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ABSTRACT

Influenza neuraminidase is responsible for the escape of new viral particles from the
infected cell surface. Several neuraminidase inhibitors are used clinically to treat patients or
stockpiled for emergencies. However, the increasing development of viral resistance against
approved inhibitors has underscored the need for development of new antivirals effective
against resistant influenza strains. A facile, sensitive, and inexpensive screening method would
help achieve this goal.

Recently, we described a multiwell plate-based DNA-linked inhibitor antibody assay
(DIANA). This highly sensitive method can quantify femtomolar concentrations of enzymes.
DIANA also has been applied to high-throughput enzyme inhibitor screening, allowing
evaluation of inhibition constants from a single inhibitor concentration.

Here, we report the design, synthesis, and structural characterization of a tamiphosphor
derivative linked to a reporter DNA oligonucleotide for the development of a DIANA-type
assay to screen potential influenza neuraminidase inhibitors. The neuraminidase is first
captured by an immobilized antibody, and the test compound competes for binding to the
enzyme with the oligo-linked detection probe, which is then quantified by qPCR. We validated
this novel assay by comparing it with the standard fluorometric assay and demonstrated its
usefulness for sensitive neuraminidase detection as well as high-throughput screening of

potential new neuraminidase inhibitors.
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INTRODUCTION

Influenza virus causes severe respiratory infections associated with significant
morbidity and mortality. Worldwide, annual influenza epidemics result in three to five million
cases of severe acute viral infection, and roughly 290,000 to 650,000 deaths (1). Several
influenza pandemics have occurred in the last century, each caused by a new strain of the virus
in humans. Two types of influenza antivirals, which target different steps in the viral lifecycle,
have been approved by the Food and Drug Administration (FDA). The first type blocks the
viral ion channel formed by the M2 protein, preventing the virus from infecting the cell.
However, use of M2 inhibitors leads to rapid development of drug resistance, and these drugs
are no longer routinely used. The second type inhibits neuraminidase (NA).

NA is an influenza virus membrane glycoprotein that is essential for release of new
virions from an infected cell. NA inhibitors are the first line treatment for patients in need of
anti-influenza drug therapy. Nevertheless, the increasing development of viral resistance
against approved NA inhibitors has underscored the need for new anti-influenza drugs active
against resistant viral strains and different NA subtypes. While several methods for NA
inhibitor characterization based on enzymatic activity measurements have been described, most
of them are time-consuming, sensitive to interference, and expensive (2-5).

Recently, our group developed a multiwell plate-based DNA-linked inhibitor antibody
assay (DIANA) as a simple and reliable technique for enzyme detection and screening of small-
molecule inhibitors (6). First, the target enzyme is captured by an antibody immobilized on the
well. The enzyme then binds a detection probe consisting of a DNA oligonucleotide covalently
linked to a known competitive inhibitor. The bound probe is measured by quantitative PCR
(qPCR, Figure 1A). DIANA showed a several-order-of-magnitude higher sensitivity toward a
model enzyme when compared to sandwich ELISA and enabled detection of target enzymes in
complex biological matrices. DIANA also has been used to screen inhibitors of two clinically
relevant enzymes: glutamate carboxypeptidase II and carbonic anhydrase IX (6). The assay
enables inhibition constants (K;) to be calculated directly from single-well measurements.

Here, we propose DIANA as a new reliable and rapid method for screening influenza
NA inhibitors. We report preparation of an active-site-directed detection probe, and structurally
characterize the interactions of the inhibitor incorporated in the probe with recombinant NA.
Additionally, we compare inhibition constants for various compounds tested by DIANA with

results from the standard fluorometric assay.



EXPERIMENTAL

Cloning, expression, and purification of recombinant NA2009,.

DNA encoding the neuraminidase ectodomain (residues 82 to 469) from the
A/California/07/2009 (HINT1) influenza virus was prepared by GenScript USA Inc. (Genbank
Source Sequence CY121682). DNA was inserted into the pMT/BiP/V5-HisA vector
(Invitrogen) with an N-terminal tag containing two Strep-tags, a FLAG-tag and a thrombin
cleavage site. This construct was used to transfect Drosophila Schneider S2 cells (Invitrogen),
and large-scale expression was performed as previously described (7). Recombinant
neuraminidase expressed into the cell culture medium was subsequently purified using one-step
purification on Strep-Tactin agarose resin (IBA GmbH) (8, 9). First, Strep-Tactin resin was
equilibrated in buffer W (100 mM Tris-HCI, pH 8.0, 150 mM NacCl), and medium with added
BioLock biotin blocking solution (IBA GmbH) was applied. The matrix with bound tagged
protein was thoroughly washed with buffer W, and elution was performed with 10 mM
desthiobiotin in buffer W. The resin was regenerated with buffer W containing 1 mM 2-(4-
hydroxyphenylazo)benzoic acid (Sigma-Aldrich) and stored at 4 °C for later use. The
purification process was monitored by SDS PAGE and Western blot using murine monoclonal
Anti-FLAG M2-peroxidase antibody clone M2 (Sigma-Aldrich). The N-terminal tag was

removed by cleavage with thrombin protease immobilized on agarose beads (Sigma-Aldrich).

Synthesis of inhibitors

The compounds presented here were either prepared by the same procedures described
previously (10) (compounds 2-7) or as outlined in Figures 2 and 3. For preparation of -
hexylazido tamiphosphor 1, we used our previously described approach to a key Barton ester
based on a modified version of Gunasekera’s procedure (Figure 2). Briefly, the phosphonate
salt of ethyl oseltamivir carboxylate was free-based with aqueous bicarbonate and Boc-
protected to provide 12. The ethyl ester moiety was hydrolyzed, and acid 13 was treated with
HOTT (N,N,N’,N -tetramethyl-S-(1-oxido-2-pyridyl)thiuronium hexafluorophosphate) reagent
to yield the key Barton thioester. Upon irradiation with a flood lamp in a solution of
bromotrichloromethane, bromide 14 was obtained. Palladium-catalyzed Hirao coupling of 14
with dimethyl phosphite afforded dimethyl phosphonate 15 in very good yield. The dimethyl
ester was subjected to selective mono-O-demethylation with sodium hydroxide, yielding
intermediate 16. Surprisingly, alkylation of 16 at 60 °C furnished alkylated product 17, which

lacks the methyl ester moiety. Apparently, under these conditions, the desired alkylation was
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followed with demethylation mediated by halide ions (11). This serendipitous finding led to a
shortcut in the synthesis of m-hexylazido tamiphosphor that resulted not only in omission of the
problematic second O-demethylation by thiophenolate but also improvement of overall yield.
The last step of the reaction sequence was Boc deprotection with trifluoroacetic acid (TFA).
Compound 2 was prepared by the same procedure and was isolated as a mixture of
diastereomeric monoalkyl esters because the phosphorus atom is an additional stereogenic
center. As expected, we were not able to observe separation of these diastereomers on analytical
HPLC, and thus the material was used as such.

Oseltamivir derivatives with an alkyl moiety at the C-5 amino functionality were also
prepared from oseltamivir phosphonate. In this case, the starting compound was treated with
ethyl 2-bromopropionate to yield a mixture of diastereomers 18 and 19. After separation
followed by saponification and Boc deprotection with TFA (Figure 3), diastereomers 8 and 9
were produced in 38% and 34% yield, respectively. To determine the absolute configuration of
the introduced polar moiety, we performed crystallization attempts in different solvent systems.
However, our attempts to obtain a monocrystal of 19 suitable for X-ray analysis failed, and we
decided to introduce 4-nitrobenzoyl moiety to the structure of 19 to facilitate crystallization.

Diastereomer 19 was treated with 4-nitrobenzoyl chloride in the presence of
triethylamine. Crystallization of the resulting derivative 20 eventually yielded a suitable
monocrystal, the X-ray structure of which is shown in Figure S1. This structural information
allowed us to assign an (R) configuration to the newly formed stereocenter in 20. We surmise
that the stereogenic center in 9 has the same configuration since it is not altered by N-acylation.

Alkylation of the same starting material with dimethyl maleate produced a
diastereomeric mixture of triester 21 in good yield (Figure 3). Cleavage of alkylesters followed
by preparative HPLC resulted in 10, which was used as a mixture of diastereomers. Amide 11
has an intentionally impaired basic functionality at C-5. All potent NA inhibitors possess either
basic amino or guanidino functionalities at C-5, as their interaction with three acidic residues
of NA contributes significantly to strong inhibitor-NA binding. Therefore, the binding affinity
of 11, which has a non-basic moiety at C-5, should be greatly diminished. This compound was
prepared to demonstrate the viability of DIANA assay on a broader range of K; values. An
acetate was introduced by standard amide coupling mediated with TBTU, yielding ethyl ester
22, which was subsequently hydrolyzed to give sialylmimetic 11 in 65% overall yield.

Preparation of DIANA detection probe



The detection probe was prepared by copper-free click-chemistry (12). The probe
consists of an oligonucleotide of sequence 5'-CCT GCC AGT TGA GCA TTT TTA TCT GCC
ACCTTCTCC ACC AGA CAA AAG CTG GAA A-3" with the terminal 3’- phosphate moiety
modified by an 6-amino-2-(hydroxymethyl)hexyl group (Generi-Biotech, OPC purification).
The modified oligonucleotide was reacted with NHS-DBCO (dibenzocyclooctyne-N-
hydroxysuccinimidyl ester, Sigma Aldrich) in a 1:50 ratio. The product (designated as
DNA DBCO) was conjugated with a NA inhibitor containing an azido group (1). The
conjugation was performed at a 1:10 ratio of DNA_DBCO conjugate to 1. The DNA conjugates
were purified from the unconjugated small molecule by ultrafiltration with a 10 kDa cutoff and

then analyzed by LC-MS.

Determination of inhibition constants (K;) by fluorometric assay

Enzyme inhibition constants (K;) were determined in 0.1 M MES, pH 6.15, 150 mM
NaCl and 10 mM CaClz at 37 °C by fluorometric assay using 2’-(4-methylumbelliferyl)-a-D-
N-acetylneuraminic acid (4-MUNANA, Sigma-Aldrich) as a substrate (2). Substrate cleavage
was monitored with an Infinite M1000 fluorescence reader (TECAN) using an excitation
wavelength of 355 nm and an emission wavelength of 450 nm.

Each 40 pl reaction contained 17 nM (34 ng) NA2009wt and 500 uM 4-MUNANA. The
reactions were performed for 20 min at 37 °C in black fluorescence 96-well plates and
terminated by addition of 40 pul of 1 M sodium carbonate. Inhibition constants were determined
by measuring the reduction in fluorescence of the product 4-MU in the presence of different
inhibitor concentrations. The data were analyzed using the equation for competitive inhibition
according to Williams and Morrison or Dixon analysis when the K; value was expected to be

above 100 nM (13, 14).

