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Organophosphorus nerve agents (OP AS) are a toxic P-F Bond Activation & 70 Incorporation into Organopl;osphates
class of synthetic compounds that cause adverse effects with many o o «/QE
biological systems. Development of methods for environmental _ /|F||»\ :7\ ‘
remediation and passivation has been ongoing for years. However, PO oer C’OHZ ‘%ﬂ o , /42
little progress has been made in therapeutic development for \/**Tkg
exposure victims. Given the postexposure behavior of OPA 2 eq. [PNP)Mn(CO);] — | °
materials in enzymes such as acetylcholinesterase (AChE), o [(PNP)MnF(C0),]  [(PNP)Mn(OPO(0iPr),)(CO),]
3
development of electrophilic compounds as therapeutics may be O\\/—F o et /@5 N
more beneficial than the currently employed nucleophilic counter- ? vs | ’@;‘K;‘_&/ﬁ\ s
measures. In this report, we present our studies with an (PNP)MT—CO Hac/(f):F y \\N‘\’\@}W (PNP)M,',_CO
electrophilic, 16-electron manganese complex (""PNP)Mn(CO), co A ) i e Ly

(1) and the nucleophilic hydroxide derivative (T"PNYP)Mn-

(CO),(OH) (2). The reactivity of 1 with phosphorus acids and

the reactivity of 2 with the P—F bond of diisopropylfluorophosphate (DIPF) were studied. The role of water in both nucleophilic
and electrophilic reactivity was investigated with the use of '’O-labeled water. Promising results arising from reactions of both 1 and
2 with organophosphorus substrates are reported.

PNP, manganese, organophosphate, methyl(fluoro)phosphonate, ambiphilic
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Organophosphorus nerve agents (OPAs) represent a highly
toxic class of compounds employed as chemical warfare agents
(CWAs). OPAs remain one of the most abused weapons of
fear, which provides an imperative to investigate their
fundamental chemical behavior. Their use in Russia, England,
Malaysia, and Syria, and more recent attribution as the origin
of Gulf War syndrome, highlight the continued exploitation of
OPAs as weapons of terror, assassination, and area denial.! —
Recent literature reports on the interaction between OPAs and Analogous Bmdmg Of (PNP)MD(CO)Z

molecular transition-metal systems have laggedz_5 behind o'Pr OSerine(AChE)
those of metal—organic framework (MOF)-based systems.é_22 ~pt ~P=0
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While proven methods exist for. eﬁiectiggilastrge—scale ager.lt H //‘\O\P/—P ’{Dr H //é)\ P/_P ’rPr
destruction and surface decontamination,” ~~ the current in NOTA Vs N T A
: . ) ) Mn MnL_
vivo therapeutic method is decades-old and consists of a » | ~co , | ~co
cocktail of oximes and atropine administered near their toxicity Pr—P Co 'PF’7P co
limits. The oximes act as a nucleophile to the OPA,* yet their ipf ipf
effectiveness is severely limited due to the nature of action of
OPAs in the body following exposure. Figure 1. (Top) Graphical representation of the aging process of an
The primary biological mode of action of an OPA occurs via enzyme-bound OPA, such as sarin (GB). (Bottom) Comparison of
bonding to an —OH group of a serine residue of (PPN"P)Mn(CO), binding to a small-molecule phosphonate and to
acetylcholinesterase (AChE).”” Inhibition is achieved by an aged, AChE-bound sarin molecule.
binding to the active site of the enzyme and blocking the
uptake and hydrolysis of acetylcholine, which results in muscle February 3, 2023 Greanic &
paralysis leading to suffocation. Subsequent hydrolysis of the April 20, 2023 el |
serine-bound OPA in the active site of AChE results in an April 24, 2023

“aged” adduct (Figure 1, top).**~** In the “aging” process, the May 25, 2023

OPA alkoxide side chain is converted to an anionic oxygen at
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physiological pH, and nucleophilic oxime therapy is rendered
ineffective. Consequently, the treatment for nerve agent
exposure must begin promptly to avoid “aging” of the OPA
in the active site of the enzyme. Only recently have
electrophilic molecules been investigated to reactivate aged
OPA—enzyme complexes.””** Development of an ambiphilic
therapeutic that can target both the primary adduct and the
“aged” OPA adduct could facilitate the hydrolysis of the
serine—phosphorus bond, reactivating the enzyme at any time
after exposure (Figure 1, bottom).

Prior work using (*PNP)Mn(CO), (1, ®PNP = N-
(CH,CH,(*?P)),), a low-spin 16-electron manganese(I)
complex, has demonstrated wide utility, including ambiphilic
reactivity. Catalytic reactions concerning the generation%_48
or consumption”>* of H, using 1 have been well studied, and
the ability to tailor the reactivity of 1 by altering reaction
conditions is a valuable property. The electrophilic reactivity of
1 has been demonstrated with several element—hydrogen
bonds, including carboxylic acid substrates that are isolobal
and isoelectronic with OPA surrogate substrates.”* Addition-
ally, a reversible equilibrium of 1,2-addition and 1,2-
elimination of water (H,0) can be used to isolate a
nucleophilic Mn—OH complex, ("PN"P)Mn(CO),(OH)
(2).> The hydroxide moiety in 2 retains its nucleophilic
character due to the low-spin 3d° electronic configuration of
the Mn center and related filled 7z orbitals, a property
previously demonstrated through reactivity.”> Aldehyde
addition to 2 generated the corresponding Mn-bound
carboxylate with concomitant formation of H, in an
aldehyde—water shift reaction,” while nitriles were cleanly
converted to their corresponding organic carboxamide via
hydration reactivity mediated by 2.°° Employing this bimodal
reactivity with organophosphate substrates allows the explora-
tion of OPA surrogates with Mn acting as either a nucleophile
or an electrophile.

