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ABSTRACT: Phosphonamidate 1 is a key fragment in the assembly of rovafovir etalafenamide, a novel nucleotide reverse
transcriptase inhibitor under development at Gilead Sciences for the treatment of HIV infection. An early manufacturing route,
relying on simulated moving bed (SMB) chromatography for the separation of phosphorus diastereomers, was executed on scale to
produce multiple batches of 1. However, developing alternative synthetic conditions became desirable in consideration of the high
production cost, long lead time, and high process mass intensity (PMI) associated with SMB. Several strategies to improve these
factors are described herein, including epimerization and recycling of the undesired (R)-phosphorus diastereomer, design of
stereoselective approaches to establish the desired (S)-configuration at phosphorus, and identification of conditions or derivatives to
allow for selective crystallization. Ultimately, a second-generation route to 1 was developed and demonstrated on scale. The new
route achieves the separation of phosphorus diastereomers by means of selective crystallization, does not require SMB, and offers
lower PMI, cost, and lead time.
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1. INTRODUCTION
Phosphonamidate prodrugs have been part of the medicinal
chemistry toolbox since the early 1990s, when McGuigan and
co-workers pioneered the ProTide (pronucelotide) strategy to
improve the bioavailability and potency relative to the parent
phosphonic acids.1 Within this context, the prodrug tenofovir
alafenamide fumarate (TAF, 4, Figure 1), a nucleotide reverse

transcriptase inhibitor (NRTI) approved for the treatment of
HIV and HBV infections, represents an example of successful
phosphonamidate prodrug implementation,2 achieving im-
proved properties compared to the phosphonic acid backbone
tenofovir (2) and the phosphonate diester prodrug tenofovir
disoproxyl fumarate (TDF, 3). Similarly, structure−activity

relationship studies demonstrated that the phosphonamidate
prodrug rovafovir etalafenamide (GS-9131, 6) possesses
enhanced oral bioavailability and in vitro activity relative to its
precursor 5 and other prodrug moieties.3 The favorable
pharmacokinetic profile of rovafovir etalafenamide, along with
its unique activity against NRTI-resistant HIV-1 strains,
prompted its clinical development at Gilead Sciences.
Our retrosynthetic approach to 6 (Scheme 1) involves

disconnection to the phosphonamidate fragment 1 and the
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Figure 1. Phosphonamidate prodrugs.

Scheme 1. Retrosynthetic Approach to 6
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adenosine core 7. A preceding paper details the assembly of 6
from 1 and 7.4 Herein, we describe the evolution of the synthetic
process to phosphonamidate 1 from its inception, requiring
chromatographic separation of phosphorus diastereomers, to a
more efficient, second-generation variant relying on selective
crystallization.
The original synthetic route to 1 is shown in Scheme 2.5

Silylation of diphenylphosphite with N,O-bis(trimethylsilyl)-
trifluoroacetamide (BSTFA), followed by alkylation with
benzyloxymethyl chloride (BOMCl) delivered intermediate 8,
which wasmonohydrolyzed and isolated as the sodium salt 9 in a
fully telescoped sequence (77−88% overall yield). Conversion
of 9 to the phosphonochloridate 10 and displacement by L-
alanine ethyl ester (11) afforded a 45:55 mixture of phosphorus
epimers 12 and 13 favoring the undesired (RP)-isomer (61−
87% yield). The diastereomers were separated by simulated
moving bed (SMB) chromatography on chiral stationary phase
(CSP) to furnish the desired (SP)-diastereomer 12 (99.5:0.5 dr,
38−47% yield) as an ethanolic solution. Finally, hydrogenolysis
of the benzyl-protecting group and crystallization from methyl
tert-butyl ether (MTBE) delivered 1 (78−86% yield) as a single
diastereomer in >99% area-normalized (AN) purity.
This sequence was executed on manufacturing scale to

produce multiple batches of 1 in 22% overall yield (four steps).
However, as the demand for material increased, several issues
associated with the synthetic route became apparent. First,
reliance on SMB for the separation of diastereomers (step 3) was
identified as a major contributor to high cost, process mass
intensity (PMI),6 and long lead time in the production of 1. It
was estimated that SMB accounts for 36% of the production
time and 20% of the total PMI, considering all solvents required
for the chromatographic separation itself and solvents/water

needed for solvent exchange operations from step 2 [dichloro-
methane (DCM)/toluene to ethanol] to step 4 (ethanol to
DCM). Second, the BOMCl alkylation step (step 1) turned out
to be sensitive to the quality of the electrophile and often
required additional charges to reach full conversion. Third, the
intermediates involved in the displacement reaction (step 2)
were found to be highly susceptible to hydrolytic degradation,
thus requiring strictly anhydrous conditions to prevent the
formation of impurities.
Overall, these factors limited the scalability of the process and

revealed the need for alternative conditions to reduce cost and
lead time. Our research initially focused on developing a
recycling strategy to recover the unwanted isomer 13 from SMB
separation, hence improving the overall yield and reducing the
cost of the current process. Concurrently, in an effort to remove
SMB altogether to reduce the lead time, stereoselective synthesis
and selective crystallization were investigated as alternatives.
These endeavors culminated in the design of a more efficient
SMB-free second-generation route that overcomes the pre-
viously identified shortcomings.

2. RESULTS AND DISCUSSION

2.1. Recycling Strategy Applied to the Current
Process. The undesired (RP)-isomer 13 is obtained by SMB
separation of a nearly 1:1 mixture of phosphorus epimers as a
40−60 wt % ethanolic solution (raffinate, Scheme 3). In
previous manufacturing campaigns, this material was discarded,
thereby contributing to low overall yield and high waste burden.
To increase the efficiency of the synthetic route, the recycling of
13 via P-epimerization was examined.

Scheme 2. First-Generation Route to Phosphonamidate 1

Scheme 3. Epimer Recycling Strategy
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Previous studies with compound S1 had identified the
combination of catalytic amounts of 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) and phenol in the presence of a drying
agent as suitable conditions for epimerization at phosphorus
(see Supporting Information). These conditions were used as
the starting point to further optimize the epimerization of 13.
The raffinate was received as a solution in ethanol from SMB

separation, with 13 accounting for 65.9% AN of the mixture
composition and in 98.8:1.2 dr (Table 1, entry 1). The raffinate
also contained a mixture of phenol and 147 [inseparable by
ultraperformance liquid chromatography (UPLC) analysis]
amounting to 27.0% AN. Given the incompatibility of 13 with
a mixture of alcohol and base (which would lead to the
displacement of phenol by the alcohol), solvent exchange from
ethanol to a suitable reaction solvent was necessary prior to the
initiation of the epimerization reaction. Screening of drying
agents and solvents (entries 2−7) identified DCM and 4 Å
powder molecular sieves as a suitable combination to reach a 1:1
mixture of isomers with little loss to hydrolysis (entry 3).
Omission of drying agents resulted in a higher loss to hydrolysis
(entry 2). After further optimization of these conditions, it was
determined that 20 mol % DBU allows to reach equilibrium as a
1:1 mixture within 20 h (entries 11−13). Additionally, the
amount of phenol has little impact on the reaction outcome
(entries 3, 10, and 13), as some phenol (typically 5−10mol %) is
already present in the SMB raffinate.
A 50 g scale experiment was carried out to assess the scalability

of the optimized conditions (Scheme 4). The ethanolic SMB
raffinate containing 13 was first diluted with DCM (2 V) and