General DIANA protocol

The protocol described as “general assay conditions” by Navrétil et al. (6) was used with
the following modifications. A sheep antibody against NA of influenza A virus HIN1 (cat. no.
AF4858, R&D systems) was used as the capture antibody and was immobilized onto the plate
by applying 5 ul antibody solution (10 ng/ul in TBS: 20 mM Tris-HCI, 150 mM NacCl) to the
bottom of the wells. Then, the immobilized antibody was blocked with casein blocker and
incubated overnight, followed by washing using a microplate washer (405™ Microplate
Washer LS, BioTek). Next, 2 ng NA in 5 pl Q1 buffer (20 mM Tris-HCI, 150 mM NaCl, 0.1%
(w/v) Tween 20, 5 mM CaClz) was applied to the bottom of the wells and incubated for 2 h,
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followed by another wash in the microplate washer. Afterward, 5 pl of detection probe at a
concentration of 200 pM diluted in Q2 buffer (20 mM Tris-HCI, 150 mM NaCl, 0.1% (w/v)
Tween 20, 5 mM CaClz, 0.0055% (w/v) casein) mixed in a 9:1 ratio with inhibitor dissolved in
100% DMSO was applied to the bottom of the wells (final concentration of 10% DMSO) and
incubated for 1 h. The plate was again washed in the microplate washer to remove unbound

probe. Finally, the amount of bound probe was determined by qPCR as described (6).

Determination of inhibition constants by DIANA

Inhibitors were tested at concentrations ranging from 10 nM to 10 uM for tight-binding
inhibitors and 316 nM to 316 uM for weak inhibitors. The model for determination of K; in the
presence of detection probe with serial dilutions of inhibitor was described previously (6). K;
was determined as follows: the ACq values for each inhibitor were obtained as the difference in
Cy between the well(s) incubated with inhibitor and the mean of wells without inhibitor
(typically 12 wells per experiment). The K; values of the inhibitors were computed from their
ACq values and concentration of inhibitor according to the formula K; = (22€9/ (1 - 2"4€9)) x Lot
/ (1 + (Pt / Ka)), where the it is the total inhibitor concentration, Piot is the total concentration
of the probe (200 pM) and Ky is the dissociation constant of the probe determined by incubating
serial dilutions of the probe with a constant amount of enzyme (Kz= 3.9 nM). The final K; value
for each inhibitor was calculated as the average of K; values determined from each inhibitor

concentration and corresponding Cg.

Protein crystallography

Enzyme-inhibitor complexes for crystallization were prepared by mixing NA2009wt in
5 mM Tris-HCI, pH 8.0, with 1 and 3. Mixtures were concentrated by ultrafiltration to a final
concentration of 8 mg/ml (3-fold molar excess of inhibitor in the mixture). Crystals were grown
using the hanging-drop vapor diffusion method at 19 °C. Drops consisted of 1 ul NA-inhibitor
complex and 1 pl reservoir solution. The reservoir solutions for NA2009wt-1 and NA2009w-3
were 100 mM HEPES, pH 7.5, 10% PEG 8000 and 100 mM HEPES, pH 7.0, 8% PEG 8000,
respectively. All crystals were transferred into a cryoprotectant consisting of reservoir solution

supplemented with 20% (v/v) ethylene glycol and flash-cooled in liquid nitrogen.

Data collection and structure determination
Diffraction data were collected at 100K on BL14.1 at the BESSY II electron storage
ring operated by the Helmholtz-Zentrum Berlin MX14.1 of BESSY, Berlin, Germany (15). The



dataset was processed using XDSAPP (16). The crystal parameters and data collection statistics
are listed in Table 1. The structure was determined by molecular replacement with the program
Molrep (17) using the crystal structure of NA2009wt complexed with tamiphosphor (10). Model
refinement was performed using the program REFMAC 5.7.0032 (18) from the CCP4 package
(19) in combination with manual adjustments in Coot software (20). Compounds were modeled
after complete refinement of the protein chains and solvent model. The Molprobity server (21)
was used to evaluate the final model quality. The final refinement statistics are summarized in
Table 1. The structures were analyzed using the programs Isqkab (superpose) (22), baverage,

and contact from the CCP4 package (19).

PDB accession codes
Atomic coordinates and structure factors have been deposited in the PDB database under

accession codes 6G01 and 6GO02.



RESULTS

Design of the detection probe

The FDA-approved drug oseltamivir carboxylate is the most widely used NA inhibitor,
and we aimed to prepare our detection probe by linking this compound or a derivative to a DNA
oligonucleotide. First, we sought to determine an appropriate way to link the oligonucleotide
with the inhibitor without compromising inhibitor binding to NA. The main features of
oseltamivir carboxylate that mimic the sialic acid substrate of influenza NA are as follows: (i)
a negatively charged carboxylate at C-1 interacting with three arginine residues (also known as
the arginine triad conserved in sialidases), (ii) a C-3 pentyloxy moiety accommodated in the
hydrophobic pocket, (iii) the C-4 acetamide and basic amino group at carbon C-5 that interact
with an aspartic acid and two glutamic acids. According to the crystal structure of NA in
complex with oseltamivir (PDB 3TI6) (23), the C-1 carboxylate group is suitable site for
attachment of a linker. However, a negative charge at C-1 is indispensable for inhibitor tight
binding, as demonstrated on a series of oseltamivir derivatives substituted at the carboxylate
moiety and a series of phospha-congeners (tamiphosphor derivatives) (24-26). As attachment
of a linker to the carboxylate moiety via an ester bond would lead to loss of the negative charge,
we used an oseltamivir derivative with a negatively charged C-1 phosphonate group, which
maintains its negative charge after linker.

In 2009, Streicher and co-workers demonstrated that replacement of the C-1 carboxylate
with a monoalkyl phosphonate moiety does not diminish inhibitory activity (27, 28). This so-
called tamiphosphor binds NA with similar potency as oseltamivir carboxylate, as we recently
confirmed by protein microcalorimetry (10). Moreover, the same group in 2011 demonstrated
immobilization/conjugation of the w-azidohexyl ester of tamiphosphor by CuAAC click
chemistry. Subsequently, conjugates of this modified tamiphosphor with biotin and fluorescein
were designed for fluorometric detection and quantification of influenza viruses. Both
conjugates displayed selective, high-affinity binding to influenza NA and showed promise for
development of various diagnostic tools for biological research (29, 30). Together, these
findings indicate that monoalkylated tamiphosphor derivatives are suitable sialylmimetics.
Moreover, the phosphonate functionality is well-suited chemical handle for further
modification to develop tethered and very potent NA inhibitors.

Construction of DIANA detection probes requires a linker of appropriate length

equipped with bioorthogonal functional groups. In this particular case, ligation of the



sialylmimetic inhibitor to the oligonucleotide was performed by strain-promoted alkyne-azide
cycloaddition (SPAAC). Tamiphosphor was modified with a clickable w-azidoalkyl moiety
(yielding 1) suitable for conjugation to a DNA oligonucleotide equipped with a
dibenzocyclooctyne moiety, and the probe was prepared by click-chemistry (Figure 1B) (12).
The quality and quantity of the probe were monitored by LC-MS.

To determine the effect of linker attachment to tamiphosphor on enzyme binding, we
determined the inhibition potencies of 1, oseltamivir carboxylate (4), and tamiphosphor (2)
using a standard kinetic assay. All three compounds bound NA with comparable affinity (K;
values of 24 nM, 24 nM and 26 nM, respectively), supporting use of a tamiphosphor-
oligonucleotide conjugate as a DIANA detection probe (Figure 1B).

X-ray structures of neuraminidase in complex with tamiphosphor derivatives

We recently reported the structure of tamiphosphor in complex with NA at 1.8 A
resolution (10). The structure revealed that the O3 atom of the phosphonate functionality is
oriented out of the active site and does not engage in direct interactions with protein residues
(10). This observation led us to prepare a modified inhibitor for the DIANA detection probe by
substituting one hydroxyl in tamiphosphor with a large linker connected to an oligonucleotide.

To analyze the binding of tamiphosphor derivatives to NA, we solved X-ray crystal
structures of complexes of 1 (w-azidoalkyl ester) and 3 (methyl ester) with NA (strain
NA2009w:) at high resolution. These structures revealed that the compounds bind into the active
site with a pose very similar to that of tamiphosphor (10) (Figure 4A, B). The RMSD values
for superposition of tamiphosphor with the corresponding atoms in 1 and 3 were 0.22 A. The
methyl ester of 3 was modeled into well-defined electron density map in a position pointing out
of the active site (Figure 4A). Most of the atoms of 1 could be traced in the electron density
map, with the exception of the three terminal nitrogen atoms of the tamiphosphor extension.
The azide group does not interact with the protein and is fully exposed to the solvent, and thus
its electron density map was of lower quality. Of the linker atoms, only C24 appears to interact
with NA. This atom is within van der Waals distance (3.7 - 4.0 A) of residues Pro431 and Ile149
(Figure 4C). This interaction may explain the slight improvement in K; value observed for 1 (24
nM) compared to 3 (39 nM) (Table 2). The RMSD value for superposition of the corresponding
atoms of 1 and 3 was 0.15 A.
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Development of DIANA for neuraminidase inhibitor screening

We captured recombinant NA with an immobilized polyclonal anti-NA antibody and
detected it with the DNA probe based on 1 (Figure 1). Using this set-up, potential inhibitors
can be screened by incubating the test compounds with the captured enzyme in the presence of
the probe. The amount of bound probe is quantifiable by qPCR, and the inhibitory potency of
the compounds can be calculated from the difference in qPCR cycle number between wells
incubated with and without the test compound (ACy) (6).

We found that it is important to include Ca** in the assay buffer, as Ca*" is essential for
NA activity and stabilization of the active site (31, 32). Because small-molecule libraries are
typically dissolved in DMSO, we also tested the influence of including up to 10% DMSO in
the assay and found no significant effect.

Using serial dilutions of NA and the probe, we determined optimal working
concentrations of 2 ng NA and 200 pM probe per well. These concentrations led to a signal-to-
background ratio of approximately 7 qPCR cycles (over 2 orders of magnitude) and a Z’-score
of approximately 0.83 (average value calculated from several experiments with known
inhibitors). According to JH Zhang et al. (1999), a Z’-score between 0.5 and 1.0 is indicative
of an excellent assay for high-throughput screening (33).

We next assessed whether we could use this novel assay to determine the K; value from
a single inhibitor concentration. We determined inhibition constants from single-well
measurements, as described in Materials and Methods, with serial dilutions of tamiphosphor.
The resulting K; values were constant within the range of the assay (i.e., over tamiphosphor
concentrations spanning 43 nM to 12 uM; see Figure 5A). The average calculated K; was 52 +
9 nM, in good agreement with the value of 26 + 4 nM obtained from standard enzyme kinetics.
We conclude that DIANA is suitable for accurate K; determinations from single-well

measurements.