The results from an investigation into the reactivity of 1 and
2 with organophosphate substrates are described. Electrophilic
reactions of 1 with P(O)O—H and P(O)O~ groups were
performed. Alternatively, the nucleophilic hydroxide of 2 was
studied to facilitate the cleavage of P—F bonds. Due to the
formation of H—F during P—F bond hydrolysis, observation of
Mn—F species is also expected, consequently an independent
synthesis of the expected Mn—F species was performed. The
reactivity of 1 and 2 with established precursors and surrogates
of organophosphorus-based CWAs was explored and the
resultant products are isolated and characterized. Additional
studies using '"O-labeled water provide insight into the mode
of action of 1 and 2 with OPA substrates.

Caution! Organofluorophosphates are toxic and release HF upon
hydrolysis. All work with these materials should be performed in a
well-ventilated fume hood or drybox by persons experienced with
their handling. Materials should be passivated using solutions of
bleach and/or aqueous base (e.g, 1 M NaOH).

All air- and moisture-sensitive manipulations were carried out using
standard Schlenk techniques or in a Vac Atmospheres drybox
containing a purified argon atmosphere. THF, benzene, toluene,
diethyl ether, and n-hexane were dried on molecular sieves and shaved
sodium before use. THF-dg and C4Dg were purchased from Millipore
Sigma and dried over 4 A molecular sieves. The chemicals KHMDS,
NaHMDS, diisopropylfluorophosphate, dimethylphosphate, and
diisopropylphosphate were ordered from Millipore Sigma and were
used after degassing. The complexes (T'PN"P)Mn(CO),Br,”
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(P"PN"P)Mn(CO),* (1), ("PNHP)Mn(OH)(CO),* (2), and
monofluor®® were prepared as previously described. (""PN¥P)Mn-
(*OH)(CO), (*0-2) was prepared analogously to 2 using "OH,.

'H NMR, *C NMR, YF NMR, and 3P NMR spectra were
recorded on a Bruker Avance 400 MHz spectrometer operating at
400.132, 100.627, 376.498, and 161.978 MHz, respectively. All 'H
and BC{'H} NMR chemical shifts are reported relative to SiMe,
using the '"H (residual in the deuterated solvents) and "“C{'H}
chemical shifts of the solvent as a secondary standard. Multiplicity,
integration, and coupling constants (Hz) are provided when
appropriate. The NMR splitting patterns are abbreviated as follows:
s, singlet; br s, broad singlet; d, doublet; dd, doublet of doublets; ddd,
doublet of doublets of doublets; t, triplet; br t, broad triplet; g,
quartet; dq, doublet of quartets; h, heptet; and m, multiplet. Infrared
spectra were collected on a Thermo Scientific Nicolet iS10
spectrometer equipped with an ATR measurement attachment.

Single crystals suitable for X-ray diffraction were coated with N-
paratone (dried under reduced pressure overnight at 100 °C) or
Krytox oil in a drybox, placed on a nylon loop, and then transferred to
the goniometer head of a Bruker X8 APEX 2 (for complex 2)
diffractometer equipped with a molybdenum X-ray tube (4 = 0.71073
A), a Bruker D8 Quest (for complexes 5 and 3) equipped with a
molybdenum X-ray tube (4 = 0.71073 A), a Bruker D8 Quest
diffractometer configured with a CPAD Photon II area detector and a
molybdenum (1 = 0.71073 A) IuS 3.0 micro source, or a Rigaku
XtaLAB mini II equipped with a HyPix-Bantam detector and a
molybdenum X-ray tube (4 = 0.71073 A) for the complexes collected
at room temperature ('’O-4 and 8). A hemisphere routine was used
for data collection and determination of lattice constants. Crystals
were cooled using an oxford cryostream cooling to 100 K or collected
at room temperature (Rigaku XtaLAB mini II). Space groups were
identified, and the data were processed using the Bruker SAINT+
program and corrected for absorption using the SADABS.* The
structures were solved using intrinsic phasing (SHELXT)®’
completed by subsequent Fourier synthesis and refined by full-matrix
least-squares 6]§rocedures.61’62 Olex2 software was used to perform
data workup.

(PPN"P)Mn(CO),Br (0.050 g 0.1 mmol) was dissolved in ~5 mL
of THF and loaded into a 20 mL scintillation vial along with a
magnetic stir bar. Silver fluoride, AgF, (0.013 g, 0.1 mmol) was added
as a solid to the vial. The vial was then capped and covered with
aluminum foil. The solution was left to stir vigorously for 24 h. After,
the volatiles were removed under reduced pressure, and the remaining
solids were extracted with toluene and filtered over a glass fiber filter.
The filtrate was then dried to a constant mass, and the yellow residue
was dissolved in a minimal amount of diethyl ether. The ether
solution was then placed in a —35° freezer overnight, yielding
diffraction quality pale yellow crystals of 3 (0.027 g, 62%). Note:
incomplete halide exchange was observed, affecting bulk analysis;
please see the provided NMR spectra. Anal. caled for
C,H, FMnNO,P,: C, 49.66; H, 8.57; N, 3.22. Found: C, 48.22;
H, 8.49; N, 3.12. '"H NMR (C(Dy, 20 °C): § 2.56 (m, 4H), 2.31 (s,
2H), 2.07 (m, 2H), 1.62 (s, 2H), 1.52 (s, 6H), 1.33 (dd, ] = 6.9 Hz,
6H), 1.24 (d, ] = 6.9 Hz, 6H), 1.12 (s, 7H). *'P{"H} NMR (CD, 20
°C): & 89.16. F NMR (C¢Dg, 20 °C): § —378.63. BC{'H} NMR
(C¢Dg, 20 °C): 6 232.3, 228.1, 52.3, 26.5, 25.0 (t), 24.6 (br t), 20.9,
20.1, 19.1, 18.2.

