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Chapter 1

GENERAL INTRODUCTION ON PHOSPHORUS CHEMISTRY

1.1 Organophosphorus Chemistry

Phosphorus can form bonds with many other eleméntan also form bonds with varying number
of atoms (Coordination Number), which can vary franbto 6 and more. Also it can have different
valencies, either 3 or 5. Also it has empty d-@aisitwhich readily accept electrons from any good
donors.

Organophosphorus compounds are chemical compouadgiming carbon-phosphorus bonds.
Organophosphorus chemistry is the correspondirensei exploring the properties and reactivity of

organophosphorus compourfd8ommon examples of those compound are reportEjime 1.1.

vk
P P _P
~ R R~ R RJ R
P hosphine Phosphinite Phos phonite
OR NR, NR,
~P< P~ ~P<

RO OR R R RN R

Phosphite . . e
Phosphinous amide Phosphnous diamide

@)
NR, R(% R I
_P P

RN" NR, R R R R
P hosphinous triamide Phosphonium sal Phosphine oxide

7 ? I

P P. _P

R™I R R” 1 “OR RO™ 1 COR
OR OR OR

Phosphinate Phosphonate Phosphate

Figure 1.1Examples of organophosphorus compounds.



The thermal stability of the P-C bond is quite highe heat of dissociation of the 4-coordinated C-P
bond is generally accepted to be about 65 Kcal/ara, there is never any difficulty in handling most

aryl and alkyl phosphorus compounds even at moeléeatperatures.

1.1.1 Phosphines

Phosphanes or phosphines have oxidation state d8amnbe primary (RPH secondary (F#PH) or
tertiary (RP). An often used organic phosphine is tripheny$pine. Like amines, phosphines have
a trigonal pyramidal molecular geometry althougkhvi@rger angles. The C-P-C bond angle is 98.6°
for trimethylphosphine increasing to 109.7° whee tinethyl groups are replaced bsrt-butyl
groups. The barrier to inversion is high for a gssclike inversion to occur and therefore phosghine

with three different substituents can display adtisomerisnt”

Synthetic procedures for phosphines &re:

* Nucleophilic displacement of phosphorus halideshwirganometallic reagents such as
Grignard reagents.

* Nucleophilic displacement of metal phosphides, gatee by reaction of potassium metal
with phosphine, as in sodium amide with alkyl haid

* Nucleophilic addition of phosphine with alkenespiresence of a strong base (often KOH in
DMSO), Markovnikov's rules apply. Phosphine carpbepared in situ from red phosphorus
and potassium hydroxide. Primary (RPldnd secondary phosphinesPRil) do not require a
base with electron-deficient alkenes.

* Nucleophilic addition of phosphine or phosphineslioynes in presence of base. Secondary
phosphines react with electron-deficient alkynethauit base.

» Radical addition of phosphines to alkenes with AIBN organic peroxides to give anti-

Markovnikov adducts.

Oxidation has been a major obstacle when workinth iivalent phosphorus as phosphines.
Especially alkyl-substituted phosphines oxidizedrgain air making elaborating and handling of
such compounds tedious. For this reason, usualbggitines are oxidized into stable compounds
after their preparation, obtaining phosphine oxidalfide, selenide (less common) or borane
complexes derivatives.
* Phosphine oxideare obtained by simple treatment of free phosphirie an oxidizing agent
such as KD,°, 0,,* t-BuOOH? m-CPBA’ (Reduction by PhSiGf HSICL® with retention of

configuration or LiAlH, that causes racemization).



* Phosphine sulfides and selenides obtained from phosphine oxidized by elemesu#ur or
selenium (Reduction by £ilg with retention of configuration or LiAlld that causes
racemization)*°

* Phosphine borane complexae obtained by mixing phosphines with 8FHF or BH;.Me,S

(decomplexation by amines, such asNEt or morpholine with retention of configuratiott).

The main reaction types of phosphines re:

» as nucleophiles for instance with alkyl halidephmsphonium salts.

* asreducing agents:
Phosphines are reducing agents in the Staudindectien converting azides to amines and in the
Mitsunobu reaction converting alcohols into estémsthese processes the phosphine is oxidized to

phosphine oxide.

1.1.2 Phosphonates

Phosphonates have the general structure R—-P(=0)(DR9y have many technical applications and
bisphosphonates are a class of drugs.

All bisphosphonate drugs share a common P-C-P tuamek':

Figure 1.2typical backbones of bisphosphonate drugs

The two PQ (phosphate) groups covalently linked to carbonembeine both the name
"bisphosphonate" and the function of the drugs. [Ong side chain (Rin the diagram) determines
the chemical properties, the mode of action andsttength of bisphosphonate drugs. The short side

chain (R), often called the 'hook," mainly influences chemhproperties and pharmacokinets.

1.1.3 Phosphites and Phosphates

Phosphite esters or phosphites have the geneuatuste P(OR) with oxidation state +3. Phosphites
are employed in the Perkow reaction and the Arbusaction. Phosphate esters with the general

structure P(=0)(OR)and oxidation state +5 are of great technologroglortance as flame retardant



agents and plasticizers. Lacking a P-C bond, thesepounds are technically not
organophosphorus compouris.

1.2 Uses of Organophosphorus Compounds

Organophosphorus compounds, have widespread wmagtiout the world, mainly in agriculture as
insecticides, herbicides, and plant growth regusatbThey have also been used as nerve agents in
chemical warfare and as therapeutic agents, suebaibiopate used in the treatment of glaucdtha.

In academic research organophosphorus compoundisnfiportant application in organic synthesis
(Wittig, Mitsunobu, Staudinger, organocatalysis.)éft The use of organophosphorus compounds as
achiral or chiral ligands for transition metal-dgt&d transformations is also rapidly growing irttbo
laboratory synthesis and industrial productidfrurthermore, organophosphorus compound, can be
used as flame retardants for fabrics and plas@stigising and stabilising agents in the plastics
industry, selective extractants for metal saltsmfrores, additives for petroleum products, and

corrosion inhibitors.

1.2.1 Agricultural Applications

Over the years, many organophosphorus compounde haen made and used in very large
guantities in agriculture, not only as insecticithes also later as herbicides and in other applinat
Phosphorus compounds have distinct advantage® ipasticides market; they are relatively easy to
make, and they biodegrade readily by hydrolysighab the problems of residual activity, so serious
with the chlorinated hydrocarbon pesticides, a@dad.

The active compounds are normally esters, amidethia derivatives of phosphoric or phosphonic
acid:

O (orS)
Ryl
_P—X
2 X=OR, SR

Figure 1.3 Structure of derivatives of phosphoric or phospbtacid



Where R and R are usually simple alkyl or aryl groups, both dfigh may be bonded directly to
phosphorus (in phosphinates), or linked via -O-Sr(in phosphates), or;Rnay be bonded directly
and R, bonded via one of the above groups (phosphonates)

Parathion ) was one of the first commercially produced ingmgaes; its toxicity (LBg) is 55
mg/Kg, which is rather low but still requires careiandling and application in the field. It wasye
popular in 1960s, but after this period the intenes Parathion has greatly declined with the
introduction of safer agents. Definitely, many campds are now produced that are relatively
harmless to humans yet with excellent toxicity tsedcts for example the well-known garden
insecticide Malathion) and Phosme®j with LDso up 4000 mg/Kg (Figure 1.4).
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Figure 1.4Examples of some insecticides and herbicides bas@dganophosphorus compounds.

On the other hand, the phosphorus compounds wezesthdries in the fields of organic herbicides,
and to this date only a few compounds have attaim&dr commercial importance. Glyphosphate (
was the first discovered and is still used (Figl®. Its is known to act by the inhibition of thkant
enzyme 5-enolpyruvoyl-shikimate-3-phosphate syafest which is involved in the biosynthesis of
aromatic aminoacids and other aromatic compoundsants. Many other phosphorus compounds
show herbicidal activity, and much current reseaftart is going on in this area. In addition t@th
phosphorus-containing amino acid derivatives, ositrerctural types are of interest, such as is geen
Betasan¥) (Figure 1.4).

1.2.2 Catalysis

Between various types of enantiomerically purerdg used for catalytic asymmetric reactions,
chiral tertiary phosphines have established thesitmn as the most effective ligands for most
homogeneous transition-metal catalyses.

Homogeneous asymmetric hydrogenation started wiabest results (ee 15%) in 1968 using chiral
monophosphin& (MPPP) (Figure 1.5) as ligartd Neomenthyldiphenylphosphire(NMDPP) and



menthyldiphenylphosphin@ (MDPP) were prepared in 1971 by Morrisenal'® giving up to 61%
ee in some cases. Knowlesal also published some interesting results in 19é29(®%) with chiral
phosphine® (PAMP) and10 (CAMP)*° At the same time alkyldimenthylphosphirkkwere used
by Wilke, Bogdanoviet al as ligands of nickel complexes in the cataly$ialkene codimerization
and alkene-1,3-dienes codimerizatf8rin 1971-1972 we demonstrated that a chelatingati@e-
symmetric diphosphinel2 (DIOP) without asymmetric phosphorus atoms was excellent
enantioselective catalyst (ee 88%)A multitude of chelating diphosphines are presektiown (of
C1 or C2-symmetry), some of them are patented Isecafiindustrial applicatiorfé.One of the most
effective chiral biphosphine ligands is BINARB,** which has exhibited its high enantioselectivity in
several asymmetric reactions including rhodium-rathenium-catalyzed hydrogenation. Another
important class of chelating biphosphine ligandeisocenylbiphosphines BPPF-24,%* which had
been demonstrated to be effective for palladiunalgaéd allylic substitution reactions, gold- or

silver-catalyzed aldol reactions, and so on.
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Figure 1.5Examples of ligands for homogeneous catalysis.

1.2.3 Phosphorus in Biological Compounds

Phosphorus is present in plants and animals. Tiseoger 454 grams of phosphorus in the human
body. It is a component of fundamental living compds. It is found in complex organic compounds
in the blood, muscles, and nerves, and in calcibosphate, the principal material in bones and teeth

Phosphorus compounds are essential in the diean@rghosphates, ferric phosphate, and tricalcium



phosphate are added to foods. Especially, phosphord is essential in many biological derivatives

such as nucleotides, nucleic acids, phospholipidssagar phosphates.

Nucleotides are monomers consisting of a phospbetep, a five carbon sugar (either ribose or
deoxyribose) and a one or two ring nitrogen commagimase.

Nucleotides are the monomers of nucleic acids, titee or more bonding together in order to form
a nucleic acid. The genetic material (DNA) is aypuer of four different nucleotides. The genetic
information is coded in the sequence of nucleotitlea DNA molecule. Nucleotides and related
compounds are also important “energy carrying” coumgs. Among the ones commonly

encountered are ATR(), and NADH Q1) (Figure 1.7¥>?

OH OH

0—CH, ©
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<NI:) HO—P=0 Nr g N/>
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HO 5 OH OH
e OH HO—P=0
HO/\ O p/\O\ T-o
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adenosine triphosphate ATEO Nicotinamide adenine dinucleotide dehydrogenase

NADH 21

Figure 1.7 Structures of ATP and NADH.

Certain phosphoric acid derivatives play a majde o driving some processes by “energy release”
that accompanies the cleavage of a phosphate gmuipransfer to a nucleophilic substrate. The best
known of the “energy-rich” phosphates is adenosiiposphates ATP2Q, Figure 1.7), which can
transfer the terminal phosphate group to a sulestvh the release of significant enefgy.

Actually the phosphoryl group transfer mechanism, “energy-rich” phosphate substrates, is
explained by intervention of pentacoordinated phosps in the transition state species. In particula
the formation of cyclic pentacoordinated phosphospecies on the reactive phosphate group
facilitate the attainment of the required transitgiate or intermediate allowing to obtain a fasd a

selective reactiof®



A phospholipid molecule consists of a hydrophiliclgr head group and a hydrophobic t&P (
figure 1.8). The polar head group contains one orenphosphate groups. The hydrophobic tail is
made up of two fatty acyl chains. When many phoBpidomolecules are placed in water, their
hydrophilic heads tend to face water and the hyinbr tails are forced to stick together, forming a
bilayer. Phospholipids are a major component obailogical membranes, along with glycolipids
and cholesterd®®”
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[====== 1
Q. I
/\/\/\/\/\/\ — —
C1O0—CH, |
e i ‘ ! Choline
PN S S Yl g M ]
5 o Mg CHy !
: O | H,C—i0-P—OT—CH,CH,"N*-CH, !
1 1
---------- e S N CHy
Fatty acid [ v X
Phosphate
2

Figure 1.8 Typical structure of phospholipids.

Sugar phosphates are present in the human bodyeamediates in the many important processes
like glucose metabolism. One example is the gluéspbosphat@3 (figure 1.9).

It is glucose sugar phosphorylated on carbon 6s Thmpound is very common in cells as the vast
majority of glucose entering a cell will become ppborylated in this way. Because of its prominent
position in cellular chemistry, glucose 6-phosphae many possible fates within the cell. It lies a
the start of two major metabolic pathways: the @lysis and Pentose phosphate pathway

In addition to these metabolic pathways, glucogiésphate may also be converted to glycogen or
starch for storage. This storage, in the form ofcggen, is in the liver and muscles for most
multicellular animals, and in intracellular stamhglycogen granules for most other organiéffis.

glucose-6-phosphate 23

Figure 1.9 Structure of glucose 6-phosphate.
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Chapter 2

THE HYPERCOORDINATE STATES OF PHOSPHORUS

One of the special properties of phosphorus that isyportance is its ability to accept more thha t
usual complement of 8 bonding electrons, thus aitgub-coordinate character with 10 electrons, or
6-coordinate with 12 electrons. This property obgbhorus was not firmly established until 1948,
when the compound B was synthesized and characterized by Wittig aietheé®" Now there are
many compounds known with this structural featuvhjch is also known to appear frequently in

reactions mechanism as a transient intermediaramsition state’

2.1 The 5-Coordinate State of Phosphorus

Phosphorus can undergo rapid and reversible chahgegseen a four-coordinate and a five-
coordinate state (Scheme 2.1). The preferred sitedetometries of this states correspond to the

tetrahedron and the trigonal bipyramid (TBP), resipely.

\L Il_ L
L_FSAL + L ;_‘ L_P\
\ YL
L L
TBP

Scheme 2.Xkonversion between a four-coordinate and a fiverdioate state.

Molecules with five-coordinate phosphorus are esaleio life® and the recognition of the role played
by the five-coordinate state of the element in b@mistry has spurred interest in this field. Ors thi
basis, a consistent interpretation has been madeofmber of significant problems of biochemistry,

for example: the transfer of the terminal phosphagyoup from adenosine triphosphate to

13



nucleophiles under basic conditions; the enzyntatiesformation of mevalonic acid into isopentyl
diphosphate by ATP and metal ions or the role oPAMm the biological reduction of nitrogen to
ammonia (nitrogen-fixation).

Pentacoordinated phosphorus compounds are notpoedgnt as reaction intermediates in biological
reactions or chemical reactions as Arbusov, Peda Wittig™® but they can be isolated as stable
compounds.

2.2 Pentacoordinated structures and their non rigid character

The development of structural principles for peatadinated species, was centered on the trigonal
bipyramid geometry. These principles have been iegpplvith considerable success in the
construction of reaction intermediates. The systEmapplication of mechanistic criteria for
postulating the most likely pentacoordinated intedrates has led to a consistent rationalizatioa of
large number of information on phosphorus reactio@ertain principles emerged that govern
conformational preferences regarding the positigmihligands in a TBP structure. They are listed as
follows in order of importance:

1. Four- or five-membered cyclic systems preferentigfian axial-equatorial positions;

2. The most electronegative ligands preferentiallyupgcaxial sites;

3. P-bonding donor ligands, in general, are positicateejuatorial sites.

4

. Steric effects are minimized by locating bulky gvewn equatorial position

The stability of phosphoranes (pentavalent phogm)ois markedly increased by the presence of
four- and five-membered rings, and to a lesserngéxtiey six-membered rings, since cyclization
decreases intramolecular crowding relative to tramarable acyclic situatichThis assistance from
intramolecular growing can outweigh any strain l&sg from the deformation of bond angles within
the ring. Nevertheless, ring-strain rather tharramblecular crowding is the main factor in
determining the stability of tetracoordinate phaspis. Consequently, a five membered cycle loses in
stability while the corresponding cyclic phosphaagains in stability relative to the corresponding
compounds in which the phosphorus is not incorgoran rings’ These is thermodynamic and
kinetic advantage in adding a nucleophile suchllesxale or water to four-coordinate phosphorus to
form a phosphorane intermediate when a five-mentbargy is present in the phosphate, or when
such a ring is easily formed during a reactionsTikiin accord with Westheimer and co-workérs

found studying the acid hydrolysis of cyclic estansfact their experimental results reported that

14



five-membered cyclic phosphate esters hydrolyzetmmore rapidly (1810° times) than their open

chain analogous in either acid or base.

2.3 Permutational isomerization

The permutational isomerization of the phosphoraces occur by bond deformations (regular
process) and by bond breaking and recombinationsg(ilar process). The regular permutational
isomerizations of acyclic phosphanes can take piaceither Berry pseudorotatifit* (BPR) or

turnstile rotatiof®**{TR) or by both of these mechanism.

2.3.1 Berry pseudorotation

In 1960, R. S. Ber?y suggested that the position exchange of the fiecsitoms of Pfoccurs by a

regular bond-deformation mechanism which he calkslidorotation (scheme 2.2).

F F

F-pel === —p
= =
F F

Scheme 2.ZExchange of the fluorine atoms of £Eonsequence of BPR.

In general, this Berry pseudorotation (BPR) candbscribed as shown in Scheme 2.3. A pair of
equatorial ligands, for instance 4 and 5, move ptame and the two apical ligands move in another
plane, perpendicular to the first. The fifth ligatide pivot (3), does not move at all. The syncbren
expansion of the original 120° diequatorial angiE-8 leads to an angle of 150° in the idealized
barrier situation; this angle reaches 180° in tee MBP. Similarly, the synchronous contraction of
the original 180° diapical angle 1-P-2, leads t0°1li the idealized barrier situation and 120°ha t
new TBP. During this bending motions, the bond atises adjust to the new TBP skeletal
arrangement. After the BPR, the new TBP is orierdgdf the entire molecule had rotated by 90°
about the pivotal bond, even though, in fact, regith rotation of the whole molecule, and not a
rotation of a ligand subsisted, for this reasonrtame rotatior’

Therefore in other words, the BPR mechanism realifeéwo apical and two equatorial ligands, and

the retention of the equatorial position of thegpiv
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Scheme 2.8Berry pseudo rotation with ligand 3 as pivbt.

2.3.2 Turnstile rotation

About 10 years later than the Berry pseudo rotatias formulated, another theory was proposed, the
turnstile rotatio™® (TR). The turnstile rotation consist in a permigtatof the ligands among skeletal
positions of the TBP which, in general takes thenffgshown in scheme 2.4.

The first TR process of scheme 2.4 correspondsedigand permutation (1 4) (2 3 5), which means
ligand 1 replaces ligand 4 and ligand 4 replaggmli 1, while ligand 2 replaces ligand 3, 3 re@ace
5 and 5 replaces 2. The second, third and fourtivatpnt TR processes correspond, respectively, to
the ligand permutations (1 5) (2 3 4), (2 4) (1)3(2 5) (1 3 4). It should be noted that the five
ligands have been partitioned into a pair, whiskags contains one apical and one equatorial ligand
and a trio**

Obviously, the TR and the BPR processes corresfmditferent types of permutations of the ligands
among the skeletal positions of the TBP, but tlreessomerization of it can be achieved by one BPR
process or by four TR process.

The differences between the two processes in the of certain acyclic phosphoranes are not so
evident, this means that the potential surfacep@ymutational isomerization does not contain high
barriers between the BPR barrier model and the @Rids modef® When two or more ligands
participate in cyclic structures, the situation mfpas. In fact, for regular isomerizations of aaycli
phosphoranes existed two mechanistic possibilitB8P and TR, but for the case of regular
isonerizations of cyclic phosphanes the only meistiarpossibility is the TR process, with the four-
and the five-membered ring always as the pair ®ftR pair-trio combination.
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P>, Y1

1 4

Scheme 2.4our equivalent turnstile processes showing thesgaid trios of ligands which effects the same

isomerization as Berry pseudorotation with ligaras3ivot'*

2.4 The 6-Coordinate State of Phosphorus

The chemistry of hexacoordinated phosphorus congmbas received much less attention than that
of the pentacoordinated state. In recent years nstéailyie compounds have been made in which
phosphorus has six attached grotip$.In general the octahedral structure, with two alpand four
equatorial bonds, is adopted. In this coordinasitate, phosphorus is known in neutral, anionic and
cationic forms. Many of the known compounds carctesidered as Lewis salts obtaining from the
interaction between a donor group (neutral or ipwith five-coordinated phosphorus.

Some of the concepts of the five-coordinate state wseful also in six-coordinate state. As
Muetterties and Mahl&t showed highly electronegative elements, in padicfiuorine, stabilize the
hexacoordinated state and their prefer the apissitipn. Fluxional character can be presérand

3p NMR shift are usual found at high field.

Six-coordinate compounds are receiving attentiopresent because they are recognised as transient
intermediates in certain reactions of five-coortinastructures, adding a new dimension to

considerations of reaction mechanisms. Generatlyjsiconsidered that pentacoordination to

17



hexacoordination occurs through a square pyran{i@B) geometry from a trigonal bipyramidal
(TBP) geometry. A careful analysis of the equiliini reportedf in Scheme 2.5 reveals that the
coordination at these sulfonyl phosphoraBdsaving a square pyramidal distortion on the pathwa
toward an octahedron, it is also accompanied byhange in the ring orientation. When no
coordination is present, the eight-member ring p@E3sl a diequatorial orientation, as seen in
phosphoranel, 2 (Scheme 2.5 However, it changes to an axial-equatorial oriéoma before
distorting toward the SP geometry.

O ?R Q\
R O\ Sbr
&) R
R R\ \%/ OR

R 1 2

Scheme 2.Equilibrium from pentacoordination to hexacoordioa.*’

Other studies carried out by Ramitéand others, suggested that hexacoordinated phaspho
compounds are formed during nucleophilic displaggmeactions on pentacoordinated phosphorus
compounds. Most of these studies have centeredyphosphoranes. In addition, there are studies of
reactions of tetracoordinate phosphorus which ha@en considered to involve hexacoordinate
states-*?° For example, nucleophilic catalysis of the phosplation of alcohols by the cyclic
phosphate3 in the presence of imidazole was proposed by Raneteal’® to proceed with ring
opening via the hexacoordinate intermedrat®m give4 (Scheme 2.6). The imidazole catalyst acts in
a nucleophilic assisted attack at phosphorus byatbehol. Ramirez and co-workétsinfer that
analogous mechanisms may be important to the batwaef some enzymes that are involved with
phosphoryl group transfer whereby amino acid ressdenter into the catalytic activity. The

intervention of both five- and six-coordinate ssdis suggesteld®*

N
N N7 ONH RO\?/O ®
R'OH + R'O—IFI>—O N\ — R"O/| OH
N
o
<]
3 N A
OR"H o N
RO P-0-C-C. N™ NH

O CH,CH3 "

4

Scheme 2.8\ucleophilic catalysis of the phosphorylation tifadnols by the cyclic phosphasdn the presence of
imidazole.
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Chapter 3

PHOSPHORUS-31 NMR SPECTROSCOPY

The phosphorus atom frequently plays a centralirotee chemistry of most compounds in which it
is incorporated. Without'P NMR spectroscopy, the task of sorting out th@ddible changes in
coordination number, and the additional stereocbahthanges associated with the three-, four, five-
and six- coordinate compounds world have been relmter!?

Chemical shifts in the nuclear magnetic resonaricERo were discovered by KnightSubsequent
measurements, particularly those by Gutowsky asdcbiworker$ indicate that NMR spectroscopy
can became a valuable tool for chemical studieslwivg phosphorus compounds. Today this
technique can also be used to determine the complek a reaction mixture or the purity of
products, because different signals are almostyslvg@en for each phosphorus compound. Many
other applications of phosphorus NMR have been madeh as performing conformational analysis
and studying reaction mechanisms by means of sdoaintermediates.

The large use of P NMR is due to the presence of only one natumibjEe with mass 31, so strong
signals can be obtained with a small quantity ahpound, that render the taking of phosphorus
NMR spectra easy.

3.1 Chemical Shifts

Phosphorus-31 chemical shifts have been observed avange exceeding 1000 ppm. However,
many classes of phosphorus compounds give signidtsnwquite small parts of this range. The

relationship between structure and phosphorus adarshift is often well enough established to

permit quite detailed structural inferences, everihie extent of identifying the stereochemistry in
some instances. The presence of a lone pair ofr@hscon phosphorus tends to widen the chemical
shift range, and additional information is usualBquired to obtain structural information. For

organophosphorus compoundd and *C NMR data can often be linked directly to tfi#®

information. Together they form a very powerfulustural tool for the chemist. Phosphorus-31
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chemical shifts are reported relative to the sigoal85% phosphoric acitiThe acid is invariably
used as an external reference due to its react@rye must be taken when collecting data from the
literature to establish whether the phosphorusommtsignal appears upfield or downfield of the
standard, 85% phosphoric acid. There was a changgmn convention in the mid-1970s, and now
positive chemical shifts are downfield of the siamtf?

Even if the®P NMR shifts extent in a large range, the vast nitgj@re included in the region of
aboutd -200 to +300 ppm. Each type of functional groupsita own range of shifts within this
region. It should be noted that there is overlathi functional group subregions, and it is ndte
possible to use only th&'P shift, without other characterization for ideptifinambiguously a
compound. Many factors have been considered tonpertant in effecting the shift for a particular

structure. A few of this factor are reported tddal:?"®

» Electron withdrawal by electronegative groups, galheconsidered to act by contracting the
p-orbitals at P and causing deshielding.

* Resonance interactions at phosphorus with unsetlgabups that change electron density on
phosphorus in either direction causing shielding.

« Chain lengthening and branching effects, which ealeshielding as the numberfa€arbons
to P increases or shielding as the numberadrbons increases.

« Changes in bond angles at phosphorus, increaseliah are said to cause deshielding of 3-
coordinate phosphorus and shielding in phosphates.

» Steric interaction in acyclic compounds manifesigahielding.

» Five cyclic-member compounds showed to be moreidiesthan the analogous six cyclic-
member. This phenomena is caused by major overgppetween @pr orbital in the five

cyclic-member compounds in which the bong angtddser to 90°.

