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General Information

Methods:

All reactions were performed in standard, oven-dried glassware fitted capped with rubber septa
under a N2 atmosphere. Concentration of solutions was_carried out under reduced pressure using
house vacuum (40 torr) at 35 °C unless otherwise described. Concentrations refer to solution
volumes at room temperature (~22 °C). High-vacuum was achieved using a vacuum pump at 400
mTorr. Flash column chromatography was performed using a Biotage Isolera One system. Thin
layer chromatography was used for product detection using Silica Gel 60 F254 plates, with
visualization effected via exposure to UV Light (Aex = 254 nm) or staining and heating with

KMnOs4 or cerium ammonium molybdate.

Materials and Reagents:

Catalyst 1a ((R)-N-[(1R,2R)-2-(3-(3,5-Bis(trifluoromethyl)phenyl)ureido)cyclohexyl]-tert-butyl-
sulfinamide ; CAS = 934762-68-2) and phenyl phosphonic dichloride 2a (CAS =
824-72-6) were purchased from Sigma-Aldrich and used as received. Diisoamylamine (CAS =
544-00-3) and 4-methoxyphenyl phosphonic dichloride 4g (CAS = 37632-18-1) were purchased
from TCI America and used as received. All other reagents and solvents were purchased from
commercial suppliers including Sigma-Aldrich, TCI, Alfa Aesar, Acros Organics, Matrix
Scientific, Cambridge Isotope Laboratories, or Strem and used as received. Anhydrous solvents
(diethyl ether, toluene, tetrahydrofuran (THF), dichloromethane (DCM), and dimethylformamide
(DMF)) were dried using activated alumina columns. Deuterated solvents were purchased from
Cambridge Isotope Laboratories.

Special Note:
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Aryl phosphonic dichlorides (2a-g) are hydrolytically sensitive and undergo decomposition when
exposed to air. These reagents should be stored under an anhydrous/inert atmosphere. Optimal
results were achieved by using phosphonyl dichlorides immediately after preparation or freshly
distilled under inert atmosphere. Similarly, aryl chlorophosphonamidate 3 and its analogues are
susceptible to decomposition and/or racemization upon attempted purification. These
intermediates are best used immediately via in situ addition of a nucleophile or via filtration and
partial concentration according to the procedures reported herein. Alternatively, the aryl

chlorophosphonamidate intermediates may be stored as crude mixtures at —78 °C.

Instrumentation:

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AVANCE NEO 400 or
Bruker AVANCE NEO 400B spectrometer. Proton NMR spectra are reported in parts per million
(ppm) downfield from tetramethylsilane and are referenced using the NMR solvent (CDCls: 7.26
ppm, CsDs: 7.16 ppm). Proton-decoupled '*C NMR spectra are reported in ppm downfield from
tetramethylsilane, and are referenced using the NMR solvent (CDCls: 77.16 ppm, CeDes: 128.06
ppm). Proton-decoupled >'P NMR spectra are reported in ppm downfield from 85% H3POs. F
NMR spectra are reported in ppm downfield from chlorotrifluoromethane. Splitting patterns for
peaks on NMR spectra are represented as: (s = singlet, d = doublet, t = triplet, q = quartet, p =
pentet, sext = sextet, sept = septet, m = multiplet). Coupling constants are measured in Hertz (Hz).
High-resolution Mass Spectrometry (HRMS) data were acquired by the Harvard FAS Division of
Science Small Molecule Mass Spectrometry facility. Gas chromatography (GC) analysis was
performed on an Agilent 7890A series GC system outfitted with a commercially available

Cyclodex B (60 m) column. Chiral high-performance liquid chromatography (HPLC) analysis
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was performed using an Agilent 1200 series quaternary HPLC system with commercially available
CHIRALCEL and CHIRALPAK analytical columns (4.6 x 250 mm). Optical rotations ([a]) were
obtained using a Jasco DIP 370 digital polarimeter at 589 nm using sodium D line at 22 °Cina 1

mL cell with a 0.5 dm path length.

Abbreviations Used:

Ar = aryl, Bn = benzyl, c= concentration, Bz = Benzoyl, Cbz = benzyloxycarbonyl, DCM =
dichloromethane, DMF = dimethylformamide, d.r. = diastereomer ratio, ds = diastereospecificity
(i.e. stereospecificity for reaction of a chiral compound to another chiral compound), ee =
enantiomeric excess, es = enantiospecificity, Et = ethyl, equiv = equivalents, Et2O = diethyl ether,
EtOAc = ethyl acetate, EtOH = ethanol, g = grams, h = hours, HPLC = high-performance liquid
chromatography, HRMS = high-resolution mass spectrometry, mg = milligrams, Hz = Hertz, ‘Am
= isoamyl, ‘Bu = isobutyl, 'Pr = ispropyl, iPrOH = isopropyl alcohol, MeOH = methanol,
NaHMDS = sodium hexamethyldisilazide, Me = methyl, min = minutes, m/z = mass to charge
ratio, "Bu = n-butyl, NMR = nuclear magnetic resonance, Ph = phenyl, ppm = parts per millon, p-
TsOH = para-toluenesulfonic acid, TBME = tert-butyl methyl ether, TFA = trifluoroacetic acid,

THF = tetrahydrofuran, TMS = trimethylsilyl, Ts = para-tolylsulfonyl.
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General procedures for catalytic, enantioselective nucleophilic substitution

reaction and sequential enantiospecific substitution reactions:

General Procedure A describes the procedure for the enantioselective substitution by amine

followed by direct substitution by a second nucleophile in situ.

General Procedure B describes the procedure for the enantioselective substitution by amine

followed by filtration and addition by a second nucleophile in a separate step.

General Procedure C describes a procedure for the enantioselective substitution by amine followed

by direct substitution by methoxide using a prepared sodium methoxide solution.

General Procedure D describes a procedure for the synthesis of racemic amine substitution

products.

General Procedure E describes a procedure for the displacement of the diisoamylamino group with

alcohols.

General Procedure F describes a procedure for the phosphonylation of alcohols with compound

6d.

General Procedure G describes a procedure for the addition of Grignard reagents to compound 6b.

General Procedure H describes a procedure for the synthesis of non-commercial phosphonyl

dichlorides.

General Procedure I describes the procedure used for preparation of 4 A molecular sieves.
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General Procedure A

1a (5 mol %)

; ; o 0.02 M Et,0, 4 A mol sieves 9 _
Am.Am- I —50°C, 4 h _ Puyy AAM
H prr Rl then = PR,
. Cl X Am
3 equiv. 5 equiv. MX
(0.5 M in THF) 5(a-h)
-50°C, 24 h

*Note: The success of this reaction relies on vigorous stirring and use of properly activated
molecular sieves (see General Procedure I).

An oven-dried 40 mL vial equipped with a magnetic stir bar was charged with catalyst 1a (5 mg,
0.01 mmol), 4 A mol sieves (200 mg), and diisoamylamine (140 uL, 0.7 mmol, 3.5 equiv.). The
vial was then capped with a septum, sealed with parafilm, and put under N> atmosphere. The vial
was charged with diethyl ether (10 mL), and the reaction mixture was cooled to —50 °C and
subjected to stirring at that temperature for 20 minutes. Phenyl phosphonic dichloride (28 pL, 0.2
mmol, 1 equiv.) dissolved in toluene (0.5 mL) was then added in one portion, and the reaction
mixture was subjected to stirring at —50 °C for 4 to 24 hours.

A separate oven-dried 2-dram vial with a magnetic stir bar was charged with 120 mg of sodium
hydride (3 mmol, 15 equiv., 60% in mineral oil). The vial was then capped with a septum, sealed
with parafilm, and put under N2 atmosphere. The vial was then charged with THF (2 mL) and the
resulting mixture was subjected to stirring at room temperature for 1 minute. The nucleophile (5
equiv., I mmol) dissolved in THF (0.5 mL) was then added dropwise over 2 min. via a syringe to
the stirring sodium hydride mixture, and stirring was continued at room temperature for 30 minutes
after addition. The resultant mixture was then added in a single portion directly to the catalytic
reaction mixture generated as described above at —50 °C. The resultant mixture was then subjected

to stirring for 24 hours at —50 °C. The mixture was then concentrated under reduced pressure and
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purified by flash column chromatography on silica gel.

General Procedure B

‘Am.. /Am o o 7 )
N + |IDI\ 1a (5 mO|°A)) > /B'I/ 2 equiv. MX o /P"IN”Am
H Ph” '\ Cl 0.02 M Et,0, 4 A mol sieves Ph”} "'Cl Evnme > PN
. Cl N (0.5 Min THF) X Am
3.5 equiv. —50°C,4h AmiAm -50°C, 24 h
5(a-h)

*Note: The success of this reaction relies on vigorous stirring and use of properly activated
molecular sieves (see General Procedure I).

An oven-dried 40 mL vial equipped with a magnetic stir bar was charged with catalyst 1a (5 mg,
0.01 mmol, 0.05 equiv.), 4 A mol sieves (200 mg), and diisoamylamine (140 pL, 0.7 mmol, 3.5
equiv.). The vial was then capped with a septum, sealed with parafilm, and put under N2
atmosphere. The vial was charged with diethyl ether (10 mL), and the reaction mixture was cooled
to =50 °C and subjected to stirring at that temperature for 20 minutes. A solution of phenyl
phoshonic dichloride (28 pL, 0.2 mmol, 1 equiv.) in toluene (0.5 mL) was then added in one
portion, and the reaction mixture was subjected to stirring at =50 °C for 4 hours. The mixture was
filtered at room temperature through ~10 grams of silica to remove remaining amine, ammonium
chloride byproduct, and catalyst. The filtered solution was then transferred to a 20 mL vial and
concentrated under reduced pressure while kept at a temperature of 0 °C or below to remove the
Et20 until ~0.5 mL toluene remained (Note: this product undergoes racemization when
concentrated above room temperature). The crude toluene solution of product 3 was then
diluted with THF (1.5 mL) and transferred to an oven-dried 2-dram vial equipped with a magnetic
stir bar and a septum cap. The vial was sealed with parafilm and put under N2 atmosphere and

allowed to stir at =50 °C for 20 minutes.
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A separate oven-dried 2-dram vial equipped with a magnetic stir bar was charged with sodium
hydride (48 mg,1.2 mmol, 6 equiv., 60% in mineral oil). The vial was then capped with a septum,
sealed with parafilm, and put under N2 atmosphere. THF (0.5 mL) was then added, and the
resulting mixture was subjected to stirring at room temperature for ~1 minute. The nucleophile (2
equiv., 0.4 mmol) dissolved in THF (0.1 mL) was then added dropwise via a syringe through the
septum to the stirring mixture over a 2-minute period. The mixture was then allowed to stir at room
temperature for 30 minutes to ensure full deprotonation of the nucleophile. The resultant mixture
was then added directly to the stirred solution of chlorophosphonamidate produced as described
above at —50 °C and stirring was continued at —50 °C for 24 hours. The mixture was then
concentrated under reduced pressure and purified by flash column chromatography on silica gel.

General Procedure C

1a (5 mol%)
0.02 M Et,0, 4 A mol sieves
‘Am. Am ﬁ 30°C. 241 > (lF?’ ‘Am
N’ + Xy "\l then 10 equiv. NaOMe YN
H RO Cl -50°C, 12 h RO/OMe iAm
3.5 equiv.
2(a-g) 4(a-g)

*Note: The success of this reaction relies on vigorous stirring and use of properly activated
molecular sieves (see General Procedure I).

An oven-dried 40 mL vial equipped with a magnetic stir bar was charged with catalyst 1a (5 mg,
0.01 mmol, 0.05 equiv.), 4 A mol sieves (200 mg), and diisoamylamine (140 pL, 0.7 mmol, 3.5
equiv.). The vial was then capped with a septum, sealed with parafilm, and put under N2
atmosphere. The vial was charged with diethyl ether (10 mL), and the reaction mixture was cooled

to =50 °C and subjected to stirring at that temperature for 20 minutes. The aryl phosphonic
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dichloride (0.2 mmol, 1 equiv.) dissolved in toluene (0.5 mL) was then added in one portion, and
the reaction mixture was subjected to stirring at —50 °C for 24 hours.

A separate oven-dried 2-dram vial with a magnetic stir bar was charged with sodium hydride (80
mg, 2 mmol, 10 equiv., 60% in mineral oil). The vial was then capped with a septum, sealed with
parafilm, and put under N2 atmosphere. The vial was then charged with THF (1.5 mL) and the
mixture was allowed to stir at room temperature for 1 minute. Methanol (0.5 mL) was then added
dropwise via a syringe through the septum over a 2-minute period to the stirring mixture, and
stirring was continued at room temperature until clear. If the mixture remained cloudy after 10
minutes, additional methanol (0.1 mL) was introduced to ensure complete dissolution of sodium
methoxide. The resultant sodium methoxide solution was then added directly in a single portion to
the solution of chlorophosphonamidate produced as described immediately above at =50 °C. The
resulting reaction mixture was then subjected to stirring for 12 hours at —50 °C, and then
concentrated under reduced pressure and purified by flash column chromatography on silica gel.
General Procedure for Racemic Reference Samples

0.08 M (4:1 DCM/Toluene)

i i 9 nt2h : ;C:)') Am
Am.-Am * X R~cl then 2-5 equiv.MX X "”N\"
H R J © (0.5 M in THF) R _J x  Vam
3.5 equiv. rt,4h
2(a-h) 4(a-h)

An oven-dried 20 mL vial equipped with a magnetic stir bar was charged with diisoamylamine
(140 pL, 0.7 mmol, 3.5 equiv.). The vial was then capped with a septum, sealed with parafilm, and
put under N2 atmosphere. The vial was charged with DCM (2 mL), followed by 0.2 mmol of aryl
phosphonic dichloride (2a-g) dissolved in toluene (0.5 mL), and the reaction mixture was subjected
to stirring at room temperature for 2 hours, or until reaction completion. The reaction was then

quenched according to one of the following procedures:
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For racemic standards of 4a—g:

A separate oven-dried 2-dram vial with a magnetic stir bar was charged with 80 mg of sodium
hydride (2 mmol, 10 equiv., 60% in mineral oil). The vial was then capped with a septum, sealed
with parafilm, and put under N2 atmosphere. The vial was then charged with THF (1.5 mL) and
allowed to stir at room temperature for 1 minute. Methanol (0.5 mL) was then added dropwise via
a syringe through the septum to the stirring mixture over a 2-minute period, and the solution was
subjected to stirring at room temperature until clear. If the mixture remained cloudy after 10
minutes, additional methanol (0.1 mL) was introduced to ensure complete dissolution of sodium
methoxide. The resultant sodium methoxide solution was then added directly in a single portion to
the solution of chlorophosphonamidate produced as described immediately above. The reaction
mixture was then subjected to stirring for 4 hours at room temperature, after which point it was
concentrated under reduced pressure and purified by flash column chromatography on silica gel.

For racemic standards of 5a—e:

A separate oven-dried 2-dram vial with a magnetic stir bar was charged with sodium hydride (120
mg, 3 mmol, 15 equiv., 60% in mineral oil). The vial was then capped with a septum, sealed with
parafilm, and put under N2 atmosphere. The vial was then charged with THF (2 mL) and allowed
to stir at room temperature for 1 minute. The nucleophile (5 equiv., 1 mmol) dissolved in THF (0.5
mL) was then added dropwise via a syringe through the septum to the stirring sodium hydride
mixture over a 2-minute period, and stirring was continued at room temperature for 30 minutes.
The resultant mixture was then added directly as a single portion directly to the solution of
chlorophosphonamidate 3 stirring in DCM. The resultant mixture was then subjected to stirring
for 4 hours at room temperature. Afterwards, the mixture was concentrated under reduced pressure

and purified by flash column chromatography on silica gel.
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For racemic standard of 5f:

Upon reaction completion, the mixture was filtered through ~10 grams of silica to remove
remaining amine, ammonium chloride byproduct, and catalyst. The filtered solution was then
transferred to a 20 mL vial and concentrated under reduced pressure while kept at a temperature
of 0 °C or below to remove the Et20 until ~0.5 mL toluene remained. The crude phosphonamidate
in toluene (3) was then dissolved in THF (2 mL) and transferred to an oven-dried 2-dram vial
equipped with a magnetic stir bar and capped with a septum. The vial was sealed with parafilm
and put under a N2 atmosphere and allowed to stir at room temperature for ~1 minute.

A separate oven-dried 2-dram vial equipped with a magnetic stir bar was charged with sodium
hydride (48 mg, 1.2 mmol, 6 equiv., 60% in mineral oil). The vial was then capped with a septum,
sealed with parafilm, and put under N2 atmosphere. THF (0.5 mL) was then added, and the mixture
was allowed to stir at room temperature for ~1 minute. Benzyl carbamate (60 mg, 0.4 mmol, 2
equiv.) dissolved in THF (0.2 mL) was then added dropwise via a syringe through the septum to
the stirring mixture over a 2-minute period. The mixture was then allowed to stir at room
temperature for 30 minutes to ensure full deprotonation of the nucleophile. The resultant mixture
was then added directly in a single portion to the solution of chlorophosphonamidate produced as
described immediately above. The resultant mixture was subjected to stirring at room temperature
for 4 hours. Upon completion, the mixture was concentrated under reduced pressure and purified
by flash column chromatography on silica gel.

For racemic standards of Sg—h:

Upon reaction completion, the mixture was filtered through ~10 grams of silica to remove
remaining amine, ammonium chloride byproduct, and catalyst. The filtered solution was then

transferred to a 20 mL vial and concentrated under reduced pressure while kept at a temperature
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of 0 °C or below to remove the Et20 until ~0.5 mL toluene remained. The crude product in toluene
(3) was then dissolved in THF (2 mL) and transferred to an oven-dried 2-dram vial equipped with
a magnetic stir bar and capped with a septum. The vial was sealed with parafilm and put under N2
atmosphere and allowed to stir at room temperature for ~1 minute.

The Grignard reagent (5 equiv., 0.4 mmol) was then added in a single portion to the solution of
chlorophosphonamidate 3 stirring in THF. The reaction was subsequently subjected to stirring at
room temperature for 4 hours. Upon completion, the mixture was concentrated under reduced

pressure and purified by flash column chromatography on silica gel.

General Procedure E

3 equiv. p-TsOH

g 0

8 Am 0.2 M ROH , P
PRz "N rt, 24 h Ph”z “X

X Am OR

6(a-i)

An oven-dried 2-dram vial equipped with a magnetic stir bar was charged with the substrate (5a-
h). The vial was then capped with a septum, sealed with parafilm, and put under N2 atmosphere.
A 0.6 M solution of para-tolylsulfonic acid monohydrate (3 equiv.) in the corresponding alcohol
was then added through the septum, and the reaction was allowed to stir at room temperature for
24 hours. Do not concentrate. After 24 hours, the methanol solution was loaded directly onto a
silica gel column that had been packed and equilibrated with solvent and purified via flash column
chromatography.

General Procedure F
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3 equiv. PryEtN

(0] (0]
I 1.1 equiv. MgCl, I
Ph/E\OMe + R—-OH 4 AMS > Ph/Fé)\OR
@/3 0.1 M DCM OMe
rt, 24 h
6d 7(a-c)

An oven-dried 2-dram vial equipped with a magnetic stir bar was charged with MgCl: (10 mg,
0.11 mmol, 1.1 equiv.), 4 A mol sieves (50 mg), and the alcohol to be phosphonylated. The vial
was capped with a septum, sealed with parafilm, and put under N2> atmosphere. The vial was then
charged with DCM (0.7 mL) followed by N,N-diisopropylethylamine (52 pL, 0.3 mmol, 3 equiv.).
The solution was allowed to stir at room temperature for ~1 minute. Then phosphonothioate 6d
(26.2 mg, 0.1 mmol, 1 equiv.) dissolved in DCM (0.3 mL) was added in one portion through the
septum cap. The reaction was then allowed to stir at room temperature for 24 hours. Do not
concentrate. After 24 hours, the solution was loaded directly onto a silica gel column that had been
packed and equilibrated with solvent and purified via flash column chromatography.

General Procedure G

o R-MgX 2
ph”E~oMe > Ph”: R
/®/6 0.1 M THF, - 50 °C, 24 h SMe
CFs 8(a-d)
6b

An oven-dried 2-dram vial equipped with a magnetic stir bar was charged with phosphonate 6b (1
equiv.). The vial was then capped with a septum, sealed with parafilm, and put under N2
atmosphere. The vial was then charged with THF (0.1 M) and allowed to stir at room temperature
for ~1 minute. The solution was then cooled and subjected to stirring at —50 °C for 20 minutes.

Next, the Grignard reagent was added through the septum cap, and the reaction mixture was then
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allowed to stir at =50 °C for 24 hours. After 24 hours had elapsed, isopropanol (50 pL) was added
to the solution at —50 °C to quench any remaining Grignard reagent. Do not concentrate. The
resultant solution was loaded directly onto a silica gel column that had been packed and
equilibrated with solvent and purified via flash column chromatography.

General Procedure H:

0
Q 1)3 equiv. TMSBr, 4MDCM, 1t 18h i
Ar/P\O‘EOEt 2) 1 M SOCly, 0.1 equiv DMF, 85 °C, 4 h Ar” Y Cl
t

Conditions were adapted from a reported procedure for synthesis of phosphonyl dichlorides (49).
An oven-dried 2-dram vial equipped with a magnetic stir bar was charged with the aryl
phosphonate ester (0.4 mmol, 1 equiv.). The vial was then capped with a septum, sealed with
parafilm, and put under N2 atmosphere. The vial was then charged with DCM (0.1 mL) and
allowed to stir at room temperature for ~1 minute. Bromotrimethylsilane (158 pL, 1.2 mmol, 3
equiv.) was then added to the stirring solution via syringe through the septum. The resulting
solution was then subjected to stirring 18 hours at room temperature. After subjection to stirring
for 18 hours, the solution was concentrated under reduced pressure in the same vial, then subjected
to high vacuum to remove the remaining bromotrimethylsilane and solvent. The vial was then
capped with a new septum, sealed with electrical tape, and evacuated/backfilled three times with
Nz2. SOCl2 (0.4 mL) and DMF (3 uL, 0.04 mmol, 0.1 equiv.) were then added to the vial via a
syringe through the septum. The top of the vial was then sealed tightly with electrical tape. The
solution was then subjected to stirring at 85 °C for 4 hours. Afterwards, the solution was cooled to
room temperature. Without exposing the mixture to the atmosphere, the SOCl2, HCI, and other

volatiles were removed via a syringe needle inserted through the septum cap positioned above the
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solution and attached to a high-vacuum line. The resulting crude phosphonyl dichloride was used
immediately without further purification.

