have been explored in an
effort to address dissolution-limited absorption and/or high
load of solubilizing excipients, which led to the discovery of the
marketed agent, fosamprenavir.17,18 Amino acid and dipeptide
prodrugs have been shown to improve absorptive permeability
by the combined effect of active transport and decreased efflux
and to reduce susceptibility to first-pass metabolism.19−21

Peptide-based prodrugs of an analogue of darunavir that are
designed to be activated by the ubiquitous dipeptidyl peptidase-
IV enzyme have also been reported.22 In addition to proton-
coupled peptide transporter 1 (PepT1)-mediated transport of
amino acid-based prodrugs, other prodrug strategies have been
designed to take advantage of carrier-mediated transport and
include, for example, ascorbic acid-conjugated prodrugs for
targeting the sodium-dependent vitamin C transporter
(SVCT),23 biotin-derived prodrugs for targeting the sodium-
dependent multivitamin transporter (SMVT),24 and mono-
carboxylate ester prodrugs to target the fatty acid transport
proteins (FATPs)25 for placental delivery. Acyl migration
prodrugs, which were designed to undergo pH-dependent
activation and improve aqueous solubility, have also been
explored.26,27

■ RESULTS AND DISCUSSION
We report herein the design of a novel double prodrug of 1 that
relies upon sequential enzyme-mediated release of an amine
that is designed to undergo an acyl migration to deliver the
parent drug that (i) enables superior exposure based on
improved pharmaceutical properties and a sustained release in
vivo and (ii) attenuates the pH-dependent absorption of 1. This

design approach was found to be essential because simple
prodrugs like the L-Val derivative 3 (Scheme 1) that were based

on appending solubilizing elements to the secondary alcohol of
1 were unsuccessful at improving oral bioavailability, with the
predominant circulation of prodrug itself.11 This result
prompted an examination of a design approach based on an
O-to-N acyl migration concept that potentially offers the
advantage of facile conversion of prodrug and higher atom
economy which arises from the rearrangement of the prodrug
to the parent without the release of a promoiety (Scheme 2).26

This traceless prodrug strategy eliminates the release of a
promoiety byproduct in vivo, reducing the potential for the
introduction of additional toxicities.
The acyl migration prodrug 4 was retrosynthetically designed

to release 1 by the chemical process depicted in Scheme 2.
Prodrug 4 was synthesized in two steps from 5, an intermediate
in the synthesis of 1,28 as delineated in Scheme 3. O-Acylation
of 5 with N-(methoxycarbonyl)-tert-L-leucine 6 followed by
deprotection of the N-Boc group using 4 N HCl in dioxane
afforded the amine 4 as the HCl salt. The intermediate 6 was
prepared in one step from L-tert-leucine on treatment with
methyl chloroformate following the literature protocol.29

Prodrug 4 showed decreasing solution stability with increasing
pH, with excellent stability at pH 1 and 4 (t1/2 > 334 h) and
lower stability at pH 6.5 (t1/2 = 6.6 h); data are compiled in
Table 1. Cognizant of solubility considerations associated with
1, stability studies were performed in 30% aqueous acetonitrile.
Consequently, the stability of 4 in a 100% aqueous system is
expected to be lower than the t1/2 of 6.6 h at pH 6.5 determined
in the mixed solvent system. The low stability of 4 at pH 6.5
was anticipated based on the design strategy which relies upon
rearrangement to 1 after amine deprotonation. Prodrug 4

Figure 1. Reduced patient compliance as an outcome of poor oral
bioavailability of PIs. Adapted with permission from ref 11.

Scheme 1. Synthesis of Direct L-Val Ester 3a

aReagents and conditions: (a) N-Boc-L-Val, DCC, DMAP, DCM, RT,
12 h, 74.1%; (b) 4 N HCl in diethyl ether, 0 °C, 1 h, 85%.
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exhibited good aqueous solubility at pH 1 and 4 (>0.4 mg/
mL), but solubility was not determined at pH 6.5 due to the
short half-life of the prodrug at this pH. The in vitro profile of 4

suggests that the prodrug will be adequately stable in the
stomach but will begin to release the parent after reaching the
intestine. The prodrug was evaluated in Sprague−Dawley (SD)
rats following oral administration at a dose of 3 mg/kg using a
precipitation-resistant formulation to avoid any potential
impact of dissolution on the exposure. Disappointingly, the
exposure of 1 in this experiment was lower (relative F = 1%)
when compared to the exposure obtained from a solution
formulation of 1 (F = 20%) (Table 2 and Figure 2b). The
trough concentration of the parent, obtained following
administration of the prodrug, was also below the limit of
quantification (BLQ).
Following poor in vivo exposure of 1 from 4, attention was

focused on masking the amine of the acyl migration prodrug 4
through conjugation with an enzyme-releasable promoiety. The
objectives were to improve solution stability at pH 6.5 and
enable absorption of the intact prodrug, with enzyme-mediated
cleavage of the prodrug occurring post-absorption. To the best
of our knowledge, this approach does not have precedent in the
literature. The criteria for choosing the promoiety were that it
should (a) retain a polar, solubility-enhancing element and (b)
also facilitate intestinal permeability through either passive
diffusion or active transport. Contrary to the traceless nature of
the acyl migration prodrug 4, the conjugative acyl migration
prodrugs are expected to release byproducts in vivo. Hence, the
design elements should incorporate safety considerations that
the released promoiety or byproduct should be associated with
an acceptable toxicological profile. This design principle would
deliver a prodrug to circulation that would be dependent upon
enzyme-mediated cleavage to liberate 4, which was anticipated
to rearrange to 1 at physiological pH based on the in vitro
analysis.
As the initial step in this direction, the conjugation of 4 with

a non-basic but polar dioxolenone promoiety was explored,
incorporated via a carbamate linker. This promoiety has found
clinical application in the angiotensin II receptor antagonists,
olmesartan medoxomil30 and azilsartan medoxomil,31 and the
antibacterial agents, prulifloxacin32 and ceftobiprole medocar-
il.33 The dioxolenone prodrug 9 was derived in a single step
upon treatment of 4 with the activated carbonate of 4-
(hydroxymethyl)-5-methyl-1,3-dioxol-2-one (8),34 as depicted
in Scheme 4. This prodrug moiety was expected to undergo
bioconversion in intestinal mucosa, the liver, and plasma by the
action of multiple enzymes (especially carboxymethylene-
butenolidase homologue and paraoxonase 1) to release the
active parent 1 via 4 in addition to the byproducts carbon
dioxide and diacetyl.35−37 Prodrug 9 showed acceptable
stability across a range of pH values, with an 18-fold

Scheme 2. Chemoactivable Prodrug Design Based on an O-
to-N Acyl Migrationa

aRetrosynthetic design of a traceless acyl migration-based prodrug
involving the transfer of the tert-leucine unit to the proximal secondary
alcohol moiety.

Scheme 3. Synthesis of Acyl Migration Prodrug 4a

aReagents and conditions: (a) intermediate 6, DCC, DMAP, DCM,
RT, 12 h, 52.5%; (b) 4 N HCl in dioxane, 0 °C, 1 h, 87%.

Table 1. Stability and Solubility for 1 and Prodrugsa

stability (t1/2, h) at 37 °C solubility (mg/mL) at 25 °C

parent/prodrug pH 1.0 pH 4.0 pH 6.5 pH 1.0 pH 4.0 pH 6.5

1 >500 >500 >500 1.69 <0.001 <0.001
4 376.4 334.3 6.6 >0.9 >0.4 ND
9 >500 >500 120.4 >1.8 <0.001 <0.001
11b >500 334.3 6.6 >1.8 >1.5 ND
14 >500 >500 107.5 >1.1 0.12 0.01
16 >500 >500 214.9 >0.5 >1.43 0.027

aStability studies used 30% acetonitrile in buffer. Buffers used were 0.1
N aqueous HCl (pH 1.0), acetate buffer (pH 4.0), and phosphate
buffer (pH 6.5) at a concentration of 50 mM. ND = not determined.
bStability t1/2 = 1.8 h at pH 7.4.
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improvement in solution stability at pH 6.5 when compared to
4. Compound 9 exhibited pH-dependent solubility which was
optimal only at acidic pH. Administration of 9 to rats resulted
in the 12-fold improved exposure of 1 when compared to
administration of 4, but this was still lower than that of the
directly dosed parent (Table 2 and Figure 2c). Plasma
concentrations of intermediate 4 were not monitored in this
study. Encouragingly, dosing of 9 resulted in a measurable
Ctrough concentration of 1 of 0.3 nM at 24 h post-dose, a
contrast to the results observed with prodrug 4. While this
improvement was modest, it provided some confidence that
improved intestinal stability would positively impact exposure.

