-

View metadata, citation and similar papers at core.ac.uk brought to you byji CORE

provided by University of Debrecen Electronic Archive

A study on the optical resolution of 1-isopropyl-3methyl-3-phospholene 1-

oxide and its use in the synthesis of borane andgtinum complexes

Péter Bagi} Kinga Juhasz}! Istvan Timari,? Katalin E. Kévér,? David Mester24Mihaly
Kallay,3* Miklés Kubinyi, 4° Tibor Szilvasi? Péter Pongracz, Laszlé Kollar,” Konstantin
Karaghiosoff,? Matyas Czugler! LaszI6 Drahos® Elemér Fogassy and Gyorgy

Keglevicht"

!Department of Organic Chemistry and Technology,aedt University of Technology and
Economics, 1521 Budapest, Hungary

2Department of Inorganic and Analytical Chemistryiversity of Debrecen, 4032 Debrecen,
Hungary

SMTA-BME Lendiilet Quantum Chemistry Research Graupea

“Department of Physical Chemistry and Material ScesrBudapest University of Technology
and Economics, 1521 Budapest, Hungary

SResearch Centre for Natural Sciences, Hungariand@oay of Sciences, 1525 Budapest,
Hungary

®Department of Inorganic and Analytical ChemisBydapest University of Technology and
Economics, 1521 Budapest, Hungary

'Department of Inorganic Chemistry, University otBé@nd Szentagothai Research Center,
7624 Pécs, Hungary

8Department Chemie und Biochemie, Ludwig-Maximiliaméversitat Minchen, 81377

Munchen, Germany

ABSTRACT

A 1-isopropyl-3-phospholene 1-oxide was prepared @@ two enantiomers were isolated
from the racemate by resolution using opticallynacfTADDOL derivatives or the acidic
C&* salts of (-)©,0-diaroyl-(2R,3R)-tartaric acids. The single crystal X-ray struetaf the
1-isopropyl-3-phospholene oxide — spiro-TADDOL 1l1a8sociate revealed the mode of
binding between the host and guest molecules. dleeof the interactions between the three

molecules was supported not only by the contad,dait also force field and semiempirical
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calculations. Beside X-ray analysis, the absolotdiguration of the P-stereogenic center was
also determined on the basis of CD spectroscopy laigt level quantum chemical
calculations. The racemic and optically active dpmepyl-3-phospholenes obtained after
deoxygenation were converted to the correspondangrie complexes and Pt(Il) complexes.
Stereostructure of the latter species was evaluémgdhigh level quantum chemical
calculations and the Pt complexes were testedtaly/sts in the hydroformylation of styrene.
Keywords:

3-Phospholene oxide, Optical resolution, X-ray e, Theoretical calculations, Pt-

complexes, Hydroformylation

1. Introduction

The transition metal phosphine complexes are widedgd catalysts in homogenous
catalytic reactions, such as hydrogenation and digdnylation that underlines the
importance of phosphines among organophosphorup@amas [1,2]. Among the phosphine
ligands, the P-stereogenic P(lll)-compounds aregmafat importance. The P-heterocyclic
derivatives form a special group [3]. However, thare only a few examples in the literature
for P-heterocyclic phosphines bearing an asymmphlrasphorus atom [4—6].

Although an increasing number of examples can hendoin the literature for the
asymmetric syntheses of P-stereogenic compound, [ii-most cases the resolution of the
corresponding racemic compounds is the method oicehfor the preparation of optically
active organophosphorus compounds including P-beyelic derivatives with a P-
stereogenic center [6,10]. Many examples can bedon the literature for the resolution of
cyclic P-chiral phosphines, phosphine oxides andsphonium salts via the formation of
covalent diasteromers [11-13], diastereomeric doatin [14-19], molecular complexes

[10,20,21] or diastereomeric salts [22—-27].



In the literature, the synthesis of a few opticalbtive P-chiral heterocyclic ligands was
described and the transition metal complexes ofethB(lll)-compounds were used as
catalysts mainly in enantioselective hydrogenatieactions [11,13,16,18,21,28-32]. There
are only a few examples for P-heterocyclic ligatits were used in hydroformylation [5].
Among the transition metal phosphine complexes tbah be used as catalyst in
hydroformylation, the platinum complexes of P-hetgcles form a class that needs further
investigations. Priglet al. reported the synthesis of the platinum complexesewveral 5-, 6-
and 7-membered P-heterocycles [33,34]. Gouygbuwal. synthesized a few bisphosphole
platinum-complexes [35]. Recently, our researchugraontributed to the research of
optically active P-stereogenic phosphine oxideswali as to the synthesis of platinum-
complexes incorporating P-chiral heterocyclic lidaen TADDOL-derivatives and the &€a
salts of dibenzoyl- and gi-toluoyl-tartaric acid were applied as the resaviagents to
prepare the enantiomers of the aryl- and alkyl-8gpiholene oxides [36—42], as well as a few
six-membered P-heterocyclic phosphine oxides, eontgaa 1,2-dihydrophosphinine oxide
and a 1,2,3,6-tetrahydrophosphinine oxide [43,¥4é. have also reported the synthesis of a
few racemic and optically active borane and platircomplexes bearing aryl- and alkyl-3-
phospholene ligands. The 3-phospholene - platinamptexes were applied as catalysts in
the asymmetric hydroformylation of styrene and éioaelectivities up to 29% were obtained
[45-48].

As a continuation of this ongoing research, we wadsto proceed with our systematic
investigation of the resolution of the 3-phosphelerides. Another aim of ours was to gain a
deeper understanding how the substituents of fhlgo3pholene moiety influence the catalytic
activity of the platinum-complexes incorporatingoBespholene ligands. In this paper, we
report the synthesis and the resolution of theop+ispyl-3-methyl-3-phospholene oxide. The

1-isopropyl-3-methyl-3-phospholene-borane and mlati complexes were also prepared in



racemic and optically active forms, and the platintomplexes were tested as catalysts in the

hydroformylation of styrene.

2. Results and discussion
2.1. Synthesis and resolution of 1-isopropyl-3-iyleBaphospholene 1-oxid&)(
1-Isopropyl-3-methyl-3-phospholene 1-oxid} (vas prepared by extending the synthetic
method elaborated for other alkyl- and aryl-3-m&Bwphospholene oxides [37,47,49].
1-Hydroxy-3-methyl-3-phospholene 1-oxidB (vas reacted with thionyl chloride to form the
corresponding phosphinic  chloride 2) ( which was immediately reacted with
isopropylmagnesium bromide to afford 1-isopropyh8thyl-3-phospholene 1-oxid&)(in a
yield of 49%. As a new compound, the isopropyl-gitmdene oxide3) was characterized by

4, B3Cand®P NMRspectroscopy, as well as HRMS.

Me 26°C Me 0-,26°C Me
= SOCl, — 'PriMgBr -
—_— —_— =
P CHCI P THF _pL
0~ “oH > o7 Dl N
1 2 yield: 49% 3
Scheme 1.

To prepare the enantiomers of isopropyl-phosphotetide @), the resolution of racemic
phosphine oxid& was first attempted with TADDOL-derivatives [(4)and (-)5] that were
found to be efficient resolving agents for otherlaand alkyl-3-phospholene oxides
[36,37,40].

A few resolution experiments of isopropyl-phospineleoxide 8) with TADDOL-
derivatives [(-)4 and (-)5] were carried out in a mixture of ethyl acetatel &rexane. In

these cases, the mixture of the racemic compo8ndnd the given resolving agent [(4)er



(-)-5] was dissolved in hot ethyl acetate, and the spoeding diastereomer precipitated on
adding hexane to the reaction mixture.

Applying alcohols, such as methanol, ethanol oprigpanol as the solvent, the racemic
compound 8) and the resolving agent [(4)or (-)5] were dissolved in hot alcohols, and the
diastereomer appeared by gradually on cooling dihwrreaction mixture to 26 °C (Scheme
2).