General Procedure I:

Powdered 4 A molecular sieves (50 grams, 325 mesh, activated; CAS = 70955-01-0) were added
to a 500 mL round bottom flask equipped with a large magnetic stir bar. The flask size was chosen
such that the sieves filled no more than ~1/4 of the volume of the flask. The flask was then fitted
with an adapter with an inlet and placed under vacuum. The flask was then submerged in an oil
bath, insulated with foil, and heated to 220 °C over a magnetic stir plate. The flask was maintained
under constant vacuum for 5 days while the sieves were subjected to stirring continuously at 220

°C. Afterwards, the dried molecular sieves were stored in a sealed container under N2.
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Scope of catalytic enantioselective substitution of phosphonyl dichlorides by

diisoamylamine

Naphthalen-2-ylphosphonic dichloride (2b)

0O
1]

ot

2b

Following General Procedure H, phosphonic dichloride 2b was prepared from diethyl
naphthalen-2-ylphosphonate (106 mg, 0.4 mmol) and used directly without further purification in
the catalytic reaction. Analysis of phosphonic dichloride 2b by 'H and *'P, and '*C NMR
confirmed clean conversion with no remaining starting material or detectable byproducts. '"H NMR
(400 MHz, CeéDs) & 8.39 (d, J = 18.5 Hz, 1H), 7.55 (ddd, J = 15.4, 8.6, 1.7 Hz, 1H), 7.41 — 7.34
(m, 2H), 7.32 (d, J = 8.2 Hz, 1H), 7.24 — 7.02 (m, 2H) ; *C NMR (101 MHz, CsDs) & 135.34 (d,
J=13.5Hz), 13299 (d, J = 13.1 Hz), 132.06 (d, J = 59.4 Hz), 131.19 (d, J = 75.2 Hz), 129.41,
129.34, 129.32, 129.16, 127.38 (d, J = 1.8 Hz), 123.94 (d, J = 14.9 Hz) ; *'P NMR (162 MHz,

CsDs) 8 33.31.

(3-bromophenyl)phosphonic dichloride (2¢)

Br Po
1 °Cl
o

2c
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Following General Procedure H, phosphonic dichloride 2¢ was prepared from diethyl (3-
bromophenyl)phosphonate (118 mg, 0.4 mmol) and used directly without further purification in
the catalytic reaction. Analysis of phosphonic dichloride 2¢ by 'H and *'P, and '*C NMR confirmed
clean conversion with no remaining starting material or significant byproducts observed. 'H NMR
(400 MHz, CeDs) 6 7.89 (dt,J=18.0, 1.7 Hz, 1H), 7.41 (dd, J=17.3, 7.6 Hz, 1H), 7.11 (d, J=8.0
Hz, 1H), 6.56 (q, J = 7.6 Hz, 1H) ; >*C NMR (101 MHz, CsDs) & 137.03 (d, J = 3.7 Hz), 136.52
(d, J=153.5Hz), 132.58 (d,J=14.9 Hz), 130.44 (d, /= 19.6 Hz), 128.51 (d, /= 13.0 Hz), 123.06

(d, J=24.0 Hz); 3'P NMR (162 MHz, CsDs) 5 30.18.

(3-methoxyphenyl)phosphonic dichloride (2d)

0
M

MeO P<
1 ~ClI

2d

Following General Procedure H, phosphonic dichloride 2d was prepared from diethyl (3-
methoxyphenyl)phosphonate (98 mg, 0.4 mmol) and used directly without further purification in
the catalytic reaction. Analysis of phosphonic dichloride 2d by 'H and *'P, and '*C NMR
confirmed clean conversion with no remaining starting material or significant byproducts
observed. '"H NMR (400 MHz, C¢Ds) & 7.39 — 7.24 (m, 2H), 6.85 (q, J= 7.9 Hz, 1H), 6.69 (d, J =
7.5 Hz, 1H), 3.10 (s, 3H) ; *C NMR (101 MHz, CsDs) & 159.61 (d, J = 23.2 Hz), 135.81 (d, J =
153.2 Hz), 130.19 (d, /= 22.1 Hz), 122.28 (d, /= 13.4 Hz), 120.75 (d, /=4.0 Hz), 114.39 (d, J =

15.6 Hz), 54.71 ; *'P NMR (162 MHz, CsD¢) & 33.57.
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(3-chlorophenyl)phosphonic dichloride (2¢)

Cl IE’I)
o
2e

Following General Procedure H, phosphonic dichloride 2e was prepared from diethyl (3-
chlorophenyl)phosphonate (100 mg, 0.4 mmol) and used directly without further purification in
the catalytic reaction. Analysis of phosphonic dichloride 2e by 'H and *'P, and '*C NMR confirmed
clean conversion with no remaining starting material or significant byproducts observed. 'H NMR
(400 MHz, C¢Ds) 6 7.71 (dt, J=18.4, 1.8 Hz, 1H), 7.36 (ddt,J=17.3, 7.7, 1.3 Hz, 1H), 6.93 (d, J
= 8.0 Hz, 1H), 6.60 (q, J= 7.7 Hz, 1H) ; 3*C NMR (101 MHz, CsDs) & 136.33 (d, J = 154.6 Hz),
135.14 (d, J = 24.8 Hz), 134.05 (d, /= 3.7 Hz), 130.23 (d, J = 20.0 Hz), 129.78 (d, /= 15.2 Hz),

128.10 (d, J= 12.7 Hz) ; 3'P NMR (162 MHz, C¢De) 5 30.53.

(4-(trifluoromethyl)phenyl)phosphonic dichloride (2f)

0O
I

P
1 °Cl
/©/CI ’
CF3

2f

Following General Procedure H, phosphonic dichloride 2f was prepared from diethyl (4-
(trifluoromethyl)phenyl)phosphonate (113 mg, 0.4 mmol) and used directly without further
purification in the catalytic reaction. Analysis of phosphonic dichloride 2f by 'H and *'P, '°F, and
3C NMR confirmed clean conversion with no remaining starting material or significant
byproducts observed. 'H NMR (400 MHz, CsD¢) & 7.42 (dd, J = 17.4, 8.0 Hz, 2H), 7.03 (dd, J =

S19



8.2, 5.4 Hz, 2H) ; '3C NMR (101 MHz, CsDs) & 137.87 (d, J = 154.5 Hz), 134.91 (qd, J = 33.0,
4.3 Hz), 130.55 (d, J = 14.4 Hz), 125.59 (dq, J = 18.9, 3.7 Hz), 123.21 (dd, J=273.2, 1.8 Hz) ;

19F NMR (376 MHz, CsDs) & -63.43 ; 3'P NMR (162 MHz, CsDs) & 30.34.

Methyl (R)-N,N-diisopentyl-P-phenylphosphonamidate (4a)

ﬁ, 'Am

(T bt
4a

Following General Procedure C, phosphonamidate 4a (59 mg, 94% yield, 94% ee) was produced
as a colorless oil from phenyl phosphonic dichloride (28 pL, 0.2 mmol). The product was purified
by flash chromatography on silica gel (0 to 50% Et20 in DCM). 'H NMR (300 MHz, CDCl3) §'H
NMR (400 MHz, CDCl3) 6 7.73 (ddd, J=12.7, 8.2, 1.5 Hz, 2H), 7.53 —7.35 (m, 3H), 3.72 (d, J =
11.0 Hz, 3H), 3.11 — 2.76 (m, 4H), 1.48 (dt, J=13.2, 6.6 Hz, 2H), 1.42 — 1.26 (m, 4H), 0.84 (d, J
= 6.6 Hz, 12H) ; *C NMR (101 MHz, CDCls) § 131.42 (d, J = 2.9 Hz), 131.41 (d, J = 9.4 Hz),
131.23 (d, J = 174.9 Hz), 128.30 (d, J = 14.1 Hz), 50.84 (d, J = 5.9 Hz), 43.26 (d, J = 4.6 Hz),
37.60 (d, J=2.0 Hz), 26.01, 22.55 (d, J= 4.0 Hz) ; >'P NMR (162 MHz, CDCl3) § 24.89 ; HRMS
(ESI) m/z caled for Ci7H3i1NO2P (M+H)™: 312.2087; found: 312.2088. Phosphonamidate
4a was determined to be 94% ee by chiral HPLC analysis (CHIRALPAK AD-H, 3%

iPrOH/hexanes, 1.0 mL/min, 230 nm, tr(minor) = 20.3 min, tr(major) = 17.7 min).
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Racemic sample:

mAU
1753
150
125
100
75
50

- T
5 10 15 20 25 30

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

1 17.866 MM 0.5371 6243.07959 193.73647 49.9898
2 20.336 MM 0.6483 6245.62842 160.57492 50.0102

Enriched sample:

mAU 4
200 |
150 |

100 |

SO{M\ -
0

5 10 15 20 25 30
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [MAU] %

1 17.730 MM 0.5462 7624.14453 232.64314 96.8819
2 20.295 MM 0.5946 245.38354 6.87788 3.1181

Methyl (R)-N,N-diisopentyl-P-(naphthalen-2-yl)phosphonamidate (4b)
CIP?. 'Am
é'\'/;: :iAm
4b
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Following General Procedure C, phosphonamidate 4b (62 mg, 85% yield, 95% ee) was produced
as a colorless oil from 2b (0.2 mmol). The product was purified using flash chromatography on
silica gel (0 to 100% EtOAc in Hexanes). 'H NMR (400 MHz, CDCls) & 8.31 (d, J= 14.6 Hz, 1H),
7.89 (dt, J=12.1, 7.5 Hz, 2H), 7.73 (ddd, J = 10.3, 8.4, 1.5 Hz, 2H), 7.56 (pd, J = 7.0, 1.6 Hz,
2H), 3.77 (d, J=11.1 Hz, 3H), 3.28 — 2.69 (m, 4H), 1.49 (dq, J = 13.5, 6.8 Hz, 2H), 1.44 — 1.28
(m, 4H), 0.84 (d, J= 6.6 Hz, 12H) ; 3*C NMR (101 MHz, CDCl3) § 134.57 (d, J = 2.6 Hz), 133.08
(d,/J=9.1Hz), 132.53 (d,/=15.4 Hz), 128.82, 128.41 (d, /= 174.9 Hz), 128.10 (d, /= 13.7 Hz),
127.76, 126.75, 126.66, 126.63 (d, /= 1.2 Hz), 50.98 (d, /= 5.9 Hz), 43.37 (d, J = 4.6 Hz), 37.67
(d, J=2.0 Hz), 26.03, 22.56 (d, J=4.2 Hz) ; *'P NMR (162 MHz, CDCl3) § 24.91 ; HRMS (ESI)
m/z caled for C21H33sNO2P (M+H)"™: 362.2243; found: 362.2245. Phosphonamidate 4b was

determined to be 95% ee by chiral HPLC analysis (CHIRALPAK AD-H, 5% iPrOH/hexanes, 1.0
mL/min, 220 nm, tr(minor) = 23.2 min, tr(major) = 20.8 min).
Racemic Sample:

mAU 1 3 N K
E g & ,]33\(1'
500 | N, 0
] |
400 ¥
] \
3007
200 [\

100 ] /N B
] ) \\V/ N '

0 i —~— —
T T T T T T 1T )
5 10 15 20 25 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %

1 20.839 MF 0.7028 2.68229%¢e4 636.09015 50.0958
2 23.197 FM 0.8058 2.67203e4 552.65314 49.9042
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Enriched Sample:

mAU ] 2 N
- g &
1200 - N °
E | L@
1000*: |
800 [
600 | \ o
400 / -
200 - | 5 &
] A
0 i : : : i : : : : : : : ' : ‘ : :
é 1‘0 1‘5 2J0 2‘5 mir
Peak RetTime Type Width Area Height Area
i [min] [min] [mMAU*s ] [mAU] %

——m | e e |- | = |- |
1 20.813 MM 0.7331 6.51271e4 1480.64075 97.3296

2 23.241 MM 0.7609 1786.88892 39.14061 2.6704

Methyl (R)-P-(3-bromophenyl)-/V,N-diisopentylphosphonamidate (4c)

0

1] :
Br P'l /IAm

1N

OMe 'Am

4c

Following General Procedure C, phosphonamidate 4¢ (57.5 mg, 74% yield, 94% ee) was

produced as a colorless oil from phosphonic dichloride 2¢ (0.2 mmol). The product was purified

by flash chromatography on silica gel (0 to 50% Et20 in DCM). 'H NMR (400 MHz, CDCl3) §

7.86 (dt, J=12.9, 1.7 Hz, 1H), 7.69 — 7.55 (m, 2H), 7.31 (td, J = 7.8, 4.4 Hz, 1H), 3.73 (d, J =
11.2 Hz, 3H), 3.00 (ddd, J = 10.4, 8.9, 7.1 Hz, 4H), 1.49 (dq, J = 13.1, 6.6 Hz, 2H), 1.34 (ttt, J =
12.7, 6.0, 3.4 Hz, 4H), 0.86 (d, J = 6.6 Hz, 12H) ; 13C NMR (101 MHz, CDCls) § 134.41 (d, J =
2.9 Hz), 134.19 (d, J= 10.1 Hz), 134.08 (d, J= 173.0 Hz), 130.02 (d, J = 15.0 Hz), 129.80 (d, J =
8.9 Hz), 122.75 (d, J = 18.6 Hz), 50.96 (d, J= 6.1 Hz), 43.25 (d,J=4.7 Hz), 37.59 (d, J= 1.9 Hz),
26.00, 22.54 (d, J = 3.1 Hz) ; 3'P NMR (162 MHz, CDCl3) § 22.33 ; HRMS (ESI) m/z calcd for

C17H30BrNO2P (M+H)": 390.1192; found: 390.1193. Phosphonamidate 4¢ was determined to be
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94% ee by chiral HPLC analysis (CHIRALPAK AD-H, 3% iPrOH/hexanes, 1.0 mL/min, 230 nm,
tr(minor) = 19.9 min, tr(major) = 16.1 min).
Racemic Sample:

mAU ] o
80
60

40|

20

0ol
5 1 15 0 35 3 3 mn
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mMAU] %

e R | = | = | == |
1 15.762 MM 0.6677 3518.68286 87.83620 49.9025
2 19.423 MM 0.8226 3532.43042 71.56898 50.0975

Enriched Sample:
mAU 3 6\
175 ‘,ﬁﬁ
150 &
125 T
100 | \
75 \ G
50 R g
25 e
0 S
f'[J 1‘0 1‘5 2[0 2‘5 3‘0 3‘5 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

e | === === | == | === | === |
1 16.088 MM 0.6801 8379.56836 205.35091 97.1290

2 19.879 MM 0.8337 247.69002 4.95151 2.8710
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Methyl (R)-N,N-diisopentyl-P-(3-methoxyphenyl)phosphonamidate (4d)

Following General Procedure C, phosphonamidate 4d (63 mg, 92% yield, 94% ee) was produced
as a colorless oil from 2d (0.2 mmol). The product was purified by flash chromatography on silica
gel (0 to 50% Et20 in DCM). 'H NMR (400 MHz, CDCls) § 7.38 — 7.20 (m, 3H), 7.01 (ddd, J =
8.7, 2.3, 0.9 Hz, 1H), 3.83 (s, 3H), 3.72 (d, J = 11.1 Hz, 3H), 3.35 — 2.74 (m, 4H), 1.49 (dq, J =
13.1, 6.6 Hz, 4H), 1.41 — 1.28 (m, 2H), 0.85 (d, J= 6.5 Hz, 12H) ; *C NMR (101 MHz, CDCl3) &
159.40 (d,J=17.8 Hz), 132.55 (d, /= 173.9 Hz), 129.53 (d, J= 16.5 Hz), 123.65 (d, J=9.0 Hz),
117.68 (d,J=3.0 Hz), 116.20 (d, J= 10.7 Hz), 55.40, 50.92 (d, /= 6.0 Hz), 43.27 (d, /= 4.7 Hz),
37.59 (d, J= 1.9 Hz), 26.02, 22.57 (d, J = 4.1 Hz) ; *'P NMR (162 MHz, CDCI3) § 24.72; HRMS
(ESI) m/z caled for Ci1sH33NO3P (M+H)": 342.2193; found: 342.2193. Phosphonamidate 4d was
determined to be 93% ee by chiral HPLC analysis (CHIRALPAK AD-H, 3% iPrOH/hexanes, 1.0
mL/min, 220 nm, tr(minor) = 29.7 min, tr(major) = 23.5 min).

Racemic Sample:

= o
mAU ¢ K g K
3 © 12} )
35 A AR
307 | i i
25 [ /
20 5 . [
15~ | \ |
10 ‘ /
S ) / .
i o~
L
i T ’ T I I T I T I I
5 10 15 20 25 30 35 min
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Peak RetTime Type Width Area
# [min] [min] [mMAU*s] [MAU

1 23.343 FM 1.0472 2261.53540 35.99278 50.1225
2 29.428 MM 1.2840 2250.48462 29.21214 49.8775

Enriched Sample:

mAUé b4 ‘.bb\
120 - &
] I@"’"
100~ o
i a
60 - N
40; ( \ g .’bq’,\(‘b
20% J \ ON’.?SQ%‘
o S S R
é 10 15 20 25 30 35 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

e e R | == | ——-———- |
1 23.468 MM 1.0602 8984.83594 141.24014 96.4787

2 29.742 MM 1.3275 327.93115 4.11700 3.5213
Methyl (R)-P-(3-chlorophenyl)-N,N-diisopentylphosphonamidate (4b)
0

i -
CI P’I /’Am

1N

OMe 'Am

4e

Following General Procedure C, phosphonamidate 4e (63 mg, 87% yield, 89% ee) was produced
as a colorless oil from phosphonic dichloride 2e (0.2 mmol). Product was purified by flash
chromatography on silica gel (0 to 50% Et20 in DCM). '"H NMR (300 MHz, CDCl3) 6 'H NMR

(400 MHz, CDCl3) & 7.71 (dt, J = 13.0, 1.8 Hz, 1H), 7.61 (ddt, J = 12.4, 7.5, 1.3 Hz, 1H), 7.45
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(ddt,J=8.1,2.2, 1.1 Hz, 1H), 7.37 (td, J=7.7,4.3 Hz, 1H), 3.73 (d, J=11.1 Hz, 3H), 3.00 (dddd,
J=10.8,8.7,6.7, 1.5 Hz, 4H), 1.49 (dq, J = 13.1, 6.6 Hz, 2H), 1.34 (dddd, /= 19.2, 12.8, 8.7, 6.1
Hz, 4H), 0.86 (d,J= 6.6 Hz, 12H); 8 *C NMR (101 MHz, CDCl3) § 134.66 (d,J=7.1 Hz), 133.71
(d, J=162.1 Hz), 131.50 (d, /=2.9 Hz), 131.33 (d, /= 10.0 Hz), 129.78 (d, J = 15.4 Hz), 129.37
(d, J=8.9 Hz), 50.95 (d, /= 6.0 Hz), 43.25 (d, J=4.7 Hz), 37.59 (d, /= 1.9 Hz), 26.00, 22.54 (d,
J=3.3Hz) ;3P NMR (162 MHz, CDCl3) & 22.63 ; HRMS (ESI) m/z calcd for C17H30CINO2P
(M+H)": 346.1697; found: 346.1698. Phosphonamidate 4e was determined to be 94% ee by chiral
HPLC analysis (CHIRALPAK AD-H, 3% iPrOH/hexanes, 1.0 mL/min, 230 nm, tr(minor) = 19.2
min, tr(major) = 15.2 min).

Racemic sample:

mAU ] Q © 8
] & g@(’o s &
| N N g
40 | L& [\ &®
1 % | ¥
30 [\ I\
i I a
20 E ‘\ \‘ \\
10-] [\ [\
] o N
b — —— " L L
5 10 15 20 25 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*S] [mAU] %

e EEEEE R R | == mmm - R |
1 15.245 MM 0.6579 1953.55896 49.49269 49.9987

2 19.268 MM 0.8041 1953.65906 40.49458 50.0013

Enriched sample:

mAU 1 § K3
] 5 &
80 2 &
] \ ‘0’0
60 “ ¥
4 ‘ \\\
40 [ K
] [ 0 »(\"\
20 [ =
] \ 5 &
| \ O
0 il D _ \ - ‘_/’X:\
T T T T ’ T T
5 10 15 20 25 min
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mMAU] %

|- | === e R | ——--m-- |
1 15.183 MM 0.6660 3703.18311 92.66764 94.4473

2 19.175 MM 0.8050 217.71455 4.50762 5.5527

Methyl (R)-N,N-diisopentyl-P-(4-(trifluoromethyl)phenyl)phosphonamidate (4f)

R

P.,,. JAm

1N

OMe 'Am

CF;
4f

An oven-dried 40 mL vial equipped with a magnetic stir bar was charged with catalyst 1a (20 mg,
0.04 mmol, 0.2 equiv.), 4 A mol sieves (200 mg), and diisoamylamine (140 pL, 0.7 mmol, 3.5
equiv.). The vial was then capped with a septum and put under N2 atmosphere. The vial was
charged with diethyl ether (10 mL), and the reaction mixture was cooled to —78 °C and subjected
to stirring at that temperature for 20 minutes. Phosphonic dichloride 2f (0.2 mmol, 1 equiv.)
dissolved in toluene (0.5 mL) was then added in one portion, and the reaction was subjected to
stirring at —78 °C for 18 hours.

A separate oven-dried 2-dram vial with a magnetic stir bar was charged with 80 mg of sodium
hydride (2 mmol, 10 equiv., 60% in mineral oil). The vial was then capped with a septum, sealed
with parafilm, and put under N, atmosphere. The vial was then charged with THF (1.5 mL) and
allowed to stir at room temperature for 1 minute. Methanol (0.5 mL) was then added dropwise via
a syringe through the septum to the stirring sodium hydride mixture over a 2-minute period, and

the solution was subjected to stirring at room temperature until clear. If the mixture remained
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cloudy after 10 minutes, additional methanol (0.1 mL) was introduced to ensure complete
dissolution of sodium methoxide. The resultant sodium methoxide solution was then added
directly to the catalytic reaction at —78 °C after it had been stirred for 24 hours. The reaction was
then subjected to stirring for 12 hours at —50 °C, after which point it was concentrated under
reduced pressure and purified by flash column chromatography on silica gel (0 to 50% Et2O in
DCM) to afford the product. Phosphonamidate 4f (76 mg, 89% yield, 92% ee) was afforded as a
colorless oil. 'TH NMR (400 MHz, CDCl3) § 7.86 (dd, J=12.3, 7.9 Hz, 2H), 7.69 (dd, J = 8.1, 3.2
Hz, 2H), 3.74 (d,J=11.1 Hz, 3H), 3.18 — 2.80 (m, 4H), 1.56 — 1.23 (m, 6H), 0.85 (dd, /= 6.6, 1.0
Hz, 12H) ; *C NMR (101 MHz, CDCl3) § 135.86 (d, J=173.0 Hz), 133.13 (qd, J= 32.6, 3.2 Hz),
131.77 (d, J=9.5 Hz), 125.14 (dq, J = 14.2, 3.7 Hz), 123.70 (q, J = 818.0 Hz), 50.94 (d, /= 5.9
Hz), 43.24 (d, J = 4.7 Hz), 37.57 (d, J = 1.8 Hz), 25.99, 22.50 (d, J = 3.1 Hz) ; 3'P NMR (162
MHz, CDCls) § 22.33 ; 'F NMR (376 MHz, CDCl3) & -63.13 ; HRMS (ESI) m/z calcd for
C1sH30F3NO2P (M+H)": 380.1961; found: 380.1960. Phosphonamidate 4f was determined to be
92% ee by chiral HPLC analysis (CHIRALPAK AD-H, 3% iPrOH/hexanes, 1.0 mL/min, 220 nm,
tr(minor) = 15.5 min, tr(major) = 18.0 min).