washed with water (3× 2 V) to remove ethanol completely. The
resulting DCM solution was treated with 4 Å powder molecular
sieves (0.5 S) and subjected to the epimerization conditions.
The reaction provided 12/13 in 96% yield as a 47:53 mixture of
diastereomers after work-up.
Two limiting mechanisms can be envisioned for P-

epimerization of phosphonamidates (Figure 2):8 (i) a

dissociative, elimination−addition mechanism by deprotona-
tion at nitrogen and ejection of phenolate, proceeding through
metaphosphonimidate i, and (ii) an associative, SN2-type
mechanism by direct nucleophilic attack at phosphorus of
phenolate (formed from phenol and base) or nucleophilic base,
proceeding through the pentacoordinate intermediate or
transition state ii.9 Experimental evidence gathered over the
course of these studies suggests that the former hypothesis is
more plausible (Table 2). In addition to DBU, epimerization
also proceeds in the presence of guanidine bases (pKa BH+ > 16,
entries 1−3) but not with tertiary amines or other weaker bases
(pKa BH+ < 15, entries 5−7). The pKa value of the conjugate acid,
rather than its nucleophilicity, seems to be the determining
factor. Moreover, epimerization does not proceed with the N-
benzyl derivative 15 (entry 4), where deprotonation at nitrogen
is not possible. These observations support an elimination−

Table 1. Optimization of Epimerization Reaction Conditions

conditions results (% AN)a

entry DBU (mol %) PhOH (mol %) solvent drying agent 12 13 14 + PhOH

1 SMB raffinate 0.8 65.9 27.0
2 20 10 DCM 21.1 21.4 52.8
3 20 10 DCM 4 Å MS powder 28.2 28.3 39.9
4 20 10 DCM 4 Å MS beads 27.0 27.1 41.9
5 20 10 DCM BSA 1.2 58.5 36.1
6 20 10 THF 4 Å MS powder 27.4 29.4 40.4
7 20 10 toluene 4 Å MS powder 29.0 31.6 36.4
8 5 5 DCM 4 Å MS powder 19.7 43.7 32.0
9 10 5 DCM 4 Å MS powder 30.7 33.0 32.0
10 20 5 DCM 4 Å MS powder 31.2 31.2 33.1
11 5 DCM 4 Å MS powder 11.9 54.1 28.4
12 10 DCM 4 Å MS powder 32.2 34.9 29.1
13 20 DCM 4 Å MS powder 32.7 32.6 29.0

aDetermined by UPLC−MS.

Scheme 4. Optimized Reaction Conditions for P-
Epimerization

Figure 2. Epimerization mechanisms.
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association mechanism through metaphosphonimidate i, with
the consequent loss of stereochemical information.
2.2. Stereoselective Synthesis. The development of

stereoselective methods to access phosphoric/phosphonic acid
derivatives as single isomers has been largely stimulated by the
well-established influence of the phosphorus configuration on
biological activity.3a,12,13 The existing stereoselective methods
rely on a chiral auxiliary,14 enzymatic kinetic resolution,15

dynamic kinetic asymmetric transformation (DYKAT)16 of a
configurationally labile intermediate,13,17 organocatalysis,18 or
stereospecific displacement on a stereodefined substrate.19 In an
effort to avoid physical methods of separation (either
chromatography or crystallization), we investigated the
possibility of synthesizing 1 stereoselectively by means of chiral
auxiliary and/or DYKAT strategies.

Previously, the investigation of the stereoselective synthesis of
4 had revealed the possibility of establishing the desired
configuration at phosphorus via crystallization-induced asym-
metric transformation (CIAT)20 of a configurationally labile
phosphonochloridate intermediate. As 1 possesses the same
stereochemical arrangement at the phosphorus atom as 4, we
envisioned that, by installing a benzimidazole-derived chiral
auxiliary (16, Scheme 5) as a surrogate of the chiral
adeninopropanol chain in 4, a similar CIAT process could be
accessed during chlorination to provide diastereomerically
enriched 18. The benzimidazole moiety was chosen to
potentially impart crystallinity to the phosphonochloridate
intermediate 17. Moreover, the presence of a phenyl group
would aid the cleavage of the chiral auxiliary by hydrogenolysis
in the final step.
Substrate 16 was synthesized in six steps from (R)-

phenyloxirane and benzimidazole (see Supporting Informa-
tion). The intended CIAT mechanism was investigated by
reacting 16 with thionyl chloride in various solvents [MeCN,
iPrOAc, MTBE, cyclopentyl methyl ether (CPME), 2-
methyltetrahydrofuran (MeTHF), toluene, trifluorotoluene,
and chlorobenzene] but proved unsuccessful. In most cases,
the phosphonochloridate 17 did not crystallize from the reaction
mixture or, when it did [in tetrahydrofuran (THF) and
MeTHF], no significant diastereomeric enrichment was
observed upon displacement with alanine.
Despite the unsuccessful attempts at obtaining enrichment via

CIAT, we envisioned that the benzimidazole-derived chiral
auxiliary could be leveraged in a DYKATmechanism. Based on a
precedent of phosphonamidate synthesis via DYKAT,17a

reaction conditions were developed to access material enriched
in up to 65:35 dr from phosphonic dichloride 20 by sequential
treatment with 11 and phenol (Scheme 6). However, cleavage of
the chiral auxiliary by hydrogenation revealed that the selectivity
was in favor of the undesired (RP)-diastereomer 19. To exploit
such stereochemical preference to our advantage, an alternative
strategy was devised. Dichloride 20was treated sequentially with
11 and an electron-poor phenol that could act as a leaving group
(Scheme 7). As expected, mixtures enriched in (RP)-
diastereomer were obtained. Among the activated phenols that
we tested (nitrophenols and pentafluorophenol), 3-nitrophenol
gave the highest dr (65:35). The resulting phosphonamidate 21
was then treated with sodium phenoxide in DCM, affording the
desired (SP)-diastereomer 18 in 79:21 dr.
With a diastereoselective route to the desired (SP)-

diastereomer in hand, our attention turned to the final

Table 2. Impact of Base Selection on the Epimerization
Reaction

aReference 10a. bReference 10b. cReference 10c. dpKa values for
isothioureas are in the 7.3−10.3 range (ref 11). eSubstrate 15 was
used.

Scheme 5. Use of Benzimidazole-Derived Chiral Auxiliary in a CIAT Process
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deprotection step. Contrary to our expectations, removal of the
benzylic chiral auxiliary by hydrogenolysis was problematic. Full
conversion of 18 to 1 could only be achieved with a high loading
of a mixture of Pd/C and Pd(OH)2/C (76 mol % each), under 4
bar of H2 at 60 °C over 6 days. Due to these challenges, chiral
auxiliary routes were not further investigated.
Encouraged by the diastereoselectivity trends observed with

the chiral auxiliary-bearing substrate 20, we further evaluated
DYKAT approaches using a variety of O- and/or N-substituted
derivatives (Table 3). Initial attempts using O-benzyl

phosphonic dichloride 22 and 11 provided the corresponding
phosphonamidates in modest diastereomeric enrichment in
favor of the undesired (RP)-isomer (40:60 dr, entry 1).
However, switching to N-benzyl Ala-OEt (24) as the
nucleophile improved the dr to 74:26, favoring the (SP)-isomer
(entry 2). Interestingly, the diastereoselectivity is affected by the
choice of the base for the individual additions. The highest (SP)-
selectivity was obtained with a mixture of N-methylimidozole
(NMI) and triethylamine (TEA). When NMI alone was used in
step 1, selectivity reversed to favor the (RP)-isomer (34:66 dr;
not listed). A more pronounced effect was also observed with 4-
(dimethylamino) pyridine (DMAP) [20:80 dr, favoring (RP),
entry 3]. It is possible that nucleophilic, unhindered bases
change the mechanism of substitution such that nucleophilic
addition of the base to the phosphonamidyl chloride occurs
prior to the addition of phenol. Unfortunately, these conditions
were ineffective with the displaceable 4-nitrophenol nucleophile,
providing little dr enhancement (41:59 dr, entry 4). In an effort
to improve diastereoselectivity and/or obtain crystalline
products whose dr could be further enhanced by crystallization,
additional substitution patterns were investigated. Gratifyingly,
it was found that the TsO-phosphonic dichloride 23, combined
with 24, yields excellent levels of selectivity (96:4 dr), yet
favoring the undesired (RP)-diastereomer (entries 6−7). In
contrast, reaction of 23 with unprotected alanine 11 resulted in
lower selectivity (59:41 dr, entry 5). As previously accomplished