In all instances, the corresponding diastereomen® weparated from the mother liquor
by filtration after three hours of crystallizatioand they were purified further by two
recrystallizations. The composition of the corresting diastereomers was establishedHby
NMR spectroscopy. The enantiomeric mixture of ispgit-phospholene oxide3) was
recovered from the given diastereomer by columomiatography using silica gel and a 97:3
mixture of dichloromethane and methanol as then¢lu€he enantiomeric excess of the
isopropyl-phospholene oxid8)(was analyzed by chiral GC.

The results leading to enantiomeric separatiorheftarget molecul8 were summarized
in Table 1. Beside the yield and the enantiomexgess, the resolving capability (S) was also
determined. The resolving capability (S) is usedéscribe the overall efficiency of a given
resolution and this value can be calculated agtbduct of the yield and the enantiomeric

excess.
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Applying TADDOL [(-)-4] as the resolving agent for the enantiomeric sejpar of 3-
phospholene oxid&, the crystalline diastereomers were obtained & dases, when ethyl
acetate/hexane or isopropyl alcohol was used (Tabl&ntries 1 and 2). However, the
enantiomeric discrimination between the two antgmdf 1-isopropyl-3-phospholene oxide
(3) was poor in these instances, as the highest ienaric excess and resolving capability
values were 6% and 0.05, respectively (Table 1,ryEd). It is noteworthy that no
diastereomeric complex was obtained when methanelhanol was used as the solvent, and
the TADDOL [(—)4] precipitated exclusively in these instances.

Applying spiro-TADDOL [(-)5] as the resolving agent, the enatiomeric excedstlaam
resolving capability values were solvent dependamd, the ee was between 57-95%, and the
resolving capability fell in the range of 0.34-0.@/&able 1, Entries 3-6). It is noteworthy that
the solvent also influenced which isopropyl-phodphe oxide 8) enantiomer was
incorporated into the corresponding diastereomer(R)-1-Isopropyl-3-phospholene oxide
[(+)-3] could be prepared with spiro-TADDOL [(5}-in ethyl acetate/hexane or methanol
(Table 1, Entries 3 and 4). Carrying out the resotuin ethanol or in isopropyl alcohol led to
the other (-)-9-1-isopropyl-3-phospholene oxide antipode [8})Table 1, Entries 5 and 6).
Moreover, the solvent also affected the compositbthe diastereomers. A diastereomeric
complex incorporating isopropyl-phospholene oxi@egnd spiro-TADDOL [(-)5] in a 1:1
ratio was obtained in ethyl acetate/hexane andragyp alcohol (Table 1, Entries 3 and 6),
and the diastereomer having the composition3p{gpiro-TADDOL), was separated when
methanol or ethanol was used as the solvent (Tlalit@tries 4 and 5).

These results indicated that the TADDOL analogye5(eould be used more efficiently
for the enantiomeric separation of phosphine oxX3dehan the TADDOL [(-)4] itself

(compare Table 1, Entries 1-2 and 3-6).



Table 1. Resolution of 1-isopropyl-3-methyl-3-phospholenexide @) with TADDOL
derivatives [(-)4 and (-)5]

Entry Resolvingagent Eg. Solvetts Diastereomeric Yield ee S Abs.
complex (%)*9  (%)*¢ ()9  configh

TADDOL 0.5 2xEtOAc/10xhexane 3)TADDOL) é918) éZ) (()0(')052) (R

TADDOL 0.5 6x%iPrOH 8)(TADDOL) (2%1) (52*) 800%2*) (R

(90) (35) (0.31)
60 64 039 "

(94) (15 (0.14)

spiro-TADDOL 0.5 4xEtOAc/10xhexane 3)(spiro-TADDOL)

spiro-TADDOL 1 6xMeOH (3)(spiro-TADDOLY ¢4 57" 34
Spiro-TADDOL 1  6xEtOH (3)(spiro-TADDOLY, 5(3%8) 5259) (()0;1276) ©
spiro-TADDOL 0.5  6xiPrOH 3)(spiro-TADDOL) 51%4) 5%8) 804%2) C)

Mixture of solvents for the crystallization [mL sblvent/g of resolving agent].

Mixture of solvents for the recrystallization(s) [rof solvent/g of resolving agent].

The ratio of3 and (-)4 or (-)5 was determined bi{H NMR.

Based on the half of the racematthat is regarded to be 100% for each antipode.

Determined by chiral GC.

Resolving capability, also known as the Fogassgpater (S = Yield x ee) [50].

Results obtained after the first crystallizatiore ashown in “( )", while results obtained after two
recrystallizations are shown in boldface.

The absolute configuration 8fwas determined by X-Ray analysis and CD spectmsco

* Diastereomeric complex was purified with one yestallization.

Q ™ 0o o o T 9
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The observation that both isopropyl-phospholen@exntipodes [(+)- and (3} could
be prepared with the same resolving agent, (sphDDOOL [(-)-5]) in different solvents
allowed us to develop a procedure for the prepawmatf the (+)- and (-)-isopropyl-
phospholene oxide enantiomers [(+)- and3Hrom racemic3 (Scheme 3). The resolution of
isopropyl-phospholene oxide8 utilizing spiro-TADDOL [(-)5] in ethanol afforded
diastereomer [(-3 - (-)-5] that was purified by three recrystallizationsgige the (-)-§)-1-
isopropyl-3-phospholene oxide [(3)-with an ee of 97% and in a yield of 45% after a
recovery from the diastereomer by column chromaioigy.

To prepare (+)R)-1-isopropyl-3-phospholene oxide [(3); the mother liquors of the
crystallization and recrystallizations were combinand the volatiles were removed to afford

a mixture of (+)3 (ee: 23%) and spiro-TADDOL [(-9}. To this mixture, a sufficient amount



of spiro-TADDOL [(-)-5] was added and the resolution was carried outathanol to obtain
the (+)-isopropyl-phospholene oxide [(3)-with an ee of 87% and in a yield of 40% after
recrystallizations and decomplexation of the cqroesling diastereomer [(8- (-)-5].

Besides the methanol, the mixture of ethyl acedatt hexane was also a suitable solvent
combination to prepare the (Hp¢l-isopropyl-3-phospholene oxide [(3)-by resolution
with spiro-TADDOL [(-)5], as it was indicated by the preliminary experitse(Table 1,
Entries 3 and 4). Moreover, considering the resglvtapability values, the application of
ethyl acetate/hexane seemed to be more advantaglemusmethanol (Compare Table 1,
Entries 3 and 4). However, the purity of the cqumesling diastereomer [(8- (-)-5] could
not be improved by recrystallizations from ethyletate/hexane with the maximum
diastereomeric excesdd) was 64%. This phenomenon may be explained byaittethat the
(+)-3 - (-)-5 diastereomer has a eutectic composition atdéhef 64%, which hinders the
purification of this diastereomer. As a consequenoethanol was chosen for the preparation

of (+)-(R)-1-isopropyl-3-phospholene oxide [(3)-by resolution, as it was detailed above.
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bThe residue of the mother liquor contained 0.69 eq. of (-)-5, 0.53 eq. of (-)-5 was added.

Scheme 3.

Single crystal X-ray structure determination from peoper sample obtained from
recrystallizations (Table 1, Entry 5), revealedtlas most conspicuous feature, also the 1:2
composition of phospholene oxide (3)and spiro-TADDOL (-)5 in the asymmetric unit of

the crystal (Fig. 1).



Fig. 1. Atomic displacement representation (50% probabilitythe diastereomeric complex
incorporating (—)3 and (-)5 in a ratio of 1:2 in the asymmetric unit with aicmmumbering

and indication of the “classical” O—H...O type Hdges (in broken lines).