Racemic Sample:

mAU 3 2 @&
70 % SE

60
50

20

° \
10 o M~ _ g/ \\VJ Kﬁ I

5 10 15 20 25 30 35 min
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
—mmm |- | === | === e | = - | - - |
1 15.180 MM 0.6453 2921.39429 75.45140 50.0063
2 17.719 MM 0.7071 2920.65942 68.84431 49.9937

Enriched Sample:

mAU o

©
160 ' «g\‘b@
140 &
120 ’ s
100
3 ’
— © Q
w0 2:\{7
20 Sl
4"
s 0 45 a 25 30 3 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
e R | === | === |~ |
1 15.496 MM 0.6362 300.93442 7.88329 3.8677

2 18.002 MM 0.7159 7479.85596 174.13049 96.1323

Methyl (R)-N,N-diisopentyl-P-(4-methoxyphenyl)phosphonamidate (4g)

e .

|‘3,, ,N\,.Am

[ j OMe 'Am
MeO
49

An oven-dried 40 mL vial equipped with a magnetic stir bar was charged with catalyst 1a (5 mg,
0.01 mmol, 0.05 equiv.), 4 A mol sieves (200 mg), and diisoamylamine (140 uL, 0.7 mmol, 3.5
equiv.). The vial was then capped with a septum, sealed with parafilm, and put under N2
atmosphere. The vial was charged with diethyl ether (10 mL), and the reaction mixture was cooled

to —40 °C and subjected to stirring at that temperature for 20 minutes. 4-methoxyphenyl
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phosphonic dichloride (32 pL, 0.2 mmol, 1 equiv.) dissolved in toluene (0.5 mL) was then added
in one portion, and the reaction was subjected to stirring at —40 °C for 24 hours.

A separate oven-dried 2-dram vial with a magnetic stir bar was charged with sodium hydride (80
mg, 2 mmol, 10 equiv., 60% in mineral oil). The vial was then capped with a septum, sealed with
parafilm, and put under N2 atmosphere. The vial was then charged with THF (1.5 mL) and allowed
to stir at room temperature for 1 minute. Methanol (0.5 mL) was then added dropwise via a syringe
through the septum to the stirring sodium hydride mixture over a 2-minute period, and the solution
was subjected to stirring at room temperature until clear. If the mixture remained cloudy after 10
minutes, additional methanol (0.1 mL) was introduced to ensure complete dissolution of sodium
methoxide. The resultant sodium methoxide solution was then added directly to the catalytic
reaction at —40 °C after it had been stirred for 24 hours. The reaction was then subjected to stirring
for 12 hours at —40 °C, after which point it was concentrated under reduced pressure and purified
by flash column chromatography on silica gel (0 to 100% Et2O in DCM) to afford the product.
Phosphonamidate 4g (63 mg, 92% yield, 90% ee) was afforded as a colorless oil.

"H NMR (400 MHz, CDCl3) § 7.77 — 7.51 (m, 2H), 6.93 (dd, J = 8.8, 3.0 Hz, 2H), 3.84 (s, 3H),
3.69 (d, J=11.0 Hz, 3H), 3.09 — 2.89 (m, 4H), 1.54 — 1.41 (m, 2H), 1.34 (ddt, J=16.2, 12.9, 6.3
Hz, 4H), 0.85 (d, J= 6.5 Hz, 12H) ; 3*C NMR (101 MHz, CDCl3) § 162.08 (d, J= 3.2 Hz), 133.35
(d, J=10.8 Hz), 122.53 (d, J=181.8 Hz), 113.80 (d, J = 15.2 Hz), 55.28, 50.80 (d, J = 6.0 Hz),
43.29 (d, J= 4.7 Hz), 37.64 (d, J = 2.0 Hz), 26.03, 22.58 (d, J = 4.8 Hz) ; *'P NMR (162 MHz,
CDCl3) 8 25.71 ; HRMS (ESI) m/z calcd for CisH3sNO3P (M+H)™: 342.2193; found: 342.2193.
Phosphonamidate 4g was determined to be 90% ee by chiral HPLC analysis (Chiralcel OD-H, 3%

iPrOH/hexanes, 1.0 mL/min, 230 nm, tr(minor) = 26.2 min, tr(major) = 18.2 min).
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Racemic Sample:

| ©
mAU ] Q o &
1 > & ® &
25 N o ¥
] & N &
20 S ¥

10 20 30 40 50 min

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

e R R |- | - - |- |
1 19.016 MM 0.6900 1206.00720 29.12862 50.0469
2 27.078 MM 0.9805 1203.74585 20.46228 49.9531

Enriched Sample:
mAU ] N A
El g ,(‘»319:\
250 &
200 i
150 R .
100 - | \\ 0 /\(ﬁ;bq’
5O§ ) / \\ g@d"
0] | WY N et
s 0 45 s s 3 i
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

e e |~ | = | = |
1 18.224 MM 0.6904 1.32217e4  319.17303 94.7950

2 26.243 MM 0.9627 725.98444 12.56860 5.2050
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Methyl (R)-P-hexyl-N,N-diisopentylphosphonamidate (4h)

Following General Procedure C, phosphonamidate 4h (32.1 mg, 50% yield, 26% ee) was
produced as a colorless oil from hexylphosphonic dichloride (34 pL, 0.2 mmol). Product 4h was
purified by flash chromatography on silica gel (0 to 60% Et20 in Hexanes).

'"H NMR (400 MHz, CDCl3) § 3.55 (d, J = 10.9 Hz, 3H), 2.97 (td, J = 10.1, 6.5 Hz, 4H), 1.75 —
1.48 (m, 6H), 1.45 - 1.31 (m, 6H), 1.35 - 1.19 (m, 4H), 0.91 (d, /= 6.6 Hz, 12H), 0.88 (t, /= 6.9
Hz, 3H); *C NMR (101 MHz, CDCl3) § 49.72 (d, J= 6.9 Hz), 42.96 (d, J = 4.3 Hz), 37.88 (d, J =
1.7 Hz), 31.40, 30.55 (d, J=17.2 Hz), 26.53 (d, /= 131.1 Hz), 26.15, 22.64, 22.46, 22.35 (d, J =
4.1 Hz), 14.04; 3'P NMR (162 MHz, CDCI3) § 37.97; HRMS (ESI) m/z calcd for Ci17H39N102P;
(M+H)": 320.2713; found: 320.2712.

Phosphonamidate 4h was determined to be 26% ee by chiral GC analysis (Cyclodex B 60 m x 0.25
mm X 0.25 pm, 1.0 °C/min, 100 °C to 200 °C, 7 psi), tr(minor) = 33.1 min, tr(major) = 31.4 min.

Racemic Sample:

T Front Signal (KCFDEF_GC_ 2022.04-07 17-10-51\KCF-N-HEXYL-RAC-DAK-METHOD.D)

_

S33



Peak RetTime Type Width Area Height Area

# [min] [min] [pA*s] [pA] $
| | | | I |l |
D [ |- - = | | |
1 31.352 MM 0.1289 7.88174 1.01915 49.01002
2 33.092 MM 0.1565 8.20016 8.73491e-1 50.98998
Enriched Sample:
Peak RetTime Type Width Area Height Area
# [min] [min] [PA*s] [PA] %
e e ==l [ [ [em e |
1 31.366 MM 0.1286 17.47416 2.26527 63.25772
2 33.071 MM 0.1606 10.14960 1.05304 36.74228
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Scope of enantiospecific  nucleophile  substitution of phenyl

chlorophosphonamidate 3 by various nucleophiles

4-(N,N-dimethylsulfamoyl)phenyl (R)-N,/N-diisopentyl-P-phenylphosphonamidate (5a)

Q
P.,,. J/Am
Ph”} N
o‘ 0 'Am
\
O=S\.
N\
Me~ Me

5a
Following General Procedure B, phosphonamidate 5a (70 mg, 73% yield, 94% ee) was produced
as a white solid from phenyl phosphonic dichloride (28 pL, 0.2 mmol), sodium hydride (48 mg,
1.2 mmol, 6 equiv., 60% in mineral oil), and 4-hydroxy-N,N-dimethylbenzenesulfonamide (81 mg,
0.4 mmol, 2 equiv.). NOTE: after addition of phenoxide solution, reaction was subjected to stirring
at 30 °C instead of —50 °C. The product was purified via flash chromatography on silica gel (0 to
100% Et20 in DCM). 'H NMR (400 MHz, CDCl3) § 7.89 — 7.77 (m, 2H), 7.78 — 7.66 (m, 2H),
7.62 —7.53 (m, 1H), 7.49 (tdd, J="7.0, 3.1, 1.8 Hz, 2H), 7.46 — 7.39 (m, 2H), 3.24 — 2.94 (m, 4H),
2.69 (s, 6H), 1.44 (h, J= 6.6 Hz, 2H), 1.37 — 1.17 (m, 4H), 0.81 (d, J = 6.6 Hz, 12H) ; 3C NMR
(101 MHz, CDCl3) 6 154.94 (d, J=7.6 Hz), 132.22 (d, J=3.3 Hz), 131.50 (d, /=9.9 Hz), 131.04
(d, J=1.7 Hz), 129.68, 128.64 (d, J = 14.8 Hz), 128.46 (d, J = 164.2 Hz), 120.81 (d, /= 5.3 Hz),
43.16 (d, J = 4.5 Hz), 37.94, 37.27 (d, J = 2.2 Hz), 25.92, 22.50 (d, J = 7.7 Hz) ; *'P NMR (162
MHz, CDCls) 8 22.44 ; HRMS (ESI) m/z caled for Ca4H3sN204P (M+H)™: 481.2284; found:
481.2282. Phosphonamidate 5a was determined to be 94% ee by chiral HPLC analysis
(CHIRALPAK AD-H, 10% iPrOH/hexanes, 1.0 mL/min, 210 nm, tr(minor) = 46.9 min, tr(major)

=41.8 min).
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Enriched Sample:

mAU ° o N
1600 - . a2 »
1400 & Q.’fi‘% ﬁ\ @fi‘%
[ N
1200 | % / ¥
1000 / \ \
800 | \ / \
o | \ \
400 ‘ 1 i
0 % JULMK,_AJ N A J \/ \ﬁi
T T
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

e e R R |-
1 41.476 MF 2.1002 2.16316eb 1716.62000 49.8002
2 46.198 M 2.4101 2.18051e5 1507.92786 50.1998

Racemic Sample:

mAU ) “
i ﬁ &

500 - M &P
i M\ s

400 - ¢
] A

300 [

] I\ ®

200 -
1 | % (b"
e | \;‘W
. - J S R

N T
‘ ‘ 1‘0 ‘ ‘ 2b 3‘0 4‘0 ‘ 50 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

——mm | e |- | = R |
1 41.819 MF 1.5668 5.30915e4 564.75763 97.1414

2 46.885 FM 1.7079 1562.35327 15.24649 2.8586

4-(trifluoromethyl)phenyl (R)-N,N-diisopentyl-P-phenylphosphonamidate (Sb)

Il i
oA
O Am

CF3
5b
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An oven-dried 100 mL round-bottomed flask equipped with a magnetic stir bar was charged with
catalyst 1a (23 mg, 0.045 mmol), 4 A mol sieves (800 mg), and diisoamylamine (0.65 mL, 3.15
mmol, 3.5 equiv.). The vial was then capped with a septum, sealed with parafilm, and put under
N2 atmosphere. The vial was charged with diethyl ether (45 mL), and the reaction mixture was
cooled to —50 °C and subjected to stirring for 20 minutes. Phenyl phosphonic dichloride (126 pL,
0.9 mmol, 1 equiv.) dissolved in toluene (1 mL) was then added in one portion, and the reaction
was subjected to stirring at —50 °C for 4 hours.

A separate oven-dried 2-dram vial with a magnetic stir bar was charged with sodium hydride (0.54
g, 15 equiv, 13.5 mmol, 60% in mineral oil). The vial was then capped with a septum, sealed with
parafilm, and put under N, atmosphere. The vial was then charged with THF (9 mL) and allowed
to stir at room temperature for 1 minute. 4-(trifluoromethyl)phenol (729 mg, 4.5 mmol, 5 equiv.)
dissolved in THF (1 mL) was then added dropwise via a syringe through the septum to the stirring
sodium hydride mixture over a 5-minute period, and stirring was continued at room temperature
for 30 minutes. The resultant 4-(trifluoromethyl)phenoxide mixture was then added directly to the
catalytic reaction at —50 °C after it had been stirred for 4 hours. The reaction was then subjected
to stirring for 24 hours at —50 °C, concentrated under reduced pressure, and purified by flash
column chromatography on silica gel (0 to 40% Et2O in Hexanes) to afford the product.
Phosphonamidate 5b (251 mg, 63% yield, 93% ee) was afforded as a colorless oil. 'H NMR (400
MHz, CDCls) 6 7.95 - 7.73 (m, 2H), 7.58 (d, J = 8.5 Hz, 2H), 7.54 (dd, J= 7.4, 1.6 Hz, 1H), 7.48
(ddd,J=8.5,6.5,4.2 Hz, 2H), 7.39 (d, /= 8.4 Hz, 2H), 3.06 (dddd, J=11.4, 8.9, 6.4, 2.0 Hz, 4H),
1.49 - 1.36 (m, 2H), 1.34 — 1.11 (m, 4H), 0.80 (d, J= 6.6 Hz, 12H) ; 3*C NMR (101 MHz, CDCl3)
0 153.98 (d, J=17.6 Hz), 132.07 (d, J=3.1 Hz), 131.53 (d, /= 9.6 Hz), 130.41 (d, J=179.1 Hz),

128.56 (d, J= 14.8 Hz), 126.95 (q, J = 3.8 Hz), 126.47 (q, J = 32.9 Hz), 124.02 (q, J=271.7 Hz),
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120.78 (d, J=5.1 Hz), 43.10 (d, /= 4.6 Hz), 37.23 (d, /= 2.1 Hz), 25.91, 22.47 (d, /= 8.2 Hz) ;
3P NMR (162 MHz, CDCl3) § 22.16 ; ’F NMR (376 MHz, CDCl3) § -62.04 ; HRMS (ESI) m/z
calcd for C2H32FsNO2P (M+H)™: 442.2117; found: 442.2117. Phosphonamidate 5b was
determined to be 93% ee by chiral HPLC analysis (CHIRALPAK AD-H, 5% iPrOH/hexanes, 1.0
mL/min, 220 nm, tr(minor) = 27.4 min, tr(major) = 32.8 min).

Racemic Sample:

mAU
140 "\
120 o
100 { © fﬁ. - Q&
80 o & g 7
60 M aw &
p \ /U
20
Y _
5 10 15 2 2 30 35 40 ni
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %
—mmm e | = | = |- |
1 27.576 MM 0.8733 2965.72803 56.60071 49.8209
2 32.957 MM 1.0233 2987.05566 48.64917 50.1791
Enriched Sample:
mAU ] — ‘ & &
50? i %QQ)(OA
40| freq"‘
30 /
1 N
20 S ‘\'i\‘?‘b }\
] NS \
10 R&SQ, /
OEJJJW/~‘———P ;
- T T Y "
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
R R B . | = | = |
1 27.400 MM 0.9142 117.46119 2.14139 3.6678
2 32.823 MM 1.0238 3085.05737 50.22353 96.3322

Phenyl (R)-N,N-diisopentyl-P-phenylphosphonamidate (5c)

g
pre N AT
aahe
5c

Following General Procedure B, phosphonamidate 5¢ (64 mg, 86% yield, 93% ee) was produced
as a colorless oil from phenyl phosphonic dichloride (28 pL, 0.2 mmol), sodium hydride (48 mg,
1.2 mmol, 6 equiv., 60% in mineral oil), and phenol (38 mg, 0.4 mmol, 2 equiv.). The product was
purified via flash chromatography on silica gel (0 to 50% Et>O in Hexanes). '"H NMR (400 MHz,
CDClI3) 6 7.92-7.76 (m, 2H), 7.61 — 7.38 (m, 3H), 7.38 — 7.20 (m, 4H), 7.16 — 7.03 (m, 1H), 3.05
(dddd, /=10.9, 8.7, 6.5, 1.5 Hz, 4H), 1.54 — 1.34 (m, 2H), 1.34 — 1.00 (m, 4H), 0.79 (d, /= 6.6
Hz, 12H) ; *C NMR (101 MHz, CDCls) § 151.23 (d, J = 8.2 Hz), 131.70 (d, J = 3.0 Hz), 131.58
(d, /J=9.5Hz), 131.15 (d,J=179.2 Hz), 129.53, 128.39 (d, J = 14.5 Hz), 124.21, 120.54 (d, J =
5.0 Hz), 43.11 (d, J= 4.4 Hz), 37.20 (d, J = 2.1 Hz), 25.95, 22.51 (d, /= 7.6 Hz) ; *'P NMR (162
MHz, CDCIl3) & 21.20 ; HRMS (ESI) m/z calcd for C22H3sNO2P (M+H)": 374.2243; found:
374.2242. Phosphonamidate 5c¢ was determined to be 93% ee by chiral HPLC analysis
(CHIRALPAK AD-H, 5% iPrOH/hexanes, 1.0 mL/min, 220 nm, tr(minor) = 26.6 min, tr(major)

=21.1 min).
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Racemic Sample:

mAU ] 5 & o o
140 ﬂ % ryd $ &
120—; H } id A v@@
100 H / “
80| I | \ A
604 | / \
\ N
3 |
o IR VN G AN
5 10 15 0 25 30 35 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [MAU] %
e i R R | = |-
1 21.167 MM 0.6734 6028.03271 149.20413 50.0901
2 26.610 MM 0.8510 6006.33594 117.62879 49.9099
Enriched Sample:
mAU - © ®
3 E o
o § ¢
300 1%
250 H
200 - I ©
E [ (8
58:4\_7,7, I .‘} \\ i ‘$, .
s 01 0% 30 35 mi
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== | === | === | === | —===———= \
1 21.136 MM 0.7091 1.86246e4 437.77039 96.2520
2 26.682 MM 0.8215 725.22614 14.71269 3.7480

S-phenyl (R)-N,N-diisopentyl-P-phenylphosphonamidothioate (5d)

I} ;
e JAM
Ph/|‘3 ‘N
\-
'Am

5d
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An oven-dried 100 mL round-bottomed flask equipped with a magnetic stir bar was charged with
catalyst 1a (24 mg, 0.05 mmol), 4 A mol sieves (800 mg), and diisoamylamine (0.72 mL, 3.5
mmol, 3.5 equiv.). The vial was then capped with a septum, sealed with parafilm, and put under
N2 atmosphere. The vial was charged with diethyl ether (50 mL), and the reaction mixture was
cooled to —50 °C and subjected to stirring for 20 minutes at that temperature. Phenyl phosphonic
dichloride (140 pL, 1 mmol, 1 equiv.) dissolved in toluene (1 mL) was then added in one portion,
and the reaction was subjected to stirring at =50 °C for 4 hours.

A separate oven-dried 2-dram vial with a magnetic stir bar was charged with sodium hydride (0.6
g, 15 mmol, 15 equiv., 60% in mineral oil). The vial was then capped with a septum, sealed with
parafilm, and put under N, atmosphere. The vial was then charged with THF (10 mL) and allowed
to stir at room temperature for 1 minute. Thiophenol (509 pL, 5 mmol, 5 equiv.) was then added
dropwise via a syringe through the septum to the stirring sodium hydride mixture over a 2-minute
period, and stirring was continued at room temperature for 30 minutes. The resultant
thiophenoxide mixture was then added directly to the catalytic reaction at —50 °C after it had been
stirred for 24 hours. The reaction was then subjected to stirring for 24 hours at —50 °C, concentrated
under reduced pressure, and purified by flash column chromatography on silica gel (0 to 40% Et20
in Hexanes) to afford the product. Phosphonamidothioate 5d (366 mg, 90% yield, 94% ee) was
afforded as a colorless oil. 'TH NMR (400 MHz, CDCl3) § 7.95 — 7.74 (m, 2H), 7.55 (ddt, J = 6.8,
3.0, 1.5 Hz, 2H), 7.52 — 7.46 (m, 1H), 7.42 (tdd, J = 6.7, 3.8, 1.5 Hz, 2H), 7.25 — 7.19 (m, 3H),
3.25-2.80 (m, 4H), 1.53 - 1.29 (m, 4H), 1.18 (ddt, J=12.7, 10.2, 6.3 Hz, 2H), 0.80 (dd, J = 6.6,
2.2 Hz, 12H) ; 3C NMR (101 MHz, CDCl3) § 134.62 (d, J = 4.3 Hz), 133.03 (d, J = 136.0 Hz),
131.98 (d, /= 3.1 Hz), 131.80 (d, J = 10.0 Hz), 128.99 (d, J = 1.4 Hz), 128.34 (d, J = 14.1 Hz),

128.34 (d, J= 5.3 Hz), 128.19 (d, J= 2.1 Hz), 43.77 (d, J = 3.6 Hz), 37.53 (d, J = 2.6 Hz), 26.00,
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22.51 (d, J = 8.9 Hz) ; *P NMR (162 MHz, CDCls) & 42.82 ; HRMS (ESI) m/z caled for
C22H33NOPS (M+H)": 390.2015; found: 390.2013. Phosphonamidothioate 5d was determined to
be 94% ee by chiral HPLC analysis (CHIRALPAK IB, 3% iPrOH/hexanes, 1.0 mL/min, 220 nm,
tr(minor) = 11.6 min, tr(major) = 22.2 min).

Racemic Sample:

mAU ~
soo—g % . \@‘b"”'v
4007: gvsofb"
300 |
200
100 - J
e e, — ——— —
é 15 1‘5 2‘0 2‘5 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [MAU] %

e | === | = | = R | == |
1 11.117 BB 0.2551 1.11106e4 ©31.90796 50.0613

2 21.335 MM 0.6057 1.10834e4 304.99411 49.9387

Enriched Sample:
AU )
m ] i ’\QI’b
250 - KM
] &
200 - ¥
150
] o
= /\‘b
100 E 2 s
50 2 & / \
1 % \
0 {g\_ﬂw—,\,_gk'_z Lo .
L . ) S
5 10 15 20 25 mir

S42



Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %
- | ——= | = | ——————= | ————————= | ———————— |
1 11.599 MM 0.2766 339.73944 20.46908 3.0832

2 22.155 MM 0.6115 1.06793e4 291.07159 96.9168

Gram-scale synthesis of 5d:

An oven-dried 250 mL round-bottomed flask equipped with a magnetic stir bar was charged with
catalyst 1a (71 mg, 0.15 mmol), 4 A mol sieves (2.6 g), and diisoamylamine (1.85 mL, 9 mmol, 3
equiv.). The vial was then capped with a septum, sealed with parafilm, and put under N2
atmosphere. The vial was charged with diethyl ether (125 mL), and the reaction mixture was
cooled to —50 °C and subjected to stirring for 20 minutes at that temperature. Phenyl phosphonic
dichloride (0.42 mL, 3 mmol, 1 equiv.) was then added in one portion, and the reaction was
subjected to stirring at —50 °C for 12 hours.

A separate oven-dried 2-dram vial with a magnetic stir bar was charged with sodium hydride (1.8
g, 45 mmol, 15 equiv., 60% in mineral oil). The vial was then capped with a septum, sealed with
parafilm, and put under N2 atmosphere. The vial was then charged with THF (30 mL) and allowed
to stir at room temperature for 1 minute. Thiophenol (1.6 mL, 5 mmol, 5 equiv.) was then added
dropwise via a syringe through the septum to the stirring sodium hydride mixture over a 5-minute
period, and stirring was continued at room temperature for 30 minutes. The resultant thiophenoxide
mixture was then added directly to the catalytic reaction at —50 °C after it had been stirred for 24
hours. The reaction was then subjected to stirring for 12 hours at —50 °C then warmed to room

temperature while subjected to stirring. The reaction as then filtered through a fritted funnel packed
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with ~2 inches of silica gel to remove the solids, which was then washed with diethyl ether (250
mL). The filtrate was then concentrated under reduced pressure and purified by flash column
chromatography on silica gel (0 to 25% EtOAc in Hexanes) to afford the product.
Phosphonamidothioate Sd (1.1095 g, 95% yield, 92% ee) was afforded as a colorless oil.
Phosphonamidothioate Sd was determined to be 92% ee by chiral HPLC analysis (CHIRALPAK
IB, 3% iPrOH/hexanes, 1.0 mL/min, 220 nm, tr(minor) = 11.6 min, tr(major) = 21 min).