Scheme 6. Use of Benzimidazole-Derived Chiral Auxiliary in a DYKAT Process

Scheme 7. Use of Benzimidazole-Derived Chiral Auxiliary in
a DYKAT Process with 3-Nitrophenol

Table 3. DYKAT Sequence Using N- and O-Derivatives

entry R1 R2 step 1 conditions Ar step 2 conditions (SP)/(RP) dr
b

1 Bn H NMI (2.2 equiv) MeCN, −5 to 22 °C Ph NMI (1.1 equiv) MeCN, −5 to 22 °C 40:60
2 Bna TEA (3.0 equiv) NMI (1.0 equiv) DCM, −5 °C Ph NMI (1.1 equiv) DCM, −5 to 22 °C 74:26
3 Bna DMAP (3.0 equiv) NMI (1.0 equiv) DCM, 0 to 22 °C Ph NMI (1.1 equiv) DCM, 0 to 22 °C 20:80
4 Bna DMAP (3.0 equiv) NMI (1.0 equiv) DCM, 0 to 22 °C 4-(NO2)-C6H4 NMI (1.15 equiv) DCM, 0 to 22 °C 41:59
5 Ts H NMI (3.5 equiv) DCM/MeCN, 0 °C Ph NMI (1.0 equiv) DCM, 0 to 22 °C 59:41
6 Bn NMI (3.5 equiv) DCM/MeCN, 0 °C Ph DCM, 0 to 22 °C 4:96
7 Bn NMI (3.5 equiv) DCM/MeCN, 0 °C 3-(NO2)-C6H4 DCM, 0 to 22 °C 4:96

aThe free base of the alanine derivative was used. bDetermined by UPLC or 31P NMR.
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with substrate 20, the high (RP)-selectivity could be turned to
our advantage by carrying out the displacement with 3-
nitrophenol (yielding 25), followed by treatment with sodium
phenolate (Scheme 8). Through this sequence, the desired (SP)-
isomer 26 was obtained in 85:15 dr.

Unfortunately, challenges were encountered in the conversion
of 26 to the unprotected phosphonamidate 1 by the removal of
the protecting groups. Tosyl cleavage (CeCl3·H2O/NaI) or
conversion to theO-benzyl derivative (TBAI/BnOH) could not
be accomplished without decomposition of the relatively
unstable phosphonamidate moiety. The N-benzyl group also
proved difficult to be removed by hydrogenolysis. With the
phosphonamidate derivative 15 (obtained through the con-
ditions in Table 3, entry 2), complete hydrogenolytic cleavage of
theN-benzyl group could only be achieved with a high loading of
Pd/C and Pd(OH)2/C (40 mol % each), under 4 bar of H2 at 60
°C over 2 days. Given the unsuccessful conversion of 26 to 1 and
the poor step/atom economy for other derivatives under
analysis, we chose to deprioritize research into diastereoselective
approaches.
2.3. Selective Crystallization. As the investigation of

stereoselective phosphonamidate synthesis was unable to deliver
a scalable, satisfactory alternative to SMB, our attention shifted
to the selective crystallization of the desired diastereomer. Two
opportunities exist in the current synthetic route for selective
crystallization: (i) crystallization of the benzylated intermediate
12 (or an alternative, O-protected precursor), and (ii)
crystallization of 1. The former option is preferable due to the
beneficial impact on PMI of positioning a low-yielding step
earlier in the synthesis.21

2.3.1. Synthesis and Selective Crystallization of Benzylated
Analogues. As 12 is a viscous liquid, research efforts focused on
the identification of crystalline, benzyl-substituted analogues of
12 to be exploited in a selective crystallization process, or, more
ambitiously, in a CIAT process. In order to be a practical
alternative to SMB, the intended analogue must satisfy the
following requirements: (i) be a crystalline, high-melting solid;
(ii) undergo selective crystallization (or CIAT) to provide
materials with high diastereomeric enrichment; (iii) contain a
functionalized benzylic protecting group easily removable by
hydrogenation; and (iv) generate a hydrogenation byproduct
that is easily removed from 1.
Benzylation of 1with benzylic halides was identified as a quick

strategy to provide access to a variety of analogues of 12 to be
evaluated for their crystallinity and capacity of crystallizing
selectively from the corresponding (RP)-epimers. Hydroxy-
methyl phosphonates and related compounds are poor

nucleophiles,22 typically requiring hydride bases23 or Ag2O
24

to undergo alkylation with alkyl halides. However, such
conditions resulted in the rapid decomposition of 1, and
alternative benzylation conditions (benzylic bromide and
organic/inorganic base) were equally unsuccessful. Nonethe-
less, acid-catalyzed benzylation using trichloroacetimidates
allowed for the preparation of several analogues (see Supporting
Information, Table S3), four of which were found to be
crystalline solids and chosen for further development (Table 4,

entries 1−4). Three corresponding undesired phosphorus
epimers (entries 5−7) were also synthesized to compare their
crystalline properties and initiate studies of crystallization from
mixtures of diastereomers.

2.3.1.1. 9-Fluorenyl and 4-Phenylbenzyl Analogues. In
preparation for crystallization studies, we sought to determine
the thermodynamic preference for either diastereomer under
equilibrating conditions. Epimerization of 27a with DBU/
phenol was examined in several solvents (Table 5). A consistent
ca. 50:50 dr was obtained after 4 days (entries 1−5).
Epimerization of 28a in DCM led to the same 50:50 dr (entry
6), thus confirming the lack of a thermodynamic preference for
either diastereomer.
Subsequently, crystallization experiments were carried out to

determine the possibility of enriching 27a from a mixture of P-
epimers (Table 6).Mixtures of 27a and 28awith a starting 74:26
dr were dissolved in a mixture of solvent/antisolvent and
subjected to cooling crystallization (5 °C). Analysis of the
crystallized solids showed improvement of the dr from 74:26 up
to 98:2 (entries 1−4). However, when crystallization was
attempted starting from a 51:49 mixture, no enrichment was
observed (entries 5−8). The recovered solids were obtained as
nearly 50:50 mixtures of diastereomers and were identified by
XRPD as a new solid form (mp = 88−90 °C). Extensive solvent
screening conducted on the new polymorph did not deliver any
enrichment. These observations suggest the existence of the two
diastereomers as a quasi-racemate20b that prevents selective
crystallization of 27a from a 1:1 mixture.

