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Abstract

Phosphorus is a biogenic element and a key element in modern organic and medicinal
chemistry. The non-metallic catalysis based on chiral phosphates is a fast-evolving field
similarly to phosphorus-based prodrugs. Phosphorus is also widely used in the industry,
e.g. in pesticides or food additives. Many of the compounds named above bear a chiral
centre on the phosphorus atom. Thus, it is critical to determine their structure
and stereochemistry because it controls their physico-chemical properties. For structural
and stereochemical analysis, NMR spectroscopy is a standard method, usually based
on H, 13C, >N, °F or 3!P isotopes. 3P NMR spectroscopy can also be ideal for reaction
monitoring as 3!P spectra are less complicated than *H, and 3!P is more sensitive than *3C
nucleus.

In this work, | used 3P NMR spectroscopy to monitor the photo-initiated fragmentation
of phosphate-based self-immolative (SI) linkers. The linkers are decomposed in a cascade
of chemical reactions via self-immolation based on intramolecular cyclisation resulting
in the drug release. | studied a series of newly designed prodrug linkers bearing two
cargos. The 3P NMR reaction monitoring with in situ irradiation enabled us to observe
the reaction course and capture even metastable reaction species in real time. We
doubtlessly distinguished which cargo was released preferentially and found structure-
activity relationships. This ultimately led to the design of new classes of Sl likers suitable
for the release of amine-containing drugs, which usually face difficulties in cell-
membrane delivery. Using the prodrugs based on the Sl process, we successfully released
a variety of amine-cargos. | also identified an alternative decomposition pathway
of amine-containing cargos with the P-NH-R motif, which could be misinterpreted as the
amine-cargo release. However, a careful analysis of the NMR data revealed an alternative
decomposition, and | initiated a search for reaction conditions avoiding this undesired
decomposition.

During the Sl studies, we found no clear trend between the 3P NMR parameters
and the molecular geometry, e.g., J-couplings vs. the number of chemical bonds between
the interacting nuclei, as is usual in *H NMR spectroscopy. For instance, the two-bond
%Jc.p-couplings are often smaller than the three-bond 3/cp-couplings, etc. Therefore,
| decided to investigate how the 3P NMR parameters can contribute
to the stereochemical determination.

For the 3P NMR studies, model phosphorus-stereogenic small molecules were designed
and prepared as pure diastereoisomers. The 3P NMR parameters were used to study
the relative configuration and conformation of model compounds. We complemented
the 3P structural analysis with quantum-chemical calculations and a thorough
conformational sampling. 3C=31P J-coupling analysis unequivocally assigned the relative
configuration of rigid molecules, while 3'P-based analysis of residual dipolar couplings
(RDC) did not provide unambiguous results. This may be caused by insufficient



conformational sampling based on low-energy structures. Thus, we applied molecular
docking, generating a new ensemble of conformers in the presence of an alignment
medium. This approach improved the results for mildly flexible molecules but did not help
for rigid compounds. This indicates that the rigid molecules do not adopt significantly
different conformation after interaction with the alignment medium compared
to the mildly flexible molecules. For more flexible molecules, we employed a molecular
dynamics method with the use of NMR orientational constraints - MDOC. MDOC
significantly improved the assignment of the relative configuration, determining even
flexible molecules. However, highly flexible molecules with low motion restriction remain
a problem which requires attention and further development in NMR methodology.



Abstrakt

Fosfor je biogenni prvek a je klicovy v moderni organické syntéze a medicinalni chemii.
Asymetrickd katalyza reakci organickymi molekulami na bazi chirdlnich fosfatl
(bez pritomnosti kovu) je rychle se vyvijejicim oborem podobné jako proléciva na bazi
fosforu. Fosfor je také Siroce vyuzivan v prlmyslu, je napf. soucasti pesticid(
nebo potravinarskych pfisad. Mnoho z vySe uvedenych sloucenin nese chiralni centrum
na atomu fosforu. Je tedy dllezité urcit jejich strukturu a stereochemii, protoze ta
predurcuje jejich fyzikdlné-chemické vlastnosti. Pro stereochemickou analyzu je
standardni metodou NMR spektroskopie, obvykle zaloZzend na izotopech H, 13C, °N, *°F
nebo 3'P. 3P NMR spektroskopie mlze byt také efektivné vyuZita pro monitorovani
reakci, protoze 3P NMR spektra jsou méné komplikovand neZ H, zaroven je v3ak 3P
citlivéjsi nez 13C.

V této praci jsem pouzila 3P NMR spektroskopii ke sledovani fragmentace fosfatovych
self-imolativnich (SI) spojek iniciované svétlem. Po osviceni fosfatové spojky podléhaji
intramolekularni cyklizaci nasledné vedouci k uvolnéni [éCiva. Studovala jsem sérii nové
navrzenych spojek prolééiv nesoucich dvé odstupujici skupiny. 3P NMR s in situ
ozarovanim nam umoznilo sledovat pribéh reakce v redlném case, a navic zachytit
i metastabilni produkty. Jednoznacné jsme rozliSili, kterd odstupujici skupina byla
uvolnéna prednostné, a vytvofili jsme strukturné-aktivitni studii. To nakonec vedlo
k ndvrhu novych tfid Sl spojek vhodnych pro uvolfiovani lé¢iv na bazi amind, které obvykle
hafe prostupuji pfes bunéénou membranu. Pomoci novych fosfatovych spojek jsme
Uspésné uvolnili fadu amin(. Diky peclivé analyze NMR dat jsem odhalila alternativni
cestu rozkladu spojek obsahujicich P-NH-R uskupeni, coz by mohlo byt zaménéno
za Uspésné uvolnéni aminu. Tyto vysledky vedly k hledani novych reakénich podminek,
za kterych tento neZadouci presmyk neprobéhl.

Béhem studii SI jsme nenasli Zadny jasny trend mezi parametry 3P NMR a molekuldrni
geometrii, napf. J-interakce vs. pocet chemickych vazeb mezi interagujicimi jadry, jak je
obwyklé v TH NMR spektroskopii. Napfiklad skaldrni interakce pres dvé vazby (%Jcp-
interakce) jsou ¢asto mensi nez ty pres tfi vazby (3Jcr—interakce) atd. Proto jsem se
rozhodla prozkoumat, jak mohou 3P NMR parametry pfispét ke stereochemické analyze.

Pro 3P NMR studie byly navrzeny modelové malé molekuly se stereogennim centrem
na atomu fosforu. Tyto latky byly pfipraveny jako Cisté diastereoizomery. 3P NMR
parametry byly pouZity ke studiu relativni konfigurace a konformace modelovych
sloucenin. Stereochemickou studii se zapojenim 3'P parametr( jsme doplnili kvantové-
chemickymi vypocty a dikladnou konformacéni analyzou. Analyza na bazi 3C—>'P J-
interakci jednoznaéné urcila relativni konfiguraci rigidnich molekul, zatimco analyza
rezidudinich dipoldrnich interakci (RDC) se zapojenim 3P interakci neposkytla
jednoznacné vysledky. To mUze byt zplsobeno nedostatecnym popisem konformacnich
rovnovah s vyuzitim struktur energetického minima. PouZili jsme tedy molekularni



dokovani a vygenerovali novy soubor konformer( v pritomnosti orientujiciho média.
Tento pfistup zlepSil vysledky pro mirné flexibilni molekuly, ale ne pro ty rigidni. To
ukazuje, Ze rigidni molekuly nezaujimaji vyznamné odlisnou konformaci po interakci
s orientujicim médiem ve srovnani s mirné flexibilnimi molekulami. Pro flexibilné&jsi
molekuly jsme pouZili metodu molekuldrni dynamiky s vyuZitim NMR parametrd
jako omezeni molekuldrniho pohybu béhem simulace, MDOC. MDOC vyznamné zlepsil
vysledky analyzy — urcil relativni konfiguraci flexibilnich molekul. Vysoce flexibilni
molekuly s velmi malo omezenym pohybem vsak zUstdvaji problémem, ktery vyzaduje
pozornost a dalsi vyvoj metodologie NMR.



1. Introduction

1.1 Phosphorus

Phosphorus P is a non-metallic chemical element with atomic number 15 found
in the 15™ group (with nitrogen) and the 3™ period of the periodic table having electronic
configuration [Ne]3s?3p3. The three singly-filled orbitals allow phosphorus, similarly
to nitrogen, to possess oxidation states of -3 (e.g., PHs) and +3 (e.g., H3POs3), forming
a covalent bond with a lone pair of electrons. Unlike nitrogen, phosphorus contains d
orbitals which grant him the possibility to form a stable octet configuration with oxidation
state +5 (e.g., in H3PO.) with five covalent bonds. However, care must be taken
with the description of the P=0 bond which is usually depicted as a double bond even
though it is actually a shorter single bond. Phosphorus is also highly reactive; thus, it does
not exist on Earth in a free elemental form.

1.1.1  Naturally Occurring Phosphorus Compounds

Phosphorus is a ubiquitous and biogenic element. In nature, it can be found almost
exclusively in a phosphate form with oxidation number +5. Moreover, phosphorus is one
of the chemical elements responsible for the origin of life on the primordial Earth.?
Phosphorus plays a crucial role in building blocks of living matter:# it is present in nucleic
acids, which store genetic information. Phosphorus connects two nucleotides (DNA, RNA)
together, stabilises them against hydrolysis and retains the macromolecules within a lipid
membrane. Moreover, adenosine triphosphate (ATP, Figure 1A) is responsible for cellular
energy management; phospholipids (Figure 1B) are cellular membrane constituents;
around 85% of phosphorus in the human body is located in bones and teeth;> HPO4?" acts
as an intracellular buffer or ionic carrier, etc.
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Figure 1: A - Adenosine triphosphate consisting of an adenine base, ribose sugar and three phosphate groups and B - a
general phospholipid structure.



1.1.2 Synthetically Prepared Phosphorus Compounds

Phosphorus compounds are utilised in everyday life. Phosphoric acid grants soft drinks
their tangy taste; P-based additives increase the efficacy of detergents® (eventually being
restricted in many countries due to their environmental impact), and phosphorus-
containing modifiers in drinking water reduce the risk of lead poisoning.” Other
phosphorus compounds include food additives® (e.g., diphosphate for baking);
emulsifiers,® flame retardants,° plasticisers,! pesticides,'? insecticides,'> 3 lubricants,*
solvent extractions agents®™ or compounds part of light-emitting diodes® (LEDs).
However, such extensive use, especially as fertilizers'’ in agriculture, is unsustainable.

The first commercially available fertiliser was produced in 1841, and the demand has
grown ever since.’” Nevertheless, the phosphorus-rich rock, from which most fertilisers
are derived, is a non-renewable material, and its depletion accelerates every year.
Moreover, around 95% of phosphorus is lost due to its management inefficiency,
which pollutes the environment.*® Since our current food industry depends entirely
on phosphorus fertilisers, the circular economy of phosphorus and its environmental

impact represent a challenging task for this century.” 17,20

From the other side of the spectrum, phosphorus is used in a drug design,?% %2 especially
in the ProTide approach.?® %4 ProTides are a class of prodrugs which improve
the pharmacokinetics and pharmacodynamics of the drug (e.g., the aqueous solubility
or cell-membrane penetration of the drug). ProTide (PROdrug + nucleoTIDE) is designed
to deliver a nucleotide analogue (monophosphate or monophosphonate) of a drug
into cells.?® 2> The hydroxyl groups of the monophosphate (or monophosphonate) group,
masked by an aromatic and an amino acid ester moiety, are enzymatically cleaved-off,
releasing a monophosphated (or monophosphonated) drug in the cell. The drug is there
further phosphorylated to form a triphosphated (triphosphonated) drug. This second
phosphorylation is energetically less demanding than the first phosphorylation of a drug
without any phosphate (phosphonate) group attached. The triphosphated drug is then
incorporated into DNA, stopping DNA replication. The most famous examples of this
group are antiviral drugs tenofovir?® 27 for HIV treatment (Figure 2), developed by Prof.
Antonin Holy at the Institute of Organic Chemistry and Biochemistry of the Czech
Academy of Sciences (I0OCB), and remdesivir’® — the only approved medication for COVID-
19.



Tenofovir disoproxil fumarate prodrug
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Figure 2: Tenofovir disoproxil fumarate prodrug decomposition pathway.

Modern organic chemistry utilises phosphorus in many ways - as ligands, reaction
reagents or catalysts. One of the reasons for this vast usage is phosphorus' dual behaviour
— being able to act both as an acid or a base. Acidic behaviour is used in frustrated Lewis
pairs®® (a mixture of Lewis acid and Lewis base, phosphorus is in the form
of phosphonium, Figure 3A) in metal-free catalysis, basic behaviour in phosphane
superbases®® (in the form of phosphazenes, Figure 3B). P-based compounds are widely
utilised in asymmetric reactions3! (Noyori reaction with 2,2'-bis(diphenylphosphino)-1,1'-
binaphthyl (BINAP) catalyst, Figure 3C), stereoselective catalysis3? 33 (Josiphos ligands —
chiral diphosphines, Figure 3D) and coordination chemistry (Mitsunobu3* 3> or Wittig3> 3°
reactions, Figures 3E or 3F, respectively). The potential of phosphorus to change its
electronic and steric properties makes it a potent element in organic synthesis and green
chemistry, both fields constantly growing and evolving.3> 3’
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Figure 3: An example of a frustrated Lewis pair (A), phosphane superbase (B), (R)-BINAP catalyst (C), Josiphos ligand
(D), a catalyst for Mitsunobu reaction (E) and a catalyst for Wittig reaction (F).

In turn, phosphonothioate and phosphonofluoridate groups are also included in chemical
warfare agents, such as sarin38, novichok series3® or tabun®® (Figure 4). These compounds
possess a stereogenic centre on the phosphorus atom, with the P(-) isomers possessing
higher toxicity than their P(+) counterparts.®® These nerve agents penetrate the dermal
membrane and respiratory epithelial, undergo a transformation into their active form
(usually by oxidation of different groups, such as thioesters or amides, or hydroxylation
of an alkyl group) and inhibit the acetylcholinesterase enzyme responsible
for degradation of the neurotransmitter acetylcholine, causing death within minutes.*°
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Figure 4: An example of sarin (A), novichok (B) and tabun (C).

Many of the above-mentioned compounds are P-stereogenic (sometimes referred to
as P-chirogenic), compounds bearing a chiral centre on the phosphorus atom. However,
their faster progression is hindered due to rather difficult synthesis.*! It is further
complicated because, similarly to nitrogen, phosphorus can mutarotate*” and P-
molecules with electron-withdrawing groups are unstable, leading to their
decomposition and racemisation already at room temperature.*?



1.2 Methods for Stereochemical Study

Correctly determining stereochemistry is critical for describing molecular properties
and further applications. Absolute (or relative) configuration governs the physico-
chemical properties of molecules, such as solubility, dipole moment, acidity/basicity,
reactivity, etc. This can have far-range consequences in a pharmacy or material
technology as one isomer may possess better selectivity, efficiency, or activity
than the other(s). In the presence of an asymmetrical atom (e.g. carbon), the compounds
become optically active and can differ in their absolute configuration (enantiomers
and diastereoisomers). Moreover, some may coexist in several conformers.

Enantiomers have the same structural formula but differ in the configuration on all
stereocentres with respect to each other; thus, they are each other mirror images
which cannot be superimposed. Therefore, enantiomers have the same physical
and chemical properties, except for the refraction of the plane-polarised light
and interaction with other chiral molecules. Importantly, enantiomers can display
different biological effects. An infamous example of enantiomers with different biological
activity is a Thalidomide drug.** Thalidomide was prescribed to pregnant women
in the 1960s to help with sleep and anxiety. However, around 10,000 infants whose
mothers were prescribed Thalidomide were born with severe defects. It was later found
that only the (R-) isomer possessed the desired sedative effects, while the (S-) isomer was
teratogenic. This only stresses the need for an accurate stereochemical investigation
of molecules for their further applications.

Diastereoisomers have the same structural formula but differ in the configuration
of at least one stereocentre, but not at all of them. Thus, diastereoisomers have different
physico-chemical properties. Diastereoisomerism often occurs in carbohydrates which
usually bear several stereogenic centres. An example of fundamentally different
properties of diastereocisomers is D-mannose with a hydroxyl group in a or B position.
While a-D-mannose (with the hydroxyl group in the axial position) tastes sweet, the B-D-
mannose (with the hydroxyl group in the equatorial position) is bitter.

HOH OH HOH OH
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Figure 5: a- (left) and B-D-mannopyranose (right).

Another stereochemical phenomenon is conformation. Conformation is a spatial
arrangement of atoms that can interconvert without a bond splitting. Moreover, in some
cases, molecules can co-exist in several conformations in equilibrium. If these
conformations are stable enough, they can be observed by a suitable stereochemical
method and even isolated. Figure 6 shows an example of a conformational isomerism



of cyclopentane,* displaying two conformations — a twisted-chair and an envelope
with only a small energy difference between them (envelope being more stable only
by 0.5 kcal mol?). Considering the energy difference between both conformers,
the population of each conformer in equilibrium may be estimated based on the
Boltzmann distribution.

A
N/ — ==
twisted-chair conformation envelope conformation

Figure 6: Conformational equilibrium of cyclopentane interconverting between twisted-chair and envelope
conformations.

Currently, there are several methods for the study of the stereochemistry (conformation
as well as configuration) of the molecule — X-ray diffraction (XRD), chiroptical methods
and nuclear magnetic resonance (NMR) spectroscopy.

1.2.1 X-ray Diffraction Analysis

X-ray crystallography is usually a method of choice for determining an absolute
configuration if a single crystal is available.*® The Roentgen beams are diffracted
from the crystals, and their subsequently shifted pathways provide information
about the electron density, which is, in turn, used to determine the three-dimensional
molecular structure. However, the necessity of a suitable single crystal is limiting,
especially in highly flexible molecules that are difficult to crystalise.*” Moreover, the single
crystal structure does not necessarily represent the whole sample where
a conformational equilibrium may exist, with the XRD analysis showing just one form,
usually the more thermodynamically stable conformer.

1.2.2 Chiroptical Methods

The chiroptical methods are based on a different interaction of a chiral molecule
with a left- or right-circularly polarised light. Chiroptical methods are non-destructive
and, combined with quantum-chemical calculations, can determine the absolute
configuration of an optically active molecule.*® These methods include a wide range
of techniques, such as circular dichroism or Raman spectroscopy.

The circular dichroism (CD) method is based on the absorption of circularly polarised light
by a chiral molecule. There are two types of CD methods — electronic (ECD) or vibronic
(VCD) circular dichroism.*® ECD technique is used for molecules with an absorption
in the ultraviolet region, while the VCD in the infrared region. Moreover, the VCD spectra
can be calculated on a density-functional theory (DFT) level with reasonable accuracy,
thus further enhancing the stereochemical determination.® On the contrary,



for calculations of electronic spectra, time-dependent (TD) DFT must be employed.>!
In turn, Raman optical activity (ROA)>? is a method detecting the differences
in the intensity of Raman scattering of chiral molecules between the right- and left-
polarized light. ROA monitors the vibrational optical activity of the molecule.
The disadvantages of long measurements and the need for highly concentrated samples
are compensated by the possibility of measurement in a broader range of wavelengths
compared to VCD. ROA is also suitable for measurements in an aqueous environment.

1.2.3 NMR Spectroscopy

NMR spectroscopy®® >* is a versatile technique that offers a wide range of methods
for structural investigation in solution and solid state. The main advantage of NMR is
that it does not require a single crystal or a thorough analysis complemented
by quantum-chemical calculations (but it might be beneficial in some cases — see
the following chapters). NMR provides a unique insight into the structural, kinetic,
and dynamic data, as described in detail in the next chapter.

1.3 NMR Spectroscopy

NMR spectroscopy>>* measures NMR-active nuclei — nuclei with non-zero spin quantum
number /. Spins are quantised which can be described by their magnetic quantum
number m. For most common nuclei (e.g., 'H, 3C, N, °F, 31P) with the spin quantum
number /=%, the magnetic quantum number is m = %, —-%. Thus, these nuclei can possess
two energy levels (states).

In a ground state, spins are oriented chaotically; hence, they have no energy difference.
Upon applying an external magnetic field By, the spins align in the direction (parallel)
or opposite direction (antiparallel) of the magnetisation vector with respect
to the applied magnetic field Bp. However, more spins are always aligned in parallel to Bo.
This creates an energy difference AE between the two spin populations. The energy
of one spin is given by equation 1:

AE = yhB,/2m, (1)

where h is the Planck constant and y is a gyromagnetic ratio specific for each nucleus.
Nuclei with higher gyromagnetic ratios can absorb more energy, making them more
sensitive than those with lower gyromagnetic values.

Equation 2 shows a magnetic resonance principle upon which a nucleus absorbs energy,
and its spin can interconvert between its energy states:

v =YBo/2m, (2)

where vis the frequency of oscillating magnetic field B1. Applying this additional magnetic
field By, the spins are excited into an energetically higher level. Switching the B; field off,
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the spins return to their initial state. The relaxation back to the initial state is detected
as an NMR signal. Each molecule possesses many specific spin systems, all excited
by the applied field B1. Their frequencies are different from the frequency of Bi; thus,
a combination of various frequencies is acquired. They are collected in the form of free
induction decay (FID) as an intensity-time dependence. The FID (the time domain) is then
mathematically converted into an NMR spectrum (frequency domain) using the Fourier
transform.

NMR parameters, such as chemical shift (&), indirect spin-spin interaction (J-coupling)
or dipolar interaction (D-coupling), provide the key structural features.

Chemical shift (a position of a signal in the NMR spectrum) is influenced by the chemical
environment of a given nucleus. Each nucleus has its own magnetic field which, in turn,
interacts with the magnetic fields of other nuclei. Moreover, it depends on the electron
density of neighbouring atoms and functional groups. Regarding stereochemistry,
chemical shift allows for discrimination of, e.g., cyclic and acyclic form, cis and trans
isomers, etc.

J-coupling is an indirect interaction of two nuclear spins mediated via chemical bonds.
In the NMR spectrum, the value of J-coupling can be extracted from NMR signal splitting,
which depends on the spin quantum number of the observed isotope
and the neighbouring functional groups.

On the contrary, D-coupling is a direct interaction of two dipoles through space.
In solution NMR, dipolar interaction is averaged to zero due to the Brown motion
of the molecule. However, in solid-state NMR, dipolar couplings are prevalent, reaching
values in kHz which often hinders the extraction of J-couplings (which have values in Hz).

There are several NMR methods which can explore molecular stereochemistry. They
could be divided into classical NMR methods, which do not require any special sample
preparation, and advanced NMR methods, which often utilise an addition of agents
interacting with the analyte molecule, usually destroying the analyte for further use.

1.3.1 Classical NMR Methods

1H NMR Spectroscopy

The most measured nucleus is hydrogen 'H. Isotope 'H has a spin / = % and a natural
abundance of almost 100%. This, combined with its high gyromagnetic ratio
(y = 26.75 x 107 rad T* s71),°* makes it a very sensitive and easily measurable nucleus.
The hydrogen 'H is now routinely measured by one-dimensional (1D) NMR spectroscopy
(with *H chemical shifts in the range of 20 ppm). Additionally, two-dimensional (2D) NMR
experiments correlating *H with the 'H distant over three chemical bonds (correlation
spectroscopy — COSY experiment) and with other nuclei (e.g. with *C mentioned below)
can provide critical structural information.



From the stereochemical point of view, there is a strong connection between 3/uy_i-
coupling (through three chemical bonds) and the dihedral angle between the interacting
'H nuclei described by the Karplus equation (Figure 7).>> The dihedral angles between
the interacting nuclei can be estimated from the constructed Karplus curves based
on the experimentally obtained 3/n-n-couplings. For example, when the 3/u-n-coupling is
close to zero, it indicates perpendicular ordering (dihedral angle close to 90°).
The estimated dihedral angles usually help build a molecular model and propose
a possible configuration or conformation.
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Figure 7: Karplus dependence where ¢ is the dihedral angle between two vicinal hydrogens and 3/u.y is their
experimental J-coupling. The structures on the right show the values of 3/y_y-couplings with the corresponding ¢.

Complementary to J-couplings, the through-space interactions based on the nuclear
Overhauser effect (NOE) can be used for stereochemical analysis. The method of NOE
measurements uses a polarisation transfer from an irradiated nucleus to enhance
the signal of interacting nuclei through space up to 5 A, giving the information of a local
arrangement.®® As an example, the NOE enabled to assign the conformation
of a thiacalix[4]arene-based compounds.>’ Figure 8 shows a critical NOE contact between
H3A (hydrogen atom on A aromatic ring, peak pointing downwards) to OMe, whose signal
was enhanced by a polarisation transfer, indicating a partial cone conformation
with inverted ring D.



-OMe
(D ring)

1H NOE

9 8 7 6 5 4 H [ppm]

Figure 8: A detail of IH NMR spectra (in black) with NOE polarisation transfer (red) from H3A to methoxy group (OMe)
of the D aromatic ring, indicating their proximity in space which is possible only in a partial cone conformation.

H NMR experiments are often used for reaction monitoring, given the high sensitivity,
fast measurement, and high abundance of 'H in most organic compounds.>® Chemical
transformations, conformational equilibria, or dynamic processes (e.g., sterically
hindered rotation) can be studied. Variable temperature NMR spectroscopy is one of the
main tools to reveal the above-mentioned phenomena. However, in some cases,
e.g., in monitoring a complex reaction course with several intermediates, the *H NMR
spectra may become complicated due to the signal overlaps (usually multiplets in a small
chemical shift range). Therefore, other magnetically active nuclei, such as °F or 3'P, can
be effectively used.>?

A special case is monitoring photochemical transformations with reaction intermediates
that are not stable enough to be detected by conventional NMR measurements.
For this purpose, an NMR with in situ irradiation can be crucial for determining
the reaction mechanism. This method measures NMR experiments upon continuous
UV/vis light irradiation.®® The system comprises a control unit that manages an LED lamp
and an optical fibre leading directly to the NMR tube (Figure 9). This setup allows
for recording the NMR spectra upon continuous irradiation in real time and, thus,
provides critical structural and kinetic information.

Another advantage of this unique setup is that different wavelengths can irradiate
the sample without any sample manipulation (e.g., UV/vis photoswitching reactions).51%3
Moreover, irradiation is possible at various temperatures, which is beneficial
if metastable species are present. Lower temperatures effectively decrease the reaction

rate and enable the observation of the metastable species.
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Figure 9: A - complete setup of the NMR with in situ irradiation; B —the NMR tube with the directly introduced optical
fibre.

13C NMR Spectroscopy

Carbon 3C is the second most measured nucleus after 'H. It has a spin quantum number
| = %, but natural abundance is only 1.1%, and the gyromagnetic ratio amounts to %
of the one of 'H. However, NMR spectrometers equipped with a cryoprobe significantly
enhance the sensitivity of **C NMR. The chemical shifts of 3C are spread over 220 ppm
(compared to 20 ppm for H), which is beneficial, especially if H suffers from signal
overlays. 13C is often measured with 'H decoupling where the H-3C J-couplings
are supressed, providing easily-interpretable spectra. This can be applied to reveal
interactions with other NMR-active nuclei, such as 13C-*°F, especially when the 1°F NMR
spectra are not affected by 13C—1°F interactions due to the low natural abundance of 13C.

Carbon 13C is often utilised in 2D experiments like heteronuclear single quantum
coherence (HSQC) or heteronuclear multiple bond correlation (HMBC), which have
become standard experiments for structural analysis. The HSQC experiments provide
information about directly connected carbon and proton(s). HMBC reveals *H-'3C
interaction over two to five chemical bonds. Additionally, without a cryoprobe, HSQC
and HMBC allow for indirect detection of 3*C NMR with the use of transfer-polarisation
from 'H and may reveal signals hidden in 1D, typically quaternary carbon signals
or the carbon signals overlapped by the residual solvent signal.
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31p NMR Spectroscopy

Phosphorus with an atomic number 31 is an NMR-active nucleus with spin %. Moreover,
31p possesses a 100% natural abundance. 3!P is highly sensitive even to small changes
in its chemical environment. 3P 1D spectra are usually measured with *H decoupling,
while the interaction with *3C is not visible due to the low natural abundance of *3C (1.1%).
Therefore, 3P spectra are easy-interpretable, displaying singlet signals. This,
in combination with a large chemical shift dispersion (up to 1000 ppm), makes it
an excellent nucleus for reaction monitoring, given its simplicity (little to no signal
overlays compared to 'H), short measurement times (compared to *3C) and sensitivity
to its environment. Additionally, phosphorus has a sufficiently large Larmor frequency;
thus, it can be easily measured on commonly available NMR probes. 3P nucleus also
provides interactions with other magnetically active nuclei. E.g., *C—21P interactions are
easily accessible from the C NMR signal splitting to doublets (in the presence of one
phosphorus atom). Moreover, 3P 2D NMR spectra can be measured. But for 3'P-X
correlations (X = 13C, °N, '°F, etc.), a special triple resonance probe is needed.

1.3.2 Advanced NMR Methods

As advanced NMR methods, we consider the methods where additional agents
interacting with the analyte molecule are used. Advanced NMR methods are usually not
routinely measured; however, they can provide valuable information for stereochemical
investigations, e.g. absolute or relative configuration. Nevertheless, the analyte usually
cannot be recovered after adding the agent to the sample.

Chiral Solvating Agents

Chiral solvating agents® (Figure 10) form non-covalent solvating complexes
with the molecule studied, inducing signal shifts. These complexes are in a fast exchange
with the free solvating agent which is in a large excess compared to the analyte molecule.
This method is simple, easy to perform, and does not have kinetic resolution problems.
Unfortunately, the agent-substrate interactions are often weak, amounting to only
negligible spectral changes.®*

FsC. JoH FsC.. uH FsCo LoH
A B c

Figure 10: Examples of chiral solvating agents.
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Mosher's Method

Mosher's method® uses chiral Mosher's acid (a-methoxy-a-trifluoromethylphenylacetic
acid, MTPA) to derivatise the analyte — amine or alcohol — and form corresponding
diastereoisomers (Figure 11). The determination of the absolute configuration is based
on the anisotropic effect of the phenyl group of the MTPA moiety on the A and B
substituents of the substrate analysed. Using (R)-MTPA, the phenyl group shields the B
substituent while the chemical shift of A is unaltered. In turn, employing (S)-MTPA has
the opposite effect. These shift changes are then applied to assign the absolute
configuration of the amine or alcohol studied. The disadvantage of this technique is
the narrow substrate scope.

B N
AG 0N
A2 _oH T To\)\CFs
T Ph, OMe
+

c X —
+ \H)\CF3
B%/OH

o) Ph OMe

(R)-MTPA o)

Figure 11: Reaction of (R)-MTPA with a mixture of diastereoisomers leading to a different shielding of A and B
substituents observable in NMR spectra.

Shift Reagents

The shift reagents are usually based on lanthanide complexes (Figure 12).°¢ These six-
coordinate reagents form weak complexes or salts with the analytes. Such complexes are
in equilibrium with the unbound analyte molecules on the NMR timescale, leading
to spectral changes. The scope of analytes is not limited as in the case of Mosher's
method; however, these reagents are paramagnetic, leading to a significant line
broadening which complicates the spectral analysis. Moreover, this line broadening is
proportional to Bo?, making measuring on lower magnetic fields often preferable.®*

t-Bu
° |
“Eu
o)
t-Bu 3
clo4
A B

Figure 12: Examples of Eu complexes as shift reagents.®® 67
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RDC Analysis

RDC analysis is based on dipolar couplings but measured on a solution-state NMR probe.
Because RDCs are invisible in solution NMR due to fast molecular reorientations, a weak
alignment medium must be added to the sample to partially recover dipolar couplings —
now only residual dipolar couplings. Weak alignment media commonly used for RDC

68-70 71,72

analysis can be based on liquid crystals or stretched gels.

Each of the two interacting spins, | and S, produces a magnetic field. These fields influence
each other and cause a change in the resonances of both spins. The size of this interaction
depends on the distance between the interacting spins ris, the angle 6 between
the internuclear (interspin) vector and the external magnetic field Bo (Figure 13).73
The RDC long-range information is, thus, complementary to J-couplings or NOEs.

A
Bo

Figure 13: The schematic representation of the RDC dependency on By, 8 and ris.

RDC analysis is a powerful, albeit demanding technique due to the challenging sample
preparation and the necessity of additional software for back-calculation
of the theoretical RDCs. There are three critical steps in RDC analysis which should be
mentioned in this work: 1) the sample preparation, 2) the implementation of special NMR
experiments, and 3) the use of RDC software for the back-calculation of the theoretical
RDCs from the optimised low-energy structures.

1) Sample Preparation

Correct sample preparation is a critical step in RDC analysis. A calculated amount
of the alignment medium (usually 6—=8% w/w) is dissolved in a corresponding amount
of solvent, and a small amount of the analyte is added. Such a mixture becomes highly
viscous, and a thorough homogenisation is needed.

To examine the level of homogeneity, a ?H NMR spectroscopy is used either as a 1D ?H
experiment’® or a 2D 2H-image’”> experiment. In liquid crystals, 2H NMR exhibits
a quadrupolar splitting Avq’® due to its electric quadrupole moment which
interacts with the gradient of an electric field tensor of the alignment medium.
This interaction is observed as a splitting of the deuterated solvent signal (Figure 14A).
In turn, the 2H-image experiment uses a gradient to display the homogeneity
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within a designated volume of the NMR tube, which is helpful especially as a shimming
indicator (Figure 14B).
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Figure 14: A - The alignment of CDCl; in the alignment medium. The lower ?H spectra show non-aligned CDCls which
can be caused either by low homogeneity of the sample or an excess of the solvent. The alignment is improving upward,
with the black spectrum (5t from the bottom) showing the best sample composition and alignment indicated by
narrow signals and Avq (with values around 250-360 Hz signifying the best sample alignment of CDCls). B - the 2H-
image of aligned CDCls (in blue) with acetone NMR signal (acetone capillary added for lock).

2) RDC Experiments

Two NMR experiments are necessary to obtain RDCs — an experiment in the isotropic
environment (experiment of the analyte with the solvent) and an experiment
in the anisotropic environment (the analyte with the solvent and the alignment medium).
The final RDC values (Dx-y) are then calculated using equation (3):”/

Tx_y = Jx—y +2Dx_y, (3)

with D being the residual dipolar coupling of X-Y nuclei, Jis the J-coupling (scalar coupling)
obtained from the spectra measured in the isotropic experiment, and T is the total
coupling obtained from the experiment in the alignment medium (Figure 15).
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Figure 15: Bottom — 13C NMR experiment in an isotropic environment yielding Lcn.coupling (red); top — experiment in
the anisotropic environment affording the 1Tc.coupling (blue), the difference between these two interactions is the
residual dipolar coupling 1Dc.y (green).

Experimental 'H—3C RDCs are usually extracted from a 'H-coupled *C NMR experiment.
A more accurate way is to acquire the H-'3C couplings from an HSQC experiment
coupled in the F1 or F2 domain, while the routine HSQC experiment is measured with *H
decoupling (Figure 16A). The HSQC experiment coupled in the F2-domain (Figure 16B)
has a relatively short measurement time while achieving high-quality spectra. However,
the spectra can be complicated by homonuclear 'H-'H couplings and overlaps
accompanied by phase distortions. Several modifications of the F2-coupled HSQC have
been made to dispose of these problems (such as CLAP-HSQC, clean-antiphase HSQC,
or CLIP-HSQC, clean-inphase HSQC’® 7°). These problems made F1-coupled HSQC more
popular over the years (Figure 16C).2% An advantage of HSQC coupled in the F1 domain
is the high resolution of the two cross-peaks of the corresponding coupling due to the
much higher resonance dispersion in the 3C NMR domain (ca 220 ppm compared to 20
ppm in the *H domain in F2-coupled HSQC).

HE HE G
o -0
o o—0
o o0 Ilj
+5H +—°H «°H

Figure 16: A —standard HSQC experiment, B — F2-coupled HSQC experiment, C — F1-coupled HSQC experiment.
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3) RDCs Back-Calculations by the RDC Software

The experimental RDC values are together with optimised structures used as input
into a suitable RDC software (Figure 17). This software uses the alighnment tensor to back-
calculate theoretical RDCs. The alignment tensor associates the molecular frame
with the laboratory one and is characterised by five parameters —rhombicity, magnitude,
and three axes of molecular alignhment.®! Thus, at least five independent RDC values are
needed. While this is easily achieved for rigid molecules, it represents a significant
problem for the RDC analysis of flexible molecules. Since 8 becomes a variable in time,
a single alignment tensor cannot describe the conformations present in the solution.
Nowadays, there are several more or less successful approaches trying to solve this
problem; the most significant are the multi-alighment-tensor approach,® multi-
alignment-medium® measurements or molecular dynamics-based RDC analysis
(MDOC).8

MSpin
RDC RDC@hotfcht DFT structures
P3D/PALES

Back-calculated RDCs

Figure 17: A schematic representation of RDC back-calculations using three different softwares.

The back-calculated theoretical RDC values are then correlated with the experimental
RDCs, and quality factor Q& and/or Pearson's correlation factor R designate the quality
of the fit. In the case of the Q-factor — the closer to 0, the better the fit; in turn, for R,
the closer to 1, the better agreement with the experimental data. Nowadays, there are
several software packages for RDC data correlation. For small molecules,
MSpin/Stereofitter,® 8 RDC@hotfcht®” 8 and P3D/PALES®> °° became the most
favourite ones.

MSpin (from MestreLab Company, Spain) was the first commercially available software
for RDC analysis. It is based on least-square calculations. MSpin has been recently
improved and implemented into MestreNova software as Stereofitter.

RDC@hotfcht was developed in the group of Prof. Christina M. Thiele (Technische
Universitat Darmstadt, Germany) and works on similar principles to MSpin. However,
RDC@hotfcht also considers the experimental error, which can significantly affect
the calculations.
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P3D/PALES is the newest of the three softwares based on entirely different principle
compared to MSpin and RDC@hotchft. It is the first software considering the structure
of the alignment medium to calculate the theoretical RDC values. The helical®! structure
of the poly-y-benzyl-L-glutamate (PBLG, Figure 18) in deuterated chloroform (CDCl3) is
embedded within the program as this is the most used system of liquid crystals
for the RDC analysis. 79 9% 93

Figure 18: Structure of poly-y-benzyl-L-glutamate alignment medium.

1.4 Quantum-Chemical Calculations

Stereochemical methods are often combined with quantum-chemical calculations. These
calculations complement the experimental data and can be critical for their correct
interpretation. For example, the calculated data allow us to determine the conformation
and configuration of the molecule studied or may reveal more complex conformational
equilibria when the free-energy barrier between two (or more) forms is not high enough
to observe distinct forms with the corresponding sets of NMR signals. The first step
is the conformational sampling, followed by the geometry optimisation and the
calculation of NMR parameters, usually performed using density functional theory (DFT)
calculations.

1.4.1 Conformational Sampling

Non-rigid molecules can exist in several conformations, which may interconvert very
quickly with respect to the NMR measurement. Only the averaged NMR parameters are
then extracted from the NMR spectra. The co-existence of several conformers is
observable as a discrepancy between experimental data and the data calculated for each
distinct conformer. Therefore, apart from optimisation of the structures, it is also
necessary to search the conformational space and find all thermally accessible low-
energy conformers. °% 9>

Conformational sampling has many applications — in structural analysis (such as NMR,
chiroptical methods, etc.), pharmacophore modelling®® or molecular docking,®’ etc.
Moreover, different applications require different levels of thoroughness; thus, many
automated clustering algorithms have been developed to help in the conformer
classification.®® %°
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The conformational sampling approaches could be divided into systematic and stochastic
groups. The systematic methods (such as ConfGen in Schrédinger/Maestro software'®)
require a starting structure to generate conformers by varying all possible torsion angles.
These methods are less time-consuming but can result in an excessive number
of generated conformations which can overwhelm the generator. The stochastic
methods (e.g., ETKDG'!) employ molecular dynamics'® to study the evolution of
conformation over time; thus, it is a thorough but very time-demanding approach.

The conformations derived from the conformational sampling are then sorted to discard
redundant structures and optimised by the below-mentioned methods.
The conformations are later used for RDC analysis or a calculation of NMR parameters.
These calculated parameters are subsequently weighted by Boltzmann distribution
and compared with the experimental data to help in structural analysis.

1.4.2 DFT Calculations

DFT calculations have become an increasingly popular computational method for small
organic molecules, usually for geometry optimisation and NMR parameters
calculations.1® The theory uses an electron density matrix instead of a many-particle
wavefunction (described by the Hartree-Fock method'%* 105). The many-particle
wavefunction is based on the 3N variable, where N is the number of electrons. However,
DFT is a function of only three spatial coordinates, significantly reducing
the computational time while attaining a good performance.%

The DFT is established on two Hohenberg-Kohn theorems.'” The first theorem says that
the ground energy of a system of interacting particles is a functional of electron density
p(r). The second Hohenberg-Kohn theorem states that the minimum energy of a system
with N-electrons, E[p(r)], is equal to the ground energy Eo. DFT is then solved using
the Kohn-Sham computational scheme.'%® In this scheme, the exact function of the
ground state electron density of the N-electron system is approximated by a system of
non-interacting particles. The total energy is then a sum of the Kohn-Sham kinetic energy
term, the interaction energy of the interaction with the external magnetic field, Hartree
energy and the exchange-correlation energy term. The exchange-correlation energy
represents the sums of errors which rise from the approximation used instead of the real
interelectronic kinetic and Hartree energy. The exact exchange-correlation functional is
unknown; thus, several approaches for its approximations have been developed —
the local density (LDA),%° generalised gradient (GGA),™° hybrid functionals'! and meta-
GGA approximations.!™ The LDA approximation assumes that the electron density
changes only slowly in time. On the other hand, GGA is dependent on density and its
gradient. The hybrid functionals include a part of the Hartree-Fock exchange,
and the meta-GGAs are the most complex functionals. Currently, the GGA and hybrid
functionals (such as B3LYP!!) are the most commonly used ones in geometry
optimisation and calculation of the NMR parameters.
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The functionals are combined with basis sets. The basis set is a set of functions used
to build molecular orbitals.*'31”" These functions are one-electron atomic orbitals
linearly combined to form the molecular orbitals. In most quantum-chemical calculations,
the atomic orbitals are represented by atom-centred Gaussian-type functions. Even
though more Gaussian basis functions usually need to be linearly combined, the accuracy
and computational cost ratio is still beneficial. The combination of two basis functions
forming atomic orbital is called double-zeta; similarly, the combination of three basis
functions is triple-zeta, etc.

Several additional parameters complementing the basis set functions are necessary
for high accuracy of the quantum-chemical calculations of a studied system. Only
the parameters arising from John Pople's group are discussed since they were used in this
work:

1) The split valence (designated as a dash in the basis sets entry, e.g. 6-31G) applies
only one basis function for each core atomic orbital but uses larger basis functions
for the valence atomic orbitals.

2) The polarization function (marked as an asterisk or p/d/f function in a bracket)
allows for better charge distribution. Two asterisks indicate the polarization
function was also applied to light atoms (hydrogen and helium).

3) The diffuse functions (indicated by '+') are necessary for describing anions, dipole
moments, and intra- or intermolecular bonding.

As an example, 6-31+G(d,p) used in our work is a double-zeta split-valence basis set
with two polarisation functions and one diffuse function.

Geometry Optimisation

B3LYP complemented with double- or triple-zeta basis sets, usually with one polarization
and one diffuse function, in the range of 6-31G to 6-311++G(d,p) Pople's basis sets,*'8 are
often selected for geometry optimisation, providing good results at a reasonable
computational cost.

119 s beneficial. GD3 is an empirical

In some cases, using a GD3 dispersion force correction
correction that adjusts the energy of a system and, thus, the final geometry of a molecule

under study.

A solvent can also affect the DFT results. There are two main approaches to model solvent
effects: 1) implicit solvent models, such as PCM (polarisable continuum model)'?°
or CPCM (conductor-like polarisable continuum model)'?! methods, where no specific
solvent-analyte interaction is considered, and 2) explicit solvent model,%?
where the solvent molecule is added and its intermolecular interaction with the analyte
molecule is introduced. Usually, the implicit model is sufficient for DFT calculations
of small organic molecules. The solvent effect in the PCM solvent model is represented
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as a cavity surface with a charge distribution. On the other hand, CPCM treats the solvent
as a cavity enveloped by a dielectric continuum with a dielectric constant €.

Calculations of NMR Parameters

The chemical shielding constants can be calculated using various exchange-correlation
functional from the GGA group through hybrid functionals to meta-GGAs.1%* However,
chemical shielding constant calculations often suffer from the gauge problem
which could be described as an unphysical dependence of the calculations on the
molecular position in the coordinate frame. This is usually solved using the gauge-
including atomic orbital'?® (GIAQ) approach, which is embedded in the DFT level
nowadays. In GIAO atomic basis sets, the gauge factor (the ratio of fractional change
in electrical resistance to the fractional change in length) depends on the magnetic field.
This recovers the invariance in relation to the position of gauge origin.

The calculations of 3P chemical shielding constants require a good description of orbitals
close to the atomic nucleus. The individual gauge for localised orbitals'?* (IGLO) basis set
IGLO-111*?> has been developed to calculate magnetic properties, providing satisfactory
results. IGLO basis set can be used for whole molecule or limited only to P atom to save
computational time. One of the first significant calculations of 3P chemical shielding
constants on small alkylphosphorus compounds'?® (PHs, P(CHC,He)s, etc.) achieved good
correlation with the experimental 3P chemical shifts using B3LYP combined with 6-
311++G(2d,2p) basis set. The work of Maryasin and Zipse!?’ pointed out that the IGLO-
Il and 6-311++G(2d,2p) basis sets with MPW1K*?8 functional provided 3P NMR chemical
shift in good agreement with experimental data, while any lower basis set did not yield
such results. They also stated the need for Boltzmann averaging of chemical shifts
for larger or more flexible molecules. Finally, for calculating the 3P chemical shift
in solution, the addition of solvent effect (the PCM method) proved necessary.
Furthermore, Latypov!?® proved that Hartree-Fock, DFT or Mgller-Plesset MP2
perturbation theory, combined with any of Pople's basis sets are enough to provide
accurate 3P NMR chemical shifts at a reasonable computational cost.

The literature concerning the calculation of 3P NMR spin-spin (J) coupling constants,
especially for small molecules, is much less common than the one of 3P NMR chemical
shifts and is usually focused on the *H—*'P and '3C-3!P J-couplings.'*® The quantum-
chemical calculations of 3P J-couplings are generally treated similarly to those of 3P
chemical shielding constants. Combining hybrid functional B3LYP with Pople's (6-
311+G(d,p)), GIAO or IGLO basis sets are usually used.™8 The solvent effects must also be
considered, albeit no general approach is recommended.
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2. Aims of the Work

1)

2)

Reaction monitoring and structure determination of novel phosphate-based
linkers designed for drug release via self-immolation: sequential release of two
cargos monitored by 3P NMR spectroscopy

Structure-activity relationship studies of novel phosphate-based self-immolative
linkers designed for efficient release of amine-containing cargos

Investigation of 3P NMR parameters on stereochemical analysis of model
phosphorus-containing compounds

Application of molecular docking approach for more realistic conformational
sampling used for RDC analysis

Implementation of 3P NMR parameters to molecular dynamics with NMR

orientational constraints
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3. Results and Discussion

3.1 Phosphate-Based Self-lmmolative Linkers for Tunable Double Cargo
Release (Paper )

Self-immolation (SI) is a triggered irreversible fragmentation of a molecule.’3* Such

fragmentation can be used to design self-degrading materials'3?

or drug delivery
systems.’33 The molecule (linker) used in SI comprises three parts — a trigger (grey),
a spacer (orange) and a cargo (purple) (Figure 19). The fragmentation can be activated
enzymatically, chemically or photochemically (by light). Upon activation, the trigger
group is cleaved off, followed by a spontaneous intramolecular cyclization of the spacer,

resulting in the cargo release.

Spontaneous
/{go Activation cargo delivery
rigger ﬁ ﬁ
g /
Trigger argo

Figure 19: A schematic representation of carbon-based self-immolative linkers.

This work is focused on Sl linkers releasing two cargos using a phosphorus-based spacer
instead of a traditionally used carbon one.!® Phosphorus has a higher valency
than carbon and, thus, enables us to attach a second cargo (Figure 20). The second cargo
release extends the potential scope of applications (e.g. cancer treatment
with complementary drugs'3®). Additionally, the phosphorus atom allows for the reaction
monitoring by 3P NMR spectroscopy. As a trigger moiety, we used a photoactive 4,5-
dimethoxy-2-nitrobenzyl (DMNB) group. This group guarantees the selectivity
of the reaction and suppresses any side products. Moreover, unlike enzymes, light-
triggering does not struggle with substrate specificity. After activation, the Sl process was
monitored by 3P NMR spectroscopy with in situ irradiation, providing both structural
and kinetic information in real time. The compounds studied in this work were prepared
by Dr Petr Simon at the Faculty of Science, Charles University.