The appearance of two independent hosts in thdatiggraphic asymmetric units is a
frequently observed stoichiometry feature in ting lof experiments. Two examples from our
recent studies with 2:2 resolving host — targetsguatio are the 1-butyl-3-methyl-3-
phospholene oxide [40] and the 1-propoxy-3-methph8spholene oxide [41] guest
containing crystal structures. This directs attamtio the altered stoichiometry from the
frequently observed 2:2 host/guest ratio. Lately @xpounded the idea of competitive
resolution [42], where the 2:2 ratio is violated¢ls that the inclusion of the solverPrOH
instead of a second phospholene occurred yieldihg 2 guest/solvent/hosts stoichiometry.
Here we have another case as there is only on8 {tlest embedded between two §-)-

hosts. It is apparent that the guest is primanilgh@red by the H-bridges donated from each
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(-)-5 molecules. Classical H-bonding dimensiowé (Table 2) are all well defined and
comply with expectations. The H-bonding patterrairet the well-known internal H-bridge
structure of the resolving tool, providing a sirdl@nor function only for H-bridging from
each spiro-TADDOL [(-)5] host molecules. The double acceptor role of tEh@spholene
oxide [(-)-3] ideally uses both lone pair of the O atom. Ndweldss, it is not the classical H-
bridge scheme that delivers surprise. The3gltest molecule boasts with an unusually large
number (11) of short C—H...O contacts to the twe)-§] molecules of the stoichiometric
entity (the crystallographic asymmetric unit). liher words, all but one of these contacts are
of intramolecular (correctly intra-associate) tyd#®), out of 11. A closer scrutiny is thus
warranted. The first step to go ahead is to “noirealthe C—H bond lengths to the “industry

- standard” 1.08 A internuclear distance. For corspa Table 2A lists these for the classical
H-bridges, too, while Table 2B for the less trivig—H...O ones as well. The emerging
pattern is also interesting, as almost half ofrtbe-trivial contacts are then eliminated, 5 or 6
out of 11. These fail to qualify as H-bridge asitliz—H...A angles got under 100°. This is
not so surprising, as the classical H-bridges &axin linear, so the C—H bond increasing
will only improve on their geometry. In contradgietC—H...O contacts are more bent, and in

cases where the control angle gets under 100niddgsang program drops them from the list.
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Table 2 Hydrogen Bonds (A, °) for (-)-1-isopropyl-3-mel8¢phospholene oxide [(-3}.
The rows beneath each contact (marked “Normalizediicate geometry after alteration the
D—H bond lengths to generally accepted standardamties as shown. 2A) Classical
O—H...O H-bridges; 2B) C—H...contact distances 2A)

2A)

D—H...A D—H (A) H...A (R D..A(A) D—H...A (°) SerNo.
02 -- H200 .. 01 0.89(3) 1.85(3) 2.727(2) 172(3) 1
Normalizec 0.98 1.75 2.727(2) 172

03 -- H300 .. 02 0.86(3) 1.85(3) 2.705(3) 171(2) 2
Normalizec 0.98 1.73 2.705(3) 170

06 -- H600 .. 07 0.85(3) 1.82(3) 2.666(3) 175(3) 3
Normalizec 0.98 1.68 2.666(3) 175

O7 -- H700 .. 01 0.77(3) 1.90(3) 2.671(2) 176(4) 4
Normalizec 0.98 1.69 2.671(2) 175

2B)

C5--H5C .. 06 0.99 2.50 3.307(3) 138 1
Normalizec 1.08 2.44 3.307(3) 136

C17 -- H17 .. 02 0.99 2.43 2.791(3) 100 2
C21--H21..04 0.96 231 2.967(3) 126 3
Normalizec 1.08 2.23 2.967(3) 123

C26 -- H26 .. O5 0.99 2.55 3.026(3) 109 4
Normalizec 1.08 2.52 3.026(3) 107

C30--H30.. 03 0.99 2.42 2.792(3) 101 5
C32--H32..05 0.96 2.24 2.872(3) 122 6
Normalizec 1.08 2.18 2.872(3) 120

C49 -- H49 .. 08 0.96 251 3.031(3) 114 7
Normalizec 1.08 2.46 3.031(3) 111

C51--H51.. 07 0.96 2.38 2.729(3) 101 8
C64 -- H64 .. 09 1.03 2.33 2.935(3) 116 9
Normalizec 1.08 2.31 2.935(3) 115

C66 -- H66 .. O6 0.95 2.41 2.768(3) 102 10
C70 -- H70 .. 09 1.00 2.58 2.948(3) 101 11
Normalizec 1.08 2.57 2.948(3) 100

Transformation applied: i=1+x,y,z.

Nevertheless, this does not mean that there cammaither, norH-bridge interactions

between such entities. There are, for example, catdins that some
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C—H...Garyi type of short contacts exist. We could just stepehand conclude that the (3)-
guest is so tightly bound to its two (5)molecules in their lap that the host conformations
may not permit inclusion of a second @)molecule. A full interaction mapping was
attempted by the aid of program Mercury [51]. ThHeerical functions defined for the
mapping were the OH, aryl-CH, and methyl groupssEhwere used as target interactions in
the mapping program, and the results are shownginZ- The “hot spots” can be seen well,

where interactions of the given kind are the mosicentrated.

Fig. 2. A full interaction mapping [51] of the asymmettinit containing (-)3 and (-)5in a
ratio of 1:2 in the crystal with (=3-in space filling representation. Light contoursrespond
to at least two, while darker more than six contitios. Numbers represent “hot spots” i.e. the

maximum interaction directions.
It is clear that the dominant hydrophilic interacis roughly match the observed “hot
spots” in Fig. 2. A further support for the tightoapsulation of (- comes from the UNI

intermolecular potential force filed (FF) type adhtion [52,53].
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Fig. 3. UNI intermolecular potential calculation resul&[53] as implemented in Mercury
[51] show the two largest lattice contribution @drbroken lines to molecule (3)from each

independent (-b molecule with -50.7 and -48.4 kJ/mol, respectively

The graphical view (Fig. 3) of the results undeztinthat the two strongest interactions are
between (-8 and each of the independent &)nolecules in the asymmetric unit, with
-50.7 and —48.4 kJ/mol. Inter-fragment energies[@e3 and (-)5]: —50.7 kJ/mol, [(-)3
and (-)bu]: —-48.4 kd/mol, [(-)5 and (-)51]: —36.4 kJ/mol. A considerable portion
(-135.5 kJ/mol) of the total of —484 kJ/mol packemergy is thus in the interactions between
these three molecules of the asymmetric unit. Sylesdly, semi-empirical series of
calculations were also used to assess feasibilitiieo FF results. These were done by using
modified PM6 [54] Hamiltonians suggested by KofMB-DH+) [55] and as implemented in
MOPACO012 [56,57]. The aim was to derive and estamatlependently the binding energy of
(-)-3 to the two molecules of (-§-as in the lattice of the associate crystal. Theppsed
strategy for this goal is to use the PM6-DH+ pragedto optimize the geometry of each

component separately and also to obtain heats raiafiions for each of them. Then the
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content of the asymmetric unit is optimized and tieats of formation are obtained. The
binding (or intermolecular interaction) energy is hem given by
AHg = AHH(-)-3 - (-)-5 - (-)-51] - AHA(-)-3] - AHH(-)-5] - AHF(-)-51]. Heats of
formations components were -1596, -409, -480 ar@8-kd/mol, for [(-)3 - (-)-5i1 - (-)-5u],
[(5)-3], [(-)-5] and [(-)Bu], respectively. The resulting binding energy of192kJ/mol
compares with those obtained from the FF computatiduring this procedure basic
geometry features, such as conservation of H-bsidgéc., were controlled and all major
features were retained in the resulting models.mdddels converged using default gradients
for optimization. A modest internal calibration wadso provided asAHfH(-)-5] and
AHH(-)-51] may be expected to be identical. The roughly 2¢#fem@nce between thAHr
values would probably be a too optimistic estinfténe uncertainty, and possibly a margin
of 5 - 15% were more realistic regarding the fireult. Nevertheless, the important message
is that both approaches confirm and similarly giatihe energy background of the geometry
conditions of binding in the crystal structure,dpite of the more or less differing starting

geometries.

Besides the TADDOL-derivatives [(4-and (-)5], the resolution of 1-isopropyl-3-
methyl-3-phospholene 1-oxid8)(was also attempted with the acidic?Csalts of (-)©,0'-
dibenzoyl- or (-)©,0'-di-p-toluoyl-(2R,3R)-tartaric acid [Ca(H-DBTA) (-)-6 or Ca(H-
DPTTA). (-)-7]. The Ca(H-DBTA) [(-)-6] was prepared in advance as described earlier
[38], whereas the Ca(H-DPTTA](-)-7] was always formedn situ in the reaction of
(-)-0,0'-di- p-toluoyl-(2R,3R)-tartaric acid and CaO in the mixture of ethanal avater.