Inspired by this result, we examined optimization of the
promoiety in an effort to further improve oral bioavailability.
The conjugation of 4 with amino acid esters was investigated

next. Across therapeutic areas and drug classes, amino acid-
based prodrugs have been reported to improve both solubility
and absorption, some by relying on active transport, and to
mitigate metabolic clearance of parent compounds.39 The
introduction of the amino acid side chain was accomplished
through a carbamate-based methylene linker. Accordingly, 4
was treated with chloromethyl chloroformate to afford the less-
stable chloromethyl carbamate derivative, which was subjected
to O-alkylation with N-Boc-L-Val to afford the carbamate
methylene N-Boc-L-Val derivative 10. Deprotection of 10 by

Table 2. Pharmacokinetic Data Obtained after Oral Administration of 1 at 3 mg/kg and Prodrugs at an Equivalent Dose of 3
mg/kg of Parent in SD Ratsa

compound dosed analyte Cmax (nM) Tmax (h) AUClast (nM·h) %F Ctrough at 24 h (nM) prodrug/parent ratio

1 1 266 0.5 384 20 0.25 NA
3 1 10 1.7 42 2.2 BLQ 112

3 1529 0.5 4731 NA 1.09
4 1 8 0.4 16 0.83b BLQ 4.9

4 68 0.3 79 NA BLQ
9 1 180 1.3 194 10.1b 0.3 0.1

9 42 0.3 19 NA BLQ
11 1 56 0.4 83 4.3b BLQ NA

11 4 0.3 1 NA BLQ
14 1 310 1.7 1446 75.3b 4.5 3.4

4 124 1.7 579 NA 2.0
14 2160 0.4 4306 NA 10.0

16 1 37 2.3 167 8.7b 0.3 50.5
16 2209 0.3 8434 NA 49.7

aValues shown are mean ± SD (n = 3). NA = not available, BLQ = below limit of quantification. The formulation used for these experiments was
10% v/v DMAc, 40% v/v PEG-400, 50% v/v of 30% w/v HPβCD in pH 4.0 citrate buffer (50 mM). bRelative F (oral bioavailability relative to that
of 1).

Figure 2. Exposure−time profiles obtained following oral administration of 1 and the prodrugs in SD rats.
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exposure to 4 N HCl in dioxane afforded the corresponding L-
Val amino acid prodrug 11. Assuming initial enzymatic cleavage
of L-Val amino acid ester of this prodrug and subsequent
spontaneous decomposition of the resultant intermediate 4 to
release the parent, the prodrug can be expected to release L-Val,
formaldehyde, and carbon dioxide as potential byproducts in
vivo in the initial enzymatic step. Natural amino acids like L-Val,
which serve as the building blocks of proteins, are ubiquitous in
the human body, and hence the release of L-Val as a promoiety

should not pose a significant safety concern.39 L-Val was
primarily selected as a prodrug moiety because of the clinical
precedent of Val-based ester prodrugs in, for example,
valacyclovir and valgancyclovir.40 The potential for toxicity
associated with the release of formaldehyde from a prodrug has
been reviewed in context of the estimated daily exposure to this
molecule in humans, where it is generated from a variety of
endogenous and exogenous substrates.41 Prodrug 11 displayed
acceptable stability at pH 1 and 4 but significantly reduced

Scheme 4. Carbamate-Based Conjugation of 4a

aReagents and conditions: (a) (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl (4-nitrophenyl) carbonate (8), DIPEA, DMAP, dioxane, 100 °C, 24 h, 10.1%;
(b) (i) chloromethyl chloroformate, pyridine, DCM, 0 °C, 3 h, (ii) N-Boc-L-Val, NaI, DIPEA, DMF, 50 °C, 14 h, 26.5% for two steps; (c) 4 N HCl
in dioxane, 0 °C, 1 h, 76%; (d) 2-chloro-2-methylpropyl chloroformate,38 pyridine, DCM, 0 °C, 3 h, ∼90%; (e) N-Boc-L-Val, NaI, DIPEA, DMF, 50
°C, 14 h, 29.7%; (f) 4 N HCl in dioxane, 0 °C, 1 h, 32%; (g) N-Boc-D-Val, NaI, DIPEA, DMF, 60 °C, 8 h, 31.9%; (h) 4 N HCl in dioxane, 0 °C, 1 h,
71.5%.
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stability at the higher pH values relevant for absorption. At
lower pH values, the amino acid ester prodrugs exist in the salt
form, which confers good solubility. However, with increasing
pH, the amine salt converts into the free amine, which may
negatively impact solubility. Prodrug 11 showed excellent
solubility at the tested pH range (pH 1−4) and exhibited 5-fold
higher plasma exposure of 1 in rats compared to that delivered
by 4 following oral administration (Table 2 and Figure 2d).
However, this value was still lower than that obtained by dosing
1 directly. The trough concentration of 1, which was released
from 11, was also BLQ. Intermediate 4 was not monitored for
its systemic circulation in this study.
The poor stability of 11 at higher pH values prompted an

investigation of the effect of installing alkyl substitution on the
methylene bridge, assuming that such steric encumbrance
around the carbamate and ester functionalities of the promoiety
would reduce the hydrolytic lability.42 The enhanced stability
was expected to minimize the intestinal degradation of the
prodrug and facilitate greater absorption of the prodrug itself.
Accordingly, the carbamate-based isobutyl L-Val prodrug 14
was synthesized from 4 in three steps. Compound 4 was treated
with 1-chloro-2-methylpropyl chloroformate38 to afford crude
product 12 which, due to modest stability, was immediately
subjected to O-alkylation with N-Boc-L-Val to afford the
carbamate isobutylene N-Boc-L-Val derivative 13. Deprotection
of 13 using 4 N HCl in dioxane afforded the corresponding L-
Val amino acid prodrug 14. Chiral HPLC analysis of 13
indicated the stereoisomeric purity of at least 95%, suggesting
the possibility of a stereoselective O-alkylation.43 The
introduction of the isopropyl substituent resulted in an 16-
fold increase in the chemical stability of 14 at pH 6.5 compared
to the unsubstituted L-Val prodrug 11 (Table 1). Oral
administration of 14 to SD rats resulted in a significant
increase in the plasma levels of 1, delivering a 90-fold higher
exposure of 1 than prodrug 4 and a ∼4-fold higher exposure
and 18-fold higher Ctrough concentration of 1 than those
following direct dosing of the parent drug (Table 2 and Figure
2e). Combining the exposure of circulating 14, 4, and 1, the
total exposure was 16-fold higher than that from the direct
dosing of 1. These results suggested that the prodrug not only
was efficiently absorbed, but also was subject to reduced
metabolic degradation by CYP enzymes.
Based on our design hypothesis, prodrug 14 is expected to

undergo enzymatic hydrolysis as the first step to release
intermediate 4 and equimolar amounts of L-Val, isobutyr-
aldehyde, and carbon dioxide (Scheme 5). The intermediate 4
subsequently undergoes acyl migration-based degradation to
release the parent. As a naturally occurring substance,
isobutyraldehyde is encountered in several food items and
metabolized to isobutyric acid, an intermediate in L-Val
metabolism.44 In addition, isobutyraldehyde is a food additive
permitted for human consumption as a synthetic flavoring
substance and adjuvant by the Federal Drug Administration
(FDA). Clinical precedent for the release of isobutyraldehyde
as a byproduct of prodrug activation is illustrated by the
marketed drug fosinopril,45 a prodrug of the phosphinic acid-
based angiotensin-converting enzyme inhibitor fosinoprilat, and
arbaclofen placarbil,46 a prodrug of the gamma amino butyric
acid type B receptor agonist arbaclofen.
The parallel PK profiles of 14 and 4 depicted in Figure 2e