Comparison of DIANA with standard enzymatic assay

To compare the ability of DIANA and a standard enzymatic assay to determine
inhibition constants of novel compounds, we prepared a series of eleven modified oseltamivir
and tamiphosphor derivatives with various inhibition potencies. Compounds 2-4, known
inhibitors of NA with nanomolar K; values, served as standards for validation of the assay for
tight-binding inhibitors. Compounds 5, an ethyl ester prodrug of oseltamivir phosphate, and 10-
11 represent inhibitors with several-order-of-magnitude lower inhibition potency and were

chosen to demonstrate the ability of the assay to identify and characterize weakly binding
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compounds. Guanidylated compounds 6 and 7 also have been described previously, with
contradictory data on their inhibitory activity compared to oseltamivir (10, 34, 35). In addition
to these known inhibitors, we prepared and tested three new compounds that feature stereogenic
centers adjacent to the former C-5 amino functionality. Compounds 8 and 9 are diastereomers,
allowing us to validate the assay on two very structurally similar inhibitors.

We first used an established fluorometric assay to determine the inhibition constants of
all compounds (see Table 2). This analysis was performed at pH 6.15, which is optimal for
NA2009wt activity and is necessary to achieve a sufficient signal-to-background ratio, using the
fluorescent substrate 4-MUNANA.(2, 36) The K values of 1-11 ranged from 20 nM to 40 uM.
As expected, 1-4 exhibited the highest potency. Oseltamivir ethylester (5) was a roughly 100-
fold inhibitor than oseltamivir carboxylate (4), which corroborates the necessity of a negatively
charged moiety in the C-1 position. Interestingly, substitution of the basic amine moiety with
the basic and bulkier guanidium group led to a several-fold decrease in potency (6 and 7). On
the other hand, the effect of modifying the C-5 amino group with a propanoate moiety was
dependent on the configuration of the stereogenic center: the S-configuration in 8 led to
inhibitory potency comparable to that of oseltamivir carboxylate, whereas the R-configuration
in 9 led to an approximately 10-fold decrease in potency. These results also indicate that an
acidic substituent is tolerated at the C-5 position. Finally, 10 and 11 showed the lowest
inhibitory activity of all compounds, with binding constants in the micromolar range.

We next evaluated the inhibition constants of all 11 compounds using DIANA. Because
there was no requirement for acidic pH, this assay was performed in at physiological pH (pH
7.4). We tested serial dilutions of each inhibitor (7 concentrations spanning a three-order-of-
magnitude range) in duplicate in two independent experiments and calculated K; values as the
average K;determined from each well. However, only wells with Cy-values at least 2 cycles
lower than the background Cy and at least 1 cycle higher than C,; in wells incubated without
inhibitor were considered for K; determination (note that cycle number is indirectly proportional
to the logarithm of the probe concentration, i.e., the higher the probe concentration, the lower
the cycle number). These cutoff values were applied to avoid potential errors in K; values caused
by considering C,; values near the limits of the assay window. Indeed, we found that the K;

values for individual compounds were constant over the concentrations tested (Table 2).
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DISCUSSION

We previously described DIANA as an ultrasensitive tool with a large dynamic range
for determination of enzyme inhibition constants (6). Here, we adapted the protocol for
evaluation of NA inhibitors. In our setup, NA was captured by an immobilized antibody, and
tested compounds competed with an active-site-directed detection probe, which was then
quantified by qPCR (Figure 1A). The detection probe was prepared by linking a tamiphosphor
derivative 1 to a reporter DNA oligonucleotide (Figure 1B). The crystal structure of complex
of w-azidoalkylester of tamiphosphor (compound 1) with NA2009wt revealed that modification
of the phosphate moiety of tamiphosphor does not affect its interactions with active site
residues. The esterification results in very minor interactions with residues at the edge of the
active site of the enzyme, and the terminal azide group is fully exposed to solvent and thus
available for further modifications. We thus concluded that modification of the azide group
with a DNA oligonucleotide in the DIANA probe will not significantly affect binding of 1 to
the NA2009wt active site.

We then characterized and validated the assay setup using oseltamivir carboxylate as a
reference inhibitor. We synthesized a series of novel oseltamivir derivatives and showed that
DIANA faithfully reproduced the structure-activity relationship of the series determined by
standard kinetic assay (Figure 5B). The absolute Ki values obtained by DIANA are, however,
on average roughly 4-fold higher than those obtained by standard kinetics (ranging from
equivalent to 12-fold higher). The most pronounced differences were observed for inhibitors
containing substituents targeting 150-loop identified as very dynamic part of NA sensitive to
protonation (37). These inconsistencies may thus result from the different protonation of the
enzyme under different conditions used for individual methods, such as use of different pH and
buffers. The advantage of DIANA assay is that it uses the experimental conditions that are
similar to the physiological ones while the kinetic assay has to be performed in artificial
conditions needed for efficient cleavage of the substrate.

In order to analyze whether our method is suitable for the testing of inhibitors of known
resistant mutants of NA, we determined Ki values of the compound 1 with the wild-type NA
and resistant variants containing oseltamivir major resistance mutations H275Y and
H275Y/1223V . Ki values for these mutants were 1700- and 11100-fold higher than for the wt
NA, respectively (data not shown). Due to these unfavourable binding characteristics of
compound 1, the DNA-probe would not be suitable for sensitive DIANA testing with resistant
NA mutants.
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In conclusion, our results demonstrate that DIANA is useful for determining inhibition
constants of wt NA inhibitors and consumes only a small amount of enzyme (the kinetic assay
consumes an amount more than ten-fold higher of NA per measurement). Moreover, the multi-
well plate format, the possibility to determine inhibition potency from a single point
measurement, and the possibility to use up to 10% DMSO make this assay a promising choice

for screening small-molecule libraries for new influenza NA inhibitors.

Supplementary Material

Figure showing crystal structure of compound 20, experimental details and spectra of prepared

compounds.
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Table 1: Crystal data and diffraction data collection and refinement statistics.

NA2009wt/compound 3 | NA2009wt/compound 1
PDB code 6GO01 6G02
Data collection statistics
Space group 222, P4

Cell parameters (A; )

118.88 137.64 118.81

114.89 114.89 63.93

90 90 90 90 90 90
Number of molecules in AU 2 2
Wavelength (A) 0.9184 0.9184
Resolution (A) 44.89-1.61 (1.71-1.61) 42.72-1.86 (1.97-1.86)
Number of unique reflections 121,339 (19,127) 70,090 (11,223)
Redundancy 3.12(2.79) 3.75 (3.58)
Completeness (%) 98.2 (96.4) 99.8 (99.6)

Rmeasa

0.095 (0.645)

0.136 (0.738)

Average 1/o(]) 10.29 (1.88) 9.24 (1.86)
CCin (%) 99.7 (75.8) 99.4 (61.4)
Wilson B (A2) 22.3 24.1

Refinement statistics

Resolution range (A)

44.89-1.61 (1.656-1.614)

42.71-1.84 (1.891-1.84)

No. of reflections in working set 119,520 (8,443) 70,147 (5,127)
No. of reflections in test set 1,821 (129) 1,799 (131)
R value (%)° 17.8 (31.7) 15.3 (27.9)
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Rfree value (%)° 20.5 (30.3) 19.7 (28.9)
RMSD bond length (A) 0.014 0.015
RMSD angle (°) 1.637 1.670
Number of atoms in AU 7,153 6,995
Number of protein atoms in AU 6056 6006
Number of water molecules in AU 825 809

Mean B value

protein/waters/compounds (A2)

17.7/28.7/14.8

20.0/31.0/22.6

Ramachandran plot statistics?

Residues in favored regions (%)

96.4

96.1

Residues in allowed regions (%)

3.6

3.9

The data in parentheses refer to the highest-resolution shell.

2 Rimeas = Zhkl(n/(n-1))Y2Zili*(hkl) - (I(hk1))|/Znai Tithkl), where the
li(hkl) is an individual intensity of the ith observation of reflection hkl

and (I(hkl)) is the average intensity of reflection hkl with summation

over all data.

b R-value = |[Fo| - [F¢|[/|Fo|, where Fo and Fe are the observed and calculated

structure factors, respectively.

¢ Riree 1s equivalent to R-value but is calculated for 5 % of the reflections

chosen at random and omitted from the refinement process (38).

das determined by Molprobity (39).
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Table 2. Inhibition constants determined by standard kinetic assay and DIANA. The chemical

formulas of the inhibitors are also shown. The “fold K;” parameter represents the ratio Ki

(DIANA, pH 7.4)/K; (kinetic assay, pH 6.15). Substitutions of the moieties in oseltamivir

carboxylate (4) are highlighted in blue. The K values for both assays were calculated from two

independent experiments.

. K; (kinetic assay) K; (DIANA) fold
Compound | Chemical formula (oH 6.15) [nM] (oH 7.4) [nM] K
Ns o~
0=P—0H
1 j\/ 24+ 5 33+8 1.4
H,NT >0
NHAc
OH
0=P—OH
2 tL¢/ 26+ 4 52+9 2.0
H,NT >0
NHAc
OCH,
0=P—OH
3 ij\v/ 39+1 100 £ 20 2.6
HNT >0
NHAc
COOH
4 jv 2414 316 13
HNT >0
NHAc
COOEt
5 jv 2100 = 200 2 000 + 500 1.0
H,NT N0
NHAc
OH
0=P—OH
6 NH il\// 140 + 30 570 £ 180 4.1
HZN)kN -0
H  NHAc
COOH
NH
7 s jv 46 + 12 570 + 200 12
H,N” N7 70
H  NHAc
COOH
8 : jv 15+2 170 + 60 11
Hooc” “N” "0
NHAc
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COOH

9 L jv 250 + 40 960 + 260 3.8
Hooc” "N” ™ Yo
o NHAC
COOH
HOOC
10 ]\ jv 13 000 = 1 000 16 000 + 5 000 1.3
Hooc™ "N” 7 Yo
H QHAc
COOH
(o]
11 /°wo/v°¢N/©\(>jv 43 000+ 11 000 210 000 £ 110 000 5
H

NHAc
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FIGURE LEGENDS

Figure 1. (A) Schematic representation of evaluation of neuraminidase inhibitors using
DIANA. The detection probe binds to the active site of neuraminidase captured on the well by
an immobilized anti-NA antibody. The amount of bound detection probe is determined by
qPCR. The inhibition potency of the tested compound can be determined from the difference
in the amount of bound probe after incubation of neuraminidase in the presence and absence of
the compound. (B) Preparation of a covalent conjugate consisting of a reporter DNA
oligonucleotide and a neuraminidase inhibitor (compound 1) used as a DIANA detection probe.

Only one regioisomer of SPAAC product is shown.

Figure 2. Synthesis of w-azidohexyl tamiphosphor derivative 1. The following reagents and
conditions were used: (a) NaHCO3/H20; (b) Boc20, EtsN, 98%; (¢) 0.5 M NaOH, 1,4-dioxane,
95%; (d) S-(1-oxido-2-pyridyl)-N,N,N',N'-tetramethylthiuronium hexafluorophosphate, EtsN,
DMAP, THF; (e) bromotrichloromethane, DCM, hv, 78%; (f) dimethyl phosphite,
tetrakis(triphenylphosphine)palladium, Et3N, toluene, 86%; (g) 1-azido-6-bromohexane, Nal,
DIPEA, DMF, 60 °C, 56%:; (h) trifluoroacetic acid.