During the resolution experiments, the given solutf the isopropyl-phospholene oxide
(3) was added to the hot ethanolic solution of CaBiFB)2 (-)-6 or Ca(H-DPTTA) (-)-7.

The diastereomers appeared after cooling down ehetion mixture gradually to 26 °C

15



(Scheme 4). The crystals were filtered off after R4f crystallization and were purified
further by digestionife. by stirring the diastereomers in the correspongivlgent or solvent
mixture at 26 °C). The composition of the diasterecs was determined bfH NMR
spectroscopy. To obtain the enantiomeric mixturasopropyl-phospholene oxid&)( the
crystalline diastereomer was treated with 10% agsieammonia and the solution was
extracted with dichloromethane. The enantiomericesg of phospholene oxidg was

determined by chiral GC. The results are summaiiizdable 3.

Me Me Me
— H O(O)CAr Ivent* H O(O)CAr — -
Z g + 025eq. Ca?* ArC(O)O‘H“H solven Ca?* ArC(O)O“)—(‘H . l .
PN HOOC  COO" HOOC  COO" P P
7N 2 S
(e} Pr 2 2 lo} ipr O/ iPr
2
3 (-)-6 or ()7 [(-)-6]: 182 or [()-7]-[3] 3
Ar= Ph 4-Me-C5H4
Precipitate Solution

* See Table 2

Scheme 4.

Using Ca(H-DBTA) [(-)-6] as the resolving agent, the enantiomeric excésheo(+)-
(R)-1-isopropyl-3-phospholene oxide [(3)- fell in the range of 36-48% after one
recrystallization, and the corresponding diastemsmvere obtained in low yields meaning
resolving capability values of 0.02-0.03 (Tabld=8fries 1-3).

When Ca(H-DPTTAY[(-)-7] was applied as the resolving agent, the enanticnegcess
of phospholene oxid&@ was in the range of 85-92% (Table 3, Entries 4B®9spite the
promising ee values, the vyield of the correspondigstereomers remained low in all
instances, when Ca(H-DPTTA)[(-)-7] was applied and the corresponding resolving
capability values fell in the range of 0.01-0.0%lfle 3, Entries 4-6). It is noteworthy that the
solvent influenced which isopropyl-phospholene exahtipode §) was incorporated into the

corresponding diastereomer. Applying Ca(H-DPTAA)-)-7], the (-)-&-1-isopropyl-3-
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phospholene oxide [(-3} could be prepared in a mixture of ethanol andewat in a mixture
of ethanol, ethyl acetate and water (Table 3, Estfi and 5), while the (+R}-1-isopropyl-3-
phospholene oxide [(+3} could be obtained in a mixture of ethanol, acetid& and water
(Table 3, Entry 6).

The results shown in Table 3 indicated that therallefficiency of resolutions with
Ca(H-DBTA). (-)-6 or Ca(H-DPTTA) (-)-7 was considerably lower than those obtained
with spiro-TADDOL (-)5 which agent was proved to be the best for the tesrarric

separation of 1-isopropyl-3-methyl-3-phospholenaxide @) in our study.

Table 3. Resolution of 1-isopropyl-3-methyl-3-phospholenexide () with 0.25 equivalent
of Ca(H-DBTAY [(-)-6] or Ca(H-DPTTA) [(-)-7]

Entry Resolving agent Eq. Solvents Diastereomeric Yield ee S Abs.
complex (%)9 (%)°9 (-9  configh
1 Ca(H-DBTAp 0.25 BXEtOH® Ca@)(H-DBTA), &3 (35 (1) o
8* 43*  0.03*
) 3xEtOH/3xEtOAE ] (15) (24) (0.04)
2 Ca(H-DBTAr  0.25 | o) \EIOAE Ca@p(HDBTA): ..~ 35 goor (P
3 Ca(H-DBTA) 0.25 3xEtOH/3xMeCRP Ca@)(H-DBTA); éﬁg) i‘gi) (()0622%) ®)
4 Ca(H-DPTTA) 0.25 6xEtOH/5% RD?P Ca@)2(H-DPTTA), (150) gg 806012) S

3xEtOH/3XEtOAC/10% HO? (45) (46) (0.21)
1XEtOH/1XEtOAE 10 92  0.09

3XEtOH/3xMeCN/10% b (44) (41) (0.18)
1xEtOH/1xMeCN Ca@)(H-DPTTAY 5 " g5° 002 ®

5 Ca(H-DPTTA) 0.25 Ca@)(H-DPTTA)

6 Ca(H-DPTTA) 0.25

See Table 1 for footnotes.

2.2. CD Spectra of the optically active 1-isopreByinethyl-3-phospholene 1-oxid® (

The absolute configuration of the title compour8) (as determined by combined
spectroscopic and theoretical investigations. Tanmate the spectra of the title compound,
foremost, a molecular mechanical (MM) conformatianalysis was performed for the
molecule, and 12 stable conformers were found, lwh& at most at 10 kJ/mol above the

lowest energy one. For each of these conformeesgé#ometry was further optimized at the
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density functional theory (DFT) level, and accuret&formational energies were computed
using the direct random phase approximation (dRappyoach. Three low-energy conformers
were found differing in the orientation of the isopyl group, two of them are practically
isoenergetic, whereas the third one lies at arol3dkJ/mol below the two others. The
optimized structure and geometrical parametergh®most stable conformer are presented in

Fig. 4.

Fig. 4. DFT-optimized geometry for the most stable confarrmf phospholene oxid&with

the randomly selected) configuration Characteristic bond lengths (in A) and angles (in
degree) are as follows: P1-O1 1.492, P1-C1 1.838CZ 1.503, C2-C3 1.490, C2-C4 1.335,
C4-C5 1.496, C5-P1 1.839, P1-C6 1.835, C6-C7 1.6B5C8 1.525; O1-P1-C6 113, C1-P1-

C5 95, C1-P1-C6 106, O1-P1-C1 117, O1-P1-C5 11/ GE6 106, C7-C6-C8 111, C1-C2-

C4 116, C4-C5-P1 104; O1-P1-C6-C7 61, O1-P1-C6818P1-C1-C2-C4 -9, C3-C2-C4-C5

179.

The excitation energies, as well as oscillator aothtor strengths for all the three
conformers were computed at the time-dependent QIBFDFT) level. The theoretical UV
absorption and CD curves for each conformer wetainkdd as superpositions of Gaussian
functions placed at the wavelengths of the comptraukitions with heights proportional to

the corresponding calculated oscillator (rotattn@regths. The spectra of the conformers were
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Boltzmann-weighted. The averaged spectra were rim@daso that the height of the highest
peak was identical to that of the experimental speand were not shifted. The theoretical

and experimental spectra are presented in Fig 5.
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Fig. 5. The calculated (dashed line) UV absorptiahdnd CD b) spectra of $-3 with the

corresponding measured spectra (solid line).

Considering the similarity of the measured andwated absorption spectra of compound
3, we can conclude that the selected theoreticahmalst are adequate. The structure of the
measured and calculated CD spectra is rather sirfitee signs of the dominant peaks in the
two spectra are identical, and their positions eese to each other. Consequently, the
absolute configuration of the enantiomer obtaingdhie resolution (Table 1, Entry 5) is also

(S), like the configuration of the enantiomer consgtkin the calculations.

2.3. Synthesis of 1-isopropyl-3-methyl-3-phospl®ldorane and platinum complexes
(9 and10)

First, the racemic and optically active isopropgbppholene oxides3[and §)-3] were
deoxygenated with trichlorosilane in separate reastto obtain the corresponding racemic

and optically active isopropyl-phospholen8shd R)-8] (Schemes 5 and 6). Deoxygenations
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with trichlorosilane are known to proceed with regten of configuration of the P-stereogenic
center in case of optically active phosphine oxiff&3].