Racemic Sample:

mAUj =
500—2 5 \\Q%%P
4007: :"‘:’;YS@Q;'
300
200
100 -
0 : : : : : AR : : : : R ‘ : : : : :
é 1b 1‘5 2‘0 2‘5 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

e | === | = | = | = | == |
1 11.117 BB 0.2551 1.11106e4 ©31.90796 50.0613

2 21.335 MM 0.6057 1.10834e4 304.99411 49.9387

Enriched Sample:
] <
mAU 3 5 %Qt\
E ﬂ oV
600 - | 5
E | L&
500 - A
400 - R
300 - N |
1 © \9)
200 e N /
100~ = / \\
0 AN J r
! ! ! ! ! ! ! ! ! ! ! ! I ! ! T ! T ! ! ! ! T ! ! ! !
5 10 15 20 25 min




Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

e e e | == |~ | == |
1 11.558 MM 0.2839 1153.24304 67.70479 3.9221
2 21.014 MM 0.6354 2.82501e4 741.01544 96.0779

S-benzyl (R)-N,N-diisopentyl-P-phenylphosphonamidothioate (5e)

5e
Following General Procedure A, phosphonamidothioate 5e (73 mg, 91% yield, 94% ee) was
produced as a colorless oil from phenyl phosphonic dichloride (28 uL, 0.2 mmol), sodium hydride
(120 mg, 3 mmol, 15 equiv., 60% in mineral oil), and benzyl mercaptan (117 puL, 1 mmol, 5 equiv.).
The product was purified via flash column chromatography on silica gel (0 to 100% Et2O in
Hexanes). 'H NMR (400 MHz, CDCl3) § 7.92 — 7.81 (m, 2H), 7.55 — 7.38 (m, 3H), 7.29 — 7.13
(m, 5H), 4.14 — 3.77 (m, 2H), 3.08 — 2.89 (m, 4H), 1.51 — 1.19 (m, 6H), 0.80 (dd, J = 6.5, 4.7 Hz,
12H) ; '*C NMR (101 MHz, CDCl3) § 137.83, 133.24 (d, J= 135.6 Hz), 131.99 (d, J = 10.6 Hz),
131.91 (d, J = 2.8 Hz), 129.01, 128.48, 128.37 (d, J = 14.1 Hz), 127.17, 43.79 (d, J = 3.8 Hz),
37.70 (d, J = 2.7 Hz), 34.48 (d, J = 2.5 Hz), 26.00, 22.49 (d, J = 7.2 Hz) ; 3'P NMR (162 MHz,
CDCl3) 6 44.57 ; HRMS (ESI) m/z calcd for C23H3sNOPS (M+H)": 404.2171; found: 404.2170.
Phosphonamidothioate Se was determined to be 94% ee by chiral HPLC analysis (CHIRALPAK

IB, 2% iPrOH/hexanes, 1.0 mL/min, 230 nm, tr(minor) = 22.2 min, tr(major) = 19.0 min).
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Racemic Sample:

mAU—; % \{}@r' Q']‘/b(b
20 ﬁ¢® s
] ‘ N | \?sq’
15 | \ / \
] | I
105 | \\ | \
5- |\ J
L SR VAR C
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T
5 10 15 20 2‘5 3‘0 35 min
Peak RetTime Type Width Area Height Area

# [min] [min] [MAU*s ] [MAU] %

e | === | == | = | == |-
1 19.754 MM 0.7251 941.24573 21.63447 50.0521

2 22.740 MF 0.7760 939.28778 20.17343 49.9479

Enriched Sample:

mAU 1 8 K
175 &
E N
150 - &S
E ‘ @fb

125

100
E S
75 E Q/\Q
504 g &
25 J &
: r ,

A 10 15 9‘(1 7‘5 .'z‘n R‘E min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

e R | = | = | ==
1 19.006 MM 0.7196 8069.95459 186.90515 96.7544

2 22.187 MM 0.7659 270.70706 5.89054 3.2456

Benzyl (R)-((diisopentylamino)(phenyl)phosphoryl)carbamate (5f)

Am

1]

P'l 4
Ph N,
'Am

N
Cbz"H

5f
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Following General Procedure B, compound 5f (64 mg, 75% yield, 92% ee) was produced as a
colorless oil from phenyl phosphonic dichloride (28 pL, 0.2 mmol), sodium hydride (48 mg, 1.2
mmol, 6 equiv., 60% in mineral oil), and benzyl carbamate (60 mg, 0.4 mmol, 2 equiv.). The
product was purified via flash column chromatography (0 to 100% EtOAc in DCM). NOTE: after
addition of sodium benzyl carbamide mixture, reaction was subjected to stirring at —30 °C instead
of =50 °C. "H NMR (400 MHz, CDCl3) & 7.88 (ddd, J = 13.5, 8.3, 1.4 Hz, 2H), 7.58 — 7.49 (m,
1H), 7.49 — 7.40 (m, 2H), 7.40 — 7.27 (m, 5H), 5.96 (s, 1H), 5.21 — 5.01 (m, 2H), 3.17 — 2.86 (m,
4H), 1.49 — 1.34 (m, 4H), 1.34 — 1.18 (m, 2H), 0.77 (t, J = 6.1 Hz, 12H) ; '*C NMR (101 MHz,
CDCl3) 6 153.91 (d, J = 3.2 Hz), 135.49, 132.35 (d, /= 3.2 Hz), 132.02 (d, /= 10.3 Hz), 128.92
(d,J=385.5Hz), 128.46 (d,J="7.4 Hz), 128.44 (d, /= 153.6 Hz), 128.42 (d, /= 34.3 Hz), 128.26
(d, J=18.9 Hz), 67.67,43.64 (d, J=4.7 Hz), 37.35 (d, J = 2.6 Hz), 26.04, 22.47 (d, /= 10.6 Hz)
; 3'P NMR (162 MHz, CDCl3) & 18.96 ; HRMS (ESI) m/z caled for C24H3¢N203P (M+H)™:
431.2458; found: 431.2454. Compound 5f was determined to be 92% ee by chiral HPLC analysis
(CHIRALPAK AD-H, 5% iPrOH/hexanes, 1.0 mL/min, 220 nm, tr(minor) = 22.3 min, tr(major)
=16.5 min).

Racemic Sample:

mAU 7 2 ) o <
35 ;ﬁ? & & rb’bq‘@
2 N N
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A E— PN
I ’ T ’ T T
5 10 15 20 25 min
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Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

1 16.873 MM 0.5710 1345.00012 39.25836 50.2306
2 22.760 MF 0.7542 1332.65039 29.45085 49.7694

Enriched Sample:

mAU &N )

40 | &
ri’
|

5 10 15 20 25 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %

1 16.521 MM 0.5804 1946.89990 55.90345 95.9216
2 22.287 MM 0.7176 82.77764 1.92254 4.0784

(R)-N,N-diisopentyl-P-(2-methoxyphenyl)-P-phenylphosphinic amide (5g)

5g
Following General Procedure B, phosphinamidate 5g (75 mg, 97% yield, 91% ee) was produced
as a colorless oil from phenyl phosphonic dichloride (42 mg, 0.2 mmol) and 2-methoxyphenyl

magnesium bromide (1 mL, 1 M solution in THF, 5.0 equiv.). The product was purified via flash

S48



column chromatography (0 to 10% MeOH in DCM). 'H NMR (400 MHz, CDCl3) § 8.00 (ddd, J
=13.5,7.6, 1.8 Hz, 1H), 7.93 — 7.74 (m, 2H), 7.55 — 7.33 (m, 4H), 7.06 (tdd, J= 7.5, 2.1, 0.9 Hz,
1H), 6.91 — 6.82 (m, 1H), 3.74 (s, 3H), 3.19 — 2.80 (m, 4H), 1.53 — 1.29 (m, 6H), 0.74 (d, /= 6.2
Hz, 12H); 3*C NMR (101 MHz, CDCl3) § 160.44 (d, J = 3.2 Hz), 136.03 (d, J = 6.8 Hz), 134.07,
133.73 (d, /= 2.0 Hz), 132.67 (d, J = 10.2 Hz), 131.14 (d, J = 2.9 Hz), 127.77 (d, J = 12.9 Hz),
120.73 (d, J=11.9 Hz), 120.38 (d, /= 123.5 Hz), 110.65 (d, /= 7.2 Hz), 54.95, 43.82 (d, /= 4.1
Hz), 37.61 (d, J = 3.0 Hz), 26.15, 22.53 (d, J = 2.7 Hz) ; *'P NMR (162 MHz, CDCl3) § 29.34 ;
HRMS (ESI) m/z calcd for C23H3sNO2P (M+H)": 388.2400; found: 388.2397. Phosphinamidate
Sg was determined to be 91% ee by chiral HPLC analysis (CHIRALPAK AD-H, 4%
iPrOH/hexanes, 1.0 mL/min, 230 nm, tr(minor) = 67.4 min, tr(major) = 42.7 min).

Racemic Sample:

©
mAU 1 A NS
) K3 (\ v
80 X g
] \V&(b. 2 &
©

60 |

i

I N~
01—
——

— T T T T T T T T T T T — T T T T T T T T T T T T T T T
n 20 2n an AN AN 7mn ]N an min

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

SR EEEEEEE | === | = | —=—mmmm- |- |- |
1 43.336 MM 1.6402 9019.67285 91.65068 49.7305

2 67.501 MM 2.6826 9117.43652 56.64543 50.2695

Enriched Sample:
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70 ‘ A“@%‘
60 \v@@
50 \
40 3
30 ©
20 / \ g@,éfb@
10 P\A,J"\ ———————— A// \» ————— %4/12 ‘?\S ——
0 - . R S e T T T
B 1‘0 ' 20 3b 40 50 60 70 80 90 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
R | === | == | = | == | - |
1 42.665 MM 1.6717 7758.80078 77.35439 95.5223
2 67.408 MM 2.2708 363.70343 2.66937 4.4777

(8)-N,N-diisopentyl-P-methyl-P-phenylphosphinic amide (Sh)

Following General Procedure B, phosphinamidate Sh (55 mg, 94% yield, 94% ee) was produced

as a colorless oil from phenyl phosphonic dichloride (28 pL, 0.2 mmol), methylmagnesium

chloride (0.5 mL, 2 M solution in THF, 5 equiv.). The product was purified via flash column

chromatography (0 to 10% MeOH in DCM). 'H NMR (400 MHz, CDCl3) § 7.75 (ddt, J = 11.8,

8.3, 1.8 Hz, 2H), 7.46 (dddd, J = 14.0, 9.0, 6.7, 2.1 Hz, 3H), 2.94 (tdd, J = 10.9, 5.6, 2.9 Hz, 4H),

1.70 (dd, J = 13.6, 3.1 Hz, 3H), 1.53 — 1.29 (m, 6H), 0.81 (dt, J = 6.4, 2.2 Hz, 12H) ; 3C NMR

(101 MHz, CDCls) & 133.90 (d, J= 125.8 Hz), 131.46, 131.39 (d, J= 9.4 Hz), 128.38 (d, J= 12.3

Hz), 43.99 (d, J = 3.2 Hz), 38.06 (d, J = 3.2 Hz), 26.09, 22.51 (d, J = 7.4 Hz), 15.30 (d, J = 93.4

Hz) ; 3'P NMR (162 MHz, CDCI3) § 35.81 ; HRMS (ESI) m/z caled for Ci17H31NOP (M+H)™:
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296.2138; found: 296.2138. Phosphinamidate Sh was determined to be 94% ee by chiral HPLC
analysis (CHIRALPAK AS-H, 10% iPrOH/hexanes, 1.0 mL/min, 210 nm, tr(minor) = 20.2 min,
tr(major) = 23.5 min).

Racemic Sample:

IIAU:
100*: P
80 \ &
] o
60; gs, d\ &;,’
1 ‘c_s\%o’?" &
40| N
0_3\7\ N 7Aﬁ/\_/\
s T e s T s s s i
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [MAU] %

R R R | = |~ |~ |
1 19.58% MM 1.1803 1215.62708 17.16542 49.9831

2 22.591 VB 1.0058 1216.44971 15.10050 50.0169

Enriched Sample:

: ———
ol B J;&M/ /

7 . T T . . . .
10 15 20 25 30 35 min

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
=== |- | === === | === | === | —=====—= |
1 20.162 MM 1.4032 157.24745 1.86771 3.0860

2 23.463 BB 1.2952 4938.28516 51.93941 96.9140
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Scope of Enantiospecific Displacement of Diisoamylamino Group with Alcohols

4-(N,N-dimethylsulfamoyl)phenyl methyl (R)-phenylphosphonate (6a)

Following General Procedure E, phosphonate 6a (33 mg, 93% yield, 93% ee) was produced as
a colorless oil from phosphonamidate 5a (48 mg, 0.1 mmol, 94% ee), methanol (0.5 mL), and
para-tolylsulfonic acid monohydrate (57 mg, 0.3 mmol, 3 equiv.). The product was purified via
flash column chromatography (0 to 10% MeOH in DCM). 'H NMR (400 MHz, CDCls) & 7.88
(ddt, J=13.9, 6.9, 1.4 Hz, 2H), 7.80 — 7.67 (m, 2H), 7.67 — 7.57 (m, 1H), 7.51 (ddd, J = 8.6, 7.0,
4.6 Hz, 2H), 7.41 — 7.29 (m, 2H), 3.90 (d, J = 11.4 Hz, 3H), 2.69 (s, 6H) ; '*C NMR (101 MHz,
CDCl3) 6 153.97 (d, J= 6.8 Hz), 133.42 (d, /= 3.1 Hz), 132.04 (d, /= 10.3 Hz), 132.03, 129.74,
128.83 (d, /= 15.7 Hz), 126.14 (d, J = 191.6 Hz), 120.96 (d, J = 4.8 Hz), 53.34 (d, /= 5.9 Hz),
37.89 ; 3'P NMR (162 MHz, CDCl3) & 17.34 ; HRMS (ESI) m/z calcd for CisHioNOsPS (M+H)*:
356.0716; found: 356.0716. Phosphonate 6a was determined to be 93% ee by chiral HPLC analysis
(CHIRALPAK AD-H, 20% iPrOH/hexanes, 1.0 mL/min, 210 nm, tr(minor) = 24.7 min, tr(major)
=20.4 min).

Racemic Sample:
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mi

Peak RetTime Type Width Area Height Area
[min] [min] [MAU*s] [mMAU] %
=== | === === | === | —=—————= | ——==—=—= |
20.268 MM 0.8207 2.75554¢4 559.59259 50.3503
24.135 MM 0.9792 2.71720e4 462.48834 49.6497
Enriched Sample:
mAU i g
1000 - @%\Q&
800 &
600 -
400—; . (]9%%',\%
200 | S
] N
10 0 30 0 80 min
Peak RetTime Type Width Area Height Area
[min] [min] [mMAU*s] [mAU] %
=== == | === === | === | === | ——=====- |
20.399 MM 0.8395 5.51072e4 1094.08679 96.3996
24.674 MM 1.0070 2058.18286 34.06351 3.6004
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Methyl (4-(trifluoromethyl)phenyl) (R)-phenylphosphonate (6b)

=0

Ph” = YOMe
CF3/®/

6b

Ouny

Following General Procedure E, phosphonate 6b (132 mg, 74% yield, 93% ee) was produced as
a colorless oil from phosphonamidate 5b (251 mg, 0.57 mmol), methanol (2.8 mL), and para-
tolylsulfonic acid monohydrate (325 mg, 1.71 mmol, 3 equiv.). The product was purified via flash
column chromatography (0 to 50% Et20 in Hexanes). 'H NMR (400 MHz, CDCl3) & 7.88 (ddd,
J=13.8, 8.3, 1.4 Hz, 2H), 7.67 — 7.44 (m, 5SH), 7.29 (d, J= 8.6 Hz, 2H), 3.89 (d, /= 11.4 Hz, 3H)
; 3.C NMR (101 MHz, CDCI3) § 153.13 (d, J= 6.5 Hz), 133.29 (d, J=3.1 Hz), 132.05 (d, /= 10.2
Hz), 128.76 (d, J=15.6 Hz), 127.19 (q, /= 32.5 Hz), 127.11 (q, /= 3.8 Hz), 126.33 (d, J=191.5
Hz), 123.86 (q, J=271.8 Hz), 120.83 (d, J= 4.6 Hz), 53.26 (d, J= 5.8 Hz) ; ’F NMR (376 MHz,
CDCl3) § -62.18 ; 3'P NMR (162 MHz, CDCl3) § 17.21 ; HRMS (ESI) m/z caled for C14H13F303P
(M+H)": 317.0549; found: 317.0550. Phosphonate 6b was determined to be 93% ee by chiral
HPLC analysis (CHIRALPAK AD-H, 5% iPrOH/hexanes, 1.0 mL/min, 210 nm, tr(minor) = 26.2
min, tr(major) = 22.6 min).

Racemic Sample:

5

mAU %]
| ©
200 §
L)
175 W
150
125

'rs '\
2 |\

- -,
0

-

5 10 15 20 25 30 35 min
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Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [MAU] %
e R | === | == | = |
1 22.285 BB 0.6077 8970.52344 214.58705 49.9374
2 25.652 MM 0.7846 8993.00977 191.02090 50.0626

Enriched Sample:
mAU 2 3
400 i q:{,b'gl'
350 | B
300 /f
250
200 ’\
150 | <
100 | g &
50 o &
59
0 « I L
5 10 15 20 25 30 35 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

e EEEE | === [ === | ==mmm oo | == | == |
1 22.610 MM 0.8225 2.23324e4 452.50851 96.5337
2 26.201 MM 0.8649 801.91028 15.45306 3.4663

Methyl phenyl (R)-phenylphosphonate (6¢)

Q
Ph” E‘OMe

)

6c
Following General Procedure E, phosphonate 6¢ (55 mg, 92%; 93% ee) was produced as a
colorless oil from phosphonamidate 5¢ (90 mg, 0.24 mmol, 93% ee), methanol (1.2 mL), and para-
tolylsulfonic acid monohydrate (137 mg) with a 24-hour reaction time. The product was purified
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via flash column chromatography (0 to 60% Et20 in Hexanes). 'H NMR (400 MHz, CDCl3) § 7.93
—7.83 (m, 2H), 7.67 — 7.54 (m, 1H), 7.53 — 7.43 (m, 2H), 7.33 — 7.24 (m, 3H), 7.17 — 7.09 (m,
2H), 3.87 (d, J=11.3 Hz, 3H) ; *C NMR (101 MHz, CDCl3) § 150.56 (d, J= 7.2 Hz), 132.92 (d,
J=3.1Hz), 132.08 (d, J = 10.2 Hz), 129.69, 128.59 (d, J = 15.5 Hz), 126.98 (d, J = 191.1 Hz),
124.90, 120.51 (d, J = 4.5 Hz), 53.10 (d, J = 5.9 Hz) ; *'P NMR (162 MHz, CDCl3) & 16.82 ;
HRMS (ESI) m/z caled for C13H1403P (M+H)*: 249.0675; found: 249.0675. Phosphonate 6¢ was
determined to be 93% ee by chiral HPLC analysis (CHIRALPAK AD-H, 5% iPrOH/hexanes, 1.0
mL/min, 210 nm, tr(minor) = 29.0 min, tr(major) = 23.2 min).
Racemic Sample:
mAU ] N & 92
= :

300
250

\‘ ¥
\
150 | \ \

200
100 / \ /
%0 I - J L/ \\,

0

5 10 15 20 25 30 35 min

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

——m |- | === - R | == | ————-- |
1 23.230 MM 0.7373 1.93331e4 436.99603 50.1099

2 29.126 MM 0.9302 1.92482e4 344.85953 49.8901

Enriched Sample:

mAU 4 =
1400 -
1200
1000 j
800 \
600 -] [ NN
k| | \ < AV
400 S @
1 o e
200 / S
04 !
T T T T T T I T T T I
5 10 15 20 25 30 35 min
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Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
| | === === | ———————- | ———————= | === |
1 23.200 BB 0.6597 7.14970e4 1586.84241 96.3970
2 29.024 MM 0.9334 2672.30884 47.71827 3.6030

O-methyl S-phenyl (R)-phenylphosphonothioate (6d)

0
Ml

P~ I;‘OMe
S

6d

Following General Procedure E, phosphonothioate 6d (197 mg, 82% yield, 93% ee) was
produced as a colorless oil from phosphonamidothioate 5d (350 mg, 0.9 mmol, 94% ee), methanol
(3 mL), and para-tolylsulfonic acid monohydrate (513 mg, 27 mmol, 3 equiv.). The product was
purified via flash column chromatography (0 to 60% Et.O in Hexanes). Note: this product must
be stored under inert atmosphere below 0 °C, preferably at —80 °C. '"H NMR (300 MHz, CDCls)
& '"H NMR (400 MHz, CDCl3)  7.69 — 7.58 (m, 2H), 7.55 — 7.45 (m, 1H), 7.37 (ddd, J = 8.9, 7.0,
4.6 Hz, 2H), 7.29 (ddt, J= 7.0, 3.8, 1.4 Hz, 3H), 7.24 — 7.17 (m, 2H), 3.95 (d, /= 12.3 Hz, 3H) ;
BC NMR (101 MHz, CDCls) 8 135.53 (d, J=4.3 Hz), 132.61 (d, J= 3.3 Hz), 131.47 (d, J= 10.6
Hz), 131.00 (d, J = 151.1 Hz), 129.20 (d, J = 2.3 Hz), 129.05 (d, /= 2.9 Hz), 128.23 (d, J = 15.1
Hz), 126.48 (d, J = 5.7 Hz), 52.44 (d, J= 7.0 Hz) ; *'P NMR (162 MHz, CDCl3) § 43.65 ; HRMS
(ESI) m/z calcd for C13H1402PS (M+H)™: 265.0447; found: 265.0448. Phosphonothioate 6d was
determined to be 93% ee by chiral HPLC analysis (CHIRALPAK AD-H, 5% iPrOH/hexanes, 1.0
mL/min, 220 nm, tr(minor) = 26.9 min, tr(major) = 30.7 min).

Racemic Sample:
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mAU E
250 *
200 x
150 - 2 &g . ‘;\‘99
100 - 6@ (%@k@q"
K
0- R ;
T N T
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e R | == | == | - |
1 25.529 MM 0.8282 4171.40186 83.94846 49.8417
2 29.025 MM 0.9353 4197.89648 74.80561 50.1583
Enriched Sample:
mAU - ' - o ®
60 .4&
50 &
40 o
30 < @&
20—; g‘?« &
10 .
0- o o o o o o o
é 1 [0 1‘5 2[0 2‘5 3[0 3‘5 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

oo | === = | == - | —m—mmm - |- |
1 26.904 MM 0.8621 127.55495 2.46610 3.2870

2 30.668 MM 0.9956 3753.04932 62.82982 96.7130
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S-benzyl O-methyl (R)-phenylphosphonothioate (6e)

Ph” E‘OMe

(@]

Ph
6e

Following General Procedure E, phosphonothioate 6e (21 mg, 79% yield, 92% ee) was produced
as a colorless oil from phosphonamidothioate Se (40 mg, 0.1 mmol, 94% ee, prepared via General
Procedure B), methanol (0.5 mL), and para-tolylsulfonic acid monohydrate (57 mg, 0.3 mmol, 3
equiv.). The product was purified via flash column chromatography (0 to 60% Et20 in Hexanes).
'"H NMR (400 MHz, CDCl3) § 7.92 — 7.72 (m, 2H), 7.64 — 7.53 (m, 1H), 7.48 (ddd, J = 8.4, 6.8,
4.4 Hz, 2H), 7.32 — 7.09 (m, 5H), 4.11 — 3.89 (m, 2H), 3.81 (d, J = 12.4 Hz, 3H); *C NMR (101
MHz, CDCl3) 6 137.23 (d, J= 5.1 Hz), 132.62 (d, J = 3.3 Hz), 132.07 (d, J = 151.1 Hz), 131.19
(d, /=109 Hz), 128.74 (d, J=29.5 Hz), 128.63, 128.48, 127.49, 52.23 (d, /= 6.9 Hz), 34.49 (d,
J =29 Hz) ; *P NMR (162 MHz, CDCl3) § 45.65 ; HRMS (ESI) m/z calcd for C14Hi602PS
(M+H)™: 279.0603; found: 279.0604. Phosphonothioate 6e was determined to be 91% ee by chiral
HPLC analysis (CHIRALPAK AS-H, 5% iPrOH/hexanes, 1.0 mL/min, 230 nm, tr(minor) = 41.3
min, tr(major) = 50.8 min).