suggest that 14 acts as a depot, steadily releasing 4 which then
converts into 1 in the systemic circulation, reflecting a
formation rate-mediated clearance of 1. The observation of 4

in plasma supports a stepwise activation process involving
cleavage of conjugate 14 to release 4, which then undergoes
acyl migration to afford 1. The lower AUC of 4 compared to 1
and 14 reflects the different rates of activation of 4 and 14, with
the enzyme-mediated cleavage as the rate-determining step.
Interestingly, the plasma exposure profiles of 4 and 1 differ
depending on whether 4 or 14 is dosed (Table 2). Dosing of 4
provides a 5-fold higher plasma exposure of this prodrug than
for 1. However, after dosing 14, the ratio of 4 to 1 is inverted
and 2.5-fold in favor of the parent drug. Because the generation
of 1 from 14 without the intervention of 4 is limited, a potential
explanation may include a nonlinear increase in 1 from the
higher concentration of 4 in plasma or a more rapid rate of
conversion of 4 to 1 when 4 is enzymatically released from 14.
Because prodrugs 4 and 14 mask the transition-state-

mimicking, pharmacophoric secondary alcohol moiety of 1,
they would not be expected to be effective HIV-1 PIs. However,
prodrug 14 demonstrated antiviral activity in an HIV-1
infection assay (EC50 = 5.3 nM), suggesting that in cell culture
the prodrug can undergo bioactivation and conversion to
generate 1, which mediates the antiviral activity. Similarly, the
intermediate prodrug 4 showed high functional potency (EC50

Scheme 5. Potential in Vivo Degradation Pathway of the
Conjugative Acyl Migration Prodrug 14 To Release the
Parent Drug 1
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= 1.8 nM). However, both sets of data reflect some limitation
on parent drug release in this setting since the EC50 value for 1
was 0.7 nM.
Prodrug 16, a diastereomer of 14, was synthesized next by

replacing L-Val with D-Val in order to understand the impact of
absolute configuration on stability, solubility, and the PK
profile. Accordingly, 16 was synthesized by treating the 1-
chloro-2-methylpropyl carbamate derivative 12 with N-Boc-D-
Val to afford the carbamate isobutylene N-Boc-D-Val ester 15
and subsequent deprotection of 15 using HCl. Analogous to
the observation for 13, chiral HPLC analysis of 15 indicated a
chiral purity of at least 95%, suggestive of a stereoselective
reaction. The D-Val prodrug 16 showed higher stability at pH
6.5 and higher solubility at pH 4 and 6.5 than the L-Val prodrug
14. In SD rats, oral dosing of 16 produced a 9-fold lower
exposure of 1 than 14 but a 2-fold higher exposure of the
circulating prodrug than 14 (Table 2 and Figure 2f). The
prodrug-to-parent ratio observed in the case of 16 was 15-fold
higher when compared to that of 14. This is consistent with a
lower rate of activation of the D-Val prodrug 16 than the L-Val-
based 14. This can be rationalized by slower cleavage of the
unnatural D-Val amino acid by hydrolytic enzymes compared to
the prodrug based on natural L-Val. Combining the exposure of
16 and 1, the total AUC was 22-fold higher than that from
direct dosing of 1, suggesting more efficient absorption and
lower metabolic clearance of this prodrug than the parent. As in
the case of 14, the in vivo cleavage of 16 to generate 1
presumably results from an initial enzymatic step that involves
the release of acyl migration intermediate 4 and equimolar
amounts of D-Val, isobutyraldehyde, and carbon dioxide.
This double prodrug approach was essential because the

simple L-Val ester 3, which may be preferred for practical
reasons associated with ease of synthesis, performed poorly
following oral administration to rats. Dosing of 3 gave 9-fold
lower exposure of 1 than direct administration of the drug itself
and 34-fold lower exposure than the exposure of the parent 1
released following administration of the acyl migration L-Val
prodrug 14 (Figure 4).
The improved combined exposure of 1 and the prodrug

following oral dosing of 14 and 16 (Figure 3) can be attributed
to several factors, including improved aqueous solubility (Table
1), reduced efflux, and reduced susceptibility to CYP 450-
mediated metabolism (Table 3). Although these conjugates do

not exhibit higher absorptive permeability in heterogeneous
human epithelial colorectal adenocarcinoma (Caco-2) cells
than the parent or acyl migration prodrug 4, they have shown
significantly lower efflux which could, in part, contribute to the
improved exposure. These results suggest that conjugation of 4
as carbamate isobutylene Val derivatives contributed to reduced
affinity for efflux transporters. Prodrugs 14 and 16 were
incubated in rat hepatocytes, considered to be better predictors
of metabolism in vivo than liver microsomal preparations
because they express all hepatic metabolizing enzymes.47 Both
14 and 16 exhibited improved half-lives compared to 1,
suggesting that the prodrugs were less prone to metabolic
degradation than the parent drug. The rat whole blood stability
profile of 14 and 16 indicates high stability, which is consistent
with the observed slow rate of cleavage in vivo, which is
presumably mediated by esterases or peptidases, leading to a
circulating depot of 14 and 16 that slowly releases 1 in vivo.
With the promising PK data in hand, the effect of gastric pH

on delivery of 1 by 14 was examined using a suspension
formulation evaluated in a rat model where gastric pH was
modulated by treatment with either pentagastrin or famoti-
dine.9,10,48 1 is known to depend upon an acidic gastric
environment for adequate dissolution and subsequent
absorption in vivo.9,10 Concomitant administration of PPIs
and 1 is currently not recommended because as acid-
suppressing agents, PPIs are known to reduce the exposure
of 1, thereby increasing the risk of sub-optimal therapy and
resistance development.49 Following oral administration of 14
to male SD rats, there was no significant difference in the
systemic exposure of 1 and 14 by pre-treatment with either
pentagastrin to enhance stomach acidity or famotidine to
reduce acidity, as depicted in Figure 5. In contrast, a 492-fold

Figure 3. Comparative chart of exposures of prodrug and parent,
indicating the superior performance of prodrugs 14 and 16 when
compared to unconjugated acyl migration prodrug 4 or its other
conjugates. For prodrug 14, the combined AUC of 14 and its
intermediate 4 [4306 + 579 nM·h] is included.

Figure 4. Comparative chart, indicating superior oral delivery of 1
from acyl migration L-Val prodrug 14 compared to simple direct L-Val
ester 3. For prodrug 14, the combined AUC of 14 and its intermediate
4 [4306 + 579 nM·h] is included.

Table 3. Bidirectional Caco-2 Permeability and in Vitro
Metabolic Stability Data

Papp (nm/s) t1/2 (min)

parent/
prodrug

Caco-2
A-Ba

Caco-2
B-Ab

Caco-2
efflux ratio

rat
hepatocytes

rat whole
blood

1 <15 470 >31 28 >120
4 23 348 15 79 >120
9 ND ND ND <5 <5
11 ND ND ND <5 20
14 <15 114 >8 56 >120
16 <15 73 >5 53 >120

aApical-to-basolateral direction. bBasolateral-to-apical direction.
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difference in systemic exposure was observed between the
pentagastrin and famotidine arms following direct adminis-
tration of 1 (Figure 6).48 These data suggest that 14 is able to

substantially mitigate pH-dependent absorption in rats and
hence may offer the benefit of reduced drug−drug interaction
with PPIs, thereby potentially improving the profile of the
agent. The lack of the pH effect on absorption of 14 may be
attributed to higher solubility and/or a salt form that can drive
dissolution and kinetic solubility.