Besides structural properties can be achieved lysis of *P NMR spectra. In fact each P-
coordinations has its range of chemical shift tteatered all the ordinary range (Figure 3.1). Itldou
be important to note that 6-coordinate compoundsatéso found outside their usual range; in fact

they can have a positive chemical shift, as repdrtehe literaturé.
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Figure 3.1 Chemical shift range for the different P-coordioat

3.2 Spin-Spin Coupling Constants

The*'P nucleus coupled wittH, and both types of spectra show the effect. Gngplconstants can
be as small as a few Hertz or as a many as sdwandred Hertz for the direct P-H bond. Because the
coupling effect is commonly seen dH spectra, but usually avoided by decoupling’ih NMR,
coupling constants are usually determined from pinevious spectra. Therefore couplings to
neighboring protons are very useful for determinihg nature and the number of aliphatic groups
bound to the phosphorus atom. The protons of apdms rarely produce resolvable couplings in the
31p spectrunt®

The lone pair effect is clearly seen in the de@egzfsthe positiveéJ(**PH) values from Pl (546-
548 Hz) to PH (182-195 Hz) to PH (138-140 Hzf Although there is a general increase in
13(3'P 'H) with increasing oxidation states of phosphothe, ranges for the various oxidation states
overlap considerably, perhaps owing in large measuthe reduction of s character in the P-H bond
as the coordination numbers increase. As expettiedpss of a P lone pair upon coordination of a
phosphine to a boron Lewis acid or a transitionanegsults in a marked increment in coupling. The
effect of electronegativity is evident in the rise'J(*'PH) especially when electron electronegative
halogens are bound to phosphotus.

A different situation prevails for the coupling 3P with **C where useful couplings to phosphorus

are manifest in proton decoupléiC NMR spectra. In this case the effect is seen onlythe'*C
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NMR spectra, because the low natural abundanc&®f(1.1%) in insufficient to lead to an
observable number of coupléP nuclei. Such couplings greatly aid the identtfma of the carbon
resonances adjacent to phosphorus as well as prgvichportant stereochemical information in

many instance¥.

3.2.1 3P-1B coupling

The one-bond coupling 6tP and'B has been recorded mainly for tricovalent P ligabdnded to a
BZ; moiety for which the range of couplings is 13-1H2. Most of thesé'B signals appear as a
quartet due to thé'P-'B coupling. !N NMR spectra usually display a quart®{'B coupling)
which is further split into a doublet Bi->*P coupling?®*°

The difference between the chemical shift of tree ftricoodinated phosphorus compound and the
chemical shift of its borane adduct is called tle®rdination chemical shift (CCS), which varies
depending on the nature of the groups bonded tesghtuous. Several compounds have been
compared, and it appear that trialkyl- or triarydpphines complexation with borane results in a
rather strong deshielding (CCS = 95 to 133 ppm).
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Part 2

ABIOTIC CHEMISTRY
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With the term “abiotic chemistry” we mean all raaos of the classical
chemistry laboratory, in which the reactions areried out in organic
solvent, with all kind of molecules, and with comains often very hard,

without the intervention of any biomolecules.
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Chapter 4

THE PHOSPHORUS DONOR REAGENT

4.1 General

During studies on the reactivity and use of Pi@lorganic synthesis, Baccolini and his co-workers
found" the surprising result that fused benzo-l,2,3-tisiadspholes 1) was formed by reaction of p-
methylthioanisole with PGland AICk. This synthetic procedure has been improved durgognt
years and now it is possible to obtain compolindth good yields (45%), using a one-pot three-step
proceduré. The prevalent product isolated from the reactias the compoundis-1, and only in
trace the isomeric compounis-2 (scheme 4.1). No appreciable amount of the cooredipgtrans

isomers were observed.

-
S
P/S
PCH\ AICI, \@R \©i \
- p— + P
- S S/
80°C S

cis-1 cis2

Scheme 4.1Synthesis of compourit(containing traces ).

The X-ray crystal structure determination ai$-1* and cis-2*> compounds showed that both of the
molecules exhibit a 'butterfly’ arrangement witle fphosphorus electron lone pairs in an eclipsed
conformation (Figure 4.1). As this conformatiornuisusual for a molecule containing a P(lll)-P(lII)
single bond, a solid staf®P-NMR study was performed. The changesJiP,P) and*'P observed
from solution to solid state indicated that crygtatking effects force of two “wings” of the buftgr

molecule to open slightly in the solid stéte.
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Figure 4.1 X-ray crystal structure afis-1*, where yellow indicates sulfur atoms and red iatlis phosphorus atoms.

This method has also been generalized employingrakalkyl aryl sulphides, providing in this way
the corresponding fused benzo-l,2,3-thiadiphosghdadech asis-1, but with a decrement of the
obtained product.In particular the tioanisole8) and PG} and AICE were allowed to reflux in the
absence of solvent faa. 2h. and the products were purified by filtratimm Florisil column. In the
scheme 4.2 reports the products dre obtained by reaction of different alkyl- stifoed tioanisoles
(3) with PCE and AICk. The best results were obtained using a r&jioRCk- AICI3 of 1:3:0.75. The
yields of products3) were also dependent on the starting sulphide. stistrate3b provided the
higher yield. Compound4 were stable to air and moisture and for this neasasy to purify. The
reaction appeared to be favoured when the metlotdpgioccupied thgara-position, presumably
reducing the by-products arising from the electiiplsubstitution of PQ in that position. In
addition theortho-substituent does not allow the formation 4fprobably because of the steric
hindrance of the methyl grodp.

X X Y Yield%
X \'% .
" " H H 22
_PCL\ACl, \O Y 2
/PZ\S
Y S

a
b
c: H Me 20
80°C d: Me Me 35
e:Et H 30
4 f. Bu H 11

Scheme 4.Zeneralization of the method.

Exploiting the reactivity of the heterocyclein order to synthesize other phosphorus and sulphu
heterocycles, different reactions were carried®dut.

This new system showed to be highly unstable inctivaditions under which phosphines normally
react, i.e. formation of phosphonium salts withyhllkalides, oxidation with kD, reaction with

diethyl azodicarboxylate (DEAB)/catechol or with phenyl azide. In such casederathan the
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corresponding salts, oxides, spiro derivatives lwsphazenéf 1, decomposition products were
obtained, presumably deriving from P-S and P-P meavage.

Studying this instability ofl, a Friedel-Crafts acylation with acetyl chloridedaAlCl;® was carried
out and surprisingly, a highly stereospecific reptaent of the phosphorug Rith the carbonyl
carbon atom of acetyl chloride was obtained. Thiggphorus-carbon exchange occurred under mild
conditions in a one-pot reaction, and gave the 6d’&{1,3]benzothiaphospholo[2,3-b][l
,3]benzothiaphosphole derivatigen very good yields (scheme 4.3).

1) MeCOCI\ AlCk,

pl CH,Cl,5-10°C \@F\,
\
_P>g 2) room temp. 20 S/C\:\S
S min Me

cis-1 cis5

Scheme 4.FExchange of Foy the carbonyl carbon atom of acetyl chloride.

A possible generalization dhe reaction with other acyl chlorides was triedoirder to obtain
information about the mechanism involved in thisgshorus-carbon exchanfen all the reactions
performed, the corresponding compound

5-like were isolated in very good yields. In contraghen acyl chlorides with R 'Bu, Ph,p-CICsH.,
CCl; were used, the starting materiatlisappeared to give formation of unidentified prag. Only
traces of the corresponding fused |,3-benzothigpiales were detected by GC-MS analysis. From
these simple results it was possible to deducettiexchange reaction was dependent on the steric
factors associated with the acyl chloride. In fadgth a more forced R group, it was very likely tha
the cleavage of P-S and/or P-P bonds did occur thmitring closure is disfavoured presumably
because of steric congestion.

In scheme 4.4 a mechani&for the reactions is illustrated; it is based loa fability of the P-S bond,
the affinity of the phosphorus for the oxygen at@mgl the observed stereospecificity with inversion
of configuration in the initial reaction. As depadt it was supposed that initially a concerted kirep

of the P-S bonds occurs with formation of C-S and Bonds; in the final step there is a ring closure
which is favoured when the R group is relativelyafithis is in accord with the above experimental

data.
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Scheme 4.4roposed mechanism of the phosphorus-carbon egehan

With the intention of continuing to explore the pkar reactivity of compound, the reaction with
conjugated azoalkenes was investigatdthey are known to react with phosphorus hafitiesd
phosphate$® but not with trisubstituted phosphines. Unexpegtedall the isomers of
phenylazostilben®&a reacted withl to afford the previously unknown diazaphosphode and this
procedure represents a new route for obtaining agiaasphole derivatives (scheme 4.5).
Unfortunately, all attempts to obtain or to chagsige an intermediate adduct were unsuccesful.
However, it is possible to hypothesise a spirocyadduct8 with pentacoordinate Patom, in
probable equilibrium with different ionic forms.sltdecomposition gav&a-c presumably by a
reductive eliminatioff mechanism. Unfortunately, it was not possibledentify other by-products in

order to confirm the above hypothesis.

RLN=N-CR3=CHR? R3
6a-b
a3 fN\
— 2 \ V2 N\
P2 R o

~ 1
S S Toluene reflux R
cis-1 7a-b
pL a: R1=R%=R3= Ph
—p—d b: Rl= Me, R=R% Ph
L /", R3 ¢ R1=Ph, R=R3= Me
R l\{ _ H
N
R3 8a-b

Scheme 4.RReaction with conjugated azoalkeries.

Since the formation of this heterocycle, the fusedzo-I,2,3-thiadiphospholé&)(from the reaction of
p-methyl tioanisole, PGland AICk resulted unusual, its formation mechanism has Istedied"?
The principal problem was the complexity of thel@ation reaction, but fortunately the separation

and the characterization of the prevalent prodtistl) was very easy.
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The breaking of two S-Me bonds, the formation o @+P bonds, two P-S bonds, and one P-P bond
are involved in this cyclization, and several palgs/could be hypothesised, but due to a lack @ dat
it had not been possible to determine an unequiveeation pathway. In order to determine the most
probable pathway, it was necessary to uncover smifmemation regarding the demethylation
process, thertho- and S-phosphorylation, the P-P linkage formatad, if it was possible, to have
some explanation for the facile regioselective stedeoselective formation ois-1.

It is well documented in the literatdfethat when a diphenyl sulfide is caused to reath WiCls, a
sulfonium salt or complex is formed in a reversitvianner, and evidence for methyl phenyl sulfide-
AICI; complex formation has also been repofteth addition, when this complex is treated with
other reagents, a cleavage of the C-S bond occessimably via a tetracovalent sulfur compotiid.

' Furthermore, benzyl phenyl sulfide is kndio form a complex with AlG| which undergoes
reaction with water to give thiophenol and benajbdde.

In consideration of the above-mentioned observatiomported in the literature, a multi-step
mechanism was proposed as depicted in Scheme 4.6

In order to obtain supporting evidence for the abproposed multistep mechanism, a series of
reactions using various conditions were conduatite(ent reagent ratios and various temperatures).
Aliquots of the reaction mixtures were analyzed*t® and*H-NMR spectroscopy and by GC-MS
determination$® The*!P chemical shifts and P-P and P-H coupling constimind*® were in good

agreement with the formulation of intermediatesoregd in the Scheme 4.6.
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Scheme 4.@roposed mechanism of formation of fused ber&B—l;hiadiphospholes:(srl).13

After the mechanism study, an improved synthetacedure was formulated, and now, as reported

above, it is possible to obtain the compouisl in moderate yields.
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The increment in the yield has permitted the dgumlent of the studies on the reactivity of this new
heterocycle. As reported above, in both reacfibrsirried out on the compourid the molecule
reacted losing a phosphorus atom P

Its reactivity was also studied using Grignard ssdg, demonstrating that compouhdould react
with those reagents in an unusual manner. In pgatiche simultaneous addition of an equimolar
mixture of a bis-Grignardn(= 1, 2) and a mono-Grignard RMgBr to an equimalarount ofl at

room temperature, which gave the cyclic tertiaryogghines9 as the prevalent product after

\©§ T XM(CH,)s(CHz) MgX szl
b . —
s i/ K))n

quenching with watet’

B ©
O)n H,O T Ej/ R G-l\% X
P « -~ P g
\ 7
R \})n
9 MgX
L MgX J B

Scheme 4.Reaction between reageinand bis- and mono-Grignard reagents.

These results were explained by the presumed ertidon of hypervalent phosphorus intermediates
penta- and hexacoordinates suchAaand B, in which the dibenzo-butterfly moiety of reageht
might favour their formation. This observed favalreyclization might be in accord with a
hypervalent intermediate in which the formatioraafyclic form is favoured by a larger factor {40
106%) with respect to an acyclic form (as reported lie Chapter 2). With the aim of obtaining
information about the stability of the hypothetitaliermediateA, the reaction was carried out in a
three-step proceduteetween bis-Grignard reagermtsd 1 monitoring the progress of the reaction by
3P NMR spectroscop}f A few minutes after mixing the reagents the disapmece of the two
doublets ofl was noted B = 88.3 (d, B), 65.4 (dt, B, *JPH = 7.8 Hz),"JPP = 211.5 Hz] and the
concomitant appearance of two new doubleis=[-43.3 (dm, B, JPP = 188 Hz); § = -47.0 (dt, P
JPH = 7 Hz),JPP = 188 Hz)], tentatively assigned to the intenaied\ (Scheme 4.7). The large P-P
coupling constant indicates that intermediateas a P-P bond again; the doublet of triplets oeser

for P* indicates that this P atom is bonded to two phemglips, while the doublet of multiplets
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suggests that'f's bonded to alkyl groups. This intermediAtés very stable. Only after the addition
of a mono-Grignard reagent and quenching with wdter disappearance of these signals and the
appearance of new signals corresponding to thepbies9 were observelf After the study on the
reaction mechanism, the reaction was carried oatane-pot, two-step procedure, where the addition
in two steps of equimolar amounts of a bis-Grigmaafent and a mono-Grignard reagent RMgBr to
one equivalent of at room temperature, gave the cyclic phospBirafter quenching with water. In
this manner the yield was improved, with a bettrtol of the final products (Scheme 4.7).
With similar methods different classes of tertiagglic phosphines were obtained (see Scheme 4.8).
In order to easily characterize the compounds,fitied reaction mixture was treated situ with
elementar sulfur to obtain the corresponding cyphiosphines sulfide$0, 11.*" *2If the reaction
mixture is treated with water instead of ®ie corresponding cyclic phosphin@sare obtained.
Consequently, it was discovered in the secondtbigpa large variety of Grignard reagents and other
nucleophilic reagents, such as sodium alcoholat#iotate and lithium derivatives could be used,
obtaining various 1-substitued cyclophosphine dgiies12, 13 and14 respectively (Scheme 4.8).

Oy, {B),
12 RGOS /_(_/)ns

1)2,
2) RONa,

3)S
2) CHZ—CH(CHz)nMgBr

% 3
12, P 1)2,

Vs

) 2) RSNa, 2) RMgBr, < b)
AT S\p AR "
13 RS S 3 S/ ) R S 10
1
1)2,
2) R'Li,
S
2=BrMg(CHy)3(CH,)\MgBr,n=1, 2
) n=0,1,2
R, R', R" =alkyl, alkenyl, ph |
R n y, yl, pheny
14 R S

Scheme 4.&Reaction of compountl with bis-Grignard reagents and mono-Grignard ratgéontaining alkyl, phenyl

and alkenyl groups), R'ONa, R’SNa and lithium datives.

The above reaction was further studied when intdiate A, formed by reaction ol with one

equivalent of bis-Grignard reagent, was treatech wiaiter. Unexpectedly, in this case, secondary
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cyclic phosphane45® were obtained in 70-80% vyields (Scheme #-)loreover, if the reaction
mixture was treated with acidic water instead diyamater, the new compourib, which is the end
product derived froni, was isolated, in very good yields (before it coofdy be observed by a GC-
MS in the reaction mixture). These can be easihassed by treating the solution with aqueous basic
solution; in this way the sodium salt &6 dissolves in the agueous soluton, whereas thenmrga
phase contains almost pure cyclic secondary phosphiwhich can be purified by distillation.
Compoundl6 can be recovered from the basic aqueous layer ioffieation and extraction, and
purified by distillation. Simply treating a dry stion of 16 with an equimolar amount of PLI

regenerates in sufficiently pure form that it can be reusedhsiit further purificatior

[=]
\
P XMg(CH2)5(CH2)MgX X
\l Mg(CH2)5(CH2)nMg S/P p no, SH
S-p ’ |1|
4
S T SH
1 A

MgX Y=70-80% Y=90%
1 RMgX
PCl, @\P
n=1,2 \Q(
16
Y=90% Y= 60-70%

Scheme 4.%Bynthesis of secondary and tertiary cyclic phasghi with recycling of starting reagent

Following on from the results obtained with secagdazhosphined5, the reaction to obtain tertiary
cyclic phosphine® was carried out using the same treatment of thdecreaction mixture used to
obtain secondary cyclic phosphines, and also sdase the by-produt6 was isolated.

Due to the simple isolation df6 and its easy recycling intb, these syntheses can be considered

atom-economic.
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4.2 One pot three-steps procedure for reagent fused benzo-1,2,3-

thiadiphosphole

The reaction was conducted in a 150 mL three-nefllasé equipped with a condenser, a dropping
funnel, and with inlet for dry N A mixture ofp-methylthioanisole (0.04 mol) and Al{0.03 mol)
was stirred under Nfor about 10 minutes (until the Al€Wwas completed soluble) during which the
colour changed to yellow-pink. Then B@0.04 mol) was added, and the resulting red-brsalation
stirred for 10 minutes. After that other R@0.012 mol) was added, the, Now stopped and the
mixture heated to reflux (90-100°C) for 6-8 hours.

The reaction was monitored using GC-MS. When tlaetren was finished the solution was cooled
down to 0°C and C§Cl, (30 mL) was added. The resulting solution wastéeainder stirring with
water. Extraction with CkCl, (30 mL) and subsequent crystallization of the ergaoduct from
CH,CI,-Et,O gave pure reagefit

40-60%; White crystals; m.p. = 157-159°€t NMR (300 MHz, CDCJ): 7.41 (d, 2HJpn = 8.0 Hz),
7.25 (d, 2H,"34n = 7.5 Hz), 6.98 (d, 2H:Jun = 7.5 Hz), 2.28 (s, 6H)*C NMR (300 MHz, CDQ
75.46): 141.6, 139.96 (dpc = 29.6 Hz), 135.5 (dJpc = 7.4 Hz), 131.7 (dJpc = 27.7 Hz), 130.5,
124.9, 20.8>'P NMR (121.47 MHz, CDG| ext. 85% HPQy): 65.4 (d,Jpp 211.5 Hz ), 88.3 (dJpp
211.5 Hz); GC-MS (m/z, %): 243 (W 211, 153, 121, 77, 6HRMS (EI) calcd for GH1:P>S, :
305.9855, found: 305.9859.

2,10-dimethyl[1,2,3]benzothiadiphospholo[2,3-b][1,3]benzothiadiphosphole 12-oxide (1') *!P
NMR (161.90 MHz, CDCJ, ext. 85% HPQy): 20.0 (d,Jpp256.6 Hz ), 100.9 (dlpp256.6 HZz).
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Chapter 5

ROLE OF THE PHOSPHORUS:

CATALYTIC TRANSPORT SYSTEM OF ELEMENTS, SYNTHESIS
OF ARSINE, STIBINE AND BISMUTHINE DERIVATIVES *

5.1 Introduction

The heterocyclic chemistry of arsenic, antimony brainuth has its roots in medicinal chemistry of
the early 1900s. With the discovery that an orgeserac compound provided a cure for syphilis,
many new arsenic compounds were prepared and téstetheir potential medicinal properties.
Interest in organoantimony compounds arose onlgrafhe chemotherapeutical properties of
organoarsenic were discovered.

Organoarsenic and organoantimony have received mash attention than the analogous
organophosphorus compounds in past years. Onlnttgteese compounds have been revaluated for
their coordination properties and application garids in coordination chemistiynfortunately the

number of available syntheses is low and ofteniredumulti-step reactions.

5.2 Results and discussion

In previous studies it was reportethat the formation of cyclic tertiary phosphinaegis as2 is
achieved in very high yields and in a one-pot rieadby simultaneous addition of a bis-Grignard and
a mono-Grignard reagent to the reagem{Chapter 4). Treatment of the resulting reactiortune
with aqueous acid gave cyclic phosphiriesaind the end produ@, which is the residue ofa
Treatment of3 with PCk quantitatively and immediately regenerates thdaistareagentia (Scheme
5.1).
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Scheme 5.Bynthesis of cyclic tertiary phosphines with recyling of reagent1.

Additional studies on the above reported reactshrmwed that this reaction could be considered an
unusual ‘transport’ system of elements (Scheme f#hed by two molecules. The first is a
benzothiadiphosphole derivativédj, the phosphorus donor reagent that can react eftarent
Grignard reagents. In the case of the simultanealgtion of an equimolar amount of bis- and a
mono-Grignard reagent to 1a, cyclic tertiary phaseh 6, 6a) are easily obtained.

The second is the by-produttthat is the residue of the reagent la obtainest aftpulsion of the
phosphorus atom, when tertiary phosphirkes §a) are produced in a 70-80% yield.

i -
= h

a9 o
£ P )
s P~s S S s

1

E~
BrMg*  +MgBr s~
: \_/ 4 \_< >
BrMg(CH2)3(CHy)-MgBr, [ |§| [ [\ | BrMg(CH;)3(CHz)nMgBr,
CH3MgBr n n CHsMgBr
P E
I I
5a 5bd6
aE=P 6a b-d
b:E=As n=1:5ad
cE=Sb n = 2:6a-d
d: E=Bi

Scheme 5.Zatalytic cycle using the catalys#.
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The compound 4 is the magnesium salt3pfthat in previous reactions was recovered as the
analogous acid derivativés(Scheme 5.3). This compou#dds easily retransformed into the starting
reagentl by simple addition of PGl When the addition of P€Is done directly into the reaction
mixture, after formation of phosphines, the startireagent la is directly regenerated without
previous separation of the sdltin this way the reagent la can react again wi¢hbis- and mono-
Grignard reagents producing phosphi@s 6a and the by-producd. Therefore it is possible to
repeat this transport process of the P atom thealigtan infinite number of times.

The only limitation to the number of cycles is doghe quantity of starting material. In fact inegy
cycle 90% of initial 1a is obtained, this meanst thiser some cycles the quantity bd is low (in
respect to the other components of reaction mixtarel measuring out the amount of Grignard
reagents to add is very difficult.

It is important to note that the molecdlas the true carrier of the P element and mightdesidered

a “catalyst” both, for its ability to obtain prodscwhich are quite difficult to synthesize by other

methods, and for the fact that it can be complettpvered at the end of the process.

¥
MgBr HSO" 'T'
P — P
S S

SH HS
BrMg*  +MgBr

Scheme 5.3Addition of H;O" to compound! produces

These results about phosphorus donation were evepfaby the intervention of a pentacoordinate
phosphorus intermediates suchAgswhich was also isolated and characterized’ByNMR, and a
hexacoordinate species suchBasgery instable (Scheme 9.4) in which the folded&hizo-butterfly”
moiety of reagenta, greatly favours their formatich.

In fact, it is reported that in the hypervalent gbloorus species the presence of rings is a fa€tor o
enormous stability, reducing overcrowdihdzor every cycle in a pentacoordinate species the
stabilization is improved by a high factor (abo0f-11¢) in respect to the pentacoordinate species
without the cycle. If an additional small ring isrgerated during the reaction, as in the case ef bis
Grignard reagent, a further stabilization of thdsgervalent intermediates is achieved. As a
consequence, the reaction of bis-Grignard reagpnigives a new cycle around the phosphorus atom
is highly preferred over the reaction of a monogBard reagent in which there is not this cyclizatio

For this reason it is possible to carry out thectiea with the simultaneous addition of both bisda
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mono-Grignard reagents always obtaining the sameéugt5a and6ain very high yields as occurs
in the case of the subsequent addition of the eagents.

*MgBr
PCl; I_D
DU R
S S

S 1a BrMg*  *MgBr 4

"

S-.

T

BrMg(CH,)3(CH,),MgBr

P,
\S\\\

P F@) RMgBr

T n

MgBr A

MgBr

n=1,2

)
P| |n + p
I s -s

BrMg*®  *MgBr

5a 4
6a

Scheme 5.Mechanism of reaction.

The reaction between benzothiadiphospHgl@entamethylenbis-(magnesium bromide) and methgt@asium bromide
was carried out in the NMR tube in THF and follovisd®P NMR spectroscopy. After addition of one equivaleibis-
Grignard reagent respect toonly the presence of intermedia®qd= -43.2 (d,J= 190 Hz), -46.7 (dJ= 190 Hz) ppm]
was observed. Then after addition of a further emjant of mono-Grignard reagent, the hexacoordihattermediateB
was observed in very low concentratiiantatively assigne®f 56.9 (d,J= 216 Hz), -56.8 (dJ= 216 Hz) ppm]). The
spectrum of the reaction mixture after time showezbence ofa[o= -41.7 ppm] and catalydt[o= -57.7 ppm].

In addition, this process is highly favoured whegamomagnesium derivatives are used, while it is
highly disfavoured when zinc or lithium derivativase used. The probable effect of Mg ions can be
easily explained by imaging that the coordinatidrthe magnesium atom to a sulfur atom would
activate P of intermediateA toward a further nucleophilic attack to give thstable hexacoordinate

B. A further indication of the importance of the magium in this process lies in the fact that when
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we carried out the reaction betwekmand phenylzinc bromide, any phosphinic produchsagba,
6awas recovered and the use of analogous lithiugergagave only ring opened productslaf

These findings, together with the possibility ofsibatransforming the residué in the starting
reagentla by the simple addition of P€prompted us to uséto obtain similar transport processes
with other elements in which the formation of hydent species is easy as in the case P element.
These elements are As and Sb which have analogonsedectron configuration. In fact, by simple
treatment of compound with AsCk, SbCk and BiCk, the arsenic-heterocycle 1b, the antimonium-
heterocyclelc and the bismuth-heterocycle 1d were obtained. § heterocyclic compoundsb-d,

as reported folla, can be used as arsenic, antimonium and bismutbrdeagents for the synthesis
of tertiary cyclic arsinéb, 6b in 60-70% yield, tertiary cyclic stibingc, 6¢ in 50-55% vyield and
tertiary cyclic bismuthin&d, 6d in 25-30% vyield (but in this case compound 1d gils® a dimmer
insoluble product that inhibits the reaction) i@ntinuous cycle such as that depicted in Scheme
5.2. The reported mechanism in Scheme 9.4 carbalssed to explain reaction in which As, Sb and
Bi are involved and in general other elements wiseih have stable hypercoordinated species.