Figure 3. Synthesis of oseltamivir derivatives. The following reagents and conditions were
used: (a) Ethyl 2-bromopropionate, NaHCOs3; b) 0.5 M NaOH, 1,4-dioxane; (c) 4-nitrobenzoyl
chloride, EtsN; (d) i. NaHCOs, ii. dimethyl maleate; (e) 2-[2-(2-methoxyethoxy)ethoxy]acetic
acid, TBTU, EtsN, DMF.

Figure 4. Crystal structure of NA2009wt in complex with 3 (A) and 1 (B). Compounds are
represented as sticks with carbon atoms colored yellow (3) or maroon (1), oxygen atoms red,
nitrogen atoms blue, and phosphorus atoms orange. The tamiphosphor molecule from the
previously reported structure (10) is overlaid and colored black. The protein is shown in green
with residues forming polar interactions highlighted as sticks. The 2Fo-Fc electron density
maps are contoured at 1.0 . In panel B, van der Waals interactions are represented by dashed
lines. (C) Overlay of 1 and 3. The protein is represented by its solvent accessible surface (gray),

and Pro431 and Ile149 are highlighted in green.
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Figure 5. A) Determination of inhibition constants from a single inhibitor concentration by
DIANA: serially diluted tamiphosphor (TMF, x-axis) was tested using DIANA, and K values
were calculated from each data point (y-axis). The dashed horizontal line shows the average K;
calculated as the mean of K; values determined from concentrations of tamiphosphor in the 43
nM to 12 uM range. Error bars indicate standard error of mean from two independent
experiments. Both axes are shown as log-scales. B) Plot of K; values of 11 neuraminidase
inhibitors determined either by kinetic measurement (fluorometric assay; x-axis) or by DIANA
(y-axis). Error bars indicate standard error of mean from two independent experiments. Both
axes are shown as log-scales. The diagonal solid line represents a 1:1 ratio of values from both
methods. The dashed line is the linear regression of the K; values determined by both methods
(Ki values determined by DIANA were on average 4-fold higher than those determined by

kinetic assay).
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Figure S1. Crystal structure of compound 20. Chiral center is depicted in yellow color.

Crystallographic data for 20 were collected on Nonius KappaCCD diffractometer equipped with
Bruker APEX-II CCD detector by monochromatized MoKa radiation ( A = 0.71073 A) at a
temperature of 150(2) K. The structure was solved by direct methods (SHELXT) and refined by
full matrix least squares based on /> (SHELXL-2018). The absorption correction was carried on
using multi-scan method. The hydrogen atoms were found on difference Fourier map and were
recalculated into idealized positions. All hydrogen atoms were refined as fixed (riding model)
with assigned temperature factors Hiso(H) = 1.2 Ugq(pivot atom) or 1.5 Ueq for methyl moiety.

The absolute configuration was assigned along known chirality on carbon.

Crystal data for 20: C,3H39N3O09, M, = 561.62; Tetragonal, P4,2,2 (No. 92), a = 17.9556 (10) A,
c=18.6157 (11) A, ¥'=6001.8 (8) A>, Z=8, D, =1.243 Mg m>, colourless prism 0.35 x
0.26 x 0.21 mm, multi-scan absorption correction (u = 0.09 mm'l) Tin = 0.76, Thax = 0.98; a
total of 28913 measured reflections (Oma—= 25.7°), from which 5697 were unique (Riy = 0.048)
and 4288 observed according to the / > 2o(/) criterion. The refinement converged (A/Gmax=

0.001) to R = 0.042 for observed reflections and wR(F*) = 0.109, GOF = 1.01 for 367 parameters
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and all 5697 reflections. The final difference Fourier map displayed no peaks of chemical

significance, (Apmax = 0.21, Apmin = -0.21 e.A™). Absolute structure parameter -0.3 (5).

The crystallographic data have been deposited at the Cambridge Crystallographic Data Centre
with CCDC 1832673. Copies of the data can be obtained, free of charge by application to the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK, (fax: +44-
(0)1223-336033 or e-mail: deposit@ccdc.cam.ac.uk).
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Experimental procedures

General: Unless otherwise noted, all reactions were carried out under argon in oven-dried
glassware. The solvents used for reactions were freshly distilled from the appropriate drying
agent and were transferred under argon: THF (Na/benzophenone); toluene (Na); DCM (CaH,).
Chromatography was performed either using classical methods or using HPFC Biotage Isolera
One system, using Fluka silica gel 60 (0.040 - 0.063mm) or Merck silica gel 60 RP-18 Fjs4 —
coated aluminium sheets. The spots were detected both in UV and by the solution of
Ce(S04)2-4H,0 (1%) and H3P(M03010)4 (2%) in 10% sulfuric acid (10%). All starting materials
were used as received (Sigma Aldrich, Alfa Aesar, Strem Chemicals, TCI), unless otherwise
indicated. Oseltamivir phosphate was purchased from Santiago. All tested inhibitors were
purified using preparative HPLC of Jasco brand (flow rate 10 mL/min; gradient 2-100 % ACN in
50 minutes), with column Waters SunFire C18 OBD Prep Column, 5 pum, 19 x 150 mm. The
purity of compounds was tested on analytical Jasco PU-1580 HPLC (flow rate 1 mL/min,
invariable gradient 2-100 % ACN in 30 minutes) with column Watrex C18 Analytical Column, 5
um, 250x5 mm. The final inhibitors were all >95 % purity. The "H-NMR spectra were measured
at 400.13 or 600.13 MHz, the BC.NMR spectra at 100.61 or 150.90 MHz in CDCl; or (CD3),SO,
with tetramethylsilane or residual solvent peaks as an internal standard. The chemical shifts are
given in J-scale, coupling constants J are given in Hz. The EI mass spectra were determined at
an ionizing voltage of 70 eV, the m/z values are given alone with their relative intensities (%).
The ESI mass spectra were recorded using ZQ micromass mass spectrometer (Waters) equipped
with an ESCi multimode ion source and controlled by MassLynx software. Methanol was used

as solvent.

(6-Azidohexyl) (BR,4R,5S5)-4-acetylamino-5-amino-3-(1-ethylpropoxy)-1-cyclohexene-1-
phosphonic acid (1)
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(6-azidohexyl) (3R,4R,5S5)-4-acetylamino-5-[(fert-butoxycarbonyl)-amino]-3-(1-ethylpropoxy)-
1-cyclohexene-1-phosphonic acid 17 was dissolved in trifluoroacetic acid (3 mL) and stirred for
2 h at room temperature. The solution was dried under reduced pressure and the resulting residue
was purified by preparative HPLC to afford the deprotected phosphonic acid 1.

'H NMR (500 MHz, Methanol-d4) & 6.42 (dd, J = 19.4, 1.0 Hz, 1H), 4.14 — 4.06 (m, 1H), 3.95
(dd, J=11.2, 8.3 Hz, 1H), 3.83 (q, J = 6.5 Hz, 2H), 3.50 — 3.36 (m, 2H), 3.31 — 3.23 (m, 2H),
2.82 = 2.69 (m, 1H), 2.39 (ddd, J = 17.0, 10.1, 2.9 Hz, 1H), 2.03 (s, 3H), 1.69 — 1.56 (m, 4H),
1.55 — 1.46 (m, 4H), 1.45 — 1.37 (m, 4H), 0.91 (dt, J = 15.0, 7.4 Hz, 6H). *C NMR (126 MHz,
Methanol-d4) & 174.7, 137.1, 131.6 (d, J=175.9 Hz), 83.4, 76.3 (d, /= 18.9 Hz), 65.7 (d, J=5.4
Hz), 54.6, 52.4, 51.4, 31.8 (d, J = 6.8 Hz), 30.4 (d, J = 10.4 Hz), 29.9, 27.5, 27.3, 26.6, 26.5,
23.1, 9.9, 9.6. *'P NMR (162 MHz, Methanol-d4) & 13.01. HR-ESI-MS calculated for
C19H3505NsP = 444.2381, found 444.2373.

(BR.4R,55)-4-Acetamido-5-amino-3-(1-ethylpropoxy)-1-cyclohexene-1-phosphonate (2)

Q
HO—P—-OH
HoN Y (0]
HN\[(
O

Bromotrimethylsilane (0.41 mL, 3.18 mmol) and 2,6-lutidine (0.44 mL, 3.81 mmol) were added
to a solution of the Boc-protected phosphonic acid 16 (0.14 g, 0.318 mmol) in DCM (10 mL) and
the reaction was allowed to stir for 9 h at room temperature. The solvent was evaporated and
TFA (50% in water, 10 mL) was added. Then the reaction was allowed to stir for 1 h and the

solvent was evaporated under reduced pressure. The residue was purified by preparative HPLC.
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All spectral properties matched literature values””. HR-ESI-MS calculated for C;3H,50sN,NaP
(M+Na)" 343.1393, found 343.1395.

Methyl (3R,4R,55)-4-acetamido-5-amino-3-(1-ethylpropoxy)-1-cyclohexene-1-phosphonate
3

Ml
MeO—-P-OH

H,NT 7 Y0
HN
W
0

The phosphonic acid 16 (0.05 g, 1.14 mmol) was stirred with trifluoroacetic acid (50% in water,
4 mL) at room temperature for 1 h. The solution was evaporated under reduced pressure and later

residue was purified by preparative HPLC to furnish the title compound 3 (0.02 g, 43% yield).

'H NMR (600 MHz, D,0) & 6.38 (d, J=19.4 Hz, 1H), 4.28 (d, J = 7.5 Hz, 1H), 4.14 — 4.01 (m,
1H), 3.65 — 3.55 (m, 2H), 3.53 (d, J = 10.8 Hz, 3H), 2.82 — 2.72 (m, 1H), 2.49 — 2.40 (m, 1H),
2.09 (s, 3H), 1.60 — 1.45 (m, 4H), 0.90 (t, J = 7.2 Hz, 3H), 0.85 (t, J = 7.2 Hz, 3H). °C NMR
(151 MHz, D,0) & 175.8, 137.9 (d, J = 6.8 Hz), 129.7 (d, J = 174.4 Hz), 84.9, 76.5 (d, J = 19.4
Hz), 53.5, 52.5 (d, J = 5.1 Hz), 50.3 (d, J = 14.1 Hz), 29.8 (d, J = 11.0 Hz), 26.1, 25.8, 22.9, 9.2,
9,1. HR-ESI-MS calculated for C;4H,305N,P (M+H)" 335.1730, found 335.1732.

Oseltamivir carboxylate (4)

O~__OH
HoN Y 0]
HN\[‘(
(0]
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An aqueous solution of NaOH (0.5 M; 1.9 mL) was added dropwise to a stirred solution of
oseltamivir phosphate 5 (0.2 g, 0.48 mmol) in 1,4-dioxane (1.9 mL). The reaction was stirred for
24 h at room temperature. The pH was adjusted to neutral by addition of Amberlite IR 120
hydrogen form. After removal of Amberlite by filtration, the filtrate was concentrated under
reduced pressure and the formed residue was purified by preparative HPLC to furnish the free

base derivative 4 (0.12 g, 88% yield).