■ CONCLUSIONS
In conclusion, the reported results suggest that a conjugative
acyl migration prodrug design principle can be useful as a drug
delivery approach to significantly improve the oral bioavail-
ability of 1, with the advantage that a circulating prodrug results
in an extended release of parent drug that is reflected in a
higher Ctrough concentration. Such a novel drug delivery is
warranted in the light of the drug delivery challenges, reported
with the direct ester prodrugs of PIs, including the direct L-Val
ester of 1. This conjugation, engineered to undergo a sequential
bio- and chemo-activation process, was found to play a critical
role in the enhanced exposure of 1, since the simple acyl
migration prodrug 4 failed to deliver a significant amount of the
parent in vivo. Additionally, the lead prodrug 14 demonstrated
potential to mitigate the drug−drug interaction observed
between the parent drug and PPIs, as evident from the pH
effect study. The prodrug demonstrated potent antiviral
activity, which suggested efficient cellular penetration and

conversion to 1 that was responsible for the activity. The
reduced metabolism of 14 and 16, as determined from in vitro
studies, and the improved exposure suggest that the prodrugs
mitigate, in part, the major limitation of CYP3A metabolism.
This discovery opens opportunities for the development of
metabolism-mitigating, depot-acting prodrugs. However, this
approach will require (1) refinement of prodrug cleavage in
vivo, especially, for achieving dose-proportional exposure, (2)
understanding the performance of the prodrug in vivo in higher
species and the potential for cross-species differences in
enzymatic cleavage of the prodrug moiety, and (3) assessment
of the potential safety and other liabilities [for example,
profiling for hERG and CYP2D6 inhibition due to the presence
of an ionizable amine in the promoiety and for hepatic uridine
diphosphate glucuronosyltransferase 1A1 (UGT1A1) inhibition
to assess hyperbilirubinemia potential because of the known
inhibition of UGT1A1 by the parent drug] associated with
developing a prodrug with high and sustained oral exposure.

■ EXPERIMENTAL SECTION
Materials and General Methods. All anhydrous reactions were

performed under an atmosphere of N2 or Ar gas with magnetic
stirring. All reagents and solvents were purchased from commercial
suppliers (e.g., Aldrich, Alfa, Acros, Spectrochem, and Sonia) and were
used without further purification, unless otherwise stated. Reactions
were monitored by thin layer chromatography (TLC) or LC/MS.
TLC was performed using E. Merck pre-coated silica plates (60F-254)
with 0.25 mm thickness and visualized using short-wave UV light or
developing agents (KMnO4, phosphomolybdic acid, or p-anisalde-
hyde). For LC/MS monitoring, samples were run on a Waters Aquity
system coupled with a Waters Micromass SQ Mass Spectrometer
(buffer, 10 mM ammonium acetate or 0.01% trifluoroacetic acid; run
time, 3 min; flow rate, 0.7 mL/min). Crude compounds were purified
by either normal phase column chromatography using a Teledyne
ISCO CombiFlash system or reverse phase chromatography using
preparative HPLC instruments (Agilent 1200 series) equipped with a
high-pressure quaternary pump, a diode array detector, and a universal
loop injector with different C18 columns, for example, Sunfire,
XBridge phenyl, and Kinetex.

Analytical purity of the compounds was determined by HPLC
analysis to be ≥95%, unless otherwise noted. The following HPLC
methods were used to determine the analytical purity of the
compounds.

(i) Analytical HPLC method A: column = Sunfire C18 [150 × 4.6
mm] 3.5 μm; buffer = 0.05% trifluoroacetic acid in water;
mobile phase A = buffer:MeCN [95:5]; mobile phase B =
MeCN:buffer [95:5]; 10% B to 100% B; run time = 23 min;
flow rate = 1.0 mL/min).

(ii) Analytical HPLC method B: column = XBridge phenyl C18
[150 × 4.6 mm] 3.5 μm; buffer = 0.05% trifluoroacetic acid in
water; mobile phase A = buffer: MeCN [95:5]; mobile phase B
= MeCN: buffer [95:5]; 10% B to 100% B; run time = 23 min;
flow rate = 1.0 mL/min).

(iii) Analytical HPLC method C: column = Kinetex Evo C18 [100
× 4.6 mm] 2.6 μm; buffer = 0.05% trifluoroacetic acid in water;
mobile phase A = buffer: MeCN [95:5]; mobile phase B =
MeCN: buffer [95:5]; 10% B to 100% B; run time = 23 min;
flow rate = 1.0 mL/min).

(iv) Analytical HPLC method D: column = Kinetex Biphenyl C18
[100 × 4.6 mm] 2.6 μm; buffer = 0.05% trifluoroacetic acid in
water; mobile phase A = buffer: MeCN [95:5]; mobile phase B
= MeCN: buffer [95:5]; 10% B to 100% B; run time = 23 min;
flow rate = 1.0 mL/min).

Chiral purity was determined by the following methods on a Agilent
HPLC SFC hybrid instrument using CHIRALPAK columns:

Figure 5. AUC profiles of 1, obtained following oral administration of
the prodrug 14 in a rat pH model study using a suspension
formulation of 0.5% methyl cellulose and 99.5% water.

Figure 6. Comparison of AUC0−24 h profiles of 1, obtained following
oral administration of 14 and 1 itself in the rat pH model. Data for the
direct dosing of 1 taken from ref 48.
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(i) Chiral HPLC method A: column = CHIRALPAK IC [250 ×
4.6 mm] 5.0 μm; co-solvent: 0.2% ammonia in CH3CN:MeOH
(1:1 mixture); run time = 15 min; flow rate = 4 mL/min).

(ii) Chiral HPLC method B: column = CHIRALPAK ID [250 ×
4.6 mm] 5.0 μm; co-solvent: 0.2% ammonia in CH3CN:MeOH
(1:1 mixture); run time = 15 min; flow rate = 4 mL/min).

Known compounds were characterized by comparing their 1H
NMR spectra to the previously reported data. New compounds were
characterized by 1H NMR and MS. Proton nuclear magnetic resonance
(1H NMR) spectra were recorded on Bruker 300 and 400 MHz
instruments. Chemical shifts are reported in ppm (δ) relative to the
internal standard tetramethylsilane (TMS, δ 0.00 ppm). NMR data are
reported as follows: chemical shift (multiplicity [singlet (s), doublet
(d), triplet (t), quartet (q), pentet (p), multiplet (m), and broad
singlet (br s)], coupling constant [Hz], and integration). For LC/MS
characterization of the compounds, reverse phase analytical HPLC/
MS experiments were performed on Agilent 1200 Series system
coupled with a single quadrupole instrument (ESI) or Waters Aquity
system coupled with a Waters Micromass SQ Mass Spectrometer.
HRMS data were obtained on an Agilent HPLC/Q-TOF G6540A
mass spectrometer using APPI or APCI methods in positive or
negative ion detection modes.
Experimental Procedures. (2S,3S)-3-((S)-2-((Methoxycarbonyl)-

amino)-3,3-dimethylbutanamido)-1-(2-((S)-2-((methoxycarbonyl)-
amino)-3,3-dimethylbutanoyl)-1-(4-(pyridin-2-yl)benzyl)-
hydrazinyl)-4-phenylbutan-2-yl (tert-Butoxycarbonyl)-L-valinate
(2). To a solution of atazanavir (0.200 g, 0.284 mmol) in anhydrous
DCM (5.0 mL) were sequentially added (tert-butoxycarbonyl)-L-valine
(0.92 g, 0.426 mmol), DCC (0.117 g, 0.567 mmol), and DMAP (34.8
mg, 0.284 mmol). The reaction mixture was stirred at room
temperature for 12 h and filtered through a Celite bed. The Celite
bed was washed with ethyl acetate. The filtrate was concentrated in
vacuo. The resulting crude compound was purified by preparative
HPLC (preparative HPLC conditions: column: XBridge phenyl C18
(19 × 250 mm; 5 μm); mobile phase A: 10 mM ammonium acetate in
water; mobile phase B: acetonitrile; flow rate: 20 mL/min; gradient: 0/
50, 11/80). The pooled HPLC fraction was concentrated under
reduced pressure at 30 °C. The residue was then dissolved in a solvent
mixture of acetonitrile and water, and the solution was lyophilized for
12 h to obtain the title product as an off-white solid (190 mg, 74.1%).
1H NMR (400 MHz, DMSO-d6) δ = 8.86 (br s, 1H), 8.65 (d, J = 4.5
Hz, 1H), 7.97−7.82 (m, 4H), 7.79−7.68 (m, 1H), 7.42−7.28 (m, 4H),
7.20−7.10 (m, 5H), 6.80−6.59 (m, 2H), 4.94 (br s, 1H), 4.72−4.51
(m, 1H), 4.02−3.84 (m, 4H), 3.66 (d, J = 9.1 Hz, 1H), 3.55 (s, 3H),
3.41 (s, 3H), 3.00 (br s, 2H), 2.64 (d, J = 7.2 Hz, 2H), 2.19−2.02 (m,
1H), 1.38 (s, 9H), 0.94 (d, J = 6.8 Hz, 6H), 0.84 (s, 9H), 0.74 (s, 9H);
MS (ES): m/z 905.4 [M+H]+. Analytical HPLC-RT and purity:
method C = 4.168 min and 99.95%; method D = 5.973 min and
99.94%. HRMS (ESI/Orbitrap) m/z: [M+H]+ calcd for C48H70N7O10
904.5179; found 904.5161.
(2S,3S)-3-((S)-2-((Methoxycarbonyl)amino)-3,3-dimethylbutan-