When the same process was carried out in ordetbtairoC derivative (treating catalydtwith
CH3CCl; for C) we obtained the corresponding intermedieggscheme 5.5) but the subsequent
addition of bis- and mono-Grignard reagents didgesterate the corresponding cyclic compousels
and 6e This is in accord with the fact that in the cadeC the hypervalent species, penta and
hexacoordinated, are very unstable or impossible.

As follows the compound can be compared with a catalyst, because it id tseatalyse different
processes that cannot work without it and it isoveced at the end of the reaction. Instead the

compoundda,b,c could be seen as activated forms of the catdlyst

CH,CCl,
*MgBr
||:> P
s ¢s S S
Ch, BrMg*  *MgBr

1d \ 4
AN

BrMg(CH,)3(CH,),MgBr, / |§|
CH3MQBI‘ n

n=.1:
e n=

n=1:5d,
n=2:6d,

Scheme 5.8Carbon heterocyclic derivativde
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5.3 Experimental Section

5.3.1 General

NMR spectra were recorded at 300 (400) and 121148.9) MHz for'H and*'P, respectively.
Chemical shifts are referenced to solvent THF IMR, 1.8 ppm and®C NMR, 26.7 ppm), and
external standard 85%3P0; (**P NMR).J values are given in Hz. THF was distilled from isml
benzophenone ketyl. All Grignard reagents used) bommercially available and prepared from the
corresponding alkyl halide and magnesium turningere titrated immediately prior to use by
standard methodsAir and moisture sensitive solutions and reagesste performed under dry argon
atmosphere using standard Schlenk-type techniglesolvents were purified appropriately before
use and degassed immediately prior to use. Berabfiospholela was synthesized as decribed
(Appendix 1) From reagentla and catalyst4, compound5 is obtained easily, as reported in

Appendix 2°

5.3.2 Isolation and characterization of compound 4

After reaction of reagertt with bis- and mono- Grignard reagent (see prearaif compounds,
6), and concentration of solution by vacuum pumgb (df the starting volume), the resulting
suspension was filtered carefully under argon aphese. The white sald) was washed one time
with 1-2 ml of anhydrous THF (the compou#ds almost insoluble in THF, but reacts with tracés
water to produce compour). Compound4 was conserved as suspension in anhydrous THF under
argon (in this way it can be preserved for 2-3 flays

White solid;*H-NMR (400 MHz, THF ¢): 8= 7.42 (br s, 1H), 7.28 (br s, 1H), 7.05 (bd §]6.6 Hz,

1 H), 7.00 (br s) 06.6 Hz, 1 H), 6.54 (dJ = 6.8 Hz, 1 H), 6.48 (d] 106.8 Hz, 1 H), 2.20 (s, 3 H),
2.11 (s, 3 H)**C-NMR (100.56 MHz, THF g): & = 146.8, 146.1, 143.0 (d,= 28 Hz,), 141.9 (d] =
30 Hz), 135.9 (dJ 091 Hz,), 134.1 (d) 091 Hz,), 135.2, 134.6, 133.4, 129.7, 127.1, 12827,
22.6;*P-NMR (161.9 MHz, THF § 3=-79.4 (m).
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5.3.3 Preparation of new heterocycles 1b-1d

To a suspension of compoudd0.588g, 1.0 mmol) in THF (10 mL) under argon aspltere, one
equivalent of arsenic trichloride (or antimony Mdaride or bismuth trichloride or 1,1,1-
trichloroethane), in the case of the formation @ihpoundlb (or 1c, 1d, lerespectively), was added
(particular care must be taken in the manipulabbmhese reagents because of their toxicity). The
solution turned immediately pale yellow (or pale@nm in the case of the formation of compodod

or orange in the case of formation of the compofidd After 20 min. the solvent was removed
giving quantitatively compountb (or 1c-€ which were immediately characterized and stonmadiu
argon atmosphere.

Compoundlc and 1d has to conserve in diluted solution of THF, becaitissasily forms a solid
precipitate that is insoluble.

In the case of addition of GBCl; to 4, the reaction was very slow and the resultingdyielle was
very poor. As a consequence, the heteroceleras not isolated but only identified in the reawti
mixture by GC-MS and'P NMR spectroscopy, with reference to the same comgb synthesized via
the procedure reported in Appendix 3. Also in ta&ction with bis- and mono-Grignard reagents, the

compoundlewas synthesized using the procedure reported peAgix 3.

2,10-dimethyl[1,3,2]benzothiaphospharsolo[2,8}[1,3,2] benzothiaphospharsole (1b):H NMR
(400 MHz, THF-g, 25°C):3 (ppm)= 7.54 (dJ=9.5 Hz, 2H), 7.26 (dJ=8.2 Hz, 2H), 6.96 (dJ=8.10
Hz, 2H), 2.28 (s, 6H, C¥; *C NMR (100.56 MHz, THF-gl 25°C):3 (ppm)= 145.3, 143.8 (d}=33
Hz), 137.0 (dJ=9 Hz), 134.8 (d,J=30 Hz), 132.3, 127.6 (d=3 Hz), 22.2"P NMR (161.9 MHz,
THF-ds, 25°C, BPOs ext. std.):d (ppm)= 78.6 (br.s., line width ~15Hz)H}*P NMR (161.9 MHz,
THF-dg, 25°C, HBPOs ext. std.):d (ppm)= 78.6 (tJrr=8.7 Hz); GC-MS: m/z (%): 350 (35) [M]243
(100), 107 (14); HRMSn{/2): [M] - calcd for GaH12AsPS, 349.9334; found, 349.9332.

2,10-dimethyl[1,3,2]benzothiaphosphastibolo[2,3- H,3,2] benzothiaphosphastibole (1c):H
NMR (400 MHz, THF-¢, 25°C): 3 (ppm)= 7.54 (dJ=10.3 Hz, 2H), 7.22 (dJ=8.1 Hz, 2H), 6.84
(dm, J=8.0 Hz, 2H), 2.26 (s, 6H, G} *C NMR (100.56 MHz, THF-g 25°C): & (ppm)= 147.6,
137.6 (d,J=31 Hz), 135.5 (dJ=10 Hz), 133.7 (dJ=69 Hz), 131.4, 130.7, 21.9P NMR (161.9
MHz, THF-d&, 25°C, HPOs ext. std.):d (ppm) =52.7 (br. s., line width ~42 Hz); GC-MS: n%s):
396 (23) [M], 243 (100), 153 (6), 121 (12); HRM&V): [M]* calcd for GaH12PSSb, 395.9156;
found, 395.9152.
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2,10-dimethyl[1,3,2]benzothiaphosphabismolo[2,B8}{1,3,2] benzothiaphosphabismole (1d):H
NMR (400 MHz, THF-g, 25°C):& (ppm)= 7.71 (dJ=14.0 Hz, 2H), 7.25-7.08 (m, 4H.29 (s, 6H,
CHg); *P NMR (161.9 MHz, THF-g 25°C, HPOs ext. std.):d (ppm)=35.0(s, line width ~23 Hz);
{*H}*P NMR (161.9 MHz, THF-g 25°C, HPO: ext. std.):5 (ppm)=35.0 (tJpr=14.0 Hz). MS: m/z
= 484 [M}, 275, 243, 211, 153, 121.

5.3.4 Preparation of compounds 2a—c and 3a—c by rea ction between ECI3 and

Grignard reagents in the presence of catalyst 5. Ge  neral two-steps procedure

ECl; (2.0 mmol, E=P, As, Sbh) was added, under an aagymosphere and at room temperature, to a
suspension containing catalyst(2.0 mmol) in THF (20-30 mL). After about 20 mihe reaction
mixture turned clear (uncoloured when E=P, paldoyelwhen E=As, pale green when E=Sb, and
yellow-orange when E=Bi), so indicating that thenfation of compound la-d occurred, as
confirmed by 31P NMR spectroscopy of the reactiomtune. To the solution of 1, a solution
containing BrMg(CH),MgBr (n=1 or 2, 2.0 mmol) was added, at room temperatiter about 90
min. a solution of CgMgBr (2.0 mmol) in THF was slowly added dropwisé€elreaction course was
monitored by GC-MS anttP NMR spectroscopy: when the signals of startirgeat 1 disappeared,
with concomitant appearance of thos€dbr 3) and of5, one equivalent amount of EGlas added

to the crude reaction mixture and the concomitamhétion of corresponding reagdnivas detected.
The yield of this reaction is nearly quantitatiand the cycle can be repeated more times, thus
allowing to a continuous increase in the yield pélc derivative. The only limitation to the number
of cycles is due to the quantity of starting materin fact, in every cycle 90% of initid was
obtained therefore after some cycles the quantity lmecome low with respect to other components
of the reaction mixture, and measuring out the arhotiGrignard reagents to be added become very
difficult. At the end of the process compoundan be recovered by filtration under argon andicyc
compound, present in the filtrate, can be purifegter removal of the reaction solvent, by distitia.
Otherwise, the isolation of the reaction produets be obtained by partial evaporation of the sdlven
and treatment of the crude reaction mixture witgadsed acidic (HCI) aqueous solution. Extraction
with CH,CI, gives a mixture containing compoud(or 3) and the residud, that can be easily
separated by treatment of the organic solution wébassed aqueous NaOH followed by extraction
with CH.Cl,. The cyclic product, present in the organic layeas immediately purified by removal
of the solvent and purified by distillation. Compeol#4 was recovered (90%) from the basic agueous
layer by acidification and extraction with dichlonethane, and purified by bulb-to-bulb distillation

and stored under argon, as previously reprted
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1-methylphospholane (5a) Colourless oil, bp 122-125°C (760 mmHg), Lt.122-124°C (760
mmHg); 80% yield:H NMR (300 MHz, CDG{): & (ppm)= 2.20-1.20 (m, 8 H), 1.28 (d, 3 BiF 2.7
Hz); *P NMR (121.45 MHz, CD@) & (ppm)= —38.2 (m); GC-MS (m/z, %): 102 (85) HRMBVY):
[M] - calcd for GH11P, 102.0598; found, 102.0601; analysis (% calcdodnd for GH11P): C (58.81,
58.79), H (10.86, 10.88).

1-methylarsolane (5b) Colourless oil, bp 66-69°C (15-18 mmHg), Lft85-66°C (15 mmHg); 70%
yield; '*H NMR (300 MHz, CDQJ): & (ppm)= 1.75-1.25 (m, 8 H), 0.83 (s, 3 H); GC-MSZn%b):
146 (M, 100), 131 (39), 132 (23), 118 85, 103 (57), M) (565 (31).; HRMSrtV2): [M]- calcd for
CsH11As, 146.0624; found, 146.0626; analysis (% calcdp@td for GH11As): C (41.11, 40.94), H
(7.59, 7.56).

1-methylstibolane (5¢) Colourless oil, bp 57-60°C (15-18 mmHg), L{t.67-68°C (30 mmHg);
55% yield;"H NMR (300 MHz, CDQJ): & (ppm)= 1.80-1.00 (m, 8 H), 0.52 (s, 3 H); GC-MS (m/z,
%): 192 [194](M75), 177 (44), 149 (58), 136 (100); HRM®%): [M]* calcd for GH11Sb, 191.9899:
found, 191.9897; analysis (% calcd, % found felHGSb): C (31.13, 31.24), H (5.75, 5.77).

1-methylbismolane (5d) Colourless oil, bp 120-125°C (15-18 mmHg), £t=35°C (16 mmHg);
30% yield;"H NMR (300 MHz, CDCd): & (ppm)= 2.60-1.80 (m, 8 H), 0.87 (s, 3 H); GC-MSZm/
%): 280 (M 20), 265 (15), 252 (10), 224 (48), 209 (100); asialy% calcd, % found forsBi11Bi): C
(21.44, 21.40), H (3.96, 3.91).

1-methylphosphinane (6a) Colourless oil, bp 145-147°C (760 mmHg), ER146°C (760 mmHg):
70% vyield;*H NMR (300 MHz, CDC4): & (ppm)= 1.85-1.00 (m, 10 H), 1.32 (d, 33 3.0 Hz);*P
NMR (121.45 MHz, CDQ) & (ppm)} —53.5 ppm; GC-MS (m/z, %): 116 (00), 101 (45), 73 (50),
70 (25), 46 (63); HRMS (m/z): [Mgalcd for GH13P, 116.0755; found, 116.0752; analysis (% calcd,
% found for GH13P): C (62.05, 62.03), H (11.28, 11.31).

1-methylarsinane (6b) Colourless oil, bp 70-75°C (15-18 mmHg), ft153-155°C (760 mmHg);
60% yield;*H-NMR (300 MHz, CDC3): & (ppm)= 1.75-1.25 (m, 10 H), 0.90 (s, 3 H); GC-MSZm
%): 160 (M, 100), 145 (42), 69 (33); HRMS (m/z): [M¢alcd for GH13Sb, 160.0233; found,
160.0230; analysis (% calcd, % found faHsSb): C (45.02, 44.85), H (8.18, 8.15).
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1-methylstibinane (6¢) Colourless oil, bp 74-79°C (15-18 mmHg), Lit77-79°C (19 mmHg);
50% yield;*H NMR (300 MHz, CDJ): & (ppm)= 1.80-1.00 (m, 10 H), 0.66 (s, 3 H); GC-MS (m/z,
%): 206 [208] (M56), 191 (39), 163 (36), 136 (100), 121 (42), 68)(8IRMS (m/z): [M} calcd for
CsH13Sb, 206.0055; found, 206.0052; analysis (% calcdodfd for GH13Sb): C (34.83, 34.95), H
(6.33, 6.35).

1-methylbismane (6d) Colourless oil, bp 135-145°C (15-18 mmHg), £&:55°C (10: Torr); 25%
yield; '*H NMR (300 MHz, CDQJ): & (ppm)= 2.60-1.20 (m, 10 H), 0.89 (s, 3 H); GC-MSZn%%):
294 (M 15), 279 (10), 224 (50), 209 (100); analysis (%cdalb found for @Hi3Bi): C (24.50,
24.44), H (4.45, 4.43).
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Chapter 6

ROLE OF RING AROUND THE PHOSPHORUS ATOM:

SYNTHESIS OF CYCLIC HALOALKYL PHOSPHINE AND THEIR
APPLICATION

6.1 Introduction

The synthesis of cyclic phosphine derivatives isafsiderable current interest principally because
these compounds are the most commonly studieddiéor application in homogeneous catalysis.
In fact, the development of bisphosphine and phosphino compounds and their application to the
homogeneous catalysis and coordination chemistrg mcreased enormously in the past decade.
Generally, the reported syntheses of 1-substitayetic phosphines are related to the interaction of
several reagents with halophosphitiesr with primary and secondary phosphifiéddowever, we
have noted that haloalkyl derivatives of tri-cooate phospholane and phosphinane are still
unknown. In spite of this, compounds can be usettheénsynthesis of bidentate ligands. A possible
reason for their absence in the literature couldha¢ primary or secondary phosphanes (RBH
R,PH) cannot be used to obtain haloalkyl derivatieéscyclic phosphanes with halogen group
derivatives because of the possible reactivityhef PH group with the halogen grolor this
reason, it is either very difficult to obtain hadlod cyclic phosphine derivatives with current

procedures.

6.2 Results and discussion

Recently a new synthe&isf tertiary cyclic phosphines, and their sulfidess developed using the
benzothiadiphospholéas a starting reagent. In fact, as reported in &nap the simultaneous or the
sequential addition of equimolar amounts of a bred a mono-Grignard reagedRMgBr (R = alkyl,
phenyl, alkenyl) to one equivalent amountlafave tertiary cycliphosphinesand, after the addition
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of elemental sulfur, their sulfides in good yieltsroom temperature. In particular a new class-of 1
alkenyl derivatives of cyclic phosphines was olgdithat was not possible or very difficult to ohtai
with the known procedures.

These results encouraged us to develop a syntimetibod to obtain haloalkyl phospholanes and
haloalkyl phosphinanassing our phosphorus-donating reagebty the addition of bis- and a mono-
Grignard reagents at room temperature. Consequemtyobtained the haloalkyl cyclophosphane
derivatives3 (70-80% vyield) by addition td, in the first step, of equimolar amounts of a bis-
Grignard reager2 (n = 1 or 2), and in the second step, additioa ofono-Grignard reagent RMgBr
(R = haloalkyl group). this reaction mechanism laickady been studied and explained by the
intervention of hypervalent phosphorus species sgdhe intermediat® (scheme 6.1).

In addition we found that the treatment of the H&sgy reaction mixture with acidic (HCI) water gave
the cyclic tertiary phosphinegsand the by-product in 90% vyield (Scheme 6.1). These two reaction
products can be separated easily by treating tp@ner solution with aqueous NaOH,; in this way the
sodium salt of compound dissolves in the aqueous solution, whereas thenargehase contains
almost pure phosphin& Compound4 can be recovered, as reported previolisfypm the basic
aqueous layer by acidification and extraction, trash transformed ta for re-use. It should be noted
that phosphine8 were analyzed only by GC-MS analysis, and wereisaated. Rather they were
immediately treated with sulfur to obtain the cepending sulfide$ (Scheme 6.1), which are stable

and thus were separated by column chromatographjudlg characterized.

PClL

@\ 1) RMgBr;
P R 2)Hsogr ._~PH
CG — UD oo~ ~p
s i/ ) ! SH
S
A

1 MgBr 3 SH
MgBr 4 (90%)
Sg
2= BrMg(CH)o(CHINMgBr ip\) h
n=1,2 N
' R S 5(70-80%)

R = CH{(CH2)o(CHx)nCl
Scheme 6.1Synthesis of haloalkyl cyclophosphane derivati®eand their sulfides.

As we hypothesized the presence of an halogen grotiye moiety permit the use of these haloalkyl
cyclophosphane derivativésin the synthesis of bidentate ligands. In fact, lifigh reactivity of the

chlorine group as a living group easily permitsstitbtion by secondary phosphines and amines.
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For the synthesis of the bisphosphiBiethe compoundb was treated with a solution of sodium
diphenyl phosphine. After treatment of the reactrture with elemental sulfur, compouBdvas
obtained in moderate yields (65%) (scheme 6.2) @mmdied by column chromatography and fully
characterized.

Also phospho-amino compouncan be synthesized usibg which was treated with piperidine in
toluene at reflux. Compountiwas obtained in high yield (90%) (scheme 5.2) pundfied by column

chromatography and fully characterized.

/P\\
oA
1) NaPPh
N / K)Si

O P~
7 (90%) 6 (65%)

n=1,2
R =CH,(CH,),(CH,),Cl

Scheme 6.25ynthetic application of haloalkyl cyclophosphines

Alternatively we optimized a one-pot three-stepcedure for the synthesis of a-&/mmetric
bisphospholane compound. We obtained bisphosphd@abg addition, in the first step, of two
equimolar amounts of bis-Grignard reagénto one of reagent; in the second step another
equimolar amount of bis-Grignard reag@mvas addedo the reaction mixture, finally in the third
step, a dropwise addition of one equimolar amot@iitwas performedscheme 6.3). After quenching
the reaction mixture with acidic water we obtairled bisphospholang and the end produdt(90%
yield, respect tol). The two compounds were easily separated as quselyi described. After
separation, the bisphospholaheas immediately treated with elemental sulfurjrgivthe sulphide 9

in moderate yield (45%), which was purified by coluchromatography and fully characterized.
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P S

1) 2 eg2
P 21eq ._~PH
S ey S
/P 3)1leql +
. 8
S L 4) H;O SH
4 (90%)
s
P S
2= BrMg(CH,),MgBr CP\/\/\\@
9 (45%)

Scheme 6.3Bynthesis of bisphospholaBend sulfide derivative.

6.3 Experimental section

6.3.1 General

'H, B*C, and*P NMR spectra were recorded at 300 (400), at 76186.56) and 120.76 (161.89)
MHz, respectively. Chemical shifts are referenaednternal standard TMSH NMR), to solvent
(77.0 ppm for*C NMR) and to external standard 85%P@, (**P NMR).J values are given in Hz.
MS spectra were recorded at an ionisation voltaQ@® eV. Flash chromatography (FC) was
performed on silica gel (0.040-0.063 mm). Meltinggms are uncorrected. THF was distilled from
sodium benzophenone ketyl and all solvents werdigairappropriately before use and degassed
immediately prior to use. All Grignard reagentsdjd®th commercially available and prepared from
the corresponding alkyl halide or alkyl dihaftfland magnesium turnings, were titrated immediately
prior to use by standard methddsir and moisture sensitive solutions and reageme handled in

a dried apparatus under a dry argon atmospherg stindard Schlenk-type techniques.
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6.3.2 General one-step procedure for the synthesis of cyclic tertiary haloalkyl

phosphine sulfides

The bis-Grignard reagent (1.1 mmol) was addedgolation ofl (1 mmol) in THF (10 mL), at room
temperature. The mixture was stirred for 15 minthhe mono-Grignard reagent (1.1 mmol) was
added. The reaction mixture was stirred for 1 brafiat the solvent was partially evaporated aed th
reaction mixture was treated with aqueous acidtsolu(HCI). Extraction with CHCl, gave a
mixture of phosphines and the resididhe phosphines were easily separated from 3dayig the
organic solution with aqueous NaOH; after this ttreant, the sodium salt @df was dissolved in the
aqueous solution, whereas the phosphines weresiortanic phase. Treatment of this layer with a
slight excess of elemental sulfur gave the cornedpy sulfides, which were purified by flash
chromatography (dichloromethane: petroleum eth2) &nd fully characterized. Compountf #vas
recovered (90%) from the basic aqueous layer byifas@tion and extraction with dichloromethane,
and was then purified by distillation and storedlemargon. Simple treatment of a dry solution of
compound4 with an equimolar amount of P{ed to the regeneration of the starting readeint

almost pure form, allowing it to be reused withturther purification.

1-(4-chlorobutyl) phospholane sulfide(5a): y = 80%, colourless oil, R= 0.44 (dichlromethane);
'H NMR (300 MHz, CDC}, 25 °C):5 = 3.58 (t, 2 HJ=5.6 Hz, CHCI), 2.20-1.74 (m, 14 H, CH)
ppm; *C NMR (76.46 MHz, CDGJ, 25 °C):8 = 44.1 (s), 33.2 (d]=52 Hz), 33.1 (dJ= 15 Hz), 32.8
(d, J=47 Hz), 26.0 (dJ=6 Hz), 20.5 (d,J=3 Hz ) ppm;*'P NMR (120.76 MHz, CDGJ 25 °C):5 =
64.5 (m) ppm; MS (70 eV, Elyn/z: 212 (M',9), 210 (26), 175 (100), 120 (99); IR: 598 (CQIp5
(PS), 1111 (PC) cth

1-(4-chlorobutyl) phosphinane sulfide(5b): y = 82%, grease solid,-R 0.38 (dichlromethane)‘H
NMR (300 MHz, CDC}, 25 °C):8 = 3.58 (t, 2 HJ=6.1 Hz, CHCI ), 2.20- 1.50 (m, 16 H, CH
ppm; *C NMR (76.46 MHz, CDGJ, 25 °C):5 = 44.2 (s), 33.3 (d)=15 Hz) , 30.9 (dJ=48 Hz),
30.0 (d,J=50 Hz ), 26.4 (dJ=6Hz), 21.9 (d,J=6 Hz), 19.3 (dJ=3 Hz) ppm;*P NMR (120.76
MHz, CDCh, 25 °C):8 = 37.8 (m) ppm; MS (70 eV, Eljn/z: 226 (M', 6) 224 (18), 189 (100), 134
(53); IR: 595 (CClI), 728 (PS), 1110 (PC)tm

1-(5-chloropentanyl) phospholane sulfidg5c): y = 73%, grease solid,cR 0.43 (dichlromethane);
'H NMR (300 MHz, CDC}, 25 °C):5 = 3.56 (t, 2 HJ=6.6 Hz, CHCI ), 2.20-1.40 (m, 16 H, CH
ppm;*C NMR (76.46 MHz, CDGJ, 25 °C):8 = 44.7 (s), 33.4 (d]=47 Hz), 33.2 (d)=52 Hz) , 32.0
(d, J=15Hz), 26.0 (dJ=6Hz), 22.4 (dJ=3 Hz) ppm;*'P NMR (120.76 MHz, CDG| 25 °C):5 =
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64.6 (m) ppm; MS (70 eV, Eljn/z: 226 (M, 8), 224 (24), 189 (81), 120 (100); IR: 598 (CGR4
(PS), 1109 (PC) cih

1-(5-chloropentanyl) phosphinane sulfidg5d): y = 75%, grease solid,-R= 0.40 (dichlromethane);
'H NMR (300 MHz, CDGC}, 25 °C):5 = 3.56 (t, 2 HJ=6.4 Hz, CHCI), 2.20-1.40 (m, 18 H, CH
ppm; **C NMR (76.46 MHz, CDGJ, 25 °C):5 = 44.7 (s), 32.1(s), 30.9 (=49 Hz), 30.6 (d)=51
Hz), 28.0 (dJ=15 Hz), 26.4 (dJ=6 Hz), 21.9 (d,J=6 Hz), 21.1 (dJ=3 Hz) ppm:*'P NMR (120.76
MHz, CDCk, 25 °C):5 = 38.7 (m) ppm; MS (70 eV, Eljn/z: 240 (M", 5), 238 (15), 203 (91), 134
(100).; IR: 595 (CCl), 725 (PS), 1111 (PC)'tm

6.3.3 Synthesis of 1-[4-(diphenylphosphorathioyl)bu tyl]-phosphinane 1-sulfide
(6)

To a solution of diphenyl phosphine (0.689 mmol'iHF (4 ml) was added metallic sodium (0.013
mol) at 0°C, than the mixture was stirred for 5t hc@m temperature. After that the resulting orange
red solution was dropwise added under argon tduiso of 1-(4-chlorobutyl) phosphinane sulfide
(5b) (0.53 mmol) in THF (4 ml). The reaction mixtuwas stirred for 1 h than was treated with a
slight excess of elemental sulfur to give the gponding sulfides, which were purified by flash

chromatography (dichloromethane: petroleum eth&y &nd fully characterized.