//argo f %"80 Spontaneous Spontaneous
Activation cargo delivery cargo delivery
i ﬁ ﬁ j

Cargo Cargo /
4
argo Cargo

Figure 20: A schematic representation of phosphorus-based self-immolative linkers activated by light studied in this

work.
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3.1.1 Proof of Concept

We designed model P-chirogenic Sl linkers 1 and 2 bearing two phenolic cargos
and lactate as an Sl spacer (Figure 21). Compound 1 was substituted with an electron-
withdrawing (EWG) fluoride in the phenyl p-position, while compound 2 bore an electron-
donating (EDG) methyl group. Moreover, the compounds possess two stereogenic
centres — one on the phosphorus atom and the second on the lactate spacer, giving rise
to two diastereoisomers of each 1 and 2. The compounds were then dissolved
in a mixture of cacodylate buffer (dimethylarsinic acid sodium salt, CACO) and deuterated
dimethyl sulfoxide (DMSO-ds; CACO/DMSO-ds (1:1, v/v)), which was crucial to fix the pH
of the solution to 7.4.
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Figure 21: The SI of compounds 1 and 2 of 5 mM solution of 1 (blue) and 2 (red) in 50% CACO/DMSO-ds monitored by
31P NMR spectroscopy before and after UV light irradiation (365 nm) at room temperature.

The structures of the two intermediates (1-1 and 2-1) and the two key products indicating
which cargo was released preferentially (P1 and P2) were determined in situ
by combining 3C and 3P NMR parameters. We collected the critical **C->'P interactions
from the 13C signal splitting. Additionally, the 3C-1°F interactions enabled us to identify
which phenyl moiety was released first.

Compound 1 afforded two 3P NMR signals at §p = -13.02 and —13.10 ppm (one for each
diastereoisomer). The photoactive DMNB group cleaved off after UV light irradiation,
forming an intermediate 1-1 (6p=-12.55 and -12.64 ppm) in 15 minutes (Figure 21). This
activated intermediate 1-1 cyclised followed by a cargo release and finally formed mono-
phenyl products 1-P1 (6p= -6.17 ppm) and 1-P2 (6p = =5.98 ppm) overnight. Product 1-
P1 was distinguished from 1-P2 by the missing 3C-3'P interactions of the cleaved p-F-
phenyl group. The more acidic p-F-phenyl group (pKa 9.953°) was released preferentially
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(1-P1), while the phenyl substituent (with higher pKa 9.987) remained mostly untouched
(1-P2) — only traces found in four days. After four days in the darkness, we could trace
a small amount of the hydrolysed final product P (6p = 0.06 ppm, Figure 21).

Compound 2 (6p =-12.92 and -13.09 ppm) provided the intermediate structure 2-1 (6p =
-12.58 and -12.91 ppm) in 5 minutes. However, the cyclisation process was much slower
than in the case of 1, and the intermediate remained a major component even after 24
hours. After four days, we observed both products 2-P1 and 2-P2 (6p=-6.19 ppm and 6p
= -6.02 ppm, respectively), with 2-P2 in the majority, releasing the more acidic
unsubstituted phenyl group preferentially.

These data show that although both linkers afforded the same product P1 (1-P1 and 2-
P1), the release rates differed significantly (15 minutes for 1 and 24 hours for 2). This
indicates that the nature of the cargo influences which cargo is released preferentially.

3.1.2 Cargo Optimisation

Encouraged by the results mentioned above, we studied the pK; effect of the cargo
on the cargo release. For this, we designed a series of compounds bearing lactate spacer
and only one cargo. Compounds 3—7 differed in a substituent in the para position (Figure
22).

3 R=NO, (pk, =7.15)
4 R=F (pK, =9.95)
NO, o] R
o_ P
o P 5 R=H (pK, =9.98)
Me ¢ ©
MeO \Et
OMe 6 R=Me (pK, =10.14)

7 R=0OMe (pk,=10.55)
Figure 22: Structures of model compounds 37 and the pKj of the corresponding substituted phenol group.

Linker 3 (&p = —=8.15 and —8.18 ppm, pKa = 7.15'%’) offered product P2 (this product is
the same for all compounds 3=7 — a final product after the phenol release) already after
15 minutes of irradiation (6p = —1.05 ppm, Figure 23). The Sl process was fast, and we did
not detect any traces of intermediate 3-I. The Sl of 4 (6p = —7.03 and —7.31 ppm, pKs =
9.95) was slower, offering the intermediate 4-| after 5 minutes (6p =—7.04 and —7.38 ppm)
with traces of P2. In contrast, the derivative 5 with unsubstituted phenyl ring (6p = -7.61
and —7.75 ppm, pKs = 9.98) provided the product P2 overnight while still retaining a high
concentration of intermediate 5-1 (6p = -7.14 and -7.53 ppm). In this case,
the intramolecular cyclization is a rate-limiting step in the reaction course. Compound 6
(6p =—=7.38 and =7.62 ppm, pKa = 10.14%7), bearing the electron-donating p-Me, offered
minor amounts of product P2 after four days, while compound 7 (6p = —6.47 and —6.67
ppm, pKa = 10.55%8), substituted with -OMe group, already released cargo after 15
minutes of irradiation. Apart from compound 7, the release rates matched the pKj values
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of the substituted phenyl groups with the trend: 6 (p-Me)<5 (p-H)<4 (p-F)<7 (p-OMe)<3
(p-NO2). The unexpected release rate of p-OMe derivative 7 might be explained
by the resonance effect of a free electron pair of oxygen in the p-OMe group,
which accelerates the SI.
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Figure 23: A series of 3P NMR spectra of compounds 3—-7 (5 mM, 50% CACO/DMSO-ds) recorded upon UV light
irradiation (365 nm) at room temperature.

3.1.3 Spacer Optimisation

To increase the release rate, we modified the spacer structure responsible for the SI
process. We followed the Thorpe-Ingold effect!®® and designed two additional spacers
with sterically demanding substituents in the a position. The o-methyl group
from the above-studied lactate (5) was modified to iPr (8, &p = -7.09 and -7.27 ppm) and
di-Me (9, 6p = -11.00 ppm) as shown in Figure 24.

Wigatis Wegpecs Wigrels

Figure 24 Structures of model phosphate-based Sl linkers 5, 8 and 9 varying in Sl spacer.

We did not observe a significant difference in phenol release from 5 and 8, as similar
amounts of the final product P2 were obtained overnight (Figure 25). These data
contradict the Thorpe-Ingold effect, showing that the higher sterical demand in 8 does
not markedly affect the cargo release rate. In contrast, the a-hydroxyisobutyrate linker 9
with two methyl groups in the a position, provided a high amount of 9-P2 (6p = —4.22
ppm) already after 15 minutes of irradiation. The concentration of intermediates 5-I
and 8-l (6p =—6.63 and —7.08 ppm, respectively) grew from 40 to 70% (in 20—-60 minutes),
while 9-1 (6p = —10.85 ppm) remained at 20%. This shows that 9-| cyclises faster than 5-I
and 8-1 and, thus, accelerates the cargo release significantly.
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Figure 25: 3P NMR spectra of linkers 5, 8, and 9 (5 mM, 50% CACO/DMSO-ds) recorded upon UV light irradiation (365

nm) at room temperature.

3.1.4 Double-Cargo Linkers with a Tuneable Release Rate

Based on the structure-activity relationship results, we designed new Sl linkers 10 (6p =
-12.45 and -12.49 ppm), 11 (6p = -12.38 and -12.47 ppm), 12 (6p = -16.50 ppm), 13 (6p
=-16.49 ppm, Figure 26) for a sequential double-cargo release on model compounds.

10 Ry=iPr R,=H R=F

NO, o) R
0]
/@ﬂo&o\p"og 11 R;=iPr Ry=H R=Me

MeO 12 R,=Me R,=Me R=F

OM
¢ 13 R,= R,= e R=Me

Figure 26: Structures of model compounds 10-13.

The different spacers affected the Sl significantly. The self-immolation with lactate linker
proceeded in 24 hours in 1 and 2, in 2 hours with the a-hydroxyisovalerate spacers 10
and 11 and in 15 minutes with the a-hydroxybutyrate analogues 12 and 13 (Figure 27).
This corresponds to the trend found in linkers 5, 8 and 9. Moreover, the relative
concentrations of 12-I (6p = -16.41 ppm) and 13- (6p = -16.42 ppm) were approximately
15 and 35%, respectively, indicating faster Sl and subsequent cargo delivery of p-F linker
12. In general, linkers 1, 10, and 12 with electron-withdrawing cargo provided
significantly higher amounts of P1 and/or P2 than their electron-donating analogues 2,
11, and 13, respectively (Figures21 and 27), as apparent from the 15" minute
of irradiation. The double-cargo linkers 10-13 displayed the desired properties, covering
a wide range of cargo release rates — from minutes to days — and enabling sequential
cargo release.
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Figure 27: 3P NMR spectra of compounds 10-13 (5 mM, 25% (10, 11) or 50% (12, 13) CACO/DMSOQ-ds) recorded upon
UV light irradiation (365 nm) at room temperature. The a-hydroxyisovalerate analogues 10 and 11 were measured in
25% CACO/DMSO-ds due to their low solubility in the 50% solvent system.

3.1.5 Conclusion

In this work, 3P NMR spectroscopy proved essential for studying the structure
and properties of phosphate-based Sl linkers. The phenol-based cargo is released faster
with increasing pKa of the corresponding phenol. The nature of the second cargo directs
the release rate. Following the Thorpe-Ingold effect, sterically demanding Sl spacers
accelerate the cargo release significantly. Results from this structure-activity relationship
study open a new door for a rational design of new tailor-made linkers offering a tuneable
double-cargo release option. 3P NMR combined with 3C NMR provided the essential
connectivity information. This led us to successfully determine all formed reaction species
in situ (in reaction mixture without further separation), increasing the screening efficacy.
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3.2 Phosphate-Based Self-Immolative Linkers for the Delivery of Amine-
Containing Drugs (Paper Il)

140 141

Amine-containing drugs are part of anti-inflammatory,*4° anticancer,'#! antimicrobial,'#?

and pain-relieving pharmaceuticals.'*® Nevertheless, they often display poor aqueous

solubility and low membrane permeability'44

under physiological conditions. This may be
overcome by the prodrug strategy.'*> Moreover, the self-immolation approach could

work well when designing a suitable Sl linker.

As we have already shown in section 3.1, the drug release rate can be tuned by a spacer.
Additionally, the cargo release is strongly influenced by the nature of the second cargo
attached to the phosphorus core. Therefore, we tested different spacers in combination
with two types of second cargo to find a suitable system for the release of amine-
containing drugs.

3.2.1 Ethylene Glycol Phosphate-Based Linkers

Based on the previous study,#® we started with an ethylene glycol spacer to design novel
Sl linkers releasing amine-containing drugs. The ethylene glycol spacer is the only spacer
providing stable cyclic intermediate cyc-I which can be detected by 3'P NMR spectroscopy
(Figure 28). Thus, asserting the cargo release through self-immolation.14

Z o} )
NO, (/‘P;O cyclic product

o (O cyc-P
0 o/\/O po ivo ont

ﬁ» HO/\/O O ﬁ»
MeO W o o OH
OB
OMe HO P product 2
P2
intermediate | cyclic intermediate

MeO cyc-l
OMe

Figure 28: The S| pathway of ethylene glycol phosphate-based linkers.

In this work, we prepared a series of phosphate-based Sl linkers bearing amine cargo
with phenyl (or ethyl) as the second cargo. We designed a series of model glycol-based
linkers 14-19 (Figure 29) carrying phenethylamine, piperidine, and aniline
as representatives of primary, secondary, and aromatic amines, respectively. The tested
compounds were prepared by Dr Mateja Bud from the Faculty of Science at Charles
University.
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Figure 29: Model compounds 14—19 bearing amine-containing cargo.

The linkers 14, 15 and 16 (6r = 10.36, 9.39, and 3.29 ppm, respectively) successfully
provided intermediates 14-1 (6p = 10.83 ppm), 15-1 (&p = 9.81 ppm), and 16-1 (&p = 3.62
ppm), but did not further release the amine cargos (Figure 30). The *C NMR spectra
of the intermediates still possessed 3C—3!P interactions, hinting that both cargos are still
attached to the phosphorus spacers. The intermediates remained even for several days,
exhibiting no cyclisation followed by the cargo release.
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Figure 30: 31P NMR spectra of linkers 14-16 (5 mM) measured before and after irradiation with UV light (365 nm) at
room temperature in 50% CACO/DMSO-ds buffer (1:1, v/v; pH =7.4).

Inturn, the linkers 17 (6p=5.60 ppm) and 19 (6p=—1.39 ppm) yielded cyclic intermediates
17-cyc-l (6p = 28.05 ppm) and 19-cyc-l (6r = 21.66 ppm), respectively, indicating the
phenol release within 5 min of irradiation (Figure 31). Interestingly, compound 18 (6p =
4.55 ppm), bearing a secondary amine, showed only a trace of 18-cyc-l (6p = 26.51 ppm)
overnight, releasing phenol in several days. The phenol release was also detected by a
missing BC—1P interaction of the phenoxy group. Only aniline as a representative of the
aromatic amine was released overnight, as indicated by 19-cyc-P (6p = 17.56 ppm) with a
slight upfield shift in the 3P NMR spectrum and a disappearance of the '3C-3!P J-
couplings

of the amine moiety. Phenol was released much faster, already in 15 minutes (forming
19-cyc-l). Therefore, the linkers 14-19 were inefficient in an amine-cargo release.
To support the amine release, we varied the Sl spacer and selected lactate.
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Figure 31: 3P NMR spectra of linkers 17-19 (5 mM) measured before and after irradiation with UV light (365 nm) at
room temperature in 50% CACO/DMSO-ds buffer (1:1, v/v; pH = 7.4).

3.2.2 Lactate Phosphate-Based Linkers

The lactate linkers 20-22, structurally analogous to 14-16, were prepared. The chiral
lactate spacer attached to the core with a stereogenic centre on phosphorus caused
the formation of two diastereoisomers detected as two 3P NMR signals (Figure 32).
The 3P NMR spectroscopy detected successful amine release from 20 (6p = 9.44 and 9.84
ppm) and 21 (6p = 8.37 and 8.87 ppm), providing the final product P (6p = —1.05 ppm)
in 5 minutes of irradiation signalled by a significant upfield 3'P NMR shift. However, linkers
20 and 22 partially decomposed after dissolution and yielded an unknown product (20-X
and 22-X with & =
compounds have a free NH group attached to the phosphorus atom; therefore, a pH

—1.76 and —-1.56 ppm, respectively) without irradiation. Both

change may suppress this undesired decomposition.

20-X
P 22-x

3p [ppm) 32p [ppm]

Figure 32: 3'P NMR spectra of linkers 20-22 (5 mM), measured before and after irradiation by UV light (365 nm) in a
solvent mixture of 50% CACO/DMSO-ds (1:1, v/v; pH = 7.4) at room temperature (25 °C).

To test the pH hypothesis for eliminating the formation of the undesired products 20-X
and 22-Xin the CACO/DMSO-ds mixture, we screened the reactivity of 20 in several buffer
mixtures. These tests showed that the undesired product 20-X was suppressed
by (i) the decrease of pH of the cacodylate buffer (to pH = 5), (ii) the alteration
of the buffer system, or (iii) the change to an unbuffered environment. To retain
the physiological environment, we selected 50% 2-[4-(2-hydroxyethyl)piperazin-1-
yllethanesulfonic acid (HEPES, pH 7.4) with DMSO-ds system (1:1, v/v) for further
investigations of linkers 20—22 (Figure 33).
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In 50% HEPES/DMSO-ds solvent system, no undesired product X was detected
prior to irradiation. Within 5 minutes of irradiation, the final product P (6p = -1.10 ppm)
was detected in the cases of 20 and 21. Compounds 20 and 21 cyclized fast; thus, we did
not observe any traces of 20-1 and 21-l, making photoactivation the rate-limiting step.
For 22, we obtained only the intermediate 22-1 (6p = 1.95 and 2.22 ppm) after 5 minutes
of irradiation and a final product P was formed after 15 minutes of irradiation; we
observed only traces of the undesired product 22-X (6p = =1.57 ppm). In this case, NMR
spectroscopy proved essential since analysis by traditionally used UV/vis spectroscopy
could completely omit the formation of such undesired compound.
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Figure 33: 3P NMR spectra of linkers 20-22 (5 mM solutions in a solvent mixture of 50% HEPES/DMSO-ds (1:1, v/v; pH
=7.4)), measured before and after irradiation by UV light (365 nm) at room temperature (25 °C). The formation of the
undesired product X was efficiently suppressed.

3.2.3 Characterization of the Undesired Product X

To identify the alternative decomposition pathway, we characterized the undesired
product X. The single signal of 3P NMR suggested that the stereogenic centre
on the phosphorus atom was cleaved, and the upfield shift of this signal implied
that the amine cargo was not connected to the phosphorus atom. Moreover,
the chemical shifts of the undesired products were slightly different for 20-X and 22-X (6p
= —1.76 and —1.56, respectively), suggesting that 20-X and 22-X differ, most probably
in the amine moiety. Additionally, 2D experiments of 20-X showed the key HMBC cross-
peaks describing the through-bond interaction between the phenethylamine alkyl chain
and lactate carbonyl (Figure 34). HR-MS confirmed the structure of the suggested
carboxamide 20-X.
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Figure 34: The proposed mechanism of the alternative decomposition of 20 to 20-X. The structure of 20-X was
determined by H-13C HMBC (left) and H-1H COSY (right) spectra showing essential connections.

The proposed rearrangement was first reported by the Mulliez group.'*” To ensure
that NH is crucial for the intramolecular attack of the carboxyl group, the N-methylated
derivative of 23 was prepared (Figure 35). Upon irradiation, no undesired product 23-X
was observed in 50% CACO/DMSO-ds (1:1, v/v; pH = 7.4).

33



3.2.4 Amine Screening—Application Scope

Encouraged by the results, we prepared linkers 24-29 (Figure 35) with different cargos
to further investigate the application scope of the lactate-based linkers.
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Figure 35: Lactate-based linkers 23-29.

Upon irradiation, the linkers 23 (6p = 5.62 and 5.77 ppm), 24 (6p = 7.25 and 7.62 ppm)
and 25 (6p =9.25 and 9.70 ppm) provided final product P (&p = —1.04) within 5 minutes,
becoming a major component within 15 minutes of irradiation. Conversely, the 2-
aminopyrimidine derivative 26 (6p = 0.07 and 0.31 ppm) formed only an intermediate 26-
| (6p =—-0.13 and —0.75 ppm) in 15 minutes of irradiation. The final product was formed
after 19 days in the darkness (Figure 36).
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Figure 36: 31P NMR spectra of linkers 23—-26 (5 mM solutions in a solvent mixture of 50% HEPES/DMSO-ds (1:1, v/v; pH
=7.4)) measured before and after irradiation with UV light (365 nm) at room temperature (25 °C).
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Conversely, the self-immolation of the phenyl double-cargo linkers 27 (6p = 4.67 and 4.94
ppm), 28 (&p = 3.42 and 3.79 ppm) and 29 (6p = —2.29 and —2.21 ppm) was slightly faster
than that found in their ethyl counterparts 20-22 (Figure 37). All preferentially released
the amine-cargo as recognized by detecting 27-P1, 28-P1 and 29-P1 (6p =—6.24, —6.21,
and —6.25 ppm, respectively). Interestingly, traces of 29-P2 (6p = —0.52 ppm), indicating
the phenol release, were found overnight. These findings enhance the development
of new drug-delivery systems offering sequential drug release for amine cargos (e.g. two
drugs with synergy effect, etc.).
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Figure 37: 3P NMR spectra of linkers 27-29 (5 mM solutions in a solvent mixture of 50% HEPES/DMSO-ds (1:1, v/v; pH
=7.4)), measured before and after irradiation with UV light (365 nm) at room temperature (25 °C).

3.2.5 Conclusion

This work showed that designing a prodrug delivery system requires a detailed structure-
activity relationship analysis. We successfully released amine-bearing cargos,
but the study demonstrates that a universal spacer for delivering all types of amine-
containing cargos will unlikely ever be designed, given the sensitivity of the phosphorus
atom to substitution. 3P NMR spectroscopy with in situ irradiation proved essential
in observing all formed intermediates and products, which would otherwise be
overlooked if studied by traditionally used UV/vis spectroscopy. Moreover, this setup
allowed us to analyse the formed intermediates and products in real time.

3P NMR parameters were crucial in the structural determination of intermediates
and products of Sl reactions directly in the reaction mixture. All the 3C NMR signals
of the moieties attached to the phosphorus were split by ¥C-3'P interaction, which
helped in structural analysis qualitatively. However, the values of *C—1P couplings do
not follow the Karplus-like relation which aids the stereochemical analysis. Moreover,
unlike 3P NMR chemical shifts, 3C—or *H—3'P J-couplings are studied rarely. Thus, we
decided to further investigate the 3P NMR parameters, which could be critical
in structural analysis in a growing field of P-based compounds.
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3.3 3P NMR Parameters May Facilitate the Stereochemical Analysis of
Phosphorus-Containing Compounds (Paper lll)

As the Introduction shows, chiral phosphorus is present in many biologically, medicinally
and industrially relevant compounds. The 3!P NMR parameters may provide critical
information that could help to solve the molecular structure and its physico-chemical
properties. The incorporation of *C—'P J-couplings significantly helped the structural
determination of Sl reaction species.

In this work, we aimed to study 3!P parameters (chemical shifts, RDCs, etc.). For this, we
aimed to synthesise model small organic molecules with phosphorus atom incorporated
into a cycle. Such compounds would be less flexible than their acyclic counterparts,
which may be beneficial for searching conformational space as explained below.
However, the synthesis, performed by Dr Aneta ESnerova from the Faculty of Science,
Charles University, was difficult, and several compounds were not stable enough
to survive purification. Another difficulty was to separate the formed diastereoisomers
from each other. Finally, we prepared and separated three pairs of diasterecisomers —
30, 31, and 32 (Figure 38). However, only compounds 30-SR and 31-RR successfully
crystallized and were, thus, analysed by X-ray diffraction, which determined
their absolute configuration as (S, R) and (R, R) for compound 30-SR and 31-RR,
respectively (Figure 39). The first stereodescriptor (S- for 30-SR and R- for 31-RR,
respectively) denotes the configuration of the proline carbon C2; the second
stereodescriptor is related to the phosphorus atom. The X-ray diffraction structures were
obtained by Dr Ivana Cisafova from the Faculty of Science, Charles University.
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Figure 38: Model compounds 30-32 prepared for this study.
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Figure 39: The X-ray structures of a) 30-SR and b) 31-RR.

We also designed an ortho-chlorophenyl phosphonate derivative of 31 due to the
disturbed symmetry of the phenyl ring which should allow us to obtain more *H-13C
couplings to enhance the analysis. However, the synthesis was troublesome and did not
provide a stable compound. Therefore, we designed and synthesized a phosphate
derivative 32. Unfortunately, compound 32 did not crystallise, thus preventing us
from determining its absolute configuration. Consequently, we assigned
the experimental datasets of 32 as 32-A and 32-B (6p = 21.74 and 17.01 ppm,
respectively).

3.3.1 Stereochemical Investigation of 30 and 31

First, we generated an ensemble of conformers in Schrodinger/Maestro software!4®
from a single structural input. The obtained six conformers for each isomer of 30 and 31
were then optimised on a DFT level of theory with the B3LYP/DGDZVP method, and only
the non-redundant structures were finally selected by analysing their dihedral angles
(Figure 40).

Single-Point with

1 Molecule Ensemble of Conformers Geometry Optimization Larger Basis Set Non-redundant structures
ChemDraw ‘ Schrédinger/Maestro Gaussian 16 Gaussian 16 Data sorting
3D structure MCMM/LMOD DFT B3LYP DFT B3LYP dihedral angles
OPLS4, MAD 0.75 A DGDZVP/GD3 SP 6-31+G**/GD3

Figure 40: Schematic representation of the conformational sampling strategy used in this work.

Next, we examined the conformation of the five-membered ring using
the pseudorotational cycle (Figure 41).14% 130 The pseudorotational cycle describes all
possible conformations of a ribose ring which can be considered analogous to a proline
cycle of our model compounds 30 and 31. These conformations are characterized
by the phase angle P and maximum puckering amplitude @uax. The cycle is divided
into twenty parts, each representing the ribose ring conformation with a corresponding
P (0-360°).1>* The part defined by P = 0-36° describes the so-called North conformations,
while P = 144-180° defines the so-called South conformations.

The configuration of prolinol governs the overall conformation of the bicyclic moiety.
For 30-SR, we found three low-energy structures: the ground-minimum one (conformer
A) in the South conformation and the conformers B and C in the North conformation.
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Furthermore, the South conformation of conformer A corresponded to the structure
defined by the X-ray analysis. The Boltzmann distribution at 25 °C was established at 77,
17, and 6% for conformers A, B, and C, respectively. Figure 41 shows that the lowest-
energy conformer A with phase angle P = 17° possesses the 3£ conformation, while North
conformations B (P =19°) and C (P =-35°) are in °E and 2E conformations, respectively.

Figure 41: The pseudorotational cycle with designated conformations of 30-SR.

We performed the same analysis for 31-RR, finding again three conformations.
The ground-minimum structure A corresponded to the X-ray analysis, and the Boltzmann
distribution was defined at 47, 36, and 17% for conformers A, B, and C, respectively.
The conformation A had a maximum at P = 22°, possessing the North conformation,
while the conformers B and C (P = =8 and ° —37, respectively) possessed the South
conformation.

We subsequently used the resulting three conformations of 30 and 31 as inputs in further
analyses (J-couplings, RDCs).

First, we assessed whether chemical shifts might be used to determine the relative
configuration of 30-SR and 31-RR. We calculated *3C shielding constants for each
of the conformations found and averaged them according to the Boltzmann distribution.
Upon correlation with experimental 3C chemical shifts, we obtained R? > 0.99 for both
isomers in all conformations (A, B and C for both 30-SR and 31-RR). Hence, we could not
differentiate the diastereoisomers using the 2C chemical shift correlations. Based
on the significant difference of 3P chemical shifts of 30-SR (6r = 38.67 ppm) and 31-RR
(6p = 34.03 ppm), we may hope to distinguish the diastereoisomers. Indeed,
the calculated shielding constants were op = 253.15 (30-SR) and 259.26 (31-RR),
corresponding to the experimental values (a higher value of the shielding constant
signifies lower shielding). However, the difference between the experimental shifts
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of the two diastereoisomers is often smaller than the error of computed shielding
constants, thus disabling the diastereomer discrimination. Therefore, we focused
on the study of other parameters.

Therefore, we investigated the '*C—'P J-couplings connected to the stereocentre
on the phosphorus atom. As shown in the Introduction, 3P is highly sensitive
to the chemical environment and, thus, is a promising tool for diastereocisomer
discrimination. We obtained the experimental *3C—>'P J-couplings from the *3C APT NMR
spectra measured in CDCls and compared these experimental values with calculated J-
couplings of 30-SR and 31-RR. These theoretical J-couplings were calculated using
B3LYP/IGLO-IIl with empirical dispersion correction GD3 and PCM solvent model
(chloroform) and then were averaged according to the Boltzmann distribution at 25 °C.
Finally, the '3C —3!P interactions provided the key information that allowed us
to determine the relative configuration of 30-SR and 31-RR based on the interactions
shown in Figure 42.
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Figure 42: Experimental (blue) and calculated (black) 13C-31P J-couplings of diastereoisomers 30-SR (left) and 31-RR
(right).

An additional tested parameter was the residual dipolar coupling in the PBLG alignment
medium. We combined classically used H-3C RDCs with the *3C-3!P ones.
The experimental 'H-'3C and '3C-3'P RDCs and the conformers determined
by the conformational analysis were used as inputs to three RDC programs (MSpin,®
RDC@hotfcht,®” 8 and P3D/PALES® ?9). To exemplify the RDC analysis, the approach is
shown on 30-SR in detail; the other compounds were treated with the same procedure.

The conformational analysis of 30-SR presented above provided three conformers (A, B,
and C). First, we entered the 'H-'3C and *C—*'P experimental RDC data and the optimised
conformers of 30-SR into the MSpin software. All three conformers, A, B and C, afforded
satisfactory Q and Pearson’s correlation factors R: Qconta = 0.0133, Qconta = 0.0123, Qconfc
= 0.0194 and Rconfa = 0.9999, Reonfs = 0.9998, Reonfc = 0.9997, respectively. Then, we
correlated the experimental RDC data of 30-SR with the lowest-energy conformers A
of the other three diastereoisomers (30-SS, 31-RS and 31-RR) to probe
the diastereoisomer discrimination. However, the results were similar and did not allow
us to determine the correct diastereoisomer using MSpin.

Unlike MSpin, RDC@hotfcht also includes experimental errors in the fitting procedure.
Nevertheless, the results were like those of MSpin and did not discriminate between 30-
SR and 31-RR diastereoisomers, nor did the software find the best-fitting conformer (Qgr
= 0.0202, Rrr = 0.9998; Qrs = 0.0136, Rrs = 0.9999; Qsr = 0.0136, Rsg = 0.9999; Qsr =
0.0202, Rsg = 0.9998).
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Finally, we examined the P3D software implemented in the PALES program.
The P3D/PALES analysis provided promising R values of the individual conformers of 30-
SR: Reonta = 0.785, Reonfs = 0.692, and Reonfc = 0.655. Given these results, we used
the lowest-energy conformer for the diastereoisomer discrimination. Unfortunately,
the diastereoisomer discrimination failed to identify the correct isomer. As an example,
it set the (R, R) configuration as the best-fitting structure which did not match the (S, R)
configuration found by X-ray diffraction (Figure 43).
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Figure 43: Correlation of experimental RDCs of 30-SR and normalised theoretical RDC values calculated using
P3D/PALES fitted to the lowest-energy conformer A of: A — 30-SR, B — 30-SS, C — 31-RR, and D — 31-RS structures.

In the RDC analysis of remaining isomers of 30 and 31, P3D/PALES successfully
discriminated 30-SS (and 31-RR because they are enantiomers which P3D/PALES cannot
distinguish) with R > 0.9, albeit failed for 31-RS with all correlation factors above 0.8.

3.3.2 Stereochemical Investigation of 32

The conformational sampling of 32 was complicated by its higher flexibility due to
the oxygen bridge between the phosphorus atom and the C1’ carbon atom of the phenyl
ring. Ultimately, the conformational sampling led to more conformers than in cases of 30
and 31. The lowest-energy conformers A of 32-RS (population of 53%) and 32-RR
(population of 32%) were in the North conformation with a phase angle P of 25° and 18°,
respectively. Finally, we identified nine conformers for 32-RS and seventeen for 32-RR.
Population analysis of 32 based on the Boltzmann distribution further provided five
conformers (A—E) for 32-RS and nine (A-l) for 32-RR. The rest of the conformers
amounted to less than 2% of the total population; thus, we did not include them
in weighting the NMR parameters (shielding constants and J-couplings).

First, we assessed whether chemical shifts might be used to determine the relative
configuration of 32. Like in the previous section, the correlations of the 3C NMR chemical
shifts of 32-A (6p = 27.74 ppm) and 32-B (6p = 17.01 ppm) and the calculated shielding
constants of both diastereoisomers 32-RS and 32-RR did not provide decisive results
as all afforded R? = 0.9. Unfortunately, the shielding constants of the phosphorus atom
(op=274.68 for 32-RS and 273.28 for 32-RR) also did not discriminate the diastereomers.

In accordance with the previous analysis, we calculated the J-couplings for
the conformers of 32. Contrary to the results of 30-SR and 31-RR, the differences
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in the J-couplings of individual isomers of 32 were negligible, not allowing
for a diastereoisomer differentiation (Figure 44). Moreover, one of the key C-3'P
J—coupling between the phosphorus atom and the phenyl ring was one order
of magnitude lower in 32 (ca 7 ppm) than in 30 and 31 (ca 170 ppm).
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Figure 44: Experimental (blue for 32-A dataset, red for 32-B dataset) and calculated Boltzmann-averaged (black) 13C-
31p J-couplings of the lowest energy diastereoisomers 32-RS and 32-RR.

The broken symmetry of the phenyl group allowed for an extraction of more H-13C
and 13C-3P experimental RDC values from the phenyl ring than in the case of 30 and 31.
Nevertheless, no software afforded diastereoisomer discrimination of the 32-A or 32-8
dataset, as none of the conformers provided R > 0.9. The RDC analysis of flexible
molecules is a prevailing problem that has yet to be solved.

3.3.3 Conclusion

We thoroughly examined the conformational space to ensure we found all possible
conformations of the model P-compounds. The J-coupling analysis enabled us to assign
the relative configuration of 30-SR and 31-RR using 3C-3!P J-couplings. We have
successfully obtained 'H-13C and 3C-3'P experimental RDC values which were, together
with optimized structures from conformational sampling, used as an input to three
different RDC softwares. MSpin and RDC@hotfcht provided similar results for all
conformations and isomers and did not allow us to determine the correct structures.
P3D/PALES, designed for a diastereoisomer distinction, confirmed 31-RR to have (R, R)
configuration. However, even P3D/PALES did not provide unambiguous results in all
cases. The analysis became even more difficult for flexible molecule 32, and none
of the available methods provided any insights about its configuration or conformation.
We suggest that the indecisive results of RDC analysis may be caused by the small
absolute sizes of the 13C—3!P RDC values (ca 1 Hz, in comparison to *H-13C RDCs which are
usually in a range of =50 to 50 Hz). We also speculate that the ensemble of conformers
generated via conformational sampling might not accurately represent
the conformations present in the alignment medium environment since the bulky
alignment medium may influence the analyte conformation. Therefore, we focused
on generating a new ensemble of structures that could better describe the reality
of the RDC sample.
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3.4 Exploring the Impact of Alignment Media on RDC Analysis of
Phosphorus-Containing Compounds: A Molecular Docking Approach
(Paper V)

In the previous chapter, we showed that the stereochemical analysis of flexible molecules
is still problematic.®? For flexible molecules, the conformational analysis results
in an extensive ensemble of conformers and using the energy level difference, their
population can be estimated based on the Boltzmann distribution. However, these low-
energy conformers failed in the J-coupling and RDC analysis in the previous study.
The reason may be a specific interaction of the analyte with the alignment medium,
which may lead to a conformational change in the analyte molecule. Therefore, we
applied a molecular docking approach to generate a more realistic ensemble
of conformers in the presence of the thorough-studied PBLG alignment medium.

Molecular docking is widely used in medicinal chemistry to find the best structural match
between the enzymatic active site and its potential inhibitor. It predicts the binding pose
of a substrate (ligand) and the binding site of a macromolecule (a protein).*>? The binding
pose designates the conformation, position, and orientation of the ligand docked.
The macromolecules may change the substrate conformation with an energy penalty,
which is compensated by forming the ligand-protein complex (Figure 45). In this work,
we treated the small molecule as a ligand within the binding site of the PBLG alignment
medium. Thus, the docked conformations may not necessarily possess ground-minimum
energy.

Figure 45: A schematic representation of the molecular docking: a substrate (red) docked into a binding site of a
macromolecule (green). The change of the conformation of the substrate requires energy, but the complex formation
decreases the energy, making it energetically beneficial.

We applied molecular docking on three classes of compounds (Figure 46) differing
in flexibility. The degree of molecular flexibility can be quantified by the nConfy
parameter.’>® This parameter represents the number of energetically accessible
conformations with energies within a selected energy range. In this work, we selected
an energy threshold of 20 kcal mol* from the lowest-energy conformation. Lower values
of nConfy designate higher rigidity of the molecule, while higher values indicate
increasing flexibility. The highly rigid class of compounds (33, nConfx = 0) was
represented by phosphorylated derivatives of isopinocampheol (IPC), often used
as a rigid model analyte in the development of RDC analysis. 68 7093154 Compound 33 was
prepared by Mgr. Hugo Kocek (IOCB, Prague). Compounds studied in our previous work
were selected as representatives for the mildly flexible (30-SR and 31-RR, nConf20 = 2)
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and flexible (32-RR and 32-RS, nConf20 = 8) class of molecules.’® The absolute
configuration of 30, 31 and 33 was determined by X-ray diffraction analysis
in collaboration with Dr Ivana Cisafova and Prof. Ales R(zZicka from the Faculty of Science,
Charles University (Figure 47).
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Figure 46: Chemical structures and atom numbering of the compounds studied.
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Figure 47: The X-ray structures of a) 33-SR, b) 33-SS, c) 33-RS, and c) 33-RR.

The model compounds were docked into the PBLGY °3 156159 3lignment medium
in Schrodinger.?®® Although the crystal structure of PBLG is not available, PBLG forms
a well-defined chiral helix®* with grooves within which the model compounds may
intercalate. As a result, a new ensemble of conformers may be obtained.

Indeed, we obtained new conformer ensembles, which were then entered
into P3D/PALES® together with experimental RDC values to retrieve theoretical back-
calculated RDCs. Subsequently, we averaged the theoretical RDCs of individual
conformers by the Boltzmann distribution and obtained a fit of the experimental
and Boltzmann-distribution averaged RDCs qualified by Pearson’s correlation factor R.
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Additionally, we optimised the calculated docking structures by constrained optimization
in internal coordinates (normal mode relaxation'®!). This method relaxes the bond
lengths and molecular angles while attaining the general shape of the molecule.
The workflow was then repeated for these relaxed structures. Lastly, we compared
the correlation factors R from the previous low-energy (ground-minimum, GM) study,
molecular docking and the normal mode relaxation (Figure 48).
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Figure 48: General workflow used in this work.

3.4.1 Molecular Docking of Rigid Molecules (33)

The conformational sampling, performed as shown in the previous section,> found only
one conformation for each isomer of 33. In turn, molecular docking revealed four
conformers for 33-SR, one for 33-SS, three for 33-RS, and three for 33-RR. Interestingly,
the DFT-calculated single point energies of the 33-SR and 33-SS conformers generated
by docking were approximately 6 kcal mol! above the individual global minima. In
contrast, those of 33-RS and 33-RR were more than 13 kcal mol*t above GMs.

The reason behind the different energy levels may lie in the configuration of carbon C1
(Figure 46). The configurations 33-SR and 33-SS (Figures 49a and 49b) seemed to fit well
into the cavity of PBLG. Interestingly, 33-SR and 33-SS (Figures 49c and 49d) were
oriented inversely, with the P=0 bond directed outside the polymer groove. In most
cases, we detected a n—t stacking between the polymer and the analyte’s phenyl groups

with a distance of ~ 4 A, which is typical for m—m stacking.62
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Figure 49: Docked poses of a) 33-SR, b) 33-SS, c¢) 33-RS, and d) 33-RR in the helical structure of PBLG obtained from
molecular docking, clearly indicating different binding poses of each isomer. Carbon atoms are white, oxygen in red
and phosphorus in purple; hydrogens were omitted for clarity.

Figure 50a compares the structures of 33-SR with experimental datasets of all isomers
of 33. The correct experimental dataset 33-SR (and its enantiomer 33-RS as P3D/PALES
cannot differentiate enantiomers) provided high R value (Unrelaxed Boltz.: R33-sg = 0.899,
R33-rs = 0.897 vs Rsz.ss = 0.596, R3z-rr = 0.586). Unfortunately, as shown in Figure 50b,
the correlation of the structures of 33-RR with experimental dataset of all four isomers
of 33 yielded high correlation factors for the correct 33-RR and 33-SS datasets but even
higher R correlation factors for the incorrect datasets 33-SR and 33-RS (Unrelaxed Boltz.:
R33-sr=0.947, R33.ss = 0.842, R33-rs= 0.961, R33-spg = 0.799). Therefore, we could determine
the relative configuration of the diastereocisomers only unilaterally; the correct relative
configuration was determined only for 33-RS/33-SR.

To improve the diastereoisomer differentiation, we optimised the docking structures
by the normal mode relaxation.'? 163 These relaxed structures offered energies of about
1 kcal mol? for 33-SR and 33-SS and 2—4 kcal mol?! for 33-RS and 33-RR above
the corresponding GM, which is significantly lower than the energies of conformers
from the unrelaxed structures (6 a 13 kcal mol?, respectively). Running the RDC analysis
with these conformers enhanced the diastereoisomer distinction, albeit only slightly,
providing no definite results (Figure 50a, Relaxed Boltz.: R33.sp = 0.911, R33.ss = 0.596, R33-
rs = 0.909, R33-sr = 0.578; Figure 50b, Relaxed Boltz.: R33sr = 0.947, R33.ss= 0.820, R33rs =
0.964, R33-sr=0.769).
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Figure 50: Pearson correlation coefficients (R) of RDCs calculated using low-energy (GM) conformers, molecular
docking (Unrelaxed Boltz.) conformers, and the same conformers after normal mode relaxation (Relaxed Boltz.) of
isomers 33-SR (a) and 33-RR (b) correlated with 33-SR (blue), 33-SS (orange), 33-RS (red), and 33-RR (green) RDC
experimental datasets.

All three approaches (low-energy, molecular docking and normal mode relaxation) gave
similar results. This is probably caused by the fact that compound 33 is highly rigid
and does not tend to alter its shape to fit into the grooves of the medium.

3.4.2 Molecular Docking of Mildly Rigid Molecules (30 and 31)

Compounds 30-SR and 31-RR possess higher flexibility than 33. However, they are still
relatively rigid due to the bicyclic system, as denoted by the low flexibility parameter
(nConfz0=2). While the standard conformational sampling based on GM provided three
low-energy conformers for each isomer of 30-SR and 31-RR,*>> the molecular docking
approach identified tens of conformations for each isomer. We applied a machine
learning-based algorithm to eliminate the redundant conformers and found 22 binding
poses for 30-SR and 21 poses for 31-RR. The DFT single-point energies found all these
conformers at 4—10 kcal mol™ above the corresponding GMs. The corresponding relaxed
structures were 1-6 kcal mol* above the GMs.

The experimental RDCs of 30-SR dataset provided the best correlation with the correct
30-SR structures in all three approaches (Figure 51a). The molecular docking
and the normal mode relaxation markedly improved the correlations. Moreover, it also
enhanced the diastereocisomer discrimination — GM: Rsosg = 0.766, Rs1rr = 0.437;
Unrelaxed Boltz.: R3o-sg = 0.815, R31-rr = 0.491; Relaxed Boltz: R3p-sr = 0.871, R31-pr = 0.578.

Unfortunately, the data were undecisive in the case of 31-RR (Figure 51b).
The experimental dataset 31-RR showed high correlation factors (GM: R3o-sg = 0.994, R31-
rr = 0.941) with both isomers 30-SR and 31-RR. The docking approach did not improve
the discrimination, nor did the normal mode relaxation applied — Unrelaxed Boltz.: R3o-sr
= 0.988, R31-rr = 0.959; Relaxed Boltz: R3o-sg = 0.984, R31-rr = 0.964. Thus, the assignment
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of the relative configuration of 31-RR failed. Similarly to 33, we reached only unilateral
diastereoisomer discrimination for mildly flexible molecules 30-SR and 31-RR.
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Figure 51: Pearson correlation coefficients (R) of RDCs calculated using low-energy conformers'>>(GM), molecular
docking (Unrelaxed Boltz.) conformers, and the same conformers after optimisation by normal mode relaxation
(Relaxed Boltz.) of structures 30-SR (a) and 31-RR (b) correlated with the 30-SR (blue) and 31-RR (green) RDC
experimental datasets.

3.4.3 Molecular Docking of Flexible Molecules (32)

Compound 32 is a flexible molecule with nConfyo = 8. The low-energy analysis identified
9 unique conformers for 32-RS and 17 conformers for 32-RR.*> The molecular docking
produced 23 and 34 conformations for 32-RS and 32-RR, respectively. These conformers
were located at 6-15 kcal mol™? above the individual GMs and 2-11 kcal mol™ above
the GMs after normal mode relaxation. Since 32 did not crystalise, we could not
determine the absolute configuration.

The 32-A experimental dataset provided higher correlation factors (R) for low-energy
conformers of both 32-RS and 32-RR (Figure 52). For 32-RS structures, the correlations
improved when employing the docked structures and further enhanced with the relaxed
conformers, ultimately reaching R > 0.8, declared sufficient for diastereocisomer
discrimination by P3D/PALES.®° Unfortunately, the diastereoisomer discrimination lowers
with the progressing approach (Figure 52a, GM: Rsx-.a = 0.468, R3x-3 = 0.043; Unrelaxed
Boltz.: R3p-a= 0.668, R32-8 = 0.428; Relaxed Boltz: R3»-a= 0.802, R32-8 = 0.590). However,
these data gave a high degree of certainty, assigning the 32-RS structure to the 32-A RDC
experimental dataset.

For 32-RR, the low-energy conformers provided the highest level of discrimination.
However, the R remained low, R3x-a=0.582 and R3»-3=0.117 (Figure 52b, GM). Compared
to the unrelaxed molecular-docking structures, the relaxed structures improved
the correlation factors, albeit not enough for proper P3D/PALES analysis — Unrelaxed
Boltz.: R32.a=0.365, R32-8 = 0.287; Relaxed Boltz: R3z2-a=0.453, R32-=0.2009.
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Figure 52: Pearson correlation coefficients (R) of RDCs calculated using low-energy conformers>> (GM), molecular
docking (Unrelaxed Boltz.) conformers, and the same conformers after optimisation by normal mode relaxation
(Relaxed Boltz.) of structures 32-RS (a) and 32-RR (b) correlated with the 32-A (green) and 32-B (red) RDC experimental
datasets.

3.4.4 Conclusion

The molecular docking results, generating new conformer ensembles presumably
present in the alignment medium environment, were strongly influenced by molecular
flexibility. The docking approach had little to no impact on rigid and mildly rigid molecules
of 33, 30 and 31 which may be caused by the low inclination of rigid molecules to alter
their conformation. Molecular docking reflected the higher molecular flexibility of 32,
providing almost twice more conformers than the low-energy approach. However,
molecular docking ultimately failed for flexible molecules 32. Interestingly, we observed
only unilateral results for the diastereoisomer discrimination in all cases. We suggest
that the isomers providing high correlation factors for all RDC datasets (33-SR, 33-RS, 30-
SR, 32-A) move more freely in the presence of the alignment medium. This way,
the extracted RDCs are only averaged values over many conformations and cannot give
a definitive result. In turn, we suppose that the isomers not fitting any RDC dataset (33-
SS, 33-RR, 31-RR, 32-B) are affected by specific interactions with the alignment medium,
which we could not involve in the molecular docking.

Possible enhancement of the diastereocisomer discrimination via the RDC analysis may lie
in an advanced conformer optimisation, albeit at a higher computational-time cost.
Highly valuable would be an insight into the possible specific analyte-medium interaction.
However, to the best of our knowledge, this approach is unfeasible at this point because
there is still no method that can visualise the alignment of the analyte within the RDC
sample. We could also consider the employment of molecular dynamics. Molecular
dynamics may help to describe molecular motion better, providing more accurate
structures that can be further used in stereochemical NMR analysis.
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3.5 Extending Molecular Dynamics with Dipolar NMR Tensors as
Constraints to Chiral Phosphorus Compounds (Paper V)

Molecular dynamics (MD) can help to include molecular motion, resulting in a better
description of the conformational space. Thus, we employed a recently developed MD
method utilising NMR parameters - Molecular Dynamics with Orientational Constraints
(MDOC)8* 184 - which could better describe the motions of the flexible compounds. MDOC
uses dipolar-coupling tensors (sometimes in combination with J-coupling or NOE tensors)
to create trajectories of conformers. These tensorial constraints rotate the molecules
studied to reach the NMR timescale in MD simulations, thus heating up the rotational
degrees of freedom. Past MDOC studies were successful in stereochemical analysis
of small flexible compounds,16>16¢ such as 1,4-diketone'®’ (nConfao = 11) or p-cellobiose®
(nConfyo = 61). Still, it pointed out that even highly rigid molecules (such as strychnine,
which is used as a standard in RDC studies) possess several conformations in solution.

In this work, we employed MDOC to investigate the stereochemistry of model
phosphorus-based mildly flexible (30, 31) and flexible molecules (32) from our previous
works to directly compare the results from all used methods. Moreover, we
complemented these molecules with a highly flexible menthol derivative 34 (with
nConf20 = 78), as shown in Figure 53. Unfortunately, 34, similar to 32, did not crystalise.
All the studied compounds were prepared by Dr Aneta ESnerova (Faculty of Science,
Charles University). The MDOC trajectories were simulated by Dr Ulrich Sternberg
(Karlsruhe Institute of Technology, Germany).
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Figure 53: Chemical structure of studied compounds with their flexibility parameters.

The MDOC results were evaluated by the n/x?> and x-probability.’®® The n/x? is based
on a known ¥? factor, a difference between the theoretical and experimental values
divided by the experimental error. To account for a different size of the datasets, the n/x?
factor was introduced, where n is the number of data points. For n/x?, the values greater
than one designate that the theoretical values are on average within the experimental
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error. On the other hand, the yx-probability factor shows how much the theoretical
dataset fits the experiment on a scale from 0 to 100%, with 100% being the best fit.