amido)-1-(2-((S)-2-((methoxycarbonyl)amino)-3,3-dimethyl-
butanoyl)-1-(4-(pyridin-2-yl)benzyl)hydrazinyl)-4-phenylbutan-2-yl
L-Valinate Dihydrochloride (3). In a 5 mL round-bottom flask,
(2S,3S)-3-((S)-2-((methoxycarbonyl)amino)-3,3-dimethylbutan-
amido)-1-(2-((S)-2-((methoxycarbonyl)amino)-3,3-dimethyl-
butanoyl)-1-(4-(pyridin-2-yl)benzyl)hydrazinyl)-4-phenylbutan-2-yl
(tert-butoxycarbonyl)-L-valinate (2) (0.065 g, 0.072 mmol) was taken
and cooled to 0 °C. A solution of 4 M HCl in diethyl ether (1.80 mL,
7.19 mmol) was added, and the reaction mixture was stirred at 0 °C
for 1 h. The mixture was then concentrated under vacuum. The
residue was dissolved in a mixture of acetonitrile and water. The
resultant mixture was frozen and lyophilized for 12 h to get the title
product as an off-white solid (55 mg; 85%). 1H NMR (300 MHz,
D2O) δ 8.71−8.65 (m, 1H), 8.60−8.51 (m, 1H), 8.25−8.18 (m, 1H),
7.97−7.88 (m, 1H), 7.83−7.72 (m, 2H), 7.64−7.57 (m, 2H), 7.29−
7.11 (m, 5H),5.22−5.10 (m, 1H), 4.11−3.71 (m, 5H), 3.63−3.36 (m,
7H), 3.04−2.87 (m, 3H), 2.68−2.39 (m, 2H), 1.13−0.96 (m, 6H),
0.71 (s, 9H), 0.67 (s, 9H); (ES): m/z 804.9 [M+H]+. Analytical
HPLC-RT and purity: method A = 6.17 min and 97.8%; method B =

6.96 min and 98.6%. HRMS (ESI/Orbitrap) m/z: [M+H]+ calcd for
C43H62N7O8 804.4654; found 804.4649.

(2S,3S)-3-Amino-1-(2-((S)-2-((methoxycarbonyl)amino)-3,3-
dimethylbutanoyl)-1-(4-(pyridin-2-yl)benzyl)hydrazinyl)-4-phenyl-
butan-2-yl (S)-2-((Methoxycarbonyl)amino)-3,3-dimethylbutanoate
Dihydrochloride (4). To the solid of (5S,10S,11S)-11-benzyl-5-(tert-
butyl)-15,15-dimethyl-3,6,13-trioxo-8-(4-(pyridin-2-yl)benzyl)-2,14-
dioxa-4,7,8,12-tetraazahexadecan-10-yl (S)-2-((methoxycarbonyl)-
amino)-3,3-dimethylbutanoate (7) (800 mg, 0.994 mmol) was added
4 N HCl in dioxane (4.75 mL, 19.88 mmol) at 0 °C under nitrogen
atmosphere. After being stirred at 0 °C for 1 h, the reaction mixture
was concentrated in vacuo at 30 °C. The residue was stirred with ether.
The solvent was carefully decanted. The resultant solid was dried
under vacuum to get crude product as an off-white solid. The solid was
dissolved in a solvent mixture of acetonitrile and water. The resulting
mixture was frozen and lyophilized for 12.0 h to afford the title
product (700 mg; 87%) as a colorless solid. 1H NMR (400 MHz,
DMSO-d6) δ 9.65−9.45 (m, 1H), 8.78−8.69 (m, 1H), 8.67−8.55 (m,
2H), 8.16−8.03 (m, 2H), 7.98 (d, J = 8.0 Hz, 2H), 7.74−7.63 (m,
1H), 7.57−7.49 (m, 1H), 7.43 (d, J = 8.5 Hz, 2H), 7.32 (d, J = 7.5 Hz,
3H), 7.20 (s, 2H), 7.02−6.80 (m, 1H), 5.06−4.88 (m, 1H), 4.14−3.86
(m, 4H), 3.70−3.65 (m, 3H), 3.41 (s, 4H), 3.24−3.08 (m, 2H), 3.05−
2.93 (m, 1H), 2.91−2.77 (m, 1H), 0.98 (s, 9H), 0.62 (s, 9H); MS
(ES): m/z 705.4 [M+H]+. Analytical HPLC purity and retention time:
method A = 95.61% and 6.498 min; method B = 98.81% and 7.913
min. HRMS (ESI/Orbitrap) m/z: [M+H]+ calcd for C38H53N6O7

705.3970; found 705.3966.
(S)-2-((Methoxycarbonyl)amino)-3,3-dimethylbutanoic Acid

(6).29 To a stirred solution of (S)-2-amino-3,3-dimethylbutanoic acid
(10.0 g, 76 mmol) in anhydrous 1,4-dioxane (50 mL) were
sequentially added a solution of 2 M sodium hydroxide (114 mL,
229 mmol) and methyl chloroformate (11.78 mL, 152 mmol) at 0 °C
dropwise. The reaction mixture was stirred at 60 °C for 18 h. The
mixture was subsequently cooled to ambient temperature and
extracted with DCM. The aqueous layer was acidified with 1.5 N
HCl. The resulting solution was extracted with ethyl acetate. The
organic layer was washed with brine solution, dried over anhydrous
sodium sulfate, filtered, and concentrated under vacuum to get the
crude product as a colorless oil, which was stirred in hexane. The
precipitated solid was filtered and dried to get the title product (12.0 g,
63.4 mmol, 83%) as a colorless solid. 1H NMR (300 MHz, DMSO-d6)
δ 12.48 (br s, 1H), 7.26 (d, J = 9.1 Hz, 1H), 3.79 (d, J = 9.1 Hz, 1H),
3.54 (s, 3H), 0.94 (s, 9H).

(5S,10S,11S)-11-Benzyl-5-(tert-butyl)-15,15-dimethyl-3,6,13-tri-
oxo-8-(4-(pyridin-2-yl)benzyl)-2,14-dioxa-4,7,8,12-tetraazahexa-
decan-10-yl (S)-2-((Methoxycarbonyl)amino)-3,3-dimethylbuta-
noate (7). To a solution of methyl ((S)-1-(2-((2S,3S)-3-((tert-
butoxycarbonyl)amino)-2-hydroxy-4-phenylbutyl)-2-(4-(pyridin-2-yl)-
benzyl)hydrazinyl)-3,3-dimethyl-1-oxobutan-2-yl)carbamate (5) (3 g,
4.73 mmol) in DCM (20 mL) were added (S)-2-((methoxycarbonyl)-
amino)-3,3-dimethylbutanoic acid 6 (1.343 g, 7.10 mmol), dicyclo-
hexylcarbodiimide (1.953 g, 9.47 mmol), and 4-dimethylamino-
pyridine (0.578 g, 4.73 mmol). The reaction mixture was stirred at
room temperature for 12 h and filtered through a Celite bed, which
was subsequently washed with ethyl acetate. The combined filtrate was
concentrated in vacuo at 30 °C. The crude product was purified by RP
HPLC (preparative HPLC conditions: Sunfire C18 (250 × 30 mm; 5
μm), mobile phase A: 10 mM ammonium acetate in water at pH 4.5,
mobile phase B: acetonitrile, flow rate: 27 mL/min, gradient: 0/50, 7/
85). The pooled HPLC fraction was concentrated in vacuo at 30 °C.
The residue was dissolved in a solvent mixture of acetonitrile and
water. The resultant mixture was lyophilized for 12 h to get the title
product as a white solid (2 g; 52.5%). 1H NMR (400 MHz, MeOH-d4)
δ 8.65−8.56 (m, 1H), 7.94−7.78 (m, 4H), 7.48 (d, J = 8.0 Hz, 3H),
7.36 (ddd, J = 7.4, 4.9, 1.3 Hz, 1H), 7.30−7.14 (m, 5H), 6.63−6.46
(m, 1H), 5.21−5.05 (m, 1H), 4.38−4.26 (m, 1H), 4.22−4.01 (m, 3H),
3.78−3.65 (m, 4H), 3.54 (s, 3H), 3.30−3.22 (m, 1H), 3.15−3.03 (m,
1H), 2.80 (br s, 1H), 2.73−2.58 (m, 1H), 2.17 (s, 1H), 1.33 (s, 7H),
1.20 (s, 2H), 1.09 (s, 9H), 0.82 (s, 9H); MS (ES): m/z 805.4 [M+H]+.
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HRMS (ESI/Orbitrap) m/z: [M+H]+ calcd for C43H61N6O9
805.4495; found 805.4465.
(5-Methyl-2-oxo-1,3-dioxol-4-yl)methyl (4-Nitrophenyl) Carbo-