The racemic and optically active 3-phospholen8saphd R)-8 so obtained were
immediately reacted with dimethylsulfide-borane ftonish the corresponding isopropyl-
phospholene-borane® [and R)-9] (Schemes 5 and 6). Beside the synthetic intetbst,
importance of phosphine boranes is demonstratethdoyact that they may be regarded as
protected phosphines, from which the correspon@i(itj)-compounds can be liberated by
treatment with secondary aminesd.diethylamine) [59].

The racemic and optically active isopropyl-phosphes 8 and R)-8 were also
converted to the corresponding platinum complegesl0 andcis-(S,3-10] by reaction with
dichlorodibenzonitrile platinum. Using racemic isopyl-phospholene8) as the starting
material, the given platinum complex was obtainedd.:2 mixture of the homoeig-(R,R-
andcis-(S,9-10] and the heterochiral isomers$(R,9-10]. At the same time, application of
the R)-1-isopropyl-3-phospholeneR)-8] afforded the platinum complex exclusively in the
corresponding homochiral fornsi-(S,3-10] (Schemes 5 and 6).

The borane and platinum complexe8 @nd 10] of i-propyl-3-phospholene were
characterized byH, 3C and®P NMR spectroscopy, as well as with HRMS. Due te th
highly congested spectra of platinum complexsgnd 6,9-10], 2D H-H COSY, H-13C
HSQC and HMBC experiments were also performed tifywéhe structure. According to
expectations, the racemic and optically activeipleth complexesl0and §,3-10] contained
the 3-phospholene8[ and R)-8] ligands in cis position that was confirmed by the
stereospecifiéJe.p coupling constants of 3489 Hz measured for bbth énd [S,9-10]. It is
worth noting that the coupling constants aaf. 3500 Hz are of diagnostic value, and are
characteristic for those coordinated phosphoruodatoms possessing the chloro ligand in

the trans position. The'*C NMR spectra of the platinum complexd® fand §,9-10] were
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rather complicated because many signals were dipditto®Pt-13C and3'P-3C couplings,

respectively. The corresponding coupling constarai® determined by a first order analysis.
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Scheme 5.
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PhH N P
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Cl Cl
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Scheme 6.

Stereostructure of the isopropyl-phospholene -implat complex {0) was calculated at
the ®B97X-D/cc-pVTZ/IRI-B97-D/6-31G(d) level of theory ith cc-pVTZ-PP
pseudopotential on the Pt atom. AccuraiB97X-D single point energy calculations
suggested that the relative energies of the camrebpg homochiral RR) and §9)] and

heterochiral R,S) isopropyl-phospholene - platinum complex&®)(are close to each other
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within 0.6 kcal/mol. The most stable structure loé synthesizeadis-bis((S)-1-isopropyl-3-
methyl-3-phospholeno)-dichloro-platinum(INg©)-10] is displayed in Fig. 6. We found that
the conformer with rotational symmetry{€ymmetry group) is the most favourable structure
which is stabilized by intramolecular nonbondingemactions between the phospholene ring
and the corresponding alkyl group. The geometryrdothe Pt atom is considered square
planar, as the P(1)...Cl(1)...Cl(2)...P(2) pseudo torsingle is —3.9°.

The structure of the complexes is determined bybonding interaction between the P-
ligands. CH...HC interactions were identified betwethie C(2)H moieties of the two
phospholene rings (the shortest H...H distance28 A) and between the C(2)Hnit of the
phospholene ring and the methyl group of the igoygrsubstituent of the neighboring
phospholene moiety (the shortest H...H distance 22 &, see Fig. 6). These secondary
interactions also define the environment of theimlen influencing the properties of the
catalyst. In case o59)-10, one methyl group of each isopropyl substituersitisated, due to
the G symmetry, close to the platinum atom, and it digantly influences the environment
of the platinum that is shown by th&..Pt...ClI(2)...CI(1) dihedral angle of 96.1° and the
H.CH...Pt distance of 3.04 A (wheté is the corresponding proton of one methyl group of

the isopropyl substituent, See Fig. 6.)
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Fig. 6. Perspective view ofcis-bis((S-1-isopropyl-3-methyl-3-phospholeno)-dichloro-
platinum(ll) [(SS)-10] calculated bywB97X-D/cc-pVTZ//IRI-B97-D/6-31G(d) method. For Pt
atoms, cc-pVTZ-PP pseudopotential was appliedlinaases. Grey, white grey, orange, green
and white colours are referred to carbon, hydrogbosphorus, chlorine and platinum atoms,
respectively. Selected bond lengths (A) and an(fleare as follows: Pt-Cl(1) 2.402, Pt-P(1)
2.233, P(1)-C2 1.875, C2-C3 1.520, C3-C4 1.348,0541.510, P(1)-C5 1.871, P(1)-Cl'
1.866, C1'-C2' 1.540; CI(1)-Pt-ClI(2) 90.7, CI(LHXtL) 84.6, Pt-P(1)-C2 121.7, Pt-P(1)-C5
115.6, Pt-P(1)-C1' 112.0, P(1)-C2-C3 105.3, C2-@31@6.3, C3-C4-C5 118.7, C2-P(1)-C5
94.2, C2-P(1)-C1' 105.3, C5-P(1)-C1' 105.8, C2-C3" 112.4; P(1)...CI(1)...CI(2)...P(2)
~3.9, Cl(1)-Pt-P(1)-C2 161.1, Pt-P(1)-C1-C3' -556:P(1)-C2-C3 —132.4, P(1)-C2-C3-C4

6.9, P(1)-C2-C3-Ckl-174.4, C2-C3-C4-C5 -0.5.
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2.4. Catalytic activity of the 1l-isopropyl-3-met3¢phospholene - platinum complex in the
hydroformylation of styrene

The PtCiLo-type complexesdis-10; cis-(S,9-10] were tested as catalyst precursor in the
hydroformylation of styrene. The catalysts formadsitu from cis-10 (or cis-(S,3-10) and
two equivalents of tin(ll) chloride were used undetandard ‘oxo-conditions’
[P(CO) = p(H) = 40 bar, 100 °C]. As expected in the hydroforatigih of styrene, in addition
to the two types of formyl regioisomers, 2-arylpmopl @) and 3-arylpropanal B,
ethylbenzene() as hydrogenation by-product was also formed {Eq.

CO/H
PhCH=CH, —»2 PhCH(CHO)CH5 + PhCH,CH,CHO + PhCH,CHj,
A B C (1)

The catalytic system is active at a temperaturdloas as 40 °C. Considering the
conversions obtained with similar catalysts but taoing P-alkyl-phospholenes and
phospholanes,[46] the catalytic activity was rafber.

The formation of the aldehydesA (and B) was preferred in all cases and
chemoselectivities up to 93% were obtained. Sligictease in aldehyde selectivity was
observed by increasing the reaction temperaturebléTal, Entries 1-3). Comparing
chemoselectivities obtained with homo- and hetdrathcatalysts, an unexpected
phenomenon was observed. The heterochiral catalystvided slightly lower
chemoselectivities towards the aldehydes (Compatees 1 and 4; 2 and 5; 3 and 6).

As regards the regioselectivity, the influencelsd structure of the catalyst is even more
pronounced. The branched aldehydé predominated, when the ligand was used in racemic
form, i.e., the catalyst precursor was a mixture of homat heterochiral forms K,R-10,
(S,9-10, (R,9-10). A lower regioselectivity was observed, when tlgand was used in

enantiomerically pure form,e., the catalyst precursor was a homochiral comf(8;3-10).
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For instance, 73% and 49% regioselectivities wdrined at 100 °C, when racemic and
enantiomerically pure ligands were used, respdgti@mpare for instance entries 3 and 6).
A similar change in regioselectivity was observéd@ °C and 60 °C (entries 1, 4 and 2, 5,
respectively).

The explanation for the above phenomenon mightased on the different structure and
reactivity of the diastereomeric transition statesrdinating the substrate. The transition state
complexes, coordinating the prochiral alkene (stgjeeither to $,3-10 or (S,R-10, reveal
different reactivity towards alkene migratory irtgmm. Consequently, the ratio of the
platinum(ll)-branched alkyl intermediate to the responding linear alkyl intermediate might
be different in case of homochiral and heterochoainplexes. If we suppose that the
stereochemical outcome of the reaction is decidethis step (and not in the following CO-
insertion step), the unexpectedly large differencegioselectivities can be rationalized.