3.5.1 MDOC Analysis of 30-SR and 31-RR

The n/x? quality factors of both datasets, 30-SR and 31-RR, reached only 0.1 and 0.2,
respectively; thus, it prevented us from determining the relative configuration (Figure
54a). This was caused by the small absolute values of 3C—21P RDCs, which did not fit their
narrow error ranges. Thus, we calculated the x-probability!®® which assigned dataset 30-
SR to 30-SR by 90% but failed for the assignment of 31-RR diastereoisomer (Figure 54b).
Therefore, we added 3Ju-n-couplings into the MDOC simulations. The J-couplings were
not used as additional constraints but instead calculated as the mean value of 2000
snapshots of the MDOC simulations. Complementing the experimental RDCs
with theoretical 3/u-1-couplings enhanced the n/x? factors (Figure 54c) and provided the
final results, assigning 30-SR by 96% to dataset 30-SR and 31-RR by 97% to dataset 31-RR
(Figure 54d).
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Figure 54: The MDOC simulation results of 30-SR and 31-RR.
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MDOC simulations can also be used to search conformational space.'®” We analysed
the conformational equilibria of 30-SR using the torsion angles from the MDOC
trajectories and studied the five-membered rings using the pseudorotational cycle
and phase angle P.1>! Most conformations (98%) had a maximum at P = 208°, belonging
to the South conformation. The rest (only 2%) belonged to the Noth conformation
with P = 68°. The torsion angle about 02-C1-C2-N was by 94% in +gauche conformation
with P = 28° (Figure 55). In comparison to the low-energy study results of 30-SR (Paper
[ll, Section 3.3), the lowest-energy structure (with 77% of the population) had a maximum
at P = 17°, belonging to the South conformation, and minor conformations B (P = 19°)
and C (P =-35°) belonged to the North conformation.

—| Torsion Distribution Max: 28° |

5-ring Pseudorotation Angle Max: 208°

Phenyl Rotation Distribution ¢

12
Figure 55: The conformational analysis of 30-SR.

The conformational analysis of 31-RR provided similar results to those of 30-SR. Again,
we identified two conformations of the five-membered ring, where the major component
(98%) had P = 168°. The torsion angle about 02-C1-C2-N1 was by 96% in +gauche
conformation with P = 20°. Compared to results in section 3.3 (Paper lll), the Boltzmann
distribution afforded three populations of 47, 36 and 17% for conformers A, B, and C,
respectively. Conformer A possessed the North conformation with P = 22°, while
conformers B and C possessed the South conformation (P =—-8° and —=37°, respectively).

3.5.2 MDOC Analysis of 32-RS and 32-RR

Similarly to 30-SR and 31-RR, the quality factors n/x? of the RDC datasets were low (Figure
56a), and the x-probability based on RDC data provided only a partial result, assigning
the 32-B dataset to 32-RS by 80% probability (Figure 56b). Thus, we calculated 3J/y—y-
couplings using snapshots from the MDOC trajectories, improving the n/x? (Figure 56c).
The x-probability based on RDC and theoretical J-couplings assigned the dataset 32-A
to 32-RR and 32-B to 32-RS by 72 and 85% probability, respectively (Figure 56d). These
results significantly improved over the molecular-docking study which assigned
the datasets only unilaterally (32-A belonging to 32-RS).
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Figure 56: The MDOC simulation results of 32-RS and 32-RR.

The compound 32-RR showed two conformations of the five-membered ring.
The conformation with P = 168° amounted to 95% of the conformational equilibrium,
while the conformations with P = 36° accounted only for 5%. The angle about 02—C1-
C2—-N1 was by 90% in +gauche conformation with P = 22°. The compounds 32 displayed
high dynamics around the P-O1-C6 bridge. The rotation of the P-O1 bond was free,
but the 01-C6 bond displayed two maxima: +100° and —100 ° (Figure 57). In contrast,
the low-energy study found the lowest-energy conformer A with a population of 32%
and with the phase angle P = 18° (North conformation).

32-RS offered major conformation (92%) with P = 50° and a minor component (8%)
with P=178°. The dihedral distributions matched those of 32-RR, and the 02—C1-C2—-N1
torsion angle (by 96% in +gauche) provided a maximum at P = 30°. Interestingly, the low-
energy study offered the lowest-energy conformer A also in the North conformation
with P = 25° and a population of 53%.
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Figure 57: The conformational analysis of 32-RR.

3.5.3 MDOC Analysis of 34-SR and 34-RR

The MDOC analysis of 34-SR and 34-RR was conducted with three experimental datasets,
34-A, 34-B and 34-C. The 34-C dataset has the 3Jy-n-couplings of the CHsz group
interchanged considering the 34-B dataset because NMR cannot distinguish the protons
in the CHs group. The quality factor n/x? of the RDC data provided a high score; thus, we
did not have to add theoretical 3/u-p-couplings like in the previous cases (Figure 58a).
The only outlier was yielded for the P-C1 RDC. This RDC value is crucial for the relative
configuration assignment as it connects the chiral centre on the phosphorus atom
and the C1 chiral centre on the menthol moiety. The x-probability (Figure 58b) arrived
at an 80% probability of assigning the dataset 34-A to 34-SR. Unfortunately, the other
datasets were inconclusive, primarily because of the P-C1 outlier. The P-O1-C1 bridge is
highly flexible, and the rotation around the bond is almost unrestricted. This results
in an averaging of the P-C1 RDC.'®° This issue may be solved by additional constraints
defining the P and C1 chiral centres, such as NOE. This is in accordance with MDOC
analysis of such highly flexible compounds, e.g., p-cellobiose®* (nConfyy = 61)
or mandelalide A'®® (nConfyo = 947), which proved the necessity of additional NMR
parameters, especially NOEs, describing the chiral centres.
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Figure 58: The MDOC simulations results of 34-RR and 34-SR.

3.5.4 Conclusions

MDOC approach significantly improved the results compared to the molecular docking-
based approach. The MDOC simulations unambiguously determined the relative
configuration of compounds 30, 31 and 32. Molecular docking assigned 30-SR but failed
for 31-RR. In contrast, MDOC successfully determined the relative configuration of both
structures. In the case of 32, molecular docking did not reach satisfactory R (always R <
0.8), but MDOC doubtlessly discriminated both diasterecisomers of 32. However,
the analysis failed for the highly flexible compound 34, probably due to the rapid motion
of the P-O1-C1 bridge and the P-C1 RDC outlier. Nonetheless, the x-probability assigned
the 34-SR structure to the 34-A dataset, reaching at least unilateral discrimination.
The MDOC proved to be a helpful tool in assigning the relative configuration
and determining the conformational equilibria. Nevertheless, the molecular flexibility
was and still is a problem that needs further investigation.
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4. Summary

In this work, | investigated the structures and physico-chemical properties of phosphorus-
containing organic molecules using advanced NMR spectroscopy and theoretical
methods. The studied compounds were prepared with two main aims: 1) as model
compounds for structure-activity relationship NMR study of self-immolation, leading
to the design of novel phosphate-based linkers for the development of new drug delivery
systems (papers | and Il), and 2) as model compounds for 3P NMR studies where we
implemented 3P NMR parameters to the structural assighments using advanced NMR
experiments (papers llI-V).

This work investigated the self-immolation of model phosphate-based linkers with two
potentially releasable cargos by UV light in real time. The 3P NMR reaction monitoring
combined with 3C NMR data provided key information on newly formed (even
metastable) reaction species, such as cyclic intermediates, proving that the cargo was
released by intramolecular cyclization. We found that the pK; of the attached cargo
directs its release —the more acidic cargo is released preferentially. Following the Thorpe-
Ingold effect, the bulkier S| spacer (a-hydroxybutyrate) released the cargo faster.
Encouraged by this knowledge, we designed new linkers bearing two cargos
and successfully released both sequentially within a tunable timeframe. Applying these
results, we designed new Sl linkers for the release of overall problematic amine-
containing drugs. We also revealed an alternative decomposition pathway of several
lactate linkers with a P-NH-R structural motif. The intramolecular rearrangement,
where the NH-R moiety moved from the phosphorus atom to the lactate part, would be
easily misinterpreted using the standard UV/vis method.

The 3P NMR studies showed that the 3!P parameters can contribute to
the stereochemical analysis but not as fundamentally as we expected. The 3!P chemical
shifts and 3C—21P J-coupling analysis of low-energy structures successfully determined
the relative configuration of mildly rigid compounds (30-SR and 31-RR). On the contrary,
the 3C—P RDCs using the low-energy structures of 30-SR and 31-RR did not determine
the relative configuration. Moreover, the J-coupling and RDC analysis failed in the study
of flexible molecule 32 with nConfo = 8. Molecular flexibility became the central issue
of this work. Flexible molecules may adopt different conformations due to the interaction
with the alignment medium, which we simulated by molecular docking. Using molecular
docking, we generated an ensemble of structures with energies in the 4-15 kcal mol*
range above the respective GMs. This method improved the results over the low-energy
approach, albeit mostly only unilaterally (determining the relative configuration of rigid
and mildly flexible molecules 33 and 30). Again, it failed for more flexible molecule 32.
Thus, the molecular dynamics with orientational constraints method was employed
and enabled us to determine the relative configuration of mildly flexible (30 and 31)
and flexible (32) molecules with a high degree of probability, in some cases reaching
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almost 100%. However, the compounds with the most degrees of freedom (34
with nConfx = 78) remain challenging for the stereochemical analysis and call
for constant development of new NMR methods.
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5. Author Contributions

Paper |

P. Simon,* M. Tichotova,* M. Garcia Gallardo, E. Prochazkova* and O. Baszczyriski,*
Phosphate-Based Self-Immolative Linkers for Tuneable Double Cargo Release, Chem. Eur.
J., 2021, 27,12763-12775

*these authors contributed equally (synthesis vs NMR)

In this work, | was responsible for all the NMR experiments performed to determine the
structure of newly prepared phosphate-based Sl linkers and the NMR experiments with
in situ irradiation for reaction monitoring of photoactivated self-immolation. | interpreted
the NMR data, and my results directed the further design of new Sl linkers with desired
properties. | significantly contributed to writing the publication. (M.C. contribution 25%)

Paper Il

M. bud,* M. Tichotova,* E. Prochazkovd* and O. Baszczynski,* Phosphate-Based Self-
Immolative Linkers for the Delivery of Amine-Containing Drugs, Molecules, 2021, 26, 5160

*these authors contributed equally (synthesis vs NMR)

Similar to the previous work, my task was recording the NMR spectra and interpreting
the NMR data to investigate the structure of novel S| linkers and monitor their
fragmentation activated by light. The key moment was revealing the alternative
decomposition pathway by careful analysis of NMR data, leading to a change of solvent
system used for amine release. | participated in writing the publication. (M.C.
contribution 30%)

Paper Ili

M. Tichotova, A. ESnerovad, L. Tuckova, L. Bedndrova, I. Cisafova, O. Baszczynski and E.
Prochazkovd,* 3P NMR Parameters May Facilitate the Stereochemical Analysis of
Phosphorus-Containing Compounds, J. Magn. Reson., 2022, 336, 107149

| was responsible for all the NMR experiments needed for the structural determination
of model phosphorus compounds. | employed DFT calculations for geometry optimization
and calculation of NMR parameters, collected the 3P NMR parameters and compared
them with DFT-calculated values. Next, | prepared the RDC samples and implemented
advanced RDC experiments, such as F1-coupled HSQC and ?H image experiment, at IOCB.
| applied the new RDC software P3D/PALES, compared it with other RDC approaches and
searched the conformational space using the Schrodinger/Maestro program package. |
evaluated all the results and participated in writing the publication. (M.C. contribution
35%)
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M. Christou Tichotova, L. Tuckova, H. Kocek, A. RGZicka, M. Straka and E. Prochazkova,*
Exploring the Impact of Alignment Media on RDC Analysis of Phosphorus-Containing
Compounds: A Molecular Docking Approach, Phys. Chem. Chem. Phys., 2024, 26, 2016—
2024

| suggested the idea that the ensemble of low-energy conformers probably does not
describe the real conformers in the presence of the alignment medium. | performed all
the NMR experiments throughout this study. | carried out the RDC study consisting of
extraction of experimental RDCs, sample optimisation and preparation, generation of a
new ensemble of conformers based on molecular docking, calculation of theoretical RDCs
and correlation of the experimental and calculated data. | significantly contributed to
writing the manuscript. (M.C. contribution 35%)

Paper V

U. Sternberg, M. Christou Tichotova, L. Tuckova, A. ESnerovd, J. Hanus, O. Baszczynski,
and E. Prochazkova,* Extending Molecular Dynamics with Dipolar NMR Tensors as
Constraints to Chiral Phosphorus Compounds, Phys. Chem. Chem. Phys., 2024, under
revision

linitiated the collaboration with Dr Sternberg at the ENC conference in California to apply
the MDOC method to our model compounds. | was responsible for all the NMR
experiments and the structural determination of model phosphorus compounds. |
performed the RDC experiments, optimised and prepared the sample and extracted the
experimental data. | significantly contributed to writing the publication. (M.C.
contribution 30%)
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Phosphate-Based Self-lmmolative Linkers for Tuneable

Double Cargo Release

Petr Simon®,™ Markéta Tichotova®™* Maria Garcia Gallardo,” Elitka Prochazkova,*™ and

Ondrej Baszczyniski®™
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Abstract: Fhosphorus-based self-immolative (55 inkers offer a
wide range of applications, swdh as smart materlals and drug-
delvery systemms. Phosphorus 51 linkers are ideal candidates
for double-cargo delvery platforms because they have a
higher valency than carbon. A sarles of substituted phosphate
linkers was designed for releasing two phenolic cargos
through 51 fiollowed by chemnical hydrolysis. Surtable modific-
tions of the lactate spacer Increased the cargo release rate

significanitly, from 1 day to 2 hours or 5 minutes, as shown for
linkers containing p-fluore phenol. In turn, double cango
linkers bearing p-methyl phenol released their cango more
slowly [4 days, 4 hours, and 15 minutes) than ther p-fluono
anakogues. The o-hydroeyisobutyrate linker released both
cargos In 25 minutes. Our study expands the cument portfiollo
of 51 constructs by providing a double cargo delvery option,
which Is crudal to develop universal 51 platforms.

Introduction

Selfammolatiee (51 lnkers are cherniical constructs subjectad to
Imeversible fragmentation triggered by extemnal stimull™ After
extemal activation, 51 inkers disassemible (e.g., by cydlisation or
electronic cascade), thereby releasing a heaving group (cangol.
Triggered cargo release can be used in drug delvery™
[prodrugs,™ antibody-drug conjugates,® and chemosensors™,
smart materials® (stimull-responsiee 51 dendimers™  and
polymers™), or nvivo call labeling™ thus highlighting the
wide range of applications of 51 linkars. In turn, different
structural motifs, including carbamate™ ™ or phosphate,"™ can
be wsed to attach chemically variable cargos to the 51 inker.
Phosphonus-based 51 linkars can offer higher versatility than
thelr carbamate analogues becausa they alow us to attach an
additional substituent (3 second cargol, which significantly
broadens thelr potential applications. For example, a double
carge linker can be used to simultaneously tether a dmug
(warhead, first cargo) and a reporter molecule (chromogenic
molecule, second cargol!™ Systems combining double {multn
cargo release have been studied™ to pursue effective cancer
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chematherapy using complementary dnug combination,™ antl-
biotic drug resistance™ or novel fuorescent reporters/signal
amplification chemosensors ™™ In addition, phosphomnus linkers
enable us to monitor the reaction pathway by TP NMR
spectroscopy In real time"" providing detalled structural and
fanetic Information, and to even detect the ordic Intermediates
In some cases,™ confirming cargo release by self-immeolation,
maore specfically Intramolisoular cpdisation, and not by dhemicl
hydrodysis.

Self-immolation, and consequently the rate of the cargo
release reaction, can be tuned wp by varying substituents on
the phosphomus atom and 15 mainly directed by two effects: 1)
the Thorpe-dngold™ effect and 2) the pk, effect of the leaving
groups. The Thorpe-ingold effect refiers to the spacer - sterically
demanding substituents In the a-posttion accelerate Inmtra-
mislecular cydisation™ Conversely, the pi, effect 1s related to
the cargo - the more acldic the cargo s (lower piy), the faster
the crgo will be released upon external actvation™ Fast
cargo release systemns are usually designed for biologicl
applications. However, slow 51 may ako be advantageous when
construdting slowly reacting (decomposing) polymers™™ or
developing  prodrugs  with  delayed cargo  release jeg.
antibiotics).™ Motwithstanding these advances and the poten-
tial of 51 linkers, no phosphate-based, double cargo releass
system has bean reported yat.

Considering the abowe, we designed a novel ==t of
phosphate linkers bearing a lactate spacer (Figure 1) to attach
two cargos (double cargo option). We also finetuned the
release of both cargos by infroducdng a suttable modification in
the lactate spacer and by adjusting the pk, of the leaving
groups. 51 was triggered by UV Bight {365 nm) and monitored
by TP MMR spectroscopy. The structures of intermediates and
products were detenmined i sty by combining ™C and P

© HI1 Wikey-NTH GmbH



Photocleavable dimethaey nitrobenzyl (DAMMB)™ ester 22 was
prepared from DMME-alcohol 20 and the ladtic acd 21 wa acod-
catalysed esterification In refludng toluene. Phosphorochlor-
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Schama 1. Synthasis of the two madel doublke cego linkors 1 2nd 2
prepared fior @ proof of concapt shady. &) *Corssponding phamal”, TEA,
toluams, 257, 12 h; bl p-bolusnesulfonic acid, boluons, rdhu; 1eh
diphany chiorophosphata 18 for 1) or 10 for 7 N6, G40, 25°C 120
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substituent, provided two P NME signals at &,=—-13.02 and
~12.10 ppm, comesponding to two diastereoisomers resulting
from a stereogenic centre on the phosphomns atom, and carbon

5 I.-l-l:jr‘&. ...,J-i'ﬁ" :jf;m
o R - -
-jt% iEmm |

_Li
-‘%ﬂfgﬂ *r“ e

¥ up lnwl

! 'P[Pﬂm]

Figurs 1. Sorkes of "'F WA spectra of 5 mi 1 doft) and 2 rght) in 50%
CACO TOLIDMED recorded bafore and after U ight imadiation (365 rem) at
roceT Semparature. In both cses, the mons sddic phandd (p-F-pherel In 1
and the weubstibuied phanol In 2] wes released preferentially. The
sgnal-bo-reise rsbics of the first spedia (the prior rrad row) 2

tha lowor solubility of the starting compounds In 50% CACOVIDLIDMS0.
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Figara 1. Chomical structers of phosphato Sased linkers 1-16 and the proposed mecharism of ssh-immalation. 3) Photoactivation, b) Intamalecdar i
cychisztion kading to the 15t cange rekeass; £ 2nd cange reeses through dhemic] hydrolyss).
g
MMR spectra Owr findings indicate that 51 linkers with  idates 18 and 19 were synthestsed from phenyl dichlondate 17 i
controfled double cargo release may be applied to develop  and the corresponding phencl In toluene 3t room temperature H
nowel combination theraples and smart materials. (scheme 11, and 1 and 2 were synthesised using N-methyl £
Imikdazole (MM a5 3 baseicatalyst (Scheme 1oL Other bases,
such as triethylamine (TEA), pymidine, and a-idimethyiaming ]
Results and Discussion priding (DMAF), ware also tested during reaction optimisation, .
albalt without success ™ The reaction progress was monitoned T
Double cargo system: Proof of concept by TP MMR spactroscopy ifor MMR chemical shifis In cDCl, :
Table 59 In the Suppornting Informatian. H
Owr Inttial strategy was to prepare the two model double cango Wi performed Imadiation MMR experiments on 1 and 2, In 2 e
linkers with a lactate spacer as proof of concept. Compounds 1 previously optimised mitsture of c@oodylate bufferDMS0 (1:1, |
and 2 were prepared by phosphordation™ of 22 using the  wivl Indeed, both pllot compounds 1 and 2 cyclised upon LY :
comesponding in sitv-generated diphenyl phosphorochlonidates  light imadiation, releasing the cargos owernight (Figure 23 i‘
18 and 19 [Scheme 1) In dichloromethane at room temperature.  Compound 1, bearing the dectron-withdrawing (EWG p-F Fl
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In the lactate spacer. Upon UV light imadiation, DMME was
cleaved off, and Intermediate 14 (dr= — 1255 and — 12,64 ppm)
was formed In Sminutes (full comversion of 1 to 14 In
15 minutas). The activated linker 14 slowly cpdised and
afforded mono-phenyl products 1-P1 ide= —&17 ppm) and 1-
P2 [~ 598 ppm) overnight. The more addic p-Fphenyl
substituent (pk, %.8577 was released by 51 first {1-21), whila the
phenyl substituent fwith higher pk, ©58™ remalnad mostly
unscathed (1-P2). & trace amount of the fully hydrolysed
product P jde=0006 ppmy was observed after 4 days. Com-
pound 2, with the electron-danating (EDG) p-Me group (d,=
—1292 and -130%ppm), abo aforded the activated inter-
mediate 24 {d,=— 1257 ppm), but its cyclisation proceeded
significantly slower than that of 1-1. After 24 houwrs, 2-1 was still
the major component (Figure 7). The desired producs 24P1
[Bp= —619 ppm) and 2-P2 [d,= —602 ppm) were Identiflied,
but the more acidic phenol (2-P2) was praferentially released.

Both linkers (1 and 2 differing In R, Figue 1) provided the
same mono-phenyl product P11 (1-F1 and 2-P1), albelt on
significantly different timescales {In 15 minutes and 24 hours,
respactivalyl. Phenol release can be controlled by a nature of
the zecond cargo. The ability to attach cargos with different
release rates might, hence, be useful for further applications,
such as generating phosphonylated metabolites In biokogy
experiments and drug delivery, among others.

The structuras of the two intermediztes (1-1 and 24 and of
products P1 and P2 were determined i sitw by combining "
and TP MMR spectra. The key connectivity Information was
dertved from the "C signal splitting cusad by "C-"'F spin-spin
Interaction (i), typically through two or three chemical bonds,

H (=]
Biﬁ_.--._.uu =
T = I

[T a el R'J-\.E.-d-l
Oids 22

DEx
3

;D: i a8
e LB
Ll L

wn’lh 2

with #,=3-8Hz (Tables 53-58). The C-"F spin-spin Inter-
actions (= 4-244 Hr) enablied us to easlly identify the phenyl
that was preferentially released from 1.

p¥, effect on single-cargo release

To better understand the pk, effect on cargo releass, we
prepared @ seres of compounds 3-7 bearing only one
releasable  phenolic cargo  differing In parg  substitution
(scheme 21, The lactate dervative 22 was treated with highly
reactive ethyl dichlondate 23 and with one equivalent of TEA In
toluene at room temperature to give the comesponding
phosphorochloridate 24 (not solated). Toluene was remowved at
low pressure, and gude 24 was subsaquently used In reactions
with the comesponding phenols In CH,CL, In the presence of
TEA, to give 3-7. The reaction progress was monitorad by “'F
NMR spectroscopy (for NMR chemical shifts in COO, Table 5100

Compounds 3-7 released the phenolic cargo successfully at
warkous rates, and the same final product P2 (4,= —1.14 ppm]
was detected In all cases (Figwre 31 In 2 (EWG MO, group), the
5 was so fast that 3- was not detected, and p-NOy-phenal was
redeased In an hour. Moreover, we obsenved spantaneous partial
hydrolysts of 3 overnight, which released p-MO-phenol withouwt
photoacthvation; therefore, no 51 could proceed Chydrolytic
product he, Figure 3, left).

Such a hydrobiic decomposition of 2 may be easily
misinterpreted for 51 when wsing commaon optical methods ™
51 was slower In 4 than In 3, the Intermediate 44 was detected,
and the comesponding phenol was released in 24 h. The relative

¥ 3 (18%} B = HOy
h F

Schama 2. Synthasis of lactate Iinkors 2-7. 2) TEA, tolsens, 25 °C 12 b b) “ooemesponding phonol™, TEA, CHCL, 35°C, 12h
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Figura 3. Sanies of “F MR spadra of compounds 3-7 (5 mi, 50% CACGTDDMSD) recorded upon LY light imadiation (355 nm) at room femparstu.
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concentration of produds 3-P2 and 4-P2 was significantly ala " -.,_'i'_g
higher than that of their unsubstituted phenol counterpart 5. " - T:]
The 51 reaction In 2, 4 and 5 matches the comesponding pk, OEt )
values of p-MO, pF, and p-H phencls {715, 9.65, and 9.98, o ]
respactivelyl. The lower the pk, of phenal s, the faster 51 will
be. Comversely linkars bearing EDG phanols with p-Me (61 and g ¢ . "“-*A i o
p-OMe (7 released the comesponding phenol In 96 and ‘H’W+H3;.;"‘ /[;ch,rx
24 hours, respectively. The higher pk, values of EDG-phenols In Hu:"'l"‘r R [T ol
& and 7 (1014 and 10557 respedively) resulted In slower i Oktn
cargo release In & as such, only traces of 6-P2 were detected m MR =y REaH WENIA =PRI H
TR =AT= WHE%IA TR e

owernight. Yet, in contrast to &, Iinker 7 did not fully match s
pK, vahue and led to a faster cargo release than 5. The 15-
minute trace in Figure 2 shows the ralative concentration of the
final product P2 of 3-7 as follows: 65, 5, 2, 2 and 24%.

We monitored the cycisation of 2-7 by “F NMR spectra
with In sl Irradiation (detadls In the Supporting Information)
and extracted the concentration profiles of intermediates within
G0minutes of UV imadiation. Based on owr previous study,™
the photoactivation & similar among 2-7, which bear the same
lactate spacar. Thus, alterations In Intermediate concentrations
represent  differemces In cyclisation rates. For example, In
30 minutes, we obtain 0% of 3-I, meaning that orclisation s fast
and that photoactivation 15 the rate-imiting step. Conversely,
Iinkers 4-7 provided 32 % 4-1, 48% 5-1 and 55 % &1, and 16% 7-
1In 30 minutes (kinethc curves In Figure 511 The 51 rates In 3-7
did mat fully match the pk, values of the leaving groups,
showing the following trend: 6 (p-Me) < 5 (p-H < 4 [pF< 7 {p-
OMie) <3 (MO Most lkely, the pi, value B not the only
parameter that affects 5L we may, nevertheless, speculate that
a resonance-based change of electron density on phosphorus s
mediated by p-OMe (free electron pawr of ooygen), which
supports 5L

Spacer cptimisation

To accelerate cargo release, we used the Thorpe-Ingold effect™
and medified the lactate spacer responsible for cpdisation in 5
bry introducing either a sterically demanding or an additional o
substituent. Thus, we prepared model a-hydroodsovalerate and
a-hydroxyisobutyrate inkers 8 and 9, respectivelyl. For this
pwpose,  photocleavable (DMNEl-esters 28 and 29 ware
synthesised from DMMB-alcohol 20 and the corresponding
carbowylic ackds, a-hydrosyisovalenc 26 and o-hydroxytsobuty-
rc 27, through an acd-catalysed esterfication In refluxing
toluene using a condenser trap to remave the reaction water
[scheme I). However, the synthetlc approach used for com-
pounds 3-7 falled In the darvatives of a-hydroxyisovalerate 8
and a-hydroxylsobutyrate 9, maost lkely due to the degradation
of the starting materials 26 and 27 [dehydration of branched
add esters 26 and Z7). Therefore, we came up with an
altermative synthetic approach, similar to 1 and 2, generating
the phosphorylating agent 25 in sty to phosphorylate com-
pounds 28 and 29 and thus yielding 8 and 9 (Schieme 3).
Monochlondate 25 was prepared In toluene using TEA.
However, the phosphonylation of the stericlly hindered alco-
hols 28 and 29 was challenging. Several conditions (soheents,

Chem Eur. { 2021, 37, 1IES- 11075 www.chamaurj.ang
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Aol Q'qu
o P s 'e
— LI !

BH%|R'=Fr, P =H
Bl R =R

Sd'wnnl.i-ﬁrﬂ'muufhhnﬂmd 9 with branched subetituents In tha a

a) Fhaonol, TEA, toluena, 25°C, 12 b b) p-tolusnesuForic ackd,
lni.nnn rnﬂ.u,]ah—qfnrﬂ compound 25, DMAF, CHLCOL, 25°C, 12 h; for -
ooempeored 25, MML, CHLL, 357°C, 12 he

bases and temperaturas) were tested, but only imited combina-
tions gave the desired products, as monftored by TP HMR
(Table 511). The secondary aloohol 28 welded the desied
product & only when using the DMAP base, and the tertlary
alcohol 29 gave product 9 when using ML, both of which In

.

Surpaisingly, despite the Increase of steric demands in the a
pasttion, 51 was not significanthy better In 8 than In 5 (Figure 4).
Although traces of 8-P2 (3, —0.60 ppm) were detected after
15 milnutes, a comparable amount of P2 from both analogues
15 and & was detected within 24 h. This finding contrasts with
our previows observation In the phosphoramidate linker
serles™ whesein the Ingease In the a-substitution effect Me
versus [P markedly Inoeased the cango release rate, Con-
varsely, inker @ {de —10.9% ppm) Inoreased the cargo releass
considerably, with traces of 9-P2 (4, —422 ppm) beaing
detected within 5 minutes. After 15 minubes, 9-P2 was the maln
component In the reaction misture. This trend & also dearly
wislble In the comcentration profiles of Intermediates 5-1, 8-1 and
G- (Figure 513, whera 9-1 remains at approximately 20% (In 20~
&0 milnutes), which means that 8- cydises more quiddly than 54
and 8-1. In contrast, the concentration of 5- and 8- Increases
from 40 to 700 (n 20-60 minutes), indicating significanthy
slower cyclisation and, thus, slower cango release.

Double cargo Bnkers with a tuneable release rate

Our strudiure-activity relationship study, Induding spacer and
cargo modifications, provided us with deeper Insights Into 51
and Its limitations, encouraging us to design other doubls-
cargo systams with a wider range of release rates as the basls
fior linkars with timed, double-cargo sequential release.

© 321 Wiley NCH GmbH
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Figura 4. Saries of ™ MMR spocts of linkers 5, 8 and 0 (5 mM, 50% CADDVD,IDNED) reconded upon UV light kradiation (355 nmj at room fempersbare.

The third dass of lnkers, 10-13, containing diphenyl
substituted phospharus, was prepared simillarly to 1 and 2. 40
situ-generated  phosphorochloridates 18 and 19 (Scheme 1)
were directly used to phosphorylate 28 and 29 (Scheme 4), but
stesically hindered slcohols 28 and 29 showed low raactivity to
18 and 19. Thus, the reaction conditions required cptimisation.
For a-hydroxylsovalerate 28, using DMAP In CHoOh was the
mast effective approach. in contrast, for e-hydroxysobutyrate
9, using one equivalent of TEA In CHLCl, with DMAP catalysks
led to the higheast yields [Scheme 4). Tertlary alcohol 29 did not
react under MMI conditions (25 in 9, nor did DMAP {without
TEA] or TEA {without DMAF). This difference In reactivity Is likaly
caused by the low reacthvity of diphenyl monochlonidates 18
and 19 combined with the bulky alcohols 28 and 29, Hence,
synthetic access to asymmetric diphenol-phosphates with a
bulky alcohol spacer should be optimised for partioular
substrates. In this study, we monitored the progress of the
reaction by ™P MMR spectroscopy (for NMR chemical shifts In
CDh, see Table 512 for the synthetic note, see p. 5231 All
double-cargoe linkars 10-12 displayed the desired properties,
cowvering a wide range of cargo releass rates - from minutes to
days - and enabling sequentlal cargo releass [Figure 5

MOy o i, a P .
A Ao yArl Lo @,
Lﬁ‘]’“u 7 N r “ﬂ Ty 15|=".L:|.-

Wiy Ll Mo TR T R o

[s1°T) e ) b
-
B R =P Rl=H . .
3 R'=A?=Me %) R e P R e B
A1 (5 R e Py R e H R

A2 [10%) R'=F¥= Mo, R=F
13 [%) R = R s e R oo

Schama 4. Synthesis of branched double-cargo linkers 10-13. 3} For 10 and
11: “diand-chicrophosphata 18 or 197, DMAF, TH,O,, 25°C, 12 h; For 12 and
12 “diand chlorophosphata 18 and 197, respectively, TEA, DMAF (=],
CH,25°C 12h

Chem Eur. £ 1021, 27, 1IE3-T1775 wawew.chamaur).ang

12767

Modifying the lactate spacer Inoeased 51 significantly, from
24hows in 1 and 2 to Zhours In o-hydrocysovalerate
analogues 10 and 11 or to 15 minutes in their a-hydrosybuty-
rate counterparts 12 and 13, as shown In Fliguras 2 and 5. The 51
of 10-12 matches the trend found In single-cargo linkers 5. &
and @ (Rgure 4] where butyrate spacer showed faster orclisa-
tion {also supported by the concentration profiles of the
Intermesdiates, Figure 510 Moreowver, the relative concentrations
of 12 and 13- are approsamately 15 and 25%, which proves
thi faster 51 and cargo release of p-F linker 12, We also noticed
that the crgo release rates of 10 and 12 (EWG crgos, pF
phenyl group) are similar to those of 1 and 11 and that the
cargo release rate of 13 [EDG cargos, p-Me phenyl molety) s
similar to that of 2 In general, lnkers 1, 10, and 12 with EWG
cargo yielded a significantly fhigher amaunt of P1/P2 than ther
DG cargo countesparts 2, 11, and 13, respectively, as shown in
Fgures 2 and 5 (see the 15-min row). Moreower, the o
hydroeybsovalerate analogues 10 and 11 were measwred In
25% CACOVDMSO because of thelr low solubility in the 50%
sobvant system (the solvent effect Is shown In Figure 52, and Is
In line with owr previous studyl.

Interastingly, In 12, both phenclic cargos were released
within 35 minutes, exclusively yialding the final product 12-P,
whereas compound 12 gave a midture of 13-P2 and 13-P {=12-
Py In 2 hours, showing similar characterstics to 11 but a faster
release rate. importantly, 12 and 13 are stable In 50% CACDY
D50 midure at room temperature for seven days (Figure 53,
whikch 15 enough time for maost blological applications.

Negative controls

we examined three linkers, 14-16, differing In the spaces
{lactate, e-hydroeytsovalerate and o-hydroxybutyrate, respec-
thvalyl and bearing ethyl modeties Instead of phenyl groups
sefving as negative controls. We expeded that the photo-
activation step would result in the formation of Intermediate 1

© HI Wiley WCH GmbH
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Figura 5. Saris of ™F MMR mpoctrs of compounds 10-12 |5 mM, 25% (10, 17] or S0% (12, 13) CACODLIDMED) reoceded upon UV light Imadiatien (355 nm)

a1 room temperabors. The moes addic phenolic
t tha ahyds k i n

11 rak

without any further change [no cargo releasel As a second
negative controd, we Induded three derivatives, 32-34, bearing
no 51 spacer. All negative controls, 14-16 and 22-34, confirmed
the Importance of a sultable cargo (appropoate leaving growp)
and a spacer, which & responsible for 5 (Scheme 5). Without
them, no 31 cascade Is possble, as shown In Flgure 35 and
Section 2 inthe Supporting Information.

Conclusion

We have developed a novel dass of phosphate-based 51 linkers
with a tuneable double-cargo release option. The first cargo s
released through Sk the second cargo 15 released through
chemical hydrolysis. Sultable modifications of the lactate spacer
Inoeased the cargo release rate significantly, from 1 day to
2 hours or to 5 manutes, as shown for the linkers contalning p-F
phenal 1, 10, or 12, respectively. In turn, the double-cargo
linkers 2, 11, and 13, bearing p-Me phenyl, released their cargo
mare slowly {4 days, 4 hours, and 15 minutes, respectively) than
their p-F analogues. Our lnkers provide a) the programmable
release of the first carge In 3 hours (10-P1, 11-P2, b
simuitaneous releass of both cargos within 25 minutes (12-P) or

il o
r ]
T oo CoR?
4
OR
[
Ciie

W13%] R = Me, B = H
1B(1T%) R'=PrL R =H
16 (1%} R’ =Ma, R¥=Ma

32 (21%) R*=EL R = El
M) R*=PhA'=E
34 1%} R*=Fh R'=pFPh

Schama 5. Nogative controk: Inkars 12-16 beaning no relazsablo abhanal
cargo (left), amd linkers 33-34 with no spacer resporaible for 51 inght).
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15 preferantially released; the a-hydronybutyrate bnkers 12 and 13 relassed the o within mirses,
| the cango within hours.

) sequential ralease of the first cargo within 15 minutes (13-4P2)
followad by release of the second cango within 3 hours (13-PL
Linkers 12 and 13, with the fastest cargo release rates, have
shown satisfying stability In a 50% buffer/DMS0 micure for
seven days at room temperature. Owverall, we are now able to
drive the sequential release of two cargos from minutes to days
by controlling 51 Our systems abo provide phosphondated
products P1, P2, and P over a wide range of timescales. These
systears may thus find further applications, such as the develop-
meent of new smart materials and multiple drug delivery or the
generation of phosphorylated spedes. Ultimately, our study
ploneers a novel route for the design of phosphons-based,
selff-immolative systems for double-cargo releass.

Experimental Section

General. All reagents wene purchased from commercal supplhers
and used as received 4.5-Dimethoay-2-nitrcbenzyl aloohel was
jpurchased from Fluorochem Lid. (UK} All reactions were perdfomed
under an inet argon stmesphens. Thin layer chromatography (TLO
was periomed on TLC aluminium sheets (siica-gel &0 F“!; Merci]
Reaction progress 'was monitored wsing TLC andfor P NMR
spectroscapy in CDOL. Flsh-column chromatograghy wes per-
formed on a Compact (EOOM sro) chromatography system using

el or Cyp silicagel 230-400 mesh, E0A (Menck KGad,
Gemmanyl The final products wers recovened by solvent evapo-
mation. All products were visoous oils, semi-solids or noncrystalline
salids. The reaction yields wene not optimised.

synthesls

4 5-Dimethory-2-nitrobennd  Hoctate (22). 4,5 Dimethany-2-nitra-
lberzyl alcohal 200(213 mg, 1.00 mmol, 100 eguiv) and actac acid
{80 mg, 1.00 mmol, 1.00 aquir) were suspended in toluene (30 ml],
subseguently adding p-tolusnesulfonic acdd (S0mg, 026 mmal,
026 squire § at 215 °C The mixture was refluxed for 12 h, svaporated
1o dryness in vocwe with silice-gel, and the title compound was
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isolsted by normatphase flash chromatography {OH2Ck/'methanal
gradient on siica gell and followed by reversed-phase fash
chromatography {weter'acetonitrile gradient an Cyy silica gell. Yisld
27 [90 mg, 12%} of an of-white semisohid. 'H NMA (400 MHz, [Dg
DMS0, 25°Ck d=7.71 {s, TH, 3*), 721 {5, TH, &%), 5355 id, TH, Joya=
58, =0H), 546 (d, TH, Iy =141, da), 5.39 (d, TH, Jg,= 141, 4b),
435 (m, TH, 1L 350 {5, 3H, 3"-0-CH,) 3ET (5, 3H, 4"-0-CHy),
1.28 ppm (d, 3H, o= 68 25 UC NMA (100 MHz, [DJ0MS0, 2570
S= 17407 (3}, 15318 ") 14798 (47, 13060 (7], 12616 (17,
11135 (67, 10838 (37}, 65.59 (1), 6262 {d), 5636 [5"-0-CH,;), 56.12
@"=0-CHy), 2037ppm (3. HRMS [ES4) cakubted for
CraHu0ANa: 308.07407; found: [M+ Na]™ 30807381

4 5-dimetfony-Z-nitrobenzy  (5)-2-hydroay-3-mathyibutanogte (28]
4. 5-Dimethony-2-nitrobenzyl  alcohal 20 (255g, 120 mmol,
1.20 equiv) and ptoluenssulfonic add [173mg, 1.00mmel,
010 equiv) wers suzpended in tolusne (100 ml)l, subsequenthy
adding (3}-2-hydroay-3-methylbutanoic acid (1.18q  10.0 mmol,
1.00 equiw) after 4% min of azeotropic distillztion. The mitwre was
refluxed owemight and washed with saturated MaHO0, (80 mL),
weaber (B0 ml), ard saturated MaCl (B0 mL). The organic phase was
dried with Na;504 and evaporated to dryness in vocuo with silica-
gel The tithe compowund was isolsted by nomalphase fash
chromatography (CH,Ch/methanol gradient on silica-gel} followed
by reverssd-phase flash chromatography (watenmethanol gradient
cn Cyy silica-gel). Yield 28 {168 g, 54%] of a red-brown semizalid
"H NMR (400 MHz, CDOL, 3570 8= 7.75 s, TH, 371, 701 [s, TH, &7,
5.67 {d, Jeru= 143, 3a), 5.59 (d, Jegw=14.3, 3k, 416 [d, TH, J1oupn =
a5, 1), 400 ix IH, 5"0-CH,), 399 (s, 3H, 4"-0-CH;), 214 (m,
CH™, 1.07 {d, 3H, Je-chnpn = 70, OH™), 052 ppm (d, 3H, J
mgpr-oirg = 7.0, THy NMR (100 MHz, CDOh, 2570k &= 17438
(21, 15345 (57, TAEST (4, 14030 (21, 12590 (1", 110.89 (57,
10833 (37, 75.16 (1), 64019 (3], 56.42-5646 (m, 4"-0-CH, and
5-O-CHy), 3226 (CH™), 1B.78 and 16.03 ppm [CH;™L HAMS (ES14)
caboulated for CuHwOANNa: 33610537; foundt (M4 Na]™ 326.10506.

4 5-Dimethony-2-nitrobenzyd Mhydrowy- {29). 45-
Dimethoog-2-nitrobereyl alcohed 202,13 g 10.0 mimal, 1.00 equiv)
and I-hydrowy-2-methylpropancic acd (1.04g, 100 mmol,
1.00 equiv) were suspended in toluene (100 mll, subseguenty
adding p-toluenesulfonic acid (300 mg, 1.04 mmol, 010 eguiv) at
25°C. The mixture was refluxed for 12 h and evaporated to dryness
in voruo with silica-gel, isolsting the title compound by normal-
phase fiash chromatography (OHCl/methanol gradient on silica-
gell followed by reversed-phase flash cwomatography (waben”
acetonitrile gradient an Cy sifica-ged). Yield 29 {1.97 mg, 66%) of a
greyish semisofd. "H NMA (400 MHz, COCL, 350k 8= T35 (s, TH,
37, 698 (s, TH, 67, 5.61 s, 7H, X), 299 and 398 {5, 6H, 5"-0-CH,
and 4"-0-CHyl, 152 ppm [z, 6H, 140kl BC KME (100 MHz,
COCk, 25-Ck &= 176.69 (71, 15349 and 14842 (5™ and 47, 139.96
(27, 12632 (17, 11016 (67, 108.34 (37, 7219 (1), 64.34 (3), 56.42
and 5638 {5"-0-CH; and 4"-0-CHy), 2721 ppm (14H;k). HRMS
(ESl4) calculated for C H,OMNNa: 322.0807); found: [M4 Ma]”
377 0&344.

4 5-Dimethony-Z-nitrobenoyl [Z5-2-{li#-frorophensey){phenomy]
phaspiondoxyipropanoate (1). Pheryl dichlorophosphate 17 (60 pl,
0.40 mmeal, 1.00equiv.) was disoclved in toluene (3 ml), subse
guertly adding TEA {100pl, 0.72 mmal, 1E8Dequiw} and 4-
fluorophenol (45 mg, 40 mmal, 1.00 squiv) at 25°C The mixture
was stirred at 25°C for 12 h and esaporated to dryness in wacwo.
The solid residue was dissohed in OHp, (3 mL) and 4 5-dimethaorg-
2-nitrobenzyl wlactate 22 (110mg, 0.39 mmal, 008 equiv), sub-
sequently adding NMI (35 pl, 044 mmol, 110 equac) at 25°C The
mitcture was stirred at 35°C for 12 h and evaporated to dinyness in
vorno. The tithe compound was isolated by nomal-phase fash
chromatography (n-heane'ethyl acctate gradient on silica-ged)
followed by reverssdphase flash  chrometography  (water’
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acetanitrile gradient on Coy silica-gel). Yield 1 (76 mg, 36%) of a
yellow oil. WOTE: approximately 1:1 mixture of diastereomers. H
NMR (400 MHz, DO, 235-Ck d=T771 5, TH, 3" 7.71 {5 1H, 3L
735 {m, 2H, 3, 729 {m, IH, 2, 7.14-724 [m, 10H, &', 2", 27, 702
im, 2H, 3", 6597 {m, M, 37, T00-7.00 (m, 2H, &7, 5.62 [dd, TH,
S 149, J, =06, da), 5.61 (dd, TH, Jop= 147, I, =05, da)
556 fdd, TH, dpy= 147, Jg =006 4b}, 553 (dd, TH, Jgy= 149,
Jgp= OUG, 4bj, 5.15-5.24 [m, ZH, 1), 3.96 (5. IH, 4 0-0Ha), 155 (s,
IH, 4°-0-CHy), 3.5 s, 3H, 50-0H;), 3.92 s, 3H, 5°-0-CH,L
158-1.64 ppm [m, BH, 2. BC NMA (100 MHz, CDCl, 25°Cc 4=
16947 [d, frp=50, 3, 16538 id, hp=d47, 3), 16013 {dd, J-p=
A8, fp=1.1, 4™, 160,08 (dd, fy-p= 2443, h=a=1.1, 4™, 15389
and 15388 (57, 15025 (d, Jip=T73, 10, 15006 id, Jp=73, 10
14854 and 14850 @7, 146.15-14645 {m, 177, 139.76-139.94 |m,
T, 13004 and 12991 (3, 12633 and 12624 {17, 12567 (d, Jp=
14, 47, 12578 (d, Jyp=15, 470, 12186 {d, &= 4.6, 27, 121.70 [d,
b= 49, 27N, 12024 (d, Lpp=47, 20, 12020 (d. Jpp=54, 20
11659 (d, Jrs=23.6, 37), 11643 id, b= Z3E, 3™, 11043 and
11037 (&7, 108.31 and 10830 (37, F1E5 i, J o= 61, 11, 73564 [d,
Ay =50, 1], 6453 (4], 56.75 (5°-0-0H,), 5655 [4"-0-CH,), 1916 [d,
hp=58, 7|, 1903 ppm (d, =62, 3L TP NMA (161 MHz, (DO,
5701 8=-1233 ppm. HRMS [E5l 4 ) calculated for CyHnOpNFNaP:
S5B/0935E; found: [M 4+ Ma]™ S5E.09332

4 5-Dimethoxy-2-nitrobennd (25)-2-(({d-methylphencwy) ([phenay)
phosphorplionylpropancate (X1 Pheny| dichloraphosphate 17 (60 pl,
040 mmal, 1.00 eguiv]) was dissolved in toluene (3 mll, subse-
quently adding TEA (100 pl, 072 mmol, 1.80 equiv.) and 4-meth-
yiphenol (45 mg, 040 mmol, 1.00 equiv] at 25-C The mixture was
stirred 2t 25°C for 12 h and evaporated to doymess in vocso. The
solid resdues was dissoheed in CHCL (3 ml) and 4 5-dimethoxy-2-
nitroberzyl 1-dactxte 22 (114 mg, 0.40 mmal, 1.02 equiv), adding
NMI {0 pl, 050 mmod, 1.26 squinv) 2t 357C The mixture was stired
at 35°C for 13h and evaporated to domess i wocoo. The tite
compound was isolated by normalphase flash chromatography (a-
hexanefethyl acetate gradient on silica-gel) followed by reversed-
phiase flash chromatography (water'methancl gradient on Oy silics-
gell. Yield 2 (20 mg. 9%) of a yellowish od. NOTE: approcimately
1:1 mixture of dissterenmers. 'H NMRB 300 MHz, CDChH, 25°C) d=
772 (s, TH, ), 771 i, TH, 3, 730-737 (m, 2H, T, 736731 {m,
M, 37, 7.19-724 {m, 4H, 7™ar 77, 7.12-7.19 [m, 2H, 47, 7O8-T.12
im, 27H, I, 706-7.09 im, 6H, 37, 7 or 3™, TO02-7.04 [m, 2H, 6
551-564 (m, dH, 4], 516-525 (m, 2H, Th, 395-3196 (m, GH,
&0-0H,), 353 (s, 3H, 5™0CHy), 391 (s, 3H, 57-0-CH), 233 (s,
3H, 47-CHy), 228 [5, 3H, 4™-CHy), 1.61 [dd, 3H, o= 6.5, he— 05, 21
161 ppm {dd, 3H, 4 ;= &9, J p= 0., 21 "C NMA [100 MHz, (DO,
50 8= 16937 {d, Jyp— 4.9, 3), 16934 (d, J =52, 3), 153.83 {57,
15023-15043 fm, 1], 14836 and 148375 [47), 148.16 (d, h-a=T2.