Racemic Sample:

mAU

! ' R .
: AV
25 — % q

20 \

15 — / \ / \\\
10 / \ |

i I\

0
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mMAU] %
e R e | ====mmm | === mmm - | ====-mm- |
1 41.192 MM 1.6746 3871.28516 38.52939 49.8761
2 51.819 MM 1.8013 3890.51367 35.99757 50.1239

Enriched Sample:
mAU 1 - ' ' ® >
] B D
140 8 q:\‘b%
1207 &
100
80 \
60 i\@" \
40- § ,Z-,."Q
20 e
0 ,E/_j\mm/—/L/\_A L X . L
R T T Y T
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 41.324 MM 1.5635 1027.60706 10.95381 4.5881
2 50.768 MM 2.1658 2.13698e4 164.44994 95.4119

Benzyl (R)-(methoxy(phenyl)phosphoryl)carbamate (6f)

Following General Procedure E, phosphonamidate 6f (27 mg, 86% yield, 92% ee) was produced
as a colorless solid from compound 5f (43 mg, 0.1 mmol, 92% ee), methanol (0.5 mL), and para-
tolylsulfonic acid monohydrate (57 mg, 0.3 mmol, 3 equiv.). The product was purified via flash

column chromatography (0 to 10% MeOH in DCM). 'H NMR (400 MHz, CDCl3) § 7.91 (ddt, J
S60



=14.0, 6.8, 1.4 Hz, 2H), 7.57 (td, J= 7.4, 1.5 Hz, 1H), 7.45 (ddd, /= 8.7, 7.0, 4.4 Hz, 2H), 7.35 —
7.30 (m, 3H), 7.23 (dd, J = 6.7, 3.0 Hz, 2H), 6.30 (d, J = 7.0 Hz, 1H), 5.07 (d, J = 2.3 Hz, 2H),
3.84 (d,J=11.7 Hz, 3H) ; *C NMR (101 MHz, CDCl3) § 152.86 (d, J= 5.3 Hz), 135.11, 132.92
(d,J=3.2 Hz), 132.06 (d,J=10.7 Hz), 128.59, 128.49, 128.34, 128.21, 128.02 (d, J = 182.0 Hz),
67.96, 52.04 (d, J = 6.3 Hz) ; *'P NMR (162 MHz, CDCl3) § 16.09 ; HRMS (ESI) m/z calcd for
C1sH17NO4P (M+H)": 306.0890; found: 306.0890. Phosphonamidate 6f was determined to be 92%
ee by chiral HPLC analysis (CHIRALPAK IB, 10% iPrOH/hexanes, 1.0 mL/min, 220 nm,
tr(minor) = 15.3 min, tr(major) = 18.6 min).

Racemic Sample:

mAU - (

- \\ '1? N
20 | s F e
100 | ‘\ I ECA
80 ‘ I “‘p\ r\v
60| M A “‘ N A
40 “ ‘\‘\\ ‘w \ \\ [\
= AV AN AN
ot A . N,
s T T s 20 25 30 35 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [MAU] %
el EEEEEE | === | - | —mmm - | == | -=——- |
1 14.941 MM 0.7028 3867.23462 91.71310 49.3286
2 18.525 MM 0.8071 3972.50635 82.03683 50.6714

Enriched Sample:
mAU b
100 2 o
] ‘g\ s
L&
80 " ¥
60 |
] Fl
40 =
20 ( i\ A
i h H‘ —_ 1”\-7_4"‘ “ - /T‘V;_ H‘ \"~ L —
0] N
a— — - . ‘ : . .
5 10 15 20 25 30 35 mi




Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

e R R | == | == | ——————- |
1 15.314 MM 0.7620 235.08018 5.14141 4.1165

2 18.624 MM 0.8362 5475.56934 109.13271 95.8835

Methyl (R)-(2-methoxyphenyl)(phenyl)phosphinate (6g)

Ph” I?‘OMe
Me0\©
6g

Following General Procedure E, phosphinate 6g (18 mg, 70% yield, 87% ee) was produced as a
colorless oil from phosphinamidate 5g (39 mg, 0.1 mmol), methanol (0.5 mL), and para-
tolylsulfonic acid monohydrate (57 mg, 0.3 mmol, 3 equiv.). The product was purified via flash
column chromatography (0 to 10% MeOH in DCM). 'H NMR (400 MHz, CDCl3) § 7.98 (ddd, J
=13.3, 7.6, 1.8 Hz, 1H), 7.90 — 7.79 (m, 2H), 7.50 (dddd, J = 9.5, 6.7, 2.3, 1.1 Hz, 2H), 7.46 —
7.36 (m, 2H), 7.07 (tdd, J=17.5, 2.6, 0.9 Hz, 1H), 6.87 (dd, /= 8.3, 6.0 Hz, 1H), 3.76 (d,/=11.4
Hz, 3H), 3.71 (s, 3H) ; 3*C NMR (101 MHz, CDCl3) § 161.01 (d, J = 3.9 Hz), 134.81 (d, J= 6.3
Hz), 134.46 (d, /= 2.0 Hz), 132.00 (d, J = 142.6 Hz), 131.86, 131.79, 131.76, 128.04 (d, /= 13.6
Hz), 120.66 (d, J=12.3 Hz), 111.26 (d, J = 7.9 Hz), 55.53, 51.42 (d, J= 6.1 Hz) ;'P NMR (162
MHz, CDCI3) & 31.72 ; HRMS (ESI) m/z caled for CiaHi603P (M+H)": 263.0832; found:
263.0833. Phosphinate 6g was determined to be 87% ee by chiral HPLC analysis (CHIRALPAK
AD-H, 5% 1iPrOH/hexanes, 1.0 mL/min, 220 nm, tr(minor) = 57.8 min, tr(major) = 48.4 min).

Racemic Sample:
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3
80 g & - Q’\?’{b
60 g @6‘ 3 Q‘;';L
oy @ @

40 /\\\\ oy
20
0 N n | N

w0 2 x4 s e 70 min
Peak RetTime Type Width Area Height Area

# [min] [min] [mMAU*s] [mAU] %

e R | === | = | === |
1 50.238 MM 1.7740 5170.85547 48.58001 49.8219

2 59.597 MM 2.1236 5207.82520 40.87336 50.1781

Enriched Sample:
mAU ) ‘ T "" N
] $
800 g (&\@
1 ‘ \r‘e'
600 - ( \
] \
1 \ 9
400 : / \\ 5 «63%
200 - | \ E &
ol ) L
‘ 1b - 2‘0 ‘ ‘ 3‘0 T 4‘0 - 5‘0 o 6!0 7‘0 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [MAU] %

el R | = | ——m - | = |
1 48.433 MM 1.8838 1.09030e5 964.60413 93.5479

2 57.784 MM 2.1621 7519.89063 57.96749 6.4521

Methyl (S)-methyl(phenyl)phosphinate (6h)

i
Ph/E‘OMe
Me

6h
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Phosphinamidate 5h (29.5 mg, 0.1 mmol, 1 equiv.) was added to a 1-dram vial equipped with a
magnetic stir bar. 25 mg of H3PO3 (0.3 mmol, 3 equiv.) was then dissolved in methanol (1 mL)
and added to the vial, which was then capped with a septum and sealed with parafilm. The resulting
solution was subjected to stirring at room temperature for 48 hours. The product was then purified
via flash column chromatography on silica gel (0 to 10% MeOH in DCM). Phosphinate 6h (8 mg,
48% yield, 89% ee) was afforded as a colorless oil. 'H NMR (400 MHz, CDCl3) § 7.88 — 7.72 (m,
2H), 7.62 —7.52 (m, 1H), 7.55 - 7.42 (m, 2H), 3.61 (d, J=11.3 Hz, 3H), 1.67 (d, /= 14.6 Hz, 3H)
; 3C NMR (101 MHz, CDCls) § 132.37 (d, J = 2.8 Hz), 131.33 (d, J = 10.2 Hz), 131.04 (d, J =
126.8 Hz), 128.72 (d, J = 12.6 Hz), 51.04 (d, J = 6.2 Hz), 15.53 (d, J= 103.2 Hz); *'P NMR (162
MHz, CDCl3) 8 44.07 ; HRMS (ESI) m/z calcd for CsH1202P (M+H)": 171.0569; found: 171.0569.
Phosphinate 6h was determined to be 89% ee by chiral HPLC analysis (CHIRALPAK AS-H, 10%
iPrOH/hexanes, 1.0 mL/min, 210 nm, tr(minor) = 43.2 min, tr(major) = 32.2 min).

Racemic Sample:

mAU:
400 o o
4 t\ B
300 & Q;."é & \@\6
] i 5@"
200 | ﬂ
100 L / f \
1 e - — -
4w &% . s an
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mMAU] %

e | == | = | mmmmmm e | = R |
1 32.296 MM 1.4131 1.67720e4 197.81993 49.7858

2 42.493 MM 1.5762 1.69163e4 178.87239 50.2142

Enriched Sample:
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nAU
200
150 )

100 I S

I [ o W
50 it Lo\ S o
. i Y, S N jff_
1‘0 ‘ I ‘ ‘ 2|0 ‘ I ‘ SIU - . - . 4-0 . - ' ' 56 ' - ' - miﬁ
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

el EEEEEE | === | == R | —=——m-- |
1 32.174 MM 1.4762 2.31026e4 260.83728 94.2787

2 43.212 MM 1.3991 1401.99255 16.70129 5.7213

O-ethyl S-phenyl (R)-phenylphosphonothioate (6i)

=0

Ph” = YOEt

Cr

6i

Mg

Following General Procedure E, phosphonothioate 6i (14 mg, 58% yield, 92% ee) was produced

as a colorless oil from phosphonamidothioate 5d (39 mg, 0.1 mmol, 93% ee), ethanol (0.5 mL),

and para-tolylsulfonic acid monohydrate (57 mg, 0.3 mmol, 3 equiv.) for a 72-hour reaction time.

The product was purified via flash column chromatography (slow gradient of 0 to 60% Et20 in

Hexanes). 'H NMR (400 MHz, CDCls) & 7.65 (ddt, J = 13.6, 6.8, 1.4 Hz, 2H), 7.56 — 7.44 (m,

1H), 7.44 —7.32 (m, 2H), 7.32 — 7.25 (m, 3H), 7.20 (dd, J = 8.3, 6.3 Hz, 2H), 4.64 — 4.14 (m, 2H),

1.49 — 1.34 (m, 3H) ; *C NMR (101 MHz, CDCls) § 135.52 (d, J = 4.3 Hz), 132.49 (d, J = 3.2

Hz), 131.56 (d, J = 150.6 Hz), 131.46 (d, /= 10.7 Hz), 129.12 (d, J = 2.3 Hz), 128.97 (d, J=2.7

Hz), 128.20 (d, J = 14.9 Hz), 126.68 (d, J = 5.6 Hz), 62.47 (d, J = 6.9 Hz), 16.35 (d, J= 6.8 Hz) ;
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3P NMR (162 MHz, CDCl3) § 41.66 ; HRMS (ESI) m/z calcd for C14H1602PS (M+H)": 279.0603;
found: 279.0604. Phosphonothioate 6i was determined to be 92% ee by chiral HPLC analysis

(CHIRALPAK AD-H, 10% iPrOH/hexanes, 1.0 mL/min, 230 nm, tr(minor) = 11.2 min, tr(major)

= 14.6 min).
Racemic Sample:
m2';g é g Cbrbq:i’b § Aéb’\(’\
200 & i
] \sl
150 - }o\ /\\
| | |
100 “"\ nl A
50- \l\\ ’\ "f \
o] VA J ‘ J ‘
2 a4 & & a0 12 14 16 18 m
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
———m |- | === | = | —mmm | —mm - | —————-- |
1 11.121 MM 0.3613 5832.23145 269.06909 50.019¢6

2 14.455 MM 0.4759 5827.66846 204.07596 49.9804

Enriched Sample:

mAU 1 2 ©
2500 g o5
] | &
2000 / &
1500 | (‘
1000 S |
] g |
500 - :@q‘,. }
] - }
0 ‘ ‘ ‘
L L L ) [ A IR
2 4 6 8 10 12 14 16 18 min
Peak RetTime Type Width Area Height Area
i [min] [min] [mMAU*s] [mAU] %

e R | = R | = |
1 11.172 MM 0.3710 3656.70728 164.25067 3.9296

2 14.600 MM 0.5490 8.93986e4 2714.03076 96.0704
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S-phenyl O-(prop-2-yn-1-yl) (R)-phenylphosphonothioate (6j)

6j

Following General Procedure E, phosphonothioate 6j (14 mg, 49% yield, 81% ee) was produced
as a colorless oil from phosphonamidothioate 5d (39 mg, 0.1 mmol, 93% ee), propargyl alcohol
(0.5 mL), and para-tolylsulfonic acid monohydrate (57 mg, 0.3 mmol, 3 equiv.) for a 48-hour
reaction time. The product was purified via flash column chromatography (slow gradient of 0 to
50% Et20 in Hexanes). 'H NMR (400 MHz, CDCl3) & 7.66 (ddt, J = 13.9, 6.8, 1.4 Hz, 2H), 7.58
—7.44 (m, 1H), 7.41 — 7.27 (m, 5H), 7.22 (dd, J= 8.3, 6.9 Hz, 2H), 5.07 — 4.68 (m, 2H), 2.58 (t, J
= 2.5 Hz, 1H) ; *C NMR (101 MHz, CDCl3) & 135.73 (d, J = 4.3 Hz), 132.83 (d, J = 3.3 Hz),
131.49 (d, J=10.9 Hz), 130.68 (d, J = 148.8 Hz), 129.25 (d, J= 1.9 Hz), 129.22 (d, J = 2.5 Hz),
128.28 (d, J=15.0 Hz), 12591 (d, /= 5.7 Hz), 77.66 (d, J=9.2 Hz), 76.27, 53.32 (d, /= 5.6 Hz)
; 3'P NMR (162 MHz, CDCI3) § 44.39 ; HRMS (ESI) m/z caled for CisHi4O2PS (M+H)":
289.0447; found: 289.0447. Phosphonothioate 6j was determined to be 81% ee by chiral HPLC
analysis (CHIRALPAK 1B, 3% iPrOH/hexanes, 1.0 mL/min, 210 nm, tr(minor) = 29.6 min,
tr(major) = 31.7 min).

Racemic Sample:
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140
120
100
80
60
40
20

10 20 30 40 50 min

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

1 30.250 MF 0.7928 7744.29395 162.80408 49.9360
2 33.093 M 0.8633 7764.13330 149.89427 50.0640

Enriched Sample:

mAU é
400
350 =
300 5
250
200
150
100 4
50

04 S

! 0 " % % A %

Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

1 29.556 MF 0.7082 2746.66553 064.64251 9.6608
2 31.669 FM 0.9521 2.56843e4 449.61768 90.3392

O-allyl S-phenyl (R)-phenylphosphonothioate (6k)
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Following General Procedure E, phosphonothioate 6k (16 mg, 55% yield, 91% ee) was afforded
as a colorless oil from phosphonamidothioate 5d (39 mg, 0.1 mmol, 93% ee), allyl alcohol (0.5
mL), and para-tolylsulfonic acid monohydrate (57 mg, 0.3 mmol, 3 equiv.) for a 48-hour reaction
time. The product was purified via flash column chromatography on silica gel (slow gradient of 0
to 50% Et20 in Hexanes). "H NMR (400 MHz, CDCl3) § 7.63 (ddt, J=13.6, 6.9, 1.3 Hz, 2H), 7.51
—7.40 (m, 1H), 7.34 (tdd, J=7.8, 5.5, 3.1 Hz, 2H), 7.30 — 7.22 (m, 3H), 7.17 (dd, J = 8.5, 6.6 Hz,
2H), 5.96 (ddt,J=17.2, 10.6, 5.5 Hz, 1H), 5.35 (dq, /= 17.1, 1.5 Hz, 1H), 5.25 (dq, J=10.5, 1.3
Hz, 1H), 4.74 (ddt, J = 8.4, 5.5, 1.4 Hz, 2H) ; 3C NMR (101 MHz, CDCls) § 135.61 (d, J = 4.2
Hz), 132.60 (d, J = 3.3 Hz), 132.51 (d, J= 7.5 Hz), 131.47 (d, J = 10.6 Hz), 131.30 (d, /= 150.1
Hz), 129.16 (d, J=2.3 Hz), 129.05 (d, J=2.9 Hz), 128.24 (d, J=15.0 Hz), 126.44 (d, /= 5.7 Hz),
118.46, 66.41 (d, J= 6.6 Hz) ; *'P NMR (162 MHz, CDCI3) § 42.47 ; HRMS (ESI) m/z calcd for
C15H1602PS (M+H)": 291.0603; found: 291.0605. Phosphonothioate 6k was determined to be 91%
ee by chiral HPLC analysis (CHIRALPAK IB, 3% iPrOH/hexanes, 1.0 mL/min, 220 nm, tr(minor)
= 19.9 min, tr(major) = 22.9 min).

Racemic Sample:

mAU A ”
] |
400 \
1 A
] Q?‘ oV
300 g &
1 o= o
] S g @
1 &L S & f\
200 ‘\ r\ B
- T
1 \
0- LJ \‘W—"/ \ Lv—J
- T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10 20 30 40 50 min
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
e R | == | === |~ |
1 20.081 MM 0.4866 3925.65991 134.46416 49.8875
2 23.211 MM 0.5716 3943.36353 114.98200 50.1125

Enriched Sample:

mAU

80 |
60 -
40

20

5 10 15 20 25 30 35 min

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
e R | == | === | = |
1 19.961 MM 0.4631 148.98062 5.36222 4.4213

2 22.858 MF 0.5458 3220.59521 98.34910 95.5787
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Stereospecific phosphonylation of precious alcohols with phosphonothioate 6d

((3aR,4R,6R,6aR)-6-(6-benzamido-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro|3,4-
d][1,3]dioxol-4-yl)methyl methyl (S)-phenylphosphonate (7a)

//—N Bz

N DN
0 >_=8‘NH
P

Following General Procedure F, phosphonate 7a (32.3 mg, 57% yield, 27:1 dr) was produced as
a white solid from phosphonothioate 6d (26.2 mg, 0.1 mmol, 1 equiv.) and N6-Benzoyl-2',3'-
isopropylideneadenosine (41 mg, 0.1 mmol, 1 equiv.). The product was purified via flash
chromatography on silica gel. First, ten column volumes of 100% ethyl acetate were passed
through the column to remove thiophenol and any remaining starting materials. Then, a gradient
of 0 to 10% MeOH in DCM was used to elute the product. 'H NMR (400 MHz, CDCl3) § 9.03 (s,
1H), 8.74 (s, 1H), 8.17 (s, 1H), 8.07 — 7.99 (m, 2H), 7.77 — 7.65 (m, 2H), 7.64 — 7.59 (m, 1H), 7.58
—7.49 (m, 3H), 7.40 (td, J= 7.7, 4.4 Hz, 2H), 6.19 (d, J=2.4 Hz, 1H), 5.43 (dd, /= 6.2, 2.5 Hz,
1H), 5.10 (dd, J = 6.3, 2.8 Hz, 1H), 4.55 (td, J = 4.4, 2.6 Hz, 1H), 4.30 — 4.19 (m, 2H), 3.68 (d, J
=11.2 Hz, 3H), 1.62 (s, 3H), 1.41 (s, 3H) ; *C NMR (101 MHz, CDCl3) § 152.72, 151.13, 149.59,
141.89, 133.59, 133.00 (d, J = 3.0 Hz), 132.89, 131.81 (d, J = 10.1 Hz), 128.93, 128.62 (d, J =
15.2 Hz), 127.88, 126.21 (d, J = 188.2 Hz), 123.41, 114.70, 91.54, 85.59 (d, J = 7.4 Hz), 84.34,
81.51,65.23 (d, J=5.2 Hz), 52.95 (d, J= 5.2 Hz), 27.16, 25.38 ; *'P NMR (162 MHz, CDCl3) §

21.14. HRMS (ESI) m/z caled for C27H20NsO7P (M+H)": 566.1799; found: 566.1794. D.r. of
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phosphonate 7a was determined to be 27:1 by 3'P NMR 162 MHz, CDCls with a 10-second
relaxation delay. (Major: 6 21.14, Minor: § 21.29).
1:1 Mixture of Diastereomers:

& |§ [~10000000

| 9000000

2135

8000000

[~7000000

6000000

[~5000000

4000000

3000000

H 12000000
J ‘ ‘ 1000000
L

-1000000

T T T
240 238 236 234 232 23.0 228 226 224 222 220 218 216 214 212 210 208 206 204 202
1 (ppm)

Compound 7a:

15000000

21.29
144

rai 14000000
| 13000000
| 12000000
Jp— 7_,.——//‘; 11000000
‘ 10000000
‘ 9000000
‘ 8000000

‘ 7000000

‘ 6000000
| 5000000

“ ‘ 4000000

‘ ‘ 3000000
| -2000000

&

{

AR (1000000

0

-1000000

00
26,63~

T T T T T T T T T T T T T T T T T T T T T T T T T
21.70 21.65 21.60 21.55 21.50 21.45 21.40 21.35 21.30 21.25 21.20 21.15 21.10 21.05 21.00 20.95 20.90 20.85 20.80 20.75 20.70 20.65 20.60 20.55 20.50 20.45 20.40
f1 (ppm)
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Methyl N-((benzyloxy)carbonyl)-O-((S)-methoxy(phenyl)phosphoryl)-L-threoninate (7b)