1-[4-(diphenylphosphorathioyl)butyl]-phosphinane 1sulfide (6): y = 65 %, yellow solid, pf =
134-136 °C, R = 0.14 (dichlromethanefH NMR (400 MHz, CDC}, 25 °C): (] = 7.86-7.78 (m, 4
H), 7.54-7.42 (m, 6 H), 2.55-2.44 (m, 2 H), 2.12a.(m, 16 H) ppm;*C NMR (100.56 MHz,
CDCls, 25 °C):[1 = 21.8 (d,2Jpc=6.48 Hz,), 22.6 (ddlpc=17.8 Hz,Jpp=3.3 Hz), 23.3 (ddJpc=16.2
Hz, Jop=2.4 Hz), 26.2 (d%Jpc= 6.5 Hz), 30.2 (d}Jpc= 50.2 Hz), 30.8 (d'Jpc= 48.6 Hz), 32.1 (d,
1Jpe= 57.0 Hz), 128.6 (dJpc=12.1 Hz), 130.9 (dJpc= 9.7 Hz), 131.5 (dJpc =3.2 Hz), 132.5 (dJpc

= 80.14 Hz) ppm*'P NMR (161.89 MHz, CDG| 25 °C):[] = 38.5, 43.0 ppm; IR: 716 (PS), 1439
(P-Ph), 2863 (Ph) cth
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6.3.4 Synthesis of bidentate ligands

A solution of chlorophosphine sulphid® (1 mmol) and amine (piperidine, pirrolidine, mbghine)

(3 mmol) in toluene (10 ml) was refluxed for 20Aiter that the solvent was partially evaporated and
the reaction mixture was treated with water andaexéd with CHCI,. The organic layer, containing
the product, was purified by flash chromatograpldychloromethane) and the product fully

characterized.

1-[4-(1-sulfidophospholan-1-yl)butyl] piperidine (7): y = 90%, grease solid, (R= 0.0
(dichlromethane)H NMR (300 MHz, CDC}, 25 °C):8 = 2.50-1.40 (m, 26 H, CHippm;**C NMR
(76.46 MHz, CDCJ, 25 °C):5 = 57.9, 54.1, 33.4 (d, = 52 Hz), 33.1 (dJ = 47 Hz), 29.7, 26.0 (d}
= 6 Hz), 24.5, 23.4, 21.0 (d,= 3 Hz) ppm;*'P NMR (120.76 MHz, CDG] 25 °C):8 = 64.7 (m)
ppm; MS (70 eV, El)m/z: 259 (M, 2), 226 (13), 175 (3), 143 (13), 98 (100).

6.3.5 One-step procedure for the synthesis of cycli ¢ tertiary bis-phosphine

A solution of1 (1 mmol) in THF (10 mL) was added drop wise tmhson of bis-Grignard reagent
(2 mmol) in THF (5 ml), at room temperature. Thextuie was stirred for 2 h, then again the bis-
Grignard reagent (1 mmol) was added to the regufiolution. After that to the reaction mixture was
added drop wise a solution ©f(1 mmol) in THF (10 mL), and stirred for 4 h. Dugithe 4 h, the
reaction was monitored by GC-MS. After that theveat was partially evaporated and the reaction
mixture was treated with aqueous acid solution jHEktraction with CHCI, gave a mixture of
diphosphine and the residde The diphosphine was easily separated fibhy treating the organic
solution with aqueous NaOH; after this treatmeme, $odium salt of 4 was dissolved in the aqueous
solution, whereas the diphosphine was in the ocgphase. Treatment of this layer with a slight
excess of elemental sulfur gave the correspondirfides @), which were purified by flash
chromatography (dichloromethane: petroleum eth2) &nd fully characterized. Compound 4 was
recovered (90%) from the basic aqueous layer kyifacation and extraction with dichloromethane,
and was then purified by distillation and storedlemargon. Simple treatment of a dry solution of
compound4 with an equimolar amount of PQed to the regeneration of the starting reageint 1
almost pure form, allowing it to be reused withturther purification.
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1,1’-butane-1,4-diylbis(phospholane) 1,1'-disulfidg9)'* y = 45%, brown solid, pf = 29°C; p.eb.
= 115-120°C (0.1 mmHg}H NMR (300 MHz, CDC}, 25 °C): = 1.7-2.1 (m, 24 H) ppm ppmC
NMR (75.46 MHz, CDGJ, 25 °C):3 = 24.0 (2C, dd?Jpc = 3 Hz,'Jpc = 15 Hz), 26.0 (4C, dJpc =
6 Hz), 33.2 (2C, d'Jpc = 45 Hz), 33.5 (4C, d'Jpc = 52 Hz) ppm*'P NMR (120.76 MHz, CDGJ
25 °C):5 = 63.2 ppm; MS (70 eV, Eln/z: 294 (M',14), 175 (66), 119 (58), 85 (27), 63 (100), 55
(59), 41 (46); IR: 715.78 (PS), 1113 (PC)tm
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Chapter 7

ROLE OF THE PENTACOORDINATION OF PHOSPHORUS:

WITTIG MECCHANISM

7.1 Introduction

Since its discovery, about 60 years agoe Wittig reaction plays a central role in orgasynthesis,
for its ability to form a carbon-carbon double bonih high positional selectivity, relatively high
chemoselectivity, and may be conducted in manyscasté reliable and high stereocontfol.

Originally, little attention was paid to stereochsiry since several olefins were obtainedEdg
mixtures, suggesting that the reaction might nogéeerally stereoselective. However, it was soon
discovered that the type of ylide and the reactionditions could play a key role in determining the
reaction stereochemistry. For example, non-staallizhosphorus ylides react with aldehydes to give
largely Z alkenes, except under special conditibramd stabilized ylides give predominantsy
alkenes, but semi-stabilized ylides generally gavenixture of E/Z alkenes with a relative ratio
around 50/50. For these reasons the mechanismeleaistbe subject of extensive experiméngald
theoretical® investigations, and has been comprehensivelywedé>"

These studies have shown that the Wittig reactsoiniluenced by many factors: type of ylide
(stabilized, non-stabilized or semi-stabilized)pbstituents on the phosphorus atom, presence of
lithium salts, solvent, temperatuf&®® and concentratioff. Because it is now demonstratefl
without doubts that 1,2-oxaphosphetanes, cyclicsphorus pentacoordinated compounds with
trigonal bipyramidal structure, are central intedmages in the Wittig reaction, for better understan
the mechanism involved in this reaction it is ohdamental importance to know the chemistry of
pentacoordinated phosphorus compounds focusingcylart attention to all the factors which
influence the stability and the decomposition ofclcy pentacoordinated phosphorus trigonal
bipyramidal intermediates.
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Up to date, an inclusive rule for explain the steedectivity in the Wittig reaction is difficult to
formulate because the large number of data repdntechportant work& are often in apparent
contrast. We think that this is due to the différezaction conditions used and to the fact to have
studied the Wittig reaction as a simple cycloadditreaction between the ylide and the carbonyl
group. Instead, it is of preminent importance talgre all the factors which determine the stabibty
the four cyclic phosphorane intermediates, thealea “1,2—oxaphosphetanes” (2,2,2—trisubstituted-
1,2 A>—oxaphosphetanes) depicted in Scheme 1. Consideirfbrmation is now availaleon the
factors which affect the stability of such trigomgbyramidal phosphorane derivatives and contrel th
process of ligand reorganization within them. Twotbrs turn out to be important in this connection:
(a) the preference of electronegative groups ferapical positions and (b) the preference of alsmal
membered ring for an apical-equatorial situatioowidver, the stereochemistry of the reaction is also
dependent on the steric interactions, as well ak@specific reaction conditions.

It is about forty years that our group is studyirgpactions in which cyclic pentacoordinated
phosphorus compounds are involved as intermedasgtgmining also the different stereochemical
results. In one case we have demonstfatbat an highly stereoselective result was dueifferdnt
decomposition rates of twas/trans cyclic isomeric trigonal bipyramidal phosphorantermediates,
which were in equilibrium between them. In anotheork® we have observed thatis
hexacoordinated phosphorane intermediates, belsg dtable than the trans forms, immediately
collapse determining a stereoselective result. Aigke decomposition rate of thees pentacoordinate
intermediate, caused by its major overcrowdingnesrits highly stereoselective evolution towards
the final product. In addition, Vedejs et al. obsel thatcis-isomer of oxaphosphetanes from non-
stabilized ylides decomposed faster than did testisomerd®°

For this reason we started a study on the Wittectten using both, triphenylphosphorus non-
stabilized and stabilized ylides with different eliydes in which only the steric effect might
influence the different stereochemical resultsottmer words, we will see if only the steric factoay

influence and consequently explain the possiblla bigreoselective formation of alkenes.

7.2 Results and discussion

7.2.1 Case of non-stabilized ylides

The reaction mechanism, qualitatively outlined ch&me 7.1, we now propose to study is in line

with several previous important studfes.
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The first attack is a cycloaddition of the carbanyroup on the ylide to give pentacoordinate
oxaphosphetane intermediates with trigonal bipydafrstructures.

It is well known from over 40 years that, when aspible, the formation of a cycle around a
pentacoordinate phosphorus atom is favoure¥ f6ld with respect to the formation of acyclic
intermediate$’ Then, the formation of a phosphorus cyclic pertadimated intermediate is largely
favourite with respect to any other type of possiisitermediate. In other words, the attack of the
ylidic carbon on the carbonyl carbon to form cyacaphosphetanes is favoured of a factdt®10
over any other nucleophilic attatk.

The stereochemical outcome of the reaction canxptai@ed by the characteristics that govern
pentacoordinate forms. The most favourite structiorea pentacoordinate form is the trigonal
bipyramidal geometry. The relative position of thabstituents in pentacoordinate compounds
respects rules depending from their steric hindzar apicophilicity?

Ph H
Ph—P=<
Ph Me
Rwfaa via
H ¢ a% \Sl-face
pn| JH Ph,_| WH
Jig \,‘\ Me Ph’h‘\q Me
O—\'"R
R H
A-cis A-trans
]1 L
Ph
Ph,,llgh P“|
pir P Ph’
Me LR AH
H . H H
B-cis B-trans
ks |k
/=\ M
Mé R R
7 E

Scheme 7.1Mechanistic proposal for non-stabilized ylides.offrer set of oxaphosphetane intermediates, isonfers
structuresA andB, is possible. However, as a rule, four-membergiaig unable to occupy the diequatorial position of
trigonal bipyramid and, therefore, only isomérandB with apical-equatorial rings are considered tdipiate in this

mechanism.
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Keeping in mind these considerations and that #rbanyl compound can attack the ylide in two
ways (Scheme 7.1jia a or via b), we think that this attack brings at two possip&tacoordinate
intermediates with trigonal bipyramidal structuneamelyA-cis andA-trans, which have the oxygen
atom in apical position. This idea is derived frtme general rule of “apical entry/apical departure”
for nucleophilic substitution reactions at pentadawated phosphorus with trigonal bipyramidal
structures®it is also known that the departure of the apicalig occurs firstly.

In this manner, decomposition of thesésomers should give the starting reagents anditisomer

of A oxaphosphetanes should decompose faster thdratitsgssomer. This enhances the reversibility
of the step which forms th@s-oxaphosphetane compared to that formingtthes-oxaphosphetane.
In other words, the retro-Wittig reaction shouldfaeored for theA-cis intermediate with respect to
theA-trans.

These inferences suggest that, when intermediateis and A-trans are sufficiently long-lived
species, they must be in equilibrium with startmgterials, by a retro-Wittig reaction, and therefor

among thent?37a7c

(For example, Maryanofét al. report that the intermediates derived from
hexanal and triphenylphosphonium ylides are formmaersibly%). In this manner thé-trans is
favoured by thermodynamic factors. To bring tofihal alkenes, thé intermediates must complete
a pseudorotatidfi*? to give two new pentacoordinate spediesis and B-trans, with the oxygen
atom in equatorial position and the P—C bond icapgposition. Since the oxygen atom prefers to be
in apical positionB species are more disfavoured and unstableAhsipecies. In addition, in theBe
species the equatorial oxygen maximizes the bacidibg donation of the oxygen atom thus
favoring the decomposition to alkene and triphenghphine oxide. The driving force of this
decomposition is given by the propensity of the gety atom to form a double bond with the
phosphorus atom.
It has to be noted that our mechanism doesn’'t éerdermation of betainic intermediates as those
shown in Figure 7.1 for the reason that these nmeliates have been only hypothesized (they have
only a historical valu®), but never detected in the course of the reactidarther confirmation and,
at the same time, an explanation of no formatiosuzh a betainic intermediates is given by the very
strong affinity of the phosphorus atom with the gely atom that makes very unlikely the existence
of a zwitterionic species that bears these two ateith opposite charges.
ph, "
PP
R
H H

Betaine

Figure 7.1.Betainic form
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Stereoselection is driven by the irreversible deposition of theB intermediates, which have a
different rate of collaps8 due to their different stability. In fact, thBecis isomer (whose formation,
as we have previously said, is disfavoured ancetbes its quantity should be smaller in comparison
with theB-trans form) is more unstable because of the greatest $tedrance and collapses to form
the Z olefin very quickly with respect to thB-trans pentacoordinate intermediate. This rapid
decomposition of thé3-cis pentacoordinate intermediate brings to increaseqtmantity of theZ
olefin, because the other steps of the reactionnaeguilibrium and the system has the tendency to
return to the equilibrium by reversal reaction.

Then, in order to verify the above mechanism antbdtier understand the outcome of the Wittig
reaction we studied the influence of the steridhance on the carbonyl compound. In particular, we
have studied the reaction using the non-stabiliiel® 2 with aldehydesS8 a—h with different steric
hindrance (Scheme 7.2).

Ph _ P
|- BT ButO K* ™ 3a-h Moo~y + md R+ PP
PP\ Ph//Pz\ ﬁ
ph  Me  THF, Ar, rt Ph  Me
5 (E)-4a-h (Z2)-4a-h 0

1

a) R=Phenyl

b) R=0-Tolyl

¢) R=0-Cl-phenyl

d) R= Mesityl

e) R=1-Naphthyl

f) R=9-Anthracenyl
g) R= Benzyl

h) R= Pentyl

Scheme 7.2Reaction with non—stabilized ylide

Olefins 4a—h have been obtained in differentt/Z ratios by reaction between
triphenylethylphosphonium bromide 1  and potassium tert-butylate, to  obtain

ethylidene(triphenyl)phosphorare followed by addition of the aldehyde&a—h (Scheme 7.2). The
isomeric ratio was calculated by GC-MS spectrosdopthe reaction mixture without purification.

The isomeric ratios are reported in Table 7.1.
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Table 7.1 Reactions of non-stabilized ylidand stabilized ylid&€ with differently hindered aldehydes.

Entry Ylide Aldehyde (R) Products E/Z ratio?
1 2 3a (phenyl) 4a (E+2) 18/82
2 2 3b (o-tolyl) 4b (E+2) 16/84
3 2 3c (0-Cl-phenyl) 4c (E+2) 24/76
4 2 3d (mesityl) 4d (E+2) 48/52
5 2 3e(1-naphthyl) 4e (E+2) 15/85
6 2 3f (9-anthracenyl) 4f (E+2) 49/51
7 2 39 (benzyl) 49 (E+2) 10/90
8 2 3h (pentyl) 4h (E+2) 13/87
o 2 3a 4a (E+2) 11/89
10° 2 3d 4d (E+2) 33/67
11 7 3a 8a (E+2) 96/4
12 7 3b 8b (E+2) 95/5
13 7 3c 8c (E+2) 93/7

3 E/Z ratio calculated by GC-MS spectroscopfhe reaction is carried out at 0 °C. All the otheaictions are carried out

at room temperature.

As shown in Table 7.1, variation of steric hindrarmn the aldehydic compound gives a variation of
the E/Z ratio in the final products.

These results could be explained by comparing thectsre of the pentacoordinate intermediates,
such afA andB, formed during the course of the reaction.

In particular, using benzaldehy@e, the correspondinB-cis pentacoordinateitermediate (Scheme
7.3), is more unstable than tleans one, and then it collapses immediately after dsmiation
(k1>>ky), shifting the equilibrium in favour of thes structure, giving a great predominance of the
olefin typeZ.
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3a
A-trans
h
Ph, ‘Ph
PP © K
Hon| | 2 (E)-4a
H,C . 18%
B-trans

Scheme 7.3Reaction between ylideand benzaldehydga.

In the reaction witlortho-tolylaldehyde 8b), the overcrowding on the pentacoordinate inteiated
is similar to those found in the reaction with b&ldehyde, bringing to a little increase of tB&Z

ratio in favour ofZ olefin (k>>ky).

On the contrary, when a more hindered compound estaidehyde 3d) is used (Scheme 7.4) the
overcrowding on the pentacoordinated intermediatdimes very high, both for tlugs intermediate
and thetrans which collapse with similar rate (k1~k2), bringito a drastic increase of the E/Z ratio
(48/52).

It should be noted that the ratio E/Z is also dejpemnfrom the reaction temperature.

In fact, when we carried out the reaction wathat O °C (Table 7.1, entry 9) we obtained a ratd E
of 11/89 while at room temperature the ratio wa82&onfirming again thaB-cis oxaphosphetane
have a superior rate of decomposition with respetitetransone.

The same considerations are worth for all reactwitts other aldehydic compounds.
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Ph
Ph, |
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. 48%
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Scheme 7.4Reaction between ylideand mesytaldehydzd.

7.2.2 Variable Temperature *'P NMR study

To complete this investigation we have carried awtudy at®’P NMR spectroscopy in order to
observe theis andtrans oxaphosphetane intermediates of the above redositmeen non-stabilized
phosphorus ylide and aldehydes.

Typical experiment was carried out with ethyltripfilgphosphonium bromidel) under argon. The
saltl, suspended in dry tetrahydrofuran was treated potassium tert-butylate at 25 °C to generate
the ylide, evidenced in the relatif® NMR spectrum as a sharp singlet at 15.1 ppm. thwldi
directly in the NMR tube at —78°C, of an equimotamount of benzaldeyde to the above reaction
mixture produced a spectrum with two signals in idgion of pentacoordinate species, —60.6 ppm
(cis-oxaphosphetane, probably the foAjpand —60.7 ppmtians-oxaphosphetane, probably the form
A). Thecidtransratio was about 9/91 and this high preferencdaHtertrans isomer was predicted on
the basis of the rules which govern the phosphpemsacoordinatiofi.lt should be noted that thués

and trans configuration was unequivocally determined by Maryff’® By increasimg the
temperature of the NMR probe until =30 °C, a newglgt arose at 29.3 ppm was detected, due to the
formation of triphenylphosphine oxide. At the erfdlite reaction the ratio between Z/E olefins was
82/18, which did not reflect the original ratio af/trans oxaphosphetanes (9/91). Probably this is
due to the conversion dfans to cis oxaphosphetane during the process by retro-Withigr
assignement of the signalsdis andtrans oxaphosphetanes (—60.6 ppm é&oxaphosphetane and —

60.7 ppm fortrans-oxaphosphetane) corresponds to the assignemengé tmadMaryanoff and
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determined via chemical argument. However, it sthdnd noted that the ratio betwesgs andtrans
oxaphosphetanes reported by Maryanoff was 4:1 mtrast with our result of 1:9. But this is
certainly due to the contamination of reagents aghexamethyldisilazide which can interfere with
the stability of oxaphosphetanes and probably ititeyference determine also a small difference of
their 3P NMR chemical shifts (—~61.2 ppm and —61.6 ppm).

The low temperature experiments has been perforateal for the aldehyde8b and 3d. In the
reaction with the aldehydgb, the P NMR spectrum showed the presence of two peak&hil
ppm and —61.8 ppm in a relative ratio of 10/90,riasd (by analogy with the reaction with
benzaldehyd@&a) to cis andtrans oxaphosphetanes.

In the reaction with the aldehy@el, the®'P NMR spectrum showed the presence of two peaks at
61.6 ppm and —62.0 ppm in a ratio of 27/73 respelsti ascribed (by analogy with the reaction with
benzaldehyd@&a) to cis andtrans oxaphosphetanes in a mixturefobndB isomers.

Then we will obtain always the prevalence of thel&fin because ais-oxaphosphetane is much
more unstable than theans one. TheE/Z ratio in this case depends only on the stericcesferhich
are very crucial in pentacoordinated compounds aaosing the instability of these hypervalent
species.

As result of the different decomposition ratesw# want to further increase the amount of the
olefin is enough to carry out the reaction at loveenperatures (see Table 7.1, entries 9 and 10).
This consideration would seem applicable only atribn-stabilized ylide, which bring to favour the
formation of theZ olefin.

Now we wish to evaluate if our mechanistic propasaiht give a possible explanation also of the
high E selectivity obtained with stabilized ylides.

7.2.3 Case of stabilized ylides

Stabilized ylides have been the subject of numernashanistic studied;?444:13 mainoffiefy ;¢ none
have shown evidence for oxaphosphetane intermadiBt®bably, the related intermediate adducts
are difficult to form at low temperature while atom temperature they decompose to alkenes too
rapidly for their detection.

In Scheme 7.5 are reported the reactions which baee carried out between the stabilized ylide
(1-phenyl-2-(triphenyk>-phosphanylidene)ethan-1-one), and aldeh@des

In table 7.1, entries 11-13, tB#Z ratios of obtained olefinBa—care reported.
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Ph -+ Br tButo’ K* PR
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0
R)J\H
3a-c
Th
Ph\ﬁ/Ph + PhOC\/\R + Phol =
© 5 (E)-8a-c (Z)-8a-c
a) R= Phenyl
b) R=0-Tolyl

c) R=0-Cl-phenyl
Scheme 7.5Reactions with stabilized ylide.

The reactions were carried out in the same expeat@mheonditions of the above reported reactions
with non-stabilized ylides.

It should be noted that the reactions carried bub@am temperature gave product yields lower with
respect to those carried out at higher temperdf0%C). However, the rati&/Z remain always the
same. Firstly, we carried out the reactions at rdemperature hoping that in these conditions the
intermediate adducts might be detected and for phigpose we monitored the reaction at room
temperature througfi'P NMR spectroscopy. Since no intermediate have leacted in these
conditions, we tried to identify the oxaphosphetaimermediates by reaction at lower temperature (—
100 °C and 0 °C) between ylideand aldehyd8&a. Unfortunately, also in these cases, no detection
cis- andtrans-oxaphosphetanes was observed.

We have obtained always an highstereoselectivity (see entries 11-13 in Table, b in these
cases it is not possible to affirm that an equatitan betweertis- andtrans-oxaphosphetanes occurs.
Probably, in the case of stabilized ylides, theptwsphetanic intermediat®s (cis andtrans) are
more favored with respect to the corresponding b@aphetanea (in contrast with that occurring in
the non-stabilized ylides). This is due to the preg of the electron-withdrawing group on the glidi
moiety that strongly enhances the apicophilféitf the carbon atom bound to the phosphorus atom,
thus favoring the apical position of the group hbiuo this carbon atom. In addition, it is more
probable that the formation of tlBetrans intermediate is favoured with respectBeis one. This is
accord with that occurs in non-stabilized ylidesainich the correspondinB-trans is favored with

respect toB-cis (the ratio of the twd'P NMR signals of oxaphosphetar@drans and B-cis was
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90/10 for the case aldehyde CCC or 70/30 for tsesaf aldehyde HHH). In addition, the presence
of the electron-withdrawing group permits a vergtfaecomposition of these oxaphosphetanes,
explaining the difficulty to detect these internads in thé’P NMR spectra.

It should be noted that the ratio E/Z for olef&—c (entries 11-13 of Table 7.1) are very similar
(96/4, 95/5, 93/7), indicating that in these cagtesc effects have no influence on the r&iia.

In addition, in the cases of stabilized ylide tloeni B may be in equilibrium with the zwitterionic
species (see Figure 7.2), stabilized by the eleotthdrawing group, in which thgans isomer is
favored giving preferentially thE olefin. However, it should be noted that no zwitric species are
detected in thé'P NMR spectra. Even if such a species are fornteel tould be at very low
concentration, not sufficient for their detectias,it occurs with oxaphosphetanes.

Then, on the basis of these data we can propodbedatabilized ylides a mechanism very similar to
that described in Scheme 7.1 for non-stabilizedegj with the difference that the equilibrium
between the intermediate isomé&rsandB is shifted towards the isomdsswhich collapses very fast
to the final olefins, prior to re-equilibrate with forms. Then, in the case of stabilized ylides the

retro-Wittig is practically inexistent.

Ph Ph
Ph, | Ph, |
PrE—0 PHP—0O
PhOG.- |~R" T » Q.- |.R'
H H PhOC H

Cis-zwitterionic form Transzwitterionic form

Figure 7.2.Hypothetic zwitterionic forms

7.3 Experimental section

7.3.1 General

3P NMR spectra were recorded on Varian Mercury 400nova 600 spectrometers, operating at
161.89 or 242.77 MHz, respectively.

Chemical shifts are referenced to external standgr@&5% HPQ,. J values are given in Hz. GC-MS
analyses were performed on an gas chromatogragphpeguwith a (5%-phenyl)-ethylpolysiloxane

column (30 m length, 0.250 mm i.d., 0.2% thickness), interfaced to a quadrupole mass tigtec
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Mass spectra were recorded at an ionisation voltdgé eV in the El mode. THF was distilled
from sodium/benzophenone etyl, and all solvents ewpurified appropriately and degassed
immediately prior to use. Air- and moisture-sensitsolutions and reagents were handled in dried
apparatus under dry Argon using standard Schlepé-tgchniques.

All products herein reported are known compoundstaerir chemico-physical data agree with those
of authentic commercial sample&)-4a, E)-4a, £)-4h, (E)-4h, (Z)-8a and (E)-8a), or (for cases
(2)-4b** (E)-4b, ** (2)-4c,* (E)-4c,*® (2)-4d, Y (E)-4d, " (2)-4e,'® (E)-4e,'® (2)-4f, (E)-4f,*° (2)-
49,% (E)-49,% (2)-8b, (E)-8b,** (2)-8c and(E)-8¢*%) with those reported in the literature.

7.3.2 Wittig reaction. General method

Potassiuntert-butylate (89.6 mg, 0.8 mmol) was added to a méirtriphenylethyl phosphonium
bromide (300 mg, 0.8 mmol) [or 373 mg (0.8 mmol)pbkenacyltriphenylphosphonium bromide] in
dry THF (3 mL). The colour of the mixture becamargge After 5 minutes 1 equivalent of aldehyde
(0.8 mmol) was added. The reaction became instavitife. The reaction course was monitored by

GC-MS spectroscopy.

(12)-prop—1-en—1-ylbenzenez)-4a major productMS (70 eV, El):m/z (%) = 118 (M, 71), 117 (100), 115
(41), 103 (9), 91 (312), 77 (7), 63 (7), 51 (7).

(1E)—prop—1-en—1-ylbenzeneR)-4a: minor product. MS (70 eV, Elyvz (%) = 118 (M, 70), 117
(100), 115 (40), 103 (9), 91 (30), 77 (7), 65 &0,(9).

1-methyl-2—[(1Z)—prop—1—-en—1-yllbenzeneZ)-4b: major product. MS (70 eV, Elvz (%) = 132
(M*, 63), 117 (100), 115 (50), 105 (5), 91 (26), 7) 65 (8), 51 (6).

1-methyl-2—[(ZEE)—prop—1—-en-1-yllbenzene (E)-4tminor product. MS (70 eV, ElJvz (%) = 132
(M*, 61), 117 (100), 115 (47), 105 (12), 91 (26), 9), 65 (10), 51 (7).