Scheme 8. DYKAT Sequence Using Phosphonic Dichloride
23 and 3-Nitrophenol

Table 4. Crystalline Analogues of 12 and 13
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Selective crystallization studies on the 4-phenylbenzyl
analogue 27b were executed in a similar fashion to 27a and
led to the same conclusions. Subjection of 27a to standard
epimerization conditions resulted in 50:50 dr, indicating the
absence of a thermodynamic preference for either diaster-
eoisomer. Moreover, selective crystallization trials from the dr =
49:51 input material resulted in no enrichment and detection of
a new crystalline form by XRPD (mp = 74 °C).
2.3.1.2. 9-Anthracenylmethyl Analogue. As with 27a and

27b, the 9-anthracenylmethyl analogue 27c was first subjected
to epimerization conditions (Table 7). While the reaction in
DCM returned the usual ca. 50:50 dr (entry 1), other solvents
resulted in diastereomeric mixtures slightly favoring 27c (entries
2−4).
Selective crystallization studies were next carried out,

beginning from 80:20 and 50:50 mixtures of diastereomers
(obtained by chromatographic purification of epimerized
reaction mixtures). The solids were dissolved in a mixture of
solvent/antisolvent and cooled to −3 °C (Table 8). Analysis of

the crystallized solids showed that dr had improved to 99:1 when
starting from an 80:20mixture (entries 1−3) and to≥91:9 when
starting from a 50:50 mixture (entries 4−6).
The significant dr enrichment obtained during crystallization,

along with the slight thermodynamic preference for the desired
isomer 27c in solution under equilibrating conditions, led us to
believe that a CIAT process could be developed (Table 9).
Thus, 51:49 27c/28c mixtures were subjected to standard
epimerization conditions in several solvents in which 27c has
low solubility (<20 mg/g).25 The suspensions were allowed to
equilibrate for 1−4 days at the indicated temperature, the
mixtures were then filtered, and the solids and mother liquors
were analyzed for dr and % recovery. The high diastereomeric
enrichment achieved (≥95:5, entries 1, 2, 5) and the >50%
recovery suggest that a CIAT mechanism is indeed operative.
Moreover, when the conditions of entry 6 were reproduced and
the solvent was allowed to slowly evaporate over 3 days, the
initial suspension fully converted to a crystalline solid of 95:5 dr.
Unfortunately, high-yielding, nonevaporative reaction condi-
tions could not be developed without experiencing a dr erosion
(entries 4, 6, 7).

Table 5. Epimerization of 27a

entry substrate solvent dr (27a/28a)a

1 27a DCM 50:50
2 THF 47:53
3 toluene 49:51
4 EtOAc 48:52
5 CH3CN 48:52
6 28a DCM 50:50

aDetermined by UPLC.

Table 6. Selective Crystallization of 27a

entry solvent initial dr (27a/28a)a final dr (27a/28a)a

1 THF/heptane 1:1 74:26 98:2
2 EtOAc/heptane 3:1 95:5
3 toluene/heptane 4:1 98:2
4 iPrOH/heptane 9:1 98:2
5 THF/heptane 2:3 51:49 55:45
6 toluene/heptane 4:1 47:53
7 MeTHF/heptane 1:1 49:51
8 MTBE/heptane 4:1 53:47

aDetermined by UPLC.

Table 7. Epimerization of 27c

entry solvent dr (27c/28c)a

1 DCM 51:49
2 EtOAc 54:46
3 iPrOAc 58:42
4 iPrOAc/MTBE 7:3 68:32

aDetermined by 31P NMR.

Table 8. Selective Crystallization of 27c

entry solvent initial dr (27c/28c)a final dr (27c/28c)a

1 EtOAc/heptane 2:1 80:20 99:1
2 iPrOH 99:1
3 THF/heptane 1:1 99:1
4 EtOAc/heptane 3:2 50:50 94:6
5 iPrOH/heptane 7:1 91:9
6 iPrOAc/heptane 7:2 92:8

aDetermined by 31P NMR.
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Concurrently, it was determined that the 9-anthracenylmethyl
group cannot be removed easily under hydrogenolytic
conditions due to the competing reduction of the 9,10-ring,
resulting in >40% of compound 29 under most of the catalytic
conditions screened (Scheme 9; see Supporting Information for
additional details).
2.3.1.3. Benzyloxycarbonyl Analogue. Investigation of the

selective crystallization of 27d revealed that, unlike analogues
27a and 27b, a 1:1 mixture of diastereomers does not give rise to
a new solid form, as determined by PXRD analysis. Moreover,
solubility studies showed a striking difference between the two
diastereomers in several solvents (Figure 3), with 27d being
typically more soluble than 28d.

Selective crystallization experiments were executed to
leverage the solubility difference and obtain diastereomerically
enriched 27d in the mother liquor. Mixtures of 27d/28d with
varying dr (53:47 to 62:38, favoring 27d) were subjected to
cooling crystallization in toluene and MTBE/toluene mixtures
(Table 10). The dr value in themother liquors was found to have
improved up to 86:14 (entry 4). This behavior is in stark

contrast with that of 27a and 27b, where no dr improvement
upon crystallization was observed from ca. 50:50 mixtures.
However, further experiments with toluene/MTBE solvent
mixtures failed to provide crystallization conditions that could
improve the dr above 85:15. Crystallization at this stage was
therefore disregarded as potentially inefficient.

2.3.2. Selective Crystallization of 1. 1 and its (RP)-epimer
(30) are both solid compounds. While 1 exhibits high
crystallinity and a sharp melting point at 73−74 °C, 30 is a
waxy solid melting at 38−40 °C. To develop a selective
crystallization of 1, its solubility was measured in various
solvents at 22 °C (Figure 4). 1 displays low solubility (<40 mg/
g) in aromatic hydrocarbons (toluene, p-xylene, and ethyl
benzene), butyl esters (butyl acetate, isobutyl acetate, and tert-
butyl acetate), and ethers (MTBE, CPME, tert-amyl methyl
ether, diisopropyl ether, and dibutyl ether). A complementary
solubility study using 30 was also performed with solvents in
which 1 is poorly soluble. The solubility difference was found to
be oftentimes remarkable, with 30 being approximately 20 times
more soluble than 1 in ethers and 50 times more soluble in
aromatic hydrocarbons.
With these data in hand, we felt confident that a cooling

crystallization would allow us to isolate 1 in high yield and dr
from a mixture of diastereomers. Among the solvents that

Table 9. Optimization of CIAT Conditions

entry solvent (amount) T (°C) solid recovery (%)a solid dr (27c/28c)b filtrate dr (27c/28c)b

1 iPrOAc (10 V) 21 46 97:3 54:45
2 iPrOAc (5 V) 21 57 95:5 75:25
4 iPrOAc (7 V) −3 62 92:8 39:61
5 CPME (7 V) 21 50 95:5 52:48
6 MTBE (15 V) 21 64 88:12 25:75
7 iPrOAc (4 V), MTBE(2 V) 21 65 93:7 76:24

aBased on the total 27c/28c input. bDetermined by 31P NMR.

Scheme 9. Hydrogenolysis of 27c

Figure 3. Solubility of 27d and 28d.

Table 10. Enrichment of 27d by Selective Crystallization of
28d

entry solvent T (°C)
initial dr

(27d/28d)a
final dr

(27d/28d)a,b

1 toluene −8 62:38 75:25
2 toluene −20 59:41 78:22
3 MTBE/toluene

2:1
−10 59:41 82:18

4 MTBE/toluene
2:1

−29 55:45 86:14

5 MTBE/toluene
1:1

−26 53:47 84:16

aDetermined by 31P NMR. bIn the mother liquor.