- B Wl T 0 AT e, bR 1l
and 12645 (17, 12983 (d, Jpp— 15, &1, 12570 id, Jea—16 41
12015 §d, drp 46, 77, VIO [d, brpe—45, 79, 11084 {d, b-a =52
7, 1978 [d, Ap=5.1, 77, 19002 and 10993 (67, 10E.10 and
10B.08 (3}, TA38 {d, 1, o= 5.5, 1), 6428 (43, 56,64 (5"-0-CH,), 56.39
{m0-CH;), 2073 and J0EE (4™-CHL 1901 fd L.=57, 7L
1898 ppm [d, bhe=55, 7L TP NMA (161 MHz, (DCh, 25°Ck 4=

1227 and — 1229 ppm. HRMS [E514) calculated for CoHy 0, NP
5321367 1; found: [M 4 HI* 53211678,

A5-Dimothcoy-I-nitrobenzd  (25)-2-flethonyd-nitroplhen ceryplhosphand]
andoropanoste (3] 4,5-Dimethony-2-nitrobeney] ldate 22 {170 mg.
039 mmaol, 1.00 equin) was dissohwed in toluene (4 ml), subssquenthy
adding ethyl dichlorophosphate 23 (50, 040 mmol, 103 equiv)
and TEA (100 . 072 mmed, 185 eqund at 35°C The miodure was
stimed 2t 35°C for 12 h 2nd svaporatsd to drymess in wocwo, The solid
mesidue was dissohed in OHp0h (4 mll subsequently adding 4-
nitraphencl (56 mg, 040 mmal, 1.03 eguie) and then TEA (100 pl,
072 mmol, 185 equiv.l. The reaction mixture wes stired at 25-C for
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12 h. The: tithe compound was isolated after evapomting volatiles by
normabphase flash chromatography (n-hesanedethyl 2cetate gradient
on siliczgell followed by reversed-phase flash chromatograghy
[veater/acetonitrile gradient on Gy siizged). Yeeld 3 (34 mg. 18%) of
yellowish olls. NOTE: appraximately 1:1 micture of diastersomers. H
NWIA (500 MHz, (D J0MED, 25-0): &= 837 (m, 2H, 37, B20 (m, IH, 3},
70 (s, TH, 37, 767 (s, TH, 3°), TAG m, IH, ¥, 743 [m, 24, T, 721 5,
TH, 67, 715 s, TH, 67, 5.42-5.55 (m, &H, 4), 5.08-5327 (m, 2H, 1), 418~
A7 [m, 4H, ~0-(HAH,) 369 s 3H 5"-0-0Hy, 387 (s 3H,
4"-0-CHyl, 386 (s, 6H, 40-CH, ard 5™-0-0H,), 154 (dd, 3H, &, —
T0, Jpp=1005, 2), 145 {dd, 3H, Jy1= 70, byp— 6, T} 135-128 ppm {m,
BH, ~0-CH-CHa). ™C MM (125 Mz, [DJOMS0, 35°Ck 4 - 16335 2,
Jyg= 45, 3}, 16919 [d, Jyg =49, 3), 15483 (d, A& o= 64, 17, 15320 and
153,15 (5" 14816 and 14811 {47, 14443 and 144.28 (4], 139.74 and
13067 @7, 13591 and 125.74 @), 13535 and 12521 {17, 12107 id,
Jrp=55, 71, 12083 {d, Jy,=55, I, 111567 and 11157 (57, 10827
and TOBIE (37, 7266 o, Jop= 56, 11, 6549 i, Iy, p =60, ~0-CH-
OHy), 6538 [d, Jos, - = 6.3, ~0-CHy-OHg), 63.93 and G1EE ), 3631 and
5335 and 5613 and 5608 (4"-0-CH, and 5°-0-0H,), 1880 id, L, -
56, 71, 1871 §d, =63, 3, 15.70-1583 ppm [m, ~O0-CHACH,L 7P
NI (202 MHz, [DcIOMS0, 25°Cc d=~E15 and ~B.18 ppm. HAMS
[E5l 4] mkulated for CxHnOphNaP: 537.08808:; found: [M 4 Mal™
537.08765.

4 5-Dimethomy-Z-nitrobenzy 25)-2-{iethowyd-lusraphencwy]
phasphond)seyioropanoate (4], 4,5-Dimethany-3-nitrobenzd -lac-
tate 22 {110 mg, 0.39 mmol, 1.00 eguiv.) was dissolved in tolwene
{4 mL), subsequertly adding ethyl dichlorophosphate 33 (50 pl,
0.40 mmial, 1.03 squre) ard TEA {100 pl, 072 mmel, 185 eguiv)
25°C. The micture was stirred at 25°C for 12 h and evaporated to
diryreess in voro. The sofid resdue was dissobeed in CHy Ol (8 miL,
subsequently  2dding  4-flucrophencl (45mg. 0240 mmal,
1.03 equiv) and then TEA (100pl, 072 mmal 1.85 equiv). The
reaction minture was stined at 25°C fior 12 h. The tithe compound
was isolated after evaporating wolstiles by nommal-phase flash
chromatography fo-hexanefethyl acetate gradient on slica-gell
follwed by reversed-phase flash  chrometography  fwaten’
acetonitrile gadient on Cy slica-gel). Yield 4 (30 mg, 15%) of
slightly yellow ails. NOTE: approximately 1:1 mixture of diaster-
eomers. 'H MMR (300 MMz, [DJDMS0, 350t 8=7.71 {5, 1H, 77,
T70 (s, TH, 37, 723-724 {m, 2H, 6 7.15-733 (m, BH, 2, ], 551
[d, TH, Jegu=13.9, da), 549 [d, TH, Jgu=1319, 4a), 5.48 (d, 1H, Jay=
13.9, b}, 5.46 id, TH, gy = 13.9, 4k}, 5.09-5.19 [m, 2H, T}, £.12-421
{m, 4H, ~0-CHATH,), .89 (s, 3H, 5"-0-CH; or 4"-0-CHy), 387 5,
IH, 5"-0-CHy or 4"-0-CHy), 3.B6-1.87 (s, 6H, 4"-0-TH; andfor
5"=0=CHy), 152 id, 3H, &, =65, 71, 145 idd, 3H, &= 6.9, J, y= 06,
), 130-135 ppm (m, 6H, <0-CH-CHL C NMR {125 MHz, 10
DMS0, 2570k A= 16953 [d, =46, 3], 16036 (d, Ke=54, 3},
15902 id, fee= 2415, 47, 15908 (d, b= 115, &7, 15326 and
15324 (57), 148.17 and T4B.15 (47), 146.14-14631 (m, 17, 13974
and 139.71 (27, 13540 and 12538 (17, 121.68-121.84 [m, ¥,
11653 [d, Jre= 3.7, 3], 116.30 {d, Jry— 237, 37, 11162 and 11157
[E7), 10832 and 10829 (37), T23E {d, X =55, 1), 7227 id, J, = 5.5,
1), 6500 {d, Jg, p=62, =0=-0H0H;), 6491 {d, Jyy 5= 6.3, ~0-CH;-
CHyl, 6386 and 6383 (). 5634 and 5379 and 5617 and 56.15
[4”~0-CH, and 5"-0-CHy), 1889 id, & =57, 2, 1874 d, J, ;= 6.2,
1), 15741585 ppm im, ~0-0HAOH;. TP MMRE {202 MHz, [0
DMS0, 25°Ck d=~7.02 and =731 ppm. HAMS [E5l 4] caloulated
far CoHnOhwNFNaP: S10.09358; found: [W 4 Nal™ 310.09300.

(252 ffethouyd-muethyiphenood
047 mmal, 1.00 squiv} wes desolved in toluene (3 ml), subseguentiy
adding TEA (100, 072 mmal, 153 eguiv) and phencl (44 mg,
047 mmal, 1.0 equiv] at 25°C The mixture was stirred at 25°C for
12 h and evaporated to drymess in vacus. Sclid residus was dissohed
in CHO, @ml), adding 45-dimethowy-2-nitobenzyl 1-bctate 22
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1M0mg. 039mmaol, 0Bl eguw) and NMI (35 pl: 043 mmal,
091 equiv) at 25-C The mixture was stined 2t 25°C for 12 b The tige
compound was isclated (direct injection) by normalphass fash
chromatogmphy (rhexane/sthyl soetate gradient on slica-gel) ol
lowed by mevesed-phase flash chromatography (waten‘methanod
gradient an Gy siiczgell. NOTE approwmately 1:1 miture of
dizstereomen. Yield 5 @0mg, 11%) of 2 ydlowish oil 'H HMRE
(&00 MHz, [DJDME0, 3570 4= T72 @5, TH, 37, 771 [, TH, 37, 740
im, 2H, 3, 735 (m, 2H, 37, 733 {5, TH, 67, T17-732 {m, TH, T, 4", 67,
543-554 (m, 44, 4}, S.08-5.18 jm, 2H, 1}, 412-420 jm, 4H, ~O-THy-
CHyL 389 s, 3H, 4"-0-THy or 5"-0-THy), 1BE {5, 3, £°-0-0H,; or
5.0-0Hy), 187 s IH, 4%0-CHy or 5°-0-0H;L 387 (s 3,
470 (H, or 57=0-0Hy, 152 {dd, 3H, &= &8, &y=04, 7), 1.45 [dd,
3, ha=69, he=06 I 133 hd, 3H, Joy-op =71, dme=10
O-CHrOHE, 132 ppm itd, 3H, Koy-g,= 7.2, Joyp =10, -0-0Hr
CHyL "C NMR (135 MHz, [DJ0MS0, 25-0) 8= 16053 {d, 1= 46, 3L
16935 {d, 4 =53, 3| 15335 and 15333 &), 15012 id, Jpp= Gud, T,
14813 ard T4E.11 447, 13970 and 13968 (27), 129.96 and 12854 (3],
12542 (17, 12535 and 12532 (4], 11959 (d, Lp= 51, 7], 11989 d,
L p=A5, T, 11156 and 11151 67, 10830 and 10838 (37, 7117 d,
hp=55, 1), TL14 (d, k=55, 1), GBI id, e =id, =O=OH-CHa),
6476 (d, Joyp=81, =0-CHAH, 6380 and 637G §4), 5631
W-0-0H, or 5°-0-0Hy), 5626 [@™-0-CH, or 5"-0-CH,), S611-56.16
im, 4°-0-CH, onfand 5°-0-0H;), 1887 id, L,=55, 1, 1871 id, fp=
63, 7, 15.70-1584 ppm (m, =O=-CHrOHl NMR (202 MHz, [Dcl
DMS0, 25°Ck &= ~7.14 and ~7A7 ppm. HRME (E3 4 caloulated for
CogHy0tNINaP- 457.10300; found: [M 4 Na] = 402.10063.
45-Dimsathosy-Z-nitrobannyd [25}-2-Viethauyid -matisdnhersoy
phosphoryllonyioroponoate 6. 4, 5-Dimethany-3-nitrobeneyl L-actate
22 (110'mg, 035 mmaol, 1.00 equiv) was dissolved in toluene 3 mLl,
subszquenty adding ethyl dichlorophasphate 23 (50 pl, 040 mmeal,
103 equiv] and TEA (100 pl, 072 mmal, 185 squiv]) at 25°C The
mixture was stired at 35°C for 12 h and evaporated to dryness in
wia. The solid readue wes dssoived in CHOh (3 mLlL adding 4-
methylphenol (45 mg, 042 mmol, 1.08 egum] and then TEA {100 pl,
072 mmal, 185 equiv). The reaction mixture was stired at 257C for
12 h. The titl compound was Eolated after esvaporating volties by
nomat-phase flash chromatogmphy (rheens'ettyl acetate gradient
an slicagd) followsed by revesedphase fash chromatocgra
{water'acetonitrile gradient on Ci silica-gel). Yield 6 21 mg, 115%) of
shghtly yeliow oil. NOTE: appromimately 1:1 mibture of diastersomers.
TH WA (500 MiHz, (O IOME0, 35°CE 8= F02 s, TH 39, 771 5, TH, T,
T04-733 §m, WOH, T, T, 67, 5532 id, TH, Jgu— 118, da), 547 id, H,
Jou= 118, 4k, 5.50 id, TH, Jaw— 140, 42, 585 (d, TH, Jgoe— 1410, 4k},
506-516 (m, IH, 10, 411-4.19 jm, 4H, =0-CH-OH;), 389 (s, 3H,
5-0-CHy), 387 (s, 3H, 4™-0-0H;), 187 (s, 3H, £™-0-0Hy), 386 is. 3H,
50-0Hy), 2137 s 3H, 8-0HG), 224 (s, 3H, 8-CHy, 151 id, 3H, fy=—
68, 7, 1.45 (dd, 3H, b= 6B, he=05, 2|, 122 ftd, IH, doy-o, =70, J
= 10, =0-CHATHL 131 ppn [, 3H, do e =71, g p=110.
O-CHAHGL 'C MR (125 MHz, [DJDMS0, 25°Cc &= 16956 (d,
hp=4E, 3}, 16936 d, ha— 53, 3, 153325 5", 14813 and 14210 @7,
1480014786 (m, 170, 13960 and 13965 (7). 13457 id, Jp= 15, 41,
13437 47, 13032 and 13009 (3], 12545 and 12543 {17, 11973 d,
Jrp=df, ¥, 119564 id, Jrp=ad8, ), 11155 and 11147 671 10829
aned 10826 {37, TL12 (d, Jyp=55, 1), 7110 id, & =55, 11 6475 [d, J
cip =52 ~0-CHOH), G468 id, Jyy p=63, ~0-CHCH,), 6379 and
6375 (4), 5631 and 53.26 [470-CHy or 5"=0=CHi, 56.12-56.16 (m,
470 Hy orfand 57-0-CHy), 2036 and 2021 @™-CHy), 18588 id, hp=
55, 3, 1874 id, Lp—63, I, 15B1 [d k=63, -O0-CH-CH,
1576 ppm id, Jyy p—63, -0-CH-CHYL TP NMR 202 MHz, [D;]
DMS0, 2570k §=~ 697 and ~ 726 ppm. HRMS (E9 4 caloulated for
CoHcOtoMiNaP: 506.11865; found: (M + Na] = 506.11847,

4 5-Dimathony-2-nitrobenad (251-2fethoxy(d-metfanyphencey)
phosphondlonyloropanodte (7). 4,5-Dimethany-J-nitrobereyd 1-lactate
2 (500 mg 175 mmal, 1.00 equiv] was dissolved in tolwsne (10 mLl,
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addi dichlor l;srmd. 68, C4™), 3169 id, o= 7.1, CH™, 1847 and 1837 and 1676

acetonitribe gradient on Cyy siic-gel). Yield 7 56 mg, 16%) of 2 yellow
oil. MOTE approwimately 1507 miture of dizstercomers. W NMA
(400 MHz, CD0, 35°Ck 4= 774 and 773 {5, 2H, 37, T10-7.15 {m, 4H,
I, TD8 (s, TH, 6, 7.05 (s, TH, 67, 684 {m, IH, 37, 677 (m, 2H, 3], 5.65
[d, TH, Jg=15.1, 4a), 5.60 {d, TH, Jdam =151, #, 363 [d, TH, Jun—
149, da), 5355 {d, TH, Jaw= 149, 4k}, 5.03-5.16 [m, IH, 1), 4.19-4.31
[m, d4H, =0-0HACH)L 400 and 397 and 357 and 395 (s, 12H
5%0-CH; and &7-0-(H;, 379 (s, 3H, 4-0-0HL 175 [5 3H
4'-0-0Hy), 167 ddd, 3H, Jy1 =68, frp— 06 2y 156 jdd, IH, by=T70,
La=08 2, 135 (b, I, Mg =63 Jy =12, ~0-CHAH)
L33 ppm i, 3H, dyy oy, =63, Jog o= 12 ~0-CHAH)L “C KMA
(100 MHz, (DOh, 35°CE &= 16500 {d, Ha=43, 3}, 16953 id, he=54,
3, 15677 and 15675 (@7, 15379 and 15376 & or 47, 14829 and
148327 4" or 57, 14357 id, Jpp=T6, 1), 143,52 (d, Ap=T23, 17, 13961
and 13351 @), 12644 (17, 120.96 {d, Sp— 46, 0, T20.EE (d, Ly p—485,
L V1458 and 11447 (3, 17001 and 110.03 (57, 10814 and 10807
37 7250 i, Jip=5.3, 1), T248 (d, Jyp=51, 1), 6518 id, Jy, p=63,
O-CHACHL, 64.84 {d, My, =61, ~0-0H;CH), 64.18 and 5414 (4,
56067 and 56,60 and 5618 and 5635 {5"-0-0H; and 47-0-CHy), 55.56
and 5550 (4-0-CHy, 1916 {d, he=54, 3), 1899 {d, he=E2, I}
16.00 id, Joy, =68, ~0-THy-H;L, 1585 ppm id, Jyy, = 6.6, ~0-THy
CH3 P HMA (161 MHz, (DCh 2570 J-M-.-EMS, EET ppm.
HRME (ESl 4] calboulated for CnHpOyNP: S00013162; fourd: [M4 HI
500.13106.

4 5-dimethony-Z-nitrobenazy! (25}2-{lethoeyphencoyphosphondony)-
J-methylbutanoate (Bl Ethyl dichlorophosphate 23 (50 pl,
040 mmal, 100 equiv) was desolved in toluens (3 ml), subsoe
guently adding TEA (100 pl, 0.72 mmeal, 150 equiv) and phenal
(40 mg, 043 mmel, 108 equiv) at 25°C The mixture was stirned 2
25=C for 12 h and evaporated to dryness in woouo. The sofid residue
was dissolved in CHO; (2 ml) adding 4, 5-dimethay-2-nitrobenzyl
[Br2-hydroay-I-methylbutancate 28 (120 mg, 038 mmal,
0,85 equiv) and DMAP (100 mg, 0.EZ mmol, 2.05 equiv) at 35T
The mixture was stired 2t 25°C for 12 h. The tithe compound was
isolated {direct injection) by noomal-phase flash chromatography
[rhecanefethyl acetate gradient on slica-gel] followed by re-
versed-phase flash chromatography (water'methanol gradient on
Cy silicegell Yield 8 20mg, 11%) of a pelowish ol NOTE:
approwimately 1:1 mixture of diastersomers. 'H NMA (200 MHz,
CDCL, 25°C)c &= 7.74 {5, TH, 3, 7.72 (s, TH, 3, 7.25-7.31 (m, dH,
37, 7A7-725 (m, 4K, T, 7.13-7107 [m, 2H, 47, 712 s, TH, 67, 7.07
[s. TH, &7}, 5.56 [d, Jgw— 148, 1a), 5.60 (d, Jgu—14.8, 3h), 5.60 |d,
Jo= 150, 3a), 5.54 (d, Jzy= 150, 3b), 4E1-4E8 (m, I, 1), 421-
4.33 [m, 4H, =0=CHyCHy), 402 (s, 3H, 5"0CH,), 395 (s, 3H, 5™
OCH;, 358 (s, 3H, 4"-00H), 197 (s, 3H, 4"0CHy), 2.34 (m, TH,
CH™, 227 [m, TH, CH™, 135 [td. 3H. Jo oy =71, Jgye=11,

O-CH;-CH,), 134 [ed, 3H, Ay, 1, Jyy-a= 1.1, =O=CHy;-CHyl,
1.09 id, 3K, Kyyspronem = 6.9, CH 1-'33 id, }L-fm.mn-m':m-ﬁ-'?.
CH™), 097 ppm. (d, 6H, Josgm-aum =68, CHP). "C NMA
(100 MHz, COC), 257k &= 16933 [d, Jyp= 1.6, 2), 16886 {d, Jp=
L1, 2}, 153E3 and 153.78 (3%, 14831 and 14823 {47, 130,60 (17,
13967 and 135.60 (2], 129.68 and 12056 (37, 126.57 and 12653
(17, 13507 [d, Jyp=1.6, 47, 12501 (d, Jyp=15, 47, 12002 (d, Jr.p=
4.6, 27, 119.97 {d, Jrp=4.7, 20, 11037 and 110.27 (67, 108.12 and
10804 (3, BOTE {d, hp— 65, 1), 6524 {d, Joy,¢ =63, ~0-CHrCHy,
6499 [d, oy, p=6.3, ~0-0H-OHL 64.01 and 63.93 (3}, 5674 and
56,66 (5"-0-CHyl, 56.3% and 56.38 |- 0-CHy), 31.78 id, Jnepnp=
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and 1651 (04,7, 16.03 [d, Iy, 5 — 7.4, ~0-0H-CH], 15.94 ppm [d,
Joyp =63, ~0-CH-CH;. "8 HMA {161 MHz, CDCl, 25°Ck &=

B.67 ppm. HAMS (ES14) calculated for CohpOhoMMaP: 520.13430;
found: (M4 Ma]” 520013434,

4 5-Dimethoxy-Z2-nitrobennd  2-{lethawp{phenowylphasphondory)-3-
metiryipropenoate (9. Ethyl dichlorophosphate 23 [G0pl,
047 mmol, 100 equiv) was dissolved in toluene {3 ml), subse-
quently adding TEA {100 pl, 072 mmal, 1.80 =quiv} and phencl
{85 mg, 048 mmal, 1.02 equiv) at 35°C. The mixture was stirmed at
I5°C for 12 h and evapoted to dryress in vecwre. The solid resdue
was dissolved i CHO); @ mL), adding 4,5-dimethouy-2-nitrabenzyl
{2-methyljpropanoate 29 (140 mg, 047 mmol, 1.00 eguis) and NMI
{50 L, 061 mmod, 1.30 equiv.) at 25°C The mxture was stimed at
2= for 12h and evaported fo dryness in wocuo. The tite
compound was isolated by nommal-phase flash chromatography (n-
hexanefethyl acetate gradient on silice-ged) followed by reversed-
phase flash chromatography (water/methancl gradient on Oy silica-
gel]. Yield 9 ({14 mg. 6%) of a yellowish cil. "H MMR {400 MHz, CDO,
570 d=7.72 (s, TH, 3, 7.30 {m, 2H, 37, 720 {m, IH, ), 7.15 {m,
TH, 47, 7.14 (5, TH, £7), 5.63 (dd, Jgu= 145, hor =G, Ja), 557 (dd,
Jg= 148, Iy =06, 3], 433 (m, IH, -0-CHCH,), 397 (s, 3H,
5w0-0H,), 197 (s, 3H, 4"-0-CH,), 1.76 (s, 3H, 1-0H,), and 1.75 (s,
3H, 1-40Ha), 1.32 ppm (8, Joa, e = 7.1, bmym= 1.2, <0-CHeCH
NMR (100 MHz, CDC, 25°Ck §= 17154 [d, J;p= 3.0, 2}, 153.75 (57,
15061 (d, &.p=569, 17, 14820 (47, 13962 (27, 17954 @), 12669
(170 12499 {47, 120,10 id, Jre=4.7, T 11040 (67, 10804 (37,
205 [d, hp=562, 1), 6471 (d, Jy 5= 62, ~0-0HOHL 64350 [3),
5669 and 5636 (57-0-CH; and 470-CH,], 3656 (d, Jg, ¢=55,
1=CHyl, 2608 (b, Joy-e=40, 1=CHyl, 1592 ppm id, Jog-p= 7.0,

O-CHz-CHy). 'F MMR (161 MHz, CDC,, 25°Ck &= - 1038 ppm.
HRMS (E5] 4 ) caboulated for CH O NP: 484.13671; found: [M 4 H]~
45413656,

4 5-Dimethoxy-2-nitrobennd (25)-2{id-Ruoraphencxy] (phencxy)

anyl-3-methylbutancate (100 Phenyl dichlarophosphate
17 (60 pl, 040 mmol, 1.00 squie} was dissolved in toluene 3 mll,
subsequently adding TEA (100 pl, 0.72 mmal, 180 equiv} and 4-
fluonaphenol (45 mg. 040 mmcl, 100 equiv) at 25°C. The mixture
was stired at 25°C for 12h and evaporated to dyness in vama
The sofid residue was dissolved in OHpCL (2 mLl adding 4.5
dimethouy-2-ntrobenzyl  (5-2-hydroxy-3-methylbutanoat= 28
(120 mg. 03B mmed, 0.95 eguiv) and DMAP (100 mg, 082 mmaol,
205 equie) at 25°C. The mixtwre was stirmed at 357°C for 12 b The
tithe compound was solated (direct injaction) by normal-phase flash
chromatography  (hexanss'stind acetate gradiernt on siica-gel)
followed by reversed-phase flash chromatography (water'methanol
gradient on Ty silicz-ged. Yield 10 (149 mg, 70%) of a yellowish ail
MNOTE: approximately 1:1 miture of dizsterecmers. ' NMR
1400 MHz, CDO,, 350 &= 768 (s, TH, 3", 768 (s, TH, 37, 7.32 {m,
IH, 3, 726 [m, 2H, 37, 7.10-722 {m, 10H, ', &, 27, 6.30-7.03 {m,
&H, &7, 37), 5.51-5.61 [m, 44, 3), 452 (dd, § = 42 a=T76, 11
491 fdd, Jogpy==43, Jip=T4, 1), 3.52-384 {m, 9, 4"0-CH,L
381 {5, 3H, 50-CHl, 230 {m, 2H, CH™), 0.%4-1.00 ppm im, 12H,
CH™L C NME (100 MHz, CDOL, 250 8= 16856 (d, Lp= 19, 7,
16846 (d, Lo=19 2, 15970 (dd Jpp=72450, J-p=13, 4™
15966 (dd, =443, Irp=15, 47, 13358 (57, 15032 (d, }rp=
&7, 10, 15015 dd, Jre—66, 17, 14B.12 and 14818 @7, T46.04-
14623 (m, 17, 13963 and 13958 (27, 129.71 and 12954 (37,
126.09 and 126.00 (17, 17547 and 125.39 {47, 121.56 {dd, J- = B5,
Jrp= 4B, I7), 121.35 {dd, fry=B4, frp= 5.4, T, 11997 (d, Jrp—
A7, 70, 11982 [d, o =46, 2, 11635 (d, Jr =237, 3™, 116.03 [d,
Jrp= 3B, 3™, 11035 and 11030 (67, 107.54 (37, 8159 (d, 4 p=
66, 1), 6401 (3), 5649 (F-0-CHy, 5622 (4"-0-CHy, 3159 [d,
)q“r]-?.l, CH™), 1833 and 1E30 and 1648 and 16.44 ppm
(OH71 P NME (161 MMz, CDC, 35Tk d=-T1186 and
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11.58 ppm HAMS (ESl+4 ) caloulated for CxHasDiohFP: 564.14254;
fourdt [M 4 HI* 564.14368

4 5-Dimethomy- (F5)-2-methyl-3-lphenoyip-tolylond
phasphonyloeyibutanoate (111 Pheryl dichlorophosphate 17 (66 pl,
044 mmal, 1.00 equiv) was dosolved in toluens (3 ml), subse
guently adding TEA {66 pl, 047 mmol, 1.07 squiv) and 4-meth-
ylphenal {45 mg, 0.42 mmal, 095 equiv.) 2t 25°C. The mioture was
stimed at 35<C for 12h and evaporated to dryness in vooio, The
solid residue was dissobeed in CHClL (2 mL), adding 4 5-dimethoey-
Initrobenzyl  [§}-Z-hydroxy-3-methylbutancate 28 (100 mg,
0.32 mmal, 0.73 equiv.) and DMAP {60 mg, 049 mmel, 1.17 equiv]
at 25°C. The micture was stirred at 35°C for 12h The tile
compound was isolasted (direct injection) by normalphase flash
chromatography (hexanesethyl acetste gradient on slica-g=ll
followed by reversed-phace flach chromatography (watermethanol
gradient on Ty, siica-gel]. Yield 11 (103 mg, 58%) of yellowish od.
MOTE: approximately 1:1 midure of diastereomers. ' NWA
(400 MHz, COCL, 25°Ck 8= 7.70 is, TH, 37, 770 [s, T4, 37, 725-
7.35 {m, 4H, 37, T.1E-724 (m, 4H, ), 7.11-7.16(m, 2H, £7, T.02-7.11
[m, 10H, ¥, 37, 67}, 5.55-5.57 (m, 4H, 3], 4.93-4.95 [m, IH, 1), 395
(s, 6H, 4" 0-0Hyl, 392 (s, 3H, 57-0-CHy), 3.92 (s, 3H, 5"-0-CHyl,
135-236 (m, BH, CH™, 4"-CH,) 057-1.01 ppm {m, 12H, OH,™1. C
NMR (100 MHz, ODOY,, 35°Cr &= 16864 {d, L= 1.9, 2], 153.72 (57,
15040 (d, Jyp= T8, 1. 15036 (d, Jyp=T0, 17, 14E09-148373 (m,
1%, 47) 13949 and 13945 27, 135.06 (4™, 13500 id, J-p= 13,
4™, 13002 and 12997 (3™, 12970 and 13953 (3], 12646 and
126,43 {17, 12537 and 12530 (47, 12008 [d, fra=4.7, 7). 11992
(d, Lpp=A8, ¥, 11978 id, bmg=4.7. 37, 11959 [d, Jp-p=4.7, 7,
TI00F and 110,13 (67, 107.93 and 1079237, E1.53 (d, J, ;= 63, 1),
63.97 (3}, 5659 [E"-0-CHy, 5628 {4"-0-CHyl, 31.70 [d, Josene—
7.1, CH®L, 3169 {d, Joyenp= 7.1, CH™), 2062 and 2058 (4™-CHy,
1828 and 1826 and 1661 and 1659 ppm (CH™. TP NMR
(161 MHz, (DO, 25°CE &=~ 11.91 and ~ 11.96 ppm. HAMS (E51 4]
caboubated for CygDeMNP: S60.16801; found: (M4 H]™ 560.16748.

4 5-Dimethoy-Z-nitrobenzyd 2-{fid-Auorophensowey){phenomnd
phaspiond)sey)-F-mafyipropancate [12). Phenyl dichlorophosphate
17 {60 L, 040 mmcd, 1.00 equiv) was desclved in tolwsne (3 ml],
subsequently adding TEA (100 pl, 0.72 mmel, 180 equiv) and 4-
fluorophenod (45 mg, 40 mmal, 1.00 =quiv) at 25°C The mixture
was stirned at 25°C for 12 h and evaporated to dryness in vocwo.
The solid residus was dissohed in 000 (3 ml), adding 45-
dimethawy-2-nitroberzyl  (2-methylipropancate 29 (120 mg,
0,40 mmal, 1.00 equiv), TEA (100 pl, 0.72 mmal, 180 =qure} ard a
talytic amount of DMAP 2t 25C The midure was stimed at 25-C
far 1h and evaparated to dryness dn vocws. The title compound
was isolated by normalphase flash chromatography in-hexane’
ethyl acetate gradient on slica-gel) followed by reverssd-phizse
flash chromatography [waterfmethanol gradient on C,y siicaged).
Yield 12 (21 mg, 10%) of 2 yellowizh cil. 'H MMR {400 MHz, CDCL,
15°Ck 8=T770 (s, TH, 37}, 731 [m, 2H, 37, 7.14-721 [m, 5H, 2', &,
2™, 7.07 (s, H, 67, 6.98 (m, IH, 37}, 5.58 {dd, Sy =149, J, = 06,
3a), 5.54 (dd, Jppy= 14.9, Jy = 0.6, 3b], 3.96 (5, IH, £™~0-H,], 194
{5, 3H, 5"-0-CHal, 1.76 (s, 3H, 1-CHaL, 1.75 ppm (5, 3H, 1-CHgL
KR (100 MHz, CDCl, 25°C): §= 17123 [d, J,5 =38, 7), 15977 [dd,
Je =240, Jp-p= 15, 47, 15362 (57) 15036 {d, J,=T74, 1],
T48.25 47), 14630 (dd, frp= 7.7, b-p= 11, 17, 13971 7], 129,54
(3% 12626 (17, 125.38 {d, Jep= 1.4, &0, 121,61 fdd, by =83, Frp—
A7, 27 120009 (d, Jpp=47, 7, 11E18 id, Jp-p =335, 3™, 11054
[E67), 10802 (37, B3.28 (d, J, y= 66, 1), B.67 (3), 5659 (5"-0-CH,),
5637 [@"=0-CHy), 2639 (d, Jps-p=50, 1-(Hy), 2628 ppm id, J
e 48, 1-CH;) ™0 NMA (161 MHz, CDCL, 25°C): 3= - 15.52 and

15.93 ppm HAMS (ESI4) caloulated for CgHy 0, NFP- 550.12725
found: [M+ H™ 55012715

4 5-Dimethowy-2-nitrobensyd 2-({{phenooy) (p-tofvonyphasphond oy
Z-methpipropenoate (13]. Phenyl dichlorophosphate 17 (66 pl,

Chem Eur. L 020, 27, 1IT53- 13775 wwew.chamaur).ong
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044 mmod, 1.00 eguiv]) was dissolved in toluene {3 mll, subse-
quently adding TEA (86 pl, 047 mmol, 107 equiv] and 4-meth-
yiphenol (45 mqg, 042 mmal, 0.95 equiv) at 75=C The micture was
stirmed at 35°C for 12 h and evaporated to dryness in voma. The
solid residue was dissobved in COHpO; (2 mL), adding 4,5-dimethooy-
Zritrchenny  (2-methylipropancate 29 (100 mg, 032 mmaol,
075 squiv.) and DMAP {60 mg. 049 mmal, 1.11 =guie) at 25 "C. The
mixture was stimed at 25°C for 12 h and evaporated to drymess in
wxus, The fitle compound was isclated by rommal-phase flash
chromatography [rhexanefsthy]l acetate gradient on silicagel)
followsd by reversed-phase flash chromatography (water'methancd
Fr.dient on Cay silica-gel). Yield 13 (97 mg, 54%) of a yellowish oil
H MMA {400 MHz, (DD, 250k d= 170 (5, TH, 37, 730 [m, 2H, 37,
730 {m, B, 70, 706 {m, 4%, 711 s, TH, 67, 7.07-7.08 {m, 44, 7™,
3™, 556 (s, 2H, 3}, 196 (s, IH, 4"°-0-CHy), 192 s, IH, 5°-0-CH;),
230 id, 3H, Lo o= 0E, 47-CHyl, 1.76 ppmi (s, BH, 1-{0H1,L C MMR
(100 MHz, CDCL, 25°Ck &= 17134 {d, Lp=42, 7, 15371 {57,
15048 id, Jyrp= 77, 17, 14E25 [d, Ji-a=7.7, 1™, 148.12 {4"], 13551

B I 3RE LT  hd

167, 107.53 (37), BI.06 {d, J, =66, 1), 6457 (3), 5662 (5"=0-0H,)
5630 [(4°-0-CHl, 2632 (d, Joy-e=52, T-4{0HE) 2063 ppm @7
CH. "'F NMR (161 MHz, CDCl, 3570k &= - 15.50 ppm. HRMS (ESI
+] caloubsted for CHeO NP 54615238 foundt [M4 HI”
546.15200.

4 5-Dimethoxy-2-nitrobenzyd (aF2-{dvethaxyphasphond) oy
propancate (14}, 4 5-Dimethoxy-2-nitrobereyl actate 22 (114 mg,
040 mmol, 1.00 equre} was dissobeed in dry CHLCE {3 mil), sub-
sequently adding diethyl chlorophosphate 30 (60 pl, 041 mmol,
1.04 equiv.) and TEA (100 pL, 0.72 mmeal, 1.80 equiv) at 25°C. The
mixture was stired at 25°C for 36 h and directly injected to nomal-
phase fRash chromatography system (hexanesfethyl acetate gra-
dient on silic-gel], followed by reversed-phase flash chromatog-
raphy [water'methanal P&m on Cy silicz-gel). Yield 14 (18 mg.
11%) of a yellowish oil "H MMA {400 MHz, ODOL, 3550 8= 7.75 s,
TH, 37, 707 5, TH, 671, 5.66 id, Jgy =148, Ja), 5.63 (d, Jgy— 148,
3b), 503 (m, 1) 410-43F fm, d4H, O-CH-CH) 403 (s IH,
5-0-0Hy), .98 (5, 3H, 4-0-0Hy), 164 (dd, 3H, b= 69, ha=D06,
1-Mel, 136 fid, 3H, b= T.10, Joy-2= 1.0, O-CH-CHG), 133 ppm (td,
IH, oy =70, Jpp=10, OCHACHGL BC KMRE (100 MMz, (DO,
I5°CE &= 17013 {d, hp= 48, 2], 15381 (57, 14832 {47, 1396 (27,
12653 (17% 11006 (67), 108.19 (3, 7172 (d, Jre—54, 1), 64.32 id, J
ap=59, O-CH-CHy), G408 id, Jp, p= 62, 0-CH-CHy), 64.12 [3),
5670 [5"-0-CHy, 5641 @W™0-CHy), 1920 [d, Lp=355 1-Mel
1604 (d, J;:uh-l-ﬁ.g. O=0Hp=CHyl, 1600 ppm §d, Jos,p =70,
O-CH-CHL TP NMR (161 MHz, CDCl, 25-Ck &= - 187 ppmo
HAMS [E51 4 ) cabculsted for CyH 0y MP: 42212 106&; faund: [M 4 H]~
47212143

4 5-Dimethoxy-2-nitrobenzyd  [5)-2-({diethouyphosphonyloonyd-3-meth-
wbutanoate (151 4.5-Dimethomy-2-nitrobenzyl  (5-3-hydroxy-3-
methylbutancate 28 {130 mg. 0.28 mmol, 1.00 eguiv.) was added to
a premied solution of dry CH,O, (3 mL], diethyl chiorophosphate
30 {60 pl, 041 mmol, 1.08 equaw) and NMI (S0pl, 063 mmol,
1.66 equiv.) at 25"C. The mixtuwre was stimed 2t 25°C for 12 h. The
tithe compourd was molated (direct injaction) by nommal-phass flash
chromatography (hemanesistind acetate gradient on siica-ged)
followed by reversed-phase flash chromatography (water'methancd
-Fmd'n:nt on Ty silica-gel). Yield 15 (29 mg, 17%) of a yellowish oil
H MMIR (400 MHz, COCl, 25°Ck &= 7.74 [5, TH, 37, 713 s, TH, 6L
566 (dd, Jgy=149, Jy, o= 06, 3a), 561 {d, Joy=149, Jyp =086
3h), 4.74 dd, hogen =44, he=T75, 1), 409430 (m, 4H, O-CHr-
CHyJ, 403 (s, IH, 5°-0-H,), 357 [5, 3H, £7-0-0H,), 238 [m, CH*),
134 fed, 3H, B e =T, Jog =11, C-OHATHGL 131 [od, 3H, J
oy =71 Joye=1.1, O-CHrCHal, 108 [d, Aoegmo-cweny =69,
CH:™1, 101 ppm (4, Jeugimn-aum =68, CHi™1L C NMAL (100 M,
D0, 50k 4= 16945 {d, b= 15, 7}, 15381 (5, 14836 {47,
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13963 (77, 12663 (17, 11032 (57, 108.08 {37, 7969 [d Jyp=F632,
1, 6437 id, Jgp=61 O-CHeCH) G402 [d, Jp o=63,
O-CH,-CH;), 6384 (3], 5672 (5"-0-CH;), 5637 (40-0H,), 31.60
i, dgme= 7.0, OH™, 1852 and 1671 {OH,™), 1605 u,JmP.-u.
O-CHy-CHgl, 1557 ppm {d, Josp= 7.0, O-CH-CH "P MR
{161 MHz, CDCl, 2570k §= 136 ppm. HRMS (E51+4) calculated for
CygHgD NBaP: 472.13430; found: (M- Ma]~ 472.12438.

4 5-Dimethony-2-nitrobensyl 2-f{dVethaxyphasphond)oy)-2-met-
wpropanoate {16 4 5-Dimethoay-1-ntrobennd F-methyll
propancate 20 [130mg, 040 mmed, 1,00 eguiv) was dissohed in
diry CH;0h (3 miL), subsequently adding diettnd chiompbasphate 30
[B0pl, 041 mmol, 1Meguiv) and NMI S0pl, 053 mmol,
157 equiw) at 25°C The mixture was stimed at 25°C for 35 h and
directhy inject=d into a normal-phase Rash chromatography system
(hexanes'=thyl acetate gradient on silice-gel), folowed by revesed-
phase flash chromatography fwatenmethanol gradient on C,y silicar
gell. Yiedd 16 (23 mg, 13%) of a ish oil. "H MMA (400 MHz,
CDCL, 25°Cr & =T7.74 (s, 1H, 37}, 7.19 (s, TH, 67, 5.62 s, 2H, 3}, 4.12
[m, 4H, O-CHATH,), 4.03 (5 3H, 5°-0-0H,), 397 (s, 3H, 4"-0-CH,),
175 [s, &H, 1-{CHzkl, 132 ppm itd, 6H, Joy, o= 7.1, Joye=1.0, O-
CHrCHal. ™C NMR (100 MHz, COCly 35°Ck = 17196 id, Jyp=185,
2, 15378 (57, 4833 (47, 13967 27, 12681 (17, 11048 (57,
10609 (3], BO.52 (d, Jyp— 62, 1), 6447 (3), 63.76 [d, Jos-p— 61, O
CHyCHyl, 5676 [5"-0-CHy), 5638 {8%-0-CHyl, 2630 [d, Jo,»=5.1,
THCHIL 16.00 ppm {d, Joy o = 7.1, O-CH-CHyJ TP NMA (161 Mz,
CDCl, 3570k d=-495ppm. HAMS (E54) caloulated for
CroHarDipNP: 436.13671; fownd: [M 4 H]™ 436.13666.

Characterisation of intermediates (1) and products identified
after Imadiation with UV hight

1. YC NMR (125 MHz, 50% CACOADIOMSD, 2570k &= 17492 id,
Bp=51, 3), 16088 id, J-,— 2425, 47, 15L02-15123 m, T,
TA711-14731 fm, 17, 13161 (31, 12740 {47, 1201113233 {m,
7" 12137 id, brpm A6, 7%, 13135 [d, brp— 47, 70, 11803 id, brg=
17, 17, 1B00 b, brs—J16 37, TBIS (d, fa=T1, 1),
079 ppm (d, he=50 2L TP NMR (202 MHz, 50% CACOVD]
DMS0, 25"k 8— - 1255 and —12.64 ppen. HAMS [E51-) calculated
far CrpHipOcFP: 339.04393; found: [M-HT 33904370,

1-P1, 291 0 NMA {135 MHz, 505 CACOVD,DMSO, 25°0) 13076
@Y V466 (47, 12156 (d fre—d7, 70, TANS d be—6d, 1),
2137 ppm id, be=27. 2L TP NMR (202 MHz, 50% CACOVD]
DMS0, 25°C): - 617 ppm. HRMS (ESI-} caleubated for CH, 0P
245.00305; found: [M-H]™ 245.02221.

19, 2-P. UC NMA (125 MHz, 50% CACO/D,DMSO, 2570 &—
1B053 [d, J3a =55, 3}, T34 (d, Jop=5.5, T, 2139 ppm i, Jyp—4.3,
71 TP MMR (202 MMz, 500 CACOYDIDMS0, 25 "0l 8= - 022 ppm.
HRMS [ESl-) calculated for CHO.P- 16B.99075; founc: [M-HI-
16599092

34190 NMR (125 MHz, 50% CACO/D JOMS0, 25-01 8- 17563 id,
Tp=54, ), 151.10-15137 {m, 17, 148E3-145.08 im, 1), 13688
136,90 m, 47, 1318013180 jm, 37, 13152-13160 {m, T3, 12731
and 127.29 (1], 12128-131.43 {m, 77, 1210412118 {m, 2, TROG
fd, Jypm= BB, 1), 31392146 fm, 4-CHy), 2083 ppm g, Jyp=53, 7).
TF MMR (303 MHz, 50% CACOVDJOMSD, 2570k §=-1257 ppm.
HRME (E51-) coleubited for CpHe0uP: 135.06800; found: [M-H["
135 06906,

2-P2 FC NMR (125 MHz, 50% CACODIOMSO, 250k & — 179,17 id,
Jap=T3, 3), 15150 f{d, d-p=70, 17, T3LE1 @=, 13110 (37,
121.30-12144 (m, ™1, 7403 id, Ja=60, 11, 2141 (d, S o= 15,
4031, 21,33 ppm i, J, o 11, 71 TP NMI (302 Mz, 50% CACOV
[DJOMSD, 2570k & - G071 ppm HAMS (ESl-) calculated for
CygHo 0P 258.03770: found: (M- K]~ 25803767,

Chem Eur. { 1021, 27, 1I763- 13775 wwew.chamaur].ony
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44 C NMA (125 MHz, 50% CACOADIDMSO, 3570k d=12311-
12333 (m, 2% 11790 id, Jp, =337,37, 7718 {d, o~ 6.4, 1), B6.90-
6705 [m, —O-CHACH), 3073-2092 [m, 2], 16.B4-1699 ppm {m,
O-CHACH) ™P WM (202 MHz, 50% CACOIDDMS0, 3570k 8-
705 and ~T3Eppm. HRMS (ESl-) calculbted for CpHoO0FR
291.04383; found: [M-H]~ 291.04359.

54 UC NMA (125 MHz, 50% CACOVIDIDMSO, 2570k 5— 17647 [d,
L= 56, 3, 17540 id, L5585, 3, 15129 (g, L ,— 70, 17, 15135
id, f =67, 17, 13148 and 13148 (37, 12704 and 12701 (47,
12142 id, bra = A5, 20, 12137 {8, brp= 46, 7, TT08 f8, Jyp= 6.5, 1),
T7.06 (g, fya=B3, 1, G685 [d, Joyp= 6.5, ~0-CH-CH, BEET (d, J
o= 6.3, ~0-CHy-OHy), 2086 (d, o — 48, 2), 2079 id, b p= 5.1, 2L
1634 (d, Joup—67, ~O-C-Cil, 1691 ppm (4, Joyor— 67,

O-CHCH). P MM (202 MHz, 50% CACOVDEOMS0, 25°0) 4—

704 and ~T51ppm HRMS (ES1-) clculated for CH,0.5
272105335; faund: [M-H]~ 27305158,

&4 TC NMA (125 MHz, 50% CACOVIDIDMSO, 25-Ck 8- 17652 [d,
L= 54, 3, 17645 id, J5=58, 3, 14509 (&, I ,—7.1, 1, 145.06
id, frp=73, 19, 13660 and 13656 (47, 13178 and 13177 (3],
12118 id, bra =45, 20, 12013 {8, brp= 46, 7, TT0T §d, by p= 6.5, 1),
700 (d, Jy =63, T4 6677 [, Sy o= 6.8, ~O-CH,-CH), 6574 (d, J
o= 6.3, ~0-CH-CHy), 2143 and 31.42 [4-CHg), 2087 [d, ha=49,
I, 2080 {d, ke=53, I, 16 {d e e=—6F, ~0-CHr-CHil
1691 ppm [d, Jg, p—b64, ~O-CH-CH). TP NMR (202 MH, 50%
CACOVIDJOMSD, J5°Ck A— - 6.96 and ~ 737 ppm. HAMS (ESI-)
calculated far CriHeOcP: 287 06000: found: (M- ] 28706891

T4 TC WMA (125 MHz, 50% CACODJOMED, 350k &= 17637-
17647 [m, 3, 15766 and 15761 (@], 144.85-145.04 {m, 17, 12257
id, Jra= 44, 27, 12252 {d, Jre=45, 27, 11633 and 11634 (3,
7201 [, Jy=68, T}, 7700 i, Jo—64, T, 6675 id, I, p— 64,
CoCHATH,), 6673 {d, Jpy, 5= 6.4, ~O-CH4CHy), 5691 and 56.54
(-0 CHg), 087 (d, Jra=5.1, 2), 2080 (d, ha=53, 3), 1694 [d J
ctgop =, ~0-CH-OHy, 16592 ppem (), dry o= 6.3, ~0-CH CH L TP
HMR (202 MHz, 50% CACOVIDJDMSO, I5°Ck J4—-643,
706 ppm. HAMS (ESI-) caloulated far CohhD,P: 300.06391;
found: (M- H[™ 30006411

3-P1, 4-P1, 5P, 6-P2 and T-PL C NMA (125 MHz, 50% CACOVIDL
DMS0, 35°Ck &= 17987 [d, hip =635, 3), 7352 (d, hp=54, 1), 62.42
id, Joy,a= 5.9, ~0-CHy-CHy), 2142 (d, hp— 32, 2), 17.32 ppm d, J
g = 7.5, ~0-CH-CH,). 7P KMR (203 MMz, 50% CACODJDMSO,
B0 d—- 1M ppm. HRMS (£S5 clculated for CHeO
197.02205; found: [M—HI- 197 02187.