nate (8).34 A stirred solution of 4-(hydroxymethyl)-5-methyl-1,3-
dioxol-2-one (1.4 g, 10.76 mmol) in DCM (15 mL) was cooled to 0
°C. Pyridine (8.70 mL, 108 mmol) was added, and the reaction
mixture was stirred for 5 min. Then 4-nitrophenyl chloroformate (8.68
g, 43.0 mmol) was added, and the reaction mixture was stirred at room
temperature for 24 h. Water was added. The reaction mixture was
extracted with DCM (3 × 50 mL). The combined organic layer was
washed with 1.5 N HCl and brine, dried over anhydrous sodium
sulfate, filtered, and concentrated to get a brownish gum. The crude
product was purified by CombiFlash (silica gel 60−120 mesh; 50%
ethyl acetate in hexane as an eluent) to get the title product (1.8 g,
5.98 mmol, 55.5%) as a white solid. 1H NMR (300 MHz, CHCl3-d) δ
8.35−8.26 (m, 2H), 7.44−7.37 (m, 2H), 5.04 (s, 2H), 2.23 (s, 3H).
MS (ES): The desired mass peak was not obtained.
(5S,10S,11S)-11-Benzyl-5-(tert-butyl)-15-(5-methyl-2-oxo-1,3-di-

oxol-4-yl)-3,6,13-trioxo-8-(4-(pyridin-2-yl)benzyl)-2,14-dioxa-
4,7,8,12-tetraazapentadecan-10-yl (S)-2-((Methoxycarbonyl)-
amino)-3,3-dimethylbutanoate (9). To a stirred solution of
(2S ,3S)-3-amino-1-(2-((S)-2-((methoxycarbonyl)amino)-3,3-
dimethylbutanoyl)-1-(4-(pyridin-2-yl)benzyl)hydrazinyl)-4-phenyl-
butan-2-yl (S)-2-((methoxycarbonyl)amino)-3,3-dimethylbutanoate
dihydrochloride (4) (0.3 g, 0.386 mmol) in dioxane (10 mL) were
added DIPEA (0.202 mL, 1.157 mmol), DMAP (0.024 g, 0.193
mmol), and (5-methyl-2-oxo-1,3-dioxol-4-yl)methyl (4-nitrophenyl)
carbonate 8 (0.228 g, 0.771 mmol). The reaction mixture was heated
at 100 °C for 24 h and cooled to ambient temperature. The reaction
mixture was concentrated under reduced pressure to remove the
solvent. The residue was partitioned between water and ethyl acetate.
The organic layer was washed with brine, dried over anhydrous
sodium sulfate, filtered, and concentrated to get a brownish gum. The
crude product was purified using RP-HPLC (preparative HPLC
conditions: Sunfire C18 (150 × 19 mm; 5 μm), mobile phase A: 10
mM ammonium acetate in water at 4.5 pH, mobile phase B:
acetonitrile, flow rate: 17 mL/min, gradient: 0/30, 7/65). The fraction
was concentrated using high vacuum at 30 °C. The residue was
dissolved in a mixture of acetonitrile and water. The mixture was
frozen and lyophilized for 12 h to get the title product (0.035 g, 0.039
mmol, 10.09% yield) as a white solid. 1H NMR (400 MHz, MeOH-d4)
δ 8.61 (td, J = 2.5, 1.0 Hz, 1H), 7.94−7.82 (m, 4H), 7.51 (d, J = 8.0
Hz, 2H), 7.36 (ddd, J = 7.3, 5.0, 1.3 Hz, 1H), 7.30−7.12 (m, 5H), 5.12
(br s, 1H), 4.81 (d, J = 14.1 Hz, 1H), 4.62 (d, J = 14.1 Hz, 1H), 4.42
(br s, 1H), 4.18−4.00 (m, 3H), 3.74 (s, 1H), 3.70 (s, 3H), 3.54 (s,
3H), 3.28−3.19 (m, 1H), 3.18−3.04 (m, 1H), 2.84 (dd, J = 13.6, 5.0
Hz, 1H), 2.67−2.55 (m, 1H), 2.03 (s, 3H), 1.07 (s, 9H), 0.84 (s, 9H);
LCMS (ES): m/z 861.4 [M+H]+. Analytical HPLC RT and purity:
method A = 7.85 min and 95.78%; method B = 9.32 min and 95.88%.
HRMS (ESI/Orbitrap) m/z: [M+H]+ calcd for C44H57N6O12
861.4029; found 861.3986.
(5S,10S,11S,18S)-11-Benzyl-5-(tert-butyl)-18-isopropyl-22,22-di-

methyl-3,6,13,17,20-pentaoxo-8-(4-(pyridin-2-yl)benzyl)-2,14,16,21-
tetraoxa-4,7,8,12,19-pentaazatricosan-10-yl (S)-2-((Methoxy-
carbonyl)amino)-3,3-dimethylbutanoate (10). To a solution of
(2S ,3S)-3-amino-1-(2-((S)-2-((methoxycarbonyl)amino)-3,3-
dimethylbutanoyl)-1-(4-(pyridin-2-yl)benzyl)hydrazinyl)-4-phenyl-
butan-2-yl (S)-2-((methoxycarbonyl)amino)-3,3-dimethylbutanoate
dihydrochloride (4) (300 mg, 0.426 mmol) in DCM (2 mL) were
added pyridine (0.172 mL, 2.128 mmol) and chloromethyl chloro-
formate (0.076 mL, 0.851 mmol) under nitrogen atmosphere. After
being stirred at 0 °C for 3 h, the reaction mixture was partitioned
between 1.5 N HCl and DCM. The organic layer was washed with
water and brine, dried over anhydrous sodium sulfate, and
concentrated under vacuum to get the crude product as an off-white
solid (300 mg). MS (ES): m/z 797.4 [M+H]+. To the solution of this
crude product in DMF (1 mL) were added N-Boc-L-Val (123 mg,
0.564 mmol), DIPEA (0.329 mL, 1.881 mmol), and sodium iodide
(56.4 mg, 0.376 mmol). The reaction mixture was heated at 50 °C for
14 h. The reaction mixture was partitioned between water and EtOAc.

The organic layer was washed with water and brine, dried over
anhydrous sodium sulfate, and concentrated under vacuum to get the
crude product as a light brownish oil, which was purified by RP HPLC
(preparative HPLC conditions: X Bridge phenyl 250 × 19 mm; mobile
phase A: 10 mM ammonium acetate in water at pH 4.5; mobile phase
B: acetonitrile; flow rate: 17 mL/min.; isocratic mobile phase A:B =
40:60 with a run time of 30 min). The HPLC fraction was
concentrated under reduced pressure at ∼30 °C. The residue was
dissolved in a solvent mixture of acetonitrile and water, and frozen
solution was lyophilized for 12 h to get the title product as an off-white
solid (100 mg; 26.5% for two steps).1H NMR (400 MHz, MeOH-d4)
δ 8.66−8.55 (m, 1H), 7.93−7.80 (m, 4H), 7.51−7.48 (m, 2H), 7.40−
7.34 (m, 1H), 7.30−7.15 (m, 5H), 5.73−5.60 (m, 2H), 5.12−5.03 (m,
1H), 4.56−4.47 (m, 1H), 4.20−4.09 (m, 2H), 4.06−3.95 (m, 2H),
3.70 (s, 4H), 3.53 (s, 3H), 3.28−3.19 (m, 1H), 3.12−3.02 (m, 1H),
2.91−2.78 (m, 1H), 2.76−2.66 (m, 1H), 2.10−1.99 (m, 1H), 1.43 (s,
9H), 1.07 (s, 9H), 0.93−0.84 (m, 6H), 0.80 (s, 9H); MS (ES): m/z
978.4 [M+H]+. Analytical HPLC-RT and purity: method A = 10.349
min and 97.63%; method B = 10.861 min and 99.57%. HRMS (ESI/
Orbitrap) m/z: [M+H]+ calcd for C50H72N7O13 978.5183; found
978.5149.