Organic Process Research & Development pubs.acs.org/OPRD Article

https://doi.org/10.1021/acs.oprd.0c00428
Org. Process Res. Dev. 2021, 25, 1247−1262

1254

http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.0c00428/suppl_file/op0c00428_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00428?fig=tbl9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00428?fig=tbl9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00428?fig=sch9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00428?fig=sch9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00428?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00428?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00428?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00428?fig=fig3&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.0c00428?rel=cite-as&ref=PDF&jav=VoR


displayed high solubility difference, toluene, CPME, and MTBE
were chosen for further investigation based on commercial
availability, cost, and toxicity considerations.
Selective crystallization studies were performed by dissolving

a 50:50 mixture of 1 and 30 in DCM and then exchanging the
solvent to MTBE, CPME, or toluene (15 V). The slurries were
cooled to−24 °C over 2 h and then aged for an additional 2 h. 1
was isolated by filtration and dried, and its purity/dr was
determined by 31P NMR (Table 11). Among the solvents tested,
MTBE proved to be superior as it afforded 1 as a single
diastereomer in high purity (entry 3).

The MTBE selective crystallization conditions were then
applied to a crude hydrogenolysis reaction mixture (Scheme
10). After hydrogenation of a mixture of 12 and 13 (44:56 dr),
the DCM organic phase was filtered through a pad of Celite to
remove the spent catalyst, followed by a water wash and solvent
exchange to MTBE (5 V). The solution was cooled to −23 °C
over 5 h and seeded with 1 (0.015 S) when the temperature

reached 5 °C. After aging at −23 °C for 17 h, 1 was isolated by
filtration in 32% yield and 96:4 dr.

2.4. Second-Generation Synthesis.With reliable selective
crystallization conditions in hand, a fully updated sequence to 1
was developed (Scheme 11). It was envisioned that moving to

the benzyloxycarbonyl (Cbz) protecting group would eliminate
the problematic use of BOMCl, while still accommodating the
hydrogenolytic protecting group removal at the end of the
synthesis. In addition, the Cbz group should be much easier to
re-install than the benzyl group on 3026 to support a recycling
strategy via the DBU/PhOH conditions.27

The synthesis begins with a five-step, telescoped sequence
starting from diphenyl phosphite (Scheme 12). Notably,
commercial sources of diphenyl phosphite contain variable
amounts of phenol (4−20mol %) and triphenyl phosphite (2−4
mol %), so any reaction conditions must be able to
accommodate these impurities. Silylation of diphenyl phosphite
using BSTFA, followed by Abramov reaction with paraformal-
dehyde at 90 °C provided the silyl ether 32 (Table 12, entry 1).
Whereas silyl phosphites react readily with simple aliphatic
aldehydes at room temperature,28 reactions of phosphonates
(other than methyl) with paraformaldehyde typically require

Figure 4. Solubility of 1 and 30 at 22 °C.

Table 11. Selective Crystallization of 1

entry solvent
yield
(%)a

purity
(% AN)b

solid dr
(1/30)b

filtrate dr
(1/30)b

1 toluene 70 94.0 94:6 76:24
2 CPME 64 95.2 97:3 77:23
3 MTBE 68 100 100:0 83:17

aBased on the maximum theoretical 50% yield. bDetermined by 31P
NMR.

Scheme 10. Selective Crystallization of 1 from the
Hydrogenolysis Reaction Mixture

Scheme 11. Proposed Second-Generation Synthesis
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more forcing conditions.29 Trioxane was investigated as an
alternative source of formaldehyde, but it failed completely to
react in the Abramov reaction (entry 2). In addition, while more
common silylating reagents such as N,O-bis(trimethylsilyl)-
acetamide (BSA) or TMSCl are effective for the formation of 31,
the Abramov reaction proceeds poorly when these reagents are
used (entries 3 and 4).
Desilylation to the hydroxymethylphosphonate 33 was

initially accomplished by methanol treatment and removal of
the volatile methoxytrimethylsilane under vacuum. However,
hydrolysis to release phenol occurred to a varying extent and led
to reduced yields. More reproducible conditions were later
identified under biphasic conditions, where the presence of
potassium chloride helped to minimize hydrolysis.
Attention then turned to Cbz protection. Acylation

conditions involving stoichiometric triethylamine and catalytic
DMAP led to a complex reaction mixture (Table 13, entry 1).
Subsequent stability studies indicated that 33 readily decom-
poses when treated with alkyl amines and is only moderately
stable to DMAP. Instead, pyridine was identified as a suitable
base to carry out the protection reaction. However, reaction
screening with varying amounts of pyridine and CbzCl revealed
that the reaction tends to stall with a maximum of ca. 60%
conversion (entries 2 and 3). NMR analysis showed that this is
due to in situ decomposition of CbzCl to benzyl chloride, which
can be suppressed by moving to a more nonpolar solvent and
utilizing slow addition of CbzCl (entries 4 and 5). Alternatively,
the Cbz protection could be completed under Schotten−
Baumann conditions using the more benign potassium
bicarbonate as the base (entry 6). Indeed, these conditions
were found to streamline nicely with the aqueous desilylation

conditions and could be completed from the same biphasic
mixture. The best results were obtained with slow addition of
aqueous potassium bicarbonate, which helps to minimize the
hydrolytic degradation of 33 (entry 7).
Finally, the solution of 34 is solvent-exchanged into 2-

butanone and subjected to monohydrolysis conditions using
aqueous sodium hydroxide. A substoichiometric amount of
hydroxide (0.85 equiv) was found to be optimal to limit bis-
hydrolysis. After reaction completion, azeotropically distilling
the mixture at a constant volume with replacement of 2-

Scheme 12. Telescoped Abramov/Cbz Protection/Hydrolysis Sequence

Table 12. Evaluation of Conditions for Silylation and Abramov Reaction of Diphenyl Phosphite

entry silylation conditions Abramov conditions conversion to 31 (%)a conversion to 32 (%)a

1 BSTFA (1.0 equiv) neat, 35 °C (CH2O)n (1.5 equiv) toluene (2 V), 90 °C 99.7 >99.9
2 BSTFA (1.0 equiv) neat, 35 °C trioxane (0.5 equiv) toluene (2 V), 90 °C >99.9 0
3 BSA (1.0 equiv) neat, 50 °C (CH2O)n (1.5 equiv) toluene (2 V), 90 °C 93.5 26.4
4 TMSCl (1.0 equiv) Et3N (1.0 equiv) toluene (8 V), rt (CH2O)n (1.0 equiv), 100 °C 89.6 3.8

aDetermined by 31P NMR.

Table 13. Evaluation of Conditions for Cbz Protection of 33

entry conditions 34 (% AN)a

1 CbzCl (1.5 equiv), DMAP (0.1 equiv), Et3N
(1.5 equiv), DCM (10 V), 0 °C to rt

0 (decomp.)