9 Me O
P =
Ph”: YO OMe

OMe NHCbz

7b

Following General Procedure F, phosphonate 7b (29 mg, 70% yield, 23:1 dr) was produced as a
colorless liquid from phosphonothioate 6d (26.2 mg, 0.1 mmol, 1 equiv.) and N-Z-L-threonine
methyl ester (33 mg, 0.125 mmol, 1.25 equiv.). The product was purified via flash column
chromatography on silica gel (0 to 100% Et20 in Hexanes with 50% DCM additive throughout).
'"H NMR (400 MHz, CDCl3) § 7.62 (ddd, J = 13.5, 8.2, 1.4 Hz, 2H), 7.50 — 7.40 (m, 1H), 7.35
(ddd, /=8.4,7.0, 4.5 Hz, 2H), 7.33 — 7.08 (m, 5H), 5.48 (d, /=9.6 Hz, 1H), 5.07 — 4.94 (m, 3H),
4.32 (dt, J=9.6, 2.2 Hz, 1H), 3.61 (d, /= 11.3 Hz, 3H), 3.31 (s, 3H), 1.38 (d, /= 6.3 Hz, 3H) ;
BC NMR (101 MHz, CDCl3) 6 169.87, 156.56, 136.05, 132.71 (d, J= 3.1 Hz), 131.81 (d, J=10.0
Hz), 128.61, 128.58, 128.37 (d, J = 16.8 Hz), 128.15, 125.90 (d, J = 74.8 Hz), 73.85 (d, /= 5.6
Hz), 67.35, 58.60 (d, J= 6.8 Hz), 52.56 (d, J= 5.6 Hz), 52.43,19.31 ; *'P NMR (162 MHz, CDCI3)
& 20.35; HRMS (ESI) m/z caled for Ca0H2sNO7P (M+H)"™: 422.1363; found: 422.1362.
Phosphonate 7b was determined to be 23:1 d.r. by 3'P NMR 162 MHz, CDCl3 with a 10-second

relaxation delay (Major: 6 20.34, Minor: 8 19.75).
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1:1 Mixture of Diastereomers:

|
1

| /
_,w,,j &'H\VWWJ \\M.W_W

T T
¢ L
8 g

T T T T T T T T T T T T T T T T T T
219 218 217 216 215 214 213 212 211 21.0 20.9 20.8 20.7 20.6 20.5 20.4 20.3 20.2 20.1 20.0 19.9 19.8 197 19.6 195 19.4 193 192 19.1 19.0
f1 (ppm}

Compound 7b:

KCF-5073-THREONINE-PURE-2.11.fid

19.75
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J 2000000
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Methyl N-((benzyloxy)carbonyl)-O-((S)-methoxy(phenyl)phosphoryl)-L-serinate (7¢)

o)

1}
P

Ph”: YO OMe
OMe  NHCbz

7c

Following General Procedure F, phosphonate 7¢ (21 mg, 52% yield, 31:1 dr) was produced as a
colorless liquid from phosphonothioate 6d (26.2 mg, 0.1 mmol, 1 equiv.) and N-Z-L-serine methyl
ester (32 mg, 0.125 mmol, 1.25 equiv.). The product was purified via flash column
chromatography on silica gel (slow gradient of 0 to 100% Et2O in Hexanes with 50% DCM
additive throughout). '"H NMR (400 MHz, CDCl3) § 7.74 (ddd, J = 13.5, 8.3, 1.4 Hz, 2H), 7.65 —
7.53 (m, 1H), 7.46 (ddd, J = 8.6, 6.9, 4.4 Hz, 2H), 7.40 — 7.28 (m, 5H), 6.01 (d, /= 8.3 Hz, 1H),
5.12 (s, 2H), 4.57 (dd, J = 6.9, 3.7 Hz, 1H), 4.44 (ddd, J=10.9, 8.9, 3.4 Hz, 1H), 4.33 (ddd, J =
10.8, 6.5, 2.9 Hz, 1H), 3.74 (d, J = 11.2 Hz, 3H), 3.68 (s, 3H) ; *C NMR (101 MHz, CDCls) &
169.52, 155.89, 136.15, 132.96 (d, J= 3.1 Hz), 131.88 (d, /= 10.1 Hz), 128.65 (d, J = 15.3 Hz),
128.55, 128.23, 128.14, 126.44 (d, J = 190.0 Hz), 67.18, 65.84 (d, J = 4.9 Hz), 54.55 (d, /= 6.0
Hz), 52.88 (d, J = 5.6 Hz), 29.72 ; *'P NMR (162 MHz, CDCl3) & 21.42 ; HRMS (ESI) m/z caled
for C19H23NO7P (M+H)": 408.1207; found: 408.1204. Phosphonate 7¢ was determined to be 31:1
d.r. by *'P NMR (162 MHz, CDCl3) with a 10-second relaxation delay (Major: & 21.42, Minor: §

21.09).
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1:1 Mixture of Diastereomer

3800000
V/ 3600000
(3400000
| { 3200000

(3000000

2800000
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{--200000
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Compound 7c:

KCF-5073-SERINE-CHAR. 11.fid
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Enantiospecific Substitution of Phosphonate 6b with Organomagnesium

Reagents

Methyl (R)-methyl(phenyl)phosphinate (8a)

0
Ph” % ~Me
OMe

8a

Following General Procedure G, phosphinate 8a (15 mg, 88% yield, 92% ee) was produced as a
colorless oil from phosphonate 6b (32 mg, 0.1 mmol, 93% ee) and methylmagnesium chloride (50
uL, 0.1 mmol, 1 equiv., 2 M solution in THF). The product was purified using flash column
chromatography on silica gel (0 to 10% MeOH in DCM). Phosphinate 8a was determined to be
92% ee by chiral HPLC analysis (CHIRALPAK AS-H, 10% iPrOH/hexanes, 1.0 mL/min, 210 nm,
tr(minor) = 34.8 min, tr(major) = 45.0 min). [a]**= +87.5 (¢ = 4 mg/mL, CeéHs). Absolute
stereochemistry was assigned by comparison to literature value (/4).

Racemic Sample:

mAU ]
400 | |

1 ‘ © 6\/\% q\brb
300 { N g S

I e S
200 f /\\ /\
100 H b

] ] [\

od——J \ ‘
1‘0 2‘0 3‘0 4‘0 5‘0 min
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Peak RetTime Type Width Area Height Area
# (min] [min] [MAU*s] [MAU] %
=== | === === | —==—==——= | ——=—==——= | ——=—==== |
1 32.296 MM 1.4131 1.67720e4 197.81993 49.7858
2 42.493 MM 1.5762 1.69163e4 178.87239 50.2142

Enriched Sample:
mAU i o
E &
300 3 P
250 &
200
150 - R oF
100 g
50 | P
0 E J’Uu ———'——"/K’“ -~ — A T ! — —_— -
0w I w 50 mn
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

——m |- | === | == R | == |
1 34.779 MM 1.2892 1563.48840 20.21192 3.8490
2 44.975 MM 1.8771 3.90569e4 346.79221 96.1510

Isopropyl (R)-methyl(phenyl)phosphinate (8b)

0]
I':', Me
Ph/é#

OMe Me
8b
Following General Procedure G, phosphinate 8b (9.4 mg, 95% yield, 91% ee) was produced as
a colorless oil from phosphonate 6b (16 mg, 0.05 mmol, 92% ee) and isopropylmagnesium
chloride lithium chloride complex (120 pL, 0.06 mmol, 1.2 equiv., 0.5 M solution in THF). The
product was purified using flash column chromatography (0 to 10% MeOH in DCM). 'H NMR
(400 MHz, CDCl3) 6 7.96 — 7.71 (m, 2H), 7.61 — 7.51 (m, 1H), 7.46 (tdd, J=7.1, 4.2, 1.9 Hz, 2H),
4.74 (dhept, J= 7.7, 6.2 Hz, 1H), 3.72 (d, /= 11.2 Hz, 3H), 1.39 (d, J = 6.1 Hz, 3H), 1.26 (d, J =
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6.2 Hz, 3H); 3C NMR (101 MHz, CDCl3) § 132.35 (d,J= 3.1 Hz), 131.80 (d, /= 9.8 Hz), 128.45
(d, J=188.7 Hz), 128.45 (d, J=15.0 Hz), 71.13 (d, J = 5.7 Hz), 52.39 (d, /= 5.5 Hz), 23.97 (dd,
J =229, 4.4 Hz) ; *P NMR (162 MHz, CDCl3) & 19.12 ; HRMS (ESI) m/z calcd for Ci0H1602P
(M+H)": 199.0882; found: 199.0882. Phosphinate 8b was determined to be 91% ee by chiral
HPLC analysis (CHIRALPAK IA, 1.0% iPrOH/hexanes, 1.0 mL/min, 220 nm, tr(minor) = 28.1
min, tr(major) = 30.3 min.

Racemic Sample:

mAU 1

] A o /\
0 5 o o / \,
100—: ?9;\?5@"" 5&,{3 /
80 ( 'l \
60 \ /ﬂ ) \\
40 \\ J \ | \\ /\\
20
07\ I /\\ -~ _J/ \/ \\\‘ _ _// ﬁ\\_ﬁ ,/ \\
- 10 2 ‘ 30 40 50 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mMAU] %
e | === | = |- |- | == |
1 28.151 MF 0.9290 4668.70068 83.76037 46.4786
2 31.077 FM 1.1727 5376.14551 76.40487 53.5214
Enriched Sample:
mAU S 3
400 g fs";\q
350 f\v@@'
300 | \
250 A
200 / | o
150 4 2 /@b'
E W
0 A \
10 % 5 ‘ 40 50 min
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [MAU] %

e e R | === | = |
1 28.108 MF 0.8843 1550.15649 29.21516 4.5139
2 30.347 FM 1.2249 3.27920e4 446.17682 95.4861

Methyl (S)-(2-methoxyphenyl)(phenyl)phosphinate (8¢)

Following General Procedure G, phosphinate 8¢ (13.7 mg, 97% yield, 92% ee) was produced as
a colorless oil from 6b (16mg, 0.05 mmol, 93% ee). Note: this reaction was subjected to stirring
at—30 °C for 48 hours instead of =50 °C. Product was purified using flash column chromatography
(0 to 10% MeOH in DCM). "H NMR (400 MHz, CDCl3) & 7.98 (ddd, J = 13.3, 7.6, 1.8 Hz, 1H),
7.90 —7.79 (m, 2H), 7.50 (dddd, J=9.5, 6.7, 2.3, 1.1 Hz, 2H), 7.46 — 7.36 (m, 2H), 7.07 (tdd, J =
7.5,2.6,0.9 Hz, 1H), 6.87 (dd, J= 8.3, 6.0 Hz, 1H), 3.76 (d, J = 11.4 Hz, 3H), 3.71 (s, 3H) ; °C
NMR (101 MHz, CDCl3) 6 161.01 (d, J=3.9 Hz), 134.81 (d, J = 6.3 Hz), 134.46 (d, J=2.0 Hz),
132.00 (d, J=142.6 Hz), 131.86, 131.79, 131.76, 128.04 (d, /= 13.6 Hz), 120.66 (d, J = 12.3 Hz),
111.26 (d,J=7.9 Hz), 55.53,51.42 (d, J= 6.1 Hz) ; *'P NMR (162 MHz, CDCl3) § 31.72 ; HRMS
(CI-TOF) m/z calcd for (M+H)", found. Phosphinate 8¢ was determined to be 92% ee by chiral
HPLC analysis (CHIRALPAK IA, 5% iPrOH/hexanes, 1.0 mL/min, 210 nm, tr(minor) = 37.2
min, tr(major) = 40.4 min.

Racemic Sample:
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

1 37.106 MF 1.5027 5389.35400 59.77253 49.4545
2 41.551 FM 1.7373 5508.25195 52.84269 50.5455

Enriched Sample:

mAU P o

300

250 &

200 /

150 N
,b’.

Signal 3: DAD1 C, Sig=210,4 Ref=450,100

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 37.162 MF 1.2999 1540.30176 19.74917 3.9185
2 40.364 FM 1.8628 3.77683e4 337.91623 96.0815

Methyl (S)-mesityl(phenyl)phosphinate (8d)

OMe Me
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Following General Procedure G, phosphinate 8d (8.4 mg, 31% yield, 89% ee) was produced as
a colorless oil via reaction of phosphonate 6b (16 mg, 0.1 mmol, 93% ee) with 2-mesityl
magnesium bromide (0.1 mL, 0.1 mmol, 1 equiv., 1 M in THF). Note: this reaction was subjected
to stirring at room temperature for 36 hours instead of —50 °C. Product was purified using flash
column chromatography (0 to 5% MeOH in DCM). 'H NMR (300 MHz; CDCl3) § '"H NMR (400
MHz, CDCl3) 6 7.75 — 7.58 (m, 2H), 7.58 — 7.33 (m, 3H), 6.91 (d, /J=4.3 Hz, 2H), 3.74 (d, J =
11.3 Hz, 3H), 2.49 (d, J= 1.4 Hz, 6H), 2.30 (s, 3H) ; *C NMR (101 MHz, CDCl3) § 143.92 (d, J
=11.3 Hz), 142.22 (d, /= 2.8 Hz), 133.24 (d, /= 4.8 Hz), 131.74 (d, /= 3.1 Hz), 130.86 (d, J =
13.1 Hz), 130.50 (d, /= 10.9 Hz), 128.46 (d, /= 13.4 Hz), 115.53, 50.65 (d, /= 5.9 Hz), 23.37 (d,
J=3.3Hz),21.11 ; *'P NMR (162 MHz, CDCl3) § 37.42; HRMS (ESI) m/z calcd for Ci6H1902P
(M+H)": 275.1195; found: 275.1195. Phosphinate 8d was determined to be 89% ee by chiral
HPLC analysis (CHIRALCEL OJ-H, 4% iPrOH/hexanes, 1.0 mL/min, 230 nm, tr(minor) = 26.0
min, tr(major) = 35.8 min.

Racemic Sample:

mAU 4
A
200
150 \ \
100 & £ &
] ‘ / & gv@fzx
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] \ o\,
0 J\A\ N WA~ A,/ \ e \
s o 5 20 25 a0 35 " nin
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [MAU] %

Sl EEEEEE | === |- |- |- - |
1 25.994 BB 1.2554 5447.34033  51.35950 50.8350
2 34.878 MM 1.9254 5268.38525 45.60527 49.1650
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Enriched Sample:

mAU ]
600
500
400
300
200
100 |

0

5 10 15 20 25 30 35 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

e | ====| === R | —mmm - | =
1 26.037 MM 1.7604 4855.13037 45.96743 5.2031

2 35.809 BB 1.7129 8.84577e4 722.23193 94.7969
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Synthesis of (+)-SMT022332

(2-(4-fluorophenyl)benzo[d]oxazol-5-yl)phosphonic dichloride

F

_N

q

© P~ci
Cl

Phosphonic dichloride 9 was prepared according to General Procedure H and used directly
without further purification in the catalytic reaction. Crude phosphonic dichloride 9 was found to
be pure by 'H, 3'P, YF, and *C NMR with no significant byproducts observed. 'H NMR (400
MHz, C¢Ds) 6 8.25 (dd, J = 18.5, 1.6 Hz, 1H), 7.98 — 7.88 (m, 2H), 7.60 (ddd, J = 16.9, 8.4, 1.7
Hz, 1H), 6.92 (dd, J= 8.4, 4.9 Hz, 1H), 6.77 — 6.67 (m, 2H) ; *C NMR (101 MHz, C¢Ds) & 165.34,
162.80 (d, J=3.0 Hz), 152.80 (d, J = 4.3 Hz), 141.51 (d, J=26.7 Hz), 130.08 (d, J = 158.3 Hz),
129.11 (d, J=9.0 Hz), 126.09 (d, J = 16.3 Hz), 121.87 (d, J = 16.3 Hz), 121.37 (d, J = 3.2 Hz),
115.06 (d, J=22.3 Hz), 110.07 (d, J = 21.7 Hz) ; *'P NMR (162 MHz, CsD¢) & 33.00 ; '°F NMR

(376 MHz, CsDs) & -105.73.
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4-(trifluoromethyl)phenyl (R)-P-(2-(4-fluorophenyl)benzo[d]oxazol-5-yl)-NV,N-

diisopentylphosphonamidate (10)

An oven-dried 40 mL vial equipped with a magnetic stir bar was charged with catalyst 1a (14 mg,
0.03 mmol, 0.1 equiv.), 4 A mol sieves (300 mg), and diisoamylamine (0.31 mL, 1.5 mmol, 5
equiv.). The vial was then capped with a septum, sealed with parafilm, and put under N2
atmosphere. The vial was charged with diethyl ether (15 mL) and the reaction mixture was cooled
to —40 °C and subjected to stirring for 20 minutes at that temperature. Phosphonic dichloride 9 (0.3
mmol) was then added to the stirring reaction mixture in one portion as a stock solution in toluene
(0.5 mL), and the reaction was subjected to stirring at —40 °C for 48 hours.

A separate oven-dried 20 mL vial with a magnetic stir bar was charged with sodium hydride (180
mg, 4.5 mmol, 15 equiv., 60% in mineral oil). The vial was then capped with a septum, sealed with
parafilm, and put under N2 atmosphere. The vial was then charged with THF (3 mL) and allowed
to stir at room temperature for 1 minute. 4-trifluoromethylphenol (243 mg, 1.5 mmol, 5 equiv.)
was dissolved in THF (0.5 mL) and then added dropwise via a syringe through the septum to the
stirring sodium hydride mixture over a 2-minute period. Stirring was continued at room
temperature for 30 minutes. The resultant mixture was then added directly to the catalytic reaction
at —40 °C after it had been stirred for 48 hours. The reaction mixture was then subjected to stirring

for 24 hours at —40 °C, and then concentrated under reduced pressure. Purification via flash column

S85



chromatography on silica gel (0 to 100% Et20 in Hexanes) afforded phosphonamidate 10 (118
mg, 68% yield, 95% ee) as a white crystalline solid. "TH NMR (300 MHz, CDCl3) § '"H NMR (400
MHz, CDCIl3) 6 8.36 — 8.18 (m, 3H), 7.88 (ddd, J = 12.7, 8.4, 1.5 Hz, 1H), 7.74 — 7.65 (m, 1H),
7.59 (d, J = 8.5 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 7.27 — 7.21 (m, 2H), 3.29 — 2.91 (m, 4H), 1.43
(dg, J=13.1, 6.6 Hz, 2H), 1.36 — 1.16 (m, 4H), 0.81 (d, J = 6.6 Hz, 12H); *C NMR (101 MHz,
CDClIs) 6 165.16 (d, J=253.9 Hz), 163.47, 153.91 (d, J= 8.1 Hz), 152.96 (d, /= 3.6 Hz), 142.24
(d, J=20.5 Hz), 130.15 (d, /=9.0 Hz), 128.72 (d, /= 11.8 Hz), 127.12 (d, J = 181.0 Hz), 127.03
(q,J/=3.7Hz), 126.57 (q, J=32.7 Hz), 123.99 (q, /= 271.6 Hz), 123.78 (d, J = 10.9 Hz), 122.87
(d, /=3.3 Hz), 120.69 (d, /J=5.1 Hz), 116.41 (d, /J=22.2 Hz), 111.17 (d, /= 17.1 Hz), 43.28 (d,
J=4.4Hz),37.29 (d, J= 2.1 Hz), 25.94, 22.48 (d, J = 8.4 Hz) ; ’F NMR (376 MHz, CDCl3) § -
62.06, -106.25; *'P NMR (162 MHz, CDCl3) § 21.75 ; HRMS (ESI) m/z calcd for C30H34F4N203P
(M+H)": 577.2238; found: 577.2237. A crystal suitable for X-ray diffraction formed
spontaneously via vapor diffusion: a saturated solution of phosphonamidate 10 in terz-butyl methyl
ether was placed in a chamber filled ~2 cm high with hexanes, covered, and left to stand at room
temperature for ~24 hours. Phosphonamidate 10 was determined to be 95% ee by chiral HPLC
analysis (CHIRALPAK AD-H, 10% iPrOH/hexanes, 1.0 mL/min, 210 nm, tr(minor) = 21.4 min,
tr(major) = 28.8 min.

Racemic Sample:
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Peak RetTime Type Width Area Height Area
# [min] [MAU*s] [mAU] %
- | === === | —————=— | —————=—= | —==————= |
128.25186 49.8441

0.7398 5692.72314
97.38958 50.1559

1 22.088 MM
0.9803 5728.34180

2 29.886 MM
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Peak RetTime Type
# [min] [mAU*s] [mAU]
il Rttt | —=—== === | ——==—= | ——==—==—= | —===—===

5.20191 2.4365

0.7163 223.56013
156.74986 97.5635

1 21.363 MM
0.9518 8951.89258

2 28.796 MM

(R)-(2-(4-fluorophenyl)benzo|d]oxazol-5-

Methyl (4-(trifluoromethyl)phenyl)

yl)phosphonate (11)

F
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OMe

1
Following the General Procedure E, phosphonate 11 (55 mg, 65% yield, 94% ee) was produced
as a colorless oil from phosphonamidate 10 (108 mg, 0.188 mmol, 95% ee), methanol (1 mL), and

para-tolylsulfonic acid monohydrate (107 mg, 0.564 mmol, 3 equiv.). The product was purified
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using flash column chromatography on silica gel (0 to 100% Et20 in Hexanes). 'H NMR (400
MHz, CDCIs) 6 8.38 — 8.17 (m, 4H), 7.90 (ddd, J=13.3, 8.3, 1.5 Hz, 1H), 7.70 (ddd, J = 8.4, 3.6,
0.7 Hz, 1H), 7.56 (d, J = 8.6 Hz, 2H), 7.35 — 7.29 (m, 2H), 7.23 (d, /= 8.7 Hz, 1H), 3.93 (d, J =
11.4 Hz, 3H) ; § '*C NMR (101 MHz, CDCl3) § 166.52, 163.99, 163.73, 153.76 (d, J = 3.6 Hz),
153.07 (d, J= 6.8 Hz), 142.48 (d, J = 21.9 Hz), 130.26 (d, J = 9.0 Hz), 129.13 (d, J = 12.2 Hz),
127.18 (q,J=3.9 Hz), 124.56 (d, J=11.6 Hz), 123.82 (q, J=272.1 Hz), 122.75 (d, /= 194.0 Hz),
122.69 (d, J=3.3 Hz), 120.79 (d, J = 4.7 Hz), 116.45 (d, J = 22.2 Hz), 111.37 (d, J = 18.1 Hz),
53.45(d,J=5.8 Hz); ’FNMR (376 MHz, CDCl3) § -62.20, -105.98; *'P NMR (162 MHz, CDCl;)
5 16.98; HRMS (ESI) m/z caled for C21HisFaNOsP (M+H)™: 452.0669; found: 452.0668.
Phosphonate 11 was determined to be 94% ee by chiral HPLC analysis (CHIRALPAK AD-H,
10% iPrOH/hexanes, 1.0 mL/min, 254 nm, tr(minor) = 33.1 min, tr(major) = 27.0 min.