84 UC NMA (175 MHz, 50% CACOVIDIDMSO, 2570k 8= 17536 [d,
bp=2B, ), 17529 [d bhe=28, 4], 15131-15153 fm, 1%, 13140
{31, 12653 and 12667 (£), 12145 d, Jyp— 44, 7}, 12138 (d, L=
44, 27, BE66 {d, S, =70, 1), BS59 d, J,—62, 1), B6EEG6EL |m,

0-CHy-CHy), 3220-32.46 (m, CH™). 2011 and 2008 and 1604
and 1786 [CH,™), 1695 ppm g, Jy,, = 6.8, ~0-CH;~CH;1. P KMR
{202 MHz, 50% CACOVID,DMSO, 250k &=~ 654 and ~7.09 ppm_
HAMS (ESI-} caboulated for CobuOdP: 30108465 found: (M- HI™
30108488,

8-P2. C WMA (125 MHz, 50% CACOADIDMSD, 25°Ck 8- 1TREE
i, ha=1.1, 2}, B339 [d, =505, 1), 6238 |d, ko= 5.8, ~O-CH-
CHy, 31273 [d Jpna=52 CH™, 1997 and 1853 (DML
17.37 ppm {6, Joga— B0, ~0-CH-CHL P MME (202 Mz, 50%
CACOIDIOMSD, 2570 d= 0560 ppm. HRMS (ESl-} calculated for
T OLP: 225.05335; faunc: [M— HI- 22505350,

9-p2. UC NMA (125 MHz, 50% CACO/DIDMSD, 25°Ck &= 18168
{2, B1.23 [d, hp=T8, 1), 6331 (d, koy,-p="5.5, =O=Hp-CHy), 37332
12, s, p— L8, O, 1732 ppm e, Iy, p— 7.7, ~0-CHy-CH). TP
HMR (202 MHz, 50% CACO/DCDMSD, 35 °Ck &— — 422 ppm. HAMS
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[ESl-) cakulsted for CoHpOF 21103770 found [M-HT 1257 MMz for "'C and 202 MHz for "'P. For MMR signal assignment,

21.03777.

10-P1. 1IC KMR {125 MHz, 25% CACOVD:IDMS0, 2570 8- 12882
@70 12300 (470, 1208E4 id, bra=49, T, 82.20 [d, Jhp=£5, 1), 3205
e, Loy 4.6, CH™, 1992 and 18.47 ppm [CH;*1. C2 and C1 were
nat detected. 7P MMR (202 MHz, 25 % CACOVDIOMSD, 3570k & -

590 ppm. HRMS (E5l-) caloulasted for CpHaO0P: 27305335
found: [M-H]~ 273.05330.

10-P and 11-F. "C NMR {125 MHz. 35% CACOVIDIDMSD, 2570k
d=17638 (3, B10Z (d, hp=65, 15 ILES (d, Jnyme—T6, CH™),
035 and 17.74 ppm (CH,™. 7P NMA (202 MHe, 50% CACOD]
D50, 25°C) dow =059 ppm. HEMS (E5l=) calculated for CiHpO:P:
15703 205; found: [M-H[" 197.02181.

114 U NMR {125 MHz, 35% CACOADIOMSO, 25°C): 8- 17280
im, 2), 148E2-149.01 jm, 1), 13557 (£, 131.12 and 13103 and
13084 and 130.75 3=, T7, 12625 (47, 12113 [d, Lo =48, " or
"), 12090 i, by — 45 T or 27, 12082 [, Lo p— 46, 7 or 27,
1I055-12067 jm, 2* or 2, BE13-8625 im, T}, 2074 {d, Josene—
7.2, CH™), 2106 and 21.04 [4""-CHy), 19.99 and 1957 and 1754 and
1753 ppm (CH,®). TP NMR (202 MHz, 75 % CACOYDIDMS0, 25-C)
S— 116 and —12.19 ppm. HAMS [E51- ) calculated for CoHaOcP:
363.10030: found: [M-H™ 36310056,

11-P2 1T KMR {125 MHz, 25% CACOVDIDMS0, 2570 8= 17685
(d, be=23.1, I}, 15192 {d, h-a=64, 17, 13179 @™, 13016 (37),
120053 {d, A p= 49,37, B217 (d, Jyp=65, 1) 3205 [d, -532,
CH™, 2104 (4™-CH;), 1924 and 1848 ppm {CHF). TP NMA
(02 MHz, 5% CACOUDCIDMSD, 25°C)k &—-50%6 ppm. HRMS
[ESl=) calculated for CopHpOcP: JE7.06900; found: [M-H[
2ET.0EA2T.

12P and 13-P. C WMR {125 MHz, 50% CACONDIOMSD, 2570k
d=T1B151-18264 (m, 3}, 8141 (d, =75 1), ZBE ppm (d, J
=37, THOHL TP NMA (202 MHr, 50% CACOVDIOMSO,
570k d=-3G6Eppm. HRMS (ESl-) caboulsted for CHgOcP:
1E3.00641; found: [M-HI™ 1E300654.

13-P2. T KMR {125 MHz, 50% CACOVD:IOMSO, 25°C): 8- 13148
@™, 13104 (3, 12116 {d, bmp=AF, 37, B1LST (d, he=75, 1),
2732 [d, Jy,5—22, HCH) 2140pam [4™-CH). TF NMA
(3002 MHz, 50% CACOAD,DMSD, 2570k &— - 5,30 ppm. HRMS (E5I
+) ealculated for CyHadOoP: 279,05335; foundk (M- H™ 27105280,

144 T KWA (135 M, 500 CACYIDDMSO, 250 S 17669 (=
535, 3, T6B9 [d, hp= 60, 1), 65.76 (d, Jre="506 1), 6577 (d, frp=54, 17,
80 (4, ha =50, I, 1657 id, Jre— 5, 71, V656 ppm id, bra—64, 21
TIp AR (302 Mz, 500 CACOVIDIOMSD, 350k 8- - 201 ppen. HAMS
[E5-} caculated for CH,,0LF T25.05335: founct [M- HI 22505255

154, C MMR (125 MHz, 50% CACOVTDDMS0, 25-Ck 8= 175.78 d,
Jp=18, 7}, BATZ {d, J,— 6B, 1), B5E5-E5T75 (m, 17, 3236 id,
S a =68, CH™, 20014 (CH;™), 1R.08 (0,7, 17.01 (d, fre— 63,
), 16.99 ppm [d, o= 6.4, 7). 7'F MMR (202 MHz, 50% CACOVID]
DMSD, 250 = — 152 ppm. HRMS (ESI-] calculated for CH O
I53.08465; found: [M—HI 25308479,

164 0 MMP (125 MHz, 500 CACODDMS0, 250 8- 178.58 id,
J =B, 70, BEE id, Jy o= 74, 1), 6531 fd, Jpo=6B.1, 17, 2753 [d J
e 36, 140H:K), 1696 ppm (d, Jra=63, 71 "'F MMR (202 MHz,
500 CACOVID,IDMSD, 25°C): S— —5.44 pom. HAMS (E51-) calar
lasbesed Fioe CH, 0 P 230.06500; feaunck: [M- I J39.06803,

NMR spectroscopy. For compound characterisation, MMRE spectra
wenz recorded on & Bruker Avance Ml spectrometer operating at

400 MHz for "H, 100 MHz for PC and 161 MHz for 7P Imadiation
NMRE experiments were pedformed on 2 Bruker Avarce Il
spectrometer with a broad-band oeo probe with an AT module
[5 mm CPEEC BE-"HMSHTMD F-GRD) operating at 500 MHz far H,

Chem. Eur. L 000, 27, 11753 - 12075 www.chamaur).ong
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standard Bruker pulse sequences wers employed for both 10 ('H,
C-APT, TPy and 30 (COSY, ROESY, HS0C, HMBC] NMA experiments
at a comected temperature of 35°C The stucture of each
intermediate was determined i sity, as recently reported ™ AN
MMR data was interpreted wsing Topspin 15, For neferencs, the
following sclvent signals wene used: [DJDMS0: 250 {"H} ard 395
{"0) ppre COCI 727 ('HY and 770 (“C). ™F NMIR spectra wene
referenced to HPO, with 0 ppm.

Far NMR experiments with in sitw iradiation, a light emitting diode
(LED: Thorabs, Germany) was used at 365 nm. The light was guided
imto the spectrometer, directly into the NMR tube, via a multimode
silica optiml fiber with 1-mm diameber, .39 NA, and a hegh amount
af OH (Thorlabs, Gemany) The iradation setup was described in
detail in our previous work™ For in situ iradistion NMR experi-
ments, we ued 0.5 mM solutions of the cormesponding linkers 1-13
in a mixture of cacodylate buffer (CACD) with [DIDMS0 (1:1, wiv
ar, in some case, 1:1, wid. All imadistion experiments wene
performed at room temperatune.

Maszs spectrometry. Mass specira wers messured onoan LTO
Orbitrap XL (Thermo Fisher Scentific) by electrospray icnisation
{ESIL.
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Abstract Amine-containing drugs often show poor pharmacological properties, but these disadvan-
tages can be overcome by using a prodrug approach invelving self-immolative linkers. A:cc\urdingj}',
we designed 1-lactate linkers as ideal candidates for amine delivery Furthermore, we desigmed
linkers bearing two different cargos (aniline and phenol) for preferential amine cargo release within
15 min. Since the linkers carrying secondary amine cargo showed high stability at physiological pH,
we used our strategy to prepane phosphate-based prodrugs of the antibiotic Ciproflooacing. Therefore,
our study will facilitate the rational design of new and mome effective drug delivery systems for
amine-containing drugs.

Keywords 1P-NMR spectroscopy; amine-containing drugs; phosphate-based linkers; prodrugs:
selfimmolative linkers

L Introduction

Drugs containing an amino group are key pharmaceutical agents, covering a broad
spectrum of biological actions and displaying anti-inflammatory [1], anticancer [2,3], an-
timicrobial [4,5], and pain-relieving properties [6]. Currently, 542 drugs containing an
amine group have aleady been approved for the EU market, according to the drug bank
online (https:/ / go.drugbank com, accessed on 15 July 2021). This number does not include
many other biologically active compounds—potential leads—or compounds from natural
resources, such as alkaloids. However, amine drugs often show poor pharmacological
properties, such as low aqueous solubility and poor membrane permeability due to 1on-
ization of the amino group [7] under physiological conditions. MNevertheless, amines are
generally susceptible to dervatization. Thus, a prodrug strategy [8-10] can be used to
overcome these drawbacks [7,11]

Prodrug strategies ely on a structural modification (masking) of the active phar-
madeutical agent—a drug—with a suitable protecting group (promoiety) to modulate its
pharmacokinetic properties. Such a change helps to facilitate drug delivery to the target
site (e.g., tissues, cells, cell compartments, or ongans). One of the most rapidly developing
prodrug strategies consists of using self-immolative (5I) linkers [12,13] to control drug
release [14].

Sl linkers am covalent assemblies that couple an active compound (drug) g0 a protect-
ing group. After external stimuli, either chemical or enzymatic, a cascade of spontaneous
reactions [15] leads to linker fragmentation and consequently to drug melease. The two main
classes of 51 linkers are (1) carbamates and (2) phosphate-based systems. Phosphorus-based
SI inkers stand above the “classical” carbamate linkers because they make it possible to
attach an additional substituent, which can help fine-tune the 51 rate or provide a double
cargo option.

Molecules 2021, 26, 5160. hitps:// doi.org/ 103390/ molecules 26175160
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Phosphorus-based 5l linkers have been introduced as suitable drug-delivery systems
for several drugs. A paradigmatic example of a phosphorus-based 51 linker application is
the me thoocyme thylphosphonic acid (MMPA ) drug delivery vehicle for the oral delivery of
propofol [16). Other examples include pro-nucleotide prodrugs (ProTides) [17], which have
been used to treat various viral infections, such as HIV [18], hepatitis B [19], or SARS-CoV-2
(COVID-19) [20]. Considering their success as drug-delivery systems, phosphate-based
5l linkers may find broader applications in drug discovery and materials sdence through
systematic studies.

This study reports the development of new phosphate-based Sl linkers designed
to release amine-containing cargos (Figure 1). For this purpose, we searched for a suit-
able spacer esponsible for 51 Although 51 of ethylene glycol linkers 1-6 did not lead to
amine release in a reasonable time, our lactate linkers 7-9 showed successful cargo re-
lease. After screening a wide range of linkers bearing varions amines (10-16), representing
model drugs, we prepared a prodrug of the FDA-approved drug Ciproflocacin, which is a
broad-spectrumn fluoroquinolone antibiotic.
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Figurm 1 Self-immolation (SI) of 1-16; {a) 51 is initiated by UV light (365 nm), which cleaves a photosensitive DMNB

group [21]; (b) the intermediate 1 then spontanecusly cyclizes, releasing By (4-6) or LG (7-16); (c) hy drobysis of the lactate-

based cyclic infermediate kads to the final product P, whemas gheeol-based cye-1 hydrolyzes to the final product P2 or the
cychic product cye-P.

L Results
21. Ethylene Glycol Phosphate-Based Linkers

Ethylene glycol-based linkers provide stable cyclic intermediates raceable by NME
spectroscopy, which indicates that the cargo is eleased via 51 [22]. For proof of concept,
we prepared glycol-based linkers 1-6 (Scheme 1) bearing phenethylamine, piperidine, and
aniline (LG-1, LG-2 and LG-3, respectively) as representatives of primary, secondary, and
aromatic amines, respectively.

Target linkers wene synthesized in two consecutive phosphorylation steps, starting
from commercially available phosphorodichloridates 20-21 (Scheme 1). Carbonate 19
was prepared in a reaction between ethylene glycol and dimethoogmitrobenzy | (DMNE)
chloroformate in THE using pyridine as the base [22]. The reaction of equimolar amounts
of dichloridates 20-21 and DMNB carbonate 19 in the presence of h"lzth;;lamire (TEA)in
toluene gave intermediates 22 and 23. This reaction was monitored by ! P-NMR spectra
(signal at &p 4.7 ppm for 22 and &p 0.08 ppm for 23, in CDCly), and intermediates 22 and
23 were directly used for the second phosphorylation step. The reaction of 22 and 23 with
one equivalent of the corresponding amine and TEA as a base afforded the final linkers
1-6. The isolated yields in the series bearing ethooy substituent (1-3) were moderate
(23-44%), whereas compounds 4-6 were isolated in low yields (4-12%) despite multiple
flash chromatography (silica gel and C18).
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Scheme 1. Linkers 1-6 bearing ethy lere glycol spacer wen synthesized under the following reaction
conditions: (a) ethyl (20) or phenyl (21) dichlorophosphate (05 maol), TEA (065 mmaol), toluens,
25 °C, 16 b; (b) the coresponding amine (L5 mmeol), TEA (05 mmol), tolsens, 25 °C, 1-6 he

The self-immolation of 1-6 was triggered photochemically (365 nm), and the reaction
was monitored by JTP-NMR spectroscopy. Surprisingly, the successful photoactivation
of 1-3 yielded intermediates (1-3)-1, with no further spectral change over several days,
thus indicating that the cargo was not released (Figure 51 in Supplementary Materials).

In contrast to 1-3, linkers 4 and 6 afforded cyclic intermediates 4-cye-1 and 6-cye-1
within 5 min of irradiation (Figure 2). In compound 5, bearing a secondary amine, only a
trace of S-cyel was detected overnight. However, the downfield shifted 31P-NMR signals
of oyelic intermediates 4-cye-l, 5-cye-l, and &cye-I (6p 28.0, 26.5, 21.7 ppm, respectively)
indicated that the amine cargo was still attached to the phosphorus and that phenol was
released instead.

HP.NMR spectra recorded overnight suggested three different scenarios: (1) pref-
erential mlease of phenol as #cye-1 and 4-P2 were detected; (2) formation of the stable
intermediate 51, which released phenol in several days; (3) sequential release of phenol
in minutes (f-cye-1) and aniline overnight (6-cye-F). The formation of phospholane inter-
mediates {4-6FcyeI could be useful for other applications, such as preparing functional
biopolymers for controlled drug delivery systems [23], but linkers 1-6 did not release
amine successfully Therefore, we altered the spacer structure to find an effective system
for releasing amine-containing cargos.
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Figure 2. 1 P-NMR spectra of linkers 4-6 (5 mb in 50% CACO,/DMS0) measuned befom and afer
irradiation with UV light (365 nm) at room temperatune (25 *C), previcusly optimizing the meaction
conditions (M5S0 cacodylate buffer (CACOH, Q1M pH=7.4; 1/1, v/0) [24]
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22 Lactate Phosplute-Bused Linkers

To stimulate amine cargo rebease, we altered the glycol spacer in 1-3 to an L-lactate
spacer, thus preparing linkers 7-9 (Scheme 2). Despite promoting a slow release of phenolic
compounds, [25] the lactate spacer could be suitable for amines. Compounds 7-9 wene
synthesized from DMNB ester 24 via acid-catalyzed eserification in refluxing toluene [25),
and intermediate 25 was generated in a reaction of 24 with dichloridate 20 in toluene
The reaction was monitored by *'F-NME, and a new pair of * P-NMR signals at 5p 4.6 ppm
and &p 4.1 ppm (ca. 1:1 ratio), comesponding to two diasterenisomers of 25, was observed
due to the new stereogenic center on phosphorus. Intermediate 25 was directly used for
amine phosphorylation, and the final products 7-8 were isolated with good yields (42-52%)
as 1:1 mintures of diasterecisomers, as shown by the two sets of NME signals.
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Scheme 2 Lactate-based linkers 7-9 were synthesized under the following reaction conditions: (a) ethyl dichlorophosphage
20 (0.5 mmol), TEA (065 mmel), dry tolwens, 25 °C, 16 b; (b) the cormsponding amine (0.5 mmaol), TEA (0.5 mmeal),

dry toluene, 25°C, Th

The Sl of 7-9, monitored b}rHP-N'MR showed sucoessful amine release, which pro-
vided the final product P in 15 min (Figure 52 in the Supplementary Materials). However,
in 7 and 9, we also detected a new *'P signal (p —1.6 ppm) belonging to the undesired
product of alternative decomposition (7-X and %X). Interestingly, linker 8, bearing a sec-
ondary amine as a cargo, did not form the undesined product 8-X and followed the expeced
Teaction course.

Given the unexpected reactivity of 7 and 9 in the CACO/DMSO mixture (1/1, v/ v),
we optimized the sobvent systern. For this purpose, we performed irradiation experiments
on 7, invarious sobvent mixtures (Figure 53 in the Supplementary Mateals), and we found
that the formation of side product 7-X can be suppressed by either decreasing the pH of the
cacodylate buffer (to pH = 5) or changing the buffer itself. HEPES buffer or an unbuffered
system can suppress the formation of 7-X Lastly, we selected the HEPES (pH 7 4) /DMS0
system (1:1, v/ v) for further 3 investigation.

We monitored the SI of 7-9 in the HEPES /DMS0 solvent mixture (Figure 3). In 5 min,
we detected the final product P in all cases (6p —1.1 ppm). Linkers 7 and 8 did not provide
any intermediate 7-1 and 8-1, respectively, as they undergo fast eyclization, and photoacti-
vation is a rae-limiting step. In turn, the 51 of 9 was slow, and we did detect intermediate
91 (Figure 3, right} or traces of the undesired product 9-X (5p — 1.6 ppm). Considering the
overall limited stability of 7 and 9, we investigated the formation of the unknown side
product X and performed stability tests in 7-9. The results showed the limited stability
of 7 and 9, which were significantly decomposed within 7 days (Figures 56 and 57 in the
Supplementary Materials, details therein).

23. Characterzation of the Undesired Product X

To identify the alternative decomposition pathway, we characterized the undesired
product X. The significant upfield shift (57 < 0) suggested that the P-NH bond had been
cleaved. In addition, ore singlet 2'P-NMR signal indicated the lack of a stereogenic
center on the phosphorus atom. ¥ P-NMR chemical shifts of 7-X and 0-X differed slightly
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(6p —1.66 and —1.58 ppm, respectively), as found in the starting compounds 7 and 9
(differing in LGs). Combined, these findings demonstrate that 7-X and 9-X also differ in the
amine mojety, which may be explained by the intramolecular rearrangement proposed in
Figure 4. Additional 2D NME experiments performed on linker 7 suggested the formation
of carboxamide 7-X. We found the key interaction between the phenethylamine alky | chain
and lactate carbonyl in the HMBC spectrum (Figure 4). The proposed structure of 7-X was
confirmed by HR-MS (Figure 564 in the Supplementary Materials).
- 4.
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Figure 3. *1P NMR spectra of linkers 7-9 (5 mM), measumd befone and after irradiation by TV light
(365 mum) in a solvent mixture of 3% HEPES (pH = 7.4),/DMS0 at room temperatune (25 °C).
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Figure 4. The proposed mechanism of intramolecular rearrangement part of the COSY and HMBC
spectra meonded after UV irradiation of 7 (5 mM selution in CACO (pH 7.4)/DMS0) show cnoss-
peaks between lactate C=0 and phenethylamine NH-CH;z groups, confirming the structuse of 7-X.

Omnly the linkers containing the NH group in the phosphoramidate bond underwent
the proposed intramole cular rearrangement (linker 8 without NH did not form 8X). Indeed,
N-methylation of 9 yielded linker 10, which did not form the undesired product 10-X
(Figure 54 in the Supplementary Materials). This intramolecular rearrangement has already
been reported by the Mulliez group in 1985 [26].

24 Amme Soreenmg—dApplication Scope
Based on the successful 51 observed in linkers 7-9, we examined the synthetic scope

and application feasibility of lactate linkers by altering the structure of the cargo. Accord-
ingly, we prepared linkers 10-16 (Scheme 3).
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Scheme 3. Lactate-based linkers 10-16 wem synthesized under the following maction conditions:
(a) ethy | or phenyl dichlorophosphate 20-21 (0.5 mmol), TEA (L85 mmel), dry toluene, 25°C, 16 h;
() the cornesponding amine (05 mmol), TEA (0.5 sumol), dry toleene, 25°C, 1-24 h

Linkers with aliphatic amines (morpholine and benzylamine) were synthesized as final
products 11 and 12, respectively. Aromatic amines provided ondy two linkers bearing N-
methylaniline and Z-aminopyrimidine (10 and 13, respectively). Other heterocyclic amines,
such as imidazole, indoline, Z-aminobenzothiazole, 1- and 2-aminobenzoimidazole, and 2-
amincbenzoxazole, yielded complex reaction mixtures, as shown in *'P-NMR spectra
(Figure 59 in the Supplementary Materials), which we were unable to separate.

Since cargo release was faster in 4-6, phenyllactyl phosphate analogs 14-16 were alse
prepared with a phenyl instead of an ethyl group attached to the phosphorus,

Then, we subjected 10-16 to irradiation NMR experiments (Figures 5 and 6). Com-
pounds 10-12 afforded the final product P within 5 min, and product P was a major
component in the reaction mixtures in 15 min. In contrast, 2-aminopyrimidine derivative
13 showed a slow formation of intermediate 13- without any further spectral change in
15 min. Lastly, the pyrimidine cargo was fully released from 13-1 within 19 days.
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Figure 5. Np_NM R spectra of linkers 10-13, measured befor: and after irradiation with UV light (355 nm) of 5 mM solutions
in a solvent mivhume of 50% HEPES (pH = 7.4),/ DMS0 at room eomperatane (25 “C)

Linkers 14-16 mleased their amine cangos slightly faster than their ethyl counterparts
7-9. Linkers 14-16 afforded the final product P, which emerged as one singlet *'P signal at
&p _ 6 ppm (Figure £). Although 14 and 15 eleased the commesponding amines within 5 min,
linker 16 did so overnight.
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Figure 6 'P-NMR spectra of linkers 14-16, measumd befom and after irmadiation with UV light
(365 nm) using 5 mM solutions in a solvent mixtue of 50% HEPES (pH = 7.4)/DMS at room
temperatuse (25 “C).

25 Application

Ultimately, we prepared two model prodrugs of Ciprofloxacin (Figure 7), which is a
know n fluoroquinolone antibiotic containing a secondary amino group, to demonstrate
the applicability of lactate phosphate-based linkers. To avoid side reactions during the
synthesis of 17 and 18, we protected the carboogylic group of Ciprofloxacin by methyla-
tion, which should not decrease the antibiotic activity as reported previously [27]. Then,
Ciprofloxacin methyl ester 27 was phosphorylated, following the procedure that had been
used for model linkers 7-9 (Scheme 2). Two-step phosphory lation starting from DMNB
ester 24 and ethyl dichlorophosphate 20 afforded photoactivable compound 17. In addition
to 17, we also prepared its enzymatically activable analog 18. Both compounds wene
obtained in moderate isolated yields (43-44%) as ca. 1:1 mixtures of diastereoisomers,
as confirmed by the presence of two sets of NMR signals.
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Figure 7. Chemical structumes of the FDA-approved fluomsquinolone antibiotic Ciproflosacin,
its methyl ester 27, and the prodrugs activated by light (I7) or by an enzyme (18) pepared in
this wrk

The photoactivation of linker 17 resulted in CGiprofloxacin release in 5 min, which was
supported by the formation of product 17-P (Figure 8a). Compournd 18 was activated by a
lipase from Candida Antarctica. We detected 18-P after 3 h, with ca. 30% cargo release in
24 h Most Ciproflecacin (97%) was mleased in 6 days (Figure Sb). Enegymatic cargo release
was melatively slow, which was presumably due to the substrate specificity of the lipase
that was used in the experiment.

Furthermore, we performed a biological screening of 18 and 27, which showed that
Ciprofloxacin methylation at the carboxy lic moiety inhibits the antibiotic activity of this
fluoroquinolone (Table 51 in the Supplementary Materials), despite previous reports stating
otherwise [27). Nevertheless, we believe that phosphate-based linkers may be used to
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Figure B "' P-NME spectra of Ciprofloxacin prodnags 17 (a) and 18 (b) meorded in 50% HEPES
{pH = 7.4)/DMS0, 25 "C, with linker 17 bearing a photoactivable DMNB group, before and afier
irradiation by UV light (365 nm), and linker 18, where 51 is activated enzymatically by lipase,
before and after lipase addition

3 Discussion

Cur study demonstrates that a universal spacer for delivering all types of amines
will unlikely ever be designed given the sensitivity of the phosphorus atom to substi-
tution. An ethylene ghycol spacer, which was previously identified as the best linker
for phenolic cargo delivery [22], proved inefficient in delivering amines, as shown in
1-6. An alteration in the electron density of phosphorus caused by ooy gen substitution
(from phenol—previous work [22]) for nitrogen (from amine) could explain the ineffidency
of 1-6. Although installing phenol (4-6) as the second cargo slightly accelerated the 51,
when compared to the ethyl analogs 1-3, phenol was preferentially released instead of the
amine cargos. Surprisingly, the L-lactate spacer was the most suitable for aliphatic amines,
releasing the cargo in 15 min (7, 8, 11, 12, 14, 15} In contrast, linkers with aromatic amine
cargos (aniline (9 and 16), N-methy laniline (10}, and 2-aminopyrimidine (13})) released their
cargos mome slowly than linkers bearing aliphatic amines, as indicated by the formation of
higher amounts of intermediate L.

Slower Sl, especially in 13 (13-1), could be partly explained by the low pKa of 2-
aminopyrimidine (pk, 3.54 [28]). Although there is no clear correlation between the pk,
of amine and the 51 rate, pK, plays a key role in amine release [29]. N-protonation in
phosphoramidates facilitates the nucleophilic attack of water (a carboxylate group in our
case) to the phosphorus atom. Imbach [30] has shown that phosphoramidates consisting of
low pK, amines are stable, whereas those containing amines with a higher pK, (more than
9) show the fastest hydrolysis, which has also been described by Wagmer [31]. Nevertheless,
differences in cargo release rate could not be easily explained by the various pk, of
amines. Based on Mayr’s extensive studies of amine behavior in solution, the amine
leaving group can be affected by attributes other than pK,, such as nuclkeophilicity [32],
hydration energy (amine stabilization by sobvation in water), polarity, and solvent pH,
in addition to structural (cyelic vs. acyclic) or sterical effects. Therefore, predicting the
optimal spacer for a specific cargo is a difficult task, and designing purposeful drug delivery
systems requires studying structure-activity relationships in detail.

4. Materials and Methods

Unless otherwise indicated, all chemicals were purchased from commercial suppliers
(Sigma Aldrich, Merck, EU; Fluorochem, UK; Acros Organics, Thermo Fisher Scientific,
EL) and used without further purification. All reactions sensitive to air or moisture wene



Moleoules 2001, 26, 5160

Gof )

performed under an inert atmosphere of argon in dry solvents. Thin layer chromatogra-
phy (TLC) was performed on TLC aluminium sheets (silica-gel 60 Fuay; Merck, EU) and
visualized by UV fluorescence. The reaction was monitored by TLC and/or ¥ P-NME
spectroscopy in CDCly. Flash-column chromatography was performed on a Compact
(ECOM sro, EU chromatography system using silica-gel or C18 silica-gel 230-400 mesh,
60 A (Merck KGad, EL.

NME spectroscopy. NME spectra were recorded on a Bruker Avance [1l spectrometer
operating at 400 MHz for 'H and 101 MHz for PC equipped with a probe with an ATM
module (5 mm BBFO BB-19F/1H /D Z-GRD). For NMR signal assignment, standard Bruker
pulse sequences were used for 10 (1H, BC-APT, 3P 19F) and 213 (COSY, ROESY, HSOC,
HMBC) NMR experiments at a corrected temperature of 25 *C. NME spectra coupled with
UV irradiation were recorded on a Bruker Avance II1 spectrometer with a broad-band
ayo probe with an ATM module (5 mm CPBBO BB-1H/ 19F 15N/ D Z-GRD) operating at
500 MHz for 'H and 125.7 MHz for *C. All NMR data weme interpreted using Topspin 3.5,
For reference, the following solvent signals wene used: DMSO-dg: 2.50 (*H) and 39.7 (2C)
ppm or CDCl,: 7.28 (H) and 77.0 (3C) ppo. The 1P-NME spectra were referenced to
Hy POy with 0 ppm.

For NME experiments with in situ irradiation, a light emitting dicde (LED; Thorlabs,
EU) was used at 365 nm. The lightwas guided into the spectrometer, directly into the NME
tube via a multimode silica optical fiber with 1 mm diameter 0.39 NA, and a high amount
of OH (Thorlabs, ELT).

Mass spectrometry. Mass spectra were measured on a LTQ. Orbitrap XL (Thermo Fisher
Scientific, EU) using electrospray ionization (ESI).

All products wene viscous oils, semi-solids or nor-crystalline solids. The reaction
conditions were not optimized for the highest possible yields.

4. 5-dimeth oxy-2-nitrobenzyl (2-hydroxyethyl) carbonate (19) was prepared accord-
ing to a literature procedure [22], using 1.0 g of 4,5-dimethooy- 2-nitrobeney ] chloroformate
and obtained (0.98 g) as a yellow solid (90%).

L4, 5-dimethoxy-2-nitroben=yl 2-hydroxypropanoate (24) was prepared according
to a lilerature procedure [25], using 2.13 g of 4,5 dimethoxy-2-nitrobeney | aleohol and
obtained (.04 g) as a light pink solid (33%).

General Procedure for the One-Pot Synthesis of Phosphate-Based Linkers. For each
experiment, a DMNB-containing photoarm 19 or 24 (0.5 mmol, 1.0eq.) was dissolved in
2.5 mL of dry toluene under argon at 25 “C, adding dry TEA (90,6 pl, 0.65 mmol, 1.3 eq.)
followed by the corresponding dichlorophosphate (0.5 mmol, 1.0eq.). The reaction mix ture
was stirred at 25 “C for 16 h, and the formation of the intermediates was confirmed by
SIPNME (22 5p 47 ppm; 23 bp 0.08 ppm; 25 5p 4.6 and 41 ppmy; 26 &p —0.08 and
—0.17 ppm) before phosphorylating the amines. The cormesponding amine (0.5 mmol,
1.0 eq.) was added, followed by dry TEA (687 pl, 0.5 mmod, 1.0eq.). The reaction mixture
was stirred at room termperature until completing the reaction (monitored by ' P-NMR). Af-
ter evaporating the sobvent, pure products were isolated by Flash silica gel chromatography,
which was followed by meverse-phase chromatography, as described for each compound.

4. 5-dimethovy-2-nitrobem =yl (2-{(ethoxyiphenethylamino)ph osphorylloxyethyl) car-
bonate (1) was prepared from 19 (1505 mg, 0.5 mmol, L0eq.) and 20 (63.2 pl., 0.5 mmol,
1.0 eq) according to the general procedure and purified by Flash silica gel chromatog-
raphy using a gradient (CHyCly /MeOH 100:0—90:10, v/v), followed by reverse-phase
chromatography using a gradient (HzOy MeCN 1000:0—5050, v/ v), which afforded 1 as
a dense yellow oil (58.6 mg, 23%). "H-NMR (400 MHz, CDCly, 25 °C) 5 774 (5, 1H, 3),
7.30 {m, 2H, 3", 7.25-7.20 (m, 1H, 4°), 7.20 {m, 2H, 2'), 7.07 (s, 1H, 6"}, 5.60 {5, TH, 4a),
5.60 (s, 1H, 4b), 440 (m, 2H, 2), 4.25-4.10 (m, 2H, 1}, 4 10-3.99 {m, 2H, OCHCHy), 3.95 and
3.07 (-5, 6H, 4"-0CH3, 3"-0CHs), 3.25-3.16 (m, 2H, NHCHa), 2.80 {m, 1H, CH2Ph), 1.32 (1d,
3H, lapon =71 He, [gpp= 08 He, OCH2CH;). B*C-NMR (101 MHz, CIXCls, 25 *C)
5 15450 (3), 153.52 and 14838 (4%, 57), 139.68 (2], 138.53 (1, 128.88 (21, 128.64 (3,
126,50 (£, 126.52 (1), 109.96 (6"}, 108.20 (3", &7.08 (d, [op = 7.0 He, 2), 66.55 (4), 6357 (d,
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Jop=5.2Hz, 1), 6266 (d, [ p =57 He, DCH,CH,), 56.55, and 56.44 (4" OCH,, 5*-OCHS;),
4265 (NHCH,), 37.85 (d, Jopnp = 6.2 He, CHaPh), 16.19 (d, Jopap = 6.9 He, OCHCH; ).
P NMR (162 MHz, CDCly, 25 *C) 5 9.1 ppm. HR-MS (ES]) caleulated for CayHagOyMNaP
513.16326, found [M + H]" 513.16284.

4 5-dimethony-2-nitrobenzyl (2-((ethoxy(pi peridin-1-ylphosphoryloxyletiyl) carbon-
ate (2) was prepared from 19 (1505 mg, 0.5 mmol, 1.0 eq) and 20 (63.2 L, 0.5 mmol,
L0eq.) according to the general procedure and purified by Flash silica gel chromatography
using a gradient (CHaCla /MeOH 100:0—+90:10, v/ v), followed by reverse-phase chro-
matography using a gradient (HyOf MeCN 100:0—+50:50, v/ v], which afforded 2 as a dense
vellow oil (103.7 mg 0.22 mmol, 44%). "H-NMR (400 MHz, CDYCly, 25 °C) 57.74 (s, 1H,
3v), 709 (5, TH, &), 5.62-5.60 (m, 2H, 4), 446435 (m, 2H, 2), 4.28-412 (1, 2H, 1), L09-3.98
fm, 2H, OCH,CHy), 4.00 (5, 3H, 5"-0CH;), 3.97 (s, 3H, £"-0CH;), 3.14-3.05 (m, 4H, 1),
L62-1.47 (m, 6H, 2°, 3, 1.31 (td, lyp o = 7.1 He, Jgpsp = 08 He, OCH2CHs). YC-NMR
{101 MHz, CDCls, 25 *C) & 15458 (3), 15373 (5"), 14835 (4"), 139.65 (27}, 126.62 (1),
109.89 (&), 108.18 (37), 67.14 id, [xp= 74 Hz, 2), 6647 (4), 6338 (d, J1.p = 5.2 He, 1), 62.39 (d,
lcpzp = 5.9 He, OCH,CH;), 56.55 (3-00CH;), 56.43 (4"-0CH;), 45.36 (d, J3. p=23Hz,
1), 26.02 (d, Jyp="51Hz, 21, 2439 (d, [yp = 1.5 He, 3, 1617 (4, Jopacie = 7.0 He,
OCH;CHs). ' P-NMR (162 MHz, CDXCly, 25 °C) 5 %10 ppm. HR-MS (ES]) caleulated for
CraHanOraNzP 477.16326, found [M + H|" 47716340,

4 5-dimethony-2-nitrobenzyl (2-{(ethooyiphenylaminolphosphoryloxy)ethyl) carbonate
(3) was prepared from 10 (150.5 mg, 0.5 mmol, 1.0 eq.) and 20 (63.2 pl, 0.5 mmol, 1.0 eq.)
according to the general procedure and purified by Flash silica gel chromatography using a
gradient (CH3Cly /MeOH 100:0—90:10, v/v), followed by two reverse-phase chromatogra-
phies using a gradient (HyOy/ MeCN 100:0—5®50, v/v), which afforded 3 as a dense yellow
oil (828 mg, 34%). "H-NMR (400 MHz, CDCly, 25 °C) 6 775 (s, 1H, 37), 7.24 (m, 2H, 3'),
7.06 (s, TH, &™), 7.00 (m, 2H, 2°), 695 (m, 1H, £'), 575 (d, [npp = 20 He, NH), 5.56 (m, 2H,
4), 442 (m, 2H, 2), 4.41-4.25 {m, 2H, 1), 425408 (m, 2H, OCHzCH3), 3.98-3.97 (m, 6H,
470CH;, 5"-0CHs), 1.33 (td, Japoe = 7.1 He, Jopr= 0.8 He, OCH2CH;). PC-NMR
(101 MHz, CIXCly, 25 <C) & 15449 (3), 15376 and 148.34 (47, 57), 13961 (2¥), 139.16 (17),
129.35 (37), 12658 (17), 12197 (&), 117.45 (d, [, p =72 Hz, 2'), 109.82 (5), 108.18 (3"),
B6TE (d, [op =7.3 He, 2), 66.55 (4), .00 (d, J1p = 46 He, 1), 63.31 (d, [opr = 50 Hz,
OCH:CHjy), 56.57 and 56.43 (4"-0O0CHs, 5"-0CH3), 16.07 (d, Jopap = 7.0 He, OCH2CHa)
1P NMR (162 MHz, CDCly, 25°C) & 231 ppm. HR-MS (ES]) caleulated for CanHagOrpMzP
485.13196, found [M + H]* 485.13189.

4 5-dimethoxy-2-nitrobenzyl (2-(i((phenethylaminoiphenoxy)phosphoryloxylethyl)
carbonate (4) was prepared from 19 (1505 mg, 0.5 mmol, 1.0eq.) and 21 (747 pl, 0.5 mmaol,
L0eq.) according to the general procedure and purified by Flash silica gel chromatography
using a gradient (hexane / EtOAc 100:0—0:100, v/ v}, followed by reverse-phase chromatog-
raphy using a gradient (H20/ MeCN 100:0—0100, v/v) and preparative HPLC chromatog-
raphy using a gradient (Hy0/MeCN 95:5-» 2080, v/ r), which afforded 4 as a dense yellow
oil (10.2 mg, 4%). "H-NMR (400 MHz, CDCly, 25 °C) 8 774 (s, 1H, 3", 7.35-7.12 {m, 10H,
24, 2 AN AT 706 (s, TH, &™), 5.60 (s, TH, 4a), 5.60 (s, 1H, 4b), 447437 (m, 2H,
2), 435421 (m, 2H, 1), 3.07 (s, 3H, 4"0OCH;), 3.94 {5, 3H, 57.0CH;), 3.33-3.2 {m, 2H,
MHCH.), 293-2.82 (m, 1H, MH), 277 (t, 2H, [, crpng = 6.8 He, CH,Ph). P*C-NMR
(101 MHz, CTICly, 25 °C) & 154.55 (3), 153.73 (5, 150.78 (d, Jynp= 6.8 Ha, 177, 148,37 (4",
139,65 (27), 138.27 (1), 129.69 (3 or 3™), 128.67 ('), 128.67 (3" or 37), 126.65 (4", 126,50 (1),
124.87 (4'), 120,13 (d, [ p = 4.8 He, 2", 109.94 (&¥), 108.19 (3"), 6657 (d, [P =7.4 He,
2), 66.58 (4), 6418 (d, [.p = 5.2 Hz, 1), 56.54 (5*0CH,), 5643 (47-0CH,), 4278 (NHCH,),
37.60 (d, o p = 6.0 He, CH,Ph). 'P-NMR (162 MHz, CDCly, 25 °C) 5 442 ppm. HR-
MS (ESI) caleulated for CagHagOygN3 P 56116326, found [M + HJ* 56116318,

4 5-dimeth oxy-2-nitroben =yl (2-i{ipiperidin-1-yliphenoryiphosphoryllavylethyl) carbon-
ate (5)was prepared from 19 (150.5mg, 0.5 mmol, 1.0eq.) and 21 (747 pl, 0.5 mmol, 1.0eq.)
according to the general procedure and purified by Flash silica gel chromatography using
a gradient (hexane/ Ef0Ac 1000 —0:100, o/'0), followed by meverse-phase chromatography
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using a gradient (HaO/MeCN 100:0—0:100, v/ 0) and preparative HPLC chromatogra-
phy using a gradient (HyOf MeCN 95:5—0100, v/ v), which afforded 5 as a dense yellow
il (31.9 mg, 12%). "H-NMR {400 MHz, CDCls, 25 °C) 5 7.75 (s, 1H, 3"), 7.32 {m, 2H,
3%, 7.22 (m, 2H, 3™), 7.14 (m, 1H, 4"), 7.00 (s, 1H, &), 5.62 {5, 1H, 4a), 5.62 (s, 1H, 4b),
447443 m, 2H, 2), 4.35-4.28 (m, 2H, 1), 3.99 5, 3H, 5"-0CHz), 3.98 (s, 3H, 4"-0CH:),
3.20-3.12 (m, 4H, 1, 1.60-151 {m, 2H, 3, 1.51-1.44 (m, 4H, 2. BC-NMR (101 MHz,
Ty, 25 °C) & 15457 (3), 15375 (5"), 150,98 (d, [y p= 6.5 Hz, 1), 148 36 (47), 139.64 (2),
129.60 (3™, 126.61 (17), 124.62 (4"), 120.0F (d, [m p = 5.2 Hz, 2, 109.90 (&"), 108.18 (3"),
6696 (d, [ p = 7.3 Hz, 2), 66.53 (4), 63.98 (d, [1.p = 5.3 Hz, 1), 56.55 and 56.44 (4"-OCH;,
5% 0CH;), 45.49(d, [y, p = 23 He, 11, 2582 (d, |y p = 47 Hz, 21, 25.26 (3'). #P-NMR
(162 MHz, CIC1y, 25 #C) & 427 ppm. HR-MS (ESI) calculated for CayHag Oy N2 P 52516326,
found [M + HJ* 525.16278.

4. 5-dimethoxy-2-nitroben =yl (2-(((pheylaminolphenoxylph osphoryloxylethyl) car-
bonate (6) was prepared from 19 (15005 mg, 0.5 mmol, 1.0eq.) and 21 747 pl., 0.5 mmol,
L0eq.) according to the general procedure and purified by Flash silica gel chromatography
using a gradient (hexane / EtOAc 100:0—0:100, v/ v), followed by reverse-phase chromatog-
raphy using a gradient (HyO/MeCN 100:0— 0100, v/v) and preparative HPLC chromatog-
raphy using a gradient (Hz0/MeCN 9553100, v/v), which afforded 6 as a dense yellow
oil (181 mg 7%} "H-NMR {400 MHz, CDCly, 25 °C) & 7.74 (5, 1H, 3"), 7.28-7.22 (m,
4H, ¥, 37, 7.17-7.11 {m, 3H, 2%, 407}, 7.07 {m, 2H, 27}, 7.05 (5, 1H, &), 6.99 [m, 1H, 4,
625 (d, [yprp = 9.8 He, NH), 5.62-5.52 (m, 2H, 4), 440433 (m, 4H, 1, 2), 3.97 (s, 3H, 4"-
OCH3), 3.93 {5, 3H, 5"-0CHs). YC-NMR (101 MHz, CI3Cly, 25°C) & 154.47 (3), 153.77 (5",
150.15 (d, [y p = 6.1 Hz, 1"7), 148.32 (4"), 130,56 (2"}, 138.79 (1), 129.70 (3"}, 129.39 (3'),
12658 (17), 125.30 (4™), 122 33 {47), 120.38 (d, [y p= 4.8 Hz, 37, 117.57 (d, [ p =7.4 H,
2, 10877 (&), 108.16 (37), 6661 (d, [op = 7.0 He, 2), 6650 (4), 6453 (d, [y p =46 Hs,
1), 56.53 (5"-0CHS), 5642 (4"-OCH,). ¥P-NMR (162 MHz, CDCly, 25 °C) & —1.97 ppm.
HR-MS (ES]) caleulated for CagHaeOygNaP 533.13196, found [M + HJ* 53313188,

45-dimethovy-2nitrobenzyl (250 2-((ethovy(phena hylamino)phosphorylhony jpropan oate
(7) was prepared from 24 (1426 mg, 0.5 mmol, 1.0eq.) and 20 (632 pl, 0.5 mmol, 1L0eq)
according to the general procedure and purified by Flash silica gel chromatography using
a gradient (hexane, EtOAc 50:50—0100, v/v), followed by meverse-phase chromatography
using a gradient (HxOy MeOH 100:0—0:100, v/ ), which afforded 7 as a dense yellow oil
{1293 mg, 52%.). YH-NMR (400 MHz, CTCl3, 25 *C, 2 diastereoisomers in ca. 1:1 ratio) §
7.73 and 7.72 {5, 2H, 37, 7.33-7.13 (m, 10H, 2, 3, 4"), 7.07 and 7.03 {5, 2H, &"), 5.66-5.53 (m,
4H, 4), 5.024.88 {m, 2H, 1), £14-3.94 (m, 4H, OCH,CHy), 4.00 and 3.98 (s, 6H, 5"-0CH;),
3.96 and 3.96 (s, 6H, 4"-0CH3), 3.26-3.16 (m, 4H, NHCHa), 283-2.67 (m, 6H, CH2Ph, NH),
Le1id, 3H, [34 = 6.8 Hz), 1.56(d, 3H, 34 = 69 Hz, 2),1.32 (td, 3H, [ qpcmn = 7.0 He, [ommp
= 0.8 He, OCH,CHg), 1.25 (td, 3H, [gpan = 7.2 He, Jopp = 07 He, OCH,CH;). BC-
NMR (101 MHz, CDCls, 25 °C) & 1706817047 (m, 3), 15365 and 153,63 (5¢), 148.40 and
148,37 (4"), 139.84 (2], 138,55 and 138.50 {1'), 12886 and 12883 (2'), 128,65 and 12858
3, 12653 and 12643 (4"}, 126.32 and 12629 (17}, 11047 and 11035 (6"), 108.26 and
108.23 (3"), 7057 (d, J1p =76 He, 1), 7052 (d, [1p=7.6 Hz, 1), 64.09 and 64.06 (4), 6293 (d,
Jozp = 57 Hz, OCHyCHy), 62.79 (d, Jgpr = 57 Hz, OCH,CH;), 56.68 and 56,62 (47-
(OCH;), 56.42 (5"-(WCH3), 4265 and 42.54 (NHCH,), 37 88-37.70 {m, CH;Ph), 19.42 (d,
Jzp=55Hz, 2), 1941 (d, Jap= 5.3 Hz, 2), 1618 (d, [oygap= 7.0 He, OCH3CH;), 16.13 (d,
Iciap = 7.0 Hz, OCH;CH3). ¥P-NMR (162 MHz, CDCl,, 25 °C) & 9.07 and 8.39 ppm.
HE-MS (FSI) caleulated for CzaHazOuNzNaP 519.15029, found [M + Na]* 519.14986,

4 5-dimethory-2-nitrobenzyl (252 ethoxy(piperidin-1-ylphosphorylloxy propanoate
(B) was prepared from 24 (1426 mg, 0.5 mmol, 1.0eq.) and 20 (632 pl, 0.5 mmol, 1L0eq)
according to the general procedure and purified by Flash silica gel chromatography using
a gradient (CHCly/ MeOH 100:0—80:20, v/v), followed by reverse-phase chromatography
using a gradient (HaO/MeCN 100:0—0:100, v/ v), which afforded 8 as a dense yellow oil
(970 mg, 42%.). YTH-NMR (400 MHz, CIDCly, 35 °C, 2 diasterecisomers in ca. 1:1 ratio) 6774
and 7.73 (s, 2H, 3"), 710 and 7.09 (s, ZH, &), 5.64 (dd, 1H, [ =148 He, [g, o =06 He,
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4a), 563 (dd, 1H, Jgun = 148 He, [y, 0 = 0.6 Hz, 4a), 559 (dd, 1H, Jgu. = 148 Hz,
Ty gn = 06 Hz, 4b), 558 (dd, 1H, [y, = 148 Ha, [y, o0 = 06 Hz, 4b), 5.00-4.88 (m, 1H, 1),
412-3.99 (m, 7H, OCH, THy), 402 and 402 {5, 6H, 5"-DCH;), 3.9 and 3.97 {5, 6H, 4-0CH;),
3.19-3.01 (m, 4H, 17, 161 {d, Jap= 6.9 Hz, 3H, 2), 159 {d, [, p = 6.9 Hz, 3H, ), 1.57-1.44 (m,
10H, 2, 3%, 133 itd, 3H, Joncmw = 7.1 He, Jonre = 0.8 He, OCHaCHa,), 1.28 (td, 3H,
Janan =71Hz, Jonp = 0.8 Hz, OCH.CH;). BC-NME (101 MHz, CDCly, 25 °C) &
170.71 (d, Jap =44 Hz, 3}, 170.51 (d, Jap = 5.7 Hz, 3), 15370 and 153.68 (5"), 145,28 (4",
139.74 (2'7), 126,66 and 126.60 (17}, 11037 and 110.24 (6", 108.17 (3"), 70.33 (d, [y p = 5.1 He,
1), 70.18 id, Jip =52 He, 1), 63.92 and 63.89 (4), 6260 id, Jopp = 5.9 He, OCH2CHs),
6242 (d, [z p = 5.8 He, OCH,CH3), 56,66 and 56.61 and 56.39-56.36 (m) (4"-OCH;, 57-
OCH,), 45.34 and 45.32 (1), 2596 (d, [3.p = 47 Ha, 2, 25.84 id, [ p= 5.4 He, 27, 24.33 (d,
Jyp=15Hz 3, 2479(d, |y p=15Hz2, 3, 1945(d, Jap=48Hz, ), 1941 {d, [ p=52Hz,
2}, 16.17-16.01 {m, OCHCHa). ¥ P-NMR (162 MHz, C1XClg, 25 °C) & 851 and 8.30 ppm.
HR-MS (ESI) calculated for CroHaxeOeMNaMaP 48315029, found [M + Na]* 48314977,

4 5-dimethory-2-nitrobenzyl (25)-2-i{eth oxy(phenylamino jph osphorylloxypropanoate
(9) was prepared from 24 (1426 mg, 0.5 mmol, 1.0 eq.) and 20 (63.2 ul, 0.5 mmol,
1.0 eq.) according to the general procedure and purified by Flash silica gel chromatog-
raphy using a gradient (hexane/ EtOAc 1000—+0:100, v/v), followed by reverse-phase
chromatography using a gradient (HzO/ MeCN 100:0—0:100, v/ ), which afforded 9 as
a dense yellow oil (108.2 mg, 46%). YH-NMR (400 MHz, CI3Cl,, 25 °C, 2 diastereciso-
meers inca. 1:1 ratio) § 7.73 and 7.64 (s, H, 3"}, 7.22 and 7.17 {m, 4H, 3'), 7.08 and 694 (s,
2H, 6"), 7.06-6.96 {m, 4H, 2'), 696659 (m, 2H, 47, 635 (d, 1H, [y p = 93 Hz, NH),
622 (d, 1H, Jypp = 87 He, NH), 5.65 (dd, 1H, Jp = 149 He, 4, ¢ = 0.6 Hz, 4a), 5.57 (dd,
H, [ = 149 Hz, [y, o= 0.5 Hz, 4b), 5.55-5.41 {m, 2H, 4a, 4b), 5.12 and 5.06 (m, 2H,
1), 429407 (m, 4H, OCHyCH3), 3.97-3.95 (m, 6H, 4"-0-CHj;), 3.95 and 3.90 (s, 6H, 57-
OCH;), 167 (d, 3H, Jp3 = 69 He, 2), 1.52 {d, 3H, J3y = 69 Hz, 2), 1.36-1.26 m, 6H,
OCH.CHs). BCNME (101 MHz, CDCly, 25 °C) 6 17013 (d, Jap = 46 Hz, 3), 17010 (d,
Jap=54Hz, 3), 153.64 and 153.55 (5"), 148.28 and 148.26 (4"), 139.69 and 139.67 (2"},
13920 (d, ;. p=47 Hz, 1), 12919 and 129.10 (3*), 126.40 and 126 14 (17}, 121 88 and 12184
@), 11763 (d, [ p = 77 Ha, 2), 117.55 {d, |3 p=7.3 Hz, 27), 11030 and 110.17 (5"}, 108.15
and 108.11 (3"), 7125 (d, J1p= 46 Hz, 1), 70.92 (d, Jy.p = 47 Hz, 1), 6412 and £4.00 (4},
6346 (d, oz e = 5.4 He, OCH2CH;), 63.36 (d, [3pp = 5.6 He, OCH2CH;), 56.53, 56.40,
56.35, and 56.33 (#"-0CH;, 5"-0CHs), 19.30 {d, J2r = 51 Hz, 2), 1912 {4, J2r = 6.0 He,
2),15.98 {d, [ p = 7.3 He, OCH2CH,), 15.95 (d, [y = 7.3 He, OCHCH;). ¥ P-NMR
(162 MHz, C1C15, 25 °C) 5 214 and 1.86 ppm. HR-MS (ES]) calculated for CopHpgOgMaNaP
49111899, found [M + Ma]™ 491.11862.