'H NMR (400 MHz, MeOD) & 6.64 (s, 1H), 4.11 (d, J = 8.5 Hz, 1H), 3.83 (dd, J=11.4, 8.7 Hz,
1H), 3.40 (td, J=10.8, 5.5 Hz, 1H), 3.34 — 3.22 (m, 1H), 3.16 (dt, /= 3.3, 1.6 Hz, 1H), 2.80 (dd,
J=17.3,5.1 Hz, 1H), 2.38 — 2.18 (m, 1H), 1.91 (s, 3H), 1.47 — 1.28 (m, 4H), 0.75 (dt, J = 12.6,
7.4 Hz, 6H). >C NMR (101 MHz, MeOD) & 174.9, 169.6, 138.4, 129.8, 83.7, 76.0, 54.5, 50.5,
30.0, 27.2, 26.6, 23.4, 9.8, 9.6. HR-ESI-MS calculated for C;4H304N, (M-H") 283.1663, found
283.1656.

Ethyl (3R,4R,55)-4-acetamido-5-amino-3-(1-ethylpropoxy)-1-cyclohexene-1-carboxylate (5)

To a solution of oseltamivir phosphate (1.0 g, 2.43 mmol) in water (30 mL) was added a
saturated solution of sodium bicarbonate (10 mL). The reaction mixture was stirred for 5 min at
room temperature. The mixture was extracted with DCM/MeOH mixture (3:1; 4x10 mL). The
combined organic phase was washed with brine, dried over anhydrous Na,SO,4 and concentrated
under reduced pressure to furnish the free base of oseltamivir (0.75 g, 98% yield). The product 5

was used without further purification.

'"H NMR (300 MHz, CDCL3) § 6.78 (t, J = 2.1 Hz, 1H), 6.26 (d, J = 8.3 Hz, 1H), 4.34 — 4.10 (m,
3H), 3.55 (dt, J= 10.3, 8.4 Hz, 1H), 3.37 (dd, J = 17.7, 12.0 Hz, 1H), 3.26 — 3.08 (m, 1H), 2.76
(dd, J=17.7, 5.1 Hz, 1H), 2.26 — 2.08 (m, 1H), 2.04 (s, 3H), 1.58 (s, 2H), 1.55 — 1.44 (m, 4H),
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1.29 (t, J = 7.1 Hz, 3H), 0.90 (td, J = 7.4, 3.8 Hz, 6H). °C NMR (75 MHz, CDCl5) & 171.1,
166.4, 137.8, 129.5, 81.7, 77.6, 77.2, 76.7, 75.0., 60.8, 58.9, 49.3, 33.7, 26.2, 25.7, 23.6, 14.2,
9.6, 9.3. HR-ESI-MS calculated for C sH2004N, (M+H)+ 313.2122, found 313.2122.

(BR,4R,55)-4-Acetamido-5-guanidino-3-(1-ethylpropoxy)-1-cyclohexene-1-phosphonate (6)

M
HO-P-OH

NH
HZNJ\N Y 70
H HNY
0

Neat bromotrimethylsilane (1.49 g, 9.68 mmol) was added to a solution of the phosphonate (0.07
g, 0.121 mmol) in DCM (5 mL) at 0 °C and the reaction was allowed to stir for 24 h at room
temperature. The solvent was evaporated under reduced pressure; the remaining residue was
quenched with water (4 mL) and then the mixture was stirred for 2 h. The solution was
evaporated to dryness and later was purified by preparative HPLC to afford the free guanidine 6
(0.09 g, 21% yield).

'H NMR (400 MHz, D,0) § 6.31 (d, J=19.8 Hz, 1H), 4.26 (d, J = 8.5 Hz, 1H), 4.01 — 3.88 (m,
1H), 3.80 (td, J = 10.4, 5.2 Hz, 1H), 3.60 — 3.47 (m, 1H), 2.85 — 2.66 (m, 1H), 2.46 — 2.31 (m,
1H), 2.04 (s, 3H), 1.65 — 1.50 (m, 3H), 1.45 (dt, J = 14.4, 7.2 Hz, 1H), 0.87 (dt, J=19.5, 7.4 Hz,
6H). °C NMR (151 MHz, H,0+D,O+fert-butyl alcohol) & 175.3, 157.6, 157.5, 135.3, 135.3,
134.0, 132.8, 85.0, 77.0, 76.9, 70.5 (C), 55.9, 55.9, 51.8, 51.7, 31.5, 31.4, 30.2 (CH3), 26.3, 26.0,
22.7,22.6,9.3,9.2. *'P NMR (162 MHz, D,0) & 11.13. All spectral properties matched literature
values °. HR-ESI-MS calculated for C14H2505N4P (M+H)+ 363.1792, found 363.1794.

(BR,4R,5S5)-4-Acetamido-5-guanidino-3-(1-ethylpropoxy)-1-cyclohexene-1-carboxylic  acid
(7
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EES

(3R,4R,5S)-4-Acetamido-5-[ N*,N°-bis(tert-butoxycarbonyl)guanidino]-3-(1-ethylpropoxy)-1-
cyclohexene-1-carboxylic acid (0.07 g, 0.13 mmol) was stirred with trifluoroacetic acid (50% in
water, 5 mL) at room temperature for 1 h. The solution was evaporated under reduced pressure

and purified by preparative HPLC to furnish the guanidine derivative 7 (0.02 g, 43%).

'H NMR (400 MHz, Methanol-d4) & 7.28 (d, J= 9.0 Hz, 1H), 6.79 (s, 1H), 4.15 (dd, J=5.3, 2.1
Hz, 1H), 3.93 — 3.73 (m, 2H), 3.42 — 3.31 (m, 1H), 2.77 (dd, J = 17.6, 5.0 Hz, 1H), 2.37 — 2.20
(m, 1H), 1.94 (s, 3H), 1.48 (tdd, J = 12.9, 6.2, 4.5 Hz, 4H), 0.86 (dt, J = 12.8, 7.4 Hz, 6H). °C
NMR (101 MHz, Methanol-d4) & 174.2, 169.0, 158.6, 138.8, 129.8, 83.8, 76.1, 55.8, 51.7, 31.3,
27.2, 26.8, 22.8, 9.8, 9.7. All spectral properties matched literature values ’. HR-ESI-MS
calculated for C;sH,70,N4 (M+H)™ 327.2027, found 327.2028.

(BR,4R,55)-4-Acetamido-5-{[(S)-1-carboxyethyl]amino}-3-(1-ethylpropoxy)-1-cyclohexene-
1-carboxylic acid (8)

b Em

A solution of aqueous NaOH (1 mL, 0.5 M) was added dropwise to a solution of the A
diastereomer (S) 18 (0.025 g, 0.06 mmol) in THF (1 mL) and the reaction mixture was stirred
overnight at room temperature. The pH was adjusted to neutral by addition of Amberlite IR 120
hydrogen form. Amberlite was filtered off and the filtrate was concentrated under reduced

pressure. The residue was purified by preparative HPLC.
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'H NMR (401 MHz, Methanol-d4) 8 6.90 (d, J= 1.4 Hz, 1H), 4.26 — 4.11 (m, 2H), 3.77 (dd, J =
13.9, 7.1 Hz, 1H), 3.64 — 3.58 (m, 1H), 3.48 — 3.39 (m, 1H), 2.99 — 2.90 (m, 1H), 2.67 — 2.55 (m,
1H), 2.04 (s, 3H), 1.64 — 1.42 (m, 7H), 0.99 — 0.84 (m, 6H). °C NMR (101 MHz, Methanol-d4)
8 174.7, 173.8, 168.7, 137.7, 129.3, 83.6, 75.2, 57.3, 55.1, 53.2, 27.7, 27.1, 26.6, 23.1, 15.9, 9.9,
9.5. HR-ESI-MS calculated for C,7H,sN,0sNa (M+Na)™ 379.1840, found 379.1839.

(BRA4AR,55)-4-Acetamido-5-{[(R)-1-carboxyethyl]amino}-3-(1-ethylpropoxy)-1-cyclohexene-
1-carboxylic acid (9)

o 5\%

A solution of aqueous NaOH (2 mL, 0.5 M) was added dropwise to a solution of the
diastereomer B (R) 19 (0.05 g, 0.12 mmol) in THF (2 mL) and the reaction mixture was stirred
overnight at room temperature. The pH was adjusted to neutral by addition of Amberlite IR 120
hydrogen form. Amberlite was filtered off and the filtrate was concentrated under reduced
pressure. The residue was purified by preparative HPLC.

'H NMR (401 MHz, Methanol-d4) & 6.92 — 6.80 (m, 1H), 4.21 — 4.05 (m, 2H), 3.82 (q, J = 7.2
Hz, 1H), 3.52 — 3.39 (m, 2H), 3.08 — 2.95 (m, 1H), 2.52 — 2.39 (m, 1H), 2.09 (s, 3H), 1.59 — 1.47
(m, 7H), 0.91 (dt, J = 11.2, 7.4 Hz, 6H). °C NMR (101 MHz, Methanol-d4) & 175.1, 173.6,
168.5, 138.8, 128.7, 83.9, 76.1, 57.3, 57.2, 53.5, 27.8, 27.2, 26.6, 23.2, 16.9, 9.8, 9.6. HR-ESI-
MS calculated for C17H>sN,OgNa (MJrNa)+ 379.1840, found 379.1839.

((LS,5R,6R)-6-Acetamido-3-carboxy-5-(pentan-3-yloxy)cyclohex-3-en-1-yl)aspartic acid (10)
Os_OH
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An aqueous solution of NaOH (0.5 M; 7.2 mL) was added dropwise to a stirred solution of the
ester 21 (0.09 g, 0.19 mmol) in THF (3 mL). The reaction was stirred for 24 h at room
temperature. The pH was adjusted to neutral by addition of Amberlite IR 120 hydrogen form.
Amberlite was filtered off, the filtrate was concentrated under reduced pressure and purified by
flash chromatography (DCM/MeOH 80:20) to furnish the free carboxylic acid derivative 10
(0.053 g, 70%).

'H NMR (401 MHz, Methanol-d4) 5 6.87 (t,J= 1.2 Hz, 1H), 4.28 (dd, J = 8.1, 2.0 Hz, 1H), 4.07
(dd, /=10.7, 8.1 Hz, 1H), 3.99 (t, J = 5.1 Hz, 1H), 3.67 (td, J = 10.2, 5.6 Hz, 1H), 3.48 — 3.39
(m, 1H), 3.05 — 2.91 (m, 3H), 2.62 — 2.52 (m, 1H), 2.04 (s, 3H), 1.60 — 1.49 (m, 4H), 0.92 (dt, J
= 10.4, 7.4 Hz, 6H). °C NMR (101 MHz, Methanol-d4) for the major diastereomer & 175.4,
175.0, 172.1, 168.7, 138.4, 129.1, 83.6, 75.3, 58.0, 55.5, 54.1, 33.6, 28.0, 27.2, 26.6, 23.2, 9.9,
9.5. >C NMR (101 MHz, Methanol-d4) for the minor diastereomer & 175.4, 175.0, 173.9, 168.7,
138.9, 129.0, 83.9, 76.3, 57.8, 55.5, 53.9, 35.9, 28.0, 27.2, 26.7, 23.2, 9.8, 9.6. HR-ESI-MS
calculated for C;sH»7N,Og (M-H) 399.1769, found 399.1773.