Enantioselective hydroformylation only with low seeould be performed when the

complex §,9-10was used. The temperature-dependence of thesases pronounced.

Table 4. Hydroformylation of styrene in the presenceimfsitu formed catalysts frongis-
PtChk(L)2 complex Eis-10; cis-(S,S-10] and tin(ll) chloridé

Entry L Temp. (°C) R.time (h) Conv. (%) R®%) Ror¢ (%) e.€! (%)
1 8 40 96 28 73 89 -
8 60 72 30 87 77 -
3 8 100 24 65 91 73 -
4 R)-8 40 96 24 84 69 S|
5 R)-8 60 72 27 90 52 105
6 R)-8 100 24 85 93 49 108

A: 2-phenylpropanaB: 3-phenylpropanalC: ethylbenzene.

2 Reaction conditions: Pt/styrene = 1/100, Pt/SrCl1/2; p(CO) = p(k) = 40 bar, 1 mmol of styrene,
solvent: 10 mL of toluene.

b Chemoselectivity towards aldehydés B). [(moles ofA + moles ofB)/(moles ofA + moles ofB +
moles ofC) x 100].

¢ Regioselectivity towards branched aldehyég (moles ofA/(moles ofA + moles oB) x 100].
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3. Conclusions

The family of optically active 3-methyl-3-phosphoée oxides was expanded by the
enantiomers of 1-isopropyl derivative. The optiegolution of the racemate was performed
in different ways applying either TADDOL derivati/eor the acidic Ca salts of (-)0,0'-
diaroyl-(2R,3R)-tartaric acids. In one case, the diastereomercads could be analyzed by X-
ray chrystallography. The stochiometry of the agsgecand the stabilizing intermolecular
contacts between the guest and the two host melecwere evaluated. The absolute
configuration of the P-stereogenic center was asofirmed by CD spectroscopy and
guantum chemical calculations. The racemic andcaliyi active P-ligands obtained after
deoxygenation were converted to the correspondimgrie and platinum(ll) complexes.
Stereostructure of the latter P@l, species (where L=isopropyl-3-methyl-3-phospholene)
was evaluated by high level calculations and thegrewtested as catalyst in the

hydroformylation of styrene.
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4. Experimental
4.1. General (instruments)

The3P NMR spectra were recorded on a Bruker AV-300 tspewter operating at 121.5
MHz, while the’®*C and'H NMR spectra were obtained on a Bruker DRX-500cBpeneter
operating at 125.7 and 500 MHz, respectively.PD'H COSY,*H-*C HSQC and HMBC
spectra of platinum complexed( and G,3-10] were acquired on a Bruker Avance I
spectrometer operating at 500 MM2 frequency equipped with a BBI or a TXI z-gradient
probe. The couplings are given in Hz. The exactsnmagsasurements were performed using a
Q-TOF Premier mass spectrometer in positive elsptayy mode. The enantiomeric excess
(ee values of the phospholene oxi@ewere determined by chiral GC on Agilent 4890D
instrument equipped with a GAMMA DEX 120 column (30 m x 0.25 mm, 0.2 film,

FID detector, nitrogen as carrier gas, injector 280detector 300 °C, head pressure: 10 psi,
at 1:100 split ratio). Retention times 8f by chiral GC (program: 40 min at 150 °C):
30.2 min for R)-3 and 30.9 min for$)-3. The determination of the ee-s of 2-phenylpropanal
(A) was carried out on Thermo Scientific FOCUS ga®sictatograph equipped with a
Cyclodex column (20 m x 0.25 mm, 0.28n film, FID detector, helium as carrier gas,
injector 250 °C, detector 280 °C, head pressures pdi). §-2-Phenylpropanal was eluted
before the R)-enantiomer. Optical rotations were determined anPerkin-Elmer 241
polarimeter.

The (-)-(R,5R)-4,5-bis(diphenylhydroxymethyl)-2,2-dimethyldioxamile [(—)4],
the (-)-(R,3R)-a,0,0’, o’-tetraphenyl-1,4-dioxaspiro[4.5]decan-2,3-dimetbigii—)-5] and the
calcium hydrogen (-P,0-dibezoyl-(2R,3R)-tartrate [(—)6] were synthesized as described
earlier. (-)O,0-Dibezoyl- and (-)O,0’-di- p-toluoyl-(2R,3R)-tartaric acid were purchased

from Aldrich Chemical Co.
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4.2. Preparation of 1-isopropyl-3-methyl-3-phospgnd 1-oxide3)

To 14.1 g (106.4 mmol) of 1-hydroxy-3-phospholerexide (1) in 60 mL of chloroform
was added 10.1 mL (138.4 mmol) of thionyl chloratel the solution was stirred overnight.
The volatile components were removed in vacuo,thedesidue was dissolved in 70 mL of
THF. To the solution so obtained was added drop@&E®7 mmol of isopropylmagnesium
bromide in 90 mL of THF (prepared from 4.1 g (167mol) of magnesium and 15 mL
(159.7 mmol) of isopropyl bromide) at 0 °C, and théture was stirred overnight. The
mixture was then quenched with a 3M HCI at 0 °Ce TWwo phases were separated, and the
organic layer was washed with NaH¢;®rine and then dried (M8Qy). After evaporating the
solvent, the residue so obtained was purified blyroa chromatography (silica gel, 3%
methanol in dichloromethane) to give 8.2 g (49%}1a$opropyl-3-methyl-3-phospholene 1-
oxide @) as a dense oil.

'H NMR (CDCk) § 1.20 (dd,J = 2.2, 7.2, 3H) and 1.23 (dd= 2.2, 7.1, 3H) CH(83)>,
1.79 (bs, 3H, &CHs), 1.95-2.05 (m, 1H, B(CHa),), 2.38-2.52 (m, 4H, CHPCH), 5.49 (m,
1H, CH=); *C NMR (CDCk) § 15.5 and 15.6 (CHIH3)2), 20.3 Jp.c = 10, G-CH3), 28.4
({Jpc =64, @), 30.4 (Jp.c= 61, G), 33.5 {Jp.c= 64, G), 121.2 tIp.c= 7, G), 137.1 tIpc
= 12, G); 3P NMR (CDC§) & 76.0; HRMS [M+HJtound = 159.0934, €H160P requires

158.0861.

4.3. Resolution of l-isopropyl-3-methyl-3-phosphele.-oxide §) with TADDOL [(-)-4]
(Representative Procedure 1.)

0.15 g (0.95 mmol) of racemic l-isopropyl-3-metByphospholene 1-oxide&) and 0.22
g (0.48 mmol) of TADDOL [(-)4] was dissolved in 0.44 mL of hot ethyl acetate] #men
2.2 mL of hexane was added. Colourless crystallthastereomeric complex RJ-

3(TADDOL) appeared immediately. After standing at 26 for 3 h, the crystals were
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separated by filtration to give 0.29 g (98%) &)-B-(TADDOL) with a de of 2%. The
diastereomeric complexR(-3-(TADDOL) was purified further by two recrystallizahs from

a mixture of 0.44 mL of ethyl acetate and 2.2 mLhekane to afford 0.25 g (84%) of the
complex R)-3:(TADDOL) with a de of 6%. TheR)-1-isopropyl-3-methyl-3-phospholene 1-
oxide [[R)-3] was recovered from the diastereomer by colummroatography (silica gel,
dichloromethane-methanol 97:3) to give 0.061 g (Bd¥phospholene oxidd}-3 with an ee
of 6% (Table 1, Entry 1). Resolution of 1-isoprofymethyl-3-phospholene 1-oxid8)(with
TADDOL [(-)-4] was also performed using isopropyl alcohol. Is timstance, the racemic
isopropyl-phospholene oxidé and the TADDOL [(-)4] were dissolved in hot isopropyl
alcohol, and the corresponding diastereomeric cexf(R)-3-(TADDOL)] precipitated by

cooling the mixture to 26 °C (Table 1, Entry 2).