45-dimethowy-2-nitrobmzyl (25 2-((ethoxyN-methylphenyliphosphorylloxylpropan oate
(10} was prepared from 24 (1426 mg, 0.5 mmol, 1.0eq.} and 20 (63.2 pl, 0.5 mmol, 1.0eq.)
according to the general procedure and purified by Flash silica gel chromatography using
a gradient (hexane/ EHAc 10000100, v/v), followed by bwo reverse-phase chromatogra-
phies using a gradient (H;O/MeCN 100:0 - 50:50, v/ v), which afforded 10 as a dense
yellow oil (445 mg, 18%). "TH-NMR (400 MHz, CDCls, 25 °C, 2 diastereoisomers in ca. 1:1
Tatio) & 774 and 7.73 (s, 2H, 3), 7.33-7.30 {m, 2H, 2", 7.30-7.22 {m, 6H, 2", ), 7.14-7.04 {m,
2H, 4", 7.10 and 7.00 (s, 2H, 67}, 5.65-5.62 and 5.56-5.54 (m, 4H, 4), 5.11-4.96 {m, 21, 1),
423400 (m, 4H, OCHLCH,), 3.99 and 3.98 and 3.98 (s, 9H, 4"-DCH,, 5"-0CH;), 3.91 (s,
3H, 5"-0CH3), 3.22 (d, 3H, [cgap = 9.0 He, NCHa), 3.17 (d, 3H, g p = 9.1 He, NCHa),
165 (d, 3H, Ja1 = 7.0 He, 2), 1.51 (d, 3H, J21 = 7.0 Hz, 2), 1.30 (td, 3H, ooz = 7.0 He,
Joapp = 0.8 He, OCH,CH;,), 1.28 (dt, 3H, Joinoie = 7.0 He, [aap = 0.8 He, OCH>CH; ).
B NMR (101 MHz, CDCly, 25 °C) 8 170.4% and 170.2* (3), 153.8¢ (5%), 148.3* (47), 143.9+ (19,
139.8% and 1307 (2}, 128.07 and 128.85 (3'), 126,67 and 126,65 (1"}, 124.27 and 124.19 (47,
12313 (d, Jap = 46 Ha, 2, 12269 (d, [3.p = 3.9 Hz, 2), 110.33 and 11011 (§"), 10821 and
10815 (37), 7115 (d, Jy.p =54 He, 1), 70090 (d, [y p = 49 Hz, 1), 64.08 and &4.04 (4), 63.34 (d,
fcmp =57 Hz, DCH;CHQ,:L 6206 {d., fg.[z_r = h& I'[Z, DCH;CHg], 56,60 and 56.58 and
56405633 (m, 4"-ONCH,, 5"-0CH;), 37.35-36.95 (m, NCH,), 19.37 (d, Jap = 46 Hz, 2),
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1916 {d, [2.p = 5.4 He, 2), 15.99 (d, [eps p= 67 He, OCH;CH,). * The BC chemical shift was
extracted from HMBC. 'P-NMR (162 MHz, C13Cly, 25 °C) 6 5.82 and 5.55 ppm. HR-MS
(ESI) caleulated for Ty HyOgMNaNaP 50513464, found [M + Na]* 505.13472.

4 5-dimethony-Z-nitrobay =yl (250 2-{(ethooyimorpholin-1-ylphosphoryloxypropanoate
(11} was prepared from 24 (142.6 mg, 0.5 mmol, 1.0eq.} and 20 (63.2 L, 0.5 mmol, 1.0eq.)
according to the general procedure and purified by Flash silica gel chromatography using
a gradient (hexane / EfOAc 10000 —0:100, v/v), followed by two reverse-phase chromatogra-
phies using a gradient (HyOyMeCN 100:0—60:40, v/ r), which afforded 11 as a dense yellow
oil (80,0 mg, 35%). TH-NMR (400 MHz, CDCl, 25 °C, 2 dissterecisomers in ca. 1:1 ratio) &
7.72-7.70 (m, 2H, 3*7), 7.04 and 7.02 (s, 7H, &7), 5.64-551 (m, 4H, 4), 5.00-4 87 (m, 7H, 1),
413401 (m, 4H, OCH,CHy), 399 and 399 (5, 6H, 5-0CH;), 396394 (m, H, 4-0CH;),
3.64 and 3.59 (m, 8H, 2"), 3.19-3.04 {m, 8H, 17, 1.59 (dd, 6H, [y = 69 Hz, [2p=1.0Hz, 2),
132 (td, 3H, [ance =7.1 He, Jon p= 08 He, OCHyCHs), 1.28 (td, 3H, o ap=7.1He,
Joar = 08 He, OCH2CHa). C-NMR (101 MHz, CPCls, 25 °C) 5 17041 (d, Jap = 46 He,
3), 170.27 (d, Jap = 49 Hz, 3), 153.55 and 153.52 (5"), 148.37 and 14833 (47}, 139.85 and
130,82 (2%), 126.21 and 126,08 (1*), 110.53 and 110.49 ("), 108.20 and 108.15 (3"), 70.49 (d,
Jop=50Hz, 1), 7040 (d, [y p= 5.3 Hz, 1), 66.83 {d, [y p = 5.8 Hz, 2, 6673 (d, |y p= 6.1 He,
2, 64.02 and 64.00 (4), 6295 (d, [qpp = 6.1 He, OCH2CHy), 6274 (d, o p=61He,
(OCHCHa), 56.56 and 56,52 (53"-OCHa), 56.35-56.30 (m, 4"-0Ha), 44404443 (m, 1'),
1934 (d, [ap=47 He, 2), 19.33 (d, Jap= 55 Hz, 2, 16.03 {d, [cpnp= 7.0 Hz, OCH,CH;),
1508 (d, Jopayp = 67 Hz, OCH,CH;). ¥'P-NMR (162 MHz, CDXCly, 25 °C) 5 7.68 and
7.13 ppm. HR-MS (ESI) caleulated for CpgHagOyaNa P 46314761, found [M + H]" 463.14720.

4. 5-dimethoxy-2-nitrobenzyl (25)-2-{{ethory(ben=ylamin olphosphoryloxylpropan oate
(12) was prepaned from 24 (1426 mg, 0.5 mmol, 1.0eq.) and 20 (63.2 ul, 0.5 mmol, 1.0eq.)
according to the general procedure and purified by Flash silica gel chromatography using
a gradient (hexane, EtOAc 50:50—0:100, v/7), followed by reverse-phase chromatography
using a gradient (HyO/MeOH 100:0—+0:100, v/7), which afforded 12 as a dense yellow
oil (101 mg, 42%). "H-NMR (400 MHz, CICly, 25 “C, 2 diasterecisomers in ca. 1:1 ratio)
&7.73 and 7.71 (5, ZH, 3), 7.36-7.22 (m, 10H, 2, 3, 4°), 7.07 and 7.02 (s, ZH, &), 5.63 (d,
1H, Joom = 146 Hz, 4a), 558 (d, o = 146 Hz, 1H, 4b), 556 (d, 1H, [, = 147 Ha,
4a), 551 (d, 1H, Jgum = 147 Hz, 4b), 5.04 and £.97 {m, 2H, 1), £17-4.05 {m, SH, NHCH;_
OCH:CHy), £00 and 3.98 (5, 6H, 5" 0CH3), 3.96 and 3.96 (s, 6H, 4"-0CH3), 3.12 {m, 2H,
MH]), 1.63 (d, 3H, J21 = 6.9 Hz, 2), 1.54 (d, 3H, J21 = 6.9 Hz, 2), 1.32 (tm, [auscie=7.1 Hz,
3H, OCH3CH3), 1.29 (tm, Jopn o= 7.1 He, 3H, OCH, CH;). BC-NMR (101 MHz, CDCl,,
25 *C) & 170.60-170.57 (m, 3), 153.66 and 153.61 (57, 148.35 and 14832 (4¥), 139.80 (2",
13042-130.30 {m, 1), 128.56 and 12848 (3'), 127.41, 127.30, and 127.21 (2', 4"}, 126.43 and
126.23 (1"), 110.46 and 110,37 {67}, 108.19 (3"}, TO.67 (d, J1.p = 47 He, 1), 70.60 (d, J1.p = 5.1 He,
1), 6407 and &4.04 (4), 63.06 (d, Joep = 5.4 He, OCHCHy), 6291 (d, [egpp=54Hs,
OCH,CH,), 5663 and 56,55 (5*-0CH;), 56.37 (4-0CH5), 45.23(d, Jap.p = 6.2 Hz, NHCH,),
1934 (d, [ap= 54 Hz, 2), 19.28 (d, Jap= 59 Hz, 2), 16.08 (d, [cppp= 74 Hz, OCHCH;),
1604 (d, [ p = 6.9 Hz, OCH,CHz). ¥'P-NMR (162 MHz, CDXCly, 25 °C) 5 8.61 and
7.87 ppm. HR-M3 (ES]) caleulated for ConHxp OuMaNaP 50613464, found [M + Ma]® 50513456,

4.5-dimethoxy-2-nitrobenzyl (25)-2-{(ethoxy(pyrimidin-2-ylamino)phosphoryloxy)
propanoate (13) was prepared from 24 (142.6 mg, 0.5 mmol, 1.0 eq.) and 20 (63.2 pl,
0.5 mmol, 1.0 eq.) according to the gemeral procedume and purified by Flash silica gel
chromatography using a gradient (CHaCla/ MeOH 100:0—9010, v/0), followed by neverse-
phase chromatography using a gradient (Ha0/MeCN 100:0—0:100, v/ v), which afforded
13 as a dense yellow oil (67.0 mg, 26%). TH-NMR (400 MHz, CICl,, 25 °C, 2 diastereciso-
mers in ca. 101 ratio) & 853 (d, 1H, [y p = 49 He, 27, 847 (d, 1H, J.p = 49 Hze, 2'),
7.73 and 7.71 {s, 2H, 3"), 7.13 and 7.07 (s, 2H, "), £.88 {t, 3H, [ p = 4.9 Hz, 3'), 685 (t,
IH, 3. p=49He, 3'), 5.64 idd, 1H, [Gp=15.0Hz, Jg, & = 0.5 He, 4a), 559 (dd, 1H,
JGem = 15.0 Hz, [ 4y o = 0.5 Hz, 4b), 5.56 (dd, 1H, [ = 149 Hz, [, o= 0.5 Hz, 4a), 5.51 (dd,
1H, Jiem = 14.9 He, [y o = 0.5 Hz, 4b), 5.43-5.20 (m, 2H, 1), 4.30-4.18 (m, 4H, OCH,CHy),
4.02 and 398 (s, 6H, 5"-CLCH,), 3,96 and 3.96 (5, 6H, 4"-0CH;), 1.65 (dd, 3H, [21 = 69 He,
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Jap=04He 2),15%(dd, 3H, J3.1 = 7.0 Hz, |2 p = 05Hz, 2), 1.35 (td, 3H, lop =71 He,
Jorap = 09 He, OCH-CH,), 1.3 (td, 3H, [apoe= 7.1 Hz, [opp= 0.9 He, OCHCH;)
BCNMR (101 MHz, CDCly, 25 °C) 6 17073 (d, Jap =39 Hz, 3), 17040 (d, Jap= 4.6 Hz,
3),159.22 (d, y.p = 6.2 Hz, 17, 15911 (d, [1.p = 5.9 Hz, 17, 158.38 {d, J.p = 1.5 Hz, 2'),
158.30 (d, Jo.p = 15 He, 2°), 15381 and 153.65 (5"), 148.28 and 148.22 (4"), 139.67 and
139,56 (2"), 126,70 and 126.27 (17}, 11456 and 114.51 (37, 110.28 and 110.11 (67), 108.12 and
108.11 (3"}, 72.29 (d, Jop = 5.4 He, 1), 7219 (d, Jyp = 5.1 He, 1), 6406 and 64.03 i4),
63.94 (d, Joppp= 5.5 He, OCH2CH4), 5676 and 56.59 (5"-00CHs), 56.35-56.32 (m, 4"-
OCHs), 1937 (d, [,p=59Hz, 2), 1905 (d, Jop = 67 Hz, 2), 160F (d, Jcnp = 7.1 Ha,
OCH:CH;), 16038 (d, oy = 7.1 He, OCH,CH; ). 9P-NMR (162 MHz, CDCly, 25 °C) &
— (.87 ppm. HR-MS (FSI) caleulated for CygHay OuNgP 47112754, found [M + H]* 47112723,

4, 5-dimethoxy-2-nitroben=yl (25)-2-((phen ox y(phen ethylaminojphosphoryloxy)
propanoate (14) was prepared from 24 (1426 mg, 0.5 mmol, 1.0 eq) and 21 (747 ul,
0.5 mmod, 1.0 eq.) according to the general procedure and purified by Flash silica gel
chromatography using a gradient (hecane / EtOAc 100:0—0:100, o/ o), followed by meverse-
phase chromatography using a gradient (HaO/MeCM 100:0—50:50, v/ v), which afforded
14 as a dense yellow oil (79.4 mg, 29%). "H-NMR (400 MHz, CICl,, 25°C, 2 diastereniso-
mers in ca. 1.8 ratio) & 7.74 and 771 (s, 2H, 3"), 7.38-7.11 (m, 20H, 2, 3, 4, 2, 3",
487, 7.04 and 7.02 (5, 2H, &"), 5.63 (dd, JGem = 148 Hz, [y, ¢» = 0.5 He, 1H, 4a), 5.63 (dd,
H, lgum = 147 Ha, [, o+ = 0.5 Hz, 4a), 5.58 (dd, 1H, Jgu, = 147 Hz, Jg o = 0.5 He, 4b),
5.55 dd, 1H, [\gem = 148 Hz, [ 5 - = 0.5 Hz, 4b), 5.11-5.01 {m, 2H, 1), 3.98 (5, 3H, 4-0CH,),
397 (s, 3H, 5"-0CHs), 3.96 (s, 3H, 4"-0CHa), 3.89 (s, 3H, 5"-0CHa), 3.39-3.23 (m, 4H,
NHCHz), 296284 (m, 2H, NH), 2.80-2.74 (m, 4H, CHzPh), 1.64 (d, 3H, [31 = 6.9 Hz, 2),
157 (dd, 3H, 11 = 7.0 Hz, Ja p = 0.3 Hz, 2). ¥C-NMR (101 MHz, CDCly, 25 *C) & 170,37 (d,
Jip=45Hz, 3), 170,15 (d, Jap= 4.3 Hz, 3), 153.72 and 153.71 (5"}, 150.8* (17}, 14844 and
14832 (4"), 13957 and 139.77 (2}, 138.20 and 138.18 (1'), 120.60 and 12062 (3", 128.86 and
128,84 (2'), 12871 and 128,63 (3"), 12671 and 124,60 (4", 126.45 and 126.30 (1), 124.97 and
124.92 (4'), 124.97 and 124.92 (2"), 120.27 (d, [~p = 49 He, 2), 120,11 (d, [ae.p = 5.1 Hz,
2#m), 110.40 and 110.35 (6"), 108.28 and 108.16 (37), 71.27 (d, Jyp = 49 H, 1), 71.25 (d,
Jip=53Hz, 1), 64.22 and 64.12 (4), 56.64, 56.56, 56.44, and 56.41 (4"-OCH,, 5"-OCHS,),
4277 and 42 &5 (NHCH,), 37.64 (d, [cinp = 5.9 He, CH;Ph), 3761 (d, lopp = 6.1 He,
CHzPh), 19.44 (d, J2p = 5.5 Hz, 2) 19.21 (d, J2.p = 5.8 Hz, 2). * The BC chemical shift was
extracted from HMBC. *'P-NMR (162 MHz, CDClg, 25 *C) & 440 and 3.55 ppm. HR-MS
(ESI) caleulated for Cae HagOuNaNaP 567.15029, found [M + NaJ* 567.14044.

4 5-dimethoxy-2-nitroben =yl (25)-2-{(phencxy(piperidin-1-yliphosphoryloxylpropanoate
(15) was prepared from 24 (1426 mg, 0.5 mmol, 1.0eq.) and 21 (747 pl, 0.5 mmol, 1.0eq.)
according to the general procedure and purified by Flash silica gel chromatography using a
gradient (CH3Cla /MeOH 100:0—90:10, o/v), followed by two reverse-phase chromatogra-
phies using a gradient (HaOy MeCN 100:0—+60:40, v/v), which afforded 15 as a dense
yellow cil (75.5 mg, 30%). TH-NMR (400 MHz, CIXCl,, 25 °C, 2 diaskemroisomers in ca.
1:0.7 ratic) 5 7.75 and 7.72 (s, 2H, 3'7), 7.34 and 7.27 {m, 4H, 3"}, 7.23 and 7.18 (m, 4H,
2", 7.17-7.10 (m, 2H, 4"7), 7.09 and 7.05 (s, 2H, &"), 5.67-5.55 (m, 4H, 4), 5.12-5.01 (m,
2H, 1), 4.00 (s, 3H, 57-0CH;), 3.98 {5, 3H, 4 0OCH;), 3.96 (s, 3H, 4"-0CH;), 3.88 (s, 3H,
5" 0CH;), 3.24-3.12 (m, 8H,1"), 1.66 (d, 3H, J21 =69 Hz, 2), 158 (d, 3H, 24 =49 Hz, 7),
1.50-1.52 (m, 4H, 3'), 1.52-1.40 {m, 8H, 2. *C-NMR (101 MHz, CDCly, 25 °C) & 170,32 (d,
Jap =47 Hz, 3), 170.27 (d, Jap = 46 Hz, 3), 15377 and 153.75 (5"), 150.94 (d, Jyep = 6.9 Hz,
1), 150086 (d, Jyop= 6.6 Hz, 1™), 148.36 and 148.25 (4"), 13978 and 139.68 (2"), 129,60 and
12953 (3], 126,66 and 12659 (1), 12471 (d, [y p= 1.5 Hz, 4*), 124.65 (d, [yw p = 1.5 Hz,
497, 12017 {d, Je p = 4.6 Hz, 2™), 12002 (d, [y~ p = 5.4 Hz, 2™), 110.28 and 110.26 (6"},
108.23 and 108.12 (37), 7106 (d, Jyw p = 54 He, 1"), 70.86(d, [ p = 5.3 He, 1), 64.07 and
6401 (4), 5668 and 56,58 (3"-0MCH3), 56.44 and 56,40 (4"-0OCH3), 45.51 (d, Jy.p= 2.3 Hz,
V), 4550 (d, Jyrp =22 He, 1), 2579 (d, Jy.p = 46 Hz, 2'), 2568 (d, Jo.p = 47 He, '),
24.24 24 70 (m, 37), 1948 (d, Jap = 5.4 He, 2), 19.26 (d, [2 p = 5.4 He, 2). 'P-NMR (162 MHz,
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CIICly, 25 °C) & 3.96 and 3.47 ppm. HR-MS (ESI) calculated for CyyHagOuNo P 509.16834,
found [M + HJ* 509.16852.

4 5-dimethory-Z-nitroben=yl (25)-2-{(phenoxy(phmylaminolphosphoryl lovylpropanoate
(16) was prepared from 24 (1426 mg 0.5 mmel, 1.0 eq.) and 21 (747 pl, 0.5 mmol,
1.0 eq.) according to the general procedure and purified by Flash silica gel chromatog-
raphy using a gradient (hexane/EtQ4c 100:0—0100, v/o), followed by two reverse-
phase chromatographies using a gradient (HyO/MeCN 10006040, v/v), which af-
forded 16 as a dense yellow il {53.5 mg, 21%). TH-NMR (400 MHz, CICly, 25 °C, 2 di-
astereoisomers in ca. 21 ratio) § 7.73 and 771 (s, 2H, 3™), 7.32-6.96 (m, 20H, 2/, 3", &',
zor 3, 4eny, 50971 (d, TH, [ypp = 9.8 He, NH), 5.86 (d, 1H, Jygep = 9.1 He, NH), 5.67 (dd,
H, [ = 148 Hz, [, o =06 Hz, 4a), 558 {dd, 1H, [y = 148 He, [g o= 0.6 Hz, 4b),
5.55 (dd, [ = 145Hz, [y, o~ =06 Hz, 4a), 551 (dd, |G = 145 Ha, Jg o~ = 06 Hz,
4b), 5.26-514 (m, 2H, 1), 3.97-3.96 (m, £H, 4"-00CHs), 3.90 and 3.87 (s, 6H, 5"-0OCHa),
167 (dd, 3H, [21 =69 Hz, J2p=05Hz, 2), 160 {dd, 3H, J21 = 69 Hz, Jar = 0.3 Hz, 2).
BCNMR (101 MHz, CDCls, 25 *C) & 17003 (d, Jap = 5.0 He, 3), 16975 (d, Jop=47 Hz,
3), 15373 and 153.65 (57), 15029 (d, Jywp =68 Hz, 1*7), 15012 (d, [yep= 65 Hz, 1™),
148,42 and 14834 (47), 139.84 and 13975 (2'), 138.63 and 138.58 (1), 12972 and 12065 (3"7),
129.40 and 129.29 (3'), 126.37 and 126,06 (1), 125.40-125.31 (4"}, 12257 and 122.52 (4'),
12043 (d, [y~ p =46 Hz, 2"7), 12038 (d, Jop = 47 He, 2'), 11824 {d, [»p = 7.3 He, 2'),
118.07 {d, Jyp = 7.5 Hz, 2'), 110,39 and 11033 ("), 108.23 and 108.18 (3"}, 72.00 (d,
Jop=49Hs, 13, 7175 (d, Jyp= 48 Hz, 1), 64.37 and 64.30 (4], 56.54 and 56,51 (5"-0CH,),
56.45-56.39 (4"-0OCH3), 19.23 (d, |y = 5.8 He, 2). FIRNMR (162 MHz, CDCly, 25 °C)
& —250 and —2.99 ppm. HR-MS (ESI) calculated for CogHagOuMNoP 51713704, found
[M + HJ* 51713895,

Methyl-1-cyclopropyl-T-(4-({(1-({4 5-di methoxy-2-ni troben =yloxy)-1-ox opropan -2-
wlhoxylethoxyiphosph oryl i perasin-1-yl-6-fluoro-4-ovo-1 4-dihydroguinol ine-3-carboylate
(17). To a solution of 24 (713 mg 0.25 mmol, 1eq.) in 1.5 mL of dry toluene, 20 (316 ul,
0.25 mmol, 1.0eq.), and TEA (454 pl, 0.325 mmol, 1.3 eq.) were added, and the reaction
mixture was stirred at 25 “C for 16 h. The formation of the intermwediate 25 was con-
firmed by *'P NMR (&p 46 and 4.1 ppm) before adding amine 27 (86.3 mg, 0.25 mmaol,
Loeq) and TEA (34.9 pl, 0.25 mmol, 1.0eq.). The reaction mixture was stirred at room
temperature until completion (1 h). After solvent evaporation, the crude residue was
purified by Flash silica gel chromatography using a gradient (hexane/ EtOAc/MeOH
50t 50 0—+k 100:0—0:50:50 ©oy's), which afforded 17 as a white solid (78.1 mg, 43%:). "H-
NMR (400 MHz, CIXCly, 25 °C, 2 diasterecisomers inca. 1:1 ratio) & 853 and 853 (5, 2H,
o', 800 (d, 1H, [,.p= 13.2 Hz, 7%, 800 (d, 1H, [, ; = 131 Hz, 7'}, 772 and 7.67 (s, 2H,
3, 7% (d, 1H, J4p=7.2Hz, 4, 7.26 (d, 1H, J3.p =7.1 Hz, &), 7.05 and 7.02 (s, ZH, 6"},
5.66-5.53 (m, 4H, 4), 5.06-492 (m, 2H, 1), $194.06 (m, 4H, OCH;CH,), 4.01 and £.00 (s,
6H, 5"-0CH,), 3.97 and 3.93 (s, 6H, 4"-0CH;), 391-3.90 (m, 6H, 16, 3.50-3.30 (m, 10H, 17,
127, 3.26-3.08 (m, 8H, 2'), 1L&5-1.60 {m, &H, 2), 1.43-1.28 {m, 10H, OCHyCH;, 13 or 14'),
1.18-1.11 {m, 4H, 13’ or 14). BC-NMR (101 MHz, CDCl,, 25 °C) 3 173.04 (d, [y 5 =21 He,
117, 170,00 {d, [y p= 2.2 He, 11'), 170.50 (d, Jap = 46 Hz, 3), 170.43 (d, Jxp=54 Hz, 3),
166.40 and 166,35 (157), 153.38 (d, [y p = 248.6 Hz, 89, 153.63 (5), 148,55 and 14855 (47),
14842 (9°), 14455 id, [ 5 5 = 105 He, 3}, 144.49 (d, [, = 10,6 Hz, ¥), 140,06 (27), 138.01 (d,
Jap = 1.5Hz, 57, 137.99(d, |y p = 1.5 He, ), 12609 and 12597 (1), 12336 (d, [ ; z = 7.3 Ha,
6, 123.28 (d, Jep= 6.9 Hz, 6, 11340 (d, op= 23.5 He, 77, 113.30 (d, J7.y = 22.9 He,
7%, 110.94 and 110,85 (6"), 110,12 and 110,07 (10°), 108.30 and 108.26 (3"}, 105.13 (d,
Jyp=95Hz 47, 10512(d, [y p= 91 Hz, 4),70.69 (d, [y = 48 Hz, 1), 70.65(d, [1.5 = 5.6 Ha,
1), 64.21 and 6418 (4), 63.21 (d, [gpp = 6.0 He, OCHLCH,), 63.00 (d, Jopnp = 6.0 He,
(OCHzCH3), 56.68 and 56.63 (3"-CiCHs ), 56.45 and 56.44 (4"-0NCHa), 5207 and 5206 (167),
50.26 and 50,09 (m, 2°), 44.40 and 44.38 (17), 3456 and 34.55 (12°), 19.50(d, J2p = 5.2 Hz, 2),
16.18 (d, o p = 7.0 He, OCHCH;y), 16.14 (d, o p = 7.0 He, OCHCH;y), 815 (m, 13,
14'). FP-NMR (162 MHz, CTXCly, 25 °C) & 7.87 and 7.17 ppm. HR-MS (ESI) calculated for
CaaHae0qaNyFP 72122806, found [M + H]* 721.22706.
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Methyl-1-cyclopropyl-7-(4-(eth oxy((1-ethoxy-1-oxopropan-2-yl)oxy)phosphoryl)
piperazin-1-yl-6-flioro4-oxo-1,4-difydroguinoline-3-carboyylate (18l To a solution of
(- +Ethyl L-Lactate (287 pl, 025 mmol, 1 eq) in 1.5 mL of dry toluere, 20 (31.6 pl,
0.25 mmol, 1.0eq.) and TEA (45.4 ul, 0325 mmol, 1.3 eq ) were added, and the reaction
mixture was stirmed at 25 °C for 16 h. The formation of the intermediate was confirmed by
SR NMR (5p 47 and 37 ppm) before adding amine 27 (35.3 mg, 0.25 mmol, 1.0 eq.) and
TEA (349 pL, 0.25 mmol, 1.0eq.). The reaction mixture was stirred at 25 “C until comple-
tion (1 h). After evaporating the solvent, the crede residue was purified by Flash silica gel
chromatography using a gradient (hecane/ EtOAe 50:50—0:100, o/ o), followed by meverse-
phase chromatography using a gradient (H20/MeCN 95:5—5050, v/ v}, which afforded 18
as white solid (61.1 mg, 44%). TH-NMR (400 MHz, Ty, 25 °C, 2 diastereoisomers in ca.
1:1 ratio) & 8.60-8.57 (m, 2H, @), B.08(d, 1H, [, ;= 13.2Hz, 7, 807 (d, 1H, |, ; =132 Hz,
77, 7.31-7.27 (m, 2H, 47, 495-4 83 {m, 2H, 1), £30-4.08 (m, 8H, 4, OCH2CH,), 3.95-3.93 (m,
&H, 16", 3.53-3.36 (m, 10H, 1*, 12"), 3.26-3.20 {m, 8H, 27, 1.60 (d, 3H, Jor = 7.0 Hz, 2), 157 (d,
3H, Jp = 6.9 Hz, 2), 1.40-1.29 (m, 16H, 13 or 14, 5, OCH2CH;), 1.19-1.13 {m, 4H, 13 or
147, 3C-NMR (101 MHz, CDCly, 25 °C) 5 173.17-173.02 {m, 11¢), 17000 (d, 1 p = 45 Hz,
3), 17091 (d, Jap = 54 He, 3), 16657-166.49 (m, 15'), 153.44 (d, [, p= 2491 Hz, &),
145845 (97), 144.76-144.55 (m, 3), 138.02 (5"), 123.63-123.24 (m, &"), 113.50 (d, J7.p = 23.1 Hz,
7, 113.47 (d, [y = 228 Hz, 7), 110.32-110,05 fm, 10'), 105.05-10496 (m, 47), 7O.78 (d,
T1p =54 Hz, 1), 83.06 (d, [cppp = 6.1 He, OCHyCHs), 6294 (d, [ p= 62 He, OCH;CHa),
6146 and 61 41 4), 52.14(167), 50.41-5014 (m, 27, 4434434 (m, 17, 343 (127, 19541936 (2),
16.20 (d, [app = 6.9 Hz, OCHCHa), 16.17 (d, [oipp = 6.6 He, OCH>CHa), 1421 and
14.15 (5), 818 (m, 13, 14). IP-NMR (162 MHz, CIICly, 25 °C) & 7.78 and £.98 ppm.
HR-MS (ES]) caleulated for CagHayOyNaFP 55420621, found [M + H]* 554.20614.

Methyl-1-cyclopropyl-6-fluoro4-oxo-T-{piperaz in-1-y -1 A-di hydroguinoline-3-
carboxylate (271 To a suspension of Ciproflecacin (1.0 g, 3.0 mmol, 1 eq.) in 30 mL of
dry methanol, cooled to 0 *C, 30C1; was added dropwise, and the resulting solution was
refliced for 16 h [33]. After evaporating the sobvent, the crude esidue was dissolved in
CHaCly and washed with a saturated solution of KaCOb, and the organic layer was dried
over Nag50y. After filtration and solvent mmaoval, the crude residue was purified by Flash
silica gel chromatography using a gradient (CHyCla/ MeOH 100:0—70:30, v/7), to obtain
methyl ester 27 as a white solid (0.78 g, 76%).

Characterization of mtermediates (I), products { P} obtained after trradiation with UV Bgft,
and indesired products (X)

1-L BCNMR (126 MHz, 50% CACO/DMSO, 25 °C) 5 14073 (17, 13043 (2’ or
3), 130,07 (¥ or 2'), 127.93 (&), 6873 (d, Jop = 58 He, 2), 6425 (d, Jp = 54 He, 1),
6194 (d, opnp = 7.9 He, OCH2CHa), 43.81 (WH-CHa), 38.71 (d, Jqmp = 6.1 He, CHzPh),
17.25 (d, Jepps p = 6.5 Hz, OCH:CH, ). 31P-NMR (202 MHz, 50% CACO/DMS0d,, 25°0) 5
10,683 ppm. HR-MS (ESF) calculated for CyyHyaOyNP 27210572, found [M—H]- 27210551,

2L BC-NMER (126 MHz, 50% CACO/DMSChd,, 25 °C) & 68.79 id, Jop = 5.5 Hz, 2),
643 (d, [1p =56 He, 1), 6192 (d, [ p = 7.6 He, OCH2CH;), 4633 (d, [ p=21Hz,
1), 26.97 (d, Jv.p = 47 He, 27, 2515 (3'), 17.25 (d, Jasr = 6.6 He, OCH2CH3). ¥P-
NME (202 MHz, 50% CACO/ DMS0-dy, 25 °C) 5 9.81 ppm. HE-MS (ESI—) calculated for
CyHyaOyNP 236.10572, found [M—H]~ 236.10585.

3L BCNMR (126 MHz, 50% CACO/ DMSO-d, 25 “C) & 141.11 (11, 13101 (39,
123,48 (4"), 119.19 (d, [ p= 7.6 Hz, 2'), 6946 (d, J2p = 5.9 Hz, 2), 65.11 (d, [y p =56 Hz,
1), 61.82 (d, Joaep = 7.9 He, OCH:CHa), 17.19 (d, Joma p = 69 He, OCH2CHa). ¥ P-NMR
(202 MHz, 50% CACO/ IMS0-dg, 25 *C) § 3.62 ppm. HR-MS (ESI—) calculated for
CygHyOgNP 24407442, found [M—H]|™ 24407419

41 BPC-NMR (126 MHz, 507 HEPES,/ TS0, 25 °C) 8 15173 id, [0 p = 6.8 He,
1, 140,51 (17), 13154 (3'™), 130.40 (2°), 130,08 (3), 127.98 (4", 12677 (4"™), 12167 (d,
Jam p=46Hz, 2, 8941 (d, Jzp =59 Hz, 2), 61.85 (d, Jyp = 7.8 Hz, 1), 44.04 (NHCH;),
3858 (d, oz p = 6.1 Hz, CH.Ph). TE-NMR (202 MHz, 50% HEPES, DMSOLd,, 25 °C) &
£.32 ppm. HR-MS (ES) calculated for CpgHag Oy NNaP 34410222, found [M + Na]™ 34410212,
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4eeye-L BC-NMR (126 MHz, 50% CACO, DMSO-dg, 25 °C) 5 140.45 (14), 130.41 (24,
130,08 (37), 127.95 (4", &7 74—67.69 (m, 2, 1), 4371 (NHCH,), 3567 (d, Jopp = 5.2 He,
CH,Ph). P-NMR (202 MHz, 50% CACO, DMSCO-d, 25 “C) & 28.06 pprm. HR-MS (ESI-)
calculated for CygHya O NP 226.06385, found [M—H]™ 226.06358.

4P2 BCNMR (126 MHz, 50% CACO,/DMSO-d;, 25 °C) & 141.56 (17, 130.38 (21,
130,03 (3), 127.69 (4], 8676 (d, [rp= 5.3 Hz, 2), 6290 (d, [y p= 7.3 Hz, 1), $.60 (NHCH3),
39,2* (CHaPh). * The *C chemical shift was extracted from HMBC. ¥'P-NMR (202 MHz,
507 CACO, DMSO-d, 25 “C) & .05 ppm. HR-MS (ESI—) caleulated for CygHysOyNP
244 07442, found [M—H]™ 24407457,

51 BC-NME (126 MHz, 50% CACO,/DMS0u, 25 °C) 3 15172 (d, [y p = 6.5 H,
1), 13158 (3™), 126.83 (4"7), 12164 (d, Jpmp = 5.1 Hz, 2), 6448 (d, Jop = 6.0 Hz, 2),
6184 (d, [yp =7.9 Hz, 1), 4653 (d, Jy.p = 19 Hz, 17, 2677 (d, [ p= 45 He, 2), 25.01 (3}
P NMR (202 MHz, 50% CACO,/DMSO-d, 25 °C) & 5.10 ppm. HR-MS (EST) caleulated
for CraHapOyNP 286.12027, found [M + H]" 286.12034.

Scye-L BC-NMR (126 MHe, 50% CACO DMS0ndg, 25 »C) § 67 .87 —67.83 (m, 2, 1),
4654 (d, [y p = 31 He, 17), 27.03 (d, [ p = 3.6 Hz, 2%), 25.07 (3'). P-NMR (202 MHz,
50 CACO,/DIMSChdy, 25 °C) 5 2648 ppm. HR-MS (ESI) caleulated for CoHysO3NP
192.07841, found [M + H]* 19207829,

&L PC-NMR (126 MHz, 50% CACO,/DMSO-dg, 25 °C) & 15139 (d, Jy=p = &7 He,
1), 140063 (17), 13166 (377), 131.10 (31), 12718 ('), 123.92 (4), 12155 (d, [ p = 47 Hz, 2™,
119.50(d, [y p=7.7 He, 2'), 70,19 {d, [z p= 5.5 Hz, 2), 61.76 (d, [L.p= 7.6 Hz, 1). ¥P-NMR
{202 MHz, 50% CACOY DMSO-dg, 25 °C) & —0.94 ppm.

g-cye-L BC-NMR (126 MHz, 507 CACO,; DMSO-dg, 25 °C) 5 140.23 (11, 131.15 (3,
124.73 (47, 12098 (d, [y p = 7.3 Hz, 27, 68.02—£7.95 (m, 2, 1). ¥IP-NMR (202 MHz,
50%, CACOY DMSOkdg, 25 *C) 5 21.66 ppm.

0.1 HR-MS (ES]1-) caleulated for Cyy HysOsMP 27208033, found [M—H|~ 27206026,

13-L C-NMR (126 MHz, 50% CACO,/DMS0-d,, 25°C) 617754 (d, Jap=45Hz, 3),
160.21-160.10 {m, 2°), 160.05-159.93 (m, 1), 116.60 and 11667 (3"), 76.31 (d, Jip= 63 Hz, 1),
7620(d, J1p= &1Hz, 1), 65589 (d, [cap = 6.1 He, OCH,CH,), 85.57 (d, [app = 6.2 He,
OCH,CH;), 21.29 {d, [2p = 5.7 Hz, 2), 21.08 {d, Jap =5.5Hz,2), 17.14 (d, [qnp =7.3 Hz,
DCHyCHZ), 17.10(d, Jopgap = 67 He, OCH2CH;). 3 P-NMR (202 MHz, 50% CACOy DMS0-
dg, 25°C) & —0.13 and —0.75 ppm. HR-MS (ESI-) calculated for CyHyaOuMNaP 274059583,
found [M — H]~ 27405995,

16-L BC-NMR (126 MHz, 50% CACO;/ DMS0ud,, 25°C) 515393 (d, Jap= 65Hz, 3),
15168151 46 (m, 177, 140.80 (1. 140.79 (1%, 131.55 (3™ or 3", 13153 (3" or3), 13103 (3 or
37, 13098 (3 or 3'™), 127.03 (477, 123.65 (4", 123,63 {49, 121.60-121.60 (m 2""), 119,36 (d,
Jep=80Hs, 2), 7635 (d, [yp=59Hz, 1), 21.31 (d, [, p = 48 Hz, 7). ¥ P-NMR (202 MHz,
500 CACOY DMS0d,, 25 °C) & —221 and —2.63 ppm. HR-MS (ESI—) calculated for
CigHygOs NP 320.06933, found [M — H]~ 320.06956.

7-P (= &P, &-P, 10-F, 11-F, 12-F, 1P, 17-F, 10-P, 11-F, 12-F, 13-F, 17-P, 18P} BC-
MMR (126 MHz, 50% CACO;MSOd, 25 “C) 6 17292 (d, [ap = 6.5 He, 3), 7360 (d,
J1p =56Hsz, 1), 6256 {d, [ozr = 5.5 He, OCH2CHs), 2160 (d, J2r = 3.1 He, 2), 17.52 (d,
Icnp = 74 He, OCHCH;). #P-NMR (202 MHz, 50% CACO/DMS0d,, 25 *C) &
—1.09 ppm. HR-MS (ESI—) caleulated for CsHygOg P 197.02205, found [M — H)™ 197.02157.

14-PL BC-NMR (126 MHz, 50% CACO,/ DMSOudg, 25 °C) 517952 (d, Jap=7.1 Hz, 3),
153.92 (d, Jyep = 6.9 Hz, 1), 13095 (3", 124.87 (4™), 12076 (d, [3wp= 46 Hz, 2", 7433 {d,
Jir = 61 Hz, 1), 2151 {d, Jar = 29 Hz, 2). ¥P-NMR (202 MHz, 50% CACO/DMS0-
dg, 35 °C) & —6.24 ppm. HR-MS (ESI—) caleulated for CoHyO;NP 24502205, found
[M—H]™ 24502184,

73X, BCNMR (126 MHz, 50% CACO/DMSCd;, 25 °C) &6 17544 (d, Jop = 6.5 He,
3), 140.41 (17), 130.32 {27, 130,07 (37, 127.96 (47, 7275 (d, Jyp = 5.5 Hz, 1), 62006278 {m,
OCH,CHy), 41.61 (NH-CHy), 36.02 (CHyPh), 21.10-21.01 (m, 2), 17.61-17 45 (mn, OCH2CHs).
SIP MR (202 MHz, 50% CACO/DMSO-dg, 25 °C) & —1.76 ppm. HR-MS (ESI-) caleu-
lated for CyaHye O NP 300.10063, found [M — H|~ 300.10050.
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0. BC-NMR (126 MHz, 50% CACO/DMS0-d,, 25 #C) 5 173,93 (d, Jop = 6.2 He,
3), 13854 (17, 130,60 (3), 12660 (4, 122.38 (2*), 73.05 (d, JLp = 5.5 Hz, 1), 6294 (d,
Icrzp = 5.8 He, OCHzCHy), 2095 (d, [ p= 3.3 He, 2), 17.52(d, [capap = 7.2 He, OCH2CH;).
SIP.NMR (202 MHz, 50% CACO/DMSChdg, 25 °C) § —1.57 ppm. HR-MS (ESI—) caleu-
lated for Cyg HisOs NP 272.06933, found [M—H]™ 272.06943,

5 Conclusions

In summary, we designed and synthesized phosphate-based 51 linkers for amine-
containing drug delivery. We found that the lactate spacer can release amines effectively
within 15 min; moreover, it can release two cargos sequentially—the first amine cargo
within minutes and the second phenolic cargo overnight. Surprisingly, this is exactly the
opposite release order that we found when using an ethylene glyeol S spacer, whereby phe-
nol is eleased preferentially [22]. Interestingly, the linkers bearing primary amines lack
stability at physiological pH (pH = 7.4) due to an intramolecular rearrangement caused by
the nucleophilic attack of NH nitrogen from LG on the carbonyl group of lactate. This al-
ternative decomposition, which yields the undesired product X, can be suppressed by
changing the buffer (e.g, HEPES instead of Cacodylate buffer, pH = 7.4), by decreasing
the buffer pH to mildly acidic (pH = 5), or by N-methy lation of phosphoramidate nitrogen.
In turn, derivatives bearing secondary amines are stable in a range of pH 5-7 4. As such,
our prodrug approach is the most suitable for the delivery of secondary amines. Fur-
ther applicability was demonstrated by phosphorylation of the antibiotic Ciprofloxacin,
whose phototriggerable and ereyme-triggerable prodrugs released Ciprofloxacin success-
fully. Owerall, our results establish an experimental paradigm for the smart design of new
self-immolative systems for the targeted delivery of various amine-containing drugs and
their enhanced cellular uptake and activity, thus broadening the applications of prodrug
technology. Momeover, phospholane amidates could lead to the design of new synthetic

approaches in phosphorus chemistry.
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Conventional Nuclear Magnetic Resonance (NMR) analysis relies on H-HIGH interactions Haowever,
these imersctions are sometimes insuflicient Tor an sccurate and precise NME analysis I this soudy,
we show that ™F NMR parameters can provide critical struetural insights into the stereochemistry of
phess phorus -contain ng compomds. For this purpose, we prepared & $et of madel pheas phorus -baged pro-
line derivatives, separated distereaisomens, and determined their absalute condiguration by single-

cryatal X-ray dilfraction After supplementing these refulls by @lectronic ciraular dichraiim (ECD) 4 pec-
troscopy, we combined experimental data and DFT calodations from owr model compownds to periomm a
detailed conformational analysis, the reby determining their relative configuration. Overall, our findings
eqrablish an experimental paradigm for combining 7P NMRE spectroscopy with ather optical methods
o facilitate the stereschemical analyii of phosphor us-conlaining compounds.

& 2022 Hsevier Inc. All dghts reserved

1. Introduction

Phosphoms plays a crucial role in nature as a component of
nucleotides, building blocks of nucleic acids (DNA and RNA)L and
cell membranes (phospholipids) [1]. In additon, phosphorus-
hased systems enable energy storage (ATP/ADP cycle) and signal
tmnsduction |2 ] Unsurprisingly, phosphorus is also an essential
element in organic chemistry (eg. organocatalysis) [3], and com-
pound=s with a stereogenic center an the phosphoms atom, known
as P-chirogenic molecules 4], are used in both enantioselective
catalysis and coondination chemistry. In short, whether natural or
synthetic, phosphorus compounds support a wide mnge of func-
tions, with both chemical and medicinal applications.

In medicinal chemistry, P-containing compounds hawe been
used to prepare lipophosphonodns with antibacteral effects [ 5]
and nuclecside prodrugs with antiviral effects. Among the latter,
ProTides |6] stand out as highly potent antiviml dmgs against
Human Immunodeficiency Virus (HIWV), Hepatids C Vims (HCV),
and Severe Acute Respiratory Syndrome Coronavims-2 (SARS-
Cov-2). Another cdass of P<ontaining compounds termed
phosphorus-based self-immolative (51) linkers can serve asz effi-
cient cargo releasers |7], with advanced phos phorus-based linkers

* Corres ponding author
E-mail anddrecs: prochazkova@uochh o oz (E Prochiziovd |

hifps: | idod orgf 101076 fj jmr 302 1071489
T0S0-TRT & F0Z2 Flsewer Inc. All nghs neserved_

offering multiple modes of double-cargo mlease |£], eg., phenols
and amines [9].