(BR,4R,55)-4-Acetamido-5-{2-[2-(2-methoxyethoxy)ethoxy]acetamido}-3-(1-ethylpropoxy)-

1-cyclohexene-1-carboxylic acid (11)

Owo/\/OQJ\ 5\%

An aqueous solution of NaOH (0.5 M; 0.88 mL) was added dropwise to a stirred solution of the
ethyl ester 22 (0.104 g, 0.22 mmol) in 1,4-dioxane (0.88 mL). The reaction was stirred for 24 h at
room temperature. The pH was adjusted to neutral by addition of Amberlite IR 120 hydrogen
form. Amberlite was filtered off, rinsed with MecOH several times and the filtrate was then
concentrated under reduced pressure. The residue was purified by flash chromatography

(DCM/MeOH 80:20) to furnish the free carboxylic acid derivative 11 (0.069 g, 70% yield).
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'H NMR (401 MHz, CDCL3) § 7.73 (d, J = 9.2 Hz, 1H), 6.92 (dt, J= 9.1, 4.6 Hz, 1H), 6.85 (d, J
=2.5 Hz, 1H), 5.74 (bs, 1H), 4.24 — 4.16 (m, 1H), 4.15 — 4.10 (m, 1H), 4.07 — 4.00 (m, 1H), 3.71
—3.61 (m, 8H), 3.59 — 3.53 (m, 2H), 3.40 — 3.31 (m, 1H), 3.36 (s, 3H), 2.71 (dd, J = 18.0, 5.2
Hz, 1H), 2.47 — 2.32 (m, 1H), 1.95 (d, J= 1.7 Hz, 3H), 1.59 — 1.40 (m, 4H), 0.87 (m, 6H). "*C
NMR (101 MHz, CDCls) § 177.1, 176.7, 174.0, 144.6, 134.5, 87.9, 81.2, 77.3, 76.5, 76.1, 75.9,
64.5, 60.1, 56.0, 53.2, 35.9, 31.8, 31.1, 28.6, 15.2, 14.7. HR-ESI-MS calculated for C,;H3s0sN,
(M+Na)" 467.2364, found 467.2363.

Ethyl (3R, 4R,55)-4-acetamido-5-[(tert-butoxycarbonyl)-amino]-3-(1-ethylpropoxy)-1-
cyclohexene-1-carboxylate (12)

O._ OEt
Boc.
oc H o
HNW/
)

To a solution of oseltamivir free base 5 (0.38 g, 1.21 mmol) in DCM (3 mL) was added
triethylamine (0.61 g, 6.08 mmol) followed by addition of di-fert-butyl dicarbonate (0.53 g, 2.42
mmol) and then the reaction mixture was stirred for 4 h at room temperature. The mixture was
diluted with water (10 mL) and then extracted with DCM (3x10 mL). The combined organic
phase was washed with brine, dried over MgSQO4 and concentrated under reduced pressure. The
residue was purified by flash column chromatography (eluent DCM to DCM/MeOH, 20:1) to
afford the protected amine 12 (0.49 g, 98% yield) as a white solid.

'"H NMR (300 MHz, CDCL3) & 6.78 (s, 1H), 5.80 (d, J = 8.2 Hz, 1H), 5.11 (d, J = 9.0 Hz, 1H),
4.20 (q, J="7.1 Hz, 2H), 4.13 — 4.00 (m, 1H), 3.97 (s, 1H), 3.79 (dd, J=9.7, 5.1 Hz, 1H), 3.52 —
3.28 (m, 1H), 2.74 (dd, J = 18.1, 4.9 Hz, 1H), 2.29 (dd, J = 17.7, 9.6 Hz, 1H), 1.98 (s, 3H), 1.51
(dd, J= 5.5, 4.1 Hz, 4H), 1.42 (s, 9H), 1.28 (t, J = 7.1 Hz, 3H), 0.88 (dd, J = 13.6, 7.3 Hz, 6H).
3C NMR (75 MHz, CDCly) § 170.9, 166.1, 156.4, 137.7, 129.5, 82.3, 79.8, 76.0, 61.1, 54.5,
49.2,31.1,28.5, 26.3, 25.8, 23.5, 14.3, 9.6, 9.4. HR-ESI-MS calculated for C5;H3,0¢N, (M+H)"
413.2646, found 413.2648.
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(BR,4R,55)-4-Acetamido-5-[(tert-butoxycarbonyl)-amino]-3-(1-ethylpropoxy)-1-

cyclohexene-1-carboxylic acid (13)

(@) OH
Boc.
oc u . o
HNW/
(@]

An aqueous solution of NaOH (0.5 M; 8.7 mL) was added dropwise to a stirred solution of the
ester 12 (0.9 g, 2.18 mmol) in 1,4-dioxane (8.7 mL). The reaction mixture was stirred for 24 h at
room temperature. The pH was adjusted to neutral by addition of Amberlite IR 120 hydrogen
form. Amberlite was removed by filtration and the filtrate was concentrated under reduced
pressure. The residue was purified by flash column chromatography (eluent DCM/MeOH
gradient 10:1 to 10:3) to furnish the free acid 13 (1.28 g, 95% yield) as a white solid.

"H NMR (300 MHz, CDCls) § 6.81 (s, 1H), 6.69 (s, 1H), 5.72 (d, J = 9.3 Hz, 1H), 4.02 (d, J =
6.8 Hz, 2H), 3.75 (dd, J = 13.1, 8.4 Hz, 1H), 3.39 — 3.26 (m, 1H), 2.70 (dd, J = 17.5, 5.0 Hz,
1H), 2.25 (dd, J=17.7, 11.1 Hz, 1H), 1.9 (s, 3H), 1.49 (dd, J = 14.0, 6.7 Hz, 4H), 1.41 (s, 9H),
0.86 (dd, J = 16.5, 7.4 Hz, 6H). *C NMR (75 MHz, CDCls) & 171.5, 169.1, 156.9, 139.2, 129.2,
82.3, 79.8, 76.2, 55.2, 49.6, 31.0, 28.5, 26.3, 25.7, 23.4, 9.8, 9.2. HR-ESI-MS calculated for
C1oH3306N, (M+H)' 385.2333, found 385.2335.

(BR.4R,55)-4-Acetamido-5-|(tert-butoxycarbonyl)-amino]-3-(1-ethylpropoxy)-1-

bromocyclohexene (14)
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Br

Boc.

S-(1-Oxido-2-pyridyl)-N,N,N', N'-tetramethylthiuronium hexafluorophosphate (0.26 g, 0.70
mmol) was added to a solution of the free acid 13 (0.21 g, 0.54 mmol), triethylamine (0.22 mL,
1.61 mmol) and 4-(dimethylamino)pyridine (0.007 g, 0.054 mmol) in dry THF (4 mL). The
reaction was stirred in the dark for 40 min at room temperature. The solvent was removed by
evaporation under reduced pressure. The remaining green oil was dissolved in DCM (2 mL) and
bromotrichloromethane (2 mL). The formed solution was irradiated (refluxed) with a flood lamp
for 90 min. The mixture was concentrated and purified by flash column chromatography (eluent

Toluene/EtOAc gradient 2:1 to 1:1) to afford the vinyl bromide 14 (0.18 g, 78% yield).

TLC (Toluene/EtOAc 1:1) Ry = 0.45. "H NMR (300 MHz, CDCl3) § 6.07 (s, 1H), 5.52 (d, J = 9.4
Hz, 1H), 5.35 (d, J = 9.0 Hz, 1H), 4.09 (dd, J=9.1, 6.8 Hz, 1H), 3.88 (dd, J = 7.9, 5.5 Hz, 1H),
3.83 (s, 1H), 3.39 — 3.25 (m, 1H), 2.68 (m, J = 26.0, 18.0, 6.8 Hz, 2H), 1.99 (s, 3H), 1.59 (s, 1H),
1.49 (dd, J= 7.3, 6.0 Hz, 3H), 1.42 (s, 9H), 0.88 (t, J = 7.4 Hz, 6H). °C NMR (75 MHz, CDCls)
8 171.5, 156.9, 129.2, 121.2, 82.3, 79.8, 76.2, 55.2, 50.9, 49.6, 28.5, 26.3, 25.7, 23.4, 9.7, 9.2.
HR-ESI-MS calculated for C;sH3;BrOsN;Na (M+Na)" 441.1359, found 441.1360.

Dimethyl (3R,4R,55)-4-acetamido-5-[(ter-butoxycarbonyl)-amino]-3-(1-ethylpropoxy)-1-
cyclohexene-1-phosphonate (15)

?
MeO—P—-OMe
Boc.
oc ” : o
HNW/
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To a solution of the vinyl bromide 14 (0.18 g, 0.39 mmol) in toluene (10 mL) was added
tetrakis(triphenylphosphine)palladium (0.07 g, 0.06 mmol), triethylamine (0.21 mL, 1.54 mmol)
and dimethyl phosphite (0.14 mL, 1.54 mmol). The reaction mixture was stirred at 80 °C for 90
min. The reaction was quenched with a saturated solution of NH4Cl (6 mL) and diluted with
DCM (30 mL). The organic phase was washed with a saturated solution of NH4Cl (6 mL) and
brine (2x5 mL), dried over MgSQO, and concentrated. The residue was purified by flash column
chromatography (eluent EtOAc gradient to EtOAc/MeOH 6:1) to afford the phosphonate 15
(0.16 g, 86% yield).

TLC (EtOAc/MeOH 6:1) R, = 0.42. 'H NMR (300 MHz, CDCl3) 8 6.59 (d, J = 21.8 Hz, 1H),
6.02 (d, J= 8.8 Hz, 1H), 5.17 (d, J = 9.0 Hz, 1H), 4.11 —3.99 (m, 1H), 3.94 (s, 1H), 3.77 (d, J =
11.9 Hz, 1H), 3.72 (d, J = 2.4 Hz, 3H), 3.69 (d, J = 2.4 Hz, 3H), 3.39 — 3.27 (m, 1H), 2.67 — 2.49
(m, 1H), 2.28 — 2.11 (m, 1H), 1.97 (s, 3H), 1.56 — 1.44 (m, 4H), 1.40 (s, 9H), 0.86 (td, J = 7.4,
5.1 Hz, 6H). °C NMR (75 MHz, CDCl3) & 171.2, 156.3, 141.9 (d, J = 6.8 Hz), 129.3 (d, J =
180.4 Hz), 81.8, 79.8, 76.0 (d, J = 20.2Hz), 54.1, 52.8 (d), 52.7 (d), 49.8 (d), 30.7 (d), 28.2, 25.9,
25.6, 23.1, 9.7, 9.3. HR-ESI-MS calculated for CyH3;0/NaN,P (M+Na)"™ 471.2231, found
471.2232.