1-chloro—2—[(1Z)—prop—1—en-1-yl]benzeneZ)-4c. major product. MS (70 eV, Eljvz (%) = 152
(M*, 46), 117 (100), 115 (87), 101 (5), 91 (11), 78)(B3 (11), 57 (9), 51 (6).

1-chloro—2—[(E)—prop—1-en-1-yllbenzeneH)-4c. minor product. MS (70 eV, Elyz (%) = 152
(M*, 49), 117 (100), 115 (83), 101 (4), 91 (15), 75 6 (11), 57 (9), 51 (8).
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1,3,5—-trimethyl-2—[(1Z)—prop—1—en—1-yl]benzeneZ)-4d: major product. MS (70 eV, Eljtvz (%)
=160 (M, 58), 145 (100), 128 (26), 115 (20), 105 (12)(®10), 77 (8).

1,3,5—-trimethyl-2—[(1E)—prop-1-en—-1-yl]benzeneH)-4d: minor producr. MS (70 eV, El)mz
(%) = 160 (M, 67), 145 (100), 128 (23), 115 (17), 105 (11)(D1 77 (6).

1-[(1Z2)—prop—1—-en-1-yllnaphthalene Z)-4e major product. MS (70 eV, EljVz (%) = 168 (M,
49), 153 (100), 139 (8), 128 (4), 115 (10), 83 ®(3).

1-[(1E)-prop—1—-en—1-ylnaphthalene E)-4e minor product. MS (70 eV, Elyjvz (%) = 168 (M,
51), 153 (100), 139 (6), 128 (5), 115 (11), 83 [®(4).

9-[(12)—prop—-1—-en—1-yllanthracene Z)-4f: major product. MS (70 eV, Enz (%) = 218 (M,
75), 203 (100), 189 (11), 108 (9), 101 (14).

9—[(1E)—prop—1-en—1-yllanthracene E)-4f: minor product. MS (70 eV, EWz (%) = 218 (M,
76), 203 (100), 189 (10), 108 (9), 101 (12).

(2Z)-but—2—en—1-ylbenzeneZ)-4g: major product. MS (70 eV, Eyvz (%) = 132 (M, 56), 117
(100), 115 (42), 91 (40), 78 (9), 65 (11), 51 (9).

(2E)-but—2—en—1-ylbenzeneH)-4g: minor product. MS (70 eV, ENwz (%) = 132 (M, 51), 117
(100), 115 (44), 104 (4), 91 (37), 77 (12), 65 (B3 (12).

(2Z)-oct—2—ene Z)-4h: major product. MS (70 eV, Ellt'z (%) = 112 (M, 49), 83 (26), 70 (56), 55
(100).

(2E)—oct—2—ene E)-4h: minor product. MS (70 eV, Eljvz (%) = 112 (M, 32), 83 (19), 70 (45), 55
(100).

(2Z)-1,3—diphenylprop—2—en—1—-oneZj-8a: minor product. MS (70 eV, Ez (%) = 208 (M,
40), 207 (100), 193 (16), 177 (7), 165 (8), 131)(1B3 (17), 77 (22), 51 (9).

(2E)-1,3—diphenylprop—2—en—1-oneZ)-8a: major product. MS (70 eV, Elvz (%) = 208 (M,
60), 207 (100), 191 (4), 179 (19), 165 (10), 138)(203 (25), 77 (55), 51 (18).
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(22)-3—(2—methylphenyl)-1—phenylprop—2—en—-1-on&)8b: minor product. MS (70 eV, Eljn/z
(%) = 222 (M, 56), 207 (68), 193 (39), 178 (20), 165 (16), (A3 131 (15), 115 (100), 103 (39), 91
(64), 77 (21), 65 (23) 51 (16).

(2E)—3—(2—methylphenyl)-1-phenylprop—2—en—1—on&)-8b: major product. MS (70 eV, Eljn/z
(%) = 222 (M, 91), 204 (22), 191 (17), 178 (34), 165 (17), (@K 131 (18), 115 (100), 103 (62), 91
(72), 77 (15), 65 (25) 51 (16).

(22)-3—(2—chlorolphenyl)-1—-phenylprop—2—en—1—-on&)-8c. minor product. MS (70 eV, Eljn/z
(%) = 242 (M, 11), 207 (100), 178 (9), 137 (5), 105 (11), 89 T (19), 51 (5).

(2E)—-3—(2—chlorolphenyl)-1-phenylprop—2—en—1-on&)-8c. major product. MS (70 eV, El/z
(%) = 242 (M, 1), 207 (100), 178 (7), 137 (3), 105 (7), 89 @),(15), 51 (6).

7.3.3 Variable temperature 3P NMR experiments.

7.3.3.1 Case a (reaction with non-stabilized ylid2). Typical procedure

Potassiumtert-butylate (8.96 mg, 0.08 mmol) was added, at roemperature and under argon
atmosphere, to a mixture of triphenylethyl phosptienbromide {, 30 mg, 0.08 mmol) in dry THF
(2 mL). When the colour of the mixture became oeamglicating the formation of the ylidg the
mixture was transferred into an NMR spectroscopyetand cooled at —78 °C. TH& NMR
spectrum of the ylide was recorded at this tempezad = 15.1 ppm), then 1 eq. 8a was quickly
added and th&'P NMR spectrum of the reaction mixture was recordeeb new signals appeared in
the spectrum, at —60.6 ppneigoxaphosphetane), and —60.7 pptrar{soxaphosphetane) that
integrated 9/91, respectively. On gradually warmiing temperature of the probe until +25 °C, the
oxaphosphetane and ylide peaks gradually disapgearsl a new singlet arose at +29.3 ppm (it
began to appear at about —30 °C) due to the foomaidf triphenylphosphine oxide. The GC-MS
analysis of the final reaction mixture showed pneseof theE-4a /Z-4a olefins in 18/82 relative

ratio, as reported in Table 1.
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7.3.3.2 Case b (reaction with stabilized ylide 7).ypical procedure:

tert-butylate (8.96 mg, 0.08 mmol) was added, at roempierature and under argon atmosphere, to a
mixture of phenacyltriphenylphosphonium bromide.8g, 0.08 mmol) in dry THF (2 mL). When
the colour of the mixture became orange indicatimg formation of the ylide. The mixture was
transferred into an NMR spectroscopy tube and cbate—100 °C. Thé&'P NMR spectrum of the
ylide 7 was recorded at this temperature (17.0 ppm) theg. bf3a was quickly added and tH&P
NMR spectrum of the reaction mixture was recordetif this case no signals in the pentacoordinate
phosphorus intermediate region were detected. @dugily warming the temperature of the probe
until +25 °C, the ylide peak gradually disappeared] a new singlet arose at 29.3 ppm (it appeared
at about —30 °C) due to the formation of triphehgigphine oxide. No intermediates were detected
also when the reaction course was monitored at arftCat 25 °C. The GC-MS analysis of the final
reaction mixture showed presenceeeBa /Z-8a olefins in 96/4 relative ratio.
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Chapter 8

ROLE OF THE HEXACOORDINATION OF PHOSPHORUS:
SYNTHESIS OF ASYMMETRIC PHOSPHINES®

8.1 Introduction

Up to now, many studies have reported that theoooécof the reactions involving phosphorus is
governed by the formation of pentacoordinate ineghiates. The ability of moleculk to stabilize
also hypercoordinated phosphorus intermediates exnus to verify whether hexacoordinate
phosphorus intermediates also play a role in deteng the stereochemical outcome of reactions
involving phosphorus species.

For this purpose, we decided to study what happdren an unsymmetrical bis-Grignard reagent
such as 1,4-bis(bromomagnesio)pentabeig¢ used. In this case the formation of a mixtofe
pentacoordinate intermediates is possible. Addiitba mono-Grignard reagent to these latter could
give different hexacoordinate intermediates, rasyltin different ratios of diastereomeric

phospholanes such @s

8.2 Results and discussion

Asymmetric tertiary phosphiné&—f have been obtained in different diastereomeidttrans ratios
by reaction between benzothiadiphospholg¢ &nd the unsymmetrical bis-Grignard reagént
followed by addition of a mono-Grignard reage@a-f). The phosphinesis-7a—f andtrans-7a—f
(each as racemic mixture) were separated as suBialef by adding elemental sulfuto the crude

reaction mixture (Scheme 8.1) and fully characestiZor the sake of simplicity only one enantiomer
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of bothcis- andtrans isomers is represented in Scheme 8.1, but eattteof is produced as racemic

mixture.

Me

MgBr
1.
Bng)\/\’ MgBr

5

2 O WD O
| +  Me"' + P
\(:@ p 2. RMgX (6a) Me™ “p P
s’ i
1

cs7a—f trans-7a—f BrMg MgBr
4
a R=Me
b: R=Et l Ss
c:R=Bn
d: R = (CHy),C=CH D [
e:R=i-Pr Me * Me"
f: R=t-Bu
X=Br,ClI R/P\\S R/ |xs

aboutcis andtransstere oisomers: :
is also there the other enantiomer Cis8a—f trans-8a—f

Scheme 8.1Diastereoselective one-pot formation of phosphedarand their sulfides.

The reaction course was monitored by GC-MS, showhegoresence, in the reaction mixture, of two
compounds characterized by the same molecularndnnzass fragmentation, corresponding to the
two possible,ciss and trans, isomers. The yields and the relative diasteremmeatios of the
products are collected in Table 8.1.

Table 8.1.Reaction results

RMgX Product (Yield %)? d.r. (cis/trans)’
6a (R = methyl) 8a (60) 75:25

6b (R = ethyl) 8b (70) 70:30

6¢ (R = benzyl) 8c (65) 67 :33

6d (R = 2,2-dimethylvinyl) 8d (35) 55:45

6e (R=i-propyl) 8e(63) 50:50

6f (R = t-butyl) 8f (62) 5:95

Yields and diastereomeric relative ratios of phasprsulfides 8a—f? Yields of pure isolated sulfide8. Calculated on
sulfides by GC-MS.

The cis or trans configuration of each diastereoisomer was estatidy means oH NOE NMR
experiments on samples containing both the isonBsause of the overlapping of many signals
caused by the'H->'P heteronuclear coupling, the NOE experiments weagied out under

phosphorus decoupling conditiors.comparison between the relative GC-MS retentiares and
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3P NMR chemical shifts of the two diastereoisomeith wlata obtained through NOE experiments
showed that thérans isomer, in all cases, had both the lower retentiiore and the down-field'P
resonance, with respect to ttis-isomer.

As shown in Table 8.1, the use of Grignard reagéatsl gave the corresponding tertiary phosphine
sulfides incis/transratio slowly decreasing from 75/25 to 55/45 inghat with the increase of the
steric hindrance of the R group, whereas the use ofery bulky Grignard reagent, aert-
butylmagnesium chloridesf), caused a strong enhancement of the diasterets#iedegree, but in
the opposite sense with respect to that observedsasa—d. A border-line situation occurred using
isopropyl derivativése, that produced equimolar amountoid andtransisomers.

The inversion of the diastereoselection observedyaing from n-alkyl to more bulky Grignard
reagents might be explained considering the peard- hexa-coordinate phosphorus intermediates

involved in the reaction and shown, in a simplifrednner, in Scheme 8.2.

/O 4 /O +4
Mé' Me'

i

R

collapse ‘ collapse ‘
N

collapse collapse

/@ /O 4
Mg i, +4 Mé'

R R

|

cis-7 trans-7

Scheme 8.2Simplified proposed pathways to explain the diasiselective outcome of the reaction of

benzothiadiphospholewith the couple bis-Grignard reagént mono-Grignard reagent.
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Firstly, we take in consideration the formation méntacoordinate intermediates. Since the bis-
Grignard reagerb is unsymmetrical, in principle, its addition tagentl can produce four possible
pentacordinate intermediatés—A", whose relative stereochemical relationships ardo#ows:
intermediate®\' and A' are enantiomeric forms, as wellA% andA", while A' andA" | as well as

A" andA", can be converted into one another through psetatan (TR or Berry) processs.

Since there is an intramolecular overcrowding igomal-bipyramidal structurghe steric factors
will have a considerable influence on the stabitifysuch intermediates. In particular, one canestat
thatA' andA" will be more favoured thaA" andA", respectively, because in structutésandA"

the methyl substituent of the phospholane ringaaded to the carbon atom arranged in the less
sterically hindered equatorial position. As presglyureported for the reaction betwednand
symmetrical bis-Grignard reagenitsalso in present case pentacoordinate spesied\" are
stabilized by the presence of three cycles aroumedpiosphorus atom. This increases the life-time of
these species permitting us to detect them andbltowf the reaction course throughP NMR
spectroscopy. However, the interconversion ratehese isomers give rise to only one averaged
signal as two doublets &t —10.7 {Jp.p= 196 Hz) and= —44.4 tJp.p= 196 Hz) ppm.

Nevertheless, the relative stability of pentacaowatt intermediatesA'-A" is not the factor
responsible for the stereochemical outcome of aactions, since in these pentacoordinate
intermediates the substituent derived from the tamdiof the mono-Grignard reagent (which drives
the diastereoselectivity observed) is not yet prese

An explanation of the results shown in Table 784 caly be made by considering the fate of these
intermediates when the mono-Grignard reagent isé&dd them. The nucleophilic attack of the
mono-Grignard reagent on the pentacoordinate plwephatom of intermediates'-A" can
generate four hexacoordinated diastereomeric f@mB', each together with its own enantiomeric
form: these latter species, for sake of simplicye neither shown in Scheme 8.3, nor considered in
the following discussion. In intermediatB5andB" the methyl substituent on the phospholane ring
and the R group on the hypercoordinate phosphdns are intrans relationship, while irB" and

B" they are incis relative position and one can evince thrahsforms are less hindered, and thus
more stable, thartis ones. Hexacoordinate intermediat®@sspontaneously collapse, as already
reportedf giving racemic mixtures dfans andcis-phospholanes in relative ratio depending on the
mono-Grignard reagent added to pentacoordinateligec

The possibility that one of the five-membered rimgstaining P-S bond iA™ is cleaved upon
addition of the acyclic Grignard reagent to leadthar pentacoordinate species with breakage of a P-
S bond can not be completely excluded. In fact,kwmew that penta- and hexacoordinated species

may be, in particular conditions, in equilibriumthvitheir ionic forms and, consequently, tHe
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NMR signal will be an average of the two forms. Hwer, in the present case, we think that the
amount of ionic form for B-like specieds(p ~ —60 ppm) is very low because the hexacoordiBate
species is stabilized by the presence of the furtiyele formed after addition of the bis-Grignard
reagent. With these considerations in mind, itasy\probable that in the case of the hexacoordinate
species bearing acyclic groups previously reporia@f. 6 Qz1p = —48.7 ppm), not stabilized by this
further ring, the equilibrium is shifted towardetionic form, and, consequently, its signal is tekif
downfield. In this manner is explained the appa@sdigreement between the two signals for the two
different hexacoordinate species.

The different diastereoselectivity observed on gdiom case a to f can be explained as follows: in
cases—d, in which the steric hindrance of the R substitugsimilar and not very higliransandcis
hexacoordinate intermediates can be formed in amaimount, but, once formeds- form, being
less stable thatransform, immediately collapses causing the shift lné equilibria’ depicted in
Scheme 8.2, toward the formation of further amairdis-intermediate, thus providing a final major
amount ofcis-phosphine. On the contrary, in case f, when RBa, the high steric hindrance of this
substituent causes formation of hexacoordinatermmediates in very different relative amount,
favouring trans speciesB' andB", which can not equilibrate and rapidly collapseirg almost
exclusivelytrans phosphine7f. In the case of-propyl substituent (case e), all these factorsenff
each other to provide equimolar amount of the th&os- andcis- diastereomeric phosphinée

This hypothesis not only explains the experimengallts, but it has been verified monitoring the
reaction course by means P NMR spectroscopy. As shown in Figure 6.1 for cas@®=Me),
chosen as example, after the addition of the bigr@ard reagen? to a solution of compound 1 (Fig.
8.1, spectrum a), théP NMR spectrum of the crude reaction mixture shogfd. 8.1, spectrum b)
disappearance of signals of starting compound 1camtomitant appearance of a new couple of
doublets §= —10.7 tJpp = 196 Hz) andd= —44.4 ppm Us.» = 196 Hz) in the region of
pentacoordinate species A-lik8.

Immediately after the addition of GMgBr, appearance of new signals, in low amountrilaed to
hexacoordinate intermediates, was detected (Fig.spectrum c), together with the signals of the
diastereomeric tertiary cyclic phosphirg&s(6= —19.3 and —28.6 ppm) derived from the spontaneous

and rapid collapse of hexacoordinate species.
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Figure 8.1 Monitoring over time the reaction course from gmund1 to phosphine sulfide8a through®'P NMR

spectroscopy of the crude reaction mixture in THF.

With time, we observed a slow decrease of signaiesponding to pentacoordinate intermediate and
a concomitant gradual increase of signals belongirtge phosphines, until the situation depicted by
spectrum d of Fig. 8.1, where the height of theaig ascribed to hexacoordinate intermediates, even
if low, remain unmodified until the end of the r&an, with concomitant increasing of the signals of
the diastereomeric phosphinés(in Fig. 8.1, spectrum d shows also signals ofniagnesium salt of
residue ofl, and of its neutral form (labelled as 4H). Additiof an excess of elemental sulfur to the
crude final reaction mixture caused (Fig. 8.1, sp@c e) the shift of the signals of phosphines 7a
toward those of the corresponding sulphi8as

In case b (R = Et), th&'P NMR spectrum showed two couples of doublets i tgion of
hexacoordinate specf@$6= 89.4 (dJ = 113 Hz),0 = -61.2 (d,J = 113 Hz) ppm and = 85.3 (d,J =

103 Hz) andd = -57.0 (d,J = 103 Hz) ppm] which might correspond to the twosinetable
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diastereoisomeric forms B or, more likely, to agmm@ signals ofrans (B' andB"') andcis (B" and
B") species. In the case a (R = Me) only one dowtdetdetectedd(= 83.4 ppm (dJ = 115 Hz):d =
—61.2 ppm (dJ = 115 Hz) probably belonging teans-species.

In case f, whet-BuMgCl was added to the solution containing thetpeoordinate specie, only one
couple of doublets, in very low amount, appeareth&’P NMR spectrum, together with the signals
of tertiary phosphinesf (with a huge excess of the signal belongingrans-7f) and of compound.
Probably, in this case the signal of the hexacoatdi intermediate precursor ofs-phosphine is
present in amount so small as not to be detectablkal cases, after addition of elemental sulfur t
the final reaction mixture*’P NMR spectrum showed mainly signals relatedistirans phosphine

sulfides8.

8.3 Experimental section

8.3.1 General

'H, ¥c and 3P NMR spectra were recorded at 400, 100.56 and836MHz, respectively.
Phosphorus decoupletH NOE NMR spectra were recorded at 600 MHz. Chelmitdfts are
referenced to TMS foiH NMR in CDCE, to the solvent for 13C NMRS(=77.0 ppm for CDG)) and

to external standard 85%sPiO, for P NMR. J values are given in Hz. GC-MS analyses were
performed on an gas chromatograph equipped wil%aghenyl)-methylpolysiloxane column (30 m.
length, 0.250 mm. i.d., 0.25 thickness), interfaced to a quadrupole mass thetellass spectra
were recorded at an ionisation voltage of 70 eMthe EI mode. All compound8a—f showed
characteristic IR signals at 700-732 cm-1 (P=S)F Tas distilled from sodium/benzophenone ketyl,
and all solvents were purified appropriately anga$sed immediately prior to use. All Grignard
reagents used were commercially available or pegp&nlom bromoalkane and magnesium turnings
and were titrated immediately prior to use by staddnethods. Air- and moisture-sensitive solutions
and reagents were handled in dried apparatus udderargon using standard Schlenk-type

techniques.
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8.3.2 Synthesis for tertiary cyclic phosphine sulph ides. General procedure

Bis-Grignard reagent 5 (0.333 mmol), prepared frivd corresponding bromide and magnesium
turnings, was added to a solution of benzothiadipholel (0.102 g, 0.333 mmol) in anhydrous THF
(3 mL) under dry argon. After about 10 min, monag@ard reagent (RMgX, 0.400 mmol) was
added. After about 30—40 min, sulphur (0.500 mm@} added to obtain phosphine sulphides. After
5-10 min, the reaction mixture was treated withenaExtraction with ChKCl,, treatment with
anhydrous Ng50O, and concentration under vacuum gave a mixturehef ghosphine sulphides.
Phosphine sulfides were purified by bulb-to-bulstitiation and/or by flash chromatography on silica

gel column (eluentdichloromethane

1,2-dimethylphospholane-1-sulphidg8a): colorless oil, b.p.: 140-160 °C (0.1 mmHg, mnetwof
cis andtrans isomers);cis-8a *H NMR (400 MHz, CDCJ, 25 °C, TMS)8= 2.40-1.90 (m.s, 3H;
CHCH; and CHP), 1.90-1.76 (m, 2H; Gil 1.65 (d,2J(H,P)=12.3 Hz 3H; CHP), 1.46-1.30 (m,
1H), 1.24 (dd3J(H,P)=17.3 Hz2J(H,H)=7.1 Hz,3H; CHsCHP), 0.98-0.84 ppm (m, 1H)YC NMR
(100.56 MHz, CDGJ, 25 °C)d=41.4 (d,*J(C,P)=54.3 Hz; CHP), 34.0 (d)(C,P)=12.2 Hz; Ch),
33.5 (d,}J(C,P)=52.1 Hz; ChP), 23.1 (d2J(C,P)=3.9 Hz; CH)), 20.6 (d,"J(C,P)=53.5 Hz; CkP),
12.3 ppm (d2J(C,P)=1.6 HzCH3CHP);*'P NMR (161.89 MHz, CDG| 25 °C, ext. HPQy): = 60.2
ppm (m);MS (70 eV):miz (%): 148 (M, 100), 133 (32), 120 (41), 115 (29), 106 (30),(94), 78
(34), 63 (47)trans-8a: 'H NMR (400 MHz, CDC}, 25 °C, TMS)é= 2.40-1.90 (m.s, 3H: ICH;
and CHP), 1.90-1.76 (m, 2H; GH 1.77 (d,2J(H,P)=12.6 Hz 3H; CHP), 1.46-1.30 (m, 1H), 1.25
(dd, 3J(H,P)=17.7 Hz2J(H,H)=6.9 Hz,3H; CHsCHP), 0.98-0.84 ppm (m, 1HYC NMR (100.56
MHz, CDCk, 25 °C)d=35.5 (d,’J(C,P)=50.1 Hz; CHP), 34.8 (dJ(C,P)=51.3 Hz; CkP), 32.7 (d,
2)(C,P)=14.9 Hz; Ch), 22.3 (d,2J(C,P)=3.1 Hz; CH)), 21.5 (d,*J(C,P)=47.5 Hz; CkP), 14.1 ppm
(s; CHsCHP):*'P NMR (161.89 MHz, CDGJ 25 °C, ext. HPQ,): $=61.9 ppm (m)MS (70 eV):m/z
(%):148 (M, 100), 133 (28), 120 (39), 115 (15), 106 (50),(29), 78 (48), 63 (42). Elemental
analysis calcd (%) for §H13PS: C 48.62, H 8.84; found: C 48.44, H 8.81.

1-ethyl-2-methylphospholane-1-sulphid€8b): colorless oil, b.p.: 145-155 °C (0.1 mmHg, mnetu
of cis andtrans isomers):cis-8b: *H NMR (400 MHz, CDC}, 25 °C, TMS)8= 2.50-1.60 (m.s, 7H;
CH and CH), 1.60-1.23 (m, 4H), 1.35 (ddl(H,P)=16.3 Hz23J(H,H)=7.4 Hz,3H; CH;CHP), 1.09—
0.50 ppm (m, 1H)**C NMR (100.56 MHz, CDG| 25 °C)d=42.0 (d,"J(C,P)=51.5 Hz; CH), 34.3 (d,
2)(C,P)=10.9 Hz; CH), 31.5 (d,"J(C,P)=50.3 Hz; Ch), 23.1 (d,%J(C,P)=3.4 Hz; CH), 22.1 (d,
1J(C,P)=45.7 Hz; Ch), 12.4 (d,2)(C,P)=1.6 HzCH3;CHP), 6.4 ppm (d?J(C,P)=4.7 HzCHsCH,P);
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3P NMR (161.89 MHz, CDGJ 25 °C, ext. HPQy): §=68.7 ppm (m)MS (70 eV): 162 (M, 93), 134
(100), 119 (11), 106 (19), 100 (14), 92 (26), 68)(&ans-8b: *H NMR (400 MHz, CDC}, 25 °C,
TMS) $=2.50-1.60 (m.s, 7H; CH and GH 1.60-1.38 (m, 4H), 1.40 (dd)(H,P)=17.5 Hz,
3J(H,H)=7.6 Hz,3H; CH3CHP), 1.09-0.50 ppm (m, 1H}>C NMR (100.56 MHz, CDG]| 25 °C)
0=36.6 (d,J= 9.9 Hz; CH), 33.7 (d,"J(C,P)=51.0 Hz; CH 33.0 (d,*J(C,P)=50.9 Hz; CH), 26.9 (d,
1J(C,P)=8.3 Hz; CH), 23.4 (d,%)(C,P)=.3 Hz; CH), 14.4 (s, CH), 6.9 ppm (d?)(C,P)=.3 Hz;
CHsCH.P), *'P NMR (161.89 MHz, CDGJ 25 °C, ext. HPQ,): $=71.6 ppm (m)MS (70 eV):m/z
(%): 162 (M, 84), 134 (100), 119 (10), 106 (15), 100 (12)(3%), 63 (36). Elemental analysis calcd
(%) for GH1sPS: C 51.82, H 9.32; found: C 51.90, H 9.35.