Racemic Sample:

O S T U CUT RN UV
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [MAU] %

el EEEEEE === |- |- |- |
1 26.788 MM 0.9402 1.11805e4 198.20406 49.6286
2 32.662 MM 1.1347 1.13479¢4 166.68651 50.3714

Enriched Sample:
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mMAU] %

1 27.001 MM 0.9499 4860.29736 85.27512 97.1962
2 33.080 MM 1.0681 140.20575 2.18772 2.8038

Methyl (R)-ethyl(2-(4-fluorophenyl)benzo[d]oxazol-5-yl)phosphinate (12)

S

l‘D"’OMe
Et
(+)-SMT022332

An oven-dried 2-dram vial with a magnetic stir bar was charged with phosphonate 11 (42 mg,
0.094 mmol, 1 equiv.). The vial was then capped with a septum, sealed with parafilm, and put
under N2 atmosphere. The vial was then charged with THF (1 mL) and allowed to stir at room
temperature for 1 minute. The vial was then cooled to =50 °C for 20 minutes. EtMgCl (280 uL,
0.282 mmol, 3 equiv., 1.0 M solution in THF) was then added through the septum in one portion,
and the reaction was subjected to stirring for 24 hours at —50 °C. After 24 hours had elapsed,
isopropanol (50 puL) was added via a syringe at =50 °C and subjected to stirring for 1 minute at —

50 °C to quench any remaining EtMgCl. Immediate purification of the mixture via flash column

S89



chromatography on a 10-gram silica gel column (0 to 10% MeOH in DCM) afforded phosphinate
12 (30 mg, 98% yield, 94% ee) as a white solid. 'H NMR (400 MHz, CDCl3) & 8.41 — 8.23 (m,
2H), 8.15(ddd, J=11.7,1.4,0.7 Hz, 1H), 7.83 (ddd, /= 10.9, 8.3, 1.4 Hz, 1H), 7.71 (ddd, J = 8.3,
2.5,0.7 Hz, 1H), 7.32 — 7.16 (m, 1H), 7.22 (dd, J=212.9, 8.5 Hz, 1H), 3.68 (d, /= 11.0 Hz, 3H),
2.11 — 1.80 (m, 2H), 1.14 (dt, J=19.1, 7.7 Hz, 3H); *C NMR (101 MHz, CDCl3) & 153.31 (d, J
=2.9 Hz), 130.18 (d, /= 8.9 Hz), 129.03 (d, /= 11.0 Hz), 127.01 (d, J = 2.7 Hz), 125.78, 123.96,
123.85, 122.88 (d, /=3.4 Hz), 116.42 (d,J=22.2 Hz), 115.53, 111.24 (d, /= 14.0 Hz), 51.26 (d,
J=6.9Hz),22.78 (d,J=103.1 Hz), 5.93 (d, J= 4.8 Hz) ; ’F NMR (376 MHz, CDCl3) § -106.31;
3P NMR (162 MHz, CDCl3) & 47.84 ; HRMS (ESI) m/z caled for CisHisFNO3P (M+H)™:
320.0846; found: 320.0847. [a]** = +32.2 (¢ = 1.0, THF). Absolute stereochemistry was assigned
by comparison to literature value (36). Phosphinate 12 was determined to be 94% ee by chiral
HPLC analysis (CHIRALPAK AD-H, 5% iPrOH/hexanes, 1.0 mL/min, 220 nm, tr(minor) = 52.0
min, tr(major) = 45.0 min.

Racemic Sample:
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Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %

e e | == | = | ———————- |
1 45.067 MF 1.7987 3.00214e4 278.17670 49.7378
2 50.849 FM 2.3655 3.03379e4 213.75435 50.2622

Enriched Sample:
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1 45.032 MM 1.8576 4.68666e4 420.50204 97.0880
2 52.030 MM 1.8085 1405.68286 12.95427 2.9120
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Formal Synthesis of Matrix Metalloproteinase Inhibitor (17)

Allyl (R)-N-allyl-N-benzyl-P-(4-methoxyphenyl)phosphonamidate (13)

0
1]
Jo 11
N
MeO B T
13

An oven-dried 40 mL vial equipped with a magnetic stir bar was charged with catalyst 1a (20 mg,
0.04 mmol), 4 A mol sieves (200 mg), and N-allyl benzylamine (103 uL, 0.66 mmol, 3.3 equiv.).
The vial was then capped with a septum, sealed with parafilm, and put under N2 atmosphere. The
vial was charged with diethyl ether (10 mL), and the reaction mixture was cooled to —40 °C and
subjected to stirring for 20 minutes at that temperature. Then, 4-methoxyphenylphosphonic
dichloride (32 puL, 0.2 mmol, 1 equiv.) was then added in one portion as a stock solution in toluene
(0.5 mL), and the reaction was subjected to stirring at —40 °C for 60 hours.

A separate oven-dried 20 mL vial with a magnetic stir bar was charged with sodium hydride (80
mg, 2 mmol, 10 equiv., 60% in mineral oil). The vial was then capped with a septum, sealed with
parafilm, and put under N2 atmosphere. The vial was then charged with THF (2 mL) and allowed
to stir at room temperature for 1 minute. Allyl alcohol (136 pL, 2 mmol, 10 equiv.) was then added
dropwise via a syringe through the septum to the stirring sodium hydride mixture over a 2-minute
period, and stirring was continued at room temperature for 30 minutes. The resultant allyl alkoxide
mixture was then added directly to the catalytic reaction at —40 °C after it had been stirred for 60
hours. The reaction mixture was then subjected to stirring for 24 hours at —40 °C, and then
concentrated under reduced pressure. Purification via flash column chromatography on silica gel

(0 to 40% Et20 in DCM) afforded phosphonamidate 13 (63 mg, 88% yield, 89% ee) as a colorless
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oil. 'TH NMR (400 MHz, CDCl3) § 7.77 — 7.68 (m, 2H), 7.36 — 7.21 (m, 5H), 7.04 — 6.79 (m, 2H),
5.97 (ddt,J=17.1, 10.6, 5.3 Hz, 1H), 5.70 — 5.48 (m, 1H), 5.35 (dq, /= 17.1, 1.6 Hz, 1H), 5.22
(dq,J=10.4, 1.4 Hz, 1H), 5.12 (dd, J=10.1, 1.6 Hz, 1H), 5.04 (dq,J=17.1, 1.5 Hz, 1H), 4.62 —
4.43 (m, 2H), 4.31 —4.16 (m, 2H), 3.85 (s, 3H), 3.57 — 3.39 (m, 2H); 3C NMR (101 MHz, CDCI;)
0 162.35 (d, J=3.1 Hz), 137.92 (d, J = 3.4 Hz), 134.21 (d, /= 1.7 Hz), 133.58 (d, /= 11.0 Hz),
133.38 (d,J=7.6 Hz), 128.54 (d, /= 34.0 Hz), 127.25, 122.01 (d, J = 182.4 Hz), 118.37, 117.31,
114.07,113.92, 64.96 (d,J= 5.4 Hz), 55.31,47.90 (d, J= 4.9 Hz), 47.10 (d, /= 5.0 Hz) ; *'P NMR
(162 MHz, CDCl3) & 24.48 ; HRMS (ESI) m/z calcd for C20H2sNOsP (M+H)": 358.1567; found:
358.1566. Phosphonamidate 13 was determined to be 89% ee by chiral HPLC analysis
(CHIRALPAK AS-H, 5% iPrOH/hexanes, 1.0 mL/min, 220 nm, tr(minor) = 61.6 min, tr(major)
=49.8 min.

Racemic Sample:
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Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %

1 50.067 MM 2.4425 5042.80322 34.41081 49.8066
2 60.409 MM 2.9711 5081.96289 28.50823 50.1934

Enriched Sample:
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1 49.781 MM 2.9965 3.31668e4 184.47664 94.4085
2 61.623 MM 2.9433 1964.36536 11.12346 5.5915

(R)-3-benzyl-2-(4-methoxyphenyl)-3,4,7-trihydro-1,3,2-oxazaphosphepine 2-oxide (14)

MeOQ,

Qy

\\PVO

Ph/\U

14

An oven-dried 100 mL flask with a magnetic stir bar was charged with Hoveyda-Grubbs 2"

Generation M720 (18 mg, 0.028 mmol 0.04 equiv.). The flask was then sealed with a septum cap,

sealed with parafilm, and put under N2 atmosphere. The flask was then charged with DCM (30

mL). Phosphonamidate 13 (250 mg, 0.7 mmol, 1 equiv.) dissolved in DCM (5 mL) was then added

to the flask via syringe through the septum. The resulting solution was then degassed with N2 for

30 minutes. The reaction was then subjected to stirring at 40 °C for 24 hours, at which point

Hoveyda-Grubbs 2" Generation M720 (15 mg, 0.025 mmol, 0.035 equiv.) dissolved in DCM (1

mL) was added via a syringe through the septum. The reaction was then subjected to stirring at 40
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°C for an additional 24 hours. Upon completion, the crude mixture was dry loaded onto silica gel
(~5 grams) and purified via flash column chromatography on silica gel (0 to 40% Et20 in DCM)
to afford the product. Phosphonamidate 14 was obtained as a colorless oil (217 mg, 0.66 mmol,
94% yield). "H NMR (400 MHz, CDCl3) & 7.95 — 7.56 (m, 2H), 7.49 — 7.10 (m, 5H), 6.97 (dd, J
=8.8,3.2 Hz, 2H), 5.65 (ddt, J=13.4, 5.3, 2.4 Hz, 2H), 5.23 (dddd, J=13.1, 8.5, 4.3, 2.1 Hz, 1H),
4.65 (dd, J=15.0,7.9 Hz, 1H), 4.54 —4.32 (m, 1H), 4.23 (dd, J=15.1, 5.8 Hz, 1H), 3.85 (s, 3H),
3.68 (dd, J=16.8, 5.0 Hz, 1H), 3.24 — 2.96 (m, 1H); '*C NMR (101 MHz, CDCl3) § 162.42 (d, J
=3.3 Hz), 138.72 (d, J= 4.6 Hz), 133.18 (d, /= 10.7 Hz), 128.80, 128.46, 128.23, 127.01 (d, J =
50.6 Hz), 120.98 (d, J=187.7 Hz), 114.07, 113.92, 62.35 (d, J = 6.5 Hz), 55.33, 50.69 (d, /= 4.4
Hz), 43.41 (d, J = 4.3 Hz) ; *'P NMR (162 MHz, CDCls) § 28.34; HRMS (ESI) m/z calcd for

C1sH21NOsP (M+H)": 330.1254; found: 330.1254.

(R)-2-(4-methoxyphenyl)-1,3,2-oxazaphosphepane 2-oxide (15)

*Note.: successful hydrogenolysis is dependent on efficient sparging with H> at 30 °C and
subjection to vigorous stirring.

To a 1-dram vial equipped with a magnetic stir bar, phosphonamidate 14 (18.0 mg, 0.0547 mmol,
1 equiv.), Pd(OH)2/C (6 mg, 0.0082 mmol, 0.15 equiv., 20%), and Pd/C (9 mg, 0.0082 mmol,

0.15 equiv., 10%) were added. The vial was then capped with a septum and sealed with parafilm.
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The vial was evacuated and backfilled three times with N2, then evacuated and backfilled once
with Ha. Isopropanol (0.55 mL) and trifluoroacetic acid (12 pL, 0.164 mmol, 3 equiv.) were
introduced sequentially via a syringe through the septum. The mixture was then sparged with Ha
for 10 minutes while subjected to vigorous stirring at 30 °C. The reaction was then subjected to
stirring under an Hz balloon for 20 hours at 30 °C, after which point an additional portion of
trifluoroacetic acid (12 pL, 0.164 mmol, 3 equiv.) was added and the reaction was sparged with
H: again for 5 minutes. The reaction was subjected to stirring under an Hz balloon for an additional
8 hours at 30 °C, after which point it was sparged with Hz for an additional 5 minutes. Reaction
completion was confirmed after 41 hours by TLC analysis by visualization with KMnOa. The
crude mixture was then loaded directly onto a silica gel column and purified using flash column
chromatography (0 to 10% MeOH in DCM) to afford the product. Phosphonamidate 15 (9.1 mg,
0.0377 mmol, 69% yield) was afforded as a white solid.

"H NMR (400 MHz, CDCl3) & 7.84 — 7.63 (m, 2H), 6.94 (dq, J = 9.3, 2.7 Hz, 2H), 4.54 (qd, J =
11.6, 1.2 Hz, 1H), 4.16 (ddtd, J=19.9, 11.8, 3.7, 3.3, 1.4 Hz, 1H), 3.84 (s, 3H), 3.36 — 2.95 (m,
1H), 2.81 (q,J=9.3, 7.9 Hz, 1H), 2.02 — 1.71 (m, 4H), 1.70 — 1.45 (m, 1H); *C NMR (101 MHz,
CDCl) 6 162.25 (d, J=3.3 Hz), 132.82 (d, J=10.9 Hz), 122.69 (d, J = 190.0 Hz), 113.87 (d, J =
15.6 Hz), 65.28 (d, J= 6.7 Hz), 55.31, 41.23, 32.01, 29.97; *'P NMR (162 MHz, CDCl3) § 27.00;

HRMS (ESI) m/z calcd for C1iH17NO3P (M+H)": 242.0941; found: 242.0940.
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Ethyl (R)-2-(2-(4-methoxyphenyl)-2-oxido-1,3,2-oxazaphosphepan-3-yl)acetate (16)

An oven-dried 2-dram vial with a magnetic stir bar was charged with phosphonamidate 15 (40 mg,
0.165 mmol, 1 equiv.). The vial was then capped with a septum and sealed with parafilm. The vial
was then put under N2 atmosphere, charged with THF (1.2 mL), and subjected to stirring at 0 °C
for 10 minutes. NaHMDS (180 pL, 0.18 mmol, 1.1 equiv, 1.0 M in THF) was then added dropwise
via a syringe through the septum to the stirring solution over a 5-minute period. The resulting
yellow solution was subjected to stirring for 1 hour at 0 °C. Ethyl bromoacetate (44 uL, 0.36 mmol,
2.2 equiv.,) dissolved in THF (0.2 mL) was then slowly added dropwise via a syringe through the
septum to the stirring solution over a 1-minute period. The mixture was then subjected to stirring
at 0 °C for 4 hours. The crude mixture was then purified by flash column chromatograph using
silica gel (0 to 10% MeOH in DCM) to afford the product. Phosphonamidate 16 (47 mg, 87%
yield, 90% ee) was afforded as a colorless oil.

'"H NMR (400 MHz, CDCI3) § 7.85 (dd, J = 12.7, 8.7 Hz, 2H), 7.14 — 6.78 (m, 2H), 4.62 — 4.44
(m, 1H), 4.35 (ddd, J=18.1, 9.6, 1.3 Hz, 1H), 4.15 (q, J = 7.2 Hz, 3H), 3.83 (s, 3H), 3.94 — 3.67
(m, 1H), 3.16 (dq, J=16.1, 6.1 Hz, 1H), 2.99 — 2.83 (m, 1H), 1.88 — 1.71 (m, 3H), 1.23 (t,/J=7.2
Hz, 3H). 'H NMR (400 MHz, CDCl3) § 7.90 — 7.82 (m, 2H), 7.02 — 6.78 (m, 2H), 4.62 — 4.43 (m,
1H), 4.35 (ddd, J=18.1, 9.6, 1.3 Hz, 1H), 4.15 (q, /= 7.2 Hz, 3H), 3.83 (s, 3H), 3.80 (d, /=9.1
Hz, 1H), 3.16 (ddd, J=16.3, 11.0, 6.0 Hz, 1H), 3.03 — 2.77 (m, 1H), 1.95 - 1.71 (m, 4H), 1.23 (t,

J=17.2 Hz, 3H); 3C NMR (101 MHz, CDCl3) & 171.45 (d, J = 2.9 Hz), 162.23 (d, J = 3.4 Hz),
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133.21 (d,J = 11.3 Hz), 122.07 (d, J= 191.0 Hz), 113.77 (d, J = 15.9 Hz), 65.16 (d, J = 6.7 Hz),

60.96, 55.27, 48.51 (d, J = 6.0 Hz), 47.33 (d, J = 5.2 Hz), 29.51, 26.51, 14.19 ; 3P NMR (162

MHz, CDCl3) 8 26.57; HRMS (ESI) m/z calcd for CisH2sNOsP (M+H)": 328.1308; found:

328.1309. Phosphonamidate 16 was determined to be 90% ee by chiral HPLC analysis

(CHIRALPAK AD-H, 15% iPrOH/hexanes, 1.0 mL/min, 210 nm, tr(minor) = 23.3 min, tr(major)

= 16.1 min.

Racemic Sample:

mAU{
80
60;

20

3 ® o ®
.fb'bqq f "béb%
/&5? o¥§?
|
’
S N WA N —A-/\vf\-\/\] — R —
é ‘ ‘ ‘ 1‘0 1[5 ' ‘ ‘ ‘ 2‘0 ‘ 2‘5 min
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [MAU] %

1 16.419 MM
2 23.390 MM

Enriched Sample:

mAU 1
700
600
500
400
300
200
100

0

0.6045 3399.04736 93.71301 50.0058
0.8815 3398.26294 64.25117 49.9942
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Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [MAU] %

1 16.137 MM 0.6800 3.08197e4 755.38434 94.8649
2 23.319 MM 0.8591 1668.30176 32.36551 5.1351
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Deallylation of methyl N-allyl-N-benzyl-P-phenylphosphonamidate

o 4 mol % Pd(TFA), o
P< 8 mol % DPPP P, N
N""Ph > P
Ph (')Me 0.07 M (3:1 MeCN/H,0) Ph cl>M<:l‘H Ph
N\ 80 °C, 18 hr
73% yield

Procedure:

Conditions were adapted from a reported procedure for deallylation of amides (50). PA(TFA)2 (2
mg, 0.006 mmol, 0.04 equiv.), 1,3-Bis(diphenylphosphino)propane (DPPP) (5 mg, 0.012 mmol,
0.08 equiv.), and methyl N-allyl-N-benzyl-P-phenylphosphonamidate (45.2 mg, 0.15 mmol, 1
equiv.) were added to a 2-dram vial equipped with a magnetic stir bar. The vial was then capped
with a septum and sealed with electrical tape. The vial was then evacuated and backfilled three
times with N2. MeCN (1.6 mL) and H20 (0.5 mL) of water were then added to the vial via syringe.
The resulting solution was subjected to stirring at room temperature for ~1 minute, and then
subjected to stirring at 80 °C for 18 hours. After 18 hours, the crude mixture was cooled to room
temperature, concentrated under reduced pressure until ~1 mL of solvent remained, and then
purified via flash column chromatography on silica gel (0 to 10% MeOH in DCM). Methyl N-

benzyl-P-phenylphosphonamidate was afforded as a colorless oil (28.7 mg, 73% yield).

Synthesis of Methyl N-allyl-N-benzyl-P-phenylphosphonamidate

0.1 MDCM, rt, 4 h

O
: n
Bn\N/\/ . FI>\CI then 10 GQl-,IIV. NaOMe» ?\N/\Ph
H Cl (0.5 M in THF) OMe\_\
t, 4 h \

3 equiv.
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An oven-dried 20 mL vial equipped with a magnetic stir bar was charged with N-allyl benzylamine
(94 pL, 0.6 mmol, 3 equiv.). The vial was then capped with a septum, sealed with parafilm, and
put under N2 atmosphere. The vial was charged with DCM (2 mL), followed by phenyl phosphonic
dichloride (28 pL, 0.2 mmol, 1 equiv.) dissolved in toluene (0.5 mL), and the reaction was
subjected to stirring at room temperature for 4 hours. The reaction was quenched with sodium
methoxide prepared according to the following procedure:

A separate oven-dried 2-dram vial with a magnetic stir bar was charged with sodium hydride (80
mg, 2 mmol, 10 equiv., 60% in mineral oil). The vial was then capped with a septum, sealed with
parafilm, and put under N2 atmosphere. The vial was then charged with THF (1.5 mL) and allowed
to stir at room temperature for 1 minute. Methanol (0.5 mL) was then added dropwise via syringe
through the septum to the stirring sodium hydride mixture over a 2-minute period, and stirring was
continued at room temperature until clear. If the mixture remained cloudy after 10 minutes,
additional methanol (0.1 mL) was introduced to ensure complete dissolution of sodium methoxide.
The resultant sodium methoxide solution was then added directly in a single portion to the reaction
stirring in DCM at room temperature. Upon addition of sodium methoxide, the reaction was
subjected to stirring for 4 hours at room temperature, after which point it was concentrated under
reduced pressure and purified by flash column chromatography on silica gel (0 to 50% Et20 in
DCM). 'H NMR (400 MHz, CDCl3) § 7.78 (ddd, J = 12.8, 8.3, 1.5 Hz, 2H), 7.61 — 7.47 (m, 1H),
7.44 (ddd, J = 8.6, 6.5, 3.9 Hz, 2H), 7.34 — 7.13 (m, 5H), 5.60 (ddt, J = 16.7, 10.1, 6.5 Hz, 1H),
5.12 (dd, J=10.1, 1.5 Hz, 1H), 5.04 (dq, /= 17.1, 1.5 Hz, 1H), 4.24 (d, J = 9.0 Hz, 2H), 3.75 (d,
J=11.1Hz, 3H), 3.49 (dtdd, J=9.1, 7.7, 3.4, 2.1 Hz, 2H). *C NMR (101 MHz, CDCl3) § 137.75
(d,J=3.3 Hz), 134.02 (d, /= 1.7 Hz), 131.74 (d, J=3.0 Hz), 131.56 (d, /= 9.5 Hz), 130.70 (d, J

= 175.7 Hz), 128.56 (d, J = 32.0 Hz), 128.50 (d, J = 36.0 Hz), 128.49 (d, J = 14.2 Hz), 127.31,
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118.49, 51.37 (d, J = 5.9 Hz), 47.89 (d, J = 4.8 Hz), 47.02 (d, J = 4.9 Hz). 3'P NMR (162 MHz,

CDCl3) 8 24.59. HRMS (ESI) m/z calcd for C17H21NO2P (M+H)": 302.1304 ; found: 302.1306.
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Reaction Optimization

Concentration
5 mol% catalyst 1a
y o X M Et,0, 4 A mol sieves 0
1 0 1]
~ _N_. + P~c -50 °C. 2h > P~
AmTTSAm o AT then 5 equiv. NaOMe Ph/ﬁ OMe
3 equiv. -50 °C, 18h AM™ NiAm
concentration % ee % yield
0.02 M 95 93
0.05M 94 100
01 M 91 98
0.2M 90 94

Table S1. Effect of reaction concentration on enantioselectivity. Reactions were carried out on a
0.06 mmol scale. Yield values reflect product quantification by *'P NMR relative to an internal

standard.
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Catalyst Loading

X mol% catalyst 1a

! 0.02 M Et,0, 4 A MS 0
-50°C,2h B
- NQ I : > ~P=spn
A iam Ph/(I'D;TCI -thelghSN "N
3 equiv. 3_62(‘;':’-C e ha AT NiAm
X % ee % conversion % yield
o2 94 | 89 | 84
5 94 100 100
10 94 100 100

Table S2. Effect of catalyst loading on enantioselectivity. Reactions were carried out on a 0.06

mmol scale. Yield values reflect product quantification by *'P NMR relative to an internal

standard.
Solvent Effects
5 mol% catalyst 1a
’ 0 0.02 M solvent, 4 A mol sieves 0
1] 1
_ _N.. + _P~ -50 °C, 2h - _Pw~
Am”NAm AL C then 5 equiv. NaOMe Ph ﬁ OMe
3 equiv. -50 °C, 18h iAmM™NiAm
Solvent % ee % yield
Et20 95 93
TBME 93 96
THF 68 89
DCM 5 98
Toluene 91 100

Table S3. Effect of solvent on enantioselectivity. Reactions were carried out on a 0.06 mmol scale.

Yield values reflect product quantification by *'P NMR relative to an internal standard.
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Effect of Molecular Sieves

10 mol% catalyst 1a

’ o 0.02 M Et,0, 4 A mol sieves o
1 0 1
_N_. + P~c) -50°C.24 h > P~
AmTTNAm o AT then 5 equiv. NaOMe Ph/ﬁ OMe
3 equiv. -50°C,12h iAM™ T SAm
Deviation from Conditions % ee % yield
-- 95 100
No mol sieves 89 94

Table S4. Effect of molecular sieves on enantioselectivity. Reactions were carried out on a 0.06

mmol scale. Yield values reflect product quantification by *'P NMR relative to an internal

standard.
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Comparison of General Procedure A and General Procedure B for various

nucleophiles

General Procedure A
5 equiv.