2 CbzCl (1.0 equiv), pyridine (1.0 equiv), DCM (10 V),
rt

58.8

3 CbzCl (1.2 equiv), pyridine (2.0 equiv), DCM (10 V),
rt

54.1

4 pyridine (2.0 equiv), toluene (15 V), 0 °C, CbzCl
(1.1 equiv, charged over 20 min)

87.5

5 pyridine (2.0 equiv), toluene (15 V), 0 °C, CbzCl
(1.1 equiv, charged over 60 min)

96.0

6 CbzCl (1.0 equiv), DMAP (2 mol %), 10 wt % aq.
KHCO3 (1.3 equiv), toluene (5 V), rt

97.3

7 CbzCl (1.3 equiv), DMAP (4 mol %), toluene (5 V),
rt, 20 wt % aq. KHCO3, (1.5 equiv, charged over
40 min)

97.7 (91%
assay yield)

aDetermined by 31P NMR.
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butanone until the water content is below 1.5 wt % allows the
sodium salt 35 to crystallize directly from the reaction mixture.
The process is capable of purging phenol and other impurities
that were generated throughout the processing and typically
provides 35 in 60−70% yield (over 5 steps) and >95% purity.
The phosphonamidate moiety is installed subsequently from

35 through a two-step telescoped process (Scheme 13). In the

first step, Vilsmeier conditions are used to access the
corresponding phosphonochloridate 36, which is treated in
the second step with 11 and DIPEA to obtain a mixture of
phosphonamidate diastereomers 27d/28d. In the chlorination
step, a slight excess of oxalyl chloride is required to achieve full
conversion and avoid the unproductive formation of phosphonyl
anhydrides 37. However, the excess oxalyl chloride is
detrimental in the subsequent displacement step with 11 as it
leads to the formation of a bis-oxalyl alanine impurity 38. To
overcome this challenge, a distillation step was introduced after
chlorination to remove excess oxalyl chloride. As expected, the
purity profile and yield of the telescoped sequence displayed
variability depending on the water content of 11 and DIPEA. To
increase the robustness of the process, it became necessary to
predry solutions of 11 and DIPEA in DCMwith TMSCl prior to
their addition to a DCM solution of 36. With the optimized
chlorination/displacement conditions, the diastereomeric mix-
ture of 27d/28d is obtained as a DCM solution in 85−97% assay
yield over two steps. Interestingly, the coupling reaction reliably
proceeds with ≥55:45 dr in favor of the desired (SP)-
diastereomer 27d. In contrast, in the previous manufacturing
route, the O-Bn-protected-phosphonochloridate 10 undergoes

displacement providing 45:55 dr in favor of the undesired (RP)-
diastereomer 13. The explanation for the switch in diaster-
eoselectivity based on the protecting group is not clear at this
time.
In the final step, the DCM solution of 27d/28d is subjected to

hydrogenolysis using 10% Pd/C under 3.5 bar of hydrogen. In
comparison to the benzyl group deprotection in the previous
route, the Cbz deprotection requires half the catalyst loading
(0.05 vs 0.1 S, or 2 vs 4 mol %), proceeds in a much shorter
reaction time (6 h vs ca. 3 days), and affords a cleaner reaction
profile. The selective crystallization process discussed in Section
2.3.2 was successfully applied for the isolation of 1 in 40−45%
yield and >98:2 dr.
To demonstrate the scalability of the route, the sequence was

performed at 3 kg diphenylphosphite input scale (Scheme 14).
The initial five-step telescoped sequence resulted in 3.06 kg of
35 (78% yield corrected for the purity of diphenyl phosphite,
95.7% AN purity). 500 g of 35 was carried through the
chlorination/displacement sequence, obtaining the phosphona-
midate intermediates 27d/28d as a DCM solution in 85% yield
(56:44 dr, 98.2% AN purity). Finally, hydrogenolysis and
selective crystallization afforded 164 g of 1 as a white crystalline
solid in 46% yield and 99.4:0.6 dr (99.5% AN purity).

3. CONCLUSIONS

In summary, stereoselective synthesis, selective crystallization,
and epimer recycling were extensively evaluated to access 1 in an
expeditious and cost-effective manner. Ultimately, the switch
from SMB to selective crystallization and the introduction of the
Cbz protecting group enabled access to an improved synthetic
route (Table 14). Although both first- and second-generation
routes entail a sequence of eight steps with two solid-state
isolations, the second-generation route proceeds with a higher
overall yield (36% increase) and lower PMI (16% reduction).
Contrary to our expectations, analysis of PMImetrics revealed

that solvent usage remains unaltered in the second-generation
route (approximately 200 kg of solvents per kg of 1, Figure 5).
The solvent-saving opportunity offered by the removal of SMB
from the sequence appears to be offset by the increased solvent
demand of step 1. However, the usage of rawmaterials and water
is significantly reduced on a kg/kg basis due to the combined
effect of several factors: high yields for all steps, favorable dr in
step 2, and lack of solvent exchange operations involving water.
Thanks to these improvements, cost and lead time of 1 are
estimated to decrease by 50% on a manufacturing scale.

Scheme 13. Telescoped Chlorination/Displacement
Sequence and Final Hydrogenolysis Step

Scheme 14. Second-Generation Route to Phosphonamidate 1
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4. EXPERIMENTAL SECTION

4.1. General Experimental. All substrates and reagents
were commercially available and used as received. Diphenyl
phosphite was obtained from Millipore-Sigma with approx-
imately 86% w/w purity, as determined by 1HNMR using 1,3,5-
trimethoxybenzene as an internal reference. NMR spectroscopy
was performed on a Bruker Ascend 400 (400 MHz) system,
using CDCl3, DMSO-d6, or D2O as the solvent. For NMR
analysis, 200 μL of the reaction solution or 20 mg solid was
added to 0.75 mL of the deuterated solvent. UPLC analysis was
performed using a Waters Acquity UPLC system as follows: (i)
Chiral purity of 27d/28d: Waters Acquity BEH Phenyl column
(1.7 μm, 2.1 × 100 mm) with 0.4 mL/min flow rate and 30 °C
column temperature. The analytical method utilized two mobile
phases: mobile phase A consisted of 0.1% (v/v) formic acid in
H2O and mobile phase B consisted of MeOH. The gradient
elution method was completed as follows: 1.0 min 35% of
mobile phase B; 6.0 min 55% mobile phase B; 16.0 min 75%
mobile phase B; 18.0 min 90% mobile phase B; 20.0 min 90%
mobile phase B; and 20.1 min 35% mobile phase B. The eluting
material was detected using a UV detector set at 207 nm. (ii)
Purity of 1: Waters Acquity UPLCHSS T3 column (1.8 μm, 2.1
× 100 mm) with 0.5 mL/min flow rate and 25 °C column
temperature. The analytical method utilized two mobile phases:
mobile phase A consisted of 0.1% (v/v) formic acid in H2O and
mobile phase B consisted of MeCN. The gradient elution
method was completed as follows: 2.0 min 3% of mobile phase
B; 15.0 min 90%mobile phase B; 17.0 min 90%mobile phase B;
17.1 min 3% mobile phase B; and 22.0 min 3% mobile phase B.
The eluting material was detected using a UV detector set at 260
nm. (iii) Chiral purity of 1: CHIRALPAK IC-3 column (3 μm,
4.6 × 150 mm) with 0.4 mL/min flow rate of isocratic elution of
7:3 TFA (0.1% v/v) in water/iPrOH at 40 °C column
temperature over 30 min. The eluting material was detected
using a UV detector set at 260 nm.
4.2. Sodium Phenyl[(benzyloxycarbonyloxy)methyl]-