(5S,10S,11S,18S)-18-Amino-11-benzyl-5-(tert-butyl)-19-methyl-
3,6,13,17-tetraoxo-8-(4-(pyridin-2-yl)benzyl)-2,14,16-trioxa-
4,7,8,12-tetraazaicosan-10-yl (S)-2-((methoxycarbonyl)amino)-3,3-
dimethylbutanoate Dihydrochloride (11). To the solid of
(5S,10S,11S,18S)-11-benzyl-5-(tert-butyl)-18-isopropyl-22,22-dimeth-
yl-3,6,13,17,20-pentaoxo-8-(4-(pyridin-2-yl)benzyl)-2,14,16,21-tet-
raoxa-4,7,8,12,19-pentaazatricosan-10-yl (S)-2-((methoxycarbonyl)-
amino)-3,3-dimethylbutanoate (10) (90 mg, 0.092 mmol) was
added 4 N HCl in dioxane (0.5 mL, 2.00 mmol) at 0 °C under
nitrogen atmosphere. After being stirred at 0 °C for 1 h, the reaction
mixture was concentrated in vacuo at 30 °C. The residue was stirred
with ether. The solvent was carefully decanted. The resultant solid was
dried under vacuum to get the crude product as an off white solid. The
solid was dissolved in a mixture of acetonitrile and water. The resulting
mixture was frozen and lyophilized for 12.0 h to afford the title
product as a white solid (67.33 mg; 76%). 1H NMR (400 MHz,
MeOH-d4) δ 8.82 (d, J = 5.02 Hz, 1H), 8.58 (t, J = 7.65 Hz, 1H),
8.25−8.38 (m, 1H), 7.83−8.01 (m, 3H), 7.71 (d, J = 8.28 Hz, 2H),
7.54 (d, J = 9.54 Hz, 1H), 7.12−7.35 (m, 5H), 5.72−5.86 (m, 2H),
5.08 (br s, 1H), 4.60 (br s, 1H), 4.04−4.25 (m, 3H), 3.81−3.95 (m,
1H), 3.71 (s, 4H), 3.47−3.58 (m, 3H), 3.25 (dd, J = 7.28, 13.05 Hz,
1H), 3.06−3.18 (m, 1H), 2.89 (dd, J = 4.77, 13.80 Hz, 1H), 2.65−2.80
(m, 1H), 2.20 (qd, J = 6.90, 11.42 Hz, 1H), 1.08 (s, 9H), 0.93−1.03
(m, 6H), 0.81 (s, 9H); MS (ES): m/z 878.4 [M+H]+. Analytical
HPLC-RT and purity: method A = 6.415 min and 98.33%, method B
= 7.754 min and 99.16%. HRMS (ESI/Orbitrap) m/z: [M+H]+ calcd
for C45H64N7O11 878.4658; found 878.4648.

(5S,10S,11S)-11-Benzyl-5-(tert-butyl)-15-chloro-16-methyl-
3,6,13-trioxo-8-(4-(pyridin-2-yl)benzyl)-2,14-dioxa-4,7,8,12-
tetraazaheptadecan-10-yl (2S)-2-((Methoxycarbonyl)amino)-3,3-
dimethylbutanoate (12). To a solution of (2S,3S)-3-amino-1-(2-
((S)-2-((methoxycarbonyl)amino)-3,3-dimethylbutanoyl)-1-(4-(pyri-
din-2-yl)benzyl)hydrazinyl)-4-phenylbutan-2-yl (S)-2-((methoxy-
carbonyl)amino)-3,3-dimethylbutanoate dihydrochloride (4) (300
mg, 0.426 mmol) in anhydrous DCM (2 mL) were added pyridine
(0.172 mL, 2.128 mmol) and 1-chloro-2-methylpropyl chloroformate
(0.124 mL, 0.851 mmol) under nitrogen atmosphere. After being
stirred at 0 °C for 3 h, the reaction mixture was partitioned between
1.5 N HCl and DCM. The organic layer was washed with water and
brine, dried over anhydrous sodium sulfate, and concentrated under
vacuum to get the crude product as a brown solid (320 mg, ∼90%).
The crude product was found to be unstable for purification
(CombiFlash/Prepartive HPLC) and hence was used as such in the
next reaction. MS (ES): m/z 839.4 [M+H]+

(5S,10S,11S,18S)-11-Benzyl-5-(tert-butyl)-15,18-diisopropyl-
22,22-dimethyl-3,6,13,17,20-pentaoxo-8-(4-(pyridin-2-yl)benzyl)-
2,14,16,21-tetraoxa-4,7,8,12,19-pentaazatricosan-10-yl (2S)-2-
((Methoxycarbonyl)amino)-3,3-dimethylbutanoate (13). To a sol-
ution of (5S,10S,11S)-11-benzyl-5-(tert-butyl)-15-chloro-16-methyl-
3,6,13-trioxo-8-(4-(pyridin-2-yl)benzyl)-2,14-dioxa-4,7,8,12-tetraaza-
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heptadecan-10-yl (2S)-2-((methoxycarbonyl)amino)-3,3-dimethyl-
butanoate (12) (252 mg, 0.300 mmol) in DMF (1.0 mL) were
added N-Boc-L-Val (98 mg, 0.450 mmol), DIPEA (0.262 mL, 1.501
mmol), and sodium iodide (45.0 mg, 0.300 mmol). The reaction
mixture was heated at 50 °C for 14 h. The reaction mixture was diluted
with water and extracted with EtOAc. The organic layer was washed
with water and brine, dried over anhydrous sodium sulfate, and
concentrated under vacuum to give the crude product. The crude
product was purified by RP HPLC (Kinetex C18 (250 × 30 mm);
mobile phase A: 10 mM ammonium acetate in water; mobile phase B:
acetonitrile; flow rate: 20 mL/min.; gradient: 0/30, 10/70) to afford
the title product (100 mg; 29.7%).1H NMR (400 MHz, MeOH-d4) δ
8.64−8.58 (m, 1H), 7.88 (d, J = 8.5 Hz, 4H), 7.58−7.50 (m, 2H),
7.40−7.33 (m, 1H), 7.30−7.14 (m, 5H), 6.52−6.39 (m, 1H), 5.12−
5.04 (m, 1H), 4.58−4.46 (m, 1H), 4.23−4.03 (m, 3H), 4.02−3.89 (m,
1H), 3.71 (s, 4H), 3.52 (s, 3H), 3.30−3.23 (m, 1H), 3.16−3.00 (m,
1H), 2.89−2.81 (m, 1H), 2.78−2.63 (m, 1H), 2.10−1.90 (m, 2H),
1.42 (s, 9H), 1.08 (s, 9H), 0.96−0.85 (m, 12H), 0.79 (s, 9H); MS
(ES): m/z 1020.4 [M+H]+. Analytical HPLC-RT and purity: method
B = 19.092 min and 98.1%; chiral HPLC-RT and purity: method A =
1.85 min and 95.1%, method B = 2.97 min and 100%. HRMS (ESI/
Orbitrap) m/z: [M+H]+ calcd for C53H78N7O13 1020.5652; found
1020.5614.
(5S,10S,11S,18S)-18-Amino-11-benzyl-5-(tert-butyl)-15-isoprop-