1-benzyl-2-methylphospholane-1-sulphide(8c): colorless oil, b.p.: 145-165 °C (0.1 mmHg,
mixture ofcis andtrans isomers):cis-8c: *H NMR (400 MHz, CDC}, 25 °C, TMS)é= 7.37-7.25
(m.s, 5H; Ph), 3.20 (ddl=14.4 Hz,J=14.4 Hz,1H; CHPh), 3.11 (ddJ=13.7 Hz,J=8.9 Hz, 1H:;
CH,Ph), 2.44-0.82 ppm (m.s, 7H), 1.32 ppm @#16.1 Hz,%J=6.9 Hz,3H; CHsCHP); **C NMR
(100.56 MHz, CDGQ, 25 °C)d=131.5 (d J(C,P)}=7.9 Hz; C), 130.4 (d)(C,P)4.8 Hz; CH), 128.8 (d,
J(C,PX2.4 Hz; CH), 127.5 (dJ(C,P}3.2 Hz; CH), 42.8 (d}J(C,Pr 50.9 Hz; CH), 37.6 (d,
13(C,P)39.2 Hz; CH), 34.2 (d,2)(C,P¥ 10.4 Hz; CH), 30.5 (d,*J(C,P)}50.6 Hz; CH), 23.0 (d,
2)(C,P}4.7 Hz; CH), 12.4 ppm (d?J(C,P}1.6 Hz; CH); 3P NMR (161.89 MHz, CDG| 25 °C,
ext. HPQy) 5=65.6 ppm (M)MS (70 eV):miz (%): 224 (M, 93), 133 (99), 91 (100), 63 (3@)ans-
8c: 'H NMR (400 MHz, CDC}, 25 °C, TMS)5=7.38-7.25 (m.s, 5H; Ph), 3.36 (#;13.7 Hz, 2H
CH,Ph), 2.44-0.82 ppm (m.s, 7H), 1.14 ppm @&17.6 Hz,%J=6.9 Hz,3H; CHsCHP); **C NMR
(100.56 MHz, CDGQ, 25 °C)0=132.1 (d J(C,P)}=7.9 Hz; C), 129.9 (d)(C,P)=4.8 Hz; CH), 128.9 (d,
J(C,P¥3.3 Hz; CH), 127.6 (d)(C,P¥3.3 Hz; CH), 42.2 (d}J(C,PF41.0 Hz; CH), 34.4 (d,
2)(C,P¥10.4 Hz; CH), 33.3 (d,%J(C,P¥51.7 Hz; CH), 33.1 (d,*J(C,Px50.6 Hz; CH), 23.6 (d,
2)(C,P}4.4 Hz; CH), 14.2 ppm (Ch); *'P NMR (161.89 MHz, CDG]| 25 °C, ext. HPQ,): §=68.1
ppm (M);MS (70 eV):m/z (%): 224 (M, 81), 133 (94), 91 (100), 63 (27). Elemental asialgalcd
(%) for Ci.H1/PS: C 64.26, H 7.64; found: C 64.14, H 7.67.

2-methyl-1-(2-methylprop-1-en-1-yl)phospholane 1-3phide (8d): colorless oil, mixture ofis and
trans isomers;cis-8d: H NMR (400 MHz, CDC}, 25 °C, TMS)4= 5.62 (d,2J(H,P)=24.0 Hz;
=CHP), 2.60-1.86 (m, 3H; CH and @H2.30 (dd,J=2.5 Hz,J=1.0 Hz,3H; CH;CH=), 1.91 (dd,
J=1.1 Hz,J=1.1 Hz,3H; CHsCH=), 1.70-1.58 (m, 2H), 1.48-1.24 (m, 1H), 1.26, @(H,P)=18.0
Hz, 3J(H,H)=6.3 Hz,3H; CHzCHP), 1.00-0.78 ppm (m, 1H})C NMR (100.56 MHz, CDG| 25 °C)
0=133.3 (d,2J(C,P)=10.5 Hz; (CK).C=), 114.6 (d . J(C,P)=72.3 Hz; CEHP), 43.8 (d}J(C,P)=55.2
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Hz; CHP), 35.7 (d"J(C,P)=55.1 Hz; Ch), 34.1 (dJ(C,P)=10.3 Hz; Ch), 28.8 (d*J(C,P)=16.2 Hz;
CHsC=CHP), 23.4 (d2J)(C,P)=4.6 Hz; CH), 22.0 (d,3)(C,P)=7.9 Hz;CHs=CHP), 13.1 ppm (d,
2)(C,P)=1.7 HzCHsCHP);*'P NMR (161.89 MHz, CDGJ 25 °C, ext. HPQy): $=51.4 ppm (m)MS
(70 eV): m/z (%): 188 (M, 100), 173 (11), 155 (15), 133 (31), 117 (9), 99)( 86 (21), 63 (36).
trans-8d: *H NMR (400 MHz, CDC}, 25 °C, TMS)8=5.53 (d,2J(H,P)=24.4 Hz; €HP), 2.58-1.84
(m, 3H; CH and Ch), 2.20 (ddJ=2.4 Hz,J=1.1 Hz,3H; CHsCH=), 1.95 (ddJ=1.2 Hz,J=1.2 Hz,
3H; CHsCH=), 1.70-1.56 (m, 2H), 1.46-1.22 (m, 1H), 1.28, @(H,P)=16.8 Hz2J(H,H)=6.7 Hz,
3H; CH3CHP), 1.02-0.76 ppm (m, 1H}’C NMR (100.56 MHz, CDG| 25 °C): 6=133.4 (d,
2)(C,P)=11.0 Hz; (CH,CH=), 120.5 (d}J(C,P)=73.6 Hz; CEHP), 36.7 (d}J(C,P)=54.9 Hz; CH),
36.6 (d, 'J(C,P)=54.6 Hz; CH), 34.3 (d%J(C,P)=10.0 Hz; Ch), 28.2 (d,3J(C,P)=16.2 Hz;
CHs=CHP), 23.0 (d,J(C,P)=4.0 Hz; CH)), 21.9 (d,3)(C,P)=8.0 Hz;CHs=CHP), 14.2 ppm (s,
CH3CHP); *'P NMR (161.89 MHz, CDG] 25 °C, ext. HPQy): $=53.9 ppm (m)MS (70 eV):m/z
(%): 188 (M, 100), 173 (11), 155 (12), 133 (29), 119 (9), 92)( 86 (14), 63 (33). Elemental
analysis calcd (%) for §H,/PS: C 57.42, H 9.10; found: C 57.21, H 9.13.

1-isopropyl-2-methylphospholane-1-sulphidg€8e): colorless oil, b.p.: 145-165 °C (0.1 mmHg, 1:1
mixture ofcis andtransisomers);’H NMR (400 MHz, CDCJ, 25 °C, TMS)8= 2.40-2.20 (m, 2H),
2.16-1.85 (m, 4H), 1.70-1.33 (m, 2H), 1.32-1.15 gpm9H); *C NMR (100.56 MHz, CDG| 25
°C) 6=42.9 (d,"J(C,P}=49.0 Hz; CH), 34.9 (J(C,P)¥5.5 Hz; CH), 34.8 (d,2)(C,P)5.0 Hz; CH),
32.8 (d,*J(C,P)}=49.9 Hz; CH), 32.4 (d,J(C,P}49.9 Hz; CH), 31.0 (d,*J(C,P)}49.5 Hz; CH), 30.9
(d, YJ(C,P}F46.4 Hz; CH), 26.8 (d2J(C,P}44.6 Hz; CH), 23.7 (£J(C,P}4.2 Hz; CH), 22.7 (d,
2J(C,PF4.0 Hz; CH), 17.0 (d,%J(C,PF2.5 Hz; CH), 16.9 (d,%)(C,PF1.8 Hz; CH), 16.5 (d,
2)(C,PF1.9 Hz; CH), 15.8 (d,2)(C,P)}2.4 Hz; CH), 14.7 (CH), 13.5 ppm (d2)(C,PF1.7 Hz;
CHs); cis-8e *'P NMR (161.89 MHz, CDG| 25 °C, ext. HPQ,): 6=76.4 ppm (m)MS (70 eV):m/z
(%): 176 (M, 59), 134 (100), 119 (11), 106 (15), 100 (14),(23), 63 (26).trans-8e *'P NMR
(161.89 MHz, CDGJ, 25 °C, ext. HPQy): 6= 79.5 ppm (m)MS (70 eV):mVz (%): 176 (M, 56), 134
(100), 119 (10), 106 (13), 100 (14), 92 (15), 63)(Elemental analysis calcd (%) fok;/PS: C
54.51, H 9.72; found: C 54.43, H 9.69.

1-tert-butyl-2-methylphospholane-1-sulphide (8f): colorless oil, b.p.: 180-200 °C (0.1 mmHg,
mixture ofcis andtrans isomers)cis-8f: *H NMR (400 MHz, CDC}, 25 °C, TMS)5=2.45-2.12 (m,
2H), 2.12-1.82 (m, 2H), 1.68-1.51 (m, 2H), 1.42, @d15.1 Hz,J= 7.3 Hz, 3H), 1.31 (dJ= 15.5
Hz, 9H), 1.01-0.78 ppm (m, 1H}'P NMR (161.89 MHz, CDG| 25 °C, ext. HPQy): 5=83.0 ppm
(m); MS (70 eV):m/z (%): 190 (M, 39), 134 (100), 119 (10), 100 (13), 92 (30), B2)( 63 (31), 57
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(66). trans-8f : 'H NMR (400 MHz, CDC}, 25 °C, TMS)5=2.50-2.40 (m, 1H), 2.22-2.13 (m, 1H),
2.14-2.00 (m, 2H), 1.93-1.53 (m, 2H), 1.26 (dg 16.4 Hz,J,= 7.0 Hz, 3H), 1.24 (d)}= 15.7 Hz,
9H), 1.01-0.78 ppm (m, 1H}’C NMR (100.56 MHz, CDG| 25 °C)¢=35.1 (d,%J(C,P}9.0 Hz;
CHy), 33.7 (d,"J(C,P}44.1 Hz; C), 31.3 (d-J(C,P)}=48.9 Hz; CH), 30.0 (d,"J(C,P}=47.6 Hz; CH),
24.9 (d,2J=(C,P¥1.5 Hz; CH), 24.5 (d,J(C,P)=3.3 Hz; CH), 15.0 ppm (CH); *'P NMR (161.89
MHz, CDCk, 25 °C, ext. HPQy): 6=86.1 ppm (m)MS (70 eV):mVz (%): 190 (M, 37), 134 (100),
119 (23), 92 (23), 101 (22), 64 (79), 57 (67). Eemal analysis calcd (%) forg8;sPS: C 56.81, H
10.06; found: C 56.87, H 10.09.
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Part 3

PREBIOTIC CHEMISTRY
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With the term “prebiotic chemistry” we mean all cgans which could lead
to the beginning of life, without the interventiohbiological molecules.
We think that these reactions occur in water, ifdnobnditions, at room
temperature (or at max 40 °C) and with simple mdkx present in
primordial Earth.

These reactions should have led to more complexpoands (RNA, DNA,

enzymes, etc.) which have started to life.

94



Chapter 9

ORIGIN OF LIFE

9.1 Origin of life theories

How life began on Earth is one of the great scientnysteries. However, the question how do
simple organic molecules go towards the life isgédy unanswered even if there are many
hypotheses. Some of these postulate the early epmmeaof nucleic acids (“RNA-first”) whereas
others postulate the evolution of simple biochemreactions and pathways first (“metabolism-
first”).

There are many other theories about the origiffef |

The first question, to which scientist have triedcahswer, is how the first organic molecules (amino
acids, sugars and other simple molecules) arenatigql.

Miller and Urkey have conducted some experiments using a mixtur@naonia, methane,
hydrogen, nitrogen, carbon’s oxides and water steaadiating the mixture with electricity. From
this experiment they obtain a complex mixture ciomig some molecules such amino acids,

aldehydes and ureas (scheme 9.1).
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Scheme 9.kchematization of Miller-Urkey results.

Other similar experiments were conducted by Ord wjtanuric acid to obtain Adenine (scheme 9.2).

5 H—=N —> Nk
cyanuric acid
adenine

Scheme 9.Experiment of Oro.

The second question concerns the synthesis ofguiiges, Fox and Bafidave hypothesized that
the poliphosphates could promote a synthesis dgépra
Other scientists consider that origin of life couldt have happened in water but on the mineral

surfaces, which would function as catalyst, promgpthe formation of lipidic “bubbles”, which took
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place the peptide synthesys. An other similar thepostulated by Graham Cairns-Smith, believes
that the life could occur on a silicate surfacay}f

All these theories belong to the metabolic approach

The RNA-world, probably, is the most accreditedotlyeto explain the origin of life.

In this theory the life starts after the formatiohRNA molecules, which may have catalyzed the
other biological reactions, as they can functioemrsymes (ribozime).

Some theories believe that may have existed maecsimilar to RNA but more simple, these
compounds would be more stable respect to the RDie of these molecules is PRifigure 9.1),
but many other were hypothesized (TNA, GNA, etarjjong these are also the PHA (Policyclic

hydrocarbons aromatic).

“MH
lx Base
.
N -
[ ]
0
0" 'NH
L Base

Figure 9.1PNA fragment.

The last question is the origin of the homochiyalintervention of ribozime could be explain the
homochirality, but in the last years has evolvatew theory, hypothesized that the homochirality is
due to the amino acid Serine, which forms a strbngd whit other amino acids with similar

chirality.
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Chapter 10

THE STRANGE STABILITY OF THE PHOSPHOENOLPYRUVATE
(PEP)!

10.1 Introduction

The chief obstacle to understand the metabolicirorad life or RNA-based life is to identify a
plausible mechanism for overcoming the clutter wgititby abiotic chemistfy Probably from simple
abiotic and then prebiotic reactions we could & tiv simple pre-RNA molecules.

This yet unknown, but possible, “self-organized,antocatalytic mechanism, or driver reactibn”
might be active also in controlling the easy formatand activity of small molecules such as
phosphoenolpyruvate (PEP) or others related simiptsphorus compounds and in explaining their
high performance in the process of phosphorylatiich is essential in the chemical evolution of
life.

Most of the reactions occurring through organophosps intermediates are drived by the ability of
the phosphorus to form “hypercoordinate” speciesinig penta- and hexa-coordindt2which are
fluxional species because they may undergo positiohanges among substituents. For example,
phosphoryl transfer reactions, which are basicdgiahl processes, are generally assumed to involve
pentacoordinated intermediates, that influence th#come of the reactiofs.The trigonal
bipyramidal geometry (TBP) represents the most comstructure of pentacoordinated phosphorus
intermediates.

Sufficiently long-lived pentacoordinated intermeads can undergo stereomutation or positional
interchange of the substituents at pentacoordinptexsphorus by a Turnstile rotatlofTR) or a
resultwise equivalent Berry pseudorotafigBPR) that are very rapid processes, since theggne
barriers of pseudorotation are usually relativalw.! The relative position of the substituents in
pentacoordinated compounds depends on their steriitance and apicophilicity. Apicophilicity is
the relative preference of substituents to occupy dpical positions as opposed to the equatorial
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positions in trigonal bipyramidal (TBP) structuresnumber of experimental results and theoretical
calculations have indicated a general propensith@imore electronegative substituents to prefer th
apical positions; in addition, bulky ligands prefe equatorial position’§.Their stability strongly
depends from their structure; in particular, whers ipossible, the formation of a cycle around the
pentacoordinate phosphorus atom is favored ovérofhhe corresponding acyclic intermediate by a
factor of 16-1C, as reported by Westheintérin this way any other possible collateral reaciion
which the phosphorus atom belongs to an acyclictgqoenrdinate intermediate is practically
minimized or annulled.

From these considerations it can be deduced that sihper-activated formation of cyclic
pentacoordinate phosphorus intermediates might h@mossible candidate for this hypothesized
important “self-organized or autocatalytic mechmaiisacting either on simple molecules or on
complex molecules in processes in which phosphoylaor dephosphorylation reactions are
involved, processes which are the centerpiece Heretvolution of life. In fact, strongly activated
phosphorylation processes involving small molecwssthe so-called “high-energy” biomolecules
(e.g. PEP) might be explained postulating the very fadoformation of cyclic pentacoordinate
phosphorus intermediaté$®*?

We have study the hydrolysis of PEP to explain WIBP is a very powerful phosphorylating agent
for alcohol moiety in metabolic processes but isyv&able in water and to see if the mechanism
found for PEP may be applied also to the non-enagnskeavage or elongation of RNA molecules.
PEP is a simple three-carbon molecule, containipgasphoryl group, that occupies a central role in
primary metabolism, it is a very strong phosphdmgaagent, permitting a wide range of metabolic
events™* It might be one of the first prebiotic moleculesgmating probably from glucose in an
aqueous puddle of the primitive Eatth.

PEP is a compound very stable in agueous solubiofact, the non-enzymatic hydrolysis of PEP
occurs at high temperature (60-75 °C), while thdrblytic rate is enhanced at room temperature
only in the presence of several metal ibhi contrast, when PEP is in the presence of alcoli®
very unstable and immediately the formation of ghasylation products occurs. What is the reason
of these contrasting behaviours?

Benkovid’ studied the non-enzymatic hydrolysis of PEP anstylated a mechanism in which the
cyclic phosphat@ (Scheme 9.1), isolated by KirB¥js involved as intermediate. Consequently, they
supposed the formation of a cyclic pentacoordimdtesphorus intermediate or transition state as
precursor of the cyclic phosphdte
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10.2 Results and discussion

10.2.1 Hydrolysis of PEP

We have reinvestigated this non-enzymatic hydrslg$iPEP by following the course of the reaction
by *}P NMR spectroscopy. On the basis of our spectrasstpdies, reported below, and on the basis
of the large number of studies that now exist caomog cyclic hypervalent phosphorus
intermediate%™ we have drawn a mechanism which give a clear eafilan of the contrasting
behaviour of PEP. In other words, we will explaihyaPEP is very resistant to hydrolysis while it is,
in apparent contrast, a powerful phosphorylatingnagf alcohols€.g. it easily undergoes addition
of methanol). This phenomenon can be explaineti@srsin Scheme 10.1.

<|3H H,O
o—?Qg: O\‘;;OH
OH /A\o
0~ "OH o)
acTBP1
c 2
a\|” H,O /
H20>}\ —H0
0f/a H,0 ANe)
“\\o OH
O_P‘BJH TR
SoH _, — >
f> o5
0
1 (PEP) TBP1
Q O h OH
oH _
oH ‘oL o9
HPO, + Son
o O ‘YOH H,0
Pyruvic acid 4

Scheme 10.1Mechanism of non-enzymatic hydrolysis of PEP. Whissolved in water (neutral conditions) at room
temperature PEPL) exists prevalently in the cyclic forifBP1, stable at least for four months. In acidic (pHagueous
solutionl is completely hydrolyzed givingd?O, and pyruvic acid in about three monthsacidic (pH~2) aqueous

solution and at 60 °C is completely hydrolyzed after 6 hours. Interméglais very important in this process.

An intramolecular nucleophilic attackia b, by the hydroxyl oxygen atom of the carboxy grdaap
the P=0O group of PEPL) could form a cyclic pentacoordinate phosphorusrinediate such as

TBP1 which is more stable of a factor of about”i@ith respect to the corresponding acyclic
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pentacoordinate intermediaaeTBP1 derived by the attack of watersia a, on the same P=0O group
(Scheme 1). As a consequence of this huge raterelifte between intra- and intermolecular
pathwaysa andb, water cannot attack P=0O group of PEP and thitaggthe great stability of PEP
in water. Decomposition 6fBP1, via c, by elimination of water, gives, in very small amguthe
cyclic phosphate intermedia®e Addition of water ta could give again intermediai@BP1 together
with TBP2. Permutational isomerization 3BP1 might also give the pentacoordinate intermediate
TBP2. On the other hand, since the more electron-accegpbup tends to prefer the apical positions,
the formation of the intermediaféBP2 is very disfavoured with respect to thatfT@P1 (in fact, the
PO-C=0 group, in apical position BP1, is more apicophilic than the PO-C=C- group, ircalp
position inTBP2).

Then, decomposition of the intermediaiBP2, via e, gives pyruvoyl dihydrogen phosphat®g) (
which now can undergo easily an attack by waterthis manner is formed pentacoordinate
phosphorus compound-dxo-1-[(tetrahydroxyphosphoranyl)oxy]acetor§d), which immediately
collapses to pyruvic acid and phosphoric acid. F&sheme 10.1 it is evident that hydrolysis comes
only from the intermediat&€BP2 derived principally fron2. A small portion ofTBP2 could derive
from TBP1 but this process might be very disfavoured in rarmeaction conditions (room
temperature and absence of metal ions) wA@GP1 is presumably largely favoured ovéBP2
because the PO-C=0 group is more apicophilic tharPO-C=C- group.

With these considerations in mind, we carried owtrblysis of PEP in different experimental
conditions and the reaction course was followedugh®*P NMR spectroscopy.

When PEP was dissolved at room temperature in aleatjueous solution we noted only the
formation of an intermediate which spectroscopitadae (Figure 10.1) in agreement with structure
TBP1 (Scheme 10.1).

-3.840

oH Ot ‘ i
3 ? P~oH PP o ‘
Hpo o

TBP1 TBP2

C-1 Cc-2 C-3

166.66 166.58 ppm  144.66 144.58 ppm  109.30 109.22 ppm

Figure 10.1 Expanded views fP NMR (right,83,, = —3.8 ppm) an&®C NMR spectra of PEP dissolved in@ 8;3c =
166.6 (dJ= 6.9 Hz), 144.6 (d)= 7.1 Hz), 109.2 ppm (d= 3.8 H2).
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This compound gives a signal, 3P NMR spectrum, aiz:p= —3.8 ppm. It is stable also after several
months and not intermediates2g BP2, 4, neither trace of phosphoric acid are found aftar four
months. It should be noted that tH® NMR chemical shift of PEP in water it has beguoreed® to
bed=— 3.61 ppm, in agreement with our findings.

The hypothesis that PEP in aqueous solution is iay@ic form, and consequently with the
phosphorus atom in a pentacoordinate state, wagroed by**C NMR analysis (Figure 10.1). The
obtained spectral datéjzc = 166.6 (dJ= 6.9 Hz), 144.6 (d)= 7.1 Hz), 109.2 ppm (d= 3.8 Hz) are
consistent with a cyclic structure fdBP1. Particularly diagnostic are the very close valokshe
two coupling constants of the signals belonginthecarboxyl carbon atom (C-1) and to the vinylic
carbon atom (C-2) that indicate that they are mesbé a cyclic structure. In fact, in the acyclic
structurel, these coupling constant values can not expeoté@ 5o similar, because vinylic carbon
atom is characterized by?3.c coupling constant, while for the carboxyl carboonaa smallefJp.c
must be found. These considerations are suppoised by the fact that similar values &¥p.c
coupling constant were found for the cyclic compb@nprepared as reported in literatdtélhese
data demonstrate that PEP in aqueous solutionryssiable and, surprisingly, it is prevalently in a
cyclic form in which its phosphorus atom is pentadinate, as well described by the structure of
TBP1. It should be noted that X-Ray diffraction anadyef PEP in solid state revealed that it is an
acyclic compound*

When the hydrolysis of PEP was carried out in acatinditions (pH~2), at room temperature, we
observed again the immediate formationT8P1 but also the slow formation of the finaloduct of
hydrolysis (phosphoric acidgzip= 0.5 ppm). The reaction reached the end point afteut three
months.

Furthermore, when this reaction was carried ol80atC, after one hour we observed again a high
intensity signal offBP1, a very small and transient signal probably belogdgo compoun@ (831 =
+2.4 ppm), a low intensity signal ascribed 40(63;p = —10.0 ppm) and a consistent signal of
phosphoric acid. At the end of the reaction, afteout 6 hours, only the signal of phosphoric acid

was present in th&P NMR spectrum.

10.2.2 Hydrolysis of cyclic phosphate 2

Probably, the true powerful phosphorylating agentthis mixture of intermediates is the cyclic
phosphate€. A demonstration of this statement comes fromh@rolysis of compoun@. In fact,
when we carried out, at room temperature, the Hysigoon pure compoun®, synthesized by using

the procedure reported by Kirbj,we saw (by following the reaction course throujR NMR
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spectroscopy) the immediate appearance of a bigadlsatds;p = —3.7 ppm, ascribed {oBP1 and
TBP2, probably in equilibrium. After a few minutes aasp signal ofTBP1 (63;p = —3.8) and an high
intensity signal of phosphoric acids(p = +0.7 ppm) together with a low intensity signdl 4
appeared (see Scheme 10.1). When, at this poetgtiction temperature was raised until 60 °C we
observed, after two additional hours, the totabppearance ofBP1 and the total formation of
phosphoric acid.

This can be explained in this manner. Addition aftev to2 is very fast because it is carried out on a
phosphoryl group of a cyclic compound which is mactivated of about £8 fold with respect to a
correspondent acyclic compound. In this case tligtiad of water can occur in two directions with
the same probability. The one opposite to the FACO- give pentacoordinate intermediaBP1,

the other opposite to the bond POC=C- give pentaaaate intermediat&é BP2.

IntermediateTBP2 which, in the first time, is the 50% of the twddmediates, immediately gives
pyruvic acid and phosphoric acid probabiy the pyruvoyl dihydrogen phosphat®) @@nd, after
addition of wateryia intermediate4 which immediately collapses to pyruvic acid and ggtwric
acid. A small part oTBP2 might be also trasformed into its isonT@P1. The intermediatd BP1 is
very stable and then it can interconvert to isoiifii@P2 or it can be transformed in compouadnly
when the reaction is carried out at 60 °C. In thenner all initial compound is totally hydrolyzed

after about two additional hours.

10.2.3 Addition of methanol to 2 and to PEP

Firstly we will discuss what happen during the pdtasylation of an alcohol (methanol) starting
from compound, then we will report the results of our study ba tase of PEP.

Theoretcally, the dissolution of compouidn dry methanol should produce, as first interrages,
TBP3 and TBP4 (Scheme 10.2). But these intermediates, havingpinal positions a OMe group,
prefer to permutate (by TR proc&s® the corresponding isomef8P5 andTBP6 where in apical
position there is an OH group which is more apidapthan OMe. In fact, OMe is bulkier than OH.

If the reaction is carried out with an alcohol karghan methanol, this preference would be greater
than with methanol. In this manner, having onleintediates BP5 andTBP6 in which OMe group

is in equatorial position it is not possible to Baslimination of MeOH with reformation df (it
should be remembered that in a TBP pentacoordintgemediate the departure of a group can occur
only when it is in apical position$y.%*On the contrary, in the case of addition of wate? (above
experiment, Scheme 10.1) we have always intermeed@@P1 or TBP2 in which it is possible to

eliminate water with reformation @ and for this reason the total rate of the hydsiglys very slow.
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These considerations should explain why PEP prédgohosphorylate an alcohol rather than water.

O OMe o (|)Me
)J\[(OH HO.. | HOH ¢ O\P \\OMe O O~ [ —~OH
¥ ILOH = I

-Hzo d O O

Scheme 10.2Phosphorylation of methanol starting from pfre

Experimentally we found a confirmation of this hyipesis. When compourzlwas treated with dry
methanol at room temperature and the course ofioeafllowed by*P NMR spectroscopy we
observed the immediate appearance of a sigfaPadMR Gz1p= —2.6 ppm) ascribed f6BP5 and
TBP6, probably in rapid equilibrium, as found f6BP1 andTBP2 in the case of PEP. After a few
minutes the formation of methyl cyclic phosphéaté€ds;p= +2.4 ppm) occurred with concomitant
decrease of signal GBP5 andTBP6. After about three hours prevalent presence whs detected.
By addition of water to the methanolic solutionsofve observed, after one hour 't and**P MMR
spectra, the formation of methyl phosph@i@;:p= +1.5 ppm) and pyruvic acid. Subsequently, these
results were confirmed when we dissolved PBR(a solution of dry methanol at 60 °C. In thase

we found similar results.
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10.2.4 Hydrolysis of PEP in the presence of metali ons

When the hydrolysis of PEP is carried out in presesf some metal ions such asMgr Hg™ the
hydrolytic rate is enhanced. BenkdVicstudied the catalytic activity of these metal ias the
hydrolysis of PERvia kinetic measurements. He found for M@ good activity but surprisingly for
Hg'* he found an increase of the hydrolysis rate ofetok of about 19 similar to that of the
enzymatic hydrolysis. Now, with our knowledge abthé factors which influence the apicophilicity
of a group we could explain also this catalytig\att.