(PPNP)Mn(CO), (0.040 g, 0.096 mmol) was dissolved in ~2 mL of
THEF and loaded into a 20 mL scintillation vial along with a magnetic
stir bar. To this solution, diisopropylphosphate, (‘PrO),OP(OH),
DIP, (0.018 g, 0.10 mmol) was added. Next, a 20% THF solution of
H,0 (0.002 g H,0, 0.010 g solution, 0.11 mmol) was added. A color
change of the solution was noted after ~3 h to a pale orange from the
initial red color. The reaction was allowed to stir for ~16 h, and the
color had changed to yellow. The solution was then concentrated.
The resulting solid was dissolved in benzene, filtered, and left to sit
undisturbed at room temperature, yielding diffraction quality yellow
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Scheme 1. Proposed Products from the Reaction between 2 and OPA; P—F Bond Hydrolysis Yields the Expected Mn—

Phosphate (a) and Generates HF Which Yields 3 (b)
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crystals of 4 (0.029 g, 51%). Anal. caled for C,,H;;MnNOP;: C,
48.24; H, 8.60; N, 2.34. Found: C, 48.07; H, 8.37; N, 2.32. 'H NMR
(CgDg, 20 °C): 5 5.43 (t, 1H, N—H), 4.45 (dd, ] = 6.2 Hz, 2H), 3.03
(m, 2H), 2.91 (m, 2H), 2.29—2.12 (m, 4H), 2.03 (m, 2H), 1.81 (m,
2H), 1.57 (dd, J = 7.5 Hz, 6H), 1.39 (dd, J = 7.1 Hz, 6H), 1.29—1.15
(m, 18H), 1.08 (dd, J = 3.7 Hz, 6H). *'P{'H} NMR (C(Ds, 20 °C): 6
84.18, 4.57. BC{'H} NMR (C(Dy, 20 °C): § 231.5, 229.8, 68.6, 52.9,
30.2, 27.0, 25.3 (t), 24.4 (br t), 24.3 (t), 20.7, 20.6, 19.1, 17.7.

(P"PNP)Mn(CO), (0.040 g, 0.096 mmol) was dissolved in ~2 mL of
THEF and loaded into a 20 mL scintillation vial along with a magnetic
stir bar. To this stirring solution, an equivalent of dimethylphosphate,
DMP, (MeO),OP(OH), (0.012 mg, 0.10 mmol) was added. There
was a noticeable color change of the solution from red to yellow upon
addition of the phosphate. The solution was allowed to stir for ~1 h,
at which time it was then concentrated, filtered, and left to sit
undisturbed at room temperature, yielding X-ray diffraction quality
large pale yellow crystals of 5 (0.035 g, 67%). Note: Combustion
analysis was low in carbon; please see the provided NMR spectra as
an additional measure of bulk purity. Anal. caled for
CoH,;sMnNOGP,: C, 44.37; H, 8.01; N, 2.59. Found: C, 43.90; H,
8.17; N, 2.55. '"H NMR (C¢Dy, 20 °C): 6 5.87 (br s, 1H), 3.43 (br s,
6H), 2.88 (brs, 4H), 2.21 (brs, 4H), 1.83 (br s, 4H), 1.56 (br s, 6H),
1.36 (br s, 6H), 1.23 (br s, 6H), 1.09 (br s, 6H). *'P{'H} NMR
(CDy 20 °C): 6 84.30, 9.30. *C{'H} NMR (C(Dj, 20 °C): 5 231.8,
229.9, 52.8, 27.4, 26.0, 24.3 (t), 20.7, 20.5, 19.0, 17.9.

(""PNP)Mn(CO), (0.100 g, 0.240 mmol) was added to a 20 mL
scintillation vial along with a magnetic stir bar and was then dissolved
in ~2 mL of n-hexane. To this stirring solution, a 10% solution of
isopropyl methylphosphonate, MeP(O)(OPr)(OH), MIP, (0.033 g,
0.241 mmol) in THF was added dropwise that induced a color change
of the reaction solution from red to yellow. The clear reaction
solution was cooled to —30 °C, yielding X-ray diffraction quality
crystals. The yellow crystalline material was isolated via filtration and
held under reduced pressure to a constant mass. Analysis of the
material confirmed formation of 6 (0.122 g, 93%). Note: Combustion
analysis was low in carbon; please see the provided NMR spectra as
an additional measure of bulk purity. Anal. calcd for
C,,H,-MnNO,P,: C, 47.74; H, 8.56; N, 2.53. Found: C, 47.09; H,
8.50; N, 2.30. 'H NMR (C¢Dj, 20 °C): 8 6.09 (t, ] = 11.4 Hz, 1H,
N-H), 4.33 (h, ] = 6.1 Hz, 1H), 3.27 (h, ] = 7.0 Hz, 1H), 3.06—2.79
(m, 2H), 2.67 (h, J = 7.2 Hz, 1H), 2.20 (m, $H), 2.00—1.72 (m, 3H),
1.63—1.46 (m, 6H), 1.45—1.32 (m, 6H), 1.25 (m, 12H), 1.07 (m,
9H). 3'P{'H} NMR (C¢D, 20 °C): & 84.53, 31.79. *C{'H} NMR
(CeDg 20 °C): 5 6.1 (t, J = 11.4 Hz, 1H, N—H), 4.3 (h, ] = 6.1 Hz,
1H), 3.3 (h, J = 7.0 Hz, 1H), 3.1-2.8 (m, 2H), 2.7 (h, ] = 7.2 Hz,
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1H), 2.2 (m, SH), 2.0—1.7 (m, 3H), 1.6—1.5 (m, 6H), 1.5-1.3 (m,
6H), 1.3 (m, 12H), 1.1 (m, 9H).