phosphonate (35). A 16 L, jacketed glass-lined reactor was

charged with diphenyl phosphite (3.02 kg, 12.9 mol, 1.0 equiv)
and warmed to an internal temperature of 35 °C. BSTFA (3.29
kg, 12.8 mol, 1.0 equiv) was added dropwise over 45 min while
maintaining the temperature of the batch at 35 °C, and the
mixture was aged for 30 min and then sampled for conversion to
31. 31P NMR (162 MHz, CDCl3): δ 124.2 ppm (92.9% AN).
Paraformaldehyde (0.57 kg, 18.9 mol, 1.5 equiv) and toluene
(6.5 L, 2.2 V) were added, and the batch was ramped linearly to
90 °C over a period of 2 h. The mixture was aged for an
additional 2 h and then sampled for conversion to 32. 31P NMR
(162 MHz, CDCl3): δ 16.3 ppm (93.8% AN). The batch was
cooled to 20 °C and diluted with aq. potassium chloride (20 wt
%, 9.0 L, 3.0 V) and toluene (10.6 L, 3.5 V). After stirring for 15
h, the organic layer was sampled for conversion to 33. 31P NMR
(162 MHz, CDCl3): δ 18.0 ppm (93.6% AN). 4-Dimethylami-
nopyridine (60.5 g, 0.03 equiv) and benzyl chloroformate (3.09
kg, 18.1 mol, 1.4 equiv) were added, followed by a slow addition
of aq. potassium bicarbonate over 30−60 min (20 wt %, 10.2 kg,
1.6 equiv). The mixture was aged for an additional 60 min and
then sampled for conversion to 34. 31P NMR (162 MHz,
CDCl3): δ 11.1 ppm (96.6% AN). The phases were allowed to
settle, the aqueous layer was separated, and the organic layer was
washed with aq. sodium chloride (5 wt %, 6.0 L, 2.0 V). The
resulting organic layer was concentrated in vacuo with a
maximum jacket temperature of 50 °C to a final volume of ca.
6 L (2.0 V); then, 2-butanone (12.0 L, 4.0 V) was added, and the
batch was re-distilled to ca. 6 L. 2-Butanone (18.0 L, 6.0 V) was
added, and the mixture was sampled to ensure that the toluene
content was below 10 wt % (relative to 2-butanone) and then
cooled to an internal temperature of 0 °C. Aq. sodium hydroxide
(20 wt %, 2.09 kg, 0.8 equiv) was charged dropwise over ca. 60
min, and themixture was stirred for 30min and then sampled for
conversion to 35. 31P NMR (162 MHz, CDCl3): δ 0.9 ppm
(95.7%AN). Aq. HCl (18.5 wt %)was charged until the solution
pH was ca. 7 (required 0.16 kg, 0.06 equiv), and the batch was
warmed to an internal temperature of 22 °C. 2-Butanone (39.2
L, 13.0 V) was charged followed by 35 seed crystals (15.0 g,

Table 14. Comparison of First- and Second-Generation Routes

attribute first-generation route second-generation route

synthetic steps 8 (4 manufacturing steps, 2 isolations) 8 (3 manufacturing steps, 2 isolations)
diastereomer resolution SMB selective crystallization

overall yield 22 30

PMI

total 328 275
reactants/reagents 45 16
solvents 198 201
water 85 58

lead time 5 months 2.5 months

Figure 5. Comparison of PMI breakdown for first- and second-generation routes.
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0.003 equiv), and the slurry was aged for 15 min. With a
maximum jacket temperature of 55 °C, the batch was distilled
under vacuum while maintaining a constant volume via addition
of 2-butanone, until the Kf of the mother liquor was NMT 1.5%
(required 32.8 L of fresh 2-butanone, 10.9 V). The batch was
then cooled to 22 °C over 1 h, filtered, washed with 2-butanone
(15.0 L, 5.0 V), and dried under vacuum at 45 °C for 20 h to
provide 3.06 kg of 35 as a white solid (95.7% AN purity by 31P
NMR, 78% yield corrected for purity of diphenyl phosphite). 1H
NMR (400 MHz, DMSO-d6): δ 7.41−7.29 (m, 5H), 7.25−7.17
(m, 2H), 7.12−7.04 (m, 2H), 7.03−6.95 (m, 1H), 5.09 (s, 2H),
4.12 (d, J = 8.3 Hz, 2H) ppm. 13C NMR (101 MHz, D2O): δ
155.2 (d, J = 9.6 Hz), 151.4 (d, J = 7.7 Hz), 134.8, 129.6 (d, J =
1.1 Hz), 128.5, 128.4, 128.2, 124.2 (d, J = 1.1 Hz), 120.8 (d, J =
3.7 Hz), 70.1, 61.7 (d, J = 160.3 Hz) ppm. 31P NMR (162 MHz,
DMSO-d6): δ 6.3 ppm. HRMS [M + H]+: calcd for C15H16O6P,
323.0684; found, 323.0685; [M − H]−: calcd for C15H14O6P,
321.0528; found, 321.0533.
4.3. Ethyl (S)-[(Benzyloxycarbonyloxy)methyl]-

(phenoxy)phosphoryl-L-alaninate (27d) and Ethyl (R)-
[(Benzyloxycarbonyloxy)methyl](phenoxy)phosphoryl-
L-alaninate (28d). A three-neck, 2 L round-bottom flask was
charged with oxalyl chloride (0.22 kg, 1.70 mol, 1.2 equiv) and
toluene (0.58 L, 1.2 V). A 15 L jacketed glass-lined reactor was
charged with 35 (0.50 kg, 1.46 mol, 1.0 equiv), DMF (5.36 g, 7.3
mmol, 0.05 equiv), and toluene (5.2 L, 10.4 V). DCM (0.38 L,
0.8 V) was charged via a spray head. The reactor contents were
adjusted to 15 °C, and the oxalyl chloride/toluene solution was
added slowly over 2 h while maintaining the temperature of the
batch at 25 °C. The resulting slurry was aged at 22 °C for 20 h
and then sampled for conversion to the monochloridate 36. 31P
NMR (162MHz, CDCl3): δ 26.2 ppm (100% AN). The reactor
contents were distilled under vacuum with a maximum jacket
temperature of 40 °C to a final volume of ca. 1.5 L (3.0 V). The
temperature was adjusted to 22 °C, and DCM (0.7 L, 1.4 V) was
added via a spray head. A three-neck, 3 L round-bottom flask was
charged with 11 (0.25 kg, 1.59 mol, 1.1 equiv) and DCM (2.7 L,
5.4 V). After aging for 15 min at room temperature,
chlorotrimethylsilane (39 g, 0.36 mol, 0.25 equiv) was added,
and the solution was aged for 20 h. A three-neck, 3 L round-
bottom flask was charged with DIPEA (0.47 kg, 3.64 mol, 2.5
equiv), DCM (0.38 L, 0.8 V), chlorotrimethylsilane (16 g, 0.15
mol, 0.1 equiv), and toluene (0.29 L, 0.6 V) and aged for 2 h at
room temperature. The solution of 11 in DCM was charged to
the reactor containing the monochloridate 36 over 30 min, and
the mixture was aged for 1 h at 22 °C. The reactor contents were
adjusted to 5 °C, and the DIPEA/DCM/toluene solution was
added slowly over 2 h while maintaining the temperature of the
batch at 10 °C. After aging for 1 h at 5 °C, the mixture was
sampled for conversion to 27d/28d. UPLC: 95.52% AN, 55:45
(SP)/(RP). Water (2.5 L, 5.0 V) and MTBE (3.4 L, 6.8 V) were
charged while keeping the internal temperature at 25 °C. The
reactor contents were adjusted to 22 °C and aged for 15 min.
The phases were allowed to settle, the aqueous layer was
separated, and the organic layer was washed sequentially with aq.
K2CO3 (0.25M, 2.5 kg, 5.0 S), twice with aq. HCl (0.1M, 2.5 kg,
5.0 S), and water (2.5 kg, 5.0 S). The resulting organic layer was
concentrated under vacuum with a maximum jacket temper-
ature of 40 °C to a final volume of ca. 0.8 L (1.6 V). DCM (1.1 L,
2.2 V) was added via a spray head. The reactor contents were
concentrated under vacuum until the distillation stalled, and a
dark mobile oil was obtained. DCM (2.3 L, 4.6 V) was added,
and the reactor contents were adjusted to 22 °C. 3.30 kg of 27d/