Structural analysis of organic compounds usually relies on clas-
sical analytical methods, such as NMR or optical spectroscopy and
mass spectrometry (MS) In turn, stereochemical questions are
often addressed by X-ray diffraction data anmalysis. Howrewer,
obtaining single crystals of Pcontaining compounds suitable for
¥-ray analysis can be a challenging task. For this mason, new
methods must be developed for the stereochemical analysis of P-
compounds A possible approach consists of incorporating a mag-
netically active *'P nucleus and its interaction with neighbouring
nuclei into standard NMR analysis when conventional C-H NMR
fails.

The NME active *'P nucleus has a spin ¥, a large chemical shift
dispersion (1000 ppm), a high natural abundance, and a suffi-
dently high Lammor frequency and thus does not require a low-
gamma NMR probe. Concurrently, proton decoupling affords single
*'P NMR signak foreach phosphorus component ina reaction mix-
ture. Thanks to these features, *'P spectroscopy can be easily used
fior reaction monitoring. Another advantage of this approachis that
the *'P chemical shift responds to minor changes (e.g, solvation)
|10], which may be otherwize confusing when comparing different
samples. Spin-spin interactions of *'P with neighbouring muclei
("H, "C) provide key connectivity information when screening
newly-designed ProTide analogs for drug mrelease properties [11]
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Maoreover, both “*C-*'P and "*C-"*C spin—spin interactions have
already been used for conformational analysis based on the
Karplus-type relationship between [«ouplings and dihedral angles
[12]. The IGLO-IN basis set [13] and the GIAD [14] method were
developed for cakculating **P NMR parameters. This method pro-
vides computed NMR pammeters with reliable accuracy at reason-
able computational costs [15].

In this study, we demonstrate that *'F NMR parameters can
provide structural insights into  the stereochemistry of
phosphorus-containing compounds. For this purpose, we prepared
a set of model phosphorus-based pmoline derivatives (Scheme 1)
After separating diasterecizomers and determining their absolute
configuration by single-crystal X-ray diffraction, we supplemented
the results with electronic dncular dichmism (ECD) spect msoopy
data Subsequently, we combined advanced MMR analysis with
quantum-chemical calculations to explore the conformational
space and to determine the relative configuration of our model
phosphorus-based proline derivatives.

2. Results and discussion
21, Synthesis

Our model compounds were synthesized by cyclisation of
{RH -] ar (§}H+] —2-pymolidinemethanols with the corresponding
phosphorodichloridate [16] under CHOy reflux {Schemne 1), This
reaction proceeded relatively quickly, and no starting material
was detected by TLC or NMR spectroscopy after 30 min. We
observed that the reaction sterecspecificity was considerably
affected under anhydrous conditions, leading to 1 and 2 in &84
and &2 de, respectively. In 3. the sterecspecificity remained lowr,
even under anhydmus conditions. The resolution of isomers was
quite demanding, but we were ultimately able to separate them
by multiple flash chromatography on Silica (n-hexane/En0Ac)
The isomer= of 3 were difficult to separate, requirng multiple flash
chromatography on%ilica followed by evese-phase chromatogra-
phy on {18 (waterfacetonitrile]. Unfortunately, this separation
caused partial decom position of 3 by opening the oxazolidine ring.
Compounds 1 and 2 were izolated as white solids, and two isomers
{1-5R and 2-RR), one from each pair of enantiomers, were orys-
talized from n-hexane EtOAc (1]1 wjiv). All four isomers were char-
acterised by NMR spectroscopy. Based on the synthesis, we used
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the first stereochemical descriptor for the proline part and the
second for phosphorus. Therefore, g, 18R defines the stereo-
chemistry on proline as (5] and the stereochemistry on phhosphorus
as (R).

Inaddition. 3 was isolated as a colorkess oil, but even after many
experiments with varous solvent systems, we were unable to
crystallise this compound and hence to determine its absolute
configuration.

22 Analyss of compounds 1 and 2: Absolute configurarion

‘We aimed to determine the absolute configuration of the model
compounds by X-ray diffmction Fortunately, com pounds 1-58 and
2-RR were successfully crystallised from the mixture of n-hexane
EtOAc (11 wiv, 20 mg of the compound in 20 mL). X-ray analysis
allowed us to determine the absolute configuration of these two
compounds as (5, ) for 1-8R and (R, R} for 2-RR. In both cases,
Fig. 1 shows an (R) configuration on the phosphoms atom, with
the diastereoizomers differing in the configuration on the proline
part (C2), which dictates the shape of the higpclic proline moisty.

To collect more data on the stereochemistry of non-crystallizing
diastereomers, we used electronic circular dichmism (ECD) spec-
troscopy. UV/(Vis absorption spectra of 1 and 2 in the UV spectral
region {180-300 nm, Figure 539 in the 51) showed spectral bands
at 188 nm, 218 nm. and a low-intensity spectral band around
265 nm with a vibronic structure typical for benzene and its
derivatives [17]. As expected, B(D spectrm of compounds 1 and 2
(Fig. 2) were characterised with spectral bands at ~183 nm,
~195 nm, ~220, and ~260 nm with a vibmonic structure and with
a sign and intensity reflecting the configuration of discrete com-
pounds [17h]. Thus, we observed the opposite BCD spectm of the
enantiomenc pairs 1-55 2-RR. and 1-5R, 2-RS with speciral
bands at ~183 nm ({-) for 1-88, 2-RS), ~195 nm ({+) for 155,
2-RS), ~220 nm ({+) for 1-55, 2-RS), ~260 nm with vibronic
bands at 253, 259, 265 and 272 nm ([ ) for 1-85, 2-RS).

2.3, Analysis af compounds 1 and 2 Conformational analysis based on
Jeouplings
‘We explored the conformational space of compounds 1 and 2.

An ensemble of possible structures was generated by Schrbdinger
(MaestmfMacroModel ) and provided six structures for each of

- ¥
) 1 4 ] @
H 5 s
N = 'y s
l:).ump + @’éli}:l / + Q_I_“‘.-
(5}-profino 1-55
a o
: . | 30, 3D
OH it
CUSIIp RN P ¥ R
h ’:\_,‘-—-’ b A
(F}-prolinol I-R5 2-RR
cl cl cl
H Q Q
N OH 0.4 a) pa - peo
D‘J G+l M N
3- and 3-B

Schemse 1. Synthesis of mode] compounds 1-3 and their atom mumbeing: a) BN (22 eg. ) CHCl, reflux 30 min.
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Fig- 1. X-ray structures of 1-5R (left) and 2B (right); the displacement ellipsoids are drawn on 508 probabil ity levd.
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Fig. 2 B specira of compounds 1 and 2 measured in trifl uorcethanal at wom
Temperaiune.

Tahle 1

the two isomers of 1 and 2. These structures were then o ptimised
by density functional theory {DFT) modeling, resulting in three
non-redundant conformers as indicated by a careful analysis of
dihedral angles.

To exemn plify our approach, we show three conformers of 1-5R
and 2-RR, differing in their relative configuration and thus in the
conformation of the proline part. In general five-membered rings
are flexible and can co-exist in several conformations in solution
The sterenc hemistry of the five-membered ring is usually analysed
using the concept of pseudom tation, which was first introduced in
cyclopentane by Kilpatrick et al [ 18] and later widened by Altona
and Sundaralingam [19]. In the theary of pseudorotation, the con-
formation of the ribose ring is described by two pammeters termed
phase angle ' and maximum puckering amplitude dy,,,. By defin-
ing the pseudorotation cycle, the fumnose ring conformation was
schematically represented based on the varation of P (0-360F)
[20]{Figures 51 and 52 in the ES1). The cycle is divided into twenty
increments {187 step ) comesponding to twenty possible conforma-
tons of the furancse ring. Morth (M-type) conformers hawe

Caboulated J-com plings { EELYPMGELO-NL, G03, FCM = ohl arofioem jof ghe ghree confoemeers and comparison with expes mental values extraced from 'H and 'C APT spectra of 1-5R

measured i (D0,

Calculated Joouplings (He)

Boltzmamn d st bution -weig hted average

Experimental Joouplings (Hz)

Interacion @nf A wnf B cond © af alaiated foouplings (Hz)

Hla-Hz [ a1 5B [ L1
Hib-H2 100 ) oz 93 E+-]
H¥a-H2 2 54 44 72 -
HEh-H2 as 93 108 7 =
H5a-Haa 71 58 zE 7a -
H5-Hanh a3 17 15 7 =
H5h-H4a 14 [k 1 29 -
H5h-Hah a5 T8 10z 54 =
H5a-P 126 125 177 129 -
H5h-F m7 15 177 172 -
Hla-P ms Z=Ea - =2 0z
Hlb-P -nz a7 205 s 24
oa-p 1708 1701 166D 170 1825
Fa-p ns 11.4 120 1ns 1m
Fa-p 150 14% 14 150 152
&P =30 -29 =30 =30 20
P 160 L] 156 160 152
P 14% 150 123 147 1m
<P L] 11 [ 3z k|
o-p 55 aa Ta L% =
(== 35 aT =11 3z A
ar -as 72 -0z a9 3
(s as 16 -0s os 15
C2-HZ 1867 1423 1422 1459 1485
e 1577 1576 157.7 1557 161

* Experimenmily cbrained j-couplings were sxmaced from 'H and C APT specma measured with FID resohution 0.3 and 1.1 He, respeonively. Based on our estimaes, the
emmors of compubed J-couplings were lower than 1 Hz, as proposed in the literaiue [21]
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P = 0-367 and &e > 0 (*T2, *E and 4T°), while South (S-type) con-
formers have P = 144-180° and &, less than 0 (;T%,*E and “T,; fur-
ther details are provided in Section 1.1, in ESI). We assumed that
the proline ring of 1 and 2 showed similar behavior to that of
furanose

The lowest-energy conformer of 18R (conformer A is in the
South conformation and co-exists with two conformers (B and C)
in the North conformation. According to Boltzmann distribution,
the population of conformers at 25 *C was identified as 77, 17,
and 6% (conformers A B and C respectively]. Based on our X-ray
analysis, we determined that the South conformer had the zame
structure as the lowest-energy conformer A found in the conforma-
tional search. NMR parmmeters were averaged hased on Boltzmann
distribution analysis (Table 1}

The same procedure was applied to the 2-RR isomer, yielding
three conformers. The Morth conformer showed the lowest energy
(Figure 52 and Table 51 in the ES1), matching the structure found
by ¥-ray analysis. Boltzmann population distibution showed 47,
36, and 17% of conformers A, B, and C, respectively. NMR parameters
were averaged based on Boltzmann distribution anabysis (Table 51

24, Asmignment of the relative configuraton of 1-5R and 2-RR

First, we assessed whether chemical shifts may be wused to
determine relative configuration and to distinguish diastereniso-
mers 1-SR and 2-RR. After comelating experimental “C chemical
shifts of 1-58 and 2-RR and zhielding constants calculated for each
conformer, &, B, and C, we averaged the shielding constants hased
on Boltzmann distributions (eg., for 2-RR: conformer AB:
C = 47:36:17). The comelations had R* » 0.99 (Figums $4-57 in
the ESI). However, no significant difference was found; therefore,
we were unable to distinguish diastersomers using this approach

Considering that **P [<ouplings are highly sensitive to specific
conformers, we carefully analysed Joouplings to determine the
relative configuration of 1-SR and 2-RR. For this purpose, we com-
pared experimental and caloulated [-couplings of both
diasterenisomers (Tables 51 and 52 in the ESI). The experimental
values were extracted from “C APT MMR spectra of 18R and
2-RR mezured in chloroform-4. The calculated walues were
obtained using B3LYP/IC L0l with empirical dispersion correction
GD3 and sobrent model PCM = chloroform (details in the Experi-
mental Section). Due to the conformational equilibria, we used
weighted-averages of the calculated values based on Boltzmann
distribution at 25 *C. Ultimately, p interactions enabled us to
distinguizh the diastereoizomers (Fig. 3).

25 RDC analysis of 1 and 2

Residual dipolar couplings (RDCs) were extracted by companing
data measured under isotropic (in (D3] and anisotropic
{in poly-y-benzyl-L-ghutamate (PELC) and (DO,) conditons. We
entered these experimental data, together with the conformers
determined by conformational analysis, into the fitting software.

1825

1.6

6.2 1627
08 1705 65 1480
HO oF
b \
]"'P“'/ 13.2
6.2 1-8R 16.2 2-RR

Fig- 3 Experimenal (pink) and caoilaed (bladk) “cP jouplings of
di xerenisomers 1-58 and 2-RR erabled 1 © detenmine their relative aonfigura
o, || For interpretation of the references o alour i ghis figure lkegend, the neader
&5 rederrad fo the webh vemion of this arbide )
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‘We used three methods based on different principles: M5pin
[22], RDC@hotfcht [23], and PI0JPALES [24]. To exemplify our
approach, we show the analysis of 1-SR in detail; the other
diastereomers were treated similady.

The conformational analysis of 1-8R provided three conformers
(A, B, and C). First, the conformers combined with the experimen-
tally determined RDCs were entered into MSpin software, one of
the first commercially available softwares for RDC analysis. All
three conformers had good quality factors ) and Pearson’s correla-
tion factors R QL gupy = 0.0133, Qe = 0.0123, Qe = 00194 and
Recnra = 09999, Koo = 09998, Rewsr = 09997, respectively (Fig-
ure 514 in the ESI). The zame experimental ROC data of 1-5R were
then correlated with the lowest-energy conformers A of the other
three diastereomers to assess the ability of the method to discrim-
inate diastereoisomers. However, the results did not differ signifi-
cantly. As a result, we could not define the comect diastereomer
using MSpin (Figure 516 in ES).

The RDC@hotfcht approach is hased on a similar principle to
that of MSpin, but RDC@hotfcht also includes the experimental
ermror in the fitting procedure. Mevertheless, the results weme simi-
lar to those of MSpin - the RDC analysis of the conformers yielded
generally good results for all three conformers of 1-5R. Yet again,
however, we were unable to differentiate the diasterecisomers
1-SR and 2-RR (Qgg = 00202, Ry = 09998; Qu = 00136
Res = 0.9999; Qx = 00136, Ra = 09999 Qg = 00202
R = 0L9098) (Figures 513 and 515 in the 51}

Searching for a more realistic approach considering the nature
of the alignment medium, we used the recently developed soft-
ware PAD implemented in the PALES program. P30 (PALES simu-
lates the interaction of the analyte with the alignment medium
This method was dezigned for poly-y-benzyl-L-glutamate (PELG)
in chloroform, which we wsed in our study. Momover, the P3D
method was designed to disciminate diastereois omers. Inoontrast
to MSpin and RDC@hotfcht, where Q-factor is used to evaluate the
gondness of fit, the Pearson’s comelation factor R is used in F30DJ
PALES According to the literature [24], R = 0.8 iz a satisfactory
result. In our results, the R values of the individual conformers of
1-SR were Reos = LT85, Feoms = 0692, and Reaw: = (U655 (Fig-
ure 512 in the ESI). As such, the lowest-energy conformer A was
the most promising for a diastereomer discrimination analysis.

Thiz discrimination analysis, however, identified the correct
diastereomer as (R, R) {or (5, 5] a= enantiomers cannot be discrim-
inated using this method) ( Fig. 4). This result did not match the (5,
R) configuration determined by X-ray diffraction. Conzequently,
thiz method did not discriminate 1-SR. 1-88 and 2-RR. 2-RS
diasterenizomeric pairs.

The results of the other three isomers are summarized in Tables
56 and 57 in the ESL Due to the similar resules from the MSpin and
RDC@hotfcht softwares, we decided to continue using only
ROC@hotfc ht because this software considers also the experimen-
tal errors.

26 Analyss of compound 3

Based on the results from model compounds 1 and 2, we pre-
pared an orthe-chlorophenyl derivative of 2, which should offer a
higher number of "C-"H J<ouplings and coresponding RDCs
due to the disturbed symmetry of the phenyl ring. However, we
were unable to prepare such a chlorophenyl analome. Therefore,
we prepared the phosphate derivative 3 (Scheme 1), which is more
flexible than 1 and 2. Theaddition of the cooygen atom between the
phosphorus and the pheny ring in 3 also prevented a direct com-
parison between the configurations of 1 and 2 due to the change in
substituent priorities according to Cahn-Ingold-Prelog miles [25],
as shown in Fig. 5
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Fig-4. Correlation of experimentl ROCs of 1-5R and normalis=d ROC sabues aloulated using P30/ PALES fisted to conformer A of 1 A - 2-RR, B~ .08, - 1-SR. and D - 155

shructures

Compound 3 did not crystalise. For this reason, we could not
perform X-ray dif fraction analysis and instead measured ECD spec-
tra of both diasterecisomers. The comparison of the ECD spectra of
3 with 1 and 2 showed that 3-A has the same geometry on phos-
phorus as 1-5R and 2-RR. while 3-B has the szame geometry as
1-55 and 2-RS. Because 3-A has the same geometry as 2-RR, 3-A
should comrezpond to the (R, 5) isomer, as shownin Fig. 5. However,
in 3-A and 3-B, the phenyl iz not close to the stereocenter, which
further complicated the absolute configuration assignment { details
in ES1). ECD spectroscopy should be complemented with methods
of vibrational {vibrational circular dichmism (VD)) and Raman
(ROA) optical activity and combined with guantum-chemical cal-
culations [26]. This approach is currently being applied to our
systems.

2.7. Analyss of compound 3 Conformational analysis

Motwithstanding these challenges, we searched the conforma-
tional space of 3. Our conformational analysis identified maore con-
formers of 3 than in 1and 2 due to the higher molecular flexibility
of 3(Tables53 and 55 in ESI). The conformation of the bicyclic part
is dictated by the configuration of prolinol ((R) configuration on
C2) The lowest-energy conformer A of 3-RS and 3-RR isomer
was the Morth conformation with a phase angle P of 25* and 187,
respectively. In both izsomers, the North conformation was in equi-
libriurm with the South-conformation, with Pof 0F and -18° for the
3-BS and 3-RR, respectively. Ultimately, we identified nine con-
formers of the 3-BS isomer and seventeen of the 3-RR izomer. Pop-
ulation amalyziz of 3 based on Boltzmann distribution s howed that
3-BS had five (A-E) and 3-RR nine (A-l) conformers; the other
eight conformers accounted for less than 2% of the total population
and were not used for averaging of the NMR parameters (zhielding
constants, [<ouplings, details in Section 1, in ESI)

The lowest-energy conformer A of 3-RS had the phenoxy group
in an equatorial geometry with a dibedral angle N-P-0O-C, . = 1767

ﬁ{:;z

a\.a

J

nh

S 3:,

In contrast, the conformer A of 3-RR isomer was in an axial posi-
tion, with a dibedral angle N-P-0-Cpe = - 397,

We calculated the f~couplings of the selected conformers of 3,
but the differences in this pammeter were not significant enough
to discriminate the diastereamers (Tahle 54 in ESI). The correla-
tions between the chemical shifts of 3-A and 3-B and the calou-
lated shielding constants of both diastereomerz 3-BS and 3-RR
did not allow us to differentiate the diastereomers either (Figures
SE-511,in ESI)

2.8 Analyss of compound 3: RDC analysis

The RDC analysiz of 3 was performed as described for 1 and 2
The (1 atom attached to the phenyl ring broke down the symmetny
and enabled us to obtain mom one-bond ™C-"H RDCs from the
phenyl moiety. Consequently, two- or three-bond “C-*'P RDCs
should improwve differentiation between conformers and
diastereoisomers. Unfortunately, the RDC@hotfcht software did
not indicate the correct structure of 3-A because almost all the
resulting Pearson’s correlation coefficients R of both 3-RR and 3-
RS izomers were higher than 09 (Figures 532 and 536 in the ESI).
The RDC@ hotfcht results of 3-B were similar and did not distin-
guish the diasterecizomers. Nevertheless, the PIDPALES software
exstablizhed 3-A as a 3-RR isomer (conformer F) with R = (.857, but
3-B emained undetermined (the best 3-RR conformer was M, with
R =0658) These results indicate that using only the lowest-energy
conformers in the RDC analysis may naot be the correct appmach.
All RDC data are summarised in Tables 58 and 549, and Figures
§31-538, in ESL

3. Condusion
*p J-gouplings strongly depend on structural changes. This cor-

relation may be useful for constructing Karphis-type curves within
structurally diverse classes of compounds. The RDC couplings pro-

t)

Fig. 5 Compartson of the aloulated lowest-energy conformers A of a) 2-RR., b) 3-RR. and ¢} 3-RS.
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vided ambiguous results possibly because the absolute values of
the two- and three-bond “C-**P RDC couplings were low { ap pro-
imately one order of magnitude smaller thanone-bond couplings).
As a result, the RDCs were very small and did not significanthy
improve the fitting procedure RDO@hotfcht provided similar
results for all studied compounds, 1,2, and 3, whose Pearson's cor-
relation coefficients R were all higher than 0.9. P3D{PALES, a new
program designed for diastereocizomer discrimination, improved
the results. However, we were unable to differentiate the diastere-
omers unambiguously. Additional problems have arisen during the
analysis of the maore flexible derivative 3. An altemative option
may be touse of the MDOC approach [ 27], albeit necessarily mod-
ified for *'P interactions. Our results suggest that P J-couplings
combined with *'P MMR parameters calculations may facilitate
the stereochemical analysis of small molecules containing phos-
phorus, but a viable process has not been developed yet given
the aforementioned difficulties.

4. Experimental Section
4.1, Synthesis

General. All reagents were purchased from commercial suppli-
ers and used as received. Thin-layer chromatogrmphy (TLC) was
performed on TLC aluminium sheets (silica-gel 60 F254; Menck].
Reaction progress was maonitored by TLC and/or **P NMR spec-
tmscopy in CDCl. Aash-column chromatogmphy was performed
on a Compact (ECOM sro) chromatography system using silica-
gel 100 g, 230-400 mesh, 60 A (Merck) in a gradient mode (n-
hexane [ErOac, 0-100E, 40 mLmin, v/v) or Prontosil HPLC column
RPC18 {20 mm, 250 mm) alsoin a gradient mode (waterjacetoni-
trile, 20-806 25 mLmin, vjv). All products wereobtained as white
solids or colorless oils. The reaction yields were not optimised.

(1R, 3as}1-Phenyltetralydro-3H-pyrrolol 1.2-c][ 1,3, 2joxaza
phosphole 1-oxide. (1-58). (5)-(+}2-Pyrmolidinmet hanol (990 ul,
10 mmel, 1 equiv.) and triethylamine (3 mL 22 mmol 2.2 equiv.)
wene dissolved in dry chloroform (20 mL) under argon atmosp here.
Phenylphosphonic dichloride (1.4 mL 10 mmal, 1 equiv.) was sub-
sequently added in dry chloroform { 10 mL) under reflux. The reac-
tion mixture was further refluxed under argon atmosphere for
30 min Reaction comversion was monitored by TLC The reaction
mixture was extracted with water, and the organic layer was dried
with Mg80, and evaporated to dryness in vacwe. The reaction pro-
ceeded with a diasterenisomeric ratio of 92:8 (SRA5), 84% de. The
title diasterecizomer was purified by flash chromatography on a
silica gl using a gradient (n-hexane (EtOAc, 0-100%, viv). The com-
pound was isolated as a white solid (1.3 g, 58X)

"H NMR (400 MHz, (D1, 25 °C): 5 =781-7 88 (m, 2H, ¥ . 7.54
{1V H, 4, T43-7.49(m, 2H,¥), 4. 34(ddd, 1 H, Ju—p=203, foem= 8.8,
Jra-z=06,1a)L4.15(m, 1H, 2}, 392 (dm, 1H, Jjp_p=24, 10 377 (m,
1H, 5a), 295 (m, 1H, 5b), 1.99-2.11(m, 3H, 3a,4), 1.82 ppm(m, 1H,
3b); “5C NMR (100 MHz, CDCly, 25 °C): 4= 13198 (d, [, _p = 30,47,
13162 (d, Jx-p = 10.1, 27), 13088 (d, J s - 1825, 17), 128.32 (4,
Jop =153, F), 69.6T (d. J,_p~2.3.1) 6320 (d. [y _p~ 7.7, 2). 4535
{d Jsp= 16,5, 2993(d s= 31,3, 2753 ppm (d, Js-»=23.4);
Hp(161 MHz, CDCy, 25 °C): 5= 3267 ppm

HR-M5 (APCI) cakulated for O, H,sO,NP 22408349, found
[M + H]" 22408342

|x]2, = 77.2°; 0.378 g/100 mL in chlomform.

Crystal data for 1-5R: Ty HesNORP, M; = 223 20; Ortho thombic, P
22,2, (No19), a=54205 (2)A, b= 90993 (3) A c = 18,6354 (5),
V= 1088.72(6)A® 2= 4,0, = 1.362 Mg m~, Prism, colorless crystal
of dimensions 025 w020 « 0L14 mm, multi-scan absorption cor-
rection (p = 208 mm™" ) Toin = 0.67, Tma = 0.76; a total of 17,053
measured reflections (i, = 77.37), from which 2261 were unigue
{ Ry = 0L023) and 2254 observed according to the [> 2ol criterion
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The mefinement converged (AlGme = 0.001) to B - 0023 for
ohserved reflections and wi(F*) = 0,062, GOF=1.07 for 136 param-
eters and all 2361 reflections. The final difference density map dis-
played no peaks of chemical relevance { Ap,,, =022, Ap . —0.19
e A", Absolute structure parmmeter: — (U002 (4] [28].

(15 3a%)-1-Phenyltetrahydro-3H-pyrrolo[1.2-c][1,3.2 joxaza
phosphole 1-oxide (1-55) (5H(+)-2-Pyrrolidinmethanol (990 ul,
10 mmaol, 1 equiv.] and triethylamine (3 mL 22 mmaol, 2.2 equiv.)
were dizsolved in dry chloroform (20 mL). Phenylphosphonic
dichloride (1.4 mL 10 mmol, 1 equiv ) was subsequently added
in dry chlomform (10 mLl) under reflux. The reaction mixture
was further reflixed without argon atmosphere for 30 min Reac-
tion conversion was monitored by TLC The reaction mibaure was
extracted with water, and the organic layer was dried with MgS0s
and evaporated to dryness in vacuo. The reaction proceeded with a
diasterepisomeric mto of 67:33 (SRAS) 34% de. The title
diasterepisomer was purified by flash chmmatogmphy on silica
gel using a gradient (n-hexane EtOAc, 0-100% wv). The compound
was isolated as a white solid (250 mg, 11%).

'H NMR (400 MHz, CDCh. 25 °C): & = 7.74-7.81 (m, 2H. 2],
7.56-T62 (m, 1H, &), T48-T54 (m, 2H, ¥). 475 (ddd. 1H.
Jia— = 154, Joesa = 90, Jra-z = 6.4, 12), 423432 (m, 1H, 2), 4.06
(ddd, lig—¢ = 133, Joma = 9.0, Jip-z = 43, 1b), 3.01-3.10 {m, 1H,
5a), 2.84-292 (m, 1H, 5b), 2.02-2.12 (m, 1H, 3a), 1.90- 201 (m,
1H, 4a), 1.78-1.89 (m, 1H, 4b), 1.55-1.56 ppm (m, 1H, 3b); *C
NMRE (100 MHz, (DO, 25 =C): & = 13233-13251 (m, 2, 4],
12870 (d, Jy—p = 139, ¥), 1276 (17}, 7416 (d, i_s = 16, 1),
6149 (d, [y p = 131, 2], 4455 (d Jsp = 62 5) 3040 (d,
Jae = 47, 3), 2744 ppm (4 ks = 4.6 4); P (161 MHz, CDOs,
25 °C) & = 34005 ppm.

HR-MS (APCl) cakulated for CyqHisOaNP 224 08349, found
[M + H]" 224.08 340

[a]&s = -15.67; 0,199 g/100 mL in chlomform.

“extracted from HMBC

(15, 3aR)-1-Phenyltetrahydro-3H-pyrrolo] 1.2-c][1,3.2 joxaza
phosphole 1-oxide. (2-BS5). (R H-2-Pymolidinmethanol (990 ul,
10 mmaol, 1 equiv.) and triethylamine (3 mL 22 mmaol, 22 equiv.)
were dizsolved indry chloroform (20 mljunder argon atmosphere.
Phenylphosphonic dichlorde (1.4 mL, 10 mmaol, 1 equiv.) was sub-
sequently added in dry chloroform {10 mL) under reflux. The reac-
tion mixture was further refluxed under argon atmosphere for
30 min Reaction conversion was maonitored by TLC The reaction
mixture was extracted with water, and the organic layer was dried
with MgS0; and evapomated to dryness in vacwe. The eaction pro-
ceeded with a diasterecizomeric ratio of 91:9 (R&RR), 82% de. The
title diastereoizomer was purified by flash chromatography on =il
ica gel using a gradient (n-hexane/EtOAc, 0-100% wv). The com-
pound was isolated as a white solid (1 g, 45%).

'H NMR (400 MHz CDCly, 25 =C): 4 = 7.80-T 88 (m, 2H, 27},
7.51-T57 (m, 1H, &), 743-7.50 (m, 2H, ¥), 435 (ddd, 1H,
Jia-# = 153, Joesa = 8.8, J1a-z = 6.6, 13), 411420 (m, 1H, 2), 3.92
(dad, Jip-p = 11.1, Jopu = 8.7, J_z = 25, 1b), 3.73-382 (m, 1H,
5a), 2B9-300 (m, 1H, 5b), 1.99-2.11 (m, 3H, 3a, 4), 1.79-
1.87 ppm (m. 1H, 3); "*C NMR (100 MHz, €D, 25 *C)
&= 13200 (d, Jo_p = 31, &), 13163 (d, J+_p = 10.5, Z), 12098"
(17, 12834 (d, Jy—¢ = 146, 3°), 69.69 (d, [i—p =23, 1), 6322 (d,
Jog = 7.8 2), 4536 (5), 2995 (d, [y = 3.1, 3), 2755 ppm (d,
Jaop= 1.5, 4); PP (161 MHz, CDCly, 25 °C): 5 = 38.73 ppm.

HR-MS (APCI) cakulated for Oy H,s0,MP 224 08349, found
[M + H]" 224.08 346

[a]E; = —54.57; 0,380 g/100 mL in chlormoform.

“extracted from HMBC

(1K, 3aR}-1-Phenyltetrahydro-3H-pyrrolo[1,2-c][ 1.3 2] oxaza-
phosphole 1-oxide. (2-RR). (R}---2-Pyrmolidinmet hanol (990 ul,
10 mmaol, 1 equiv.] and triethylamine (3 mL 22 mmaol, 2.2 equiv.)
were dizsolved in dry chloroform (20 mL). Phenylphosphonic
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dichlorde (1.4 mL, 10 mmol 1 equiv.} was subsequently added in
dry chlom form (10 mL ) under reflie. The reaction mixture was fur-
ther refliceed without argon atmosphere for 30 min. Reaction con-
version was monitored by TLC The reaction mixture was extracted
with water, organic layer was dried with Mg%0, and evaporated o
dryness invacuo. The reaction procesded with a diastereoiso meric
ratio of 67:33 (RS:RR), 34% de. The title diasterenisomer was puri-
fied by flash chmmatography on zilica gel wing a gradient (n-
hexane EtOAc, 0-100% viv). The compound was isolated as awhite
solid (300 mg, 13%).

'H NMR (400 MHz CDCh. 25 *C): 4 = 7.72-7.80 (m, 2H, 27),
T55-761 (m, 1H, 4), T47-7.53 (m, 2H, 3), 474 (ddd, 1H,
Jiaw = 154 kpny = 90, [, 3= 6.4, 13), 422-4.31 (m, 1H, 2). 405
(ddd, he—p = 132, fops = 90, [ip-3 = 4.3, 1b), 3.00-3.09 (m, 1H,
Sa), 2.82-291 (m, 1H, 5b), 2.01-2.11 {m, 1H, 3a), 1.89-200 (m,
1H, 4a), 1.77-1.88 (m, 1H, 4b), 1.54-164 ppm (m, 1H, 3b); "C
NME (100 MHz, CDCly, 25 =C): & = 13241 (d, |5 = 108 ¥),
131.34 (m, &), 12870 (d, 3¢ = 145, ¥), 12797 (d, i-—¢ = 1627,
1), 7416 (1), 6149 (d J3_p = 132, 2), 4455 (d, Js 5 = 62, 5
3041 (d, Jsp = 46 3}, 2744 ppm (d L = 46, 4] *'P
{161 MHz, (DO, 25 °C): 4 = 34,03 ppm

HR-MS5 (APCI) cakulated for C;;Hys0eNP 22408349, found
[M + H]" 22408352

[2]2; = 13.1%; 0.335 /100 mL in chlomform.

Crystal dataforaed2b: CiaHoaMOSP, M= 223.20; Orthorho mbic,
P2,2,2,,(No19La~=63531(3)A b= 12 8725 (6)A c = 132265 (6]
V= 108167 (9) A% Z= 4,0, = 1.371 Mg m™*, Prism, colorless crystal
of dimensions (W18 < 0.10 = 008 mm, multi-scan absorption cor-
rection (=2 08 mm ™" ) Taga= 070, T = 085; a total of 7405 mea-
sured reflections (f,,, = 72.1°L. from which 2124 were unigue
{ Riza= 0L04G) and 1961 observed according to the > 2ol ) criterion
The mfinement comverged (Ao, = 0001) to B = 032 for
observed reflections and wit(F*) = 0.078, COF= 1.09 for 136 param-
eters and all 2124 reflections. The final difference density map dis-
played no peaks of chemical relevance (Ap,,, = 0L21, Ap,, —0.21
eA~"). Absolute structure pammeter; —0.006 (14) [28]

(1R or 157, 3aR)-1+2-chlorophenogy ) etrahydro-3H- pyrrolo
[1.2-c][ 1.3, 2}oxazaphosphole 1-oide. (3A) (RH-)-2-
Pyrrolidinmethanal {990 wl, 10 mmaol, 1 equiv.) and trethylamine
{3 mL 22 mmol, 22 equiv.] were dissolved in dry chloroform
{20mL). 2-Chloropheny phosphorodichloridate (1.6 mL 10 mmaol,
1 equiv. ) was subsequently added in dry chlomform (10 mL) at
reflux The reaction mixture was further refluxed without argon
atmosphere for 30 min. Reaction conversion was monitored by
TLC The reaction mixture was extracted with water, organic layer
was dried with Mg50, and evaporated to dryness in vacuo. The
reacton proceeded with a diasteresisomeric ratio of 25:75, 50%
de. The title diasterenizomer was purified by flash chromatography
on silica gel using a gradient (n-hexane(EfDAc, 0-100% v/v), fol-
lowed by C1 8 uzing a gradient (water/acetonitrile). The com pound
was isolated as a colordess oil (475 mg, 18£). "We were unable o
determine absolute configuration

'H NMR (500 MHz, CD{3,25°C): & = 743 (dm, 1H, J5 4= 80, ¥],
7.40 (dm, 1H, Jg_s = 82,67, 725 (ddd, 1H. Js 3= 1.5 Je_s = 78,
Jooe =91, ¥). 713 (ddm, 1H, e—e = 1.3, Jeos = T8, &), 4.34 (ddd,
1H, J1a-2 = 66, Joea = 88, Jia_p = 21.8, 1a), 392 (m. 1H. 1b). 3.83
{m. 1H 2).3.75 (m, 1H. 5a). 3.07 {m, 1TH.5b). 1.92-206 {m. 3H, 3a,
4a, 4h), 1,60 ppm (m, 1H, 3h); " NMR (125 MHz, CDCly, 25 °C):
& = 14700 (d, Jy_p = 70, 17} 13049 (J5_p = 15, F), 127.74 (d,
Jop =19, 5), 12636 (d, [s—p = 62, X), 12581 (d, Jy_p=23,47),
12232 (d, Jg_p = 3.1, &), 7036 (d, |, = 46, 1), 6141 (d,
Jr-g = 127, 2}, 46T (d, Jsp = 3.3, 5), 3075 (d, ¢ = 39, 3),
2677 ppm (d, Jo_p = 37, 4); YP (202 MHz CDCly, 25 *C):
4= 2174 ppm.

HR-M5 (APO) calculated for O H,03NCP 27403943, found
[M + H]" 27403945
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[a]&s = —42.1; 0.339 g/100 mL in chlomform.

(15 or 1R", 3ai)-1-{2-chlorophenooy ) tetrabyd ro-3H- pyrrolo
[1.2-c][1.3.2joxazaphospho le 1-mxide.  (3B) (R -)-2-
Pyrmolidinmethanol (990 ul, 10 mmal, 1 equiv. | and triethylamine
(3 mL X2 mmol, 22 equiv.) were dissolved in dry chloroform
(20 mL). 2-Chlomphenyl phosphorodichloddate (1.6 mL, 10 mmal,
1 equiv.) was subsequently added in dry ¢ hloroform (10 mL) under
reflice. The reaction mixture was further refliced without argon
atmosphere for 30 min Reaction conversion was monitored by
TLL The reaction mixture was extracted with water, and the
arganic layer was dried with MgS0, and evaporated to dryness in
varue. The reaction proceeded with a diasterenisomeric ratio of
20: 1, 42K de. The title diastereoisomer was purified by flash chm-
matography on silica gel using a gradient (n-hexane/EtDAC, O-
100, wiv), followed by C18 using a gradient (water{acetonitrile).
The compound was isolated as a colorless oil (1.43 g 54%) "We
were unable to determine absolute configuration

"H NMR (400 MHz, CD3, 25 =C): & = 747 (dm, 1H, s = 8.2,
&), 741 ([dm, 1H, J3._, = 8.0, ¥), 726 (ddd, 1H, Js _y =75, Js 5 =
1.7, Jy-a = 82 5), 711 (dddd, 1H, Jo—p =09, fe—e = 1.5, fy_s =
75 Joy = B, &) 452 (ddd, 1H, Ji g = 66 ew = 90,
Jra-p= 232 1a), 426 (m, 1H,2), 401 (td, 1H, fier= 10, Jaea = 20,
Jie—2=90, 1b), 3.74 (m, 1H. 5a), 3.12 {m, 1H, 5b ). 200-2.20(m, 3H,
4, 3a), 1.72 ppm (m, 1H, 3b); “C NMR (100 MHz CDCl, 25 °C):
& = 147.40 (d. Jy_p = B9, 1), 13036 (3'). 12796 (d. Jo—» = 1.6 5"}
12553 (4] 12520 (d. fpp = 7.7, 7). 121.79 (&) T1.45 (d
Jace = 44, 1), 6226 (d, Jae = 131, 2). 4536 (d, Js—» = 1.6, 5
2094 (d. Jyp = 39, 3} 27.66 ppm (d J,p = 31, 4); PP
(161 MHz, (DO, 25 =C): 4 = 17.01 ppm.

HR-MS (AP} calculated for O Hy 0 NCIP 27403943, found
[M + H]" 27403938

[w]y = 11.7=; 0326 g/100 mL in chlomfom.

4.2 X-ray diffraction

The X-my experiments for structure determination were per-
formed on a Bruker DE VENTURE single-crystal Kappa-axis diffrac-
tometer with a Duo PHOTOMII detector and a IpS micro-focus
sealed tube CuKx (A = 1.54178 A) at a temperature of 120(2) K.
The structure was solved using direct methods (5T | 20]) and refined
by full matrix least squares based on F* (SHELXL2018 [30]). The
hydrogen atoms on carbon were fived into idealized positions (rd-
ing model) and assigned temperature factors Hue(H ) = 1.2 L4 pivot
atom). The absolute configumtion assignment was hased on
anomalous scattering of P, O and N atoms.

¥-rmy crystallographic data weme deposited with the Cambridge
Crystallogmphic Data Centre (OCDC) under deposition number
2122002, 2122001 for 15R and 2-RR, respectively, and can be
obtained free of charge from the wehsite of the Centre at www.
code. camaacukget struc tures.

4.3, Circular dichroism speciroscopy

ECD spectra were measured on a Jasco 815 spectropolarimeter
over a spectral range of 180 nm to 300 nm in triflucrosethanol
(TFE) in a quartz cell with a 0,02 cm (180-250 nm ) and L1 cm
{230-300 nm) path length using a scanning speed of 10 nmj'min,
a rezponse time of § £ and 5 accumulations with standard instru-
ment sensitivity at a concentmtion of 20 = 107 M and
1.0 % 10~ M, respectively. After baseline comection, spectta were
expressed in terms of differential molar extinction { Ag).

4. Optcal rotobon

Optical mtations were measured in chloroform wsing an
Autopol IV instrument {Rudolph Ressarch Analyrical )
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4.5. Conformational seanch

The conformational sampling implemented in MacrohModel
v13.1 (Schridinger 2021 -1 suite) [ 31] was performed using the fol-
lowing set of parameters: force field OPLS4 [32], solvent chloro-
form, mixed torsional/low-mode sampling method with a
macimum of 1000 steps, an energy window for saving structures
of 40 k]fmol, and a maximum atom deviation cut-off of 075 A

4.6 Prendoratation cycle analysis

Dihedral angles $,—4¢; were extracted from DFT-optimised
structures, and the phase angle P determining the shape of the pro-
line five-membered ring was calculated from the follwing
equation:

(2 + by} — (D1 + 3}
t F=%
R T T

A.7. DFT calculations

DFT calculations were performed wsing the Gaussian 16 package
|33). Geometry o ptimizationsof the conformers obtained from con-
formational sampling were conducted employing the BILYP func-
tional [34] with a 6-31+G{dp) [35] baziz set with empirical
dispersion correction (GD3) [36] Calculations were performed in
vaceeand using the polarzable continuum model { PCM [37] chloro-
form). The NMR pammeters were calculated using the B3LYP func-
tional with a basis set optimised for P parameters (IGLO-11)
[12b, 15, 21]

4.8 Sample prepanztion

The quantity of the alignment media was derived from the
quantities of the solvent and analyte to acguire approcimatehy
7.7 wtk. This number was determined hased on our previous expe-
rience and on a premeasurement screening The caloulated amount
of the alignment medium was mixed with the respective amounts
of the solvent, and the analyte and the final mixture was left stand-
ing to dissolve ovemight. Due to the high viscosity of the solution,
the sample was homogenised using a manual centrifuge. The sam-
ple homogeneity was then monitored by *H image experiments,
and the alignment order was determined by measuring the
quadrupolar splitting of the sohvent in *H NMR.

Extraction of experimental RDCs and their evaluation

The residual dipolar couplings were acquired from F1 <oupled
HSOC experiments (one-bond ™C-"H couplings) or APT experi-
ments ("*C-*'P couplings) using the following equation:

wheme | stands for the scalar coupling (obtained from an isotropic
experiment - measured in CDCL), T is the total coupling (collected
from an anisotropic experiment measured in the solwent CDCl
and in the alignment medium PELG), D is the resdual dipolar cou-
pling, index ® indicates the number of bonds and C-Y stands for
'Y or "*-*'P coupling. The RDC data were evaluated using
Pearson’s comelation coefficient R and Quality factor .
The Pearson’s correlation cosfficient R is defined as follows:

- 1 E BegDat — 3 Doy 3= Do
VREDL, — (C e yn E D, — (K D)

where n is the number of experimental RDC values, Dow, are the
experimental RDCs and D, are the cakculated RDC valies (from
an appropriate soffwane].
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The quality factor iz given by the following equation:

i .D2 —Df
Q= 70 Deg n

-

where [, ., are the experimental RDC values, D, are thecalculated
RO, and n is the number of the experimental RDCs.

4.9, RDC analysis using ROC@hotFCHT [23]

The RDC calculations using the RDC module implemented in the
hotFCHT softerare were executed in accordance with the standard
procedure The input file contained experimental RDCs and xyz
conmdinates of the optimised geometry of the analyte in a format
suitable for RDC@hotFCHT. The xyz coordinates of the optimised
structure were obtained as mentioned above in the section DFT
caloulations.

4.10. RDC analysis using MSpin [22]

MEpin software with the RDC module performs the least-square
determination of the alignment tensor using a singular value
decomposition computational algorithm

4.11. RDC analyss using P30 Pales

Molecular  alignment szimulations wsing P30 [24a] as
implemented in the PALES [24b] software wem performed as
recommended [ 3&]. The following command was used to run the
simulation:

pales -elPales -3D pot3D PELC.dx -1c5 0.8 -maxPot 2 -z1 150 -
ZM 250 -nk 129 -nY 129 -nF 385 -dX 0.4 -dY 0.4 -dZ 0.4 -H -nosurf -
pdb Molecule pdb -inD RDCsthl v 0.12 -rM & -pka charges pka -
outh outputout, where PELC.dx is the potential file of PELG, Maole-
culepdb iz the PDE file of the studied maolecule, RDC=th] is the list
of experimental RDCs, chargespka is the list of atomic charges
obtained from AtomicChargeCalculator 11 [39], and outputout is
the final output file. Atomic charge calculations were performed
using the electronegativity equalizaton method (EEM) [40] bazed
on the atoms in molecules (AM) calculation scheme at the
B3LYPj6-311GC level of theory [41].
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Exploring the impact of alignment media on RDC

analysis of phosphorus-containing compounds: a

molecular docking approacht

Markéta Christou Tichotova, BP® Lude Tuékova, B* Hugo Kocek, '©°
Ale Riizicka, ©F Michal Straka ©* and Eliska Prochazkova B+

Residual dipolar couplings (RDCY are employed in NMR analysis when conventional methods, such &
J-couplngs and nuclear Overhauser effects {NOES) T8l Low-energy joplimized] confarmers are alien
e & Inpul tlructures in RDC analysit programs. However, thete ow-ansrgy strsctunss do mat
mecesarly resemble conformatons found in anisolropic emdronments due 1o ineradions with e
abgnment medium, especially il the analyle molecules are Nesible Considering interactions with
alignment media in RDE analysis, we develaped and evaluated a maolecular docking-based approach Lo
generale more accurate conformer ensembles for compounds in the presence ol the poly —y-beneyl-u-
ghutamate algnment mesium. We designed chiral phosphons-containing compounds thal enabled u
1o utilize P NMR parameters for the erenchemical analysic Lking PI0/PALES soltware 1 svalual
diasiereomer discrimination, we found that owr conformes emembles oulperfonm moderately e
standard, low-enengy conformens in RDC analysis To further improve our resulis, we fil averaged the
experimentsl valus of the malecular docking- based conformens by apphying the Boltomann distribution
and il oplimized Ihe structures through nomal mode rdaxaon, therdy enhancing the Pearson
correlaton Bdor B and even dislersomer disoriminalion in some cated Neverihdess we presume thal
significant dilferences betwesn J-coupling in Rolropic and in aNHOlapIc anvironment may preduss
RDC messuremenis for fMexble molecdes Therefane, generating conformer ensemibles based an
maolecular docking enhances RDC analysis for mildly Nexible systems while Nexible molecules may
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Introduction

Conformation and configumtion are key features of molecules,
affecting their physical, chemical, and biclogical properties.
Relative eonfiguration can be determined by X-ray diffraction
(MRD] However, XRID requires a single erystal, which is often
difficult to obtain, particulady for biologicall active compounds.
Moreover, conformations in solid crystals do not necessarily
match conformations in solution. In solution, molecular stouc-
tures are typically analveed by nuclear magnetic resorance (NME)
spectroscopy. Standard stereschemical analysis based on NMR
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requine applying more advanced ap proaches, in parbcular approadhes induding dynamical elfects.

relies on vieinal *H-"H *fcouplings, which are correlaed to
dihedmal angles in a molecule through the Karplus equation,’
or nuclear Ovethauser effect™ (NOE] When both feouplings and
MOEs fail, molecular sterecchemigry may be analzed using
residual dipolar couplings (RDCs).

Rezidual dipolar couplings can be detected when molecular
mmbling & reduced in an anisotropic envimnment™® The
anisotropic emvironment i induced in alignment media,® such
a5 pob-f-phenethylspartates,” stretched poleving acetate gels,”
ar pol-Fbenzyla-ghitamate™ (PBLG) For structural determina-
tion, experimental RDC values are comelated with theoretical
RIxz, which are back-caleulated using alignment ternsors of
optimized molecular struetures (conformers) of isomers sudied.

Several program packages hased on different principles are avail-
able to back-caleubate theoretical ROCs (MSpin,* RDC@hotFCHT,™
MO REDCAT, and DipoCoup™). However, these approaches
usually disregard specific analie interactions with the alignment
medium. To take these interactions into considemtion, we must
knoww the 30 structure of both interacting parmers. However, to
the best of our knowledge, the eact molecular soructure of some
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alignment media remains beyond the reach of contemporary
experimentation.