("PNP)Mn(CO), (0.100 g, 0.240 mmol) was added to a 20 mL
scintillation vial along with a magnetic stir bar and was then dissolved
in ~2 mL of n-hexane. To this stirring solution, a 10% solution of
fluoro methylphosphonate, MeP(O)(F)(OH), (MF) (0.024 g, 0.241
mmol) in benzene was added dropwise that induced a color change
from red to yellow. Volatiles were then removed from the reaction
solution, and the residue was dissolved in ~2 mL of hexane. The
solution was allowed to sit undisturbed at room temperature, and over
the course of 16 h, small clusters of X-ray diffraction quality orange
needles formed. The orange crystalline material was isolated via
decantation of the mother liquor and held under reduced pressure to
a constant mass. Analysis of the material confirmed formation of 7
(0.078 g, 63%). Note: The benzene solution of MF is kept as a solid
at —30 °C. At room temperature, MF will slowly enter an equilibrium
with methylphosphonic acid (MPA) and difluoromethylphosphonate
(DF). P NMR analysis of MF is encouraged before use. Anal. calcd
for C,oH, FMnNO,Py: C, 44.45; H, 7.85; N, 2.73. Found: C, 44.61;
H, 7.84; N, 2.74. '"H NMR (CDy, 20 °C): 6 5.73 (t, ] = 11.9 Hz, 1H,
N-H), 2.85 (m, 3H), 2.37 (h, ] = 7.4 Hz, 1H), 2.30—1.90 (m, SH),
1.79 (q, ] = 14.0 Hz, 3H), 149 (ddd, J = 23.9, 14.5, 7.5 Hz, 6H),
1.39-1.15 (m, 1SH), 1.08 (t, J = 8.4 Hz, 3H), 1.00 (t, ] = 8.0 Hz,
3H). 3'P{'"H} NMR (C4Ds, 20 °C): § 84.45—83.74 (q), 36.97—31.01
(d, J = 965 Hz). YF NMR (C¢Dg, 20 °C): 6 —43.59, —46.15 (d, ] =
965 Hz). C{’"H} NMR (C¢D, 20 °C): § 230.9, 229.6, 53.2—52.4
(dq), 27.5 (t), 25.7-25.6 (dd), 24.5-24.2 (dd), 20.5, 20.1, 18.9—18.9
(d), 18.0—17.6 (dd), 14.2—12.3 (dd).

Mn—F Synthesis. The stoichiometric generation of H—F resulting
from the hydrolysis of P—F bonds remains a noteworthy complication
to address for catalytic degradation of organophosphorus CWAs.
Farha has built a polymeric amine into his MOF catalysts as a means
of addressing H—F generation.** Here, the hydrolysis of P—F bonds is
expected to generate HF and the corresponding P—OH, both of
which are anticipated to react with (""PNP)Mn(CO), (1). Initial
efforts were concentrated on synthesizing and characterizing the
expected products from exposure of (P'PNP)Mn(CO),(OH) (2) to
a P—F compound. The corresponding manganese phosphate adduct
would form concomitant with generation of HF, which in turn would
generate (P"'PNP)Mn(CO),F (3) (Scheme 1). The expected Mn—F
product has yet to be reported, and its synthesis was pursued to help
identify this expected product in reactions of fluorophosphate
substrates.

Independent generation of 3 was achieved via salt metathesis of
silver fluoride with (P"PNP)Mn(CO),Br (1-Br). Complex 3 was

https://doi.org/10.1021/acsorginorgau.3c00003
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isolated as a yellow crystalline material in moderate yields. NMR
experiments suggest the product of halogen exchange formed, with
the 'H and 3'P spectra reminiscent of 1-Br but with a resonance in
the 'F NMR spectrum centered at 5 —378.63 ppm. Unambiguous
assignment of the structure of 3 was accomplished through single-
crystal X-ray diffraction (SC-XRD) experiments (Figure 2). Complex
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Figure 2. Solid-state structure of 3 is provided and represented at 50%
probability ellipsoids. Hydrogen atoms have been removed for clarity.
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3 crystallizes with two molecules in the asymmetric unit in the P21n
space group. The geometry of 3 closely resembles previously reported

(*'PN P)Mn(CO) (X) complexes.*® The Mn—F bond was found at
2 009(1) A, shghtly shorter than the Mn—O bond in 2, which
averages 2.070(2) A. This Mn—F bond length is in line with a
previously reported Mn(I) terminal fluoride.”® The largest deviation
from an ideal octahedral comes from apparent hydrogen bonding
between the N—H proton and F atom, leading to an average N—Mn—
F bond angle of 78.75°. This acute bond leads to a much shorter F—N
distance (at 2.673(1) A) than the observed O—N length in 2
(2.803(2) A).