28dwas obtained as a 15.9 wt % stock solution in DCM [98.16%
AN purity by UPLC, 85.4% assay yield, 55:45 (SP)/(RP)]. For
characterization purposes, 27d and 28d were obtained by
chromatographic purification of a portion of the DCM solution.
Data for 27d: 1H NMR (400 MHz, CDCl3): δ 7.40−7.35 (m,
5H), 7.32−7.27 (m, 2H), 7.20−7.13 (m, 3H), 5.22−5.16 (m,
2H), 4.57 (dd, J = 14.2, 9.0 Hz, 1H), 4.47 (dd, J = 14.2, 7.1 Hz,
1H), 4.20−4.02 (m, 3H), 3.66 (t, J = 10.6 Hz, 1H), 1.30 (d, J =
7.1 Hz, 3H), 1.19 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz,
CDCl3): δ 173.4 (d, J = 5.6 Hz), 154.7 (d, J = 10.4Hz), 149.8 (d,
J = 8.5 Hz), 134.7, 129.8, 128.8, 128.6, 128.5, 125.2 (d, J = 0.9
Hz), 120.5 (d, J = 4.6 Hz), 70.5, 62.2 (d, J = 156.8 Hz), 61.5,
49.7, 21.3 (d, J = 4.1 Hz), 14.0. 31P NMR (162 MHz, CDCl3): δ
17.9 ppm. HRMS [M + H]+: calcd for C20H25O7NP, 422.1363;
found, 422.1360. Data for 28d: 1H NMR (400 MHz, CDCl3): δ
7.41−7.34 (m, 5H), 7.31−7.27 (m, 2H), 7.19−7.13 (m, 3H),
5.23−5.16 (m, 2H), 4.54 (d, J = 8.0 Hz, 2H), 4.18−4.05 (m,
1H), 4.12 (q, J = 7.2 Hz, 1H), 4.11 (q, J = 7.2 Hz, 1H), 3.60 (t, J
= 10.5 Hz, 1H), 1.31 (d, J = 7.1 Hz, 3H), 1.22 (t, J = 7.1 Hz, 3H).
13C NMR (101MHz, CDCl3): δ 173.6 (d, J = 5.8 Hz), 154.7 (d,
J = 10.1 Hz), 149.7 (d, J = 8.6 Hz), 134.7, 129.7, 128.7, 128.6,
128.5, 125.1 (d, J = 1.3 Hz), 120.6 (d, J = 4.7 Hz), 70.4, 61.8 (d, J
= 155.3 Hz), 61.5, 49.6 (d, J = 1.8 Hz), 21.3 (d, J = 4.2 Hz), 14.0.
31P NMR (162 MHz, CDCl3): δ 18.9 ppm. HRMS [M + H]+:
calcd for C20H25O7NP, 422.1363; found, 422.1361.

4.4. Ethyl (S)-(Hydroxymethyl) (phenoxy)phosphoryl-
L-alaninate (1) and Ethyl (R)-(Hydroxymethyl)
(phenoxy)phosphoryl-L-alaninate (30). A 1 L Parr reactor
was charged with water-wet 10% Pd/C (26.15 g, 0.02 equiv) and
a stock solution of 27d/28d in DCM (3.30 kg solution, 0.52 kg
27d/28d, 1.23 mol). After degassing, the reactor contents were
adjusted to 9 °C and hydrogenated at 3.5 bar. After 5.5 h, the
mixture was sampled for conversion to 1/30. 31P NMR (162
MHz, CDCl3): δ 26.1 ppm (43.8% AN, 30), 24.8 ppm (55.0%
AN, 1). The mixture was filtered through a Buchner funnel
coated with Celite (0.15 kg). The reactor and Celite pad were
rinsed forward with DCM (2.9 L, 5.5 V). The filtrates were
combined and transferred into a 5 L glass-lined reactor. The
solution was concentrated under vacuum with a maximum
jacket temperature of 30 °C to a final volume of ca. 0.8 L (1.5 V).
The reactor contents were co-distilled withMTBE (2.7 L, 5.2 V)
to a final volume of ca. 0.8 L (1.5 V). MTBE (2.7 L, 5.2 V) was
charged to the reactor, and the mixture was sampled for the
determination of toluene content by 1H NMR. Co-distillation
with MTBE was repeated until the toluene content with respect
to MTBE was 2.5 mol % or less. The reactor contents were
adjusted to 30 °C and ramp-cooled to −18 °C over 5 h. The
mixture was seeded with 1 (7.8 g, 0.02 equiv) when the internal
temperature reached 10 °C. The mixture was aged at−18 °C for
14 h, filtered, and the cake was rinsed with MTBE (0.2 L, 0.4 V)
precooled at −18 °C . The wet cake was dried under vacuum at
20 °C for 5 h to provide 0.164 kg of 1 as a white solid [99.52%
AN purity by UPLC, 46.1% yield, 99.4:0.6 (SP)/(RP)].

1HNMR
(400MHz, CDCl3): δ 7.31 (dd, J = 8.6, 7.2 Hz, 2H), 7.22 (dt, J =
8.7, 1.3 Hz, 2H), 7.18−7.11 (m, 1H), 4.15 (q, J = 7.1 Hz, 2H),
4.09−4.01 (m, 1H), 4.01 (dd, J = 14.8, 5.5 Hz, 1H), 3.96 (dd, J =
14.8, 5.2 Hz, 1H), 3.86 (br s, 1H), 3.40 (br s, 1H), 1.34 (d, J =
7.0 Hz, 3H), 1.24 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz,
CDCl3): δ 174.2 (d, J = 4.7 Hz), 150.2 (d, J = 9.2 Hz), 129.6,
124.8, 120.5 (d, J = 4.6 Hz), 61.5, 58.2 (d, J = 149.8 Hz), 49.6,
20.9 (d, J = 4.5 Hz), 14.0. 31P NMR (162 MHz, CDCl3): δ 24.8
ppm. HRMS [M + H]+: calcd for C12H19O5NP, 288.0995;
found, 288.0993. For characterization purposes, 30 was
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obtained as a white solid after chromatographic purification of
the mother liquor. 1H NMR (400 MHz, CDCl3): δ 7.36−7.27
(m, 2H), 7.22 (dt, J = 8.6, 1.3 Hz, 2H), 7.20−7.11 (m, 1H),
4.20−4.11 (m, 1H), 4.17 (q, J = 7.1 Hz, 2H), 4.00 (dd, J = 14.9,
6.9 Hz, 1H), 3.93 (dd, J = 14.9, 2.9 Hz, 1H), 3.48 (br s, 1H), 3.17
(br s, 1H), 1.37 (d, J = 7.2 Hz, 3H), 1.26 (t, J = 7.2 Hz, 3H). 13C
NMR (101 MHz, CDCl3): δ 174.9 (d, J = 4.3 Hz), 150.0 (d, J =
9.2 Hz), 129.5, 124.8 (d, J = 1.2 Hz), 120.7 (d, J = 4.4 Hz), 61.6,
58.0 (d, J = 147.6 Hz), 49.5 (d, J = 1.2 Hz), 20.8 (d, J = 4.8 Hz),
13.9. 31P NMR (162 MHz, CDCl3): δ 26.1 ppm. HRMS [M +
H]+: calcd for C12H19O5NP, 288.0995; found, 288.0995.
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