Methyl (BR,4R,55)-4-acetamido-5-|(tert-butoxycarbonyl)-amino]-3-(1-ethylpropoxy)-1-
cyclohexene-1-phosphonate (16)

Q
MeO—P-OH
Boc.
oc H o
HNW/

An aqueous solution of NaOH (0.5M; 2.8 mL) was added to a stirred solution of the
dimethoxyphosphonate 15 (0.31 g, 0.698 mmol) in 1,4-dioxane (2.8 mL). The reaction mixture
was stirred for 18 h at room temperature. The pH was adjusted to neutral by addition of

Amberlite IR 120 hydrogen form. Amberlite was removed by filtration and the filtrate was
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concentrated under reduced pressure. The residue was purified by flash column chromatography
(eluent EtOAc/MeOH gradient 6:1 to 1:2) to furnish phosphonic acid 16 (0.27 g, 91% yield) as a

white solid.

TLC (DCM/MeOH 2:1), R,=0.2. 'H NMR (600 MHz, D,0) & 6.32 (d, J=19.7 Hz, 1H), 4.25 (d,
J=18.6 Hz, 1H), 3.83 (t, /= 10.0 Hz, 1H), 3.75 (s, 1H), 3.52 (d, J = 10.7 Hz, 3H), 2.45 — 2.43
(m, 2H), 2.24 (s, 3H), 1.57 (dd, J=13.6, 6.7 Hz, 4H), 1.51 — 1.34 (m, 9H), 0.88 (dt, J=34.7, 7.3
Hz, 6H).>C NMR (151 MHz, D,0) & 174.2, 157.6, 137.0, 131.6, 130.5, 84.2, 80.9, 76.9, 76.7,
55.6, 51.6, 51.6, 49.3, 49.2, 31.1, 27.6, 25.6, 25.3, 22.2, 8.6, 8.5. °'P NMR (121 MHz, D,0) &
15.27. HR-ESI-MS calculated for C;9H3c07N,P (MJrH)+ 435.2255, found 435.2256.

(6-Azidohexyl) (BR,4R,5S5)-4-acetylamino-5-[(fert-butoxycarbonyl)-amino]-3-(1-
ethylpropoxy)-1-cyclohexene-1-phosphonic acid (17)

o N
Ho_p_o/\/\/\/ 3

Boc.
N Y (0]

HN\H/

o)

Methyl (3R,4R,5S)-4-acetamido-5-[(tert-butoxycarbonyl)-amino]-3-(1-ethylpropoxy)-1-
cyclohexene-1-phosphonate 16 (100 mg, 0.23 mmol) was dissolved in DMF (1.5 mL) followed
by addition of DIPEA (0.16 mL, 0.92 mmol), 1-azido-6-bromohexane (120 mg, 0.57 mmol) and
sodium iodide (5 mg, 0.034 mmol). The reaction was then purged with argon and heated to 60 °C
for 48 h. The solvent was evaporated under reduced pressure and the crude mixture purified by
flash chromatography (from EtOAc to EtOAc/MeOH 80:20) to yield the alkylated phosphonic
acid 17 (72 mg, 56%).

'H NMR (401 MHz, Methanol-d4) § 6.36 (d, J = 19.0 Hz, 1H), 4.15 — 4.00 (m, 1H), 3.88 — 3.78
(m, 1H), 3.77 (t, J = 6.4 Hz, 1H), 3.70 (dd, J = 10.0, 4.4 Hz, 1H), 3.55 — 3.44 (m, 1H), 3.41 (t, J
= 5.4 Hz, 1H), 3.28 (d, J = 6.8 Hz, 2H), 2.62 (d, /= 17.1 Hz, 1H), 2.22 (t, J = 14.2 Hz, 1H), 1.97
(s, 3H), 1.61 (m, 3H), 1.50 (ddd, J = 16.4, 7.6, 6.1 Hz, 4H), 1.43 (s, 12H), 1.34 (d, J = 6.6 Hz,
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2H), 0.89 (dt, J = 15.1, 7.4 Hz, 6H). °C NMR (101 MHz, Methanol-d4) § 172.4, 156.6, 136.0,
132.6 (d, J = 211.8 Hz), 82.1, 78.8, 76.5, 64.2, 55.2, 54.5, 51.0, 30.4, 28.5 (x3), 27.4, 26.2, 26.0,
25.4, 25.2, 21.7, 18.0, 8.6, 8.3. *'P NMR (162 MHz, Methanol-d4) & 13.12. HR-ESI-MS
calculated for Co4H4307N5P = 544.2906, found 544.2906.

Ethyl (3R,4R,5S)-4-acetamido-5-[ N*,N*-bis(ter-butoxycarbonyl)guanidino]-3-(1-
ethylpropoxy)-1-cyclohexene-1-carboxylate

Boc\
BOC\ jﬁ

Mercury(Il) chloride (0.11 g, 0.40 mmol) was added portionwise to a solution of oseltamivir
base 6 (0.10 g, 0.32 mmol), N,N'—di-(tert-butoxycarbonyl)thiourea (0.11 g, 0.40 mmol) and
triethylamine (0.11 mL, 0.80 mmol) in DMF (15 mL) at 0 °C. The reaction mixture was stirred
for 24 h at room temperature. The mixture was diluted with EtOAc (10 mL), filtered through a
pad of Celite and concentrated under reduced pressure. The residue was diluted with water (30
mL) and extracted with EtOAc (3x10 mL). The combined organic phase was washed with water,
brine, dried over Na,SO,, filtered and evaporated. The residue was purified by flash column
chromatography (eluent Hexanes/EtOAc, 2:1) to afford the Boc-protected guanidine derivative 7
(0.16 g, 89%).

TLC (Hexanes/EtOAc 1:1) Ry = 0.4. "H NMR (300 MHz, CDCl3) & 11.33 (s, 1H), 8.57 (d, J =
8.1 Hz, 1H), 6.76 (s, 1H), 6.16 (d, J = 8.9 Hz, 1H), 4.43 — 4.23 (m, 1H), 4.20 — 4.01 (m, 3H),
3.96 (d, J = 7.7 Hz, 1H), 3.36 — 3.21 (m, 1H), 2.72 (dd, J = 17.6, 5.3 Hz, 1H), 2.42 — 2.23 (m,
1H), 1.85 (s, 3H), 1.55 — 1.49 (m, J = 8.4, 4.7 Hz, 22H), 1.22 (dd, J = 12.6, 5.5 Hz, 3H), 0.82 (dt,
J=10.3, 7.4 Hz, 6H). >C NMR (101 MHz, CDCls) § 170.3, 166.0, 163.3, 157.0, 152.7, 138.1,
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128.7, 83.6, 82.8, 79.6, 76.3, 61.1, 54.5, 48.2, 30.6, 28.41, 28.2, 26.2, 25.9, 23.4, 14.3, 9.7, 9.4.
HR-ESI-MS calculated for C,7H4705N4 (M+H)™ 555.3388, found 555.3389.

(3R, 4R,55)-4-Acetamido-5-[N*,N*-bis(tert-butoxycarbonyl)guanidino]-3-(1-ethylpropoxy)-1-

cyclohexene-1-carboxylic acid
Boc\
BOC\ jﬁ
ﬁ

An aqueous solution of NaOH (0.5 M; 0.55 mL) was added to a solution of ester (0.15 g, 0.27
mmol) in 1,4-dioxane (0.55 mL). The reaction mixture was stirred overnight at room
temperature. The pH was adjusted to neutral by addition of Amberlite IR 120 hydrogen form.
Amberlite was removed by filtration and the filtrate was concentrated under reduced pressure.
The residue was purified by flash column chromatography (Toluene/EtOAc/AcOH 1:1:0.5%) to
afford the free acid (0.07 g, 48%).

TLC (Toluene/EtOAc/AcOH 1:1:0.5%) Ry = 0.2. "H NMR (300 MHz, CDCl;) & 8.64 (d, J = 8.1
Hz, 1H), 6.82 (s, 1H), 6.23 (d, J = 8.9 Hz, 1H), 4.39 (dd, J = 8.3, 6.0 Hz, 1H), 4.26 — 4.16 (m,
2H), 4.16 — 4.08 (m, 1H), 4.06 — 3.98 (m, 1H), 3.41 — 3.29 (m, 1H), 2.78 (dd, J = 17.6, 5.3 Hz,
1H), 2.47 — 2.32 (m, 1H), 1.91 (s, 3H), 1.61 — 1.41 (m, 22H), 1.27 (dt, J = 10.9, 7.1 Hz, 4H),
0.89 (dt, J=10.3, 7.4 Hz, 6H). >C NMR (75 MHz, CD;0D) & 173.6, 169.3, 164.4, 157.7, 153.7,
138.7, 130.4, 84.6, 84.0, 80.5, 76.6, 54.6, 50.0, 31.4, 28.5, 28.2, 27.3, 26.9, 22.7, 9.9, 9.7. HR-
ESI-MS calculated for C,sH4303N4 (MJrH)+ 527.3075, found 527.3076.
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Dimethyl (BR.4R,55)-4-acetamido-5-[/V2,N3-bis(tert-butoxycarbonyl)guanidino]-3-(1-
ethylpropoxy)-1-cyclohexene-1-phosphonate

Q
MeO—P—-OMe
Boc.
B
Boc.
oc ” H : o
HNW
0]

The Boc-protected phosphonate 16 (0.12 g, 0.259 mmol) was treated with trifluoroacetic acid
(100%, 1 mL) for 1 h and then the trifluoroacetic acid was removed by evaporation under
reduced pressure. The residue was dissolved in acetonitrile (1.5 mL) and triethylamine (0.18 mL,
1.29 mmol) was added dropwise followed by the addition of N,N’-di-Boc-1H-pyrazole-1-
carboxamidine (0.08 g, 0.26 mmol). The reaction mixture was stirred for 18 h at room
temperature and then was evaporated to dryness. The residue was purified by flash column
chromatography (eluent EtOAc gradient to EtOAc/MeOH 6:1) to afford the guanidine
phosphonate (0.07 g, 47% yield).