1,2-Addition Reactivity. To synthesize the expected manga-
nese—phosphate and —phosphonate complexes, the well-established
1,2-addition chemistry of phosphorus acid substrates to complex 1
was employed (Scheme 2). The small-molecule diisopropylphosphate
(DIP) displays a similar steric profile as diisopropylfluorophosphate
(DIFP), commonly employed as a surrogate molecule for G-agents,
such as sarin. Addition of DIP to 1 did not result in an observable
reaction. Addition of one equivalent of H,O to a solution containing
an equimolar mix of 1 and DIP induced a color change from red to
yellow. Formation of complex (*"PN*P)Mn(CO),(OP(0)(O'Pr),)
(4) required the addition of H,O, likely forming a complex hydrogen
network between the Mn(I) center and the two substrates that
facilitates the 1,2-addition. Analysis of the reaction by *'P NMR
indicated complete conversion to 4. Complex 4 was stable to 1,2-
elimination once formed, with no generation of 1 observed upon
raising the solution temperature as determined using VI NMR
experiments.

Confirmation of the formation of 4 was accomplished by
performing SC-XRD studies; the solid-state structure was determined
by isolating small yellow needles from a concentrated benzene
solution (Figure 3, left). Complex 4 crystallizes in the P1 space group
with a single molecule of benzene in the lattice. The Mn—O bond
length of complex 4 was found at 2.080(1) A, and the two terminal
P—O bond lengths, P—03 = 1.497(1) A and P—04 = 1.482(1) A,
suggest resonance delocalization of the negative charge across the two
oxygen atoms. There is observed hydrogen bonding between the N—
H and O4 of the phosphate fragment, leading to a N1—04 distance of
3.071(2) A and a 04—H1 (calculated) distance of 2.156(1) A. In the
"H NMR, this translates to a N—H triplet centered at § 5.43 ppm,
suggesting weak H-bonding interactions when compared to the
hydrogen bond found in the related formate complex (6 8.18 ppm).**
In the *'P NMR spectrum, the PNP shifts are located at 5 84.18 ppm,
and the bound phosphate signal is located at 6 4.57 ppm.

Scheme 2. 1,2-Addition Reactions between 1 and DIP (a), DMP (b), and MIP (c) Are Shown with the Corresponding

Products
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Figure 3. Solid-state structures of complexes 4, 5, and 6 are presented at 50% probability ellipsoids. Hydrogen atoms are omitted for clarity.

The prerequisite of water in the formation of 4 was likely due to
kinetic inhibition arising from the steric demands of both the
substrate and PNP ligand. Testing this hypothesis required a 1,2-
addition reaction using a less sterically demanding phosphate, thus the
reaction was performed with dimethylphosphate (DMP). Addition of
DMP to a solution of 1 rapidly generated the expected (*"PN"P)-
Mn(CO),(OP(O)(OMe),) (5, Scheme 2b), and the expected color
change of the solution from red to yellow upon substrate addition was
observed. Without the sterically demanding isopropyl groups, the
addition of the O—H bond across the Mn—amide bond readily
occurs.

Complex § was isolated as a yellow crystalline material and the
structure was confirmed by SC-XRD experiments (Figure 3, mid).
The Mn—O bond length is consistent with those previously observed,
at 2.110(1) A. Like 4, the phosphate fragment shows P—O terminal
bonds of similar length, P—03 = 1.499(1) A and P—04 = 1.483(1) A.
The phosphate geometry on S compared to 4 affords a slightly
stronger hydrogen-bonding interaction with the N—H proton, with a
measured N1—04 distance of 2.918(1) A and an O4—HI distance of
1.945(1) A. The 'H NMR confirms this, with 5 showing a slightly
more downfield N—H proton shift centered at 6 5.87 ppm. This is a
result of the larger isopropyl groups on 4 causing more twist along the
Mn—N1-04-03 plane leading to a longer interaction between H1
and O4.

The addition of methyl(isopropyl)phosphate (MIP) to 1 to
generate (P"PNYP)Mn(CO),(OP(O)Me(OPr)) (6) was performed
analogously to S. Complex 6 was isolated as yellow crystals and
refinement of SC-XRD data revealed that 6 crystallized in the achiral
space group P1 and contained both enantiomers (R, S) of the Mn—
phosphate in the unit cell (Figure 3, right). The phosphate oxygen
atom O4 shows a hydrogen-bond distance of 2.095(2) A to the N—H
proton, while the corresponding P3—O4 bond was observed at
1.496(1) A. The similarity of hydrogen-bond distance correlates with
the 'H NMR spectrum, where the triplet for the N1—H proton is
found at 6 6.09 ppm, a shift consistent with slightly stronger hydrogen
bonding than observed for 4 and S. Along with the N—H resonance, 6
has several diagnostic features observable in its NMR spectra. The
PNP—chelate phosphorus resonances are found at  84.53 ppm and
the Mn-bound phosphate at 6 31.79 ppm with integration values of
2:1. The methyl bound to the phosphonate in 6 is found as a doublet
(Jo—c = 139 Hz) in the *C NMR spectrum centered at 5 14.3 ppm,
shifted from free MIP (5 11.98 ppm, J_c = 148 Hz).

MIP is related to sarin in its structure, with the —F of sarin replaced
with an "OH functionality. The 1,2-addition of MIP to 1 did not
display kinetic impedance, yet DIFP is often employed as a surrogate
for sarin, and the hydrolysis product DIP exhibited a kinetic barrier
that is absent in the reactivity of MIP. This result highlights the
drawback of employing a surrogate in CWA studies, as oftentimes
surrogates fail to accurately reproduce the chemistry of live agents. In

this case, the slow product formation upon addition of DIP to 1 is far
removed from the rapidity of MIP addition. Formation of complex 6
from addition of MIP to 2 is analogous to the reaction between 2 and
an aged G-agent that would be found on the serine residue of an
ACHhE active site. As proof of concept for reactivity with an aged OPA,
a reaction of 2 with the deprotonated phosphate of DIP was
performed. A solution of DIP in THF was deprotonated with sodium
hexamethyldisilazide (NaHMDS). The in situ-generated precipitate
was then added to a C4Dy solution of 2. Analysis of the solution by
*P NMR confirmed rapid generation of 4. This proof of concept
further confirms the electrophilic nature of the PNP—Mn moiety that
could react with an aged, anionic OPA.