It is well-knowrf* that mercury ion forms labile interactions wittefim bond. In analogous manner
the POC=C- group iTBP2 is coordinated with Hg and consequently this group becomes more
apicophilic than PO-C=0, so stabilizing the intediaée TBP2. In this manner (Scheme 10.3) the
equilibrium is totally shifted towardslg-TBP2 in which the POC=C-Hg group, owing to its high
electron-withdrawing power, is the most apicophditd thus the best leaving group. This causes the
immediate apical departure of this substituent tedformation of the acyclic pyruvoyl dihydrogen

phosphate3) which immediately undergoes hydrolysis.

Mg++
\\‘CR?H H
0—RY H0 H,Q H,0 o
1+ Mg™ 4 H0 " G OH = 2 == MgTBP2 Pyrvicacid + HPO,
H0
Mg-TBP1

H,O
1+ Hgtv+ HLO=Z O e((lj\OH —> 3. Hg™ 25 4 —> Pyruvicacid + H3PO,

Hgt 7
) Hg-TBP2
Scheme 10.3Metal ions catalysis in PEP hydrolysis

Actually, when the hydrolysis of PEP was carriedoatm temperature in the presence Hgns, and
the reaction course was followed ¥ NMR spectroscopy, we observed the immediate aapea

of a signal ads1p = —4.1 ppm, probably belonging kg-TBP2 and the concomitant appearance of
the signal of phosphoric acid. The end of the feacbccurred after about 4 days at room
temperature. When the same reaction was carrieatcd@ °C it appeared to be complete after few
minutes. When the hydrolysis of PEP was carriegaim temperature in presence of Mipns we
observed, after 20 minutes, a signababk = —4.3 ppm indicating the presence of a completh wi
Mg™ (Mg-TBP1 in Scheme 9.3) together with the signal of phosighacid. At the end of the
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reaction, after about 4 months, we observed orgysignal of phosphoric acid. When this reaction
was carried out at 60 °C, its end point occurreeraf hours. Probably in this case the coordination
Mg with the two oxygen atoms, as depicted in Sch&t8, favors the departure of the OH group in
apical position causing the formation of compo@nahich is the true phosphorylating agent.

In all these mechanisms it has not to excludedfdhmation of hexacoordinated species which are
probably very unstable because they have only gde around the P atoftt. For this reason we did

not detect suitable signals in tfl® NMR spectrum.

10.2.5 Correlation with RNA

Now, we go to see if the mechanism found for PER beaapplied in similar manner also to the non-
enzymatic cleavage (or elongation) of RNA moleculd®e mechanistic details of the non-enzymatic
hydrolysis of RNA remain obscure, despite extensgifferts over many yeaf8:*® The emphasis of
the recent investigations on RNA hydrolysis wasugad on the study and the role of the factors that
govern the formation, isomerisation, and breakdoeh the pentacoordinated phosphorus
intermediates such & (Scheme 10.4) involved in this process. Now weappse this generally
accepted mechanism but on the light of the residtained on the hydrolysis of PEP. In particular,
we will see how occur the formation of the pentadowte intermediatd8 and of the cyclic
intermediateC, which are very similar to intermediaté8P1 and?2, respectively, involved in PEP
mechanism depicted in Scheme 10.1.

As shown in the proposed mechanism (Scheme 1042 'toxygen of the ribose ring firstly attacks
the phosphorus atom (Scheme 10.4, struciJrecting as an internal nucleophile to generate the
cyclic pentacoordinate intermediate or transititatesB. This attack should be more activated by a
factor of ~10 fold with respect to any other external nucledphéittack, such as that with water,
which would give formation of a disfavored acycpentacoordinate transition state. The cyclic
phosphodieste€ can be obtained by collapse of the pentacoordiméemediateB after departure

of the groupO-5’ which is the mosapicophilic group inB. Now, once formedC, which is very
similar to compoun® in PEP mechanism, it can easily undergo an att@actvated by its cyclic
form, by the nucleophile ¥, with formation of the stabilized cyclic pentacdinate intermediate or

transition stat®, which then collapses, giving the product of hygss E.

107



@)
N o™’
1) N
0]
O O,
A7 =
. P\"'OH o_ OH
W B! Ow O
T \\ v
N
pseudo— R
rotation N\

O vy

RO N S
N 0" 0
O\ O-H
SR H,0 T
O/ O_
s
A e} 5
N (@]
N
- (@]
N =Nitrogen base \%_% \%__%
NS o  OH
RO SG
HO OH p HO' “OH _

Scheme 10.4Proposed mechanism of self-cleavage or hydrobfsidozymes with formation of cyclic phosphodigste
C causing the 3'-5’ bond cutting of the RNA chaitru8tureA represents the 3',5’-phosphodiester linkage ingifoeind-
state configuration. N group represents any ofale natural nucleotide base moieties. Dashed liiggsct the
continuation of the RNA chain. It is reporféthat the 5’-thio RNA was cleaved almost two ordefrsagnitude more
rapidly than the parental 5’-oxy RNA substrate.sTisiin accord with a possible better coordinatbMg ion on sulfur

than on oxygen.

It should be noted that th®-2' group is more apicophilic and leaving group tHas8’ in all
pentacoordinate cyclic intermediates as those shiov8theme 10.4. This is due to the presence of
the N group (N represent one of the four naturaleuntide base moieties), which is more electron-
withdrawing thanC-5’. In this manner is also explained the exclusigatlon of phosphoryl group in
0O-3’ position in the RNA chain. These last steps cao alxplain the facile elongation of RNA,

which is the reverse (normal arrows in Scheme 1df.#)e cleavage reaction (dotted arrows).

It should be noted that on the basis of these reiffieapicophilicities of OH groups caused by the

presence of N-base bondedGatl’ we can deduce that in the natural formation abanucleotide,
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the RNA building block, the attack on the sugartey N base must occur before the phosphorylation
which, consequently, selects t@e3’ position. In other words, we think that the nat@ssembling

of a ribonucleotide must occur in a “self-organipedcess” in which probably the first step would be
the attack of the nitrogen base on the sugar.

Obviously, in the mechanism depicted in Schemer@etal ions such as Mgcould play a key role

in driving the reaction in one direction or its eese. For example, coordination of the magnesium io
to the 5’ oxygen should favor the apical positiéthis group and its subsequent departure.

In addition, this mechanism might explain both ¢hié&culty of RNA to undergo hydrolysis and its
ability to facilitate chemical transformations suas its elongation process as well as peptide bond
formation and transesterificati6hWe suspect that in these transformations thecptiosphat€ is

the true “catalyst” of the ribozyme, similar to ttyclic phosphate intermedia?eof PEP.

10.3 Experimental section

10.3.1 General

NMR spectra were recorded at 300, 400 or 600 MHZHONMR, at 75.45, 100.57 or 150.82 MHz
for *C NMR and at 161.89 MHz fot'P NMR, with Varian Gemini 300, Varian Mercury 400 o
Varian Inova 600 instrument3!P NMR chemical shifts were referenced to extertahdard 85%
HsPO, aqueous solutiortH and**C NMR chemical shifts for samples dissolved in giyrée-d5 were
referenced to solvent (8.72 and 149.5 ppm for theest field signal in'H and *C spectrum,
respectively); for those dissolved in®, to external 3-(trimethylsilyl)propionic acid; éto CD;CN
(1.93 and 1.26 ppm fdH and™*C spectrum, respectivelyJC and®'P NMR spectra were recorded in
a'H broad-band decoupling modkvalues are given in Hz. All commercially availalsigvents and
reagents were >99.5% pure. 2-(Phosphonooxy)acagiit (PEP,1) was purchased, as potassium or

cyclohexylammonium salt, from Sigma-Aldrich.
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10.3.2 Structure of 2-(phosphonooxy)acrylic acid (1  , PEP) in water

0.015 g (0.073 mmol) of potassium saltlofvas dissolved in 0.7 mL of O and the solution was
poured in a NMR tube®®P NMR spectrum of the solution showed a signalilaedrto compound

TBP1, stable in solution for at least four months.

2,2,2-trihydroxy-5-methylene-1,3,2°-dioxaphospholan-4-one (TBP1):*P NMR (161.89 MHz,
D,0): § = —3.8 ppm;*H NMR (400 MHz, DO): § = 5.74 (ddJ= 2.5 Hz,J= 2.5 Hz, 1H), 5.40 ppm
(dd, J= 2.1 Hz,J= 2.5 Hz, 1H);*C NMR (150.82 MHz, BO): § = 166.6 (dJ= 6.9 Hz), 144.6 (dJ=
7.1 Hz), 109.2 ppm (di= 3.8 Hz).

10.3.3 Behaviour of compound 1 in acidic agueous me  dium

Compoundl (as potassium salt) was dissolved in 0.7 mL ofliac{DCI) DO solution (pD~2).
Immediately, the’P NMR spectrum showed a signal ascribed to comp@BfRIL (531 —3.8 ppm)
(see above). After about 24 h at room temperathe>P NMR spectrum showed presence of a
signal ats +0.5 ppm, corresponding to that of deuterated jpinasc acid (checked through addition
of a little amount of an authentic sample afPidy). After 40 days'P NMR spectrum showed the
two signals of POJ/TBPL1 in 40/60 relative height. The reaction was conglefter about three
months.

The same experiment was carried out at 60 °C inNNER tube: after one hour th&P NMR
spectrum showed presence of the signalfTBP1, a transient signal ai= +2.4 ppm, probably
belonging to compoung, the signal ofL-oxo-1-[(tetrahydroxyphosphoranyl)oxy]acetone (4)o31p

= -10.0 ppm) and that of deuterated phosphoric, atidbout 100:1:7:15 relative ratio. After 6 hours
the only signal detected was that gPQ);.

10.3.4 Behaviour of 2-hydroxy-5-methylene-1,3,2-dio  xaphospholan-4-one 2-oxide (2)

Compound2 was synthesized in pyridine as previously desdrbeStructure of2 (or of its
cyclohexylammonium salt) was ascertained in norrtlytic conditions; its spectral data in different
solvents are as follows:

'H NMR (400 MHz, pyridine-g): 8 = 6.24 (ddJ= 2.2 Hz,J= 2.2 Hz, 1H), 5.94 ppm (ddz= 1.9 Hz,
J= 2.2 Hz, 1H)™H NMR (300 MHz, CRCN): § = 5.91 (ddJ= 2.2 Hz,J= 2.2 Hz, 1H), 5.61 ppm (dd,
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J= 2.1 Hz,J= 2.2 Hz, 1H);*C NMR (75.45 MHz, CRCN): & = 163.8 (dJ= 6.6 Hz, C=0), 144.4 (d,
J= 7.2 Hz, @C=0), 111.3 ppm (dJ= 4.6 Hz, CH); *'P NMR (161.89 MHz, CDG): & = +2.1 ppm.
Compound (0.010 g) was dissolved in,D in a NMR tube: immediately was observed preseince,
3P NMR spectrum, of compound®P1 (5 = —3.8 ppm), BPO, and4 in 20:10:1 relative height. At
this point, the reaction temperature was raised 66fC: after two hours a this temperature, only

presence of deuterated phosphoric acid was detected

10.3.5 Addition of methanol at room temperature to pure compound 2

0.010 g (0.074 mmol) of compoudvas dissolved in anhydrous methanol (0.7 mL) ilNMR tube
and kept at room temperature. TH®¥ NMR spectrum showed a signal corresponding to
intermediatesTBP5 and TBP6 (631p = —2.6 ppm). After a few minutes signal DBBP5 and TBP6
decreased and concomitantly the sigal{ = +2.4 ppm) probably belonging to the methyl @ycl
phosphaté appeared. After about three hours prevalent poesefb was detected. Water was added
to this solution and, after one hotti NMR and>*'P NMR spectra showed presence of methyl

dihydrogen phosphat) (d::p = +1.5 ppm) and pyruvic acid.

10.3.6 Addition of methanol at 60 T to PEP (1)

In this case PEPL) was dissolved in dry methanol at 60 °C. We founthe first time a very low
signal ¢31p = —3.8 ppm) belonging to intermediatéBP1 and TBP2, then appeared signals of
intermediatesTBP5 and TBP6 (631p = —2.6 ppm) and that of the very unstable methylic
phosphates (6310 = +2.4 ppm).This spectrum showed also two signal$ap = —2.3 ppm an@s;p
+3.4 ppm corresponding to 2-hydroxy-2,2-dimethoxyéthylene-1,3 ®>-dioxaphospholan-4-one
(derived from a second attack by methanol on inggliate5) and to dimethyl pyruvoyl phosphate,
respectivelyAfter addition of water we observed immediate fotioraof methyl phosphat@ (6310 =
+1.5 ppm) and dimethyl phosphaégi6 = +2.8 ppm).
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10.3.7 Hydrolysis of PEP in the presence of Hg *"ions

To a solution of 0.015 g (0.073 mmol) of potasskait of1 in water (2.0 mL) 0.022g (0.073 mmol)
of HgSQ was added at room temperature. The reaction cowae followed by*P NMR
spectroscopy: the immediate appearance of a s&jrglr = —4.1 ppm, probably belonging Hg-
TBP2, and the concomitant appearance of the signaho$ghoric acid was observed. The reaction
appeared complete after about 4 days. When the mseanton was carried out at 60 °C it appeared to

be complete after a few minutes.

10.3.8 Hydrolysis of PEP in the presence of Mg *"ions

To a solution of 0.015 g (0.073 mmol) of potasssatt of in water (1.0 mL) 0.007g (0.073 mmol) of
MgCl, was added at room temperature. The reaction cowasdollowed by**P NMR spectroscopy,
the appearance after about 20 min. of a sign&at= —4.3 ppm, probably belonging kdg-TBP2,

was observed together with the signal of phosphamid. The reaction reached the completeness after

about 4 month3WVhen this reaction was carried out at 60 °C, its-point occurred after 4 hours.
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Chapter 11

FIRST PREBIOTIC GENERATION OF A RIBONUCLEOTIDE FROM
ADENINE, D—RIBOSE AND TRIMETAPHOSPHATE

11.1 Intoduction

The idea that RNA might have formed spontaneousspme stage on early Earth has inspired many
searches for obtaining some feasible prebiotich®sds of ribonucleotides, the building blocks of
RNA.2 For many years, efforts to understand the prebynthesis of a ribonucleotide have been
based on the assumption that a ribonucleotide cdwalde assembled from three molecular
components: a nucleobase, a ribose sugar and phgtesBut, so far, the main difficulties have been
in how to combine these three componéfiti particular, the most frustrating has been ikufe to

find an efficient proceduf&®to join together the nucleobase and the riboss tasting doubt on the
feasibility of these molecules to spontaneously loiom in the primordial Earth. For this reason, the
idea that a molecule as complex as RNA could hagerabled spontaneously from its components
now is viewed with increasing scepticiS§Recently, Sutherlanelt d.° accepting the impossibility of

a spontaneous assembling of the three simple coem®inave explored a totally different approach
for pyrimidine ribonucleotide synthesis in whichetlsugar and the nucleobase emerge from a

common precursor after several steps in differeattion conditions.

11.2 Results and discussion

Now, we report that a spontaneous self-assembling of the threeponents is permitted giving
natural adenosine monophosphates (AMP) as finalyats. In fact, a very feasible synthesis of a
ribonucleotide (adenosine monophosphates), fronthitee molecular components, a nucleobase
(adenine), a sugar (D-ribose) and a phosphatedtapmosphate or,0;0), occurs giving adenosine
monophosphates in good yields. The synthesis iritadqueous solution and in a have postulated,

on the basis of experimental data, that the ewwludf life should be governed or driven by a
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mechanism in which the formation of cyclic pentacimate phosphorus intermediates is more
activated of 167 fold with respect to other collateral processes.

In other words, it is necessary to find primordgbsphorylating reagents containing the phosphate
group belonging to a cycle in order to obtain vewtivated cyclic pentacoordinate phosphorus
intermediateg. One of the primordial cyclic reagents was veneljk PO The discovery of
Yamagat® demonstrating that,P.o and its derivatives as trimetaphosphate (TMP)paoeluced
from volcano magma is, in this context, very impatt TMP is a very stable cyclic compound
containing three phosphate groups used for contdensand phosphorylation reactiohsFor this
reason we began to study the possibility to obtainbonucleotide (adenosine phosphates) by a
simple reaction in aqueous solution of a mixtur®eaibose, adenine and a cyclic phosphate as TMP
(Scheme 11.1), monitoring for 60 days two typeseattions: one with a highly concentrated mixture
of the three components in water, and anotherght diiution.

q\ /O‘Na
HO </f\) * O\R P/

lOH N ONa*
30 4?
HO
w o PH days NH, T™P
N AN
OH OH 4 N
<A
HO o N
+2-AMP+ 2! 3l-cAMP
O OH
O=P~ONa 3-AMP Yield= 35-43%
O Na&*

Scheme 10ne-pot generation of adenosine monophosphatagu@ous solution from adenine, D-ribose and sodium
trimetaphosphate

It should be noted that D-ribose in solution isepuilibrium between different formsi{pyranose
20%, B-pyranose 60%q-furanose 5%p-furanose 15%)? Then, the formation of natural adenosine,
adenine b-ribofuranoside, can be obtained togethtlr other isomeric forms derived from the
reaction between adenine and other isomers of eiblbsshould be noted that the four forms of
adenine ribofuranosides and adenine ribopyranosigem equilibriunt> Then, in our process it will

be necessary to consider these equilibria, thereifit possible nucleosid®s and to understand if, at
the end of the reaction, a preferential formatiérs@me isomers could occur. As first attempt we
performed a reaction at high concentration (~0.1of)he reagents and at a pH value in the range
7.0-6.5. Trisodium salt of TMP (459 mg, 1.5 mmaljribose (150 mg, 1.0 mmol) and adenine (135
mg, 1.0 mmol) were added in 10 mL of water (a smallount of sodium azide was added as an

aseptic) in a 1.5 : 1 : 1 relative molar ratio (pH.0). At this concentration value adenine, being
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much less soluble with respect to the two othegeats, remains partially undissolved. The initidl p
(pH = 7.0) was that obtained after introduction of theeé components in water. Variations of pH
until the final value of 6.5 are due to the veryvglhydrolysis of trimetaphosphate with formation of
phosphoric acid which forms a salt with the rentagnadenine. In these conditions, the final yield of
adenosine monophosphates is very low, about 10#seguently, we have carried out a reaction at
high dilution in which all the reagents were contgle dissolved and probably some eventual
collateral reactions are minimized. The reactios warried out in water solution (pH7.0-6.5) with
high dilution of the three reagents (1.85 x*1). Adenine (50 mg, 0.37 mmol), D-ribose (55 mg,
0.37 mmol), and trisodium salt of TMP (168 mg, OrBBol) were dissolved in 2 L of aseptic water,
inal:1: 15 relative molar ratio. The reactioourse was followed by HPLC and, after
lyophilization, by'H and*P NMR spectroscopy. Very probably, the first stepttoccurs in the
mixture is the attack of TMP on the anomeric OH ugroof ribose isomers giving unstable
pentacoordinated intermediates (see intermedft® andC in the mechanism). In the second step
we have condensation of adenine with concomitamh&tion of AMPs and adenosine isomers. In
fact, in the first time of the reaction (5 days) wleserved by HPLC the formation of AMPs and
adenosine isomers in a ratio of about 1 : 1. Tlemasine isomers are adenogiebofuranoside and
adenosina-ribofuranoside (in a relative ratio of about 6 cdlculated frontH NMR of a reaction
mixture). They have been assigned on the basicofgarison with the isomers obtained by keeping
natural adenosine for several days in agueousigolun these conditions a slow isomerization of
adenosine occurs and the two isomers, aden@sm®furanoside and adenosineribofuranoside,
have been identified by comparison of tHelrNMR data with the publishédichemical shifts for the
adenosine isomers. After about 25 days we haveagar product AMPs in which the 3'-AMP and
20'AMP are in a ratio of about 3 : 2. A small ambwh cyclic 2’,3-AMP (2’,3-cAMP) was also
observed.

After about 45 days we have a total disappearanc®,&-cAMP and a gradual decrease of the
relative amount of the different adenosine monophates indicating a probable formation of short
oligonucleotides that might arise from the cycliwopphate and 5’-OH of 3'-AMP. The AMPs are
separated by preparative HPLC. The structures haea assigned by! NMR by comparison with
authentic commercial samples. The total yield raft®out 30—40 days, in adenosine monophosphates,
is of about 35%. No traces of ATP or 5-AMP wereaeatted by HPLC and'P NMR spectroscopy.
Then, the global process is highly regio-, chemam stereoselective because we found only AMP
in B-furanose forms which are the natural nucleotidieshould be noted that in the literattfrés
reported a similar phosphorylation reaction withmooercial samples of adenosine and TMP (or
P,010)'% in different reaction conditions. The report®d results are very close to our data with
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exclusive formation of 2’- and 3’-adenosine phogpkaand exclusion of 5-AMP and ATP. The
reported® very low yields (4%) of natural adenosine obtaibgdadenine and D-ribose with TMP at
100 °C for several hours could be explained bydbrecomitant formation of adenosine phosphates
(or by the decomposition and isomerizatibof adenosine at 100 °C) which were not considésed
the authors. Our relatively low yield (35%) migtdg due to the lack of free adenine in the solution
due to the formation, after about 30 days, of allsamaount of phosphoric acid which forms a salt
with the remaining adenine. In the light of thesasiderations, and in order to increase the yiefds
reaction products, we carried out the reaction waithexcess of adenine. In particular, when we used
adenine, D-ribose, and TMP in 1.2 : 1 : 1.5 refatnolar ratio and in these conditions, after 35-40
days, the yields in adenosine monophosphates reéa&B¥% with respect to the ribose. When the
reaction is carried out with equimolar amountsh# three reagents we obtained after about 30 days
formation of relevant amount of AMP isomers indicgtthat TMP is reformed after the first step or
gives directly the AMPs without relevant formatiohadenosine (see Scheme 11.2).

Preliminary results show that a similar reactioncuse with guanidine obtaining guanosine
phosphates.

Finally, it has to be noted that the use gDR instead of TMP gave a similar behaviour but with
minor yields in AMP because of its major instalilib water that gives rise, after several days, to
phosphoric acid which forms a salt with adenine.

It should be noted that the process is activateémwim the solution Mg ions are presefit:*
Actually, in this case the reactions reached thd after only 20 days (yield in adenosine
monophosphates is of about 45%) thus suggestingitbanagnesium ions act as catalysts for all the
process (both condensation and phosphorylation)y Vikeely, the first step of this reaction is the
preferential phosphorylation (by TMP) of the hydycanomeric group of the ribose, which is the
most reactive, to give ribose-1-TMP as pentacoattéith phosphorus intermediat®sandB (Scheme
11.2). The TMP group is a very good leaving grood aould activate a second step, involving the
subsequent nucleophilic attack of adenine from dpposite side with reformation of TMP thus
producing adenosines (probabilyn furanose forms). However, it is also possiliiatta bicyclic
pentacoordinate phosphorus intermediis preferred overA andB for its two cycles around the P
atom. In this case, the attack of adenine is noliget to go in the opposite side of the O-group
giving the new intermediat® which can be formed also by direct attack of TMiP[eadenosyl
furanoside.

The hydrolysis of intermediate gives 2’,3’-cCAMP which by subsequent hydrolysises 2-AMP
and 3-AMP. The attack of TMP on adenosines to gikiesphorylated adenosines is probably driven
both by the position of the adenylic moiety andtbg presence of the two OH groups in the
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relative position of the ribose moiety in the adane ribofuranoside form. In the adenosine
ribopyranoside form the position of the two OH grsus disfavored to form a cyclic phosphate. It is
reported that the transformation of ribose into its cyclopphates belongs to the functionalizations
of the ribose molecule which selects the furanosenffrom the sugar's furanose/pyranose
equilibrium. For this reason we found only adenegifribofuranoside monophosphates, determined
by their'H NMR. These factors conduct to the preferentiainfation of 2’,3'-cAMP that in aqueous
solution can be hydrolyzed to adenosine-2’-phosphatl adenosine-3’- phosphate (Scheme 11.2). In
this manner the 5’-hydroxy group remains free, tbxiglaining why we could detect neither 5’-AMP
nor ATP. It is reported® that when deoxyadenosine is reacted with TMP, @ilyand 5'-
monophosphates are obtained in very low yield (8%ggesting a disfavored formation of a 3’,5’-
cyclic phosphate. This is in good accord with ouechmnism which is also in agreement with
reported data in which it has been obsefvétat whena- andp-D-ribofuranose-1-phosphate or any
phosphate-containing products were heated withiademo formation of adenosines was observed.
This is in accord with the formation of unstabléeimediates such &, B, andC. It is reported®

that in some cases the 9-N in adenine is the pratvabsition of a nucleophilicattack.
NH, NH;
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Scheme 11.2Proposed reaction mechanism.
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Chapter 12

FACILE SYNTHESIS OF HYDANTOINS AND THIOHYDANTOINS
IN AQUEOUS SOLUTION*!

12.1 Introduction

After the discovery of the spontaneous, and prehié@rmaton of ribonucleotides (Chapter 10), we
have focalized our actention to the synthesis efdbstituents of RNA (sugar, nitrogen bases). In
particular we want studied the synthesis of thdeuliases in prebiotic condiction.

For our synthesis we have choise the uracile getanolecule (figure 12.1).

Figure 12.1. Structure of uracile.

o

As starting material we have hypothesized a ured, glyceraldehyde, that certly two prebiotic
compounds, and as condensantig agent, we usesirtifire trimetaphosphate but the reaction don’t
occur, after we have traied with phosphoric anriRO,0, also this compound was present in the
primordial Earth.

The reaction with [D;0, don’t give uarcile, as we expected. The studyhefreaction mixture have

shown the presence of 5-methylhydantoin, that are fhember heterocyclic compounds (figure
12.2).
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Figure 12.25-methylhydantoins.