'H NMR (300 MHz, CDCl3) & 11.39 (s, 1H), 8.60 (d, J = 7.3 Hz, 1H), 6.64 (d, J = 22.5 Hz, 1H),
6.35(d,J=9.2 Hz, 1H), 4.41 (d, J=8.2 Hz, 1H), 4.23 — 4.04 (m, 1H), 3.99 (s, 1H), 3.73 (s, 3H),
3.70 (s, 3H), 3.39 — 3.27 (m, 1H), 2.72 — 2.58 (m, 1H), 2.36 — 2.22 (m, 1H), 1.92 (s, 3H), 1.58 —
1.41 (m, 22H), 0.88 (dd, J = 16.2, 7.4 Hz, 6H). >C NMR (75 MHz, CDCls) & 170.6, 163.2,
157.0, 152.7, 143.2, 143.1, 132.2, 132.1, 126.6, 124.1, 83.7, 82.8, 79.8, 76.4, 76.1, 54.3, 52.8,
52.7, 52.6, 52.6, 48.4, 48.2, 30.9, 30.8, 28.3, 28.1, 26.0, 25.7, 23.3, 9.6, 9.3. HR-ESI-MS
calculated for C,6H4309N4P (M+H)" 591.3153, found 591.3153.
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Ethyl  (3R,4R,55)-4-acetamido-5-| V-[dimethyl  aspartyl]methyl]-3-(1-ethylpropoxy)-1-
cyclohexene-1-carboxylate (21)

ﬁ

Dimethyl maleate (0.57 g, 4.0 mmol) was added to a stirred solution of oseltamivir free base 5
(0.22 g, 0.73 mmol) in methanol (3 mL) and the mixture was refluxed overnight. The solvent
was evaporated under reduced pressure and the residue was purified by flash chromatography

(DCM/MeOH 90:10) to yield the mixture of diastereomers 21 (0.25 g, 75%).

'H NMR (300 MHz, CDCl3) & 6.68 (s, 1H), 6.03 (d, J = 7.5 Hz, 1H), 4.26 (d, J = 8.3 Hz, 1H),
4.19 — 4.01 (m, 2H), 3.64 (s, 3H), 3.67 — 3.63 (m, 1H), 3.60 (s, 3H), 3.51 — 3.36 (m, 1H), 3.35 —
3.20 (m, 1H), 3.08 (dt, J = 10.1, 5.0 Hz, 1H), 2.96 — 2.86 (m, 1H), 2.72 — 2.52 (m, 3H), 2.10 —
1.95 (m, 1H), 1.92 (s, 3H), 1.42 (ddt, J= 7.4, 5.7, 1.9 Hz, 4H), 1.26 — 1.13 (m, 3H), 0.90 — 0.75
(m, 6H). °C NMR (75 MHz, CDCls) of major diastereomer & 174.2, 171.4, 170.9, 166.3, 137.7,
129.0, 81.7, 74.4, 60.7, 57.4, 56.1, 53.4, 52.3, 51.8, 37.8, 31.5, 26.2, 25.6, 23.6, 14.2, 9.5, 9.3.
BC NMR (75 MHz, CDCI3) of minor diastereomer & 174.8, 171.3, 171.0, 166.5, 137.8, 129.1,
82.0, 75.9, 60.9, 55.9, 55.2, 53.8, 52.4, 52.0, 38.7, 31.7, 26.2, 25.7, 23.8, 14.3, 9.7, 9.4. HR-ESI-
MS calculated for C,oH36N-OgNa (MJrNa)+ 479.2364, found 479.2364.
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Ethyl (BR,4R,55)-4-Acetamido-5-{2-[2-(2-methoxyethoxy)ethoxy]acetamido}-3-(1-
ethylpropoxy)-1-cyclohexene-1-carboxylate (22)

Ow\o/\/OQJ\ 5\%

To a solution of 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (0.28 g,
0.87 mmol) and 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (0.13 g, 0.72 mmol) in DMF (3 mL)
was added triethylamine (0.5 ml, 3.6 mmol). The reaction mixture was stirred for 5 min at room
temperature followed by addition of Oseltamivir phosphate § (0.15 g, 0.36 mmol) and the
reaction was stirred for an additional for 16 h. The reaction mixture was quenched by addition of
water (10 mL) and NaHCO; saturated solution (5 mL) until the pH was slightly basic. The
aqueous solution was extracted with DCM and the combined organic phases were washed with
water and brine, dried over Na,SO4, and evaporated to dryness under reduced pressure.
Purification of the crude residue by flash column chromatography (eluent DCM/MeOH 90:10)
furnished the amide 22 (0.16 g, 93%).

'H NMR (401 MHz, CDCl3) & 7.33 (d, J = 8.6 Hz, 1H), 6.82 — 6.74 (m, 1H), 6.06 (d, /= 8.8 Hz,
1H), 4.19 (qd, J = 7.1, 1.0 Hz, 3H), 4.13 — 4.06 (m, 1H), 4.04 — 3.99 (m, 1H), 3.69 — 3.61 (m,
8H), 3.59 — 3.52 (m, 2H), 3.37 - 3.31 (m, 1H), 3.35 (s, 3H), 2.85 — 2.69 (m, 1H), 2.37 (dd, J =
17.7,9.8 Hz, 1H), 1.92 (s, 3H), 1.56 — 1.43 (m, 4H), 1.27 (t, /= 7.1 Hz, 3H), 0.87 (dt, /= 10.4,
7.4 Hz, 6H). °C NMR (101 MHz, CDCl3) § 170.8, 170.7, 166.1, 137.9, 129.3, 82.4, 75.7, 72.0,
71.1, 70.7, 70.4, 70.4, 61.0, 59.1, 54.5, 47.5, 30.6, 26.3, 25.8, 23.4, 14.3, 9.7, 9.4. HR-ESI-MS
calculated for C,3H400sN, (M+H) " 473.2865, found 473.2857.
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Ethyl (3R,4R,5S5)-4-acetamido-5-[(1-ethoxy-1-oxopropan-2-yl)amino]-3-(1-ethylpropoxy)-1-

cyclohexene-1-carboxylate.

To a solution of oseltamivir phosphate 5 (0.2 g, 0.49 mmol) and ethyl 2-bromopropionate (0.11
g, 0.58 mmol) in DMF (3 mL) was added NaHCOs3 (0.25 g, 2.9 mmol) portionwise. The reaction
mixture was stirred at 80 °C overnight. The mixture was then quenched by the addition of water
(5 mL) and extracted with EtOAc (3x 10 mL). The combined organic extracts was washed with
water (2x 5 mL) and brine (3 mL), dried over anhydrous MgSO, and evaporated to dryness. The
resulting residue was purified by flash chromatography (EtOAc) to yield 70 mg of the A
diastereomer and 77 mg of the B diastereomer, (73 % combined yield).

A diastereomer, less polar (S) (18)

'H NMR (300 MHz, CDCl3) & 6.82 — 6.70 (m, 1H), 5.66 (d, J = 7.9 Hz, 1H), 4.29 (ddd, J = 5.9,
2.9, 1.5 Hz, 1H), 4.17 (tt, J= 8.1, 7.1 Hz, 4H), 3.55 (dt, J=9.7, 7.8 Hz, 1H), 3.46 (q, /= 7.0 Hz,
1H), 3.33 (q, /= 5.7 Hz, 1H), 3.15 (ddd, J=9.8, 8.8, 5.3 Hz, 1H), 2.75 - 2.60 (m, 1H), 2.18 (ddt,
J=11.7,5.5,2.8 Hz, 1H), 2.13 - 2.02 (m, 1H), 1.99 (s, 3H), 1.57 - 1.40 (m, 4H), 1.32 - 1.19 (m,
9H), 0.88 (t, J = 7.4 Hz, 6H). °C NMR (75 MHz, CDCl3) & 176.0, 170.7, 166.5, 137.4, 129.5,
81.9, 743, 60.9 (2x OCH,CHj3), 57.0, 55.1, 52.9, 31.5, 26.3, 25.9, 23.8, 194, 143 (2x
OCH,CHj3), 9.6, 9.5.

B diastereomer, more polar (R) (19)
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'H NMR (300 MHz, CDCl3) § 6.73 (t, J = 2.5 Hz, 1H), 5.80 (d, J = 6.6 Hz, 1H), 4.15 (dtd, J =
8.6, 7.0, 3.3 Hz, 4H), 4.07 — 3.99 (m, 1H), 3.77 (dt, J = 10.7, 8.7 Hz, 1H), 3.49 — 3.38 (m, 1H),
3.35-3.24 (m, 1H), 2.83 — 2.70 (m, 1H), 2.70 — 2.60 (m, 1H), 2.09 (q, J = 5.2, 4.8 Hz, 2H), 2.03
(s, 3H), 1.56 — 1.38 (m, 4H), 1.25 (td, J = 6.8, 4.3 Hz, 9H), 0.95 — 0.76 (m, 6H). °C NMR (75
MHz, CDCl;) 6 176.4, 170.8, 166.4, 137.7, 129.0, 81.8, 75.8, 60.8 (2x OCH,CH3), 55.4, 53.8,
53.5,31.4,26.1, 25.6,23.7,19.8, 14.2 (2x OCH,CH3), 9.5, 9.2.

HR-ESI-MS calculated for C,;H36N.OgNa (MJrNa)+ 435.2466, found 435.2466.

Ethyl (3R,4R,5S)-4-acetamido-5-|N-((R)-1-ethoxy-1-oxopropan-2-yl)-4-nitrobenzamido]-3-
(1-ethylpropoxy)-1-cyclohexene-1-carboxylate (20)

s

4-Nitrobenzoyl chloride (0.086 g, 0.46 mmol) was added to a solution of the B diastereomer 19
(0.16 g, 0.39 mmol) and trimethylamine (0.1 mL, 0.77 mmol) in DCM (3 mL). The reaction

OoN

mixture was stirred overnight at room temperature. The reaction was quenched by the addition of
water (1.5 mL) and the resulting mixture was extracted with EtOAc (3x 10mL). The combined
organic extracts were washed with water, brine and were evaporated to dryness. The residue was
purified by flash chromatography (Hex/EtOAc 1:2) which was followed by crystallization
(EtOH) to furnish the desired compound 20 (79 mg, 36% yield).

'H NMR (401 MHz, Chloroform-ds) & 8.26 (d, J = 8.7 Hz, 2H), 7.48 (d, J = 8.7 Hz, 2H), 7.13
(d, J=6.1 Hz, 1H), 6.75 (t, J=2.4 Hz, 1H), 5.10 (dd, J= 7.3, 3.5 Hz, 1H), 4.63 (td, /= 10.9, 6.2
Hz, 1H), 4.35 — 4.16 (m, 4H), 3.79 (q, J = 6.8 Hz, 1H), 3.25 (p, J = 5.7 Hz, 1H), 3.10 (ddd, J =
11.3, 8.5, 6.1 Hz, 1H), 2.89 — 2.77 (m, 1H), 2.56 — 2.43 (m, 1H), 1.96 (d, J = 6.3 Hz, 3H), 1.67
(d, J = 6.8 Hz, 3H), 1.55 — 1.40 (m, 4H), 1.39 — 1.27 (m, 6H), 0.95 — 0.80 (m, 6H). °C NMR
(101 MHz, CDCl3) 8 171.7, 171.1, 169.8, 166.0, 148.8, 141.2, 138.9, 128.3, 127.9, 126.9, 124.1,
124.0, 82.1, 71.2, 62.2, 61.3, 56.7, 55.6, 52.6, 28.4, 26.5, 25.7, 24.3, 16.3, 14.4, 14.2, 9.8, 9.3.
HR-ESI-MS calculated for CogH39N3O9Na (MJrNa)+ 584.2578, found 584.2578.

X-ray analysis of the crystals determinates that the product obtained was the R diastereomer.
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