The final Mn complex synthesized was the possible adduct that
would form from the hydration reaction of 2 with methylphosphonic
acid difluoride (difluor, DF). DF is a common precursor to
organophosphorus CWAs, and its primary hydrolysis product is
methylfluorophosphonic acid (monofluor, MF). The spectroscopic
signatures and reactivity of MF are not well studied, and the
manganese adducts of this unique organophosphate are germane to
OPA degradation studies. The addition of MF to 1 generated the
desired Mn-fluorophosphonate, (T"PN'P)Mn(CO),(OP(O)MeF)
(7), isolated in moderate yield as dark yellow crystalline blocks.
Confirmation of the formation of 7 was achieved using NMR and IR
spectroscopy and SC-XRD (Figure 4).

Complex 7 adopted a distorted octahedral geometry in the solid-
state structure. Significant rotational disorder was present on the Mn-
bound fluorophosphate, a consequence of the low steric profile of the
substrate. The '"H NMR spectrum was consistent with a phosphate
bound to the [(P"PN"P)Mn(CO),] core. The N—H resonance was
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Figure 4. Solid-state structure of 7 represented at 50% probability
ellipsoids. Disorder and hydrogen atoms have been omitted for clarity.
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found as a triplet centered at § 5.72 ppm by 'H NMR, and the
phosphate peak was found as a doublet centered at § 33.99 (Jo_p =
965 Hz) by *'P NMR. The large coupling constant is consistent with
a P—F bond. The related resonance in the '’F NMR spectrum was
found as a doublet centered at 5 —44.88 (Jp_r = 965 Hz). These shifts
are similar to the spectrum of MF in C¢Dj.>®

Complex 1 displayed productive reactivity with both neutral P—
OH moieties and an anionic P—O~ substrate. This breadth of
[(*"PNP)Mn(CO),]-coordinated phosphate molecules (Table 1)
provides a foundation to study similar reactivity with live agents.

Table 1. Select Metrical Parameters of the Complexes
Generated or Used in This Study”

'H N-H" 31p pNP? 3p OPA® v CO IR¢
1> 87.02 1800, 1888
3 89.16 1801, 1896
4 5.43 84.18 4.57 1811, 1918
5 5.87 84.30 9.30 1810, 1906
6 6.09 84.53 31.79 1814, 1911
7 5.73 84.45—83.74 33.99 1817, 1912

“Further tabular data can be found on Page S36. *Data given in ppm

(6). “Data given in cm™.

Nucleophilic Mn—OH Reaction with DIFP. Complexes of
(PPN"P)Mn(CO),(X) derived from the hydration of 2 with
electrophiles have shown little propensity for turnover without
forcing conditions such as high temperatures (>100 °C) or the
addition of strong bases.*>™® Experiments into the reactivity and
turnover of 2 with DIFP yielded mixed results. Complex 2 crystallizes
with three molecules of water in the unit cell, so reactions can be
expected to contain excess H,O. When the reaction is performed in a
1:1 ratio of 2 to DIFP, half of the starting DIFP remains unreacted,
and the Mn was found as an equimolar mixture of 3 and 4 as
predicted (Scheme 1). Addition of 2 equivalents of 2 to 1 equiv of
DIFP in C4D4 completely consumes the DIFP to form a 1:1 ratio of 3
and 4, confirmed by *'P and "’F NMR (Figures $23—25). Complex 3
arises from the formation of H—F upon the hydrolysis of the P—F
bond of DIFP. These results suggest that the rate of addition of H—F
is faster than addition of DIFP, an unsurprising result given the steric
demand of the DIFP substrate.

Absence of phosphate release from 4 was verified by employing 2
equiv of DIFP, where the extra equivalent of substrate remained
unconsumed and the final reaction ratio of 4 to DIFP was found at
approximately 1:1 using *'P NMR spectroscopy. The addition of
excess H,O to encourage substrate release from 4 also proved
unsuccessful due to overwhelming product inhibition of the catalyst.
Addition of triethylamine (TEA) and 1,4-diazabicyclo[2.2.2]octane
(DABCO) both proved ineffective for either phosphate or fluoride
release. Employing K,CO; as a base during the reaction resulted in
conversion of 3 into 2, which was then converted further into 4 with
remaining DIFP (Figures S25 and S$26). This suggests that the
fluoride is more readily removed than the phosphate substrate,
increasing the concentration of 4 in solution. The only reaction
conditions that proved effective for phosphate release were found by
employing a strong base; the addition of potassium bis-
(trimethylsilyl)Jamide (KHMDS) proved effective for substrate release
as the potassium phosphate with concomitant generation of 1
(Figures S27 and S28).