4.4. Resolution of 1-isopropyl-3-methyl-3-phosphelel-oxide §) with spiro-TADDOL
[(=)-5]

The resolution of l-isopropyl-3-methyl-3-phosph@ehoxide 8) with spiro-TADDOL
[(-)-5] was carried out according tRepresentative Procedure The conditions and the

results are shown in Table 1, Entries 3—6.

4.5. Preparation of both enantiomers of 1-isoprepyhethyl-3-phospholene 1-oxide
[(S)- and (R)3] with spiro-TADDOL [(-)-5]

The ©-1-isopropyl-3-methyl-3-phospholene 1-oxideS{B] was obtained by the
resolution of 0.71 g (4.5 mmol) of racendevith 2.3 g (4.5 mmol) of spiro-TADDOL [(—%]
in 13.6 mL of ethanol according ®epresentative Procedure The diastereomeric complex
[(9-3-(spiro-TADDOL)] was purified by three recrystallizations in 18 of ethanol. The

(9-1-isopropyl-3-methyl-3-phospholene 1-oxide SfB8] was recovered by column
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chromatography (silica gel, dichloromethane-meth&@ia3) to give 0.16 g (45%) o5f-3 in
an ee of 97%[p]?= -12.8 (c 0.8, CHGJ]. The mother liquors of the crystallization and

recrystallizations were combined, and the solveas @evaporated to afford 1.71 g (150%) of a
white powder as a 1:0.69 mixture &®){3 with an ee of 23% and spiro-TADDOL [(-5)-
0.91 g (1.8 mmol) of spiro-TADDOL [(-}] was added to this mixture and the resolution was
performed in 11.5 mL of methanol according Representative Procedure The [R)-
3+(spiro-TADDOL),] complex was purified by two recrystallizationslifi.5 mL of methanol
and it was decomposed by column chromatographicdsdel, dichloromethane-methanol
97:3) to give 0.14 g (40%) oRJ-1-isopropyl-3-methyl-3-phospholene 1-oxid&®H3] in an

ee of 87%.

4.6. Resolution of 1-isopropyl-3-methyl-3-phospheld.-oxide ) with calcium hydrogen
0,0’-dibenzoyl-(2R,3R)-tartrate [(—%] (Representative Procedure Il.)

To 0.14 g (0.17 mmol) of Ca(H-DBTAJH20)2 [(-)-6:(H20)2] in 0.40 mL of hot ethanol
was added 0.11 g (0.69 mmol) of racemic 1-isopr@pgiethyl-3-phospholene 1-oxid8)(in
0.40 mL of ethanol. After the addition, the solatwas allowed to cool to 26 °C, whereupon
colourless crystals appeared. After standing &Q6or 24 h, the crystals were filtered off to
give 0.60 g (33%) of Ca[R)-3)2(H-DBTA)2] with a de of 35%. The diastereomeric complex
was purified further by one digestion, by stirritige suspension of the diastereomeric
complex at 26 °C in 0.80 mL of ethanol for 24 h ¢ive 0.022 g (12%) of
Ca[((R)-3)2(H-DBTA),] with a de of 43%. TheR)-1-isopropyl-3-methyl-3-phospholene 1-
oxide [[R)-3] was recovered from the diastereomeric complextrbgtment of the 2 mL
dichloromethane suspension of CBR)(@)2(H-DBTA);] with 2 mL of a 10% aqueous

ammonia. The organic layer was washed with 0.5 rilwater, dried (Ng&SQu), and
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concentrated to give 0.004 g (8%) B){1-isopropyl-3-methyl-3-phospholene 1-oxidR)K3]
with an ee of 43% (Table 3, Entry 1).

Resolution of isopropyl-3-methyl-3-phospholene l1dex@3) with Ca(H-DBTA) [(-)-6]
was also performed in a mixture of ethanol and letgetate and that of ethanol and
acetonitrile according tdRepresentative Procedure. [IThe conditions and the results are

shown in Table 3, Entries 2 and 3.

4.7. Resolution of 1-isopropyl-3-methyl-3-phospheld.-oxide ) with calcium hydrogen
O,0’-di-p-toluoyl-(2R,3R)-tartrate [(-)#] (Representative Procedure lll.)

To 0.19 g (0.48 mmol) of DPTTA20 in a mixture of 0.60 mL of ethanol and 0.06 mL of
water was added 0.014 g (0.24 mmol) of CaO, andnilkeure was heated at the boiling point
until it became clear. 0.15 g (0.97 mmol) of racemiisopropyl-3-methyl-3-phospholene 1-
oxide @) in 0.60 mL of ethyl acetate was then added tosthlation of thein situ formed
resolving agent Ca(H-DPTTAJ(-)-7]. After the addition, the solution was alloweddool
down to 26 °C, whereupon colourless crystals amueakfter standing at 26 °C for 24 h, the
crystals were filtered off to give 0.12 g (45%)@&[((9-3)2(H-DPTTA),] with a de of 46%.
The diastereomeric complex was purified furthetvoy digestions, by stirring the suspension
of the diastereomeric complex at 26 °C for 24 la imixture of 0.60 mL of ethanol and 0.60
mL of ethyl acetate to give 0.038 g (14%) C&|{8)2(H-DPTTA),] with a de of 92%.

The @)-1l-isopropyl-3-methyl-3-phospholene 1-oxideS)fB] was recovered from the
corresponding diastereomeric complex similarlyne procedure described in Section 4.6 to
afford 0.008 g (10%) of3)-1-isopropyl-3-methyl-3-phospholene 1-oxid&){B] with an ee of
92% (Table 3, Entry 5).

Resolution of isopropyl-3-methyl-3-phospholene 1dex@3) with Ca(H-DPTTA) [(-)-7]

was also performed in a mixture of ethanol and wated that of ethanol, water and
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acetonitrile according t&kepresentative Procedure .lIThe conditions and the results are

shown in Table 3, Entries 4 and 6.

4.8. Preparation of 1-isopropyl-3-methyl-3-phosmmad-boraneq)

The solution of 0.11 g (0.68 mmol) of racemic lpsipyl-3-methyl-3-phospholene 1-
oxide @) in 2 mL of toluene was degassed and cooled tG¢,Qlfen 0.56 mL (4.1 mmol) of
trichlorosilane was added. The mixture was stiae@ °C for 3 h and then at 26 °C for 3 h
under nitrogen to afford the corresponding phosapt®I@) that was immediately reacted
further. 0.34 mL of 2 M dimethyl sulfide borane tetrahydrofuran (0.68 mmol) was added
and the solution was stirred at 26 °C for 3 h undaogen. Then, the mixture was treated
with 3 mL of water and stirred for 15 min. The ppsated boric acid was removed by
filtration and the organic phase dried (S@y). Volatile components were removed under
reduced pressure and the residue so obtained wiigly column chromatography (silica
gel, 3% methanol in dichloromethane) to give 0.@4138%) of 1-isopropyl-3-methyl-3-
phospholene-boran®)( *H NMR (CDCk) § 0.35-1.04 (m, 3H, BB, § 1.12 (d,J = 7.1, 3H)
and 1.18 (dJ = 7.1, 3H) CH(®3)2, 1.80 (bs, 3H, &CHs), 1.84-1.97 (m, 1H, B(CHz)2),
2.34-2.56 (m, 4H, CHPCH), 5.43 (m, 1H, CH=)3C NMR (CDCk) & 16.6 and 16.7
CH(CH3)2, 19.1 fJp.c = 7, G-CHs), 24.1 {0pc = 31, G), 28.4 {Jpc = 33, G), 32.2 {Jpc =
35, G), 122.2 (G), 138.2 tJp-c = 3, G); P NMR (CDC#§) & 42.9 (broad); [M+Nd&}ound =

179.1134, GH1sPBNa requires 179.1131 for thiB isotope.