yl-19-methyl-3,6,13,17-tetraoxo-8-(4-(pyridin-2-yl)benzyl)-2,14,16-
trioxa-4,7,8,12-tetraazaicosan-10-yl (2S)-2-((methoxycarbonyl)-
amino)-3,3-dimethylbutanoate Dihydrochloride (14). To the solid
of (5S,10S,11S,18S)-11-benzyl-5-(tert-butyl)-15,18-diisopropyl-22,22-
dimethyl-3,6,13,17,20-pentaoxo-8-(4-(pyridin-2-yl)benzyl)-2,14,16,21-
tetraoxa-4,7,8,12,19-pentaazatricosan-10-yl (2S)-2-((methoxy-
carbonyl)amino)-3,3-dimethylbutanoate (13) (90 mg, 0.088 mmol)
was added 4 N HCl in dioxane (4.1 mL, 16.46 mmol) at 0 °C under
nitrogen atmosphere. The reaction mixture was stirred at 0 °C for 1 h
and subsequently concentrated in vacuo at 30 °C. The residue was
stirred with ether, and the ether layer was decanted. The resultant solid
was dried in vacuo to get crude product as an off-white solid. The solid
was dissolved in a mixture of solvent acetonitrile and water. The
resulting mixture was frozen and lyophilized for 12 h to afford the title
product as a white solid (27.89 mg; 31.8%). 1H NMR (400 MHz,
MeOH-d4) δ 8.78 (d, J = 5.02 Hz, 1H), 8.42−8.55 (m, 1H), 8.23 (d, J
= 8.53 Hz, 1H), 7.86 (d, J = 8.53 Hz, 3H), 7.68 (d, J = 8.53 Hz, 2H),
7.50−7.35 (br s, 1H), 7.14−7.32 (m, 5H), 6.50 (d, J = 5.02 Hz, 1H),
5.08 (br s, 1H), 4.55 (br s, 1H), 4.08−4.24 (m, 3H), 3.94 (d, J = 4.02
Hz, 1H), 3.61−3.72 (m, 4H), 3.43−3.52 (m, 3H), 3.02−3.26 (m, 2H),
2.63−2.95 (m, 2H), 1.96−1.99(m 2H), 0.76−1.08 (m, 29H); MS
(ES): m/z = 920.4 [M+H]+. Analytical HPLC-RT and purity: method
A = 7.21 min and 95.46%; method B = 8.16 min and 96.11%. HRMS
(ESI/Orbitrap) m/z: [M+H]+ calcd for C48H70N7O11 920.5128; found
920.5097.
(5S,10S,11S,18R)-11-Benzyl-5-(tert-butyl)-15,18-diisopropyl-

22,22-dimethyl-3,6,13,17,20-pentaoxo-8-(4-(pyridin-2-yl)benzyl)-
2,14,16,21-tetraoxa-4,7,8,12,19-pentaazatricosan-10-yl (2S)-2-
((Methoxycarbonyl)amino)-3,3-dimethylbutanoate (15). To a sol-
ution of (5S,10S,11S)-11-benzyl-5-(tert-butyl)-15-chloro-16-methyl-
3,6,13-trioxo-8-(4-(pyridin-2-yl)benzyl)-2,14-dioxa-4,7,8,12-tetraaza-
heptadecan-10-yl (2S)-2-((methoxycarbonyl)amino)-3,3-dimethyl-
butanoate (12) (0.5 g, 0.453 mmol) in DMF (8.0 mL) was added
N-Boc-D-Val (0.197 g, 0.905 mmol) followed by DIPEA (0.395 mL,
2.263 mmol) and sodium iodide (0.068 g, 0.453 mmol). The reaction
mixture was heated at 60 °C for 8 h. The mixture was partitioned
between ethyl acetate and water. The organic layer was concentrated
under vacuum to give the residue, which was purified using RP- HPLC
(preparative HPLC conditions: Sunfire C18 (150 × 19 mm; 5 μm),
mobile phase A: 0.1% HCOOH in water, mobile phase B: acetonitrile,
flow: 18 mL/min, gradient: 0/30, 10/80). The fraction was
concentrated using high vacuum at 30 °C. The residue was dissolved
in a mixture of acetonitrile and water. The resultant mixture was frozen
and lyophilized for 12 h to get the title product (0.15 g, 0.144 mmol,
31.9% yield) as a white solid. 1H NMR (400 MHz, MeOH-d4) δ 8.61
(d, J = 4.0 Hz, 1H), 7.95−7.80 (m, 4H), 7.57−7.47 (m, 2H), 7.40−

7.33 (m, 1H), 7.30−7.14 (m, 5H), 6.45 (d, J = 5.0 Hz, 1H), 5.10 (br s,
1H), 4.58 (br s, 1H), 4.23−4.13 (m, 2H), 4.10−3.95 (m, 2H), 3.71 (s,
3H), 3.66 (d, J = 2.5 Hz, 1H), 3.51 (s, 3H), 3.29−3.18 (m, 1H), 3.18−
3.03 (m, 1H), 2.90−2.80 (m, 1H), 2.76−2.63 (m, 1H), 2.19−2.05 (m,
1H), 1.92 (dd, J = 12.5, 7.0 Hz, 1H), 1.50−1.37 (m, 9H), 1.08 (s, 9H),
0.98−0.85 (m, 12H), 0.81 (s, 9H); LCMS (ES): m/z 1020.4 [M+H]+.
Analytical HPLC-RT and purity: method B = 11.57 min and 99.34%;
chiral HPLC-RT and purity: method A = 1.87 min and 97.1%, method
B = 2.76 min and 97.3%. HRMS (ESI/Orbitrap) m/z: [M+H]+ calcd
for C53H78N7O13 1020.5652; found 1020.5715.

(5S,10S,11S,18R)-18-Amino-11-benzyl-5-(tert-butyl)-15-isoprop-
yl-19-methyl-3,6,13,17-tetraoxo-8-(4-(pyridin-2-yl)benzyl)-2,14,16-
trioxa-4,7,8,12-tetraazaicosan-10-yl (2S)-2-((Methoxycarbonyl)-
amino)-3,3-dimethylbutanoate Dihydrochloride (16). In a 5 mL
round-bottom flask, (5S,10S,11S,18R)-11-benzyl-5-(tert-butyl)-15,18-
diisopropyl-22,22-dimethyl-3,6,13,17,20-pentaoxo-8-(4-(pyridin-2-yl)-
benzyl)-2,14,16,21-tetraoxa-4,7,8,12,19-pentaazatricosan-10-yl (2S)-2-
((methoxycarbonyl)amino)-3,3-dimethylbutanoate (15) (0.04 g, 0.039
mmol) was taken and cooled to 0 °C. A solution of 4 M HCl in
dioxane (2.47 mL, 9.87 mmol) was added, and the reaction mixture
was stirred at 0 °C for 1 h. The mixture was then concentrated under
vacuum. The residue was then triturated with ether, and the ether layer
was decanted. The residue was dissolved in a mixture of acetonitrile
and water. The resultant mixture was frozen and lyophilized for 12 h to
get the title product (29.44 mg, 0.028 mmol, 71.5% yield) as a white
solid. 1H NMR (400 MHz, MeOH-d4) δ 8.81 (d, J = 5.0 Hz, 1H),
8.61−8.51 (m, 1H), 8.29 (d, J = 8.0 Hz, 1H), 7.98−7.85 (m, 3H), 7.72
(d, J = 8.5 Hz, 2H), 7.35−7.17 (m, 5H), 6.46 (d, J = 4.5 Hz, 1H), 5.14
(d, J = 4.5 Hz, 1H), 4.52 (br s, 1H), 4.15 (s, 3H), 3.92 (d, J = 4.0 Hz,
1H), 3.70 (s, 3H), 3.59 (br s, 1H), 3.51 (s, 4H), 3.30−3.24 (m, 1H),
3.15 (br s, 1H), 2.91 (dd, J = 13.6, 4.5 Hz, 1H), 2.76−2.67 (m, 1H),
2.37−2.26 (m, 1H), 2.01 (d, J = 4.5 Hz, 1H), 1.15−1.03 (m, 15H),
0.99−0.90 (m, 6H), 0.81 (s, 9H); LCMS (ES): m/z 920.4 [M+H]+.
Analytical HPLC RT and purity: method A = 8.32 min and 94.81%;
method B = 6.23 min and 94.53%. HRMS (ESI/Orbitrap) m/z: [M
+H]+ calcd for C48H70N7O11 920.5128; found 920.5099.
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