Hydantoins and thiohydantoins are compounds thet bareactive urea (or thiourea) core. They are
an important structural moiety found in severalurat products and pharmacologically important
compound$® They are well known for diverse biological actiet and play a key role as
antiarrhythmics, anticonvulsant§, antitumor compounds, aldose reductase inhibitals, anti-
inflammatory compound¥,and antiandrogen.

Synthetically, hydantoins are important precursidramino acids, via either acid-, base- or enzyme-
catalysed hydrolysis. The Bucherer—Bergs reatii¢8cheme 12.1) is the most commonly used
method for the synthesis of hydantoins. This maitiponent reaction starts from an aldehyde or a
ketone whose ready availability makes the Buch&®rgs reaction an attractive method for the
synthesis of hydantoins. However, the use of KCGMi I problems on safety, causing the reaction to
often be conducted within a sealed tube at a temtyer of 80 °C. One improvement on the

Bucherer-Bergs reaction has been the use of uitieestion*

H
R KCN, (NH,),CO, N
O_ﬂ/ —_— R >:O
R " N

Scheme 12.1Bucherer—Bergs reaction.

Other methods furnishing hydantoins include thattrent of amino amides with triphosgénehe
reaction of amino acids with acetic anhydride angim@nium thiocyanate (to give the
thiohydantoins)® the combination of carbodiimides with unsaturategboxylic acids, and the
treatment of nitriles with organometallic reagefadowed by addition of potassium cyanide and
ammonium carbonatg:*® Both microwavé’ and solid phas&?!technologies have been employed in
the synthesis of hydantoins. There are also mootees syntheses of hydantoins that involve
complex rearrangememnt$?® Several syntheses of thiohydantoins have also tegemted->#*

Now we wish to propose a three components syntliésisme simple hydantoins and thiohydantoins

using as starting materials compounds availabteerprimordial Earth.
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These compounds are urea, glyoxal (and its simgliwatives) and kDo, very likely one of the first
primordial condensing reagents. The discovery ah¥gat& demonstrating that,Py, is produced
from volcano magma is, in this context, very impatt In other words, #. is certainly a prebiotic
reagent which can be involved in several reactras phosphorylation, condensation, dehydration,

dealcoholysis, and many others.

12.2 Results and Discussion

The synthesis of hydantoins is made in aqueoustignlun a ‘one-pot’ manner or by adding
separately the three reagents (urea or N-methylghgaxal, and FO10) at room temperature.

The results are summarized in Schemes 12.2 and 12.3

0
H
H
20  OgN
—— =
N
5
o}
0 H)H(
P,O H.O o) o. H
HZN)J\NHZ + (Orﬁséooﬂ 2 3 > N>:O
1 r.t. N
H
O OH 6

NN "
- OH H
o< :[ =0 4 ON—N
N~ N E—— >:O
H H N
H
glycouril (7) 6
Scheme 12.2Hydantoins from uredl] and aldehyde2—4.

The best yields (60—70%) are obtained when theerdagare added separately with first addition of
aldehyde (1 mmol) to#®;0 (1 mmol) and then urea (1 mmol). Similar yield8{60%) are obtained
when the reagents are dissolved simultaneouslyatengone-pot manner).

The hydantoins are separated from the reaction ungxiafter partial removal of water by
lyophilization “in vacuo” followed by continuousgiid/liquid extraction of the aqueous residue with

ethyl acetate. The yields are of about 60—70%, mi#ipg on the number of extractions.
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When we used two eq of urea and one eq of glyordl RO,0 we obtained as maior product
glycouril (7), in 75% yield, that crystallized from the aquesaution®® This class of compounds is
also of interest for its biological activity, in gigular psychotropic activity’

When we used N-methylure8) (we obtained a mixture of the two isom8rand10 (or 11 and12) in

a relative molar ratio of 70:30 (Scheme 12.3).

l\|/|e

H

2 Ox—N O~ N

S =0+ Um0
N N
| H
Me

0
Me\ )k HZO 9 10
NT TNH, o+ P4O10
N (or HPO) .
8

Me
3 O N O,L
7 Lo+ Lo
N N
| H
11 12

Me
Scheme 12.3Hydantoins from N-methylure&) and aldehyde2 and3.

In similar manner we have obtained several thiohtmlas 15-19 (See Scheme 12.4). It should be
noted that in the reaction between aldeh$ded N-methylthioured 4, we obtain only one of the
two possible isomers, in particular, we establistigddH NOE NMR experiment, that the structure of
the product is that of compoudd (see Scheme 12.4).

N s  + N/>=S 2 j 2 N
OT’\?: O\]\:H -—— HN j\ > O\I\:N>=S

HaN~ NH N

CHs H
14 R " 13 15

19
/ H
ﬁ\:%':S <2 2R=H 3 . 5\:’\5‘=s
N
H
17

18

3R=CH,
+ 16
P4(310

Scheme 12.4Thiohydantoins from thioured §) or N-methylthioureal(4) and aldehyde® and3

All products have been identified B NMR and GC-MS spectroscopy and their spectra tiave
been compared with those reported in literature.
The method is attractive for its simplicity sin¢eaquires only the blending of the three compasient

in aqueous solution and at room temperature fontenites.
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It should be noted that the synthesis can be chotg also with a large excess of 85% agP@, (2.5

mmol), but in this case the reaction time is of tvaurs and the yields are lower (50—-60%). It i® als
knowrf® that the same hydantoins can be obtained usingodtOh this case the reaction was carried
out at 90 °C for one hour. The reaction carried with NaOH at room temperature do not give

hydantoins.

12.3 Reaction mechanism

It is known that cyclic phosphorus compounds coitg a phosphoryl group react with a
nucleophile faster (of a factor of ) with respect to the corresponding acyclic compmhua give
the relative pentacoordinate sped®s.This is due to the major stability of this cyclic
pentacoordinated intermediate than the correspgratigiclic pentacoordinated intermediate.

P4O10 has a polycyclic structure whilesPiO, has an acyclic structure (Figure 12.3): basedhen t
above considerations, we can predict thfd;Pwould react faster thansAQO,, as the experimental

data have confirmed.

(0]
I
-P~o o)
o=lo T_ HOM_OH
S eaale 3
a O O OH
o) b)
(0]
I
05 %% no.?"
O= N ~
PT = P2 Spn
c) I OH
(0] d)

Figure 12.3 Structures of: Dy (a), kPO, (b), and their relative pentacoordinate specigarid (d).
From these data we proposed the reaction mechaemonted in Scheme 12.5.
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Scheme 12.5Proposed mechanism of formation of hydantirom glyoxal.

The initial step probably involves the hydrationtbe aldehyde and then the phosphorylation by
P40 of two hydroxy-groups with formation of the interchate A which is stable. It is important to
emphasize that in the case ofOR, this step is very fast, while whensPO, is used, this kind of
intermediate is disfavored because the correspgndiriermediate A-like is not a cyclic
pentacoordinated intermediate, as in the case®f;Pwhich is stabilizetf by a factor of 182 with
respect to the corresponding acyclic intermedidle subsequent nucleophilic attack of urea gives
condensation and cyclization with probable formawd intermediatd which collapses to hydantoin.
In the process there is reformation @Oy as shown in the decomposition of intermedBtd his is
supported by the fact that in tAf® NMR spectrum of the reaction mixture we notedsgtsvthe signal

of P4O10 (0 = -23 ppm), also at the end of the reaction. Qiftgr some days we noted the signal of
HsPO, due to the partial hydrolysis of,®;,. In addition, the reaction goes to the end with shme
product yield even when it is carried out with o0y eq of FOs. In the case of other aldehydes, a
mechanism analogous to that depicted in Schemel8 ococurr.
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12.4 Experimental section

12.4.1 General

'H and®*P NMR spectra were recorded at 300 and 121.45 Meéknectively. Chemical shifts are
referenced to the solverli £ 2.50 ppm forH NMR in DMSO—g and to external standard ag. 85%
HsPO, for 3P NMR). J values are given in Hz. GC-MS analysesewgerformed on an gas
chromatograph equipped with a (5%-phenyl)-methylpitdxane column (30 m length, 0.250 mm.
i.d., 0.25um thickness), interfaced to a quadrupadess detector. Mass spectra were recorded at an
ionisation voltage of 70 eV in the El mode.

12.4.2 Synthesis of hydantoins and thiohydantoins. General procedure

To a stirred solution of aldehyde (0.6 mmol) igCH(10 mL), BRO10(170 mg, 0.6 mmol) was added.
After 5 minutes urea (or thiourea) (0.6 mmol) wakled, and the mixture was stirred at room
temperature for 10 minutes. The solvent was pértrainoved by lyophilization “in vacuo” and the
product was isolated from the crude residue throsgheral liquid/liquid extractions with ethyl
acetate. After removal of the organic solvent,gheduct was purified by flash chromatography or by
simple crystallization. The yields were in the rar§0—70% and are depending on the number of

extractions.

12.4.3 Synthesis of hydantoins using H 3PO4

To a stirred solution of aldehyde (0.6 mmol) iBCH(10 mL), aq. 85% kPO, (170 uL, 2.5 mmol)
was added. After 5 minutes urea (0.6 mmol) was éddad the mixture was stirred at room
temperature for 10 minutes. The GC-MS analyses slibg presence of the product but in very low
amount. The end of the reaction occurred after inwars and the corresponding hydantoins were
obtained in 50-60% vyield.

Imidazoline-2,4-dione (5) (Hydantoin): white solid; yield: 63%; m.p. 222-22C (Lit.”*° 221-223

°C), *H NMR (300 MHz, DMSO-¢) 8= 10.58 (bs, 1 H), 7.65 (bs, 1 H), 3.85 (s, 2 HB kin/z, %):
100 (M, 100), 72 (45), 57 (20).
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5-Methylimidazoline-2,4-dione (6) (5-methyl hydantoin): white solid; yield 60%; m.jp46-148 °C
(Lit.:31 147-148 °C)Y'H NMR (300 MHz, DMSO-g) 3= 10.60 (bs, 1 H), 8.00 (s, 1 H), 4.03 (dg,
Me= 7.1 Hz, 1 H) 1.25 (dl-5= 7.1 Hz, 3 H); MS (m/z, %): 114 (M100), 99 (22), 86 (73), 71 (28).

Tetrahydroimidazo[4,5-d]imidazole-2,5(1H,3H)-dione (7) (glycouril): white crystal; yield 68%;
m.p. 357 °C (dec.) (Li£? 360 °C, dec.)'H NMR (300 MHz, DMSO-g) 3= 7.14 (s, 4 H), 5.23 (s, 2
H); ES: (m/z) = 143 (M + H), 165 (M + Na).

1-Methylimidazoline-2,4-dione (9): (1-methyl hydantoin) white solid; yield 35%; m.jp56-158 °C
(Lit.:** 158 °C),"H NMR (300 MHz, DMSO-g) &= 10.70 (bs, 1 H), 3.91 (s, 2 H), 2.80 (s, 3 H); MS
(m/z, %): 114 (M, 100), 96 (5), 86 (17), 73 (17); 58 (51).

3-Methylimidazoline-2,4-dion€10): (3-methyl hydantoin) white solid; yield 30%; m.p33-184 °C
(Lit.:®® 185-186 °C)!H NMR (300 MHz, DMSO-g) 3= 7.63 (s, 1 H), 3.85 (s, 2 H), 3.00 (s, 3 H);
MS (m/z, %): 114 (M, 100), 96 (6), 86 (6), 70 (8); 56 (4).

1,5-Dimethylimidazoline-2,4-dione(11): (1,5-dimethyl hydantoin) white solid; yield 33%h.p. 132—
133 °C (Lit.?*131 °C),"H NMR (300 MHz, DMSO-g) 3= 10.73 (bs, 1 H) 3.97 (d,= 7.0 Hz, 1 H),
2.80 (s, 3 H), 1.28 (dI= 7.0, 3 H); MS (m/z, %): 128 (M 100), 113 (97), 100 (2), 83 (1); 70 (29), 56
(41).

3,5-Dimethylimidazoline-2,4-dione(12): (3,5-dimethyl hydantoin) white solid; yield 37%h.p. 111—
113 °C (Lit.**110-111 °C)H NMR (300 MHz, DMSO—g¢) 3= 7.68 (bs, 1 H), 4.08 (dds-me= 7.1
Hz, Jis= 1.3 Hz, 1 H) 3.05 (s, 3 H), 1.50 @@ 7.1 Hz, 3 H); MS (m/z, %): 128 (M100), 113 (14),
100 (38), 85 (5); 70 (11); 58 (46).

2-sulfanylideneimidazolidin-4-one(15): (thiohydantoin) yellow solid; yield 61%; m.p.22-230 °C
(Lit.:%° 229-231 °C)'H NMR (300 MHz DMSO-¢) 8= 11.64 (s, 1 H), 9.91 (s, 1 H), 4.12 (s, 2 H).

5-methyl-2-sulfanylideneimidazolidin-4-one(16): (5-methyl thiohydantoin) pale yellow solid; yiel

70%; m.p.= 163-166 °C (Lit%165-166 °C)*H NMR (300 MHz DMSO-g) 3= 11.59 (s, 1H), 9.98
(s, 1H), (dg,i= 7.0 Hz,Jo= 1.5 Hz, 1H), 1.26 (dJ,= 7.0 Hz, 3H).
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3,5-dimethyl-2-sulfanylideneimidazolidin-4-one (17): (3,5-dimethyl thiohydantoin) yellow solid;
yield 66%; m.p.= 171-172 °C (Lit": 170-173 °C)H NMR (300 MHz DMSO-g¢) = 10.29 (bs,
1H), 4.26 (dg,);= 7.0 Hz,J,= 1.0 Hz, 1H), 3.04 (s, 3H), 1.27 @= 7.0 Hz, 3H).

1-methyl-2-sulfanylideneimidazolidin-4-one(18): (1-methyl thiohydantoin) pale yellow solid; yael
15%; m.p.= 223-224 °C (Lit® 222-224 °C)+ NMR (300 MHz DMSO-g) 5= 11.59 (s, 1H), 4.15
(s, 2H), 3.08 (s, 3H).

3-methyl-2-sulfanylideneimidazolidin-4-one (19): (3-methyl thiohydantoin) yellow solid; vyield

53%; m.p. = 166-168 °C (Lit**167-168 °C)*H NMR (300 MHz DMSO—g) = 10.12 (s, 1H), 4.10
(s, 2H), 3.05 (s, 3H).
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CONCLUSIONS

In conclusion we think that the origin of life isiel fundamentally to the volcanoes activity that
have brought to the surface of the earth heat,rwatel a great mixture of organic compounds
which are essential for the origin of life.

However the big question is: what happened next?

We tried to respond to this question. On the baksur precedent studies on abiotic chemistry of
phosphorus, we have hypotesized that phosphorugioomg compounds (in particular cyclic
species) may have played a key role in the origiifeo

In fact we found that simple phosphorus cyclic coomds, as JDip0r PsOg, present in the volcano
magma, 6could be very important in the primordiattE, activating a reaction by a factor®$0
minimizing other collateral reactions through trenfiation of very activated hypercoordinated
species that drived only some processes favounegtart of the life.

These processes occur in a prebiotic soup wherettst proper place had to be a lake near to an
active volcano which, as a chemist, provides tlageats to carry out some important reactions for

the evolution of life.
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Chapter 13

SYNTHESIS AND MOLECULAR STRUCTURE FOR
COMPLEXES FORMED BY LITHIUM COMPOUND AND
AMINOMETHYLPHOSPHONIC ACID

13.1 Introduction

Since the isolation of 2-aminoethylphosphortatetural compounds containing phosphorus-carbon
bond"® have been subject to many research. In partieutano-phosphonic (or -phosphinic) acids
are study in many field of chemistry, for their loigical application$,and also for the industrial
interest, because some of them are commercial producterbgites>’

The aminophosphonic acids are the equivalent plurglatte of the amino acids. In literature are
reported some method for the synthesis of thisa®sompound&™*

Recently, studies concerning metal complexes ofsphonic amino acids are receiving
considerable interest, because some of these cregpdee potential anticancer.

The structures of the amino phosphonic acid metalgiex vary from discrete molecules to
polymers'?18

In literature was reported some structural analydier the complexes between
aminomethylphosphonic acid (AMP) (aminophosphoritd aequivalent of glycine) and metal
atoms®?#and for the free acitf’

Herein we report, for the first time, the synthearsl structural characterization for the lithium
complexes of aminomethylphosphonic acid (AMP). Mwex we investigated the influence of the

reaction conditions and the crystallization methodshe structure outcome.
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13.2 Results and discussion

We wished to examine the outcome of the reactidwden aminomethylphosphonic acid (AMP)

with lithium compounds, changing the reaction ctinds, kind of lithium compound and method

of crystallization.

In particular, we studied four reactions which teabtain three different crystalline structures.

All structures are characterized by similar asynmoetnits, where a molecule of AMP is bonded

with lithium atom, which is coordinated with a molge of water. In one case we obtain a dimmer

of this structure (see Figure 13.1).

H He "”SV e
y V T 08

Figure 13.1.Asymmetric unit: a) Asymmetric unit of reaction between AMP+LiOH 1b) Asymmetric unit of
reaction between AMP+LIOH 1/1 with methanol as obssnt for the crystallization; ¢) Asymmetric upit reaction
between AMP+LICO; 1/1.

First reaction was carried out mixing AMP and LiOi water in stoichiometric amount. The
crystallization occurred at room temperature bypevation of the solvent.

We obtained a suitable single crystal. X ray ddfometry analysis showed that the structure is
characterized by plans whose lattice is formed ightenember rings and sixteen-member rings

(see figure 13.2).
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Figure 13.2Structure of AMP+LIOH . a) View of plan locking along the a axis, wheris iclear the presence of the
eight-member rings and the sixteen-member ringsidwy of plans locking along the b axis, wheresihote the

reciprocal disposition of the plans.

Second reaction was carried out with a double amofihiOH, and the other reaction conditions
were the same as the first reaction. X ray diffsattry analysis showed that the structure is the
same to that of the first reaction.

In this structure is present an inversion centerliaed in the center of the unit cell (see figure
13.3).
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Figure 13.3Inversion center.Position of the inversion center.

In the third reaction we changed the crystallizatioethodology, using methanol as co-solvent, the
other reaction condition remained the same of tieroreactions. In this case we obtained the
asymmetric unit similar to the other two previougiescribed, but the lattice structure is

characterized by chains formed by eight-membersrialjernating with four-member rings (see

figure 13.4).
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Figure 13.4 Structure of AMP+LiOH crystallized with methanol a) Unit cell locking along the a axis, b) chain,

where is clear the presence of eight-member ringslze four-member rings.

The last reaction was performed with a differerthilim compound. We used J0; in
stoichiometric amount.

Also in this case we obtained a structure charaetgby chains as that of the third reaction, bet t
asymmetric unit is a dimer (see figure 13.5).

Last two structures are quite similar, but thead#hce in the asymmetric units (one is monomer
and the other is a dimer) involve a little diffecenn chains construction. In fact comparing the tw
unit cells is evident that in the second one therstaggering of the two parts that compose the
asymmetric unit, this staggering involve the diigce in the chains.

In the first one all eight-member rings are all &gin the second chain there are two types ofteigh

member rings, alternating between them.
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Figure 13.5Structure of AMP+Li ,CQOs. a) Unit cell locking along the a axis, wherev&ent the staggering of two

parts that compose the asymmetric unit; b) chaigrevis clear the presence of two types of eightib@ rings.

13.3 Conclusion

In conclusion we have reported the synthesis @etlilifferent structures for the complex formed by
aminomethylphosphonic acid and lithium compoundsnithese studies we can affirmed that the
principals factors that driven the formation of @teucture are the kind of lithium compound and

the crystallization method, while the molar ratetween two reagents not influenced the outcome

of the reaction.
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13.3 Experimental section

13.3.1 General

Standard glassware was used for the reaction. Bberwas deionized. All reaction was carried out
in atmospheric condition. Lithium compounds, wasnoeercially available and used without
further purification. Aminomethylphosphonic acid svaynthesized by Héagele, in according with
methodology reported in literature.

Crystallographic experiments were performed withQatford Xcalibur3 diffractometer equipped
with a Spellman generator (50 kV, 40 mA) and a Ka@CD detector, operating with MosK
radiation § = 0.71071 A). Data collection was performed wik Crysalis CCD software; Crysalis
RED software was used for data reduction. Absonptemrrection by using the SCALE3
ABSPACK multiscan method was applied. The strucgtwere solved with SHELXS-97, refined
with SHELXL-97 and finally checked by using PLATON.

13.4.2. AMP+ LiOH 1/1

23 mg (0.25 mmol) of aminomethylphosphonic acid @ndg of LiOH were dissolved in 3 mL of

water in an open vial and heating to 70 °C, aftex bour two reagents were completely dissolved,
the reaction mixture was put to crystallize at rot@mperature. The crystallization occurs by
solvent evaporation. Crystal was separated byafitin. Crystal data are reported in table 13.1.

Selected bond lengths and bond angles are repartedle 13.2.

14.3.3 AMP+ LiOH 2/1

23 mg (0.25 mmol) of aminomethylphosphonic acid &Bdng of LiOH were dissolved in 3 mL of
water in an open vial and heating to 70 °C, aftex bour two reagents were completely dissolved,
the reaction mixture was put to crystallize at rot@mperature. The crystallization occurs by

solvent evaporation. Crystal was separated bfitin.

14.4.4 AMP+ LIOH 1/1 crystallization with Methanol

23 mg (0.25 mmol) of aminomethylphosphonic acid @ndg of LIOH were dissolved in 3 mL of
water in an open vial and heating to 70 °C, aftesalution, the vial with reaction mixture, was put
in a wider vial, which were placed 3 mL of methan®he wider vial was stoppered. The

crystallization occurs by slowly evaporation of heatol, which mixes with the water into the
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smaller vial, causing a decrease in polarity, fiawsuring the crystallization. Crystal was sepatate
by filtration. Crystal data are reported in tablg&1l Selected bond lengths and bond angles are
reported in table 13.2.

13.4.5 AMP+ Li,CO3 1/1

46 mg (0.5 mmol) of aminomethylphosphonic acid 486 mg of L}CO; were dissolved in 2 mL

of water in an open vial, after dissolution of tleagents the reaction mixture was put to crystalliz
at room temperature. The crystallization occurssblyent evaporation. Crystal was separated by
filtration. Crystal data are reported in table 1%5&lected bond lengths and bond angles are reporte
in table 13.2.
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Tabella 13.1Crystallographic data

AMP+LIOH 1/1

AMP+LiOH 1/1 (CH30H)

AMP+Li ,CO31/1

Empirical formula
Formula weight

T (K)

Crystal size (mm)
Crystal description
Space group
Crystal system
a(A)

b (4)

c @A)

a (%)

B()

y()

V (A3)

Z

pcalcd

p [mm-1]

F(000)

0 range [°]

Index ranges

Reflns. collected
Reflns. obsd
Reflns. unique
R1, Wr, (26 data)
R1, Wr, (all data)
GOOF on
Peak/hole [eA-3]

CH;NO4PLI
135,027

173
0.30x0.30x0.10
colourless block
P2/n
Monoclinic
5.7712(2)
9.3542(3)
9.4656(4)
90.000
107.591(4)
90.000
487.10(3)

5

1.380

0.489

200.0
4.30-24.99
-6<h<6
-11<k<11
-11<1<11
6252

758

851 (R 0.0267)
0.0229 ,0.0647
0.0260, 0.0660
1.161
0.344/-0.362

CH/NO4PLI
135,027

173
0.15x0.20x0.13
colourless block

P2/n

Monoclinic
5.1407(3)
9.1292(5)
10.9184(6)
90.000
103.414(5)
90.000
498.43(5)

5

1.348

0.478

200.0

4.44 -24.99

-6<h<6

-10<k<10

-12<1<12

6210

758

866 (R:0.0320)
0.0408, 0.1061
0.0469, 0.1092
1.101
0.759/-0.802

CoH14N20gPsLI
270,055
173
0.21x0.10x0.11
colourless block
P2/c
Monoclinic
10.2884(5)
9.1149(4)
10.9223(4)
90.000
103.765(4)
90.000
994.85(8)
11
1.486
0.527
440.0
4.45-25.00
-10<h<12
-10<k<10
-12<1<12
4578
1163
1739 (R 0.0331)
0.0349, 0.0792
0.0538, 0.0823
1.078
0.701/-0.316

Table 13.2.Bond lengthsd), Bond angles (°)
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Bond lengths
Li(1) — O(1)
Li(1) — O(4)
P(1) - O(1)
P(1) - 0O(2)
P(1) - O(3)
P(1)-C(1)
C(1) - N(1)
Li(2) — O(5)
Li(2) — O(8)
P(2) - O(5)
P(2) - O(6)
P(2) - O(7)
P(2) - C(2)
C(2) - N(2)
Bond angles
0O(4) - Li(1) - O(1)
Li(1) - O(1) — P(2)
O(1) - P(1) - O(2)
O(1) - P(1) - O(3)
O(1) - P(1) - C(2)
O(2) - P(1) - O(3)
O(2) - P(1) - C(1)
O(3) - P(1) - C(2)
P(1) - C(1) — N(2)
O(1) - Li(1) — O(6)
O(4) - Li(1) — O(6)
0O(8) — Li(2) - O(1)
Li(2) — O(1) — P(2)
O(1) - P(1) - O(2)
O(1) - P(1) - O(3)
O(1) - P(1) - C(1)
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AMP+LIOH 1/1

1.961(2)
1.981(2)
1.5332(12)
1.5085(12)
1.5217(12)
1.8161(16)
1.490(2)

109.13(14)
118.27(10)
113.40(7)
11.7786)
104.32(7)
112.67(7)
107.48(7)
106.52(7)
11.24(11)

AMP+LiOH
(CH30H)

1.988(6)

1.949(6)

1.494(2)
1.501(3)
1.496(2)
1.819(3)
1.481(4)

112.0(3)
127.2(2)
112.3(2)
114.47(17)
103.23(14)
111.5(2)
107.79(15)
106.77(14)
114.6(2)

1/1 AMP+Li2C0O3 1/1

1.948(5)
1.935(6)
1.510(2)
1.513(2)
1.509(2)
1.817(3)
1.484(4)
1.898(5)
1.973(6)
1.510(2)
1.5106(19)
1.520(2)
1.816(3)
1.472(4)

103.8(2)
129.9(2)
113.89(12)
113.59(13)
105.63(13)
111.45(13)
103.84(13)
107.56(14)
114.3(2)
108.3(3)
121.5(3)
97.9(2)
136.7(2)
114.44(12)
111.23(12)
107.42(13)



0(2) - P(1) - O(3)
0(2)-P(1)-C(1)
0(3)-P(1)-C(1)
P(1) - C(1) - N(1)

112.96(12)
102.44(13)
107.60(13)
114.6(2)
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