PADVPALES™ " was the first method to consider the atomic
etructure of the algnment medium in determining RIXCs of small
molecules. PIDVPALES has been adapted to a model of PRLG,
which has a well<defined helical structure in chloroform.*>*® The
simulations use molecular soructures of low-energy conformers as
inputs [henceforth referred to as the low-energy approach). How-
ever, utilizing this approach in our previous work did not lead to
the desired diastereomer discrimination, especially for flexible
maolecules®® The potential energy surface (PES) of flevible
maolecules is usually shallow and may contain several minima
(corresponding to conformers) within a few tenths of keal mal =
from the global minimum (GM). Importanily, PES may be
strongly affected by the emvimnment, Le, by the presence of
the alignment medium. Thus, lowenergy structures provided
for PIYPALES simulations may significantly differ from those
pre=ent in the experiment.

5o far, several methods have been proposed for studving non-
rigid molecules using RDCs. The most commaon RO analysis
relies on the alignment tensor fit; this has been adapeed either as
a single-alignmenttensor="" or muliplk-alignment-tensor™ ==
fitting approach to an optimised conformation ensemble. How-
ever, the idea of a single-alignment4ensor fitting to an ensemble
of conformers is not generally applicable. The later approach
requires a large amount of anisotropic data, which are not always
available. Another approach, usmlly used for macromolecules,
employs the so-called reweight models™™ [maximum entropy,
maximum parsimony, maximum allwed probability, efe ). How-
ever, these methods are computationally demanding and fail for
movre flexible gysteme. To overcome problems connected to the
generation of siruetures, molecular-dynamics hased MDOC =
or mult-alignment-media hased TITANIA™ are an option. How-
ever, the main drawback of these methods is, again, the limited
availability of larger amounts of experimental data.

The mostwidely used low-energy approach may not result in
a correct back<calculation of theoretical RIDNC2 of non-rigid
maolecules because a change in analyte conformation affects
the RDC walues. Based on this assumption, we raised the
following research questions: (i) does the alignment medium
significantly affect the analyte conformation? (i) How large can
the energy penalty paid by the analvte for the transition to the
conformation constmined by the alignment medium be? We
propase that conformer ensembles genemted wia molecular
docking may provide a maore accurmate representation of the
reality of the RDC experiment, consequently aiding in answer-
ing the posed questions.

Molecular docking is primarily used in drug design™* to
prediet the binding pose (pose = conformation, position, and
orientation) of a docked substrate (usually a small maolecule =
ligand ) within a protein binding site. Nevertheless, by treating
an analyte as the ligand and an alignment medium a8 the
binding site, molecular docking may generate a more accurate
conformer ensemble than the standard low-energy approach.
Accordingly, we can consider the low-energy approach to gen-
erate conformers in isotropic solution and the molecular
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docking procedure to generate conformers in the presence of
the alignment medium in R experiments.

In this study, we developed and evaluated a molecular
docking-based approach to genemte maore accurate conformer
ensembles for compounds in the poly-ypbereyl-i-glutamate
(PBLG)™** alignment medium environment. The model com-
pounds used in thiswork feature a chiral phosphorus atom. we
had shown in our previous work™ that P NME parameters
provide structural insights that aid the stereochemical analysis
of phosphorus-containing compounds. We presume that the
conformer ensembles generated wa docking may provide a
better approsimation to the reality of RDC experiments than
the conventional lowenergy approach Conformers generated
by docking were used as inputs for RDC analysis. With the
obtained back-calculated (theoretical ) RN datasets, we created
Bolzmann distributionsweighted average RDC datasets which
were then correlated with experimental R values. In addi
tian, we relaed the resulting geometries by constrained opte
mizaton in internal coordinates (henceforth eferred o as
normal mods relomtion). This appmach preserves the overall
maolecular shape predicted by docking while relaxing the bond
lengths and angles to obtain even maore accurate input struc-
tres. The applicabiliy of our molecular docking-based
apprach was evaluated by the PIIVPALES method. Finally,
we alzo provide a comprehensive discussion of the underdying
reasons behind the obtained results.

Results and discussion
Desgm and characterization of model compounds

We designed three classes of model compounds (Fig 1) differ-
ing in molecular flexibility, as indicated by the rConf. pars
meter, which have been devised to quantify the flesibility of a
maolecule” (details are provided in the Experimental Section).
As the most rigid compounds, we prepared phosphorylated
derivatives of isopinocampheal [IPC; 1, rConf,, = 0], which is
often used as a model compound in RDC studiea™ ™ we
aynthetized all four isomers of 1 to probe the mbusmess of the
proposed docking-hased approach. The absolute configuration
of 1 was determined by X-ray diffmction [maore details in ESIt).
Subsequently, we applied the docking approach to mildly (2,
rUonfy, = 2)and highly flexible cormpounds (3, rConfy, = B) that
have been studied in our previous work.** Both 2 and 3 were
characterized in our previous sidy™® by means of NMR 8 pectro-
scopy. Therein, also the absolute configuration of 2-58 and 2-
RR was determined by X-ray diffraction. So far, we have been
unable to prepare suitable crystals of 3 for Xray diffraction
amalysis. This reluctance to crystallize has been previously
associated with high maolecular flexibility.

Maolecular docking of 1 (rigid structures)

Standard conformational analysis revealed only one low-energy
conformer for each sterecisomer of 1. Conversely, by molecular

docking we found four unique conformers of 1-5R, one of 1-58,
three of 188, and three of 1-RR. The DFT-caleulated single
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Fig.1 Chemical structeres and stom rumibesng of the compounds studied Absolute configuraton of compounds 1 and 2 wes detesmined by X-ray
diff acion. Stereochemstry & denoted anly for fee relevant chiral centers {ie, phosphons and carbon €1 for 1 or C2 for 2 and 3]

point energies of the 1-58 and 1-88 conformers genemted by
docking were located appraximately 6 keal maol™" above the
individual global minima (GiMs), whereas those of 1-RS and
1-RR were located maore than 13 keal mol ™ above GMs (Table§2
in ESI1).

The different energy distributions of unigue conformations of
individual igomers may be explained by differences in their diaster-
entopic interactions with the alignment medium. In pardcular, the
energy penaly seems to be associated with the configuration on
carbon C1 (Fig. 1) As shown in Fig 2, the detailed micrscopic view
of poses obtained from molecular docking reveals that the (SX)-
isomers (X = B or §; Fig. 3a) and (b)) fit into the groove that winds
around the PBLG pobmer chain, By contrast, the (RX}somers
(Fig. 2fc) and {d)) do not fit into this groowe due to the shape of
the bicyelic part of the molecule. The n-n stacking between the
pheml groups of the pobmer and the analie was dbserved

gl
Fig.2 Dodeed poses of ja) 1-8R, fb) 1-55, {c) 1-RS, and id] 1-RR in the helical structues of PB LG obtamed from moleoular dodang. Carbon atoers are in
wihite oopgen inred, phosphones in paple; hydrogens werne omitted for dasty.

2008 | Phys Cham Chem. Phys, 2024, 26, 2016-2034

throughout majority of the poses. The distance between the stacked
rings was ~4 A Table 52 (ES11) lists the DFT single-point energies
of all unique conformers generated by docking and calculated
relatively to the individual GMs [AE = Heonf) — EGM], where £
is the electronic energy of the given systemn |

To address the conformational umbling of the molecule in
the emwironment of the alignment medium, we calculated the
Bolzmann  disribution-weighted average of the RDOs of
conformers obtained from docking. These RDCs (Unrelaxed.
Boltz.) were correlated with all the experimental datasets of
each izomer, a8 shown in Fig. 3 (the RDC values of each
conformer are provided in Fig. 58-523 in ESIT). The Pearson
correltion coefficients (B) of the GM theoretical RIXs are also
shown in Fig. 3.

For 1-8Rand 1-BS, only the correct RIM datasets yields high
correhtion coefficients (B > 08); for 1-88 and 1-RR, both the
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Fig. 3 Pearson comedation cosffickents (R) of RDOs caloulsted weng
giobal mmamen {GM) conformens, Boltomann distribubon-weighted fhe-
oretical RDC s of conformens obtamed fom molscular dociing {Linretaosd
Boltz ). and the same conformers after noomal mode s laction {Relaed
Boltr ) of momars 1-SR ja) and 1-RR &) cormalsed wth 1-5R {bus), 1-55
forange], 1-RE jred], and 1-RR igreen) RDC expesmental datasets.

comect and the incomect datasets lead to high correlatdon
coefficients (Fig 3). Nevertheless, the comect 1-55 and 1-RR
datasets show a stronger comelation with the (correct) 1-85 and
1-RR structures, than with 18R and 1-BS. Therefore, diaster-
eomer discrimination is not uneguivocal although we are able
to unilaterally determine the configumtion of the enantiomer
pairs of the compounds under study.

To improve the diastereomer discrimination, we relaxed the
structures generated by docking using the nomal mode relxation
method developed by Bour ef ol ™" [computational details are
provided in the Experimental Section). We assumed that density
functional theory (IFTjaided mehxaton of the conformers
obtained from docking would lead © more accumte conformer
ensembles. The rebxed conformers were found approximately 1
keal mol ™ for 1-5R and 1-88 and 24 keal mol = for 1-BS and 1-RR
above the comesponding GM (Table 53, ESIY). Normal mode
rebuaton slightly improved the diasterecmer distinction, albeit
with the same trends as those observed in unrelxed conformers
and GM structures. Thus, implementing molecular docking does
not appear to be beneficial for RDC-aided structural elucidation of
structures as rigid as isomers of 1 (RConf,, = 0).

Molecular docking of 2 (mildly Rexble molecules)

The molecules 28R and 2-RR are more flexible than the
isomers of 1, as shown by the number of conformations (see
below) as well as by rilonfue parameter of 2, but stll partly rigid

This journal is @ the Owner Societies 2024

View Amick Onling

PCCP

due to their two interconnected five-membered rings. Using the
low-energy approach, we have previously identified three non-
redundant low-energy conformers for each diastereomer of iso-
lated system 2. In murn, the docking procedure, which mimics
the anisotropic environment, found tens of docking poses for
each diasterecmer of 2. Again, n-n stacking was ohsemved for the
majority of the discovered poses, Howeever, many of the resulting
conformers were neardy identical; hence, we had to apply a
method for elimimating redundant conformers,

In pur previpus study, we have emploved an appreach based
on dihedral angle analysis,™ ultimately identifying three unigue
conformers for both isomers. In this work, we used a more
complex machine learning (ML based algorithm for eliminating
redundant conformers (henceforth referred toas ML elimination,
see Experimental Section). As a result, we found 22 and 21 unigue
conformers for 2-SR and 2-RR, respectively. According to the
DFT singlepoint energies, all of these conformers are located
4-10 keal mol ™ above the comesponding GGMs (Table 1, ESIT).
The structures generated by docking were then relaxed by normal
mode melmation. The relmed conformers lie -6 keal mol™
above the comesponding GMs (Table 55, ESIT).

Employing the Bolzmann distibution-weighted theoretical
RIMs, we calculated the K values against the sets of experi
mental RIMs, The results shown in Fig. 4 demonstmte thatthe
everall trends mateh those ohserved in our previcus study™
[ako included in Fig 4 for a direct comparison: conformers
A B, C).

The 2-RR BDC dataset provides the best diastereomer dis-
erimination [Tables 557 and 559, EA1), whereas the 2-5R dataset
vields a good fit (R = 0E] for both 2-5R and 2-RR structures
[Tables 556 and 558, ESIf). However, the 2-5R structures show a
higher overall correlation for conformers from molecular docking
as compared to the lowenergy appmach Furthemnore, the
additional nomal mode relaation increases the & values in all
cases, except for the 2-8R RIC dataset with 2-8R conformers,
where the & is slightly lower (& = 0.988 for the unelxed veras
0985 for relaxed stoructures).

For the 2-SR isomer, the GM structure yields & = 0,785 using
the 28R experimental BDCs* Fig. 4. Emploving conformers
generated by molecular docking increases the 2-SR dataset B
value to 0LE15. Subsequent nommal mode relaation further
improves the correlation (B = 0,871, albeit for both the correct
and the incorrect datasets. Using conformers of 2-RR, diaster-
eomer discrimimation was not possible, neither using the low
energy nor the docking approach. Although the 2-8R dataset
produces B = 0.8 for both 2-RR and 2-SR molecular structures,
the 2-RR RDC dataset unambiguously vields a weak correlation
for 2-SR (B = 0.578 after normal mode relaxation) and a strong
correlation for 2-RR structures (B = 0L.964 after normal mode
relaxation ). Thus, we have been able to achieve only unilateral
diasterecomer discrimination.

Hotwithstanding the unilateral diastereomer discrimina
tion, the structures can be assigned to datasets at a specific
level of probability. Overall, the rends of 1 and 2 are rather
similar. For visual comparison, the lowest energy conformers
abtained in the previous study (A, red), and the lowest energy

Phys. Chem Cham. Bfys., 2024, 26, 20N6-2024 | 2019



Open Access Arbicle Pablished on 13 December 2023 Downboaded on 872772024 3:49:10 PM

Thes article i heensed under @ Creative Commons At buiion=Non Commercial 30 Unponed Licence

PCCP
a) lsomer 2-SR
M= —
e B 25Rdata
asl I AR data
e
04
0.z
1]
A B € Unmeloed Relased
Bolte LIoE
b} isomer 2-RR
=
. B 2SRdats
06 0 2-RRdata
o«
faarF
02
[
A B € Unrelased Relaed

Boltz. Bt
Canfarmers

Fig.4 Paarson corelaton cosfficents (F) of RDCs caloulated using kow-
mnengy confonmens™ (4~ 0, Boltzmann distributon -weighted theonstical
RDCs of conformears obtanead from molacular dodiang {Unralased Bokz ],
and the sme conformers after mlaaton by nonmal mode e laation
(Relaoad Boltr) of stuctures 2-S7 (2] and 2-RR (b comrelsed with the
2-5R {tue) and 2-RR jgreen) REC expedmental datasets

conformers generated by molecular docking with (green) and
without (blue) subzequent normal mode relaxation are shown
in Fig. 5.

Molecular docking of 3 (highly flexible molecules)

3-RS and 3-RR are the most flexible molecules in this study. In
our previous work,™ conformational analysis of 3 with subsequent
elimination of redundant structures produced 9 and 17 unique
low-energy conformers for 3-R8 and 3-RR, respectively. The dock-
ing approach with ML elimimtion of redundant conformers
identified 23 unique conformers for 3-88 and 34 conformers for
3-RR isomer. The DFT-calculated single-point energies revealed
that these conformers are located 6-15 keal mol™ above the
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individual GMs, and 2-11 keal mol™ above the GMas after the
subsequent nommal mode optimization (details in Tables 56 and
57, ESlf). Unforunately, we could not assign the experimental
RIX datages to the two isomers of 3, as we were umable to prepare
crystals of 3 suitable for X+ay diffraction analysis [presumably
because of the high flexdbility of these molecules as indicated
abowe). For this reason, the two measured BRI datasets are
denoted as 3A and 3B in the following.

The 3-A RN dataset yields higher correlation coefficients
with both 3-#5and 3-8R structures than the 3-8 dataset, Fig. 6.
The besteormelation coefficients (R > 0.8)were obtained for the
normal mode-relaxed 3-R8 conformers with the 3-A datager.
However, the 3-B dataset fite on 3-RS structures as well,
although the absolute & values are smaller than for the 34
dataset (R = 0.802 and 0.5%0 for 3-A and 3-B RDC datasets,
mespectively). Thus, whether any degree of diasterecmer dis-
crimination can be inferred is at best questionable.

The trend, in which one dataset yields good comelation for
both dissterecmers was observed for all of the studied com-
pounds, albeit less maredly for 3. S0, does this trend have a
phyzical meaning? We speculate that a possible explanation is
that the isomers with an alHining' RDC dataset (1-5R, 1-RS, 2-
SR, 3-A) are moving maore freely in the alignment medium
environment. Thus, the induced RDXs are averaged over a
higher number of geometries, accounting the goodness-of-fit
of the experimental RDCs and the calculated RIMCs of various
conformers and isomers. Corwersely, the isomers with the ‘non-
fitting' RO dataset (1-88, 1-RR, 2-8R, 3-B) may be involved in
isomer-specific interactions with the alignment medium, which
cannot be adequatel modelled by maolecular docking. For 3,
another possible explination may be the higher variability of the
RIM: values of the 3-A dataset (Tables 532-539, ESIT). Conse-
quently, the 3-A dataset has higher ¥ values than the 3-B dataset.

Fig. 6 shows yet another rend: using nomal mode relxa
tion significantly improves the correlation of the worst-fitting
RIM: dataset 3-B with 3-BS structures and waorsens the comela
ton with 3-RR isomer structures. A similar trend is observed in
Fig. 4, where the 3-SR RDC dataset shows a slightly lower & with
the incorrect 2-RR structures after nommal mode relasation,
suggpesting an incorrect structure/dataset match. However,
without the ¥R soructure, we cannot ascertain whether this
trend can help us to identify which dataset belongs to which
isomer with a high level of certainty.

Fig. 5  Geoemestries of the bmlaﬂgymni:nmrsof!—ﬂ!h]uﬂi—ﬂkh]funwmslwnfdlm e howest aneargy ¢ onfonmes: obiained
from maeaular docking nto PLBG before fbdus) and afer normal mode relaxation jgeeen].
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Fig.6 Peamon comelstion cosfidents (R of Boltzmann distribution-
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Furthermaore, for highly flible molecules such as 3, the
comventional approach for the experimental determination of
RDCs may fail. =" ypically, the j<ouplings extracted
from experiment in the isotropic environment (Le., isotropic j-
couplings ) are subtracted from the total Tcouplings measured
in the anisotropic environment to vield RDCs (eqn (1) in
Experimental Section). However, the isotropic feouplings may
sigmificantly differ from the real anisotmpic jeouplings in the
alignment medium, as indicated by the different conformer
pepulations in isotropic and in anisotropic ervimnments.

The differences between J-couplings caleulted emploving
different conformer ensembles are clear and support our
hypothesis: as shown in Table 1, we calculated jeouplings in
the isotropic (presented by the low-energy conformer ensemble)
and in the anisotropic environment presented by the docking-
obtained conformer ensemble). As an example, the calculated
isotropic and anisotropic jo,y-couplings of the 3-RR isomer
am 1§ and 1.0 Hz, respectively, resulting in a difference of
2F Hz between the isowopic and anisomopic value. For
BRI calculated according to eqn (1) in Experimental Section,
this difference would lead to an error of 2000% of the experi-
mental BRI value determined using the isotropic feoupling.
More examples to show the difference between fcouplings
ecaleulated using different conformer ensembles can be found
in Table 1. A more detailed study on this subject is currently
underway.
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Table 1 Comparison betyesn sxpermamental J-couplngs of 3-Aand 3B
resured in chiceofonm e, J) and Boltem ann dis tibation -averaged J-
coupings of 3-RSand 3-RR caloulated at te BILYP-DIGLO-11 DFT bevel
with PCM = chloroform of low-enegy confonmens (aalc. J low-energy
eﬂzl'rlanl-e,'l,2l ard mlawed conformers obtained from mobsoular dodking
e J mbaned] diociong ensemiblel. Only catoulated J-coupings of somerns
wath 2% relative abundance were used for the averaging

Exp. Calke. im-elmp Cale. [ relaxed docking

.;Hz[”‘ ermemble (Hz"'  ensemble (Hz)
Intemction 3-4 38 SRS SRR 3RS -RRE
Ci-P 48 44 [ % 56 69 51
2P 130 129 122 131 7 120
a-F 41 3% ER ER [ 140
CA-F 34 31 20 23 0.7 [T
5-F 3z 14 [ 24 ] 14
g 61 B9  -MLE 107 -11F -7
-p h HE 7 549 UL 740
AP 28 24 —iL8 —23 00 -12
Ca-P 1.8 14 12 26 s 1.7
5-P 1.7 13 —15 —26 —iLA -1%
h-F 13 04 21 EE- 24 23
2-H2 1514 1503 147.3 414 1455 1343
A-HIY 1636 1639 1629 1567 1622 1503
CA-HE 1626 1625 160G 1544 16040 1484
5-Hs' 1654 1630 1506 1519 1594 1474
On'-HE' 1656 1653 1647 1564 1623 1499

Experimental section
Computational methodology

Conformational sampling and molecular docking. As an
input for molecular docking, structures generated wia initial
conformational sampling were used. The conformational sam-
pling in MacroModel v13.1 (Schrodinger 20221 suite** was
performed with the following set of pammeters: OPLS4 force
field,” chlomform solvent, mized torsional/low-mode sampling
method with a maximum of 1000 steps, 40 kJ mal™’ energy
window for saving structures, and 0.75 A maximum atom
deviation cut-off. Molecular docking was performed using Glide
(as implemented in Schridinger 2022-1 suite]™ ™ in fledble xp
maode using grids of various sizes (10 A 12A, 15 A& 18 A, and
20 A) to samiple all possible positions of the analyte molecules.
Aromatic hydrogen atoms were included as donors (0.0 partial
charge cutoff], and chlorine was included as both the aceeptor
and the donor in sepamte searches with each grid for 3. The
model of PELG used in docking was provided to us by Alain
Ibariez de Opakua ™

Density functional theory (DFT) caleulations. DFT caleulations
were performed using the Gaussian 16 progmam package™
Single-point energies of the conformers generated by molecular
docking were calculated using the BILYP functional™ ™ with
empirical dispersion correction D3 by Grimme™ and the &
31+G{d,p)** basis set. DFT caleulations were performied for single
molecule in vacue at 0 K. <Couplings were caleulated using the
BILYP functional and a basis set optimized for P parameters
(MGLOHIT™ ™ within the polarizable continuum model (PCM™
using chlomformm as solvent.

Machine learningaided eliminaton of mdundant stroc-
tures. Unique conformers were identified using the machine
learning (ML}-based mearrshift algorithm™ as implemented in

Pfys. Chem. Chem. Phys, 2024, 26 2016-2024 | 2021



This article is boersed under 3 Coeatne Commans Atsnilestion -NonCommercaal 30 Usporied Licencs

Open Access Anicle Published on 13 December 2023 Down loaded on 2772024 34910 PM

PCCP

the Scikit-learn Python package (scikitleam.org). This approach
was previousl adapted for identification of non-redundant
conformers in a series of dipeptides.™ During the ML-aided
elimination procedure, the conformers were soned into clusters
haged on selected dihedrml angles. Each cluster contained all
structurally similar conformers. The mean shift custering algo-
rithm specifies the cluster size using a bandwidih pammeter.
The value of this parameter determines whether each data point
belongs to a given custer, ie., i a given set of conformers is
structurally similar. This parameter is proportional to the size of
a given cluster. The optimal values for each structure were
decided as described in the ESIY (numbers are provided in
Table 564). For each cluster, only the lowest energy conformer
was selected as the unique non-redundant conformer.

Normal mode reaxation. Normal mode optimization has
been used to refine maolecular structures, namely bond lengths
andangles, while keeping the overall shape of the molecule, Le.,
by fixing the lowest vibmtional modes. ™' In this procedure,
modes up to 300 em ™~ were fived, and the (GRAD program was
used for nomal mode optimization. The accompanying DFT
computations were performed at the BALYP-D3/DGDEVE level
using the Gaussian 16 software suite.™ The final energies of the
relaxed eonformers weme mecaleulated at the BILYP-D3/6-
31+G{d,p) level.

PIDPALES. We performed molecular alignment sirula-
tions using PAD'* a8 implemented in the PALES" software, as
recommended. ™ The following command was used to run the
simulation:

pales -elPales 3D po3iny PRLG.dx -1eS 0.8 -maxPot 2 -71
150 <N 250 -nX 129 -n¥ 129 -nZ 385 -dX 0.4 -dy 04 02
0.4 -H -nosurf -pdb Molecule pdb -inDd RDCs. thl -wv
0.12 -1M E -pka charges pka -outl output.out,

where PELG.dx is the potential file of PELG, Molecule pdb is the
PRE file of the sudied molecule, RDCs.thl is the list of experi-
mental RDCs, charges.pla is the listof atomic charges obtained
from AtomicChargeCaleulator 1L and outputout is the final
output file. Atomic charges were calculated using the electmo-
negativity equalization method (EEM)™ based on the atoms in
malecules [AIM) calkulation scheme at the BILYPF/E-3110G level
aof theory.™

Caleulation of rConfy,. We cakulated the values of the
nrConf, flexibility descriptor uging the code provided in the
atiginal article by Wicker and Cooper*® Given thata maore detailed
scale was necessary for the studied compounds, we set the atom
moot-mean-square [RMS) distance threshold for removing dupli-
cate conformers to 0.5 A The number of generated conformers
was set to 10000 to mitgate the nfluence of stochasticity in the

process of structure generation.

Experimental methodology

Sample prepamtion. The quantity of the alignment medi
was derived from the quantities of the solvent and analyte to
acquire approximately 6.1-7.9 weight% of the alignment med-
ium in the sample. This number was determined based on our

2022 Phys. chem. Chem. Phys, 2024, 26, 2016-2024
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expe rience”™ ™ and on the premeasurement screening. The

calculated amount of the alignment medium was mixed with

the respective amounts of the solvent and the analyte (detailed

zample compogitions are provided in ESIY), and the final
mixture was left standing to dissolve overnight.

Due to the high viscosity of the solution, the sample was
homogenized using a manual centrifuge. Sample homogeneity
was then monitored by *H image experiments, and the align
ment order was determined v measuring the guadrupolar
aplitting of the solvent in *H NMR spectra.

Extraction of sxperimental RIME and their evaluation. Resi
dual dipolar couplings were acquired wing Flcoupled HSOC
(one-bond *c-"H couplings) or APT (YC-""F couplings) experi-
menis. The Fl-coupled HSOUO sequence was j-scaled, and the
separation of the components was §4imes enhanced with respect
to the ' chemical shift evolution™ The one-bond “C-"H and
He-"p couplings were obtained using the following equation:
_"Tey = Jc_v: I

"De_x

where J stands for the scalar coupling (obtained from an isotropic
experiment - measured in COCL), Tis the total coupling (cal-
lected from an anisotropic experiment measured in the solvent
CrCl; and in the alipnment medium PRLG), D is the residual
dipolar coupling, index * indicates the number of bonds, and C-¥
stands for “C-"H ar “C-"PF coupling. The values corresponding
o the rotating i-butyl groups were converted into one-bond C-C
ey - the RDC between methyl and tertiany carbon nucle.™

The R data were evaluated using Pearson's correlation
copfficient B and quality factor Q.

Peamon's comeltion coefficient B is defined as follows:

1Y DapDose — 5 Deg - D
W E Bag? = (5 Do)y 0 D = (5 Do)
where n iz the number of experimental RDC values, D, are the

experimental RDCs, and Do are the theoretical RDC values.
The quality factor is given by the following equation:

E=

(2)

25 (B’ = Bt?)
o= i T 2 @
Ve

where D are the experimental RDC values, Do are the
calculated B2, and n is the number of experimenial RDCs.

Conclusions

In this work, we investigated whether the imolvement of align-
ment media in genemton of conformer ensernbles viz molecular
docking improves the performance of RIMC-aided stereochemical
analysis. We have found that it depends an the flexibility of the
malecules under study. The docking apprach does not markedly
affect the conformation space of rigid molecules such as 1, neither
it significantly improves the quality of RDC analysis. However, the
different conformer ensembles do affect the results, indicating
that the alignment medium influences the conformation space of

This journal is @ the Cwner Societias 2034



WView dumicks Onling

Paper PCCP

the ana]}rte malecules. Gmﬂyl a n,qn-negh'_gihh wﬁ: pen- 2 R. A, Bell and ] K. Sau I'lieﬂl Can [ (ML, 1970, 48,
alty for higherdying conformers may be compensated for by the 4-112a

anakte-medium interactions which may extendialter the confor- 3 A, W. Overhauser, Plys. Bau, 1953, 92, 411-415.

mer ensembles in the anisoropic envionment in comparison 4 F. Kramer, M. V. Deshmukh, H. Kessler and 5. J. Glaser,
with the isotoopic solution. This energy penalty is diasterectopic Concepts Magn. Reson., Part A, 2004, Z1A, 10-21.
[somer-dependent), this effect is most profound in the case of 5 C. M. Thiele, Bur. . Org Chem., 2008, 56735685,

rigid maolecules, such ag isomers of 1 that are not as capable of 6 G. Kummerlivee and B. Luy, Trac, Trends anal Chem., 2009,
adapting to the chiral envirsnment of PELG. For mildly fledble 2K, 4E3-193.

systems, such as 2, the ensembles of conformers generaied by 7 M. Sclwab, D. Herold and C. M. Thiele, Chem. - Ewr. J.,
molecular docking deady enhance the accuracy of RIMC-aided 2017, 23, 1457 6-14584.

sterenchemical analysis. Additional DFT optimization of confor- B ], C. Freudenberger, . Knor, K. Kobezar, I Heckmann, T. Paululat,
mem obtained from molecular docking by constrained nomal H. Kesder and B. Luy, Angewe Chent, It Ed, 2005, 4, 423-426.
mode relaxation further improves the accuracy of RDC analsis 9 A, Mam and C. Thiele, Chem - Eur [, 2009, 15, 254-260.
and brings in a clearer disstereomer discrimiration. The docking 10 A Navamo-Vasguer, Magn Reson. Chen, 2012, 50, 573-579.
approach does not improve the resulis of RDC analysis for highly 11 V. Schmidts, PRD thesis, Technische Universitit Darmstadt,
flexible structures, such as 3; we speculate that this is due to the 2013,

possibly incorrect experimental determination of RDCs using - 12 M. Di Pietro, U. Stemberg and B. Luy, [ Plys. Chem. 8, 2019,
couplings obtained from experiments in isotropic solutions. The 123, B4B0-B491.

total coupling T of an anissropic conformer ensemble consists of 13 L Valafar and J. H. Prestegard, J. Magn. Resom., 2004, 167,
RDCs and Feouplings, however, the difference between anisotropic 22B-241.

an eotropic ~eouplings may increase with molecular flexdbiliy due 14 ] Medler, W. Peti and C. Griesinger, j. Siomol NME, 2000,

to the fact that jeouplings are mather sensitive to changes in 17, ZB3-294.

molecular geometries, This difference may preciude RDC determi- 15 A Ibdner de Orpakua, F. Klama, L E Ndukwe, G. E. Martin,
ration for highly flsdble molecules because - like RIMs - aniso- E. T. Williamson and M. Zweckstetter, Argew. Chen, Int.
opic Jeouplings cannot be measured directly. To answer the Ed, 2020, 59, 6172-6176.

questions kid in the Inroduction, the conddertion of alignment 16 A Ihdnez de Opakua and M. Zweckstetter, Magn Reson,
medium does have an effect on the conformation space of analyte 2021, Z, 105-116.

and thus the quality of RIXC analzis Bven more accurate conformer 17 M Zweckstetter, Mat Protoc., 2008, 3, 679690,
ensembles may be genemied using advanced simulation methods 18 J. B Kim and T. Ree, . Polyrt. Sci, Polme Chem. Bd | 19B5,
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Extending Molecular Dynamics with Dipolar NMR Tensors as
Constraints to Chiral Phosphorus Compounds

Ulrich Stemberg,** Markéta Christou Tichotovd, > Lucie Tutkovd,® Aneta Einerovd,” Jan Hanus,*

Moleoular Dymamics with Orientational Constraints (MDOC) simulations use NMR parameters 25 tensorial constraints in the

stereachemical anahysis of small molecules. Y'C-"*P Residual dipolar couplings-sided MDOC simulations of small phosphorus
maolecules determined the relative configurations of rigid molecules after induding ' b—-couplings 2s additional constraints.

holecular docking ultimately improved our ability to determine
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However, flexible molecules remain a problem.
Introduction

Compounds with the stereogenic centre on a phosphorus atom
(e.g., Josiphos ligands®) are essential in coordination chemistry
and stereaselective catalysis. However, P-chiral compounds are
often difficult to synthesize stereoselectively, and classical
synthesis yields a mixture of isomers which may be difficult to
separate.® 1 To determine phosphorus  stereochemistry
(configuration and conformation), several advanced NMR
methods can be wsed, such as residual dipolar coupling (ROC)
analysis.+&

The RDC analysis enables to assign the relative configuration of
small to medium sized molecules, ™!t but some problems arise
upon high molecular flexibility™* or lack of *H-*%C RDC values.
Previously,*® we have studied model phosphorus-based
compounds by *C-"P RDC analysis, with the phosphorus atom
Incorporated into 2 cycle to suppress molecular flexibiliog.
Howewer, we were unable to unambiguously determine the
relative configuration using the P-based RDC analysis of low-
energy conformers. These low-energy structures probably do
not reflect the actual structures present in the anisotropic
environment of RDC experiments. To create a new population
of conformers in the alignment medium needed for RDC
analysis, we applied molecular docking.17. 18

& COSRMOS-Safrware, 07743 Jetny, Garmany
" Eantsrube fatitute of Techeoloagy (10T], Fostfoch 3540, D-75021 Karsmule
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the relative configuration of rigid molecules, but not highly
flexible molecules.® Mevertheless, this issue may be solved
using & recently developed method: Molecular Dynamics with
Orientational Constraints [MDOC). 222

MDOC generates trajectories comprising a multitede of
conformers using dipolar-coupling tensors [or other MNMR
Interaction tensors) for each H-C or C—P coupling. To reach the
time scale of NMR experments in molecular dynamics
simulations, MDOC applies tensorial constraints that rotate
molecules and their mobile groups, thus making it possible to
heat up the rotational degrees of freedom. Moreover, we can
adjust equilibria between rotamers using scalar constraints,
such as Scouplings and MOE distances.

MDOC has been recently applied to the structural elucidation
and diastereomer discrimination of several small and flexible
maolecules, such as celloblose™ and oidiolactone B,** and of
molecules with multiple rotamers, such as sagittamide A3
However, a recent MDOC study® has highlighted two major
lssues that must be considered in sterecchemical anakysis: (i)
stiff molecules, eg., strychnine, actually have several
conformers in solution, and (i} transient structures, mainky
controlled by the entropy term TAS of free energy, also
contribute to conformer distribution.

In this study, we applied MDOC to model phosphorus-
containing compounds (Fig. 1) with wvarlous degrees of
maolecular flexibility, as indicated by the nConfzs parameter. This
parameter can be used for gquantification of molecular
flexibility™ (calculation detalls are provided in the ESI). The
descriptor is the count of conformers of a molecule with
energies between the lowest energy conformer and the
selected relative energy threshold and presents consequenitly
the number of energetically accessible conformations.
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niaonfy,=2 nConfy, =& nianf,= 78
Fig. 1 Struchures of th stucy compounds and their fexibility parameters.

In this work, we implemented 2P NMR parameters (RDCs and J-
couplings) in MDOC analysis, showing that these data may
facilitate stereochemical analysis of phosphorus compounds.

Results and Discussion

MDOC analysis of 1

DHastereomers of 1 were prepared as described in our previous
study and the absolute configuration was determined by X-ray
diffraction.®® In the present investigation, a 40 ns MDOC
simulation was performed for both sterecisomers with tha data
sets 1A and 1B (for the details parameters of the simulation see
the ESI).

For both datasets, 1A and 1B, the quality factors n/fy2* (details
in the section “Computational Methods®) were low, reaching
0.1 and 0.2, respectively, due to the relatively small YC-*p
couplings and narrow error ranges. Because these guality factor
walues prevented us from assigning the relative configuration,
we calculated the y-probabiling®® (Table 510) and ascigned
dataset 1A as 1-5R by 90 %, in lne with X-ray data.'® However,
the 1-RR configuration was still unclear. As in our previous
studies, ™ ¥ we were unable to identify the relative
configuration using only RODC data (Table 510). For this reason,
wie included f-couplings in MDOC simulations.

J-couplings are valuable parameters, especially for stereogenic
centres, but we falled to experimentally assign the i, -
couplings of the diastereatopic ydrogens HLA (pros) and H1B
(prof) to H2 (see Fig. 3). S0, we performed preliminary MDOC
simulations, but instead of wsing the *w-couplings as
additlonal constraints, we calculated them as the mean value of
2000 snapshots of the MDOC trajectory. With these computed
walues, we assigned Yy -couplings (Table $13).

In the final MDOC simulation, using *feyw-couplings as additional
scalar constraints, we reached 96 and 97% y-probability of
assigning 1-5R and 1-RR to datasets 1A and 1B, respectively (Fig.
2).
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Encouraged by these results, we investigated conformational
equilibria from the 2000 snapshots of the trajectories. From
MDOC trajectories of the torsion angles of 1-5R, we derived the
populations of individual conformers. The conformations of the
five-membered rings  were  investigated  using  the
pseudorotational phase angle P, as introduced by Altona and
sundaralingami.?’ The maxmum of the distribution was at P =
208°, and most (984 %) P values belonged to the South
conformation. In this simulation, we identified another five-
membered ring conformation separated from the major
conformations by a minimum. Howewver, this North
conformation accounted for only 1.6% of occurrences (see Fig.
3). Inspecting the torsion of the (02-C1-C2-N1) angle of the
adjacent five-membered ring (see Fig.3) we observe a small -
gauche contribution of about 6% additionally to the major
sgauche conformation, with a maximum P at 28° [Fig. 3. The
twao adjacent ring systems preform a coupled motion.

The dihedral distributions of 1-RR were like those of 1-5R [Fig.
3], but the maximum of the (02-C1-C2-N1) distribution was at
20° (+gauche in 96 %). And while we alko observed two
conformers of the five-membered rings, the contribution of the
second conformer was minimal (for detalls see Tab. 1). The
maximum of the pseudo-ratational angle of the more populated
conformation (98.2 %) was at # = 168°. As with 1-5R, the phenyl
rotation was not restricted.

HIBa, . HIA

Sering
Pseudo-
rotalion

Fiz. 3: Distribwtion of torsion angies uu-s:: :hmmumucn.iu:m,-.m[m.—
F1-CE—(7| torsion {upper penel] indicates that the rotation of the: phemyl groun is mot
rsh'ictad[mrltlails,ﬂ'mh 1|.'I'I|encrl'br'ners of the I‘i\g—n!rrmedrirg:cnﬂhiri\;
the phassharous atom are displayed using the rotation about the C1-C2 bond [lower left
manel] and the conformeation of the adacent Jring is analysed using the preudo-rotation

=g rgre pare,
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MDOC analysis of 2

DHastereomers of 2 were prepared as described in our previous
study.** Howewver, crystallization always caused ring opening
leading to loss of the stereogenic centre on the phosphorus
atom, therefore, absolute configuration was not determined.
For this reason, we worked with both NMR datasets 24 and 2B
The MDOC analysis of 2 showed that the quality n/x2 of the RDC
data was as bow as in the analysis of 1, so we calculated
couplings based on a preliminary MDOC simulation to assign the
measured couplings to the pro-chiral hydrogens on carbon C1 -
HL1A {pros) and H1B (proR) (see Fig. 5). These Yy proved to be
essential for the chiral assignment since they connect the chiral
centre HZ{R or 5) to the prochiral hyd rogen atoms.

In this process, Yy y-couplings proved essential for dataset
assignment from the final MDOC simulation (Table $17). The -
probability indicated an 85 and 72% probability of assigning 2-
RS and 2-RR to datasets 2B (Fig. 4, red bars) and 24 (Fig. 4, blue
bars), respectively, improving our previous low-energy-
conformer™ and molecular-docking'®  results, with only
unilateral diastereomernic discrimination for 2-SR.

Once again, we derived conformer eccurrence and populations
from MDOC trajectories of the torsion angles. In 2-RR, we
observed two conformers of the five-membered ring: one
principal component (947 %) with a maximum of 168" and one
minor component (3.3 %, Fig. 5 in red) with a maximum of 36°.
The torsion of the (02-C1-C2-N1) angle was 9% in +gauche
conformation with a masimum at 22° (Fig. 3). As in the case of
compound 1 the pseudo-rotations of the two adjacent S-ring
systems were coordinated. The most dynamic region of both
isomers of 2 was the (P-01-C8) bridge. The rotation around the

Tab. 1: Dmt assignment to the relstive configuration and conformer ansiysis of
compounds 110 3.

Five-Membered Ring Preudo-Rot. Angle

Comp. Dut x-Probat. Major Contrib. Mlinar Contrib.
[Fig- 1) [%] e Ares Max Area
1 [ %] [ ]
1-5R 1 o6 03 -] 68 2
1-RR 1B o7 168 &5 36 5
2-RR 8 Tz 163 L] 36 5
2-R5 ZB E5 50 52 173 8
3-RR 3 46 - - - -
3-SR 3B &9 - - -
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Fig. % Distribution of torsion angies of 2-AR micuiabed from the MDOC trajectory; the
chiorophenyl resicu s linked to the over an aryzen bricge. The (NE=F1-
0105 torsion (lewer left pened] indicates that the rotation i not restriched but the
rotation about the [P1-0d-05-C7) bond displays two minima (lower right pansl. The
conformers of the five-membened rings containing the phosphorous stom is displayed
using the rotation sbout the C1-C2 bomd (upper left panel] snd the conformation of the
adjncent 3-ring iz anehyzed USing the preudo-rotation angie [right paned| (for details, see

Tab. 1].

P—01 bond was not restricted, but the rotation around the 01—
b bond displayed two broad maxima at approximately +100%
and -100%. The angles around 0* were strongly avoided [Fig. 5).
The distribution of the P of 2-RS had two components: a major
component [92.3 %) with 8 maximuem at 50° and a minor
compaonent (7.7 %) with & maximum at 178°. The dihedral
distributions of the 2-RS structure mirrored those of 2-RR (Tab.
1), but the torsion of the (02-C1-C2-M1) angle peaked at 30°
{+gauche in 96 %). When comparing 1-RR and 2-RR (see Tab. 1),
we observed that different substituents on the phosphorus had
a negligible influence on the ring conformations, but the change
in configuration from 2-RR to 2-RS considerably affected the
five-membered ring conformation.

MDOC analysis of 3

Menthol derivative 3 was prepared and separated as described
in ESL. The structure was determined by NMR spectroscopy, the
MMA signal assignment of two datasets 34 and 3B s in ESL.
Howewver, the absolute configuration was not assigned by XRD
because compound 3 did not crystallize. For compounds 3-SR
and 3-RR, we performed MDOC simulations using three
datasets, mamely 38, 3B and 3A-ex. Dataset 3h-ex was
introduced to solve the uncertalnty in the assignment of the 4,
wiouplings. In dataset 3A-ex, the “ea-couplings of the CHs

B i W
3 10

E

O ity g
x-Prodabiry %

[
[T Omantdl  Cwnumshes
[T 1

Thirkis For dlevaiia Fivs
Fig & Statictionl anakysis of MR dats caicuisted from MDOC trajectonies of 3.
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protons of the groups CBa and CBb to HY were interchanged in
relation to dataset 30 The data quality of MDOC simulations of
compounds 3 (Fig. 6) was nearly perfect. all RDCs were
calculated within the experimental error limit, except P-C1 RDC
{Tables 519 and 520). This RDC is essential to determine the
configuration on the phosphorus atom because it reflects the
interaction of the chiral phosphores centre (R or 5) with C1{R)
of the menthol residue.

Fig. & displays the y-probability of the two structures 3-RR {blue)
and 3-SR (red) with the three datasets (34, 38 and 3Aex]. With
a 79.6% probability, we can assign dataset 3B to configuration
3-5R. However, the assignment to the other datasets, 34 and
3nex, |5 inconclusive, mainly due to the outlier of the P-C1 RDCs
{Tables 519 and 520). The g-probability did mot allow a final
assignment. Only a preliminary assignment was performed due
to the P-C1 RDC outlier: dataset 3B was assigned to the
structure 3-5R, but dataset 34 was not assigned. The highest
score of 3-RR was derived from 3hex data set. Inspecting the P-
C1 RDC, we observed that in dataset 38 the value s lower {-0.72
Hz) than the value of dataset 3A or 3Aex (-0.55 Hz). The
assignment to the other datasets 3A and 3Aex is inconclusive
mainly because of the P-C1 RDC outlier. f we preliminarily
assign 3-5R to dataset 3B and 3-RR to 3A or 3Aex [3Aex was
selected becaute of the larger y-probability), we get the same
sequence in the simulated RDC values (-0.552 < -0.469).

To try and eliminate the P-C1 RDC outlier, we performed
simulations using larger weight for RDC pseudo-forces (see
Table 511}, albeit to no avall. Therefore, we used the same
simulation parameters as in compounds 1 and 2.

The problem was mainly caused by the rapld rotations of the
menthol ing around the two bonds of the P-01-C1 bridge (ES),
Flg. 57, like those of the P-01-C6 dihedral distribution in Fig. 5).
This motion is only weakly hindered by steric effects, resulting
in an averaging of the essential P-C1 RDC value due to the fast
molecular motion.® This prablem may only be solved by adding
more constraints characterizing the motion of the menthal
residue. Meverthelass, the MDOC results of 3 show significant
improvement over the low-energy analysis which was
inconclusive (Section 1.5 of the ESI).

Computational methods
MDOC simulations
To perform MDOC simulation, pseudo-energy terms are added
to the energy expression of the COSMOS-NMR force field £7 2
The pseudo-energies contain expressions depending on the
differences between calculated and experimental dipolar
tensors D or other scalar MMR parametars as NOE distances
(denoted by R) and % couplings (the different walues are
denoted by the indices k, I, m).

[ . + K, : k &
E-E7 2o TR - D) e PR -Re) s T )

The first pseudo-energy term is the tensorial pseudo-energy
that sums up all @ components of the dipolar tensors (a, B run
from 1 to 3). The other two terms are scalar terms that influence

4| i Nemwa., 2012, 00, 1-3
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structures and equilibria of conformers. The force constamts k
or welghts of the different terms are given in table S11.

From the force-field energles, we have to calculate derivatives
with respect to the coordinates of the atoms that represent the
forces being the basis of the eguations of motion. Since the
MMA tensors depend on the orlentation of the molecules within
the outer magnetic the forces calculated from this term induce
maotions and reorientations of the molecule and parts of them.
In this case, the dervatives are calculated from the rotational
matrices that describe the orentations of the dipolar tensors of
the maolecule [for more details see Sternberg et al_=

As in traditional MD simulations, the temperature s controlled
by a thermostat program. This is always necessary in MDOC
simulations because the tensorial pseudo-forces produce heat
(see Table 510). The tensorial pseudo-forces are at the begin of
the simulation very large since no motional average was
reached. Therefore, these pseudo-forces are gradually switched
on so that thelr full action is reached after approximately 1 ns.
Therefore, the total duration of the MDOC simulation should be
much longer than 1 ns. Most parameters of the simulation were
tested in former investigations but the weight and width
parameters k of the psewdo forces should be adjusted in
preliminary simulations (see Table 511).

The calculation of the dipolar tensors and NOE distances is
straightforward® but for the Y, the Altona eguations® were
used.

Scoring caloulations against experiments
The guality of MDOC simulations can be deduced using the nfy*
parameter:

] ep el
1 9, —4;
x = S
ZJ: g

Aene fvoe

x= ZLIFRM}! B Zl-ﬂm‘r]z +§:(‘?j)1+§{.ﬂﬂsr

gl -

In this equation, the &7 denotes the errors of the experimental
properties, and a guality parameter oy higher than 1.0 means
that the calculated guantities g=* are on average within the
experimental error ramges €9 When calculating the ¥*
parameter, we considered two types of data - RDC and %
couplings. For & good simulation, all, or at least most,
summands in eg. 1 should be lower than 1.0. Under these
conditions, the calculated values are within the experimental
error limits, and nf* is higher than one.

The nfx* value is an absolute measure of how accurately a set
of calculated values represents an experiment. For comparing
several datasets, a probability has been developed based on the
product probabilities of dewviations between caloulated and
experimental values. The y-probability has been recently
developed to incorporate several types of data (RDCs and 4
couplings in this stedy) into a consistent tool 2% The formalism
of the y-probability was developed on the same basis as the well
established Bayesian measure DP4  developed by Smith and
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Goodman® as stereochemical score using chemical shifts. The
y-probability differs from DP4 in the following points: (i) instead
of chemical shift differences, absolute y-values are used, and (i)
the Mormal distribution is used for defining the probability that
a calculated walue differs from the experiment under
consideration of the individual error. The y-probability is more
useful than DP4 because the error is considered and different
properties can be contracted into one score.

Conclusions

To conclude, in MDOC analysis, RDC tensors can be used as
constraints to simulate most features of molecular motion and
to reproduce oriented NMR experiments. Discriminating
relative configurations often requires introducing additional
long-range constraints, such as *J-couplings. Using these MMMR
data, we can determing the relative configuration of
phosphonus-containing dizstereomers of rigld molecules, such
as 1 and 2. For 3, this procedure is only partly conclusive
because the rapld motion of the menthol residue leads to an
outlier of the essential P-C1 RDC value. Therefore, we cannot
determine the configuration of a stereogenic centre on
phosphonus atom directly from P-Conly by its interaction with
RDC, but using other stereogenic centres. Mevertheless, using
the y-probability, we can reach values above B3% probability of
correct assignment (see Tab. 1) in most cases. These RDC-alded
MDOC simulations enable us to not only identify relative
configurations but also study conformational eguilibria. In
reactions that proceed only with selected conformers, the
MDOOC analysis may be used to elucidate reaction mechanisms.
Howewer, molecular flaxibility still remains a challenge in RDC
analysis and, therefore, new methods and iImprovements are
highly desirable.
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