The optically activeR)-1-isopropyl-3-methyl-3-phospholene-boran@){g] was prepared
in a similar manner fromJ-1-isopropyl-3-methyl-3-phospholene 1-oxid&){B] with an ee
of 97%. Yield of R)-9: 40%;'H NMR (CDCk) § 0.40-1.05 (m, 3H, Bk, 6 1.12 (d,J = 7.0,

3H) and 1.18 (dJ = 7.0, 3H) CH(®s)2, 1.80 (bs, 3H, §CHs), 1.86-1.97 (m, 1H,
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CH(CHa)2), 2.32-2.55 (m, 4H, CHPCH), 5.43 (m, 1H, CH=)3C NMR (CDCE) & 16.6 and

16.7 CHCHa)2, 19.2 8Jp.c = 7, G-CHa), 24.0 &Jpc = 31, G), 28.4 {Jp.c = 33, G), 32.1 £0p.
¢ =35, G), 122.2 (G), 138.2 tpc = 3, G); %P NMR (CDCH) 5 43.2 (broad); [a]°= +3.8

(c 1, CHCH)].

4.9. Preparation of cis-[bis(1-isopropyl-3-methybBospholeno)-dichloro-platinum(l1)]10)
The deoxygenation of 0.067 g (0.43 mmol) of racemigsopropyl-3-methyl-3-
phospholene 1-oxide3) was carried out in benzene using 0.26 mL (2.6 tHhnod
trichlorosilane according to the procedure describpeSection 4.8. Then, 0.10 g (0.21 mmol)
of dichlorodibenzonitrile-platinum(ll) was added ttee reaction mixture under nitrogen. The
mixture was stirred at 26 °C for 1 day, whereupo®m ¢complex precipitated. Separation by
filtration led to 0.10 g (87%) df0 as a 2:1 mixture of the heter&®, $ and homochiral RR)
and §9)] forms.*H NMR (CDCh) & 1.13-1.24 (m, 12H, CH(d3)2), 1.81 (bs, 6H, &CHa),
2.51-2.63 (M, 2H, B(CHs),), 2.74-3.12 (m, 8H, CHPCH), 5.47 (m, 2H, CH=)}3C NMR
(CDCl3) 6 17.8-17.9 (m) and 18.1-18.3 (m) GEHs)2 of the homochiral form, 17.9-18.1 (m,
CH(CHs). of the heterochiral form), 18.8-18.9 (ms-CHs), 27.7-28.1 (m, €), 30.5-31.2 (m,
Cs), 34.4-35.0 (m, €, 122.7 £Jre.c = cannot be observed, 6f the homochiral form), 122.9
(Jpc = 29, G of the heterochiral form), 138.9-139.0 (m; «f the heterochiral form), 139.2-
139.3 (m, G of the homochiral form)*'P NMR (CDCE) & 29.7 {Jpep = 3489); HRMS [M—

Cl]*found = 513.1146, @H30P-CIPt requires 513.1138 for tReCl and!®>Pt isotopes.

The optically active cis[bis-(S- 1-isopropyl-3-methyl-3-phospholeno)-dichloro-

platinum(Il)] [(§9-10] was prepared in a similar manner fro®)-1-isopropyl-3-methyl-3-

25
phospholene 1-oxide $-3] with an ee of 97%. Yield ofR)-9: 75%. [a]D = +18.8 (c 1,

CHCIl); *H NMR (CDCb) & 1.15 (dd2Ju-n = 7.1,3Jp-n = 16.7, 6H, CH(El3)2), 1.18 (dd2Jn-
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h=7.2,3)pn=17.2, 6H, CH(El3)2), 1.79 (bs, 6H, &CHs), 2.48-2.58 (m, 2H, B(CHs)2),
2.77-2.89 (m, 6H, CHPCH), 2.95-3.10 (m, 2H, CHPCH), 5.44 (m, 2H, CH=)C NMR
(CDCl) 5 17.8 £J pr.c = 22) and 18.2%) pi.c = 20) CHCH3)2, 18.8 (Jpt.c = 33,%Jp.c = 4,%)pc
= 4, G-CHg), 27.9 fJpi.c = 31,%Jp.c = 40,%Jp.c = 6, G), 30.7 Epi.c = 54, Jp.c = 42,%Jpc =
4, Gs), 34.8 {ptc = 46, Jp.c = 46,%)pc = 4, G), 122.7 {pt.c = 26, G), 139.2 pic = 28,
Cs); P NMR (CDCb) & 29.7 tJpp = 3489); HRMS [M—Clltound = 513.1129, @HsoP.CIPt

requires 513.1138 for the&Cl and'®*Pt isotopes.

4.10. Hydroformylation experiments

In a typical experiment, a solution of Piigand) (10 or (§9-10, 5.5 mg, 0.01 mmol)
and tin(Il) chloride (3.8 mg; 0.02 mmol) in tolue(i® mL) containing styrene (0.115 mL, 1.0
mmol) was transferred under argon into a 100 minkgss steel autoclave. The reaction
vessel was pressurized to 80 bar total pressuréHELO 1:1) and placed in an oil bath of
constant temperature. The mixture was stirred @itihhagnetic stirrer for the given reaction
time. The pressure was monitored throughout theticea After cooling and venting of the
autoclave, the pale yellow solution was removediamdediately analyzed by GC, chiral GC
(on a capillary Cyclodex columnR)-2-phenylpropanal was eluted before tBednantiomer)

and GC-MS.

4.11. X-Ray measurements

A crystal of the diastereomeric complex incorpeorgt{(-)-3 and (-)5 in a ratio of 1:2
was mounted on a glass fibre. Cell parameters wetermined by least-squares from the
respective setting angles as quoted. Completenexsesequal or greater t® 2 99.5%. Multi-
scan absorption correction was applied to the dataminimum and maximum transmission

factors of 0.965 and 0.992. Initial structure madekre obtained by direct methods [60] and
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subsequent difference syntheses. Anisotropic fallrix least-squares refinement on F2 were
applied [60] for all non-hydrogen atoms and the eladhs refined to convergence. Hydrogen
atomic positions were calculated from assumed gaosewhere appropriate. Four O—H
hydrogen atoms were located from difference electtensity maps. Hydrogen atoms were
included in structure factor calculations and tlen-trivial hydrogen positions and their
isotropic displacements were refined. Other H atorase kept riding on their anchor atoms,
with isotropic displacement parameters of thesedyeh atoms were approximated from the
U(eq) value of the atom they were bonded. The mawinand minimum residual electron
densities in the final difference maps are 0.19 a0®3 e.A3 and are normal. All further
calculations and drawings were done by using PLATGN, Mercury [51] and SCHAKAL
[62]. Crystal structure data are deposited with @ambridge Crystallographic Data Centre

under CCDC 1405185 and can be obtained free ofjehgwon application.

4.12. CD spectroscopy

The UV and CD spectra were measured in acetondolletions at 25 °C. The UV spectra
were recorded on an Agilent 8453 diode array speutter. The CD spectra were taken on a
Jasco J-810 spectropolarimeter.

The Marvin [63], Gaussian 09 [64], and MRCC [65ckages were used for the MM,
DFT, and dRPA calculations. In the MM conformatibaaalysis, the MMFF [66] force field
was applied. The geometry optimizations were cadraet at the DFT level using the PBEO
[67,68] functional and the aug-cc-pVTZ [69] bass. $-or the calculations of the absorption
and CD spectra, a time-dependent DFT (TD-DFT) [@#@thod was used with the same
functional and basis set. Rotator strengths wdrrleded in the velocity gauge. To mimic the
experimental conditions all the DFT -calculationsrevgerformed using the polarized

continuum model (PCM) [71] with acetonitrile as teelvent. The dRPA energies were
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computed with the aug-cc-pVTZ basis set and PBbitads. To calculate the 298 K Gibbs
energies of the conformers in the solvent, the gfese dRPA energies were adjusted by
temperature corrections, entropy contributions, &ilobs energies of solvation evaluated at

the DFT level.

4.13. Theoretical calculations

Geometries were computed at the RI-B97-D/6-31Gdll of theory [72—75] then single
point energy calculations were performed at thenmptusing ®B97X-D/cc-pVTZ level
[76,77]. For Pt atoms, cc-pVTZ-PP pseudopotentfd] [was applied for both geometry
optimization and single point energy calculatiokBnima on the potential energy surface
(PES) were characterized by harmonic vibrationadjdiency calculations. Calculations were

carried out using Gaussian09 [64] program. Avogawahe utilized for visualization [79].
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