70OH, Labeling Studies. In two cases of phosphate addition to
the Mn center, either the addition of bulky DIP with H,O facilitating
the addition or the nucleophilic reaction of 2 to DIFP, water plays a
pivotal role. To better understand the role of water in these systems, a
series of labeling studies were performed using '"OH, ('O, I = 1/2
nucleus). In this way, we were able to compare the incorporation of
the labeled atom in two distinct reactions where 4 is a common
product. During the 1,2-addition of DIP in the generation of 4, does
water act as a simple proton shuttle or does the 17O incorporate into
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the phosphate? Is incorporation of 7O observed in the reaction
between '"OH-2 and DIFP? Water is expected to form complex
hydrogen-bond networks in this system,*>°® complicating the answers
to these questions, but labeling the '’O may prove informative.

Control experiments designed to study potential '’O exchange
were performed with DIP and 7OH,, and no incorporation of 7O
signal was observed in DIP. However, exchange into DIP does occur
in the presence of 2. Complex 2 was 7O labeled by addition of ”OH,
to 1, giving "70-2, which likely contains the same excess water
molecules in the unit cell as natural abundance of 2. The signal for the
Mn—'"OH appears in the '"O NMR spectrum at 6 —109 ppm
(referenced to '"OH,, Figure S30). When DIP is added to the '70-2,
the color of the solution changes from red to yellow, and new 7O
signals are immediately apparent as a broad singlet at § 10S ppm and a
doublet (J = 353 Hz) centered at 5 386 ppm (Figures S31 and S32).
The resonance at 105 ppm is attributed to the Mn—O—P bridging
atom, while the doublet at § 386 ppm is assigned as the P=0 double
bond, with support from prior reports of '’O-labeled DIP.” After 1 h,
the signal for 2 is consumed and the resonances at 6 105 ppm and ¢
386 ppm remain.

We propose that the tandem incorporation of '’O into the two
available positions of DIP (Scheme 3) may speak to an outer-sphere
mechanism, where DIP™ is formed and this ionic phosphate then
incorporates 7O via exchange with labeled water before Mn
coordination. An outer-sphere mechanism may explain the observed
70 product with incorporation in both sites in '"O-4. While NMR
experiments showed lack of observable reversibility of 4 at elevated
temperatures in solution, an equilibrium could exist that allows for
rapid dissociation and label incorporation into the phosphate before
recombination with the Mn center, which could occur faster than the
NMR timescale. Both instances generate a common DIP~
intermediate (Figure S41).

Scheme 3. Incorporation of '’O-Labeled Water Into Both
Possible Positions of 170-4 Was Observed During the
Reaction of 70-2 with DIP

i
ILabel Observed in Both Positionsl 70 /O E’r
~=P=0Pr ;
A
H //O P—'Pr
N 17/I
=CO
i 0 ipr—P l
H//‘\ /Pr ‘ ||:'\ Pr‘ CO
\[ 170K P\iPr IPro/ 1 OH ipy
N TA ofPr ,-
, | ~co o. PP
Pr—P" co ,/ SP=OPr jpr
; / H 17\\ / .
Pr N O P—'Pr
N T 7
170_2 l\
/] o
’Pr7P co
ipr

After 4 days, the doublet at 6 386 ppm increases, with only a trace
signal at  10S ppm remaining. This leads to the hypothesis that the
70 is preferred in the terminal P=0 position, bearing a hydrogen
bond to the N—H proton. Complete consumption of the '”OH, signal
and growth of a second small doublet at § 377 ppm (J = 393 Hz) and
singlet at 6 96 ppm were observed. Interconversion of the oxygen
atoms is reasonable as the two terminal P—O oxygen atoms plausibly
exchange positions, but the heavy isotope of the O atom preferentially
occupies the hydrogen-bound position.

The addition of DIFP to '0-2 was expected to cleave the P—F
bond and form 3 and 4 in equal parts, with the 'O atom thus forming
the Mn—O—P bridge atom (Scheme 4). Control experiments showed
that no reaction occurred between '70-2 and DIFP over the course of
2 weeks. The reaction was performed with different equivalents of
70-2—DIFP, either using substoichiometric Mn in a ratio of 0.33:1
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Scheme 4. Incorporation of '’O-Labeled Water into a Single
Position of the Phosphate in 4 Is Observed Rather than as a
Distribution
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of 70-2—DIFP, or performing the stoichiometric reaction 1:1 7O-
2-DIFP. In both cases, the O NMR experiments reveal that the
label incorporation occurs at the Mn—O—P position. For the 1:1
reaction, the 17O begins to equilibrate between the two positions after
time. However, when performed with substoichiometric quantities of
70-2, the 7O resonance was stable in the Mn—O—P position and
showed minimal incorporation into the P=0 position after extended
periods of time (Figure S42). These results are distinct from the
observation of 70-2 and DIP, where resonances attributed to both
positions arise simultaneously. Additionally, secondary products
arising from decomposition were not observed. The absence of
excess '”OH, limits the subsequent exchange that occurs and the 7O
label remains in a single position in the molecule. Prior studies
exploring nitrile hydration catalysis with 2 describe outer-sphere
hydroxide as the lower-energy pathway for the nucleophilic attack on
the nitrile as opposed to [Mn—OH].*® An outer-sphere mechanism
could be expected to produce the Mn—phosphate product with a
distribution of 7O incorporation into the P=0 double bond and
Mn—O-P bridging atom (Figure S42), a product distribution which
was not observed.

Following extended reaction times, the reaction solutions
containing '70-4 in the presence of excess labeled water begin to
show signs of decomposition with the appearance of a new doublet at

& 377 ppm, as well as a broadened singlet at § 96 ppm (Scheme S).