NaX
-50°C, 24 h

; ; 1a (5 mol %) 0 1)
AmsAm i 0.02 M Et,0, 4 A mol sieves B

H ph~\Cl ~50°C, 4 h > :
“ Am”Am

3.0 equiv.

silica filtration
then
2 equiv. NaX
0.1 M THF
-50°C, 24 h

General Procedure B T

prr AT

P P
5 ‘iam o ‘Am _NH Am MeO_A_ 'Am
Cbz
CFs \©

A: 93% ee, 63% yield A: 93% ee, 100% yield A: product not observed A: 70% ee, 36% yield*

B: 93% ee, 59% yield B: 93% ee, 86% yield B: 92% ee, 75% yield B: 91% ee, 97% yield**
? Q@ Q@
,’Am P /"Am P ,’Am
Ph”z N Ph”: N N
S S 'Am

A: 93% ee, 59% yield* A: 94% ee, 90% yield A: 94% ee, 91% yield
B: 94% ee, 94% yield** B: 93% ee, 62% yield B: 92% ee, 72% yield

Reactions were carried out on 0.2 mmol scale. Yield values reflect isolated yields. *Reaction was

carried out on 0.06 mmol scale. **5 equivalents of Grignard reagent used.
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Comparison of conditions for synthesis of compound 4f

1a (X mol%)
0.02 M Et,0, 4 A mol sieves

(I)I 24 h (l)l i
IAm“N'IAm * R~cl then 10 equiv. NaOMe > I‘D"'N\'_Am
H Cl ~50°C, 12 h OMe "Am
. FsC Fs;C
3.5 equiv.
4f
Catalyst Loading Temperature (°C) % yield % ee
(mol%)
5 -78 96 88
20 -78 89 92

Table S5. Yield values reflect isolated yields. Reactions were performed on 0.2 mmol scale.

Comparison of conditions for synthesis of compound 4¢g

1a (5 mol%)

0] . (0]
. ; I 0.02 M Et,0, 4 A mol sieves i .
AmacAm s R~cl then 10 equiv. NaOMe > "D"/N'IA’“
H Cl -50°C, 12 h OMe 'Am
MeO MeO
X equiv.
4g
Conditions % yield % ee
Standard (3.5 equiv. 'AmyNH, =50 °C, 24 h) 54 90
Optimal (4.5 equiv. Am;NH, —40 °C, 48 h) 92 0

Table S6. Yield values reflect isolated yields. Reactions were performed on 0.2 mmol scale.
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Effect of ammonium chloride additives on catalytic and racemic reaction

5 mol % catalyst
X mol % BuyNCI

iAm~H,"Am + Ar’lFiC\IC' 0.02 M Et_zfg). :C:,&Zr::ol sieves Ph/g‘ome

3.5 equiv. then 10 equiv. NaOMe iAm’N\iAm

-50 °C, 18h
mol % Bu,NCI % ee % yield % conversion

° 95 93 100

5 92 92 92

10 83 78 84

20 20 73 29

40 9 82 89

80 5 37 90

Table S7. Enantioselectivity of catalytic reaction decreases with increasing amounts of BuN4Cl.

Yield values reflect product quantification by *'P NMR relative to an internal standard.

5 mol % catalyst
20 mol% additive

0O 0O
j j M i I
lAm~H,’Am * P\C\IC| 0.02M Et_25(3, jc/’&zn;ol sieves __ ph’g‘ome
3.5 equiv. then 10 equiv. NaOMe iAm'N\iAm
-50 °C, 18h
Additive (20 mol%) % ee % yield % conversion

-- 95 93 100
'‘Am2NH2CI 93 93 100
BnaNH2Cl 92 97 100

Table S8. Effect of dialkylammonium chloride additives on enantioselectivity of catalytic

reaction. Yield values reflect product quantification by 3'P NMR relative to an internal standard.
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20 mol% additive

Am, JAM I 0.02 M Et,0, 4 A mol sieves n
H A Cl 50 °C, 2h > PW:vOMe
3.5 equiv then 10 equiv. NaOMe iAm'N\iAm
' ' -50 °C, 18h
Additive % yield % conversion
None 21 38
'AmMNH,CI 23 44
BnaNHCI 32 65
Bu,NCI 83 83
Bu,NBzO 96 100
Bu,NPF_ 18 48
Bu,NBF, 22 54

Table S9. Effect of ammonium chloride additives on racemic background reaction in the absence

of catalyst. Yield values reflect product quantification by *'P NMR relative to an internal standard.

5 mol % catalyst
0.02 M Et,0, 4 A mol sieves

0 0
Am. JAm 4 B -50 °C. 18h s
N Ar” F{C|C' then 40 mol % BuNCI Ph” £ ~OMe
3.5 equiv. -50 °C, 2h iAm’N\iAm
then 10 equiv. NaOMe
-50 °C, 18h 93% ee

Scheme S1. Enantioenriched chlorophosphonamidate 3 formed under reaction conditions does not

undergo racemization in the presence of BuN4ClL.
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Racemization studies of chlorophosphonamidate 3

; ; 0 o)
’Am\N,’Am . (IP? 1a (5 mol%) 1 Temperature (°C) B,
H Ph” \C\ICI 0.02 M Et,0, 4 A mol sieves Ph7} 'Cl 30 min - Ph7} ‘Cl
3.5 equiv. -50°C, 4 h iam Niam iam” Niam
3 3
ee
Temperature (°C) % ee
0 94
25 93
35 92
25 (16 h) 82
Table S10.

An oven-dried 2-dram vial equipped with a magnetic stir bar was charged with catalyst 1a (1.4
mg, 0.003 mmol, 0.05 equiv.), 4 A mol sieves (60 mg), and diisoamylamine (44 uL, 0.21 mmol,
3.5 equiv.). The vial was then capped with a septum, sealed with parafilm, and put under N2
atmosphere. The vial was charged with diethyl ether (3 mL), and the reaction mixture was cooled
to =50 °C and subjected to stirring at that temperature for 20 minutes. A solution of phenyl
phoshonic dichloride (8.4 pL, 0.06 mmol, 1 equiv.) in toluene (0.2 mL) was then added in one
portion, and the reaction mixture was subjected to stirring at =50 °C for 4 hours. The mixture was
filtered at room temperature through ~3 grams of silica to remove remaining amine, ammonium
chloride byproduct, and catalyst. The filtered solution of 3 was then transferred to a 20 mL vial
and concentrated under reduced pressure while kept at a temperature of 0 °C or below to remove
the Et2O until ~0.5 mL toluene remained. After this procedure, chlorophosphonamidate 3 was
determined to be 94% ee by chiral HPLC analysis (CHIRALPAK AD-H, 3% iPrOH/hexanes, 1.0

mL/min, 220 nm, tr(minor) = 14.7 min, tr(major) = 18.8 min). Subsequently, the same solution of
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3 was heated to 25 °C for 30 min, after which point chlorophosphonamidate 3 was determined to

be 93% ee by chiral HPLC analysis. Subsequently, the same solution of 3 was heated to 35 °C for

30 min, after which point chlorophosphonamidate 3 was determined to be 92% ee by chiral HPLC

analysis. Then, upon letting the same solution of 3 stand at 25 °C for 16 hours,

chlorophosphonamidate 3 was determined to be 82% ee by chiral HPLC analysis.

'H NMR (400 MHz, CDCl5) & 7.98 (ddt, J = 14.9, 6.4, 1.8 Hz, 1H), 7.17 — 6.94 (m, 3H), 3.29 —

2.97 (m, 4H), 1.58 — 1.31 (m, 6H), 0.82 (dd, J= 9.7, 6.3 Hz, 12H); 3'P NMR (162 MHz, CDCl)

d 38.00.

Racemic Sample

mAU 7 I ™ 3 )
3 ® ,\QQ S >
50 ﬁ @qf% ;ﬂ @q&\b
40 | ‘\\“?
" -
207 | B B
1oE “\\\ j \Lh 44/ \¥ )
o4—
- s 10 15 % 25 wn
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s ] [mAU] %
Sl EEEEEE | === | | == |- |- - |
1 14.677 MM 0.4328 1579.03784 60.81334 49.3776
2 18.714 MM 0.5528 1618.84204 48.80572 50.6224
Enriched Sample (94% ee)
mAU ~ A
® 3
70 % rﬁS\b
60 | (Lée’i"
50 h‘ | \
v | o o | \
20 | E e;b,fb | \
10 ‘\\ ‘3v‘ | \_
0 - ' -
' s 10 15 0 2 min
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Peak RetTime Type Width Area Height
# [min] [min] [MAU*s] [mAU]

1 14.709 MM 0.4145 82.50092 3.31699
2 18.787 MM 0.5651 2576.87476 75.99724

NMR spectra of chlorophosphonamidate 3 in C¢Ds
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X-ray crystallography

10

X-ray Crystallography: A crystal mounted on a diffractometer was collected data at 100 K. The
intensities of the reflections were collected by means of a Bruker APEX II CCD diffractometer
(Mokq radiation, A=0.71073 A), and equipped with an Oxford Cryosystems nitrogen flow
apparatus. The collection method involved 0.5° scans in @ at 28° in 26. Data integration down to
0.77 A resolution was carried out using SAINT V8.37A (51) with reflection spot size optimization.
Absorption corrections were made with the program SADABS (517,52). The structure was solved
by the Intrinsic Phasing methods and refined by least-squares methods again F” using SHELXT-
2014 (53) and SHELXL-2014 (54) with OLEX 2 interface (55). Non-hydrogen atoms were refined
anisotropically, and hydrogen atoms were allowed to ride on the respective atoms. Crystal data as
well as details of data collection and refinement are summarized in Table S10, and geometric
parameters are shown in Table S11. The Ortep plots were produced with SHELXL-2014 program,
and the three-dimensional supramolecular architecture drawing was produced with Accelrys DS

Visualizer 2.06 (56).
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Table S10. Experimental details

Crystal data
Chemical formula C30H33F4N203P
M: 576.55

Crystal system, space group

Monoclinic, P21

Temperature (K)

100

a, b, c(A) 14.0169 (7), 5.9557 (3), 18.0856 (10)
B (°) 103.9371 (17)

V(A% 1465.35 (13)

VA 2

Radiation type Mo Ka.

p (mmM) 0.15

Crystal size (mm)

0.14 < 0.08 x 0.06

Data collection

Diffractometer

Bruker D8 goniometer with CCD area detector

Absorption correction Multi-scan
SADABS
Tmin, Tmax 0728, 0.801
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No. of measured, 15725, 6211, 5220
independent and observed [/

> 206(1)] reflections

Rint 0.039
(sin 6/A)max (A‘l) 0.650
Refinement

R[F? > 20(F%)], wR(F?), S |0.059, 0.117, 1.13

No. of reflections 6211

No. of parameters 376

No. of restraints 40

H-atom treatment H-atom parameters constrained

Apmax, Apmin (€ A7) 0.43,-0.39

Absolute structure Flack x determined using 1819 quotients [(I+)-(I-)]/[(I+)+(I-

)] (Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-

259).

Absolute structure parameter |0.05 (8)

Computer programs: SAINT 8.37A (Bruker-AXS, 2015), SHELXT2014 (Sheldrick, 2015),
SHELXL2014 (Sheldrick, 2015), Bruker SHELXTL (Sheldrick, 2015).
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Table S11. Geometric parameters (A, °)

P1—02 1.471 (3) C17—C20 1.494 (6)
P1—03 1.614 (3) C18—C19 1.390 (6)
PI—N2 1.628 (4) C18—HI8 0.9500
P1—C4 1.790 (4) C19—H19 0.9500
F1—Cl11 1.358 (4) C21—C22 1.528 (5)
01—C1 1.370 (4) C21—H21A 0.9900
01—C7 1.379 (5) C21—H21B 0.9900
03—Cl4 1.399 (5) C22—C23 1.527 (6)
N1—C7 1.286 (5) C22—H22A 0.9900
N1—C6 1.400 (5) C22—H22B 0.9900
N2—C26 1.472 (5) C23—C24 1.522 (6)
N2—C21 1.475 (5) C23—C25 1.523 (6)
Cl—C2 1.373 (6) C23—H23 1.0000
C1—C6 1.391 (6) C24—H24A 0.9800
C2—C3 1.397 (5) C24—H24B 0.9800
C2—H2 0.9500 C24—H24C 0.9800
C3—C4 1.403 (6) C25—H25A 0.9800
C3—H3 0.9500 C25—H25B 0.9800
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C4—C5 1.386 (6) C25—H25C 0.9800
C5—C6 1.386 (5) C26—C27 1.529 (5)
C5—HS5 0.9500 C26—H26A 0.9900
C7—C8 1.468 (5) C26—H26B 0.9900
C8—C9 1.393 (6) C27—C28 1.521 (6)
C8—C13 1.393 (6) C27—H27A 0.9900
C9—C10 1.393 (6) C27—H27B 0.9900
C9—H9 0.9500 C28—C29 1.521 (6)
C10—Cl11 1.375 (6) C28—C30 1.533 (7)
C10—HI10 0.9500 C28—H28 1.0000
Cl11—CI2 1.372 (6) C29—H29A 0.9800
Cl2—CI13 1.383 (5) C29—H29B 0.9800
Cl2—H12 0.9500 C29—H29C 0.9800
C13—H13 0.9500 C30—H30A 0.9800
C14—C19 1.377 (6) C30—H30B 0.9800
Cl14—C15 1.383 (6) C30—H30C 0.9800
C15—C16 1.386 (5) C20—F4 1.303 (5)
C15—H15 0.9500 C20—F2 1.310 (6)
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C16—C17 1.389 (6) C20—F3 1.337 (6)
Cl6—H16 0.9500 C20A—F4A 1.258 (15)
C17—C18 1.378 (6) C20A—F2A 1.298 (16)
C17—C20A 1.494 (6) C20A—F3A 1.36 (2)
02—P1—O03 114.21 (17) N2—C21—H21A  |109.0
02—P1—N2 112.07 (18) C22—C21—H21A  [109.0
03—P1—N2 108.00 (17) N2—C21—H21B  |109.0
02—P1—C4 114.10 (18) C22—C21—H21B  [109.0
03—P1—C4 99.22 (17) H21A—C21—H21B |107.8
N2—P1—C4 108.35 (18) C23—C22—C21 113.1 (3)
C1—O01—C7 103.3 (3) C23—C22—H22A  [109.0
C14—03—P1 120.0 (2) C21—C22—H22A  {109.0
C7—N1—C6 104.0 (3) C23—C22—H22B  [109.0
C26—N2—C21  |116.6 (3) C21—C22—H22B  [109.0
C26—N2—P1 122.5 (3) H22A—C22—H22B |107.8
C21—N2—P1 120.7 (3) C24—C23—C25 110.5 (4)
01—C1—C2 128.0 (4) C24—C23—C22 111.5 (4)
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01—C1—C6 108.0 (3) C25—C23—C22 110.9 (4)
C2—C1—C6 124.0 (3) C24—C23—H23 107.9
Cl—C2—C3 116.1 (4) C25—C23—H23 107.9
Cl—C2—H2 122.0 C22—C23—H23 107.9
C3—C2—H2 122.0 C23—C24—H24A  [109.5
C2—C3—C4 120.8 (4) C23—C24—H24B  [109.5
C2—C3—H3 119.6 H24A—C24—H24B |109.5
C4—C3—H3 119.6 C23—C24—H24C  [109.5
C5—C4—C3 121.8 3) H24A—C24—H24C {109.5
C5—C4—P1 116.1 (3) H24B—C24—H24C |109.5
C3—C4—P1 121.9 (3) C23—C25—H25A  |109.5
C4—C5—C6 117.5 (4) C23—C25—H25B  [109.5
C4—C5—H5 121.3 H25A—C25—H25B |109.5
C6—C5—H5 121.3 C23—C25—H25C  [109.5
C5—C6—Cl1 119.9 (4) H25A—C25—H25C {109.5
C5—C6—N1 131.5 (4) H25B—C25—H25C {109.5
C1—C6—N1 108.6 (3) N2—C26—C27 112.9 (3)
N1—C7—O01 116.1 (3) N2—C26—H26A  [109.0
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N1—C7—C8 128.2 (4) C27—C26—H26A  [109.0
01—C7—C8 115.6 (3) N2—C26—H26B  |109.0
C9—C8—CI3 1205 (4) C27—C26—H26B  [109.0
C9—C8—C7 119.1 (4) H26A—C26—H26B |107.8
C13—C8—C7 1203 (4) C28—C27—C26 114.9 (4)
C8—C9—C10  |119.7 (4) C28—C27—H27A  [108.5
C8—C9—H9 120.2 C26—C27—H27A  [108.5
C10—C9—H9  |120.2 C28—C27—H27B  [108.5
Cl11—C10—C9  |117.8 (4) C26—C27—H27B  [108.5
Cl11—C10—H10 |121.1 H27A—C27—H27B |107.5
C9—C10—HI10 |121.1 C29—C28—C27 110.4 (4)
FI—CI1—CI12  [118.0 (4) C29—C28—C30 110.4 (4)
FI—CI1—C10  [118.0 (4) C27—C28—C30 112.1 (4)
C12—Cl11—C10 |124.0 (4) C29—C28—H28 107.9
Cl11—CI2—C13 |118.0 (4) C27—C28—H28 107.9
Cl1—CIl2—HI12 |121.0 C30—C28—H28 107.9
C13—Cl2—HI12 |121.0 C28—C29—H29A  [109.5
Cl2—CI13—C8  |120.0 (4) C28—C29—H29B  [109.5
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C12—CI13—H13 |120.0 H29A—C29—H29B {109.5
C8—CI3—HI13  |120.0 C28—C29—H29C  [109.5
C19—C14—C15 |122.0 (4) H29A—C29—H29C [109.5
C19—C14—03 |117.9 (4) H29B—C29—H29C |109.5
C15—Cl14—03  |120.0 (4) C28—C30—H30A  [109.5
Cl14—C15—C16 |118.5(4) C28—C30—H30B  [109.5
Cl4—C15—HI15 |120.7 H30A—C30—H30B |109.5
Cl6—CI15—HI15 |120.7 C28—C30—H30C  [109.5
C15—C16—C17 1202 (4) H30A—C30—H30C [109.5
C15—Cl6—H16 |119.9 H30B—C30—H30C {109.5
C17—C16—H16 [119.9 F4—C20—F2 107.5 (4)
C18—C17—C16 |120.3 (4) F4—C20—F3 104.6 (4)
C18—C17—C20A |120.8 (4) F2—C20—F3 104.9 (4)
C16—C17—C20A |118.9 (4) F4—C20—C17 113.5 (4)
C18—C17—C20 |120.8 (4) F2—C20—C17 112.7 (4)
C16—C17—C20 |118.9 (4) F3—C20—C17 112.9 (4)
C17—C18—C19 |120.1 (4) F4A—C20A—F2A  |108.0 (14)
C17—C18—H18 [119.9 F4AA—C20A—F3A  |104.9 (13)
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C19—C18—HI8 |119.9 F2A—C20A—F3A  [103.9 (13)
Cl4—C19—CI8 |118.8 (4) F4A—C20A—C17  |115.7(10)
Cl14—C19—H19 |120.6 F2A—C20A—C17  |111.3 (10)
C18—C19—HI19 |120.6 F3A—C20A—C17  |112.3 (10)
N2—C21—C22  [113.1(3)

02—P1—03— |-67.5(3) C9—C10—C11—F1 [-179.9 (3)
Cl4

N2—P1—03—  [57.9(3) C9—C10—C11—C12|-1.3 (6)

Cl4

C4—P1—03— |170.8 (3) F1—C11—C12—C13{178.9 (3)
Cl4

02—P1—N2—  |13.7(4) C10—Cl11—CI12— |0.3 (6)

C26 C13

03—P1—N2— |-112.9(3) C11—C12—C13—C8/0.6 (6)

C26

C4—P1—N2— 1405 (3) C9—C8—C13—CI2 |-0.5(6)

C26

02—P1—N2— |-171.4(3) C7—C8—C13—Cl12 |177.7 (4)
C21
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03—PI—N2—  [61.9(3) P1—03—C14—C19 [-109.6 (4)

C21

C4—Pl—N2— |-44.7(3) P1—03—Cl4—C15 |72.3 (4)

C21

C7—O01—C1—C2 |-179.9 (4) C19—C14—C15— [0.9 (6)
Cl16

C7—O01—C1—C6 |0.5 (4) 03—Cl4—Cl15—  [178.9 (4)
Cl16

01—C1—C2—C3 |-178.8 (4) Cl4—C15—Cl6— |-0.4(6)
C17

C6—C1—C2—C3 [0.7 (6) C15—C16—C17— |-0.2 (6)
C18

C1—C2—C3—C4 [-0.9 (6) C15—C16—C17— [179.9 (4)
C20A

C2—C3—C4—C5 |0.6 (6) C15—C16—C17— [179.9 (4)
C20

C2—C3—C4—P1 |-174.6 (3) Cl6—C17—C18— (0.3 (7)
C19

02—P1—C4—C5 |31.7 (4) C20A—C17—C18— |-179.9 (4)

C19
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03—P1—C4—C5 [153.5(3) C20—C17—C18—  [-179.9 (4)
C19

N2—P1—C4—C5 |-93.9 (3) C15—C14—C19— |-0.8 (6)
C18

02—P1—C4—C3 |-152.9 (3) 03—Cl14—C19—  [-178.9 (4)
C18

03—P1—C4—C3 |-31.1 (4) C17—C18—C19— [0.2 (6)
Cl4

N2—P1—C4—C3 |81.5 (4) C26—N2—C21—  |-90.9 (4)
C22

C3—C4—C5—C6 [0.0 (6) P1—N2—C21—C22 |94.0 (4)

P1—C4—C5—C6 [175.4 (3) N2—C21—C22—  |-177.3 (3)
C23

C4—C5—C6—Cl1 [-0.2 (6) C21—C22—C23— |-82.4 (4)
C24

C4—C5—C6—N1 |179.4 (4) C21—C22—C23—  |154.0 (4)
C25

01—C1—C6—C5 |179.4 (4) C21—N2—C26—  |-82.0 (4)
C27

C2—C1—C6—C5 |-0.2 (6) P1—N2—C26—C27 |93.1 (4)
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01—C1—C6—NI1 |-0.2 (4) N2—C26—C27—  |166.9 (4)
C28

C2—C1—C6—N1 |-179.8 (4) C26—C27—C28— |-177.3 (4)
C29

C7—N1—C6—C5 |-179.8 (4) C26—C27—C28— |59.2 (6)
C30

C7—N1—C6—C1 |-0.2 (4) C18—C17—C20—F4 [-122.4 (6)

C6—N1—C7—O01 [0.6 (4) C16—C17—C20—F4 [57.4 (6)

C6—N1—C7—C8 |178.3 (4) C18—C17—C20—F2 [115.1 (6)

C1—O01—C7—NI |-0.8 (4) C16—C17—C20—F2 |-65.1 (6)

C1—O01—C7—C8 |-178.7 (3) C18—C17—C20—F3 [-3.6 (7)

N1—C7—C8—C9 |5.6 (6) C16—C17—C20—F3 [176.2 (5)

01—C7—C8—C9 |-176.8 (3) C18—C17—C20A— [71.3 (17)
F4A

N1—C7—C8—  [-172.6 (4) C16—C17—C20A— |-108.9 (17)

C13 F4A

01—C7—C8— |5.1(5) C18—C17—C20A— |-52 (2)

C13 F2A

C13—C8—C9— |-0.6 (6) C16—C17—C20A— |127 (2)

C10 F2A
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C7—C8—C9— |-178.8 (4) C18—C17—C20A— |-168.4 (18)

C10 F3A
C8—C9—Cl10— |1.5(6) C16—C17—C20A— |11.4 (19)
Cl1 F3A

Figure S2. Three-dimensional supramolecular architecture viewed along the b-axis direction.
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NMR spectra of crude non-commercial phosphonyl dichlorides (2b-f)
*Note: for the purpose of characterization, these compounds were prepared using N,N-

dimethylformamide-d7.
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