Scheme 5. Observed Reaction of 4 Generating the
Decomposition Product 8
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This additional species is shifted ~10 ppm from the resonances of
70-4 and is derived from decomposition of 70O-4. The NMR tube
solutions of the reactions were held under reduced pressure to remove
volatiles, and the syrupy orange residue was taken into hexane and
allowed to sit undisturbed at room temperature, whereupon two
morphologies of crystals formed: orange blocks and pale yellow plates
(Figure S43). The crystals were physically separated and analyzed
with NMR and IR spectroscopies and SC-XRD analysis, which
confirmed the orange blocks as '70-4 (Figure S44). Further
characterization of the material was hampered due to impurities
and excess water from the reaction mixture, but the results of the
NMR were informative. The 7O NMR spectrum confirmed the
previous assignments of '70-4 as the resonances at § 105 ppm and &
386 ppm (Figure S45a). The ATR IR spectra of 4 and '70-4 were
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compared to find a difference in stretches due to the presence of 17O
but were unsuccessful.

The pale yellow crystals were analyzed using NMR and IR
spectroscopies and SC-XRD analysis. The 'H spectrum was not
informative when performed in C¢Dy at room temperature, with the
spectrum consisting of only broadened, nondescript resonances. The
*'P NMR spectrum was also broad, but the observed peaks at 5 93.3
ppm and & 0.0 ppm are consistent with the presence of [P"PNPMn]
and phosphate fragments. Analysis of the 7O NMR spectrum,
however, confirmed that this material gave rise to the ingrowth of
resonances at § 377 ppm and § 96 ppm (Figure S47c). Determination
of the identity of the material was accomplished through SC-XRD
experiments. A model of [(P"PNFP)Mn(CO);][PO,(OPr),] (8,
Figure $48) was found and assigned to the material. The slight shift of
the 7O resonances is consistent with a complex resembling '7O-4.

The results of the 'O labeling experiments helped further
characterize the complexes 2 and 4, as well as provided insight into
the role of water in two separate reactions that produce the same
product. During the formation of '70O-4 via the addition of DIP to
70-2, an outer-sphere [PO,(O'Pr),]” ion is likely present that can
exchange with '”OH, before coordination to [(*"PN"P)Mn(CO),]*.
The cleavage of the P—F bond of DIFP using '"O-2 did not show
evidence of the expected product distribution of an outer-sphere
mechanism. The 7O label was found in the Mn—O—P position,
followed by slow scrambling into the P=0 bond in the presence of
excess '’OH,. Additional information on the decomposition of '70-4
was found due to labeling experiments, leading to the identification of
8. The broad featureless resonances of 8 were not evident in the
reactions of natural abundance, yet the '’O NMR spectrum distinctly
showed an additional product forming over time, with an ~10 ppm
downfield shift. A summary of assigned '’O NMR shifts is provided
(Table 2).

Table 2. Assigned 70 NMR Shifts® of Labeled Complexes
Observed in These Studies

70-2 70-4 8
Mn-"OH —-110
P="0 386 (353 Hz) 377 (393 Hz)
P-'70-Mn 107 96

“Reported in ppm with observed coupling (Hz).

This study focusing on small-molecule organophosphates was
performed to highlight the ambiphilic behavior of 1, a property
that may show utility for ameliorating the effects of
organophosphate exposure. The manganese center was
shown to interact with several small-molecule phosphorus
compounds, either with or without the presence of water. The
electrophilic complex 1 was competent for phosphate binding
through 1,2-addition reactivity of the O—H bond for several
distinct small-molecule OPAs. For the most sterically
demanding substrate, DIP, the addition of water was necessary
for the conversion to 4. Importantly, 2 also binds anionic
phosphate, drawing a comparison of functional groups present
in an aged complex of OPA in the binding site of AchE.

The nucleophilic manganese hydroxide complex 2 was
shown to facilitate the cleavage of the P—F bond of DIFP and
form the corresponding phosphate complex 4 with concom-
itant formation of 3. Amine bases were ineffective for substrate
release. Employing K,COj; in the presence of excess DIFP
resulted in the consumption of 3 and further generation of 4.
These results indicated a stronger phosphate bond to Mn, with
fluoride more easily displaced. Release of the phosphate
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fragment from 4 was only achieved by employing highly basic
KHMDS.

Labeling reactions were performed to explore potential
mechanisms in the formation of '7O-4. The simple addition of
DIP to 1 does not proceed without the addition of water.
Performing this reaction with '7O-2 gave a product where the
170 label is present in both oxygen atoms of the phosphate in
near equal ratios. Contrast this to the results of the addition of
170-2 to DIFP, where the 7O label is observed in the Mn—O—
P bridge atom as the initial product, followed by slow
scrambling into the P—=O position in the presence of excess
7OH,. Further studies are necessary to provide stronger
mechanistic evidence, but these results suggest different
processes based on positional label incorporation of the
resultant Mn—phosphate.

This set of experiments provides evidence for the reactivity
between electrophilic metal [P"PNPMn] complexes—and
nucleophilic [*"PNPMn-OH] derivatives—and small-molecule
organophosphorus complexes related to CWAs. Further
investigation of transition-metal catalysts bearing similar
ambiphilic properties may provide a complementary toolbox
to address CWA exposure and the amelioration of its effects.
We will continue to pursue electrophilic metal complexes as an
entry point to activate and pacify phosphorus compounds in
both pre- and postexposure conditions.

The data underlying this study are available in the published
article and its Supporting Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00003.

Additional experimental procedures, spectra, crystallo-
graphic tables, and CCDC deposition numbers for
complexes 3—8 are provided (PDF).

Deposition numbers for the CCDC of 2212320—
2212326 contain the supplementary crystallographic
data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting
The Cambridge Crystallographic Data Center, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

CCDC 2212320-2212326 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
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